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 Epigenetics refers to heritable changes in gene expression or genome function 
encoded by marks other than DNA base sequence; information literally “above” the 
level of genetics. Epigenetic marks include cytosine methylation and cytosine 
hydroxymethylation, histone tail modi fi cations, histone variants, and nucleosome 
positional information, all of which are resident along the DNA duplex. Epigenetic 
marks frequently show interdependent relationships, for example, the close associa-
tion of DNA methylation states with particular histone tail modi fi cations and his-
tone variants. From the standpoint of cell physiology, epigenetics provides a 
mechanism for cells to integrate environmental or intrinsic stimuli into heritable 
changes in genome function. From the standpoint of development, epigenetics pro-
vides a platform for cell differentiation and cell specialization, which in principle 
cannot simply be the consequence of DNA sequence. Most relevant to this book is 
the fact that changes in epigenetic states are now recognized to play a fundamental 
role in cancer development and progression. Cancer, almost uniquely among com-
mon human diseases, is characterized by natural selection for cellular variants with 
improved  fi tness, e.g., proliferative capacity and rate, evasion of cell death, invasive 
growth, migration to and proliferation at secondary sites, chemotherapy resistance, 
and a myriad of other naturally or arti fi cially selected phenotypes. Epigenetic 
changes play a key role in this phenotypic selection, possibly to an equal to or even 
greater extent than do genetic mutations. 

 As a  fi eld, cancer epigenetics has now reached young adulthood. The observations 
that started the  fi eld were of DNA hypomethylation changes in cancer in the 1980s, fol-
lowed by the discovery of DNA hypermethylation in cancer in the 1990s. In the last 
decade, additional alterations at other levels of epigenetic control (e.g., histone 
modi fi cations) have also been discovered and characterized in cancer. Also, over the past 
few years rapid progress has been made in translating the  fi ndings of epigenetic altera-
tions into new cancer biomarkers and therapeutic targets. One clear highlight in the  fi eld 
has been the FDA-approval of DNA methyltransferase (DNMT) inhibitors and histone 
deacetylase (HDAC) inhibitors to treat a select number of human malignancies. 

 The early work in cancer epigenetics was largely hypothesis or “candidate-gene” 
driven. More recent work using unbiased and global approaches (i.e., epigenomics) 
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have validated and greatly extended the early observations. Evidence now suggests 
that DNA hypomethylation is linked to oncogenic gene activation and genomic 
instability, and that DNA hypermethylation leads to tumor suppressor gene inactiva-
tion, including inactivation of DNA repair genes that also may promote genomic 
instability. Thus, epigenetic mutations (epimutations) appear to promote genetic 
mutations and genomic rearrangements in cancer. Intriguingly, a number of recent 
 fi ndings largely from cancer genome sequencing data suggest that genes involved in 
epigenetic control processes are commonly mutated in a variety of cancers, thus 
demonstrating that genetic changes can also promote epigenetic alterations in can-
cer. Taken together, the data now indicate that the roles of genetics and epigenetics 
in cancer development are highly intertwined. 

  Epigenetic Alterations in Oncogenesis  comprises 15 chapters contributed by lead-
ing active researchers in the  fi eld. The book is divided into three sections that run the 
gamut from a description of the basic epigenetic mechanisms that regulate gene expres-
sion in human cancer, to how alterations in epigenetic marks contribute to cancer biol-
ogy, and concluding with an account of the uses for epigenetic-targeted drugs to treat 
human cancer, as well as the analysis methods to decipher cancer epigenomes. 

 Part I,  Epigenetic Marks and Mechanisms , provides an introduction to the major 
epigenetic marks and how these are altered during oncogenesis. The part begins with 
a discussion by Jin and Robertson in Chap.   1     on cytosine DNMTs and DNA hyper-
methylation in cancer, and focuses particularly on the silencing of genes involved in 
DNA repair, which are a frequent target of hypermethylation. In addition, the authors 
summarize important recent work showing that DNMTs themselves participate in 
DNA repair processes. In Chap.   2    , Ehrlich and Lacey turn attention to the  fl ip side of 
the coin, DNA hypomethylation, which was the original epigenetic alteration 
observed in cancer. The authors discuss the diverse genomic contexts in which DNA 
hypomethylation can occur and present possible mechanisms to explain DNA 
hypomethylation in cancer. An exciting recent development in epigenetics is the dis-
covery of 5-hydroxymethylcytosine (5-hmC) as a novel epigenetic mark, which itself 
appears to be linked to DNA hypomethylation. The biological signi fi cance of 5-hmC 
as well as the enzymes that catalyze its formation (ten–eleven translocation or TET 
proteins, which can be mutated in cancer) is discussed by Kinney and Pradhan in 
Chap.   3    . In Chap.   4    , attention turns to altered histone modi fi cations in cancer with a 
detailed discussion by Campbell and Turner on how posttranslational histone 
modi fi cations are controlled under normal circumstances and the mechanisms driv-
ing their alteration in malignancy. A critical concept in epigenetics is that DNA 
methylation and histone modi fi cations ultimately impact gene expression and genome 
function via their effects on nucleosomes; the important topic of altered nucleosome 
occupancy in cancer is covered by Andreu-Vieyra and Liang in Chap.   5    . 

 Part III,  The Impact of Epigenetic Alterations on Cancer Biology , discusses how 
epigenetic changes contribute to critically important cancer phenotypes. The sec-
tion begins in Chap.   6    , where Fabbri and colleagues discuss miRNA expression 
alterations in cancer caused by epigenetic changes, including DNA methylation, 
histone modi fi cations, and Polycomb proteins. The importance of this concept is 
illustrated by the inherent capacity of altered miRNA expression to derange entire 
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transcriptional programs in cancer cells. A large family of genes known as cancer-
testis or cancer-germ line genes encodes antigens that are a major target of cancer 
vaccines. Additionally, a number of these genes have emerging oncogenic func-
tions. In Chap.   7    , De Smet and Loriot discuss how epigenetic mechanisms, most 
prominently DNA hypomethylation, lead to the activation of these genes in many 
human malignancies. Andersen and Jones follow this with a discussion in Chap.   8     
of how DNA methylation controls cell fate in the intestine and how, when the tumor 
suppressor gene adenomatous polyposis coli (APC) is lost, this promotes DNA 
hypomethylation and intestinal tumorigenesis. In Chap.   9    , Futscher describes how 
tractable cell model systems are being used to discern the temporal epigenetic alter-
ations that are linked to cell immortalization and transformation. It is now recog-
nized that epigenetic regulation lies at the heart of stem cell maintenance and 
differentiation. In Chap.   10    , Huang and colleagues discuss epigenetic regulation of 
mesenchymal stem cells (MSC) during tumorigenesis, and highlight recent work 
showing that targeted DNA methylation of tumor suppressor genes provides a model 
system to study MSC-driven tumorigenesis. 

 Part III,  Clinical Implications and Analysis Methods , provides an overview of 
important topics related to the utility of epigenetic alterations as cancer biomarkers 
and therapeutic targets, and provides a detailed overview of the methods used to 
decipher cancer epigenomes. In the past few years, a major link between environ-
mental toxicants, epigenetic changes, and cancer has become apparent. In Chap.   11    , 
Pogrinby and Rusyn discuss these developments as they pertain to chemical carcino-
gens such as arsenic, as well as other pharmaceutical and biological agents. While 
epigenetic alterations in cancer cells and tumor tissues is well established, emerging 
data suggest that systemic epigenetic changes (i.e., those affecting normal tissues) 
can also occur in cancer patients, as well as in individuals with elevated risk for can-
cer. Marsit and Christensen highlight the current research in this exciting and poten-
tially high impact area in Chap.   12    . Epigenetic therapies have entered the clinic and 
received their  fi rst widespread use in the context of myeloid malignancies, particu-
larly myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML). In 
Chap.   13    , Grif fi ths and Gore discuss the clinical work in this arena, with a focus on 
the FDA-approved azanucleosides 5-azacytidine (vidaza) and decitabine (dacogen), 
but also touching on HDAC inhibitors. In Chap.   14    , Balch and Nephew discuss how 
epigenetic therapies may be particularly well suited for chemotherapy sensitization 
to overcome drug resistance, and review the extensive preclinical work and rapidly 
accumulating clinical knowledge in this area. Finally, in Chap.   15    , Costello and col-
leagues review the approaches used for the analysis of cancer epigenomes. In par-
ticular, they discuss the methods appropriate for the analysis of cytosine methylation 
and hydroxymethylation, discuss next-generation sequencing approaches, and touch 
on the computational methods now being used to explore cancer epigenomes.

Omaha, Nebraska, USA Adam R. Karpf   
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  Abstract   The maintenance DNA methyltransferase (DNMT) 1 and the de novo 
methyltransferases DNMT3A and DNMT3B are all essential for mammalian devel-
opment. DNA methylation, catalyzed by the DNMTs, plays an important role in 
maintaining genome stability. Aberrant expression of DNMTs and disruption of 
DNA methylation patterns are closely associated with many forms of cancer, although 
the exact mechanisms underlying this link remain elusive. DNA damage repair sys-
tems have evolved to act as a genome-wide surveillance mechanism to maintain 
chromosome integrity by recognizing and repairing both exogenous and endogenous 
DNA insults. Impairment of these systems gives rise to mutations and directly con-
tributes to tumorigenesis. Evidence is mounting for a direct link between DNMTs, 
DNA methylation, and DNA damage repair systems, which provide new insight into 
the development of cancer. Like tumor suppressor genes, an array of DNA repair 
genes frequently sustain promoter hypermethylation in a variety of tumors. In addi-
tion, DNMT1, but not the DNMT3s, appear to function coordinately with DNA dam-
age repair pathways to protect cells from sustaining mutagenic events, which is very 
likely through a DNA methylation-independent mechanism. This chapter is focused 
on reviewing the links between DNA methylation and the DNA damage response.      

    1.1   Introduction 

 DNA methyltransferases (DNMTs), responsible for the transfer of a methyl group 
from the universal methyl donor,  S -adenosyl- l -methionine (SAM), to the 5-position 
of cytosine residues in DNA, are essential for mammalian development  [  1  ] . 

    B.   Jin   •     K.  D.   Robertson   (*)
     Department of Biochemistry and Molecular Biology , 
 Georgia Health Sciences University Cancer Center , 
  CN-2151, 1410 Laney Walker Blvd ,  Augusta ,  GA   30912 ,  USA    
e-mail:  krobertson@georgiahealth.edu   

    Chapter 1   
 DNA Methyltransferases, DNA Damage Repair, 
and Cancer       

      Bilian   Jin    and    Keith   D.   Robertson         



4 B. Jin and K.D. Robertson

There are four members of the DNMT family, including DNMT1, DNMT3A, 
DNMT3B, and DNMT3L. DNMT3L, unlike the other DNMTs, does not possess 
any inherent enzymatic activity  [  2  ] . The other three family members are active on 
DNA.  DNMT1  encodes the maintenance methyltransferase and  DNMT3A/DNMT3B  
encode the de novo methyltransferases  [  3,   4  ] , required to establish and maintain 
genomic methylation. While this maintenance vs. de novo division has been conve-
nient, there is clear evidence for functional overlap between the maintenance and 
the de novo methyltransferases  [  5,   6  ] . Gene knockout analysis in mice has shown 
that  Dnmt1  and  Dnmt3a/Dnmt3b  genes are all essential for viability.  Dnmt1  inacti-
vation leads to very early lethality at embryonic day (E) 9.5, shortly after gastrula-
tion  [  7–  9  ] , whereas  Dnmt3b  knockout induces embryo death at E14.5–18.5, due to 
multiple developmental defects including growth impairment and rostral neural 
tube defects  [  3,   8,   9  ] .  Dnmt3a  −/−  mice become runted and die at about 4 weeks of 
age, although they appear to be relatively normal at birth  [  3  ] . 

 DNMTs play an important role in genomic integrity, disruption of which may 
result in chromosome instability and tumor progression. It is well established that 
DNMTs are required for transcriptional silencing of a number of sequence classes, 
including imprinted genes, genes on the inactive X chromosome and transposable 
elements  [  1,   10  ] , and silencing of these sequences is essential for maintaining chro-
mosome stability. Much compelling evidence has come from targeted deletion 
experiments showing that all three DNMTs are involved in stabilization of the 
genome, particularly repetitive sequences  [  3,   11,   12  ] . For example, either single 
knockout of  Dnmt1  or double knockout of  Dnmt3a  and  Dnmt3b  enhances telomere 
recombination  [  11  ] . DNMT3B is speci fi cally required for stabilization of pericentro-
meric satellite repeats. DNMT3B de fi ciency results in expansion and rearrangements 
of pericentromeric repeats  [  3,   12  ] . Immunode fi ciency, centromere instability, and 
facial anomalies (ICF) syndrome is the only human genetic disorder known to involve 
biallelic mutations in  DNMT3B . It is characterized by chromosomal instability aris-
ing due to destabilization of pericentromeric repeats, particularly those at juxtacen-
tromeric regions of chromosomes 1, 9, and 16  [  3,   12  ] . Of note, cells null for  DNMT1  
or with hypomorphic mutations in  DNMT1  that partially reduce its levels to 30% of 
WT DNMT1 display signi fi cantly greater microsatellite instability (MSI)  [  13–  17  ] , a 
greater frequency of chromosomal translocations  [  18  ]  and much higher sensitivity to 
genotoxic agents  [  17  ] , which may promote the development of cancer. 

 The DNA damage response (DDR) is a genome-wide surveillance system that 
protects cells from potentially mutagenic DNA insults derived from either endoge-
nous or exogenous sources. The DDR usually functions through the coordinated 
actions of DNA repair and checkpoint systems to promote DNA damage repair 
before replication or to activate cell death pathways if excessive damage exists  [  19  ] . 
Like the cellular DNA methylation machinery, an intact DDR is crucial for prevent-
ing cancer. Evidence is mounting to support a link between the DNA methylation 
and DNA damage repair systems, as  fi rst suggested by promoter hypermethylation 
and silencing of DNA repair genes in multiple types of cancer  [  20  ] . More impor-
tantly, DNMT1 may be directly involved in DNA damage repair in a DNA methy-
lation-independent manner  [  14,   17,   21–  23  ] . Strong support for this latter notion 
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comes from recent observations that DNMT1 is rapidly and transiently recruited to 
regions of DNA double-strand breaks (DSBs) via its interaction with proliferating 
cell nuclear antigen (PCNA)  [  21,   24  ] , as well the PCNA-like DNA damage sliding 
clamp component RAD9 (of the 9-1-1 complex)  [  21  ] . In this chapter, we examine 
and outline the links between DNMTs and DNA repair systems and discuss the pos-
sible mechanisms of how they are orchestrated, with a focus on cancer.  

    1.2   Epigenetic Silencing of DNA Repair Pathways Through 
Aberrant Promoter Hypermethylation 

 DNA repair systems have evolved to maintain genomic integrity by countering 
threats posed by DNA lesions  [  19  ] . De fi ciency in the DNA repair pathways may 
leave these lesions unrepaired or cause them to be repaired incorrectly, eventually 
leading to genome instability or mutations that contribute directly to a large array of 
human diseases including cancer. Carcinogenesis is believed to originate from and 
be driven by the acquisition of abnormal genetic and/or epigenetic changes. Aberrant 
DNA hypermethylation, when it occurs at promoter CpG islands (CGIs), leads to 
potent and heritable transcriptional silencing that inactivates key cellular pathways 
much like genetic changes (e.g., mutation/deletion) do. In addition to genetic muta-
tions, promoter hypermethylation in DNA repair genes is closely linked to a variety 
of human tumor types including colorectal, breast, lung cancers, and glioma  [  20  ]  
(Table  1.1 ), suggesting that epigenetic silencing of DNA repair pathways is an 
important contributor to the development of cancer.  

    1.2.1   Epigenetic Inactivation of the DNA Mismatch 
Repair Pathway 

 Mismatch repair (MMR) is a genome surveillance system to maintain genomic 
integrity through recognizing and correcting mismatched nucleotides arising during 
DNA replication, homologous recombination (HR), or other forms of DNA dam-
age. Impairment of this system gives rise to MSI  [  25,   26  ] , which has now been 
recognized as a hallmark of MMR gene-de fi cient cancers. Microsatellite loci, 
widely dispersed in the genome, are repetitive sequences consisting of short runs of 
nucleotides, typically one to four bases in length. Repetitive regions may give rise 
to the formation of secondary structures, which are subject to expansion or 
 contraction. The secondary structures, if incorrectly resolved, lead to slippage of 
DNA polymerases along repetitive sequences during replication. Microsatellites are 
particularly susceptible to length change mutations during replication and transcrip-
tion, resulting in frameshift mutations if they are located within a gene  [  25,   26  ] . 
MMR deals with these changes to maintain microsatellite stability. MMR  comprises 
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the MutS complex and the MutL complex. MutS recognizes the mismatched base, 
while MutL recruits repair enzymes to damage sites via its binding with MutS  [  27  ] . 
There are two main MutS complexes in humans, MutS a  and MutS b . MutS a , con-
sisting of the MutS homologue 2 (MSH2) protein bound to MSH6, recognizes sin-
gle-base mismatches or small insertion/deletion loops (indels), whereas MutS b , 
consisting of MSH2 and MSH3, repairs only indels  [  28  ] . The main complex for 
MutL in humans is MutL a , consisting of a heterodimer of MLH1 and PMS2  [  26  ] . 
Mutations in or epigenetic silencing of MMR genes like  MLH1  and  MSH2  is closely 
associated with a variety of human cancers such as hereditary non-polyposis colon 
cancer (HNPCC), sporadic colon cancer, and ovarian cancer  [  29  ] . 

 MLH1 plays a central role in coordinating various steps in MMR via interacting 
with other MMR proteins and modulating their activities. Hypermethylation of the 
 MLH1  promoter is observed in a variety of cancers including oral squamous cell 
carcinoma  [  30  ] , gastric cancer  [  31,   32  ] , non-small cell lung cancer (NSCLC)  [  33  ] , 
ovarian cancer  [  34  ] , acute myeloid leukemia  [  35–  37  ] , head and neck squamous cell 
carcinoma (HNSCC)  [  38  ] , HNPCC  [  39–  41  ] , and particularly in colorectal cancer 
(CRC)  [  42–  45  ]  (Table  1.1 ). The reduced MLH1 protein expression is correlated 
with high-level methylation detected in human CRC samples, whereas samples with 
low-level methylation display expression levels similar to those observed in methy-
lation-negative samples  [  46  ] , strongly suggesting that the  MLH1  gene is inactivated 
via promoter hypermethylation in a dose-dependent manner. Nonetheless, it is not 
clear whether a moderate degree of methylation affects MLH1 gene expression or 
not. On the basis of observations made in germ line cells, it has long been believed 
that  MLH1  promoter methylation involves only one allele of maternal origin. 
However, more recent  fi ndings demonstrate that there is biallelic involvement of 
 MLH1  promoter hypermethylation in many cancers  [  46  ] . The causal link between 
MSI and epigenetic inactivation of  MLH1  is further highlighted by the observation 
that 90% of MSI+ HNPCC have  MLH1  hypermethylation, while 95% of MSI sam-
ples do not  [  20  ] . 

  MSH2  is also hypermethylated in multiple tumor types, including gastric cancer 
 [  31  ] , NSCLC  [  33  ] , ovarian cancer  [  47  ] , sporadic CRC  [  48  ] , and HNPCC  [  49  ]  
(Table  1.1 ). Interestingly, promoter methylation of  MSH2  in HNPCC occurs primar-
ily in patients with germ line mutations in  MSH2  rather than in germ line mutation-
negative cases  [  49  ] . Seventy percent of patients with  MSH2  methylation also present 
germ line mutations in this gene, clearly indicating that methylation is the second 
inactivating hit in these tumors  [  49  ] . DNA hypermethylation can be caused by tran-
scription across a CGI within a promoter region. Recent studies have revealed that 
deletions of the last exons of the  EpCAM  gene, located immediately upstream of 
 MSH2 , give rise to somatic hypermethylation of the  MSH2  promoter  [  50  ] . Deletions 
at the most 3 ¢ -end of the  EpCAM  gene result in loss of its polyadenylation signal, 
which abolishes transcription termination. Transcription of  EpCAM  then continues 
downstream into the  MSH2  promoter and induces promoter hypermethylation of 
 MSH2 . DNA methylation triggered by transcriptional read-through of a neighbor-
ing gene, in either sense or antisense, direction may represent a general mutational 
mechanism that promotes aberrant epigenetic changes. Like  MLH2 , other MutS 
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homologues, including  MSH3  and  MSH6 , are also inactivated by hypermethylation 
in tumors such as breast  [  51  ]  and gastric cancers  [  31  ]  (Table  1.1 ).  

    1.2.2   Epigenetic Inactivation of the Base Excision Repair 
and Nucleotide Excision Repair Pathways 

 The speci fi c pairing of DNA bases in the genome is constantly challenged by endog-
enous metabolic by-products and environmental insults. Base excision repair (BER) 
is responsible for the removal of damaged DNA bases and their backbones to pre-
vent mutations that could give rise to cancer  [  19,   52  ] . In BER, abnormal DNA bases 
are recognized and removed by speci fi c glycosylases, followed by recruitment of 
other enzymes including nuclease, polymerase, and ligase proteins, to complete the 
repair process via excising the remaining sugar fragments and reinstalling an intact 
correctly based-paired nucleotide  [  19  ] . 

 Either thymine DNA glycosylase (TDG) or methyl-CpG-binding domain 4 
(MBD4) mediate a speci fi c BER pathway for the correction of G/T mismatches 
arising due to 5-methylcytosine deamination leading to C to T transitions. DNA 
hypermethylation-mediated silencing of  TDG  and  MBD4  may contribute to the fre-
quent genomic instability that occurs in cancer cells  [  53  ]  (Table  1.1 ).  TDG  promoter 
hypermethylation negatively correlates with its expression. TDG down-regulation 
leads to less ef fi cient DNA repair activity in response to hydrogen peroxide-induced 
DNA damage. Ectopic expression of TDG, however, functionally compensates for 
lower repair activities of damaged DNA in the KAS-6/1 myeloma cell line with 
extensive endogenous  TDG  gene hypermethylation  [  53  ] .  MBD4 , like  TDG , is also 
subject to promoter hypermethylation and gene silencing in tumors like sporadic 
CRC and ovarian cancer  [  54  ] . Another DNA glycosylase, OGG1, which mediates 
removal of 8-oxoguanine induced by oxidative damage, is also subject to inactiva-
tion via promoter methylation in cancer cells  [  55  ]  (Table  1.1 ). 

 Of all the repair systems, nucleotide excision repair (NER) recognizes the most 
varied types of DNA lesions, contending with the diverse class of helix-distorting 
damage that interferes with base pairing and obstructs replication and transcription. 
In NER, there exist two sub-pathways that differ in the mechanism of lesion recogni-
tion: global genome-NER (GG-NER) that surveys the entire genome for distortions, 
and transcription-coupled repair (TCR), which targets damage that blocks elongating 
RNA polymerases  [  19,   56  ] . NER, therefore, plays a particularly important role in 
preventing mutations. Thus far, three syndromes, xeroderma pigmentosum, Cockayne 
syndrome, and trichothiodystrophy (TTD), are closely associated with NER defects 
 [  56  ] . Of these, patients with xeroderma pigmentosum, attributable to mutations in 
one of the seven xeroderma pigmentosum (XP) group genes ( XPA – XPG ), show a 
dramatically increased incidence of UV light-induced skin cancer  [  19,   56  ] . 

 It was reported recently that the  XPC  promoter is epigenetically inactivated in 
bladder cancer  [  57  ]  (Table  1.1 ).  XPC  promoter methylation is signi fi cantly elevated 
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in cancerous bladder compared to normal tissue, leading to reduced mRNA levels in 
the tumor  [  57  ] . Epigenetic defects in the  XPC  gene may also in fl uence malignant 
behavior and prognosis. ERCC1 is a crucial protein in the NER pathway primarily 
involved in the repair of platinum-DNA adducts. Aberrant CGI methylation in the 
 ERCC1  promoter region has been observed in human glioma cell lines and primary 
tumors, which is associated with cisplatin chemosensitivity  [  58  ] . In a rat lung can-
cer model, however,  ERCC1  methylation is detected in only a very small proportion 
of samples  [  59  ] . De fi ciency in XRCC1, a scaffolding protein for BER and single-
strand break repair (SSBR), is associated with enhanced risk of lung cancer  [  60  ] . 
 XRCC1  is subject to aberrant promoter methylation in human gastric cancer tissues 
 [  61  ] . In lung cancer, in fi ltrating carcinomas exhibit statistically higher levels of 
methylation at the  XRCC1  promoter compared to normal, hyperplastic, and 
squamous metaplastic tissues  [  59  ] . RAD23B, a key component for damage recogni-
tion in NER, is also hypermethylated in multiple myeloma  [  62  ] .  

    1.2.3   Epigenetic Inactivation of HR and Nonhomologous 
End-Joining DNA Repair Pathway Components 

 HR not only provides an important mechanism to repair several types of DNA 
lesions that pose a threat to genome integrity, including DNA DSBs, DNA damage 
encountered during DNA replication, and DNA interstrand cross-links (ICLs), but 
is also required to restart stalled replication forks during the late S and G2 phases of 
the cell cycle  [  63,   64  ] . HR promotes precise repair of DNA damage using the intact 
sister chromatid as a template. De fi ciency of HR leads to more error-prone repair, 
which is associated with mutagenesis and predisposition to cancer  [  63  ] . 

 The  BRCA1  and  BRCA2  genes are both essential for HR-mediated DNA repair. 
BRCA1 appears to act as a signal integrator that links DNA damage sensors with 
response mechanisms. BRCA2, however, is more directly involved in homology-
directed DSB repair, as it mediates formation of a RAD51-DNA nucleoprotein 
 fi lament that catalyzes strand invasion during HR.  BRCA1  and  BRCA2  are fre-
quently mutated in hereditary breast and ovarian cancers, but seldom in sporadic 
cases of these tumor types. Epigenetic inactivation of  BRCA1  via promoter hyperm-
ethylation, however, plays an important role in tumorigenesis in a wide array of 
cancers including breast  [  65,   66  ] , ovarian  [  67  ] , gastric  [  68  ] , bladder  [  69  ] , and 
NSCLCs  [  70  ] , both hereditary  [  71  ]  and sporadic forms  [  20,   39  ]  (Table  1.1 ). It is 
believed that epigenetic silencing of BRCA1 creates a new mutator pathway that 
generates mutations and gross chromosomal rearrangements via p53 signaling. This 
idea is supported by several observations including one demonstrating that p53 
inactivation rescues the impact of BRCA1 de fi ciency on cell survival  [  20,   72  ] . 
Although much less frequently than  BRCA1 ,  BRCA2  also acquires promoter region 
hypermethylation that is closely associated with its reduced expression in breast 
cancer  [  51  ]  and NSCLC  [  70  ]  (Table  1.1 ). 
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 The primary function of the Fanconi anemia (FA) pathway is to repair interstrand 
DNA cross-links, which promotes HR via coordinating other DNA damage- responsive 
events to stabilize stalled replication forks, to convey signals to DNA checkpoint path-
ways, and to facilitate recovery of replication forks  [  73  ] . FA is a genomic instability 
syndrome characterized by bone marrow failure, developmental abnormalities, and 
increased cancer incidence, which is caused by mutations in one of thirteen distinct 
genes ( FANCA ,  FANCB ,  FANCC ,  FANCD1 ,  FANCD2 ,  FANCE ,  FANCF ,  FANCG , 
 FANCI ,  FANCJ ,  FANCL ,  FANCM , and  FANCN )  [  73  ] . Eight of them (FANCA, B, C, 
E, F, G, L, and M) form the FA core complex. This group of genes contains a high GC 
content and CGIs at their promoter regions, making them potential targets for aberrant 
hypermethylation-mediated silencing  [  74  ] . This idea has received support from obser-
vations that  FANCC ,  FANCF,  and  FANCL  acquire promoter methylation during human 
carcinogenesis  [  39,   75  ] . Of these,  FANCF  displays hypermethylation the most fre-
quently, occurring in 14–28% of different cancers including NSCLC  [  76  ] , HNSCC 
 [  76  ] , cervical  [  77  ] , and ovarian  [  39,   78  ]  (Table  1.1 ). 

 Unlike HR, which performs error-free repair, nonhomologous end-joining (NHEJ) 
simply restores DNA integrity by joining the two DNA ends. This type of repair is 
error-prone and frequently results in the loss or addition of several nucleotides at the 
break site. Despite its mutagenic consequences, NHEJ is the major DSB repair path-
way in mammalian cells. Defects in NHEJ lead to chromosomal translocations and 
genomic instability. In NHEJ, DSBs are detected by the KU70/KU80 heterodimer; 
the KU complex then activates the protein kinase DNA-PKcs (DNA-dependent pro-
tein kinase catalytic subunit), leading to recruitment and activation of end-processing 
enzymes, polymerases, and  fi nally ligation of the breaks by the XRCC4/DNA ligase 
IV complex. In the NHEJ pathway, only the  XRCC5  gene, encoding the KU80 pro-
tein, has been reported to be inactivated via epigenetic mechanisms  [  70  ]  (Table  1.1 ). 
Low expression of XRCC5 in squamous cell carcinoma and NSCLC is signi fi cantly 
associated with promoter region hypermethylation. Treatment of NSCLC cells with 
the DNA demethylating agent 5-aza-2 ¢ -deoxycytidine (5-aza-CdR), however, does 
not result in increased KU80 expression  [  70  ] . Thus, the underlying mechanisms pro-
moting and maintaining XRCC5 silencing await further investigation, particularly in 
more samples and more types of cancer.  

    1.2.4   Epigenetic Silencing of O 6 -Methylguanine-DNA 
Methyltransferase 

 O 6 -methylguanine, which arises due to alkylation reactions, pairs with thymine 
rather than cytosine, resulting in G:C to A:T mutations during DNA replication. O 6 -
methylguanine-DNA methyltransferase (MGMT), also known as O 6 -alkylguanine-
DNA alkyltransferase (AGT), repairs DNA damage by transferring the methyl 
groups on the O 6  position of guanine to an active site cysteine residue to protect 
cells from sustaining mutagenic events, which has been demonstrated by gain- or 
loss-of-function experiments in vitro and in vivo  [  79  ] . The MGMT protein is unique 
among DNA-repair components because it acts alone to remove DNA adducts. 
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Although MGMT is ubiquitously expressed in normal human tissues, mean 
 enzymatic activity in malignant tissues is usually higher than in their normal coun-
terparts. However, there is a variety of tumors such as glioma, CRC, NSCLC, and 
HNSCC that lack MGMT expression  [  20,   39  ]  (Table  1.1 ). It has been well docu-
mented that MGMT de fi ciency often arises due to abnormal promoter methylation 
 [  20,   39,   80  ] . For example, 29% of NSCLCs and 38% of CRCs display aberrant 
 MGMT  methylation, in which the presence of hypermethylation is highly associated 
with loss of MGMT protein  [  81  ] .  MGMT  is the most frequently methylated gene in 
central nervous system tumors. Epigenetic silencing of  MGMT  via promoter hyper-
methylation occurs in approximately 40% of primary glioblastomas and over 70% 
of secondary glioblastomas. It is also detected in 50% of the diffuse and anaplastic 
astrocytomas and approximately two-thirds of oligodendroglial and mixed tumors 
 [  82  ] . These results, together with a causal relationship between DNA methylation of 
the  MGMT  CGI and decreased transcription of the gene in cell culture-based stud-
ies, demonstrate that DNA methylation is an important mechanism for silencing the 
 MGMT  gene in human cancers. 

 Epigenetic silencing of  MGMT  may initiate an important mutator signaling cas-
cade in human cancers since MGMT loss causes G:C to A:T transitions, which lead 
to downstream gene mutations. This proposal is strongly supported by an analysis 
of point mutations in  KRAS  and  p53 . KRAS, the most commonly altered oncogene 
in cancer, is an early key player in multiple signal pathways. Loss of MGMT is 
associated with increased  KRAS  mutations possessing G:C to A:T transitions in 
colon  [  83  ]  and gastric cancer  [  84  ] .  p53  is the most frequently mutated tumor sup-
pressor gene (TSG) in human cancer, and the majority of known  p53  mutations are 
G:C to A:T transitions  [  66,   85  ] . Epigenetic inactivation of  MGMT  may lead to G:C 
to A:T transition mutations in  p53 , which has been observed in several types of 
cancer including colorectal  [  66  ] , liver  [  86  ] , lung  [  87  ] , esophageal squamous cell 
carcinomas  [  88  ] , and glioma  [  89  ] . Interestingly,  MGMT  promoter methylation is 
associated with improved disease chemosensitivity and prolonged survival time in 
patients treated with alkylating agent-based therapies  [  90  ] . However, it is unclear 
whether the improved survival is speci fi cally due to loss of MGMT expression or 
accompanying drug sensitivity.  

    1.2.5   Epigenetic Silencing of WRN 

 Werner syndrome (WS) is a rare autosomal recessive disease, characterized by pre-
mature onset of aging, genomic instability, and increased cancer incidence. WS is 
caused by null mutations at the  WRN  locus at 8p11.2–p12, which codes for a DNA 
helicase belonging to the RecQ family. De fi ciency in WRN function causes defects 
in DNA replication and recombination, as well as DNA repair. 

 WRN is a 180-kd nuclear protein that has a unique interaction with its DNA 
substrates through its C terminal RQC domain during base separation  [  91  ] . In addi-
tion to two C-terminal ATPase domains encoding for helicase activity, the WRN 
protein contains an N-terminal domain coding for exonuclease activity. Its helicase 
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and exonuclease activities function in a coordinated manner, suggestive of roles in 
DNA repair, recombination, and replication. Recently, the WRN protein was also 
shown to be involved in telomere maintenance based on the discovery that its 
de fi ciency leads to accelerated telomere shortening in WS cells  [  92  ] . These multiple 
roles of the WRN protein highlight its importance in aging and cancer. 

 The evidence suggesting that WRN acts as a TSG is derived primarily from 
WS, which is characterized by the early onset development of a variety of cancers 
due to germ line  WRN  mutation; somatic mutations in the  WRN  gene have not been 
reported. Epigenetic inactivation of  WRN  provides additional support for its TSG 
role in sporadic cancer. The  WRN  promoter undergoes hypermethylation in a wide 
array of tumors including colorectal, gastric, prostate, non-small cell lung, and 
breast cancers  [  93,   94  ]  (Table  1.1 ). Epigenetic silencing of  WRN  via methylation 
not only leads to the loss of protein and enzyme activity, but also to chromosomal 
instability. Furthermore, the above phenotype is reversed by DNA-demethylating 
agents. Most importantly, restoration of WRN expression induces its tumor-sup-
pressor effects, such as inhibition of colony formation and tumor growth  [  93  ] . Taken 
together, aberrant epigenetic silencing of  WRN , a candidate TSG, may play an 
important role in human cancers. Interestingly, WRN was recently shown to be 
associated with promoter methylation of the  OCT4  gene  [  95  ] , which encodes a cru-
cial transcription factor for the maintenance of cell pluripotency. During differentia-
tion of human pluripotent NCCIT embryonic carcinoma cells, WRN localizes to the 
 OCT4  promoter region with  de novo  DNA methyltransferase DNMT3B and pro-
motes differentiation-dependent  OCT4  silencing and promoter methylation  [  95  ] . 
De fi ciency in WRN blocks DNMT3B recruitment to the promoter and leads to 
decreased promoter methylation of  OCT4   [  95  ] . Therefore, WRN may also contrib-
ute to the control of stem cell differentiation via epigenetic silencing of the key 
pluripotency transcription factor OCT4.  

    1.2.6   Epigenetic Inactivation of ATM/ATR Signaling 

 DNA damage signaling requires the coordinated action of a large array of mole-
cules that can be categorized as DNA damage sensors, transducers, mediators, and 
effectors according to their functions. Upon damage of DNA, the MRE11–RAD50–
NBS1 (MRN) sensor complex recognizes DSBs and the replication protein A 
(RPA) complex processes accumulated single-stranded DNA (ssDNA). The trans-
ducer ataxia-telangiectasia mutated (ATM) and ATR kinases are recruited to and 
activated by DSBs and RPA-coated ssDNA, respectively. With the help of media-
tors (including 53BP1, MDC1, BRCA1, MCPH1, and PTIP in ATM signaling, and 
TopBP1 and Claspin in ATR signaling), ATM and ATR activate the effector kinases 
CHK2 and CHK1, respectively, which then spread the signal throughout the 
nucleus  [  96–  98  ] . CHK1 and CHK2 decrease cyclin-dependent kinase (CDK) activ-
ity, which slows down or arrests cell cycle progression. Meanwhile, ATM/ATR 
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signaling promotes DNA repair through various mechanisms. Through ATM/ATR 
signaling, DNA repair and cell cycle progression are closely coordinated. The 
coordinated action of DNA repair and cell cycle controls either promotes the 
resumption of normal cell functioning before replication or triggers apoptosis/cell 
death when normal cell functioning cannot be restored; both mechanisms act as 
barriers to tumorigenesis  [  19  ] . 

 Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder, characterized 
by progressive cerebellar ataxia, oculocutaneous telangiectasia, susceptibility to 
bronchopulmonary disease, and lymphoid tumors. AT is caused by de fi ciency in 
the  ATM  gene, localized on chromosome 11q22–23. ATM is an Ser/Thr protein 
kinase of the phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) fam-
ily, which also includes ATR, DNA-PKcs, and SMG1. ATM may have as many as 
700 substrates  [  99,   100  ] , highlighting its multiple functions in various biological 
processes including cancer. Loss of heterozygosity in  ATM  results in reduced pro-
tein expression; however, this mechanism explains only a small proportion of can-
cers where ATM down-regulation is observed. In sporadic cancer, which accounts 
for 90–95% of tumors, the probability of  ATM  gene mutations is low, whereas 
altered expression of ATM is frequently observed. It is therefore likely that epi-
genetic modi fi cations have an impact on ATM expression in these cases (Table  1.1 ). 
Initial proof for this idea came from studies using the human colon cancer cell line 
HCT116  [  101  ] . In this cell line,  ATM  displays aberrant promoter methylation, 
which inversely correlates with its low expression and low radiosensitivity. The 
signi fi cance of this  fi nding is underscored by further observations that treatment of 
HCT116 cells with 5-azacytidine (a DNA demethylating agent) restores expres-
sion of ATM and radiosensitivity  [  101  ] .  ATM  is also epigenetically silenced in 
primary cancers. For example, 78% of surgically removed breast tumors  [  102  ]  and 
25% of HNSCC  [  103  ]  display aberrant methylation in the  ATM  promoter region 
accompanied by reduced ATM. 

  CHK2 , the mammalian homologue of the yeast Rad53 and Cds1, is located at 
chromosome 22q12.1, spans approximately 50 kb, and consists of 14 exons  [  104  ] . 
CHK2, activated by ATM, responds primarily to DSBs. Its fundamental role is to 
coordinate cell cycle progression with DNA repair and cell survival or death. 
Germ line mutations in the  CHK2  gene predispose to Li–Fraumeni syndrome 
(LFS), characterized by multiple tumors at early age with a predominance of 
breast cancer and sarcomas  [  105  ] . Somatic mutations in  CHK2  exist also, although 
they occur in only a small subset of sporadic human malignancies, including car-
cinomas of the breast, lung, colon, and ovary, osteosarcomas, and lymphomas 
 [  106  ] . The  fi nding of both germ line and somatic mutations suggests that  CHK2  
acts as a TSG. This is further supported by the observation that down-regulation 
of CHK2 is associated with promoter methylation in sporadic cancers including 
lung cancer, glioma, and Hodgkin’s lymphoma  [  107–  109  ] . For example, DNA 
hypermethylation of the distal  CHK2  CGIs occurs in 28.1% of NSCLCs and 
40.0% of squamous cell carcinomas, which inversely correlates with  CHK2  
mRNA levels. It should be noted, however, that observations in breast, colon, and 
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ovarian cancers do not support a causative link between DNA methylation and 
gene expression of CHK2  [  110,   111  ] .   

    1.3   DNA Methyltransferase 1 and Mismatch Repair 

 The function of the MMR pathway is to correct base substitution mismatches and 
insertion–deletion mismatches generated in newly replicated DNA  [  112  ] . 
De fi ciencies in or inactivation of this pathway has profound biological conse-
quences. Loss of MMR activity is attributed to the initiation and promotion of mul-
tistage carcinogenesis  [  113  ] . A growing number of reports have demonstrated that 
loss of DNMT1 function has a signi fi cant impact on MSI—a hallmark of MMR 
ef fi ciency, suggesting it has a role in the MMR pathway (Fig.  1.1 ). Using genetic 
screens in  Blm -de fi cient embryonic stem (ES) cells,  Dnmt1  was identi fi ed as an 
MMR modi fi er gene.  Dnmt1  de fi ciency in murine ES cells results in a fourfold 
increase in the MSI rate  [  13  ] . Further support for this  fi nding comes from several 
other laboratories  [  14–  17,   114  ] . DNMT1 de fi ciency enhances microsatellite muta-
tions for both integrated reporter genes  [  13,   14,   16,   17  ]  and endogenous repeats 
 [  15  ] . This  fi nding holds true for both ES cells and somatic cells. In a murine ES cell 
line with homologous deletion of  Dnmt1 , the stability of  fi ve endogenous microsat-
ellite repeats (two mononucleotides and three dinucleotides), exhibiting instabilities 
in MMR-de fi cient cells was analyzed. A signi fi cantly higher frequency of instabil-
ity was detected at three of the  fi ve markers in  Dnmt1  −/−  ES cells compared to the 
wild-type ES cells  [  15  ] . The slippage rate of a stable reporter gene was also moni-
tored. Dnmt1 de fi ciency led to a sevenfold higher rate of microsatellite slippage in 
 Dnmt1  −/−  ES cells compared to wild-type cells  [  14  ] . Notably, no DNA methylation 
in the region  fl anking the reporter gene was discovered, regardless of Dnmt1 status, 
suggesting that the effect of Dnmt1 on MMR was not at the level of DNA methyla-
tion  [  14  ] . Enhanced MSI is associated with higher levels of histone H3 acetylation 
and lower MeCP2 binding at regions near the assayed microsatellite, suggesting 
that Dnmt1 loss decreases MMR ef fi ciency by modifying chromatin structure. CAG 
repeat expansions are closely associated with human age-related diseases including 
12 neurodegenerative disorders. Repeat instability induced by CAG repeat expan-
sion requires the MMR components  [  16,   115  ] . DNMT1 de fi ciency induces destabi-
lization and intergenerational expansion of CAG triplet repeats  [  16  ] . Double 
knockdown of MLH1 and DNMT1, however, additively increases the frequency of 
CAG contraction  [  114  ] . Speci fi c targeting of DNMT1 in hTERT-immortalized nor-
mal human  fi broblasts by siRNA induces both resistance to MSI and the drug 
6-thioguanine (which induces cytotoxic DNA damage due to its misincorporation 
opposite thymine  [  116  ] ) at a CA17 reporter gene; two hallmarks of MMR de fi ciency. 
Mutation rates correspond well with DNMT1 levels, ranging from 4.1-fold in cells 
with 31% of the normal DNMT1 protein level to tenfold in cells with 12% of the 
normal DNMT1 protein level  [  17  ] . This suggests that DNMT1 regulates microsatel-
lite stability in a dose-dependent manner. The exact underlying mechanism of how 
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DNMT1 is involved in MSI appears complex and remains elusive. Microsatellite 
methylation probably provides a mechanism for length stabilization by subsequent 
transcriptional repression of genes containing or proximal to microsatellites with 
methylated CpG repeats. However, increased mutations usually occur at microsatel-
lite repeats that do not contain any CpG sites in the repeat itself  [  13,   15,   16,   114  ]  or 
nearby  [  14  ] , indicating that DNA methylation changes around microsatellite repeats, 
at least in some cases, are not the primary cause of the instability. Alternatively, 
DNMT1 might in fl uence transcriptional repression and MSI through chromatin 
remodeling  [  14  ] .  

 The impact of DNMT1 on the MMR pathway is further highlighted by the obser-
vation that DNMT1 and the MMR proteins probably interact with each other through 
a third-party mediator (Fig.  1.1 ). The methyl CpG-binding protein MBD4 / MED1 
may provide a functional link between MMR and DNMT1 through protein–protein 
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  Fig. 1.1    Impact of DNMT1 on MMR and DDR. DNMT1 may promote stabilization of microsat-
ellites via methylation of CpG repeats and it also interacts with DNA repair proteins via third-party 
mediators (e.g., MBD4 and PCNA). Moreover, de fi ciency in DNMT1 leads to activation of PARP 
signaling, eventually resulting in MMR protein cleavage. DNMT1 is also closely associated with 
DDR. Inactivation of DNMT1 may induce several changes to DNA and/or chromatin including 
increased DNA fragility, disruption of replication foci, and accumulation of hemimethylated DNA, 
which may be recognized as “damage” and activate the DDR. Strong support for a direct link 
between DNMT1 and DDR comes from the identi fi cation of several protein-protein interactions 
involving DNMT1 and DDR proteins. DNMT1 is recruited to sites of DNA damage via its interac-
tion with PCNA and 9-1-1. DNMT1 is also capable of binding CHK1 and p53, which promote cell 
cycle arrest and apoptosis, respectively       
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interaction. MBD4, which possesses glycosylase repair activity for G:T mismatches, 
is involved in NER as well as MMR. MBD4 binds MLH1 via its C-terminal glyco-
sylase domain  [  117,   118  ] . Deletion of  Mbd4  in MEFs induced destabilization of 
MMR proteins and conferred resistance to antitumor drugs including 5-FU and 
platinum  [  119  ] . MBD4 and TDG have functional overlap and they interact with the 
de novo methyltransferases DNMT3A and DNMT3B  [  120,   121  ] . MBD4 also inter-
acts with maintenance methyltransferase DNMT1 via its N-terminal MBD domain 
 [  118  ] . Based on a combination of immunoprecipitation and GST-pull down experi-
ments in mouse, rat, and  Xenopus , a minimal domain of approximately 70 amino 
acids in the N-terminal targeting sequence region of DNMT1 was shown to be 
required for MBD4 to bind to DNMT1  [  118  ] , which overlaps with a region in rat 
DNMT1 that interacts with MECP2  [  122  ] . Through interacting directly with both 
DNMT1 and MLH1, MBD4 recruits MLH1 to heterochromatic sites that are coin-
cident with DNMT1 localization  [  118  ] . Similarly, MBD4/MLH1 accumulates at 
DNA damage sites where DNMT1 is recruited after laser microirradiation  [  118  ] . 
Loss of DNMT1 induces p53-dependent apoptosis, which can be rescued by inacti-
vation of p53  [  123  ] . The MBD4/MLH1 complex also mediates the apoptotic 
response to DNMT1 depletion  [  118  ] . Colocalization of these proteins at damaged 
regions implies that they function coordinately in the cellular decision to repair the 
lesion or activate apoptosis. Like MBD4, PCNA may act as a mediator between 
MMR and DNMT1 because of its direct interaction with both systems. PCNA inter-
acts with multiple components of the MMR pathway including MSH6, MSH3, and 
MLH1. Disruption of this interaction confers an MMR defect in vivo and in vitro 
 [  124–  126  ] . Both MSH6 and MSH3 colocalize with PCNA at replication foci during 
S-phase  [  127  ] . MLH1 is recruited to damage sites where PCNA and DNMT1 also 
accumulate, although with slower kinetics than DNMT1  [  118,   128  ] . The recruit-
ment of DNMT1 to both the replication fork and DNA damage sites is through a 
direct interaction with PCNA and possibly CHK1 and the 9-1-1 complex as well 
 [  21,   24  ] . However, there is no report showing that PCNA, MLH1, and DNMT1 
colocalize together, implying that PCNA might interact with each protein at a 
 different time. Nonetheless, the functional mechanisms of whether and how these 
factors are orchestrated in response to DNA damage requires further investigation. 

 Most recently, DNMT1 de fi ciency has been shown to induce the depletion of 
multiple repair factors at the protein level (Fig.  1.1 )  [  17  ] , highlighting its impor-
tance not only in MMR ef fi ciency, but also in DDR signaling. In normal human 
 fi broblasts and CRC cell lines, DNMT1 knockdown leads to a matching decrease in 
MLH1 at the protein, but not the mRNA level  [  17  ] . Loss of MLH1, however, does 
not lead to expression changes in DNMT1  [  17  ] . Promoter hypermethylation of 
 MLH1 , although frequently observed in sporadic colon cancers  [  39  ] , does not appear 
to be the cause leading to gene inactivation in the context of DNMT1 de fi ciency. 
 MLH1  hypermethylation in DNMT1-de fi cient cells was further ruled out using a 
bisul fi te pyrosequencing assay  [  17  ] . Further observations suggest that DNMT1 
de fi ciency affects the steady-state levels of a number of repair proteins, including 
MSH2, MSH6, and PMS2, as well as MBD4  [  17  ] . Loss of multiple MMR 
 components in DNMT1 hypomorphic cells indicates that DNMT1 might play an 
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indirect role in the stabilization or proteolytic cleavage of these proteins, rather than 
directly interacting with each of them. It is documented that DNMT1 de fi ciency 
activates the DDR, which leads to cell cycle arrest  [  21,   123  ]  and the triggering of 
cell death pathways  [  123  ]  that may result in cleavage of proteins including MLH1 
 [  129  ] , which might account for MMR protein depletion after DNMT1 knockdown. 
Loss of DNMT1 activates ATM/ATR, which normally phosphorylate H2A.X lead-
ing to focal accumulation of  g H2A.X, a hallmark of DDR  [  21  ] . If excessive damage 
exists, p53-dependent  [  123  ]  and other cell death pathways are activated to maintain 
genomic integrity. Elevated  g H2A.X levels in DNMT1 hypomorphic cells can be 
partially reduced through inhibition of ATM/ATR signaling  [  17  ] . However, the PAR 
polymerase (PARP) inhibitor DPQ also reduces the level of  g H2A.X, to an extent 
exceeding that observed with the ATM/ATR inhibitor caffeine. In keeping with 
these observations, the viability of DNMT1-depleted cells treated with DPQ is 
enhanced to a greater extent than treatment of cells with agents that inhibit caspases 
or p53  [  17  ] . These  fi ndings, together with the observation that PARylation increases 
after DNMT1 loss, clearly demonstrate that PARP is involved in the DDR and cell 
death process in cells de fi cient in DNMT1 (Fig.  1.1 ). PARP catalyzes the polymer-
ization of ADP-ribose (PAR) units on target proteins using nicotinamide adenine 
dinucleotide (NAD + ) molecules as a donor  [  130  ] . NAD +  depletion, induced by 
severe DNA damage, gives rise to mitochondrial membrane depolarization and 
apoptosis initiation factor (AIF) translocation. It eventually results in an activation 
of caspases that lead to protein cleavage and cell death. DNA repair protein MLH1 
 [  129  ] , along with BLM1  [  131  ]  and ATM  [  132  ] , are preferred targets of caspases. 
Treatment with the PARP inhibitor DPQ, as expected, leads to an increase in full-
length MLH1 protein levels in DNMT1-depleted cells  [  17  ] . Taken together, DDR 
signaling, particularly the cell death pathway mediated by PARP, may play a sub-
stantial role in regulating cleavage of MMR repair proteins in cells de fi cient for 
DNMT1 (Fig.  1.1 ).  

    1.4   DNMT1 and the DNA Damage Response 

 Reduction of DNMT1 levels activates a DDR usually initiated by the most lethal 
form of DNA damage-DSBs (Fig.  1.1 ). DNMT1 de fi ciency also inhibits DNA rep-
lication  [  22,   23,   133  ] . It was reported that DNMT1 knockdown triggers an intra-S-
phase arrest of DNA replication, independent of DNA demethylation  [  22  ] . Similar 
to the observations for DNA damage checkpoints  [  134  ] , the intra-S-phase arrest is 
transient, disappearing after 10 days of treatment with  DNMT1  siRNA. The S-phase 
cells induced by DNMT1 knockdown exist in two distinct populations: 70% incor-
porate BrdUr, while 30% do not, consistent with the presence of an intra-S-phase 
checkpoint triggering cell cycle arrest  [  134  ] . Cells are arrested at different posi-
tions throughout S-phase, suggesting that this response is not speci fi c to distinct 
classes of origins of DNA replication. 5-aza-CdR, a nucleoside analogue, is a 
well-characterized and widely used inhibitor of DNA methylation, which inhibits 
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DNA methylation by trapping DNMT1 at the replication fork after being incorpo-
rated into DNA. 5-aza-CdR does not inhibit the de novo synthesis of DNMT1 
protein or its presence in the nucleus. S-phase cells treated with 5-aza-CdR, which 
causes genome-wide demethylation, do not exhibit two distinct population distri-
butions as observed in cells de fi cient in DNMT1. These results suggest that the 
intra-S-phase arrest is not correlated with the degree of DNA methylation, consis-
tent with observations that DNA replication arrest following DNMT1 inhibition is 
probably due to a reduction in the physical presence of DNMT1 at the replication 
fork, rather than DNA demethylation  [  133  ] . As discussed above, the cell cycle 
distribution in DNMT1 knockdown cells resembles the transient intra-S-phase 
arrest in DNA replication that is evoked by genotoxic insults  [  135–  137  ] . In addi-
tion, DNMT1 inhibition also leads to the induction of a set of genes that are impli-
cated in the genotoxic stress response including  p21   [  133  ] ,  p53   [  123  ] , and the 
growth arrest DNA damage inducible 45 b  gene (GADD45  b  )  [  22  ] . These results 
imply that DNMT1 is linked to DNA damage repair machineries to maintain chro-
mosome integrity via blocking DNA replication, a notion further strengthened by 
observations that DNMT1 knockdown activates the checkpoint pathways in an 
ATR-dependent manner  [  23  ] . Upon DNMT1 depletion, CHK1 and CHK2, key 
proteins in ATM/ATR signaling, are phosphorylated, which in turn induce phos-
phorylation and degradation of cell division control protein 25 A (CDC25A) as 
well as CDC25B  [  23  ] . As a consequence, the capacity for loading CDC45, an 
essential factor for DNA replication  [  138  ] , onto replication forks is decreased, 
resulting in replication arrest. DNMT1 knockdown also induces the formation of 
histone  g H2A.X foci, a hallmark of the DNA DSB response. The response elicited 
by DNMT1 knockdown is blocked by siRNA-mediated depletion of ATR, sugges-
tive of its ATR dependency. Further support for the importance of ATR came from 
the  fi nding that the cellular response to DNMT1 depletion is markedly attenuated 
in cells derived from a patient with Seckel syndrome, a disorder due to ATR 
de fi ciency  [  23  ] . However, it is not clear whether ATM, another key transducer like 
ATR in the checkpoint pathway, is involved in the process or not. DNA demethy-
lating agents do not trigger the stress response like genetic DNMT1 depletion does 
 [  23  ] . Moreover, this response is abolished by ectopic expression of either wild-
type DNMT1 or a mutant form of DNMT1 lacking the catalytic domain  [  23  ] , sug-
gesting that loss of catalytic activity of DNMT1 is not driving this response. Also 
of importance, DNMT1 knockdown leads to very limited genomic demethylation 
 [  22,   23  ] , consistent with observations made in cells containing hypomorphic muta-
tions in  DNMT1   [  139,   140  ] . One explanation for this limited demethylation is that 
de novo DNMTs compensate for the reduction of DNMT1 activity  [  139  ] . Another 
possibility is that DNMT1 loss triggers a checkpoint pathway (Fig.  1.1 ) to block 
DNA replication, preventing loss of DNA methylation in an attempt to maintain 
genome stability. Double knockdown of DNMT1 and ATR does indeed induce 
global DNA demethylation, whereas single knockdowns of either DNMT1 or ATR 
do not, implying that the arrest of DNA replication activated by ATR signaling fol-
lowing DNMT1 depletion prevents loss of DNA methylation and that blocking this 
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response results in global loss of DNA methylation  [  23  ] . Taken together, it appears 
that reduction of DNMT1 levels activates ATR signaling to block DNA replication 
in a DNA methylation-independent manner (Fig.  1.1 ). How this response to 
DNMT1 reduction is initiated,  however, is still uncertain. It is possible that removal 
of DNMT1 from replication forks disrupts fork progression and eventually results 
in DSBs that elicit checkpoint signaling (Fig.  1.1 ). Alternatively, the presence of 
low levels of hemimethylated DNA due to the absence of DNMT1 may trigger this 
response (Fig.  1.1 ). 

 Complete inactivation of DNMT1 via genetic mechanisms also activates the 
DDR and causes genomic demethylation. The degree of demethylation, however, 
varies greatly depending on cellular context, ranging from 20% loss in human can-
cer cells  [  141  ]  to 90% loss of genomic methylation in murine ES cells  [  7,   8  ] . As the 
principal enzyme responsible for maintaining DNA methylation, DNMT1 is essen-
tial for embryonic development and cell survival. Disruption of  Dnmt1  in mice 
results in loss of 90% of genomic methylation and embryonic lethality  [  7,   8  ] . Murine 
ES cells de fi cient for  Dnmt1  die when introduced to differentiate  [  7  ] , mouse 
 fi broblasts die within 2–4 cell divisions after conditional deletion in  Dnmt1   [  123  ] , 
and the human colon cancer cell line HCT116 undergoes marked apoptosis and cell 
death within one cell division if  DNMT1  is completely inactivated by cre-mediated 
conditional knockout  [  141,   142  ] . Notably, complete inactivation of DNMT1 trig-
gers the DDR before cells die  [  141  ] . Deletion of  DNMT1  activates p53  [  123,   141  ] , 
a target of ATM whose phosphorylation correlates with accumulation of p53 in 
response to DNA damage  [  143  ] . Disruption of both alleles of  DNMT1  leads to acti-
vation of the G2/M checkpoint and G2 arrest, as veri fi ed by the presence of phos-
phorylated ATM and  g H2A.X at discrete nuclear DNA damage foci  [  141  ] . Further 
support for checkpoint activation comes from the  fi nding that treatment of cells with 
an ATM/ATR inhibitor, caffeine, facilitates mitotic entry and cell death in  DNMT1  
null cells  [  141  ] . Most of these cells, however, eventually escape G2 arrest and re-
enter interphase with their unrepaired DNA, resulting in severe chromosomal and 
mitotic abnormalities (mitotic catastrophe)  [  141  ] . Thus far, the mechanisms by 
which DNMT1 inactivation leads to activation of DNA damage repair remains 
elusive. In the complete absence of DNMT1, DNA may become more fragile owing 
to reduced methylation and/or defective chromatin structure in critical regions of 
the genome, leading to activation of DNA damage signaling (Fig.  1.1 )  [  142  ] . 
Alternatively, the accumulation of hemimethylated DNA in  DNMT1  mutant cells 
may be recognized as damage and trigger the damage response (Fig.  1.1 ). Both of 
these possibilities are consistent with the observation that agents that affect overall 
chromatin structure without damaging DNA also activate ATM  [  144  ] . Nonetheless, 
it cannot be excluded that oncogene activation or gene mutations initiate the DDR, 
as Dnmt1-de fi cient ES cells exhibit signi fi cantly increased mutation rates, particu-
larly in the form of deletions and mutations  [  145  ] . 

 Recruitment of DNMT1 to sites of DNA damage has been observed by our labo-
ratory  [  21,   146  ]  and others  [  24  ] , providing compelling evidence to support the 
notion that DNMT1 is directly involved in DNA damage repair (Fig.  1.1 ). 
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Immediately after laser microirradiation-induced DSBs, an accumulation of DNMT1 
and PCNA occurs at the damage sites in S and non-S phase cells, colocalizing with 
 g H2A.X—a marker of DSBs. Recruitment of DNMT1 to damage sites is dependent 
on its interaction with PCNA through its PCNA-binding domain (PBD)  [  21,   24  ] , but 
is independent of its catalytic activity  [  21  ] . In addition to PCNA, DNMT1 also 
interacts with other components of the DNA damage machinery including CHK1 
 [  21,   146  ]  and the 9-1-1 complex  [  21  ] . PCNA, along with CHK1 and 9-1-1, is essen-
tial for DNMT1’s recruitment to DNA damage sites. After recruitment to damaged 
regions, DNMT1 modulates the rate of ATR signaling and is essential for suppress-
ing abnormal activation of the DDR in the absence of exogenous damage  [  21  ] . 
Taken together, these data have revealed a direct link between DNMT1 and the 
DNA damage repair process. 

 PCNA mediates recruitment of DNMT1, not only to DNA replication sites, but 
also to DNA damage sites. The DNMT1–PCNA interaction implies that the role of 
DNMT might be to restore epigenetic information after damage repair. However, 
recent studies demonstrate that this interaction is not essential for maintaining DNA 
methylation  [  5,   147  ] . Furthermore, the observation  [  21  ]  that DNMT1 is very rapidly 
recruited and retained only transiently, likely before resynthesis is completed, sug-
gest that genomic methylation is not the main function of DNMT1 at these sites, at 
least in the early part of the DDR. The recruitment kinetics of WT  DNMT1  and 
 DNMT1  with a point mutation in the catalytic domain are almost identical  [  21  ] . 
CHK1/CHK2 activation and  g H2A.X foci formation induced by DNMT1 de fi ciency 
are rescued by expression of a catalytically inactive form of DNMT1  [  23  ] . Therefore, 
although the possibility that DNMT1 participates in the restoration of DNA methy-
lation patterns during damage repair cannot be excluded, it seems more likely that 
DNMT1 functions in sensing and/or mobilizing the response to certain forms of 
DNA damage (Fig.  1.1 ). 

 In summary, both DNMTs and DNA damage repair systems have evolved to 
maintain genomic integrity and disruption of these pathways contributes to the 
development of cancer  [  19  ] . Therefore, we have examined and outlined the interac-
tion of DNMTs and DNA methylation with DNA damage repair systems and have 
discussed possible mechanisms for how the two systems may function coordinately 
to deal with DNA damage. Promoter methylation, catalyzed by DNMTs, plays an 
established role in silencing key genes in multiple DNA damage repair pathways; 
inactivation of these pathways may predispose to a large array of tumors  [  20  ] . These 
 fi ndings are consistent with observations that TSGs are frequently silenced via epi-
genetic mechanisms in cancer cells. Unexpectedly perhaps, more recent observa-
tions strongly suggest that DNMTs, particular DNMT1, are directly involved in 
DNA damage repair systems via what is likely to be a DNA-methylation-independent 
mechanism  [  17,   21–  23,   141  ] . The exact nature of the links between the DNMTs, 
DNA methylation, and DNA damage repair systems is complex and remains to be 
further investigated. A more thorough understanding of these links will not only 
help dissect the mechanisms of tumor development, but also identify new antitumor 
targets and therapeutic strategies.      
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  Abstract   In contrast to earlier views that there was much compartmentalization of 
the types of sequences subject to cancer-linked changes in DNA epigenetics, it is 
now clear that both cancer-associated DNA hypomethylation and hypermethylation 
are found throughout the genome. The hypermethylation includes promoters of 
tumor suppressor genes whose expression becomes repressed, thereby facilitating 
cancer formation. How hypomethylation contributes to carcinogenesis has been less 
clear. Recent insights into tissue-speci fi c intra- and intergenic methylation and into 
cancer methylomes suggest that some of the DNA hypomethylation associated with 
cancers is likely to aid in tumor formation and progression by many different path-
ways, including effects on transcription in  cis . Cancer-associated loss of DNA 
methylation from intergenic enhancers, promoter regions, silencers, and chromatin 
boundary elements may alter transcription rates. In  addition, cancer-associated 
intragenic DNA hypomethylation might modulate  alternative promoter usage, 
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 production of intragenic noncoding RNA transcripts, cotranscriptional splicing, and 
transcription initiation or elongation. Initial studies of hemimethylation of DNA in 
cancer and many new studies of DNA demethylation in normal tissues suggest that 
active demethylation with spreading of hypomethylation can explain much of the 
cancer-associated DNA hypomethylation. The new discoveries that genomic 
5-hydroxymethylcytosine is an intermediate in DNA demethylation, a base with its 
own functionality, and a modi fi ed base that, like 5-methylcytosine, exhibits cancer-
associated losses, suggest that both decreased hydroxymethylation and decreased 
methylation of DNA play important roles in carcinogenesis.      

    2.1   Introduction 

 Altered methylation of DNA in human cancers was  fi rst described as overall 
genomic hypomethylation in various cancers vs .  a wide variety of normal tissues 
 [  1  ]  and as hypomethylation of a few gene regions in colon adenocarcinomas vs .  
normal colonic epithelium  [  2  ] . Almost all types of cancers exhibit both hyperm-
ethylation of some DNA sequences and hypomethylation of others relative to 
appropriate controls that account for the tissue speci fi city of DNA methylation  [  3  ] . 
The cancer-associated hypermethylation and hypomethylation of the genome are 
generally independent of each other  [  4,   5  ] . Until recently, it appeared that cancer-
speci fi c changes in DNA methylation were usually hypermethylation of unique 
gene regions and hypomethylation of DNA repeats, albeit with many notable 
exceptions  [  6–  11  ] . Deep sequencing of the genome has revealed far greater size 
and complexity to the transcriptome than previously appreciated  [  12  ] . Similarly, 
recent whole-genome analysis of the cancer methylome demonstrates that there is 
much more cancer-linked hypomethylation of unique gene sequences and hyperm-
ethylation of repeated sequences than previously found, although there are differ-
ences in the frequency with which subsets of sequences undergo hypo- or 
hypermethylation  [  13–  18  ] . 

 This chapter reviews new insights into genome-wide DNA and chromatin epi-
genetics in normal cell populations as well as in cancers  [  19–  29  ] . Recent studies 
are drawing attention to previously unsuspected roles of epigenetic marks in the 
body of genes as well as at promoters and intergenic transcription control regions. 
These  fi ndings are likely to be relevant to the biological impact of cancer-associ-
ated DNA hypomethylation. In addition to effects on normal gene expression, 
cancer-associated DNA hypomethylation probably favors oncogenesis by enhanc-
ing recombination  [  30–  33  ] ; occasionally activating a small number of endogenous 
retroviral elements  [  34,   35  ] ; altering the intranuclear positioning of chromatin; and 
modulating the sequestration transcription factors at tandem DNA repeats, as 
reviewed previously  [  3,   6  ] . In addition, the little-studied area of DNA hemimethy-
lation in cancer is discussed in this chapter in the context of our growing under-
standing of pathways for the conversion of genomic 5-methylcytosine (5mC) 
residues to C residues.  
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    2.2   Genomic Hypomethylation Pro fi les in Cancer 
and Their Relevance at Promoters and Enhancers 

 Until recent high-resolution genome-wide analyses of DNA methylation, cancer-
speci fi c portions of methylomes were considered to consist predominantly of 
hypomethylated DNA repeats and hypermethylated gene regions  [  3,   7,   36  ] . DNA 
repeats are often used as a surrogate for average genomic methylation changes (usu-
ally losses of 5mC), with DNA epigenetic changes in some classes of repeats more 
closely associated with certain tumor types  [  6,   18,   35,   37–  39  ] . In our 1983 analysis 
of global DNA hypomethylation in human cancers by high performance liquid 
chromatography analysis of enzymatic DNA digests  [  1  ] , we fractionated one adeno-
carcinoma DNA into highly repetitive, moderately repetitive, and unique sequence 
classes. Because we found that each of these cancer DNA fractions had similar 
ratios of mol% 5mC to those from normal human tissues, we concluded that cancer-
linked hypomethylation was not con fi ned to repeated DNA. Indeed, cancer-linked 
DNA hypomethylation often occurs in unique sequences in and around genes, 
including metastasis-associated genes, as originally revealed in studies using CpG 
methylation-sensitive restriction endonucleases or sodium sul fi te-based methods to 
study individual gene regions  [  2,   6,   40  ] . 

 Recent genome-wide studies of DNA methylation in various normal and cancer 
cell populations indicate much tissue speci fi city throughout the genome in normal 
samples and pervasive cancer-linked DNA hypomethylation and hypermethylation 
 [  13,   15,   16,   41–  45  ] . Regions of cancer-associated changes in DNA methylation are 
found in short interspersed or clustered regions as well as in long blocks  [  7,   42,   44, 
  46,   47  ] . There is increasing evidence for cause-and-effect relationships between 
normal tissue-speci fi c DNA hypomethylation and increased transcription as well as 
many associations between cancer-linked hypomethylation and cancer-linked 
increases in gene expression  [  16,   17,   19,   21,   24,   48–  55  ] . The inverse relationships 
between expression and DNA methylation include imprinted genes implicated in 
carcinogenesis  [  56  ] . 

 A small percentage of annotated gene promoters overlap tissue-speci fi c (T-DMR) 
or cancer-speci fi c (C-DMR) differentially methylated DNA regions  [  49,   57  ] . 
However, most of the non-imprinted, autosomal T-DMR promoters are not the main 
type of vertebrate DNA promoters, which are part of CpG islands (CGIs, a class of 
CpG-rich regions surrounded by CpG-poor DNA). Among the genes with T-DMR 
promoters are some that become activated upon experimentally induced demethyla-
tion with a low dose of 5-deoxyazacytidine but not upon treatment with a histone 
deacetylase inhibitor, trichostatin A  [  49  ] . 

 Enhancers too sometimes show a correlation between upregulation of expression 
of the associated gene and DNA demethylation in normal cells. For example, the 
binding of FoxA1/FOXA1 to enhancers is inhibited by site-speci fi c DNA methyla-
tion at the corresponding binding site  [  58  ] . This differentiation-associated transcrip-
tion regulatory factor can open up DNA compacted in chromatin of inactive 
enhancers (as a “pioneer” factor) and then recruit effector transcription factors to 
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make the enhancer active  [  59–  61  ] . A window of DNA demethylation provided by 
previous binding of FoxD3, another pioneer factor, allows recruitment of FoxA1 
and conversion of the enhancer to a state that is poised for activity. Moreover, in 
embryonal stem cells, local DNA demethylation per se, rather than any changes in 
histone H3K27 or H3K9 methylation, is associated with the binding of pioneer fac-
tors to certain tissue-speci fi c non-CGI promoters  [  58  ] . Pioneer factors, including 
FOXA1, are implicated in various types of carcinogenesis  [  62  ] . Given the extensive 
hypomethylation of DNA in cancers, many known and yet more unknown enhancer 
regions are likely to become demethylated speci fi cally in tumors. However, speci fi c 
losses of DNA methylation from transcription regulatory regions might facilitate, 
but not independently cause, changes in expression  [  63  ] . 

 Broad DNA regions enriched in hypomethylation are sometimes also associated 
with increases in copy number of DNA regions and can, thereby, synergistically 
increase expression of some of the affected genes  [  13,   33,   42  ] . Such broad regional 
hypomethylation (which can encompass occasional sites of persistent methylation) 
might re fl ect higher order chromatin structure. The latter is in fl uenced, in turn, by 
the type, frequency, and spacing of DNA repeats; the G + C and CpG contents of 
subregions; the gene density; the nucleosome density; broad regions of distinct his-
tone composition modi fi cation; and the presence of clusters of co-regulated genes. 
Nonetheless, a long region of cancer-linked DNA hypermethylation can be adjacent 
to a region of cancer-linked DNA hypomethylation with a sharp border between 
them, as demonstrated for a tandem repeat array (D4Z4) and its border sequences 
 [  9  ] . Despite evidence for functionality, DNA demethylation in cancer probably 
involves frequent overshooting of targeted sequences. These are referred to as  pas-
senger  DNA methylation changes  [  64  ] . The hypomethylation in cancers of many 
more sites than are biologically relevant is probably due to a relaxed speci fi city of 
the demethylation apparatus during carcinogenesis and tumor progression and to 
the spreading of DNA demethylation patterns.  

    2.3   Genomic Hypomethylation in Cancer Within Gene Bodies 

 Recent  fi ndings implicate intragenic epigenetic marks in the regulation of normal 
gene expression. T-DMRs have been found inside many genes, and increased meth-
ylation in the central gene body or downstream promoter- fl anking region of certain 
subsets of genes is associated with increased transcription  [  23,   65–  68  ] . Moreover, 
there are nonrandom associations between positions of CpG methylation within 
genes and exon–intron boundaries, distance from the transcription start site, and 
distance from the 3 ¢  end of the gene  [  66,   69  ] . Besides  fi rst exons, T-DMRs are pres-
ent in various exonic and intronic sequences, including internal CGIs, sequences 
adjacent to internal CGIs (“CGI shores”), insulators, intragenic ncRNA genes, and 
3 ¢  terminal regions  [  17,   19,   28,   59,   70,   71  ] . They are present in both repeated and 
unique sequences. These  fi ndings are consistent with the many interrelationships 
between DNA and chromatin epigenetics and tissue-speci fi c chromatin epigenetic 
marks inside genes  [  65,   68,   72,   73  ] . 
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 Differentiation-related DNA and/or chromatin epigenetic marks within genes 
may help determine alternative promoter usage, modulate the rate of transcription 
initiation or elongation, and possibly help direct the choice of alternative splice 
sites  [  19,   21,   24,   26,   27,   29,   34,   52,   74,   75  ] . The average DNA methylation level in 
the central portion of moderately expressed genes is associated with higher average 
transcription levels, possibly by being related to nucleosome positioning  [  76  ] . For 
example, immediately downstream of proximal CpG-poor promoters, it was unex-
pectedly found that methylation of sequences antagonizes binding of Polycomb 
repressor complexes  [  68  ] . Methylation of gene-body CGIs appears to be associated 
with repression of intragenic promoters  [  28  ] . However, for some sets of genes 
under certain conditions, lower expression was correlated with increases in gene-
body methylation  [  69  ] . 

 With respect to alternative splicing, evidence implicates certain histone 
modi fi cations in helping to regulate the choice of splice junctions by altering rates 
of transcription, nucleosome positioning, or direct interactions with proteins that 
mark exon–intron junctions of pre-mRNA  [  77,   78  ] . Changes in physiological condi-
tions can alter the chromatin modi fi cations at these junctions and concomitantly 
modulate exon skipping  [  78  ] . DNA methylation may also be involved in regulating 
alternative splicing because of the many DNA methylation/chromatin epigenetic 
interrelationships and the  fi nding that intron–exon junctions are enriched in sharp 
transitions in DNA methylation levels  [  66  ] . A recent report that malignant prostate 
cancer cells have enrichment of DNA hypermethylation at exon–intron junctions 
 [  45  ]  is consistent with the cancer-linked involvement of DNA methylation levels in 
determining alternative splicing. 

 Programmed changes in DNA methylation in intra- and intergenic regions are 
not restricted to differentiation-related events. For example, electroconvulsive stim-
ulation of mouse neuronal cells in vivo was recently demonstrated to cause rapid 
decreases and increases in DNA methylation in a substantial minority of CpG sites, 
especially at CpG-poor regions  [  69  ] . The physiologically linked DNA demethyla-
tion included rapid demethylation of exons and introns in various positions of the 
genes. Importantly, there was enrichment in these DNA epigenetic changes in the 
vicinity of brain-related genes. Thus, there is ample precedent from studies of nor-
mal cell functioning to suggest that cancer-associated DNA hypomethylation in 
intronic and exonic sequences can modulate the amount and type of gene products 
and thereby contribute to tumor formation or progression. 

 Cancer-linked DNA hypomethylation in the gene body is illustrated in Fig.  2.1  for 
three genes whose expression has been reported to be altered in certain cancers  [  79–  81  ] . 
 TGFB2  has an intronic Alu repeat that was hypomethylated in some cancer cell lines 
relative to a wide variety of normal tissues (Fig.  2.1a ) and untransformed cell cultures. 
The only exceptions to this intronic region being highly methylated in normal tissues 
and cell strains were found in skeletal muscle (Fig.  2.1a ), myoblasts, and myotubes (data 
not shown). Their hypomethylation at this site might be related to the signi fi cant upregu-
lation of  TGFB2  in myoblasts and myotubes vs .  19 types of non-muscle cell cultures 
 [  82  ]  and is an example of the frequent relationship between targets for cancer-associated 
hypo- or  hypermethylation and targets for differentiation-associated epigenetic changes 
 [  17,   83  ] . Like  TGFB2, PRDM16  (Fig.  2.1b ) exhibited gene-body hypomethylation in 
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some of the cancer cell lines; however, this hypomethylation was in a region largely 
overlapping a CGI in an exon.  NOTCH2  (Fig.  2.1c ) also showed gene-body hypomethy-
lation in several cancer cell lines, but this hypomethylation was neither in a subregion 
with a CGI nor a DNA repeat. We note that some of the cancer cell lines with  TGFB2  or 
 PRDM16  gene hypomethylation also displayed cancer cell-linked promoter hyperm-
ethylation (data not shown).  

 Recently, the presence of 5-hydroxymethylcytosine (5hmC) as the sixth natu-
rally programmed base in vertebrate DNA has been established  [  84  ] . It is gener-
ated from 5mC by hydroxylation via the enzymes TET1, TET2, or TET3 and is 
even more highly tissue speci fi c in its relative levels in DNA than is 5mC  [  84–  86  ] . 
It is implicated in stem cell renewal and distinct types of differentiation  [  87–  89  ] , 
as described further in an accompanying chapter by Pradhan and Kinney. Like 
5mC, 5hmC is enriched in certain intragenic regions and exhibits major decreases 
in its genomic levels in cancer  [  84–  86  ] . However, unlike 5mC, exons, intragenic 
CGIs, and enhancers have signi fi cantly elevated 5hmC levels relative to other por-
tions of the genome  [  87,   90,   91  ] . These  fi ndings further highlight the need for 
studies of the functional signi fi cance of decreases in intragenic DNA epigenetic 
marks in cancer. In addition, they introduce a complication into almost all studies 
to date of 5mC that use either bisul fi te or conventional CpG methylation-sensitive 

  Fig. 2.1    Examples of cancer cell-associated hypomethylation ( boxed ) within gene bodies and 
overlapping a DNA repeat ( a ), a CGI ( b ), or neither ( c ) as determined by whole-genome analysis 
using reduced representation bisul fi te sequencing (RRBS). ( a ),  TGFB2  , intron 1; the cancer 
hypomethylation overlaps an Alu repeat that is also hypomethylated in skeletal muscle (see  arrow ). 
( b ),  PRDM16,  exon 9 and intron 8; the cancer hypomethylation overlaps a CGI and CGI shore. ( c ), 
 NOTCH2 , exon 34; no overlapping repeats or CGI. In contrast to the cancer-derived cell lines, non-
immortalized cell strains (not shown) showed the same hypermethylation seen in normal tissues 
with the exception of myoblasts and myotubes for  TGFB2.  Myoblasts and myotubes overexpress 
 TGFB2  relative to 19 other types of cultured cell popula tions . All analyses were done in duplicate, 
and representative duplicates are shown       
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restriction analysis to distinguish 5mC from unmethylated C, as these methods 
cannot resolve 5hmC and 5mC  [  69,   92,   93  ] . Therefore, a caveat to conclusions 
about 5mC distribution is that 5hmC might have been monitored instead, espe-
cially in exonic or enhancer regions in more 5hmC-rich tissues like brain  [  84,   85  ] . 
However, in some other cell types, like breast, heart, cell lines, and cancers, 5hmC 
is very much lower  [  84–  86,   93  ] , and 5hmC levels are also low in intronic and 
intergenic regions  [  90,   94  ] .  

    2.4   Hypomethylation of DNA Repeats in Cancer 

 Global losses of DNA methylation with less numerous increases in methylation in 
other portions of the genome are typical of cancer  [  5,   6  ]  although there are exceptions 
 [  18  ] . A major contributor toward the overall DNA hypomethylation is hypomethyla-
tion of tandem and interspersed DNA repeats, which is observed in most examined 
cancers  [  6,   95–  97  ] . Most hypomethylation of DNA repeats in cancers is apparently 
the result of demethylation and not preexisting hypomethylation in a cancer stem cell 
 [  3  ] , with the exception of seminomas as discussed below. Besides the effects on tran-
scription and possible effects on alternative splicing described in the previous section, 
hypomethylation of a minor portion of interspersed DNA repeats may occasionally 
cause induction of retroviral element transcription  [  35  ] . In addition, hypomethylation 
of certain promoter-containing interspersed DNA repeats may affect chromatin 
boundaries resulting in effects on transcription of nearby genes  [  98,   99  ] . 

 In a study of mononuclear cells from a few patients with chronic lymphocytic 
leukemia vs .  the analogous cells from controls, Dante et al .  described hypomethyla-
tion of LINE-1, a highly repeated interspersed repeat  [  100  ] . Hypomethylation of 
LINE-1 and Alu repeats was subsequently observed in many other types of cancers 
 [  38,   101–  104  ] . Similarly, we found that tandem repeats in centromeric and juxta-
centromeric satellite DNA are frequently hypomethylated in breast adenocarcino-
mas, ovarian epithelial cancers, and Wilms tumors  [  30,   105,   106  ] , as con fi rmed for 
many other types of cancers  [  3,   107  ] . Additional classes of tandem repeats (includ-
ing macrosatellite DNAs) and segmental duplications are also susceptible to DNA 
hypomethylation in malignancies  [  9,   18,   39,   43,   83,   108–  110  ] , although different 
subclasses of DNA repeat families can vary in their susceptibility to loss of 
DNA methylation in cancer  [  38,   39,   102,   111–  113  ] . In some cancers, satellite DNA 
repeats showed the strongest DNA hypomethylation of all types of sequences ana-
lyzed  [  18,   33  ] . 

 The frequency of cancer-associated hypomethylation of DNA repeats depends 
on the grade, the stage, and the individual tumor specimen  [  46,   114  ] . This hypom-
ethylation is seen sometimes in non-tumor tissue adjacent to the cancer and in 
benign neoplasms and tissue lesions such as breast  fi broadenomas and ovarian 
 cystadenomas, although often to a lesser extent than in cancers  [  13,   51,   95,   105, 
  106,   112,   115  ] . In a mouse model of prostate tumor progression, repeat DNA 
hypomethylation was observed at the stage of prostatic intraepithelial neoplasia and 
prior to promoter hypermethylation  [  116  ] . However, depending on the tumor type 
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or specimen, repeat DNA hypomethylation may increase with tumor progression, a 
relationship inferred since the 1980s  [  1,   117  ] . In many types of cancer, repeat DNA 
hypomethylation is a highly informative prognostic marker and/or predictor of 
 survival  [  46,   107,   118–  122  ] .  

    2.5   DNA Hypomethylation and Germ Cells: Comparison 
to Cancer Hypomethylation 

 Differential methylation of testes-speci fi c genes has some similarities to cancer-
associated DNA hypomethylation. Most genes that are speci fi cally expressed in tes-
tis (like the cancer-testis genes) have little or no methylation in their promoter regions 
in testis and sperm although they are highly methylated, and transcriptionally 
repressed, in somatic tissues  [  123  ] . In sperm, as well as in many cancers, tandem 
DNA repeats and certain subclasses of interspersed DNA repeats display low methy-
lation levels compared with normal postnatal somatic tissues  [  38,   112,   124–  126  ] . 
Reminiscent of the tendency (with many exceptions, as described above) towards 
DNA repeats and unique sequences having opposite methylation changes in cancer, 
single-copy genes become demethylated but tandem and interspersed repeats retain 
their methylation in murine primordial germ cells at 12.5–13.5 dpc  [  123  ] . 

 Another interface between the germ line epigenome and cancer is seen in the 
exceptionally strong global DNA hypomethylation in seminomatous testicular germ 
cell tumors. In our 1982 study of 62 tumors representing 23 different types, we 
found that a testicular seminoma had only 1.4% of its genomic C present as 5mC, 
while the next lowest 5mC level for a cancer was 2.4%  [  1  ] . The range of genomic 
5mC levels among the normal tissues that we studied was 3.5–4.1% of C residues 
methylated. Smiraglia et al. con fi rmed the extraordinary depletion of 5mC in the 
genomes of many seminomas  [  127  ] . This  fi nding has been ascribed to the origin of 
seminomas from primordial germ cells that had undergone massive demethylation 
before oncogenic transformation without subsequent de novo methylation thereafter 
 [  127,   128  ] . Importantly, seminomas generally show none of the CGI hypermethyla-
tion so prevalent in other types of cancer, but rather display extreme overall DNA 
hypomethylation  [  127  ] . Therefore, cancers can develop without gene region hyper-
methylation but with extreme overall genomic hypomethylation.  

    2.6   Opposite Cancer-Linked Changes in DNA Methylation 
in DNA Repeats: Hypo- and Hypermethylation 

 Opposite types of cancer-linked DNA methylation changes can occur in the same 
DNA sequence, as we found in a Southern blot study of methylation of NBL2, a 
1.4-kb sequence repeated in tandem mostly near the centromeres of acrocentric 
chromosomes  [  39  ] . NBL2 was hypomethylated at HhaI sites (5 ¢ -CGCG-3 ¢  sites) in 
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17% of ovarian carcinomas and hypermethylated in >70% of ovarian carcinomas 
and Wilms tumors at the same sites  [  39  ] . Various normal postnatal somatic tissues 
exhibited partial methylation at HhaI sites in NBL2 and were similar to each other 
in their methylation patterns at this tandem repeat. Using NotI (5 ¢ -GCGGCCGC-3 ¢ ) 
for Southern blotting, only the cancer-linked hypomethylation of NBL2 was previ-
ously observed  [  108,   110  ]  because NotI cleaves control somatic DNA too infre-
quently to reveal hypermethylation in cancers. This is an example of the importance 
of considering the technique used in evaluating results on DNA methylation  [  92  ]  
as well as the appropriate control DNA for comparison to the cancer. A few cancer 
DNAs digested with HhaI displayed two distinct fractions of NBL2 sequences, one 
with overall hypermethylation and the other with overall hypomethylation relative 
to all the somatic controls, which suggests that the repeats at one chromosomal 
location underwent de novo methylation and at another underwent demethylation 
during carcinogenesis. Hairpin genomic sequencing  [  129  ]  (see below) at two ~0.3-
kb subregions of the 1.4-kb  NBL2  ( [  8  ]  and Nishiyama and Ehrlich, unpublished 
data) con fi rmed that hypomethylation at NBL2 predominated in some cancers and 
hypermethylation in others in comparison to normal somatic tissues, which dis-
played much site speci fi city in the methylation status of individual CpG sites. 
Therefore, a small region of DNA can be made unstable epigenetically during car-
cinogenesis so that CpG sites that are very near to each other undergo opposite 
changes in DNA methylation. The plasticity of the directionality of methylation 
changes at DNA repeats in cancers has also been seen in recent genome-wide stud-
ies  [  15,   18  ] . 

 D4Z4, a heterologous tandem array (macrosatellite) located at subtelomeric 4q 
and 10q, also exhibited strong hypomethylation in the bulk of the array in some 
cancers and hypermethylation in others of the same type  [  9  ] . Several of the cancers 
had extremely high levels of methylation in more than three consecutive 3.3-kb 
repeat units of D4Z4, indicative of the spreading of de novo methylation. This meth-
ylation spreading seems to have limits to its processivity and to be prone to stop at 
certain subregions of the repeat unit.  

    2.7   Tagging Classes of DNA Sequences for Demethylation 

 Because NBL2 and D4Z4 tandem repeats displayed overall hypomethylation in 
some cancers and hypermethylation in others, it was highly informative to compare 
their methylation changes in a given cancer. Among 17 ovarian carcinomas and 44 
Wilms tumors, there was a signi fi cant correlation ( p  < 0.001) between the direction 
(either hypo- or hypermethylation) and degree of methylation change (strong, mod-
erate, or weak) at D4Z4 and the dissimilar NBL2  [  9  ] . This suggests that diverse 
sequences on different chromosomes may be similarly tagged for demethylation or 
de novo methylation (methylation of symmetrically unmethylated CpG dyads) dur-
ing carcinogenesis. However, many cancers with extensive hypermethylation of 
D4Z4 and NBL2 repeats displayed hypomethylation of another, heterologous tan-
dem repeat, juxtacentromeric satellite 2 on chromosome 1 (Sat2)  [  39  ] . 
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 NBL2 (mostly in the short arm of the acrocentric chromosomes) and D4Z4 (in 
the subtelomeric region of chromosomes 4 and 10) are both rich in G + C and look 
like very long CGIs. However, they differ appreciably in their G + C composition 
(61% and 73%, respectively) and their CpG content (5.7% and 9.9%, respectively). 
Analysis of histone modi fi cation and DNaseI sensitivity has been done for D4Z4 
and indicates that its chromatin has properties midway between constitutive hetero-
chromatin and unexpressed euchromatin  [  130,   131  ] . In contrast, Sat2, which is in 
the pericentromeric region, is constitutively heterochromatic and highly condensed 
in interphase. It has only 38% G + C but, nonetheless, it has 5.1% CpG. Therefore, 
the CpG suppression seen in the overall genome is not evident in Sat2. Sometimes 
even Sat2, with its rather CpG-rich character, becomes hypermethylated in cancers 
at a CpG dyad that exhibits a low methylation level in normal somatic tissues 
 [  132  ] . 

 That the G + C content and chromatin structure is important for recruiting 
machinery for either demethylation or de novo methylation is consistent with our 
 fi ndings on the HpaII site immediately proximal to the D4Z4 array. It is located in a 
0.2-kb D4Z4-proximal subregion that has 43% G + C, while D4Z4 has 73% G + C in 
all of its essentially identical, tandem 3.3-kb repeats. This 0.2-kb sequence immedi-
ately adjacent to the array is prone to tumor-linked hypomethylation even in cancers 
displaying strong hypermethylation within the array  [  9  ] . Surprisingly, even the adja-
cent D4Z4 repeat unit at the proximal end of the array became hypomethylated in 
cancers with hypermethylation of the bulk of the array. Probably, the array-adjacent 
sequence with its much lower G + C content helps confer a different chromatin 
structure on the neighboring D4Z4 repeat unit, which, in turn, affects the direction-
ality of cancer-linked methylation change. Interestingly, a study of tandem trans-
genic repeats in mice revealed that, in some animals, all of the (G + C)-rich transgene 
units became methylated except for one copy adjacent to cellular DNA  [  133  ] . 
Despite the regional properties of DNA and chromatin that may recruit cancer-asso-
ciated DNA methylation or demethylation apparati, there are, as mentioned above, 
very local sequence-speci fi c effects which allow individual CpG dyads to circum-
vent regional demethylation or de novo methylation  [  8,   9  ] . 

 DNA demethylation both in fl uences and is strongly in fl uenced by histone 
modi fi cations. For example, histone H3 trimethylation at lysine 4 (H3K4me3) cor-
relates best with the lack of DNA methylation around the transcription start site 
 [  66  ] . This was found for both CGI promoters  [  134  ]  and promoters that do not con-
tain a CGI, and for CpG methylation as well as the appreciable amount of CpA 
methylation in embryonal stem cells  [  66  ] . A histone H3 unmethylated at lysine 4 
has been implicated as necessary for de novo methylation by DNMT3A in conjunc-
tion with its interacting partner DNMT3L  [  135  ] . Increased activity of the histone 
lysine demethylase LSD1 (KDM1A), which, depending on its interacting partners, 
demethylates K4- or K9-methylated histone H3, has been found to correlate with an 
adverse outcome and a less differentiated phenotype in neuroblastomas  [  136  ] . 
Conversely, mutation of the  Lsd1  gene blocks murine gastrulation  [  137  ]  and results 
in global DNA hypomethylation. This may be partially due to the need for Lsd1/
LSD1 to demethylate the DNMT1 enzyme itself and thereby increase its stability 
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 [  137  ]  but also could re fl ect the role of this enzyme in the demethylation of H3K9me3. 
There are many other players that could in fl uence DNA methylation during carcino-
genesis by their effects on chromatin structure, e.g., poly(ADP-ribosyl)ation, other 
types of histone modi fi cations, histone variants, nonhistone chromatin proteins, 
speci fi c interactions with DNMT proteins, and modulation of the set of DNA meth-
yltransferase isoforms produced at the RNA or protein levels  [  138–  143  ] . Nonetheless, 
multi-functionality of LSD1 in its ability to demethylate proteins and both activat-
ing and repressive histone methylation marks may serve as a paradigm for how, 
paradoxically, there can be both increases and decreases in DNA methylation in a 
given cancer cell.  

    2.8   Active Versus Passive DNA Demethylation 

 There are two broad classes of mechanisms by which 5mC residues can be replaced 
by C residues (DNA demethylation). During replicative or repair DNA synthesis 
there may be a failure to methylate the newly synthesized DNA strand at a sym-
metrically methylated CpG dyad (passive demethylation), which will initially result 
in a hemimethylated dyad (Fig.  2.2 ). If this failure occurs again at the same CpG 
dyad in the next round of replication, then a symmetrically unmethylated CpG dyad 
will be the result. Active demethylation involves 5mC residues being physically 
replaced with C residues (at the base or mononucleotide level) or, less likely, the 
methyl group being removed enzymatically. Accumulating evidence favors mainly 
active demethylation contributing to the naturally occurring DNA demethylation by 
the replacement of C residues  [  144,   145  ] . Active demethylation is consistent with 

5’….M…M…M…M….3’
3’….M…M…M…M….5’

Failure of maintenance methylation at 3rd CpG
dyad and de novo methylation only on the

progeny strand at 2nd CpG dyad

5’….M…M…U…M….3’
3’….M…U…M…M….5’

5’….M…M…M…M….3’
3’….M…U…M…M….5’

Active demethylation

Failure of maintenance
methylation at 2nd CpG dyad

Replication: 1st round 

Replication: 2nd round 

5’….M…M…U…M….3’
3’….M…U…M…M….5’

Passive demethylation

Symmetrically unmethylated

a b

5’ − m  G  −3’
3’ − G  m  −5’

5’ −   C  G   −3’
3’ −   G  C   −5’

Hemimethylated

5’ −   m  G   −3’
3’ −   G  C   −5’

Hemimethylated

5’ −   C  G   −3’
3’ −   G  m   −5’

Symmetrically methylated

( only the product from the bottom strand is shown)

  Fig. 2.2    Findings of consecutive hemimethylated dyads of opposite orientation in normal and cancer 
cells are best explained by active demethylation. ( a ) m, 5mC; C, unmethylated cytosine. 
( b ) M, 5 ¢ -5mCpG-3 ¢ ; U, 5 ¢ -CpG-3 ¢ . The generation of hemimethylated dyads of opposite orientation 
by passive demethylation would involve improbable changes in the second round of replication       
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the rapid and distributive loss of 5mC and the replication independence that has 
been demonstrated for many examples of naturally programmed demethylation of 
mammalian genomes  [  146,   147  ] . However, passive demethylation or a combination 
of active and passive demethylation due to inadequate maintenance methylation 
 [  148  ]  is likely to also play a role in normal and pathological decreases in DNA 
methylation. Hemimethylated dyads (Fig.  2.2 ) can be intermediates in both active 
and passive demethylation of DNA as well as being intermediates in maintenance 
methylation.   

    2.9   Maintenance of DNA Methylation Patterns Through 
Hemimethylated Intermediates 

 The processes by which DNA methylation patterns are maintained are highly rele-
vant to understanding how DNA demethylation occurs. Over 30 years ago, mecha-
nisms for the inheritance of DNA methylation were initially proposed  [  149,   150  ] . In 
the traditional view, methylation at each site is assumed to be governed by the pro-
cesses of de novo methylation and maintenance methylation, and these processes 
are independent of one another. The maintenance of methylation patterns has been 
attributed to the methyltransferase Dnmt1. As summarized in a 2009 review by 
Jones and Liang, “The basis of this model is that DNA methylation patterns are 
established in germ cells and in developing embryos by the activity of the de novo 
DNA methyltransferases Dnmt3a and Dnmt3B. Subsequently, methylation patterns 
are inherited after DNA replication primarily owing to the activity of Dnmt1, which 
has a preference for hemimethylated sites that are generated through DNA synthe-
sis”  [  151  ] . The premise of independently acting mechanisms for de novo and main-
tenance methylation has led to the construction of stochastic models for methylation 
inheritance  [  152–  157  ] .  

    2.10   Alternative Mechanisms for Maintenance Methylation 

 The accepted dogma of de novo methylation catalyzed by DNMT3A/Dnmt3a, 
DNMT3B/Dnmt3b, and maintenance methylation through obligatory hemimethy-
lated intermediates via DNMT1/Dnmt1 has recently been called into question. 
According to the original model for maintenance methylation, hemimethylated CpG 
dyads (Fig.  2.2 ) should be short-lived and dif fi cult to detect. However, as early as 
1986, demethylation with long-lived hemimethylated CpG dyads was observed at 
individual CpG sites in the avian vitellogenin II gene following treatment with 
estradiol, which suggested an active pathway through excision repair and/or enzy-
matic demethylation  [  158  ] . A later study of the rat alpha-actin gene promoter pro-
vided evidence for hemimethylated intermediates persisting more than 48 hours 
prior to becoming fully demethylated and suggested active demethylation involving 



432 DNA Hypomethylation and Hemimethylation in Cancer

 cis -acting DNA elements  [  159  ] . Subsequently, Liang et al .   [  160  ]  developed an assay 
that allowed determination of hemimethylation at  Hpa II sites (CCGG). In mouse 
embryonic stem cells, levels of hemimethylation in some repetitive sequence regions 
were signi fi cantly higher than the traditional model of maintenance methylation by 
Dnmt1 would predict. By looking at gene knockouts for  Dnmt1  and  Dnmt3a  and 
 Dnmt3b , they deduced that ongoing de novo methylation by Dnmt3a or Dnmt3b in 
a highly cooperative manner with Dnmt1 in embryonal stem cells compensated for 
inef fi cient maintenance methylation by Dnmt1 in these regions. These results sug-
gest a constant, rather than sporadic or only differentiation-associated, role for 
de novo methylation in vivo. They concluded that sequences would gradually 
become demethylated without this constant role for de novo methylation to com-
pensate for inef fi cient replication-coupled maintenance methylation. Furthermore, 
in a study by Chen et al .   [  161  ] , loss of Dnmt1 gave only a 10% decrease in methyla-
tion overall following one cell cycle of replication in human colorectal carcinoma 
cells. This conditional knockout resulted in hemimethylation of 18% of sites ana-
lyzed by hairpin genomic sequencing in the CGI of an L1 transposable element. The 
overall level of methylation at CpG dyads in these sequences in cells with normal 
Dnmt1 was around 85% with no detectable hemimethylation. 

 In the alternative model for maintaining DNA methylation patterns that was pro-
posed by Jones and Liang  [  151  ] , DNMT1, the most abundant DNA methyltrans-
ferase is still considered to be primarily a maintenance methylase and is responsible 
for most of the replication-associated DNA methylation. However, they propose 
that DNMT3A and DNMT3B enzymes remain bound to nucleosomes that contain 
high levels of DNA methylation. Following replication, CpG dyads whose methyla-
tion fails to be correctly maintained by DNMT1 would then be “corrected” by 
DNMT3A and DNMT3B, so that these enzymes would preserve highly methylated 
regions without strictly “reading” the patterns on the parental strand. In this way, the 
methylation state of a region is maintained rather than a site-speci fi c methylation 
pattern. In addition, DNMT1 might participate in some of this correction of linger-
ing hemimethylated sites that have left the vicinity of the replication fork, perhaps 
recruited by proteins such as UHRF1 which recognizes hemimethylated sites (see 
below). This concept of repair methylation is consistent with  fi ndings that methyla-
tion patterns in highly methylated regions tend to vary among molecules and higher 
rates of de novo methylation are observed in highly methylated sequences  [  129  ] . 
Moreover, non-CpG methylation at asymmetrical sites, which is found mostly in 
embryonal stem cells  [  70  ] , should rely on de novo methyltransferase activity for 
perpetuating the DNA methylation patterns, as described below. 

 In cancers, the frequent presence of long blocks of hypomethylated DNA  [  7, 
  16,   42,   47,   105  ]  and the usual predominance of overall decreases rather than 
increases in 5mC content of the genome suggest that passive demethylation con-
tributes to cancer-associated genomic hypomethylation. Passive demethylation 
might involve either a lack of methylation of hemimethylated sites by DNMT1 or 
a failure of DNMT3A or DNMT3B to retain dense methylation of a normally 
highly methylated region. However, the current, more layered view of the mainte-
nance of DNA methylation patterns suggests that while some of the demethyla-
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tion of DNA in  cancer occurs by a failure of maintenance methylation, most is due 
to an active mechanism. Recent studies of normal differentiation- or physiology-
associated DNA demethylation support an active type of DNA methylation involv-
ing enzymatically catalyzed modi fi cation of 5mC residues to 5hmC residues (and 
subsequent oxidation products) or thymine residues followed by DNA repair 
 [  162–  164  ] . Three-step processes for active DNA demethylation have been pro-
posed in which 5mC is  fi rst enzymatically modi fi ed; then demethylated on one 
strand, most likely by excision repair; and later fully demethylated by a mecha-
nism that avoids inducing double-strand breaks during removal of both 5mCs of a 
5mCpG dyad  [  165  ] . The last step could involve a repair mechanism that preferen-
tially acts on hemimethylated substrates  [  165  ]  or passive demethylation of a 
hemimethylated or hemihydroxymethylated dyad. The latter could be due to the 
5hmC residues on one strand of a hemihydroxymethylated dyad not being recog-
nized for maintenance methylation  [  148  ] . 

 UHRF1 (also known as NP95) is a cofactor that interacts speci fi cally with 
hemimethylated DNA and may participate in demethylation as well as de novo 
methylation of cancer epigenomes. UHRF1 also interacts with DNMT1, and even 
more strongly with DNMT3A and DNMT3B  [  166  ] , and thereby, may be involved 
in the recruitment of DNMT3A/3B to unmethylated regions during tumorigenesis 
leading to de novo methylation  [  167  ] . However, recent work on gliomas has 
identi fi ed the disruption of DNMT1, PCNA, and UHRF1 interactions as a crucial 
oncogenic event promoting DNA hypomethylation-induced tumorigenesis in the 
absence of DNMT1 de fi ciencies  [  168  ] . Thus, while upregulation of UHRF1 may 
contribute to the silencing of tumor suppressors through de novo methylation, the 
disruption of DNMT1/PCNA/UHRF1 interactions might result in cancer-associated 
DNA hypomethylation affecting transcription.  

    2.11   Insights into Cancer-Associated DNA Demethylation 
from Studies of DNA Hemimethylation 

 The introduction of hairpin-bisul fi te PCR (hairpin genomic sequencing) by Laird 
et al. in 2004  [  129  ]  has enabled the observation of the methylation status on both 
strands of individual DNA molecules on a site-by-site basis. In bisul fi te-based 
genomic sequencing, bisul fi te causes deamination of unmethylated C residues, but 
not methylated C residues  [  169  ] . Hairpin genomic sequencing allows analysis of 
methylation at every CG dinucleotide pair in a given region on covalently linked 
DNA strands of a restriction fragment. A caveat about these studies of DNA hemim-
ethylation is that bisul fi te-based DNA methylation analysis cannot distinguish 
between 5hmC and 5mC, as described above, and 5hmC on one strand at a CpG 
dyad is not recognized for maintenance methylation  [  170  ] . Therefore, it is possible 
that the detected hemimethylation is actually a CpG dyad with one unmethylated C 
residue and one 5hmC residue. However, in the studies of tandem DNA repeats in 
cancers described below, this is unlikely because 5hmC is predominantly in gene 
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regions and all studied cancers and cancer cell lines have extremely low levels of 
5hmC  [  84–  86  ] . 

 By sodium bisul fi te-based whole-methylome analysis using next-generation 
sequencing, Lister et al. analyzed more than 90% of the cytosines in human H1 
embryonic stem cells (H1 ES) and IMR90 fetal lung  fi broblasts  [  70  ] . While nearly 
all of the methylcytosines detected in the IMR90  fi broblasts were in the CG dinucle-
otide context, considerable methylation in non-CG contexts (mCHG and mCHH, 
where H = A, C or T) was observed in the H1 stem cells, comprising almost 25% of 
the total methylation, in agreement with a recent study by Laurent et al.  [  66  ] . 
Methylation at mCHG sites in H1 ES was also highly asymmetrical, with 98% of 
such sites observed to be methylated on only one strand. Non-CpG methylation was 
also found to be signi fi cantly higher on the antisense strand of gene bodies, suggest-
ing a nonrandom bias in the observed asymmetry. Non-CpG methylation disap-
peared upon differentiation of the H1 stem cells, but was restored in differentiated 
cells induced to form pluripotent stem cells. These  fi ndings suggest that asymmetri-
cal methylation at non-CG dinucleotide sites may contribute to maintenance of the 
pluripotent state. They are reminiscent of the less frequent, hemimethylated CG 
dinucleotide sites that we and Laird et al. have seen in various DNA repeats  [  8,   132, 
  171  ]  or single-copy sequences  [  129  ]  in normal or cancer tissues.  

    2.12   Hemimethylated CpG Dyads in Cancer 

 Although reports of DNA hemimethylation in cancer are few, our studies of hemim-
ethylated DNA in cancers support the involvement of active demethylation in gener-
ating cancer-linked genomic hypomethylation. We analyzed DNA methylation 
changes in depth at the above-mentioned tandem repeats NBL2 and at Sat2 in ovar-
ian epithelial tumors and Wilms tumors by hairpin genomic sequencing  [  8,   132  ] . In 
a study of 13 CpGs in a 0.2-kb subregion of Sat2 in ovarian carcinomas and somatic 
control tissues, hairpin genomic sequencing not only revealed signi fi cantly greater 
clonal variability in methylation patterns in the cancers than in diverse control tissues 
but also provided statistically signi fi cant evidence of clustering among both hemim-
ethylated and fully demethylated sites  [  132  ] . Runs of hemimethylated sites with 
identical orientation were seen at higher than expected rates in the cancers. Similarly, 
an analysis of 14 CpGs in the NBL2 repeat unit identi fi ed both hypomethylation and 
hypermethylation in ovarian carcinomas and Wilms tumors, again with a high degree 
of clonal variation in methylation patterns within each sample  [  8  ] . 

 Diverse control and cancer samples contained some DNA clones derived from 
unusual, consecutive hemimethylated CpG dyads of opposite polarity. Figure  2.2b  
illustrates how an M/U (5 ¢ -5mCpG-3 ¢ /3 ¢ -GpC-5 ¢ ) dyad near a U/M dyad (5 ¢ -CpG-
3 ¢ /3 ¢ -Gp5mC-5 ¢ ) could be generated by active vs .  passive demethylation. Passive 
demethylation would require inhibition of maintenance methylation (by DNMT1 
alone or in conjunction with DNMT3A and DNMT3B, as discussed above) at a sin-
gle CpG dyad in one round of replicative DNA synthesis. The next round of replica-
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tion would then have to involve both asymmetrical de novo methylation of only the 
opposite strand of this dyad and inhibition, once again, of maintenance methylation 
at a neighboring CpG dyad. In contrast to this highly unlikely sequence of events, 
active demethylation can easily explain the generation of various patterns of hemim-
ethylation in contiguous CpG dyads with either identical or opposite orientation. 

 In a simulation study jointly analyzing the Sat2 and NBL2 regions, we found that 
the observed methylation patterns in the carcinomas were best explained by a mech-
anism that accounted for site-to-site correlation  [  157  ] . Prior studies have produced 
evidence of spreading of methylation in cancer  [  172–  176  ] . Our analysis suggests 
that demethylation may progress by spreading as well. 

 We propose that during carcinogenesis a highly methylated DNA sequence 
becomes partially demethylated by active demethylation. The sequence may then 
attain a density of 5mC residues in an atypical intermediate range. This intermediate 
level of methylation might confer less stability during successive cell divisions for 
maintenance of the methylation pattern or methylation density. The stability of a 
given partially methylated sequence could be determined, in part, by the ef fi ciency 
with which DNMT3A and DNMT3B recognize unmethylated CpG sites in the 
sequence for repair methylation. Abnormally low methylation levels may favor the 
generation of yet lower levels, with some site-speci fi c effects superimposed on the 
regional ones. Thus, active demethylation might start cancer-associated demethyla-
tion and a failure of maintenance methylation (including repair methylation) might 
continue it. The result could explain the observation that tumor progression is fre-
quently linked to a progressive decrease in methylation.  

    2.13   Conclusions 

 Recently, there has been a burst of studies increasing our understanding of the impor-
tance of changes in DNA methylation in intragenic, promoter, and intergenic regions 
during differentiation and in response to some types of physiological change. These 
 fi ndings suggest that much more of the cancer-associated DNA hypomethylation con-
tributes to tumor formation and progression than previously recognized. Similarly, 
high-resolution analysis of cancer methylomes in comparison to appropriate controls 
indicates that the extent of cancer-linked hypomethylation is larger than previously 
appreciated and affects a greater variety of DNA sequences. We propose that the path-
ways for normal DNA demethylation that operate during differentiation or induction of 
certain physiological changes become hijacked during carcinogenesis and tumor pro-
gression, leading to the initiation of cancer-associated DNA demethylation. This dem-
ethylation then may spread in  cis  by both additional rounds of active demethylation and 
by passive demethylation involving failures in classical maintenance methylation and 
replication-associated repair methylation. The net result of some of this cancer-associ-
ated DNA demethylation could be abnormal modulation of transcription and even 
some aberrant posttranscriptional processing of transcripts as well as increases in DNA 
recombination, thereby contributing to tumor formation and progression.      
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  Abstract   5-Hydroxymethylcytosine (5hmC) is an oxidative product of 5-methyl-
cytosine (5mC), catalyzed by the ten eleven translocation (TET) family of enzymes. 
Although 5hmC was discovered several decades ago, it was only after its recent 
identi fi cation in murine brain and stem cell DNA that it has become a major focus 
of epigenomic research. Part of the reason for this delay is due to the dif fi culty in 
detecting both global and locus-speci fi c 5hmC levels. Several studies have addressed 
this issue with the development of novel techniques to locate and measure 5hmC, 
which led to multiple reports detailing 5hmC patterns in stem cells and global 5hmC 
levels during embryogenesis. Based on these studies of 5hmC levels and reports of 
tissue-speci fi c TET expression, these enzymes are thought to play a role in mam-
malian development and differentiation. In addition, the TET enzymes are mutated 
in several types of cancer, affecting their activity and likely altering genomic 5hmC 
and 5mC patterns. Furthermore, oxidation of 5mC appears to be a step in several 
active DNA demethylation pathways, which may be important for normal processes, 
as well as global hypomethylation during cancer development and progression. 
Much has been revealed about this interesting DNA modi fi cation in recent years, 
but more research is needed for understanding the role of TET proteins and 5hmC 
in gene regulation and disease.      

    3.1   Discovery and History of 5-Hydroxymethylation 

 Methylation of cytosine residues at the 5-carbon position (5-methylcytosine, 5mC) 
has been studied as a stable epigenetic modi fi cation for decades  [  1  ] . However, oxi-
dation of DNA has traditionally been considered a DNA damage event, which is 
readily removed by DNA repair pathways  [  2  ] . Recently, it was demonstrated that 
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enzymatic oxidation of 5mC to 5hmC (5-hydroxymethylcytosine) may act as a sta-
ble modi fi cation of DNA and downstream removal of 5hmC may actually be part of 
a complex and intricate process of epigenetic gene regulation  [  3  ] . 

 5-Hydroxymethylcytosine (5hmC) was  fi rst identi fi ed in T-even bacteriophages 
during early 1950s using paper chromatography and ultraviolet absorbance spectra 
 [  4  ] . This nucleotide is normally incorporated during DNA synthesis and then fur-
ther glycosylated by phage encoded glucosyltransferases as a mechanism for pro-
tection of the phage DNA from bacterial restriction enzymes during infection  [  5,   6  ] . 
Later, during the 1970s, 5hmC was detected in genomic DNA puri fi ed from brain 
tissue of rats, mice, and frogs and, to a lesser extent, from liver tissue of rats  [  7  ] . The 
same group also observed an increase in 5hmC levels in the adult compared to new-
born rat brain, as well as a decrease of 5hmC levels in brains from rats with low 
protein diets  [  8  ] . Unfortunately, these experiments could not be reproduced and this 
DNA modi fi cation was overlooked for several decades  [  9  ] . 

 In 2009, 5hmC was rediscovered in mammalian DNA and shown to be present in 
substantial amounts (~10 to 20% of 5mC) in murine embryonic stem cells (ESCs) 
 [  10  ] , Purkinje neurons, and granule cells  [  11  ] . These recent studies utilized more 
advanced analytical techniques, such as 2D thin layer chromatography (TLC) or 
high-pressure liquid chromatography (HPLC) coupled with mass spectrometry 
(MS), to con fi rm the existence of this DNA modi fi cation in mammalian DNA. In 
addition, 5hmC was recently identi fi ed in mammalian mitochondrial DNA  [  12  ] . As 
a result of these discoveries, there is a huge amount of interest in developing tech-
nologies for genome-wide mapping and site-speci fi c quanti fi cation of 5hmC in an 
effort to decipher its possible role in development and disease.  

    3.2   TET Enzymes and Their Catalytic Activity 

 There are three known mammalian 5mC dioxygenases, which catalyze the conver-
sion of 5mC to 5hmC  [  10  ] . These proteins belong to the family of ten eleven trans-
location (TET) enzymes, whose name is based on a common chromosomal 
translocation in some cancers (described in detail later in this chapter). TET1 was 
originally named leukemia-associated protein with a CXXC domain (LCX) when it 
was initially cloned in 2002  [  13  ] . This gene was rediscovered in 2003 along with the 
two other members of the family and they were renamed ten eleven translocation, or 
TET, genes  [  14  ] . All three TET proteins share a similar catalytic domain structure 
to 2-oxoglutarate (2-OG) oxygenases. These types of enzymes can oxidize DNA 
and RNA that is methylated on either the nitrogen (N) or carbon (C) of the base by 
conversion of 2-OG and oxygen to carbon dioxide and succinate  [  15  ] . The TETs 
were identi fi ed based on their similarity to the JBP1 and JBP2 enzymes in trypano-
some, which were originally named for their ability to bind to the unique nucleotide 
 b - d -glucosylhydroxymethyl-uracil (base J) and then later were reported to hydroxy-
late thymine, the  fi rst step in the conversion of base J  [  16  ] . Proteins with similar 
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homology to the TET proteins are found in several lower eukaryote groups, includ-
ing  Drosophila   [  17  ] . 

 The human TET1 gene is found at chromosomal location 10q21 and is approxi-
mately 134 kilobases (kb) long  [  18  ] . The resulting transcript contains 12 exons and 
is approximately 9.6 kb. The TET1 protein consists of ~2,136 amino acids encoding 
a 236 kilodalton (kDa) enzyme. TET1 is a multidomain protein containing several 
putative nuclear localization sequences, a binuclear Zn +2 -chelating CXXC domain, 
and a cysteine-rich region preceding the catalytic domain (Fig.  3.1 ). CXXC domains 
are frequently found in chromatin binding proteins, including DNA (cytosine-5) 
methyltransferase-1 (DNMT1), 5-methylcytosine binding proteins (MBDs), and 
mixed lineage leukemia (MLL) protein  [  19  ] . The CXXC domain of TET1 binds to 
CG-rich sequences of both methylated and unmethylated DNA, with some prefer-
ence for unmethylated CpGs in cell free assays  [  19,   20  ] .  

  Fig. 3.1    Diagram of TET enzyme isoforms. TET1 is 2138 aa long with multiple putative Nuclear 
Localization Sequence (NLS), a CXXC motif, and cysteine-rich region N-terminal to the DSBH 
making up the core catalytic domain. There are three isoforms of TET2, the longest being 2002 aa 
long. TET2 does not contain any putative NLS or CXXC motif, but does have a core catalytic 
domain very similar to TET1. TET3 also has three isoforms, of 1660 aa or less in length. Similar 
to TET2, TET3 does not appear to have any other domains other than the core catalytic domain. 
Numbers in brackets represent length of proteins in aa or location of domains.  Blue bars  NLS;  red 
bar  CXXC motif;  orange  bar Cysteine-rich region;  Gray bar  DSBH;  yellow bars  Fe(II) binding 
sites;  green bar  2-OG binding site       
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 The human TET2 gene is found on chromosome 4q24 and contains 11 exons, 
which can result in three known isoforms produced through alternative splicing. 
The longest form of TET2 is ~2,002 amino acids and similar to TET1 with approxi-
mately 70% homology in their C-terminal regions, including their catalytic domains 
 [  18  ] . There are two shorter isoforms of TET2 (1,164 and 1,194 amino acids long) 
that both lack catalytic domains due to truncation or introduction of stop codons 
(Fig.  3.1 ). The TET3 gene resides on chromosome 2p13. It is approximately 62 kb 
in length, with a transcript containing nine exons. Similar to TET2, the TET3 pro-
tein sequence shares approximately 70% sequence homology to TET1 in the regions 
surrounding the catalytic domain (Fig.  3.1 ). Three putative isoforms of TET3 have 
been identi fi ed using complementary DNA screening  [  18  ] . These include the full-
length protein, as well as two shorter variants that are missing either a small portion, 
or most of the catalytic domain (Fig.  3.1 ). 

 TET2 and TET3 differ from TET1 in that they do not appear to contain any puta-
tive nuclear localization sequences or regions similar to a CXXC domain  [  18  ] . 
Interestingly, one study reported that the CXXC4 gene, at 4q22-24, is a very close 
neighbor to TET2 and may be the result of a chromosomal inversion of the TET2 
CXXC domain followed by a translocation  [  17  ] . It has been proposed that interac-
tion of CXXC4 and TET2 may be required for appropriate TET2 targeting and 
activity  [  17  ] . 

 The catalytic domains of all 2-oxoglutarate (2-OG) oxygenases contain a dou-
ble-stranded  b -helix (DSBH)  [  10,   15  ] . The DSBH domain, in addition to the 
cysteine-rich region, of TET1 has been found to be both necessary and suf fi cient 
for catalytic activity  [  10  ] . Furthermore, the DSBH domain contains three Fe(II) 
binding sites and a 2-OG binding site (details in Fig.  3.1 )  [  18  ] . Amino acid muta-
tion studies have con fi rmed the requirement of these domains for TET catalytic 
activity  [  21  ] . 

 The increased homology within the cysteine-rich region and the DSBH domain 
of TET1, TET2, and TET3 suggests that they have similar catalytic activity. Each 
protein of this family also contains unique regions indicating that they may have 
distinct binding af fi nities to chromatin and/or protein partners, resulting in the 
establishment of speci fi c 5hmC patterns in various cell types and during different 
developmental stages. All three forms of the Tet enzymes are known to be catalyti-
cally active in cells  [  22  ]  and tissue-speci fi c expression of TET transcripts has also 
been reported  [  23,   24  ] , supporting the above hypothesis. 

 Triple knockout (TKO, knockout of Dnmt1, Dnmt3a, and Dnmt3b) ESCs dis-
play decreased 5hmC levels although they have normal Tet expression. This 
con fi rms that the 5mC catalyzed by Dnmts is in fact the substrate for the Tet 
enzymes  [  22,   25  ] . In addition to the oxidation of 5mC to 5hmC, the TET enzymes 
have recently been reported to have the ability to further oxidize 5hmC to 5-form-
ylcytosine (5fC) and 5-carboxylcytosine (5caC)  [  26,   27  ] . Quanti fi cation of the 
three oxygenated forms of 5mC reveals unequal distribution with much more 
5hmC than 5fC or 5caC in genomic DNA  [  27  ] . The function of these less frequent 
enzymatic products of TET enzymes is not well understood, but current knowledge 
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suggests they may be involved in the DNA demethylation process described later 
in this chapter  [  28  ] .  

    3.3   Technologies and Advancements in 5hmC Detection 

 Identifying and quantifying 5hmC globally and at speci fi c loci has been, and contin-
ues to be, quite a challenge. For example, the most accepted technique for 5mC 
detection and measurement, bisul fi te sequencing, does not differentiate between 
5mC and 5hmC or unmodi fi ed C and 5caC  [  28,   29  ] . Additionally, restriction 
enzymes have been used for years to speci fi cally digest methylated or unmethylated 
DNA and recent data shows that many of these enzymes have different speci fi cities 
or sensitivities for oxidized forms of 5mC or glucosylated 5hmC (5ghmC)  [  30–  33  ] . 
Indeed, many of the 5mC-sensitive enzymes that have previously been used to mea-
sure DNA methylation are also sensitive to 5hmC  [  34  ] . Complicating matters fur-
ther, 5mC-speci fi c antibodies appear to have no cross reactivity with 5hmC, thus in 
the past oxidation of 5mC may have been mistaken for demethylation. Since the 
discovery of 5hmC in mammalian DNA there has been a  fl urry of new techniques 
reported to measure this elusive base, either globally or at a speci fi c locus. 

 There are several techniques that have been shown to evaluate global 5hmC lev-
els. Some are more qualitative than quantitative and each has its own range of sen-
sitivity and accuracy. Initially, the existence of 5hmC (followed by 5fC and 5caC) 
in mammalian DNA was discovered using restriction enzyme-based TLC  [  7,   10,   11, 
  27,   28  ] . Dot blot of genomic DNA and immuno fl uorescence in mammalian cells 
using 5hmC-speci fi c antibodies has also been used extensively to examine global 
5hmC levels  [  22,   25,   35  ] . These antibodies appear to be sensitive but seem to require 
several proximal 5hmC sites for measurable binding to occur  [  36  ] . More recently, 
an antibody was developed targeting cytosine 5-methylenesulfonate (CMS), a prod-
uct of sodium bisul fi te treatment of hydroxymethylated DNA that can apparently 
detect as few as one 5hmC site on DNA  [  21  ] . Although these techniques are not 
truly quantitative, they offer more sensitivity as the input DNA could be as low as 
several nanograms. Currently, the most sensitive techniques for measuring global 
5hmC, 5fC, and 5caC utilize HPLC coupled with mass spectrometry  [  27,   28,   37  ] . 
However, these techniques require unique expertise and complex analytical machin-
ery. A simple, yet very accurate and sensitive, technique for measuring global 5hmC 
uses the T4 phage enzyme,  b -glucosyltransferase ( b -GT), and radioactive UDP-
[ 3 H]-glucose  [  38,   39  ] . 

 The 5hmC and CMS-speci fi c antibodies mentioned above have also been uti-
lized for hydroxymethylcytosine-DNA immunoprecipitation (hMe-DIP) followed 
by next generation sequencing, DNA array, or PCR  [  25,   36,   40,   41  ] . A second tech-
nique, (glucosylation, periodate oxidation, biotinylation, or GLIB) uses a glucosy-
lation reaction to attach UDP-6-N3-glucose to 5hmC, which marks these sites with 
a reactive azide group. The azide group is further reacted with biotin using click 
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chemistry for subsequent pulldown with a streptavidin matrix  [  42,   43  ] . Although 
data derived from these techniques can be extremely useful in mapping the regions 
of 5hmC, it still does not offer single base resolution. Single-molecule real-time 
(SMRT) sequencing is a novel sequencing technique that can discriminate between 
unmodi fi ed cytosine, 5mC, and 5hmC due to variations in polymerase kinetics 
 during the sequencing reaction  [  44  ] . It is also possible to differentiate 5mC from 
5hmC with nanopore amperometry, as each modi fi cation causes unique breaks in 
current as synthetic DNA molecules are fed through nanopores  [  45  ] . Current 
research is focused towards optimizing the last two methods for genomic DNA 
samples and for high-throughput analysis, but these technologies are not yet com-
monly used. 

 Many restriction enzymes that can differentiate between 5mC and unmodi fi ed 
cytosine, as well as families of enzymes that target 5hmC or 5ghmC are being stud-
ied for unique properties that make them useful for measuring 5hmC  [  30,   33,   46  ] . 
For example, MspI and GlaI can fully digest 5mC or 5hmC in their respective target 
sequences, but after conversion of 5hmC to 5ghmC, digestion by both of these 
enzymes is blocked  [  32,   47  ] . Taq  a  I is a restriction enzyme that is not fully blocked 
by 5ghmC, but is blocked by biotin-N3-5gmC  [  31  ] . Therefore, tagging a 5hmC resi-
due with glucose or a modi fi ed glucose may be a valuable tool for epigenetic stud-
ies. In contrast to restriction enzymes that are blocked by 5hmC or 5ghmC, but not 
by unmodi fi ed cytosine, another class known as PvuRts1I family show digestion 
preference for 5hmC or 5ghmC as compared to 5mC and cytosine  [  30,   33  ] . Using 
this class of enzymes for digestion followed by PCR ampli fi cation of a region of 
interest can reveal the level of 5hmC at a speci fi c site. Alternatively, one could use 
the digested fragments for next generation sequencing for genome-wide mapping of 
5hmC. 

 Novel and more accurate techniques for measuring 5hmC will be available in 
the near future as the epigenetics  fi eld progresses with reference to this 
modi fi cation. We must always consider how to normalize traditional techniques 
and any new ones that are developed to evaluate various DNA modi fi cations when 
drawing conclusions about how epigenomic modi fi cation patterns relate to bio-
logical phenomenon.  

    3.4   Tet1 Binding and 5hmC in Embryonic Stem Cells 

 It is important to understand the normal function of TET enzymes and 5hmC in 
order to comprehend how and why they may be disrupted in disease. The study of 
mouse ESCs may allow us to gain some insight into these phenomena. Mouse ESCs 
are derived from the inner cell mass (ICM) of blastocysts and can be cultured in an 
undifferentiated state with use of leukemia inhibitory factor (LIF)  [  48  ] . ESCs can be 
differentiated into embryoid bodies (EB) with the removal of LIF or into other more 
speci fi c lineages by addition or removal of cytokines and speci fi c growth factors. As 
mentioned earlier, ESCs tend to have high levels of 5hmC as compared to other cell 



633 Ten Eleven Translocation Enzymes and 5-Hydroxymethylation in Mammalian...

types  [  10,   27  ] . It is thought that the TET enzymes and 5hmC may play a signi fi cant 
biological role in ESCs because epigenetic modi fi cations and factors are important 
for both maintaining an undifferentiated state and for differentiation.  Tet1  and  Tet2  
are expressed in ESCs and induced pluripotent stem (iPS) cells, while  Tet3  expres-
sion is quite low, suggesting that Tet1 and Tet2 are especially important for main-
taining a pluripotent status  [  22,   49  ] . Furthermore, expression of  Tet1  and  Tet2  is 
repressed during differentiation and it appears that Oct4  [  49  ] , one of a few transcrip-
tion factors that are required for ESC pluripotency and dedifferentiation of somatic 
cells, is involved in regulating Tet1 and Tet2 expression  [  50  ] . 

 A number of reports describe Tet1 binding and/or 5hmC status throughout the 
genome of mouse ESCs and the relationship of these patterns to gene expression  [  25, 
  41,   42,   47,   51,   52  ] . Several techniques were utilized in these studies, including ChIP-
seq, GLIB-Seq, hMeDIP-Seq, restriction enzyme-dependent genome-wide sequenc-
ing, and hMeDIP-Chip (with 5hmC and CMS-speci fi c antibodies), as well as 
RNA-Seq and microarray analyses  [  25,   41,   42,   51,   52  ] . Even though there are some 
disagreements between these studies, their overall conclusions are similar. In gen-
eral, Tet1 binds to CG-rich regions of the genome, which seems to be due, at least in 
part, to its CXXC domain. Tet1 binds to both active and inactive genes, with more 
binding in the gene bodies of active genes and increased binding in the promoters 
and transcriptional start sites (TSS) of inactive genes. Tet1 targeted genes are involved 
in many cellular pathways, including development, differentiation, and neural pro-
cesses  [  22,   25,   49,   52  ] . Tet1 also appears to be enriched in regions containing the 
active H3K4me3 mark, as well as the bivalent H3K4me3 and H3K27me3 marks, and 
to a lesser extent at polycomb repressed genes exhibiting only H3K27me3 mark. 

 5hmC patterns in the genome are very similar to Tet1 binding. Both 5mC and its 
oxidative product 5hmC are commonly found in the gene bodies of active genes and 
in the promoters of inactive genes. Surprisingly, there are a number of Tet1 binding 
sites that do not appear to contain 5hmC. This suggests that Tet1 may have addi-
tional non-catalytic activities or that 5hmC is quickly removed speci fi cally at these 
loci as part of a DNA demethylation/repair pathway. Several studies indicate that 
gene body 5hmC is more prevalent in exons than introns  [  25,   42,   51,   52  ] ; however, 
results from another group indicated more enrichment in introns  [  41  ] . These ambi-
guities could be due to differences in the techniques utilized and will likely be sorted 
out in the future with base resolution mapping of the respective mammalian 
hydroxymethylome. Interestingly, 5hmC is enriched in and around the TSS, which 
is in contrast to a general reduction in 5mC at these locations  [  51  ] . Intergenic regions 
and repetitive elements appear to have less 5hmC than coding regions. Thus, 5hmC 
and 5mC coexist in some genomic regions, while also displaying unique patterns of 
genomic localization. Genome-wide 5hmC patterns have also been reported for 
human ESCs and they closely match with the description of mouse ESCs  [  36  ] . The 
patterning observed in both mouse and human ESCs suggests that 5hmC may have 
a more speci fi c role in regulating transcription, while 5mC has additional roles in 
maintaining genomic integrity and transposon stability. 

 Upon knockdown of Tet1 expression or gene knockout, there are clear 
increases in both locus-speci fi c and global 5mC with concomitant decreases in 
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5hmC globally and at Tet1 target sites  [  22,   47,   53  ] . In addition, loss or reduction 
of Tet1 consistently resulted in both increased and decreased gene expression 
with gene activation being associated with promoter hypo-hydroxymethylation 
 [  41,   51–  53  ] . Tet1 enrichment occurs at almost two-thirds of all genes in mouse 
ESCs and thus overlaps with a number of chromatin modifying and transcrip-
tional regulatory proteins, such as Suz12, Ezh2, Sin3a, Mbd3, and LIF activated 
Stat3  [  41,   47,   51,   54  ] . Concomitantly, the binding of these proteins to the chro-
matin is reduced by Tet1 knockdown  [  41,   47,   51,   54  ] . It is not clear whether it is 
direct interaction with Tet1, possibly via other bridge proteins, or 5hmC that 
provides a platform for their recruitment to speci fi c regions of the chromatin, 
except in the cases of Sin3a and Mbd3. These two proteins have been shown to 
either bind directly to Tet1 or in a complex with Tet1 by co-immunoprecipitation 
experiments. Mbd3 also appears to bind to 5hmC-modi fi ed DNA, which is 
thought to result in its recruitment to inactive genes  [  51,   54  ] . 

 There is an overall enrichment of 5hmC at regulatory protein binding sites, such 
as gene promoters, enhancers, and insulators further supporting the hypothesis of 
5hmC-speci fi c binding proteins  [  25,   36  ] . In addition to transcriptional regulation by 
putative 5hmC binding proteins, active promoters bound by Tet1 may be maintained 
in an unmethylated state through constant oxidation of 5mC, allowing transcription 
factors and RNA polymerase to bind. Based on these observations, Tet enzymes can 
regulate the levels of both 5hmC and 5mC at speci fi c gene sequences in order to 
direct the binding of transcriptional regulator proteins, resulting in both positive 
and/or negative effects on its expression.  

    3.5   Role of Tets and 5hmC in Early Mammalian Development 
and Embryonic Stem Cells 

 The mammalian paternal zygotic genome is thought to be actively demethylated 
upon fertilization of the egg and this demethylated state persists over the next sev-
eral cell divisions, during which time the maternal genome undergoes passive dem-
ethylation  [  55  ] . At the blastocyst stage of development, both the maternal and 
paternal DNAs are remethylated by the de novo methyltransferases. The observa-
tion that the paternal genome is demethylated is based primarily on studies utilizing 
anti-5mC antibody staining and bisul fi te sequencing of a small number of loci  [  56–
  59  ] . However, recent data suggests that the lack of staining of the paternal genome 
by the 5mC antibody is actually due to conversion of 5mC to 5hmC  [  35,   60  ] . High 
levels of 5hmC in the paternal genome persist for several genome replications sug-
gesting that demethylation is not as extensive as was previously thought and may 
take place only at speci fi c loci  [  35  ] . Technological advances that allow for the pater-
nal and maternal DNA to be fully sequenced for epigenetic modi fi cations will help 
in the future to resolve this important observation. 

 Tet3 is the most likely Tet family member that oxidizes the paternal DNA as it is 
expressed at high levels in oocytes and zygotes, but not at later developmental stages 
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 [  35,   60,   61  ] .  Tet1  seems to only be expressed at the two- and four-cell stages and in 
ESCs, and  Tet2  is only expressed at very low levels throughout fertilization and 
zygote development, except in ESCs where Tet2 expression is higher  [  35,   60  ] . 
Knockdown of  Tet3  by siRNA injection into the oocyte or conditional knockout of 
Tet3 in primordial germ cells (PGC) of mice signi fi cantly reduces oxidation of 5mC 
in the paternal genome  [  60,   61  ] . Furthermore, the Tet3 responsible for this process 
appears to be of maternal origin as wild-type (WT) females crossed with Tet3 con-
ditionally null males did not exhibit this defect  [  61  ] . Finally, primordial germ cell 
gene 7 (PGC7) may be involved in protecting the maternal genome from demethyla-
tion  [  62  ]  and knockout of this gene results in oxidation of the maternal genome  [  60  ] . 
It is not clear why only the paternal genome methylation speci fi cally undergoes 
widespread oxidation during zygote development, but this process is likely involved 
in locus-speci fi c 5mC erasure and epigenetic reprogramming of the chromatin. 

 There are several contradicting reports on whether knockdown or knockout of 
Tet genes alters growth and differentiation of ESCs. Two studies report that knock-
down of  Tet1 , but not  Tet2  or  Tet3 , in mouse ESCs results in decreased alkaline 
phosphatase activity (a marker of healthy ESCs) and pluripotency associated genes, 
as well as an increase in differentiation markers and altered cell growth and mor-
phology  [  22,   47  ] . It is suggested that this may be due to a decrease in  Nanog  expres-
sion as reintroduction of Nanog can rescue the phenotype. ChIP analysis shows that 
Tet1 binds to the Nanog promoter and depletion of Tet1 results in methylation and 
suppression of the  Nanog  gene. Furthermore, use of Dnmt TKO ES cells prevents 
the methylation and repression of  Nanog   [  22  ] . 

 In contrast, other studies did not report any effects on morphology or  Nanog  
expression with  Tet1  knockdown or knockout in undifferentiated cells  [  49,   51,   53  ] . 
However, there was agreement amongst some reports that  Tet1  knockdown upregu-
lates genes involved in trophectoderm and endoderm development and represses 
genes involved in neuroectoderm development  [  22,   49,   53  ] . Loss of Tet1 function in 
ESCs results in differentiation toward endoderm/mesoderm and trophoblast lin-
eages. Based on this, and because  Tet1  is primarily expressed in the ICM (not the 
trophectoderm), it is thought that Tet1 participates in preventing the expression of 
trophectoderm developmental genes and maintaining proper cellular speci fi cation 
in embryos  [  22,   49  ] .  Tet2  knockdown did not seem to affect trophectoderm, endo-
derm, or mesoderm genes but did slightly increase neuroectoderm markers. In addi-
tion, knockdown of either  Tet1  or  Tet2  alters expression of unique subsets of genes 
suggesting that each enzyme has unique target regions in the genome  [  49  ] .  Tet3  
knockdown in ESCs had minimal transcriptional effects on the differentiation genes 
that were examined. 

 Tet1 knockout ESCs are capable of producing live pups and loss of Tet1 has 
minimal effects on embryogenesis and mouse development, as Tet1 homozygous 
null mice maintain proper Mendelian ratios, appear healthy, and are fertile  [  53  ] . The 
only initial observations of aberrant development are that both male and female Tet1 
null mice are born at lower body weight (although they are similar to WT mice as 
adults); they have slightly decreased neutrophil numbers, and smaller litter sizes 
when inter-crossed. These mice do not appear to have any myeloid or other  disorders 
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 [  53  ] . Complete knockout of Tet2 has not yet been reported, but a mouse model has 
been developed that utilizes a Tet2-LacZ fusion to express an inactive Tet2 protein 
 [  63  ] . However, these mice maintain 20–50% of normal Tet2 transcripts, have no 
obvious reduction in 5hmC, are normal in overall appearance, and display expected 
Mendelian ratios. In spite of this, and unlike Tet1 null mice, Tet2 hypomorphs do 
appear to have aberrant hematopoiesis  [  63  ] . Although no changes in Tet gene 
expression have been reported, it is possible that the different members of the Tet 
family are compensating for the loss or reduction of Tet1 or Tet2 in these mouse 
models  [  53,   63  ] . 

 Tet3 null mice are unique in that they exhibit neonatal lethality  [  61  ] . This lethal-
ity was overcome by creation of Tet3 conditional knockout mice  [  61  ] . As described 
above, the parental mice only lack Tet3 expression in PGC and thus are essentially 
normal, with only the females exhibiting reduced fecundity. The zygotes of these 
mice have decreased 5hmC levels and aberrant reprogramming of the paternal DNA, 
which is thought to disrupt prenatal development  [  61  ] . 

 Tissue-speci fi c expression of Dnmts and patterning of 5mC is known to be 
involved in gene regulation. It is hypothesized that Tet enzyme activity and 5hmC 
may be involved in speci fi c biological functions in different tissues and organs as 
well. Indeed, TET enzymes display altered expression levels depending on the tis-
sue or the stage of development  [  22–  24,   35,   60  ] . A number of tissue types have been 
examined for TET expression, including but not limited to brain, lung, liver, heart, 
and kidney.  TET1  and  TET2  exhibit varied expression levels in different tissues 
examined  [  23  ]  and isoforms 2 and 3 of  TET2  are expressed at a lower level than its 
isoform 1  [  24  ] . Overall TET2 and its isoforms appear to be the most highly expressed 
amongst the TET enzymes in many tissues  [  22,   24  ] .  TET3  also tends to have consis-
tently high expression across various tissues  [  23  ] . All TETs are highly expressed in 
hematopoietic cells, with  TET2  and  TET3  being the highest. Consistently, hypomor-
phic expression of Tet2 in mice has been shown to alter hematopoietic development 
 [  23,   24,   63  ] . 

 Several studies have measured global 5hmC in DNA from various tissues using 
the techniques described above  [  26–  28,   64  ] . Based on these analyses one would 
conclude that in addition to tissue-speci fi c expression of TET enzymes, many tis-
sues also display varied global 5hmC levels with some tissues having high, medium, 
or low levels of 5hmC. In general, tissues of the central nervous system have vari-
able but overall high levels of global 5hmC  [  26,   27,   64  ] . Conversely, glandular tis-
sues tend to have low 5hmC levels and the majority of key organs, such as heart, 
lung, and kidney tend to have midlevels of 5hmC in their genome  [  26–  28  ] . This is 
in contrast with the stable global 5mC levels that are observed across most tissues 
 [  26  ] . However, it is important to note that in spite of stable global 5mC levels in 
various tissues there are locus-speci fi c differences that are involved in maintaining 
proper tissue phenotype and function. These data suggest that high levels of 5hmC 
are not indicative of low 5mC levels on a genome-wide basis in somatic tissues, but 
that locus-speci fi c shifts in the amount of unmodi fi ed, methylated, and hydroxym-
ethylated cytosines are important for regulating gene expression in a tissue-speci fi c 
manner. This is also supported by our work showing tissue-speci fi c levels of 5hmC 
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at various loci in both mouse and human genomic DNA samples  [  32  ] . However, 
more detailed analysis of 5hmC patterning in various tissues and during develop-
ment is required, which would help us to understand the roles of TET enzymes and 
5hmC in differentiation and development.  

    3.6   Mutation of 5hmC Pathway Genes in Cancer 
and the Possible Consequences 

 TET1 is a common translocation partner of MLL histone methyltransferase at 
t(10;11)(q22;q23), in acute myeloid leukemia (AML)  [  13,   14  ] . The MLL-TET1 
translocation has also been less commonly identi fi ed in acute lymphoblastic leuke-
mia (ALL)  [  65  ] . Apart from the t(10;11)(q22;q23) translocation, no other mutations 
of TET1 have been reported. The MLL-TET1 fusion protein is predicted to have a 
molecular mass of approximately 204 kDa and is created by the fusion of the 
N-terminal part of MLL with the C-terminal part of TET1. The resulting protein 
contains the AT hooks, subnuclear localization domains, and the CXXC region of 
MLL fused to the core catalytic domain of TET1  [  14  ] . The catalytic activity of the 
MLL-TET1 fusion protein is unknown, but it may be a gain of novel function of the 
fusion protein or loss of MLL and/or TET1 normal function that promotes oncogen-
esis. Regardless of the precise mechanism(s), MLL translocations correlate with a 
poor prognosis in ALL and AML patients  [  66–  69  ] . 

 Similar to TET1, it had been known that the 4q24 chromosomal region was 
commonly disrupted in hematologic malignancies, but the gene targeted within 
that region was not clear. It is now known that TET2 is the affected gene at 4q24 
in many of these hematologic malignancies. TET2 mutations in myeloprolifera-
tive neoplasms (MPN) were identi fi ed recently  [  70–  72  ] . Since then, mutations in 
TET2 have been observed in myelodysplastic syndrome (MDS), polycythemia 
vera, essential thrombocythemia, myelo fi brosis, blastic plasmacytoid dendritic 
cell neoplasm (BPDCN), lymphomas, and different types of leukemia  [  23,   63,   70, 
  73–  82  ] . Interestingly, certain TET2 mutations are found in speci fi c subsets of 
these diseases  [  83  ] . 

 TET2 mutations range from nonsense and missense mutations to frameshifts 
and deletions. Essentially all of these mutations are thought to result in loss of 
function of the TET2 enzyme and are generally somatic in nature. Several common 
mutations observed in MPN patients were tested for their effects on TET2 activity, 
including W1291R, E1318G, P1367S, I1873T, and G1913D  [  21  ] . All of these 
mutations are located in the cysteine-rich region or catalytic domain of human 
TET2. Overexpression of the mutant mouse counterpart of the W1291R (W1211R), 
P1367S (P1287S), and G1913D (C1834D) mutants in HEK293T cells results in 
reduced 5hmC as compared to overexpression of the WT Tet2  [  21  ] . In addition, 
mutations of TET2 often occur on either one or both alleles suggesting that TET2 
may either be haploinsuf fi cient or gain an oncogenic function  [  70,   83  ] . These 
results indicate that TET2 functions as a tumor suppressor gene, especially in 
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hematopoietic cells. However, TET2 mutations may not be enough to cause 
 transformation as it is commonly mutated along with genes in other important 
pathways, such as JAK and p53  [  76,   84,   85  ] . 

 Tet2 appears to have a direct role in myelopoiesis as  Tet2  knockdown alters dif-
ferentiation of bone marrow stem cells when grown in the presence of speci fi c 
cytokines  [  86  ] . Furthermore, conditional knockout or reduced expression of Tet2 in 
mice results in ampli fi cation of hematopoietic stem and progenitor cells with skewed 
numbers of differentiated myeloid and lymphoid lineages  [  63  ] . Several studies have 
attempted to evaluate the effect of TET2 mutations on patient prognosis, albeit in a 
limited number of samples. Mutations in TET2 correlate with reduced survival time 
in AML patients  [  77  ]  and lower survival rate in patients with chronic myelomono-
cytic leukemia (CMML)  [  80  ] . Conversely, TET2 mutations in MDS patients appear 
to increase survival rate, as well as decrease progression to AML  [  79  ] . 

 To date, there is only one report of a genetic aberration associated with TET3. 
A patient with refractory anemia with ringed sideroblasts (RARS), a speci fi c form 
of MDS, and idiopathic myelo fi brosis carried a deletion of 2p23 where the TET3 
gene resides  [  87  ] . It is still unknown whether TET3 has a role in myeloproliferative 
diseases in a similar manner to TET1 and TET2. However, as TET3 is a catalyti-
cally active enzyme and has different tissue-speci fi c expression patterns than TET1 
and TET2, it remains a possibility that TET3 is involved in the development or 
progression of these and other diseases or disorders. Genetic studies will be required 
to test the functional role of TET enzymes in the development and progression of 
various diseases, including cancer. 

 As described above, the TET enzymes require cofactors for catalysis, one of 
which is 2-OG. Two enzymes that are involved in producing 2-OG are the cytosolic 
isocitrate dehydrogenase 1 (IDH1) and its mitochondrial homolog IDH2  [  88  ] . 
Interestingly, IDH1 and IDH2 are commonly mutated in several diseases, including 
gliomas, astrocytomas, leukemias, and MPN  [  88  ] , where 5hmC and TET expres-
sion are abundant. Furthermore, these mutations are not only mutually exclusive 
with each other but also with TET2 mutations in AML  [  88  ] . 

 Mutations of IDH1 and IDH2 can result in a gain-of-function phenotype whereby 
2-OG is further reduced by the mutant enzyme to 2-hydroxyglutarate (2-HG)  [  89, 
  90  ] . AML cells harboring mutations in IDH1, IDH2, or TET2 tend to have a hyper-
methylated phenotype (increased global and locus-speci fi c methylation) and impor-
tantly a signi fi cant overlap of the genes that are hypermethylated  [  88  ] . Overexpression 
of mutant IDH enzyme results in a global increase in methylation and co-overex-
pression with TET2 does not result in increased 5hmC levels  [  88  ] . The above obser-
vation was con fi rmed in another study that showed inhibition of murine Tet1 and 
Tet2 in vitro by 2-HG and in vivo by mutant IDH1  [  91  ] . In addition, glioma, astro-
cytoma, glioblastoma tissue samples harboring IDH1 mutations display decreased 
5hmC staining and increased 5mC staining in immunohistological assays, as well as 
decreased 5hmC with LC-MS analysis  [  64,   91  ] . These studies suggest that altera-
tions in 5hmC, either through directly disrupting the TET enzymes or changing 
availability of cofactors, may be involved in the development and progression of 
cancer and related diseases. 
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 It is hypothesized that 5hmC is an intermediate in the process of demethylation 
(described fully in Sect.  3.7 ) and as a result disruption of the TET protein functions 
by translocation or mutation may result in a hypermethylated phenotype. Indeed, 
widespread locus-speci fi c hypermethylation in AML patients with TET2 mutations 
has been reported  [  88  ] . Conversely, another study found that TET2 mutations in 
leukemia patients are associated with reduced 5hmC levels as expected, but also 
with global DNA hypomethylation  [  21  ] . Another recent report indicated that brain 
lesions, especially astrocytomas and glioblastomas, have signi fi cantly decreased 
global 5hmC with increasing tumor grade, although these samples did not display 
clear changes in 5mC levels  [  64  ] . Furthermore, several, tumor types appear to have 
decreased 5hmC when compared to matched normal tissue  [  39,   92,   93  ] . The mecha-
nism of global hypo-hydroxymethylation in tumors and the relationship to muta-
tions in TETs is not clear and may be dependent on tumor type and stage. 

 Hypomethylating agents were originally tested and approved for clinical use in 
MDS and leukemia patients  [  94  ] . The fact that these diseases have especially high 
rates of mutation in the TET proteins raises the question as to the correlation of TET 
mutations with treatment ef fi cacy. One study on a very limited number of patients 
(two) did not con fi rm that TET2 mutations would improve the ef fi cacy of DNMT 
inhibitors for the treatment of MDS  [  95  ] . In addition, a slightly larger study with 
AML patients reported that those with mutant TET2 had improved initial response, 
but did not yield better survival as compared to patients carrying the WT allele  [  96  ] . 
These results emphasize the necessity for studies to be completed using large cohorts 
of patients identify factors that categorize patients with myeloid disorders, harbor-
ing TET mutations, as likely or unlikely to bene fi t from treatment with demethylat-
ing agents. Finally, although TET mutations are clearly predominant in MPN it is 
still possible that they occur in any number of other diseases and this will likely be 
a focus of future research.  

    3.7   Demethylation Pathways of 5hmC and Possible 
Roles in Cancer Methylation 

 Reports of methylation cycling in the promoters of speci fi c genes, active demethy-
lation during certain stages of development, and global hypomethylation in tumors 
have left epigeneticists searching for a DNA demethylase  [  3  ] . Several possible 
demethylation mechanisms have been proposed in the past, including direct enzy-
matic removal of the methyl group by MBD2  [  97  ] , removal of the entire methy-
lated base by a DNA glycosylase in a similar manner to the process of demethylation 
in plants  [  98  ] , and deamination followed by base excision repair (BER), including 
deamination by DNMT3 enzymes in the presence of minimal  S -adenosyl- l -
methionine (AdoMet)  [  3,   99  ] . The stability of the carbon–carbon bond of the 
methyl group and the  fi fth carbon of the cytosine ring makes it unlikely that dem-
ethylation is due to direct removal of the methyl group from cytosine  [  3  ] . However, 
oxidation of methyl groups is a feasible mechanism for removal, especially as 
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 histone demethylases function through oxidation to return histone proteins to an 
unmodi fi ed amino acid state  [  15  ] . 

 Before 5hmC was found in mouse ESCs and brain DNA, several groups studied 
the effects of oxidation of 5mC on methyl binding proteins (MBD) and DNMT1 
activity. For example, the MBD MeCP2 was shown to have decreased binding to 
5hmC as compared to 5mC  [  100  ] . Altered binding of MeCP2 may have serious 
effects on transcriptional regulation, but would not lead to demethylation. However, 
DNMT1 was shown to have reduced catalytic activity when the DNA substrate was 
hemi-hydroxymethylated as opposed to the preferential hemi-methylated substrate 
 [  101  ] . This could have major effects on DNA methylation maintenance during rep-
lication, resulting in passive demethylation that is dependent on cell cycling. It is 
still unknown whether DNMT3a or DNMT3b expressed during S-phase is capable 
of methylating hemi-hydroxymethylated DNA.    

 Mammalian 5hmC glycosylases have been described as early as 1988 suggesting 
that this may be a possible mechanism for removal of this modi fi ed nucleobase 
 [  102  ] . Overexpression of TET genes causes increased 5hmC and then subsequent 
demethylation (based on digestion with methyl-sensitive restriction enzymes) of 
either endogenous or exogenous methylated DNA that requires a functional BER 
pathway  [  20,   103  ] . Additionally, overexpression of several of the Apobec family of 
cytidine deaminases causes further demethylation  [  103  ] . In fact, viral overexpres-
sion of Tet1 in the adult mouse dentate gyrus in the brain leads to substantial 
increases in global 5hmC, whereas viral overexpression of activation-induced 
deaminase (AID) in the same tissue causes a decrease in global 5hmC by more than 
50%. Overexpression of either Tet1 or AID in adult mouse dentate granule cells 
results in demethylation and expression of neuronal genes known to display activ-
ity-induced DNA demethylation, but no demethylation occurs at non-neuronal pro-
moters  [  103,   104  ] . Based on these  fi ndings, the following hypothesis has been 
proposed as one possible mechanism for 5hmC-stimulated demethylation: 5mC is 
 fi rst oxidized by TET enzymes to 5hmC, which is then deaminated by AID/APOBEC 
cytidine deaminases resulting in 5hmU, then 5hmU is targeted and removed by 
BER pathways (Fig.  3.2 )  [  103  ] .  

 Another possible mechanism of demethylation through 5hmC mimics the pro-
cess of thymine conversion to uracil that is part of the thymidine salvage pathway 
in which successive oxidation of the 3-methyl group of thymine is completed to 
produce uracil by decarboxylation  [  3  ] . Previously, 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC) (the further oxidized forms of 5hmC) could not be 
easily measured, but as more sensitive techniques were utilized it was clear that 
these forms of cytosine do exist in mammalian DNA (Fig.  3.2 )  [  26–  28  ] . Mouse 
ESC, mouse cortex DNA, and DNA from several other somatic tissues contain 
substantial amounts of each of these modi fi cations, with 5caC being the lowest 
modi fi ed residue  [  27  ] . Interestingly, some tissue DNAs contained higher amounts 
of 5fC than 5hmC, such as liver and spleen  [  27  ] . The differences in the global 
amounts of each modi fi ed cytosine could be due to varied rate of conversion 
from one form to the next, as well as ef fi ciency of removal for 5caC by thymine-
DNA glycosylase (TDG) resulting in replacement with unmodi fi ed cytosine by 
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DNA repair enzymes  [  28,   105  ] . Tet1 and Tet2 were both reported to oxidize 
5hmC further to 5fC and 5caC both in vitro and in overexpression studies in 
cultured cells  [  27,   28  ] . 

 The knowledge that 5hmC and its derivatives that are converted by the TET 
enzymes can result in demethylation provide some possible mechanisms for how 
aberrant methylation could occur in cancers. Loss-of-function mutations in TET2 
correlate with hypermethylation and myeloid malignancies that commonly have 
TET mutations tend to be sensitive to hypomethylating agents  [  88,   94  ] . However, 
one study did correlate TET2 mutations with global hypomethylation in patients 
with myeloid malignancies  [  21  ] . For cancers that display hypomethylation, there 
are several potential explanations; one possibility is that hypomethylation by 5hmC 
is an earlier event during cancer progression than loss-of-function mutations that 
have been reported for TETs, or TET proteins (or other proteins involved in 5hmC-
induced demethylation pathways) may be overexpressed or have gain-of-function 
mutations that are currently unknown. Clearly much research still needs to be done 
in this particular area to understand demethylation pathways of 5hmC and what 
enzymes are involved both in normal and disease states.  
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  Fig. 3.2    5-Hydroxymethylcytosine and proposed demethylation pathways. (1) Cytosine in an 
unmodi fi ed state can be methylated by any of the three active DNMTs to 5-methylcytosine (5mC) 
to create the substrate for the TET enzymes. (2) 5mC can be oxidized by any of the three TET 
family enzymes to 5-hydroxymethylcytosine (5hmC). (3) 5hmC may then be deaminated by 
unknown enzymes to 5-hydroxymethyluracil (5hmU), which could then be removed by base exci-
sion repair pathway enzymes (BER). (4) 5hmC could also be further oxidized by the TET enzymes 
to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), at which point the base can be removed 
by thymine-DNA glycosylase (TDG) or the carboxyl group can be removed by decarboxylases to 
produce unmethylated cytosine       
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    3.8   Future Perspectives 

 It was not long ago that the study of DNA methylation was uncharted territory, but 
now we have a basic understanding of how, when, and where DNA methylation 
occurs, as well as its role in many biological processes. The identi fi cation of 5hmC, 
and its oxidative products 5fC and 5caC, has complicated our understanding of this 
process, so now we have to tease out what past data (that may or may not include 
5hmC, 5fC, and 5caC) means, and how to acquire more accurate data in the future. 
This has been and will continue to be a dif fi cult process, but even in the short time 
since the identi fi cation of 5hmC, epigenetics research has moved forward by leaps 
and bounds, perhaps due to the past experiences with 5mC. Scientists have already 
developed several techniques to measure global and locus-speci fi c 5hmC across the 
genome. It is known that there is tissue-speci fi c expression of TETs and 5hmC lev-
els, both globally and at speci fi c loci, and that 5hmC may be involved in DNA 
demethylation pathways. Even so, there is certainly more research needed to deter-
mine the involvement of the TET enzymes and 5hmC in gene regulation, develop-
ment, and disease.  

    3.9   Addendum 

 Two new methods have been reported that allow for single base resolution 
sequencing of 5hmC  [  106 ,  107  ] . Both techniques depend on the concept that 5fC 
and 5caC, unlike 5mC or 5hmC, are converted to uracil during sodium bisul fi te 
treatment of the DNA. The  fi rst method utilizes potassium perruthenate (KRuO4) 
to chemically oxidize 5hmC to 5fC followed by rigorous bisul fi te treatment and 
then sequencing of primarily CpG islands in mouse embryonic stem (ES) cell DNA 
 [  106  ] . The second method utilizes a three step process whereby the 5hmC sites 
are  fi rst glucosylated by beta-glucosyltransferase, which is followed by enzymatic 
oxidation of 5mC to 5caC by recombinant mouse Tet1 catalytic domain, and 
 fi nally sodium bisul fi te conversion and sequencing of human and mouse ES cell 
DNA. The glucosylated hydroxymethylcytosine residues are resistant to enzy-
matic oxidation and displayed as C in subsequent PCR based sequencing  [  107  ] . In 
both cases sequencing of both an oxidation pretreated DNA library and a control 
library must be completed to accurately map both 5mC and 5hmC sites across the 
genome. Considering that next generation sequencing analysis of bisul fi te con-
verted DNA is quite complicated, the data analysis for these methods could be 
especially dif fi cult. However, these techniques should be useful for identi fi cation 
of 5mC and 5hmC at speci fi c loci using a candidate gene approach in a similar 
manner to original bisul fi te sequencing.      
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  Abstract   In human health and disease the choreographed actions of a wide armory of 
transcription factors govern the regulated expression of coding and nonprotein coding 
genes. These actions are central to human health and are evidently aberrant in cancer. 
Central components of regulated gene expression are a variety of epigenetic mecha-
nisms that include histone modi fi cations. The post-translational modi fi cations of his-
tones are widespread and diverse, and appear to be spatial- temporally regulated    in a 
highly intricate manner. The true functional consequences of these patterns of regula-
tion are still emerging. Correlative evidence supports the idea that these patterns are 
distorted in malignancy on both a genome-wide and a discrete gene loci level. These 
patterns of distortion also often re fl ect the altered expression of the enzymes that con-
trol these histone states. Similarly gene expression patterns also appear to re fl ect a 
correlation with altered histone modi fi cations at both the candidate loci and genome-

    Chapter 4   
 Altered Histone Modi fi cations in Cancer       

      Moray   J.   Campbell       and    Bryan   M.   Turner         

    M.  J.   Campbell   (*)
     Department of Pharmacology and Therapeutics ,  Roswell Park Cancer Institute ,
  Elm and Carlton Streets, Buffalo ,  NY   14263 ,  USA    
e-mail:  Moray.Campbell@roswellpark.org  

     B.  M.   Turner  
     Institute of Biomedical Research, College of Medical and Dental Sciences, 
University of Birmingham ,   Birmingham ,  B15 2TT ,  UK    
e-mail:  b.m.turner@bham.ac.uk   

  Chromatin-modifying enzymes : The nomenclature for enzymes involved in protein methylation, 
demethylation, and acetylation has recently been rationalized (   Allis CD et al (2007) New nomen-
clature for chromatin-modifying enzymes. Cell 131:633–636). In this review, we use the new 
nomenclature for lysine methyltransferases (KMT), lysine demethylases (KDM), and lysine 
acetyltransferases (KAT). Histone deacetylases (HDACs) have retained their original nomencla-
ture. To maintain a link between the new nomenclature and the literature, we use both the new 
designation and the original published designation(s), e.g., KDM5A/JARID1A/RBP2. 

  Histone modi fi cations : We use the Brno nomenclature for histone modi fi cations (Turner BM (2005) 
Reading signals on the nucleosome with a new nomenclature for modi fi ed histones. Nat Struct Mol 
Biol 12:110–112). For example, histone H3 tri-methylated at lysine 4 is shown as H3K4me3. 
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wide level. Clarity is emerging in resolving these relationships between histone 
modi fi cation status and gene expression  patterns. For example, altered transcription 
factor interactions with the key co-activator and co-repressors, which in turn marshal 
many of the histone-modifying enzymes, may distort regulation of histone modi fi cations 
at speci fi c gene loci. In turn these aberrant transcriptional processes can trigger other 
altered epigenetic events such as DNA methylation and underline the aberrant and 
speci fi c gene expression patterns in cancer. Considered in this manner, altered expres-
sion and recruitment of histone-modifying enzymes may underline the distortion to 
transcriptional responsiveness observed in malignancy. Insight from understanding 
these processes addresses the challenge of targeted epigenetic therapies in cancer.  

  Abbreviations     

  AR    Androgen receptor   
  ChIP    Chromatin immunoprecipitation   
  CoA    Co-activator complex   
  E 

2
     Estradiol   

  ER a     Estrogen receptor alpha   
  ES    Embryonic stem cell   
  HDAC    Histone deacetylase   
  JMJD    Jumonji domain containing protein   
  JARID    Jumonji AT-rich interactive domain   
  KAT    Lysine acetyltransferase   
  KDM    Lysine demethylase   
  KMT    Lysine methyltransferase   
  LSD1    Lysine-speci fi c demethylase 1   
  NCOR    Nuclear co-repressor   
  NR    Nuclear receptor   
  PSA    Prostate-speci fi c antigen   
  SET    Su(var), enhancer of zeste and trithorax   
  TF    Transcription factor   
  TSA    Trichostatin A   
  TSS    Transcription start site           

    4.1   Altered Histone Modi fi cations in Cancer 

    4.1.1   The Nucleosome and Its Modi fi ed Forms 

 Of the various protein–DNA interactions that are central to genome function, 
those between the histones and DNA are among the most intimate. A histone–
DNA  complex, the nucleosome, is the basic unit of chromatin structure in nearly 
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all eukaryotes, It comprises 146 bp of DNA wrapped in 1¾ superhelical turns 
around a core of eight histones, two each of H2A, H2B, H3, and H4. The struc-
ture of the nucleosome core particle has been de fi ned in great detail by X-ray 
crystallography  [  3  ] . 

 Despite its extreme conservation through evolution and its consistent crystal 
structure, the nucleosome in vivo is subject to a variety of enzyme-driven 
modi fi cations that, potentially at least, alter its structure. Chromatin-modifying 
enzymes directly manipulate nucleosome structure or change nucleosome position 
along the DNA  fi ber  [  4  ] . DNA translocating enzymes such as polymerases, which 
pull and twist the DNA  fi ber as part of their normal activities, distort nucleosomes 
in their paths. Chromatin must deform reversibly in order to accommodate tor-
sional and tensional stress generated by these enzymes (  [  5  ]  and references therein). 
Nucleosome remodeling can dissociate the histone core, providing opportunities to 
enzymatically modify internal histone regions (see below), or to incorporate his-
tone variants. All core histones, apart from H4, have nonallelic variant forms that 
differ in amino acid sequence and are associated with speci fi c cellular and genomic 
functions  [  6  ] . 

    4.1.1.1   Post-translational Modi fi cation of Histones 

 The most widespread and complex source of nucleosome variability is the enzyme 
catalyzed, post-translational modi fi cation of selected histone amino acids. All four 
core histones are subject to such changes, which include acetylation of lysines, 
methylation of lysines and arginines, phosphorylation of serines and threonines, and 
attachment of the small peptides ubiquitin and SUMO  [  7  ] . Advances in mass spec-
trometry and proteomics  [  8  ]  have led to the identi fi cation of previously unsuspected 
chemical changes, including  O -glycosylation of serines and threonines  [  9  ] , formy-
lation and crotonylation of lysines, and hydroxylation of serines  [  10  ] . They have 
also revealed that modi fi cations occur both along the N-terminal tail domains, 
unstructured regions that are exposed on the nucleosome surface, and on residues in 
the globular internal regions that mediate histone– histone and histone–DNA inter-
actions  [  11  ] . Histone modi fi cations are put in place and removed by families (often 
large) of modifying and de-modifying enzymes and are consistently dynamic. The 
level of any particular modi fi cation re fl ects a steady-state balance between the 
actions of these two sets of enzymes. 

 The internal histone regions mediate the interactions that give the nucleosome its 
characteristic structure and their modi fi cation can, potentially, exert a direct struc-
tural effect. Yeast mutants with internal substitutions (some mimicking modi fi cations) 
commonly cause functional changes, particularly altered gene silencing and 
increased sensitivity to DNA damaging agents  [  12,   13  ] . Acetylation of H3K56, on 
the lateral face of the nucleosome, is incorporated into chromatin at sites of DNA 
damage and repair  [  14,   15  ]  and at replication forks  [  16  ] . These are all situations in 
which the nucleosome is partially dissociated, and during which internal residues 
will be accessible to modifying enzymes. Structural changes brought about by 
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H3K56 acetylation increase nucleosome mobility, thereby increasing DNA 
 accessibility and, in the appropriate context, facilitating transcription  [  13,   17,   18  ] . 

 Each core histone has an unstructured N-terminal tail domain that protrudes out-
side the nucleosomal DNA. These regions are not necessary for in vitro nucleosome 
assembly and crystallization  [  19  ]  but contain many amino acids that are susceptible 
to post-translational modi fi cation  [  7  ] . How do these tail regions contribute to chro-
matin structure and function? Studies on the in vitro thermal mobility of nucleosomes 
 [  20  ]  and earlier genetic and biochemical studies in yeast  [  21,   22  ]  show that tails 
play a role in nucleosome mobility and higher order chromatin structure, but these 
roles are only revealed by removal of all, or most, of the tail, raising the question of 
how post-translational modi fi cations could directly in fl uence their function. 
Hyperacetylation of the tails of H2B, H3, and H4, each of which have 4–5 acetylat-
able lysines, will cause a signi fi cant loss of net positive charge and might in fl uence 
higher order chromatin structures, even though the nucleosome itself is unaffected. 
An attempt to distinguish between the effects of lysine-speci fi c and global acetyla-
tion of the H4 tail domain in yeast gave mixed results. For H4 lysines 5, 8, and 12, 
the level of acetylation (i.e., the number of lysines acetylated) seemed to be a more 
important determinant of transcription than the individual lysine involved, but H4 
lysine 16 exerted independent effects  [  23  ] . Of course, methylation of lysines and 
arginines causes no change in net charge.  

    4.1.1.2   Chemical Signals on the Nucleosome Surface 

 An alternative explanation for the functional effects of histone tail modi fi cations is 
that they act  indirectly  by generating, on the nucleosome surface, a variety of chem-
ical signals that provide binding sites for nonhistone proteins. These binding pro-
teins, in turn, regulate chromatin structure and function. This hypothesis was 
proposed 20 years ago  [  24,   25  ]  and has since been extensively validated, not least 
by the identi fi cation of families of proteins carrying binding domains that recognize 
speci fi c histone modi fi cations  [  26,   27  ] . Bromodomains bind speci fi cally to acety-
lated lysines, while chromodomains and several others bind to methylated lysines at 
selected positions on speci fi c histones. Binding domains sometimes distinguish 
between lysines carrying one, two, or three methyl groups  [  26,   27  ] . 

 A good example of how binding domains work is provided by the heterochroma-
tin protein HP1, which is essential for heterochromatin formation in Drosophila and 
mammals. HP1 binds speci fi cally, via its chromodomain, to H3 methylated at lysine 
9 (H3K9me). H3K9me is located on heterochromatin in vivo and heterochromatin 
cannot form if the required methyl transferase is knocked out in mice  [  28  ] . Further, 
detailed studies of binding of HP1 to nucleosome arrays carrying methylated H3K9 
provide likely mechanisms for both chromatin condensation and for the ability of 
heterochromatin to spread in vivo  [  29  ] . Other histone modi fi cations have been asso-
ciated with speci fi c chromatin states. H4K36ac seems to be involved in the elonga-
tion phase of ongoing transcription  [  30  ] , H4K20me3 is a marker for centric 
(constitutive) heterochromatin  [  31  ] , and H3K27me3 is associated with long-term 
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gene silencing  [  32  ] . However, it is important to avoid oversimplifying a complex 
situation. Binding to any given modi fi ed residue will inevitably be in fl uenced by 
modi fi cation at adjacent residues and functional outcomes are usually determined 
by the combinatorial action of different modi fi cations. For example, phosphoryla-
tion of H3 serine 10 can displace HP1 bound to H3 methylated at lysine 9  [  33  ] . 
Epigenomics approaches are beginning to reveal combinations of modi fi cations that 
are consistently associated with functionally de fi ned genomic regions, particularly 
promoters and enhancers  [  34–  36  ] . 

 The nucleosome can be seen as a gatekeeper that controls the access of transcrip-
tion factors and other DNA binding proteins to DNA. Access is regulated by a 
variety of processes that change nucleosome structure, either directly (chromatin-
remodeling enzymes, modi fi cation of internal amino acids) or indirectly (histone 
tail modi fi cations). The enzyme families that carry out these processes are all sus-
ceptible to disruption, either through genetic mutation or environmental agents, 
triggering alterations in genome function that can sometimes precipitate changes in 
cell behavior and disease. Unraveling these complex chromatin-modifying enzyme 
systems will bring enormous bene fi ts in the form of improved understanding of the 
etiology of diseases such as cancer and opening up new routes to therapy.   

    4.1.2   Histone Modi fi cation Status Is Regulated 
by Antagonistic Enzymes 

 Each histone modi fi cation is governed by antagonistic groups of enzymes that are 
able either to add or remove the modi fi cation in question. For example, histone 
acetyltransferases (KATs) catalyze the transfer of an acetyl group from acetyl-CoA 
to the  e -amino group of targeted lysine residues, and in this manner can neutralize 
the positive charge of the lysines. As a result the electrostatic interactions between 
histone and DNA are reduced. It is often suggested that this electrostatic effect can 
result in an open chromatin conformation that is more conducive to transcription 
 [  37,   38  ] . However, the role of the histone tails in maintaining higher order chroma-
tin structure is not clear and while charge-mediated changes may be important in 
some contexts, they cannot provide a complete explanation for the functional affects 
of histone modi fi cations. The actions of KATs are countered by HDACs. Broadly, 
acetylation is associated with gene activation and deacetylation with gene repres-
sion. However, for other modi fi cations there is often not such a strict relationship 
between modi fi cation and function. For example, histone methyltransferases 
(KMTs) can either promote or inhibit transcription depending on the speci fi c resi-
due that is targeted and its genomic location relative to a gene’s transcription start 
site (TSS). The functional identi fi cation of enzymes involved in setting and remov-
ing histone modi fi cations has revealed an increasingly numerous battery of proteins 
and complexes. Many of these enzymes are either cofactors or binding partners for 
transcription factors (TF). Alternatively transcription regulatory factors can contain 
intrinsic histone-modifying capacity. 



86 M.J. Campbell and B.M. Turner

 It is also apparent that at least some histone modi fi cations can be regulated on a 
larger chromosomal scale or even globally, whereas other modi fi cations have a 
much more restricted pattern. For example, H3 methylated at K79 (H3K79me3) is 
widely distributed across euchromatic regions in yeast and protects against the 
spreading of telomeric heterochromatin  [  39,   40  ]  while H3K27me3, a mark put in 
place by the polycomb repressive complex, is spread across groups of genes (e.g., 
the HOX clusters) to bring about their coordinated silencing  [  41,   42  ] . Alternatively, 
marks such as H3K4me3 are closely associated with local genomic features, par-
ticularly promoters, enhancers, and TSSs  [  43,   44  ] . 

 The KAT superfamily includes at least 20 different and diverse proteins includ-
ing CLOCK and NCOA1. Several subfamilies exist including the P300/CBP family, 
e.g., p300; GCN5 family, e.g., KAT2A; the MYST family, e.g., MYST1; SRC/p160 
nuclear receptor co-activator family, e.g., NCOA1. Eighteen HDAC are known in 
humans that are classi fi ed into four classes based on homology that include the 
HDAC1-11 and 7 SIRT members. Twenty-eight different KMT are known to act on 
histones, at least in vitro  [  1  ] . KMT are abundant and diverse re fl ecting the impor-
tance of the methylated state of key residues for the control of evolutionarily con-
served transcriptional programs, for example, associated with development. There 
are at least 30 KMTs, including key families such as EZ, SUV39, and SET. At least 
20 demethylases (KDM) are divided into two major groups that include the LSD 
family members, e.g., KDM1A/LSD1 and the Jumonji family, e.g., JHDM3 and 
JARID proteins containing ARID domains. 

 Two points are particularly important in considering the extent of redistribution 
and altered patterns of histone modi fi cations in cancer. The  fi rst is that the steady-
state level of each modi fi cation represents a dynamic balance between the effects of 
the modifying and de-modifying enzymes, with turnover likely to vary from one 
part of the genome to another, between cell types, and is intimately associated with 
cell cycle status, cell–cell interactions, and cell lineage commitment. Secondly, 
many, if not all, of the enzymes are either dependent upon, or in fl uenced by, metab-
olites and components present in the intra- or extracellular environment. At the 
simplest level, many of these enzymes depend on cofactors such as acetyl CoA, 
NAD, and  S -adenosyl methionine for their activity, and in turn these levels will 
depend on the metabolic and redox state of the cell. More subtle effects can be 
derived from metabolism. For example, naturally occurring inhibitors, such as short 
chain fatty acids (inhibitors of Class I HDACs) and nicotinamide (an inhibitor of the 
NAD-dependent deacetylase SIRT1) can be derived intrinsically within a cell or 
tissue and may naturally in fl uence epigenetic status, for example, in the cell lining 
the lumen of the gut  [  45–  47  ] . The effects of metabolic changes on gene expression 
are a strongly re-emergent area in cancer biology  [  48–  50  ]  and the generation of 
linked transcriptomic and metabolomics data is revealing the key functional asso-
ciations in malignancy  [  51–  53  ] . Thus the nucleosome, through the array of histone 
modi fi cations it carries and the enzymes that put them in place, is a  fi nely tuned 
sensor of the metabolic state of the cell and the composition of its environment. In 
this manner, nucleosome structure provides a platform through which external 
 environmental and internal variables can in fl uence genomic function.   
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    4.2   Disruption of Histone Modi fi cations in Cancer 

 Given that dynamic histone modi fi cations are required for the precise control of 
DNA structure, during DNA repair and transcription, it is not surprising that there is 
signi fi cant evidence for the disruption of these events in malignancy. Understanding 
the differential recruitment and activity of proteins that govern histone modi fi cations 
is key to understanding the roles that altered histone modi fi cations can play in can-
cer initiation and development. Currently, a key focus in cancer biology is dissect-
ing the mechanisms that alter the local and global recruitment and activity of 
histone-modifying complexes. It is anticipated that the insight generated will address 
the central challenge of separating which epigenetic processes directly drive cancer 
initiation and progression, from those that are merely a consequence of altered 
genomic structure such as mutation, copy number variation, and cytogenetic rear-
rangement. Insight into the contribution of altered histone functions to cancer pro-
gression can be gleamed by considering global and gene-loci speci fi c alterations to 
histone modi fi cations. 

    4.2.1   Global Distortions to Histone Modi fi cations 

 A number of histone modi fi cations are intimately associated with higher order chro-
matin structures and chromatin packaging and therefore changing the distribution of 
these global marks can have profound impact on the structure of chromatin in the 
nucleus. In turn such altered structures may be either more prone to aberrant DNA 
repair or promote genomic instability  [  54  ] . In prostate cancer, for example, quanti-
fying global levels of  fi ve selected histone modi fi cations in tissue sections by immu-
nocytochemistry allowed discrimination between groups of patients with distinct 
risks of tumor recurrence  [  55,   56  ] . Quantitative analysis of just two modi fi cations 
(H3K18ac and H3K4me2) was shown to provide useful prognostic information. 
The mechanisms underpinning these intriguing observations remain unknown. 

 The Polycomb complex (PcC) is a highly conserved inducer of repressive chro-
matin and sustains the H3K27me3 mark. This repression was shown to extend to 
multiple target genes associated with differentiation, often during development. 
Consequently, an emergent area in malignancy is the focus on aberrant PcC function 
to repress differentiation programs inappropriately. Increased H3K27me3 has been 
shown to have prognostic value in prostate and other cancers. These  fi ndings, how-
ever, reported the prognostic value to arise from the opposite patterns. Thus, increased 
levels of H3K27me3 are correlated with poor prognosis in esophageal cancer  [  57, 
  58  ] , whereas in prostate cancer low levels have the poorer prognosis  [  59,   60  ] . 

 The enzymes that control H3K27 methylation status are members of the 
enhancer of zeste homolog (EZH) that is the catalytic subunit of the polycomb 
repressive complex 2  [  61  ] . These proteins are overexpressed in many cancers and 
in certain cases appear to correlate with poor prognosis or more aggressive disease. 
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However, although there are some correlations with increased H3K27me3 status, 
these are not universal in terms of the level of the mark. This may instead re fl ect 
the dynamics of turnover of the mark, and therefore the H3K27me3 status needs to 
be correlated with the enzymes that both add and subtract his mark. 

 Other modi fi cations do appear to be altered in their global distribution in malig-
nancy. For example, loss of H4K16 acetylation and H4K20me3 appears to be dimin-
ished globally in cancer cells, and indeed were some of the  fi rst histone marks to be 
characterized as being altered in malignancy  [  62,   63  ] . The consequence of these 
alterations probably re fl ect the role that certain modi fi cations have in cross-talking 
with the mechanism of DNA methylation and indeed reduced levels of these marks 
were associated with DNA hypomethylation. Down-regulation of MYST1/MOF, 
one of the KAT that targets H4K16, may in part explain these altered patterns  [  64  ] . 
Reenforcing the concept of antagonistic enzymes, H4K16 is deacetylated by SIRT1 
which is also up-regulated in several cancers and may have prognostic signi fi cance 
of its own  [  65  ] . Furthermore, the MYST family of KATs is associated with global 
changes in histone marks associated with chromatin packaging, DNA repair, and 
the control of developmental transcriptional programs (reviewed in  [  66  ] ). 

 The control of lysine methylation states, however, is frequently more complex 
than acetylation states, and there are multiple enzymes controlling this modi fi cation. 
A major contributor to this complexity is the fact that the lysine epsilon amino 
group can accommodate one, two, or three methyl groups. All three methylation 
states are found in vivo and are often associated with distinct functional outcomes. 
Lysine methylation often proceeds in two steps, with mono and di-methylation gov-
erned by one class of enzyme and subsequent tri-methylation being regulated by a 
subsequent enzyme. For example, SET7 is able to catalyze the generation of 
H3K20me2, which then forms a substrate for the SUV class enzymes that generates 
the fully methylated state H3K20me3. Re fl ecting this, there is some evidence that 
levels of SUV family members are reduced in cancer in association with gene 
silencing  [  67,   68  ] . 

 Further examples of a global alteration of histone status linked with cancer pro-
gression are those modi fi cations that drive nucleosome movement. One of the key 
modi fi cations in this regard is the internal lysine H3K56 that is targeted for acetyla-
tion by the KATs, CBP/p300 and GCN5, and has recently been shown to facilitate 
nucleosome disassembly and transcriptional activation. Inhibitor studies and expres-
sion pro fi ling both suggest that the altered levels of H3K56ac distort the DNA dam-
age response and maybe a trigger for genomic instability. Parallel studies have also 
revealed that H3K56ac is also involved in modulation of chromatin structure during 
DNA replication and repair; consequently, disruption to this process can also lead to 
genomic instability  [  18,   69–  71  ] . Perhaps re fl ecting the importance of the regulation 
of this mark, multiple HDACs have been implicated in its control and include the 
NAD-dependent SIRTs. 

 Global changes in histone modi fi cations have also been linked to stem cell dif-
ferentiation. Undifferentiated embryonic stem (ES) cells show global enrichment in 
histone modi fi cations associated with transcriptional activity and depletion in 
modi fi cations associated with silent chromatin  [  72,   73  ] . By several criteria, ES cell 
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nuclear DNA is packaged in an unusual form of chromatin that appears to be more 
“open” than that in differentiated cells and is transcriptionally hyperactive  [  74  ] . 
How elevated histone modi fi cation levels are generated, and whether they are a 
cause or a consequence of open, hyperactive chromatin, remains to be determined. 

 Knocking down, individually, the histone demethylases KDM2A/JMJD1A and 
KDM4C/JMJD2C in mouse ES cells, globally increased the level of histone 
modi fi cations usually associated with silent chromatin, namely, H3K9me2. In addi-
tion to their global effects, KDM2A/JMJD1A and KDM4C/JMJD2C were also 
shown to target, and regulate, speci fi c genes, including  Tcl1 , a potential regulator of 
self-renewal, and  Nanog , a key determinant of pluripotency  [  75  ] . Thus, key chroma-
tin-modifying enzymes can exert both global and gene-speci fi c effects that in turn 
in fl uence differentiation. Intriguingly, both demethylase genes were themselves 
positively regulated by the key transcription factor Oct4, showing how a transcrip-
tion factor might trigger a feed-forward signal to bring about a genome-wide change 
in the epigenetic landscape through regulation of genes encoding histone-modifying 
enzymes. In adult stem cell compartments, regulation of speci fi c histone demethy-
lating enzymes has also emerged as critical in activating differentiation programs, 
for example, the control of neural stem cell differentiation by the retinoic acid recep-
tor, a member of the nuclear receptor (NR) superfamily  [  76  ] . A similar relationship 
between a transcription factor, global histone modi fi cations, and adult stem cell dif-
ferentiation is seen in studies of epidermal stem cells  [  77  ] . Quiescent stem cells are 
induced to leave their niche in the interfollicular epidermis and hair follicle bulge by 
activation of MYC, a process accompanied by globally increased H4 acetylation 
and di-methylation of H3K9 and H4K20. Together these studies illustrate how key 
transcription factors combine with environmental factors to in fl uence and regulate 
the stem cell niche and control differentiation outputs. 

 Finally, the enzymes that govern histone methylation are also distorted in cancer 
with both loss and gain of function. Expression patterns of histone-modifying 
enzymes are even able to discriminate between tumor samples and their normal 
counterparts and cluster the tumor samples according to cell type  [  78  ] . This indi-
cates that changes in the expression of histone-modifying enzymes have important 
and tumor-speci fi c roles in cancer development. Thus, overexpression of G9a, an 
H3K9 KMT, occurs in lung and breast cancers and associates with aggressiveness 
 [  79  ] . Similarly enzymes that de-acetylate H3K9, and allow it to be methylated, are 
also overexpressed in cancers, including breast cancer. These enzymes may also be 
playing separate roles, and therefore expression is selected in malignancy on a dif-
ferent basis, for example, in gene regulation and DNA repair. It is possible that 
increases in HDAC levels are a homeostatic response in which the cell attempts to 
compensate for the aberrant increase in KAT activity (or vice versa). What is impor-
tant from a functional point of view is not the absolute levels of KATs or HDACs, 
but the new steady-state levels of the (histone) modi fi cations they regulate. 

 More precise speci fi city is dependent on the combination of both the enzyme  and  
target gene(s). For example, mutation of KDM6A/UTX results in the inability to 
relieve H3K37me3 repression  [  80,   81  ] . Gain of function also occurs, for example, 
increased targeting of methyltransferases KMT1A/SUV39H1 to  CDKN1A  leads to 
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sustained H3K9me2 and transcriptional silencing that in turn can be targeted with 
the enzyme inhibitor, chaetocin  [  82,   83  ] . Similarly, the KMTs/MLLs are overex-
pressed in prostate cancer  [  84–  86  ]  and sustain levels of H3K27me3 at key targets 
such as DAP2IB, an RAS regulatory molecule, thereby leading to metastasis  [  87  ] . 
These observations illustrate deregulation of the enzymes that control histone lysine 
methylation is common but most likely highly targeted. This contextual nature is 
typi fi ed by KDM1A/LSD1  [  88  ] , which can target the demethylation of either 
H3K9me2 or H3K4me3 and thereby drive both gene activation  [  89,   90  ]  and repres-
sion  [  91  ] . In this manner, KDM1A/LSD1 may mediate parallel repression and acti-
vation of target genes and play a key role in the malignant evolution of AR signaling 
in prostate cancer.  

    4.2.2   Altered Histone Modi fi cation Patterns at Discrete 
Gene Loci 

 Histone modi fi cations therefore appear to operate at a level of restricted action, at 
discrete loci, exempli fi ed by lysine methylation. Functional outcomes depend not 
only on which lysine on which histone is methylated, but also on whether the lysine 
carries one, two, or three methyl groups and its genomic position on a given loci 
with respect to the TSS. The different degrees of methylation are put in place, and 
removed, by a diverse group of enzymes. In particular, KDMs seem to have a par-
ticularly close association with key transcription factors that in turn are also impli-
cated in malignancy such as MYC and members of the NR superfamily. Ligand 
binding or cofactor associations are able to in fl uence the activity or even the 
speci fi city of these enzymes and thereby regulate functional outcomes (usually a 
change in gene expression)  [  92  ] . 

 The modi fi cation of H3K9Ac and H3K9me2 serves to illustrate key concepts 
concerning histone status and speci fi c gene expression. These marks are mutually 
exclusive and reciprocal, being associated with gene activation and repression, 
respectively. Loss of H3K9me2 is often associated with elevated gene expression. 
Recent studies have underscored the targeted changes in lysine methylation status 
and speci fi cally illustrated that the KDM that targets H3K9me2 and the KMT that 
targets H3K4me at the gene TSS (to activate gene expression) are within the same 
complex associated with the ER a  and therefore facilitate this two-step gene activa-
tion process  [  93  ] . Naturally, given that gene expression in cancer is uniformly nei-
ther up or down-regulated, the global expression of these marks is also not uniformly 
altered. Rather patterns are nuanced and suggest speci fi c loci are deregulated. 

 Another example of this speci fi city emerges from considering KDM1A/LSD1 
that can demethylate H3 mono- and di-methylated at either K4 or K9, and, remark-
ably, this speci fi city can be regulated in vitro by the protein cofactors, CoREST or 
BHC80, with which it is associated  [  94,   95  ] . Thus, KDM1A/LSD1 acts as an H3K4 
demethylase (i.e., can remove a potentially activating modi fi cation) on NRSF tar-
gets and an H3K9 demethylase (i.e., can remove a potentially repressive modi fi cation) 
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on AR and ER a  target promoters. Catalytic activity/speci fi city can also be regulated 
by adjacent histone modi fi cations. H3K9 acetylation inhibits H3K4 demethylation 
(on the same tail) in vitro  [  96,   97  ] . Local patterns of modi fi cation are set by the 
combined actions of methylating and demethylating enzymes and the methylases 
too are in fl uenced by other histone modi fi cations. Further details of the gene-speci fi c 
interactions have also emerged. JMJD2C demethylates H3K9me3, while KDM1A/
LSD1 demethylates H3K9me2/me1 at promoters such as  PSA  and  KLK2  to remove 
H3K9 methylation associated with transcriptional silencing. 

 Therefore, the speci fi c complex that KDM1A/LSD1 interacts with profoundly 
alters the transcriptional outputs, for example, of the AR, since demethylation of 
H3K9 has a gene activating effect, while demethylation of H3K4 has a gene silenc-
ing effect. The balance of these actions is in part controlled by the regulation of 
phosphorylation of H3 at threonine 6 (H3T6) by protein kinase C beta I. This pre-
vents KDM1A/LSD1 from targeting H3K4me2 during AR-dependent gene activa-
tion and prevents it from limiting transcriptional activation. Also re fl ecting shared 
functions PKCbeta(I) co-localizes with AR and KDM1A/LSD1 on target gene pro-
moters and phosphorylates H3T6 after androgen-induced gene expression. 
Therefore, it appears that androgen-dependent phosphorylation leads to the new 
chromatin mark H3T6ph, which in turn prevents removal of active methyl marks 
from H3K4 and forms a positive feed-forward loop of gene regulation  [  91  ] . More 
recently, KDM1A/LSD1 has been shown to drive AR-stimulated gene transrepres-
sion of the AR itself and thereby form a negative feedback loop of gene regulation 
 [  98  ] . Thus, the complex within which this one regulatory enzyme associates, its 
targeting to different genes, and the position of the response element, relative to the 
TSS, can all combine to determine how different H3K methylation states are 
governed.  

    4.2.3   Interplay Between Altered Transcriptional Signals 
and Epigenetic States 

 In normal cells a highly choreographed balance of histone modi fi cations occurs dur-
ing the dynamic regulation of coding and noncoding genes. These patterns are gen-
erated by the highly integrated actions of transcriptional networks  [  99  ]  and are 
evident in many aspects of biology. For example, in development; in homeostasis to 
control the circadian rhythm  [  100  ] , tissue self-renewal, and the response to hypoxia 
 [  83,   101  ] ; in immune function to regulate in fl ammation  [  102  ] . Many of these pro-
cesses are disrupted in malignancy and generally in cancer cells there is a loss of 
dynamic transcriptional patterns and signaling complexity is reduced  [  103  ] . 
Consequently, an area where altered histone modi fi cations appear to associate with 
the cancer phenotype is in distortion of transcriptional control of key cellular 
processes. 

 Epigenetic events play a central role for transcriptional complexes and the vari-
ous components in these multimeric complexes sequentially initiate, sustain, and 
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 fi nally terminate transcription  [  104  ] . In this manner, transcription can work as a 
type of biological ratchet, with histone modi fi cations being associated with the vari-
ous states by generating chromatin states that are either receptive or resistant to 
transcription (reviewed in  [  27  ] ). For example, different histone modi fi cations can 
control the rate and magnitude of transcription (reviewed in  [  105  ] ). These events are 
intertwined with low-level CpG methylation  [  106–  108  ] . Thus, the histone 
modi fi cations and other epigenetic events including DNA methylation processes 
combine during transcription to generate highly  fl exible chromatin states that are 
either transcriptionally receptive and resistant  [  101  ] . That is, the speci fi c transcrip-
tional potential of a gene is  fl exibly controlled by the combination of epigenetic 
events. These events are varied in space across the gene loci, and in time through the 
course of the transcriptional cycle. Current challenges in the  fi eld of cancer epige-
netics, therefore, are to reveal how altered histone modi fi cations directly drive dis-
torted transcriptional programs, and what patterns exist on a genome-wide scale to 
distort networks of transcription. This will help to de fi ne how these altered histone 
states are genuine drivers in cancer progression. 

 Precisely how transcriptional programs evolve during malignancy is emerging. 
Genome-wide approaches are now allowing workers to ascribe broader views of 
the biology of transcription factor families, now that all members are known, and 
questions can be addressed in more detailed biological contexts. These  fi ndings 
suggest that the actions of the many key transcription factors are distilled through 
interactions with multiple cellular processes thereby generating an extremely 
 fl exible and integrated signaling module. In malignancy, however, these transcrip-
tional choices and phenotypic outputs become restricted, for example, as seen with 
the emergence of a novel AR-transcriptome in androgen deprivation therapy-resis-
tant prostate cancer  [  109  ] . 

 Importantly, these epigenetic regulatory mechanisms operate in response to sig-
nals from the cellular microenvironment of the tumor, including signals from asso-
ciated stromal (noncancerous) cells  [  110,   111  ] . The “niche” in which cells  fi nd 
themselves is an important determinant of their epigenetic properties  [  112  ]  and 
raises the possibility that histone marks can be modi fi ed by environmental condi-
tions that alter metabolic and redox status, leading to a heritable alteration in cell 
phenotype, an “epigenetic mutation.” Such lesions are not restricted to single nucle-
otides, but rather can be targeted to larger regions and therefore comparable to 
genetic deletions and ampli fi cations. They can act alongside conventional genetic 
and cytogenetic alterations, either inherited or de novo, to cause the bi-allelic silenc-
ing of tumor suppressor genes that can be the  fi rst step in development of a cancer 
 [  113  ] . These concepts are illustrated by considering key transcription factor fami-
lies implicated strongly in cancer initiation and progression. 

    4.2.3.1   The MYC/MAX/MAD Family 

 The MYC/MAX/MAD family forms heterodimeric complexes with MAX as the 
central partner to activate the expression of a diverse range of genes. Deregulated 
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and elevated expression of c-MYC has been documented in a wide range of human 
malignancies, associated frequently with aggressive and poorly differentiated 
tumors  [  114  ] . MYC has the potential to target a large proportion (11%) of all genes 
in the human genome  [  115  ] , but the set of genes to which it actually binds in any 
particular cell is regulated by a variety of factors, including interacting proteins. 
For example, the MAD family of transcritpional repressors is , like MYC, able to 
bind MAX proteins and antagonize the activity of MYC by competing for MAX 
binding at E-box sequences in target gene promoters, actively repressing transcrip-
tion of MYC target genes     [  116  ] . 

 The speci fi city and af fi nity of MYC binding is in fl uenced by the con fi guration of 
the chromatin packaging at potential binding sites, and particularly by patterns of 
histone modi fi cation  [  117  ] . MYC was found to bind E-boxes in regions enriched for 
several histone modi fi cations generally associated with euchromatin, such as acety-
lated H3 (speci fi cally H3K9ac, H3K14ac, and H3K18ac), but showed the strongest 
association with H3K4me3. Reciprocally, MYC was inversely correlated with the 
repressive polycomb group mark H3K27me3. On some promoters, MYC associated 
with both H3K4me3 and H3K27me3, a bivalent state that is common in ES cells but 
seems rarer in lineage committed cells  [  118  ] . Overall, it seems more likely that 
H3K4me3 recruits MYC rather than H3K27me3 excluding MYC binding.  [  117  ] . 

 MYC function can be controlled interactions    with JARID1A/RBP2 and 
JARID1B/PLU-1  [  119,   120  ] . These enzymes are both speci fi c for H3 methylated at 
lysine 4 (H3K4me1,2,3) and may help to regulate this modi fi cation at MYC binding 
sites. There is emerging evidence that this process is disrupted by increased associa-
tion with histone demethylase NO66/MAPJD to alter the potential interactions with 
genes involved in proliferation of lung cancer cells  [  121  ] . A gene encoding a related 
protein, MINA53 (myc-induced nuclear antigen) is a MYC target that is overex-
pressed in lung cancer, for example  [  122,   123  ] . Together these  fi ndings suggest that 
the co-association of MYC with different histone-modifying enzymes, for example, 
through the consequence of altered enzyme expression, distorts and restricts the 
MYC transcriptome in malignancy. 

 In the light of these developments, MYC function has been reassessed to reveal 
the regulation of unexpected gene targets, some of which inhibit proliferation and 
induce programmed cell death  [  124  ] , contrary to the accepted view of MYC as an 
oncogene promoting growth and survival. These  fi ndings suggest that the malignant 
function of MYC represents selection for a subset of its potential actions.  

    4.2.3.2   The NR Superfamily 

 The NR superfamily also illustrates the key concepts of distorted and selected tran-
scription in cancer due to altered regulation of histone modi fi cations. NRs are the 
largest superfamily of transcription factors in humans and generally form active het-
erodimers to control networks that regulate homeostasis, energy metabolism, and 
xenobiotic handling. These receptors are intimately associated with the control of 
self-renewal in a number of epithelial systems, notably the prostate and mammary 



94 M.J. Campbell and B.M. Turner

glands. For example, studies in the prostate have established that the androgen recep-
tor (AR) cooperates with WNT and mTOR pathways  [  125,   126  ]  to induce prolifera-
tion. Equally other receptors, such VDR, PPARs, and RARs, exert mitotic restraint, 
at least in part by antagonizing WNT signaling and activation of cell cycle arrest 
through regulation of gene targets such as  CDKN1A  (encodes p21 (waf1/cip1) ) and 
 IGFBP3   [  127–  134  ] . 

 Cancer is typi fi ed by the actions of individual receptors becoming selective and 
the NR network collectively displaying a loss of transcriptional plasticity. The AR 
transcriptional program evolves towards increased targeting of proliferative gene 
promoters and decreased targeting of pro-differentiation genes  [  135,   136  ] . Similarly, 
within breast cancer the transcriptional actions of the ER a  appear to become increas-
ingly selective for gene targets associated with proliferation and survival and away 
from targets associated with differentiation  [  137–  139  ] . Equally in a range of solid 
tumors and myeloid leukemia, NRs that normally exert mitotic restraint, such as the 
VDR, RARs, and PPARs, become skewed, with selective silencing of antiprolifera-
tive target genes  [  129,   140–  144  ] . Combined, oncogenic transcriptional rigidity 
re fl ects the simultaneous distorted regulation of target loci such that proliferative 
and survival signals are enhanced and antimitotic inputs are either limited or lost. 
This  fi ltering of transcriptional choices during cancer progression has signi fi cant 
therapeutic implications. For example, the oncogenic actions of the TMPRSS2/ETS 
fusion, a common event in prostate cancer  [  145  ] , are critical precisely because the 
 TMPRSS2  promoter is sustained in an AR-responsive state. 

 More recently, genome-wide ChIP approaches have revealed considerable vari-
ability in the networks of interactions capable of bringing about varied transcrip-
tional responses  [  146–  148  ] . For example, in prostate cancer, as the disease 
progresses, there are altered levels of H3K4me1 and 2 on gene enhancer regions in 
the so-called AR-independent state, where cells have evolved resistance to antian-
drogen therapies. In this new state, the targeted increase of H3K4Me1 and 2 at dif-
ferent enhancer regions allows the cells to initiate a different AR transcriptional 
program  [  109  ] .  

    4.2.3.3      Hypoxia-Inducible Factor-1 Alpha 

 The hypoxia response of hypoxia-inducible factor-1 alpha (HIF-1A) also illus-
trates how transcriptional actions are selectively distorted by epigenetic processes 
in cancer cells. Within a normal cell, the levels of oxygen are monitored sensi-
tively by a transcriptional circuit that governs the function of HIF-1A. In nor-
moxic conditions, HIF levels are kept low level by destruction by an E3 ubiquitin 
ligase containing the VHL tumor suppressor protein, where oxygen serves as a 
co-substrate. Also oxygen impedes the interactions of HIF1 a  with the KATs CBP/
p300 thus limiting the capacity to initiate activating histone marks. In hypoxia, 
HIF-1 a  becomes stabilized and active, and promotes a stable interaction with 
CBP/p300 and therefore facilitates transcription  [  83  ] . Genome-wide analyses of 
HIF binding sites identi fi ed a number of KDMs as downstream targets, notably 
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JMJD1A and JMJD2B, thus providing the capacity to affect the epigenetic status 
of the cell. In part, this may contribute to maintenance of transcriptional activity 
under stress. It may also support the observed aberrant and selective HIF1 a  tran-
scriptional responses  [  149  ] . 

 Taken together these  fi ndings support the concept that the actions of major tran-
scription factor families are selective at several levels to govern the expression of 
sub-transcriptomes that are phenotypically related. The  fl exibility of transcriptional 
actions includes the exact choice of target sequence, the timing, amplitude, and 
magnitude of transcription and integration with other transcriptional programs and 
signal transduction events. In malignancy, the dexterity of targeting and regulation 
is blunted and instead transcription factors become addicted to speci fi c sub-tran-
scriptomes, for example, those associated with blockade of programmed cell death 
and progression through the cell cycle.   

    4.2.4   Loss- and Gain-of-Function of Transcriptional 
Co-activators and Co-repressors 

 One means by which transcriptional actions are distorted is through the altered 
expression of associated cofactors that either have an intrinsic or associated capac-
ity to regulate histone modi fi cations. The diversity of co-activator and co-repressors 
is extreme and they have been the subject of numerous reviews  [  150–  154  ] . Several 
examples are strongly illustrative of underlying mechanisms of transcriptional regu-
lation. In essence, the altered expression and function of these key proteins alters the 
equilibrium of key histone modi fi cations and thereby allowing the gene regulatory 
actions of a given transcription factor to become more or less pronounced. 

 Co-activators and co-repressors each display both loss and gain of function, 
and can result in similar phenotypes. Thus, the loss of a co-activator can lead to 
suppressed ability of a transcription factor to transactivate a given target. Similarly, 
the gain of function of co-repressors can limit transactivation ability and enhance 
transrepression. The opposite patterns will in turn enhance the transactivation 
function. 

 For example, NCOA3/SRC3 is situated within a common area of chromosomal 
ampli fi cation in breast cancer on chromosome 20q. Initially, cDNAs were isolated 
from this region that contained a putative target gene that was termed AIB1 (for 
“ampli fi ed in breast cancer-1”). Subsequently, this gene was found to be a member 
of the SRC co-activator family and was ampli fi ed and overexpressed in breast and 
ovarian cancer cell lines, as well as in breast cancer biopsies  [  155  ] . NCOA3/SRC3/
AIB1 interacts with ERs in a ligand-dependent fashion and enhances the regulation 
of target genes. Speci fi cally the protein has intrinsic KAT activity and also acts to 
recruit other CBP/p300 in an allosteric manner  [  156  ] . Therefore, increased expres-
sion increases the ability of the ER a  to transactivate a given gene target. Subsequently, 
this protein was identi fi ed NCOA3 and shown to be a potent histone acetyl trans-
ferase able to enhance the function of multiple NRs  [  157–  159  ] . 
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 Compared to their co-activator cousins, the co-repressors are somewhat under-
explored. Again, these key proteins, originally identi fi ed for their repressive interac-
tions with NR illustrate how deregulated functions can alter chromatin and thereby 
attenuate gene regulation. NCOR1 and NCOR2/SMRT were cloned in 1995 using 
NR as bait  [  160,   161  ] , and both proteins exist in large multimeric complexes 
(~2.0 MDa)  [  162  ]  with histone deactylases and other histone-modifying enzymes 
(reviewed in  [  153  ] ). These complexes are recruited to many different transcription 
factors to repress gene activity during the transcriptional cycle. These transcription 
factors include: NR, MAD/MXI, MYOD, ETO, CBF, FOXP, AP-1, and NF- k B fac-
tors. The importance of targeted  basal repression  by co-repressors is evident in the 
lethality of the  Ncor1  −/−  and  Ncor2/Smrt  −/−  mice. These models reveal enhanced 
function of transcription factors, notably Ppar g  in adipocytes  [  163  ]  and FoxP in 
cardiomyocytes  [  164  ] . Dynamic mechanisms have also emerged whereby NCOR1 
and NCOR2/SMRT complexes can be recruited to activate transcription factors 
leading to transrepression  [  165,   166  ] . Finally, an emerging theme is the pattern of 
active de-repression where loss of co-repressor association, following activated 
transcription factor, leads to up-regulation of target genes independently of the sus-
tained presence of the transcription factor  [  167  ] . 

 Well-established oncogenic roles for NCOR1 and NCOR2/SMRT have been elu-
cidated in acute promyelocytic leukemia (PML) that results from a fusion between 
the NR, RAR a , and either the PML or promyelocytic leukemia zinc  fi nger (PLZF) 
genes  [  142  ] . Both chimeric proteins sustain NCOR1 interactions and consequently 
RAR a -mediated cell differentiation is blocked, in part, as a result of maintaining a 
condensed chromatin structure around the promoters of RAR a  target genes that 
govern normal hematopoietic differentiation  [  168,   169  ] . In the PML-RAR fusion, 
this can be overcome by pharmacological dosing with retinoic acid. The PLZF-
RAR fusion is resistant to retinoic acid alone and treatment with a combination of 
retinoic acid and HDAC inhibitors has shown promising results. Similarly, in acute 
myeloid leukemia (AML), the AML1/ETO fusion protein promotes leukemogene-
sis by recruiting NCOR1 and again impeding transcriptional regulation  [  170  ] . The 
importance of NCOR1 binding in the treatment of these disease states exempli fi es 
the relevance of the co-repressors in  fi rstly driving critical oncogenic events, but 
secondly providing a rational targeted strategy towards HDACs. 

 Expression pro fi ling in solid tumors has revealed altered NCOR1 and NCOR2/
SMRT expression and localization, for example, in breast, bladder, and prostate 
cancers  [  129,   141,   143,   171–  173  ] . However, to date, uncertainty remains over their 
precise role in solid tumors, especially in the case of breast and prostate cancers 
where the etiology of disease is intimately driven by the actions of steroid hormone 
NRs. Indeed, the ability of the ligand-free NR to bind NCOR1 and NCOR2/SMRT 
is important to therapeutic exploitation with receptor antagonists such as Tamoxifen 
in the case of breast cancer. Therefore, ambiguity exists over the extent and timing 
of NCOR1 and NCOR2/SMRT expression changes, as they relate to initiation and 
progression of disease. Secondly, it remains unclear how changes in NCOR1 and 
NCOR2/SMRT expression relate to different NRs and other transcription factors 
that exert either pro- or antimitotic and survival effects. Resolving these ambiguities 



974 Altered Histone Modi fi cations in Cancer

has signi fi cant therapeutic implications in terms of targeting co-repressors as either 
epigenetic mono-therapies using HDAC inhibitors or in combinations with tran-
scription factor targeting. 

 In prostate cancer cells, elevated levels of NCOR2/SMRT have been detected 
and suppress VDR responsiveness  [  129  ] . Similarly, PPAR actions are disrupted and 
can be targeted selectively by using HDAC inhibitor co-treatments  [  174,   175  ] . More 
speci fi cally, elevated NCOR1, and to a lesser extent NCOR2/SMRT correlated with, 
and functionally drove, the selective insensitivity of PPAR a / g  receptors towards 
dietary derived and therapeutic ligands  [  175  ]  most clearly in androgen-independent 
disease. Similar roles for NCOR1 and NCOR2/SMRT appear in the development of 
breast cancer and Tamoxifen resistance  [  171  ] . Elevated levels of NCOR1 occur in 
ER a  negative disease and in turn attenuate antimitotic actions of VDR. Again, this 
molecular lesion can be targeted in ER a  negative breast cancer cell lines with co-
treatments of VDR ligand (e.g., 1 a ,25(OH) 

2
 D 

3
 ) plus HDAC inhibitors resulting in 

selective re-expression of VDR target genes, notably  VDUP1  and  GADD45A   [  143  ] . 
Together, the studies in breast and prostate cancer suggest that NR show speci fi city 
in their interactions with co-repressors. NCOR1 appears to be involved in the regu-
lation of receptors such as the VDR and PPARs and NCOR2/SMRT with steroid 
hormone receptors, re fl ecting the emergent speci fi cities of NR interactions in the 
murine knockout models.   

    4.3   Consequences of Altered Histone Modi fi cation States 

    4.3.1   Higher Order Chromatin Interactions Associated 
with Transcription 

 Another theme that has emerged concerning epigenetic regulation of transcription 
is higher order chromosomal interactions. It seems that large-scale chromatin rear-
rangement, through looping, is frequent and widespread. Loops can be inter- or 
intra-chromosomal and are guided by transcription factors, key pioneer factors, and 
chromatin-modifying enzymes  [  176,   177  ] . Improved microscopy techniques have 
recently shown nascent RNA on the surface of protein dense transcription factories 
(“gene hubs”) that seem to correspond to structures previously termed “nuclear 
speckles”  [  178  ] . 

 A clear example of these interactions has been illustrated in the transcriptional 
responses of B-cells where translocation of genes occurs from separate chromo-
somes and nuclear regions to common sites referred to as transcription factories. 
These sites contain signi fi cant levels of RNA Pol II, and other proteins, including 
factors required for elongation, chromatin remodeling, capping, splicing, and non-
sense-mediated decay. Recruitment of genes to transcription factories is highly 
selective, with certain genes and chromosome regions co-localizing far more fre-
quently than expected by chance. Intriguingly, sites of chromosome translocation 
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associated with various cancers often co-localize. For example,  Myc  and  Igh  tend to 
co-localize and their fusion, in human lymphoid cells, is a common cause of Burkitt’s 
Lymphoma. These rapid movements are associated with movements of the nuclear 
architecture and involve ATP-dependent mechanisms that involve a chromosome 
locus usually located at the nuclear periphery being rapidly translocated to the inte-
rior in a direction perpendicular to the nuclear membrane  [  179  ] . 

 Again, the NR superfamily illustrates these aspects of the deregulation of epige-
netic states. NRs appear to interact with more dominant more widely binding pio-
neer factors. For example, ER a  interacts with pioneer factors and KDMs. This 
interaction is involved with micro-chromatin reorganization at response elements, 
and also with higher order chromatin reorganization. Active ATP-dependent trans-
port mechanisms have recently been shown to be an essential intermediate step in 
gene activation by ER a  and act to move discrete chromosomal regions together into 
interchromatin hubs. These granules are subsequently joined to the surface of 
nuclear structures rich in splicing and transcriptional machinery that may re fl ect the 
previously termed “nuclear speckles”  [  180  ] . 

 This suggests a role for KDM1A/LSD1 in directing docking of the ER a -gene 
hub complex with the nuclear speckles, but the exact function of KDM1/LSD1 in 
this process remains unclear. If this role is catalytic rather than purely structural, it 
is possible that the substrate involved is a nonhistone protein. It will also be of inter-
est to determine whether KDM1/LSD1 or related enzymes play a role in directing 
 MYC  and  IGH  alleles to transcription factories. The recent development of improved 
microscopy techniques which has shown nascent RNA appearing on the surface of 
protein dense transcription factories should aid in clarifying this situation  [  178  ] , as 
well as further work investigating the relationship between nuclear speckles and 
transcription factories.  

    4.3.2   Directing DNA Methyltransferase Speci fi city 
and Stable Gene Silencing 

 There is compelling evidence that histone and DNA methylation processes disrupt 
transcriptional actions, both alone and together. For example, one consequence of 
NCOR1 and NCOR2/SMRT association at target genes is the loss of H3K9ac and 
accumulation of H3K9me2, allowing the potential for hypermethylation at adja-
cent CpG regions. Further links exist between NCOR1 and DNA methylation 
through its interaction with KAISO  [  181  ] . Correlative studies reveal that a number 
of key AR and VDR target genes are silenced by increased CpG methylation  [  182, 
  183  ] . At high density regions of CpG methylation, spanning hundreds of base 
pairs, the entire region acquires H3K9 and -K27 methylation, loses H3K4 methyla-
tion, and recruits heterochromatin binding protein 1 (HP1)  [  101  ] . The recruitment 
of HP1 through interaction with MBD1 leads to recruitment of both an H3K9 
methylase (KMT1A/SUV39H1)  [  184  ]  and DNA methyltransferases (DNMTs) 
 [  185  ] ; enzymes that add repressive methylation marks to histones and CpG. 
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DNMT3L and UHFR1 also provide potential links between DNA methylation and 
absence of H3K4 methylation and presence of H3K9 methylation, respectively 
(reviewed in  [  186  ] ). 

 Thus, these processes become self-reinforcing. It is not precisely clear, however, 
in mammalian cells whether either the H3K9 methylation or the high density of 
CpG methylation is required  fi rst to set up this heterochromatic structure. However 
in  Neurospora crassa , loss of HP1 (which requires H3K9 methylation for binding 
to chromatin) leads to loss of DNA methylation  [  187  ] . This situation describes sta-
ble heterochromatic silencing of genomic regions and is in contrast to the dynamic 
changes at a locus with active epigenetic regulation of transcription in response to 
NR activation. However, even in such actively regulated regions, dynamic changes 
in DNA methylation appear to occur. For example, these have been measured in 
response to NR actions  [  106–  108  ] . 

 This differential regulation of histone methylation has profound implications for 
transcriptional control. DNA methylation and H3K4 methylation are mutually 
exclusive, while H3K9 methylation is strongly associated with DNA methylation, 
for example, through the formation of heterochromatin by HP1 binding and histone 
deacetylation. In the absence of DNA methylation, these inter-relationships are 
highly dynamic, with target gene promoters often poised to be subsequently pushed 
towards a fully active, or a more stably repressed state. For example, CpG island 
promoter regions of non-expressed genes do in fact show low-level RNA POLII 
association and modest transcriptional initiation. It seems that the presence of 
H3K4me3 methylation holds these promoters in a chromatin structure that is acces-
sible to the transcriptional machinery, poised to recruit speci fi c transcription factors 
to drive high level, ef fi cient transcription. In turn this prevents H3K9me2 and DNA 
methylation. Aberrant DNA methylation of these CpG islands in cancer cells 
reduces this plasticity and coincides with loss of H3K4 methylation, gain of H3K9 
methylation along with other heterochromatin marks, and stable transcriptional 
silencing  [  101  ] . 

 The distributions of these histone modi fi cations and DNA methylation patterns in cell 
line models are being organized by research consortia, for example, ENCODE  [  188  ] . 
Again, these genome-wide datasets also appear to support the idea that these histone 
marks are strongly associated with features of genomic architecture, such as gene regions, 
TSS, and enhancer regions where regulatory transcription factors can bind. 

 The links between sustained repressive histone modi fi cations in the enhancer or 
promoter regions of a gene locus and altered DNA methylating events are targets for 
exploitation. Importantly, these epigenetic lesions are individually highly targetable 
with clinically available small molecular weight inhibitors targeted to speci fi c his-
tone deacetylation events and more recently this has been extended to include his-
tone methylation events  [  189  ] , coupled with agents that target CpG methylation 
(reviewed in  [  190  ] ). Thus, comprehensive understanding of the key co-repressors in 
malignancy, delineating the key transcription factors interactions and the critical 
targets that are thereby dysregulated   , may have considerable prognostic utility, 
speci fi cally through the capacity to stratify patients for speci fi c tailored epigenetic 
therapies.       
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  Abstract   Nucleosomes are the basic structural units of eukaryotic chromatin. In 
recent years, it has become evident that nucleosomes and their position, in concert 
with other epigenetic mechanisms (such as DNA methylation, histone modi fi cations, 
changes in histone variants, as well as small noncoding regulatory RNAs) play 
essential roles in the control of gene expression. Here, we discuss the mechanisms 
and factors that regulate nucleosome position and gene expression in normal and 
cancer cells.      

    5.1      Introduction 

 Nucleosomes are the basic units of eukaryotic chromatin, each one containing 
~146 bp of DNA wrapped around an octamer of histone core proteins (H3, H4, 
H2A, and H2B), which in turn are separated by linker DNA of variable length  [  1  ] . 
At least  fi ve epigenetic mechanisms have been shown to act in concert to regulate 
gene expression by modifying chromatin structure, namely DNA methylation, his-
tone modi fi cations, nucleosome remodeling, and changes in histone variants as well 
as small noncoding regulatory RNAs  [  2  ] . In addition to playing a pivotal role in 
chromatin structure, nucleosomes display differential occupancy at promoter 
regions, thereby regulating gene expression by altering DNA accessibility. For 
instance, a nucleosome-depleted region (NDR) at transcriptional start sites corre-
lates with gene expression, whereas the positioning of a nucleosome over the tran-
scriptional start site results in gene repression  [  2,   3  ] . The position of nucleosomes is 
determined and in fl uenced by a number of factors, including DNA sequence, DNA 
methylation, histone modi fi cations and histone variants, chromatin remodelers, and 
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transcription factor binding  [  4  ] . We discuss how these factors act in normal cells and 
how abnormalities in these factors impact nucleosome occupancy and gene expres-
sion in cancer cells.  

    5.2   Regulation of Nucleosome Position in Normal Cells 

    5.2.1   DNA Sequence Preferences 

 The sequences that regulate nucleosome position fall into two categories: motifs 
that are preferred (included within the nucleosome) and motifs that avoided 
(excluded from the nucleosome)  [  5  ] . Preferred sequences were originally character-
ized as particular dinucleotides, including CG and GC dinucleotides, occurring with 
approximately 10 bp periodicity, although nucleosomes may also prefer longer 
DNA motifs  [  4,   6  ] . The sequences that are disfavored by nucleosomes include vari-
ous 5-mers and long tracts of As (10–20 bp or more), possibly due to their resistance 
to the structural distortions required for DNA wrapping and nucleosome formation 
 [  4,   7  ] . Such organization helps restrict nucleosome access to those regions to ensure 
proper gene expression pattern  [  7  ] . An example of regions containing both pre-
ferred and disfavored sequences with restricted nucleosome positioning are the Alu 
repeats  [  6,   8  ] . More recently, however, the concept of intrinsically DNA-encoded 
positioning as an organizational determinant of the 5 ¢  end of genes has been chal-
lenged. In this regard, studies showed that the majority of the human genome dis-
plays great  fl exibility in nucleosome positioning, although DNA sequence can 
strongly drive the organization of nucleosomes at speci fi c sites  [  9  ] . It has also been 
shown that these intrinsic signals can be overridden, con fi rming that additional fac-
tors are involved in nucleosome organization  [  9,   10  ] .  

    5.2.2   Nucleosomes and DNA Methylation 

 DNA methylation in mammals occurs at CpG dinucleotides, which are distributed 
along the genome in clusters (CpG islands) or in regions containing high concentra-
tion of repeat sequences, and acts as a relatively stable gene silencing mechanism 
 [  2  ] . The majority of isolated CpGs tend to be methylated in mammals. In contrast, 
the majority of the CpG islands, which represent 60% of all human promoters, 
remain largely unmethylated  [  2,   3  ] . However, a number of CpG island promoters, 
such as those of imprinted genes, are methylated resulting in monoallelic gene 
expression in normal cells  [  3  ] . CpG islands can also be found within or in between 
transcriptional units (orphan CpG islands)  [  3  ]  and can be associated with novel 
promoter regions and to be active in a tissue-speci fi c manner  [  3  ] . DNA methylation 
also appears to be important for the regulation of non-CpG island promoters and the 
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tissue-speci fi c expression of the genes that they control including  MASPIN ,  OCT-4 , 
 LAMB3 , and  RUNX3  promoter 1  [  11–  14  ] . Methylation is also observed in repetitive 
genomic sequences, which include transposable elements and noncoding DNA, 
where it helps maintain genomic stability  [  15,   16  ] . DNA methylation is established 
by the activity of three DNA methyltransferases (DNMTs): DNMT1, which prefer-
entially methylates hemimethylated DNA during replication, and DNMT3A and 
DNMT3B, which are replication-independent, have been shown to establish de novo 
DNA methylation. Furthermore, DNMT3A and 3B were shown to be recruited to 
sites methylated by DNMT1 thereby contributing to propagate the methylated state 
 [  17,   18  ] . 

 CpG DNA methylation causes steric interference in the formation of nucleosomes 
in vitro, suggesting that methylation may play a role in nucleosome occupancy  [  4  ] . 
However, more recent in vivo studies demonstrate that the nucleosome architecture 
plays a role in the shaping of DNA methylation patterns  [  19  ] . This is in agreement 
with studies from our laboratory showing that nucleosomes are required for stable 
DNMT3A/3B anchoring  [  17,   18,   20  ]  and that nucleosome occupancy precedes 
de novo DNA methylation in vivo  [  14  ] . While the direction of the relationship is 
still under investigation, it is clear that nucleosome position and methylation are 
interrelated.  

    5.2.3   Nucleosomes and Histone Modi fi cations 

 The N-terminus of histones can undergo a variety of modi fi cations in speci fi c 
residues, including acetylation, methylation, ubiquitination, sumoylation, and 
phosphorylation  [  21  ] . Histone modi fi cations work in a combinatorial fashion to 
alter chromatin accessibility by disrupting interactions between nucleosomes or 
by regulating the recruitment of nonhistone proteins  [  4,   22  ] . Speci fi c patterns of 
histone modi fi cations characterize genomic regions. For instance, active pro-
moter regions are enriched in trimethylated H3 at lysine 4 (H3K4me3), whereas 
inactive promoters are enriched in trimethylated H3 at lysine 27 and trimethy-
lated H3 at lysine 9 (H3K27me3 and H3K9me3), and regulatory enhancers are 
enriched in monomethylated H3 at lysine 4 (H3K4me1)  [  21  ] . Such patterns are 
dynamic and regulated by enzymes that can add or remove the modi fi cations. 
These include histone methyltransferases (HMTs) and demethylases (HDMTs), 
which introduce and remove methyl groups, respectively, and histone acetyl-
transferases (HATs) and deacetylases (HDACs), which introduce and remove 
acetyl groups, respectively. Histone acetylation is an important marker of tran-
scriptional activity; for instance, acetylated histone H3 (acH3) can also be found 
at well-positioned nucleosomes  fl anking the AR binding site of 20% of AR 
enhancers, upon hormone stimulation  [  23  ] . In addition, acH4K16 can be found 
at well-positioned nuclesomes  fl anking unmethylated CpG islands at the pro-
moter regions of some tumor-suppressor genes  [  24  ] . In addition, although his-
tone modi fi cations themselves are not likely to have a direct impact in nucleosome 
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positioning, their ability to recruit chromatin remodeler  proteins and other  factors 
may have a substantial impact in nucleosome organization  [  4  ] .  

    5.2.4   ATPase-Dependent Chromatin Remodelers 
and Histone Variants 

 ATP-dependent chromatin remodelers can be grouped in families based on subunit 
composition and activity: the SWI/SNF family includes the SWI/SNF, INO80, and 
SWR1 complexes; the ISWI family comprises the RSF, ACF/CHRAC, WICH, and 
NURF complexes; and the CHD family which includes NURD complexes  [  25,   26  ] . 
These complexes directly affect nucleosome positioning by actively mobilizing 
nucleosomes or introducing histone variants. 

    5.2.4.1   SWItch/Sucrose Non-fermenting 

 These complexes consist of 9–12 subunits, which include one of two ATPases: 
Brahma homologue (BRM/SMARCA2) or Brahma-related gene 1 (BRG1/
SMARCA4), a set of “core” subunits, including SNF5 and BAF53a/b, and a number 
of variable subunits  [  27  ] . A number of the variable subunits are mutually exclusive; 
for example, AT-rich interactive proteins (ARID) 1A and ARID1B (BAF250a and 
BAF250b)  [  25,   27  ]  do not coexist in the same complex and Polybromo 1 (PBRM1 
or BAF180), bromodomain-containing 7 (BRD7), and BAF200 are only present in 
complexes lacking ARID1 proteins  [  27  ] . Complexes containing ARID1 proteins are 
named BAF whereas complexes containing PBRM1 are known as PBAF  [  27  ] . The 
variety of subunits allows for a combinatorial assemblage that leads to functional 
diversity as evidenced by the developmental stage-speci fi c composition of SWItch/
sucrose non-fermenting (SWI/SNF) complexes  [  25  ] . SWI/SNF complexes remodel 
chromatin by sliding or by ejecting or inserting nucleosomes thereby contributing to 
either transcriptional activation or repression  [  27,   28  ] ; interestingly, they are pri-
marily enriched at distal regulatory regions rather than at promoters  [  25  ] . SWI/SNF 
complexes also associate and act in concert with histone modifying complexes, 
including HDACs, HATs, and protein arginine methyltransferases (PRMT4/CARM1 
and 5), to regulate gene expression  [  27,   29,   30  ] .  

    5.2.4.2   INO80 and SWR1 

 These complexes consist of core proteins (the ATPase, helicases, and actin-related 
proteins) and additional subunits  [  31  ] . INO80 complexes contain the INO80 ATPase 
 [  31  ]  whereas the SWR1 complexes (SRCAP and TRAAP/Tip60) contain the 
ATPases SRCAP or p400 and share a number of subunits  [  31  ] . The INO80 complex 
displays helicase activity and catalyzes nucleosome sliding  in cis , and is involved in 
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chromosome segregation  [  32  ] , the DNA, and damage repair response, and  facilitates 
recombination-mediated events  [  25,   33,   34  ] . INO80 recruitment to damaged sites 
has been recently shown to depend on actin-related protein 8  [  35  ] . SRCAP complex 
directs the incorporation of H2A.Z into nucleosomes by exchange of H2A/H2B 
dimers for H2A.Z/H2B dimers in a replication-independent manner  [  36,   37  ] . 
SRCAP-mediated deposition of H2A.Z is required for gene reactivation in colon 
cancer cells treated with the DNA methylase inhibitor Azacitidine  [  38  ] . P400-
containing complexes play a role in DNA repair by destabilizing nucleosomes and 
promoting chromatin ubiquitination  [  39  ] . It has been suggested that TRAAP/Tip60 
(p400) complexes are involved in the deposition of H2A.Z into chromatin in an 
acetylation-dependent manner. P400-mediated H2A.Z deposition is important for 
estrogen receptor-mediated gene expression  [  40  ]  whereas SRCAP appears to be 
important for the androgen receptor-stimulated expression of Kallikrein 3/prostate 
speci fi c antigen (KLK3/PSA) and cell proliferation in prostate cancer cells  [  41  ] . 

 H2A.Z deposition is associated with several nucleosomes surrounding the tran-
scriptional start site of active and poised promoters, and nucleosomes and H2A.Z 
are lost preferentially at the −1 nucleosome upon gene activation  [  42  ] . In addition, 
enrichment in H2A.Z, and also the histone H3 variant histone H3.3, has been found 
at distal regulatory regions such as enhancers  [  42,   43  ] . During mitosis, the H2A.Z-
containing +1 nucleosome of active genes shift upstream to occupy the transcrip-
tional start site of genes silenced during mitosis, signi fi cantly reducing NDRs  [  44  ] . 
Interestingly, H2A.Z has also been shown to play an inhibitory role in cell cycle 
arrest, providing evidence that H2A.Z localization at regulatory regions may con-
tribute to the positive or negative regulation of gene transcription  [  42  ] . Differential 
H2A.Z acetylation patterns at promoters may contribute to the opposing functions 
of H2A.Z, as the presence of acetylated H2A.Z has been shown to correlate with 
gene activation in prostate cancer cells  [  45  ]  and to be anti-correlated with DNA 
methylation  [  46,   47  ] .  

    5.2.4.3   ISWI Complexes 

 Similar to SWI/SNF complexes, the combinatorial assembly of subunits allows for 
a multiplicity of ISWI complexes that display speci fi c functions, including tran-
scriptional repression, DNA replication, and heterochromatin formation. The 
remodeling spacing factor (RSF), ATP-utilizing chromatin assembly and remodel-
ing factor (ACF), chromatin accessibility (CHRAC), and WICH complexes share 
the hSNF2H ATPase  [  25  ] , while the nucleosome remodeling factor (NURF) com-
plexes contain the hSNF2L ATPase. All ISWI complexes display ATPase and 
nucleosome spacing and remodeling activities and RSF, in particular, promotes 
regular spacing between nucleosomes and stimulates transcriptional activation  [  25  ] . 
In addition, WICH complexes are important for DNA replication of pericentromeric 
heterochromatin and the WSTF subunit of this complex binds and stabilizes H2A.X 
by phosphorylation after DNA damage  [  25  ] . NURF complexes have also been 
shown to play a role in the regulation of chromatin barriers; for example, the 
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 transcription factor USF1 (upstream stimulatory factor 1) recruits NURF and an 
HMT to the insulator of the beta-globin gene to retain its active con fi guration  [  48  ] .  

    5.2.4.4   NURD Complexes 

 These complexes are formed by the CHD ATPases CHD3 or CHD4 (or Mi-2a or 
Mi2b), HDACs, and additional subunits and contain both HDAC and remodeling 
activity  [  25  ] . NURD complexes play a role in transcription, cell differentiation, cell 
cycle checkpoint control, and metastasis, and are recruited to sites of DNA damage 
by poly-ADP-ribose polymerase (PARP)  [  25,   49,   50  ] . The methyl CpG binding 
domain 2/3 (MBD2 and 3) subunits of these complexes are thought to be involved 
in protein–protein interaction and are mutually exclusive, whereas the metastasis 
associated gene 1 and 2 (MTA1 and 2) subunits bind to speci fi c transcription factors 
thereby targeting the complex to different genomic loci  [  50  ] .   

    5.2.5   Transcription Factor Binding 

 The position of nucleosomes can be directly affected by transcription factors as they 
compete for DNA access  [  4  ] . Transcription factors often bind at NDRs. For exam-
ple, OCT-4 is required for establishing and maintaining of an NDR at the distal 
OCT-4 enhancer and the proximal NANOG promoter regions, which are necessary 
for gene expression  [  14  ] . We have recently reported that a percentage of androgen 
receptor (AR) enhancers show a NDR in the absence of ligand, and that androgen 
treatment and subsequent AR recruitment increase the number of enhancers with 
NDRs without changes in footprint  [  51  ] . The pioneering factor GATA-2 is required 
for the maintenance of the NDR at the AR enhancer of TMPRSS2 in the absence of 
ligand  [  51  ] . The presence of GATA-2 at the enhancer may facilitate AR binding, as 
proposed by the model of transcription factor cooperativity of Segal and Widom  [  4  ] . 
In contrast, other transcription factors are frequently bound to nucleosome occupied 
regions; for instance, P53 binding occurs preferentially to regions with high intrin-
sic nucleosome occupancy  [  52  ] . Thus, the relationship between nucleosome occu-
pancy and transcription factor binding is context-speci fi c.   

    5.3   Aberrant Epigenetic Regulation and Epigenetic 
Switching in Cancer Cells 

 Genetic and epigenetic changes play important roles in cancer initiation and pro-
gression  [  53,   54  ] . During tumorigenesis, the cell epigenome undergoes global 
changes, including a genome-wide reduction in DNA methylation, an increase in 
localized DNA methylation at CpG island promoters, and changes in histone 
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modi fi cation pro fi les  [  55  ] ; in addition, cancer cells display aberrant expression of 
chromatin-modifying enzymes  [  56  ] . The events leading to these epigenetic abnor-
malities are still not fully understood. Epigenetic changes are mitotically inherited 
and may promote tumorigenesis by either silencing tumor suppressor genes  [  57  ]  or 
by activating oncogenes  [  2  ] . 

 Because of the interaction amongst chromatin remodeling complexes  [  58  ]  and 
between these complexes and DNMTs  [  59,   60  ] , genetic mutations in enzymes or 
other subunits of chromatin remodeling complexes may lead to profound epigenetic 
changes, including aberrant nucleosome position, DNA methylation, histone com-
position, and/or histone modi fi cations  [  2  ] . In addition, deregulated expression of 
proteins involved in the recruitment of remodeling complexes to speci fi c loci may 
alter nucleosome localization and/or retention at such sites, contributing to the prop-
agation of abnormal epigenetic states  [  2  ] . All these changes will in turn lead to 
aberrant gene expression patterns and genomic instability, which ultimately may 
predispose or give rise to disease  [  2  ] . The mechanisms contributing to the altered 
epigenetic landscape of cancer cells are discussed below. 

    5.3.1   Mutations in DNA Methylation Enzymes 

 CpG island methylation at gene promoters affects gene expression and abnormal 
patterns of DNA methylation have been implicated in carcinogenesis  [  53,   54  ] . 
Hypomethylation of retrotransposons may lead to their reactivation and genomic 
translocation or to the activation of alternative transcripts. These DNA methylation 
changes have also been shown to correlate with changes in nucleosome occupancy 
 [  2  ] . For instance, LINE-1 is hypomethylated and nucleosome depleted in colon can-
cer  [  61  ]  and bladder cancer, where it induced the expression of an alternate tran-
script of the  MET  oncogene  [  16  ] . Hypomethylation of centromeric regions and/or of 
pericentromeric satellite sequences may lead to abnormal chromosome segregation 
and genomic instability  [  62  ] . Perhaps the best example of chromosome instability is 
a germ line mutation in DNMT3B, which underlies a chromosome instability and 
immunode fi ciency syndrome  [  63  ] . In addition, DNA hypomethylation may lead to 
loss of imprinting (LOI), resulting in biallelic expression of a monoallelic gene  [  2, 
  64  ] , which often occurs in a variety of cancer types  [  64  ] . Re-expression of normally 
silenced genes or microRNAs (miRNA) can also occur due to DNA hypomethyla-
tion; examples of these events are  R-RAS ,  MASPIN , and  Cyclin D2  in gastric cancer; 
 MAGE  in melanoma;  HPV16  (human papillomavirus 16) in cervical cancer;  S100A4  
in colon cancer; and the  let-7a-3  miRNA in lung adenocarcinomas  [  2,   62  ] . 

 Site-speci fi c hypermethylation and silencing of tumor suppressor genes has also 
reported in cancer and correlates with changes in nucleosome occupancy  [  65  ] . 
Genes that regulate cell cycle progression, and DNA repair, such as  RB  (retinoblas-
toma),  MLH1  (endometrial cancer),  p16  (glioma, lymphoma, multiple myeloma), 
and  p15  (lymphoma and multiple myeloma),  BRCA1  and  BRCA2  (lung and ovarian 
cancer),  APC  (lung, breast, and colorectal cancer),  PTEN  (brain and thyroid gland 
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cancers),  XRCC5  (lung and ovarian cancer), and estrogen receptor (prostate cancer) 
have all been reported to be hypermethylated in cancer  [  2,   62  ] . DNA hypermethyla-
tion can also indirectly inactivate other genes by silencing transcription factors that 
control their expression. For example, hypermethylation has been found at the 
 RUNX3  promoter in esophageal cancer and at the  GATA-4  and - 5  promoters in col-
orectal and gastric cancers  [  2,   62  ] . In addition, inactivation of miRNAs by hyperm-
ethylation has been observed in a variety of cancer types including bladder and 
prostate (mir-127), endometrial (mir-152, mir-129-2), pancreatic (mir-132), oral 
(mir-137 and miR-193a), gastrointestinal (mir-34b/c), and colorectal (mir-137) can-
cers, and in ALL (mir-124a), and other hematological malignancies (mir-124-1) 
 [  66–  75  ] . A new class of noncoding RNA (mirtrons) has been also shown to be sus-
ceptible to epigenetic silencing in urothelial cell carcinoma  [  73  ] . DNMT1 muta-
tions have been described in colorectal cancer and DNMT3A mutations and 
decreased protein levels have been shown to occur in myelodysplastic syndromes 
(MDS) and AML, and in primary prostate tumors, respectively  [  76–  80  ] ,  DNMT1 , 
 DNMT3A,  and  DNMT3B  appear to be largely overexpressed in a variety of cancer 
types and may contribute to ectopic hypermethylation  [  81  ] . 

 Recent studies have pointed to the existence of both passive and active mecha-
nisms of DNA demethylation  [  82  ] . Active demethylation occurs during early 
embryogenesis and is mediated by the formation of cytosine intermediaries, for 
instance 5-hydroxy-methyl cytosine or 5-methyl uracil, via the action of enzymes 
such as ten-eleven-translocation (TET) or activation-induced cytidine deaminase 
(AID), respectively  [  82  ] . 

 TET1 translocations have been reported to occur in AML  [  83  ]  and TET2 muta-
tions have been frequently found in myelodysplasia and in myeloid malignancies 
 [  84–  90  ] . In addition, TET2 promoter hypermethylation was observed in a fraction 
of gliomas  [  91  ] . 

 AID promotes somatic hypermutation and class switch recombination of immu-
noglobulin (Ig) genes in germinal center (GC) B cells and aberrant AID expression 
has been implicated in the progression of chronic myeloid leukemia (CML) into 
fatal blast crisis  [  92  ] . 

 Because DNA methylation stabilizes nucleosome occupancy, mutations in DNMTs    
and in enzymes involved in DNA demethylation are likely to cause large-scale epige-
netic alterations in cancer cells; in addition, de novo functions generated by fusion 
with their translocation partners may also contribute to tumorigenesis  [  93  ] .  

    5.3.2   Mutations in Genes Encoding Histone Modi fi ers 

 Genome-wide analyses of histone modi fi cations in cancer cells have revealed global 
changes in various histone marks  [  2  ] . These changes may affect the recruitment of 
transcription factors and chromatin remodeler complexes to speci fi c genomic loci, 
thereby affecting nucleosome positioning. 



1175 Nucleosome Occupancy and Gene Regulation During Tumorigenesis

    5.3.2.1   HATs and HDACs 

 In cancer cells, there is a global reduction in the active acH4K16 and H3K4me3 
marks, and in the repressive H4K20me3 mark  [  94  ]  as well as a gain in the repressive 
H3K27me3 mark  [  95  ] . Acetylation patterns are disrupted in colon, uterus, lung 
tumors, and in leukemias as a result of translocations or mutations in the genes that 
encode some of the HATs and HDACs (for instance, HDAC2) or due to mistarget-
ing of the fusion products  [  94  ] . HDAC overexpression has also been observed; for 
example, the levels of the dedicated H4K16 HDAC SIRT1 were found to be high in 
hepatocellular carcinoma  [  96  ]  and colon cancer  [  97,   98  ] .  

    5.3.2.2   HMTs and HDMTs 

 Alterations in HMTs and HDMTs have also been shown to be involved in tumori-
genesis. Mixed lineage leukemia (MLL) 1–4, SETD1A, and SETD1B are H3K4 
HMTs that exist as multiprotein complexes that contain core subunits and various 
unique subunits including HATs, tumor suppressor gene products, mRNA-process-
ing factors, and nuclear hormone receptors. MLLs play critical roles during devel-
opment and in adult tissues; they regulate gene transcription directly by introducing 
the active H3K4me3 mark, and indirectly via their partnership with other chromatin 
remodeling complexes and co-regulators  [  99  ] . In addition, a potential role for MLL 
complexes in alternative splicing has been proposed  [  99  ] . Mutations in MLL1 
and MLL3 genes have been reported in 59% of bladder cancer patients  [  100  ] . 
Chromosomal rearrangements in the  MLL1  gene occur preferentially in hematopoi-
etic cells  [  101  ]  and result in a multiplicity of fusion proteins with new properties 
and binding partners that contribute to the development of hematological malignan-
cies  [  101  ] . Mutations in  MLL2   [  102,   103  ]  and MLL2 decreased expression levels as 
well as mutations and deletions in  MLL3  have also been reported (Table  5.1 )  [  79, 
  104–  106  ] . Deletions in MLL5, a member of the MLL family that lacks the HMT 
and DNA binding domains  [  107  ] , have been shown in leiomyomata (benign uterine 
 fi broids)  [  108  ]  and low expression of MLL5 was associated with poorer outcome in 
acute myeloid leukemia (AML) patients  [  109  ] . Genomic alterations in other HMTs 
have also been reported; for instance, mutations in SETD2, an H3K36 HMT, were 
found in renal clear cell carcinoma  [  110  ] .  

 Members of the polycomb group (Pc-G) of repressor proteins have been shown 
to be deregulated in cancer. The Pc-G HMT EZH2 (enhancer of zeste homologue 
2), a subunit of the polycomb repressor complexes (PRC) 2 and PRC3, is not 
expressed in adult tissues  [  111  ] . However, it is overexpressed in several tumor types 
(Table  5.1 )  [  112,   113  ] . EZH2 has been shown to interact with DNMTs in human cell 
lines, suggesting that it may also play a role in controlling DNA methylation  [  114  ] . 
Overexpression of BMI-1 (B lymphoma Mo-MLV insertion region 1 homolog), a 
component of PRC1, was also observed in a variety of tumors (Table  5.1 ) 
 [  115–  117  ] . 
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 Other HMTs have been shown to display aberrant expression patterns or 
 chromosome rearrangements. Nuclear receptor binding SET domain protein 1 
(NSD1) has been reported to undergo chromosome rearrangements in pediatric 
AML  [  118  ] , to be ampli fi ed in some lung cancer cases  [  119  ]  and to be silenced by 
DNA methylation in neuroblastomas  [  120  ] . In addition, the H3K9me3 HMT G9a 
was found to be upregulated in hepatocellular carcinoma  [  113  ] . 

 Lysine-speci fi c histone demethylases, such as LSD1, lysine (K)-speci fi c dem-
ethylase 6A (KDM6A/UTX), and Jumonji C-domain containing proteins 
(JARID1A-D), have been implicated in cancer progression (Table  5.1 ). For instance, 
mutations in LSD1 have been reported in prostate cancer  [  121  ] , whereas KDM6A/
UTX was found mutated in many tumors (Table  5.1 )  [  100,   110,   122  ] . Mutations in 
KDM5C/JARID1C were observed in renal cell carcinoma lacking VHL  [  110  ] . In 
addition, overexpression of KDM4C/JMJD2C and JARID1B/PLU-1 was found in 
esophageal cancer and in breast and testicular tumors, respectively, whereas genomic 
ampli fi cation of GASC1 was observed in squamous cell carcinoma  [  123,   124  ] . 
Thus, mutations and aberrant expression of histone modi fi ers may alter or block the 
recruitment of chromatin remodelers and transcription factors to speci fi c loci, 
thereby affecting nucleosome positioning and gene expression patterns.   

    5.3.3   Mutations in Genes Encoding Subunits of Chromatin 
Remodeler Complexes 

 ATPase-dependent chromatin remodeler complexes directly control the position of 
nucleosomes or alter their stability by introducing histone variants. Thus, aberrant 
expression of their subunits will cause changes in nucleosome composition, loca-
tion, and stability. 

    5.3.3.1   SWItch/Sucrose Non-fermenting 

 Because of their important role in controlling fundamental processes such as cell 
proliferation, migration, and differentiation  [  27  ] , the aberrant expression of SWI/
SNF components will have profound effects on cell function. Indeed, mutations in 
several subunits have been recently identi fi ed in tumors of various origins. Since 
genomic instability is largely absent in tumors harboring defective SWI/SNF com-
plexes, it is likely that perturbations in nucleosome positioning, misslocalization, 
and excessive formation of complexes with opposing functions contribute to the 
development of these aggressive cancers  [  27  ] . 

 The SWI/SNF subunit SNF5 helps recruit this complex to speci fi c genomic sites 
and is required for the expression of genes associated with cell proliferation, includ-
ing  P53  and the cell cycle inhibitor  p16INK4a   [  125–  127  ] , adipocyte differentiation 
 [  128  ] , and inhibition of cell migration  [  129  ] .  SNF5  loss, however, does not result in 
genome instability  [  130  ]  nor does it inactivate SWI/SNF complexes completely, as 
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tumorigenesis in the absence of  SNF5  is dependent on BRG1 activity  [  131  ] . Thus, 
it is thought that tumorigenesis arises from aberrant activity of the remaining com-
plexes  [  131  ] .  SNF5  mutations have been found in rhabdoid and other tumors 
(Table  5.1 )  [  132–  136  ] . Loss of the SNF5 protein was also observed in renal medul-
lary carcinomas and in advanced and metastatic melanomas, where it correlated 
with poor survival rates  [  137  ] . 

 Although complexes containing the catalytic subunits BRM or BRG1 display 
some functional redundancy, they also play distinct roles  [  27,   28  ] .  BRG1  mutations 
have been shown to occur in cancer cell lines of various origins  [  138,   139  ]  and in 
primary lung tumors  [  140,   141  ] , medulloblastoma  [  142  ] , and rhabdoid tumors 
 [  143  ] . Reduced BRM protein levels occur in prostate tumors  [  144  ] , and mutations 
have been found in basal cell carcinoma  [  145,   146  ] . In addition, BRM has been 
shown to be postranslationally regulated in cancer cell lines  [  28  ] . 

 BAF250A/ARID1A binds to DNA without sequence speci fi city  [  147,   148  ]  and 
its recruitment represses the expression of cell cycle-related genes in differentiated 
mouse calvaria cells  [  149,   150  ] . In addition, BAF250A/ARID1A is required for 
normal cell cycle arrest in senescent human  fi broblasts  [  151  ] .  ARID1A/BAF250a  
mutations have been recently described in ovarian clear cell  [  152–  154  ]  and endo-
metrioid carcinomas (Table  5.1 )  [  153  ] . Frequent mutations in low- and high grade 
endometrial carcinomas have also been observed  [  155,   156  ] . Heterozygous dele-
tions and mutations in  ARID1A/BAF250a  have been reported to exist in 33% of 
primary pancreatic adenocarcinomas  [  157  ] . Genetic aberrations in  ARID1A  were 
recently reported in transitional cell carcinoma (TCC) of the bladder  [  100  ]  and low 
ARID1A expression was found to be signi fi cantly associated with larger tumor size 
and grade and the ER-/PR-/HER2-phenotype in breast cancer cases (Table  5.1 ) 
 [  158  ] . ARID1A/BAF250a expression was also found to be severely reduced in 
breast (T47D), renal clear cell (Caki-1 and Caki-2), and cervical (C33A) cancer cell 
lines  [  159  ] . BAF250b/ARID1B containing complexes include components of an E3 
ubiquitin ligase that was found to target H2BK20 for monoubiquitination in a 
nucleosomal context, an upstream event for trimethylation of H3K4 and gene acti-
vation  [  160  ] . BAF250b/ARID1B and BAF250a/ARID1A have also been shown to 
play opposing roles in the control of cell cycle genes in osteoblast differentiation in 
mice  [  149,   150  ] ; however, no mutations in human  BAF250b/ARID1B  have been 
described to date. In contrast, inactivating mutations in  ARID2 , which encodes a 
component of PBAF that facilitates transcriptional activation by nuclear receptors, 
have been reported in four subtypes of hepatocellular carcinomas (HCC)  [  161  ] . 

 BRD7 and BAF180/PBRM1 are regulators of replicative senescence in human 
cells by controlling P53 transcriptional activity towards a subset of its target genes 
required for replicative and oncogenic stress senescence induction  [  162  ] . BRD7 has 
also been shown to either activate or repress the expression of a number of genes by 
protein–protein interaction. BRD7 physically interacts with P53 and the acetylase 
P300  [  162,   163  ] , disheveled-1  [  164  ] , and TRIM24  [  165  ] , as well as with BRCA1 
thereby regulating genes involved in DNA repair  [  166  ] .  BRD7  deletions and reduced 
expression levels have been observed in breast tumors  [  163  ]  (Table  5.1 ). In addition, 
the  BRD7  promoter has also been shown to be silenced by DNA methylation in 
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nasopharyngeal cancer cell lines and tumors  [  167  ] . Mutations in  BAF180/PBRM1  
have been recently described in renal clear cell carcinomas  [  168  ]  and breast tumors 
(Table  5.1 )  [  169  ] . BAF57 is required to maintain the proper subunit composition of 
the PBAF complex and to regulate the transcription of a subset of cell cycle-related 
genes in Hela cells  [  170  ] . Thus far, loss of  BAF57  has only been reported in the 
breast cancer cell line BT-549  [  171  ] . Thus, aberrant expression of SWI/SNF sub-
units is a frequent event in a variety of cancer types. Although SWI/SNF complexes 
control nucleosome positioning, the extent of the changes caused by the mutation of 
speci fi c subunits remains to be elucidated.  

    5.3.3.2   INO80 and SWR1 

 Deregulated expression of the subunits of these complexes may affect H2A.Z depo-
sition and nucleosome dynamics as well as nucleosome position and DNA repair. 
SRCAP deregulated expression has been found in primary and metastatic prostate 
cancer, although the mechanisms underlying such dysregulation are unclear  [  79  ] . 
Monoallelic loss of the acetylase Tip60 (a subunit of TRAAP/Tip60/p400) has been 
reported in lymphomas, and head-and-neck and mammary carcinomas, with 
decreased mRNA and protein expression levels, suggesting that critical levels of 
Tip60 are required for normal cell function  [  172  ] . Tip60 and P400 expression is also 
decreased in colorectal tumors compared to normal colon, although no mutations 
were found in these two genes  [  173  ] . Finally, single nucleotide polymorphisms 
(SNPs) in Tip49a/RUVBL1 have been recently associated with higher risk of serous 
epithelial ovarian cancer  [  174  ] .  

    5.3.3.3   RSF, ACF, CHRAC, WICH, and NURF 

 To date no mutations in the ATPase subunits of ISWI complexes have been described. 
However, genomic ampli fi cation of bromodomain PHD  fi nger transcription factor 
(BPTF), a subunit of NURD, has been reported in neuroblastomas and lung cancer 
cases (Table  5.1 )  [  175,   176  ] . In addition, increased expression of other subunits of 
the NURF complex, including Retinoblastoma-related protein 46 (RBBP7/RbAp46), 
as well as Retinoblastoma-related protein 48 (RBBP4/RbAp48) and hSNF2 have 
been reported in breast carcinomas  [  177  ]  and in AML  [  178  ] , respectively 
(Table  5.1 ).  

    5.3.3.4   NURD 

 Mutations and loss of expression of the CHD4 ATPase subunit have been recently 
described in colorectal and gastric cancers (Table  5.1 )  [  179  ] . MTA1 expression is 
high in a number of cancer types (Table  5.1 )  [  50  ] . In contrast, MTA3 expression is 
lost in advanced breast epithelial carcinoma (Table  5.1 )  [  50  ] .  
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    5.3.3.5   Mutations in Other CHD Proteins 

 Recent studies have identi fi ed the helicase CHD5 as a tumor suppressor involved in 
the transactivation of  p16Ink4a/p19arf  and deleted or mutated in ovarian and pros-
tate cancer  [  180,   181  ] , neuroblastomas  [  182  ] , and hematopoietic malignancies 
 [  183  ] . Silencing of the  CHD5  promoter by DNA hypermethylation has also been 
observed in various tumor types (Table  5.1 )  [  180,   184–  187  ] . CHD7 plays a role in 
pluripotency  [  25  ]  and mutations in CHD7 have been found in more than 50% of the 
cases of CHARGE syndrome, which is characterized by nonrandom congenital 
abnormalities in several tissues  [  188,   189  ] . In addition, gastric and colorectal can-
cers also showed mutations in  CHD7   [  179  ] .    

    5.4   Epigenetic Switching 

 The gene silencing events that take place during tumorigenesis as a consequence of 
aberrant DNA methylation or histone modi fi cation result in a reduction of cellular 
plasticity. A subset of genes becomes repressed by the action of Pc-G proteins 
through the establishment of the H3K27me3 mark at their promoters when stem 
cells differentiate into developmental lineages  [  2  ] . After differentiation, this mark 
and, thus, the repressive state are maintained by the action of EZH2. In cancer cells, 
H3K27me3 is replaced by de novo DNA methylation likely through the recruitment 
of DNMTs  [  114,   190–  192  ] . This process is termed “epigenetic switching” and 
results in permanent silencing of genes that may be implicated in tumorigenesis by 
locking nucleosome positions.  

    5.5   Epigenetic Therapy and Gene Reactivation 

 Epigenetic therapy aims to reverse epigenetic aberrations that occur in cancer in 
order to restore a more normal epigenetic state  [  55  ] . The  fi rst characterized DNA 
methylation inhibitors, namely 5-Azacitidine (5 ¢ -aza-CR, Azacitidine) and 5-aza-
2-deoxy-cytidine (5 ¢ -aza-CdR, Decitabine)  [  193  ] , are incorporated into the DNA of 
proliferating cells during DNA replication and inhibit DNA methylation by trapping 
DNMTs onto the DNA, leading to their depletion  [  2,   56  ] . The resulting DNA 
hypomethylation causes nucleosome depletion at the promoters of tumor suppres-
sor genes that were silenced during tumorigenesis, leading to gene reactivation and 
growth arrest  [  2,   65  ] . Azacitidine and decitabine have been approved by the FDA 
for the treatment of myelodysplastic syndromes and have shown great promise in 
the treatment of AML and myeloid leukemia  [  194  ] . Decitabine has also been tested 
in clinical trials for the treatment of epithelial ovarian cancer, alone or in combina-
tion with chemotherapy  [  195  ] . These studies have shown that combination therapies 
are more effective, particularly in patients with platinum resistance, likely due to 
re-sensitization  [  195  ] . Clinical applications for Zebularine, a newer generation 
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DNMT inhibitor that can be orally administered, are currently under investigation 
 [  196  ] . Alternative approaches include small molecule DNMT inhibitors, such as 
SGI110, RG108, and MG98, which block DNMT enzyme activity or target regula-
tory messenger RNA sequences  [  2  ] . 

 Loss of histone acetylation at promoter regions occurs concomitant to DNA 
hypermethylation, and therefore HDAC inhibitors (HDACI) have also been tested 
as potential therapeutic agents. HDACIs induce growth arrest, apoptosis, cell dif-
ferentiation, and tumor suppressor gene reactivation. Suberoylanilide hydroxamic 
acid (SAHA, Vorinostat) has been recently approved for the treatment of T-cell 
cutaneous lymphoma  [  197  ] ; however, it was not successful for the treatment of 
recurrent ovarian cancer  [  195  ] . Treatment with another HDACI, belinostat (PDX, 
101), has shown to lead to disease stabilization in patients with different malignan-
cies, including sarcoma, renal cancer, thymoma and melanoma, and ovarian cancer 
 [  195  ] . Other HDACIs are currently under investigation  [  2,   197  ] . The lysine HMT 
inhibitors described to date, chaetocin, DZNep, and BIX-01294, have shown some 
antitumor properties in vitro  [  197  ] . Combined epigenetic therapies have also been 
tested; for instance, chemotherapeutic agents have been successfully used in com-
bination with HDAC, SIRT, DNMT inhibitors  [  197  ] . Thus, epigenetic drugs cur-
rently in use or under investigation target histone modi fi ers or DNMTs to restore 
chromatin plasticity, thereby affecting nucleosome positioning in an indirect man-
ner. Targeting subunits of the ATPase-dependent chromatin remodeler complexes 
may provide a more ef fi cient and direct way to restore nucleosome position and 
composition.  

    5.6   Challenges and Future Prospects 

 In recent years, high-throughput technologies have been successfully applied to the 
 fi eld of epigenetics allowing for the mapping of histone modi fi cations, proteins 
binding to DNA, nucleosome positioning, and DNA methylation. The emerging 
picture is that nucleosome positioning and occupancy is determined by the com-
bined action of DNA sequence, transcription factors, and chromatin remodelers, 
and that the resulting nucleosome con fi guration has direct effects in sequence acces-
sibility and gene transcription (Fig.  5.1 ). Recent studies show that the genes more 
frequently mutated in various types of cancers encode for subunits of chromatin 
remodeler complexes  [  197  ] , further highlighting the relevance of nucleosome posi-
tioning in tumorigenesis (Fig.  5.1 ). As most of these genes regulate multiple cellular 
processes, they are likely to be important therapeutic targets.  

 Although the wealth of information generated by epigenomic studies has greatly 
improved our understanding of chromatin regulation, the integration of epigenetic, 
genetic, and transcriptional changes will be essential to advance our knowledge of 
cancer development and progression. Several challenges lay ahead as we explore 
further the development of epigenetic therapies, although a combinatorial approach 
holds promise. Key issues to be resolved include type of agent combinations and 
optimal doses, agent speci fi city, the sequence of agent delivery, and the method of 
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delivery. Given the current multi-institutional and multinational efforts to map the 
human epigenome in all cancer types, it is likely that therapeutic development will 
be signi fi cantly advanced in the near future.      
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  Abstract   MicroRNAs (miRNAs) are short noncoding RNAs with gene regulatory 
functions. It has been demonstrated that the genes encoding for miRNAs undergo the 
same regulatory epigenetic processes of protein coding genes. In turn, a speci fi c 
subgroup of miRNAs, called epi-miRNAs, is able to directly target key enzymatic 
effectors of the epigenetic machinery (such as DNA methyltransferases, histone 
deacetylases, and polycomb genes), therefore indirectly affecting the expression of 
epigenetically regulated oncogenes and tumor suppressor genes. Also, several of the 
epigenetic drugs currently approved as anticancer agents affect the expression of 
miRNAs and this might explain part of their mechanism of action. This chapter 
focuses on the tight relationship between epigenetics and miRNAs and provides 
some insights on the translational implications of these  fi ndings, leading to the 
upcoming introduction of epigenetically related miRNAs in the treatment of cancer.      
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    6.1      Introduction 

 MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs), 19–25 nucleotides 
(nt) in length, which regulate gene expression. MiRNAs are involved in many 
biological processes ranging from development, differentiation, and cell cycle 
regulation to cell senescence and metabolism  [  1–  5  ] . Mature miRNAs derive from 
much longer (hundreds nt long) primary transcripts, transcribed by RNA 
 polymerase II as long, capped, polyadenylated precursor-miRNAs (pri-miRNAs) 
 [  1  ] . Then, the double-stranded RNA-speci fi c ribonuclease Drosha, in conjunction 
with its binding partner DiGeorge syndrome critical region gene 8 (DGCR8, or 
Pasha), process pri-miRNAs into hairpin RNAs of 60–110 nt known as pre-miR-
NAs. Translocated from the cell nucleus to the cytoplasm by means of Exportin 5, 
the pre-miRNA is processed by a ribonuclease III (Dicer) and transactivating 
response RNA-binding protein (TRBP, which binds human immunode fi ciency 
virus 1) into an 18- to 24-nt duplex. Finally, the duplex interacts with a large pro-
tein, RNA-induced silencing complex (RISC), which includes argonaute proteins 
(AGO1-4 in humans). One strand of the miRNA duplex remains stably associated 
with RISC and becomes the mature miRNA, which guides the RISC complex 
mainly (but not exclusively) to the 3 ¢ -untranslated region (UTR) of the target mes-
senger RNAs (mRNAs)  [  1  ] . Consequently, the translation and/or stability of tar-
geted mRNAs is impaired, causing a reduction in protein expression levels  [  6  ] . In 
addition to this “conventional” mechanism of action, miRNA regulatory effects 
on gene expression may be more varied than initially proposed. For example, 
miRNAs can also activate rather than suppress target mRNA expression in par-
ticular cell-cycle conditions  [  7  ] , they can bind also to the coding and the 5 ¢ -UTR 
region of the target mRNAs  [  8,   9  ] , and they can directly interact with proteins and 
function as gene promoter regulators  [  10  ] . Figure  6.1  summarizes the biogenesis 
and physiology of miRNAs.  

 Each miRNA has hundreds or thousands of target genes. We have demonstrated 
that a speci fi c cluster of two miRNAs (namely, the miR-15a/16-1 cluster) is able to 
regulate, directly and indirectly, about 14% of the whole genome in a leukemic cell 
model  [  11  ] . Therefore, it is likely that the full coding genome is under the control of 
miRNAs. The full spectrum of miRNAs expressed in a speci fi c cell type (the miR-
Nome) is different between normal and pathologic tissues  [  12  ] , and speci fi c signa-
tures of dys-regulated miRNAs harbor diagnostic and prognostic implications  [  13  ] . 
The  fi rst link between miRNAs and cancer came from the discovery that these ncR-
NAs are frequently located in cancer-associated genomic regions, which include 
minimal regions of ampli fi cation, loss of heterozygosity, and common breakpoints 
in or near oncogenes or tumor suppressor genes (TSGs) and fragile sites (preferen-
tial sites of chromatide exchange, deletion, translocation, ampli fi cation, or integra-
tion of plasmid DNA and tumor-associated viruses)  [  14  ] . Since then, myriad studies 
have investigated aberrations in the miRNome in most types of human cancer (for 
reviews, see  [  15–  21  ] ). In particular, while some miRNAs act mainly as TSGs, oth-
ers are frequently overexpressed in human tumors and target TSGs, thereby exerting 
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a tumorigenic function. MiRNAs with well-established roles as oncogenes, for 
instance, include the miR-17-92 cluster, which is transactivated by the  c-MYC  onco-
gene and dramatically accelerates lymphomagenesis in murine models  [  22,   23  ] ; 
miR-155, which induces leukemia in transgenic murine models  [  24  ]  and has an 
important function as a regulator of in fl ammation and the immune response  [  25–
  27  ] , and miR-21, which targets important TSGs, such as  PTEN1   [  28  ]  and  PDCD4 , 
in several types of cancer  [  29–  31  ] . Conversely, the miR-15a/16-1 cluster acts as a 
TSG in chronic lymphocytic leukemia (CLL) by targeting the antiapoptotic gene 
 BCL2   [  32  ] . Interestingly, the same miR-15a-16-1 cluster also acts as an oncogene 
(OG), in CLL, by directly targeting the pro-apoptotic gene  p53   [  33  ] , leading to the 
conclusion that each miRNA should not be labeled exclusively as an OG or as a 
TSG, since it may have a dual nature (both as OG and TSG)  [  34  ] , in which the over-
all effect depends on the speci fi c conditions (tumor type, species speci fi city, con-
centration, etc.) in which it operates. 

 It has been demonstrated that miRNAs, similar to protein coding genes, (PCG), 
can undergo epigenetic regulation. More recently, it has been shown that a speci fi c 
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  Fig. 6.1    Biogenesis and physiology of miRNAs. MiRNAs are transcribed as pri-miRNAs (in 
some cases as a cluster of multiple miRs, such as miR-15a and miR-16-1 on the long arm of chro-
mosome 13) and then processed in a hairpin shaped pre-miRNA precursor in the nucleus of the 
cell. The precursor is then transported in the cytoplasm by means of Exportin 5 and processed until 
it becomes a single-stranded mature miRNA that eventually binds to a ribonucleoproteic complex 
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group of miRNAs, called epi-miRNAs, can affect the epigenetic regulation of a 
given gene by targeting key enzymatic effectors of the epigenetic machinery, such 
as DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and poly-
comb genes. 

 This chapter focuses on the interactions between epigenetics and miRNAs and 
presents how this intertwined relationship harbors fundamental implications for 
human carcinogenesis.  

    6.2   MiRNAs Are Epigenetically Regulated in Cancer 

 The expression of miRNAs undergoes epigenetic regulation, similarly to PCG. This 
regulation involves both chromatin modi fi cations and miRNA gene promoter meth-
ylation. By treating a breast cancer cell line with the HDAC inhibitor LAQ824, 
Scott et al. demonstrated that the expression levels of 27 miRNAs are rapidly 
modi fi ed  [  35  ] , indicating that HDAC and chromatin conformation affects the miR-
Nome in human cancer. Similarly, Saito et al. showed that by treating bladder can-
cer cells with both a DNA demethylating agent (5-aza-2 ¢ -deoxycytidine, 5-AZA) 
and an HDAC inhibitor (4-phenylbutyric acid, 4-PBA) the expression levels of 
about 5% of all human miRNAs increased  [  36  ] . Among the most strictly epigeneti-
cally regulated miRNAs, there is miR-127, an ncRNA embedded in a CpG island 
and kept epigenetically silenced by both promoter hypermethylation and histone 
modi fi cations in cancer cells  [  36  ] . Interestingly, this miRNA (which belongs to a 
large cluster that includes miR-136, -431, -432, and -433) is the only member of the 
cluster whose re-expression was observed when cells were treated with two epige-
netic drugs  [  36  ] . Moreover, when cells were treated with each drug alone, no varia-
tion in miR-127 expression was detected  [  36  ] , suggesting that miR-127 epigenetic 
regulation occurs by combined promoter methylation and chromatin histone 
modi fi cations. Since the  BCL6  oncogene is a direct target of this miRNA  [  36  ] , miR-
127 acts as a TSG, therefore the severe epigenetic control of its expression repre-
sents an important mechanism for bladder carcinogenesis. 

 Using an HCT-116 colorectal cancer cell line with a double knockout (DKO) of 
DNMT1 (maintenance DNMT) and DNMT3b (de novo DNMT), Lujambio et al. 
compared miRNA levels of the DKO and wild-type cells. About 6% of the 320 miR-
NAs analyzed were upregulated in the DKO cells  [  37  ] . Among the dys-regulated 
miRNAs, only miR-124a was embedded in a CpG island, which is densely methy-
lated in this cancer cell line but not in normal tissue. This might suggest that DNMTs 
act both directly and indirectly in miRNA expression control. MiRNA-124a directly 
targets CDK6, and restoration of its expression reduces the levels of CDK6 and 
impacts the phosphorylation status of the CDK6-downstream effector Rb protein  [  37  ] . 
In a group of 353 acute lymphoblastic leukemia (ALL) patients, Roman-Gomez et al. 
identi fi ed a signature of 13 miRNAs, embedded in CpG islands, with high heterochro-
matic markers (such as high levels of K9H3me2 and/or low levels of K4H3me3)  [  38, 
  39  ] . Treatment with 5-AZA upregulated at least 1 of the 13 miRNAs in 65% of ALLs 
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 [  38  ] . Among these miRNAs, miR-124a was methylated in 59% of ALLs and hyper-
methylation of its promoter was associated with higher relapse and mortality rates 
than in the non-hypermethylated cases: multivariate analysis con fi rmed that miR-124a 
promoter methylation status is an independent prognostic factor for disease-free and 
overall survival  [  39  ] . Moreover, miR-124a directly silences  CDK6  in ALL patients 
 [  39  ] , con fi rming the impact of miR-124a on the CDK6-Rb pathway. Recently, Ando 
et al. showed that hypermethylation of the miR-124a promoter is involved in the for-
mation of an epigenetic  fi eld defect, a gastric cancer predisposition condition charac-
terized by the accumulation of abnormal DNA methylation in normal-appearing 
gastric mucosa that is mostly induced by  Helicobacter pylori  infection  [  40  ] . These 
 fi ndings reveal that miR-124a promoter hypermethylation is also an early event in 
gastric carcinogenesis. 

 In addition to miR-124a, miR-107, another epigenetically controlled miRNA, 
targets  CDK6  and affects pancreatic carcinogenesis  [  41  ] . In HCT-116 cells de fi cient 
for  DNMT1  and  DNMT3B , Bruckner et al. showed increased expression of let-7a-3, 
an miRNA normally silenced by promoter hypermethylation in the wild-type cell 
line  [  42  ] . In lung adenocarcinoma primary tumors the let-7a-3 promoter was found 
to be hypomethylated  [  42  ] , whereas it was found to be hypermethylated in epithelial 
ovarian cancer. This hypermethylation was associated with low expression of IGF2 
(insulin-like growth factor 2) and with a good prognosis  [  43  ] . Therefore, DNA 
methylation could act as a protective mechanism by silencing miRNAs with onco-
genic functions. Also miR-1 is epigenetically regulated and frequently silenced by 
promoter hypermethylation in hepatocellular carcinoma  [  44  ] . However, hypometh-
ylation and re-expression of miR-1 were observed in DNMT1-null HCT-116 cells 
(but not in DNMT3B-null cells)  [  44  ] , revealing that the maintenance DNMT is 
speci fi cally and mainly responsible for miR-1 epigenetic regulation. Overall, these 
studies demonstrate that epigenetic factors can control human carcinogenesis, not 
only by directly affecting the expression of OGs and TSGs, but also by affecting the 
expression of miRNAs involved in oncogenic pathways. In addition, epigenetic 
control of miRNAs may be tissue-speci fi c (since no variation in miRNA expression 
was observed in lung cancer cells treated with demethylating agents, HDAC inhibi-
tors, or their combination  [  45  ] ), miRNA-speci fi c (e.g., miR-127 within the cluster it 
belongs to  [  36  ] ), and epigenetic-effector-speci fi c (e.g., miR-1 mainly regulated by 
DNMT1  [  44  ] ). 

 Epigenetically regulated miRNAs are also affecting one of the main aspects of 
malignancy: the ability to metastasize. Lujambio et al. treated three lymph node–
metastatic cell lines with 5-AZA and checked miRNA levels by high-throughput 
microarray analysis  [  46  ] . They identi fi ed four miRNAs (namely, miR-148a, miR-
34b/c, and miR-9) that showed cancer-speci fi c CpG island hypermethylation. 
Epigenetic silencing of these miRNAs was also signi fi cantly associated with metas-
tasis in human malignancies  [  46  ] , while the reintroduction of miR-148a and miR-
34b/c into cancer cells with epigenetic inactivation inhibited both motility and 
metastatic potential of the cells in xenograft models. The miR-34b/c cluster is also 
epigenetically regulated in colorectal cancer (promoter hypermethylation in 90% 
of primary colorectal cancer tumors vs. normal colon mucosa)  [  47  ] , whereas 
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epigenetic silencing of miR-9 and miR-148a (together with miR-152, -124a, 
and -663) has also been described in breast cancer. In breast cancer cell lines treated 
with 5-AZA miR-9 was reactivated, while the levels of other aberrantly methylated 
miRNAs were unchanged  [  48  ] , further proving that different epigenetic processes 
can control miRNA levels in different types of cancer. 

 MiR-342 is located in an intron of the Ena/Vasp-like ( EVL ) gene and represents 
a good model to study the relationship between miRNAs and the epigenetic regula-
tion of cognate host genes.  EVL  promoter hypermethylation occurs in 86% of col-
orectal cancers and is present in 67% of adenomas at diagnosis, suggesting that it is 
an early event in colon carcinogenesis  [  49  ] . Treatment with 5-AZA and the HDAC 
inhibitor trichostatin A restores the synchronized expression of EVL and miR-342 
 [  49  ] . Another gene, the  EGFL7  gene, which is frequently downregulated in several 
cancer cell lines and in primary bladder and prostate tumors, hosts miR-126 in one 
intron. The mature miR-126 can be encoded by three different transcripts of the 
cognate host gene, each of them with its own promoter. However, miR-126 is con-
comitantly upregulated with one of the EGFL7 transcripts that has a CpG-island 
promoter when cancer cell lines are treated with DNA methylation and histone 
deacetylation inhibitors, indicating that the silencing of intronic miRNAs in cancer 
may occur by means of epigenetic changes in cognate host genes  [  50  ] . 

 Fazi et al. showed that transcription factors can recruit epigenetic effectors to 
miRNA promoter regions to regulate their expression. The AML1/ETO fusion 
oncoprotein, the aberrant product of the t(8;21) translocation in acute myeloid leu-
kemia, can bind to the pre-miR-223 region. The oncoprotein recruits epigenetic 
effectors (i.e., DNMTs, HDAC1, and MeCP2), leading to aberrant hypermethyla-
tion of the CpG site near the AML1/ETO binding site and H3-H4 deacetylation of 
the same chromatin region  [  51  ] . 

 In summary, several studies have addressed how epigenetics regulates miRNA 
expression in human cancer. It has emerged that epigenetic factors account for sev-
eral of the miRNome aberrancies observed in human cancer, ultimately implicated 
in both carcinogenesis and in metastasis formation. Therefore, a better understand-
ing of miRNA epigenetic regulation will lead to a better comprehension of the 
mechanisms responsible for abnormal miRNA levels in cancer and to the develop-
ment of strategies able to revert these anomalies. Interestingly, miRNAs can also 
affect the expression of epigenetically regulated PCGs, revealing a further layer of 
complexity between miRNome and epigenome.  

    6.3   Epi-miRNAs Affect the Expression of Epigenetically 
Regulated Genes in Cancer 

 In addition to being epigenetically regulated, like PCG, miRNAs can also affect the 
expression of epigenetically regulated genes by targeting key enzymes responsible 
for epigenetic reactions. We call this group of miRNAs, epi-miRNAs. Some epi-
miRNAs are also epigenetically regulated themselves. Our group provided the  fi rst 
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evidence that miRNAs can regulate the expression of members of the epigenetic 
machinery in humans  [  52  ] . We demonstrated in both lung cancer cell lines and pri-
mary tumors that a family of miRNAs (namely the miR-29 family, composed of 
miR-29a, -29b, and -29c) directly targets both DNMT3a and DNMT3b, the two key 
de novo DNMTs. We observed that miR-29 restoration reduces global DNA methy-
lation, induces re-expression of TSGs (such as  WWOX  and  FHIT , whose expression 
is silenced by promoter hypermethylation in lung cancer), and exerts an overall 
antitumoral effect both in vitro and in vivo  [  52  ] . The global hypomethylating effect 
observed in tumor cells upon miR-29 re-expression is the result of a direct targeting 
effect of these miRNAs on DNMT3a and DNMT3b, and of an indirect silencing 
effect on DNMT1, occurring through the direct targeting of the DNMT1 transacti-
vating factor SP1  [  53  ] . Figure  6.2  summarizes the relationship between epi-miR-
NAs and cancer. Duursma et al.  [  54  ]  have shown that miR-148 also directly targets 
DNMT3b by binding to a conserved target sequence located in the coding region of 
the mRNA. Intriguingly, the authors concluded that the targeting of the coding 
region may play a role in determining the relative abundance of different splice vari-
ants of DNMT3b. Furthermore, miRNAs can affect the expression of DNMTs also 
through an indirect mechanism. Sinkkonen et al. showed that in mouse embryonic 
stem (ES) cells, members of the miR-290 cluster directly target Rbl2, a factor con-
tributing to the suppression of  DNMT3  genes  [  55  ] . By restoring the expression of 
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the miR-290 cluster, de novo methylation, which had been disrupted in ES Dicer −/−  
cells, was reestablished, suggesting that DNMTs are indirectly regulated by the 
miR-290 cluster. These results were con fi rmed by Benetti et al.  [  56  ] , who also 
observed that the aberrant DNA methylation occurring after miR-290 cluster silenc-
ing in ES Dicer −/−  cells is responsible for increased telomere recombination and 
aberrant telomere elongation. Notably, the miR-290 Rbl2-mediated regulation of 
 DNMT3a  and  DNMT3b  was not observed in HEK293 cells with knockdown of 
Dicer  [  55  ] , revealing that the described regulatory mechanism might be restricted to 
ES cells. Moreover, neither of the above-mentioned studies identi fi ed the miR-29 
family as direct regulators of de novo DNMTs, suggesting that this interaction could 
also be species-, tumor-, or even histotype-speci fi c.  

 Epi-miRNAs can also target  DNMT1 . In a study by Braconi et al., it was shown 
that miR-148a, miR-152, and miR-301 directly target  DNMT1  in cholangiocarci-
noma cells  [  57  ] , resulting in the re-expression of the  RASSF1A  and  p16INK4a  
genes, two well-known TSGs that are epigenetically silenced in several malignan-
cies. As previously reported, miR-29b indirectly targets  DNMT1 , by directly silenc-
ing its activator SP1 in hematological malignancies  [  53  ] . These studies suggest that 
miR-29b plays a key role in the epigenetic control of human genome. 

 Epi-miRNAs also regulate the expression of HDACs and PRC genes.  HDAC4  is 
a direct target of both miR-1, miR-140, and miR-29b  [  58–  60  ] , whereas miR-449a 
binds to the 3 ¢ -UTR region of  HDAC1   [  61  ] .  HDAC1  is upregulated in several types 
of cancer, and miR-449a re-expression in prostate cancer cells induces cell-cycle 
arrest, apoptosis, and a senescent-like phenotype by reducing the levels of HDAC1 
 [  61  ] . EZH2 is the catalytic subunit of PRC2 and is responsible for heterochromatin 
formation by trimethylating histone H3 on lysine 27 (H3K27me3), leading to the 
silencing of several TSGs. Varambally et al. showed in prostate cancer cell lines and 
primary tumors that the level of EZH2 is inversely correlated with the expression of 
miR-101, which decreases during cancer progression. These  fi ndings suggest a role 
for miR-101 as an epi-miRNA, a hypothesis that was tested and con fi rmed by show-
ing that miR-101 directly targets EZH2 both in prostate and in bladder cancer mod-
els  [  62,   63  ] . Moreover, the miR-101-mediated suppression of EZH2 inhibits cancer 
cell proliferation and colony formation, revealing a role for miR-101 as a TSG that 
is mediated by its modulatory effects on the cancer epigenome  [  63  ] . 

 In summary, an increasing number of epi-miRNAs is being identi fi ed and will 
clarify which epigenetic effectors are involved in the regulation of OGs and TSGs. 
This knowledge will lead to the development of new strategies to prevent and cure 
human carcinogenesis by selective modulation of the epi-miRNome.  

    6.4   Epigenetics and miRNAs: Clinical Implications 
and Final Remarks 

 The epigenetics–miRNA relationship harbors several clinical implications. First, 
some of the demethylating agents (such as 5-AZA or Vidaza) used to show that 
miRNAs are re-expressed upon demethylation and therefore undergo epigenetic 
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regulations are drugs, currently approved for the treatment of myelodysplastic 
syndromes (MDS)  [  64  ] . Therefore, part of the observed therapeutic effects of 
5-AZA or decitabine might be mediated by their effect on the miRNome. Also, 
currently available anticancer drugs (such as Bortezomib) induce the expression of 
miR-29b  [  65  ] , a key epi-miRNA targeting both DNMTs and HDACs. Moreover, 
SAHA (suberoylanilide hydroxamic acid), also known as Vorinostat is an HDAC 
inhibitor currently approved in the treatment of cutaneous T cell lyphomas, may 
exert an anticancer effect by re-expressing epigenetically regulated miRNAs  [  66,   67  ] . 
Valproic acid (VPA) is also an HDAC inhibitor currently in phase III studies for the 
treatment of cervical and ovarian cancer, which is able to modulate the expression 
of miRNAs in human cord blood-derived multipotent stem cells  [  68  ] . 

 Overall, while basic research scientists are trying to improve their understanding 
of the relationship existing between epigenetics and miRNAs, clinicians have started 
interpreting some of the effects of epigenetic drugs in terms of their effects on the 
miRNome. This interaction represents an ideal translational setting, capable of bring-
ing novel insights deriving from basic science to the patients. In addition to better 
understanding the implications and function of currently available epigenetic drugs 
on the miRNome, it is likely that in the near future this knowledge will assist in the 
development of miRNA- and epi-miRNA-based therapies. These therapies will be 
tailored to the speci fi c set of genes that need to be reverted to a physiological expres-
sion, in order to achieve an anticancer effect. Therefore, their effect will speci fi cally 
affect tumor cells, without introducing any major epigenetic perturbation in noncan-
cerous cells, therefore leading to less side effects. These days are not far to come and 
will provide a new powerful therapeutic tool in the war against cancer.      
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  Abstract   DNA methylation, occurring at cytosines in CpG dinucleotides, is a 
potent mechanism of transcriptional repression. Proper genomic methylation 
 patterns become profoundly altered in cancer cells: both gains (hypermethylation) 
and losses (hypomethylation) of methylated sites are observed. Although DNA 
hypomethylation is detected in a vast majority of human tumors and affects many 
genomic regions, its role in tumor biology remains elusive. Surprisingly, DNA 
hypomethylation in cancer was found to cause the aberrant activation of only a lim-
ited group of genes. Most of these are normally expressed exclusively in germline 
cells and were grouped under the term “cancer-germline” (CG) genes. CG genes 
represent unique examples of genes that rely primarily on DNA methylation for 
their tissue-speci fi c expression. They are also being exploited to uncover the mecha-
nisms that lead to DNA hypomethylation in tumors. Moreover, as CG genes encode 
tumor-speci fi c antigens, their activation in cancer highlights a direct link between 
epigenetic alterations and tumor immunity. As a result, clinical trials combining 
epigenetic drugs with anti-CG antigen vaccines are being considered.      

    7.1   Introduction 

 Although DNA hypomethylation was the  fi rst epigenetic alteration to be described 
in human cancers, its effect on gene expression programs and tumor biology has 
remained enigmatic. Initial examination of cancer genomes identi fi ed most losses 
of DNA methylation in repeated elements  [  29  ] . This is not surprising, since these 
DNA elements are highly abundant and comprise most of the CpG sites that are 
normally methylated in healthy somatic tissues. A crucial question was whether 
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DNA hypomethylation also affected protein-encoding genes, leading to their 
 aberrant expression in tumor cells. It appeared, however, that genome hypomethyla-
tion in tumors is not generally associated with the ectopic activation of a multitude 
of genes  [  5  ] . A plausible explanation for this is that most tissue-speci fi c genes use 
other regulatory mechanisms, including histone modi fi cations, and that DNA meth-
ylation, if present, serves merely as secondary layer of repression. Losses of DNA 
methylation within such genes would therefore not be suf fi cient to trigger transcrip-
tional activation. 

 Later work, aiming at isolating genes that code for tumor-speci fi c antigens, led to 
the identi fi cation of a particular group of genes, which are normally expressed exclu-
sively in germline cells but become aberrantly activated in a wide variety of tumors 
 [  86  ] . Given this expression pro fi le, these genes were termed “cancer- germline” (CG) 
genes. Interestingly, CG genes were found to rely primarily on DNA methylation for 
repression in normal somatic tissues, and their activation in tumors was shown to be 
a direct consequence of genome hypomethylation  [  22  ] . These observations high-
lighted an unexpected link between epigenetic alterations in tumors and cancer 
immunity. They also provided clear examples of genes that owe their tissue-speci fi c 
expression to DNA methylation. Moreover, CG genes are being exploited to try to 
uncover the molecular mechanisms underlying genome hypomethylation in tumors, 
as this epigenetic process remains largely unexplained.  

    7.2   Characterization of CG Genes 

 Human tumors express speci fi c antigens, as evidenced by the existence in the blood 
of cancer patients of cytolytic T lymphocytes (CTL) that recognize antigens present 
on their tumor cells but not on normal cells  [  10  ] . Using a gene library transfection 
approach and a CTL clone isolated from a melanoma patient, Boon and colleagues 
identi fi ed the  fi rst human tumor antigen-encoding gene  [  85  ] . The gene was named 
melanoma antigen 1 or  MAGE-1  (later renamed  MAGEA1 ).  MAGEA1  expression 
was not found in normal tissues except for testis, but was instead detected in a 
signi fi cant fraction of melanoma samples, as well as in various other tumor types 
 [  20,   23  ] . The same genetic approach led to the identi fi cation of other melanoma 
antigen genes, namely  BAGE ,  GAGE , and  MAGEA3 , a gene closely related to 
 MAGEA1   [  9,   34,   84  ] . For these genes too, expression among normal tissues was 
restricted to testis, and activation in tumors was detected among various cancer 
types. Additional tumor antigen genes were subsequently identi fi ed, using an alter-
native cloning approach, called SEREX (serological analysis of recombinant tumor 
cDNA expression libraries), and based on the presence of high titers of antitumor 
IgGs in the blood of tumor-bearing patients  [  73  ] . Again, several of the identi fi ed 
genes, including  SSX2  and  NY-ESO-1 , had their normal expression restricted to tes-
tis and were activated in a percentage of different tumor types. Later studies indi-
cated that the normal expression of most isolated genes was con fi ned to the germ 
cells in both testis and fetal ovary  [  44,   52,   82  ] . 
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 Together, these  fi ndings led to the important notion that speci fi c antigens in 
tumors arise from the aberrant activation of genes that are normally transcribed 
exclusively in the germline. From an immunological point of view, this dual expres-
sion pattern is understandable. Unlike most somatic cells, germ cells lack MHC 
class I molecules, which are required to present antigenic peptides at the cell surface 
 [  37  ] . Activation of germline-speci fi c genes in tumor cells therefore leads to the 
expression of truly tumor-speci fi c antigens, which can be recognized as nonself by 
the immune system. 

 Further studies using cDNA subtraction procedures or database mining have per-
mitted the identi fi cation of additional genes expressed in germ cells and cancer but 
not in normal somatic tissues  [  56,   60,   63,   75  ] . Some genes identi fi ed in this way 
were subsequently shown to encode tumor-speci fi c antigens recognized by CTLs 
 [  86  ] . Altogether about 50 human genes or gene families were identi fi ed, which dis-
played speci fi c expression in the germline and activation in a signi fi cant proportion 
of cancers  [  2  ] . These genes appear to exert a variety of cellular functions, but on the 
basis of their common expression pattern they were grouped under the term cancer-
germline (CG) genes. CG genes are dispersed on several chromosomes, with a 
marked preference for the X chromosome. In human cancers, CG genes are 
expressed more frequently in speci fi c tumor types, like for instance lung cancer, 
head and neck cancer, bladder cancer, and melanoma  [  76  ] . Other tumor types like 
colon cancer, renal cancer, and leukemia only rarely show activation of CG genes. 
An important feature of CG genes is their frequent co-activation in tumors  [  74  ] . It 
was observed indeed that positive tumors often express several CG genes. Clearly, 
the widespread and concerted expression of CG genes in tumors indicates that their 
activation in cancer results from a global gene activation process, rather than sto-
chastic individual events.  

    7.3   DNA Demethylation in the Activation of CG Genes 
in Tumors 

 The marked tendency of CG genes to become co-expressed in tumors suggested that 
these genes share, at least in part, a common mechanism of transcriptional activa-
tion. Initial studies were performed with the  MAGEA1  gene in order to identify 
essential promoter elements and corresponding transcription factors that may con-
tribute to the cell-type-speci fi c expression of the gene. Surprisingly, however, trans-
fection experiments revealed that all cells, including those that do not express 
 MAGEA1 , contain transcription factors capable of inducing signi fi cant  MAGEA1  
promoter activity  [  24  ] . Transfection experiments with other CG gene promoter con-
structs led to similar results  [  17,   89  ] . This implied that nonexpressing cells have a 
repression mechanism, probably operating at the chromatin level that protects CG 
gene promoters against spurious activation. 

 The initial observation by Weber and colleagues that  MAGEA1  could be 
induced in nonexpressing melanoma cell lines following treatment with the DNA 
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methylation inhibitor 5-aza-2 ¢ -deoxycytidine provided a  fi rst hint that DNA 
 methylation may contribute to the transcriptional regulation of this gene  [  91  ] . 
This was con fi rmed by studies showing that the promoter of  MAGEA1  is invari-
ably methylated in all normal somatic tissues and instead unmethylated in germ 
cells  [  26  ] . Likewise, activation of the  MAGEA1  gene in tumors was strictly cor-
related with demethylation of its promoter  [  26  ] . Further studies showed that DNA 
methylation was similarly involved in the regulation of other CG genes  [  17,   26, 
  52,   56,   89  ] . Altogether, these observations indicated that CG genes rely on DNA 
methylation for repression in somatic tissues, and that aberrant activation of these 
genes in tumors results from demethylation of their promoter. 

 Interestingly, demethylation and activation of CG genes in tumors was found to 
correlate with global genome hypomethylation  [  14,   25,   45  ] . This association was 
further con fi rmed by a study on microdissected tumor samples, revealing that intra-
tumor heterogeneity of CG gene expression also correlates with global genome 
hypomethylation levels  [  96  ] . These observations provided therefore the  fi rst clear 
evidence that the process of genome-wide demethylation, common to many can-
cers, not only affects repeated sequences but also single copy genes, and can lead to 
aberrant gene activation. The frequent co-activation of CG genes in tumors likely 
re fl ects the global process of DNA demethylation, which can simultaneously affect 
many loci across the cancer genome.  

    7.4   DNA Methylation in the Regulation of Germline Genes 

 Considering the potent effect of DNA methylation on transcriptional repression, it 
was originally proposed that this DNA modi fi cation might serve as a general mech-
anism to control the programmed expression of tissue-speci fi c genes  [  39,   72  ] . 
Evidence, however, indicates that most tissue-speci fi c genes rely on mechanisms 
other than DNA methylation for repression in nonexpressing cells  [  8,   88  ] . This may 
be ascribed to the distribution of CpG sequences, where cytosine methylation can 
occur. Vertebrate genomes show a general depletion of CpG dinucleotides, which 
was attributed to the high mutability of methylated cytosines, and hence the pro-
gressive disappearance of this sequence during evolution  [  7  ] . Discrete genomic 
regions however, which appear generally free of CpG methylation, maintained a 
high density of CpG sites. These so-called CpG islands often overlap gene promot-
ers  [  19  ] . Many tissue-speci fi c genes contain a methylation-free CpG island within 
their promoter and can therefore not rely on DNA methylation for repression in 
nonexpressing tissues. On the other hand, genes with few CpG sites within their 
promoter are only little affected by DNA methylation, and often show an inconstant 
relationship between promoter methylation and transcriptional silencing  [  12  ] . It 
was therefore proposed that DNA methylation in vertebrates is solely involved in 
the control of retrotransposable elements, monoallelically expressed imprinted 
genes, and X chromosome inactivation, the only cases where consistent methylation 
of CpG-rich regions appeared to exist  [  101  ] . 
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 This view was challenged by the discovery of CG genes, which were found to be 
characterized by the presence of a high density of CpG sites within their promoter 
 [  26  ] . Yet, unlike classical CpG islands, CpG-rich promoters of CG genes are methy-
lated in all normal somatic tissues. CG gene promoters appear therefore favorably 
disposed to DNA methylation-mediated regulation. Consistently, transfection exper-
iments with in vitro methylated CG gene constructs indicated that DNA methylation 
was suf fi cient to repress transcription, even in cells that express the corresponding 
endogenous CG gene, and therefore obviously contain appropriate transcriptional 
activators  [  17,   26,   27,   78,   89  ] . This and the above-mentioned observation that unm-
ethylated CG gene promoters are transcriptionally active in nonexpressing cells pro-
vided strong evidence that DNA methylation is an essential component of the 
repression of this group of germline-speci fi c genes in somatic cells. 

 More recently, genome-wide studies were conducted in order to identify the dis-
tribution of differentially methylated CpG sites across the genome of distinct types 
of human cells  [  77,   93  ] . These studies revealed the existence of novel sets of genes 
with a CpG-rich promoter that was densely methylated in somatic tissues (in addi-
tion to the previously characterized CG genes). Remarkably, most of these genes 
were speci fi cally demethylated and expressed in testis. It appears therefore that 
DNA methylation has a particular role in the regulation of germline-speci fi c genes. 

 Why would DNA methylation be particularly suitable for the regulation of genes 
with speci fi c expression in germline cells rather than in other cell types? A plausible 
explanation may be that methylation-dependent germline genes have the advantage 
of being little exposed to the evolutionary loss of methylated CpGs, because they 
are unmethylated precisely in the cells that transmit their genome to the offspring. 
As a result, such genes maintain a high density of CpG sites within their promoter 
and remain therefore fully responsive to DNA methylation.  

    7.5   Mechanisms Leading to Hypomethylation 
of CG Genes in Cancer 

 CG genes have served as model sequences to investigate the distribution and dynam-
ics of methylation losses in tumor genomes. Detailed analysis of the  MAGEA1  locus 
revealed preferential hypomethylation of a restricted region surrounding the tran-
scription start site of the gene in expressing tumor cells, suggesting that hypomethy-
lated CpG sites are unevenly distributed across cancer genomes  [  27  ] . Consistently, 
recent genome-wide DNA methylation studies con fi rmed that DNA hypomethyla-
tion in tumors adopts mosaic patterns, with de fi ned hypomethylated domains 
(between one kilobase and several megabases in size) surrounded by normally 
methylated regions  [  66,   71,   92  ] . These observations indicate that certain genomic 
regions, including CG promoters, are particularly susceptible to DNA hypomethy-
lation in tumors. 

 The possibility that  MAGEA1 -expressing tumor cells possess a DNA demethyla-
tion activity targeted towards the 5 ¢ -region of the gene was investigated  [  27,   58  ] . 
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Thus, a large genomic fragment comprising the  MAGEA1  gene was methylated 
in vitro and then stably transfected into several human tumor cell lines, where the 
endogenous  MAGEA1  gene is hypomethylated and active. The newly integrated 
 MAGEA1  transgenes did not undergo demethylation, indicating that the process that 
once led to demethylation of the endogenous  MAGEA1  gene was not preserved in 
these cells. Remarkably, when unmethylated  MAGEA1  constructs were introduced 
into such cells, de novo methylation of the transgenes occurred except in a region 
overlapping the  MAGEA1  promoter  [  27  ] . This mechanism of protection against 
de novo DNA methylation was lost when mutations that impair the  MAGEA1  pro-
moter activity were introduced into the transgene, or when the transgene was trans-
fected into tumor cells that induce only little  MAGEA1  promoter activity. Altogether, 
these data suggest that site-speci fi c hypomethylation of  MAGEA1  in tumors results 
from a past event of transient DNA demethylation and is maintained locally by the 
presence of potent transcriptional activators that prevent remethylation. 

 In vivo studies, evaluating global genome methylation levels in colon and breast 
cancers, demonstrated that DNA hypomethylation is present in the early stages of the 
disease, and does not progress towards later stages, adding support the transient 
nature of the DNA demethylation process  [  30,   41  ] . Other studies, however, reported 
a higher prevalence of genome hypomethylation and an increased frequency of CG 
gene activation in more advanced tumor stages  [  53,   100  ] . This was interpreted as an 
indication that DNA demethylation might instead be a continuous process leading to 
progressive methylation losses with tumor development. Other interpretations for the 
increased hypomethylation in advanced tumor genomes, which implicate a transient 
DNA demethylation process, are however possible: (1) transient demethylation 
would initially produce a mixed population of precancerous cells with varying levels 
of DNA hypomethylation, and cells with the most hypomethylated genome would 
later be selected to contribute to the more advanced stages of the disease; or (2) the 
transient demethylation process could occur at varying time points during tumor 
progression and would therefore be more likely to have already occurred in late stage 
tumor samples  [  22  ] . Additional support for a transient DNA demethylation process 
comes from the observation that tumor cell lines with a hypomethylated genome do 
not show further CpG methylation losses during culturing  [  32,   55,   94  ] . Of note, 
many tumor cells display instead de novo methylation activities  [  3,   43  ] . 

 Considering the suggested dynamics of DNA demethylation in tumors, it is rea-
sonable to propose that hypomethylation of CG genes in tumors is mediated by two 
groups of factors: those that contribute to the transient DNA demethylation process 
and those that are required to protect the CG gene promoter region against subse-
quent remethylation. 

    7.5.1   Process of DNA Demethylation 

 Factors contributing to the DNA demethylation process during cancer develop-
ment remain unknown. The apparent transient nature of this process suggests that 
activation of such demethylation-inducing factors might occur in association with 
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one (or several) of the multiple steps through which precancerous cells are 
 progressing before acquiring full malignancy. Interestingly, a recent study evaluat-
ing genome methylation levels in an isogenic series of human mammary epithelial 
cell cultures transitioning from normal to malignantly transformed revealed that 
most losses of DNA methylation occurred at the stage of acquisition of inde fi nite 
lifespan  [  67  ] . Another study reported that genome hypomethylation and CG gene 
activation is more prevalent in tumors displaying the alternative telomere (ALT) 
maintenance phenotype rather than telomerase activation, the two possible mecha-
nisms by which cancer cells stabilize their telomeres and acquire immortality  [  83  ] . 
These observations establish therefore a possible link between DNA demethyla-
tion and cellular immortalization. Underlying molecular mechanisms remain, 
however, to be identi fi ed. 

 Theoretically, DNA demethylation in tumor cells could possibly occur through 
two distinct processes commonly referred to as active demethylation and passive 
demethylation  [  16  ] . Active demethylation would involve the activation of demethy-
lating enzymes, which can remove methylation marks from the DNA in a replica-
tion-independent manner. Enzymes contributing to active DNA demethylation in 
animal cells are beginning to be characterized  [  16  ] , but their potential involvement 
in cancer genome demethylation has not yet been reported. Passive demethylation 
on the other hand, would rely on the inhibition of DNA methyltransferases, which 
normally preserve the DNA methylation marks through the successive replication 
cycles. Three DNA methyltransferases exist in mammals: DNMT1, DNMT3A, and 
DNMT3B  [  6  ] . DNMT1 is primarily involved in DNA methylation maintenance, as 
it appears to be specialized in copying preexisting methylation sites onto the newly 
synthesized strand during replication. DNMT3A and DNMT3B instead have 
de novo DNA methylation activity and are responsible for the establishment of new 
DNA methylation marks in the developing embryo. For CG genes in particular, 
studies based on targeted depletion of the distinct DNMTs indicate that DNMT1 is 
the principal enzyme for methylation maintenance  [  42,   57  ] . It is therefore likely that 
passive DNA demethylation of CG genes in tumors would necessarily involve fac-
tors that decrease the amount or impair proper functioning of DNMT1. In certain 
tumor cells, however, combined depletion of DNMT1 and DNMT3 enzymes was 
required to obtain ef fi cient demethylation and activation of CG genes  [  42,   95  ] . This 
indicates that de novo methyltransferases can be targeted to these genes, where they 
might restore lost methylation sites, and underscores the importance of acquiring 
mechanisms of protection against remethylation for long-term activation.  

    7.5.2   Factors that Protect Against Remethylation 

 Studies with the  MAGEA1  promoter suggest that protection of the promoter against 
DNA remethylation is dependent on the level of transcriptional activation  [  27  ] . It is 
therefore likely that maintenance of CG gene promoter hypomethylation in tumor 
cells relies on the presence of appropriate transcription factors, as well as on the 
activation of such factors by upstream signaling pathways. 
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 Several DNA-binding factors have been identi fi ed, which appear to induce 
 activation of CG gene promoters. Transcriptional activation of several genes of the 
 MAGEA  family has been shown to depend on the binding of ETS transcription fac-
tors within their promoter  [  21,   24  ] . Interestingly, ETS-binding sequences in  MAGEA  
promoters contain a CpG site, and it was shown that methylation of this site inhibits 
binding of the corresponding factor  [  25  ] . In the promoter of  MAGEA1 , two ETS-
binding sites were shown to be essential to maintain hypomethylation of the pro-
moter in expressing tumor cells, as evidenced by remethylation of transfected 
 MAGEA1  constructs containing mutations within these two essential promoter ele-
ments  [  27  ] . The ETS family of transcription factors comprises about 30 members in 
humans, which all bind a similar DNA motif with a central GGAA/T sequence  [  68  ] . 
The precise member(s) involved in the regulation of  MAGEA  genes remain(s) to be 
characterized. 

 SP1 is another transcription factor, which was shown to contribute to the activa-
tion of several  MAGEA  genes, as well as the  CTAG1  gene (also termed  NY-ESO-1 ) 
 [  24,   46  ] . The ubiquitously expressed SP1 factor acts as a transcriptional activator 
and recognizes a consensus DNA sequence (GC box element), which includes a 
CpG site  [  80  ] . SP1-binding elements are therefore often present in CG-rich pro-
moter sequences. Binding of SP1 to the  CTAG1  gene was shown to occur only in 
cells where the promoter is unmethylated  [  46  ] . Interestingly, SP1-binding elements 
were previously shown to be involved in preserving the methylation-free status of 
classical CpG-island promoters  [  13,   62  ] . It is therefore likely that, once bound to the 
demethylated promoter of CG genes, SP1 proteins contribute to protect the region 
against remethylation. 

 BORIS (also known as CTCFL) is a testis-speci fi c paralog of the ubiquitously 
expressed DNA-binding protein CTCF, which is involved in various aspects of epi-
genetic regulation, including gene imprinting and X chromosome inactivation  [  59  ] . 
Both proteins share a highly similar central DNA-binding domain, and recognize 
therefore overlapping DNA sequences, but contain divergent amino- and carboxy-
terminal domains. The gene-encoding BORIS belongs to the CG group of genes, as 
its expression is regulated by DNA methylation and becomes activated in a wide 
variety of tumors  [  38,   49,   87,   95  ] . Remarkably, it has been demonstrated that in 
expressing tumors cells, BORIS is targeted to the promoters of other CG genes, 
namely  MAGEA1  and  CTAG1 , where its recruitment coincides with loss of CTCF 
binding  [  40,   87  ] . BORIS exerts transcriptional activation of CG genes, possibly in 
cooperation with SP1 transcription factors  [  46,   87  ] . In one study, forced overexpres-
sion of BORIS led to demethylation (albeit only partially) and activation of various 
CG genes in normal human  fi broblasts, suggesting that BORIS activation in tumors 
might represent a primary triggering event for the epigenetic de-repression of other 
CG genes  [  87  ] . However, similar experiments from other groups did not con fi rm 
CG gene demethylation and activation resulting from BORIS overexpression  [  49, 
  97  ] . Moreover, it was found that many tumors display activation of various CG 
genes in the absence of BORIS expression. It is therefore unlikely that BORIS is a 
necessary factor for the derepression of other CG genes in tumors. Its presence in 
certain tumor cells may, however, facilitate maintenance of the hypomethylated and 
active state of CG gene promoters. 
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 Many more transcription factors involved in CG gene regulation remain to be 
identi fi ed, and it is likely that each particular CG gene is controlled by a distinct 
combination of transcription factors. Tissue-speci fi c differences in the content of 
transcription factors probably account for the fact that, while CG genes tend to be 
co-activated in hypomethylated tumors, some of them nevertheless show preferen-
tial activation in speci fi c tumor types  [  36,   56  ] . 

 Cell signaling through tyrosine kinase receptors appears to represent an addi-
tional level of control of CG gene regulation. A study in mast cell lines reported that 
signaling through KIT, an oncogenic receptor hyper-activated in several types of 
cancers, increases transcription of  MAGE  genes  [  99  ] . Other studies revealed that 
signaling through FGFR2, an FGF receptor often down-regulated in thyroid and 
pituitary cancers, exerts a negative effect on  MAGEA3  and  MAGEA6  transcription 
 [  51,   102  ] . It is therefore possible that particular dysregulations in cancers, such as 
those affecting cell signaling pathways, increase the activity of transcription factors 
that target CG genes, and thereby facilitate long-term activation of these genes in 
hypomethylated tumor cells. This may partially explain the observation that experi-
mental DNA demethylation, by the use of DNMT inhibitors, often induces CG gene 
activation more ef fi ciently in tumor cells than in normal cells  [  47  ] .  

    7.5.3   Histone Modi fi cations 

 Active CG gene promoters in tumors usually display a hypomethylated region that 
comprises one to several kilobases  [  27  ] . It is therefore likely that the protective 
in fl uence of transcription factors against DNA remethylation extends beyond their 
narrow-binding site. Consistently, impaired binding of ETS transcription factors to 
 MAGEA1  transgenes, as caused by mutations in their recognition sites, resulted in 
de novo methylation of CpG sites within the entire promoter region, not just those 
located nearby the mutated ETS-binding sites  [  27  ] . This regional, rather than site-
speci fi c effect, might be related to the presence of modi fi cations on the chromatin, 
such as histone modi fi cations, which after being initiated by speci fi c transcription 
factors often propagate themselves over larger domains  [  31  ] . Histone modi fi cations 
can indeed in fl uence DNA methylation states  [  15  ] . Repressive histone marks, such 
as methylation of lysine 9 and 27 of histone H3 (H3K9 and H3K27), favor local 
DNA methylation, whereas active marks, such as histone acetylation or methylation 
of lysine 4 of histone H3 (H3K4), appear to exclude the DNA methylation machin-
ery. Studies from several groups have shown that demethylation and activation of 
CG genes in tumor cells is always associated with gains in histone acetylation and 
H3K4 methylation  [  42,   70  ] . The repressed state of human CG genes instead has 
been associated to a certain extent with the presence of H3K27 and H3K9 methyla-
tion marks  [  42,   70  ] . The exact relationship between histone modi fi cations changes 
and DNA demethylation in CG gene promoters remains unclear. A crucial question 
is whether the varying histone modi fi cations in CG gene promoters are a cause or a 
consequence of DNA methylation alterations. Studies using inhibitors of histone-
modifying enzymes showed that these were on their own unable to induce signi fi cant 
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demethylation and activation of CG genes. Only in combination with inhibitors of 
DNA methylation, did they signi fi cantly modulate the level of activation of CG 
genes  [  35,   54,   70  ] . These observations support the notion that DNA methylation 
exerts a dominant role in the epigenetic repression of CG genes. But it remains pos-
sible that histone modi fi cations assume the responsibility of maintaining the active 
status of the promoter following its demethylation.  

    7.5.4   Multiple Factors Determining CG Gene 
Activation in Tumors 

 Considering the above, it appears that activation of a particular CG gene in a tumor 
cell will depend on several factors: (1) the extent of CpG methylation losses result-
ing from the transient DNA demethylation process; (2) the level of de novo DNA 
methylation activities in the cell, which might induce remethylation of the pro-
moter; (3) the presence of transcriptional activators and histone-modifying enzymes 
capable of counteracting remethylation activities. The likelihood that a CG gene 
becomes activated in a tumor cell probably depends on a complex balance between 
these different factors (Fig.  7.1 ).    

    7.6   Oncogenic Function of CG Genes 

 Activation of CG genes in tumor cells raises the possibility that their proteins might 
have oncogenic activities. The biological function of most of these genes, which 
encode very diverse proteins, remains however poorly understood. One extreme 
possibility is that the main contribution of DNA hypomethylation to tumor progres-
sion resides in its repercussions on genomic instability  [  33  ] , and that the accompa-
nying activation of CG genes is merely a side effect with no impact on malignancy 
(other than inducing the expression of tumor antigens). Another possibility has been 
proposed, in which the concerted expression of CG genes in cancer would corre-
spond to the activation of a gametogenic program, thereby bestowing tumor cells 
with germ cell properties, including the capacity to self-renew (a feature of sper-
matogonial stem cells) and increased motility (a feature of sperm cells)  [  79  ] . 
Activation of CG genes in tumors is however only partial, making it very unlikely 
that all genes necessary for inducing a gametogenic program become expressed at 
the same time. Nevertheless, it remains possible that some CG genes contribute to 
tumor progression. Several MAGE proteins were found to inhibit p53 transactiva-
tion function, thereby exerting antiapoptotic properties  [  28,   64,   98  ] . GAGE proteins 
were also shown to render cells resistant to apoptosis  [  18  ] . Other studies reported 
that MAGEA11 serves as a co-stimulator for the androgen receptor and might there-
fore contribute to the development of prostate tumors that have become independent 
of the presence of androgen for their growth  [  4,   48  ] . Moreover, it was noted that 
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several CG genes, including  BORIS ,  BRDT,  and  ATAD2 , encode nuclear proteins 
that have a potential impact on chromatin structures and might therefore be involved 
in the epigenetic alterations commonly affecting cancer genomes  [  90  ] . Altogether, 
these observations support the notion that the activation of several CG genes in 
tumors, resulting from DNA demethylation, might be associated with the acquisi-
tion of oncogenic properties. 

 Surprisingly, however, two independent studies indicate that  MAGEA4  displays 
instead tumor-suppressor functions. In one study, MAGEA4 was shown to interact 
with gankyrin and to inhibit anchorage-independent growth in vitro and tumor for-
mation in mice  [  65  ] . In the other study, MAGEA4 was found to promote tumor cell 
death and to increase their sensitivity to apoptotic stimuli  [  69  ] . Clearly, more studies 
will be required before we can evaluate the full spectrum of consequences of CG 
gene activation in tumors.  

    7.7   DNA Hypomethylation in Cancer: An Immunological 
Paradox 

 There is now compelling evidence that the immune system is able to identify and 
destroy tumor cells  [  81  ] . This immune surveillance of cancer is believed to provide 
a barrier to cancer development, even though progressing tumors eventually escape 

  Fig. 7.1    Proposed model of demethylation and activation of CG genes during tumor development. 
The activation of CG genes in tumors depends on several factors: the extent of the transient DNA 
demethylation process, occurring at some step of tumor development; the level of counteracting 
de novo methylation activities in the cell; and the presence of transcriptional activators that protect the 
CG gene promoter against remethylation, for instance by increasing (+) or decreasing (−) distinct 
histone marks locally.  Filled circles  represent methylated CpG,  empty circles  unmethylated cytosines       
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this obstacle by activating a variety of immune evasion strategies. Evidence for the 
existence of such surveillance of cancer by the immune system is provided for 
instance by the observation that solid tumors are often in fi ltrated by lymphocytes. 
Not surprisingly, several of these tumor-in fi ltrating lymphocytes were shown to be 
directed against antigens encoded by CG genes  [  50  ] . This suggests therefore that 
DNA hypomethylation and the consequent activation of CG genes has, at least at 
some stage of oncogenesis, a detrimental effect on tumor development. Yet, DNA 
hypomethylation is observed in most tumors, suggesting that it must otherwise have 
a strong tumor-promoting effect that outweighs this negative immunogenic effect.  

    7.8   Epigenetically Assisted Cancer Immunotherapy 

 Clinical trials of therapeutic vaccination of cancer patients using antigens encoded 
by CG genes are underway. Noticeable clinical responses were observed, albeit in 
only a fraction of the treated patients  [  11  ] . An interesting possibility to increase vac-
cination ef fi ciencies would be the use of epigenetic drugs, such as the DNA methy-
lation inhibitor decitabine, which should increase the number of expressed CG 
genes in the tumors, thereby rendering them more visible to the immune system. 
Importantly, decitabine is expected to induce reactivation of epigenetically silenced 
tumor-suppressor genes as well, and hence to reduce the growth rate of the tumors 
at the same time. Clinical trials combining decitabine and vaccination against anti-
gens encoded by CG gene have been initiated  [  1  ] . 

 There are, however, several points concerning the ef fi ciency and safety of such 
approaches, which remain to be addressed. The  fi rst point concerns the speci fi city of 
decitabine-induced expression of CG genes in tumor cells rather than normal cells. 
Although studies have found that tumor cells are more sensitive to decitabine  [  47  ] , it 
is obvious that the drug also induces CG genes in normal cell cultures, including 
 fi broblasts and blood lymphocytes  [  25,   56,   61  ] . It will therefore be crucial to monitor 
decitabine/vaccine-treated patients for potential autoimmune reactions directed 
against their healthy tissues. Another concern relates to the duration of CG gene 
expression following decitabine treatment. Several studies have shown that CG gene 
expression in tumor cells was only transient following exposure to decitabine  [  26, 
  91  ] . This may be related to the absence of appropriate transcription factors, and 
hence lack of protection of the promoters against remethylation. The duration of CG 
gene expression in tumor cells may be critical to allow complete rejection by the 
immune cells. In this particular immune context, tumor cells that lose CG gene 
expression might be strongly selected. Prolonged decitabine treatment or combina-
tion with another epigenetic drug favoring protection of CG promoters against rem-
ethylation (e.g., drugs affecting histone marks) might be a solution to the problem. 
Finally, as genome hypomethylation is obviously associated with tumor develop-
ment, there is a concern that decitabine treatment may generate strongly hypomethy-
lated tumor cells with increased malignancy  [  33  ] . This is particularly problematic if 
it is con fi rmed that CG genes themselves exert oncogenic functions. 
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 Clearly, a better understanding of the mechanisms of activation and of the bio-
logical functions of CG genes should help to resolve these questions, and may help 
to design the most ef fi cient and safest ways to epigenetically augment tumor immu-
nogenicity, thereby rendering cancer cells more vulnerable to vaccination.      
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  Abstract   Most cases of colon cancer are initiated by mutation or loss of the tumor 
suppressor gene adenomatous polyposis coli ( APC ). APC controls many cellular 
functions including intestinal cell proliferation, differentiation, migration, and 
polarity. This chapter focuses on the role of APC in regulating a recently identi fi ed 
DNA demethylase system, consisting of a cytidine deaminase and a DNA glycosy-
lase. A global decrease in DNA methylation is known to occur soon after loss of 
APC; however, how this occurs and its contribution to tumorigenesis has been 
unclear. In the absence of wild-type  APC , ectopic expression of the DNA demethy-
lase system leads to the hypomethylation of speci fi c loci, including intestinal cell 
fating genes, and stabilizes intestinal cells in an undifferentiated state. Further, mis-
regulation of this system may in fl uence the acquisition of subsequent genetic muta-
tions that drive tumorigenesis.      

 Colon cancer is the second leading cause of cancer-related death in the western 
world  [  1  ] . Truncating mutations in the tumor suppressor gene (TSG) adenomatous 
polyposis coli ( APC ) underlie 70–80% of sporadic colon cancers, and germ line 
mutations in  APC  cause familial adenomatous polyposis (FAP) syndrome, which 
inevitably leads to colon cancer unless the colon is removed  [  2,   3  ] . Mutations in 
 APC  are observed in early intestinal lesions including aberrant crypt foci, and their 
frequency is similar in benign adenomas and advanced stage carcinomas, suggest-
ing that the loss of  APC  function initiates tumorigenesis  [  4  ] . Additional genetic and 
epigenetic events affect the rate of tumor progression. Changes in DNA methylation 
are detected in early stage adenomas, and can be classi fi ed as drivers or passengers 
of tumor progression, analogous to genetic mutations  [  5–  8  ] . Mutations that activate 
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the oncogene  KRAS  are infrequent in small polyps but are common in larger, less 
differentiated adenomas  [  9  ] . Loss of p53 function appears to arise even later in 
tumor progression and is observed mostly in carcinomas  [  10  ] . Technological 
advances in genome and epigenome analyses should facilitate extensive character-
ization of the spectrum, sequence, and interdependence of the molecular events that 
promote colon cancer and should also enable the development of more precise, 
personalized diagnoses and treatments. 

    8.1   Tumor Suppressor Functions of APC 

 A well-appreciated role for  APC  in tumor suppression is as a negative regulator of 
Wnt signaling  [  11  ] . In the absence of Wnt signaling,  APC  forms a destruction com-
plex with Axin and two kinases, casein kinase 1 and glycogen syntase kinase 3 b , 
that phosphorylate the transcriptional co-activator  b -catenin. Phosphorylated 
 b -catenin is then ubiquitinated and targeted for proteasomal degradation. Wnt sig-
naling inhibits the formation of the destruction complex, thereby stabilizing 
 b -catenin, which subsequently translocates to the nucleus, binds to the transcription 
factor TCF4, and activates target genes such as  c-myc  and  cyclin D1 . Deleterious 
mutations in  APC  stabilize  b -catenin and are thus thought to trigger ectopic Wnt 
signaling. This, in turn, affects multiple cellular functions including adhesion, 
migration, apoptosis, and proliferation. Consistent with this model, stabilizing 
mutations within the gene encoding  b -catenin are suf fi cient to initiate adenoma for-
mation in transgenic mice and are associated with about 7% of sporadic colon can-
cers  [  12–  14  ] . 

 At the same time, a number of studies have suggested that loss of APC function 
is not suf fi cient to induce Wnt signaling. For example, tissues lacking functional 
APC do not always exhibit the predicted nuclear localization of  b -catenin associ-
ated with activated Wnt signaling  [  15  ] . Blaker et al. showed that early adenomas 
with mild dysplasia displayed elevated levels of  b -catenin in the cytoplasm but not 
the nucleus, whereas  b -catenin was nuclear only in late stage adenomas. In addition, 
Anderson et al. examined grossly uninvolved and adenoma tissues taken from FAP 
patients and were unable to identify unambiguous staining for nuclear  b -catenin in 
over 90% of the adenomas  [  16  ] . Recent advances suggest that Wnt signaling induces 
posttranslational modi fi cations of  b -catenin that regulate its subcellular localization 
and function as a transcriptional co-activator with TCF4. For instance,  b -catenin is 
upregulated but con fi ned to the cytoplasm in the intestines of homozygous  apc  
mutant zebra fi sh ( apc   mcr  ) embryos  [  17  ] . These mutant zebra fi sh display a decrease 
in the number of intestinal epithelial cells, consistent with reduced Wnt signaling 
and cell proliferation. This study showed that activation of EGF signaling was 
required to cooperate with loss of APC in order to stimulate nuclear translocation of 
 b -catenin, activate Wnt signaling, and induce proliferation in  apc   mcr   mutant  fi sh. 
The nuclear accumulation of  b -catenin depended on Rac1 and Jnk2 activity, extend-
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ing previous observations that these kinases are required for canonical Wnt signal-
ing during mouse development  [  18  ] . Similarly, the detection of nuclear  b -catenin in 
advanced human colon adenomas is coincident with increased levels of phospho-
cJun, an indicator of JNK activity. Thus, loss of APC appears to stabilize  b -catenin 
without necessarily inducing nuclear translocation and activation of target genes. In 
this model, aberrant Wnt/ b -catenin signaling is a distinct event that contributes to 
tumor progression after loss of APC. 

 Indeed, the mechanism of tumor initiation following loss of APC activity may 
involve functions that are independent of  b -catenin. For instance, APC binds to 
microtubules and regulates mitotic spindle dynamics, which in turn may in fl uence 
many cellular functions, including chromosome segregation, genomic stability, and 
cell polarity  [  19–  21  ] . APC was recently shown to promote asymmetric division of 
intestinal stem cells, possibly by affecting cell shape  [  22  ] . In addition, APC also 
acts as a positive regulator of retinoic acid (RA) biosynthesis, and, as a result, intes-
tinal cell fate speci fi cation  [  23–  26  ] . Retinoic acid is known to play important roles 
in controlling cell patterning, fate, and differentiation through the binding and acti-
vation of speci fi c RA receptors, retinoid A receptors (RAR a , RAR b , and RAR g ), or 
retinoid X receptors (RXR a , RXR b , and RXR g )  [  27  ] . These receptors belong to the 
nuclear hormone receptor superfamily and are thought to act, following ligand bind-
ing, as direct activators or repressors of gene transcription  [  28  ] . A number of studies 
have implicated retinoids in normal colonocyte function and in the development of 
colon neoplasms. Compelling evidence for retinoic acid in intestinal development 
comes from previous studies demonstrating that retinol dehydrogenases Rdh1 and 
Rdh1l were essential for normal development and in intestinal differentiation in 
zebra fi sh  [  25,   26  ] . Speci fi cally, knockdown of either Rdh1 or Rdh1l function 
resulted in well-known RA-de fi cient phenotypes including loss of pectoral  fi n for-
mation, lack of jaw development, small eyes, absence of differentiated exocrine 
pancreas, and aberrant intestinal development. Further studies demonstrated a clear 
genetic connection between loss of APC and impaired retinoic acid biosynthesis. 
 apc   mcr   zebra fi sh lack rdhs expression and share a number of developmental pheno-
types present in rdh-de fi cient  fi sh. In addition, exogenous retinoic acid can improve 
developmental abnormalities in APC-de fi cient zebra fi sh, including failed intestinal 
cell differentiation. Despite the data implicating retinoic acid in intestinal cell func-
tions, the direct functions of retinoic acid in this context remained unexplained.  

    8.2   Aberrant DNA Methylation Is Associated with Colon 
Cancer Progression 

 Retinoic acid induces cell differentiation of different cell types in vitro and in vivo and 
is thus associated with changes in DNA methylation  [  28–  30  ] . About 4% of cytosines 
in a vertebrate genome are methylated by the action of DNA methyltransferases 
(Dnmt)  [  31  ] . Methylcytosine can further be converted to hydroxymethylcytosine, 
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formylmethylcytosine, and carboxymethylcytosine  [  32–  34  ] . Methylated cytosine 
usually occurs at CpG dinucleotides, although signi fi cant cytosine methylation out-
side the CpG context is observed in embryonic stem cells and induced pluripotent 
cells  [  35  ] . Methylated CpG sites are enriched within repetitive sequences such as long 
interspersed nuclear elements (LINEs) and satellites. Dense methylation of these 
regions contributes to genomic stability by silencing retrotransposons and suppressing 
recombination. In contrast, CpG islands, which are short CpG-rich regions frequently 
found within promoters, tend to be unmethylated in normal tissue  [  36  ] . CpG island 
shores, which are regions located outside of gene promoters but within 2 kb of CpG 
islands, are differentially methylated in pluripotent cells, different tissues and tumors 
 [  37,   38  ] . Methylation of CpG islands and CpG island shores is associated with gene 
silencing; however, DNA methylation within gene bodies and intergenic regions has 
been shown to promote transcription  [  39  ] . In addition, DNA methylation was recently 
shown to in fl uence alternative splicing  [  40  ] . Thus, speci fi c patterns of DNA methyla-
tion throughout the genome regulate genomic stability and cell-type-speci fi c gene 
expression. 

 Aberrant DNA methylation occurs soon after loss of APC, and evidence suggests 
that it promotes cancer progression. Widespread DNA hypomethylation, inferred 
from a decrease in LINE-1 methylation, is observed in small adenomas as well as 
late-stage carcinomas. It was recently shown that most of this hypomethylation cor-
responds to large, discrete blocks encompassing half the genome and consisting of 
repetitive sequences as well as genes  [  41  ] . Genes within these hypomethylated 
blocks displayed increased expression variability in different cancer samples, but 
were not expressed in normal samples, and it was postulated that this stochastic 
gene expression may contribute to tumor heterogeneity and facilitate the survival of 
cancer cells in different environments. Demethylation is thought to induce genomic 
instability by activating retrotransposons and by increasing the frequency of recom-
bination events within repetitive heterochromatin. In addition, hypomethylation 
could contribute to the chromatin restructuring and nuclear disorganization associ-
ated with cancer cells. Smaller regions outside of these blocks were also differen-
tially methylated relative to normal tissue. Hypomethylation was typically observed 
at CpG island shores and correlated with increased gene expression. In contrast, 
hypermethylation was associated with CpG islands and gene silencing. The genes 
that were identi fi ed as differentially methylated in colon cancer are enriched for 
those that are normally differentially methylated between tissues and appear to 
function in pluripotency, differentiation, and cell fate speci fi cation.  

    8.3   APC Regulates DNA Demethylation and Cell 
Fate Through Retinoic Acid 

 DNA methylation may be lost passively or actively removed. Passive demethylation 
occurs when unmethylated cytosine is incorporated into DNA during replication in 
the absence of maintenance Dnmt activity. In contrast, during active demethylation 
methylated cytosines are replaced with unmethylated ones by an enzymatic process 
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independent of DNA replication. Both mechanisms of demethylation likely contrib-
ute to the DNA hypomethylation observed in tumors. An age-dependent decrease of 
methylation has been observed both in normal tissues and in tumors, consistent with 
errors in methylated cytosine replication  fi delity  [  42  ] . This passive, gradual loss of 
DNA methylation could facilitate tumor initiation or progression by triggering 
genomic instability and changes in gene expression. 

 Genetic mutations may also lead to aberrant DNA demethylation. Recently, it 
was shown that homozygous  apc   mcr   zebra fi sh embryos have reduced DNA methyla-
tion at the promoters of genes implicated in intestinal cell fate speci fi cation and 
colorectal cancer, such as  hoxd13a  and  pitx2   [  43  ] . Moreover, these APC-de fi cient 
embryos had upregulated the components of a DNA demethylase system, including 
the cytidine deaminases Aid and Apobec2a, the thymine glycosylase Mbd4, and the 
DNA repair protein Gadd45 a   [  44,   45  ] . Knockdown of Mbd4 or of the cytosine 
deaminases in  apc   mcr   zebra fi sh embryos restored methylation levels. In addition, 
human colon adenoma samples harboring germ line  APC  mutations also showed 
reduced DNA methylation at the corresponding loci and upregulation of Aid, Mbd4, 
and Gadd45 a . Thus, APC prevents hypomethylation of key intestinal fating and 
colorectal cancer genes by repressing the demethylase system. 

 The upregulation of the demethylase system upon loss of APC was shown to be 
a consequence of loss of RA production, not misregulated Wnt signaling. Treatment 
of mutant zebra fi sh embryos with all-trans retinoic acid, which restores RA levels, 
but not a pharmacological inhibitor of Cox2, which reduces  b -catenin levels down-
stream of activated Wnt signaling, precluded the upregulation of Aid, Mbd4, and 
Gadd45 a . Further, pharmacological inhibition of RA production in wild-type, adult 
zebra fi sh also increased the expression of the demethylase genes and reduced cyto-
sine methylation. Together these observations indicated that DNA demethylation 
and the expression of the demethylase system are regulated by RA production 
downstream of APC  [  43  ] . 

 Genetic or epigenetic deregulation of genes controlling cell fate decisions can 
lead to tumorigenesis by precluding the differentiation of progenitor cells  [  43  ] . 
Indeed, DNA hypomethylation of  apc   mcr   zebra fi sh embryos is associated with an 
expansion of intestinal progenitor cells, revealed by the promoter demethylation 
and increased expression of intestinal cell fating genes and of  aldh1a2 , a marker of 
colon crypt progenitor cells, and by the decreased expression of a marker for intes-
tinal differentiation,  fabp2 . Knockdown of the demethylase system components 
induced intestinal differentiation, indicating that hypomethylation is required to sta-
bilize intestinal cells in a progenitor-like state. In addition, increased cell prolifera-
tion was observed in the brain of  apc   mcr   zebra fi sh embryos, and this also depended 
on the demethylase system. Patterning defects were excluded since the mutant 
embryos expressed primordial brain and intestinal markers. These data support a 
role for APC in cell fate speci fi cation and differentiation through the regulation of 
RA production and, in turn, DNA methylation. Thus, loss of APC may initiate tum-
origenesis in part by hypomethylating and deregulating cell fate genes, resulting in 
the expansion of proliferative, progenitor-like cells. 

 The proposed mechanism of demethylation by this system couples enzyme-me-
diated deamination of methylated cytosine (me-dC), to produce thymine (dT), with 
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glycosylase-mediated base excision repair to replace the dG:dT mismatch with a 
dG:dC base pair  [  45  ] . Aid, Mbd4, and Gadd45 a  were shown promote demethyla-
tion of a methylated, double-stranded DNA fragment injected into wild-type 
zebra fi sh embryos, and also of bulk genomic DNA. The injected DNA fragment is 
not replicated, excluding a passive mechanism of demethylation arising from rounds 
of DNA replication without subsequent cytosine methylation of the newly synthe-
sized strand. Further, co-expression of Aid with a catalytic mutant of Mbd4 in 
zebra fi sh embryos stabilized the dG:dT mismatches that would be generated by 
deamination. Indeed, Aid and a related cytosine deaminase Apobec1 have been 
shown to deaminate me-dC to dT within single-stranded DNA in vitro  [  46  ] . 
Nevertheless, the  fi eld awaits biochemical support for the proposed mechanism and 
insight into how Aid accesses me-dC within duplex DNA. Given that Mbd4 can 
recognize and extrude me-dC from duplex DNA, this component of the demethy-
lase system could both target the deaminase to me-dC and promote substrate acces-
sibility  [  47,   48  ] . Consistent with this model, Mbd4 was required not only for repair 
of the dG:dT mismatch, but also for Aid-mediated deamination of me-dC in zebra fi sh 
embryos. Moreover, Gadd45 a  appears to stabilize the physical interaction of Mbd4 
with Aid  [  45  ] . The stable association of a deaminase with a glycosylase may be 
important not only for targeting demethylation but also for mediating the repair of 
the dG:dT intermediate. 

 That APC may suppress tumor formation partly through negative regulation of 
DNA demethylase components is consistent with previous observations. Mice car-
rying the APC multiple intestinal neoplasia ( Apc   min  ) mutant allele, which produces 
truncated APC, develop intestinal lesions similar to human FAP and are frequently 
employed as a mouse model for colon carcinogenesis. Interestingly, genetic dele-
tion of the cytidine deaminase Apobec1 reduced adenoma formation in  Apc   min/+   
mice  [  49  ] . Apobec1 is highly expressed in the small intestine and targets a number 
of mRNAs for C to U editing  [  50  ] . It had previously been shown that Apobec1 binds 
and stabilizes cyclooxygenase 2 (Cox2) mRNA in vitro  [  51  ] . Adenomas from 
 Apc   min/+    Apobec-1  −/−  mice displayed decreased expression of Cox2 and it was sug-
gested that this could account for the reduced tumor burden. This model is consis-
tent with previous reports that Cox2 expression is increased in adenomas, and that 
genetic or pharmacological inhibition of Cox2 also decreases polyp formation in 
APC mutant mice  [  52  ] . However, Apobec1 can also deaminate DNA, and this activ-
ity may also promote tumor progression. Deamination of dC or me-dC results in 
transitions to dT, and Apobec-1 knockout mice would be predicted to have a reduced 
frequency of these mutations. This in turn could decrease polyp initiation by pre-
venting second-hit mutations. In addition, given that components of the DNA dem-
ethylase system are ectopically expressed in the absence of APC, Apobec1 may also 
cooperate with a thymine glycosylase to promote DNA demethylation, altered gene 
expression, and the expansion of intestinal progenitor cells in  Apc   min/+   mice. Thus, 
 Apc   min/+    Apobec-1  −/−  mice may display reduced adenoma formation in part due to 
reduced transition mutations and to restored DNA methylation patterns and 
 differentiation of intestinal progenitor cells. 

 In considering the development of APC loss-dependent colorectal cancer, it is 
plausible to envision a role for DNA demethylation given its role in reprogramming 
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in other systems. Genome-wide demethylation of the paternal genome in the mam-
malian zygote occurs within hours after fertilization  [  53–  55  ] . Later in embryogen-
esis, during speci fi cation of mouse primordial germ cells, the cytosine methylation 
that underlies parental imprints is erased and pluripotency is reestablished  [  56,   57  ] . 
Interestingly, genome-wide bisulphite sequencing analysis revealed an increase in 
global DNA methylation levels in PGCs derived from Aid-null embryos relative to 
wild-type embryos  [  58  ] . However, signi fi cant demethylation occurred even in the 
absence of Aid, suggesting that this process may involve other deaminases like 
Apobec1  [  46  ]  or another mechanism. Similarly, reduced levels of DNA demethyla-
tion in zebra fi sh required simultaneous knockdown of Aid and Apobec2  [  45  ] , sug-
gesting redundancy among members of the Aid/Apobec family. DNA demethylation 
is also a rate-limiting step for reprogramming somatic cells to a pluripotent state 
 [  59–  61  ] . Indeed, Aid was required for the demethylation and induction of pluripo-
tency genes in heterokaryons generated by fusing mouse embryonic stem (ES) cells 
with human  fi broblasts. Importantly, Aid-mediated DNA demethylation did not 
require cell proliferation or DNA replication, providing further support for a role for 
Aid in active DNA demethylation. Prior to cell fusion, Aid is bound to distinct, 
methylated promoters in each cell type. For instance, Aid associates with the methy-
lated promoters of Oct4 and Nanog in  fi broblasts, but not with their unmethylated 
promoters in ES cells  [  61  ] . These observations suggest that cell-type-speci fi c fac-
tors stimulate Aid’s deaminase activity at methylated target loci. Thus, active DNA 
demethylation mechanisms employing deaminases stabilize a pluripotent state in 
different biological contexts. 

 The misregulation of the demethlyase system in APC-de fi cient animals may also 
reconcile some apparent contradictions arising from previous studies. Adenoma 
formation in  Apc   min/+   mice is suppressed either by pharmacologic inhibition of Dnmt 
activity with 5-aza-deoxycytidine or by genetic loss of the DNA methyltransferase 
 Dnmt1  or  Dnmt3b   [  62–  65  ] . However, 5-aza-deoxycytidine did not preclude microad-
enoma formation, nor did it preclude adenoma progression once a polyp had formed, 
suggesting an irreversible event occurs prior to, and is required for, the transition to 
a macroadenoma. Microadenomas have lost the wild-type allele of  APC , indicating 
that this step is not rate limiting for macroadenoma formation. One explanation for 
these  fi ndings could be that hypermethylation and silencing of TSGs is required for 
tumor growth, and that reducing Dnmt activity inhibits this step  [  66,   67  ] . It has been 
shown that the CpG islands upstream of some TSGs are methylated in some cells 
within the normal intestinal mucosa of  Apc   min/+   mice, and that their methylation 
increases in polyps  [  62  ] . Genetic loss of  Dnmt1  reduced the extent of methylation at 
these sites in both normal mucosa and polyps, and reduced polyp formation, extend-
ing the correlation between localized methylation and tumor growth. Although 
these observations are consistent with a reduction in TSG expression promoting 
tumor progression, DNA methylation could also contribute to tumorigenesis by 
affecting the rate and spectrum of genetic mutations  [  68,   69  ] . Spontaneous or enzy-
matic deamination of me-dC yields dT, resulting in a dC to dT transition mutation 
if it is not repaired prior to replication. Transition mutations at CpG dinucleotides, 
the target for DNA methylation, contribute signi fi cantly to tumorigenesis despite 
the under-representation of CpG in the genome  [  70,   71  ] . Loss of  APC  could increase 
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the rate of dC to dT transitions due to the upregulation of deaminases such as Aid 
and Apobec2  [  43  ] . Thus, in addition to stabilizing a progenitor-like state, loss of 
 APC  and deregulation of the DNA demethylase system may separately contribute to 
tumorigenesis by increasing the likelihood of second-hit transition mutations. In 
this model, inhibition of Dnmt activity would suppress adenoma formation upon 
loss of  APC  by reducing the levels of me-dC, a substrate for deamination, which 
ultimately decreases the frequency of tumor-promoting dC to dT transitions. 
Similarly, genetic loss of Mbd4, which can repair the dT generated by deamination 
of me-dC, increased the rate of dC to dT transitions at CpG dinucleotides and accel-
erated intestinal tumorigenesis in APC mutant mice  [  72,   73  ] . 

 The above  fi ndings support a new model linking loss of APC, impaired intestinal 
differentiation, and tumor initiation to RA-mediated control of DNA methylation 
dynamics. APC serves a critical role in cell fate speci fi cation by positive regulation 
of RA production and, in turn, inhibition of the DNA demethylase system (Fig.  8.1 ). 

Mitotically active,
Undifferentiated Intestinal Cell

Retinoic Acid
Demethylation
C to T transitions

Second-hit
mutation

Tumor Progression

APC mutant:
Cell Specification Defect
Tumor Initiation

APC wild-type

Mitotically inactive,
Differentiated cell 

Retinoic Acid
Demethylation
C to T transitions

Expansion of
Undifferentiated
Intestinal Cells

  Fig. 8.1    In the intestine, APC promotes differentiation through the production of retinoic acid and 
the negative regulation of DNA demethylase components. In APC mutants, there is decreased 
retinoic acid production, maintaining cells in an undifferentiated state due to the continued expres-
sion of the demethylase system and of genes controlling cell fate and proliferation. In addition, 
expression of the demethylase system may promote C to T transition mutations. Both the cell 
speci fi cation defect and accumulation of second-hit mutations upon loss of APC may contribute to 
tumorigenesis       
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In the absence of APC function, there is an expansion of intestinal progenitor cells. 
Further, the misregulation of deaminases downstream of loss of APC may lead to an 
increased frequency of second-hit mutations. In this way, loss of APC may both 
directly and indirectly affect tumor initiation and progression.       
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  Abstract   Malignant cancer emerges from normal healthy cells in a multistep  process 
that involves both genetic and epigenetic lesions. Both genetic and environmental 
inputs participate in driving the epigenetic changes that occur during human carcino-
genesis. The pathologic changes seen in DNA methylation and histone posttransla-
tional modi fi cations are complex, deeply intertwined, and act in concert to produce 
malignant transformation. To better understand the causes and consequences of the 
pathoepigenetic changes in cancer formation, a variety of experimentally tractable 
human cell line model systems that accurately re fl ect the molecular alterations seen 
in the clinical disease have been developed. Results from studies using these cell line 
model systems suggest that early critical epigenetic events occur in a stepwise fash-
ion prior to cell immortalization. These epigenetic steps coincide with the cell’s tran-
sition through well-de fi ned cell proliferation barriers of stasis and telomere 
dysfunction. Following cell immortalization, stressors, such as environmental toxi-
cants, can induce malignant transformation in a process in which the epigenetic 
changes occur in a smoother progressive fashion, in contrast to the stark stepwise 
epigenetic changes seen prior to cell immortalization. It is hoped that developing a 
clearer understanding of the identity, timing, and consequences of these epigenetic 
lesions will prove useful in future clinical applications that range from early disease 
detection to therapeutic intervention in malignant cancer.      
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    9.1   Introduction 

 Malignant cancer cells arise from normal cells via a multistep process that involves 
both genetic and epigenetic change. Similar to genetic lesions, epigenetic lesions 
can be diverse in nature, serving to alter the structure and function of the genome 
thereby participating in a cell’s acquisition of limitless uncontrolled growth and the 
phenotypic hallmarks of the malignant cancer cell. In general, the degree of epige-
netic difference between cancer cells and normal cells greatly exceeds the epige-
netic differences that are seen between normal cells of different phenotypes and 
even different germ layers (e.g.,  fi broblasts and epithelial cells). Since epigenetic 
mechanisms are a primary determinant governing normal cell identity, this compari-
son underscores how epigenetically different cancer cells are from normal cells. 
Mutation and altered expression of proteins involved in the writing or reading of the 
epigenetic code are two mechanisms that help produce aberrant epigenetic changes 
seen in not only cancer, but other human diseases as well. The complexity and the 
frequency of the epigenetic changes seen in cancer cells, however, seem to defy 
explanations that rely on a single event. Instead, it appears that pathologic epige-
netic change during carcinogenesis results from myriad genetic mutations and envi-
ronmental inputs which perturb the manifold nodes of epigenetic regulation. 

 Environmental inputs acting on the epigenetic nodes are highly variable and can 
include contributions from both physiologic and xenobiotic sources such as hor-
monal status; microenvironmental milieu; nutritional, metabolic, or oxidative state; 
and toxicant and therapeutic drug exposures. Since the epigenetic state is important 
in governing cell identity, cellular nodes of epigenetic control acted upon by stimuli 
will show some variation between different cell types, suggesting that environmen-
tal inputs may show cell type selectivity, as well as display activity towards a broad 
array of cell types. Once these epigenetic changes are “ fi xed” into the chromatin, 
they can be vertically transmitted through cell generations. The inherent plasticity 
of the epigenetic control systems coupled to the cancer cell’s limitless replicative 
potential provides the ability to generate extraordinary phenotypic diversity and 
rapidly respond to changing environmental stimuli and stresses. 

 Chromatin is rich in epigenetic marks, and these marks participate in the regulation 
and control of likely most or all genomic functions. The primary epigenetic mark 
found on DNA, 5-methylcytosine, is produced via the enzymatic methylation of the 
C5 position of cytosine through the action of multiple specialized DNA methyltrans-
ferases. The patterns and levels of DNA methylation across the genome have been 
mapped for a variety of normal and cancer cells, with cancer cells showing complex 
and extensive patterns of DNA methylation derangements. These DNA methylation 
derangements either participate in or re fl ect a number of different genomic processes, 
with its role in the regulation of gene expression being the best understood. Other C5 
cytosine modi fi cations have been identi fi ed recently, such as 5-hydroxymethylcyto-
sine. It appears that these newly identi fi ed modi fi cations are a result of an active DNA 
demethylation process and it is likely that these DNA  epigenetic marks will prove 
biologically important; however, it has not yet been  elucidated how these marks 
change and participate in the process of malignant transformation. 
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 Posttranslational histone modi fi cations are an additional layer of epigenetic con-
trol altered during human carcinogenesis. These posttranslational modi fi cations 
include acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation, 
and over 40 different amino acid residues in histones are currently known to undergo 
one or more of these modi fi cations, especially in histones H3 and H4. Similar to 
DNA methylation, the histone posttranslational marks participate in a number of dif-
ferent genomic processes. Some histone marks are highly predictive of gene pro-
moter location and transcriptional activity, such as histone H3K4 trimethylation and 
histone H3 and H4 lysine acetylation, and these modi fi cations show strong negative 
correlations with DNA methylation levels in a typical genomic region. Other post-
translational histone modi fi cations are linked to a transcriptionally repressed state 
and display positive correlations with DNA methylation levels, such as H3K9 methy-
lation repressive marks. Still other histone marks, such as H3K27 trimethylation, are 
closely linked to transcriptional repression, preferentially target developmentally 
regulated genes and largely appears to be a repressive epigenetic control system that 
operates independently of the repressive DNA methylation system. Overall, a num-
ber of in vitro studies have provided clear mechanistic links between DNA methyla-
tion and histone modi fi cation state indicating that the control of the DNA methylation 
and histone modi fi cation patterns are deeply intertwined. As such, it is not surprising 
that, similar to DNA methylation, the normal levels and patterns of histone posttrans-
lational modi fi cations become compromised in human cancer cells. 

 In a clinical setting, the multistep nature of epithelial cell malignant transforma-
tion manifests as hyperplasia, dysplasia, benign tumor, carcinoma in situ, and  fi nally 
frank malignancy and metastases; analogous pathologic progressions can be seen in 
some hematologic pathologies, as well, and may very well exist for most or all 
human cancers. Analysis of clinical specimens has shown that epigenetic aberra-
tions are seen in the earliest stages of this multistep process, although obtaining 
quantitative information-rich epigenetic data from minute clinical specimens cre-
ates unique technical challenges that have slowed the ability to identify pathoepige-
netic events that directly translate to clinical impact with respect to the detection, 
prognostication, treatment, and management of human cancer. For example, techni-
cal limitations such as specimen size and quality have hindered success in analyzing 
the posttranslational modi fi cation state of histones in clinical specimens. With 
respect to DNA methylation analysis, quantitative high resolution approaches for 
the analysis of the minute clinical cancer specimens typically available have been 
available for over 20 years in the form of bisul fi te sequencing  [  1,   2  ] , and today com-
prehensive DNA methylome sequencing approaches have emerged and should 
attain wide availability over the next few years  [  3,   4  ] . In the translational science 
arena, there are a few early applications where the results indicate DNA methylation 
analysis may be a useful tool in predicting response to cancer therapy  [  5,   6  ] . Results 
such as these should provide signi fi cant optimism and encouragement to investiga-
tors that epigenetic analysis will prove useful in the areas of prediction, detection, 
prognostication, as well as treatment of cancer. While signi fi cant progress has been 
made in understanding the causes, consequences, and temporal sequence of patho-
logic epigenetic events in cancer, their utility on the clinical management of cancer 
is largely a promissory note with their potential not yet fully realized.  
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    9.2   Laboratory Model Systems of Cell Transformation 

 To better discover and understand the pathoepigenetic events that mechanistically 
participate in the conversion of a normal cell to a malignant cell, there is value in 
using experimentally tractable models systems that faithfully re fl ect the in vivo 
process. To this end, a variety of useful and complementary in vitro human cell line 
and animal model systems have been developed that recapitulate aspects of clinical 
multistep carcinogenesis and that allow for detailed analysis of epigenetic/epige-
nomic events as they unfold during the transformation from the normal to the 
malignant phenotype. These models have a number of advantages as laboratory 
tools—certainly the most important being that the genetic and epigenetic changes 
present in them accurately re fl ect the known (epi)genetic etiology of the clinical 
form of the disease, thereby providing a solid platform for the discovery and dis-
section of new epigenetic events relevant to clinical cancer. These cell line systems 
also allow for the production of pure and reproducible populations of cells that can 
be fairly easily generated in large number and at relatively low costs. In our experi-
ence, the epigenetic state of the cell line models we have employed does not vary 
to a signi fi cant extent when grown under appropriate and consistent conditions. We 
routinely verify cell line identity using STR pro fi ling using 13 CODIS markers; 
reference DNA  fi ngerprinting data for most of the widely used cell lines are avail-
able from cell line collections such as the ATCC or from the investigators who 
developed the models  [  7,   8  ] . 

 A majority of the human cell culture model systems that have been developed 
perhaps best address the  fi nal step(s) of malignant human cancer, speci fi cally the 
steps that follow cell immortalization. Since immortalization through telomerase 
activation may be a rate limiting step in human carcinogenesis, these models may 
not be best suited for the identi fi cation of the earliest epigenetic events in carcino-
genesis. Cell model systems that adequately address the earliest steps in human 
carcinogenesis, prior to cell immortalization, are more limited. These are discussed 
later in the chapter. As is always the case, each model system used to evaluate the 
steps from normal  fi nite life span cell to immortal malignant cancer cell has distinct 
qualities and limitations. Together, these laboratory models allow for the molecular 
dissection of epigenetic dysfunction during the pathologic process and help provide 
new insights that can be used to develop approaches to better detect, prognosticate, 
treat, and manage the myriad human cancers.  

    9.3   Immortalization to Malignant Transformation 

 Cell line systems that model the epigenetic events that occur following epithelial 
cell immortalization are widespread and provide useful tools to study malignant 
transformation (meant here as the in vitro assessments of anchorage independent 
growth and tumor forming ability in immunocompromised mice). These immortal-
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ized cell line model systems have generally overcome normal cell proliferation bar-
riers either by (1) direct immortalization of primary cell strains through overexpression 
of hTERT, (2) selective genetic strategies that inactivate the p16/Rb and p53 path-
ways, frequently via viral approaches, or (3) establishing cell lines from cultured 
pathologic specimens that are already immortal, but not fully malignant. A variety 
of immortalized variants of different epithelial cell models have been generated and 
examples include, but are not limited to, prostate epithelial cells immortalized by 
HPV18 (RWPE), bronchial epithelial cells immortalized with SV40 (HBE16, 
BEAS-2B), keratinocytes that arose spontaneously in culture from primary cells 
(HaCAT), breast epithelial cells derived from diseased tissue (MCF10A) or non-
diseased healthy tissue (HMEC), and urinary bladder cells immortalized with 
hTERT or SV40 (UROtsa)  [  9–  18  ] . Although some approaches used to immortalize 
cells are not themselves etiologic agents involved in clinical human carcinogenesis 
(e.g., viral inactivation of p53 or the genetic introduction of hTERT), they do pro-
vide reproducible approaches that target proteins and pathways known to be critical 
to the human tumor cell phenotype. 

 These immortalized cell line systems should not be considered normal cells; 
however, since they have had perhaps the most dramatic phenotypic shift possible—
acquisition of limitless replicative potential. In addition, these cells have often also 
acquired genetic abnormalities (e.g., deletions, translocations, aneuploidy). It is 
highly likely that these immortalized cells have undergone changes in the epigenetic 
state, if compared to its normal  fi nite life span counterpart, although detailed studies 
to this end are limited. Indeed, the p53 inactivation strategies used in immortaliza-
tion strategies may instigate epigenetic change itself. Following a cellular stress, 
activated p53 binds to DNA in a sequence-speci fi c manner while also recruiting 
coactivators or corepressors to participate in transcriptional regulation. Thus, loss of 
p53 binding and coactivator/corepressor recruitment may produce long-term epige-
netic changes at p53 target loci disrupting their normal transcriptional regulation 
and altering attendant cellular phenotypes  [  19–  21  ] . As such, these immortalized 
models likely provide more limited information regarding the nature of the epige-
netic changes that may occur early in multistep carcinogenesis and prior to immor-
talization. Overall, these models have proven useful in identifying novel epigenetic 
changes, the molecular mechanisms responsible for these epigenetic changes, and 
the genetic and/or environmental events that provoke the epigenetic changes.  

    9.4   Epigenetic Remodeling by Environmental Arsenicals 

 Our laboratory has been interested in the effect that environmental arsenicals has on 
the epigenetic state. Arsenic is a widespread environmental toxicant that exists as a 
number of different molecular species and ranks as the 20th most common element 
in the earth’s crust. Humans may be exposed to arsenicals to varying degrees through 
water, air, soil, and food. Arsenic may also be the world’s most well recognized 
poison. Acute high dose exposure to arsenic has been used repeatedly throughout 
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history for murder by intentional poisoning and has earned the moniker, “Poison of 
Kings and King of Poisons  [  22  ] .” In contrast, various forms of arsenic have also 
been used for centuries to treat a wide range of illnesses, including syphilis, malaria, 
asthma, chorea, eczema, psoriasis, and cancer  [  23  ] . Today, one molecular species of 
arsenic, arsenic trioxide (As 

2
 O 

3
 ) is an FDA-approved therapy to treat acute promy-

elocytic leukemia and also shows promising anticancer activity in laboratory mod-
els of other human cancers  [  24–  26  ] . In the most common setting, however, that of 
chronic low dose, environmental exposures, arsenicals are associated with a number 
of human maladies, among them cancer, neurologic disorders, cardiovascular dis-
ease, developmental abnormalities, and diabetes  [  27–  30  ] . 

 Of all the pathologic effects associated with long-term arsenic exposure, cancer 
is the most widely studied. A number of epidemiological studies have convincingly 
linked human arsenic exposure with various cancers, especially cancers of the lung, 
urinary tract, and skin  [  31  ] . Arsenicals are classi fi ed as a group 1 carcinogen by the 
International Agency for Research on Cancer (IARC); however, a precise mecha-
nism of arsenical action remains wanting. A few observations suggest that epige-
netic remodeling may be important in arsenical-associated cancers. Arsenicals do 
not appear to cause point mutations and on their own are unable to cause cancer in 
standard animal assays or immortalize primary human epithelial cells  [  32,   33  ] . 
However, earlier studies showed arsenicals can change DNA methylation levels 
 [  34  ] , and long-term nontoxic exposure to arsenicals has been suf fi cient to reproduc-
ibly induce malignant transformation in a variety of immortalized nonmalignant 
human epithelial cells derived from tissues with known arsenical sensitivity. 
Examples of cell line models that have been malignantly transformed by arsenicals 
include HaCaT, BEAS-2B, RWPE, and UROtsa  [  35–  39  ] . 

 Human transitional carcinoma of the bladder arises from the transformation of 
urinary bladder epithelial cells, and those tumors that progress clinically to a 
malignant phenotype generally demonstrate genetic inactivation of the p16/Rb 
and p53 pathways  [  40  ] . In vitro, benign immortalized urothelial cell lines that 
resemble the earlier stages of clinical bladder cancer can be reproducibly gener-
ated from  fi nite life span urothelial cell strains via genetic manipulations that 
target these pathways for inactivation. In our studies of epigenetic changes that 
occur during the transition from a benign immortal cell to a malignant cancer cell, 
we have used the immortalized, non-tumorigenic human urothelial cell line, 
UROtsa, generated from the urothelial cells of a young female donor and immor-
talized using a temperature sensitive SV40 large-T antigen construct  [  14  ] . Further 
evaluation of these cells has revealed hypodiploidy, genetic deletion of a small 
region of chromosome 9 that contains p16, and hTERT expression (unpublished 
observations). 

 Malignant transformation of UROtsa cells using long-term nontoxic exposures to 
environmental toxicants such as arsenic has been successfully performed by multiple 
independent laboratories  [  36,   39  ] . The phenotypic manifestations of the malignant 
conversion process can  fi rst be detected in these cells at approximately 12 weeks of 
exposure at a faster growth rate. With increased exposure time, the ability to form 
colonies in an anchorage independent fashion occurs, and  fi nally arsenic-exposed 
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UROtsa cells acquire the ability to form tumors in immunocompromised mice. 
Interestingly, the arsenical-induced malignant phenotype is stable, as removal of the 
toxicant for at least 6 months has not led to the reversion to a more benign phenotype 
(Fig.  9.1 ).  

 Broad epigenetic changes begin to rise in UROtsa cells during exposure to arse-
nic at concentrations seen in real-world situations, such as can be found in drinking 
water from wells (5–10 ppb). We examined epigenetic changes in a genome-wide 
and temporal manner using histone modi fi cation-speci fi c chromatin and 
5-methylcytosine-speci fi c immunoprecipitations coupled to two-color DNA 
microarray analysis. We found global changes emerging around 12 weeks after ini-
tial exposure. These epigenetic changes appear progressive—the degree of epige-
netic change increases at the individual targets with time. The epigenetic changes 
also are stable—after malignant transformation, the toxicant can be removed, but 
the malignant phenotype as well as the epigenetic changes remains. Some of the 
epigenetic changes identi fi ed were in genes overtly relevant to the malignant pheno-
type and have functional roles in cancer in general, and bladder cancer in particular 
 [  41  ] , while the roles for most of the changes seen remain enigmatic. It appears 
unlikely that the observed epigenetic changes seen in UROtsa following arsenical 
exposure are simply due to the outgrowth or simple selection of a preexisting clone, 
since the arsenical-transformed cells grow signi fi cantly faster (~35%) than the non-
malignant parental UROtsa cell line. Rather, it seems possible that (epi)genetic 
alterations may arise during and as a result of arsenic exposure, and given enough 
time (cell divisions), which is provided by the cell immortality, and optimal growth 

  Fig. 9.1    UROtsa cell line model of malignant transformation. The immortalized urothelial cell 
line UROtsa was exposed to arsenicals for periods of up to a year. Arsenical exposed cells were 
probed at various time points for markers of malignant transformation. After 3 months there was a 
signi fi cant increase in proliferation rate, after 6 months a signi fi cant increase in anchorage inde-
pendent growth, and after 12 months, arsenic exposed cells formed tumors in immune compro-
mised mice  [  36,   39  ] . Progressive epigenetic changes occur during this transition from a benign 
immortal to malignant phenotype       
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conditions, a faster growing, more malignant population of cells emerges, which are 
then selected for based on their growth characteristics. 

 Probing the DNA methylation pro fi le of the arsenical transformed UROtsa cells 
and comparing them to the non-transformed immortal parental cells revealed that 
~3% of the assessed regions were hypermethylated, while ~1% were hypomethy-
lated. The hypermethylation events occurred mostly within gene promoters, whereas 
the hypomethylation events were more prevalent in repetitive elements spread 
throughout the genome  [  42  ] , consistent with what is well established for human 
cancers. We attempted to assess whether the DNA methylation changes acquired 
during malignant transformation were speci fi cally or randomly distributed in the 
genome by analyzing two different arsenical-transformed UROtsa cell lines, created 
in two different laboratories using two different arsenicals (i.e., sodium arsenite and 
monomethyl arsenous acid). A statistical analysis of the numerical size of the over-
lap of aberrantly DNA methylated promoters between these two cell lines indicates 
that the DNA methylation changes seen are nonrandom and suggest that common 
epigenetic changes occur in association with arsenical malignant transformation. 

 The types of DNA methylation changes observed during the arsenical-mediated 
malignant transformation can be roughly divided into two groups, focal and long 
range. Focal DNA methylation events refer to DNA differentially methylated regions 
that cover a single gene promoter and are typically  £ 1 kb in size. These types of 
aberrant DNA hypermethylation events seem to predominate and are closely linked 
to the silencing of a large number of tumor suppressor genes. In the UROtsa malig-
nant transformation model, several potential tumor suppressor genes were found to 
be hypermethylated such as DBCCR1 (deleted in bladder cancer chromosome 
region candidate1); its relevance to bladder cancer having been previously ascer-
tained  [  41  ] . Overall, the DNA hypermethylation changes were correlated to corre-
sponding losses in the permissive histone modi fi cation marks of histone acetylation 
and H3K4 methylation and loss of gene expression, although as is often the case, 
apparent exceptions to the general rules could also be detected. 

 The DNA differentially methylated regions that cover much larger contiguous 
regions, along with corresponding changes in histone modi fi cations, are linked to 
chromatin remodeling of more extended regions of the genome in a process termed 
long-range epigenetic silencing  [  43  ] . This type of epigenetic lesion has been found 
in a number of human cancer cell lines as well as clinical tumor specimens, suggest-
ing that this type of coordinate epigenetic regulation over large regions may be a 
common and important event in cancer  [  43–  46  ] . Interestingly, it appears that the 
gain of aberrant agglomerative DNA methylation changes and associated long-
range epigenetic silencing can be observed over the time course of arsenical-medi-
ated transformation of UROtsa from a benign to a malignant phenotype. Recent 
studies in the laboratory indicate that the PCDH and HOXC gene clusters undergo 
extensive aberrant DNA and that these epigenetic lesions are also found in malig-
nant human bladder cancer specimens. Overall, these results suggest that the UROtsa 
malignant transformation model may be a laboratory tool to discern the molecular 
underpinnings responsible for long-range epigenetic silencing and identi fi es a 
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signi fi cant environmental toxicant as a possible etiologic agent of this pathologic 
epigenetic lesion. 

 In an initial measure evaluating the commonality of the epigenetic change in 
arsenical-induced malignant transformation, we sought other human epithelial cell 
line models of arsenical-mediated malignant transformation. The immortalized 
human prostate epithelial cell line RWPE-1 was shown to undergo genomic hypom-
ethylation after chronic exposure to AsIII  [  47,   48  ] , and we have made preliminary 
comparisons between this model and the UROtsa model. We have found a signi fi cant 
overlap in gene promoters targeted for aberrant DNA methylation in both the 
UROtsa and RWPE models of arsenical-mediated malignant transformation that is 
beyond what is expected by random chance. These results suggest that a common 
ground of epigenetic change occurs in these laboratory models of arsenical expo-
sure and suggests that they may be useful to help identify new epigenetically tar-
geted genes important to malignant transformation and the cellular processes 
responsible for these epigenetic changes. 

 Epigenetic regulation resides at a nexus of gene–environment interactions. 
Together these results suggest that environmental arsenicals may exert their carci-
nogenic activity by eliciting epigenetic change thereby acting as an epimutagen, an 
agent whose exposure induces stable and heritable changes to the epigenetic state. 
The epigenetic changes seen are linked to gene expression changes and coincide 
with the advent of an increasingly malignant phenotype. Furthermore, results from 
epigenome-wide analysis suggest that common regions are epigenetically targeted 
during arsenical-mediated malignant transformation. Importantly, the DNA methy-
lation changes seen in the laboratory models are consistent with what is seen in the 
relevant in vivo correlates—clinical cancer specimens. These experimentally trac-
table systems provide a unique opportunity to better discern the causes and conse-
quences of epigenetic change in arsenical-associated cancers.  

    9.5   Epigenetic Models of Finite Life span to Immortalization 
(and Beyond) 

 A cell model we have found particularly useful to study the epigenetics of cell trans-
formation is the human mammary epithelial cell (HMEC) model system developed 
by Dr. Martha Stampfer during the past 30 years  [  9,   44,   49,   50  ] . The utility of this 
model system for the examination of the early molecular events in human breast 
carcinogenesis has been demonstrated in a number of studies, both with respect to 
genetic and epigenetic events  [  49–  53  ] . In our estimation this isogenic cell model 
system offers a number of bene fi ts and allows for the temporal analysis of molecular 
events that occur during the transitions from  fi nite life span through immortalization 
and on to malignant transformation. This model also allows one to study the effects 
that directed genetic changes and environmental stressors can have on the epige-
netic state. 
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 In this model system, cultured  fi nite life span HMEC must overcome two distinct 
proliferation barriers in order to achieve immortality and ultimately acquire a malig-
nant phenotype. The  fi rst proliferation barrier is termed stasis or stress-induced 
senescence and is mediated by the Rb protein, characterized by elevated levels of 
p16INK4A. This  fi rst barrier, stasis, has been overcome or bypassed in cultured 
HMEC by various means, such as exposure to benzo(a)pyrene. The resultant post-
stasis cells commonly show p16 inactivation by gene mutation or promoter hyper-
methylation  [  50,   54  ] . Loss of p16 expression due to silencing or mutation is also a 
common event during in vivo human breast cell transformation  [  55  ] . When grown 
in a serum-free medium, rare HMEC will “spontaneously” silence p16, generating 
a type of post-stasis HMEC population that has been called post-selection  [  9,   54  ] . 
HMEC that escape the stasis barrier can continue to proliferate for dozens of addi-
tional population doublings before encountering a second more stringent prolifera-
tion barrier resulting from critically shortened telomeres  [  49,   56  ] . When approaching 
the telomere dysfunction barrier, HMEC exhibit increased chromosomal instability 
and a DNA damage response. Rare cells that gain telomerase expression may escape 
this barrier and become immortal, whereby HMEC activates telomerase by as yet 
unde fi ned, and potentially novel, epigenetic mechanisms. In addition, HMEC sys-
tems can acquire immortality through genetic perturbations. For example, under 
appropriate circumstances direct genetic introduction of constructs that express 
CMYC, or ZNF217, hTERT can promote HMEC immortalization  [  57,   58  ] . 
Nondirected mutagenesis can also promote HMEC immortalization, as evidenced 
by the effects of the complete carcinogen benzo(a)pyrene on HMEC. This limitless 
replicative potential allows for the acquisition and accumulation of additional epi-
genetic and genetic events that promote the development of additional malignant 
properties  [  50,   59–  61  ] . 

 We have used this HMEC model system to begin to develop a timeline of the 
DNA methylation changes that occurs over the course of multistep breast carcino-
genesis, with a particular interest on the earliest stages of the process. Figure  9.2  
shows a generalized view of cells we have analyzed, their temporal position in rela-
tion to the cellular proliferation barriers, the approximate clinical correlates, and the 
timing of DNA methylation changes. This  fi gure is an example and not an exhaus-
tive or detailed review of the HMEC strains and cell lines or the multiple treatments 
and exposures used to create them, and for a more detailed view one can see  [  62  ]  or 
visit   http://hmec.lbl.gov/mindex.html    . In our initial studies using this model system, 
DNA methylation state was determined using 5-methylcytosine antibody immuno-
preciptations (MeDIP) coupled to two-color hybridization on a custom 13,500 ele-
ment human gene promoter microarray and veri fi ed using the orthogonal technology 
of mass spectrometric analysis using Sequenom MassArray  [  63  ] .  

 Overall, in this model we observed a stepwise progression of DNA methylation 
changes with each step coinciding with overcoming a cellular proliferation barrier 
 [  62  ] . In HMEC that overcame stasis produced by stress-inducing serum-free 
medium, we found, in addition to p16 methylation, hundreds of other differentially 
methylated regions in the post-stasis cells when compared to pre-stasis cells, repre-
senting approximately 2% of all gene promoters on the microarray. These DNA 

http://hmec.lbl.gov/mindex.html
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methylation events were both of the focal and long-range variety. Considering that 
probably 5–10% of gene promoters in malignant cancer cells show aberrant DNA 
methylation, a considerable number of DNA methylation changes may occur very 
early in multistep breast carcinogenesis, and these changes are coincident with 
overcoming the critical Rb/p16 cell proliferation barrier. Since a majority of the 
DNA methylation changes seen in the transition of HMEC from pre-stasis to post-
stasis in this setting are also seen in malignant breast cancer cell lines and tumor 
specimens, this transition through the stasis proliferation barrier may represent a 
critical early event in some pathways of human breast carcinogenesis. 

 It is worth noting here that current commercial sources of HMEC appear to be of 
this post-stasis (or post-selection or variant) stage, since these HMEC are produced 
via the process described above—post-stasis cells that emerge from serum-free 
media induced stress. As such, the commercially available HMEC may have not 
only undergone p16 DNA methylation, but are likely to have also acquired hundreds 
of additional aberrant DNA methylation events  [  62  ] . As such, caution should be 
exercised when evaluating the epigenetic state of primary epithelial cells and con-
sidering what is epigenetically “normal.” 

  Fig. 9.2    Schematic representation of breast cancer progression and the timing of the underlying 
DNA methylation changes, with connections between the in vitro HMEC model system and clini-
cal progression based on earlier work  [  51,   56,   65  ] .  Top , the clinical correlates of the HMEC system 
in relation to the temporal position of the two epithelial cell proliferation barriers of stasis and 
telomere dysfunction that divides the timeline into pre-stasis, post-stasis, immortal, and malignant 
epithelial cells.  Middle , a very simpli fi ed view and two examples of HMEC culture models, and 
the treatment or genetic manipulations used to generate these models.  Bottom , the timeline of DNA 
methylation changes identi fi ed during the passage of  fi nite life span HMEC through stasis, telom-
ere dysfunction, and culminating in a malignant phenotype.  Arrows  on the DNA methylation 
changes  curve  show the time points analyzed for DNA methylation state       

 



190 B.W. Futscher

 HMEC that become post-stasis following exposure to the genotoxin and 
 complete carcinogen benzo(a)pyrene showed more than an order of magnitude 
reduction in DNA differentially methylated regions when compared to the DNA 
methylation changes induced by stressful serum-free growth conditions. Similarly, 
HMEC that became post-stasis following genetic knockout of p16 using p16-targeted 
shRNA have very few DNA methylation changes, underscoring the functional 
importance of p16 in the  fi rst growth barrier. The few DNA methylation changes 
seen in the benzo(a)pyrene and p16 shRNA-treated cell lines suggest that differ-
ent pathways through the stasis barrier will have distinct effects on the epigenetic 
state. 

 A second step of epigenetic change occurs when telomere dysfunction is over-
come and cells acquire immortality. Regardless of the mechanism by which cells 
pass through telomere dysfunction, hundreds of DNA methylation changes occur. 
Similar to the DNA methylation changes acquired during the pre-stasis to post-
stasis transition, changes that occur during the transition from  fi nite life span to 
immortal can be focal ( £ 1 kb) and limited to a single gene or the changes can 
represent examples of long-range epigenetic silencing and cover extended regions 
of the genome  [  64  ] . 

 These changes seen in the premalignant stages represented by the HMEC model 
show signi fi cant overlap to the DNA methylation changes seen in other human 
breast cancer cell lines and clinical tumor specimens. Overall, results from the stud-
ies using the HMEC model indicate that epigenetic changes occur in a stepwise 
fashion at critical junctions in the path to cell immortality. These results are consis-
tent with an epigenetic progenitor model where epigenetic changes may occur early, 
in a stepwise fashion, can precede genetic mutation and allow for an expansion of 
epigenetically compromised population of cells. The large number of genes affected 
by epigenetic changes during the transitions through proliferation barriers can pro-
vide a foundation for the phenotypic variability and biologic heterogeneity often 
seen in clinical disease. The DNA methylation changes identi fi ed can potentially 
provide a bank of epigenetic biomarkers for assessing breast cancer risk in prema-
lignant lesions and provide targets for therapeutic interventions.  

    9.6   Conclusion 

 In summary, complex and intertwined epigenetic changes occur during multistep 
carcinogenesis. These changes may be viewed as epigenetic lesions and exist in the 
genome in a number of forms, from focal to long range. The scope of the epigenetic 
lesions is likely due to multiple distinct inputs: genetic, such as mutations to 
 chromatin modi fi er genes; physiologic, such as hormonal and nutritional state; and 
environmental, such as toxicant exposures. Experimentally tractable laboratory 
model systems that accurately re fl ect clinical cancer have been developed and allow 
for investigations into the causes and consequences of epigenetic change during cell 
transformation. Results from these systems suggest that early critical epigenetic 
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events occur prior to cell immortalization and coincide with the transition through 
well-de fi ned barriers of cell proliferation. Following immortalization, laboratory 
models suggest that cells can be induced towards malignancy by a variety of stimuli, 
and that the epigenetic changes arise in a seemingly more progressive smoother 
fashion, as opposed to the stark stepwise events prior to immortalization. It is hoped 
that developing a clearer understanding of the identity, timing, and consequences of 
these epigenetic lesions will prove useful in future clinical applications that range 
from early disease detection to therapeutic intervention in malignant cancer.      
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  Abstract   Mesenchymal stem cells (MSCs) are multipotent stem cells of mesodermal 
origin that can be isolated from various sources and induced into different cell types. 
Although MSCs possess immune privilege and are more easily obtained than embry-
onic stem cells, their propensity to tumorigenesis has not been fully explored. 
Epigenomic changes in DNA methylation and chromatin structure have been hypoth-
esized to be critical in the determination of lineage-speci fi c differentiation and tumori-
genesis of MSCs, but this has not been formally proven. We applied a targeted DNA 
methylation method to methylate a Polycomb group protein-governed gene,  Trip10 , 
in MSCs, which accelerated the cell fate determination of MSCs. In addition, targeted 
methylation of  HIC1  and  RassF1A , both tumor suppressor genes, transformed MSCs 
into tumor stem cell-like cells. This new method will allow better control of the dif-
ferentiation of MSCs and their use in downstream applications.      

    10.1   Introduction 

 Mesenchymal stem cells (MSCs) are somatic stem cells that can be isolated from 
various sources including bone marrow and fat tissue  [  80,   99  ] . Although MSCs pos-
sess more restricted pluripotency than embryonic stem (ES) cells, MSCs can still be 
induced to adipocytes, muscles, liver, bones, and neurons in vitro  [  55,   72,   73  ] , mak-
ing them a candidate for future cell therapy. From a safety consideration, there are 

    Y.-W.   Leu   •     S.-H.   Hsiao  
     Department of Life Science ,  National Chung Cheng University , 
  Chia-Yi ,  621 ,  Taiwan   
 e-mail:  bioywl@ccu.edu.tw; bioshh@ccu.edu.tw   

    T.  H.   Huang   (*)
     Department of Molecular Medicine and Cancer Therapy and Research Center , 
 University of Texas Health Science Center ,   San Antonio ,  TX   78229 ,  USA    
e-mail:  huangt3@uthscsa.edu   

    Chapter 10   
 Epigenetic Reprogramming of Mesenchymal 
Stem Cells       

      Yu-Wei   Leu   ,    Tim   H.-M.   Huang      , and    Shu-Huei   Hsiao      



196 Y.-W. Leu et al.

debates about whether the MSCs could be transformed in vivo and whether they 
might be supportive or suppressive to tumoral growth  [  39,   88,   139  ] . Therefore, if the 
application and safety of MSCs could be monitored and well controlled, the appli-
cation of MSCs will be broadened further. 

 Epigenetic regulation, including DNA methylation, histone modi fi cations, and 
microRNAs (miRNAs), possesses the power to maintain the self-renewal or control 
the differentiation of stem cells  [  16,   32,   37,   69,   131  ] . Studies of ES cells have 
revealed the critical role of epigenetic regulation in controlling cell fate  [  44,   76, 
  107,   142  ] . Because there are almost no coding sequence differences between the ES 
cells and their derived cells, the differences between these cells are likely to come 
from differential gene expression  [  32,   47,   123  ] . The same rationale has prompted 
the use of epigenomic modi fi cations as molecular codes to distinguish ES cells, 
MSCs, and their derived somatic cells. If the rationale were valid and the differ-
ences among different cell types originated from the epigenomic modi fi cations, 
these distinct epigenetic states could represent the “stemness” in MSCs and ES 
cells, and changes of these epigenetic states might direct/interfere with the MSC 
differentiation. 

 Polycomb group proteins such as EZH2 and YY1 regulate part of the bivalent 
marks that represent the stemness in stem cells  [  119,   122  ] . There are loci in ES cells 
and MSCs associated with both active histone marks like histone 3 lysine 4 trim-
ethylation (H3K4me3) [ 24 ,  42 ,  92 ] and repressive marks like histone 3 lysine 27 
trimethylation (H3K27me3), and these are designated as bivalent loci  [  43,   114 , 
 133  ] . These bivalent loci are often silenced [ 66 ] but are hypomethylated  [  134  ] . 
Among the histone marks, H3K27me3 is the substrate of Polycomb group proteins 
and loss of the maintenance of this histone mark is associated with the differentia-
tion of stem cells  [  1,   21,   53,   70,   86  ] . These loci can be further activated by the 
association of active transcription factors and histone modi fi cations like acetylation 
 [  61,   71,   94,   111  ] , while their silencing could be further enhanced by DNA methyla-
tion in other lineage  [  5 ,  31,   48,   79,   87,   108,   109,   111,   118,   128,   138  ] . The 
identi fi cation of the epigenomic modi fi cations within the bivalent loci could then 
reveal the ultimate fate of lineage-determining genes. 

 DNA methylation is one of the most dominant gene silencing mechanisms in 
cells and changes of methylation states correlate with the switch in cell lineages  [  58, 
  110  ] . It is known that changes in methylation states are inversely correlated with the 
expressions of corresponding genes, but the changed methylation status may not 
change cell fate directly. Therefore, a method that can methylate target genes and 
subsequently change cell fate would be an important demonstration that DNA meth-
ylation changes are suf fi cient to regulate cell fate decisions. 

 For instance,  Trip10  locus was identi fi ed as the target of Polycomb group protein 
and modi fi ed by DNA methylation during MSC differentiation  [  55  ] . Methylation of 
 Trip10  appears to be cell type speci fi c in normal tissues as well as in cancers  [  55, 
  57  ] . This information suggests that  Trip10  methylation might be lineage speci fi c 
and the targeted methylation of  Trip10  might then be able to direct MSC differentia-
tion. When  Trip10  was methylated in MSCs, the MSC differentiation lineages were 
limited  [  55  ] . The success of the forward evaluation of the cell fate determination by 
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DNA methylation also opens the gateway to  fi netune MSC differentiation. On the 
other hand, the tumor suppressor genes might not have bivalent marks and methyla-
tion of these loci may lead to cell transformation. As demonstrated in a recent report, 
 hypermethylated in cancer  ( HIC1 ) and  RassF1A  are two tumor suppressor genes 
that are not associated with bivalent histone marks and their methylation could 
transform MSCs  [  125  ] .  

    10.2   Mesenchymal Stem Cells 

 MSCs can be isolated from various sources including bone marrow, adipose tissue, 
liver, muscle, amniotic  fl uid, dental pulp, placenta, and umbilical cord blood; the 
properties among these MSCs seem to vary accordingly  [  9,   49,   82,   100,   105,   113 , 
 120 ,  143  ] . Different cell surface markers identi fi ed from different MSCs are 
re fl ective of their propensity to differentiate into different cell lineages  [  19,   34,   98  ] . 
Because MSCs can differentiate into different cell types in vitro, it is believed that 
there are common gene expression repertoires among these MSCs to maintain their 
stemness, but there are also different gene expression signatures that de fi ne the 
identities and differentiation potentials of different MSCs. Thus understanding 
the molecular mechanisms underlying the maintenance of cellular identities and 
determination of cell lineages is critical for the future clinical use of MSCs. 

 Unregulated differentiation is another reason to decipher the molecular codes that 
characterize MSCs. Different routes of transplantation make isolated clones of MSCs 
possess varied degrees of differentiation capacities, and dysregulation of these pro-
cesses might consequently lead to disease. For example, MSCs together with or 
without hematopoietic stem cells (HSCs) isolated from bone marrow can be trans-
planted and differentiated into lung, gut, skin  [  68  ] , liver and biliary epithelium  [  68, 
  97,   126,   127  ] , skeletal myoblast  [  41,   46  ] , neuroectodermal cells  [  18,   106  ] , and 
endothelium  [  4,   77 ,  144  ] . These co-transplantation results imply that there are 
molecular machineries that might be used to de fi ne the MSCs and their derived lin-
eages. These molecular codes also respond to neighboring cells and/or microenvi-
ronment of MSCs to maintain or differentiate cell fates. The importance of interplay 
with the environment is also evident by the reports that MSCs can either inhibit or 
support tumor growth in a cell setting-speci fi c manner  [  67,   116  ] . The other contro-
versy is that MSCs are proposed to both boost the immune system and suppress it 
 [  105,   129  ] ; thus, the clinical safety of MSCs remains to be clari fi ed.  

    10.3   Epigenetic Regulation and the Maintenance of MSC 

 Stemness needs to be maintained when the stem cells are self-renewing  [  50,   109, 
  121  ] . Since the coding sequences are all the same within ES cells, MSCs, and the 
differentiated somatic cells, there ought to be other somatic inheritable marks that 
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could represent the maintenance of stemness. Epigenetic marks are somatically 
inheritable modi fi cations that regulate gene expression but do not change the associ-
ated gene sequence. These cellular epigenetic marks, while they can be reshaped by 
the environmental factors like diet and growth factors, in general are faithfully 
passed on to the descended lineage of cells. These properties make the epigenomic 
marks good candidates for the control of cellular stemness. 

 Bivalent loci in the stem cells are associated with both active and repressive 
epigenetic marks and are critical for cellular differentiation  [  6,   16,   32,   91  ] . 
Interactions between different epigenetic modi fi cations can lead the governed 
genes to become permanently silenced or activated. The Polycomb group pro-
teins, and associated histone modi fi cations like H3K27me3, are one of the rep-
resentative markers that are associated with stemness  [  20,   28,   45,   101  ] . Polycomb 
group proteins are reported to mediate the transition between the transcriptional 
silencing and active states of the associated gene  [  95  ]  and their transitional reg-
ulatory role is evidenced by the co-existence of enhancer and suppressor genetic 
modi fi er phenotypes when the Polycomb group proteins lost their functions 
 [  85  ] . H3K27me3-associated loci can be further silenced by other epigenetic 
modi fi cations including DNA methylation and the formation of heterochroma-
tin  [  6,   62,   84,   137,   141  ] . On the other hand, the repressive trimethylation can be 
demethylated and the associated genes can then be reactivated. Loss of mainte-
nance of these trimethylation states leads to differentiation of stem cells, which 
strongly suggests that maintaining these bivalent marks is critical for the main-
tenance of stemness  [  1,   21,   53,   70,   86  ] . 

 Bivalent loci have been pro fi led in ES cells, tumors, differentiated cells, and 
MSCs  [  6  ] . Because the identi fi ed bivalent loci are different among these cells, the 
data support the hypothesis that these bivalent loci represent the unique stemness 
state in different cell types. From a direct comparison, there are more shared biva-
lent marks between ES cells and tumors than between the differentiated tissues and 
tumors, suggesting that tumors might be evolved from cells with more stem-like 
marks, and inappropriate maintenance of these marks could cause devious cell fate 
changes [ 23 ,  96 ,  132 ]. 

 The bivalent loci in MSCs also mark developmentally important genes and can 
be further modi fi ed epigenetically  [  55  ] . The epigenetic marks on the MSC bivalent 
loci are distinct from those in the ES cells and differentiated cells. The bivalent loci 
that reside within the MSCs are often low in DNA methylation (hypomethylated) 
and can be further methylated or activated. The number and function of these biva-
lent genes might limit the lineages into which the MSCs can differentiate. It has 
been reported that undifferentiated MSCs contain both repressive and active chro-
matin marks on  b -catenin-bound  c-myc  and  cyclin D  promoters  [  15,   35,   36  ] . When 
these MSCs became lineage committed, e.g., osteogenic, H3K4me3 was lost. This 
example indicates that epigenetic modi fi cations regulate the Wnt signaling pathway 
in MSC, and similar epigenetic modi fi cations are found in ES cells as well. We 
identi fi ed the H3K27me3-associated loci in MSCs that are differentially methylated 
when the MSCs are differentially induced into hepatocytes or adipocytes  [  55  ] . Loci 
that are not associated with DNA methylation association protein, MeCP2, were 
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considered hypomethylated. We found more than 383 of these bivalent loci are 
 further associated with MeCP2 and proved to be methylated in either MSC-derived 
hepatocytes or adipocytes  [  55  ] . Therefore, these bivalent loci in MSCs might mark 
the lineages into which the MSCs are differentiated, and the later-added DNA meth-
ylation might further strengthen the cell fate evolution.  

    10.4   DNA Methylation and the Differentiation of MSC 

 DNA methylation is one of the most dominant silencing epigenetic modi fi cations 
and occurs at the CpG dinucleotide in the human genome. A high frequency of CpG 
dinucleotides is often found at the promoter and/or  fi rst exon of genes and are named 
CpG islands  [  10,   12,   33  ] . Up to now, almost all the identi fi ed DNA methylation at 
the CpG islands silence the associated genes  [  11,   13,   124  ] . DNA methylation is a 
reversible event  [  8,   29,   60  ] , and the removal of the silencing mark is critical for the 
activation of the associated genes  [  74,   75  ] . Compared with histone deacetylation 
inhibitors that cause less signi fi cant gene activation, demethylation induced by 
5-aza-2 ¢ -deoxycytidine (5-Aza), a DNA methylation inhibitor, often causes a greater 
extent of restoration of gene expression  [  22  ] . Our previous results also indicated 
that when the estrogen receptor (ER)-targeted genes were silenced long term by 
DNA methylation, adding estrogen and/or overexpression of ER was insuf fi cient to 
reactivate the ER target genes. Only after the DNA methylation was removed, could 
the expression of ER target genes be restored by the stimuli of estrogen  [  75  ] . Also, 
global demethylation results in global reactivation of the expression of these genes 
 [  74  ] . These observations all indicate that DNA methylation is a dominant silencing 
mark; its appearance leads to the silenced locus and the changes in methylation 
states re fl ect the changes in cellular physiology. 

 Altered DNA methylation status often correlates with the normal differentiation 
or the onset of diseases like cancer. DNA methylation is now considered a reliable 
biomarker and the pro fi ling of methylation changes can be used to probe cellular or 
pathological events. Environmental factors relay their in fl uence into the cells 
through speci fi c signaling pathways. These in fl uences are then recorded as epige-
netic marks like DNA methylation during cell passages and are further selected in 
the descended population of cells. For example, when ER was knocked down by 
siRNA in a breast cancer cell line that once expressed ER, the downstream ER tar-
get/regulated genes were silenced gradually by various epigenetic marks, and later 
by DNA methylation  [  75  ] . DNA methylation also was accumulated within the ER 
target loci when the ER-expressing breast cancer cells were cultured long term in an 
estrogen-deprived environment. The recruitment and accumulation of DNA methy-
lation within the estrogen signaling pathway left speci fi c marks for us to track cell 
lineage which previously encountered the changed cellular environment. Evidence 
from genetic models also indicates that the environmental factors work through dif-
ferent signaling pathways and leave different but traceable patterns of DNA methy-
lation. When signals like MYC or P53 were genetically manipulated, speci fi c sets 
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of genes were methylated in the descended mice  [  93  ] . Therefore, the accumulated 
DNA methylation does not appear to occur at random. 

 Methylation changes caused by environmental changes like diet can be inherited 
and may in fl uence cellular physiology as well as the onset of disease. The cofactor 
for DNA methylation reactions,  S -adenosyl-methionine (SAM), is produced from 
dietary folate, and this provides the opportunity for diet to in fl uence DNA methyla-
tion  [  25,   65,   104,   115,   117  ] . Mammals go through two genomic methylation revolu-
tions during their development: one is during their formation of gametes, the other 
is directly after the fertilization is complete  [  64,   102,   112  ] . DNA methylation is 
erased during these two stages and re-established according to their paternal or 
maternal origins  [  136  ] . An elegant experiment in which pregnant mice were fed 
with various concentrations of food that could be converted into corresponding con-
centrations of SAM caused varied degrees of methylation. The newborn mice 
showed different degrees of fur color according to the concentration of methyl-
supplemented diet consumed by the mothers, and these patterns of color lasted 
throughout their lives  [  38,   83,   89,   135  ] . In this example, environmental factors 
in fl uenced methylation memories and changed the phenotype of the individuals in a 
somatically heritable way. 

 There is evidence indicating that changes in DNA methylation might be involved 
with the cell fate changes in MSCs as well. The methylation states within somatic 
stem/progenitor cells are different from the ones in ES cells and differentiated cells. 
For example, the promoter regions of  OCT4 ,  NANOG,  and  SOX2  in adipose-derived 
MSCs display a greater extent of DNA methylation than in ES cells  [  6  ] . This methy-
lation difference also provides an explanation for the fact that MSCs have lower 
differentiation capacity than the ES cells. Also, there are methylation differences 
within the promoters of tissue-speci fi c genes between the bone- and adipose-derived 
MSCs; they correlate with their differences in lineage differentiation potential  [  63  ] . 
Osteoblast-speci fi c genes such as  RUNX2  and  BGLAP  are hypermethylated in adi-
pose-derived MSCs as compared to the bone-derived MSCs, whereas  PPAR g 2 , the 
adipocyte-speci fi c gene, is hypomethylated in adipose-derived MSCs  [  63  ] . Our pre-
vious data also identi fi ed a panel of genes that are differentially methylated within 
the differentiated hepatocytes or adipocytes when compared to the bone marrow-
derived MSCs  [  55  ] . Taken together, DNA methylation status could represent the 
cellular identities and differentiation potentials of MSCs. It has been reported that 
global DNA methylation was changed in long-term cultured MSCs that might cor-
relate with their altered differentiation capacity  [  17  ] . Changes in global methylation 
caused by demethylation agents have been documented to accelerate the osteogenic 
 [  3  ]  or neuronal cell-like  [  2  ]  differentiation of MSCs. However, it is unclear whether 
DNA methylation changes are suf fi cient to set the stage for MSC cell fate changes. 
It has been reported that predeposited DNA methylation within different isolated 
MSCs de fi ned the oncogenic SYT-SSX1 fusion protein expression and limited its 
function in MSCs  [  30  ] . On the other hand, methylation pro fi ling of adipogenic pro-
moters from freshly cultured adipose stem cells to the senescence state did not cor-
relate with their reduced differentiation potential  [  90,   91  ] . The absence of a targeted 
methylation method has hindered our understanding of how DNA methylation 
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determines the cell fate of MSCs. A solution is to  fi nd a way to methylate a bivalent 
gene in MSC and observe if the cell fate changed after targeting.  

    10.5   TRIP10 as a Model 

  Trip10  (also known as  CIP4 ) encodes Cdc42-interacting protein 4, which was 
identi fi ed to be associated with Cdc42 and to regulate the cytoskeleton and mem-
brane traf fi cking. Trip10 interacts with the Rho family GTPase TC-10 in adipocytes 
to regulate the translocation of insulin-stimulated glucose transporter 4 (Glu4) to 
the plasma membrane and  fi nally to increase the uptake of glucose  [  26,   81  ] . In the 
brain of human Huntington’s disease (HD)  [  52  ] , Trip10 is reported to be a modula-
tor of cell survival in the adjustment of DNA damage  [  140  ] . To guard against DNA 
damage,  Trip10  expression is decreased in hepatocyte growth factor/scatter factor 
(HGF/SF)-mediated cell protection, but  Trip10  level is signi fi cantly increased dur-
ing hyperbaric oxygen-induced neuroprotection  [  51  ] . Overexpression of Trip10 was 
also observed in human HD brain striatum and the neuronal Trip10 immunoreactiv-
ity increased with neuropathological severity in the neostriatum of HD patients  [  52  ] . 
In addition, increased cell death was found in rat striatal neurons transfected with 
Trip10  [  52  ] , suggesting that Trip10 is toxic to striatal neurons. These data suggest 
that the effect of Trip10 in cell survival and growth is tissue speci fi c. These diverse 
and sometimes contrary roles of Trip10 could be attributed in part to its splicing 
variants; equally important is the fact that they are the outcomes between Trip10 
interaction with distinct signaling components in different cell settings. 

 In human bone marrow-derived MSCs,  Trip10  is hypomethylated in the undif-
ferentiated stage and becomes hypermethylated during MSC-to-liver differentia-
tion, but remains hypomethylated during MSC-to-adipocyte differentiation. 
Therefore, the methylation state of  Trip10  varies in different tissues and becomes a 
candidate biomarker to track MSC differentiation  [  55,   57  ] . We reasoned that the 
stemness state of Trip10 is maintained by the Polycomb group protein in the MSCs 
and that changes of chromatin structure, especially by DNA methylation, could 
restrict the cell lineages of MSCs. The differentiation or death of MSCs was thus 
predicted to be affected by  Trip10  methylation, and this model could be tested using 
targeted  Trip10  methylation.  

    10.6   Targeted DNA Methylation and MSC Differentiation 

 It has been hypothesized that DNA methylation within certain loci is suf fi cient to 
transform or differentiate cells, but this hypothesis had not been proved since there 
was no method to directly methylate speci fi c loci  [  54  ] . Normal or abnormal methy-
lation changes have been identi fi ed during cellular differentiation or transformation, 
but it remains to be elucidated whether all or any of the detected methylation changes 
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can affect cell fate. Moreover, if we can determine whether DNA methylation within 
certain loci is suf fi cient to determine the cell fate, this will provide additional infor-
mation to evaluate the target genes that control cellular differentiation and 
transformation. 

 DNA methylation is initiated and maintained by DNA methyltransferase (DNMT) 
in mammalian cells  [  27,   40,   130  ] . As illustrated in Fig.  10.1a , during the cellular 
replication, DNMTs are recruited by the semimethylated old template and methy-
late the newly synthesized strand of DNAs  [  103  ] . The newly synthesized strand will 
then possess the same DNA methylation as the old strand. We reasoned that, by 
providing a methylated strand of DNA that is complementary with target loci, we 
might be able to recruit DNMT to the target loci and initiate targeted DNA methyla-
tion in the cell (Fig.  10.1b ,  [  55 ,  56 ,  78  ] ). A stretch of cloned  Trip10  promoter was 
in vitro methylated using commercial bacterial methylase,  Sss I. These methylated 
inserts were then puri fi ed, denatured, and used to transfect MSCs. Unmethylated 
inserts served as the negative control; they did not induce any methylation at the 
 Trip10  promoter. Liposome-based transfection agents that were conjugated with 
 fl orescent compounds were used for transfection in order to calculate the transfec-
tion ef fi ciency. Also, the methylated/unmethylated inserts were labeled with Cy-dyes 
to track if the inserts entered the cell nuclei, because the denatured inserts need to 
be present and docked in the nuclei for the recruitment of DNMTs. Repeated trans-
fection was needed to ensure the targeted DNA methylation. The promoter insert 
from another gene like  Casp8AP2  was used as a speci fi city control, as the methy-
lated  Casp8AP2  inserts did not induce methylation at the  Trip10  promoter  [  55  ] .  

 Targeted  Trip10  methylation was detected by semiquantitative methylation-
speci fi c PCR and bisul fi te sequencing and the reduced  Trip10  expression was deter-
mined by RT-PCR and visualized by immunostaining. A two-component reporter 
gene system was established to validate the methylation-induced silencing at the 
transcription level and visualize the onset of DNA methylation in live cells. The 
two-component reporter system  [  55,   56  ]  consists of two parts: (1) a cloned  Trip10  
promoter that is linked with and regulates the expression of the  Tet  repressor ( TetR ) 
gene; and (2) a CMV promoter that is linked with, and regulates the expression of, 
the reporter gene enhanced green  fl orescent protein ( EGFP ), with an intervening 
TetR binding site,  TetO  

 2 
 . Both constructs were transfected into a cell line simultane-

ously and colonies of cells that possess both inserted constructs were selected. 
Colonies of selected cells were then transfected with in vitro methylated or unm-
ethylated  Trip10  inserts. The unmethylated  Trip10  promoter within the  fi rst con-
struct will continue to express  TetR  that in turn represses the expression of  EGFP . 
In contrast, targeted DNA methylation at the exogenous  Trip10  promoter silences 
the  TetR  expression which leads to the expression of the EGFP reporter. This induced 
EGFP expression could be reversed by adding of 5-Aza, suggesting that the original 
expression was caused by DNA methylation. With this reporter system, the targeted 
DNA methylation can be visualized in live cells. 

 During neuronal induction of MSCs,  Trip10  expression was greatly reduced and 
its distribution was con fi ned to the peri-nuclei region in these induced cells  [  57  ] . 
Similar to the neuronal induction, targeted  Trip10  DNA methylation caused 
reduced  Trip10  expression and re-distribution and prompted the MSC-to-neuron 



  Fig. 10.1    Targeted DNA methylation. ( a ) Illustration of targeted DNA methylation. DNA methy-
lation is maintained by DNMTs during cellular replication.  Upper , the original unmethylated locus 
like  Trip10  will not recruit DNMTs to the newly synthesized strands of DNA; therefore, they 
remain hypomethylated. If the original strand was methylated, then the old template of DNA will 
recruit DNMTs to the newly synthesizing DNAs and add the methyl group to the new strand of 
DNAs. Targeted DNA methylation method transfects the cells with a denatured, in vitro methy-
lated DNA with its sequence complemented to the target loci ( upper ). The provided methylated 
DNAs will pair with the old templates and recruit DNMTs to the newly synthesizing sites and 
methylate the new strands of DNAs. The seeded DNA methylation then will be spread and main-
tained during the following replications. ( b ) Flow of targeted DNA methylation (details in text). 
Templates of targeted DNA methylation could be from the CpG island library or cloned from the 
cultured cells. RE: methylation sensitive restriction enzymes like  Hpa II and  BstU I, etc       
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differentiation. This preferential cellular differentiation is speci fi c since the same 
 Trip10  targeted DNA methylation prevented the MSC-to-adipocyte induction 
(Fig.  10.2a )  [  55  ] . These data indicate that DNA methylation within one of the biva-
lent loci is suf fi cient to control cellular differentiation.   

    10.7   DNA Methylation and Tumorigenesis of MSC 

 It is generally accepted that abnormal hypermethylation of tumor suppressor genes 
can transform normal cells  [  7,   12  ] . To support this theory,  HIC1  and  RassF1A , two 
tumor suppressor genes that are methylated in several cancers but are not associated 
with Polycomb group protein in MSC, were in vitro methylated and then transfected 
into MSCs. Targeted methylation of  HIC1  or  RassF1A  alone is insuf fi cient to trans-
form the MSCs but concurrent  HIC1  and  RassF1A  methylation transforms the 
MSCs  [  125  ] . However, methylation of nine genes within the Salvador–Warts–Hippo 
pathway (including  RassF1A ) is insuf fi cient to transform the MSCs  [  125  ] , indicat-
ing that the  HIC1  and  RassF1A  methylation-caused transformation is not random. 
The transformed MSCs (named  me-H&R  MSCs) can still be differentiated into dif-
ferent cells including osteocytes, neurons, and adipocytes. Immunode fi cient mice 
inoculated with a low number of  me-H&R  MSCs rapidly developed tumors. The 
developed tumors consisted of several clones of cells that express different cell sur-
face markers, including mesenchymal and epithelial ones. 5-Aza treatment reversed 
the transformation and the tumoral properties of  me-H&R  MSCs, demonstrating 
that the transformation was caused by DNA methylation. Taken together, these 
 fi ndings suggest that the  me-H&R  MSCs become cancer stem cell (CSC)-like since 
they possess both tumoral and stem cell characters  [  125  ] . These results also imply 
that mal-maintained DNA methylation directly contributes to tumorigenesis.  

    10.8   Application of the Targeted DNA Methylation Technique 

 Epigenomic pro fi ling in diverse cells including MSCs has revealed many cellular 
physiologies that are versatile and even personal  [  14,   17,   55,   59,   116  ] . Targeted DNA 
methylation is a direct validation of the pro fi ling results and proves that epigenetic 
changes like DNA methylation are suf fi cient to direct MSC differentiation and tum-
origenesis. As illustrated in Fig.  10.2a , MSCs could be differentiated into osteocyte, 
adipocyte, neuron, etc. Targeted  Trip10  methylation limits the differentiation potency 
of MSCs and accelerates their neural and osteogenic differentiation. On the other 
hand, targeted  HIC1  and  RassF1A  methylation transforms MSCs into CSC-like cells; 
targeted DNA methylation within nine loci in the Salvador–Warts–Hippo pathway 
cannot transform the MSCs but can keep the MSCs proliferating. These results indi-
cate that CSC-like cells might arise from somatic stem cells-like MSCs (Fig.  10.2b ), 
and the tumorigenesis and the immortalization could be dissected by the epigenetic 
modi fi cations. In summary, using targeted DNA methylation, the differentiation 
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( Trip10 ), proliferation (Salvador–Warts–Hippo), and tumorigenic ( HIC1  and 
 RassF1A ) characteristics of MSCs could be revealed.      
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  Abstract   Tumorigenesis, a complex and multifactorial progressive process of 
transformation of normal cells into malignant cells, is characterized by the accumu-
lation of multiple cancer-speci fi c heritable phenotypes triggered by the mutational 
and/or non-mutational (i.e., epigenetic) events. Accumulating evidence suggests 
that environmental and occupational exposures to natural substances, as well as 
man-made chemical and physical agents, play a causative role in human cancer. In 
a broad sense, carcinogenesis may be induced through either genotoxic or non-
genotoxic mechanisms; however, both genotoxic and non-genotoxic carcinogens 
also cause prominent epigenetic changes. This review presents current evidence of 
the epigenetic alterations induced by various chemical carcinogens, including arse-
nic, 1,3-butadine, and pharmaceutical and biological agents, and highlights the 
potential for epigenetic changes to serve as markers for carcinogen exposure and 
cancer risk assessment.  

       11.1   Introduction 

 Tumorigenesis is a complex and multifactorial progressive process of transforma-
tion of normal cells into malignant ones. It is characterized by the accumulation of 
multiple cancer-speci fi c heritable phenotypes, including persistent proliferative 
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 signaling, resistance to cell death, evasion of growth suppression, replicative 
 immortality, in fl ammatory response, deregulation of energy metabolism, genomic 
instability, induction of angiogenesis, and activation of invasion ultimately resulting 
in metastases  [  1  ] . The acquisition of these cancer-speci fi c alterations may be trig-
gered by the mutational and/or non-mutational (i.e., epigenetic) events in the 
genome which, in turn, affect gene expression and the downstream phenotypes 
listed above  [  1,   2  ] . Furthermore, it has been suggested that epigenetic alterations 
may play as important or even more prominent role in tumor development  [  3  ] . 

  Epigenetic events , most prominently manifested by stable and heritable changes 
in gene expression that are not due to any alteration in the primary DNA sequence 
 [  4  ] , signify the fundamental molecular principles in which genetic information is 
organized and read  [  5  ] . Epigenetic modi fi cations include change in methylation pat-
terns of cytosines in DNA  [  6,   7  ] , modi fi cations of the proteins that bind to DNA  [  8, 
  9  ] , and the nucleosome positioning along DNA  [  4  ] . These epigenetic marks are 
tightly and interdependently connected and are essential for the normal develop-
ment and the maintenance of cellular homeostasis and functions in adult organisms, 
particularly for X-chromosome inactivation in females, genomic imprinting, silenc-
ing of repetitive DNA elements, regulation of chromatin structure, and proper 
expression of genetic information  [  10  ] . The epigenetic status is well-balanced in 
normal cells, but may be altered in many ways in cancer cells. Additionally, grow-
ing evidence indicates that a number of lifestyle and environmental factors may 
disrupt this epigenetic balance and compromise the stability of the epigenome in 
normal cells leading to the development of a wide range of pathologies, including 
cancer.  

    11.2   Epigenetic Alterations in Cancer Cells 

 The unifying molecular feature of neoplastic cells is a profoundly reshaped genome 
characterized by global genomic  hypo- methylation, gene-speci fi c  hyper-  or 
  hypo- methylation, and altered histone modi fi cation patterns  [  2,   11  ] . 

 DNA demethylation signi fi es one of the two major DNA methylation states and 
refers to a state in which there is a decrease in the number of methylated cytosine 
bases from the “normal” methylation level. Demethylation of DNA can be achieved 
either passively or actively. Passive loss of methylated marks in the genome may be 
a consequence of limited availability of the universal methyl donor S-adenosyl- l -
methionine (SAM), compromised integrity of DNA, and altered expression and/or 
activity of DNA methyltransferases  [  12  ] . Until recently, evidence for existence of 
an active replication-independent DNA demethylation process was controversial 
and inconclusive  [  7,   13  ] . However, recent studies provide compelling experimental 
evidence that active loss of DNA methylation is associated with the function of 
DNA repair machinery  [  14–  17  ] . 

 Global hypomethylation of DNA was the  fi rst epigenetic abnormality identi fi ed 
in cancer more than a quarter of century ago  [  18,   19  ] . It continues to be one of the 
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most common molecular alterations found in all human cancers  [  20,   21  ] ; however, 
the molecular mechanisms behind cancer-linked global demethylation of the 
genome remain largely unknown. The loss of DNA methylation in cancer primarily 
affects stable, methylated areas of the genome composed predominantly of repeti-
tive elements, genes, and intergenic regions  [  22  ] . 

 There are several molecular consequences of global demethylation of DNA that 
may contribute to tumorigenesis. First, genomic hypomethylation causes signi fi cant 
elevation in mutation rates  [  23  ] , activation of normally silenced tumor-promoting 
genes  [  24  ] , and loss of imprinting  [  25  ] . Second, demethylation of the repetitive 
DNA sequences, such as long interspersed nucleotide elements (LINE)-1 and short 
interspersed nucleotide elements (SINE), retroviral intracisternal A particle (IAP), 
and Alu elements located at centromeric, pericentromeric, and subtelomeric chro-
mosomal regions induces their activation and transposition leading to chromosomal 
instability  [  26–  29  ] . For example, recent  fi ndings have demonstrated that DNA 
hypomethylation causes permissive transcriptional activity at the centromere  [  28  ] . 
Subsequently, the accumulation of small minor satellite transcripts that impair cen-
tromeric architecture and function is observed. Likewise, hypomethylation of the 
repetitive elements at the subtelomeric regions is associated with enhanced tran-
scription of the telomeres  [  29  ] . 

 Gene-speci fi c loss of DNA methylation is also a  fi nding for oncogenes and 
imprinted genes. In addition, many genes that are normally well-methylated, par-
ticularly cancer-germline genes, including B melanoma antigen family ( BAGE ) ,  
cancer testis antigen ( CAGE),  melanoma antigen family  A  ( MAGE-A ) ,  X antigen 
family ( XAGE ), and other single-copy genes, including S100 calcium binding pro-
tein A4 ( S100A4) ,  fl ap endonuclease 1 ( FEN1) , and synuclein-gamma ( SNCG ), 
undergo progressive hypomethylation, which is accompanied by their increased 
expression, in human cancers  [  12,   21  ] . 

 Despite the large body of evidence indicating that cancer-associated DNA dem-
ethylation is an important early event in tumor development, it is still less clear if 
the loss of DNA methylation is a cause, or a consequence of the malignant transfor-
mation  [  30  ] . The notion that DNA hypomethylation is playing a role in causation 
and/or promotion of cancer is based on the results of studies with nutritional “lipo-
genic methyl-de fi cient diet”  [  31–  33  ] , genetically engineered  Dnmt - and  Lsh -
de fi cient mice  [  34,   35  ] , and several models of chemical carcinogenesis  [  36  ] . In 
contrast, there is also evidence that cancer-linked DNA hypomethylation may be a 
passive inconsequential side effect of carcinogenesis  [  30,   37  ] . The latter is evi-
denced by facts that not all tumors exhibit DNA hypomethylation and not all carci-
nogenic processes are accompanied by the loss of DNA methylation  [  38  ] . Indeed, it 
is highly unlikely to expect that development and progression of diverse types of 
tumors are all associated with DNA hypomethylation. Furthermore, there is grow-
ing evidence that DNA hypomethylation suppresses development of certain tumor 
types, especially intestinal, gastric, and prostate carcinomas  [  39–  41  ] . 

 DNA hypermethylation is the state where the methylation of normally under-
methylated DNA domains, those that predominantly consist of CpG islands  [  22  ] , 
increases. CpG islands are de fi ned as the genomic regions that contain the high 
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G + C content, have high frequency of CpG dinucleotides, are at least 400–500 bp 
long, and can be located either at intragenic and intergenic, or at the 5 ¢  ends of 
genes  [  42–  44  ] . However, only CpG islands that span 5 ¢  promoters are mainly 
unmethylated. For instance, less than 3% of CpG islands in gene promoters are 
methylated  [  44  ] . 

 It is well-established that hypermethylation of promoter-located CpG islands 
causes permanent and stable transcriptional silencing of a range of protein-coding 
genes  [  45  ] , which, along with DNA hypomethylation, plays a critical role in cancer 
development  [  2,   11  ] . One of the most compelling examples of the link between 
DNA hypermethylation and carcinogenesis is epigenetic silencing of critical tumor-
suppressor genes, including cyclin-dependent kinase inhibitor 2A ( CDKN2A ; 
 p16   INK4A  ), secreted frizzled-related protein ( SFRPs ) genes, adenomatous polyposis 
coli ( APC ), and GATA binding protein 4 ( GATA4 ). The aberrant silencing of these 
genes allows for survival and clonal expansion of the initiated cells. Additionally, 
hypermethylation of several DNA repair genes, including  O  6 -methylguanine-DNA 
methyltransferase ( MGMT ), xeroderma pigmentosum group C ( XPC ), MutL 
homolog 1 ( MLH1 ), and breast cancer 1 and 2 ( BRCA1  and  BRCA2 ) genes results 
in insuf fi cient DNA repair leading to reduction in genomic stability and various 
genetic aberrations, particularly, the elevation of mutation rates in critical cancer-
related genes  [  46,   47  ] . For example, the epigenetic silencing of  MGMT  leads to a 
greater mutation rate in  K-RAS  and  p53  genes during human colorectal carcinogen-
esis  [  48,   49  ] . Likewise, transcriptional inactivation of the  BRCA1  and  MLH1  genes 
caused by promoter hypermethylation results in elevated  p53  gene mutation fre-
quency in human sporadic breast cancer  [  50  ]  and microsatellite instability in spo-
radic colorectal cancer  [  51  ] , respectively. 

 In addition to the vital role that DNA methylation state may play in the etiology 
and pathogenesis of cancer, it has been shown that disruption of normal patterns of 
covalent histone modi fi cations is an epigenetic change frequently found in tumor 
cells. Histones are evolutionary conserved proteins that have globular carboxy-ter-
minal domains critical to nucleosome formation, and  fl exible amino-terminal tails 
that protrude from the nucleosome core and contact adjacent nucleosomes to form 
higher order chromatin structures. At least eight different classes of post-transla-
tional modi fi cations, including methylation, acetylation, phosphorylation, ubiquit-
ination, sumoylation, biotinylation, and ADP-ribosylation have been identi fi ed on 
the core histones H2A, H2B, H3, H4, and the H1 family of linker histones  [  8,   9  ] . 
These histone marks are essential for organizing chromatin, maintaining genome 
stability, silencing repetitive DNA elements, regulating cell cycle progression, rec-
ognizing DNA damage sites and repair, and maintenance of proper expression of 
genetic information. 

 Accumulating evidence clearly indicates that cancer cells are characterized by 
a profoundly disturbed pattern of global and/or gene-speci fi c histone modi fi cations 
accompanied by alterations in the functioning of enzymes that are associated with 
those marks. There are various combinations of cancer-linked histone modi fi cations 
that differ according to tumor type; however, one of the most characteristic exam-
ples of global changes in histone modi fi cations is loss of histone H4 lysine 20 
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trimethylation and H4 lysine 16 acetylation, which is a common hallmark of 
human cancers  [  52  ] . 

 Additionally, extensive studies in the past decade have indicated the existence 
and importance of another epigenetic mechanism of regulation of gene function by 
means of small non-coding microRNAs (miRNAs). Currently, miRNAs are recog-
nized as one of the major regulatory gatekeepers of protein-coding genes in human 
genome  [  53,   54  ] . MiRNAs are small 16–29 nucleotide-long non-coding RNAs that 
primarily function as negative gene regulators at the post-transcriptional level  [  55  ] . 
MiRNAs are generated by RNA polymerase II or RNA polymerase III as long pri-
mary transcripts, primary miRNAs. Following transcription, primary miRNAs form 
a stem-loop structure, which is recognized and processed by the RNase III-type 
enzyme Drosha creating precursor miRNAs. These precursor miRNAs are trans-
ported from the nucleus to the cytoplasm by Exportin-5. In the cytoplasm, the pre-
miRNAs are further processed by Dicer, an RNase III enzyme, generating 
miRNA:miRNA hybrids. After unwinding, one strand of the duplex is degraded, 
and another strand becomes a mature miRNA. MiRNAs can induce mRNA cleav-
age if complementary to 3 ¢ -untranslated region of targets is perfect or translational 
repression if complementarity is imperfect  [  53  ] . 

 Currently there are more than 700 mammalian miRNAs that can potentially tar-
get up to one-third of protein-coding genes involved in the development, cell dif-
ferentiation, metabolic regulation, signal-transduction, cell proliferation, and 
apoptosis. As the deregulation of these very same biological processes is a hallmark 
of cancer  [  1  ] , it has been suggested that changes in miRNA expression might have 
signi fi cance in cancer  [  56–  58  ] . In tumors, aberrant expression of miRNAs inhibits 
tumor suppressor genes or inappropriately activates oncogenes have been experi-
mentally associated with most aspects of tumor biology, including tumor progres-
sion, invasiveness, metastasis, and acquisition of resistance of malignant cells to 
various chemotherapeutic agents  [  58  ] . This leads to the suggestion that altered 
expression of miRNAs is an important mechanism of carcinogenesis  [  57,   59  ] .  

    11.3   Role of Epigenetic Alterations in Chemical Carcinogenesis 

 Many environmental and occupational exposures to natural substances, man-made 
chemical and physical agents are considered to be causative of human cancer  [  60–
  62  ] . In a broad sense, carcinogenesis may be induced through either genotoxic or 
non-genotoxic mechanisms. Genotoxic carcinogens are agents that interact directly 
or after metabolic activation with DNA, causing mutations and leading to tumor 
formation. Non-genotoxic carcinogens are a diverse group of chemical compounds 
that are known to cause tumors by mechanisms other than direct damage to DNA. 
The emphasis in carcinogenesis research, until recently, has focused mainly on the 
investigation of various molecular signaling events, DNA damage, DNA adduct 
repair, and genetic aberrations, despite the fact that the importance of epigenetic 
mechanisms in carcinogenic process was  fi rst suggested by Miller in 1970  [  63  ] . 
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Accumulating evidence suggests that regardless of the mechanism of action, both 
genotoxic and non-genotoxic carcinogens may also lead to prominent epigenetic 
abnormalities in tissues that are susceptible to carcinogenesis as a result of exposure 
 [  64–  68  ] . The following sections present an overview of the epigenetic alterations 
induced by several carcinogens. 

    11.3.1   Arsenic 

 Arsenic is a naturally occurring element and a ubiquitous environmental contami-
nant which is a public health issue world-wide  [  69  ] . The major source of human 
exposure to arsenic is contaminated food and drinking water. Inorganic arsenic was 
one of the earliest identi fi ed human carcinogens  [  69,   70  ] . It is widely accepted that 
exposure to arsenic is associated with skin, lung, and bladder cancers  [  71  ] . 
Additionally, accumulating evidence indicates that long-term exposure to arsenic 
causes development of liver tumors  [  72  ] . 

 Arsenic was classi fi ed as a known human carcinogen by the International 
Agency for Research on Cancer (IARC) in 2004, when suf fi cient evidence for 
human carcinogenicity became available  [  71  ] ; even though limited evidence for 
animal carcinogenicity of arsenic existed. This may be explained mainly by the 
absence of adequate relevant animal models to study arsenic carcinogenesis. 
However, the experiments in transgenic mice, e.g., v-Ha-ras (Tg.AC), keratin VI/
ornithine decarboxylase (K6/ODC), and p53 +/− , or inbred mouse strains that are 
prone to spontaneous cancer development provided evidence for the carcinogenic-
ity of arsenic in animal studies. For instance, administration of arsenic to A/J mice, 
a strain that exhibits a susceptibility to different pulmonary pathological states 
including lung cancer, enhances lung tumor multiplicity and size  [  70,   73  ] . Similarly, 
in utero arsenic exposure of C3H/HeJ mice, which are prone to hepatocarcinogen-
esis, resulted in increased incidence and multiplicity of hepatocellular carcinomas 
in adults  [  74  ] . The most convincing evidence for the carcinogenicity of arsenic in 
animals has been presented in a recent report by Tokar et al .   [  75  ]  that demonstrated 
that “whole-life” exposure of CD1 mice to arsenic causes induction of various 
tumors, including lung and liver. 

 The molecular mechanisms behind the cancer-inducing property of arsenic are 
not fully elucidated and remain a subject of debate. Several potential mechanisms 
have been proposed to explain arsenic-induced carcinogenesis, including induction 
of oxidative stress, DNA–protein crosslinking, chromosomal aberrations  [  70  ] , dis-
ruption of signaling pathways, and epigenetic dysregulation, particularly DNA 
demethylation  [  76  ] . The  fi rst evidence demonstrating an association between arse-
nic tumorigenicity and global DNA hypomethylation was reported by Zhao et al .  
 [  77  ]  who showed that exposure of rat liver epithelial TRL-1215 cells to arsenic 
in vitro led to their malignant transformation and was paralleled by global DNA 
demethylation. Importantly, the extent of DNA hypomethylation in the transformed 
cells was positively correlated with the tumorigenicity of the cells upon inoculation 
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into nude mice, suggesting that loss of DNA methylation may be a causative factor 
in arsenic-induced carcinogenesis  [  77  ] . Since then, a large amount of data has docu-
mented a substantial target organ-speci fi c loss of global DNA methylation and 
repetitive element and gene-speci fi c methylation in various in vitro and in vivo 
models of arsenic-induced tumorigenesis  [  78–  80  ] . 

 Several possible explanations exist for the mechanism of DNA demethylation 
after exposure to arsenic. First, arsenic-induced DNA hypomethylation can be 
explained by the absolute requirement of SAM for the biomethylation of inorganic 
arsenic and DNA methylation reactions  [  76,   81  ] . Therefore, the biomethylation of 
inorganic arsenic reduces availability of SAM for DNA and histone methylation. 
Second, arsenic exposure increases generation of reactive oxygen species that may 
cause direct damage to DNA  [  82,   83  ] . The presence of oxidative lesions in DNA 
(e.g., 8-oxodeoxyguanosine and 5-hydroxymethylcytosine) severely compromises 
the ability of DNA methyltransferases to methylate the target cytosine and leads to 
passive demethylation of DNA  [  84  ] . In addition, activation of DNA repair pathway 
promotes active demethylation of DNA  [  14–  17  ] . Third, arsenic-induced oxidative 
stress causes depletion of the level of intracellular reduced glutathione. This conse-
quently leads to the enhanced glutathione biosynthesis in a transsulfuration path-
way, which impairs SAM biosynthesis and perturbs DNA and histone methylation 
reactions  [  85  ] . 

 In addition to global and gene-speci fi c DNA hypomethylation, arsenic exposure 
causes concurrent methylation-induced transcriptional silencing of a number of 
tumor suppressor genes, including  p53 ,  CDKN2A  ( p16   INK4A   ) , Ras association 
domain family member 1 ( RASSF1A ), and death-associated protein kinase ( DAPK ) 
 [  73,   86,   87  ] , various histone modi fi cation changes  [  88  ] , and alterations in miRNA 
expression  [  89  ] . 

 It is of note that growing evidence suggests that carcinogenesis induced by an 
environmental chronic exposure to other metals, such as nickel, chromium, cad-
mium, and mercury, may also involve molecular epigenetic alterations caused by 
the ability of these metals to induce damage to DNA and strongly in fl uence intracel-
lular molecular and metabolic alterations  [  90,   91  ] .  

    11.3.2   1,3-Butadiene 

 The gaseous ole fi n 1,3-butadiene is a major industrial chemical monomer widely 
used in production of synthetic rubber, resins, and plastic. Additionally, this highly 
volatile agent is present in industrial and automobile exhaust, cigarette smoke, and 
ambient air in urban locations and industrial complexes  [  92  ] . Based on the results of 
numerous comprehensive epidemiological studies, the IARC has classi fi ed 1,3-buta-
diene as a known human carcinogen  [  92–  94  ] . In rodents, it causes tumor formation 
at several target sites, including the hematopoietic system, lungs, heart, and liver 
 [  93  ] . Importantly, the hematopoietic system, lungs and liver are the most common 
sites of 1,3-butadiene-induced tumor formation in both humans and mice  [  93  ] . 
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 It is well-established that the mechanism of tumor induction caused by 1,3-
butadiene-exposure is due to genotoxic reactivity of its metabolic epoxides: 1,2-
epoxy-3-butene, 1,2:3,4-diepoxybutane, and 3,4-epoxy-1,2-butanediol that interact 
directly with DNA to form mutagenic DNA adducts  [  94  ] . However, recent evidence 
demonstrates that short-term inhalational exposure of C57BL/6J mice to 1,3-buta-
diene, in addition to DNA adduct formation, also causes extensive concurrent epi-
genetic changes. These include a marked reduction of global DNA and repetitive 
element methylation and a profound loss of histone H3K9, H3K27, and H4K20 
trimethylation in the livers of C57BL/6J mice  [  95  ] . 

 It is well-established that methylation of lysine residues 9 and 27 at histone H3 
and lysine 20 at histone H4 plays a fundamental role in the formation of a con-
densed heterochromatin structure and transcriptional repression  [  96–  98  ] . Hence, 
loss of H3K9 and H4K20 trimethylation induced by 1,3-butadiene-exposure may 
compromise genomic stability via chromatin relaxation and activation of mobile 
repetitive elements. Indeed, a recent report showing decondensation of chromatin 
and activation of main repetitive elements in the livers of 1,3-butadiene-exposed 
C57BL/6J mice support this suggestion  [  99  ] . Additionally, an open chromatin struc-
ture may increase further vulnerability of DNA to the genotoxicity of reactive 
1,3-butadiene metabolites. 

 The elucidation of the mechanisms of carcinogenicity is usually carried out in 
genetically homogeneous in vivo models in order to  fi x as many variables as possi-
ble. This provides information in a single strain, yet the extrapolation of such data 
to the population effects is constrained by the inference from a single genome to 
model complex human phenotypes. To overcome this important limitation, panels 
of genetically de fi ned animals may be used to determine genetic causes of inter-
individual variability in cancer susceptibility  [  100  ] . In a recent study, Koturbash 
et al.  [  99  ]  have demonstrated substantial differences in hepatic genetic and epige-
netic response among mouse strains to short-term inhalational exposure to 1,3-buta-
diene. More importantly, the strain differences were associated with alterations in 
chromatin structure, mainly in the variability in histone H3K9, H3K27, and H4K20 
methylation.  

    11.3.3   Pharmaceuticals 

  Diethylstilbestrol  is a synthetic non-steroidal estrogen that was widely used to pre-
vent potential miscarriages and as emergency contraceptive (morning-after pill) 
 [  101  ] . Currently, diethylstilbestrol is classi fi ed by the IARC as a known human 
carcinogen  [  101  ] . Breast is the main target organ for diethylstilbestrol-induced car-
cinogenesis in women who were exposed during pregnancy. Additionally, diethyl-
stilbestrol also causes development of adenocarcinoma in the uterus and cervix of 
women who were exposed in utero. 

 In addition to the established mechanistic genotoxic and estrogen receptor- 
mediated carcinogenic events, epigenetic programming also plays a substantial role. 
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Perinatal exposure to diethylstilbestrol causes persistent demethylation and 
 transcriptional activation of several critical cancer-related genes in the mouse uterus, 
including lactoferrin ( Lf ), nucleosomal binding protein 1 ( Nsbp1 ), and c -fos   [  102–
  104  ] . The mechanism of these demethylation events is associated with the ability of 
diethylstilbestrol to inhibit expression of the maintenance ( Dnmt1 ) and de novo 
( Dnmt3a  and  Dnmt3b ) DNA methyltransferases in the mouse uterus  [  105  ] . 
Additionally, recent evidence indicates that diethylstilbestrol exposure causes epige-
netically induced down-regulation of miRNA-9 in human breast epithelial cells 
 [  106  ] , one of the frequently down-regulated miRNAs in human breast cancer  [  107  ] . 

  Tamoxifen , a selective non-steroidal anti-estrogen, is a widely used drug for che-
motherapy and for chemoprevention of breast cancer worldwide  [  108  ] . However, 
recently the IARC classi fi ed tamoxifen as a known human carcinogen based on 
evidence for endometrial cancer  [  101  ] . One of the possible mechanisms of carcino-
genic effects of tamoxifen in the uterus is tamoxifen-induced gene expression 
changes  [  109  ] , particularly, hypomethylation-linked activation of paired box 2 
( PAX2 ) gene  [  110  ] . 

 Additionally, a number of studies have demonstrated that tamoxifen is a potent 
hepatocarcinogen in rats with both tumor initiating and promoting properties  [  111  ] . 
The mechanism of tamoxifen-induced hepatocarcinogenesis is associated with its 
genotoxic  [  112,   113  ]  and epigenetic effects  [  114  ] . These non-genotoxic epigenetic 
alterations include demethylation of the entire genome and the repetitive elements, 
loss of global histone H4 lysine 20 trimethylation  [  114,   115  ] , and altered expression 
of miRNAs  [  116  ] . The results of these studies further emphasize the importance of 
non-genotoxic mechanisms in chemical carcinogenesis induced by genotoxic 
carcinogens. 

  Phenobarbital , the most widely used anticonvulsant worldwide, is a well-estab-
lished mitogenic non-genotoxic rodent liver carcinogen. It is known to increase cell 
proliferation, alter cell cycle checkpoint control, including delaying and attenuating 
the G1 checkpoint, inhibit the induction of p53, thereby resulting in accumulation 
of DNA damage, and induce extensive epigenetic abnormalities. Treatment with 
phenobarbital leads to rapid and progressive accumulation of altered DNA methyla-
tion regions in the livers of C57BL/6 and B6C3F1 mice  [  117  ] . These changes were 
more pronounced in livers of tumor-prone B6C3F1 and CAR (constitutive andros-
tane receptor) wild-type mice  [  118  ] . Interestingly, the number of hypermethylated 
regions was noticeably smaller than hypomethylated regions, among which cyto-
chrome P450, family 2, subfamily b, polypeptide 10 ( Cyp2b10)  gene is concomi-
tantly hypomethylated and transcriptionally activated early after phenobarbital 
treatment  [  119  ] . 

  Oxazepam  is widely used as a sedative-hypnotic and antianxiety drug. Chronic 
exposure of B6C3F1 mice to oxazepam induces development of hepatoblastoma 
and hepatocellular carcinoma in mice  [  120  ] . Interestingly, oxazepam, similar to 
phenobarbital, causes induction of  Cyp2b10  gene in the livers of B6C3F1 mice 
 [  121,   122  ] . Also, oxazepam-induced tumors display a decreased expression of  Apc  
and phosphatase and tensin ( Pten ) homolog tumor suppressor genes and genes 
involved in regulation of DNA methylation and histone modi fi cation  [  122  ] .  
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    11.3.4   Biological Agents 

  Mycotoxins  are a structurally diverse class of molecules of fungal origin that are com-
mon contaminants of the human and animal food products  [  123  ] . Three of the most 
ubiquitous mycotoxins, a fl atoxin B 

1,
  fumonisin B1, and ochratoxin, are classi fi ed by 

the IARC as known and possible human carcinogens  [  124,   125  ] . It is well-established 
that a fl atoxin B 

1
 , fumonisin B1, and ochratoxin A are genotoxic carcinogens  [  123, 

  126,   127  ] ; however, accumulating evidence indicates that their carcinogenicity 
involves also a complex network of epigenetic alterations  [  128–  134  ] . 

  A fl atoxin B  
 1 
  induces several epigenetic abnormalities that may induce and pro-

mote tumor development. Speci fi cally, exposure to a fl atoxin B 
1
  causes methylation-

induced transcriptional silencing of  MGMT, p16   INK4A  , and  RASSF1A  genes, a 
fundamental epigenetic event in liver carcinogenesis  [  128–  130  ] . Conversely, 
a fl atoxin B 

1
  is a strong inducer of epigenetically regulated  SNCG  gene  [  131  ] . 

Additionally, a study conducted by Hu et al .   [  134  ]  has demonstrated that cytosine 
methylation at the CpG site at codon 14 of the  K-ras  gene is the major reason for 
preferential a fl atoxin B 

1
 -induced DNA-adduct formation at this codon in normal 

human bronchial epithelial cells. 
  Fumonisin B  

 1 
 , in addition to various genotoxic and non-genotoxic alterations, 

increases the level of 5-methylcytosine in genomic DNA from 5 to 9% in human 
intestinal Caco-2 cells  [  132  ] . 

  Helicobacter pylori  infection is associated with development of gastric cancer, 
one of the most prevalent human cancers worldwide  [  135  ] . The results of several 
comprehensive studies indicate that  H. pylori  infection causes marked DNA methy-
lation changes in infected normal or preneoplastic gastric mucosa.  H. pylori  infec-
tion causes signi fi cant aberrant DNA methylation in a number of the promoter CpG 
island-containing genes, including  p16   INK4A  , lipoxygenase ( LOX ), heart and neural 
crest derivatives expressed 1 ( HAND1 ), thrombomodulin ( THBD ), and actin related 
protein 2/3 complex, subunit p41 ( p41ARC ) gastric cancer-associated genes in gas-
tric mucosa  [  136–  139  ] . Importantly, hypermethylation of some genes, e.g.,  THBD  
persisted in gastric mucosa after  H. pylori  eradication  [  140  ] .   

    11.4   Epigenetic Alterations and the Evaluation of Cancer Risk 

 Recognition of the fundamental role of epigenetic alterations in cancer has resulted 
in the identi fi cation of numerous epigenetic abnormalities that may be used as 
potential biomarkers for the molecular diagnosis of cancer and prognosis of survival 
or treatment outcomes. Despite a lack of conclusive information to clarify whether 
or not epigenetic changes are involved directly in neoplastic cell transformation, 
evidence highlighted above suggests that epigenetic alterations may be used as early 
indicators of carcinogenesis for both genotoxic and non-genotoxic carcinogens. 
Importantly, several research groups have argued that epigenetic alterations may be 
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used as biomarkers in the evaluation of the carcinogenic potential of the  environmental 
factors  [  5,   67,   68,   141  ] . 

 Incorporation of the epigenetic biomarkers into the studies on cancer risk of 
exposures holds a number of advantages over traditionally used methods, such as 
evaluation of the carcinogen-induced DNA damage, DNA adduct formation, or bac-
terial mutagenicity. Speci fi cally, we reason that the following features are in favor 
of greater integration of epigenetic biomarkers in studies of the carcinogenic poten-
tial of the environmental exposures: (1) early appearance; (2) stability; (3) target 
tissue-speci fi city; (4) relatively low cost of the assays needed to detect these changes; 
(5) applicability to both genotoxic and non-genotoxic agents; and, more impor-
tantly, (6) a greater number of detectable epigenetic changes as compared to the 
genetic alterations after exposure. 

 Also, the incorporation of epigenetic technologies into the studies of cancer risk 
promises to enhance substantially the ef fi ciency of carcinogenicity testing. More 
importantly, the reversibility of epigenetic alterations opens novel mechanism-based 
approaches not only to cancer treatment but also to the timely prevention of cancer 
 [  142  ] . However, despite a very promising outlook on the bene fi ts of epigenetic bio-
markers, additional studies are still needed to better de fi ne the nature and mecha-
nisms of epigenetic abnormalities with respect to carcinogenic processes  [  60,   143, 
  144  ] . Although extensive studies have identi fi ed a number of cancer-related epige-
netic abnormalities that are associated with carcinogen exposure, there is no con-
sensus on the role of changes in tumorigenesis. 

 Additionally, it is possible that not all these aberrant epigenetic events are equally 
important for the tumorigenic process. It is highly unlikely that all of these epige-
netic changes play a causative role in tumorigenesis. For example, some epigenetic 
changes may drive other epigenetic events that contribute to the formation of a 
transformed phenotype, while others may be passenger epigenetic events that 
accompany the transformation process     [  145  ] . In this respect, the identi fi cation of 
those epigenetic events that drive cell transformation is crucially important for 
understanding mechanisms of tumorigenesis and for cancer prevention.      
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  Abstract   The importance of somatic epigenetic alterations in tissues targeted for 
carcinogenesis is now well recognized and considered a key molecular step in the 
development of a tumor. Particularly, alteration of gene-speci fi c and genomic DNA 
methylation has been extensively characterized in tumors, and has become an attrac-
tive biomarker of risk due to its speci fi city and stability in human samples. It also is 
clear that tumors do not develop as isolated phenomenon in their target tissue, but 
instead result from altered processes affecting not only the surrounding cells and 
tissues, but other organ systems, including the immune system. Thus, alterations to 
DNA methylation pro fi les detectable in peripheral blood may be useful not only in 
understanding the carcinogenic process and response to environmental insults, but 
can also provide critical insights in a systems biological view of tumorigenesis. 
Research to date has generally focused on how environmental exposures alter 
genomic DNA methylation content in peripheral blood. More recent work has begun 
to translate these  fi ndings to clinically useful endpoints, by de fi ning the relationship 
between DNA methylation alterations and cancer risk. This chapter highlights the 
existing research linking the environment, blood-derived DNA methylation altera-
tions, and cancer risk, and points out how these epigenetic alterations may be con-
tributing fundamentally to carcinogenesis.      
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    12.1   Introduction 

 Epigenetic alterations within cells that give rise to tumors are believed to be causal 
contributors to the development of malignancy  [  27,   38  ] . The most widely studied 
epigenetic mechanism in cancer is DNA methylation and it is well recognized that 
cancer cells concomitantly exhibit both gene-speci fi c increases in DNA methylation 
and genome-wide hypomethylation compared to their normal tissue counterparts. 
Because DNA methylation is tissue-speci fi c, perhaps it is no surprise that a multi-
tude of studies seeking to detect tumor-speci fi c DNA methylation for early detec-
tion/diagnosis have used cell-free fractions (serum, plasma) of peripheral blood. 
Studies measuring DNA methylation in serum and plasma aim to reduce the poten-
tial noise contributed by leukocyte methylation patterns in whole blood and to 
speci fi cally detect tumor-derived DNA methylation. However, interindividual vari-
ability in leukocyte methylation patterns may be—akin to genetic variation—related 
to an individual’s cancer risk while acquired alterations to leukocyte methylation 
may represent both a cause and consequence of carcinogenesis in solid tissues .  As 
new measurement technologies and analytic strategies are being developed, and 
there is an improved understanding of the contribution of the immune system to 
solid tumor development, there may be great utility in peripheral blood methylation 
analysis for predicting cancer risk. 

 This chapter will cover evidence from human studies that peripheral blood DNA 
methylation states can inform cancer risk. First, investigations of repetitive element 
and global DNA methylation will be presented. Then, epimutation and gene-speci fi c 
methylation markers of cancer risk will be discussed, followed by more recent and 
larger-scale investigations of blood methylation and cancer risk. Notably, as men-
tioned above, cancer epigenetics includes a large body of research on cell-free 
(plasma, serum) DNA methylation for diagnostic and prognostic purposes that is 
not within this chapter’s scope. To end, potential mechanisms underlying the basis 
for blood-based methylation markers of cancer risk, and future directions for this 
avenue of research will be covered.  

    12.2   Repetitive Elements, Global Methylation, 
and Cancer Risk 

    12.2.1   Introduction to Global Methylation and Repetitive 
Elements 

 While the classic example of altered DNA methylation in cancer would likely 
describe promoter hypermethylation-induced gene silencing of a tumor suppres-
sor gene, before this phenomenon was understood it was recognized that tumors 
are heavily hypomethylated relative to their normal tissue counterparts. In 
 contrast to tumor suppressor gene promoters, moderately to highly repetitive, 
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non-coding sequences of the genome are normally methylated  [  26,   63  ] . Indeed, 
generally non-speci fi c methylation of repeat and non-coding elements is consid-
ered an important part of normal development, cellular differentiation, and 
X-chromosome inactivation. Hence, changes in this methylation can lead to 
speci fi c human disease states including cancer. In fact, genomic or global hypom-
ethylation is now thought to occur early in tumorigenesis, including in pre-can-
cerous lesions  [  60,   66,   67  ] , and may promote cancer development by contributing 
to genomic instability. 

 A few studies have directly assessed the relationship between total genomic 
methyl-cytosine in blood and cancer risk. Pufulete and colleagues measured 
genome-wide reduction in 5-methylcytosine content with a (relatively insensitive) 
 3 H-thymidine incorporation assay in peripheral blood lymphocytes and found that 
hypomethylation signi fi cantly increased risk for colon adenoma and indicated a 
trend in risk of colon cancer  [  60  ] . In an investigation of colorectal adenoma among 
women, Lim et al. measured total genomic leukocyte methylation utilizing DNA 
digestion followed by liquid chromatography and mass spectrometry for quantita-
tion in 230 cases and controls. When setting the referent group as the women in the 
 lowest tertile of methylation , women in the second tertile had a reduced risk of col-
orectal adenoma (odds ratio (OR): 0.72, 95% CI: 0.34–1.52), and women in highest 
methylation tertile had a signi fi cantly decreased risk of colorectal adenoma (OR: 
0.17, 95% CI: 0.06–0.49)  [  47  ] . Around the same time, a hospital-based case–control 
study in Spain found that reduced total percent methyl-cytosine content (using high-
performance capillary electrophoresis,  HpaII  digestion, and densitometry) was 
signi fi cantly associated with bladder cancer risk  [  54  ] : compared to the quartile of 
subjects with the highest percent 5-methyl-cytosine, the adjusted OR for subjects in 
the lowest quartile of methylation was 2.67 (95% CI: 1.8–4.0). Further, when strati-
fying by smoking status, global hypomethylation was a strong risk factor for blad-
der cancer in never smokers (OR: 6.4, 95% CI: 2.4–17.2). 

 Early links between genomic hypomethylation and pathogenesis generated 
great interest in developing additional methods to determine global DNA methyla-
tion. Total genomic methyl-cytosine content can be directly measured, though 
large amounts of substrate and highly specialized equipment are required. In the 
mid 1990s, founded on the basis of chemical modi fi cation of DNA with sodium 
bisul fi te, a PCR-based method for measuring DNA methylation was developed: 
methylation-speci fi c PCR (MSP)  [  30  ] . Later, a quantitative version of MSP known 
as MethyLight was developed in Peter Laird’s lab  [  21  ] . Using MethyLight to mea-
sure  LINE-1 ,  Alu , and satellite element repeats, Weisenberger et al. showed that 
methylation of repetitive elements were reasonably well correlated with total 
methyl-cytosine content  [  74  ] . Around the same time, the  fi rst report of bisul fi te 
sequencing for  LINE-1  and  Alu  elements was published and was claimed as a sim-
ple method to estimate global DNA methylation  [  80  ] . Alone,  LINE-1  and  Alu  ele-
ments comprise about 30% of the human genome, making them an attractive target 
for a surrogate measure of global methylation  [  80  ] . With these more accessible 
methods to measure “global methylation”, many groups began evaluating global 
methylation. As a result, the term “global methylation” lost its speci fi c meaning 
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and started being used to describe any of these assays even though their measures 
are potentially non-comparable. 

 Because repetitive elements such as  LINE-1  and  Alu  are used to signify global 
methyl-cytosine content, it is important to clarify what these elements are and to 
point out potential drawbacks of using these as surrogate measures of global methy-
lation. Long interspersed nuclear elements ( LINE-1 ) and short interspersed nuclear 
elements (SINEs, which include  Alu  elements and mammalian interspersed repeats 
(MIR)), and long terminal repeats (LTRs) are retrotransposons. Collectively, with 
tandem repeats such as satellite elements (SAT), LINE, SINE, and LTR retrotrans-
posons comprise approximately half of the human genome. The majority of these 
elements are evolutionary remnants that are truncated or mutated and even if tran-
scribed would have no phenotype. For instance, there are approximately 500,000 
 LINE-1  elements in the genome; very few of these are full-length (6 kb) complete 
with an internal RNA polymerase II promoter in the 5 ¢  UTR, two open reading 
frames that encode an RNA-binding protein and elements for retrotransposon activ-
ity, and a 3 ¢  UTR with a polyadenylation signal  [  17  ] . Unlike  LINE-1 ,  Alu  elements 
use an internal RNA polymerase III promoter and lack any coding sequence. For 
retrotransposition,  Alu  elements require the retrotransposon machinery encoded by 
 LINE-1  elements  [  19  ] . LTRs are considered endogenous retroviruses, and with over 
400,000 copies, these repeat elements account for 8% of the human genome  [  43  ] . 
Lastly, satellite repeated sequences (SAT) are small DNA transposons that are the 
oldest type of transposable element, having arisen as a result of simple repeat 
ampli fi cation  [  39,   43  ] . 

 Because repeat elements can have transposition activity, largely outnumber cod-
ing genes and make up a large fraction of the genome, it is critical that they are 
appropriately regulated. Hence, in normal cells repeat elements are maintained as 
silenced with relatively high levels of DNA methylation in their promoter regions. 
However, if methylation is lost at repeat elements they may be re-expressed and 
insert into various regions of the genome, possibly leading to the inactivation of 
tumor suppressor genes, or activation of oncogenes, thereby contributing to cancer 
as well as other human diseases  [  18,   41  ] .  

    12.2.2   Satellite Elements and Long Terminal Repeats 

 Although satellite elements and long terminal repeats are numerous and make up a 
considerable portion of the human genome, their potential role in carcinogenesis 
remains understudied. Nonetheless, initial investigations into LTR repeats in tumors 
have indicated that inappropriate activation of LTR repeats is linked to cancers. 
The methylation status of one type of LTR, the endogenous retrovirus type K 
(HERV-K) was hypomethylated in bladder tumor tissue compared to normal blad-
der  [  23  ] . Similarly, in a small number of ovarian tumors, HERV-W was hypomethy-
lated compared to non-tumor tissue  [  53  ] . More recently, an examination of satellite 
repeat expression in pancreatic ductal adenocarcinomas revealed that HSATII 
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 transcripts were highly cancer-speci fi c, alpha satellite transcripts were abundantly 
expressed, and that increased satellite expression in these cancers was likely due to 
loss of methylation  [  71  ] . Unfortunately, to our knowledge there have not yet been 
any studies examining methylation of satellite or LTRs in blood to test for associa-
tion with risk of cancer. However, as large-scale sequencing efforts continue, non-
coding elements are becoming better annotated and may allow for better-informed 
approaches to investigate the potential role of satellite and LTR repeat methylation 
in blood as it relates to cancer risk  [  1  ] .  

    12.2.3   Long Interspersed Nuclear Elements and Alu elements 

 Using bisul fi te pyrosequencing assays, a number of studies on  LINE-1  methylation 
in human peripheral blood have now been conducted. First, it is interesting to note 
that there are several studies investigating the association of  LINE-1  methylation in 
blood DNA with exposures that are etiologically relevant to human cancers. 
Examples of exposures that are associated with  LINE-1  hypomethylation include 
benzene  [  10  ] , particulate matter including traf fi c particles  [  4,   68  ] , polycyclic aro-
matic hydrocarbons  [  58  ] , and persistent organic pollutants  [  62  ] . 

 One of the  fi rst case–control studies of cancer to measure  LINE-1  methylation in 
blood was conducted in head and neck squamous cell carcinoma (HNSCC)  [  36  ] . 
Hsiung et al. measured  LINE-1  methylation with a modi fi ed version of combined 
bisul fi te restriction analysis in over 800 HNSCC cases and controls. The between-
subject variability in  LINE-1  methylation ranged from 54 to 87%, with a signi fi cant 
( P  < 0.002) increase in the  LINE-1  methylation in males compared to females, and 
signi fi cant increases in  LINE-1  methylation associated with positive HPV16 anti-
body serology and for subjects of non-Caucasian race compared to Caucasians 
( P  < 0.02 and  P  < 0.03, respectively). In cases, controlling for age, gender, race, life-
time average drinks per week, and HPV16 serology, dietary folate in the lowest 
tertile, compared to the upper two tertiles, had a borderline signi fi cant reduction in 
 LINE-1  methylation. Similarly, subjects with the  MTHFR  677 variant had a 
signi fi cant ( P  < 0.04) reduction in  LINE-1  methylation; whereas, among cases, 
smoking was signi fi cantly associated ( P  < 0.04) with increased  LINE-1  methylation. 
With respect to risk of HNSCC, patients in the lowest tertile of  LINE-1  methylation 
had a signi fi cant relative risk of HNSCC (OR: 1.6, 95% CI: 1.1–2.4), while those in 
the mid tertile showed an elevated OR of 1.3 (95% CI: 0.9–2.0) when controlling for 
age, gender, race, smoking, drinking, and HPV16 serology. Across tertiles there was 
a signi fi cant trend ( P  < 0.03) for increased HNSCC risk with lower  LINE-1  methyla-
tion, and suggested that epigenetic variation, in this case extent of repetitive region 
methylation, is associated with disease risk  [  36  ] . 

 In a study of breast cancer risk, Choi et al. measured  both  total methyl-cytosine 
content and  LINE-1  methylation in blood DNA from cases and controls  [  15  ] . With 
176 cases and 173 controls, the authors  fi rst measured methyl-cytosine content and 
 LINE-1  methylation in a pilot subset of 19 cases and 18 controls, and found that 
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cases had signi fi cantly reduced methyl-cytosine content ( P  = 0.001) compared to 
controls, whereas  LINE-1  methylation was not associated with case status or cor-
related ( r  = −0.2,  P  = 0.23). Based on the results from the pilot cases and controls, 
the remaining cases and controls were evaluated for total methyl-cytosine only. 
Among several demographic factors examined (including age, race, BMI, smoking, 
parity, and menopausal status), high alcohol intake (>median) was the only factor 
signi fi cantly associated with reduced methyl-cytosine, and this was true in each of 
the case ( P  < 0.04) and control groups ( P  < 0.04). Further, among all cases and con-
trols total methyl-cytosine content in blood DNA was signi fi cantly lower in cases 
than controls: when compared to women in the highest tertile of methylation, 
women in the lowest tertile of methylation had a signi fi cantly increased risk of 
breast cancer (OR: 2.9, 95% CI: 1.7–4.9). Despite the association between methyl-
cytosine levels and alcohol intake, alcohol consumption did not affect the associa-
tion between methyl-cytosine content and breast cancer risk. However, when 
stratifying on demographic and lifestyle factors, the authors found that risk was 
further increased by lower methyl-cytosine content in women with a family history 
of disease, as well as among women who were never smokers. 

 Studying the risk of gastric cancer in relation to repeat element methylation, Hou 
et al. used pyrosequencing and measured both  LINE-1  and  Alu  methylation in blood 
DNA from 302 gastric cancer cases and 421 age- and gender-matched controls  [  35  ] . 
This population-based case–control study enrolled participants from Warsaw, 
Poland. Methylation data were strati fi ed into tertiles and in an analysis adjusted for 
age, sex, education level, smoking, and alcohol there were borderline signi fi cant 
associations between reduced methylation and gastric cancer risk for  LINE-1  (OR: 
1.4, 95% CI: 0.9–2.0) and  Alu  (OR: 1.3, 95% CI: 0.9–1.9). Yet, in strati fi ed analyses 
the association between  LINE-1  hypomethylation and gastric cancer risk was stron-
ger for individuals with a family history of disease (OR: 3.1, 95% CI: 1.4–7.0), 
current drinkers of alcohol (OR: 1.9, 95% CI: 1.0–3.6), current smokers (OR: 2.3, 
95% CI: 1.1–4.6), subjects who rarely or never consumed fruit, as well as carriers 
of either of two polymorphisms in 5-methyltetrahydrofolate-homocysteine methyl-
transferase reductase ( MTRR ). However, associations between  LINE-1  methylation 
and cancer risk were not modi fi ed by sex, infection with  Helicobacter pylori , or 
intake of protein, vitamin B6, or folate. 

 An investigation of  LINE-1  blood DNA methylation and bladder cancer risk in a 
population-based case–control study in New Hampshire also indicated that reduced 
 LINE-1  methylation is associated with cancer risk  [  76  ] . Among 285 cases and 465 
controls,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 58 
to 92%. Comparing subjects in the lowest methylation decile to all other subjects, 
controlling for age, gender, and smoking status indicated a signi fi cantly increased 
risk of bladder cancer for the lowest decile subjects (OR: 1.8, 95% CI: 1.1–2.9). In 
addition, these authors strati fi ed their analysis by invasive and non-invasive disease 
and found that the lowest decile of  LINE-1  methlyation was associated with a 
signi fi cantly increased risk of non-invasive disease, but not invasive disease. Similar 
to the results from Hsiung et al., which showed that males had signi fi cantly higher 
 LINE-1  methylation levels, Wilhelm et al. strati fi ed their  analysis by gender and 
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found the association between  LINE-1  hypomethylation and  bladder cancer to be 
stronger in women than in men (OR 

women
 : 2.5, 95% CI: 1.2–5.2; OR 

men
 : 1.5, 95% CI: 

0.8–2.7). Finally, recalling the studies of  LINE-1  methylation and environmental 
exposures with etiologic relevance to cancer, these authors showed a signi fi cant 
association between high exposure to arsenic and reduced  LINE-1  methylation in 
control subjects. 

 Along with the studies of global and repeat element hypomethylation and blad-
der cancer risk in Europeans from Moore et al., and in American Caucasians from 
Wilhelm et al., a third study in Chinese subjects has also been published  [  13  ] . 
Among 510 cases and 528 controls from a case–control study based in Shanghai 
China,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 73 to 
93%. Notably, the low-end of  LINE-1  methylation in these subjects was higher than 
studies of Caucasians, 73% compared to 58% from  [  36  ] , and 53% from  [  76  ] . 
Nonetheless, similar to previous research, men had signi fi cantly higher  LINE-1  
methylation than women ( P  = 0.004), and perhaps some of the disparity in low-
range methylation among studies may be attributable to a higher prevalence of men 
in this study (77%) compared to the studies from Hsiung et al. (69%) and Wilhelm 
et al. (69%). Among all cases and controls in adjusted models comparing tertiles of 
 LINE-1  methylation, the lowest methylation tertile compared to the highest revealed 
an elevated risk of bladder cancer that did not reach statistical signi fi cance (OR: 1.3, 
95% CI: 0.95–1.7). However, when stratifying by smoking status, never smokers in 
the lowest tertile of  LINE-1  methylation had a signi fi cantly increased risk of bladder 
cancer (OR: 1.9, 95% CI: 1.2–3.1). Further, lifelong non-smokers with  GSTM1  and/
or  GSTT1  null genotypes had an even higher risk of bladder cancer (OR: 2.4, 95% 
CI: 1.3–4.1).  

    12.2.4   Challenges and Caveats 

 Despite recent advances in measuring repetitive element methylation with bisul fi te 
pyrosequencing, a full understanding of the biology of these elements is still lacking, 
and there are technical limitations that should be carefully considered. Although 
reported in numerous studies, the relatively greater extent of methylation of  LINE-1  
elements in men compared to women is not understood, and may represent funda-
mental differences that need to be further explored. Though the CpGs targeted for 
methylation measurement in pyrosequencing assays are generally 3–6 CpG sites in 
the 5 ¢  UTR, because it is unclear how many of the 500,000  LINE-1  elements are full 
length (6 kb) it is not known  how many  copies of  LINE-1  elements are actually being 
measured in any given individual. From an evolutionary standpoint the newer  LINE-
1  sequences are more likely to be fully intact, though the 5 ¢  end of the repeat can be 
deleted and it is not yet known what the prevalence of these deletions are. In addition, 
the total number of  newer  LINE-1  sequence elements is polymorphic in the popula-
tion. Together, these issues make it dif fi cult if not impossible to know how many 
 LINE  elements are being measured and whether the number is similar across samples 
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or individuals. So, although a number of studies are now identifying and con fi rming 
associations between epigenetic alterations to these elements and cancer, the biologi-
cal mechanism towards carcinogenesis that these observations represent is not under-
stood. A more in-depth treatment of the challenges associated with repeat element 
and global methylation measures is available in Nelson et al.  [  56  ] .   

    12.3   Gene-Speci fi c Methylation and Epimutation 

    12.3.1   Epimutation 

 There is growing recognition that gene-speci fi c soma-wide and/or germline DNA 
methylation, often called epimutation, can predispose individuals to cancer  [  20,   31  ] . 
Initial work in the area of epimutation identi fi ed changes to gene imprinting status 
that was phenotypically equivalent to disease attributable to genetic alterations. For 
example, Wilm’s tumor can derive from inherited mutation in the  IGF2  gene lead-
ing to a change in the imprinting status and therefore the biallelic expression of this 
gene. A change in the DNA methylation status of the maternally imprinted allele 
without change to the underlying sequence can lead to loss of imprinting (LOI) at 
the  H19/IGF2  locus, which similarly results in biallelic expression and risk for 
Wilm’s tumor  [  52,   65  ] . A number of other imprinting disorders have been identi fi ed 
and have been linked not only with genetic  etiology but also epimutations, including 
Beckwith–Wiedeman, Silver–Russel, Prader–Willi, and Angelman syndromes 
 [  28,   57  ] . Epimutations resulting in LOI are relatively rare due to the scarcity of 
imprinted genes in the genome. 

 Epimutations also have been shown to occur in the context of biallelic expression 
and such epimutations have been linked to cancer. For example, 37% of individuals 
presenting with Cowden’s syndrome or with Cowden-like features, but without 
genetic alteration to the  PTEN  gene, harbor germline allele-speci fi c DNA methyla-
tion upstream of  PTEN . This leads to reduced expression of the  KILLIN  gene and a 
greatly increased risk of breast and renal cancer  [  7  ] . Similarly, a subset of familial 
breast and ovarian cancer without  BRCA1  or  BRCA2  mutation is linked to mosaic 
epimutation of  BRCA1   [  78  ] , and hereditary non-polyposis colorectal cancer 
(HNPCC) without germline mutation is observed with allele-speci fi c mosaic meth-
ylation of  MLH1  or  MSH2   [  14,   32–  34  ] . In some cases, multiple generations of indi-
viduals within these HNPCC families could be identi fi ed  [  33,   55  ] . In other cases, 
the aberrant methylation present in the affected individuals germline (i.e., sperma-
tozoa), could not be identi fi ed in family members, suggesting a potential de novo 
germline or early embryonic event  [  32,   66,   67  ] . This lack of a consistent direct 
inheritance of the epimutation itself, but the potential for familial transmission sug-
gests that it may, in fact, be a predisposition to epimutation in general that is truly 
being inherited. 

 These are examples of highly penetrant but rare epimutation in genes known to 
contribute to speci fi c disease. Such  fi ndings are analogous to decades of work in 
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genetic susceptibility to cancer which originated with studies of highly penetrant, 
rare mutations leading to rare genetic disease and provided the profound under-
standing of the key genes involved in tumorigenesis. As genetic susceptibility stud-
ies later evolved into the investigation of more common, polymorphic variation 
associated with sporadic cancer, so has the study of epimutation begun to move 
beyond these rare variants to studies of common epigenetic variability association 
with common disease.  

    12.3.2   Gene-speci fi c methylation 

 A number of investigations of peripheral blood DNA methylation have focused on 
the examination of candidate tumor suppressor gene methylation, taking cues from 
the alterations detected in targeted solid tissues to de fi ne candidates. Often these 
studies are based upon the assumption that the alterations driving carcinogenesis in 
a target tissue will be identi fi ed in blood and potentially other non-target tissues, 
although the somatic nature of methylation would argue against such assumption. 
Nevertheless, there is a large and growing literature utilizing candidate approaches 
to examine in populations single and multi-gene panels of candidate tumor suppres-
sor genes in peripheral blood as markers of solid tumor risk. 

 Wong and colleagues  [  77  ]  measured  CDKN2B  methylation in buffy coat DNA 
from 15 hepatocellular carcinoma (HCC) patients, 15 patients without cancer but 
with chronic hepatitis/cirrhosis, and 20 healthy controls with MSP. Among the 15 
HCC patients, eight had  CDKN2B  methylation buffy coat DNA, whereas none of 
the healthy controls or individuals with hepatitis/cirrhosis had methylated  CDKN2B . 
Further, the eight HCC patients with  CDKN2B  methylation in blood DNA also had 
 CDKN2B  methylation in their tumor tissue. 

 In colon cancer, Ally and colleagues measured methylation in blood DNA from 
27 cases, 30 individuals with adenoma, 16 with hyperplastic polyps, and 57 disease-
free controls  [  2  ] . Using bisul fi te pyrosequencing the authors examined seven CpG 
sites in the promoter region of the estrogen receptor alpha gene ( ESR1 ) and across 
all subjects the methylation of  ESR1  ranged from 0 to 13% (median, 4.3%). Across 
disease groups there was not a difference in  ESR1  methylation ( P  > 0.05). However, 
 ESR1  methylation was 60% lower in peripheral blood samples than in normal 
colonic tissues. Further, the authors observed a correlation between colonic tissue 
methylation and blood methylation of  ESR1  that was independent of age, gender, 
disease status, and body mass index (BMI). 

 Another interesting example comes from studies of  BRCA1  methylation in 
peripheral blood DNA of cases with breast cancer. Germline  BRCA1  mutations are 
related to the development of hereditary breast cancers, which account for ~5–10% 
of cases, and generally present at a younger age and with a more aggressive pheno-
type. Although mRNA levels of  BRCA1  have been shown to be reduced in a subset 
of sporadic breast cancer cases  [  70  ] , mutations of  BRCA1  in sporadic breast cancer 
are rarely (if ever) present  [  25,   42  ] . As  BRCA1  is known to contain a CpG island in 
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its promoter region, it was hypothesized that DNA methylation-induced silencing 
may be present in a subset of sporadic breast tumors. It has been shown that up to 
44% of sporadic breast tumors are methylated at  BRCA1 , and tumors with methy-
lated  BRCA1  share pathologic features of tumors with mutated  BRCA1   [  9,   12  ] . In 
2008, Snell and colleagues measured  BRCA1  methylation in blood DNA from seven 
familial breast cancer cases that did not have detectable  BRCA1  or  BRCA2  muta-
tions and seven age-matched controls. These authors used several techniques to 
measure  BRCA  methylation including MethyLight, methylation-sensitive high-
resolution melting, and a digital version of the latter. Three of the seven patients 
studied had >0% methylation of  BRCA1  in peripheral blood DNA and the corre-
sponding tumors were found to be heavily methylated. Among the control subjects, 
six of seven had no detectable  BRCA1  methylation, only one subject had low-level 
 BRCA1  (0.1%) methylation  [  64  ] . 

 Al-Moghrabi et al. measured  BRCA1  methylation with MSP in 47 breast tumor 
tissues, and in peripheral blood from seven breast cancer cases and 73 disease-free 
controls  [  3  ] . Among tumor tissues, 13 (27%) had  BRCA1  methylation. Similarly, 
two (29%) of the seven blood samples from breast cancer cases were methylated at 
 BRCA1 . Further, there was a signi fi cant association between a younger age at diag-
nosis ( £ 40 years) and  BRCA1  methylation ( P  < 0.004). However, 8 of the 73 (11%) 
disease-free controls also had  BRCA1  methylation in blood, which was not a 
signi fi cantly lower prevalence of  BRCA1  methylation than in cases. Nonetheless, 
with only seven breast cancer cases providing blood DNA, this study may have been 
underpowered to detect a signi fi cant association between  BRCA1  methylation in 
blood and risk of breast cancer. In addition, it is possible that the disease-free women 
with  BRCA1  methylation in blood are still at an increased risk of developing breast 
cancer. 

 Iwamoto and colleagues presented a similar study of  BRCA1  methylation in 
peripheral blood DNA from 200 cases and 200 controls  [  37  ] . In peripheral blood 
samples from cases and controls,  BRCA1  methylation was measured with quantita-
tive MSP and found to be associated with a signi fi cantly increased risk of breast 
cancer (OR: 1.7, 95% CI: 1.01–2.96), controlling for age, family history, age at 
menarche, parity, menopausal status, and BMI. In addition, these authors also mea-
sured  BRCA1  methylation in 162 breast tumors where 31 (19%) were  BRCA1  meth-
ylation-positive and these tumors were more likely to be estrogen receptor and 
progesterone receptor-negative. When stratifying by presence of  BRCA1  methyla-
tion in tumors (and controlling for covariates above), peripheral blood methylation 
of  BRCA1  was highly associated with risk of developing  BRCA1  methylation-
positive breast cancer (OR: 17.8, 95% CI: 6.7–47.1). 

 Blood DNA methylation of  BRCA1  in relation to the risk of ovarian cancer has 
also been reported. Bosivel and colleagues  [  11  ]  measured blood DNA methylation of 
both  BRCA1  and  BRCA2  promoter regions in 51 ovarian cancer cases (without  BRCA  
mutation) and 349 controls using quantitative analysis of methylated alleles. Although 
they did not observe an association between  BRCA2  methylation level and case 
 status, these authors reported signi fi cantly  reduced BRCA1  methylation in ovarian 
cancer cases compared to controls. However, the implications of a signi fi cantly 
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hypomethylated  BRCA1  promoter region in association with ovarian cancer are 
somewhat counterintuitive and warrant further investigation. 

 In a case–control study of lung cancer, Li et al. measured methylation of the 
putative tumor suppressor gene  FHIT  in peripheral blood DNA samples from Han 
Chinese subjects with MSP  [  46  ] . Among 123 lung cancer cases, 42 (34%) had  FHIT  
promoter methylation, whereas none of the 105 control subjects’ blood DNAs were 
methylated, indicating a signi fi cantly increased risk of lung cancer associated with 
peripheral blood methylation of  FHIT  (OR: 2.3, 95% CI: 2.0–2.7). Additionally, 
these authors reported that blood methylation of  FHIT  was signi fi cantly associated 
with cases who had early stage (I) disease ( P  < 0.05), and not cases with high-stage 
(IV) disease.  

    12.3.3   Panels of candidate genes 

 Some groups have reported blood methylation data for panels of candidate genes. 
The heterogeneity in molecular alterations of speci fi c tumor types could be motiva-
tion for studies that examine multiple gene-loci, and the results from Iwamoto et al. 
are apropos: peripheral blood methylation of  BRCA1  was highly associated with 
risk of developing  BRCA1  methylation-positive breast cancer  [  37  ] . Of course, within 
a particular tumor type, not every tumor will have the same repertoire of molecular 
alterations. Hence, a more comprehensive approach to study blood-based methyla-
tion markers of cancer risk would measure methylation of several genes known (or 
suspected) to be methylated in a moderate to high proportion of tumors. 

 One such study from Liu et al. used an approach directed at six genes on chromo-
some 3p because a previous report from these authors had demonstrated a CpG 
island methylator phenotype (CIMP) associated with genes on 3p in lung tumors 
 [  48,   49  ] . Here, the authors used peripheral blood DNA from 80 cases of non-small 
cell lung cancer (NSCLC) and 80 matched controls and measured methylation of 
six genes ( OGG1 ,  RARB ,  SEMA3B ,  RASSF1A ,  BLU ,  FHIT ) on chromosome 3p 
with MSP. If at least three of these genes were methylated the sample was consid-
ered 3pCIMP+. The prevalence of methylation in blood DNA from cases was higher 
than controls for all genes except  FHIT  where the same number of cases and con-
trols were methylated. Further, almost all case blood samples (78/80, 98%) had at 
least one methylated gene, whereas 78% (62/80) of control blood samples had at 
least one methylated gene. When comparing 3pCIMP status in cases and controls, 
44% of NSCLC cases were 3pCIMP + and only 6% of control blood DNA samples 
were 3pCIMP + ( P  < 0.001). In a model adjusting for age, sex, and smoking status, 
subjects with 3pCIMP + blood DNA were at a signi fi cantly increased risk of NSCLC 
(OR: 12.8, 95% CU: 4.4–37.4)  [  49  ] . 

 Another gene-panel approach to investigate the role of blood-based DNA methy-
lation markers of lung cancer risk was recently published by Vineis and colleagues 
using nested cases and controls from the European Prospective Investigation into 
Cancer and Nutrition (EPIC)  [  72  ] . This group measured methylation of multiple 
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CpGs in  fi ve genes:  CDKN2A ,  RASSF1A ,  GSTP1 ,  MTHFR , and  MGMT  with a 
bisul fi te pyrosequencing approach in 93 lung cancer cases and 99 controls. 
Stratifying pyrosequencing methylation data for each gene on the median, adjusted 
models revealed that increased  RASSF1A  methylation was associated with a 
signi fi cantly increased risk of lung cancer (OR: 1.9, 95% CI: 1.0–3.5), though none 
of the other genes, or combination thereof were associated with disease. The authors 
also reported that serum levels of B vitamins and one-carbon metabolites were asso-
ciated with methylation; increased folate was associated with increased  RASSF1A  
and  MTHFR  methylation, whereas increased methionine was associated with 
decreased  RASSF1A  methylation  [  72  ] . 

 Prior to these works, a group in France published a comparison of blood DNA 
methylation of ten genes in a study of prostate cancer  [  61  ] . Using prostate cancer 
cases with disease relapse ( n  = 20), patients without relapse ( n  = 22), as well as con-
trol subjects ( n  = 22), the authors measured methylation of ten genes;  RASSF1A , 
 CDH1 ,  APC ,  DAPK ,  MGMT ,  CDKN2A  ( p16  and  p14 ),  GSTP1 ,  RARB , and  TIMP3  
using quantitative MSP .  Compared to all cases, methylation levels of all ten genes 
were lower in control subject blood DNA, and  fi ve were signi fi cantly lower;  DAPK  
( P  = 0.04)  RASSF1A ,  GSTP1 ,  APC , and  RARB  (all  P  < 0.0001). 

 An interesting  fi nal example of small gene-panel studies comes from Flanagan 
and colleagues who developed a tiling microarray with a methylation-sensitive 
enzyme-based approach to study 17 breast cancer susceptibility genes  [  22  ] . With 
the tiling array the authors took an unbiased approach to examining the promoter 
and gene-coding regions for the 17 candidate genes. In the pilot phase, 14 cases 
with bilateral breast cancer and 14 control subjects had their blood DNA methyla-
tion measured. Notably, the authors described 181 regions in the 17 genes analyzed 
that had signi fi cantly variable methylation ( P  < 0.001) across all 28 individuals, and 
the majority of these regions were signi fi cantly closer (within 200 bp) to repetitive 
elements than would be expected ( P  = 7.4e-07). As a follow up, the authors validate 
two regions of variable methylation 4 kb downstream of the  ATM  gene in 190 cases 
and 190 controls and observed signi fi cantly increased methylation of  ATM  variable 
region 2 in cases compared to controls ( P  = 0.002). In an inter-quartile analysis of 
the methylation data from this same region, subjects in the highest quartile of meth-
ylation were at a signi fi cantly increased risk of breast cancer (OR: 3.2, 95% CI: 
1.8–5.9) compared to subjects in the lowest quartile  [  22  ] . One of the key facets of 
this particular study is that unlike most other investigations, these authors did not 
restrict their methylation measurements to promoter regions and argues that future 
studies should consider the distribution of regions measured for methylation.   

    12.4   Larger Gene-Panels and Commercial Methylation Arrays 

 A separate class of studies that has undertaken larger-scale approaches (25 genes 
to genome-wide) to investigate blood-based markers of DNA methylation and can-
cer risk will be covered here. One such study from Widschwendter et al. used a 
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three-step approach to investigate blood DNA methylation and the risk of breast 
cancer  [  75  ] . First, these authors chose 49 estrogen receptor target (ERT) and poly-
comb group target (PCGT) genes and second, used MethyLight to measure methy-
lation in 83 healthy post-menopausal women. Thirdly, based on the distribution of 
methylation in these individuals 25 of the 49 genes were selected for measurement 
in 353 cases and 730 controls. After controlling for age and family history of breast 
cancer, methylation of 5 of the 25 genes ( ZNF217 ,  NEUROD1 ,  SFRP1 ,  TITF1  
(of fi cially  NKX2-1  as of 8/14/11),  NUP155 ) was associated with a signi fi cantly 
increased risk of breast cancer (ORs range: 1.40–1.49, median OR: 1.48)  [  75  ] . This 
study provides further proof of principle for the utility of blood-based methylation 
markers of cancer risk. However, because methylation of  fi ve separate genes were 
independently associated with breast cancer, it would have been interesting to 
know whether an analytic approach that combined the methylation markers would 
have increased the effect estimate. 

 A similar study of small cell lung cancer (SCLC) risk from Wang et al. also 
used a multi-step approach to curate a group of genes measured for methylation 
in a small pilot group of cases and controls before expanding into additional cases 
and controls  [  73  ] . This study took advantage of recent technologic advances that 
allow for the simultaneous resolution of hundreds to hundreds of thousands of 
methylation events, providing an epigenotyping platform for rapid epigenetic 
pro fi ling  [  8  ] . First, bisul fi te-modi fi ed blood DNA from 44 cases and 44 controls 
was applied to the Illumina GoldenGate methylation array which measures 1,505 
CpG sites associated with >800 cancer-related genes. Testing 1,332 CpGs (those 
with methylation states not associated with cancer treatment) the authors observed 
62 CpG sites associated with 52 genes to be signi fi cantly associated with cases 
status (FDR  P  < 0.05). To follow up, the authors chose nine of these 62 CpGs for 
validation by bisul fi te pyrosequencing in 138 cases and 138 controls. Controlling 
for age, sex, and smoking history, the methylation status of the nine CpG sites 
collectively were able to correctly classify 86% of cases as being at a higher risk 
of SCLC. Further, when considering speci fi c CpGs, for the risk of SCLC increased 
~4-fold for each 5% decrease in  ERCC1  methylation (OR: 3.9, 95% CI: 2.0–6.1) 
and ~1.5-fold for each 5% decrease in  CSF3R  methylation (OR: 1.5, 95% CI: 
1.1–2.0)  [  73  ] . 

 A group from the Mayo Clinic in Minnesota also used a two-phase study and the 
GoldenGate array to study blood methylation and risk of cancer, though they focused 
on pancreatic cancer  [  59  ] . First, these authors measured blood DNA methylation 
with the array in 132 cases and 60 controls and reported 110 CpGs with signi fi cantly 
differential methylation between cases and controls (FDR  P  < 0.05). Then, using 
analogous technology in a custom platform from Illumina (VeraCode), the top 96 
CpGs associated with case control status were subjected to validation in a further 
240 cases and 240 matched controls. Leveraging the potential of combining methy-
lation measures a prediction model was built and included  fi ve CpG sites associated 
with  fi ve genes:  IL10 ,  LCN2 ,  ZAP70 ,  AIM2 , and  TAL1 . Collectively, these  fi ve 
CpGs demonstrated good discrimination between pancreatic cancer cases and con-
trols (c-statistic phase I = 0.85, phase II = 0.72)  [  59  ] . 
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 Teschendorff et al. published an investigation of blood methylation pro fi les to 
predict ovarian cancer using a more comprehensive array platform, the Illumina 
In fi nium 27K array  [  69  ] . Following exclusions for batch effects and quality con-
trol, methylation array data from 148 controls, 113 pre-treatment, and 122 post-
treatment cases from the UK Ovarian Cancer Population Study were included in 
the analysis. Comparing methylation among controls to pre-treatment cases, the 
authors identi fi ed 2,714 CpG sites that were signi fi cantly (FDR  P  < 0.05) associ-
ated with ovarian cancer. Notably, among the top 50 CpGs, 87% were hypomethy-
lated in cases compared to controls ( P  = 9e-09). To construct a DNA methylation 
signature associated with ovarian cancer, these authors used a supervised approach 
to the data with 100 iterations of training and testing sets (each with 90 controls 
and 70 pre- t  cases) and multivariate logistic regression. With these iterations and a 
cross-validation step, the top 100 CpG sites were determined to be an optimal 
number of CpG sites for their classi fi er. The performance of these 100 CpGs as a 
classi fi er for ovarian caner in a blinded test set was very good (AUC: 0.8, 95% CI: 
0.74–0.87), and was validated in the post-treatment cases (AUC: 0.76, 95% CI: 
0.72–0.81)  [  69  ] . 

 In a New Hampshire population-based bladder cancer case–control study, Marsit 
et al. examined peripheral blood DNA methylation pro fi les using the In fi nium 27K 
array. Using a novel, semi-supervised recursively partitioned mixture modeling 
(SS-RPMM) strategy  [  40  ]  involving classi fi er training in a series of subjects con-
sisting of 118 controls and 112 cases, and validation in an independent series of 119 
controls and 111 cases, Marsit et al. identi fi ed a panel of 9 CpG loci whose pro fi le 
of DNA methylation was signi fi cantly associated ( P  < 0.0001) with bladder cancer 
 [  50  ] . Membership in any of the three classes of DNA methylation associated with 
risk demonstrated a 5.2-fold increased risk of bladder cancer (95% CI 2.8, 9.7), 
when controlled for subject age, gender, smoking status, and family history of blad-
der cancer. Notably, the methylation classes whose membership was predominantly 
bladder cancer cases had higher levels of mean methylation across the 9 CpG loci. 
Gene-set enrichment analysis of the loci most associated with bladder cancer dem-
onstrated that transcription-factor binding sites related to immune modulation and 
forkhead family transcription were over-represented among regions whose methy-
lation differed in bladder cases compared to controls. The key role of immune mod-
ulation in both aging and carcinogenesis, and particularly bladder carcinogenesis, 
lends mechanistic signi fi cance to these  fi ndings. 

 Using the same array platform and SS-RPMM analytical approach, the associa-
tion between peripheral blood methylation pro fi les and HNSCC was assessed by 
Langevin et al.  [  44  ]  in 96 HNSCC cases and 96 cancer-free control subjects. In this 
study, cases and controls were best differentiated by a methylation pro fi le of six 
CpG loci (associated with  FGD4 ,  SERPINF1 ,  WDR39 ,  IL27 ,  HYAL2,  and 
 PLEKHA6 ), and after adjustment for subject age, gender, smoking, alcohol con-
sumption, and HPV16 serostatus, the AUC was 0.85 (95% CI: 0.76–0.92). Notably, 
the methylation classes whose membership was predominantly head and neck can-
cer cases had lower mean methylation across the 6 CpG loci. Although this is not 
yet adequate for use in clinical settings, these results further demonstrate the poten-
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tial of DNA methylation measured in blood for development of non-invasive 
 applications for detection of head and neck cancer and the utility of the proposed 
methods for the analysis of the array-based methylation data.  

    12.5   Mechanisms 

 Just as normal genetic variation is now understood to be associated with a predispo-
sition to a vast array of human diseases  [  51  ] , it is important to consider interindi-
vidual variation in tissue-speci fi c DNA methylation to better understand the ability 
of this variation to inform disease risk. Epigenetic variation has been hypothesized 
to cause underlying differences in disease susceptibility among monozygotic twins, 
and young twin-pairs have been shown to be more epigenetically similar than older 
monozygotic twins  [  24  ] . The aging process and differences in environment have 
been hypothesized to in fl uence clinically signi fi cant changes in methylation pro fi les 
as individuals accumulate varying exposures with age. 

 Marks of DNA methylation are entirely reprogrammed during in-utero develop-
ment. This reprogramming, during the pre-implantation period, necessitates a rapid 
de-methylation of the genome, thought to be accomplished through an active process 
 [  29,   45  ] , followed by appropriate, cell and tissue-speci fi c methylation of the genome. 
The mechanisms through which these processes of de-methylation and reprogram-
ming of the DNA methylation marks and particularly, the appropriate targeting of 
enzymes responsible for establishing those marks remains unclear. Importantly, epi-
genetic reprogramming during in-utero development constitutes a critical period dur-
ing which environmental stimuli and insults can alter the establishment of 
cell-type-speci fi c DNA methylation pro fi les and may constitute one point at which 
variation in methylation pro fi les is established. Therefore, alteration to epigenetic 
pro fi les has been posited as the molecular basis of the developmental origins of 
health and disease phenomenon, which links the environment (taken broadly) in-
utero, with outcomes throughout the life course of the individual  [  5,   6  ] . 

 Beyond the variation in DNA methylation pro fi le which is established in-utero, 
additional variation may arise resulting from exposures and the environment encoun-
tered throughout life, or from the process of aging itself. Work from Christensen 
et al.  [  16  ]  demonstrated that features of the patterns of age-associated methylation 
were conserved irrespective of tissue-type, suggesting a common mechanism or 
dysregulation to explain these alterations. Potential mechanisms include reduced 
 fi delity of maintenance methyltransferases with aging leading to hypomethyation 
events. Although age-related methylation alterations may not functionally result 
in a pathologic process, drifts of normal epigenomes may nonetheless confer 
signi fi cantly increased risk of conversion to a pathologic phenotype by enhancing 
both the likelihood and frequency of subsequent methylation events that ultimately 
result in aberrant expression or altered genomic stability. 

 Particularly when considering pro fi les of methylation in a heterogeneous tissue 
sample such as blood, it should be recognized that the quantitative measure of 
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 methylation truly represents the fraction of cells within the sampled population 
exhibiting a methyl-group at any CpG site. Therefore, differences in DNA methyla-
tion pro fi les could and likely do indicate aging or exposure-related changes to the 
underlying populations of cells comprising that mixture. In the case of blood these 
shifts may indicate changes to the pro fi le of immune cells and thus alterations to the 
immune system permissive to or resulting from carcinogenesis. In fact, comparing 
 LINE1 , Sat2, and Alu methylation levels in whole blood, granulocytes, mononu-
clear cells, and lymphoblastoid lines with multiple methylation assays (MethyLight, 
luminometric methylation assay, and a methyl acceptance assay) Wu et al. have 
demonstrated differences in methylation dependent upon substrate and assay used 
 [  79  ] . As additional studies are conducted to identify differentially methylated 
regions among various leukocyte subtypes, it may soon be possible to identify pro-
portional shifts in speci fi c leukocyte subtypes that may contribute to cancer, or indi-
cate immune response to an existing tumor.  

    12.6   Conclusions 

 The extent of variability of the cellular epigenome in non-pathologic tissues, par-
ticularly at gene promoter regions, remains a critical question; the amount of varia-
tion in genomic methylation across the population is not currently known. It is clear 
that epigenetic variability detectable in human blood is in fl uenced, in part, by aging 
and exposures, and in turn, speci fi c pro fi les of methylation in blood are associated 
with cancer risk (Fig.  12.1 ). The ease of collection of blood samples and the rapidly 
advancing technologies to assess DNA methylation in genomic DNA from this tis-
sue make this an ideal focus of study for novel biomarkers of disease risk and of 
disease prognosis. Additionally, as we better understand functional consequences of 
altered methylation pro fi les, there will be an improved understanding at the systems 
level of the contribution of non-target tissues and systems on carcinogenesis, likely 
yielding novel approaches not only of diagnosis but treatment as well.       
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     Fig. 12.1    Causes and consequences of altered blood DNA methylation       
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  Abstract   The use of low dose hypomethylating agents for patients with 
myelodysplastic syndrome (MDS) and secondary acute myeloid leukemia (AML) 
has had made a signi fi cant impact. In the past, therapies for these diseases were 
limited and patients who elected to receive treatment were subject to highly toxic, 
inpatient chemotherapeutics, which were often ineffective. In the era of hypomethy-
lating agents (azacitidine and decitabine), a patient with high grade MDS or AML 
with multilineage dysplasia can be offered the alternative of outpatient, relatively 
low-toxicity therapy. Despite the fact that CR (CR) rates to such agents remain rela-
tively low at 15–20%, a much larger percentage of patients will have clinically 
signi fi cant improvements in hemoglobin, platelet, and neutrophil counts while 
maintaining good outpatient quality of life. As our clinical experience with azanu-
cleotides expands, questions regarding patient selection, optimal dosing strategy, 
latency to best response and optimal duration of therapy following disease progres-
sion remain, but there is no question that for some patients these agents offer, for a 
time, an almost miraculous clinical bene fi t. Ongoing clinical trials in combination 
and in sequence with conventional therapeutics, with other epigenetically active 
agents, or in conjunction with bone marrow transplantation continue to provide 
promise for optimization of these agents for patients with myeloid disease. Although 
the mechanism(s) responsible for the proven ef fi cacy of these agents remain a mat-
ter of some controversy, activity is thought to stem from induction of DNA hypom-
ethylation, direct DNA damage, or possibly even immune modulation; there is no 
question that they have become a permanent part of the armamentarium against 
myeloid neoplasms.      
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    13.1   Introduction 

 Myelodysplastic syndromes (MDS) are a heterogenous group of malignant myeloid 
disorders characterized by peripheral blood cytopenias in association with bone 
marrow hypercellularity and dysplasia  [  1  ] . Patients with high grade MDS (int-2 or 
high by IPSS criteria, Fig.  13.1 ) have a high rate of transformation to acute myeloid 
leukemia (AML) and poor long-term survival with a life expectancy in the absence 
of treatment between 0.4 and 1.8 years  [  2  ] . The International Prognostic Scoring 
System (IPSS) was developed as a tool for stratifying patient outcomes based upon 
readily available clinical characteristics. Figure  13.1  details the components neces-
sary for the generation of an IPSS score and the expected survival for each designa-
tion  [  2  ] . “Secondary” AMLs such as those arising in patients with an antecedent 
MDS diagnosis are generally resistant to traditional chemotherapeutics and the 
overall survival (OS) in this group of patients is universally poor  [  3–  5  ] . Both MDS 
and AML are diseases of the elderly with a majority of patients diagnosed when 
they are older than 60 years  [  5  ] . Although a small minority of patients with MDS 
will present with mild cytopenias and low grade disease, a majority do not  [  2  ] . 
Patients with MDS associated with multilineage cytopenias (anemia, thrombocy-
topenia, and neutropenia), high bone marrow blast percentages, or characteristic 
adverse chromosomal features often progress rapidly to AML and in the absence of 
bone marrow transplantation, ultimately die of their disease  [  2  ] .  

 For these patients, and for a large number of older people who present with puta-
tively de novo myeloid leukemias, but with unrecognized low grade cytopenias and 
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Bone 
Marrow 
Blast %

<5 5-10 11-
20

21-30

Karyotype Good=
normal,-y, 
del(5q), 
del(20q)

Intermediate=
all others 

Poor=
>3 or any 7
abnormality  

Cytopenias 0/1 2/3

IPSS risk group Score Median Survival

Low 0 5.7 years
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  Fig. 13.1    Clinical criteria for and IPSS risk group classi fi cation of patients with myelodysplasia, 
from ref.  [  2  ]        
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bone marrow dysplasia, conventional induction chemotherapeutics (IC, with 
 daunorubicin and cytarabine) have been in large measure disappointing  [  6  ] . 
Furthermore many such patients are un fi t for intensive treatment and are offered 
instead low dose cytarabine, clinical trials or supportive care  [  7  ] . In this group the OS 
rates at 2 and 5 years remain only 10% and 2% respectively  [  3,   4  ] . Patients who are 
 fi t to receive traditional IC require long periods of time (often 4–6 weeks) in the 
hospital, and this treatment offers a complete remission rate of only 20–30%, with 
median survivals ranging between 5 and 13 months  [  6,   8,   9  ] . In addition to induction 
failure and early relapse, even in those who achieve remission, prolonged hospital-
ization can have the side effect of physical deconditioning and the 3 or more weeks 
of neutropenia resulting from this treatment can result in resistant bacterial and fun-
gal infections  [  6  ] . These burdens create patients who are unable to return to good 
quality of life and who become ineligible for salvage therapy or clinical trials upon 
relapse due to poor performance status, organ dysfunction or infection. Even in those 
who retain an excellent performance status following induction, primary refractory 
AML remains a signi fi cant quality of life problem, requiring frequent blood transfu-
sions, extensive prophylactic antibiotic regimens, and regular hospital visits  [  9  ] . 

 Until recently, toxic traditional IC was the only real option for  fi t patients with 
high grade MDS or AML with MDS related changes  [  1  ] . Recently however, the 
epigenetically active drugs azacitidine (Aza, Vidaza, Celgene, Concord OH) and 
decitabine (Dac, Dacogen, Esai Inc., Mars, PA) have been approved both in the 
United States and Europe for the treatment of MDS and low blast count (<30%) 
AML  [  7,   10  ] . These drugs, both of which are incorporated into DNA resulting in the 
depletion of the intracellular methyltransferases (DNMTs) when given at low dose, 
were the  fi rst epigenetically active therapy to be approved for cancer. They have 
resulted in a signi fi cant change in the approach to patients with MDS and required 
the development of the International Working Group (IWG) response criteria in 
MDS in order to measure meaningful improvements in cytopenias that did not  fi t 
into the traditional response assessment which designated only complete (CR) or 
partial (PR) responses as meaningful  [  11,   12  ] . A summary of the IWG response 
criteria in MDS are provided in Table  13.1 . In particular, Aza has been shown to 
improve OS, delay the transformation to AML in high-grade MDS patients, and 
produce signi fi cant responses in patients with low blast count AML  [  7  ] . Although a 
statistically signi fi cant survival bene fi t has not been demonstrated following treat-
ment with Dac, this drug has been shown to produce both CRs and hematological 
improvements in both MDS and AML patients who receive it  [  10,   13  ] . Taken 
together these drugs offer an effective alternative to induction chemotherapy and 
have become the standard of care for patients with MDS as well as selected patients 
with AML.   

 As with conventional chemotherapeutic strategies for these patients, responses 
are usually limited to a year or two, but therapy is largely outpatient, with minimal 
end organ toxicity and few side effects  [  14  ] . Despite notable limitations, these drugs 
have made a signi fi cant impact upon quality of life for a large number of patients 
with high grade MDS and AML. Ongoing work to understand the mechanism 
responsible for the ef fi cacy of these drugs and the ultimate loss of response observed 
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clinically is ongoing. Furthermore, the development of novel dosing strategies, 
combinations, and the appropriate use of allogenic transplantation provide hope for 
improving response duration and possibly even providing an opportunity for long-
term remission to these unfortunate patients.  

    13.2   Single Agent “Hypomethylating” Therapy 
for MDS and AML 

    13.2.1   Azacitidine 

 Aza is a nucleoside analog of cytidine in which the carbon 5 position of the pyrimi-
dine ring has been substituted with nitrogen (Fig.  13.2a )  [  15  ] . It is imported into 
cells by the action of nucleotide transporters, where it is activated by uridine– 
cytidine kinase and incorporated into RNA (Fig.  13.3 )  [  15  ] . Sixty to 80% of the 
Aza dose given is incorporated into RNA and this has impacts upon protein synthe-
sis and RNA metabolism  [  15  ] . Twenty to 40% of the dose is converted into the 
deoxyribonucleoside Dac by the action of ribonucleotide reductase  [  15  ] . This 
deoxyribonucleoside base is then phosphorylated and incorporated into DNA 
where it acts as a suicide substrate for DNMTs and induces DNA hypomethylation 
during cellular replication as well as DNA damage due to adduct formation  [  15  ] . 
Aza was  fi rst synthesized and tested in 1960s and 1970s  [  16,   17  ] . In early clinical 
trials as a traditional chemotherapeutic, it was demonstrated to be effective in 
myeloid malignancy, however its ef fi cacy was limited by signi fi cant gastrointesti-
nal toxicity and prolonged cytopenias  [  16–  18  ] . Cytarabine or AraC was developed 
at about the same time. This drug, another nucleoside analog of cytidine whose 
activity is thought to result in chain termination, is among the most active drugs 
used for myeloid malignancy. Ultimately the toxicity of 5-Aza limited its further 

5-azacytidine

a b

5-aza-2’-deoxycytidine
  Fig. 13.2    Molecular structure 
of Aza ( a ) and Dac ( b )       
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clinical development, and cytarabine became the nucleoside analog of choice in 
myeloid malignancy  [  17,   18  ] .   

 In 1978, Peter Jones and colleagues demonstrated that treatment of mouse embryo 
cells in vitro with Aza and its deoxy analog 5-aza-2 ¢ -deoxycytitine (Dac) could induce 
differentiation into functional myotubes  [  19  ] . Jones and Taylor went on to show that 
this differentiation resulted from changes in DNA methylation elicited by treatment 
with azanucleosides  [  20,   21  ] . Further work, by Dr. Jones and others, identi fi ed methy-
lation as a common event in many malignancies, including the pre-leukemic condition 
known as MDS, a disease for which no treatment was available  [  22  ] . Although ini-
tially used as a laboratory tool to test gene and chromosome speci fi c methylation 
changes, the identi fi cation of methylation as a potentially reversible cancer speci fi c 
event spurred interest in the possibility that cancers treated with these drugs might be 
induced to differentiate and potentially to apoptose and die. 

 Ultimately in the 1990s, insights into methylation events common to MDS, 
speci fi cally identi fi cation of recurrent methylation of tumor suppressor genes such 
as p15INK4B, resulted in the development of a number of phase I and II clinical 
trials of azanucleotides in this disease  [  23,   24  ] . Table  13.2  reviews the key published 
trials with single agent azanucleotides in MDS. 

 Among the  fi rst published trials with Aza for the treatment of MDS delivered the 
drug at 75 mg/m 2  as a continuous intravenous infusion for 7 days every 4 weeks  [  25  ] . 
This trial enrolled high grade MDS patients with symptomatic disease characterized 
by red cell and platelet transfusion dependence and poor life expectancy (refractory 
anemia with excess blasts (10–20%), or refractory anemia with excess blasts in trans-
formation (20–30%). Forty three patients were evaluable and responses were seen in 
21 (49%) of these patients  [  25  ] . Five patients (12%) achieved a CR, 11 (25%) 
achieved a partial response (PR), and 5 “improved” (a response characterized in the 
study as a  ³ 50% reduction in transfusion requirements, or improvement in platelets, 

Decitabine
(5-aza-CdR)

Azacitidine
(5-aza-R)

Cell Membrane
Active Nucleoside 
Transporters

5-aza-CdR
Deoxycytidine
Kinase

5-aza-R
Uridine-Cytidine
Kinase

5-aza-CMP5-aza-dCMP

Ribonucleotide
Reductase

5-aza-CDP5-aza-dCDP

5-aza-dCTP 5-aza-CTP

DNA 
Polymerase

RNA 
Polymerase

RNADNA

  Fig. 13.3    Uptake and serial steps 
for the incorporation of Aza and 
Dac into RNA and DNA       
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hemoglobin or neutrophils)  [  25  ] . OS in these high risk patients was 13.3 months and 
for those achieving CR or PR was 14.7 months, and the chief toxicities were mild to 
moderate nausea  [  25  ] . A number of other clinical trials using this drug were pub-
lished suggesting that Aza had signi fi cant activity in MDS and these results were 
suf fi cient to prompt two larger, randomized trials of Aza in MDS  [  26  ] . 

 In 2004, the FDA approved Aza for the treatment of MDS based upon results 
from a single phase III clinical trial (described in detail below)  [  27  ] . A second trial 
demonstrating survival was required by European regulators, and this was published 
formally in 2009  [  7  ] . These trials established Aza as the standard of care approach 
to patients with int-2 and high risk MDS by demonstrating a prolongation in the 
time to progression to AML, decreased transfusion requirements, improvements in 
neutropenia, and ultimately, improvements in OS. 

    13.2.1.1   CALGB 9221 

 The  fi rst phase III trial of Aza in patients with MDS was published by investigators 
from the CALGB  [  27  ] . CALGB 9221 enrolled 191 patients of median age 68 with 
French American British-de fi ned MDS (reference for FAB classi fi cation), to receive 
either supportive care or Aza at a dose of 75 mg/m 2 /day subcutaneously for 7 of 
28 days. Patients were maintained on their randomized arm for 4 months, after 
which patients who were deemed to have progressed on the supportive care arm 
could crossover to the Aza arm. Patient characteristics were distributed evenly 
across both arms with 59% of the patients overall having RAEB or RAEB-T by 
FAB criteria (46% Int-2 or high by IPSS)  [  27  ] . Sixty  fi ve percent of the enrolled 
patients were red blood cell transfusion dependent (69% Aza arm, 61% supportive 
care arm)  [  27  ] . 

 Responses were evaluated in both arms. Among patients randomized to receive 
supportive care, 5% met criteria for improvement; no patients on this arm achieved 
a CR or PR. Of the 99 patients randomized to receive Aza, 60% ( n  = 60) achieved a 
response ( p  < 0.0001)  [  28  ] . Responses were classi fi ed as CR in 7% ( n  = 7), PR in 
16% ( n  = 16), and improvement in 37% ( n  = 37). Of those patients demonstrating 
“improvement,” 35% had increases in three cell lines inadequate to qualify as a PR, 
30% had improvement in two cell lines, and 35% had improvement in only one cell 
line. Responses did not depend upon MDS sub-classi fi cation. Forty nine patients 
crossed over to receive Aza, of these 47% ( n  = 23) responded and 10% ( n  = 5) 
achieved a CR  [  27  ] . Patients treated with Aza had a median time to progression to 
AML or death of 21 months vs. 12 months in those patients treated with supportive 
care alone, and this was statistically signi fi cant ( p  = 0.007), median OS in an inten-
tion to treat analysis was 20 months in the Aza treated patients vs. 14 months for 
those randomized to supportive care, although this difference was not statistically 
signi fi cant ( p  = 0.10)  [  27  ] . 

 Due to the design of this study, the survival analysis was confounded by the 49 
patients who crossed over to receive Aza. In order to eliminate this bias, a landmark 
analysis at the 6 month date was performed. Three subgroups were identi fi ed, the 
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 fi rst included patients randomized to supportive care who did not crossover, or who 
crossed over after the six 6 month time point, the second were patients who were 
randomized to Aza, and the third were patients who crossed over after 4 months, but 
before 6 months  [  27  ] . This analysis excluded 36 patients who died before the land-
mark date. The median survival in these three groups was 11 (supportive care only), 
14 (early crossover), and 18 (randomized to Aza) months respectively. A statisti-
cally signi fi cant difference in survival was observed between the Aza treated and 
supportive care groups ( p  = 0.03), but not between supportive care and early cross-
overs  [  27  ] . 

 Transfusion requirements were tracked in both groups. In the Aza treated group 
transfusion needs increased during the  fi rst cycle, and thereafter declined, whereas 
in the supportive care arm transfusion requirements remained stable or increased. 
Of the 99 patients initially randomized to receive Aza, 51% had an improvement in 
hemoglobin, 45% (29) became RBC transfusion independent, and 6 (9%) had a 
reduction in transfusion dependence by at least 50%. Improved platelet counts were 
observed in 47%, and increased white cell counts were seen in 40% of the Aza 
treated patients  [  27  ] . 

 In addition to objective improvements in transfusion requirements, white cell 
counts, survival and prolonged time to AML transformation, patients treated with 
Aza on this trial experienced signi fi cant improvements in quality of life. These were 
reported as improvements in fatigue, physical functioning, dyspnea, psychological 
distress, and positive effect, all of which demonstrated statistical signi fi cance when 
compared to patients treated with supportive care alone with a  p  value  £ 0.01  [  27  ] . 
Similar results were observed in the patients who crossed over to Aza. Toxicities 
among the Aza treated patients were most frequently related to myelosuppression 
and were dif fi cult to distinguish from the underlying disease. It was notable that 
treatment with Aza did not appear to increase the infection or bleeding rates above 
background, and furthermore only one treatment related death was reported on the 
study, emphasizing the safety of this therapy, even for older patients  [  27  ] .  

    13.2.1.2   AZA-001 

 Although the data from CALGB 9221 was compelling, this study did not, in the 
 fi nal analysis, demonstrate a difference in OS between the patients randomized to 
receive Aza and those randomized to supportive care, likely as a result of the cross-
over trial design. The AZA-001 study was designed to address the question of 
whether Aza provided an OS bene fi t for high grade MDS patients  [  7  ] . This cleverly 
conceived, international, randomized trial de fi nitively demonstrated that Aza 75 mg/
m 2  given subcutaneously for 7 days of a 28 day schedule prolonged OS when com-
pared with conventional care regimens (CCRs) as selected by the patients physician. 
The investigators aimed to provide at least six cycles of Aza to those patients ran-
domized to the experimental arm. Conventional care was assigned by the patient’s 
physician prior to randomization depending upon the patient’s age, performance 
status co-morbidities and patient preference. CCR consisted of the three most 
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 common treatments for patients with int-2 or high risk MDS: IC including  cytarabine 
100–200 mg/m 2 /day × 7 days plus, daunorubicin 45–60 mg/m 2  × 3 days or idarubicin 
9–12 mg/m 2 /day × 3 days or mitoxantrone 8–12 mg/m 2 /day, low dose cytarabine 
(LDAC) at a dose of 20 mg/m 2  for 14 days every 28 days, or best supportive care 
(BSC). All patients randomized received CCR as selected by their physician or Aza 
on trial. A total 358 patients were randomized. In this way a pre-speci fi ed subgroup 
analysis based upon physician assignment was possible and helped to eliminate dif-
ferences in outcome based upon issues of performance status and patient  fi tness. 

 The primary OS endpoint of this study was met after a median follow-up of 
21.1 months  [  7  ] . At this analysis the OS in the Aza treated patients was 24.5 months 
vs. 15 months for patients assigned to CCR and this result was found to be statisti-
cally signi fi cant ( p   £  0.0001). Two year OS also favored Aza, at 51% vs. 25% for 
CCRs ( p   £  0.0001)  [  7  ] . Prede fi ned subgroup analysis was also done in order to com-
pare Aza responses with each of the CCRs selected and within speci fi c cytogenetic 
and IPSS risk groups. There were signi fi cant differences between Aza and BSC 
with an OS bene fi t for azacytidine treatment of 9.6 months (HR 0.58,  p  = 0.0045), as 
well as between Aza and LDAC with an OS bene fi t of 9.2 months (HR 0.36, 
 p  = 0.0006)  [  7  ] . No statistically signi fi cant differences in OS were seen when Aza 
was compared with IC; OS was prolonged by 9.4 months with a hazard ratio of 
0.76, but the p value was not signi fi cant at 0.51  [  7  ] . This apparent discrepancy was 
likely due to the low numbers in this subgroup ( n  = 42); 17 patients in this group 
were randomized to Aza and 25 to intensive chemotherapy. 

 No differences in response to Aza were seen across the IPSS risk groups enrolled 
(although most patients were int-2 or high risk  n  = 313 (87%)), nor within the cyto-
genetic risk groups identi fi ed by the IPSS (good, intermediate, poor). Patients with 
del-7 or del(7q), a group recognized to have particularly poor prognosis, had an OS 
of 13.1 months vs. 4.6 months in the CCR group  [  7,   29  ] . 

 Responses on this trial were similar to those observed in CALGB 9221. Overall, 
29% of those assigned to Aza achieved either CR (17%) or PR (12%) compared 
with 12% (8% CR, 4% PR) assigned to CCR ( p  = 0.0001)  [  7  ] . Any hematological 
improvement (HI) was observed in 49% of those treated with Aza vs. 29% of those 
treated with CCR ( p  = 0.0001)  [  7  ] . In addition, for those treated with Aza, major 
erythroid responses were seen in 40% of patients, major platelet responses in 33% 
and major neutrophil responses in 19%. By contrast, for those receiving CCR major 
erythroid responses were seen in 11% ( p  < 0.0001), major platelet responses were 
seen in 14% ( p  < 0.0003) and major neutrophil responses were seen in 18% ( p  = 0.58, 
not statistically signi fi cant)  [  7  ] . Patients treated with Aza experienced a statistically 
signi fi cant reduction in the need for intravenous antibiotics (33% relative risk reduc-
tion vs. CCR; RR 0.66 95% CI:0.49–0.87  p  = 0.0032). Furthermore of the 111 
patients with red cell transfusion dependence at the time of study enrollment, 50 
(45%) became transfusion independent vs. 13 (11.4%) of the 114 patients random-
ized to receive CCR ( p  value signi fi cant at 0.0032)  [  7  ] . 

 Secondary endpoints in this trial included time to AML transformation and 
hematological response according to the IWG 2000 criteria for MDS  [  11  ] . Treatment 
with Aza in the entire group was associated with delayed leukemic transformation; 
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the median time to transformation was 17.8 months in the Aza treated group vs. 
11.5 months in the CCR group ( p  < 0.0001)  [  7  ] . 

 Among the most notable  fi ndings on this trial was that achievement of CR or PR 
was not necessary in order to achieve an improvement in OS; any patient who 
achieved a hematological response showed a survival bene fi t.  

    13.2.1.3   AZA in AML 

 Changes in the diagnostic criteria for AML based upon the WHO guidelines pub-
lished in 2008 resulted in the reclassi fi cation of patients enrolled on both the CALGB 
and AZA-001 from the previous FAB classi fi cation of Refractory Anemia with 
Excess Blasts in Transformation (RAEB-T; 20–30% bone marrow blasts) to a new 
diagnosis of AML  [  1,   30,   31  ] . The WHO now de fi nes any patients with  ³ 20% blasts 
as having AML  [  30  ] . 

 A pooled analysis of previously published CALGB studies including 9221, 8921, 
and 8421, in which enrolled patients treated with Aza would now be re-assigned as 
AML was published in 2006  [  28  ] . This reported the response to Aza given either 
intravenously or subcutaneously at a dose of 75 mg/m 2 /day for 7 days of a 28 day 
cycle in 103 patients who would now be classi fi ed as having AML, 91 of whom 
received Aza  [  28  ] . Of these patients 33 (36%) developed a response (8 CRs, 2 PRs, 
23 HIs), with a median duration of response of 7.3 months (range 2.2–25.9 months) 
 [  28  ] . Formal comparison with supportive care alone across the three studies was not 
possible, but 27 patients enrolled in 9221 were randomized to upfront Aza and a 
further 13 crossed over to receive Aza before the 6 month analysis. Of these, 7% in 
the Aza group achieved CR or PR compared with 0% in the observation-only group 
 [  28  ] . Median survival time for the 27 patients assigned upfront to Aza was 19.3 months 
compared with 12.9 months for the 25 AML patients randomly assigned to observa-
tion. Of 13 patients with WHO AML at the time of study entry who crossed over to 
receive Aza, one achieved a PR, and one HI. 

 Of the 358 patients originally enrolled on AZA-001, a third would now be 
identi fi ed as having AML. A second analysis of these patients was undertaken in 
order to assess outcome in this group of older adults treated with either Aza or CCR 
 [  7,   32  ] . Of the 113 patients now designated as AML, 63 were assigned to BSC, 34 to 
LDAC and 16 to IC  [  32  ] . The median age in all groups was 70 years with a range of 
58–80. Patients were evenly distributed with respect to age, cytogenetic risk group, 
and ECOG scores. Bone marrow blast percentages were similar in both groups at 
23% with a range of 20–34%. In all, 55 patients were randomized to the Aza arm and 
53 to CCR. After a median follow-up of 20.1 months, OS was signi fi cantly ( p  = 0.005) 
longer in those patients treated with Aza (24.5 months) than in those receiving CCR 
(16 months). The 2 year survival was also superior in the Aza group at 50% com-
pared with16% in the CCR group ( p  = 0.001)  [  32  ] . Adverse events in this group of 
patients were primarily grade 3 and 4 cytopenias, which remain dif fi cult to distin-
guish from the underlying disease. Four patients in the Aza group and three patients 
in the CCR group discontinued treatment as a result of adverse events. 
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 Several prospective studies of Aza given on the conventional schedule of 75 mg/
m 2 /day for 7 days in patients identi fi ed as AML at diagnosis have been reported. One 
such study enrolled 82 patients with AML (27 (33%) with secondary disease) and a 
median age of 72 years (range, 29–87 years)  [  33  ] . Thirty- fi ve patients (43%) received 
Aza as their  fi rst treatment, and 47 patients (57%) had previously received 1 or more 
lines of chemotherapy. The overall response rate in this group was 32% (26/82 
patients) with 16 patients (20%) achieving a CR or a CR with incomplete count 
recovery, and 10 patients (12%) achieving a PR  [  33  ] . Untreated patients responded 
more often than those previously treated with 31% of untreated patients achieving 
either a CR or a CR with incomplete count recovery compared with only 9 (19%) 
such responses in the previously treated group ( p  = 0.006). The response duration in 
untreated patients who achieved a response was 13 months with 1 and 2 year surviv-
als of 58 and 24% respectively  [  33  ] . Another study from Germany evaluated medi-
cally un fi t ( n  = 20) or relapsed/refractory ( n  = 20) patients with AML and a median 
bone marrow blasts count of 42%  [  34  ] . This study showed similar statistically 
signi fi cant differences in response between untreated patients, who demonstrated 
overall responses (CR + PR + HI) of 50%, and patients with relapsed or refractory 
disease, who had an overall response rate of only 10% ( p  = 0.008)  [  34  ] . These 
response rates are striking and compare favorably with responses seen with induction 
therapy although additional data are necessary in order to determine whether Aza or 
Dac will end up the therapeutic agent of choice in this context  [  6,   35  ] . 

 Results from the CALGB trials were suf fi cient in the United States and the AZA-
001 trial satis fi ed the European regulators for the approval of Aza as standard ther-
apy for patients with MDS and low blast count AML. In the United States, approval 
was granted for all IPSS de fi ned MDS subtypes, while in Europe approval is 
con fi ned to patients with Int-2 and high risk IPSS scores not eligible for bone mar-
row transplantation, those with CMML-2 and those with WHO de fi ned AML with 
20–30% blasts or multilineage dysplasia. 

 Both large phase III trials demonstrated this drugs activity in MDS and AML, 
and further showed that unlike previous therapies, DNMTi require prolonged expo-
sure to elicit a clinical bene fi t. In the CALGB trials most responses were seen by 
cycle 4 (75%), with a median number of cycles to any response (CR, PR, HI) of 
three cycles  [  27  ] . The range for this response was 1–17 cycles, however and although 
90% of patients achieved a response by cycle 6, some patients got their response as 
late as cycle 17  [  27  ] . In the AZA-001 trial where the goal was to provide at least six 
cycles of therapy and there was no prede fi ned stopping point, the investigators dem-
onstrated that continuing the Aza dosing as long as possible can result in improve-
ments in the observed responses, and these results were re-iterated by additional 
analysis of the studies conducted by the CALGB  [  28,   32  ] . The secondary analysis 
of CALGB studies demonstrated a response in 91 of 179 patients, and responders 
received a median of 14 cycles of therapy (range 2–30)  [  28  ] . The median time to 
 fi rst response in this study was slightly shorter than that seen in 9221, at 2 cycles 
(but with a range of 1–16) and although most responses (91%) were achieved by the 
sixth cycle, continuation of Aza was able to improve the quality of the  fi rst response 
in 48% of those treated, and this best response was seen in most patients (92%) by 
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the 12th cycle  [  28  ] . Overall 30 patients achieved a best response of CR 3.5 cycles 
beyond the  fi rst response (with a 95% CI of 3.0–6.0 cycles), and in 21 patients 
whose best response was PR, this was seen as a median of 3.0 cycles after the  fi rst 
response (95% CI was 1.0–3.0)  [  28  ] .  

    13.2.1.4   Other Considerations of Dose and Schedule 

 Additional questions which remain about the use of single agent Aza therapy are 
related to administration schedule (to weekend or not to weekend, are 7 days 
enough) and optimal drug delivery (subcutaneous vs. intravenous vs. oral). 

 In community practice there is often dif fi culty in giving this drug on the FDA 
approved schedule due to inadequate availability of personnel to administer the 
drug on weekends. This practical consideration resulted in a trial of several sched-
ules of Aza administered in a community setting during weekdays only  [  36  ] . In 
this trial, 151 patients, for the most part with lower risk MDS (low, int-1 in 63% 
of patients), were randomized to receive Aza on one of the three schedules: 75 mg/
m 2  daily for 5 days, off 2 days and then on 2 days (5-2-2), 50 mg/m 2  daily for 
5 days, off 2 days and then on for 5 further days (5-2-5), and lastly 75 mg/m 2  daily 
for 5 days alone (5-0-0)  [  36  ] . These schedules seemed to result in similar hema-
tological improvement rates (44%, 45%, 56%, respectively), but this study was 
not designed to produce statistically signi fi cant results, nor have these schedules 
been directly compared with the approved 7 day schedule. Thus it is dif fi cult to 
condone alteration of the schedule at this time, based upon the lack of survival 
data in these schedules and the demonstrated survival bene fi t with administration 
of these drugs on the approved schedule. One additional schedule question has 
been raised by the preliminary data from the Eastern Cooperative Oncology Group 
trial 1905, which was a randomized phase II trial comparing Aza 50 mg/m 2 /day 
subcutaneously for 10 days to the same Aza schedule given in combination with 
the Histone deacetylase (HDAC) inhibitor entinostat (4 mg/m 2 /day PO days 3 and 
day 10)  [  37  ] . This abstract reported only on patients with baseline cytogenetic 
abnormalities ( n  = 40 evaluable) but demonstrated complete cytogenetic responses 
of 13% and a partial cytogenetic responses of 23% for an overall response in this 
subgroup of 51% (21/40)  [  37  ] . No differences in response were seen between the 
two treatment groups. Notably the responses observed were signi fi cantly higher 
than those reported with conventional Aza dosing raising the question of whether 
a lower dose, longer administration schedule may be of some bene fi t. At present 
these data are insuf fi cient to change practice, however as additional groups pub-
lish the results of ongoing clinical trials of different dosing schedules, practice 
changes may be in order. 

 With respect to optimal drug delivery there is only a single study which directly 
compares the pharmacokinetics of intravenous to subcutaneous dosing within indi-
vidual patients. In this study the pharmacokinetic pro fi le of intravenous administration 
was almost identical to that seen with subcutaneous dosing, although the peak drug 
concentration was higher in patients receiving intravenous drug  [  38  ] . Despite these 
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data, published clinical trials using 20 min IV infusion schedules are limited to two 
studies, one which gave Aza for 5 days and the other for 7  [  39,   40  ] . Both of these 
studies demonstrated response rates which were similar to those seen with subcuta-
neous dosing (27% in the 5 day and 56% for the 7 day schedule), but neither of them 
was powered to detect a survival bene fi t  [  39,   40  ] . Despite the dearth of published 
response data, it seems reasonable to switch to intravenous administration in patients 
who suffer signi fi cant injection site reactions with subcutaneous dosing, and the 
FDA approved a New Drug Application for intravenous Aza in January 2007, sup-
porting this practice  [  41  ] . 

 Initial studies with oral Aza were limited by rapid catabolism of the compound 
in aqueous environments but the development of a  fi lm-coated formulation improved 
stability  [  42,   43  ] . Since that time the  fi rst phase I study of oral Aza has been pub-
lished, demonstrating activity for the oral drug in patients with both MDS and 
CMML, with promising response rates  [  44  ] . Six of 17 (35%) previously treated 
patients had a response (CR + PR + HI) and 11 of 15 (73%) untreated patients 
responded (CR + PR + HI). This study demonstrated no overall response in the 8 
patients with AML, however two patients had stable disease for 14 and 15 cycles 
 [  44  ] . Overall these results suggest that oral Aza may be a real possibility for the 
future and clinical trials of this drug are ongoing.   

    13.2.2   Dac 

 5-Aza-2 ¢ -deoxycytidine (Dac) is a deoxynucleoside analog of cytidine in which the 
carbon 5 position of the pyrimidine ring has been substituted with nitrogen 
(Fig.  13.2b )  [  15  ] . It is imported into cells by the action of nucleotide transporters, 
where it is activated by deoxycytidine kinase and then phosphorylated (Fig.  13.3 ) 
 [  15  ] . After its phosphorylation to the triphosphate form, 100% of the drug is incor-
porated into DNA, where it interrupts the action of DNA methyltransferases as 
described above for Aza. Similar to Aza, Dac has been demonstrated to cause both 
DNA hypomethylation and DNA damage, albeit at lower concentrations  [  45  ] . The 
identi fi cation of DNA hypomethylation as a functional consequence of exposure to 
both Aza and Dac, in conjunction with the recognition of DNA methylation changes 
as a frequent abnormality in cancer, spurred signi fi cant clinical interest in the devel-
opment of these drugs for clinical use  [  20,   45  ] . 

 Although effects upon DNA methylation were recognized and noted early in its 
development, initial clinical trials focused on conventional dosing strategies aimed 
at developing a maximum tolerated dose schedules  [  46–  48  ] . These studies demon-
strated considerable activity but with toxicity not signi fi cantly superior to cytara-
bine, with several studies performed investigating combinations with other 
chemotherapeutics in the salvage setting  [  49,   50  ] . 

 Several early studies showed promising results with “low dose” Dac regimens, 
however these studies provided the drug at doses of 40–50 mg/m 2 /day, and toxicity 
remained a serious problem  [  51–  53  ] . The  fi rst study to investigate the “optimal” 
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lower dose Dac schedule for maximal demethylation was published in Blood in 
2002 by Jean-Pierre Issa and colleagues  [  54  ] . This trial enrolled 48 patients at doses 
ranging from 5 to 20 mg/m 2 /day for 10–20 days of a 6 week schedule depending 
upon count recovery. Most interestingly in this study, responses appeared to be 
superior for the lower dose schedules studied, prompting the authors to suggest 
further investigations of the drug be undertaken at truly lower dose schedules  [  54  ] . 

 Based upon extensive phase I/II data at moderate to higher doses, the  fi rst large 
scale trial of Dac enrolled 170 patients with MDS between 2001 and 2004 and ran-
domized them to either Dac (89 patients), given at 15 mg/m 2  iv every 8 h (45 mg/m 2 /
day) for 5 days, or BSC (81 patients)  [  10  ] . Patients were removed from the study for 
disease progression, transformation to AML, failure to achieve a PR after six cycles 
of therapy, or failure to achieve a CR after eight cycles of therapy. Additionally, 
patients who did achieve a CR were removed from therapy after two cycles of sus-
tained CR. The groups were well matched for all important variables with a median 
age of 70 years (range, 30–85 years). A majority of the patients (71%) had int-2 or 
high risk disease by IPSS criteria. The primary study endpoints were overall response 
rate and time to AML transformation or death. Overall 30% ( n  = 27) of patients expe-
rienced improvement on the study (CR + PR + HI) compared with 7% ( n  = 6) patients 
randomized to BSC, and this difference was statistically signi fi cant  p  = 0.001  [  10  ] . In 
a retrospective central review of pathology nine patients enrolled on Dac and three 
patients on the supportive care arm were designated as having AML (by FAB crite-
ria, >30% bone marrow blasts). Response rates in these nine patients were 56% (5/9), 
while none of the patients enrolled on the supportive care arm developed a response 
 [  10  ] . It is important to note that in this randomized controlled non-crossover trial 
there was no survival bene fi t for the use of Dac, although one might argue that the 
dose used (45 mg/m 2 /day × 5 days) was not low enough to maximize hypomethyla-
tion over cytotoxicity and the median number of cycles administered was low (3). 

 Following the results of this trial (which were disappointing from a survival per-
spective, but represented the  fi rst active agent for patients with high grade myelodys-
plasia), in 2006 the FDA approved Dac for all MDS subtypes. Based upon the results 
of earlier studies suggesting that lower dose Dac dosing might be superior, two piv-
otal phase II studies were performed aimed at identifying the “optimal” hypomethy-
lating dose for Dac  [  55,   56  ] . The  fi rst of these was published in 2007 and enrolled 95 
patients, again with a majority (66%) of patients having int-2 or high risk disease 
 [  55  ] . All patients were randomized to receive one of the three different Dac sched-
ules, 10 mg/m 2  intravenously over 1 h daily for 10 days, 20 mg/m 2  intravenously over 
1 h daily for 5 days, or 20 mg/m 2  subcutaneously daily for 5 days. Patients received 
a median of seven cycles of treatment and the CR rate overall was signi fi cantly better 
than anticipated at 37%, and an overall improvement (including CR + PR + HI) was 
observed in a staggering 73% of patients  [  55  ] . The 5 day schedule was deemed supe-
rior with 25/64 patients on this arm achieving CR and this schedule was selected for 
further investigation in subsequent trials  [  55  ] . The second analogous trial published 
in 2009 by Steensma and colleagues enrolled 99 patients in a single arm trial of Dac 
20 mg/m 2  over 1 h daily for 5 days  [  56  ] . A lower percentage of patients on this trial 
were high grade (46%), and the median number of administered courses were slightly 
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lower (5) than in the prior investigation. These authors observed a 15% CR rate and 
an overall response rate of 43% (CR + PR + HI)  [  56  ] . Both trials demonstrated that 
the lower dose schedule of Dac 20 mg/m 2 /day for 5 days had at least equivalent 
ef fi cacy when compared with the FDA approved schedule, and furthermore that 
maintaining 4 week dosing intervals and repeated cycles of therapy were important 
in order to maximize response. 

 One additional phase III study of Dac has been published  [  13  ] . It is important to 
note that this study did not employ the 5 day, 20 mg/m 2 /day schedule described 
above. This trial was designed to demonstrate a survival bene fi t for the use of Dac 
in patients with MDS, comparable to that observed with Aza. Two-hundred and 
thirty-three patients with a median age of 70 years (range 60–90) were enrolled; 
53% had poor-risk cytogenetics and 33% ful fi lled WHO AML diagnostic criteria 
( ³ 20% blasts)  [  13  ] . The primary end point for this trial was OS. Patients were 
strati fi ed by IPSS risk group, cytogenetics and enrollment site, and were randomly 
assigned to receive either Dac or BSC. This study design speci fi cally prohibited 
patient crossover to the experimental arm in an effort to eliminate crossover bias. 
The Dac was given intravenously at a dose of 15 mg/m 2  every 8 h for 3 days. Cycles 
were scheduled to repeat every 6 weeks, but the interval could be extended up to 
10 weeks for failure of count recovery, eight cycles of treatment were planned. In 
total 119 patients were randomized to receive decitabine and 114 patients were 
randomized to the control arm; only 21% of patients received the planned eight 
cycles of treatment. At the planned analysis point of 2 years, OS in the Dac treat-
ment cohort was 10.1 months vs. 8.5 months in the supportive care arm, this differ-
ence was not statistically signi fi cant ( p  = 0.38, HR, 0.88; 95% CI, 0.66–1.17)  [  13  ] . 
Sixteen patients on the Dac arm (13%) achieved a CR and 25 patients (21%) 
improved (PR + HI), for an overall response rate of 34%. The median time to best 
response was 3.8 months (range, 1.4–11.8 months) for all responders, with a median 
of 5.8, 2.9, and 3.8 months to reach CR, PR, and HI, respectively. Two patients (2%) 
in the supportive care arm had a HI, there were no CRs or PRs in this group. Dac did 
not have a statistically signi fi cant impact upon time to AML transformation; patients 
on Dac transformed to AML after 8.8 months vs. 6.1 months in the supportive care 
arm (HR 0.85; 95% CI 0.64–1.12;  p  = 0.24)  [  13  ] . 

 Disappointing results, in terms of survival bene fi t, from two large phase III trials 
of Dac in MDS have resulted in a signi fi cant shift in terms of practice away from 
Dac in this population  [  10,   13  ] . Despite these results, some clinicians continue to 
use Dac in the  fi rst line treatment of MDS patients, and it is certainly notable that 
none of the three phase III studies of Dac used the most common low dose schedule 
of Dac at 20 mg/m 2 /day for 5 days, a dose schedule which is pharmacologically 
more consistent with the 75 mg/m 2  Aza dose demonstrated to prolong survival. 
Additionally, the European phase III trial delayed subsequent Dac cycles based 
upon cytopenias, a strategy which is increasingly recognized as inferior. As a result 
of these caveats it is likely that Dac has similar ef fi cacy to Aza, although at present 
the data have not de fi nitively demonstrated this equivalence. 
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    13.2.2.1   DAC in AML 

 Despite disappointing results in patients with MDS, many clinicians favor Dac in 
patients presenting with AML, particularly in those with very proliferative disease, 
as a result of its relative cytotoxicity when compared with Aza. A dosing strategy 
employing 20 mg/m 2  for 10 days has been studied by investigators at the Ohio State 
James Cancer Center  [  35,   57  ] . This dose schedule was initially developed in a phase 
I trial designed to assess combination therapy with valproic acid, however a single 
agent response of 73% in a group of very elderly (median age 70) patients with high 
risk AML prompted phase II investigation (see below)  [  57  ] . The Phase II trial 
enrolled 53 patients of median age 74 years (range 60–85) with AML (16 complex 
karyotype, 19 with an antecedent hematological diagnosis) and produced a response 
rate of 64% (34/53) composed of 25 CRs and 9 CRs without count recovery  [  35  ] . 
Patients enrolled on study had a median survival of more than a year, suggesting that 
this strategy is similarly effective to conventional chemotherapeutics in this patient 
population  [  6,   8,   9  ] . These very promising results have produced an ongoing coop-
erative trial using this dose schedule in older patients with AML and may yet dem-
onstrate statistically signi fi cant improvements in survival for this particular subgroup 
of elderly AML patients.    

    13.3   Azanucleotides and CMML 

 Dac remains the most studied drug in patients with CMML, a distinct entity within 
the WHO diagnostic criteria form MDS. Several studies have examined the activity 
of Dac both prospectively and retrospectively in this group. One recently published 
phase II study enrolled 39 patients of median age of 71 years with advanced CMML 
to receive Dac on the 20 mg/m 2 /day intravenous schedule for 5 days of a 28 day 
cycle  [  58  ] . Enrolled patients received a median of ten cycles of drug (range, 1–24) 
and the overall response rate was 38%, composed of 4 (10%) CRs, 8 (21%) mar-
row responses, and 3(8%) His  [  58  ] . With a median on trial follow-up of 23 months 
the OS was 48%. Another study examined the response to Dac in 31 patients diag-
nosed with CMML who were treated on two phase II and one phase III clinical 
trials  [  59  ] . Patients included in the analysis had similar demographics and disease 
characteristics across the three studies. The median age was 70 and patients were 
predominantly male (71%). The overall response rate in this group was 36% (14% 
CR + 11% PR + 11% HI)  [  59  ] . Although Aza has also been shown to have activity 
in this disease, the number of published reports in this group are limited, and thus 
most experts would likely favor the use of Dac for patients with CMML outside the 
context of a clinical trial  [  60  ] . An ongoing clinical trial designed to prospectively 
enroll patients with CMML is ongoing in order to address the ef fi cacy of Aza in 
this disease.  
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    13.4   Outcomes Following Azanucleotide Failure 

 As we develop our experience with azanucleotides it has become clear that patients 
who lose their response to azanucleotides have a dismal prognosis  [  14  ] . As a result 
of these poor outcomes, current standard practice is to maintain patients on therapy 
with hypomethylating drugs on a monthly schedule inde fi nitely and to stop only in 
the context of overt progression. Unfortunately, analysis of patients enrolled on 
early studies of Aza who develop disease progression have now been published, 
showing that in patients who fail azanucleotides, survival is remarkably short with 
a median life expectancy of 5.6 months and a 2-year survival probability of 15% 
 [  61  ] . Similar results have been reported in patients who fail Dac  [  14,   62  ] . Outcomes 
in these reports suggest that enrollment on clinical trials and bone marrow trans-
plantation may result in superior outcome in these patients, however in the absence 
of successful bone marrow transplantation the OS reported at 1 year remains a mere 
28%  [  14,   61,   62  ] .  

    13.5   Histone Deacetylase Inhibitors 

 Histone deacetylase inhibitors (HDACis) are a novel class of drugs whose putative 
mechanism of action depends upon the ability to alter gene expression. Intracellularly, 
DNA is stored in the form of “beads on a string” in which the DNA duplex winds 
around a nucleosome composed of eight histones (two each of H2A, H2B, H3 and 
H4)  [  63  ] . The DNA/histone unit (the nucleosome) is condensed to form higher order 
chromatin structures such as heterochromatin, which has densely packed 
nucleosomes and euchromatin, which has loosely packed nucleosomes  [  63  ] . 
Modi fi cations, including ubiquitination, methylation, phosphorylation, poly(ADP)
ribosylation, and acetylation, of speci fi c amino acid residues within each histone 
make up the “histone code” which determines the state of the regional chromatin at 
speci fi c genes and thus their transcriptional activity  [  63  ] . DNA methylation events 
are thought to induce changes within the local “histone code” which promote gene 
silencing, although whether methylation events or histone marks are primary 
remains a matter of some controversy. Perhaps the most studied histone modi fi cation 
is acetylation of lysine N-terminal tails which are common to most histones. 
Acetylation of lysine results in an open chromatin conformation and promotes gene 
transcription while deacetylation of lysine residues promotes gene silencing  [  63  ] . 

 HDACs are enzymes that remove acetyl groups from a variety of different pro-
tein targets including histones. Increased HDAC activity has been described in can-
cer cells, and aberrant HDAC activity is characteristic of a number of well recognized 
recurrent genetic anomalies characteristic of leukemia including the core binding 
factor gene fusions (t(8;21)(q22;22) and inv(16)), and the sine qua non of acute 
promyelocytic leukemia t(15;17)(q24;21)  [  64–  66  ] . The gene products of such 
fusions result in aberrant recruitment of HDACs to genes important for myeloid 
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 differentiation. Recognition of HDACi as a potential novel therapy in myeloid 
malignancy resulted from the observation that drugs known to induce differentia-
tion in vitro induced histone hyperacetylation, potentially leading to re-expression 
of epigenetically silenced genes  [  67  ] . Many different diverse chemical compounds 
can inhibit HDACs, including short chain fatty acids (e.g., phenylbutyrate), 
hydroxamic acid derivatives (e.g., vorinostat), non-hydroxamate small molecules 
(e.g., entinostat), and cyclic peptides (e.g., romidepsin)  [  68  ] . 

 Most of the published clinical trials of HDACi in MDS and AML are phase I. As 
single agents the response rates observed have been relatively low, usually between 
10 and 20%  [  68  ] . Toxicities with these agents demonstrate a common pattern and 
include fatigue, nausea, vomiting, and diarrhea. Although most of these studies 
evaluated the correlative endpoint of histone acetylation, no associations between 
hyperacetylation of histones and response to therapy have been demonstrated. For a 
more complete review of HDACi in cancer please see Chap.   3    , Sect.   3.5     of this 
book.  

    13.6   Azanucleotides and HDACis 

 There has been signi fi cant enthusiasm for a combination strategy which includes 
azanucleotides in conjunction with HDACis. This stems from the observation 
in vitro that sequential exposure to Dac or Aza followed by HDACi result in syner-
gistic re-expression of DNA methylation silenced genes  [  69  ] . Several studies evalu-
ating such combinations have been published to date and the results remain mixed. 
Although some studies suggest a higher response rate than for single agent azanu-
cleotides, most data are in the phase I or II setting, at a single center, and employ 
alternative dosing strategies for the azanucleotide making it dif fi cult to distinguish 
whether these responses are truly superior. In those studies where a single agent arm 
was also enrolled response rates do not appear to be consistently superior  [  37,   57  ] . 
Although early correlative endpoints did demonstrate evidence to support a connec-
tion between reversal of methylation events and response to therapy, subsequent 
studies (even at the same institution by the same investigators) have failed to sub-
stantiate a correlation between gene speci fi c reversal of methylation and response 
 [  70,   71  ] . 

 The  fi rst two studies published reports on a combination of Aza at doses between 
25 and 75 mg/m 2 /day subcutaneously for 5–10 days  [  70,   72  ] . These studies enrolled 
a total of 42 patients with MDS (16) and AML (26), of median age 66. These studies 
reported that the combination was well tolerated and resulted in response rates of 34 
(11/32, 5 CRs) and 50% (5/10, no CRs) respectively (CR + PR + stable disease)  [  70, 
  72  ] . The second study reported correlative epigenetic data in three responders and 
three non-responders, with those patients who developed a response showing robust 
demethylation of the tumor suppressor gene  p15   INK4B   while those who did not 
retained methylation at this locus, suggesting that changes in methylation were 
indeed a marker for responsiveness  [  70  ] . 

http://dx.doi.org/10.1007/978-1-4419-9967-2_3
http://dx.doi.org/10.1007/978-1-4419-9967-2#Sec5_3


272 E.A. Grif fi ths and S.D. Gore

 Two phase I/II studies have evaluated the combination of Dac with valproic acid. 
The  fi rst employed Dac 15 mg/m 2 /day for 10 days with a dose escalation of valproic 
acid from 20 to 50 mg/kg/day for 10 days in patients with high grade MDS or AML 
 [  73  ] . Fifty four patients of median age 60 (range 5–80 years) were enrolled, 48 
patients had AML and 6 had MDS, 11 patients were previously untreated. Twelve 
patients responded to therapy; 10 developed a CR and 2 a CR with incomplete plate-
let recovery. Median responses were seen after 2 months (range 29–130 days) and 
responders survived a median of 15.3 (range 4.6–20.2+) months vs. 4.9 (0.6–17.8+) 
months in non-responders  [  73  ] . Responders were more likely to have been random-
ized to a higher dose of valproic acid. Although changes in methylation (both gene 
speci fi c events, including  p15   INK4B  , and genome wide methylation, by LINE-1 
pyrosequencing) and gene expression were analyzed in the patients on this study no 
correlations with response were observed  [  73  ] . All patients experienced a decrease 
in genome wide methylation which correlated with Dac exposure. In a second study, 
this one employing Dac 20 mg/m 2 /day for 10 days intravenously, responses were 
also encouraging with an overall response rate of 44% in 11 of 25 enrolled patients 
 [  57  ] . This trial enrolled 25 AML patients, in whom the median age was 70 years; 12 
patients were untreated and 13 had relapsed disease. In this group of slightly older 
patients, encephalopathy was the principal toxicity and this was dose limiting at 
20–25 mg/kg/day. In an intent-to-treat analysis, the response rate was 52% (13). CR 
was observed in 8 patients and PR in 4. Responses appeared similar for patients who 
received Dac alone and for those who received valproic acid in addition. In this 
study, re-expression of estrogen receptor was statistically signi fi cantly associated 
with clinical response ( p  = 0.05), however although the investigators also demon-
strated ER promoter demethylation, global DNA hypomethylation, depletion of 
DNA methyltransferase enzyme, and histone hyperacetylation, these markers did 
not correlate with response  [  57  ] . 

 The combination of Aza with vorinostat (SAHA) has also been explored. In 
one phase I trial in patients with MDS and AML this combination produced an 
impressive overall response rate of 64% [  74  ] . A second phase II trial of this 
combination in patients with MDS and AML has also been reported  [  75  ] . This 
trial enrolled 17 untreated patients and demonstrated an overall response rate of 
41% ( n  = 7)  [  75  ] . Similar outcomes (overall response of 37%) were observed in 
patients receiving a combination of Aza with the compound MGCD0103, an 
oral isotype-selective HDACi  [  76  ] . Although these responses appear to be 
encouraging, a majority of these combination studies have been published to 
date only in abstract form and larger studies are necessary in order to verify 
their superiority. 

 Data from one of the  fi rst randomized phase II studies to enroll patients either on 
single or double agent therapy was presented at the 2010 ASH meeting and reviewed 
in detail earlier in this manuscript (see Aza section under Sect.  5.2.1.4 ), this study, at 
least, suggests that combination therapy may not be superior  [  37  ] . In this trial patients 
with either MDS or AML with MDS related changes were randomized to receive 
either Aza at 50 mg/m 2  for 10 days subcutaneously alone or Aza in combination 
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with entinostat 4 mg/m 2  orally on days 3 and 10. Although the  fi nal results of this 
trial have not yet been published, it is important to note that the response rates for 
patients enrolled to receive Aza alone were indistinguishable from those who got the 
combination. 

 These results and others with a variety of HDACis may underestimate the value 
of combined therapy. It is important to note that among the many mechanisms pos-
tulated to be responsible for the ef fi cacy of HDACis are induction of apoptosis and 
cell cycle arrest  [  77  ] . Since azanucleotides require DNA replication in order to pro-
duce DNA demethylation, it may be that administration of HDACi simultaneously 
or even in advance of the azanucleotide may result in diminished incorporation and 
limit responsiveness. Presently, a multi-institution phase II sequence study designed 
to address this question is open for enrollment  [  78  ] .  

    13.7   Azanucleotides and Conventional Chemotherapy 

 One study has been published which explores the possible role of azanucleotide in 
“priming” leukemia cells for death  [  79  ] . This open label, phase I study was designed 
to address the safety and feasibility of Dac at a dose of 20 mg/m 2  either as a continu-
ous infusion or a short infusion for 3, 5, or 7 days followed by standard dose 7 + 3 
IC (cytarabine 100 mg/m 2 /day continuous intravenous infusion for 7 days + dauno-
rubicin 60 mg/m 2 /day for 3 days). The study enrolled 30 patients of median age 55 
(range 23–60) with newly diagnosed AML and a less than favorable karyotype 
(inv(16), t(8;21) and APL patients were excluded). Thirteen patients had complex, 
11q23 or chromosome 7 abnormality associated leukemias and 8 had an antecedent 
hematological diagnosis. Toxicity was not dissimilar to that seen with 7 + 3 alone, 
although there appeared to be slightly more gastrointestinal toxicity in the group 
treated with 7 days of Dac priming, and there were no deaths. All subjects received 
consolidation, 20 patients went on to receive allogeneic bone marrow transplanta-
tion. Overall 27 (90%) of patients responded to one course of induction therapy, 17 
patients achieved a CR and 10 a PR, patients scored as a PR all achieved hemato-
logical remission, but went on to receive a second course of induction resulting in a 
CR in 8/10 patients  [  79  ] . The overall CR rate following 1 or 2 cycles of induction 
therapy was therefore 83%. With a median follow-up of 32 months, 53% of patients 
(16/30) remained alive and in CR, 14 subjects died, 3 of complications related to 
allogeneic bone marrow transplant and the remainder died of relapsed or refractory 
AML  [  79  ] . The correlative DNA methylation analysis of this study revealed univer-
sal demethylation at both gene speci fi c and genome wide loci with all schedules of 
Dac. The most potent hypomethylation was observed in patients treated with bolus, 
rather than continuous infusion schedules of Dac. 

 Although preliminary, this phase I trial demonstrated a remarkably good CR rate 
and a randomized phase II study designed to assess the two most potent demethylation 
schedules of Dac priming identi fi ed by this study should begin accrual in 2012.  
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    13.8   Azanucleotides and Bone Marrow Transplantation 

 Allogeneic bone marrow transplant (allo-transplant) is the only curative strategy 
currently available for patients with MDS and high risk AML. Presently the role 
of hypomethylating agents both prior to and following transplant is under 
investigation. 

 Several small retrospective studies of azanucleotide induction prior to allo-trans-
plant have been reported, two using Dac and two using Aza. The  fi rst of these reported 
outcomes in 17 patients with MDS of median age 55.5 (range 36–66) years undergo-
ing allo-transplant (12 sibling donor, 5 unrelated donor) after prior therapy with Dac 
(various dosing regimens)  [  80  ] . These patients received predominantly reduced 
intensity conditioning and peripheral blood stem cells (13/17). With median follow-
up of 12 (range 3–35) months, 8 patients remained in CR  [  80  ] . A second prospective 
study performed in Europe reported similar results in 15 patients of median age 69 
(range 60–75) years with either MDS ( n  = 10) or AML ( n  = 5)  [  81  ] . All patients were 
treated with upfront Dac followed by reduced intensity allo-transplant (4 sibling 
donor, 11 unrelated donor). Fourteen patients achieved a CR (93%), with a median 
duration of 5 (range 1–51) months  [  81  ] . The relapse rate in this group was similar 
(4/15) to that reported retrospectively. The third study examined outcomes in 54 
patients with MDS or CMML who either received (30) or did not receive (24) prior 
therapy with Aza  [  82  ] . Patients treated with Aza received a median of 4 (range 1–7) 
courses prior to transplant. The overall, relapse free and cumulative relapse 1 year 
following transplant were 47, 41, and 20%, for those patients treated with Aza and 
60, 51, and 32% for untreated patients and these results were not statistically 
signi fi cantly different  [  82  ] . The  fi nal trial using Aza was a retrospective review of 68 
patients undergoing allo-transplant for MDS or AML arising from MDS  [  83  ] . Thirty 
 fi ve patients received Aza followed by either myeloablative (40%) or reduced inten-
sity (60%) conditioning. Thirty three patients received IC followed by allo-trans-
plant. In these two, albeit somewhat different groups, the OS at 1 year was 57% in 
those treated with Aza and 36% in the IC group  [  83  ] . Overall these data suggest that 
Dac and Aza are a reasonable pre-transplantation strategy that does not adversely 
affect outcome when compared with high dose induction or supportive care. A phase 
II clinical trial of Dac prior to allo-transplant is ongoing in Singapore using the cur-
rently favored schedule of 20 mg/m 2 /day for 5 days intravenously. 

 Post-transplant relapse remains a signi fi cant problem in MDS and high risk AML 
patients. Traditionally relapses in this population have been managed with donor 
lymphocyte infusions (DLI) (in those who do not demonstrate graft vs. host disease) 
or re-induction with traditional chemotherapeutic agents. Although limited prospec-
tive data exist on the use of azanucleotides for salvage of patients relapsing follow-
ing allogeneic transplant, or as a preventive strategy following transplant, several 
small studies have been published, suggesting that these agents may have a 
signi fi cant role to play. 

 The  fi rst of these examined the ef fi cacy of Aza at a  fl at dose of 100 mg subcuta-
neously days 1–3 followed by planned DLI on day 10  [  84  ] . Cycles were repeated 
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every 22 days for a median of 2 (range 1–10) courses to 26 patients with relapsed 
AML ( n  = 24) or CMML ( n  = 2) following allo-transplant. Toxicity with this combi-
nation was as expected and consisted of infections and GVHD. Four patients (15%) 
were salvaged with a complete and lasting CR following this combination  [  84  ] . 

 A second study, this one retrospective, described the results of salvage with Aza 
100 mg/m 2  for 5 days in 22 patients of median age of 50 (range 28–69) years, with 
either AML (17) or MDS (5) relapsed following allo-transplant  [  85  ] . A majority 
(20/23) of these patients had received a myeloablative conditioning regimen and 
half (10/23) had a sibling donor. On average two cycles of Aza were administered 
(range 1–8). Most patients also received DLI (18/23). In this group, 5 patients (23%) 
achieved a CR lasting a median of 433 days (range 114–769) with a 2-year survival 
rate of 23% [  85  ] . 

 A third single institution study, retrospectively reviewed Aza 75 mg/m 2  for 5 or 
7 days as salvage in 10 patients with MDS (9) or AML (1) of median age 55 (range 
25–67) years  [  86  ] . Seven patients achieved CR or stable disease with this regimen, 
3 of whom progressed after a median of 6 cycles. The median OS (OS) for the group 
was 422.5 days (range 127–1,411). 

 Taken together these results are encouraging and a variety of studies are ongoing 
to determine prospectively the role of azanucleotides both before and after allo-
transplant  [  87  ] .  

    13.9   Molecular Determinants of DNMTi Response 
in MDS and AML 

 Early on in the development of azanucleosides for the treatment of myeloid disease 
there was considerable enthusiasm for the identi fi cation of molecular markers of 
disease response. Initially several authors examined gene speci fi c methylation 
reversal, including  p15   INK4B   and ER as discussed earlier in this manuscript  [  10,   55, 
  57,   70,   71  ] . Disappointingly, although reversal of methylation at many loci has been 
documented following azanucleotide exposure, it has not been demonstrate to cor-
relate with or predict response to treatment, but rather seems to re fl ect duration of 
exposure to hypomethylating agents  [  88  ] . Another marker of response which has 
been studied is p53-inducible-ribonucleotide-reductase (p53R2), a gene identi fi ed 
in cell line screens to be induced following decitabine exposure  [  89,   90  ] . Link and 
colleagues demonstrated a statistically signi fi cant concordance between response to 
therapy and induction of p53R2 both at the mRNA and protein levels  [  90  ] . Although 
these results are thought provoking, they require sampling after many cycles of 
therapy and it is dif fi cult to determine how useful a biomarker of response this 
would be clinically. 

 The identi fi cation of mutations in the genes encoding  TET2  (ten–eleven translo-
cation2) and  DNMT3A  in patients with MDS and AML have raised questions about 
whether response to therapy may depend upon genetic characteristics of the under-
lying myeloid neoplasm. Recently a number of authors have demonstrated that up 
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to 26% of patients with MDS demonstrate mutations in TET2, and further that MDS 
patients with  TET2  mutations appear to have a superior prognosis (although this is 
not as clear in patients with AML)  [  91,   92  ] . Since  TET2  encodes a dioxygenase 
which functions to convert 5-methylcytosine to 5-hydroxymethylcytosine resulting 
in DNA demethylation at selective loci, defects in TET2 function would be expected 
to result in hypermethylation. One recent study suggests that patients bearing  TET2  
mutations have a superior response (CR + PR + HI) to Aza treatment 82% vs. 45% 
( p  = 0.007), although OS was not different in the two groups and these results have 
yet to be validated  [  93  ] . By contrast with mutations involving  TET2,  mutations in 
 DMNT3A  have been demonstrated to predict adverse outcome in both MDS and 
AML, although as yet no evaluation has been made of the impact of such mutations 
on response to epigenetic therapies  [  94–  96  ] .  

    13.10   Conclusions 

 Azanucleotides have changed the landscape of treatment for patients with MDS and 
AML with MDS related changes. Ongoing work with these agents in patients with 
a variety of myeloid diseases is likely to result in advances over the next few years. 
Despite the considerable ef fi cacy of these drugs, patients with underlying myelo-
dysplasia continue to have a remarkably poor outcome and novel strategies in these 
diseases remain essential. As we continue to develop insight into the mechanism(s) 
which underlie the activity of these drugs, perhaps we will be able to understand 
why they work so well for some patients and what strategies will maximize the 
longevity of these responses. Certainly it has become clear that single agent azanu-
cleotides given on a conventional schedule are not a panacea. Whether responses 
can be optimized with continuous dosing strategies, combination with other drugs, 
or allogeneic bone marrow transplantation remains a question yet to be answered by 
well designed clinical trials.      
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  Abstract   It is now well established that epigenetic aberrations occur early in 
malignant transformation, raising the possibility of identifying chemopreventive 
compounds or reliable diagnostic screening using epigenetic biomarkers. 
Combinatorial therapies effective for the reexpression of tumor suppressors, facili-
tating resensitization to conventional chemotherapies, hold great promise for the 
future therapy of cancer. This approach may also perturb cancer stem cells and thus 
represent an effective means for managing a number of solid tumors. We believe 
that in the near future, anticancer drug regimens will routinely include epigenetic 
therapies, possibly in conjunction with inhibitors of “stemness” signal pathways, to 
effectively reduce the devastating occurrence of cancer chemotherapy resistance.      
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 Chemo-, radio-, and hormonal therapies have proved invaluable for the  management 
of numerous solid and hematologic cancers. Commonly used chemotherapies 
include topoisomerase inhibitors, microtubule-targeting agents (for mitotic spindle 
disruption), and DNA-alkylating agents, while hormonal therapies include anties-
trogens (such as tamoxifen) and androgen-ablating drugs  [  1  ] . Despite the success of 
these agents (often early during patient therapy), the majority of patients eventually 
develop resistance to these interventions, and it is believed that >90% of all cancer 
deaths result from therapy-refractory, metastatic disease  [  2,   3  ] . Resistance to ther-
apy is believed to be multifactorial, involving reduced delivery/uptake, membrane 
ef fl ux, metabolic inactivation, loss of the therapeutic target, and autocrine/paracrine 
signaling (involving the local tumor microenvironment). Attenuation of cancer cell 
death pathways, due to hyperactive growth/survival pathways and/or suppression of 
cell cycle arrest/apoptosis cascades, is considered a major contributor to the loss of 
therapeutic sensitivity in cancer  [  4,   5  ] . 

 While tumor progression is clearly associated with DNA sequence anomalies 
(e.g., point mutations, DNA gains or losses within speci fi c loci, and/or transloca-
tions),  epigenetic  aberrations are now believed to play an equivalent (or even greater) 
role  [  6–  8  ] . Epigenetics is classically de fi ned as the study of heritable changes in 
gene expression that occur without a change in the DNA sequence. Epigenetic 
modi fi cations include methylation of C5 of cytosines within CG dyads, numerous 
posttranslational modi fi cations of histone residues, repositioning of whole (histone 
octomer) nucleosomes, deposition of histone protein variants, and posttranscrip-
tional regulation of protein translation by microRNAs  [  8–  10  ] . 

 As noted above, cancer progression is characterized by genetic and epigenetic 
misregulation of signal transduction cascades (often in association with altered 
microRNA expression)  [  11,   12  ] , and it has been hypothesized that the cancer cell 
phenotype resembles a reversion of adult tissue cells to an embryonic-like state (i.e., 
loss of differentiation), with immortalization replacing age-related apoptosis and 
senescence  [  13,   14  ] . Analogously, one recent, increasingly accepted carcinogenesis 
paradigm is that a mature, heterogeneous tumor represents a “caricature” of the nor-
mal organ from which it derives, due to the abnormal differentiation of “cancer stem 
cells” (CSCs)  [  15  ] . Normal tissue stem cells are relatively long-lived, due to quies-
cence or relatively slow cell division and expression of various phenotypes that con-
fer resistance to genotoxic or cytotoxic agents, including enhanced DNA repair, 
metabolic inactivation and/or expulsion of cytotoxins, oxidative stress protection, 
and enhanced pro-survival (i.e., antiapoptotic) signaling  [  16  ] . While not necessarily 
derived from normal stem cells  [  16  ] , CSCs have been shown to possess numerous 
“stemness” phenotypes, including the aforementioned defense mechanisms against 
environmental insults, thus facilitating resistance to most conventional anticancer 
agents  [  15,   16  ] . In addition to studies of hematologic malignancies, chemoresistant 
stem-like cells have now been identi fi ed and characterized in several solid tumors, 
including hepatocellular, colon, breast, glioma, pancreatic, and ovarian cancers  [  16  ] . 

 To reverse the multi-/pluripotent phenotypes of progenitor tumor cells, numer-
ous well-known differentiation agents are under investigation as potential cancer 
therapeutics, including vitamin D, retinoids, arsenic trioxide, and  phytochemicals 
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 [  18,   19  ] . It is feasible that successful delivery of differentiating agents to CSCs 
might reduce malignant stem cell populations and improve conventional therapy 
responses, in addition to hampering tumor regrowth  [  8  ] . Similar to normal devel-
opment, which is governed by epigenetic modi fi cations that allow tissue-speci fi c 
gene expression  [  20  ] , abnormal differentiation states of tumor subpopulations 
are also largely regulated by atypical epigenetic modi fi cations to DNA/chroma-
tin  [  21  ] . The existence of “epigenetic plasticity” (associated with extensive chro-
matin remodeling)  [  22  ]  was further exempli fi ed by the recent generation of 
“induced pluripotent,” embryonic stem-like cells from terminally differentiated, 
adult tissue cells  [  23,   24  ] . By contrast, it was also demonstrated that even highly 
aggressive cancer cells (including melanoma and estrogen receptor-negative 
breast cancer cells) possess a highly “plastic” phenotype capable of reversion to 
their respective differentiated, normal tissue phenotypes  [  25,   26  ] . 

 In this chapter, we discuss agents capable of reversing cancer-associated, repres-
sive epigenetic modi fi cations. The emphasis of this article is on the possible restora-
tion of drug response pathways/targets that could potentially reverse chemoresistance, 
a destructive and usually fatal complication of numerous malignancies. 

    14.1   Preclinical Studies of DNA Hypomethylating 
and Deacetylase-Inhibiting Agents for Overcoming 
Drug Resistance 

 As noted above, cancer is often characterized by a loss of differentiated and tissue-
specialized phenotypes, which are maintained by epigenetic modi fi cations that drive 
lineage- and organ-speci fi c development. Over the past 50 years, the L-1210 acute 
lymphoblastic and Friend erythroleukemia mouse models have been widely used to 
screen antileukemic compounds, several of which were found to possess differenti-
ating activity  [  27,   28  ] . Several of those differentiating agents were later discovered 
to be inhibitors of repressive epigenetic modi fi cations and more speci fi cally, histone 
deacetylase and DNA methyltransferase inhibitors (HDACIs and DNMTIs, respec-
tively)  [  8,   29,   30  ] . 

  Preclinical cancer studies of DNA methyltransferase inhibitors (DNMTIs).  The 
two best-characterized DNA methyltransferase inhibitors (DNMTIs) are 5-azacyti-
dine (5-aza-C, Vidaza) and its deoxyribose analog, 5-aza-2 ¢ -deoxycytidine (5-aza-
dC, decitabine), with both compounds possessing the non-methylatable pyrimidine 
analog azacytosine  [  31  ] . Both DNMTIs,  fi rst synthesized and shown as antileuke-
mic in the 1960s (Fig.  14.1 ), are now FDA-approved for therapy of the hematologic 
malignancy myelodysplastic syndrome (MDS)  [  10  ]  (see next section). Following 
cellular uptake, these cytidine analogs are triphosphorylated and incorporated into 
the newly synthesized DNA strand during S phase (5-aza-C is also integrated into 
RNA)  [  32  ] . However, a C5-to-N5 substitution in the cytosine six-member heterocy-
clic ring precludes methyl group acceptance, resulting in covalent and irreversible 
binding of the DNMT enzyme to the fraudulent base, followed by the eventual cel-
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lular depletion of DNMT, via ubiquitin-associated proteasome targeting  [  8,   10,   33  ] . 
Due to their requirement of nascent strand DNA incorporation, the hypomethylating 
activity of these cytosine analogs is replication-dependent, requiring several cell 
divisions to complete the demethylation of each DNA strand  [  34  ] , consistent with 
successful patient trials typically requiring multiple treatment cycles prior to detect-
able response ( [  32,   35  ]  and see following section).  

 Following their initial syntheses in 1964  [  36  ] , 5-aza-C and 5-aza-dC were later 
found to possess antileukemic activity in mouse disease models, elicit cancer cell 
differentiation, and enhance response to the chemotherapeutics etoposide and cis-
platin  [  29,   37  ]  (Fig.  14.1 ). These nucleoside analogs potently hypomethylate a num-
ber of tumor suppressor genes (TSGs), resulting in their transcriptional upregulation 
 [  6,   38,   39  ] . Decitabine-mediated DNA demethylation has also been reported to 
associate with reduced methylation at lysines 9 and 27 of histone H3 (H3K9 and 
H3K27, respectively), two other repressive chromatin “marks”  [  40,   41  ] , in addition 
to enhanced acetylation at H3K9 and H3K14 (two activating chromatin marks). 
Such “crosstalk” between repressive chromatin modi fi cations is believed to result 
from coordinated activity of histone and DNA methyltransferase enzymes associ-
ated with large, multimeric epigenetic repressive protein complexes. 

 Since its inception, the cytidine analog 5-aza-C has been extensively studied in 
cell and animal model systems. Early studies demonstrated potent antileukemic 
activity in the L1210 mouse model, followed by reports of 5-aza-C ef fi cacy against 
solid tumors, using various preclinical cancer models (Fig.  14.1 )  [  42,   43  ] . In medullo-
blastoma cells, 5-aza-C was also shown to inhibit proliferation, coincident with pro-
moter demethylation and upregulation of a TSG,  KLF4   [  44  ] . More recently, it was 
shown that intratracheal administration of 5-aza-C, in an orthotopic mouse lung can-
cer model, exhibited  fi vefold reduced myelosuppression and threefold enhanced sur-
vival, as compared to i.v. administration  [  45  ] . While subsequent studies further 
established 5-aza-C as a differentiating agent, particularly in effecting myogenesis 
 [  46–  48  ] , other work  fi rmly established its ability to induce TSGs and initiate apopto-
sis in cancer cells, including those of the liver, colon, and ovary  [  49–  51  ] . 

 In contrast to 5-aza-C, its deoxyribose analog 5-aza-dC is not incorporated into 
RNA and is thus more stable and potent (active at submicromolar concentrations), 
although its activity is similarly attenuated by cytosine deaminases  [  8  ] . In a myriad 
of cell line studies, decitabine was shown to hypomethylate and derepress numerous 
TSGs, some of the most commonly studied being  p16 ,  APC ,  RASSF1A ,  hMLH1 , 
 PTEN , and  DAPK   [  6,   38,   39  ] . Several of these (and other) genes encode protein 
constituents of apoptosis pathways, and thus (like aza-dC) in addition to differentia-
tion, 5-aza-dC can robustly induce apoptosis  [  52,   53  ] . Preclinical studies have now 
 fi rmly established 5-aza-dC activity against hematologic cancers, including acute 
myeloid leukemia (AML), chronic myeloid leukemia, acute lymphocytic leukemia, 
and MDS (Fig.  14.1 )  [  54–  57  ] , and may also elicit senescence and autophagy  [  58  ] . 
Although clinical studies of 5-aza-dC have yet to demonstrate substantial activity 
against solid tumors (see below), preclinical studies have  convincingly shown proof-
of-principle for antitumor ef fi cacy  [  59–  62  ] . Moreover, in two studies, an indirect 
apoptotic role was found in that 5-aza-dC  hypomethylated and upregulated 
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microRNA-181, a regulator of  NOTCH4  and  KRAS , while in liver cancer cells, 
5-aza-dC induced the tumor suppressor microRNAs 124 and 203  [  63,   64  ] . As noted 
above, epigenetic alterations in cancer often hyperactivate speci fi c oncogenic path-
ways; 5-aza-dC is now known to antagonize several of those pathways, while upreg-
ulating tumor suppressive signaling. Examples of oncogenic signal blockade by 
5-aza-dC was demonstrated by its upregulation of the endogenous Wnt pathway 
inhibitor DKK, resulting in signi fi cant xenograft tumor growth inhibition  [  65  ] . 

 In addition to 5-aza-dC and 5-aza-C, various other compounds have been shown 
to elicit DNA demethylation. As decitabine is subject to intracellular deamination 
and aqueous instability (resulting in loss of hypomethylating activity), a more stable 
dinucleotide, 5-aza-dC-dG (SGI-110, Astex Pharmaceuticals, Cambridge, UK), was 
shown to resist cytidine deaminase, while also demonstrating potent antigrowth 
effects against bladder cancer cells and mouse xenografts, with negligible toxicity 
 [  66,   67  ] . Likewise, an elaidic acid analog of 5-aza-C, CP-4200, possessed enhanced 
stability and much higher tumoricidal activity than the parent compound (aza-C), 
possibly due to its independence from nucleoside uptake transporters  [  68  ] . Using a 
different (genetic) approach, short inhibitory RNAs against DNMTs 1 and 3b elicited 
DNA demethylation and gene derepression similar to (or greater than) deoxycytosine 
analogs  [  69  ] . In addition to decitabine, we have also studied another cytidine analog 
DNMTI, zebularine, demonstrating that this agent hypomethylates TSGs and allows 
for the chemosensitization of platinum-resistant ovarian cancer cells lines  [  70  ] . Other 
zebularine studies have demonstrated its greater stability than 5-aza-dC, demethyla-
tion in tumors  in vivo , and colon cancer chemoprevention in a widely used mouse 
model  [  71,   72  ] . Like 5-aza-C, however, zebularine is a ribonucleotide and thus its 
potency is limited by inef fi cient reduction prior to incorporation into DNA  [  73  ] . 
Toward rectifying that limitation, deoxyzebularine phosphoramidate prodrugs were 
recently demonstrated as more potent hypomethylating agents in vitro, while also 
exhibiting antineoplastic activity against pancreatic cancer cell lines  [  74  ] . 

 Several non-nucleoside compounds have also demonstrated DNA-
hypomethylating activity. These include two previously FDA-approved agents, the 
antihypertensive hydralazine and the antiarrhythmic procainamide  [  75  ] . However, 
these compounds were found much less potent than 5-aza-dC  [  75,   76  ] . A mush-
room-derived antibiotic, Verticullin A, likewise displayed DNMTI activity against 
SW620 colon cancer cells, upregulating several genes concordant with demethyla-
tion of their respective promoters, while also resensitizing those cells to the apopto-
sis-inducing, “death receptor” ligand TRAIL  [  77  ] . More recently, various “rationally 
designed,” non-nucleoside DNMT inhibitors (thus in fl uencing enzyme activity 
without DNA incorporation) have also demonstrated potent downregulation of 
methyltransferase activity. Two of these, SGI-1027 and RG108, facilitated reex-
pression of silenced TSGs, while also negatively affecting growth of colon and 
hepatocellular carcinoma cells  [  78–  81  ] . Likewise, various high-throughput screens, 
using various reporter assays and virtual “docking” computational approaches, are 
now in widespread use for the identi fi cation of non-nucleoside DNA methyltrans-
ferase  [  82,   83  ] . These approaches will almost certainly lead to the identi fi cation of 
novel DNA methylation inhibitors. 
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 While DNMTIs have shown success as monotherapies for hematologic cancers, 
accumulating evidence suggests they will be most effective when combined with 
conventional or targeted chemotherapies, likely via chemosensitization of resistant 
tumor subpopulations  [  8,   22,   84  ] . Such chemosensitization is hypothesized to result 
from DNMTI-mediated derepression of gene members of drug response pathways 
or inhibition of pro-survival pathways  [  8,   9,   85  ] . As shown in Fig.  14.2 , multiple 
preclinical studies have now demonstrated that DNMTIs can resensitize resistant 
malignancies to numerous chemotherapeutics, via upregulation of pro-apoptosis 
pathways (both extrinsic and intrinsic), while also inhibiting oncogenic signaling 
cascades such as Wnt, PI3K/Akt, hedgehog, and Notch  [  65,   86–  89  ] . In two early 
studies of the L1210 mouse leukemia models, cytoxicity of 5-aza-C was augmented 
by coadministration with another nucleoside analog, cytarabine; the hypothesized 
mechanism of action of this combination was inhibition of DNA synthesis  [  90  ] . 
Likewise, 5-aza-C antileukemic activity was also enhanced by a cytidine deaminase 
inhibitor  [  91  ] . More recently, in a study of aggressive prostate cancer, 5-aza-C 
caused potent but well-tolerated resensitization of tumor xenografts to docetaxel 
and cisplatin, concomitant with upregulation of a number of TSGs  [  92  ] .  
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 Like 5-aza-C, chemosensitization by 5-aza-dC is now well established. In one 
early study, 5-aza-dC combined with the topoisomerase-1 inhibitor topotecan, was 
synergistically cytotoxic to mouse colorectal adenocarcinomas  [  93  ] . Later, it was 
demonstrated that 5-aza-dC could resensitize platinum-resistant ovarian cancer cells 
and mouse xenografts to cisplatin, due to promoter demethylation and reexpression 
of the mismatch repair enzyme gene  hMLH1   [  94,   95  ] . In two colon cancer studies, 
5-aza-dC was found to be synergistically tumoricidal when combined with 
5- fl uorouracil (an antimetabolite) and the antineoplastic hormone irinotecan  [  96, 
  97  ] . Likewise, a study of colon cancer cells revealed that 5-aza-dC treatment resulted 
in upregulation of ten interferon pathway-associated genes, likely via induction of 
IFN-alpha2a and activation of STATs 1, 2, and 3  [  98  ] . In endocrine cancers, DNMTIs 
have also been demonstrated to sensitize cancer cells to antihormonal therapies. For 
example, 5-aza-dC was shown to upregulate the DNA-methylation-repressed TSG 
 PTEN , an inhibitor of the PI3K/Akt pathway, suppressing the growth of tamoxifen-
resistant breast cancer cell xenografts and restoring responsiveness to antiestrogens 
 [  99  ] . The latter  fi nding is further supported by a correlation of epigenetic aberra-
tions and PI3K/Akt oncogenic signaling in breast cancer cells; those aberrations 
were reversible by a 5-aza-dC/PI3K inhibitor combination, which also coopera-
tively inhibited the growth of mouse xenografts  [  100  ] . Restoration of antiestrogen 
sensitivity in breast cancer is believed to be due (at least in part) to reexpression of 
the estrogen receptors alpha and/or beta  [  101,   102  ] . Similarly, in prostate cancer, 
androgen receptor silencing has been linked to both histone deacetylation and DNA 
methylation  [  103,   104  ] . In other prostate cancer studies, 5-aza-dC could sensitize 
both androgen-dependent and -independent prostate cancer cells to paclitaxel, while 
both DNMTIs and HDACIs cooperatively upregulated estrogen receptor-beta and 
delayed androgen independence in a common mouse model  [  105–  107  ] . 

  Preclinical cancer studies of histone deacetylase inhibitors (HDACIs).  As his-
tone deacetylation is another epigenetic modi fi cation repressive of TSGs, histone 
deacetylase inhibitors (HDACIs) also represent promising antineoplastics. 
Interestingly, the  fi rst HDAC inhibitor was the common organic solvent dimethyl-
sulfoxide (DMSO), as discovered by Charlotte Friend to elicit differentiation of 
erythroleukemia cells  [  108  ] . Following that discovery, numerous other hybrid polar 
compounds were synthesized and similarly screened for differentiating activity, but 
whose mechanism of action (deacetylase inhibition, resulting in enhanced protein 
acetylation) remained unknown for over 20 years  [  109  ] . Numerous HDACIs, which 
antagonize the action of zinc-dependent histone deacetylases by chelation of the 
metal cation, have been shown to induce differentiation and apoptosis in tumor, but 
not normal, cells (reviewed in  [  110  ] ). One proposed mechanism for cancer cell-
speci fi c HDACI toxicity is the induction of cell cycle checkpoints  [  111  ] ; one such 
effect (G2 arrest followed by apoptosis) was also demonstrated in platinum-resistant 
ovarian cancer cells  [  112  ] . Of note, while HDACIs potently induce histone 
 hyperacetylation, their effects on non-histone protein acetylation (including 
 transcription factors, molecular chaperones, cargo transporters, and cytoskeletal 
proteins) may play an even greater role in their antineoplastic activity  [  110,   113  ] . In 
ovarian cancer in particular, several HDACIs induced cytodifferentiation and apop-
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tosis of cultured cells and mouse xenografts  [  112,   114–  117  ] . Newer studies suggest 
that HDACI repression of telomerase ( hTERT ) represents another anticancer mech-
anism of action (reviewed in  [  118  ] ). Alternative non-epigenetic, HDACI antineo-
plastic effects include oncoprotein destabilization by acetylation of “chaperone” 
proteins (suggesting synergism with HSP inhibitors), diminished processing of 
“aggresomes” of misfolded proteins (suggesting synergism with proteasome inhibi-
tors), acetylation of transcription factors, and reconstitution of p53-like tumor sup-
pressive pathways (reviewed in  [  30,   110,   119  ] , and see Fig.  14.2 ). 

 Similar to DNMTIs, preclinical studies have shown HDACIs to be most effective in 
combination with standard therapies, suggesting HDACI upregulation of drug response 
(apoptotic) or cellular differentiation pathways. In ovarian cancer preclinical studies, 
vorinostat alone was found effective against paclitaxel-resistant ovarian cancer cells; 
however, its antitumor activity was far greater in combination with paclitaxel  [  120–
  122  ] . Other HDACIs have similarly sensitized ovarian cancer cells to retinoids and the 
widely used chemotherapy cisplatin  [  115,   123,   124  ] . Similarly, our group demonstrated 
that a rationally designed HDACI, AR42, possessed greater cisplatin-resensitizing 
activity than vorinostat in chemoresistant ovarian cancer cells and mouse xenografts, 
enhancing both epithelial differentiation and apoptotic potential  [  125  ] . One speci fi c 
example supporting HDACI-associated differentiation in therapy sensitization was that 
cholangiocarcinoma cells treated with the HDACI valproate upregulated numerous 
genes associated with differentiation, during sensitization to gemcitabine  [  126  ] . In 
similar studies, the HDACI Trichostatin A augmented UV-induced apoptosis over 
threefold in colon cancer RKO cells  [  127  ] , and also sensitized osteosarcoma cells to a 
potentially antineoplastic, natural product geninstein  [  128  ] . 

 Several HDACIs have also been demonstrated to upregulate “death receptor” 
apoptosis pathways, allowing resensitization of resistant cancer cells to death recep-
tor ligands (Fig.  14.2 ). One report showed the HDACI MS-275 (entitostat) to resen-
sitize aggressive MDA-MB-468 breast cancer cells to the death ligand TRAIL, both 
in cell culture and in mouse xenografts, while downregulating genes associated with 
the metastasis-related epithelial-to-mesenchymal transition  [  129  ] . In addition, 
HDACI-associated TRAIL sensitization (via reexpression of caspase-8) was mark-
edly augmented by combination with interferon-gamma in meduloblastoma cells 
 [  130  ] . TRAIL sensitization by the HDACI valproate was also demonstrated in pan-
creatic cancer cell lines, via inhibition of HDAC2 and the restoration of extrinsic 
apoptosis pathways  [  131  ] , while in hepatocellular carcinoma cell lines, the HDACIs 
valproic acid and ITF2357 both effected sensitization to TRAIL  [  132  ] . 

 HDACIs have also shown activity against hormone-resistant neoplasms, includ-
ing breast, uterine, and prostate cancers. Similar to DNMTI/antiestrogen studies 
HDACIs enhanced tamoxifen induction of both autophagy and apoptosis in 
tamoxifen-resistant breast cancer cells; that effect was further enhanced by inhibitors 
of autophagy  [  133  ] . In endometrial cancer studies, TSA/paclitaxel-combined treat-
ment of mice bearing cancer cell tumor xenografts reduced tumor masses by >50% 
 [  134  ] . Moreover, another xenograft study showed that the HDACI apicidin reduced 
tumor size and repressed the angiogenesis-mediating oncoprotein VEGF  [  135  ] . 
Interestingly, it appears that in endometrial cancer, HDACIs may exert antigrowth 
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effects through repression of estrogen receptor-target genes, coincident with induc-
tion of genes targeted by the glucocorticoid receptor  [  136  ] . 

  Preclinical studies of DNMTI/HDACI combinations.  While HDACIs and 
DNMTIs have demonstrated clinical activity as single agent therapies for hematopoi-
etic malignancies, DNA methylation and histone deacetylation also cooperatively 
inhibit gene transcription (often in multiple-repressor protein complexes), and relief 
of both silencing mechanisms may be necessary for maximal gene derepression  [  8, 
  137  ] . In ovarian cancer cells, a DNMTI/HDACI combination synergistically upreg-
ulated the pro-apoptotic gene  TMS1 / ASC , in contrast to either epigenetic agent 
alone  [  138  ] , while a 5-aza-dC/vorinostat regimen induced various imprinted genes 
and also inhibited tumor xenograft growth  [  139  ] . Similarly, 5-aza-C combined with 
the HDACI Trichostatin A facilitated derepression of the progesterone receptor-B 
gene in endometrial cancer cells  [  140  ] , while 5-aza-C plus entitostat cooperatively 
upregulated several pro-apoptosis genes and reduced tumor xenograft sizes by 
>75% in a mouse lung cancer model  [  141  ] . A newer preclinical study showed 5-aza-
dC combined with the HDACI valproate was cancer-chemopreventive in a mouse 
medulloblastoma/rhabdosarcoma model, while each agent alone was not  [  142  ] . 
Interestingly, one compound, UVI5008, was found to be a “triple epigenetic inhibi-
tor,” concordantly inhibiting zinc-dependent HDACs, the DNA methyltransferase 
DNMT3A, and another family of HDACs that require a NAD +  cofactor (rather than 
zinc), the sirtuins  [  143  ] . In that study, UV15008 potently induced apoptosis in breast 
cancer cells/xenografts via ROS production and activation of death receptor (i.e., 
extrinsic), mitochondria-independent, apoptosis  [  144  ] . 

 It has also been reported that HDACIs and DNMTIs may actually mimic the 
epigenetic effects of one another. For example, it has been reported that several 
HDACIs can demethylate DNA, including Trichostatin A, valproate, and MS-275 
(entitostat, SNDX-275)  [  145–  148  ] , possibly via transcriptional downregulation of 
DNMT-coding genes, as demonstrated in a study of human endometrial cancer cells 
 [  149  ] . Analogously, 5-aza-dC was also found to effect gene-speci fi c, but not global, 
histone acetylation  [  150,   151  ] . However, a phase I study of AML or MDS patients 
examining 5-aza-C (5–14 days) followed by phenylbutyrate (5 days) demonstrated 
that 5-aza-C treatment alone resulted in histone acetylation in peripheral blood 
cells; phenylbutyrate, however, did not prevent remethylation of the cyclin-depen-
dent kinase inhibitor gene  p15  ( CDKN2B )  [  152  ] . Even so, these reciprocal epige-
netic modi fi cations, between HDACIs and DNMTIs, appear to be quite rare and 
context-dependent in nature. 

 While DNMTI/HDACI combinations often result in greater gene alterations than 
each agent in isolation, pairing of these epigenetic therapies will likely be even 
more effective in coordination with conventional cancer therapies  [  8–  10  ] . For 
example, while caspase-8 gene reexpression in small cell lung cancer cells required 
a DNMTI/HDACI combination (thus restoring a functional apoptosis pathway), the 
induction of apoptosis still required the death receptor ligand TRAIL  [  153  ] . 
Similarly, combined treatment of decitabine and belinostat demonstrated signi fi cantly 
greater cisplatin sensitization of platinum-resistant ovarian cancer cell xenografts, 
in tumor-bearing mice, than either epigenetic therapy alone  [  154  ] .  
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    14.2   Clinical Studies of DNA Hypomethylating Agents and 
HDAC Inhibitors for Overcoming Drug Resistance 

 Four epigenetic derepressive agents are now FDA approved for two hematologic 
malignancies, MDS treatment with DNMTIs 5-aza-C (Vidaza) and 5-aza-dC (decit-
abine), and cutaneous T-cell lymphoma therapy using the HDACIs vorinostat and 
romidepsin  [  8,   9,   155  ] . While other hematologic malignancies will likely gain 
approval for monotherapy DNMTIs and HDACIs, including peripheral T-cell lym-
phoma and Hodgkin’s disease, single-agent clinical studies of various solid tumors 
have proved fairly disappointing. For the latter, epigenetic drugs will likely prove 
most bene fi cial when combined with long-established approaches such as conven-
tional cytotoxic chemotherapies, endocrine therapies, differentiation therapy, and 
radiotherapy  [  156,   157  ] . 

  Studies of DNA methyltransferase inhibitors.  In addition to incorporation into 
DNA, the ribonucleoside analog 5-aza-C is also incorporated into several RNA spe-
cies, resulting in greater toxicity and lower stability than 5-aza-dC. Consequently, a 
more recent clinical studies have focused on 5-aza-dC (decitabine), although 
5-aza-C remains widely used. An early Vidaza study of patients with acute  leukemia, 
administered at 37–81 total mg/m 2 , given over 30–60 h, resulted in some clinical 
bene fi t in 89% of patients, although substantial hematologic toxicity was observed 
in all patients  [  158  ] . A separate trial of 21 elderly patients with high-risk MDS, 
treatment with decitabine at 50 mg/m 2 /day for three consecutive days, yielded a 
response rate of 54% (15 of 21), although signi fi cant myelotoxicity caused the death 
of 5/21 (17%) patients  [  159  ] . Another MDS phase I study, using an overall similar 
drug exposure (45 mg/m 2  b.i.d. for 3 days), yielded an overall response rate of 49%, 
but similarly resulted in moderate-to-severe toxicity (predominantly myelodepres-
sion), resulting in the death in 7% of the enrolled patients  [  160  ] . 

 To possibly ameliorate the high toxicity and limited bene fi t of extended decit-
abine infusions (previously using regimens approaching its maximum tolerated 
dose), lower dose schedules were examined. In phase I/II sickle cell anemia studies 
of hydroxyurea-resistant patients, low-dose (0.3 mg/kg), repetitive doses (5 days/
week for 2 weeks) of decitabine were found suf fi cient for demethylation and reex-
pression of fetal hemoglobin with little or no neutropenia  [  161,   162  ] . Such low-dose 
treatments were largely based on a mouse embryonic  fi broblast study showing myo-
tube differentiation and hypomethylation at low decitabine doses (1–5  m M), with 
cytotoxicity and increased methylation at higher (>5  m M) doses  [  29  ] . Subsequently, 
one MDS clinical trial examined a variety of repetitive low decitabine doses, with 
1-h administration daily over longer durations (10–20 days)  [  163  ] . The results of 
that landmark study demonstrated that 15 mg/m 2  decitabine, administered over ten 
consecutive days, resulted in a response rate of 83% and was well tolerated, as com-
pared to previous studies using >5-fold higher doses  [  163  ] . That pioneering work 
resulted in the widespread adoption of low-dose hypomethylating agents, both as 
monotherapies and in combination with other agents. 
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 While single-agent decitabine demonstrated signi fi cant ef fi cacy for MDS and 
other hematologic malignancies, solid tumor studies have been fairly disappointing, 
motivating studies of 5-aza-dC in combination with other conventional agents. Early 
combination studies, however, demonstrated minimal-to-moderate activity, with 
substantial toxicity. In a phase II study of non-small cell lung cancer, a maximum 
tolerated decitabine dose of 67 mg/m 2 , given concurrently with 33 mg/m 2  cisplatin 
over a 2-h period for 3 consecutive days of a 21-day cycle, resulted in no objective 
responses and signi fi cant hematologic toxicity  [  164  ] . Similarly, a phase II trial of 
squamous cell cervical cancer, with decitabine administered continuously at 50 mg/
m 2 /day for 3 days, concurrent with 30 mg/m 2  cisplatin, resulted in eight partial and 
 fi ve stable disease responses; however, unacceptable toxicity was observed,  resulting 
in one patient death  [  165  ] . However, based on the low-dose MDS ef fi cacy study by 
Issa et al., newer trials have examined lower doses of decitabine in various com-
bined regimens. One recent phase I/II combinatorial ovarian cancer study, of decit-
abine paired with carboplatin, demonstrated no signi fi cant improvement over 
carboplatin alone  [  166,   167  ] . By contrast, a separate phase IIa clinical trial of 5-aza-
cytidine (Vidaza) and carboplatin resulted in one complete, three partial, and ten 
stable disease responses (of 29 total patients), with a 7.5-month average duration of 
response  [  168  ] . Likewise, our group recently completed a phase I trial of low-dose 
decitabine ( fi ve consecutive-day regimen), in combination with carboplatin in plat-
inum-resistant ovarian cancer patients, revealing acceptable tolerability of the regi-
men  [  169  ] . Biological activity in vivo was also demonstrated, as assessed by 
hypomethylation of genome-wide repetitive elements (in peripheral blood cells) 
and speci fi c ovarian cancer-associated genes (in plasma, ascites, or tumor)  [  169  ] , 
resulting in one complete, six stable, and four (6-month) disease progression-free 
responses  [  169  ] . The successful phase II component of that study was recently 
described  [  170  ] , and the results are promising. Other clinical studies combining 
5-aza-dC with the EGFR antagonist erlotinib showed responses in 4 of 11 patients 
with advanced tumors  [  171  ] . However, a neuroblastoma trial of 5-aza-dC combined 
with cyclophosphamide or doxorubicin showed toxicity at the 5-aza-dC doses 
required for disease response  [  172  ] . In a 13-patient AML phase I study, decitabine 
combined with arsenic trioxide and/or ascorbic acid resulted in one complete remis-
sion and  fi ve patients with stable disease  [  173  ] . While chemosensitization by 
DNMTIs is believed to largely result from the restoration of apoptosis pathways, 
one recent phase II study of refractory solid tumors and lymphomas showed patient 
response to correlate with both DNA hypomethylation and expression of the copper 
transporter CTR1, a protein that facilitates platinum drug uptake  [  174  ]  (Fig.  14.2 ). 

  Studies of histone deacetylase inhibitors.  Like DNMTIs, despite successful 
 studies of hematologic malignancies, solid tumor clinical trials of monotherapeutic 
HDACIs suggest similarly limited clinical activity. In ovarian cancer, two mono-
therapeutic phase I/II trials of the HDACIs vorinostat and belinostat proved tolera-
ble but showed only moderate clinical activity  [  175,   176  ] . One recent phase II trial 
of the HDACI romidepsin in androgen-independent prostate cancer, although well 
tolerated, likewise showed minimal antineoplastic activity  [  177  ] . Another belinostat 
trial for metastatic renal cancer also yielded no patient responses  [  178  ] . Consequently, 



29714 Epigenetic Targeting Therapies to Overcome Chemotherapy Resistance

it is now widely believed that these agents will be most effective in combination 
with conventional chemotherapies ( [  8,   9,   34  ]  and see following sections). 

 For ovarian cancer, two recent ovarian cancer trials pairing belinostat with 
paclitaxel/carboplatin, and vorinostat with carboplatin, demonstrated safety and 
moderate clinical activity  [  179,   180  ] , while planned clinical trials include 
HDACIs in combination with inhibitors of the DNA repair enzyme PARP or 
inhibitors of the embryonic signal mediator Hedgehog  [  181,   182  ] . Another phase 
II study of the HDACI vorinostat combined with the antiestrogen tamoxifen, in 
hormone-refractory breast cancer patients, yielded a clinical bene fi t rate (response 
or stable disease for over 24 weeks) of 40%, although toxicity necessitated dose 
adjustment in several patients  [  183  ] . Similarly, a 12-patient phase I trial combin-
ing the HDACI panobinostat with the angiogenesis inhibitor bevacizumab 
resulted in three partial responses and seven cases of stable disease  [  184  ] . 

  Clinical studies of combined DNA methyltransferase and histone deacetylase 
inhibitors.  DNMTI/HDACI combinations have also now been established to exert 
additive/synergistic effects on gene expression in vitro. However, success in clinical 
trials has been, similar to single-agent regimens, largely restricted to hematologic 
malignancies. For example, a phase II study of the DNMTI/HDACI combination of 
hydralazine and valproate for MDS showed an overall response rate of 50%  [  185  ] . 
Most solid tumor studies, however, have shown less ef fi cacy. Nonetheless, one 
phase I clinical trial combining the HDACI valproic acid and the DNMTI azacyti-
dine for various solid tumors demonstrated safety, in vivo biological activity, and 
stable disease in 25% of the enrolled patients, although no partial or complete 
responses were observed  [  186  ] . Likewise, a recent phase I study of 5-aza-dC/
vorinostat combination resulted in 29% of non-Hodgkin’s lymphoma and various 
solid tumors  [  187  ] . By analogy, a recent phase I/II trial of an azacytidine/entitostat 
combination in non-small cell lung cancer yielded major objective responses in 4 
of 19 patients, and demethylation of a four-gene panel correlated with improved 
progression-free and overall survival  [  188  ] . 

 Based on the above mentioned in vivo  fi ndings, it is speculated that chromatin 
depressive agents (singly or combined) alone may be only marginally ef fi cient for 
eradicating cancer cells, thus motivating studies of their combination with conven-
tional therapeutics  [  6,   8,   94  ] . For example, while apoptosis pathway function may 
be restored by epigenetic derepression, it is possible that epigenetic drugs remain 
inadequate as cancer cell stressors capable of provoking programmed cell death. In 
one phase III ovarian cancer trial (NCT00533299), the DNMTI hydralazine is being 
combined with the HDACI valproic acid, with or without the topoisomerase inhibi-
tor topotecan, while a previous phase II trial of the same combination (hydralazine/
valproate), coincident with four different chemotherapy regimens, yielded three 
partial and four stable disease responses (as assessed by the ovarian cancer marker 
CA-125)  [  189  ] . In various leukemias, a phase I trial of 5-aza-dC combined with 
valproic acid demonstrated acceptable patient tolerability and an objective response 
rate of 22%  [  190  ] , while a melanoma trial combining 5-aza-dC and intravenous 
bolus interleukin-2 was well-tolerated and yielded a 31% objective response rate  [  191  ] . 
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5-aza-C is also being examined in a phase I/II ovarian cancer trial (NCT00529022) 
in combination with valproic acid and carboplatin. 

 In addition to reactivation of TSGs (and possible chemotherapy response cas-
cades), DNMTIs and HDACIs have also been found to induce various cancer/testis 
antigens (CTAs, components of the “tumor recognition complex”)  [  34  ] . CTA pro-
teins, expressed in male germ cells but normally silenced in adult tissues, are 
expressed in various malignancies as antigenic peptides copresented with HLA 
Class I/II molecules and thus may represent immunotherapy targets  [  192  ] . However, 
as CTA expression is often variable, due to epigenetic repression, more consistent 
reexpression can be achieved by DNMT and/or HDAC inhibitors  [  191  ] . Consequently, 
an ongoing phase I ovarian cancer trial (NCT00887796) is investigating decitabine 
combined with liposomal doxorubicin and peptide vaccination for the CTA 
NY-ESO-1, while two other trials (NCT00701298, NCT00886457, for unspeci fi ed 
cancers) are combining decitabine with interferon- a 2b. These trials were based on 
the preclinical studies by Karpf et al. [ 98 ,  193  ]  mentioned earlier. Thus, in addition 
to tumor suppressor reactivation, epigenetic therapies may also hold promise in 
immunotherapy.  

    14.3   Future Directions for the Use of Epigenetic Therapies 
for Overcoming Chemotherapy Resistance 

 One current focus within cancer epigenetic research is the design of speci fi c inhibi-
tors of enzymes facilitating other epigenetic repressive modi fi cations, including the 
gene-repressive histone methyltransferases (HMTs) EZH2, which trimethylates his-
tone H3, lysine 27 (H3K27me3), and DOT1L, which trimethylates H3K79  [  194, 
  195  ] . Consistent with epigenetic gene repression in cancer, one DOT1L inhibitor, 
EPZ004777, showed activity against mixed lineage leukemia cells  [  196  ] . Similarly, 
one EZH2 inhibitor, DZNep, an  S -adenosylmethionine (SAM) analog that also 
inhibits methylation of H4K20, resulting in upregulation of numerous previously 
silenced TSGs  [  194,   197  ] . DZNep has also shown anticancer activity against mouse 
prostate tumors and breast cancer, AML, and neuroblastoma cells  [  194,   197–  199  ] . 
Similar to DNMTIs, DZNep induction of apoptosis was also augmented by HDACIs 
 [  200,   201  ] , and recent studies of DZNep suggest possible negative effects toward 
CSCs  [  199,   202  ] . High-throughput approaches continue to identify various novel 
epigenetic therapies, including inhibitors of the Jarid family of H3K4me3 histone 
demethylases, the repressive HMT G9a (which trimethylates H3K9), isoform-
speci fi c HDACs, and various histone acetyltransferases  [  203–  207  ] . In  addition, 
tumor-suppressive microRNAs have been successfully delivered to tumors in mouse 
models of liver (miR-26a), colon (miRs-145 and -33a), and prostate cancers, using 
adeno-associated viruses, polyethylenimine conjugation, and rhabdomyosarcoma 
(miRs-1 and −206)  [  208–  210  ] . Taken together it is likely that these emerging epige-
netic therapeutics could be used for the much anticipated therapeutic approach of 
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“personalized medicine,” based not only on patients’ genomic/gene expression 
pro fi les, but also on their epigenetic pro fi les.  

    14.4   Summary/Conclusions 

 It is now well established that epigenetics is a principle mediator of mammalian 
development. To successfully carry out tissue/organ differentiation, genomic DNA 
expression is precisely regulated by a host of epigenetic modi fi cations. It is thus not 
surprising that aberrant chromatin modi fi cations result in defective differentiation 
states, a hallmark of cancer cells. It has also been recently shown that even highly 
aggressive cancer cells can revert to their original, tissue-speci fi c differentiation 
state, and that epigenetic therapies may facilitate this phenomenon. Consequently, 
chromatin-altering agents hold promise for the treatment of numerous malignant 
diseases, particular when complemented with other (traditional or pathway-targeted) 
antineoplastic therapies.      
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  Abstract   Accurate detection of epimutations in tumor cells is crucial for 
 understanding the molecular pathogenesis of cancer. Alterations in DNA methyla-
tion in cancer are functionally important and clinically relevant, but even this well-
studied area is continually re-evaluated in light of unanticipated results, such as the 
strong association between aberrant DNA methylation in adult tumors and poly-
comb group pro fi les in embryonic stem cells, cancer-associated genetic mutations 
in epigenetic regulators such as  DNMT3A  and  TET  family genes, and the discovery 
of altered 5-hydroxymethylcytosine, a product of TET proteins acting on 5-methyl-
cytosine, in human tumors with TET mutations. The abundance and distribution of 
covalent histone modi fi cations in primary cancer tissues relative to normal cells is 
an important but largely uncharted area, although there is good evidence for a mech-
anistic role of cancer-speci fi c alterations in histone modi fi cations in tumor etiology, 
drug response, and tumor progression. Meanwhile, the discovery of new epigenetic 
marks continues, and there are many useful methods for epigenome analysis appli-
cable to primary tumor samples, in addition to cancer cell lines. For DNA methyla-
tion and hydroxymethylation, next-generation sequencing allows increasingly 
inexpensive and quantitative whole-genome pro fi ling. Similarly, the re fi nement and 
maturation of chromatin immunoprecipitation with next-generation sequencing 
(ChIP-seq) has made possible genome-wide mapping of histone modi fi cations, 
open chromatin, and transcription factor binding sites. Computational tools have 
been developed apace with these epigenome methods to better enable accurate 
interpretation of the pro fi ling data.  
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  Abbreviations  

  5MC    5-methylcytosine   
  5HMC    5-hydroxymethylcytosine   
  ChIP-seq    Chromatin immunoprecipitation-sequencing   
  MBD    Methyl binding domain   
  MeDIP    Methyl DNA immunoprecipitation   
  MRE    Methyl-sensitive restriction enzyme   
  RRBS    Reduced representation bisul fi te sequencing         

    15.1   Introduction 

 DNA methylation is required for genome function through its roles in maintenance 
of chromatin structure, chromosome stability, and transcription  [  1–  4  ] . 5-methylcy-
tosine (5MC) is found at a subset of 5 ¢ -CpG-3 ¢  dinucleotides and is also sometimes 
observed at CpNpG, notably in embryonic stem cells  [  5–  7  ]  but also in adult tissues 
 [  8  ] . The modi fi ed DNA base 5-hydroxymethylcytosine (5HMC) is also present in 
mammalian genomes, albeit at a much lower levels compared to 5MC  [  9,   10  ] . TET 
proteins catalyze the hydroxylation of 5MC to generate 5HMC, and can act further 
on 5HMC to yield 5-formylcytosine and carboxylcytosine  [  10–  12  ] . 

 The N-terminal tails of histone proteins are modi fi ed by acetylation, methylation, 
phosphorylation, ubiquitylation, crotonylation  [  13  ] , and other covalent modi fi cations. 
At some histone residues, such as histone H3 lysine 4 (H3K4), methylation can be 
mono-, di-, or tri-methyl. Furthermore, multiple types of modi fi cations can exist on a 
single histone molecule. In addition to DNA methylation and histone modi fi cations, 
there are other interrelated, potentially epigenetic mechanisms including speci fi c depo-
sition of histone variants, noncoding RNAs, chromatin remodeling, and nuclear orga-
nization, which are not discussed here. Current epigenomic methods, especially those 
making use of next-generation sequencing, provide powerful tools to map 5MC, 
5HMC, and histone modi fi cations at high resolution across the genome. However, 
there are many considerations for selecting the most suitable method, including ease of 
use, cost, resolution, speci fi city, quantitation, and availability of computational meth-
ods to analyze the data. We describe current epigenomic methods below, focusing pri-
marily on genome-scale mapping methods that use next-generation sequencing.  

    15.2   Methods for Measurement of DNA Methylation 
and Hydroxymethylation 

 There are three main approaches to detect 5MC and 5HMC. Methyl-sensitive 
restriction enzymes (MRE) cut DNA based on methylation status of cytosines 
within their recognition sequences (Fig.  15.1a ). A second approach includes 
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  Fig. 15.1    A summary of methods for direct detection of cytosine methylation and hydroxymethy-
lation. ( a ) Methylated DNA can be detected with methyl-sensitive restriction enzymes (MRE), the 
use of antibodies speci fi c for 5-methylcytosine (5MC), by binding to af fi nity columns that contain 
methylated DNA binding domains or by the conversion of DNA with sodium bisul fi te. It is impor-
tant to note that some MRE are also sensitive to hydroxymethylation. ( b ) Several methods have 
been developed to detect 5 hydroxymethylcytosine (5HMC). These include the addition of a biotin 
tag to 5HMC through glucosylation and subsequent chemical steps which is followed by an af fi nity 
pulldown of the biotin tag, the use of antibodies speci fi c for 5HMC and conversion of 5HMC to 
5-cytosine methylenesulfonate (MS) which is then immunoprecipitated with an antibody speci fi c 
to 5CMS.  Me  methylated cytosine;  hMe  hydroxymethylated cytosine;  Glu  glucosylated cytosine       
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 differential chemical conversion or enzymatic modi fi cation of cytosine according to 
methylation/hydroxymethylation status, such as sodium bisul fi te conversion and 
5HMC-speci fi c glucosylation. Third, enrichment methods include methyl DNA 
immunoprecipitation (MeDIP), hydroxyMeDIP (hMeDIP), and methyl binding 
domain (MBD) af fi nity puri fi cation that are used to enrich for methylated or 
hydroxymethylated regions. These approaches can be applied to investigate a single 
locus, hundreds of thousands of loci, or to all mappable sites genome-wide.  

    15.2.1   Overview of DNA Methylation Reagents 

 MRE have been used widely for precise, reliable, and inexpensive methylation 
detection. MRE only assay CpGs within their recognition sites but when multiple 
non-redundant and frequent-cutting MRE are used in parallel, this limitation is less 
problematic. There are approximately 50 unique MRE, though only a few have a 
methylation-insensitive isoschizomer. MRE can resolve the methylation status 
regionally or at individual CpGs, depending on the platform used following MRE 
digestion. Some MRE are inhibited by methylation or hydroxymethylation, for 
example,  Hpa II  [  10  ] . The reliability of MRE enables their straightforward applica-
tion to next-generation sequencing (MRE-seq) allowing analysis of greater than one 
million CpGs. 

 Antibodies against 5MC and 5HMC, and columns containing methylated DNA-
binding proteins (domains of MBD2 or MeCP2 alone, or MBD2b combination with 
MBD3L) allow enrichment for 5MC/5HMC independent of DNA sequence 
(Fig.  15.1a , b)  [  14–  17  ] . Enrichment is greater for regions with higher methylated 
CpG content relative to fully methylated regions with lower CpG content. These 
reagents are simple to use and many are commercially available. The lower-limit of 
resolution is determined initially by the size range of DNA prior to enrichment, 
generally 100–300 bp, and subsequently by the platform used to assess the enrich-
ment, commonly oligonucleotide arrays and next-generation sequencing. 

 Chemicals including sodium bisul fi te and hydrazine react differentially with 
unmethylated vs. methylated cytosine and allow DNA methylation mapping at sin-
gle base resolution (Fig.  15.1a )  [  18–  20  ] . Of these, sodium bisul fi te is the most com-
monly used as it results in a positive display of methylation, among other advantages. 
Sodium bisul fi te initiates conversion of cytosine to uracil, which is replaced by 
thymine during PCR ampli fi cation. In contrast, methylated cytosines are non-
reactive, and remain as cytosine after bisul fi te treatment. Sequencing of individual 
clones of the PCR product allows assessment of methylation status of contiguous 
CpGs derived from a single genomic DNA fragment. Bisul fi te has many advan-
tages, including single CpG resolution, detection of strand and allele-speci fi c meth-
ylation, and detection of non-CpG cytosine methylation. Unlike other 
methylation-detection reagents, bisul fi te provides estimates of absolute rather than 
relative DNA methylation levels, depending on the platform used. The reduced 
sequence complexity of the genome following bisul fi te treatment complicates its 
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application to oligonucleotide arrays  [  21  ] , but is not a major issue when a  sequencing 
platform is used. Hydroxymethylated cytosines are resistant to conversion to uracil 
and are indistinguishable from 5MC in bisul fi te sequencing. The reaction of 5HMC 
with bisul fi te yields cytosine methylenesulfonate, which can be speci fi cally detected 
with an af fi nity method  [  22  ] . Alternatively, the hydroxyl group of 5HMC can be 
enzymatically glucosylated and biotin labeled to detect 5HMC  [  22,   23  ] .  

    15.2.2   Methyl-Sensitive Restriction Enzyme Methods 

 The HTF ( Hpa II tiny fragments) enrichment by ligation-mediated PCR, or HELP 
assay, uses the methyl-sensitive  Hpa II along with its methylation-insensitive iso-
schizomer  Msp I to identify unmethylated CpG sites within the sequence 5 ¢ -CCGG-
3 ¢   [  24  ] . Genomic DNA digested separately with each enzyme is size-selected to 
capture small DNA fragments. Custom adaptors complementary to digest ends are 
ligated and the adaptor-ligated molecules are ampli fi ed by PCR. The ampli fi cation 
products can be analyzed using a variety of platforms, including next-generation 
sequencing on the Illumina platform (HELP-seq)  [  25  ] . Methyl-seq is a second 
Illumina sequencing-based assay that uses  Hpa II/ Msp I  [  26  ] . Similar to HELP, the 
protocol involves separate  Hpa II and  Msp I digests, adaptor ligation, and Illumina 
sequencing. Approximately 65% of the CpG islands (CGIs) in the human genome 
are sampled using Methyl-seq. MRE methods are generally biased to CGIs, which 
constitute 1–2% of the genome and 7% of all CpGs in the genome. Methyl-seq is 
similarly biased, though non-CGI sites account for ~61% of the regions assayed, 
including a variety of genomic sequences such as promoters, exons, introns, and 
intergenic regions. 

 Ball et al. reported a third variation of MRE-seq, using  Hpa II/ Msp I digestion 
with Illumina sequencing to analyze DNA methylation in the PGP1 EBV-transformed 
B-lymphocyte cell line  [  27  ] . This approach, termed methyl-sensitive cut counting 
(MSCC), assayed ~1.4 million unique  Hpa II sites. Using MSCC and a complemen-
tary method, bisul fi te padlock probe sequencing (BSPP) to assay the methylation 
status of approximately 10,000 CpGs, highly expressed genes were found to be 
associated with high gene-body methylation and low promoter methylation. MSCC 
read counts were linearly related to BSPP percent methylation at 381 CpG sites that 
were assayed with both methods, suggesting that MSCC allows relative quanti fi cation 
of methylation levels. 

 DNA methylation has also been assessed through traditional Sanger sequencing 
combined with MRE in digital karyotyping  [  28,   29  ] . Using a combination of MRE 
that recognize 6–8 bp sites and methylation insensitive restriction enzymes, a library 
of short sequence tags is generated. The number of tags sequenced re fl ects the level 
of methylation at each recognition site, with lower tag counts representing greater 
methylation levels. In this method, the number of sites analyzed depends on the 
MRE used—use of  Asc I, for example, can generate over 5,000 unique tags that cor-
respond to >4,000 genes. 
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 These sequencing-based methods demonstrate the utility of MRE for analysis of 
DNA methylation. The single CpG resolution and ability to assay a signi fi cant por-
tion of the methylome with next-generation sequencing, including most CGIs, 
makes this a powerful, accurate, and straightforward way to assess methylation 
across the genome. When used alone, the MRE-seq methods enable relative rather 
than absolute methylation levels to be estimated. An integrative method  [  30,   31  ]  
that combines MRE-seq in parallel with MeDIP-seq to increase resolution, CpG 
coverage, and accuracy in quantitation is discussed below.  

    15.2.3    Mcr BC and CHARM 

 The methylation-dependent restriction enzyme  Mcr BC recognizes methylated DNA 
and cuts near its recognition sequence.  Mcr BC recognizes R m C(N) 

55–103
 R m C and 

cuts once between each pair of half-sites, close to one half-site or the other. The cuts 
can be distributed over several base pairs and approximately 30 base pairs distant 
from the methylated base, generating a distribution of DNA ends rather than pre-
cisely de fi ned DNA ends.  Mcr BC is useful to size-separate methylated DNA from 
unmethylated DNA, since the unmethylated DNA remains high-molecular weight 
after digestion.  Mcr BC was initially applied to microarrays  [  32  ] . 

 The “comprehensive high-throughput arrays for relative methylation” (CHARM) 
method is an array-based technique for methylation pro fi ling using  Mcr BC  [  33  ] . To 
improve speci fi city and sensitivity, probes were optimized based on location and 
CpG density on custom arrays. Because neighboring CpG sites tend to have a highly 
correlated methylation status, neighboring probe signals are averaged to reduce 
background noise without loss of sensitivity or speci fi city, though modestly reduc-
ing resolution. By comparing CHARM to MeDIP or  Hpa II on arrays, Irizarry et al. 
showed that  Mcr BC yields better methylome coverage than  Hpa II and less bias for 
CpG density than MeDIP. Using CHARM, aberrant DNA methylation was found in 
colon cancer at sequences up to 2 kb  fl anking CGIs, referred to as CGI shores  [  34  ] . 
These data demonstrate the utility of  Mcr BC-based methylation detection, and the 
new biological insights afforded by the CHARM method.  

    15.2.4   Methyl DNA Immunoprecipitation 

 In addition to MRE and  Mcr BC, methylation can be assessed by immunopre-
cipitation of methylated DNA with a monoclonal antibody against 5-methylcy-
tidine (MeDIP)  [  14  ] . This antibody does not recognize 5HMC  [  35  ] , which can 
be speci fi cally immunoprecipitated with an anti-5HMC antibody  [  36–  39  ] . A 
major advantage of MeDIP-based detection is that it is not limited to a speci fi c 
restriction site and theoretically any fragment with a methylated cytosine is 
immunoprecipitated. One approach involves the coupling of MeDIP with DNA 
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microarrays to obtain relative methylation levels at the loci represented on the 
array  [  14,   40–  44  ] . 

 MeDIP combined with next-generation sequencing (MeDIP-seq) can be used to 
interrogate the majority of mappable CpG and non-CpG cytosines in the genome. In 
a step forward from array-based methods, MeDIP-seq allows analysis of monoal-
lelic methylation and methylation in a signi fi cant number of repeat sequences. Most 
protocols generate a MeDIP sequencing library by sonicating DNA followed by 
end-repair, adaptor ligation, immunoprecipitation with the anti-methylcytidine anti-
body and PCR ampli fi cation. The methylation-enriched library is sequenced and the 
reads are mapped back to a reference genome. A speci fi c genomic region shows 
higher read density when methylated in one sample compared to when the same 
region is unmethylated in another sample, although read density between different 
regions is affected by the density of methylated CpGs, DNA copy number, and 
potentially other factors (discussed in Robinson et al.  [  45,   46  ] ). These consider-
ations are also important for MBD af fi nity-based approaches. MeDIP-seq has been 
applied to a variety of sample types from multiple organisms including human can-
cer  [  30,   31,   47–  53  ] . 

 Several computational methods have been speci fi cally designed for analyzing 
MeDIP data while addressing local density of methylated CpGs. MEDME (model-
ing experimental data with MeDIP enrichment) is a combination of analytical and 
experimental methodologies that improve the interpretation of MeDIP-chip data, 
and addresses the non-linear relationship between enrichment signal and CpG den-
sity that is particular to MeDIP-chip  [  54  ] . A second analytical method for MeDIP-
chip and also MeDIP–seq data called Bayesian tool for methylation analysis 
(BATMAN) uses a CpG density-derived coupling factor to quantify methylation 
levels across a range of CpG densities  [  47  ] . MEDIPS is a third approach that, like 
BATMAN, uses a CpG density coupling factor and in addition provides a frame-
work for evaluating quality control parameters, estimating absolute methylation and 
comparing samples to detect regions of statistically signi fi cant differential methyla-
tion  [  51  ] . MeDIP-chip and MeDIP-seq are lower resolution compared to bisul fi te-
based methods. On the other hand, MeDIP-seq provides comprehensive methylome 
coverage at a fraction of the cost of shotgun bisul fi te sequencing. Experimental and 
computational advances should enable increased resolution and quantitation of 
methylation levels using MeDIP-seq alone or in combination with MRE-seq.  

    15.2.5   Af fi nity-Based Enrichment Using Methyl 
Binding Domains 

 The Methylated CpG Island Recovery Assay (MIRA) is an alternative to MeDIP for 
selecting/enriching for methylated DNA, particularly at CGIs  [  15–  17  ] . MIRA 
involves size fractionation of DNA, either by sonication or with  Mse I which recog-
nizes 5 ¢ -TTAA, a site that is typically found outside of CGIs. After digestion, adap-
tors are ligated to the DNA followed by selective binding of methylated fragments 
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on a column with full-length MBD2b and MBD3L1 proteins. MBD2b is a methyl-
binding protein that exhibits a high af fi nity for methylated DNA relative to unm-
ethylated DNA  [  15  ] . MBD3L1 lacks a methyl-CpG binding domain but can interact 
with MBD2b and improves enrichment of methylated DNA  [  15  ] . The methylated 
DNA eluted from the column is ampli fi ed by PCR,  fl uorescently labeled and hybrid-
ized to a microarray. 

 There are several similar approaches that combine af fi nity enrichment with 
Illumina sequencing. In MethylCap-seq, the MBD of MeCP2 is used to cap-
ture methylated DNA fragments after sonication  [  52,   55  ] . Binding occurs at 
low salt concentration and then a step-wise elution of captured DNA is per-
formed by increasing the salt concentration, allowing collection of fractions 
with differing methylated CpG density, with highly methylated, CpG-dense 
fragments eluting at the higher salt concentrations. The eluates can be 
sequenced separately or pooled. The MBD2 MBD alone can be used for 
enrichment followed by Illumina sequencing, called MBD-isolated Genome 
Sequencing (MiGS)  [  56  ] . In this protocol, a single elution is performed. 
MBD2 enrichment with serial elution in increasing salt has been called MBD-
seq  [  31,   57  ]  or MBDCap-seq  [  45  ] . 

 Several studies have directly compared MeDIP-seq with MBD af fi nity-based 
sequencing. Harris et al. found that MeDIP-seq and MBD-seq were 99% concor-
dant using binary methylation calls in 200 bp windows or 1,000 bp windows  [  31  ] . 
MeDIP-seq enriched more at regions of low methylated CpG density compared to 
MBD-seq. Also, MeDIP-seq appeared to detect non-CpG methylation (i.e., at 
CpNpG) but MBD-seq did not, as predicted. Bock et al. compared MeDIP-seq with 
MethylCap-seq and observed similar levels of accuracy in quantifying methylation 
when comparing each to In fi nium 27 K data. In both of these studies, MeDIP-seq 
and MBD af fi nity-based sequencing performed well in comparison with bisul fi te 
next-generation sequencing.  

    15.2.6   Integrative MeDIP- and MRE-seq 

 MeDIP-seq and other af fi nity-based methods provide a positive display of methy-
lated loci, and the absence of signal usually represents unmethylated loci, but also 
could be a result of regions that are dif fi cult to PCR amplify or sequence, or 
insuf fi cient sequencing depth. A method that combines MeDIP-seq with MRE-seq 
leverages their complementarity  [  30,   31,   58  ] . Independent MeDIP-seq and MRE-
seq libraries are generated from the same DNA sample and sequenced separately. 
For MRE-seq, three to  fi ve parallel digests are performed using the MRE  Hpa II, 
 Aci I,  Hin 61,  Bsh 1236I, and  Hpy CH4IV; the digests are size-selected and combined 
into a single library. Because the restriction sites from these enzymes are non-over-
lapping, each additional enzyme greatly increases coverage of unique CpG sites. At 
a moderate sequencing depth integrated MeDIP- and 3 enzyme MRE-seq together 
interrogate either uniquely or as multimapping sites ~22 million of the ~29 million 
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CpGs in the haploid human genome  [  31  ] . The integrative method is useful for 
detecting intermediate methylation, including regions of allelic methylation that 
overlap with monoallelic histone modi fi cations and monoallelic gene expression 
 [  31  ] . This illustrates another signi fi cant advantage of sequencing-based epigenome 
analyses—the ability to assign an epigenetic state to a given genetic allele. For 
extensive DNA methylation pro fi les of human cells and tissues, see   http://vizhub.
wustl.edu/    .  

    15.2.7   Indirect Methylation Detection with Demethylating 
Agents and Expression Arrays 

 Genetic or chemical inhibition of DNA methylation followed by expression array 
analysis can identify genes that may have been silenced by DNA methylation  [  59–
  63  ] . siRNA or shRNA can be used to knock down the DNA methyltransferases, or 
cell lines can be treated with demethylating agents such as 5-aza-2 ¢ deoxycytidine 
(5-aza) alone, or 5-aza in combination with histone deacetylase inhibitors. 5-aza is 
a cytidine analog that is incorporated into DNA and covalently binds and inhibits 
DNA methyltransferase, resulting in passive demethylation. 5-aza treatment results 
in activation of genes that were silenced by DNA methylation, provided that the 
appropriate transcription factors are present. However, interpretation of this indi-
rect assessment of methylation is complicated by the fact that genes lacking pro-
moter methylation may also exhibit an increase in expression following 5-aza 
treatment  [  64  ] . Presumably this results from demethylation at other loci within the 
same gene or in genes upstream that are required for its expression, though direct 
effects on unmethylated regulatory elements cannot be ruled out. Furthermore, this 
approach is best applied to cells grown in culture such as cell lines or early passage 
primary cells  [  65  ] , as 5-aza requires replication to induce passive demethylation. 
The application of this approach to cultured tumor cells is complicated by epige-
netic silencing that results from long-term culturing, rather than cancer or cell 
type-speci fi city.  

    15.2.8   Reduced Representation Bisul fi te Sequencing 

 Bisul fi te treatment converts unmethylated cytosines to uracil but methylcytosine 
and hydroxymethylcytosine are resistant to conversion. When followed by cloning 
and Sanger sequencing, this approach yields quantitative, allelic, contiguous, and 
base resolution of cytosine methylation. However, the shotgun bisul fi te approach 
has been quite expensive for mammalian methylomes. It is important to note that 
hydroxymethylcytosine and methylcytosine cannot be distinguished by bisul fi te 
sequencing as both block conversion. 

http://vizhub.wustl.edu/
http://vizhub.wustl.edu/
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 To retain the advantages of methylation detection by bisul fi te while reducing the 
cost of shotgun bisul fi te sequencing, Meissner et al. developed a technique that 
interrogates DNA fragments from a reduced representation of the bisul fi te-treated 
genome  [  66–  68  ] . The reduction comes from DNA digestion with methylation-
insensitive restriction enzyme  Msp I and fragment size selection. After digestion, the 
ends of the DNA are  fi lled-in with dGTP and methylated dCTP, followed by the 
addition of an A overhang to enable adaptor ligation. The adaptors used for this 
assay are methylated at cytosine residues to prevent conversion during bisul fi te 
treatment. The adaptor-ligated DNA is then size selected on a gel and two fractions 
are excised—the sizes of which depend on the organism. For mouse DNA, approxi-
mately 300,000  Msp I fragments that span 40–220 bp are analyzed, which corre-
sponds to nearly 1.4 million CpG sites analyzed at the nucleotide level  [  67  ] . These 
fragments are then bisul fi te treated, PCR ampli fi ed, and size selected again to gen-
erate a sequencing library. Several factors must be considered with this approach. 
First, the choice of a restriction enzyme to fractionate the DNA will bias the portion 
of the genome that is represented. A second consideration is the process of mapping 
reads of bisul fi te-converted DNA to the genome. Several mapping algorithms for 
“bisul fi te genomes” have been developed  [  67,   69–  71  ] . Compared to other sequenc-
ing methods, reduced representation bisul fi te sequencing (RRBS) provides an 
ef fi cient way to generate absolute quanti fi cation of methylation of more than one 
million CpG sites at single base pair resolution. Methylation at non-CpG cytosines 
can also be assessed by RRBS  [  8  ] . RRBS has been successfully applied to nano-
gram quantities of genomic DNA  [  72  ]  and to large numbers of human cell and tis-
sue types (  http://vizhub.wustl.edu/    ).  

    15.2.9   Shotgun Bisul fi te Sequencing 

 Shotgun sequencing of bisul fi te-treated DNA has been successfully applied to sev-
eral organisms, including humans  [  7,   69,   70,   73–  78  ]  and provides comprehensive, 
single cytosine quanti fi cation of methylation level when sequence coverage is 
suf fi ciently deep. A single-CpG-resolution shotgun bisul fi te experiment on human 
DNA requires hundreds of millions of sequencing reads, with the exact number 
varying depending on the desired sequencing depth and on read lengths  [  78  ] . Many 
regions >200 bp in the mammalian genome do not contain CpGs and thus a large 
number of sequence reads may be uninformative, at least for CpG methylation. 
Prior selection of sequences, for example, through sequence capture methodology, 
or enrichment of methylated DNA or unmethylated DNA followed by shotgun 
sequencing could increase the ef fi ciency and decrease the cost of this approach. 
Bisul fi te sequencing that  fi rst employs selective “reduction” of the genome (e.g., 
RRBS) is far less expensive. Nevertheless, the cost of sequencing full DNA methy-
lomes has decreased 20-fold since the  fi rst human methylome  [  7  ] . Shotgun bisul fi te 
methylomes have been generated for a breast cancer cell line and primary human 

http://vizhub.wustl.edu/
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mammary epithelial cells  [  79  ]  and primary colorectal cancer and adjacent normal 
colon tissue  [  80  ] . 

 RRBS and shotgun bisul fi te sequencing require algorithms that are tailored to 
mapping the sequence reads from bisul fi te-treated DNA back onto the genome. 
Several algorithms have been developed for this computationally intensive problem 
 [  67,   69–  71,   81,   82  ] . The reduction in base complexity from the bisul fi te conversion 
and the fact that a CpG can be methylated or unmethylated are issues that are 
addressable though complex when aligning bisul fi te reads. Due to the bisul fi te con-
version process, the forward and reverse strands of DNA are no longer complemen-
tary and the sequence reads therefore are aligned to four different bisul fi te-converted 
genomes: forward BS, forward BS reverse complement, reverse BS, reverse BS 
reverse complement). Thus, for this mapping there is increased search space along 
with a reduction of sequence complexity, requiring signi fi cant computation time for 
the read mapping  [  31  ] .  

    15.2.10   Other Bisul fi te Methods 

 Illumina In fi nium methylation assays are mid-range platforms using bisul fi te con-
version and bead arrays to quantify methylation levels at individual CpGs. The 
HumanMethylation27 and HumanMethylation450 formats interrogate 27,578 and 
>450,000 CpGs, respectively. Bead-bound oligonucleotides corresponding to the 
methylated and unmethylated states of a single CpG site are hybridized to bisul fi te-
converted DNA and differentially labeled with Cy3 or Cy5. The methylation level 
is determined by the ratio of Cy3 and Cy5  fl uorescence on the bead array. The 
HumanMethylation27 BeadChip interrogates 12 samples at a time and includes 
probes from 1,000 cancer-related genes and from putative promoters of 110 miRNA, 
among others. While there are on average 2 CpG sites assayed per gene for the 
majority of genes, 150 genes known to exhibit aberrant tumor-speci fi c methylation 
are assayed at 5–10 CpGs each. The vast majority of 27 K probes are located in 
promoters. The 450 K platform expands the genomic regions that are assayed by 
In fi nium. Genes are broadly pro fi led, with probes in the promoter, 5 ¢  UTR,  fi rst 
exon, gene body, and 3 ¢  UTR. Ninety nine percent of CGIs have probes, and the 
CGI shores, 2 kb regions  fl anking CGIs, and regions  fl anking shores, called 
“shelves,” are also examined for most CGIs. Like the 27 K assay, a single 450 
BeadChip can assay 12 samples. Both versions require 500 ng of DNA prior to 
bisul fi te conversion. These methods do not assess multiple closely apposed CpGs 
individually, and such regions are generally avoided in the assay development. This 
bias is likely to impact biological insights drawn from this data. 

 Another bisul fi te-based method, the Sequenom EpiTyper assay, utilizes MALDI-
TOF mass spectrometry to analyze RNA cleavage fragments derived from post-
bisul fi te PCR products that contain a promoter to drive transcription  [  83,   84  ] . This 
unique assay allows high-throughput quantitative methylation analysis at hundreds 
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of loci, usually at single CpG resolution, and is quite useful for candidate loci in 
hundreds of samples, or as a follow-up to genome-wide pro fi ling. 

 BSPPs are molecular inversion probes designed to target and capture speci fi c 
CpG sites from bisul fi te-converted DNA  [  27,   85  ] . The strategy is similar to RRBS 
in that a subset of CpG sites are analyzed by bisul fi te sequencing to reduce the 
genomic space that must be covered, but with the advantage that particular CpGs 
can be assayed, instead of only those located within a set of restriction fragments. 
Tens of thousands of BSPPs can be ampli fi ed in single reaction and sequenced on 
the Illumina platform. Deng et al. were able to assay ~66,000 CpG sites, primarily 
in CGIs  [  85  ] . A prominent advantage of this technology is that it is customizable 
and can target a speci fi c set of CpG sites of interest to the investigator.   

    15.3   Detection of 5-Hydroxymethylcytosine 

 5HMC is abundant in mammalian genomes. The tissue-speci fi city, genomic distri-
bution, and functional signi fi cance of 5HMC are under investigation. Pre-existing 
5MC is hydroxylated by the TET family of dioxygenases (TET1, TET2, and TET3) 
to yield 5HMC  [  10,   86  ] . TET proteins can further modify 5HMC resulting in form-
ylmethylcytosine, carboxymethylcytosine, and possibly through steps mediated by 
base excision repair, unmodi fi ed cytosine  [  11,   12  ] .  TET1  is an  MLL  translocation 
partner in acute myeloid leukemia  [  87,   88  ]  and  TET2  mutations occur in myeloid 
malignancies associated with decreased 5HMC  [  89  ] , suggesting that dysregulation 
of 5HMC plays a role in cancer. 

 Detecting and quantifying 5HMC is challenging because many reagents used for 
detecting 5MC do not distinguish 5HMC from 5MC. Like 5MC, 5HMC is resistant 
to C-to-U transition following bisul fi te treatment  [  90  ] , and these bases are indistin-
guishable by bisul fi te cloning and sequencing or other bisul fi te-based methods. In 
addition, 5HMC reacts with bisul fi te to yield cytosine 5-methylenesulfonate (CMS) 
and DNA with dense CMS is inef fi ciently ampli fi ed during PCR due to  Taq  poly-
merase stalling at CMS sites  [  90  ] . As a result, quanti fi cation of hydroxymethylation 
in regions of dense 5HMC, if they exist in some biological contexts, may be under-
estimated with bisul fi te-based methods. MRE-based methods also do not distin-
guish 5MC from 5HMC, depending on the enzymes used, such as  Hpa II, which is 
inhibited by 5MC or 5HMC in its recognition sequence  [  10  ] . Finally, af fi nity-based 
5MC methods (MeDIP-seq, MBD-seq, etc.) are speci fi c to 5MC and do not detect 
5HMC directly, but could indirectly enrich for regions with 5HMC when it occurs 
on the same DNA fragment as 5MC  [  35  ] . 

 Global quanti fi cation of 5HMC levels (measuring the relative or absolute amount 
of 5HMC present within a DNA sample) can be assayed by thin layer chromatogra-
phy (TLC)  [  9,   10  ]  and high-performance liquid chromatography-mass spectrometry 
(HPLC-MS)  [  9,   91  ] . Recently, a profusion of 5HMC mapping techniques have also 
been developed, many of which can be employed for genome-wide analysis. 
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    15.3.1   5HMC Glucosylation Methods 

 There are several methods based on in vitro glucosylation of 5HMC in DNA that 
can be used for global quanti fi cation or mapping of 5HMC. These methods use 
bacteriophage T4 beta-glucosyltransferase (BGT) to catalyze the addition of a glu-
cose moiety to the hydroxyl group of 5HMC. For global quanti fi cation, a radiola-
beled substrate (uridine 5 ¢ -diphosphate-[ 3 H]-glucose) is used in the BGT-catalyzed 
reaction. The amount of labeled substrate incorporated is compared to standards, 
allowing absolute quanti fi cation  [  92  ] . A mapping method called GLIB (glucosyla-
tion, periodate oxidation, biotinylation) combines glucosylation by BGT with sub-
sequent chemical reactions, resulting in the addition of two biotin molecules to each 
5HMC  [  22  ] . The biotin-tagged 5HMC DNA is then pulled down with streptavidin 
and sequenced on the Helicos single molecule platform. GLIB has high sensitivity, 
with 90% recovery of DNA fragments containing a single 5HMC molecule. Song 
et al. present a second mapping method, in which a chemically engineered glucose 
containing an azide group is transferred to 5HMC by BGT  [  23  ] . The azide group is 
then chemically tagged with biotin and af fi nity enriched, with global quanti fi cation 
performed using avidin-horseradish peroxidase and genome-wide mapping through 
Illumina sequencing. Finally, a method has been developed utilizing the restriction 
endonuclease  Msp I, which cuts C m CGG and C hm CGG, but not C gluc CGG sites. 
Locus-speci fi c 5HMC can be estimated using  Msp I digestion on BGT-modi fi ed 
DNA followed by quantitative PCR across the cleavage site  [  36,   93  ] .  

    15.3.2   5HMC Af fi nity Enrichment Methods 

 There are two enrichment methods for 5HMC based on antibodies that detect 5HMC 
itself or 5-cytosine methylenesulfonate (CMS), the product of reacting 5HMC with 
sodium bisul fi te. The 5HMC antibody with sequencing approach, hMeDIP-seq 
 [  36–  39  ] , is similar to MeDIP-seq, and informatic tools originally developed for 
MeDIP-seq data have been employed in hMeDIP-seq. Monoclonal and polyclonal 
anti-5HMC antibodies are commercially available, but their 5HMC-density depen-
dence  [  22,   89  ] , along with the relatively low genomic abundance of 5HMC in some 
tissues, might result in inef fi cient pulldown of 5HMC-sparse regions. The anti-CMS 
antibody sequencing approach was developed as a more sensitive, less density-
dependent alternative to hMeDIP-seq  [  22  ] . CMS pulldown had lower background 
and decreased density dependence compared to commercial anti-5HMC antibodies. 
CMS-enriched libraries were sequenced on the Illumina platform. Since Illumina 
library construction protocols usually require at least one PCR step, the tendency of 
 Taq  polymerase to stall at regions of dense CMS could be problematic. 

 The rapid development of methods for the detection and quanti fi cation of 5HMC 
has paralleled the exciting pace of discovery of the distribution and potential 
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 functional roles of this “sixth base.” Computational tools that are speci fi c for 
hMeDIP-seq and CMS-pulldown have not been reported yet. For hMeDIP-seq, 
tools developed for MeDIP-seq, such as MEDIPS  [  51  ]  have been adapted  [  38  ] . 
Stroud et al. used SICER, which was originally developed for analyzing chromatin 
immunoprecipitation-sequencing (ChIP-seq) data for diffusely distributed histone 
modi fi cations, to de fi ne regions of 5HMC enrichment  [  39  ] . The next generation of 
genome-wide mapping methods for 5HMC may involve direct detection of the 
modi fi ed base by single molecule sequencing  [  23,   94  ] .   

    15.4   Chromatin Immunoprecipitation-Sequencing 

 Alterations in histone modi fi cation patterns and transcription factor binding impact 
gene expression and have been implicated in tumorigenesis, cancer cell stemness, 
metastasis, and drug resistance  [  95–  98  ] . Chromatin immunoprecipitation coupled 
with next-generation sequencing (ChIP-seq) has become the gold standard to study 
histone modi fi cations and transcription factor binding genome-wide. It provides 
higher resolution, improved signal-to-noise ratios, and when using indexed librar-
ies, it is less expensive than coupling ChIP with microarrays (ChIP-chip)  [  99  ] . Fresh 
or fresh frozen tissue or cells are either kept native (N-ChIP)  [  100  ]  or formaldehyde 
cross-linked to preserve weaker DNA–protein interactions (X-ChIP)  [  101  ] , fol-
lowed by cell lysis (Fig.  15.2 ). N-ChIP is primarily used for histone modi fi cations, 
where the DNA histone interactions are inherently strong  [  99  ] . Antibody speci fi city 
and immunoprecipitation are more ef fi cient with N-ChIP as epitopes can be dis-
rupted by formaldehyde  [  100  ] , however, N-ChIP cannot be applied to proteins with 
lower DNA binding af fi nities such as transcription factors. Cross-linking amelio-
rates this problem, and minimizes stochastic nucleosome movement that can occur 
during N-ChIP  [  100  ] , however, it also may  fi x transient non-functional interactions 
and reacts at lysines which may create biases. Native or cross-linked chromatin is 
then fragmented by sonication or microccocal nuclease (MNase) digestion. Both 
methods impart bias in downstream sequencing  [  102  ] . MNase creates higher resolu-
tion, primarily mononucleosome (~146 bp) fragments, but is less ef fi cient at cutting 
between G and C bases, creating greater fragmentation bias  [  103,   104  ] . In contrast, 
sonication provides decreased resolution (200–600 bp) but is more uniform  [  99  ] . 
Fragmented chromatin is immunoprecipitated with an antibody that speci fi cally 
recognizes the epitope of interest. The success of ChIP reactions is dependent on 
antibody quality. Polyclonal antibodies are advantageous for X-ChIP experiments, 
as they reduce the chance of cross-linking destroying antibody interactions  [  101  ] , 
but may have increased cross-reactivity. Relative enrichment of ChIP DNA is 
assayed via qPCR. Enrichment varies greatly with the protein of interest, antibody 
quality, and positive and negative control regions of the genome that are used. To 
minimize the number of reads contributing to background noise, it is common to 
require greater enrichment in ChIP-seq (5–50-fold) when compared to single locus 
ChIP-PCR  [  102  ] . Puri fi ed ChIP DNA sequencing libraries are constructed by end 
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repair, A base addition, adapter ligation, PCR ampli fi cation and size selection. 
Additional bias may occur during library construction and PCR ampli fi cation, as 
both GC-rich and GC-poor regions are underrepresented  [  99,   102  ] . The total num-
ber of sequence reads required depends on the quality of ChIP enrichment, the 
expected number of peaks and peak size, but sequencing multiple-indexed ChIP 
libraries in a single lane is common practice.  

  Fig. 15.2    Overview of chromatin immunoprecipitation-sequencing. DNA is fractionated via soni-
cation (~200–600 bp) or with micrococcal nuclease (~146 bp). The fractionated DNA is then 
immunoprecipitated (IP) with a target antibody and an isotype control antibody. The ef fi ciency of 
the immunoprecipitation is assayed by quantitative PCR, testing regions that are known to be 
bound (site A, positive control) or not bound (site B, negative control). The enriched DNA is then 
used to generate a DNA sequencing library, which is sequenced and reads are aligned to the appro-
priate genome. Each read is depicted as a  grey line , the read densities are displayed above in  green  
and a gene is shown in  blue . Finally, the aligned reads are used to generate peaks that mark regions 
of statistically signi fi cant enrichment of reads for the IP of the histone mark or chromatin protein 
of interest       
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    15.4.1   ChIP-seq Data Analysis 

 Transforming the millions of sequencing reads generated by ChIP-seq into biologi-
cally interpretable data is a computationally demanding, multi-step process for 
which a variety of tools have been developed. While many tools address the same 
problem, each tool is different and can impact the  fi nal result. The  fi rst and most 
resource-intensive step is aligning the sequence reads to the genome. Most sequenc-
ing platforms come with alignment pipelines, however, third-party aligners are 
commonly used, such as MAQ  [  105  ] , Bowtie  [  106  ] , BWA  [  107  ] , SOAP  [  108,   109  ] , 
and PASH  [  110  ] . These packages differ by alignment algorithm, as well as how 
multi-aligning reads and gapped vs. un-gapped alignments are handled, resulting in 
differences in sensitivity and speci fi city. For most cancer samples a gapped aligner 
is preferred to allow for the variety of genetic aberrations accumulated in the tumor. 
Aligned reads are then analyzed to  fi nd enriched areas or “peaks” in the genome, for 
which a number of “peak calling” algorithms have been created  [  99,   111  ] . Though 
the exact method varies between programs, most shift tags based on chromatin frag-
ment size to accumulate tags near the true binding site and increase peak resolution 
 [  111  ] . Regions of statistical enrichment of IP tags relative to a background control 
are calculated. The most commonly used control is input DNA isolated from the 
same chromatin batch as the ChIP  [  99  ] . This reduces false positives introduced from 
fragmentation and mappability biases, and controls for genetic differences such as 
copy number alterations that affect read density. Finally, peaks are  fi ltered based on 
uneven distributions of sense and antisense tag accumulation  [  111  ] . Most current 
peak callers identify focal enrichments such as transcription factor binding sites, 
however, some have been developed for broader marks like histone modi fi cations 
associated with heterochromatin  [  112–  114  ] . Many groups are actively researching 
ways to reduce noise and increase true positives.  

    15.4.2   Application of ChIP-seq to Cancer Epigenomes 

 The network of transcription regulatory factor interactions and their effects on gene 
expression in cancer are under investigation. ChIP-seq was initially used to pro fi le 
T-cells, and since then a main focus has been on embryonic stem cells and cell lines 
 [  115–  117  ] . Recently, distinct chromatin states or “signatures” comprised of combi-
natorial histone marks have been linked to speci fi c functional genomic elements by 
integrating multiple ChIP-seq data across human cell lines  [  118–  120  ] . The combi-
natorial histone signatures identi fi ed in these studies have not been investigated in 
the context of tumor progression. Multidimensional epigenomic pro fi les of tumors 
also provide a novel means of sub-type classi fi cation, identifying prognostic mark-
ers, and insight into tumor cell of origin. ChIP-seq will also help the annotation and 
functional characterization of non-genic susceptibility loci, as has been recently 
performed in prostate cancer  [  121  ]  and in GWAS studies  [  120  ] . New techniques are 
being developed to perform ChIP-seq on a small number of cells, creating an 
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 opportunity to better analyze intratumoral heterogeneity of epigenomic patterns 
 [  122,   123  ] . Finally, chromosome conformation capture (3C) technology  [  124  ]  and 
its high-throughput derivatives (4C  [  125  ] , 5C  [  126  ] , Hi-C  [  127  ] , ChIP-Loop  [  128, 
  129  ] , ChIA-PET  [  130  ] ) detect distal DNA–DNA interactions (e.g., promoter-
enhancer), but can also be used to identify complex genomic rearrangements in 
cancers  [  131  ] . Coupling ChIP with 3C technologies followed by sequencing will 
likely be a powerful way to study how both epigenetic patterns and associated struc-
tural interactions change during the process of tumorigenesis.   

    15.5   Future Directions 

 Recent unanticipated data offer new understanding of, and stimulate new investiga-
tions into aberrant epigenetic patterns in cancer. First, promoters with polycomb-
mediated histone modi fi cations in ES cells are among those commonly aberrantly 
hypermethylated in adult tumors  [  132–  134  ] . Second, cancer-associated mutations 
occur in the DNA methyltransferase  DNMT3A   [  135,   136  ] , suggesting another pos-
sible origin of DNA methylation abnormalities, though this remains to be deter-
mined. Similarly, the occurrence of  TET1  translocation  [  87,   88  ]  and  TET2  mutations 
in cancer points to an etiologic role for these epigenetic regulators and their marks. 
Finally, human tissues harbor abundant 5HMC, a product of TET proteins acting on 
5MC, while cancers with TET mutations tend to have reduced 5HMC. 

 The future of cancer epigenomic methods will be shaped by two technological 
trends. First, the rapid pace of advances in next-generation sequencing will continue 
to improve 5MC/5HMC, histone modi fi cation, and chromatin conformation mapping. 
Genome-wide epigenomic experiments will become increasingly inexpensive and 
accessible, though paralleled with needs for increased computational power and data 
storage. Second, direct single molecule sequencing that distinguishes between 
modi fi ed bases without bisul fi te conversion could revolutionize mapping of 5MC and 
5HMC. For example, in single molecule real-time (SMRT) sequencing,  fl uorescently 
labeled nucleotides are incorporated by DNA polymerase on complementary DNA 
strands. Real-time monitoring of the kinetics of this process can identify both 
unmodi fi ed and modi fi ed bases, including N6-methyladenine, 5MC, and 5HMC  [  94  ] . 
SMRT sequencing has also been combined with selective glucosylation and cleavable 
biotin labeling of 5HMC to improve detection kinetics  [  23  ] . Similarly, the direct 
detection of modi fi ed bases via inexpensively produced nanopores, if they become 
amenable to high-throughput, could be technologically transformative  [  137  ] .      
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 Epigenetics refers to heritable changes in gene expression or genome function 
encoded by marks other than DNA base sequence; information literally “above” the 
level of genetics. Epigenetic marks include cytosine methylation and cytosine 
hydroxymethylation, histone tail modi fi cations, histone variants, and nucleosome 
positional information, all of which are resident along the DNA duplex. Epigenetic 
marks frequently show interdependent relationships, for example, the close associa-
tion of DNA methylation states with particular histone tail modi fi cations and his-
tone variants. From the standpoint of cell physiology, epigenetics provides a 
mechanism for cells to integrate environmental or intrinsic stimuli into heritable 
changes in genome function. From the standpoint of development, epigenetics pro-
vides a platform for cell differentiation and cell specialization, which in principle 
cannot simply be the consequence of DNA sequence. Most relevant to this book is 
the fact that changes in epigenetic states are now recognized to play a fundamental 
role in cancer development and progression. Cancer, almost uniquely among com-
mon human diseases, is characterized by natural selection for cellular variants with 
improved  fi tness, e.g., proliferative capacity and rate, evasion of cell death, invasive 
growth, migration to and proliferation at secondary sites, chemotherapy resistance, 
and a myriad of other naturally or arti fi cially selected phenotypes. Epigenetic 
changes play a key role in this phenotypic selection, possibly to an equal to or even 
greater extent than do genetic mutations. 

 As a  fi eld, cancer epigenetics has now reached young adulthood. The observations 
that started the  fi eld were of DNA hypomethylation changes in cancer in the 1980s, fol-
lowed by the discovery of DNA hypermethylation in cancer in the 1990s. In the last 
decade, additional alterations at other levels of epigenetic control (e.g., histone 
modi fi cations) have also been discovered and characterized in cancer. Also, over the past 
few years rapid progress has been made in translating the  fi ndings of epigenetic altera-
tions into new cancer biomarkers and therapeutic targets. One clear highlight in the  fi eld 
has been the FDA-approval of DNA methyltransferase (DNMT) inhibitors and histone 
deacetylase (HDAC) inhibitors to treat a select number of human malignancies. 

 The early work in cancer epigenetics was largely hypothesis or “candidate-gene” 
driven. More recent work using unbiased and global approaches (i.e., epigenomics) 
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have validated and greatly extended the early observations. Evidence now suggests 
that DNA hypomethylation is linked to oncogenic gene activation and genomic 
instability, and that DNA hypermethylation leads to tumor suppressor gene inactiva-
tion, including inactivation of DNA repair genes that also may promote genomic 
instability. Thus, epigenetic mutations (epimutations) appear to promote genetic 
mutations and genomic rearrangements in cancer. Intriguingly, a number of recent 
 fi ndings largely from cancer genome sequencing data suggest that genes involved in 
epigenetic control processes are commonly mutated in a variety of cancers, thus 
demonstrating that genetic changes can also promote epigenetic alterations in can-
cer. Taken together, the data now indicate that the roles of genetics and epigenetics 
in cancer development are highly intertwined. 

  Epigenetic Alterations in Oncogenesis  comprises 15 chapters contributed by lead-
ing active researchers in the  fi eld. The book is divided into three sections that run the 
gamut from a description of the basic epigenetic mechanisms that regulate gene expres-
sion in human cancer, to how alterations in epigenetic marks contribute to cancer biol-
ogy, and concluding with an account of the uses for epigenetic-targeted drugs to treat 
human cancer, as well as the analysis methods to decipher cancer epigenomes. 

 Part I,  Epigenetic Marks and Mechanisms , provides an introduction to the major 
epigenetic marks and how these are altered during oncogenesis. The part begins with 
a discussion by Jin and Robertson in Chap.   1     on cytosine DNMTs and DNA hyper-
methylation in cancer, and focuses particularly on the silencing of genes involved in 
DNA repair, which are a frequent target of hypermethylation. In addition, the authors 
summarize important recent work showing that DNMTs themselves participate in 
DNA repair processes. In Chap.   2    , Ehrlich and Lacey turn attention to the  fl ip side of 
the coin, DNA hypomethylation, which was the original epigenetic alteration 
observed in cancer. The authors discuss the diverse genomic contexts in which DNA 
hypomethylation can occur and present possible mechanisms to explain DNA 
hypomethylation in cancer. An exciting recent development in epigenetics is the dis-
covery of 5-hydroxymethylcytosine (5-hmC) as a novel epigenetic mark, which itself 
appears to be linked to DNA hypomethylation. The biological signi fi cance of 5-hmC 
as well as the enzymes that catalyze its formation (ten–eleven translocation or TET 
proteins, which can be mutated in cancer) is discussed by Kinney and Pradhan in 
Chap.   3    . In Chap.   4    , attention turns to altered histone modi fi cations in cancer with a 
detailed discussion by Campbell and Turner on how posttranslational histone 
modi fi cations are controlled under normal circumstances and the mechanisms driv-
ing their alteration in malignancy. A critical concept in epigenetics is that DNA 
methylation and histone modi fi cations ultimately impact gene expression and genome 
function via their effects on nucleosomes; the important topic of altered nucleosome 
occupancy in cancer is covered by Andreu-Vieyra and Liang in Chap.   5    . 

 Part III,  The Impact of Epigenetic Alterations on Cancer Biology , discusses how 
epigenetic changes contribute to critically important cancer phenotypes. The sec-
tion begins in Chap.   6    , where Fabbri and colleagues discuss miRNA expression 
alterations in cancer caused by epigenetic changes, including DNA methylation, 
histone modi fi cations, and Polycomb proteins. The importance of this concept is 
illustrated by the inherent capacity of altered miRNA expression to derange entire 
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transcriptional programs in cancer cells. A large family of genes known as cancer-
testis or cancer-germ line genes encodes antigens that are a major target of cancer 
vaccines. Additionally, a number of these genes have emerging oncogenic func-
tions. In Chap.   7    , De Smet and Loriot discuss how epigenetic mechanisms, most 
prominently DNA hypomethylation, lead to the activation of these genes in many 
human malignancies. Andersen and Jones follow this with a discussion in Chap.   8     
of how DNA methylation controls cell fate in the intestine and how, when the tumor 
suppressor gene adenomatous polyposis coli (APC) is lost, this promotes DNA 
hypomethylation and intestinal tumorigenesis. In Chap.   9    , Futscher describes how 
tractable cell model systems are being used to discern the temporal epigenetic alter-
ations that are linked to cell immortalization and transformation. It is now recog-
nized that epigenetic regulation lies at the heart of stem cell maintenance and 
differentiation. In Chap.   10    , Huang and colleagues discuss epigenetic regulation of 
mesenchymal stem cells (MSC) during tumorigenesis, and highlight recent work 
showing that targeted DNA methylation of tumor suppressor genes provides a model 
system to study MSC-driven tumorigenesis. 

 Part III,  Clinical Implications and Analysis Methods , provides an overview of 
important topics related to the utility of epigenetic alterations as cancer biomarkers 
and therapeutic targets, and provides a detailed overview of the methods used to 
decipher cancer epigenomes. In the past few years, a major link between environ-
mental toxicants, epigenetic changes, and cancer has become apparent. In Chap.   11    , 
Pogrinby and Rusyn discuss these developments as they pertain to chemical carcino-
gens such as arsenic, as well as other pharmaceutical and biological agents. While 
epigenetic alterations in cancer cells and tumor tissues is well established, emerging 
data suggest that systemic epigenetic changes (i.e., those affecting normal tissues) 
can also occur in cancer patients, as well as in individuals with elevated risk for can-
cer. Marsit and Christensen highlight the current research in this exciting and poten-
tially high impact area in Chap.   12    . Epigenetic therapies have entered the clinic and 
received their  fi rst widespread use in the context of myeloid malignancies, particu-
larly myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML). In 
Chap.   13    , Grif fi ths and Gore discuss the clinical work in this arena, with a focus on 
the FDA-approved azanucleosides 5-azacytidine (vidaza) and decitabine (dacogen), 
but also touching on HDAC inhibitors. In Chap.   14    , Balch and Nephew discuss how 
epigenetic therapies may be particularly well suited for chemotherapy sensitization 
to overcome drug resistance, and review the extensive preclinical work and rapidly 
accumulating clinical knowledge in this area. Finally, in Chap.   15    , Costello and col-
leagues review the approaches used for the analysis of cancer epigenomes. In par-
ticular, they discuss the methods appropriate for the analysis of cytosine methylation 
and hydroxymethylation, discuss next-generation sequencing approaches, and touch 
on the computational methods now being used to explore cancer epigenomes.

Omaha, Nebraska, USA Adam R. Karpf   
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  Abstract   The maintenance DNA methyltransferase (DNMT) 1 and the de novo 
methyltransferases DNMT3A and DNMT3B are all essential for mammalian devel-
opment. DNA methylation, catalyzed by the DNMTs, plays an important role in 
maintaining genome stability. Aberrant expression of DNMTs and disruption of 
DNA methylation patterns are closely associated with many forms of cancer, although 
the exact mechanisms underlying this link remain elusive. DNA damage repair sys-
tems have evolved to act as a genome-wide surveillance mechanism to maintain 
chromosome integrity by recognizing and repairing both exogenous and endogenous 
DNA insults. Impairment of these systems gives rise to mutations and directly con-
tributes to tumorigenesis. Evidence is mounting for a direct link between DNMTs, 
DNA methylation, and DNA damage repair systems, which provide new insight into 
the development of cancer. Like tumor suppressor genes, an array of DNA repair 
genes frequently sustain promoter hypermethylation in a variety of tumors. In addi-
tion, DNMT1, but not the DNMT3s, appear to function coordinately with DNA dam-
age repair pathways to protect cells from sustaining mutagenic events, which is very 
likely through a DNA methylation-independent mechanism. This chapter is focused 
on reviewing the links between DNA methylation and the DNA damage response.      

    1.1   Introduction 

 DNA methyltransferases (DNMTs), responsible for the transfer of a methyl group 
from the universal methyl donor,  S -adenosyl- l -methionine (SAM), to the 5-position 
of cytosine residues in DNA, are essential for mammalian development  [  1  ] . 
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There are four members of the DNMT family, including DNMT1, DNMT3A, 
DNMT3B, and DNMT3L. DNMT3L, unlike the other DNMTs, does not possess 
any inherent enzymatic activity  [  2  ] . The other three family members are active on 
DNA.  DNMT1  encodes the maintenance methyltransferase and  DNMT3A/DNMT3B  
encode the de novo methyltransferases  [  3,   4  ] , required to establish and maintain 
genomic methylation. While this maintenance vs. de novo division has been conve-
nient, there is clear evidence for functional overlap between the maintenance and 
the de novo methyltransferases  [  5,   6  ] . Gene knockout analysis in mice has shown 
that  Dnmt1  and  Dnmt3a/Dnmt3b  genes are all essential for viability.  Dnmt1  inacti-
vation leads to very early lethality at embryonic day (E) 9.5, shortly after gastrula-
tion  [  7–  9  ] , whereas  Dnmt3b  knockout induces embryo death at E14.5–18.5, due to 
multiple developmental defects including growth impairment and rostral neural 
tube defects  [  3,   8,   9  ] .  Dnmt3a  −/−  mice become runted and die at about 4 weeks of 
age, although they appear to be relatively normal at birth  [  3  ] . 

 DNMTs play an important role in genomic integrity, disruption of which may 
result in chromosome instability and tumor progression. It is well established that 
DNMTs are required for transcriptional silencing of a number of sequence classes, 
including imprinted genes, genes on the inactive X chromosome and transposable 
elements  [  1,   10  ] , and silencing of these sequences is essential for maintaining chro-
mosome stability. Much compelling evidence has come from targeted deletion 
experiments showing that all three DNMTs are involved in stabilization of the 
genome, particularly repetitive sequences  [  3,   11,   12  ] . For example, either single 
knockout of  Dnmt1  or double knockout of  Dnmt3a  and  Dnmt3b  enhances telomere 
recombination  [  11  ] . DNMT3B is speci fi cally required for stabilization of pericentro-
meric satellite repeats. DNMT3B de fi ciency results in expansion and rearrangements 
of pericentromeric repeats  [  3,   12  ] . Immunode fi ciency, centromere instability, and 
facial anomalies (ICF) syndrome is the only human genetic disorder known to involve 
biallelic mutations in  DNMT3B . It is characterized by chromosomal instability aris-
ing due to destabilization of pericentromeric repeats, particularly those at juxtacen-
tromeric regions of chromosomes 1, 9, and 16  [  3,   12  ] . Of note, cells null for  DNMT1  
or with hypomorphic mutations in  DNMT1  that partially reduce its levels to 30% of 
WT DNMT1 display signi fi cantly greater microsatellite instability (MSI)  [  13–  17  ] , a 
greater frequency of chromosomal translocations  [  18  ]  and much higher sensitivity to 
genotoxic agents  [  17  ] , which may promote the development of cancer. 

 The DNA damage response (DDR) is a genome-wide surveillance system that 
protects cells from potentially mutagenic DNA insults derived from either endoge-
nous or exogenous sources. The DDR usually functions through the coordinated 
actions of DNA repair and checkpoint systems to promote DNA damage repair 
before replication or to activate cell death pathways if excessive damage exists  [  19  ] . 
Like the cellular DNA methylation machinery, an intact DDR is crucial for prevent-
ing cancer. Evidence is mounting to support a link between the DNA methylation 
and DNA damage repair systems, as  fi rst suggested by promoter hypermethylation 
and silencing of DNA repair genes in multiple types of cancer  [  20  ] . More impor-
tantly, DNMT1 may be directly involved in DNA damage repair in a DNA methy-
lation-independent manner  [  14,   17,   21–  23  ] . Strong support for this latter notion 
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comes from recent observations that DNMT1 is rapidly and transiently recruited to 
regions of DNA double-strand breaks (DSBs) via its interaction with proliferating 
cell nuclear antigen (PCNA)  [  21,   24  ] , as well the PCNA-like DNA damage sliding 
clamp component RAD9 (of the 9-1-1 complex)  [  21  ] . In this chapter, we examine 
and outline the links between DNMTs and DNA repair systems and discuss the pos-
sible mechanisms of how they are orchestrated, with a focus on cancer.  

    1.2   Epigenetic Silencing of DNA Repair Pathways Through 
Aberrant Promoter Hypermethylation 

 DNA repair systems have evolved to maintain genomic integrity by countering 
threats posed by DNA lesions  [  19  ] . De fi ciency in the DNA repair pathways may 
leave these lesions unrepaired or cause them to be repaired incorrectly, eventually 
leading to genome instability or mutations that contribute directly to a large array of 
human diseases including cancer. Carcinogenesis is believed to originate from and 
be driven by the acquisition of abnormal genetic and/or epigenetic changes. Aberrant 
DNA hypermethylation, when it occurs at promoter CpG islands (CGIs), leads to 
potent and heritable transcriptional silencing that inactivates key cellular pathways 
much like genetic changes (e.g., mutation/deletion) do. In addition to genetic muta-
tions, promoter hypermethylation in DNA repair genes is closely linked to a variety 
of human tumor types including colorectal, breast, lung cancers, and glioma  [  20  ]  
(Table  1.1 ), suggesting that epigenetic silencing of DNA repair pathways is an 
important contributor to the development of cancer.  

    1.2.1   Epigenetic Inactivation of the DNA Mismatch 
Repair Pathway 

 Mismatch repair (MMR) is a genome surveillance system to maintain genomic 
integrity through recognizing and correcting mismatched nucleotides arising during 
DNA replication, homologous recombination (HR), or other forms of DNA dam-
age. Impairment of this system gives rise to MSI  [  25,   26  ] , which has now been 
recognized as a hallmark of MMR gene-de fi cient cancers. Microsatellite loci, 
widely dispersed in the genome, are repetitive sequences consisting of short runs of 
nucleotides, typically one to four bases in length. Repetitive regions may give rise 
to the formation of secondary structures, which are subject to expansion or 
 contraction. The secondary structures, if incorrectly resolved, lead to slippage of 
DNA polymerases along repetitive sequences during replication. Microsatellites are 
particularly susceptible to length change mutations during replication and transcrip-
tion, resulting in frameshift mutations if they are located within a gene  [  25,   26  ] . 
MMR deals with these changes to maintain microsatellite stability. MMR  comprises 
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the MutS complex and the MutL complex. MutS recognizes the mismatched base, 
while MutL recruits repair enzymes to damage sites via its binding with MutS  [  27  ] . 
There are two main MutS complexes in humans, MutS a  and MutS b . MutS a , con-
sisting of the MutS homologue 2 (MSH2) protein bound to MSH6, recognizes sin-
gle-base mismatches or small insertion/deletion loops (indels), whereas MutS b , 
consisting of MSH2 and MSH3, repairs only indels  [  28  ] . The main complex for 
MutL in humans is MutL a , consisting of a heterodimer of MLH1 and PMS2  [  26  ] . 
Mutations in or epigenetic silencing of MMR genes like  MLH1  and  MSH2  is closely 
associated with a variety of human cancers such as hereditary non-polyposis colon 
cancer (HNPCC), sporadic colon cancer, and ovarian cancer  [  29  ] . 

 MLH1 plays a central role in coordinating various steps in MMR via interacting 
with other MMR proteins and modulating their activities. Hypermethylation of the 
 MLH1  promoter is observed in a variety of cancers including oral squamous cell 
carcinoma  [  30  ] , gastric cancer  [  31,   32  ] , non-small cell lung cancer (NSCLC)  [  33  ] , 
ovarian cancer  [  34  ] , acute myeloid leukemia  [  35–  37  ] , head and neck squamous cell 
carcinoma (HNSCC)  [  38  ] , HNPCC  [  39–  41  ] , and particularly in colorectal cancer 
(CRC)  [  42–  45  ]  (Table  1.1 ). The reduced MLH1 protein expression is correlated 
with high-level methylation detected in human CRC samples, whereas samples with 
low-level methylation display expression levels similar to those observed in methy-
lation-negative samples  [  46  ] , strongly suggesting that the  MLH1  gene is inactivated 
via promoter hypermethylation in a dose-dependent manner. Nonetheless, it is not 
clear whether a moderate degree of methylation affects MLH1 gene expression or 
not. On the basis of observations made in germ line cells, it has long been believed 
that  MLH1  promoter methylation involves only one allele of maternal origin. 
However, more recent  fi ndings demonstrate that there is biallelic involvement of 
 MLH1  promoter hypermethylation in many cancers  [  46  ] . The causal link between 
MSI and epigenetic inactivation of  MLH1  is further highlighted by the observation 
that 90% of MSI+ HNPCC have  MLH1  hypermethylation, while 95% of MSI sam-
ples do not  [  20  ] . 

  MSH2  is also hypermethylated in multiple tumor types, including gastric cancer 
 [  31  ] , NSCLC  [  33  ] , ovarian cancer  [  47  ] , sporadic CRC  [  48  ] , and HNPCC  [  49  ]  
(Table  1.1 ). Interestingly, promoter methylation of  MSH2  in HNPCC occurs primar-
ily in patients with germ line mutations in  MSH2  rather than in germ line mutation-
negative cases  [  49  ] . Seventy percent of patients with  MSH2  methylation also present 
germ line mutations in this gene, clearly indicating that methylation is the second 
inactivating hit in these tumors  [  49  ] . DNA hypermethylation can be caused by tran-
scription across a CGI within a promoter region. Recent studies have revealed that 
deletions of the last exons of the  EpCAM  gene, located immediately upstream of 
 MSH2 , give rise to somatic hypermethylation of the  MSH2  promoter  [  50  ] . Deletions 
at the most 3 ¢ -end of the  EpCAM  gene result in loss of its polyadenylation signal, 
which abolishes transcription termination. Transcription of  EpCAM  then continues 
downstream into the  MSH2  promoter and induces promoter hypermethylation of 
 MSH2 . DNA methylation triggered by transcriptional read-through of a neighbor-
ing gene, in either sense or antisense, direction may represent a general mutational 
mechanism that promotes aberrant epigenetic changes. Like  MLH2 , other MutS 
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homologues, including  MSH3  and  MSH6 , are also inactivated by hypermethylation 
in tumors such as breast  [  51  ]  and gastric cancers  [  31  ]  (Table  1.1 ).  

    1.2.2   Epigenetic Inactivation of the Base Excision Repair 
and Nucleotide Excision Repair Pathways 

 The speci fi c pairing of DNA bases in the genome is constantly challenged by endog-
enous metabolic by-products and environmental insults. Base excision repair (BER) 
is responsible for the removal of damaged DNA bases and their backbones to pre-
vent mutations that could give rise to cancer  [  19,   52  ] . In BER, abnormal DNA bases 
are recognized and removed by speci fi c glycosylases, followed by recruitment of 
other enzymes including nuclease, polymerase, and ligase proteins, to complete the 
repair process via excising the remaining sugar fragments and reinstalling an intact 
correctly based-paired nucleotide  [  19  ] . 

 Either thymine DNA glycosylase (TDG) or methyl-CpG-binding domain 4 
(MBD4) mediate a speci fi c BER pathway for the correction of G/T mismatches 
arising due to 5-methylcytosine deamination leading to C to T transitions. DNA 
hypermethylation-mediated silencing of  TDG  and  MBD4  may contribute to the fre-
quent genomic instability that occurs in cancer cells  [  53  ]  (Table  1.1 ).  TDG  promoter 
hypermethylation negatively correlates with its expression. TDG down-regulation 
leads to less ef fi cient DNA repair activity in response to hydrogen peroxide-induced 
DNA damage. Ectopic expression of TDG, however, functionally compensates for 
lower repair activities of damaged DNA in the KAS-6/1 myeloma cell line with 
extensive endogenous  TDG  gene hypermethylation  [  53  ] .  MBD4 , like  TDG , is also 
subject to promoter hypermethylation and gene silencing in tumors like sporadic 
CRC and ovarian cancer  [  54  ] . Another DNA glycosylase, OGG1, which mediates 
removal of 8-oxoguanine induced by oxidative damage, is also subject to inactiva-
tion via promoter methylation in cancer cells  [  55  ]  (Table  1.1 ). 

 Of all the repair systems, nucleotide excision repair (NER) recognizes the most 
varied types of DNA lesions, contending with the diverse class of helix-distorting 
damage that interferes with base pairing and obstructs replication and transcription. 
In NER, there exist two sub-pathways that differ in the mechanism of lesion recogni-
tion: global genome-NER (GG-NER) that surveys the entire genome for distortions, 
and transcription-coupled repair (TCR), which targets damage that blocks elongating 
RNA polymerases  [  19,   56  ] . NER, therefore, plays a particularly important role in 
preventing mutations. Thus far, three syndromes, xeroderma pigmentosum, Cockayne 
syndrome, and trichothiodystrophy (TTD), are closely associated with NER defects 
 [  56  ] . Of these, patients with xeroderma pigmentosum, attributable to mutations in 
one of the seven xeroderma pigmentosum (XP) group genes ( XPA – XPG ), show a 
dramatically increased incidence of UV light-induced skin cancer  [  19,   56  ] . 

 It was reported recently that the  XPC  promoter is epigenetically inactivated in 
bladder cancer  [  57  ]  (Table  1.1 ).  XPC  promoter methylation is signi fi cantly elevated 



111 DNA Methyltransferases, DNA Damage Repair, and Cancer

in cancerous bladder compared to normal tissue, leading to reduced mRNA levels in 
the tumor  [  57  ] . Epigenetic defects in the  XPC  gene may also in fl uence malignant 
behavior and prognosis. ERCC1 is a crucial protein in the NER pathway primarily 
involved in the repair of platinum-DNA adducts. Aberrant CGI methylation in the 
 ERCC1  promoter region has been observed in human glioma cell lines and primary 
tumors, which is associated with cisplatin chemosensitivity  [  58  ] . In a rat lung can-
cer model, however,  ERCC1  methylation is detected in only a very small proportion 
of samples  [  59  ] . De fi ciency in XRCC1, a scaffolding protein for BER and single-
strand break repair (SSBR), is associated with enhanced risk of lung cancer  [  60  ] . 
 XRCC1  is subject to aberrant promoter methylation in human gastric cancer tissues 
 [  61  ] . In lung cancer, in fi ltrating carcinomas exhibit statistically higher levels of 
methylation at the  XRCC1  promoter compared to normal, hyperplastic, and 
squamous metaplastic tissues  [  59  ] . RAD23B, a key component for damage recogni-
tion in NER, is also hypermethylated in multiple myeloma  [  62  ] .  

    1.2.3   Epigenetic Inactivation of HR and Nonhomologous 
End-Joining DNA Repair Pathway Components 

 HR not only provides an important mechanism to repair several types of DNA 
lesions that pose a threat to genome integrity, including DNA DSBs, DNA damage 
encountered during DNA replication, and DNA interstrand cross-links (ICLs), but 
is also required to restart stalled replication forks during the late S and G2 phases of 
the cell cycle  [  63,   64  ] . HR promotes precise repair of DNA damage using the intact 
sister chromatid as a template. De fi ciency of HR leads to more error-prone repair, 
which is associated with mutagenesis and predisposition to cancer  [  63  ] . 

 The  BRCA1  and  BRCA2  genes are both essential for HR-mediated DNA repair. 
BRCA1 appears to act as a signal integrator that links DNA damage sensors with 
response mechanisms. BRCA2, however, is more directly involved in homology-
directed DSB repair, as it mediates formation of a RAD51-DNA nucleoprotein 
 fi lament that catalyzes strand invasion during HR.  BRCA1  and  BRCA2  are fre-
quently mutated in hereditary breast and ovarian cancers, but seldom in sporadic 
cases of these tumor types. Epigenetic inactivation of  BRCA1  via promoter hyperm-
ethylation, however, plays an important role in tumorigenesis in a wide array of 
cancers including breast  [  65,   66  ] , ovarian  [  67  ] , gastric  [  68  ] , bladder  [  69  ] , and 
NSCLCs  [  70  ] , both hereditary  [  71  ]  and sporadic forms  [  20,   39  ]  (Table  1.1 ). It is 
believed that epigenetic silencing of BRCA1 creates a new mutator pathway that 
generates mutations and gross chromosomal rearrangements via p53 signaling. This 
idea is supported by several observations including one demonstrating that p53 
inactivation rescues the impact of BRCA1 de fi ciency on cell survival  [  20,   72  ] . 
Although much less frequently than  BRCA1 ,  BRCA2  also acquires promoter region 
hypermethylation that is closely associated with its reduced expression in breast 
cancer  [  51  ]  and NSCLC  [  70  ]  (Table  1.1 ). 
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 The primary function of the Fanconi anemia (FA) pathway is to repair interstrand 
DNA cross-links, which promotes HR via coordinating other DNA damage- responsive 
events to stabilize stalled replication forks, to convey signals to DNA checkpoint path-
ways, and to facilitate recovery of replication forks  [  73  ] . FA is a genomic instability 
syndrome characterized by bone marrow failure, developmental abnormalities, and 
increased cancer incidence, which is caused by mutations in one of thirteen distinct 
genes ( FANCA ,  FANCB ,  FANCC ,  FANCD1 ,  FANCD2 ,  FANCE ,  FANCF ,  FANCG , 
 FANCI ,  FANCJ ,  FANCL ,  FANCM , and  FANCN )  [  73  ] . Eight of them (FANCA, B, C, 
E, F, G, L, and M) form the FA core complex. This group of genes contains a high GC 
content and CGIs at their promoter regions, making them potential targets for aberrant 
hypermethylation-mediated silencing  [  74  ] . This idea has received support from obser-
vations that  FANCC ,  FANCF,  and  FANCL  acquire promoter methylation during human 
carcinogenesis  [  39,   75  ] . Of these,  FANCF  displays hypermethylation the most fre-
quently, occurring in 14–28% of different cancers including NSCLC  [  76  ] , HNSCC 
 [  76  ] , cervical  [  77  ] , and ovarian  [  39,   78  ]  (Table  1.1 ). 

 Unlike HR, which performs error-free repair, nonhomologous end-joining (NHEJ) 
simply restores DNA integrity by joining the two DNA ends. This type of repair is 
error-prone and frequently results in the loss or addition of several nucleotides at the 
break site. Despite its mutagenic consequences, NHEJ is the major DSB repair path-
way in mammalian cells. Defects in NHEJ lead to chromosomal translocations and 
genomic instability. In NHEJ, DSBs are detected by the KU70/KU80 heterodimer; 
the KU complex then activates the protein kinase DNA-PKcs (DNA-dependent pro-
tein kinase catalytic subunit), leading to recruitment and activation of end-processing 
enzymes, polymerases, and  fi nally ligation of the breaks by the XRCC4/DNA ligase 
IV complex. In the NHEJ pathway, only the  XRCC5  gene, encoding the KU80 pro-
tein, has been reported to be inactivated via epigenetic mechanisms  [  70  ]  (Table  1.1 ). 
Low expression of XRCC5 in squamous cell carcinoma and NSCLC is signi fi cantly 
associated with promoter region hypermethylation. Treatment of NSCLC cells with 
the DNA demethylating agent 5-aza-2 ¢ -deoxycytidine (5-aza-CdR), however, does 
not result in increased KU80 expression  [  70  ] . Thus, the underlying mechanisms pro-
moting and maintaining XRCC5 silencing await further investigation, particularly in 
more samples and more types of cancer.  

    1.2.4   Epigenetic Silencing of O 6 -Methylguanine-DNA 
Methyltransferase 

 O 6 -methylguanine, which arises due to alkylation reactions, pairs with thymine 
rather than cytosine, resulting in G:C to A:T mutations during DNA replication. O 6 -
methylguanine-DNA methyltransferase (MGMT), also known as O 6 -alkylguanine-
DNA alkyltransferase (AGT), repairs DNA damage by transferring the methyl 
groups on the O 6  position of guanine to an active site cysteine residue to protect 
cells from sustaining mutagenic events, which has been demonstrated by gain- or 
loss-of-function experiments in vitro and in vivo  [  79  ] . The MGMT protein is unique 
among DNA-repair components because it acts alone to remove DNA adducts. 
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Although MGMT is ubiquitously expressed in normal human tissues, mean 
 enzymatic activity in malignant tissues is usually higher than in their normal coun-
terparts. However, there is a variety of tumors such as glioma, CRC, NSCLC, and 
HNSCC that lack MGMT expression  [  20,   39  ]  (Table  1.1 ). It has been well docu-
mented that MGMT de fi ciency often arises due to abnormal promoter methylation 
 [  20,   39,   80  ] . For example, 29% of NSCLCs and 38% of CRCs display aberrant 
 MGMT  methylation, in which the presence of hypermethylation is highly associated 
with loss of MGMT protein  [  81  ] .  MGMT  is the most frequently methylated gene in 
central nervous system tumors. Epigenetic silencing of  MGMT  via promoter hyper-
methylation occurs in approximately 40% of primary glioblastomas and over 70% 
of secondary glioblastomas. It is also detected in 50% of the diffuse and anaplastic 
astrocytomas and approximately two-thirds of oligodendroglial and mixed tumors 
 [  82  ] . These results, together with a causal relationship between DNA methylation of 
the  MGMT  CGI and decreased transcription of the gene in cell culture-based stud-
ies, demonstrate that DNA methylation is an important mechanism for silencing the 
 MGMT  gene in human cancers. 

 Epigenetic silencing of  MGMT  may initiate an important mutator signaling cas-
cade in human cancers since MGMT loss causes G:C to A:T transitions, which lead 
to downstream gene mutations. This proposal is strongly supported by an analysis 
of point mutations in  KRAS  and  p53 . KRAS, the most commonly altered oncogene 
in cancer, is an early key player in multiple signal pathways. Loss of MGMT is 
associated with increased  KRAS  mutations possessing G:C to A:T transitions in 
colon  [  83  ]  and gastric cancer  [  84  ] .  p53  is the most frequently mutated tumor sup-
pressor gene (TSG) in human cancer, and the majority of known  p53  mutations are 
G:C to A:T transitions  [  66,   85  ] . Epigenetic inactivation of  MGMT  may lead to G:C 
to A:T transition mutations in  p53 , which has been observed in several types of 
cancer including colorectal  [  66  ] , liver  [  86  ] , lung  [  87  ] , esophageal squamous cell 
carcinomas  [  88  ] , and glioma  [  89  ] . Interestingly,  MGMT  promoter methylation is 
associated with improved disease chemosensitivity and prolonged survival time in 
patients treated with alkylating agent-based therapies  [  90  ] . However, it is unclear 
whether the improved survival is speci fi cally due to loss of MGMT expression or 
accompanying drug sensitivity.  

    1.2.5   Epigenetic Silencing of WRN 

 Werner syndrome (WS) is a rare autosomal recessive disease, characterized by pre-
mature onset of aging, genomic instability, and increased cancer incidence. WS is 
caused by null mutations at the  WRN  locus at 8p11.2–p12, which codes for a DNA 
helicase belonging to the RecQ family. De fi ciency in WRN function causes defects 
in DNA replication and recombination, as well as DNA repair. 

 WRN is a 180-kd nuclear protein that has a unique interaction with its DNA 
substrates through its C terminal RQC domain during base separation  [  91  ] . In addi-
tion to two C-terminal ATPase domains encoding for helicase activity, the WRN 
protein contains an N-terminal domain coding for exonuclease activity. Its helicase 
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and exonuclease activities function in a coordinated manner, suggestive of roles in 
DNA repair, recombination, and replication. Recently, the WRN protein was also 
shown to be involved in telomere maintenance based on the discovery that its 
de fi ciency leads to accelerated telomere shortening in WS cells  [  92  ] . These multiple 
roles of the WRN protein highlight its importance in aging and cancer. 

 The evidence suggesting that WRN acts as a TSG is derived primarily from 
WS, which is characterized by the early onset development of a variety of cancers 
due to germ line  WRN  mutation; somatic mutations in the  WRN  gene have not been 
reported. Epigenetic inactivation of  WRN  provides additional support for its TSG 
role in sporadic cancer. The  WRN  promoter undergoes hypermethylation in a wide 
array of tumors including colorectal, gastric, prostate, non-small cell lung, and 
breast cancers  [  93,   94  ]  (Table  1.1 ). Epigenetic silencing of  WRN  via methylation 
not only leads to the loss of protein and enzyme activity, but also to chromosomal 
instability. Furthermore, the above phenotype is reversed by DNA-demethylating 
agents. Most importantly, restoration of WRN expression induces its tumor-sup-
pressor effects, such as inhibition of colony formation and tumor growth  [  93  ] . Taken 
together, aberrant epigenetic silencing of  WRN , a candidate TSG, may play an 
important role in human cancers. Interestingly, WRN was recently shown to be 
associated with promoter methylation of the  OCT4  gene  [  95  ] , which encodes a cru-
cial transcription factor for the maintenance of cell pluripotency. During differentia-
tion of human pluripotent NCCIT embryonic carcinoma cells, WRN localizes to the 
 OCT4  promoter region with  de novo  DNA methyltransferase DNMT3B and pro-
motes differentiation-dependent  OCT4  silencing and promoter methylation  [  95  ] . 
De fi ciency in WRN blocks DNMT3B recruitment to the promoter and leads to 
decreased promoter methylation of  OCT4   [  95  ] . Therefore, WRN may also contrib-
ute to the control of stem cell differentiation via epigenetic silencing of the key 
pluripotency transcription factor OCT4.  

    1.2.6   Epigenetic Inactivation of ATM/ATR Signaling 

 DNA damage signaling requires the coordinated action of a large array of mole-
cules that can be categorized as DNA damage sensors, transducers, mediators, and 
effectors according to their functions. Upon damage of DNA, the MRE11–RAD50–
NBS1 (MRN) sensor complex recognizes DSBs and the replication protein A 
(RPA) complex processes accumulated single-stranded DNA (ssDNA). The trans-
ducer ataxia-telangiectasia mutated (ATM) and ATR kinases are recruited to and 
activated by DSBs and RPA-coated ssDNA, respectively. With the help of media-
tors (including 53BP1, MDC1, BRCA1, MCPH1, and PTIP in ATM signaling, and 
TopBP1 and Claspin in ATR signaling), ATM and ATR activate the effector kinases 
CHK2 and CHK1, respectively, which then spread the signal throughout the 
nucleus  [  96–  98  ] . CHK1 and CHK2 decrease cyclin-dependent kinase (CDK) activ-
ity, which slows down or arrests cell cycle progression. Meanwhile, ATM/ATR 
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signaling promotes DNA repair through various mechanisms. Through ATM/ATR 
signaling, DNA repair and cell cycle progression are closely coordinated. The 
coordinated action of DNA repair and cell cycle controls either promotes the 
resumption of normal cell functioning before replication or triggers apoptosis/cell 
death when normal cell functioning cannot be restored; both mechanisms act as 
barriers to tumorigenesis  [  19  ] . 

 Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder, characterized 
by progressive cerebellar ataxia, oculocutaneous telangiectasia, susceptibility to 
bronchopulmonary disease, and lymphoid tumors. AT is caused by de fi ciency in 
the  ATM  gene, localized on chromosome 11q22–23. ATM is an Ser/Thr protein 
kinase of the phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) fam-
ily, which also includes ATR, DNA-PKcs, and SMG1. ATM may have as many as 
700 substrates  [  99,   100  ] , highlighting its multiple functions in various biological 
processes including cancer. Loss of heterozygosity in  ATM  results in reduced pro-
tein expression; however, this mechanism explains only a small proportion of can-
cers where ATM down-regulation is observed. In sporadic cancer, which accounts 
for 90–95% of tumors, the probability of  ATM  gene mutations is low, whereas 
altered expression of ATM is frequently observed. It is therefore likely that epi-
genetic modi fi cations have an impact on ATM expression in these cases (Table  1.1 ). 
Initial proof for this idea came from studies using the human colon cancer cell line 
HCT116  [  101  ] . In this cell line,  ATM  displays aberrant promoter methylation, 
which inversely correlates with its low expression and low radiosensitivity. The 
signi fi cance of this  fi nding is underscored by further observations that treatment of 
HCT116 cells with 5-azacytidine (a DNA demethylating agent) restores expres-
sion of ATM and radiosensitivity  [  101  ] .  ATM  is also epigenetically silenced in 
primary cancers. For example, 78% of surgically removed breast tumors  [  102  ]  and 
25% of HNSCC  [  103  ]  display aberrant methylation in the  ATM  promoter region 
accompanied by reduced ATM. 

  CHK2 , the mammalian homologue of the yeast Rad53 and Cds1, is located at 
chromosome 22q12.1, spans approximately 50 kb, and consists of 14 exons  [  104  ] . 
CHK2, activated by ATM, responds primarily to DSBs. Its fundamental role is to 
coordinate cell cycle progression with DNA repair and cell survival or death. 
Germ line mutations in the  CHK2  gene predispose to Li–Fraumeni syndrome 
(LFS), characterized by multiple tumors at early age with a predominance of 
breast cancer and sarcomas  [  105  ] . Somatic mutations in  CHK2  exist also, although 
they occur in only a small subset of sporadic human malignancies, including car-
cinomas of the breast, lung, colon, and ovary, osteosarcomas, and lymphomas 
 [  106  ] . The  fi nding of both germ line and somatic mutations suggests that  CHK2  
acts as a TSG. This is further supported by the observation that down-regulation 
of CHK2 is associated with promoter methylation in sporadic cancers including 
lung cancer, glioma, and Hodgkin’s lymphoma  [  107–  109  ] . For example, DNA 
hypermethylation of the distal  CHK2  CGIs occurs in 28.1% of NSCLCs and 
40.0% of squamous cell carcinomas, which inversely correlates with  CHK2  
mRNA levels. It should be noted, however, that observations in breast, colon, and 
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ovarian cancers do not support a causative link between DNA methylation and 
gene expression of CHK2  [  110,   111  ] .   

    1.3   DNA Methyltransferase 1 and Mismatch Repair 

 The function of the MMR pathway is to correct base substitution mismatches and 
insertion–deletion mismatches generated in newly replicated DNA  [  112  ] . 
De fi ciencies in or inactivation of this pathway has profound biological conse-
quences. Loss of MMR activity is attributed to the initiation and promotion of mul-
tistage carcinogenesis  [  113  ] . A growing number of reports have demonstrated that 
loss of DNMT1 function has a signi fi cant impact on MSI—a hallmark of MMR 
ef fi ciency, suggesting it has a role in the MMR pathway (Fig.  1.1 ). Using genetic 
screens in  Blm -de fi cient embryonic stem (ES) cells,  Dnmt1  was identi fi ed as an 
MMR modi fi er gene.  Dnmt1  de fi ciency in murine ES cells results in a fourfold 
increase in the MSI rate  [  13  ] . Further support for this  fi nding comes from several 
other laboratories  [  14–  17,   114  ] . DNMT1 de fi ciency enhances microsatellite muta-
tions for both integrated reporter genes  [  13,   14,   16,   17  ]  and endogenous repeats 
 [  15  ] . This  fi nding holds true for both ES cells and somatic cells. In a murine ES cell 
line with homologous deletion of  Dnmt1 , the stability of  fi ve endogenous microsat-
ellite repeats (two mononucleotides and three dinucleotides), exhibiting instabilities 
in MMR-de fi cient cells was analyzed. A signi fi cantly higher frequency of instabil-
ity was detected at three of the  fi ve markers in  Dnmt1  −/−  ES cells compared to the 
wild-type ES cells  [  15  ] . The slippage rate of a stable reporter gene was also moni-
tored. Dnmt1 de fi ciency led to a sevenfold higher rate of microsatellite slippage in 
 Dnmt1  −/−  ES cells compared to wild-type cells  [  14  ] . Notably, no DNA methylation 
in the region  fl anking the reporter gene was discovered, regardless of Dnmt1 status, 
suggesting that the effect of Dnmt1 on MMR was not at the level of DNA methyla-
tion  [  14  ] . Enhanced MSI is associated with higher levels of histone H3 acetylation 
and lower MeCP2 binding at regions near the assayed microsatellite, suggesting 
that Dnmt1 loss decreases MMR ef fi ciency by modifying chromatin structure. CAG 
repeat expansions are closely associated with human age-related diseases including 
12 neurodegenerative disorders. Repeat instability induced by CAG repeat expan-
sion requires the MMR components  [  16,   115  ] . DNMT1 de fi ciency induces destabi-
lization and intergenerational expansion of CAG triplet repeats  [  16  ] . Double 
knockdown of MLH1 and DNMT1, however, additively increases the frequency of 
CAG contraction  [  114  ] . Speci fi c targeting of DNMT1 in hTERT-immortalized nor-
mal human  fi broblasts by siRNA induces both resistance to MSI and the drug 
6-thioguanine (which induces cytotoxic DNA damage due to its misincorporation 
opposite thymine  [  116  ] ) at a CA17 reporter gene; two hallmarks of MMR de fi ciency. 
Mutation rates correspond well with DNMT1 levels, ranging from 4.1-fold in cells 
with 31% of the normal DNMT1 protein level to tenfold in cells with 12% of the 
normal DNMT1 protein level  [  17  ] . This suggests that DNMT1 regulates microsatel-
lite stability in a dose-dependent manner. The exact underlying mechanism of how 
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DNMT1 is involved in MSI appears complex and remains elusive. Microsatellite 
methylation probably provides a mechanism for length stabilization by subsequent 
transcriptional repression of genes containing or proximal to microsatellites with 
methylated CpG repeats. However, increased mutations usually occur at microsatel-
lite repeats that do not contain any CpG sites in the repeat itself  [  13,   15,   16,   114  ]  or 
nearby  [  14  ] , indicating that DNA methylation changes around microsatellite repeats, 
at least in some cases, are not the primary cause of the instability. Alternatively, 
DNMT1 might in fl uence transcriptional repression and MSI through chromatin 
remodeling  [  14  ] .  

 The impact of DNMT1 on the MMR pathway is further highlighted by the obser-
vation that DNMT1 and the MMR proteins probably interact with each other through 
a third-party mediator (Fig.  1.1 ). The methyl CpG-binding protein MBD4 / MED1 
may provide a functional link between MMR and DNMT1 through protein–protein 
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  Fig. 1.1    Impact of DNMT1 on MMR and DDR. DNMT1 may promote stabilization of microsat-
ellites via methylation of CpG repeats and it also interacts with DNA repair proteins via third-party 
mediators (e.g., MBD4 and PCNA). Moreover, de fi ciency in DNMT1 leads to activation of PARP 
signaling, eventually resulting in MMR protein cleavage. DNMT1 is also closely associated with 
DDR. Inactivation of DNMT1 may induce several changes to DNA and/or chromatin including 
increased DNA fragility, disruption of replication foci, and accumulation of hemimethylated DNA, 
which may be recognized as “damage” and activate the DDR. Strong support for a direct link 
between DNMT1 and DDR comes from the identi fi cation of several protein-protein interactions 
involving DNMT1 and DDR proteins. DNMT1 is recruited to sites of DNA damage via its interac-
tion with PCNA and 9-1-1. DNMT1 is also capable of binding CHK1 and p53, which promote cell 
cycle arrest and apoptosis, respectively       
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interaction. MBD4, which possesses glycosylase repair activity for G:T mismatches, 
is involved in NER as well as MMR. MBD4 binds MLH1 via its C-terminal glyco-
sylase domain  [  117,   118  ] . Deletion of  Mbd4  in MEFs induced destabilization of 
MMR proteins and conferred resistance to antitumor drugs including 5-FU and 
platinum  [  119  ] . MBD4 and TDG have functional overlap and they interact with the 
de novo methyltransferases DNMT3A and DNMT3B  [  120,   121  ] . MBD4 also inter-
acts with maintenance methyltransferase DNMT1 via its N-terminal MBD domain 
 [  118  ] . Based on a combination of immunoprecipitation and GST-pull down experi-
ments in mouse, rat, and  Xenopus , a minimal domain of approximately 70 amino 
acids in the N-terminal targeting sequence region of DNMT1 was shown to be 
required for MBD4 to bind to DNMT1  [  118  ] , which overlaps with a region in rat 
DNMT1 that interacts with MECP2  [  122  ] . Through interacting directly with both 
DNMT1 and MLH1, MBD4 recruits MLH1 to heterochromatic sites that are coin-
cident with DNMT1 localization  [  118  ] . Similarly, MBD4/MLH1 accumulates at 
DNA damage sites where DNMT1 is recruited after laser microirradiation  [  118  ] . 
Loss of DNMT1 induces p53-dependent apoptosis, which can be rescued by inacti-
vation of p53  [  123  ] . The MBD4/MLH1 complex also mediates the apoptotic 
response to DNMT1 depletion  [  118  ] . Colocalization of these proteins at damaged 
regions implies that they function coordinately in the cellular decision to repair the 
lesion or activate apoptosis. Like MBD4, PCNA may act as a mediator between 
MMR and DNMT1 because of its direct interaction with both systems. PCNA inter-
acts with multiple components of the MMR pathway including MSH6, MSH3, and 
MLH1. Disruption of this interaction confers an MMR defect in vivo and in vitro 
 [  124–  126  ] . Both MSH6 and MSH3 colocalize with PCNA at replication foci during 
S-phase  [  127  ] . MLH1 is recruited to damage sites where PCNA and DNMT1 also 
accumulate, although with slower kinetics than DNMT1  [  118,   128  ] . The recruit-
ment of DNMT1 to both the replication fork and DNA damage sites is through a 
direct interaction with PCNA and possibly CHK1 and the 9-1-1 complex as well 
 [  21,   24  ] . However, there is no report showing that PCNA, MLH1, and DNMT1 
colocalize together, implying that PCNA might interact with each protein at a 
 different time. Nonetheless, the functional mechanisms of whether and how these 
factors are orchestrated in response to DNA damage requires further investigation. 

 Most recently, DNMT1 de fi ciency has been shown to induce the depletion of 
multiple repair factors at the protein level (Fig.  1.1 )  [  17  ] , highlighting its impor-
tance not only in MMR ef fi ciency, but also in DDR signaling. In normal human 
 fi broblasts and CRC cell lines, DNMT1 knockdown leads to a matching decrease in 
MLH1 at the protein, but not the mRNA level  [  17  ] . Loss of MLH1, however, does 
not lead to expression changes in DNMT1  [  17  ] . Promoter hypermethylation of 
 MLH1 , although frequently observed in sporadic colon cancers  [  39  ] , does not appear 
to be the cause leading to gene inactivation in the context of DNMT1 de fi ciency. 
 MLH1  hypermethylation in DNMT1-de fi cient cells was further ruled out using a 
bisul fi te pyrosequencing assay  [  17  ] . Further observations suggest that DNMT1 
de fi ciency affects the steady-state levels of a number of repair proteins, including 
MSH2, MSH6, and PMS2, as well as MBD4  [  17  ] . Loss of multiple MMR 
 components in DNMT1 hypomorphic cells indicates that DNMT1 might play an 
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indirect role in the stabilization or proteolytic cleavage of these proteins, rather than 
directly interacting with each of them. It is documented that DNMT1 de fi ciency 
activates the DDR, which leads to cell cycle arrest  [  21,   123  ]  and the triggering of 
cell death pathways  [  123  ]  that may result in cleavage of proteins including MLH1 
 [  129  ] , which might account for MMR protein depletion after DNMT1 knockdown. 
Loss of DNMT1 activates ATM/ATR, which normally phosphorylate H2A.X lead-
ing to focal accumulation of  g H2A.X, a hallmark of DDR  [  21  ] . If excessive damage 
exists, p53-dependent  [  123  ]  and other cell death pathways are activated to maintain 
genomic integrity. Elevated  g H2A.X levels in DNMT1 hypomorphic cells can be 
partially reduced through inhibition of ATM/ATR signaling  [  17  ] . However, the PAR 
polymerase (PARP) inhibitor DPQ also reduces the level of  g H2A.X, to an extent 
exceeding that observed with the ATM/ATR inhibitor caffeine. In keeping with 
these observations, the viability of DNMT1-depleted cells treated with DPQ is 
enhanced to a greater extent than treatment of cells with agents that inhibit caspases 
or p53  [  17  ] . These  fi ndings, together with the observation that PARylation increases 
after DNMT1 loss, clearly demonstrate that PARP is involved in the DDR and cell 
death process in cells de fi cient in DNMT1 (Fig.  1.1 ). PARP catalyzes the polymer-
ization of ADP-ribose (PAR) units on target proteins using nicotinamide adenine 
dinucleotide (NAD + ) molecules as a donor  [  130  ] . NAD +  depletion, induced by 
severe DNA damage, gives rise to mitochondrial membrane depolarization and 
apoptosis initiation factor (AIF) translocation. It eventually results in an activation 
of caspases that lead to protein cleavage and cell death. DNA repair protein MLH1 
 [  129  ] , along with BLM1  [  131  ]  and ATM  [  132  ] , are preferred targets of caspases. 
Treatment with the PARP inhibitor DPQ, as expected, leads to an increase in full-
length MLH1 protein levels in DNMT1-depleted cells  [  17  ] . Taken together, DDR 
signaling, particularly the cell death pathway mediated by PARP, may play a sub-
stantial role in regulating cleavage of MMR repair proteins in cells de fi cient for 
DNMT1 (Fig.  1.1 ).  

    1.4   DNMT1 and the DNA Damage Response 

 Reduction of DNMT1 levels activates a DDR usually initiated by the most lethal 
form of DNA damage-DSBs (Fig.  1.1 ). DNMT1 de fi ciency also inhibits DNA rep-
lication  [  22,   23,   133  ] . It was reported that DNMT1 knockdown triggers an intra-S-
phase arrest of DNA replication, independent of DNA demethylation  [  22  ] . Similar 
to the observations for DNA damage checkpoints  [  134  ] , the intra-S-phase arrest is 
transient, disappearing after 10 days of treatment with  DNMT1  siRNA. The S-phase 
cells induced by DNMT1 knockdown exist in two distinct populations: 70% incor-
porate BrdUr, while 30% do not, consistent with the presence of an intra-S-phase 
checkpoint triggering cell cycle arrest  [  134  ] . Cells are arrested at different posi-
tions throughout S-phase, suggesting that this response is not speci fi c to distinct 
classes of origins of DNA replication. 5-aza-CdR, a nucleoside analogue, is a 
well-characterized and widely used inhibitor of DNA methylation, which inhibits 
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DNA methylation by trapping DNMT1 at the replication fork after being incorpo-
rated into DNA. 5-aza-CdR does not inhibit the de novo synthesis of DNMT1 
protein or its presence in the nucleus. S-phase cells treated with 5-aza-CdR, which 
causes genome-wide demethylation, do not exhibit two distinct population distri-
butions as observed in cells de fi cient in DNMT1. These results suggest that the 
intra-S-phase arrest is not correlated with the degree of DNA methylation, consis-
tent with observations that DNA replication arrest following DNMT1 inhibition is 
probably due to a reduction in the physical presence of DNMT1 at the replication 
fork, rather than DNA demethylation  [  133  ] . As discussed above, the cell cycle 
distribution in DNMT1 knockdown cells resembles the transient intra-S-phase 
arrest in DNA replication that is evoked by genotoxic insults  [  135–  137  ] . In addi-
tion, DNMT1 inhibition also leads to the induction of a set of genes that are impli-
cated in the genotoxic stress response including  p21   [  133  ] ,  p53   [  123  ] , and the 
growth arrest DNA damage inducible 45 b  gene (GADD45  b  )  [  22  ] . These results 
imply that DNMT1 is linked to DNA damage repair machineries to maintain chro-
mosome integrity via blocking DNA replication, a notion further strengthened by 
observations that DNMT1 knockdown activates the checkpoint pathways in an 
ATR-dependent manner  [  23  ] . Upon DNMT1 depletion, CHK1 and CHK2, key 
proteins in ATM/ATR signaling, are phosphorylated, which in turn induce phos-
phorylation and degradation of cell division control protein 25 A (CDC25A) as 
well as CDC25B  [  23  ] . As a consequence, the capacity for loading CDC45, an 
essential factor for DNA replication  [  138  ] , onto replication forks is decreased, 
resulting in replication arrest. DNMT1 knockdown also induces the formation of 
histone  g H2A.X foci, a hallmark of the DNA DSB response. The response elicited 
by DNMT1 knockdown is blocked by siRNA-mediated depletion of ATR, sugges-
tive of its ATR dependency. Further support for the importance of ATR came from 
the  fi nding that the cellular response to DNMT1 depletion is markedly attenuated 
in cells derived from a patient with Seckel syndrome, a disorder due to ATR 
de fi ciency  [  23  ] . However, it is not clear whether ATM, another key transducer like 
ATR in the checkpoint pathway, is involved in the process or not. DNA demethy-
lating agents do not trigger the stress response like genetic DNMT1 depletion does 
 [  23  ] . Moreover, this response is abolished by ectopic expression of either wild-
type DNMT1 or a mutant form of DNMT1 lacking the catalytic domain  [  23  ] , sug-
gesting that loss of catalytic activity of DNMT1 is not driving this response. Also 
of importance, DNMT1 knockdown leads to very limited genomic demethylation 
 [  22,   23  ] , consistent with observations made in cells containing hypomorphic muta-
tions in  DNMT1   [  139,   140  ] . One explanation for this limited demethylation is that 
de novo DNMTs compensate for the reduction of DNMT1 activity  [  139  ] . Another 
possibility is that DNMT1 loss triggers a checkpoint pathway (Fig.  1.1 ) to block 
DNA replication, preventing loss of DNA methylation in an attempt to maintain 
genome stability. Double knockdown of DNMT1 and ATR does indeed induce 
global DNA demethylation, whereas single knockdowns of either DNMT1 or ATR 
do not, implying that the arrest of DNA replication activated by ATR signaling fol-
lowing DNMT1 depletion prevents loss of DNA methylation and that blocking this 
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response results in global loss of DNA methylation  [  23  ] . Taken together, it appears 
that reduction of DNMT1 levels activates ATR signaling to block DNA replication 
in a DNA methylation-independent manner (Fig.  1.1 ). How this response to 
DNMT1 reduction is initiated,  however, is still uncertain. It is possible that removal 
of DNMT1 from replication forks disrupts fork progression and eventually results 
in DSBs that elicit checkpoint signaling (Fig.  1.1 ). Alternatively, the presence of 
low levels of hemimethylated DNA due to the absence of DNMT1 may trigger this 
response (Fig.  1.1 ). 

 Complete inactivation of DNMT1 via genetic mechanisms also activates the 
DDR and causes genomic demethylation. The degree of demethylation, however, 
varies greatly depending on cellular context, ranging from 20% loss in human can-
cer cells  [  141  ]  to 90% loss of genomic methylation in murine ES cells  [  7,   8  ] . As the 
principal enzyme responsible for maintaining DNA methylation, DNMT1 is essen-
tial for embryonic development and cell survival. Disruption of  Dnmt1  in mice 
results in loss of 90% of genomic methylation and embryonic lethality  [  7,   8  ] . Murine 
ES cells de fi cient for  Dnmt1  die when introduced to differentiate  [  7  ] , mouse 
 fi broblasts die within 2–4 cell divisions after conditional deletion in  Dnmt1   [  123  ] , 
and the human colon cancer cell line HCT116 undergoes marked apoptosis and cell 
death within one cell division if  DNMT1  is completely inactivated by cre-mediated 
conditional knockout  [  141,   142  ] . Notably, complete inactivation of DNMT1 trig-
gers the DDR before cells die  [  141  ] . Deletion of  DNMT1  activates p53  [  123,   141  ] , 
a target of ATM whose phosphorylation correlates with accumulation of p53 in 
response to DNA damage  [  143  ] . Disruption of both alleles of  DNMT1  leads to acti-
vation of the G2/M checkpoint and G2 arrest, as veri fi ed by the presence of phos-
phorylated ATM and  g H2A.X at discrete nuclear DNA damage foci  [  141  ] . Further 
support for checkpoint activation comes from the  fi nding that treatment of cells with 
an ATM/ATR inhibitor, caffeine, facilitates mitotic entry and cell death in  DNMT1  
null cells  [  141  ] . Most of these cells, however, eventually escape G2 arrest and re-
enter interphase with their unrepaired DNA, resulting in severe chromosomal and 
mitotic abnormalities (mitotic catastrophe)  [  141  ] . Thus far, the mechanisms by 
which DNMT1 inactivation leads to activation of DNA damage repair remains 
elusive. In the complete absence of DNMT1, DNA may become more fragile owing 
to reduced methylation and/or defective chromatin structure in critical regions of 
the genome, leading to activation of DNA damage signaling (Fig.  1.1 )  [  142  ] . 
Alternatively, the accumulation of hemimethylated DNA in  DNMT1  mutant cells 
may be recognized as damage and trigger the damage response (Fig.  1.1 ). Both of 
these possibilities are consistent with the observation that agents that affect overall 
chromatin structure without damaging DNA also activate ATM  [  144  ] . Nonetheless, 
it cannot be excluded that oncogene activation or gene mutations initiate the DDR, 
as Dnmt1-de fi cient ES cells exhibit signi fi cantly increased mutation rates, particu-
larly in the form of deletions and mutations  [  145  ] . 

 Recruitment of DNMT1 to sites of DNA damage has been observed by our labo-
ratory  [  21,   146  ]  and others  [  24  ] , providing compelling evidence to support the 
notion that DNMT1 is directly involved in DNA damage repair (Fig.  1.1 ). 
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Immediately after laser microirradiation-induced DSBs, an accumulation of DNMT1 
and PCNA occurs at the damage sites in S and non-S phase cells, colocalizing with 
 g H2A.X—a marker of DSBs. Recruitment of DNMT1 to damage sites is dependent 
on its interaction with PCNA through its PCNA-binding domain (PBD)  [  21,   24  ] , but 
is independent of its catalytic activity  [  21  ] . In addition to PCNA, DNMT1 also 
interacts with other components of the DNA damage machinery including CHK1 
 [  21,   146  ]  and the 9-1-1 complex  [  21  ] . PCNA, along with CHK1 and 9-1-1, is essen-
tial for DNMT1’s recruitment to DNA damage sites. After recruitment to damaged 
regions, DNMT1 modulates the rate of ATR signaling and is essential for suppress-
ing abnormal activation of the DDR in the absence of exogenous damage  [  21  ] . 
Taken together, these data have revealed a direct link between DNMT1 and the 
DNA damage repair process. 

 PCNA mediates recruitment of DNMT1, not only to DNA replication sites, but 
also to DNA damage sites. The DNMT1–PCNA interaction implies that the role of 
DNMT might be to restore epigenetic information after damage repair. However, 
recent studies demonstrate that this interaction is not essential for maintaining DNA 
methylation  [  5,   147  ] . Furthermore, the observation  [  21  ]  that DNMT1 is very rapidly 
recruited and retained only transiently, likely before resynthesis is completed, sug-
gest that genomic methylation is not the main function of DNMT1 at these sites, at 
least in the early part of the DDR. The recruitment kinetics of WT  DNMT1  and 
 DNMT1  with a point mutation in the catalytic domain are almost identical  [  21  ] . 
CHK1/CHK2 activation and  g H2A.X foci formation induced by DNMT1 de fi ciency 
are rescued by expression of a catalytically inactive form of DNMT1  [  23  ] . Therefore, 
although the possibility that DNMT1 participates in the restoration of DNA methy-
lation patterns during damage repair cannot be excluded, it seems more likely that 
DNMT1 functions in sensing and/or mobilizing the response to certain forms of 
DNA damage (Fig.  1.1 ). 

 In summary, both DNMTs and DNA damage repair systems have evolved to 
maintain genomic integrity and disruption of these pathways contributes to the 
development of cancer  [  19  ] . Therefore, we have examined and outlined the interac-
tion of DNMTs and DNA methylation with DNA damage repair systems and have 
discussed possible mechanisms for how the two systems may function coordinately 
to deal with DNA damage. Promoter methylation, catalyzed by DNMTs, plays an 
established role in silencing key genes in multiple DNA damage repair pathways; 
inactivation of these pathways may predispose to a large array of tumors  [  20  ] . These 
 fi ndings are consistent with observations that TSGs are frequently silenced via epi-
genetic mechanisms in cancer cells. Unexpectedly perhaps, more recent observa-
tions strongly suggest that DNMTs, particular DNMT1, are directly involved in 
DNA damage repair systems via what is likely to be a DNA-methylation-independent 
mechanism  [  17,   21–  23,   141  ] . The exact nature of the links between the DNMTs, 
DNA methylation, and DNA damage repair systems is complex and remains to be 
further investigated. A more thorough understanding of these links will not only 
help dissect the mechanisms of tumor development, but also identify new antitumor 
targets and therapeutic strategies.      
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  Abstract   In contrast to earlier views that there was much compartmentalization of 
the types of sequences subject to cancer-linked changes in DNA epigenetics, it is 
now clear that both cancer-associated DNA hypomethylation and hypermethylation 
are found throughout the genome. The hypermethylation includes promoters of 
tumor suppressor genes whose expression becomes repressed, thereby facilitating 
cancer formation. How hypomethylation contributes to carcinogenesis has been less 
clear. Recent insights into tissue-speci fi c intra- and intergenic methylation and into 
cancer methylomes suggest that some of the DNA hypomethylation associated with 
cancers is likely to aid in tumor formation and progression by many different path-
ways, including effects on transcription in  cis . Cancer-associated loss of DNA 
methylation from intergenic enhancers, promoter regions, silencers, and chromatin 
boundary elements may alter transcription rates. In  addition, cancer-associated 
intragenic DNA hypomethylation might modulate  alternative promoter usage, 
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 production of intragenic noncoding RNA transcripts, cotranscriptional splicing, and 
transcription initiation or elongation. Initial studies of hemimethylation of DNA in 
cancer and many new studies of DNA demethylation in normal tissues suggest that 
active demethylation with spreading of hypomethylation can explain much of the 
cancer-associated DNA hypomethylation. The new discoveries that genomic 
5-hydroxymethylcytosine is an intermediate in DNA demethylation, a base with its 
own functionality, and a modi fi ed base that, like 5-methylcytosine, exhibits cancer-
associated losses, suggest that both decreased hydroxymethylation and decreased 
methylation of DNA play important roles in carcinogenesis.      

    2.1   Introduction 

 Altered methylation of DNA in human cancers was  fi rst described as overall 
genomic hypomethylation in various cancers vs .  a wide variety of normal tissues 
 [  1  ]  and as hypomethylation of a few gene regions in colon adenocarcinomas vs .  
normal colonic epithelium  [  2  ] . Almost all types of cancers exhibit both hyperm-
ethylation of some DNA sequences and hypomethylation of others relative to 
appropriate controls that account for the tissue speci fi city of DNA methylation  [  3  ] . 
The cancer-associated hypermethylation and hypomethylation of the genome are 
generally independent of each other  [  4,   5  ] . Until recently, it appeared that cancer-
speci fi c changes in DNA methylation were usually hypermethylation of unique 
gene regions and hypomethylation of DNA repeats, albeit with many notable 
exceptions  [  6–  11  ] . Deep sequencing of the genome has revealed far greater size 
and complexity to the transcriptome than previously appreciated  [  12  ] . Similarly, 
recent whole-genome analysis of the cancer methylome demonstrates that there is 
much more cancer-linked hypomethylation of unique gene sequences and hyperm-
ethylation of repeated sequences than previously found, although there are differ-
ences in the frequency with which subsets of sequences undergo hypo- or 
hypermethylation  [  13–  18  ] . 

 This chapter reviews new insights into genome-wide DNA and chromatin epi-
genetics in normal cell populations as well as in cancers  [  19–  29  ] . Recent studies 
are drawing attention to previously unsuspected roles of epigenetic marks in the 
body of genes as well as at promoters and intergenic transcription control regions. 
These  fi ndings are likely to be relevant to the biological impact of cancer-associ-
ated DNA hypomethylation. In addition to effects on normal gene expression, 
cancer-associated DNA hypomethylation probably favors oncogenesis by enhanc-
ing recombination  [  30–  33  ] ; occasionally activating a small number of endogenous 
retroviral elements  [  34,   35  ] ; altering the intranuclear positioning of chromatin; and 
modulating the sequestration transcription factors at tandem DNA repeats, as 
reviewed previously  [  3,   6  ] . In addition, the little-studied area of DNA hemimethy-
lation in cancer is discussed in this chapter in the context of our growing under-
standing of pathways for the conversion of genomic 5-methylcytosine (5mC) 
residues to C residues.  
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    2.2   Genomic Hypomethylation Pro fi les in Cancer 
and Their Relevance at Promoters and Enhancers 

 Until recent high-resolution genome-wide analyses of DNA methylation, cancer-
speci fi c portions of methylomes were considered to consist predominantly of 
hypomethylated DNA repeats and hypermethylated gene regions  [  3,   7,   36  ] . DNA 
repeats are often used as a surrogate for average genomic methylation changes (usu-
ally losses of 5mC), with DNA epigenetic changes in some classes of repeats more 
closely associated with certain tumor types  [  6,   18,   35,   37–  39  ] . In our 1983 analysis 
of global DNA hypomethylation in human cancers by high performance liquid 
chromatography analysis of enzymatic DNA digests  [  1  ] , we fractionated one adeno-
carcinoma DNA into highly repetitive, moderately repetitive, and unique sequence 
classes. Because we found that each of these cancer DNA fractions had similar 
ratios of mol% 5mC to those from normal human tissues, we concluded that cancer-
linked hypomethylation was not con fi ned to repeated DNA. Indeed, cancer-linked 
DNA hypomethylation often occurs in unique sequences in and around genes, 
including metastasis-associated genes, as originally revealed in studies using CpG 
methylation-sensitive restriction endonucleases or sodium sul fi te-based methods to 
study individual gene regions  [  2,   6,   40  ] . 

 Recent genome-wide studies of DNA methylation in various normal and cancer 
cell populations indicate much tissue speci fi city throughout the genome in normal 
samples and pervasive cancer-linked DNA hypomethylation and hypermethylation 
 [  13,   15,   16,   41–  45  ] . Regions of cancer-associated changes in DNA methylation are 
found in short interspersed or clustered regions as well as in long blocks  [  7,   42,   44, 
  46,   47  ] . There is increasing evidence for cause-and-effect relationships between 
normal tissue-speci fi c DNA hypomethylation and increased transcription as well as 
many associations between cancer-linked hypomethylation and cancer-linked 
increases in gene expression  [  16,   17,   19,   21,   24,   48–  55  ] . The inverse relationships 
between expression and DNA methylation include imprinted genes implicated in 
carcinogenesis  [  56  ] . 

 A small percentage of annotated gene promoters overlap tissue-speci fi c (T-DMR) 
or cancer-speci fi c (C-DMR) differentially methylated DNA regions  [  49,   57  ] . 
However, most of the non-imprinted, autosomal T-DMR promoters are not the main 
type of vertebrate DNA promoters, which are part of CpG islands (CGIs, a class of 
CpG-rich regions surrounded by CpG-poor DNA). Among the genes with T-DMR 
promoters are some that become activated upon experimentally induced demethyla-
tion with a low dose of 5-deoxyazacytidine but not upon treatment with a histone 
deacetylase inhibitor, trichostatin A  [  49  ] . 

 Enhancers too sometimes show a correlation between upregulation of expression 
of the associated gene and DNA demethylation in normal cells. For example, the 
binding of FoxA1/FOXA1 to enhancers is inhibited by site-speci fi c DNA methyla-
tion at the corresponding binding site  [  58  ] . This differentiation-associated transcrip-
tion regulatory factor can open up DNA compacted in chromatin of inactive 
enhancers (as a “pioneer” factor) and then recruit effector transcription factors to 
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make the enhancer active  [  59–  61  ] . A window of DNA demethylation provided by 
previous binding of FoxD3, another pioneer factor, allows recruitment of FoxA1 
and conversion of the enhancer to a state that is poised for activity. Moreover, in 
embryonal stem cells, local DNA demethylation per se, rather than any changes in 
histone H3K27 or H3K9 methylation, is associated with the binding of pioneer fac-
tors to certain tissue-speci fi c non-CGI promoters  [  58  ] . Pioneer factors, including 
FOXA1, are implicated in various types of carcinogenesis  [  62  ] . Given the extensive 
hypomethylation of DNA in cancers, many known and yet more unknown enhancer 
regions are likely to become demethylated speci fi cally in tumors. However, speci fi c 
losses of DNA methylation from transcription regulatory regions might facilitate, 
but not independently cause, changes in expression  [  63  ] . 

 Broad DNA regions enriched in hypomethylation are sometimes also associated 
with increases in copy number of DNA regions and can, thereby, synergistically 
increase expression of some of the affected genes  [  13,   33,   42  ] . Such broad regional 
hypomethylation (which can encompass occasional sites of persistent methylation) 
might re fl ect higher order chromatin structure. The latter is in fl uenced, in turn, by 
the type, frequency, and spacing of DNA repeats; the G + C and CpG contents of 
subregions; the gene density; the nucleosome density; broad regions of distinct his-
tone composition modi fi cation; and the presence of clusters of co-regulated genes. 
Nonetheless, a long region of cancer-linked DNA hypermethylation can be adjacent 
to a region of cancer-linked DNA hypomethylation with a sharp border between 
them, as demonstrated for a tandem repeat array (D4Z4) and its border sequences 
 [  9  ] . Despite evidence for functionality, DNA demethylation in cancer probably 
involves frequent overshooting of targeted sequences. These are referred to as  pas-
senger  DNA methylation changes  [  64  ] . The hypomethylation in cancers of many 
more sites than are biologically relevant is probably due to a relaxed speci fi city of 
the demethylation apparatus during carcinogenesis and tumor progression and to 
the spreading of DNA demethylation patterns.  

    2.3   Genomic Hypomethylation in Cancer Within Gene Bodies 

 Recent  fi ndings implicate intragenic epigenetic marks in the regulation of normal 
gene expression. T-DMRs have been found inside many genes, and increased meth-
ylation in the central gene body or downstream promoter- fl anking region of certain 
subsets of genes is associated with increased transcription  [  23,   65–  68  ] . Moreover, 
there are nonrandom associations between positions of CpG methylation within 
genes and exon–intron boundaries, distance from the transcription start site, and 
distance from the 3 ¢  end of the gene  [  66,   69  ] . Besides  fi rst exons, T-DMRs are pres-
ent in various exonic and intronic sequences, including internal CGIs, sequences 
adjacent to internal CGIs (“CGI shores”), insulators, intragenic ncRNA genes, and 
3 ¢  terminal regions  [  17,   19,   28,   59,   70,   71  ] . They are present in both repeated and 
unique sequences. These  fi ndings are consistent with the many interrelationships 
between DNA and chromatin epigenetics and tissue-speci fi c chromatin epigenetic 
marks inside genes  [  65,   68,   72,   73  ] . 
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 Differentiation-related DNA and/or chromatin epigenetic marks within genes 
may help determine alternative promoter usage, modulate the rate of transcription 
initiation or elongation, and possibly help direct the choice of alternative splice 
sites  [  19,   21,   24,   26,   27,   29,   34,   52,   74,   75  ] . The average DNA methylation level in 
the central portion of moderately expressed genes is associated with higher average 
transcription levels, possibly by being related to nucleosome positioning  [  76  ] . For 
example, immediately downstream of proximal CpG-poor promoters, it was unex-
pectedly found that methylation of sequences antagonizes binding of Polycomb 
repressor complexes  [  68  ] . Methylation of gene-body CGIs appears to be associated 
with repression of intragenic promoters  [  28  ] . However, for some sets of genes 
under certain conditions, lower expression was correlated with increases in gene-
body methylation  [  69  ] . 

 With respect to alternative splicing, evidence implicates certain histone 
modi fi cations in helping to regulate the choice of splice junctions by altering rates 
of transcription, nucleosome positioning, or direct interactions with proteins that 
mark exon–intron junctions of pre-mRNA  [  77,   78  ] . Changes in physiological condi-
tions can alter the chromatin modi fi cations at these junctions and concomitantly 
modulate exon skipping  [  78  ] . DNA methylation may also be involved in regulating 
alternative splicing because of the many DNA methylation/chromatin epigenetic 
interrelationships and the  fi nding that intron–exon junctions are enriched in sharp 
transitions in DNA methylation levels  [  66  ] . A recent report that malignant prostate 
cancer cells have enrichment of DNA hypermethylation at exon–intron junctions 
 [  45  ]  is consistent with the cancer-linked involvement of DNA methylation levels in 
determining alternative splicing. 

 Programmed changes in DNA methylation in intra- and intergenic regions are 
not restricted to differentiation-related events. For example, electroconvulsive stim-
ulation of mouse neuronal cells in vivo was recently demonstrated to cause rapid 
decreases and increases in DNA methylation in a substantial minority of CpG sites, 
especially at CpG-poor regions  [  69  ] . The physiologically linked DNA demethyla-
tion included rapid demethylation of exons and introns in various positions of the 
genes. Importantly, there was enrichment in these DNA epigenetic changes in the 
vicinity of brain-related genes. Thus, there is ample precedent from studies of nor-
mal cell functioning to suggest that cancer-associated DNA hypomethylation in 
intronic and exonic sequences can modulate the amount and type of gene products 
and thereby contribute to tumor formation or progression. 

 Cancer-linked DNA hypomethylation in the gene body is illustrated in Fig.  2.1  for 
three genes whose expression has been reported to be altered in certain cancers  [  79–  81  ] . 
 TGFB2  has an intronic Alu repeat that was hypomethylated in some cancer cell lines 
relative to a wide variety of normal tissues (Fig.  2.1a ) and untransformed cell cultures. 
The only exceptions to this intronic region being highly methylated in normal tissues 
and cell strains were found in skeletal muscle (Fig.  2.1a ), myoblasts, and myotubes (data 
not shown). Their hypomethylation at this site might be related to the signi fi cant upregu-
lation of  TGFB2  in myoblasts and myotubes vs .  19 types of non-muscle cell cultures 
 [  82  ]  and is an example of the frequent relationship between targets for cancer-associated 
hypo- or  hypermethylation and targets for differentiation-associated epigenetic changes 
 [  17,   83  ] . Like  TGFB2, PRDM16  (Fig.  2.1b ) exhibited gene-body hypomethylation in 
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some of the cancer cell lines; however, this hypomethylation was in a region largely 
overlapping a CGI in an exon.  NOTCH2  (Fig.  2.1c ) also showed gene-body hypomethy-
lation in several cancer cell lines, but this hypomethylation was neither in a subregion 
with a CGI nor a DNA repeat. We note that some of the cancer cell lines with  TGFB2  or 
 PRDM16  gene hypomethylation also displayed cancer cell-linked promoter hyperm-
ethylation (data not shown).  

 Recently, the presence of 5-hydroxymethylcytosine (5hmC) as the sixth natu-
rally programmed base in vertebrate DNA has been established  [  84  ] . It is gener-
ated from 5mC by hydroxylation via the enzymes TET1, TET2, or TET3 and is 
even more highly tissue speci fi c in its relative levels in DNA than is 5mC  [  84–  86  ] . 
It is implicated in stem cell renewal and distinct types of differentiation  [  87–  89  ] , 
as described further in an accompanying chapter by Pradhan and Kinney. Like 
5mC, 5hmC is enriched in certain intragenic regions and exhibits major decreases 
in its genomic levels in cancer  [  84–  86  ] . However, unlike 5mC, exons, intragenic 
CGIs, and enhancers have signi fi cantly elevated 5hmC levels relative to other por-
tions of the genome  [  87,   90,   91  ] . These  fi ndings further highlight the need for 
studies of the functional signi fi cance of decreases in intragenic DNA epigenetic 
marks in cancer. In addition, they introduce a complication into almost all studies 
to date of 5mC that use either bisul fi te or conventional CpG methylation-sensitive 

  Fig. 2.1    Examples of cancer cell-associated hypomethylation ( boxed ) within gene bodies and 
overlapping a DNA repeat ( a ), a CGI ( b ), or neither ( c ) as determined by whole-genome analysis 
using reduced representation bisul fi te sequencing (RRBS). ( a ),  TGFB2  , intron 1; the cancer 
hypomethylation overlaps an Alu repeat that is also hypomethylated in skeletal muscle (see  arrow ). 
( b ),  PRDM16,  exon 9 and intron 8; the cancer hypomethylation overlaps a CGI and CGI shore. ( c ), 
 NOTCH2 , exon 34; no overlapping repeats or CGI. In contrast to the cancer-derived cell lines, non-
immortalized cell strains (not shown) showed the same hypermethylation seen in normal tissues 
with the exception of myoblasts and myotubes for  TGFB2.  Myoblasts and myotubes overexpress 
 TGFB2  relative to 19 other types of cultured cell popula tions . All analyses were done in duplicate, 
and representative duplicates are shown       
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restriction analysis to distinguish 5mC from unmethylated C, as these methods 
cannot resolve 5hmC and 5mC  [  69,   92,   93  ] . Therefore, a caveat to conclusions 
about 5mC distribution is that 5hmC might have been monitored instead, espe-
cially in exonic or enhancer regions in more 5hmC-rich tissues like brain  [  84,   85  ] . 
However, in some other cell types, like breast, heart, cell lines, and cancers, 5hmC 
is very much lower  [  84–  86,   93  ] , and 5hmC levels are also low in intronic and 
intergenic regions  [  90,   94  ] .  

    2.4   Hypomethylation of DNA Repeats in Cancer 

 Global losses of DNA methylation with less numerous increases in methylation in 
other portions of the genome are typical of cancer  [  5,   6  ]  although there are exceptions 
 [  18  ] . A major contributor toward the overall DNA hypomethylation is hypomethyla-
tion of tandem and interspersed DNA repeats, which is observed in most examined 
cancers  [  6,   95–  97  ] . Most hypomethylation of DNA repeats in cancers is apparently 
the result of demethylation and not preexisting hypomethylation in a cancer stem cell 
 [  3  ] , with the exception of seminomas as discussed below. Besides the effects on tran-
scription and possible effects on alternative splicing described in the previous section, 
hypomethylation of a minor portion of interspersed DNA repeats may occasionally 
cause induction of retroviral element transcription  [  35  ] . In addition, hypomethylation 
of certain promoter-containing interspersed DNA repeats may affect chromatin 
boundaries resulting in effects on transcription of nearby genes  [  98,   99  ] . 

 In a study of mononuclear cells from a few patients with chronic lymphocytic 
leukemia vs .  the analogous cells from controls, Dante et al .  described hypomethyla-
tion of LINE-1, a highly repeated interspersed repeat  [  100  ] . Hypomethylation of 
LINE-1 and Alu repeats was subsequently observed in many other types of cancers 
 [  38,   101–  104  ] . Similarly, we found that tandem repeats in centromeric and juxta-
centromeric satellite DNA are frequently hypomethylated in breast adenocarcino-
mas, ovarian epithelial cancers, and Wilms tumors  [  30,   105,   106  ] , as con fi rmed for 
many other types of cancers  [  3,   107  ] . Additional classes of tandem repeats (includ-
ing macrosatellite DNAs) and segmental duplications are also susceptible to DNA 
hypomethylation in malignancies  [  9,   18,   39,   43,   83,   108–  110  ] , although different 
subclasses of DNA repeat families can vary in their susceptibility to loss of 
DNA methylation in cancer  [  38,   39,   102,   111–  113  ] . In some cancers, satellite DNA 
repeats showed the strongest DNA hypomethylation of all types of sequences ana-
lyzed  [  18,   33  ] . 

 The frequency of cancer-associated hypomethylation of DNA repeats depends 
on the grade, the stage, and the individual tumor specimen  [  46,   114  ] . This hypom-
ethylation is seen sometimes in non-tumor tissue adjacent to the cancer and in 
benign neoplasms and tissue lesions such as breast  fi broadenomas and ovarian 
 cystadenomas, although often to a lesser extent than in cancers  [  13,   51,   95,   105, 
  106,   112,   115  ] . In a mouse model of prostate tumor progression, repeat DNA 
hypomethylation was observed at the stage of prostatic intraepithelial neoplasia and 
prior to promoter hypermethylation  [  116  ] . However, depending on the tumor type 
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or specimen, repeat DNA hypomethylation may increase with tumor progression, a 
relationship inferred since the 1980s  [  1,   117  ] . In many types of cancer, repeat DNA 
hypomethylation is a highly informative prognostic marker and/or predictor of 
 survival  [  46,   107,   118–  122  ] .  

    2.5   DNA Hypomethylation and Germ Cells: Comparison 
to Cancer Hypomethylation 

 Differential methylation of testes-speci fi c genes has some similarities to cancer-
associated DNA hypomethylation. Most genes that are speci fi cally expressed in tes-
tis (like the cancer-testis genes) have little or no methylation in their promoter regions 
in testis and sperm although they are highly methylated, and transcriptionally 
repressed, in somatic tissues  [  123  ] . In sperm, as well as in many cancers, tandem 
DNA repeats and certain subclasses of interspersed DNA repeats display low methy-
lation levels compared with normal postnatal somatic tissues  [  38,   112,   124–  126  ] . 
Reminiscent of the tendency (with many exceptions, as described above) towards 
DNA repeats and unique sequences having opposite methylation changes in cancer, 
single-copy genes become demethylated but tandem and interspersed repeats retain 
their methylation in murine primordial germ cells at 12.5–13.5 dpc  [  123  ] . 

 Another interface between the germ line epigenome and cancer is seen in the 
exceptionally strong global DNA hypomethylation in seminomatous testicular germ 
cell tumors. In our 1982 study of 62 tumors representing 23 different types, we 
found that a testicular seminoma had only 1.4% of its genomic C present as 5mC, 
while the next lowest 5mC level for a cancer was 2.4%  [  1  ] . The range of genomic 
5mC levels among the normal tissues that we studied was 3.5–4.1% of C residues 
methylated. Smiraglia et al. con fi rmed the extraordinary depletion of 5mC in the 
genomes of many seminomas  [  127  ] . This  fi nding has been ascribed to the origin of 
seminomas from primordial germ cells that had undergone massive demethylation 
before oncogenic transformation without subsequent de novo methylation thereafter 
 [  127,   128  ] . Importantly, seminomas generally show none of the CGI hypermethyla-
tion so prevalent in other types of cancer, but rather display extreme overall DNA 
hypomethylation  [  127  ] . Therefore, cancers can develop without gene region hyper-
methylation but with extreme overall genomic hypomethylation.  

    2.6   Opposite Cancer-Linked Changes in DNA Methylation 
in DNA Repeats: Hypo- and Hypermethylation 

 Opposite types of cancer-linked DNA methylation changes can occur in the same 
DNA sequence, as we found in a Southern blot study of methylation of NBL2, a 
1.4-kb sequence repeated in tandem mostly near the centromeres of acrocentric 
chromosomes  [  39  ] . NBL2 was hypomethylated at HhaI sites (5 ¢ -CGCG-3 ¢  sites) in 
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17% of ovarian carcinomas and hypermethylated in >70% of ovarian carcinomas 
and Wilms tumors at the same sites  [  39  ] . Various normal postnatal somatic tissues 
exhibited partial methylation at HhaI sites in NBL2 and were similar to each other 
in their methylation patterns at this tandem repeat. Using NotI (5 ¢ -GCGGCCGC-3 ¢ ) 
for Southern blotting, only the cancer-linked hypomethylation of NBL2 was previ-
ously observed  [  108,   110  ]  because NotI cleaves control somatic DNA too infre-
quently to reveal hypermethylation in cancers. This is an example of the importance 
of considering the technique used in evaluating results on DNA methylation  [  92  ]  
as well as the appropriate control DNA for comparison to the cancer. A few cancer 
DNAs digested with HhaI displayed two distinct fractions of NBL2 sequences, one 
with overall hypermethylation and the other with overall hypomethylation relative 
to all the somatic controls, which suggests that the repeats at one chromosomal 
location underwent de novo methylation and at another underwent demethylation 
during carcinogenesis. Hairpin genomic sequencing  [  129  ]  (see below) at two ~0.3-
kb subregions of the 1.4-kb  NBL2  ( [  8  ]  and Nishiyama and Ehrlich, unpublished 
data) con fi rmed that hypomethylation at NBL2 predominated in some cancers and 
hypermethylation in others in comparison to normal somatic tissues, which dis-
played much site speci fi city in the methylation status of individual CpG sites. 
Therefore, a small region of DNA can be made unstable epigenetically during car-
cinogenesis so that CpG sites that are very near to each other undergo opposite 
changes in DNA methylation. The plasticity of the directionality of methylation 
changes at DNA repeats in cancers has also been seen in recent genome-wide stud-
ies  [  15,   18  ] . 

 D4Z4, a heterologous tandem array (macrosatellite) located at subtelomeric 4q 
and 10q, also exhibited strong hypomethylation in the bulk of the array in some 
cancers and hypermethylation in others of the same type  [  9  ] . Several of the cancers 
had extremely high levels of methylation in more than three consecutive 3.3-kb 
repeat units of D4Z4, indicative of the spreading of de novo methylation. This meth-
ylation spreading seems to have limits to its processivity and to be prone to stop at 
certain subregions of the repeat unit.  

    2.7   Tagging Classes of DNA Sequences for Demethylation 

 Because NBL2 and D4Z4 tandem repeats displayed overall hypomethylation in 
some cancers and hypermethylation in others, it was highly informative to compare 
their methylation changes in a given cancer. Among 17 ovarian carcinomas and 44 
Wilms tumors, there was a signi fi cant correlation ( p  < 0.001) between the direction 
(either hypo- or hypermethylation) and degree of methylation change (strong, mod-
erate, or weak) at D4Z4 and the dissimilar NBL2  [  9  ] . This suggests that diverse 
sequences on different chromosomes may be similarly tagged for demethylation or 
de novo methylation (methylation of symmetrically unmethylated CpG dyads) dur-
ing carcinogenesis. However, many cancers with extensive hypermethylation of 
D4Z4 and NBL2 repeats displayed hypomethylation of another, heterologous tan-
dem repeat, juxtacentromeric satellite 2 on chromosome 1 (Sat2)  [  39  ] . 
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 NBL2 (mostly in the short arm of the acrocentric chromosomes) and D4Z4 (in 
the subtelomeric region of chromosomes 4 and 10) are both rich in G + C and look 
like very long CGIs. However, they differ appreciably in their G + C composition 
(61% and 73%, respectively) and their CpG content (5.7% and 9.9%, respectively). 
Analysis of histone modi fi cation and DNaseI sensitivity has been done for D4Z4 
and indicates that its chromatin has properties midway between constitutive hetero-
chromatin and unexpressed euchromatin  [  130,   131  ] . In contrast, Sat2, which is in 
the pericentromeric region, is constitutively heterochromatic and highly condensed 
in interphase. It has only 38% G + C but, nonetheless, it has 5.1% CpG. Therefore, 
the CpG suppression seen in the overall genome is not evident in Sat2. Sometimes 
even Sat2, with its rather CpG-rich character, becomes hypermethylated in cancers 
at a CpG dyad that exhibits a low methylation level in normal somatic tissues 
 [  132  ] . 

 That the G + C content and chromatin structure is important for recruiting 
machinery for either demethylation or de novo methylation is consistent with our 
 fi ndings on the HpaII site immediately proximal to the D4Z4 array. It is located in a 
0.2-kb D4Z4-proximal subregion that has 43% G + C, while D4Z4 has 73% G + C in 
all of its essentially identical, tandem 3.3-kb repeats. This 0.2-kb sequence immedi-
ately adjacent to the array is prone to tumor-linked hypomethylation even in cancers 
displaying strong hypermethylation within the array  [  9  ] . Surprisingly, even the adja-
cent D4Z4 repeat unit at the proximal end of the array became hypomethylated in 
cancers with hypermethylation of the bulk of the array. Probably, the array-adjacent 
sequence with its much lower G + C content helps confer a different chromatin 
structure on the neighboring D4Z4 repeat unit, which, in turn, affects the direction-
ality of cancer-linked methylation change. Interestingly, a study of tandem trans-
genic repeats in mice revealed that, in some animals, all of the (G + C)-rich transgene 
units became methylated except for one copy adjacent to cellular DNA  [  133  ] . 
Despite the regional properties of DNA and chromatin that may recruit cancer-asso-
ciated DNA methylation or demethylation apparati, there are, as mentioned above, 
very local sequence-speci fi c effects which allow individual CpG dyads to circum-
vent regional demethylation or de novo methylation  [  8,   9  ] . 

 DNA demethylation both in fl uences and is strongly in fl uenced by histone 
modi fi cations. For example, histone H3 trimethylation at lysine 4 (H3K4me3) cor-
relates best with the lack of DNA methylation around the transcription start site 
 [  66  ] . This was found for both CGI promoters  [  134  ]  and promoters that do not con-
tain a CGI, and for CpG methylation as well as the appreciable amount of CpA 
methylation in embryonal stem cells  [  66  ] . A histone H3 unmethylated at lysine 4 
has been implicated as necessary for de novo methylation by DNMT3A in conjunc-
tion with its interacting partner DNMT3L  [  135  ] . Increased activity of the histone 
lysine demethylase LSD1 (KDM1A), which, depending on its interacting partners, 
demethylates K4- or K9-methylated histone H3, has been found to correlate with an 
adverse outcome and a less differentiated phenotype in neuroblastomas  [  136  ] . 
Conversely, mutation of the  Lsd1  gene blocks murine gastrulation  [  137  ]  and results 
in global DNA hypomethylation. This may be partially due to the need for Lsd1/
LSD1 to demethylate the DNMT1 enzyme itself and thereby increase its stability 
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 [  137  ]  but also could re fl ect the role of this enzyme in the demethylation of H3K9me3. 
There are many other players that could in fl uence DNA methylation during carcino-
genesis by their effects on chromatin structure, e.g., poly(ADP-ribosyl)ation, other 
types of histone modi fi cations, histone variants, nonhistone chromatin proteins, 
speci fi c interactions with DNMT proteins, and modulation of the set of DNA meth-
yltransferase isoforms produced at the RNA or protein levels  [  138–  143  ] . Nonetheless, 
multi-functionality of LSD1 in its ability to demethylate proteins and both activat-
ing and repressive histone methylation marks may serve as a paradigm for how, 
paradoxically, there can be both increases and decreases in DNA methylation in a 
given cancer cell.  

    2.8   Active Versus Passive DNA Demethylation 

 There are two broad classes of mechanisms by which 5mC residues can be replaced 
by C residues (DNA demethylation). During replicative or repair DNA synthesis 
there may be a failure to methylate the newly synthesized DNA strand at a sym-
metrically methylated CpG dyad (passive demethylation), which will initially result 
in a hemimethylated dyad (Fig.  2.2 ). If this failure occurs again at the same CpG 
dyad in the next round of replication, then a symmetrically unmethylated CpG dyad 
will be the result. Active demethylation involves 5mC residues being physically 
replaced with C residues (at the base or mononucleotide level) or, less likely, the 
methyl group being removed enzymatically. Accumulating evidence favors mainly 
active demethylation contributing to the naturally occurring DNA demethylation by 
the replacement of C residues  [  144,   145  ] . Active demethylation is consistent with 
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the rapid and distributive loss of 5mC and the replication independence that has 
been demonstrated for many examples of naturally programmed demethylation of 
mammalian genomes  [  146,   147  ] . However, passive demethylation or a combination 
of active and passive demethylation due to inadequate maintenance methylation 
 [  148  ]  is likely to also play a role in normal and pathological decreases in DNA 
methylation. Hemimethylated dyads (Fig.  2.2 ) can be intermediates in both active 
and passive demethylation of DNA as well as being intermediates in maintenance 
methylation.   

    2.9   Maintenance of DNA Methylation Patterns Through 
Hemimethylated Intermediates 

 The processes by which DNA methylation patterns are maintained are highly rele-
vant to understanding how DNA demethylation occurs. Over 30 years ago, mecha-
nisms for the inheritance of DNA methylation were initially proposed  [  149,   150  ] . In 
the traditional view, methylation at each site is assumed to be governed by the pro-
cesses of de novo methylation and maintenance methylation, and these processes 
are independent of one another. The maintenance of methylation patterns has been 
attributed to the methyltransferase Dnmt1. As summarized in a 2009 review by 
Jones and Liang, “The basis of this model is that DNA methylation patterns are 
established in germ cells and in developing embryos by the activity of the de novo 
DNA methyltransferases Dnmt3a and Dnmt3B. Subsequently, methylation patterns 
are inherited after DNA replication primarily owing to the activity of Dnmt1, which 
has a preference for hemimethylated sites that are generated through DNA synthe-
sis”  [  151  ] . The premise of independently acting mechanisms for de novo and main-
tenance methylation has led to the construction of stochastic models for methylation 
inheritance  [  152–  157  ] .  

    2.10   Alternative Mechanisms for Maintenance Methylation 

 The accepted dogma of de novo methylation catalyzed by DNMT3A/Dnmt3a, 
DNMT3B/Dnmt3b, and maintenance methylation through obligatory hemimethy-
lated intermediates via DNMT1/Dnmt1 has recently been called into question. 
According to the original model for maintenance methylation, hemimethylated CpG 
dyads (Fig.  2.2 ) should be short-lived and dif fi cult to detect. However, as early as 
1986, demethylation with long-lived hemimethylated CpG dyads was observed at 
individual CpG sites in the avian vitellogenin II gene following treatment with 
estradiol, which suggested an active pathway through excision repair and/or enzy-
matic demethylation  [  158  ] . A later study of the rat alpha-actin gene promoter pro-
vided evidence for hemimethylated intermediates persisting more than 48 hours 
prior to becoming fully demethylated and suggested active demethylation involving 
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 cis -acting DNA elements  [  159  ] . Subsequently, Liang et al .   [  160  ]  developed an assay 
that allowed determination of hemimethylation at  Hpa II sites (CCGG). In mouse 
embryonic stem cells, levels of hemimethylation in some repetitive sequence regions 
were signi fi cantly higher than the traditional model of maintenance methylation by 
Dnmt1 would predict. By looking at gene knockouts for  Dnmt1  and  Dnmt3a  and 
 Dnmt3b , they deduced that ongoing de novo methylation by Dnmt3a or Dnmt3b in 
a highly cooperative manner with Dnmt1 in embryonal stem cells compensated for 
inef fi cient maintenance methylation by Dnmt1 in these regions. These results sug-
gest a constant, rather than sporadic or only differentiation-associated, role for 
de novo methylation in vivo. They concluded that sequences would gradually 
become demethylated without this constant role for de novo methylation to com-
pensate for inef fi cient replication-coupled maintenance methylation. Furthermore, 
in a study by Chen et al .   [  161  ] , loss of Dnmt1 gave only a 10% decrease in methyla-
tion overall following one cell cycle of replication in human colorectal carcinoma 
cells. This conditional knockout resulted in hemimethylation of 18% of sites ana-
lyzed by hairpin genomic sequencing in the CGI of an L1 transposable element. The 
overall level of methylation at CpG dyads in these sequences in cells with normal 
Dnmt1 was around 85% with no detectable hemimethylation. 

 In the alternative model for maintaining DNA methylation patterns that was pro-
posed by Jones and Liang  [  151  ] , DNMT1, the most abundant DNA methyltrans-
ferase is still considered to be primarily a maintenance methylase and is responsible 
for most of the replication-associated DNA methylation. However, they propose 
that DNMT3A and DNMT3B enzymes remain bound to nucleosomes that contain 
high levels of DNA methylation. Following replication, CpG dyads whose methyla-
tion fails to be correctly maintained by DNMT1 would then be “corrected” by 
DNMT3A and DNMT3B, so that these enzymes would preserve highly methylated 
regions without strictly “reading” the patterns on the parental strand. In this way, the 
methylation state of a region is maintained rather than a site-speci fi c methylation 
pattern. In addition, DNMT1 might participate in some of this correction of linger-
ing hemimethylated sites that have left the vicinity of the replication fork, perhaps 
recruited by proteins such as UHRF1 which recognizes hemimethylated sites (see 
below). This concept of repair methylation is consistent with  fi ndings that methyla-
tion patterns in highly methylated regions tend to vary among molecules and higher 
rates of de novo methylation are observed in highly methylated sequences  [  129  ] . 
Moreover, non-CpG methylation at asymmetrical sites, which is found mostly in 
embryonal stem cells  [  70  ] , should rely on de novo methyltransferase activity for 
perpetuating the DNA methylation patterns, as described below. 

 In cancers, the frequent presence of long blocks of hypomethylated DNA  [  7, 
  16,   42,   47,   105  ]  and the usual predominance of overall decreases rather than 
increases in 5mC content of the genome suggest that passive demethylation con-
tributes to cancer-associated genomic hypomethylation. Passive demethylation 
might involve either a lack of methylation of hemimethylated sites by DNMT1 or 
a failure of DNMT3A or DNMT3B to retain dense methylation of a normally 
highly methylated region. However, the current, more layered view of the mainte-
nance of DNA methylation patterns suggests that while some of the demethyla-
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tion of DNA in  cancer occurs by a failure of maintenance methylation, most is due 
to an active mechanism. Recent studies of normal differentiation- or physiology-
associated DNA demethylation support an active type of DNA methylation involv-
ing enzymatically catalyzed modi fi cation of 5mC residues to 5hmC residues (and 
subsequent oxidation products) or thymine residues followed by DNA repair 
 [  162–  164  ] . Three-step processes for active DNA demethylation have been pro-
posed in which 5mC is  fi rst enzymatically modi fi ed; then demethylated on one 
strand, most likely by excision repair; and later fully demethylated by a mecha-
nism that avoids inducing double-strand breaks during removal of both 5mCs of a 
5mCpG dyad  [  165  ] . The last step could involve a repair mechanism that preferen-
tially acts on hemimethylated substrates  [  165  ]  or passive demethylation of a 
hemimethylated or hemihydroxymethylated dyad. The latter could be due to the 
5hmC residues on one strand of a hemihydroxymethylated dyad not being recog-
nized for maintenance methylation  [  148  ] . 

 UHRF1 (also known as NP95) is a cofactor that interacts speci fi cally with 
hemimethylated DNA and may participate in demethylation as well as de novo 
methylation of cancer epigenomes. UHRF1 also interacts with DNMT1, and even 
more strongly with DNMT3A and DNMT3B  [  166  ] , and thereby, may be involved 
in the recruitment of DNMT3A/3B to unmethylated regions during tumorigenesis 
leading to de novo methylation  [  167  ] . However, recent work on gliomas has 
identi fi ed the disruption of DNMT1, PCNA, and UHRF1 interactions as a crucial 
oncogenic event promoting DNA hypomethylation-induced tumorigenesis in the 
absence of DNMT1 de fi ciencies  [  168  ] . Thus, while upregulation of UHRF1 may 
contribute to the silencing of tumor suppressors through de novo methylation, the 
disruption of DNMT1/PCNA/UHRF1 interactions might result in cancer-associated 
DNA hypomethylation affecting transcription.  

    2.11   Insights into Cancer-Associated DNA Demethylation 
from Studies of DNA Hemimethylation 

 The introduction of hairpin-bisul fi te PCR (hairpin genomic sequencing) by Laird 
et al. in 2004  [  129  ]  has enabled the observation of the methylation status on both 
strands of individual DNA molecules on a site-by-site basis. In bisul fi te-based 
genomic sequencing, bisul fi te causes deamination of unmethylated C residues, but 
not methylated C residues  [  169  ] . Hairpin genomic sequencing allows analysis of 
methylation at every CG dinucleotide pair in a given region on covalently linked 
DNA strands of a restriction fragment. A caveat about these studies of DNA hemim-
ethylation is that bisul fi te-based DNA methylation analysis cannot distinguish 
between 5hmC and 5mC, as described above, and 5hmC on one strand at a CpG 
dyad is not recognized for maintenance methylation  [  170  ] . Therefore, it is possible 
that the detected hemimethylation is actually a CpG dyad with one unmethylated C 
residue and one 5hmC residue. However, in the studies of tandem DNA repeats in 
cancers described below, this is unlikely because 5hmC is predominantly in gene 
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regions and all studied cancers and cancer cell lines have extremely low levels of 
5hmC  [  84–  86  ] . 

 By sodium bisul fi te-based whole-methylome analysis using next-generation 
sequencing, Lister et al. analyzed more than 90% of the cytosines in human H1 
embryonic stem cells (H1 ES) and IMR90 fetal lung  fi broblasts  [  70  ] . While nearly 
all of the methylcytosines detected in the IMR90  fi broblasts were in the CG dinucle-
otide context, considerable methylation in non-CG contexts (mCHG and mCHH, 
where H = A, C or T) was observed in the H1 stem cells, comprising almost 25% of 
the total methylation, in agreement with a recent study by Laurent et al.  [  66  ] . 
Methylation at mCHG sites in H1 ES was also highly asymmetrical, with 98% of 
such sites observed to be methylated on only one strand. Non-CpG methylation was 
also found to be signi fi cantly higher on the antisense strand of gene bodies, suggest-
ing a nonrandom bias in the observed asymmetry. Non-CpG methylation disap-
peared upon differentiation of the H1 stem cells, but was restored in differentiated 
cells induced to form pluripotent stem cells. These  fi ndings suggest that asymmetri-
cal methylation at non-CG dinucleotide sites may contribute to maintenance of the 
pluripotent state. They are reminiscent of the less frequent, hemimethylated CG 
dinucleotide sites that we and Laird et al. have seen in various DNA repeats  [  8,   132, 
  171  ]  or single-copy sequences  [  129  ]  in normal or cancer tissues.  

    2.12   Hemimethylated CpG Dyads in Cancer 

 Although reports of DNA hemimethylation in cancer are few, our studies of hemim-
ethylated DNA in cancers support the involvement of active demethylation in gener-
ating cancer-linked genomic hypomethylation. We analyzed DNA methylation 
changes in depth at the above-mentioned tandem repeats NBL2 and at Sat2 in ovar-
ian epithelial tumors and Wilms tumors by hairpin genomic sequencing  [  8,   132  ] . In 
a study of 13 CpGs in a 0.2-kb subregion of Sat2 in ovarian carcinomas and somatic 
control tissues, hairpin genomic sequencing not only revealed signi fi cantly greater 
clonal variability in methylation patterns in the cancers than in diverse control tissues 
but also provided statistically signi fi cant evidence of clustering among both hemim-
ethylated and fully demethylated sites  [  132  ] . Runs of hemimethylated sites with 
identical orientation were seen at higher than expected rates in the cancers. Similarly, 
an analysis of 14 CpGs in the NBL2 repeat unit identi fi ed both hypomethylation and 
hypermethylation in ovarian carcinomas and Wilms tumors, again with a high degree 
of clonal variation in methylation patterns within each sample  [  8  ] . 

 Diverse control and cancer samples contained some DNA clones derived from 
unusual, consecutive hemimethylated CpG dyads of opposite polarity. Figure  2.2b  
illustrates how an M/U (5 ¢ -5mCpG-3 ¢ /3 ¢ -GpC-5 ¢ ) dyad near a U/M dyad (5 ¢ -CpG-
3 ¢ /3 ¢ -Gp5mC-5 ¢ ) could be generated by active vs .  passive demethylation. Passive 
demethylation would require inhibition of maintenance methylation (by DNMT1 
alone or in conjunction with DNMT3A and DNMT3B, as discussed above) at a sin-
gle CpG dyad in one round of replicative DNA synthesis. The next round of replica-
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tion would then have to involve both asymmetrical de novo methylation of only the 
opposite strand of this dyad and inhibition, once again, of maintenance methylation 
at a neighboring CpG dyad. In contrast to this highly unlikely sequence of events, 
active demethylation can easily explain the generation of various patterns of hemim-
ethylation in contiguous CpG dyads with either identical or opposite orientation. 

 In a simulation study jointly analyzing the Sat2 and NBL2 regions, we found that 
the observed methylation patterns in the carcinomas were best explained by a mech-
anism that accounted for site-to-site correlation  [  157  ] . Prior studies have produced 
evidence of spreading of methylation in cancer  [  172–  176  ] . Our analysis suggests 
that demethylation may progress by spreading as well. 

 We propose that during carcinogenesis a highly methylated DNA sequence 
becomes partially demethylated by active demethylation. The sequence may then 
attain a density of 5mC residues in an atypical intermediate range. This intermediate 
level of methylation might confer less stability during successive cell divisions for 
maintenance of the methylation pattern or methylation density. The stability of a 
given partially methylated sequence could be determined, in part, by the ef fi ciency 
with which DNMT3A and DNMT3B recognize unmethylated CpG sites in the 
sequence for repair methylation. Abnormally low methylation levels may favor the 
generation of yet lower levels, with some site-speci fi c effects superimposed on the 
regional ones. Thus, active demethylation might start cancer-associated demethyla-
tion and a failure of maintenance methylation (including repair methylation) might 
continue it. The result could explain the observation that tumor progression is fre-
quently linked to a progressive decrease in methylation.  

    2.13   Conclusions 

 Recently, there has been a burst of studies increasing our understanding of the impor-
tance of changes in DNA methylation in intragenic, promoter, and intergenic regions 
during differentiation and in response to some types of physiological change. These 
 fi ndings suggest that much more of the cancer-associated DNA hypomethylation con-
tributes to tumor formation and progression than previously recognized. Similarly, 
high-resolution analysis of cancer methylomes in comparison to appropriate controls 
indicates that the extent of cancer-linked hypomethylation is larger than previously 
appreciated and affects a greater variety of DNA sequences. We propose that the path-
ways for normal DNA demethylation that operate during differentiation or induction of 
certain physiological changes become hijacked during carcinogenesis and tumor pro-
gression, leading to the initiation of cancer-associated DNA demethylation. This dem-
ethylation then may spread in  cis  by both additional rounds of active demethylation and 
by passive demethylation involving failures in classical maintenance methylation and 
replication-associated repair methylation. The net result of some of this cancer-associ-
ated DNA demethylation could be abnormal modulation of transcription and even 
some aberrant posttranscriptional processing of transcripts as well as increases in DNA 
recombination, thereby contributing to tumor formation and progression.      



472 DNA Hypomethylation and Hemimethylation in Cancer

  Acknowledgments   Supported in part by grants from the Louisiana Cancer Research 
Consortium.  

   References 

    1.    Gama-Sosa MA, Slagel VA, Trewyn RW, Oxenhandler R, Kuo KC, Gehrke CW, Ehrlich M 
(1983) The 5-methylcytosine content of DNA from human tumors. Nucleic Acids Res 
11:6883–6894  

    2.    Feinberg AP, Vogelstein B (1983) Hypomethylation distinguishes genes of some human can-
cers from their normal counterparts. Nature 301(5895):89–92  

    3.    Ehrlich M (2009) DNA hypomethylation in cancer cells. Epigenomics 1(2):239–259  
    4.    Ehrlich M, Jiang G, Fiala ES, Dome JS, Yu MS, Long TI, Youn B, Sohn O-S, Widschwendter 

M, Tomlinson GE, Chintagumpala M, Champagne M, Parham DM, Liang G, Malik K, Laird 
PW (2002) Hypomethylation and hypermethylation of DNA in Wilms tumors. Oncogene 
21(43):6694–6702  

    5.    Ehrlich M (2006) Cancer-linked DNA hypomethylation and its relationship to hypermethyla-
tion. Curr Top Microbiol Immunol 310:251–274  

    6.    Ehrlich M (2002) DNA methylation in cancer: too much, but also too little. Oncogene 
21(35):5400–5413  

    7.    Pfeifer GP, Rauch TA (2009) DNA methylation patterns in lung carcinomas. Semin Cancer 
Biol 19(3):181–187  

    8.    Nishiyama R, Qi L, Lacey M, Ehrlich M (2005) Both hypomethylation and hypermethylation 
in a 0.2-kb region of a DNA repeat in cancer. Molec Cancer Res 3:617–626  

    9.    Tsumagari K, Qi L, Jackson K, Shao C, Lacey M, Sowden J, Tawil R, Vedanarayanan V, 
Ehrlich M (2008) Epigenetics of a tandem DNA repeat: chromatin DNaseI sensitivity and 
opposite methylation changes in cancers. Nucleic Acids Res 36:2196–2207  

    10.    Lindsey JC, Lusher ME, Anderton JA, Gilbertson RJ, Ellison DW, Clifford SC (2007) 
Epigenetic deregulation of multiple S100 gene family members by differential hypomethyla-
tion and hypermethylation events in medulloblastoma. Br J Cancer 97(2):267–274  

    11.    Grunau C, Brun ME, Rivals I, Selves J, Hindermann W, Favre-Mercuret M, Granier G, De 
Sario A (2008) BAGE hypomethylation, a new epigenetic biomarker for colon cancer detec-
tion. Cancer Epidemiol Biomarkers Prev 17(6):1374–1379  

    12.    Sultan M, Schulz MH, Richard H, Magen A, Klingenhoff A, Scherf M, Seifert M, Borodina 
T, Soldatov A, Parkhomchuk D, Schmidt D, O’Keeffe S, Haas S, Vingron M, Lehrach H, 
Yaspo ML (2008) A global view of gene activity and alternative splicing by deep sequencing 
of the human transcriptome. Science 321(5891):956–960  

    13.    Alvarez H, Opalinska J, Zhou L, Sohal D, Fazzari MJ, Yu Y, Montagna C, Montgomery EA, 
Canto M, Dunbar KB, Wang J, Roa JC, Mo Y, Bhagat T, Ramesh KH, Cannizzaro L, 
Mollenhauer J, Thompson RF, Suzuki M, Meltzer SJ, Melnick A, Greally JM, Maitra A, 
Verma A (2011) Widespread hypomethylation occurs early and synergizes with gene 
ampli fi cation during esophageal carcinogenesis. PLoS Genet 7(3):e1001356  

    14.    Sandoval J, Heyn HA, Moran S, Serra-Musach J, Pujana MA, Bibikova M, Esteller M (2011) 
Validation of a DNA methylation microarray for 450,000 CpG sites in the human genome. 
Epigenetics 6(6):692–702  

    15.    Ruike Y, Imanaka Y, Sato F, Shimizu K, Tsujimoto G (2010) Genome-wide analysis of aber-
rant methylation in human breast cancer cells using methyl-DNA immunoprecipitation com-
bined with high-throughput sequencing. BMC Genomics 11:137  

    16.    Hansen KD, Timp W, Bravo HC, Sabunciyan S, Langmead B, McDonald OG, Wen B, Wu H, 
Liu Y, Diep D, Briem E, Zhang K, Irizarry RA, Feinberg AP (2011) Increased methylation 
variation in epigenetic domains across cancer types. Nat Genet 43(8):768–775  



48 M. Ehrlich and M. Lacey

    17.    Irizarry RA, Ladd-Acosta C, Wen B, Wu Z, Montano C, Onyango P, Cui H, Gabo K, Rongione 
M, Webster M, Ji H, Potash JB, Sabunciyan S, Feinberg AP (2009) The human colon cancer 
methylome shows similar hypo- and hypermethylation at conserved tissue-speci fi c CpG 
island shores. Nat Genet 41(2):178–186  

    18.    Feber A, Wilson GA, Zhang L, Presneau N, Idowu B, Down TA, Rakyan VK, Noon LA, 
Lloyd AC, Stupka E, Schiza V, Teschendorff AE, Schroth GP, Flanagan A, Beck S (2011) 
Comparative methylome analysis of benign and malignant peripheral nerve sheath tumors. 
Genome Res 21(4):515–524  

    19.    Brenet F, Moh M, Funk P, Feierstein E, Viale AJ, Socci ND, Scandura JM (2011) DNA 
methylation of the  fi rst exon is tightly linked to transcriptional silencing. PLoS One 
6(1):e14524  

    20.    Song L, Zhang Z, Grasfeder LL, Boyle AP, Giresi PG, Lee BK, Shef fi eld NC, Graf S, Huss 
M, Keefe D, Liu Z, London D, McDaniell RM, Shibata Y, Showers KA, Simon JM, Vales T, 
Wang T, Winter D, Zhang Z, Clarke ND, Birney E, Iyer VR, Crawford GE, Lieb JD, Furey 
TS (2011) Open chromatin de fi ned by DNaseI and FAIRE identi fi es regulatory elements that 
shape cell-type identity. Genome Res 21(10):1757–67  

    21.    Tao Y, Xi S, Briones V, Muegge K (2010) Lsh mediated RNA polymerase II stalling at 
HoxC6 and HoxC8 involves DNA methylation. PLoS One 5(2):e9163  

    22.    Bauer AP, Leikam D, Krinner S, Notka F, Ludwig C, Langst G, Wagner R (2010) The impact 
of intragenic CpG content on gene expression. Nucleic Acids Res 38(12):3891–3908  

    23.    Schwartz S, Ast G (2010) Chromatin density and splicing destiny: on the cross-talk between 
chromatin structure and splicing. Embo J 29(10):1629–1636  

    24.    Okitsu CY, Hsieh CL (2007) DNA methylation dictates histone H3K4 methylation. Mol Cell 
Biol 27(7):2746–2757  

    25.    Okitsu CY, Hsieh JC, Hsieh CL (2010) Transcriptional activity affects the H3K4me3 level 
and distribution in the coding region. Mol Cell Biol 30(12):2933–2946  

    26.    Lorincz MC, Dickerson DR, Schmitt M, Groudine M (2004) Intragenic DNA methylation 
alters chromatin structure and elongation ef fi ciency in mammalian cells. Nat Struct Mol Biol 
11(11):1068–1075  

    27.    Deaton AM, Webb S, Kerr AR, Illingworth RS, Guy J, Andrews R, Bird A (2011) Cell type-
speci fi c DNA methylation at intragenic CpG islands in the immune system. Genome Res 
21(7):1074–1086  

    28.    Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D’Souza C, Fouse SD, Johnson BE, 
Hong C, Nielsen C, Zhao Y, Turecki G, Delaney A, Varhol R, Thiessen N, Shchors K, Heine 
VM, Rowitch DH, Xing X, Fiore C, Schillebeeckx M, Jones SJ, Haussler D, Marra MA, Hirst 
M, Wang T, Costello JF (2010) Conserved role of intragenic DNA methylation in regulating 
alternative promoters. Nature 466(7303):253–257  

    29.    Aporntewan C, Phokaew C, Piriyapongsa J, Ngamphiw C, Ittiwut C, Tongsima S, Mutirangura 
A (2011) Hypomethylation of intragenic LINE-1 represses transcription in cancer cells 
through AGO2. PLoS One 6(3):e17934  

    30.    Qu G, Grundy PE, Narayan A, Ehrlich M (1999) Frequent hypomethylation in Wilms tumors 
of pericentromeric DNA in chromosomes 1 and 16. Cancer Genet Cytogenet 109:34–39  

    31.    Eden A, Gaudet F, Waghmare A, Jaenisch R (2003) Chromosomal instability and tumors 
promoted by DNA hypomethylation. Science 300(5618):455  

    32.    Yamada Y, Jackson-Grusby L, Linhart H, Meissner A, Eden A, Lin H, Jaenisch R (2005) 
Opposing effects of DNA hypomethylation on intestinal and liver carcinogenesis. Proc Natl 
Acad Sci USA 102(38):13580–13585  

    33.    Cadieux B, Ching TT, Vandenberg SR, Costello JF (2006) Genome-wide hypomethylation in 
human glioblastomas associated with speci fi c copy number alteration, methylenetetrahydro-
folate reductase allele status, and increased proliferation. Cancer Res 66(17):8469–8476  

    34.    Trejbalova K, Blazkova J, Matouskova M, Kucerova D, Pecnova L, Vernerova Z, Heracek J, 
Hirsch I, Hejnar J (2011) Epigenetic regulation of transcription and splicing of syncytins, 
fusogenic glycoproteins of retroviral origin. Nucleic Acids Res 39(20):8728–39  



492 DNA Hypomethylation and Hemimethylation in Cancer

    35.    Goering W, Ribarska T, Schulz WA (2011) Selective changes of retroelement expression in 
human prostate cancer. Carcinogenesis 32(10):1484–92  

    36.    Park SY, Yoo EJ, Cho NY, Kim N, Kang GH (2009) Comparison of CpG island hypermethy-
lation and repetitive DNA hypomethylation in premalignant stages of gastric cancer, strati fi ed 
for Helicobacter pylori infection. J Pathol 219(4):410–6  

    37.    Yang AS, Estecio MR, Doshi K, Kondo Y, Tajara EH, Issa JP (2004) A simple method for 
estimating global DNA methylation using bisul fi te PCR of repetitive DNA elements. Nucleic 
Acids Res 32(3):e38  

    38.    Weisenberger DJ, Campan M, Long TI, Kim M, Woods C, Fiala E, Ehrlich M, Laird PW 
(2005) Analysis of repetitive element DNA methylation by MethyLight. Nucleic Acids Res 
33(21):6823–6836  

    39.    Nishiyama R, Qi L, Tsumagari K, Dubeau L, Weissbecker K, Champagne M, Sikka S, Nagai 
H, Ehrlich M (2005) A DNA repeat, NBL2, is hypermethylated in some cancers but hypom-
ethylated in others. Cancer Biol Ther 4(4):440–448  

    40.    Pulukuri SM, Estes N, Patel J, Rao JS (2007) Demethylation-linked activation of urokinase 
plasminogen activator is involved in progression of prostate cancer. Cancer Res 67(3): 
930–939  

    41.   Clark SJ (2007) Action at a distance: epigenetic silencing of large chromosomal regions in 
carcinogenesis. Hum Mol Genet 16 Spec No 1:R88–95  

    42.    Andrews J, Kennette W, Pilon J, Hodgson A, Tuck AB, Chambers AF, Rodenhiser DI (2010) 
Multi-platform whole-genome microarray analyses re fi ne the epigenetic signature of breast 
cancer metastasis with gene expression and copy number. PLoS One 5(1):e8665  

    43.    Novak P, Jensen T, Oshiro MM, Watts GS, Kim CJ, Futscher BW (2008) Agglomerative 
epigenetic aberrations are a common event in human breast cancer. Cancer Res 68(20): 
8616–8625  

    44.    Coolen MW, Stirzaker C, Song JZ, Statham AL, Kassir Z, Moreno CS, Young AN, Varma V, 
Speed TP, Cowley M, Lacaze P, Kaplan W, Robinson MD, Clark SJ (2010) Consolidation of 
the cancer genome into domains of repressive chromatin by long-range epigenetic silencing 
(LRES) reduces transcriptional plasticity. Nat Cell Biol 12(3):235–246  

    45.    Yegnasubramanian S, Wu Z, Haffner MC, Esopi D, Aryee MJ, Badrinath R, He TL, Morgan 
JD, Carvalho B, Zheng Q, De Marzo AM, Irizarry RA, Nelson WG (2011) Chromosome-
wide mapping of DNA methylation patterns in normal and malignant prostate cells reveals 
pervasive methylation of gene-associated and conserved intergenic sequences. BMC 
Genomics 12:313  

    46.    Widschwendter M, Jiang G, Woods C, Muller HM, Fiegl H, Goebel G, Marth C, Holzner 
EM, Zeimet AG, Laird PW, Ehrlich M (2004) DNA hypomethylation and ovarian cancer 
biology. Cancer Res 64(13):4472–4480  

    47.    Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL, Schubeler D (2005) 
Chromosome-wide and promoter-speci fi c analyses identify sites of differential DNA methy-
lation in normal and transformed human cells. Nat Genet 37(8):853–862  

    48.    Ehrlich M (2003) Expression of various genes is controlled by DNA methylation during 
mammalian development. J Cell Biochem 88:899–910  

    49.    Shen L, Kondo Y, Guo Y, Zhang J, Zhang L, Ahmed S, Shu J, Chen X, Waterland RA, Issa 
JP (2007) Genome-wide pro fi ling of DNA methylation reveals a class of normally methy-
lated CpG island promoters. PLoS Genet 3(10):2023–2036  

    50.    Ortmann CA, Eisele L, Nuckel H, Klein-Hitpass L, Fuhrer A, Duhrsen U, Zeschnigk M 
(2008) Aberrant hypomethylation of the cancer-testis antigen PRAME correlates with 
PRAME expression in acute myeloid leukemia. Ann Hematol 87(10):809–818  

    51.    Milicic A, Harrison LA, Goodlad RA, Hardy RG, Nicholson AM, Presz M, Sieber O, 
Santander S, Pringle JH, Mandir N, East P, Obszynska J, Sanders S, Piazuelo E, Shaw J, 
Harrison R, Tomlinson IP, McDonald SA, Wright NA, Jankowski JA (2008) Ectopic expres-
sion of P-cadherin correlates with promoter hypomethylation early in colorectal carcinogen-
esis and enhanced intestinal crypt  fi ssion in vivo. Cancer Res 68(19):7760–7768  



50 M. Ehrlich and M. Lacey

    52.    Cheung HH, Davis AJ, Lee TL, Pang AL, Nagrani S, Rennert OM, Chan WY (2011) 
Methylation of an intronic region regulates miR-199a in testicular tumor malignancy. 
Oncogene 30(31):3404–3415  

    53.    Colaneri A, Staffa N, Fargo DC, Gao Y, Wang T, Peddada SD, Birnbaumer L (2011) Expanded 
methyl-sensitive cut counting reveals hypomethylation as an epigenetic state that highlights 
functional sequences of the genome. Proc Natl Acad Sci USA 108(23):9715–9720  

    54.    Kwon MJ, Shin YK (2011) Epigenetic regulation of cancer-associated genes in ovarian can-
cer. Int J Mol Sci 12(2):983–1008  

    55.    Laursen KB, Wong PM, Gudas LJ (2011) Epigenetic regulation by RAR{alpha} maintains 
ligand-independent transcriptional activity. Nucleic Acids Res 40(1):102–15  

    56.    Baba Y, Nosho K, Shima K, Huttenhower C, Tanaka N, Hazra A, Giovannucci EL, Fuchs CS, 
Ogino S (2010) Hypomethylation of the IGF2 DMR in colorectal tumors, detected by bisul fi te 
pyrosequencing, is associated with poor prognosis. Gastroenterology 139(6):1855–1864  

    57.    Eckhardt F, Lewin J, Cortese R, Rakyan VK, Attwood J, Burger M, Burton J, Cox TV, Davies 
R, Down TA, Hae fl iger C, Horton R, Howe K, Jackson DK, Kunde J, Koenig C, Liddle J, 
Niblett D, Otto T, Pettett R, Seemann S, Thompson C, West T, Rogers J, Olek A, Berlin K, 
Beck S (2006) DNA methylation pro fi ling of human chromosomes 6, 20 and 22. Nat Genet 
38(12):1378–1385  

    58.    Smale ST (2010) Pioneer factors in embryonic stem cells and differentiation. Curr Opin 
Genet Dev 20(5):519–526  

    59.    Serandour AA, Avner S, Percevault F, Demay F, Bizot M, Lucchetti-Miganeh C, Barloy-Hubler 
F, Brown M, Lupien M, Metivier R, Salbert G, Eeckhoute J (2011) Epigenetic switch involved 
in activation of pioneer factor FOXA1-dependent enhancers. Genome Res 21(4): 555–565  

    60.    Xu J, Pope SD, Jazirehi AR, Attema JL, Papathanasiou P, Watts JA, Zaret KS, Weissman IL, 
Smale ST (2007) Pioneer factor interactions and unmethylated CpG dinucleotides mark silent 
tissue-speci fi c enhancers in embryonic stem cells. Proc Natl Acad Sci USA 104(30): 
12377–12382  

    61.    Taube JH, Allton K, Duncan SA, Shen L, Barton MC (2010) Foxa1 functions as a pioneer 
transcription factor at transposable elements to activate Afp during differentiation of embry-
onic stem cells. J Biol Chem 285(21):16135–16144  

    62.    Magnani L, Eeckhoute J, Lupien M (2011) Pioneer factors: directing transcriptional regula-
tors within the chromatin environment. Trends Genet 27(11):465–74  

    63.    Hatada I, Namihira M, Morita S, Kimura M, Horii T, Nakashima K (2008) Astrocyte-speci fi c 
genes are generally demethylated in neural precursor cells prior to astrocytic differentiation. 
PLoS One 3(9):e3189  

    64.    Kalari S, Pfeifer GP (2010) Identi fi cation of driver and passenger DNA methylation in cancer 
by epigenomic analysis. Adv Genet 70:277–308  

    65.    Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A, Zhang X, Bernstein 
BE, Nusbaum C, Jaffe DB, Gnirke A, Jaenisch R, Lander ES (2008) Genome-scale DNA 
methylation maps of pluripotent and differentiated cells. Nature 454(7205):766–770  

    66.    Laurent L, Wong E, Li G, Huynh T, Tsirigos A, Ong CT, Low HM, Kin Sung KW, Rigoutsos 
I, Loring J, Wei CL (2010) Dynamic changes in the human methylome during differentiation. 
Genome Res 20(3):320–331  

    67.    Ball MP, Li JB, Gao Y, Lee JH, LeProust EM, Park IH, Xie B, Daley GQ, Church GM (2009) 
Targeted and genome-scale strategies reveal gene-body methylation signatures in human 
cells. Nat Biotechnol 27(4):361–368  

    68.    Wu H, Coskun V, Tao J, Xie W, Ge W, Yoshikawa K, Li E, Zhang Y, Sun YE (2010) Dnmt3a-
dependent nonpromoter DNA methylation facilitates transcription of neurogenic genes. 
Science 329(5990):444–448  

    69.    Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA, Balazer JA, Eaves HL, Xie B, 
Ford E, Zhang K, Ming GL, Gao Y, Song H (2011) Neuronal activity modi fi es the DNA 
methylation landscape in the adult brain. Nat Neurosci 14(10):1345–1351  

    70.    Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, 
Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar AH, Thomson 



512 DNA Hypomethylation and Hemimethylation in Cancer

JA, Ren B, Ecker JR (2009) Human DNA methylomes at base resolution show widespread 
epigenomic differences. Nature 462(7271):315–322  

    71.    De Bustos C, Ramos E, Young JM, Tran RK, Menzel U, Langford CF, Eichler EE, Hsu L, 
Henikoff S, Dumanski JP, Trask BJ (2009) Tissue-speci fi c variation in DNA methylation 
levels along human chromosome 1. Epigenetics Chromatin 2(1):7  

    72.    Ke XS, Qu Y, Cheng Y, Li WC, Rotter V, Oyan AM, Kalland KH (2010) Global pro fi ling of 
histone and DNA methylation reveals epigenetic-based regulation of gene expression during 
epithelial to mesenchymal transition in prostate cells. BMC Genomics 11:669  

    73.    Cheng X, Blumenthal RM (2010) Coordinated chromatin control: structural and functional 
linkage of DNA and histone methylation. Biochemistry 49(14):2999–3008  

    74.    Stengel S, Fiebig U, Kurth R, Denner J (2010) Regulation of human endogenous retrovirus-K 
expression in melanomas by CpG methylation. Genes Chromosomes Cancer 49(5):401–411  

    75.    Appanah R, Dickerson DR, Goyal P, Groudine M, Lorincz MC (2007) An unmethylated 3’ 
promoter-proximal region is required for ef fi cient transcription initiation. PLoS Genet 
3(2):e27  

    76.    Chodavarapu RK, Feng S, Bernatavichute YV, Chen PY, Stroud H, Yu Y, Hetzel JA, Kuo F, 
Kim J, Cokus SJ, Casero D, Bernal M, Huijser P, Clark AT, Kramer U, Merchant SS, Zhang 
X, Jacobsen SE, Pellegrini M (2010) Relationship between nucleosome positioning and DNA 
methylation. Nature 466(7304):388–392  

    77.    Hodges E, Smith AD, Kendall J, Xuan Z, Ravi K, Rooks M, Zhang MQ, Ye K, Bhattacharjee 
A, Brizuela L, McCombie WR, Wigler M, Hannon GJ, Hicks JB (2009) High de fi nition 
pro fi ling of mammalian DNA methylation by array capture and single molecule bisul fi te 
sequencing. Genome Res 19(9):1593–1605  

    78.    Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T (2011) Epigenetics in alternative pre-
mRNA splicing. Cell 144(1):16–26  

    79.    Shing DC, Trubia M, Marchesi F, Radaelli E, Belloni E, Tapinassi C, Scanziani E, Mecucci 
C, Crescenzi B, Lahortiga I, Odero MD, Zardo G, Gruszka A, Minucci S, Di Fiore PP, Pelicci 
PG (2007) Overexpression of sPRDM16 coupled with loss of p53 induces myeloid leukemias 
in mice. J Clin Invest 117(12):3696–3707  

    80.    Chu D, Zhang Z, Zhou Y, Wang W, Li Y, Zhang H, Dong G, Zhao Q, Ji G (2011) Notch1 and 
Notch2 have opposite prognostic effects on patients with colorectal cancer. Ann Oncol 
22(11):2440–7  

    81.    Figueroa JD, Flanders KC, Garcia-Closas M, Anderson WF, Yang XR, Matsuno RK, Duggan 
MA, Pfeiffer RM, Ooshima A, Cornelison R, Gierach GL, Brinton LA, Lissowska J, 
Peplonska B, Wake fi eld LM, Sherman ME (2010) Expression of TGF-beta signaling factors 
in invasive breast cancers: relationships with age at diagnosis and tumor characteristics. 
Breast Cancer Res Treat 121(3):727–735  

    82.    Tsumagari K, Chang S-C, Lacey M, Baribault C, Chittur SV, Sowden J, Tawil R, Crawford 
GE, Ehrlich M (2011) Gene expression during normal and FSHD myogenesis. BMC Medical 
Genomics 4:67  

    83.    Nagai H, Kim YS, Yasuda T, Ohmachi Y, Yokouchi H, Monden M, Emi M, Konishi N, Nogami 
M, Okumura K, Matsubara K (1999) A novel sperm-speci fi c hypomethylation sequence is a 
demethylation hotspot in human hepatocellular carcinomas. Gene 237(1): 15–20  

    84.    Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine is present 
in Purkinje neurons and the brain. Science 324(5929):929–930  

    85.    Li W, Liu M (2011) Distribution of 5-hydroxymethylcytosine in different human tissues. 
J Nucleic Acids 2011:870726  

    86.    Haffner MC, Chaux A, Meeker AK, Esopi DM, Gerber J, Pellakuru LG, Toubaji A, Argani 
P, Iacobuzio-Donahue C, Nelson WG, Netto GJ, De Marzo AM, Yegnasubramanian S (2011) 
Global 5-hydroxymethylcytosine content is signi fi cantly reduced in tissue stem/progenitor 
cell compartments and in human cancers. Oncotarget 2(8):627–37  

    87.    Stroud H, Feng S, Morey Kinney S, Pradhan S, Jacobsen SE (2011) 5-Hydroxymethylcytosine 
is associated with enhancers and gene bodies in human embryonic stem cells. Genome Biol 
12(6):R54  



52 M. Ehrlich and M. Lacey

    88.    Ficz G, Branco MR, Seisenberger S, Santos F, Krueger F, Hore TA, Marques CJ, Andrews S, 
Reik W (2011) Dynamic regulation of 5-hydroxymethylcytosine in mouse ES cells and dur-
ing differentiation. Nature 473(7347):398–402  

    89.    Pastor WA, Pape UJ, Huang Y, Henderson HR, Lister R, Ko M, McLoughlin EM, Brudno Y, 
Mahapatra S, Kapranov P, Tahiliani M, Daley GQ, Liu XS, Ecker JR, Milos PM, Agarwal S, 
Rao A (2011) Genome-wide mapping of 5-hydroxymethylcytosine in embryonic stem cells. 
Nature 473(7347):394–397  

    90.    Szulwach KE, Li X, Li Y, Song CX, Han JW, Kim S, Namburi S, Hermetz K, Kim JJ, Rudd 
MK, Yoon YS, Ren B, He C, Jin P (2011) Integrating 5-hydroxymethylcytosine into the 
epigenomic landscape of human embryonic stem cells. PLoS Genet 7(6):e1002154  

    91.    Song CX, Szulwach KE, Fu Y, Dai Q, Yi C, Li X, Li Y, Chen CH, Zhang W, Jian X, Wang J, 
Zhang L, Looney TJ, Zhang B, Godley LA, Hicks LM, Lahn BT, Jin P, He C (2011) Selective 
chemical labeling reveals the genome-wide distribution of 5-hydroxymethylcytosine. Nat 
Biotechnol 29(1):68–72  

    92.    Robinson MD, Statham AL, Speed TP, Clark SJ (2010) Protocol matters: which methylome 
are you actually studying? Epigenomics 2(4):587–598  

    93.    Kinney SM, Chin HG, Vaisvila R, Bitinaite J, Zheng Y, Esteve PO, Feng S, Stroud H, 
Jacobsen SE, Pradhan S (2011) Tissue-speci fi c distribution and dynamic changes of 
5-hydroxymethylcytosine in mammalian genomes. J Biol Chem 286(28):24685–24693  

    94.    Jin SG, Wu X, Li AX, Pfeifer GP (2011) Genomic mapping of 5-hydroxymethylcytosine in 
the human brain. Nucleic Acids Res 39(12):5015–5024  

    95.    Ehrlich M, Woods C, Yu M, Dubeau L, Yang F, Campan M, Weisenberger D, Long TI, Youn 
B, Fiala E, Laird P (2006) Quantitative analysis of association between DNA hypermethyla-
tion, hypomethylation, and DNMT RNA levels in ovarian tumors. Oncogene 25:2636–2645  

    96.    Rodriguez J, Vives L, Jorda M, Morales C, Munoz M, Vendrell E, Peinado MA (2008) 
Genome-wide tracking of unmethylated DNA Alu repeats in normal and cancer cells. Nucleic 
Acids Res 36(3):770–784  

    97.    Kim MJ, White-Cross JA, Shen L, Issa JP, Rashid A (2009) Hypomethylation of long inter-
spersed nuclear element-1 in hepatocellular carcinomas. Mod Pathol 22(3):442–449  

    98.    Roman AC, Gonzalez-Rico FJ, Molto E, Hernando H, Neto A, Vicente-Garcia C, Ballestar E, 
Gomez-Skarmeta JL, Vavrova-Anderson J, White RJ, Montoliu L, Fernandez-Salguero PM 
(2011) Dioxin receptor and SLUG transcription factors regulate the insulator activity of B1 
SINE retrotransposons via an RNA polymerase switch. Genome Res 21(3):422–432  

    99.    Wang J, Lunyak VV, Jordan IK (2011) Genome-wide prediction and analysis of human chro-
matin boundary elements. Nucleic Acids Res 40(2):511–29  

    100.    Dante R, Dante-Paire J, Rigal D, Roizes G (1992) Methylation patterns of long interspersed 
repeated DNA and alphoid repetitive DNA from human cell lines and tumors. Anticancer Res 
12(2):559–563  

    101.    Jurgens B, Schmitz-Drager BJ, Schulz WA (1996) Hypomethylation of L1 LINE sequences 
prevailing in human urothelial carcinoma. Cancer Res 56(24):5698–5703  

    102.    Florl AR, Lower R, Schmitz-Drager BJ, Schulz WA (1999) DNA methylation and expression 
of LINE-1 and HERV-K provirus sequences in urothelial and renal cell carcinomas. Br J 
Cancer 80(9):1312–1321  

    103.    Schulz WA, Steinhoff C, Florl AR (2006) Methylation of endogenous human retroelements 
in health and disease. Curr Top Microbiol Immunol 310:211–250  

    104.    Chan SW, Zilberman D, Xie Z, Johansen LK, Carrington JC, Jacobsen SE (2004) RNA 
silencing genes control de novo DNA methylation. Science 303(5662):1336  

    105.    Narayan A, Ji W, Zhang X-Y, Marrogi A, Graff JR, Baylin SB, Ehrlich M (1998) Hypomethylation 
of pericentromeric DNA in breast adenocarcinomas. Int J Cancer 77:833–838  

    106.    Qu G, Dubeau L, Narayan A, Yu M, Ehrlich M (1999) Satellite DNA hypomethylation vs. 
overall genomic hypomethylation in ovarian epithelial tumors of different malignant poten-
tial. Mut Res 423:91–101  

    107.    Bollati V, Fabris S, Pegoraro V, Ronchetti D, Mosca L, Deliliers GL, Motta V, Bertazzi PA, 
Baccarelli A, Neri A (2009) Differential repetitive DNA methylation in multiple myeloma 
molecular subgroups. Carcinogenesis 30(8):1330–1335  



532 DNA Hypomethylation and Hemimethylation in Cancer

    108.    Thoraval D, Asakawa J, Wimmer K, Kuick R, Lamb B, Richardson B, Ambros P, Glover T, 
Hanash S (1996) Demethylation of repetitive DNA sequences in neuroblastoma. Genes 
Chromosomes Cancer 17(4):234–244  

    109.    Nagai H, Baba M, Konishi N, Kim YS, Nogami M, Okumura K, Emi M, Matsubara K (1999) 
Isolation of NotI clusters hypomethylated in HBV-integrated hepatocellular carcinomas by 
two-dimensional electrophoresis. DNA Res 6(4):219–225  

    110.    Itano O, Ueda M, Kikuchi K, Hashimoto O, Hayatsu S, Kawaguchi M, Seki H, Aiura K, 
Kitajima M (2002) Correlation of postoperative recurrence in hepatocellular carcinoma with 
demethylation of repetitive sequences. Oncogene 21(5):789–797  

    111.    Katargin AN, Pavlova LS, Kisseljov FL, Kisseljova NP (2009) Hypermethylation of genomic 
3.3-kb repeats is frequent event in HPV-positive cervical cancer. BMC Med Genomics 2:30  

    112.    Szpakowski S, Sun X, Lage JM, Dyer A, Rubinstein J, Kowalski D, Sasaki C, Costa J, Lizardi 
PM (2009) Loss of epigenetic silencing in tumors preferentially affects primate-speci fi c ret-
roelements. Gene 448(2):151–167  

    113.    Choi SH, Worswick S, Byun HM, Shear T, Soussa JC, Wolff EM, Douer D, Garcia-Manero 
G, Liang G, Yang AS (2009) Changes in DNA methylation of tandem DNA repeats are dif-
ferent from interspersed repeats in cancer. Int J Cancer 125(3):723–729  

    114.    Ehrlich M, Hopkins N, Jiang G, Dome JS, Yu MS, Woods CB, Tomlinson GE, Chintagumpala 
M, Champagne M, Diller L, Parham DM, Sawyer J (2003) Satellite hypomethylation in kary-
otyped Wilms tumors. Cancer Genet Cytogenet 141:97–105  

    115.    Jackson K, Yu M, Arakawa K, Fiala E, Youn B, Fiegl H, Muller-Holzner E, Widschwendter 
M, Ehrlich M (2004) DNA hypomethylation is prevalent even in low-grade breast cancers. 
Cancer Biol Ther 3(12):1225–1231  

    116.    Morey Kinney SR, Smiraglia DJ, James SR, Moser MT, Foster BA, Karpf AR (2008) Stage-
speci fi c alterations of DNA methyltransferase expression, DNA hypermethylation, and DNA 
hypomethylation during prostate cancer progression in the transgenic adenocarcinoma of 
mouse prostate model. Mol Cancer Res 6(8):1365–1374  

    117.    Kerbel RS, Frost P, Liteplo R, Carlow DA, Elliott BE (1984) Possible epigenetic mechanisms 
of tumor progression: induction of high-frequency heritable but phenotypically unstable 
changes in the tumorigenic and metastatic properties of tumor cell populations by 5-azacyti-
dine treatment. J Cell Physiol Suppl 3:87–97  

    118.    Santourlidis S, Florl A, Ackermann R, Wirtz HC, Schulz WA (1999) High frequency of 
alterations in DNA methylation in adenocarcinoma of the prostate. Prostate 39(3):166–174  

    119.    Itano O, Ueda M, Kikuchi K, Shimazu M, Kitagawa Y, Aiura K, Kitajima M (2000) A new 
predictive factor for hepatocellular carcinoma based on two- dimensional electrophoresis of 
genomic DNA. Oncogene 19(13):1676–1683  

    120.    Grunau C, Sanchez C, Ehrlich M, van der Bruggen P, Hindermann W, Rodriguez C, Krieger 
S, De Sario A (2005) Frequent DNA hypomethylation in the human juxtacentromeric BAGE 
loci in cancer. Genes Chrom Cancer 43(1):11–24  

    121.    Roman-Gomez J, Jimenez-Velasco A, Agirre X, Castillejo JA, Navarro G, San Jose-Eneriz E, 
Garate L, Cordeu L, Cervantes F, Prosper F, Heiniger A, Torres A (2008) Repetitive DNA hypom-
ethylation in the advanced phase of chronic myeloid leukemia. Leuk Res 32(3): 487–490  

    122.    Yegnasubramanian S, Haffner MC, Zhang Y, Gurel B, Cornish TC, Wu Z, Irizarry RA, 
Morgan J, Hicks J, DeWeese TL, Isaacs WB, Bova GS, De Marzo AM, Nelson WG (2008) 
DNA hypomethylation arises later in prostate cancer progression than CpG island hyperm-
ethylation and contributes to metastatic tumor heterogeneity. Cancer Res 68(21):8954–8967  

    123.    Marchal R, Chicheportiche A, Dutrillaux B, Bernardino-Sgherri J (2004) DNA methylation 
in mouse gametogenesis. Cytogenet Genome Res 105(2–4):316–324  

    124.    Zhang X-Y, Lo fl in PT, Gehrke CW, Andrews PA, Ehrlich M (1987) Hypermethylation of 
human DNA sequences in embryonal carcinoma cells and somatic tissues but not sperm. 
Nucleic Acids Res 15:9429–9449  

    125.    Rubin CM, VandeVoort CA, Teplitz RL, Schmid CW (1994) Alu repeated DNAs are differ-
entially methylated in primate germ cells. Nucleic Acids Res 22(23):5121–5127  

    126.    Dupressoir A, Heidmann T (1997) Expression of intracisternal A-particle retrotransposons in 
primary tumors of oncogene-expressing transgenic mice. Oncogene 14(24):2951–2958  



54 M. Ehrlich and M. Lacey

    127.    Smiraglia DJ, Szymanska J, Kraggerud SM, Lothe RA, Peltomaki P, Plass C (2002) Distinct 
epigenetic phenotypes in seminomatous and nonseminomatous testicular germ cell tumors. 
Oncogene 21(24):3909–3916  

    128.    Netto GJ, Nakai Y, Nakayama M, Jadallah S, Toubaji A, Nonomura N, Albadine R, Hicks JL, 
Epstein JI, Yegnasubramanian S, Nelson WG, De Marzo AM (2008) Global DNA hypom-
ethylation in intratubular germ cell neoplasia and seminoma, but not in nonseminomatous 
male germ cell tumors. Mod Pathol 21(11):1337–1344  

    129.    Laird CD, Pleasant ND, Clark AD, Sneeden JL, Hassan KM, Manley NC, Vary JC Jr, Morgan T, 
Hansen RS, Stoger R (2004) Hairpin-bisul fi te PCR: assessing epigenetic methylation patterns on 
complementary strands of individual DNA molecules. Proc Natl Acad Sci USA 101(1):204–209  

    130.    Jiang G, Yang F, van Overveld PG, Vedanarayanan V, van der Maarel S, Ehrlich M (2003) 
Testing the position-effect variegation hypothesis for facioscapulohumeral muscular dystro-
phy by analysis of histone modi fi cation and gene expression in subtelomeric 4q. Hum Mol 
Genet 12:2909–2921  

    131.    Zeng W, de Greef JC, Chen YY, Chien R, Kong X, Gregson HC, Winokur ST, Pyle A, 
Robertson KD, Schmiesing JA, Kimonis VE, Balog J, Frants RR, Ball AR Jr, Lock LF, 
Donovan PJ, van der Maarel SM, Yokomori K (2009) Speci fi c loss of histone H3 lysine 9 
trimethylation and HP1gamma/cohesin binding at D4Z4 repeats is associated with facioscapu-
lohumeral dystrophy (FSHD). PLoS Genet 5(7):e1000559  

    132.    Shao C, Lacey M, Dubeau L, Ehrlich M (2009) Hemimethylation footprints of DNA dem-
ethylation in cancer. Epigenetics 4(3):165–175  

    133.    Lau S, Jardine K, McBurney MW (1999) DNA methylation pattern of a tandemly repeated 
LacZ transgene indicates that most copies are silent. Dev Dyn 215(2):126–138  

    134.    Takai D, Jones PA (2002) Comprehensive analysis of CpG islands in human chromosomes 21 
and 22. Proc Natl Acad Sci USA 99(6):3740–3745  

    135.    Hu JL, Zhou BO, Zhang RR, Zhang KL, Zhou JQ, Xu GL (2009) The N-terminus of histone 
H3 is required for de novo DNA methylation in chromatin. Proc Natl Acad Sci USA 
106(52):22187–22192  

    136.    Schulte JH, Lim S, Schramm A, Friedrichs N, Koster J, Versteeg R, Ora I, Pajtler K, Klein-
Hitpass L, Kuh fi ttig-Kulle S, Metzger E, Schule R, Eggert A, Buettner R, Kirfel J (2009) 
Lysine-speci fi c demethylase 1 is strongly expressed in poorly differentiated neuroblastoma: 
implications for therapy. Cancer Res 69(5):2065–2071  

    137.    Wang J, Hevi S, Kurash JK, Lei H, Gay F, Bajko J, Su H, Sun W, Chang H, Xu G, Gaudet F, 
Li E, Chen T (2009) The lysine demethylase LSD1 (KDM1) is required for maintenance of 
global DNA methylation. Nat Genet 41(1):125–129  

    138.    Zampieri M, Passananti C, Calabrese R, Perilli M, Corbi N, De Cave F, Guasta fi erro T, 
Bacalini MG, Reale A, Amicosante G, Calabrese L, Zlatanova J, Caiafa P (2009) Parp1 local-
izes within the Dnmt1 promoter and protects its unmethylated state by its enzymatic activity. 
PLoS One 4(3):e4717  

    139.    Ostler KR, Davis EM, Payne SL, Gosalia BB, Exposito-Cespedes J, Le Beau MM, Godley 
LA (2007) Cancer cells express aberrant DNMT3B transcripts encoding truncated proteins. 
Oncogene 26(38):5553–5563  

    140.    Lopez de Silanes I, Gorospe M, Taniguchi H, Abdelmohsen K, Srikantan S, Alaminos M, 
Berdasco M, Urdinguio RG, Fraga MF, Jacinto FV, Esteller M (2009) The RNA-binding 
protein HuR regulates DNA methylation through stabilization of DNMT3b mRNA. Nucleic 
Acids Res 37(8):2658–2671  

    141.    Shukla V, Coumoul X, Lahusen T, Wang RH, Xu X, Vassilopoulos A, Xiao C, Lee MH, Man 
YG, Ouchi M, Ouchi T, Deng CX (2010) BRCA1 affects global DNA methylation through 
regulation of DNMT1. Cell Res 20(11):1201–1215  

    142.    Felle M, Joppien S, Nemeth A, Diermeier S, Thalhammer V, Dobner T, Kremmer E, Kappler 
R, Langst G (2011) The USP7/Dnmt1 complex stimulates the DNA methylation activity of 
Dnmt1 and regulates the stability of UHRF1. Nucleic Acids Res 39(19):8355–65  

    143.    Sharma S, De Carvalho DD, Jeong S, Jones PA, Liang G (2011) Nucleosomes containing 
methylated DNA stabilize DNA methyltransferases 3A/3B and ensure faithful epigenetic 
inheritance. PLoS Genet 7(2):e1001286  



552 DNA Hypomethylation and Hemimethylation in Cancer

    144.    Chen ZX, Riggs AD (2011) DNA methylation and demethylation in mammals. J Biol Chem 
286(21):18347–18353  

    145.    He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, Ding J, Jia Y, Chen Z, Li L, Sun Y, Li X, Dai Q, 
Song CX, Zhang K, He C, Xu GL (2011) Tet-mediated formation of 5-carboxylcytosine and 
its excision by TDG in mammalian DNA. Science 333(6047):1303–1307  

    146.    Kress C, Thomassin H, Grange T (2006) Active cytosine demethylation triggered by a nuclear 
receptor involves DNA strand breaks. Proc Natl Acad Sci USA 103(30):11112–11117  

    147.    Bhutani N, Burns DM, Blau HM (2011) DNA demethylation dynamics. Cell 146(6): 
866–872  

    148.    Inoue A, Zhang Y (2011) Replication-dependent loss of 5-hydroxymethylcytosine in mouse 
preimplantation embryos. Science 334(6053):194  

    149.    Holliday R, Pugh JE (1975) DNA modi fi cation mechanisms and gene activity during devel-
opment. Science 187:226  

    150.    Riggs AD (1975) X chromosome inactivation, differentiation and DNA methylation. 
Cytogenet Cell Genet 14:9–25  

    151.    Jones PA, Liang G (2009) Rethinking how DNA methylation patterns are maintained. Nat 
Rev Genet 10(11):805–811  

    152.    Otto SP, Walbot V (1990) DNA methylation in eukaryotes: kinetics of demethylation and 
de novo methylation during the life cycle. Genetics 124(2):429–437  

    153.    Pfeifer GP, Steigerwald SD, Hansen RS, Gartler SM, Riggs AD (1990) Polymerase chain 
reaction-aided genomic sequencing of an X chromosome-linked CpG island: methylation 
patterns suggest clonal inheritance, CpG site autonomy, and an explanation of activity state 
stability. Proc Natl Acad Sci USA 87(21):8252–8256  

    154.    Nicolas P, Kim KM, Shibata D, Tavare S (2007) The stem cell population of the human colon 
crypt: analysis via methylation patterns. PLoS Comput Biol 3(3):e28  

    155.    Sontag LB, Lorincz MC, Georg Luebeck E (2006) Dynamics, stability and inheritance of 
somatic DNA methylation imprints. J Theor Biol 242(4):890–899  

    156.    Genereux DP, Miner BE, Bergstrom CT, Laird CD (2005) A population-epigenetic model to 
infer site-speci fi c methylation rates from double-stranded DNA methylation patterns. Proc 
Natl Acad Sci USA 102(16):5802–5807  

    157.   Lacey M, Ehrlich M (2009) Modeling dependence in methylation patterns with application to 
ovarian carcinomas. Stat Appl Genet Mol Biol 8(1):40  

    158.    Saluz HP, Jiricny J, Jost JP (1986) Genomic sequencing reveals a positive correlation between 
the kinetics of strand-speci fi c DNA demethylation of the overlapping estradiol/glucocorti-
coid-receptor binding sites and the rate of avian vitellogenin mRNA synthesis. Proc Natl 
Acad Sci USA 83(19):7167–7171  

    159.    Paroush Z, Keshet I, Yisraeli J, Cedar H (1990) Dynamics of demethylation and activation of 
the alpha-actin gene in myoblasts. Cell 63(6):1229–1237  

    160.    Liang G, Chan MF, Tomigahara Y, Tsai YC, Gonzales FA, Li E, Laird PW, Jones PA (2002) 
Cooperativity between DNA methyltransferases in the maintenance methylation of repetitive 
elements. Mol Cell Biol 22(2):480–491  

    161.    Chen T, Hevi S, Gay F, Tsujimoto N, He T, Zhang B, Ueda Y, Li E (2007) Complete inactiva-
tion of DNMT1 leads to mitotic catastrophe in human cancer cells. Nat Genet 39(3): 391–396  

    162.    Gehring M, Reik W, Henikoff S (2009) DNA demethylation by DNA repair. Trends Genet 
25(2):82–90  

    163.    Zhu JK (2009) Active DNA demethylation mediated by DNA glycosylases. Annu Rev Genet 
43:143–166  

    164.    Bhutani N, Brady JJ, Damian M, Sacco A, Corbel SY, Blau HM (2010) Reprogramming towards 
pluripotency requires AID-dependent DNA demethylation. Nature 463(7284): 1042–1047  

    165.    Kress C, Thomassin H, Grange T (2001) Local DNA demethylation in vertebrates: how could 
it be performed and targeted? FEBS Lett 494(3):135–140  

    166.    Meilinger D, Fellinger K, Bultmann S, Rothbauer U, Bonapace IM, Klinkert WE, Spada F, 
Leonhardt H (2009) Np95 interacts with de novo DNA methyltransferases, Dnmt3a and 
Dnmt3b, and mediates epigenetic silencing of the viral CMV promoter in embryonic stem 
cells. EMBO Rep 10(11):1259–1264  



56 M. Ehrlich and M. Lacey

    167.    Jeong S, Liang G, Sharma S, Lin JC, Choi SH, Han H, Yoo CB, Egger G, Yang AS, Jones PA 
(2009) Selective anchoring of DNA methyltransferases 3A and 3B to nucleosomes contain-
ing methylated DNA. Mol Cell Biol 29(19):5366–5376  

    168.    Hervouet E, Lalier L, Debien E, Cheray M, Geairon A, Rogniaux H, Loussouarn D, Martin 
SA, Vallette FM, Cartron PF (2010) Disruption of Dnmt1/PCNA/UHRF1 interactions pro-
motes tumorigenesis from human and mice glial cells. PLoS One 5(6):e11333  

    169.    Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, Molloy PL, Paul CL 
(1992) A genomic sequencing protocol that yields a positive display of 5-methylcytosine 
residues in individual DNA strands. Proc Natl Acad Sci USA 89:1827–1831  

    170.    Valinluck V, Sowers LC (2007) Endogenous cytosine damage products alter the site selectiv-
ity of human DNA maintenance methyltransferase DNMT1. Cancer Res 67(3):946–950  

    171.    Burden AF, Manley NC, Clark AD, Gartler SM, Laird CD, Hansen RS (2005) Hemimethylation 
and non-CpG methylation levels in a promoter region of human LINE-1 (L1) repeated ele-
ments. J Biol Chem 280(15):14413–14419  

    172.    Turker MS (2002) Gene silencing in mammalian cells and the spread of DNA methylation. 
Oncogene 21(35):5388–5393  

    173.    Yan PS, Shi H, Rahmatpanah F, Hsiau TH, Hsiau AH, Leu YW, Liu JC, Huang TH (2003) 
Differential distribution of DNA methylation within the RASSF1A CpG island in breast can-
cer. Cancer Res 63(19):6178–6186  

    174.    Nguyen C, Liang G, Nguyen TT, Tsao-Wei D, Groshen S, Lubbert M, Zhou JH, Benedict 
WF, Jones PA (2001) Susceptibility of nonpromoter CpG islands to de novo methylation in 
normal and neoplastic cells. J Natl Cancer Inst 93(19):1465–1472  

    175.    Stirzaker C, Song JZ, Davidson B, Clark SJ (2004) Transcriptional gene silencing promotes 
DNA hypermethylation through a sequential change in chromatin modi fi cations in cancer 
cells. Cancer Res 64(11):3871–3877  

    176.    Homma N, Tamura G, Honda T, Matsumoto Y, Nishizuka S, Kawata S, Motoyama T (2006) 
Spreading of methylation within RUNX3 CpG island in gastric cancer. Cancer Sci 97(1): 
51–56      



57A.R. Karpf (ed.), Epigenetic Alterations in Oncogenesis, Advances in Experimental 
Medicine and Biology 754, DOI 10.1007/978-1-4419-9967-2_3, 
© Springer Science+Business Media New York 2013

  Abstract   5-Hydroxymethylcytosine (5hmC) is an oxidative product of 5-methyl-
cytosine (5mC), catalyzed by the ten eleven translocation (TET) family of enzymes. 
Although 5hmC was discovered several decades ago, it was only after its recent 
identi fi cation in murine brain and stem cell DNA that it has become a major focus 
of epigenomic research. Part of the reason for this delay is due to the dif fi culty in 
detecting both global and locus-speci fi c 5hmC levels. Several studies have addressed 
this issue with the development of novel techniques to locate and measure 5hmC, 
which led to multiple reports detailing 5hmC patterns in stem cells and global 5hmC 
levels during embryogenesis. Based on these studies of 5hmC levels and reports of 
tissue-speci fi c TET expression, these enzymes are thought to play a role in mam-
malian development and differentiation. In addition, the TET enzymes are mutated 
in several types of cancer, affecting their activity and likely altering genomic 5hmC 
and 5mC patterns. Furthermore, oxidation of 5mC appears to be a step in several 
active DNA demethylation pathways, which may be important for normal processes, 
as well as global hypomethylation during cancer development and progression. 
Much has been revealed about this interesting DNA modi fi cation in recent years, 
but more research is needed for understanding the role of TET proteins and 5hmC 
in gene regulation and disease.      

    3.1   Discovery and History of 5-Hydroxymethylation 

 Methylation of cytosine residues at the 5-carbon position (5-methylcytosine, 5mC) 
has been studied as a stable epigenetic modi fi cation for decades  [  1  ] . However, oxi-
dation of DNA has traditionally been considered a DNA damage event, which is 
readily removed by DNA repair pathways  [  2  ] . Recently, it was demonstrated that 
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enzymatic oxidation of 5mC to 5hmC (5-hydroxymethylcytosine) may act as a sta-
ble modi fi cation of DNA and downstream removal of 5hmC may actually be part of 
a complex and intricate process of epigenetic gene regulation  [  3  ] . 

 5-Hydroxymethylcytosine (5hmC) was  fi rst identi fi ed in T-even bacteriophages 
during early 1950s using paper chromatography and ultraviolet absorbance spectra 
 [  4  ] . This nucleotide is normally incorporated during DNA synthesis and then fur-
ther glycosylated by phage encoded glucosyltransferases as a mechanism for pro-
tection of the phage DNA from bacterial restriction enzymes during infection  [  5,   6  ] . 
Later, during the 1970s, 5hmC was detected in genomic DNA puri fi ed from brain 
tissue of rats, mice, and frogs and, to a lesser extent, from liver tissue of rats  [  7  ] . The 
same group also observed an increase in 5hmC levels in the adult compared to new-
born rat brain, as well as a decrease of 5hmC levels in brains from rats with low 
protein diets  [  8  ] . Unfortunately, these experiments could not be reproduced and this 
DNA modi fi cation was overlooked for several decades  [  9  ] . 

 In 2009, 5hmC was rediscovered in mammalian DNA and shown to be present in 
substantial amounts (~10 to 20% of 5mC) in murine embryonic stem cells (ESCs) 
 [  10  ] , Purkinje neurons, and granule cells  [  11  ] . These recent studies utilized more 
advanced analytical techniques, such as 2D thin layer chromatography (TLC) or 
high-pressure liquid chromatography (HPLC) coupled with mass spectrometry 
(MS), to con fi rm the existence of this DNA modi fi cation in mammalian DNA. In 
addition, 5hmC was recently identi fi ed in mammalian mitochondrial DNA  [  12  ] . As 
a result of these discoveries, there is a huge amount of interest in developing tech-
nologies for genome-wide mapping and site-speci fi c quanti fi cation of 5hmC in an 
effort to decipher its possible role in development and disease.  

    3.2   TET Enzymes and Their Catalytic Activity 

 There are three known mammalian 5mC dioxygenases, which catalyze the conver-
sion of 5mC to 5hmC  [  10  ] . These proteins belong to the family of ten eleven trans-
location (TET) enzymes, whose name is based on a common chromosomal 
translocation in some cancers (described in detail later in this chapter). TET1 was 
originally named leukemia-associated protein with a CXXC domain (LCX) when it 
was initially cloned in 2002  [  13  ] . This gene was rediscovered in 2003 along with the 
two other members of the family and they were renamed ten eleven translocation, or 
TET, genes  [  14  ] . All three TET proteins share a similar catalytic domain structure 
to 2-oxoglutarate (2-OG) oxygenases. These types of enzymes can oxidize DNA 
and RNA that is methylated on either the nitrogen (N) or carbon (C) of the base by 
conversion of 2-OG and oxygen to carbon dioxide and succinate  [  15  ] . The TETs 
were identi fi ed based on their similarity to the JBP1 and JBP2 enzymes in trypano-
some, which were originally named for their ability to bind to the unique nucleotide 
 b - d -glucosylhydroxymethyl-uracil (base J) and then later were reported to hydroxy-
late thymine, the  fi rst step in the conversion of base J  [  16  ] . Proteins with similar 
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homology to the TET proteins are found in several lower eukaryote groups, includ-
ing  Drosophila   [  17  ] . 

 The human TET1 gene is found at chromosomal location 10q21 and is approxi-
mately 134 kilobases (kb) long  [  18  ] . The resulting transcript contains 12 exons and 
is approximately 9.6 kb. The TET1 protein consists of ~2,136 amino acids encoding 
a 236 kilodalton (kDa) enzyme. TET1 is a multidomain protein containing several 
putative nuclear localization sequences, a binuclear Zn +2 -chelating CXXC domain, 
and a cysteine-rich region preceding the catalytic domain (Fig.  3.1 ). CXXC domains 
are frequently found in chromatin binding proteins, including DNA (cytosine-5) 
methyltransferase-1 (DNMT1), 5-methylcytosine binding proteins (MBDs), and 
mixed lineage leukemia (MLL) protein  [  19  ] . The CXXC domain of TET1 binds to 
CG-rich sequences of both methylated and unmethylated DNA, with some prefer-
ence for unmethylated CpGs in cell free assays  [  19,   20  ] .  

  Fig. 3.1    Diagram of TET enzyme isoforms. TET1 is 2138 aa long with multiple putative Nuclear 
Localization Sequence (NLS), a CXXC motif, and cysteine-rich region N-terminal to the DSBH 
making up the core catalytic domain. There are three isoforms of TET2, the longest being 2002 aa 
long. TET2 does not contain any putative NLS or CXXC motif, but does have a core catalytic 
domain very similar to TET1. TET3 also has three isoforms, of 1660 aa or less in length. Similar 
to TET2, TET3 does not appear to have any other domains other than the core catalytic domain. 
Numbers in brackets represent length of proteins in aa or location of domains.  Blue bars  NLS;  red 
bar  CXXC motif;  orange  bar Cysteine-rich region;  Gray bar  DSBH;  yellow bars  Fe(II) binding 
sites;  green bar  2-OG binding site       
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 The human TET2 gene is found on chromosome 4q24 and contains 11 exons, 
which can result in three known isoforms produced through alternative splicing. 
The longest form of TET2 is ~2,002 amino acids and similar to TET1 with approxi-
mately 70% homology in their C-terminal regions, including their catalytic domains 
 [  18  ] . There are two shorter isoforms of TET2 (1,164 and 1,194 amino acids long) 
that both lack catalytic domains due to truncation or introduction of stop codons 
(Fig.  3.1 ). The TET3 gene resides on chromosome 2p13. It is approximately 62 kb 
in length, with a transcript containing nine exons. Similar to TET2, the TET3 pro-
tein sequence shares approximately 70% sequence homology to TET1 in the regions 
surrounding the catalytic domain (Fig.  3.1 ). Three putative isoforms of TET3 have 
been identi fi ed using complementary DNA screening  [  18  ] . These include the full-
length protein, as well as two shorter variants that are missing either a small portion, 
or most of the catalytic domain (Fig.  3.1 ). 

 TET2 and TET3 differ from TET1 in that they do not appear to contain any puta-
tive nuclear localization sequences or regions similar to a CXXC domain  [  18  ] . 
Interestingly, one study reported that the CXXC4 gene, at 4q22-24, is a very close 
neighbor to TET2 and may be the result of a chromosomal inversion of the TET2 
CXXC domain followed by a translocation  [  17  ] . It has been proposed that interac-
tion of CXXC4 and TET2 may be required for appropriate TET2 targeting and 
activity  [  17  ] . 

 The catalytic domains of all 2-oxoglutarate (2-OG) oxygenases contain a dou-
ble-stranded  b -helix (DSBH)  [  10,   15  ] . The DSBH domain, in addition to the 
cysteine-rich region, of TET1 has been found to be both necessary and suf fi cient 
for catalytic activity  [  10  ] . Furthermore, the DSBH domain contains three Fe(II) 
binding sites and a 2-OG binding site (details in Fig.  3.1 )  [  18  ] . Amino acid muta-
tion studies have con fi rmed the requirement of these domains for TET catalytic 
activity  [  21  ] . 

 The increased homology within the cysteine-rich region and the DSBH domain 
of TET1, TET2, and TET3 suggests that they have similar catalytic activity. Each 
protein of this family also contains unique regions indicating that they may have 
distinct binding af fi nities to chromatin and/or protein partners, resulting in the 
establishment of speci fi c 5hmC patterns in various cell types and during different 
developmental stages. All three forms of the Tet enzymes are known to be catalyti-
cally active in cells  [  22  ]  and tissue-speci fi c expression of TET transcripts has also 
been reported  [  23,   24  ] , supporting the above hypothesis. 

 Triple knockout (TKO, knockout of Dnmt1, Dnmt3a, and Dnmt3b) ESCs dis-
play decreased 5hmC levels although they have normal Tet expression. This 
con fi rms that the 5mC catalyzed by Dnmts is in fact the substrate for the Tet 
enzymes  [  22,   25  ] . In addition to the oxidation of 5mC to 5hmC, the TET enzymes 
have recently been reported to have the ability to further oxidize 5hmC to 5-form-
ylcytosine (5fC) and 5-carboxylcytosine (5caC)  [  26,   27  ] . Quanti fi cation of the 
three oxygenated forms of 5mC reveals unequal distribution with much more 
5hmC than 5fC or 5caC in genomic DNA  [  27  ] . The function of these less frequent 
enzymatic products of TET enzymes is not well understood, but current knowledge 
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suggests they may be involved in the DNA demethylation process described later 
in this chapter  [  28  ] .  

    3.3   Technologies and Advancements in 5hmC Detection 

 Identifying and quantifying 5hmC globally and at speci fi c loci has been, and contin-
ues to be, quite a challenge. For example, the most accepted technique for 5mC 
detection and measurement, bisul fi te sequencing, does not differentiate between 
5mC and 5hmC or unmodi fi ed C and 5caC  [  28,   29  ] . Additionally, restriction 
enzymes have been used for years to speci fi cally digest methylated or unmethylated 
DNA and recent data shows that many of these enzymes have different speci fi cities 
or sensitivities for oxidized forms of 5mC or glucosylated 5hmC (5ghmC)  [  30–  33  ] . 
Indeed, many of the 5mC-sensitive enzymes that have previously been used to mea-
sure DNA methylation are also sensitive to 5hmC  [  34  ] . Complicating matters fur-
ther, 5mC-speci fi c antibodies appear to have no cross reactivity with 5hmC, thus in 
the past oxidation of 5mC may have been mistaken for demethylation. Since the 
discovery of 5hmC in mammalian DNA there has been a  fl urry of new techniques 
reported to measure this elusive base, either globally or at a speci fi c locus. 

 There are several techniques that have been shown to evaluate global 5hmC lev-
els. Some are more qualitative than quantitative and each has its own range of sen-
sitivity and accuracy. Initially, the existence of 5hmC (followed by 5fC and 5caC) 
in mammalian DNA was discovered using restriction enzyme-based TLC  [  7,   10,   11, 
  27,   28  ] . Dot blot of genomic DNA and immuno fl uorescence in mammalian cells 
using 5hmC-speci fi c antibodies has also been used extensively to examine global 
5hmC levels  [  22,   25,   35  ] . These antibodies appear to be sensitive but seem to require 
several proximal 5hmC sites for measurable binding to occur  [  36  ] . More recently, 
an antibody was developed targeting cytosine 5-methylenesulfonate (CMS), a prod-
uct of sodium bisul fi te treatment of hydroxymethylated DNA that can apparently 
detect as few as one 5hmC site on DNA  [  21  ] . Although these techniques are not 
truly quantitative, they offer more sensitivity as the input DNA could be as low as 
several nanograms. Currently, the most sensitive techniques for measuring global 
5hmC, 5fC, and 5caC utilize HPLC coupled with mass spectrometry  [  27,   28,   37  ] . 
However, these techniques require unique expertise and complex analytical machin-
ery. A simple, yet very accurate and sensitive, technique for measuring global 5hmC 
uses the T4 phage enzyme,  b -glucosyltransferase ( b -GT), and radioactive UDP-
[ 3 H]-glucose  [  38,   39  ] . 

 The 5hmC and CMS-speci fi c antibodies mentioned above have also been uti-
lized for hydroxymethylcytosine-DNA immunoprecipitation (hMe-DIP) followed 
by next generation sequencing, DNA array, or PCR  [  25,   36,   40,   41  ] . A second tech-
nique, (glucosylation, periodate oxidation, biotinylation, or GLIB) uses a glucosy-
lation reaction to attach UDP-6-N3-glucose to 5hmC, which marks these sites with 
a reactive azide group. The azide group is further reacted with biotin using click 
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chemistry for subsequent pulldown with a streptavidin matrix  [  42,   43  ] . Although 
data derived from these techniques can be extremely useful in mapping the regions 
of 5hmC, it still does not offer single base resolution. Single-molecule real-time 
(SMRT) sequencing is a novel sequencing technique that can discriminate between 
unmodi fi ed cytosine, 5mC, and 5hmC due to variations in polymerase kinetics 
 during the sequencing reaction  [  44  ] . It is also possible to differentiate 5mC from 
5hmC with nanopore amperometry, as each modi fi cation causes unique breaks in 
current as synthetic DNA molecules are fed through nanopores  [  45  ] . Current 
research is focused towards optimizing the last two methods for genomic DNA 
samples and for high-throughput analysis, but these technologies are not yet com-
monly used. 

 Many restriction enzymes that can differentiate between 5mC and unmodi fi ed 
cytosine, as well as families of enzymes that target 5hmC or 5ghmC are being stud-
ied for unique properties that make them useful for measuring 5hmC  [  30,   33,   46  ] . 
For example, MspI and GlaI can fully digest 5mC or 5hmC in their respective target 
sequences, but after conversion of 5hmC to 5ghmC, digestion by both of these 
enzymes is blocked  [  32,   47  ] . Taq  a  I is a restriction enzyme that is not fully blocked 
by 5ghmC, but is blocked by biotin-N3-5gmC  [  31  ] . Therefore, tagging a 5hmC resi-
due with glucose or a modi fi ed glucose may be a valuable tool for epigenetic stud-
ies. In contrast to restriction enzymes that are blocked by 5hmC or 5ghmC, but not 
by unmodi fi ed cytosine, another class known as PvuRts1I family show digestion 
preference for 5hmC or 5ghmC as compared to 5mC and cytosine  [  30,   33  ] . Using 
this class of enzymes for digestion followed by PCR ampli fi cation of a region of 
interest can reveal the level of 5hmC at a speci fi c site. Alternatively, one could use 
the digested fragments for next generation sequencing for genome-wide mapping of 
5hmC. 

 Novel and more accurate techniques for measuring 5hmC will be available in 
the near future as the epigenetics  fi eld progresses with reference to this 
modi fi cation. We must always consider how to normalize traditional techniques 
and any new ones that are developed to evaluate various DNA modi fi cations when 
drawing conclusions about how epigenomic modi fi cation patterns relate to bio-
logical phenomenon.  

    3.4   Tet1 Binding and 5hmC in Embryonic Stem Cells 

 It is important to understand the normal function of TET enzymes and 5hmC in 
order to comprehend how and why they may be disrupted in disease. The study of 
mouse ESCs may allow us to gain some insight into these phenomena. Mouse ESCs 
are derived from the inner cell mass (ICM) of blastocysts and can be cultured in an 
undifferentiated state with use of leukemia inhibitory factor (LIF)  [  48  ] . ESCs can be 
differentiated into embryoid bodies (EB) with the removal of LIF or into other more 
speci fi c lineages by addition or removal of cytokines and speci fi c growth factors. As 
mentioned earlier, ESCs tend to have high levels of 5hmC as compared to other cell 
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types  [  10,   27  ] . It is thought that the TET enzymes and 5hmC may play a signi fi cant 
biological role in ESCs because epigenetic modi fi cations and factors are important 
for both maintaining an undifferentiated state and for differentiation.  Tet1  and  Tet2  
are expressed in ESCs and induced pluripotent stem (iPS) cells, while  Tet3  expres-
sion is quite low, suggesting that Tet1 and Tet2 are especially important for main-
taining a pluripotent status  [  22,   49  ] . Furthermore, expression of  Tet1  and  Tet2  is 
repressed during differentiation and it appears that Oct4  [  49  ] , one of a few transcrip-
tion factors that are required for ESC pluripotency and dedifferentiation of somatic 
cells, is involved in regulating Tet1 and Tet2 expression  [  50  ] . 

 A number of reports describe Tet1 binding and/or 5hmC status throughout the 
genome of mouse ESCs and the relationship of these patterns to gene expression  [  25, 
  41,   42,   47,   51,   52  ] . Several techniques were utilized in these studies, including ChIP-
seq, GLIB-Seq, hMeDIP-Seq, restriction enzyme-dependent genome-wide sequenc-
ing, and hMeDIP-Chip (with 5hmC and CMS-speci fi c antibodies), as well as 
RNA-Seq and microarray analyses  [  25,   41,   42,   51,   52  ] . Even though there are some 
disagreements between these studies, their overall conclusions are similar. In gen-
eral, Tet1 binds to CG-rich regions of the genome, which seems to be due, at least in 
part, to its CXXC domain. Tet1 binds to both active and inactive genes, with more 
binding in the gene bodies of active genes and increased binding in the promoters 
and transcriptional start sites (TSS) of inactive genes. Tet1 targeted genes are involved 
in many cellular pathways, including development, differentiation, and neural pro-
cesses  [  22,   25,   49,   52  ] . Tet1 also appears to be enriched in regions containing the 
active H3K4me3 mark, as well as the bivalent H3K4me3 and H3K27me3 marks, and 
to a lesser extent at polycomb repressed genes exhibiting only H3K27me3 mark. 

 5hmC patterns in the genome are very similar to Tet1 binding. Both 5mC and its 
oxidative product 5hmC are commonly found in the gene bodies of active genes and 
in the promoters of inactive genes. Surprisingly, there are a number of Tet1 binding 
sites that do not appear to contain 5hmC. This suggests that Tet1 may have addi-
tional non-catalytic activities or that 5hmC is quickly removed speci fi cally at these 
loci as part of a DNA demethylation/repair pathway. Several studies indicate that 
gene body 5hmC is more prevalent in exons than introns  [  25,   42,   51,   52  ] ; however, 
results from another group indicated more enrichment in introns  [  41  ] . These ambi-
guities could be due to differences in the techniques utilized and will likely be sorted 
out in the future with base resolution mapping of the respective mammalian 
hydroxymethylome. Interestingly, 5hmC is enriched in and around the TSS, which 
is in contrast to a general reduction in 5mC at these locations  [  51  ] . Intergenic regions 
and repetitive elements appear to have less 5hmC than coding regions. Thus, 5hmC 
and 5mC coexist in some genomic regions, while also displaying unique patterns of 
genomic localization. Genome-wide 5hmC patterns have also been reported for 
human ESCs and they closely match with the description of mouse ESCs  [  36  ] . The 
patterning observed in both mouse and human ESCs suggests that 5hmC may have 
a more speci fi c role in regulating transcription, while 5mC has additional roles in 
maintaining genomic integrity and transposon stability. 

 Upon knockdown of Tet1 expression or gene knockout, there are clear 
increases in both locus-speci fi c and global 5mC with concomitant decreases in 
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5hmC globally and at Tet1 target sites  [  22,   47,   53  ] . In addition, loss or reduction 
of Tet1 consistently resulted in both increased and decreased gene expression 
with gene activation being associated with promoter hypo-hydroxymethylation 
 [  41,   51–  53  ] . Tet1 enrichment occurs at almost two-thirds of all genes in mouse 
ESCs and thus overlaps with a number of chromatin modifying and transcrip-
tional regulatory proteins, such as Suz12, Ezh2, Sin3a, Mbd3, and LIF activated 
Stat3  [  41,   47,   51,   54  ] . Concomitantly, the binding of these proteins to the chro-
matin is reduced by Tet1 knockdown  [  41,   47,   51,   54  ] . It is not clear whether it is 
direct interaction with Tet1, possibly via other bridge proteins, or 5hmC that 
provides a platform for their recruitment to speci fi c regions of the chromatin, 
except in the cases of Sin3a and Mbd3. These two proteins have been shown to 
either bind directly to Tet1 or in a complex with Tet1 by co-immunoprecipitation 
experiments. Mbd3 also appears to bind to 5hmC-modi fi ed DNA, which is 
thought to result in its recruitment to inactive genes  [  51,   54  ] . 

 There is an overall enrichment of 5hmC at regulatory protein binding sites, such 
as gene promoters, enhancers, and insulators further supporting the hypothesis of 
5hmC-speci fi c binding proteins  [  25,   36  ] . In addition to transcriptional regulation by 
putative 5hmC binding proteins, active promoters bound by Tet1 may be maintained 
in an unmethylated state through constant oxidation of 5mC, allowing transcription 
factors and RNA polymerase to bind. Based on these observations, Tet enzymes can 
regulate the levels of both 5hmC and 5mC at speci fi c gene sequences in order to 
direct the binding of transcriptional regulator proteins, resulting in both positive 
and/or negative effects on its expression.  

    3.5   Role of Tets and 5hmC in Early Mammalian Development 
and Embryonic Stem Cells 

 The mammalian paternal zygotic genome is thought to be actively demethylated 
upon fertilization of the egg and this demethylated state persists over the next sev-
eral cell divisions, during which time the maternal genome undergoes passive dem-
ethylation  [  55  ] . At the blastocyst stage of development, both the maternal and 
paternal DNAs are remethylated by the de novo methyltransferases. The observa-
tion that the paternal genome is demethylated is based primarily on studies utilizing 
anti-5mC antibody staining and bisul fi te sequencing of a small number of loci  [  56–
  59  ] . However, recent data suggests that the lack of staining of the paternal genome 
by the 5mC antibody is actually due to conversion of 5mC to 5hmC  [  35,   60  ] . High 
levels of 5hmC in the paternal genome persist for several genome replications sug-
gesting that demethylation is not as extensive as was previously thought and may 
take place only at speci fi c loci  [  35  ] . Technological advances that allow for the pater-
nal and maternal DNA to be fully sequenced for epigenetic modi fi cations will help 
in the future to resolve this important observation. 

 Tet3 is the most likely Tet family member that oxidizes the paternal DNA as it is 
expressed at high levels in oocytes and zygotes, but not at later developmental stages 
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 [  35,   60,   61  ] .  Tet1  seems to only be expressed at the two- and four-cell stages and in 
ESCs, and  Tet2  is only expressed at very low levels throughout fertilization and 
zygote development, except in ESCs where Tet2 expression is higher  [  35,   60  ] . 
Knockdown of  Tet3  by siRNA injection into the oocyte or conditional knockout of 
Tet3 in primordial germ cells (PGC) of mice signi fi cantly reduces oxidation of 5mC 
in the paternal genome  [  60,   61  ] . Furthermore, the Tet3 responsible for this process 
appears to be of maternal origin as wild-type (WT) females crossed with Tet3 con-
ditionally null males did not exhibit this defect  [  61  ] . Finally, primordial germ cell 
gene 7 (PGC7) may be involved in protecting the maternal genome from demethyla-
tion  [  62  ]  and knockout of this gene results in oxidation of the maternal genome  [  60  ] . 
It is not clear why only the paternal genome methylation speci fi cally undergoes 
widespread oxidation during zygote development, but this process is likely involved 
in locus-speci fi c 5mC erasure and epigenetic reprogramming of the chromatin. 

 There are several contradicting reports on whether knockdown or knockout of 
Tet genes alters growth and differentiation of ESCs. Two studies report that knock-
down of  Tet1 , but not  Tet2  or  Tet3 , in mouse ESCs results in decreased alkaline 
phosphatase activity (a marker of healthy ESCs) and pluripotency associated genes, 
as well as an increase in differentiation markers and altered cell growth and mor-
phology  [  22,   47  ] . It is suggested that this may be due to a decrease in  Nanog  expres-
sion as reintroduction of Nanog can rescue the phenotype. ChIP analysis shows that 
Tet1 binds to the Nanog promoter and depletion of Tet1 results in methylation and 
suppression of the  Nanog  gene. Furthermore, use of Dnmt TKO ES cells prevents 
the methylation and repression of  Nanog   [  22  ] . 

 In contrast, other studies did not report any effects on morphology or  Nanog  
expression with  Tet1  knockdown or knockout in undifferentiated cells  [  49,   51,   53  ] . 
However, there was agreement amongst some reports that  Tet1  knockdown upregu-
lates genes involved in trophectoderm and endoderm development and represses 
genes involved in neuroectoderm development  [  22,   49,   53  ] . Loss of Tet1 function in 
ESCs results in differentiation toward endoderm/mesoderm and trophoblast lin-
eages. Based on this, and because  Tet1  is primarily expressed in the ICM (not the 
trophectoderm), it is thought that Tet1 participates in preventing the expression of 
trophectoderm developmental genes and maintaining proper cellular speci fi cation 
in embryos  [  22,   49  ] .  Tet2  knockdown did not seem to affect trophectoderm, endo-
derm, or mesoderm genes but did slightly increase neuroectoderm markers. In addi-
tion, knockdown of either  Tet1  or  Tet2  alters expression of unique subsets of genes 
suggesting that each enzyme has unique target regions in the genome  [  49  ] .  Tet3  
knockdown in ESCs had minimal transcriptional effects on the differentiation genes 
that were examined. 

 Tet1 knockout ESCs are capable of producing live pups and loss of Tet1 has 
minimal effects on embryogenesis and mouse development, as Tet1 homozygous 
null mice maintain proper Mendelian ratios, appear healthy, and are fertile  [  53  ] . The 
only initial observations of aberrant development are that both male and female Tet1 
null mice are born at lower body weight (although they are similar to WT mice as 
adults); they have slightly decreased neutrophil numbers, and smaller litter sizes 
when inter-crossed. These mice do not appear to have any myeloid or other  disorders 
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 [  53  ] . Complete knockout of Tet2 has not yet been reported, but a mouse model has 
been developed that utilizes a Tet2-LacZ fusion to express an inactive Tet2 protein 
 [  63  ] . However, these mice maintain 20–50% of normal Tet2 transcripts, have no 
obvious reduction in 5hmC, are normal in overall appearance, and display expected 
Mendelian ratios. In spite of this, and unlike Tet1 null mice, Tet2 hypomorphs do 
appear to have aberrant hematopoiesis  [  63  ] . Although no changes in Tet gene 
expression have been reported, it is possible that the different members of the Tet 
family are compensating for the loss or reduction of Tet1 or Tet2 in these mouse 
models  [  53,   63  ] . 

 Tet3 null mice are unique in that they exhibit neonatal lethality  [  61  ] . This lethal-
ity was overcome by creation of Tet3 conditional knockout mice  [  61  ] . As described 
above, the parental mice only lack Tet3 expression in PGC and thus are essentially 
normal, with only the females exhibiting reduced fecundity. The zygotes of these 
mice have decreased 5hmC levels and aberrant reprogramming of the paternal DNA, 
which is thought to disrupt prenatal development  [  61  ] . 

 Tissue-speci fi c expression of Dnmts and patterning of 5mC is known to be 
involved in gene regulation. It is hypothesized that Tet enzyme activity and 5hmC 
may be involved in speci fi c biological functions in different tissues and organs as 
well. Indeed, TET enzymes display altered expression levels depending on the tis-
sue or the stage of development  [  22–  24,   35,   60  ] . A number of tissue types have been 
examined for TET expression, including but not limited to brain, lung, liver, heart, 
and kidney.  TET1  and  TET2  exhibit varied expression levels in different tissues 
examined  [  23  ]  and isoforms 2 and 3 of  TET2  are expressed at a lower level than its 
isoform 1  [  24  ] . Overall TET2 and its isoforms appear to be the most highly expressed 
amongst the TET enzymes in many tissues  [  22,   24  ] .  TET3  also tends to have consis-
tently high expression across various tissues  [  23  ] . All TETs are highly expressed in 
hematopoietic cells, with  TET2  and  TET3  being the highest. Consistently, hypomor-
phic expression of Tet2 in mice has been shown to alter hematopoietic development 
 [  23,   24,   63  ] . 

 Several studies have measured global 5hmC in DNA from various tissues using 
the techniques described above  [  26–  28,   64  ] . Based on these analyses one would 
conclude that in addition to tissue-speci fi c expression of TET enzymes, many tis-
sues also display varied global 5hmC levels with some tissues having high, medium, 
or low levels of 5hmC. In general, tissues of the central nervous system have vari-
able but overall high levels of global 5hmC  [  26,   27,   64  ] . Conversely, glandular tis-
sues tend to have low 5hmC levels and the majority of key organs, such as heart, 
lung, and kidney tend to have midlevels of 5hmC in their genome  [  26–  28  ] . This is 
in contrast with the stable global 5mC levels that are observed across most tissues 
 [  26  ] . However, it is important to note that in spite of stable global 5mC levels in 
various tissues there are locus-speci fi c differences that are involved in maintaining 
proper tissue phenotype and function. These data suggest that high levels of 5hmC 
are not indicative of low 5mC levels on a genome-wide basis in somatic tissues, but 
that locus-speci fi c shifts in the amount of unmodi fi ed, methylated, and hydroxym-
ethylated cytosines are important for regulating gene expression in a tissue-speci fi c 
manner. This is also supported by our work showing tissue-speci fi c levels of 5hmC 
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at various loci in both mouse and human genomic DNA samples  [  32  ] . However, 
more detailed analysis of 5hmC patterning in various tissues and during develop-
ment is required, which would help us to understand the roles of TET enzymes and 
5hmC in differentiation and development.  

    3.6   Mutation of 5hmC Pathway Genes in Cancer 
and the Possible Consequences 

 TET1 is a common translocation partner of MLL histone methyltransferase at 
t(10;11)(q22;q23), in acute myeloid leukemia (AML)  [  13,   14  ] . The MLL-TET1 
translocation has also been less commonly identi fi ed in acute lymphoblastic leuke-
mia (ALL)  [  65  ] . Apart from the t(10;11)(q22;q23) translocation, no other mutations 
of TET1 have been reported. The MLL-TET1 fusion protein is predicted to have a 
molecular mass of approximately 204 kDa and is created by the fusion of the 
N-terminal part of MLL with the C-terminal part of TET1. The resulting protein 
contains the AT hooks, subnuclear localization domains, and the CXXC region of 
MLL fused to the core catalytic domain of TET1  [  14  ] . The catalytic activity of the 
MLL-TET1 fusion protein is unknown, but it may be a gain of novel function of the 
fusion protein or loss of MLL and/or TET1 normal function that promotes oncogen-
esis. Regardless of the precise mechanism(s), MLL translocations correlate with a 
poor prognosis in ALL and AML patients  [  66–  69  ] . 

 Similar to TET1, it had been known that the 4q24 chromosomal region was 
commonly disrupted in hematologic malignancies, but the gene targeted within 
that region was not clear. It is now known that TET2 is the affected gene at 4q24 
in many of these hematologic malignancies. TET2 mutations in myeloprolifera-
tive neoplasms (MPN) were identi fi ed recently  [  70–  72  ] . Since then, mutations in 
TET2 have been observed in myelodysplastic syndrome (MDS), polycythemia 
vera, essential thrombocythemia, myelo fi brosis, blastic plasmacytoid dendritic 
cell neoplasm (BPDCN), lymphomas, and different types of leukemia  [  23,   63,   70, 
  73–  82  ] . Interestingly, certain TET2 mutations are found in speci fi c subsets of 
these diseases  [  83  ] . 

 TET2 mutations range from nonsense and missense mutations to frameshifts 
and deletions. Essentially all of these mutations are thought to result in loss of 
function of the TET2 enzyme and are generally somatic in nature. Several common 
mutations observed in MPN patients were tested for their effects on TET2 activity, 
including W1291R, E1318G, P1367S, I1873T, and G1913D  [  21  ] . All of these 
mutations are located in the cysteine-rich region or catalytic domain of human 
TET2. Overexpression of the mutant mouse counterpart of the W1291R (W1211R), 
P1367S (P1287S), and G1913D (C1834D) mutants in HEK293T cells results in 
reduced 5hmC as compared to overexpression of the WT Tet2  [  21  ] . In addition, 
mutations of TET2 often occur on either one or both alleles suggesting that TET2 
may either be haploinsuf fi cient or gain an oncogenic function  [  70,   83  ] . These 
results indicate that TET2 functions as a tumor suppressor gene, especially in 
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hematopoietic cells. However, TET2 mutations may not be enough to cause 
 transformation as it is commonly mutated along with genes in other important 
pathways, such as JAK and p53  [  76,   84,   85  ] . 

 Tet2 appears to have a direct role in myelopoiesis as  Tet2  knockdown alters dif-
ferentiation of bone marrow stem cells when grown in the presence of speci fi c 
cytokines  [  86  ] . Furthermore, conditional knockout or reduced expression of Tet2 in 
mice results in ampli fi cation of hematopoietic stem and progenitor cells with skewed 
numbers of differentiated myeloid and lymphoid lineages  [  63  ] . Several studies have 
attempted to evaluate the effect of TET2 mutations on patient prognosis, albeit in a 
limited number of samples. Mutations in TET2 correlate with reduced survival time 
in AML patients  [  77  ]  and lower survival rate in patients with chronic myelomono-
cytic leukemia (CMML)  [  80  ] . Conversely, TET2 mutations in MDS patients appear 
to increase survival rate, as well as decrease progression to AML  [  79  ] . 

 To date, there is only one report of a genetic aberration associated with TET3. 
A patient with refractory anemia with ringed sideroblasts (RARS), a speci fi c form 
of MDS, and idiopathic myelo fi brosis carried a deletion of 2p23 where the TET3 
gene resides  [  87  ] . It is still unknown whether TET3 has a role in myeloproliferative 
diseases in a similar manner to TET1 and TET2. However, as TET3 is a catalyti-
cally active enzyme and has different tissue-speci fi c expression patterns than TET1 
and TET2, it remains a possibility that TET3 is involved in the development or 
progression of these and other diseases or disorders. Genetic studies will be required 
to test the functional role of TET enzymes in the development and progression of 
various diseases, including cancer. 

 As described above, the TET enzymes require cofactors for catalysis, one of 
which is 2-OG. Two enzymes that are involved in producing 2-OG are the cytosolic 
isocitrate dehydrogenase 1 (IDH1) and its mitochondrial homolog IDH2  [  88  ] . 
Interestingly, IDH1 and IDH2 are commonly mutated in several diseases, including 
gliomas, astrocytomas, leukemias, and MPN  [  88  ] , where 5hmC and TET expres-
sion are abundant. Furthermore, these mutations are not only mutually exclusive 
with each other but also with TET2 mutations in AML  [  88  ] . 

 Mutations of IDH1 and IDH2 can result in a gain-of-function phenotype whereby 
2-OG is further reduced by the mutant enzyme to 2-hydroxyglutarate (2-HG)  [  89, 
  90  ] . AML cells harboring mutations in IDH1, IDH2, or TET2 tend to have a hyper-
methylated phenotype (increased global and locus-speci fi c methylation) and impor-
tantly a signi fi cant overlap of the genes that are hypermethylated  [  88  ] . Overexpression 
of mutant IDH enzyme results in a global increase in methylation and co-overex-
pression with TET2 does not result in increased 5hmC levels  [  88  ] . The above obser-
vation was con fi rmed in another study that showed inhibition of murine Tet1 and 
Tet2 in vitro by 2-HG and in vivo by mutant IDH1  [  91  ] . In addition, glioma, astro-
cytoma, glioblastoma tissue samples harboring IDH1 mutations display decreased 
5hmC staining and increased 5mC staining in immunohistological assays, as well as 
decreased 5hmC with LC-MS analysis  [  64,   91  ] . These studies suggest that altera-
tions in 5hmC, either through directly disrupting the TET enzymes or changing 
availability of cofactors, may be involved in the development and progression of 
cancer and related diseases. 
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 It is hypothesized that 5hmC is an intermediate in the process of demethylation 
(described fully in Sect.  3.7 ) and as a result disruption of the TET protein functions 
by translocation or mutation may result in a hypermethylated phenotype. Indeed, 
widespread locus-speci fi c hypermethylation in AML patients with TET2 mutations 
has been reported  [  88  ] . Conversely, another study found that TET2 mutations in 
leukemia patients are associated with reduced 5hmC levels as expected, but also 
with global DNA hypomethylation  [  21  ] . Another recent report indicated that brain 
lesions, especially astrocytomas and glioblastomas, have signi fi cantly decreased 
global 5hmC with increasing tumor grade, although these samples did not display 
clear changes in 5mC levels  [  64  ] . Furthermore, several, tumor types appear to have 
decreased 5hmC when compared to matched normal tissue  [  39,   92,   93  ] . The mecha-
nism of global hypo-hydroxymethylation in tumors and the relationship to muta-
tions in TETs is not clear and may be dependent on tumor type and stage. 

 Hypomethylating agents were originally tested and approved for clinical use in 
MDS and leukemia patients  [  94  ] . The fact that these diseases have especially high 
rates of mutation in the TET proteins raises the question as to the correlation of TET 
mutations with treatment ef fi cacy. One study on a very limited number of patients 
(two) did not con fi rm that TET2 mutations would improve the ef fi cacy of DNMT 
inhibitors for the treatment of MDS  [  95  ] . In addition, a slightly larger study with 
AML patients reported that those with mutant TET2 had improved initial response, 
but did not yield better survival as compared to patients carrying the WT allele  [  96  ] . 
These results emphasize the necessity for studies to be completed using large cohorts 
of patients identify factors that categorize patients with myeloid disorders, harbor-
ing TET mutations, as likely or unlikely to bene fi t from treatment with demethylat-
ing agents. Finally, although TET mutations are clearly predominant in MPN it is 
still possible that they occur in any number of other diseases and this will likely be 
a focus of future research.  

    3.7   Demethylation Pathways of 5hmC and Possible 
Roles in Cancer Methylation 

 Reports of methylation cycling in the promoters of speci fi c genes, active demethy-
lation during certain stages of development, and global hypomethylation in tumors 
have left epigeneticists searching for a DNA demethylase  [  3  ] . Several possible 
demethylation mechanisms have been proposed in the past, including direct enzy-
matic removal of the methyl group by MBD2  [  97  ] , removal of the entire methy-
lated base by a DNA glycosylase in a similar manner to the process of demethylation 
in plants  [  98  ] , and deamination followed by base excision repair (BER), including 
deamination by DNMT3 enzymes in the presence of minimal  S -adenosyl- l -
methionine (AdoMet)  [  3,   99  ] . The stability of the carbon–carbon bond of the 
methyl group and the  fi fth carbon of the cytosine ring makes it unlikely that dem-
ethylation is due to direct removal of the methyl group from cytosine  [  3  ] . However, 
oxidation of methyl groups is a feasible mechanism for removal, especially as 
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 histone demethylases function through oxidation to return histone proteins to an 
unmodi fi ed amino acid state  [  15  ] . 

 Before 5hmC was found in mouse ESCs and brain DNA, several groups studied 
the effects of oxidation of 5mC on methyl binding proteins (MBD) and DNMT1 
activity. For example, the MBD MeCP2 was shown to have decreased binding to 
5hmC as compared to 5mC  [  100  ] . Altered binding of MeCP2 may have serious 
effects on transcriptional regulation, but would not lead to demethylation. However, 
DNMT1 was shown to have reduced catalytic activity when the DNA substrate was 
hemi-hydroxymethylated as opposed to the preferential hemi-methylated substrate 
 [  101  ] . This could have major effects on DNA methylation maintenance during rep-
lication, resulting in passive demethylation that is dependent on cell cycling. It is 
still unknown whether DNMT3a or DNMT3b expressed during S-phase is capable 
of methylating hemi-hydroxymethylated DNA.    

 Mammalian 5hmC glycosylases have been described as early as 1988 suggesting 
that this may be a possible mechanism for removal of this modi fi ed nucleobase 
 [  102  ] . Overexpression of TET genes causes increased 5hmC and then subsequent 
demethylation (based on digestion with methyl-sensitive restriction enzymes) of 
either endogenous or exogenous methylated DNA that requires a functional BER 
pathway  [  20,   103  ] . Additionally, overexpression of several of the Apobec family of 
cytidine deaminases causes further demethylation  [  103  ] . In fact, viral overexpres-
sion of Tet1 in the adult mouse dentate gyrus in the brain leads to substantial 
increases in global 5hmC, whereas viral overexpression of activation-induced 
deaminase (AID) in the same tissue causes a decrease in global 5hmC by more than 
50%. Overexpression of either Tet1 or AID in adult mouse dentate granule cells 
results in demethylation and expression of neuronal genes known to display activ-
ity-induced DNA demethylation, but no demethylation occurs at non-neuronal pro-
moters  [  103,   104  ] . Based on these  fi ndings, the following hypothesis has been 
proposed as one possible mechanism for 5hmC-stimulated demethylation: 5mC is 
 fi rst oxidized by TET enzymes to 5hmC, which is then deaminated by AID/APOBEC 
cytidine deaminases resulting in 5hmU, then 5hmU is targeted and removed by 
BER pathways (Fig.  3.2 )  [  103  ] .  

 Another possible mechanism of demethylation through 5hmC mimics the pro-
cess of thymine conversion to uracil that is part of the thymidine salvage pathway 
in which successive oxidation of the 3-methyl group of thymine is completed to 
produce uracil by decarboxylation  [  3  ] . Previously, 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC) (the further oxidized forms of 5hmC) could not be 
easily measured, but as more sensitive techniques were utilized it was clear that 
these forms of cytosine do exist in mammalian DNA (Fig.  3.2 )  [  26–  28  ] . Mouse 
ESC, mouse cortex DNA, and DNA from several other somatic tissues contain 
substantial amounts of each of these modi fi cations, with 5caC being the lowest 
modi fi ed residue  [  27  ] . Interestingly, some tissue DNAs contained higher amounts 
of 5fC than 5hmC, such as liver and spleen  [  27  ] . The differences in the global 
amounts of each modi fi ed cytosine could be due to varied rate of conversion 
from one form to the next, as well as ef fi ciency of removal for 5caC by thymine-
DNA glycosylase (TDG) resulting in replacement with unmodi fi ed cytosine by 
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DNA repair enzymes  [  28,   105  ] . Tet1 and Tet2 were both reported to oxidize 
5hmC further to 5fC and 5caC both in vitro and in overexpression studies in 
cultured cells  [  27,   28  ] . 

 The knowledge that 5hmC and its derivatives that are converted by the TET 
enzymes can result in demethylation provide some possible mechanisms for how 
aberrant methylation could occur in cancers. Loss-of-function mutations in TET2 
correlate with hypermethylation and myeloid malignancies that commonly have 
TET mutations tend to be sensitive to hypomethylating agents  [  88,   94  ] . However, 
one study did correlate TET2 mutations with global hypomethylation in patients 
with myeloid malignancies  [  21  ] . For cancers that display hypomethylation, there 
are several potential explanations; one possibility is that hypomethylation by 5hmC 
is an earlier event during cancer progression than loss-of-function mutations that 
have been reported for TETs, or TET proteins (or other proteins involved in 5hmC-
induced demethylation pathways) may be overexpressed or have gain-of-function 
mutations that are currently unknown. Clearly much research still needs to be done 
in this particular area to understand demethylation pathways of 5hmC and what 
enzymes are involved both in normal and disease states.  
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  Fig. 3.2    5-Hydroxymethylcytosine and proposed demethylation pathways. (1) Cytosine in an 
unmodi fi ed state can be methylated by any of the three active DNMTs to 5-methylcytosine (5mC) 
to create the substrate for the TET enzymes. (2) 5mC can be oxidized by any of the three TET 
family enzymes to 5-hydroxymethylcytosine (5hmC). (3) 5hmC may then be deaminated by 
unknown enzymes to 5-hydroxymethyluracil (5hmU), which could then be removed by base exci-
sion repair pathway enzymes (BER). (4) 5hmC could also be further oxidized by the TET enzymes 
to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), at which point the base can be removed 
by thymine-DNA glycosylase (TDG) or the carboxyl group can be removed by decarboxylases to 
produce unmethylated cytosine       
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    3.8   Future Perspectives 

 It was not long ago that the study of DNA methylation was uncharted territory, but 
now we have a basic understanding of how, when, and where DNA methylation 
occurs, as well as its role in many biological processes. The identi fi cation of 5hmC, 
and its oxidative products 5fC and 5caC, has complicated our understanding of this 
process, so now we have to tease out what past data (that may or may not include 
5hmC, 5fC, and 5caC) means, and how to acquire more accurate data in the future. 
This has been and will continue to be a dif fi cult process, but even in the short time 
since the identi fi cation of 5hmC, epigenetics research has moved forward by leaps 
and bounds, perhaps due to the past experiences with 5mC. Scientists have already 
developed several techniques to measure global and locus-speci fi c 5hmC across the 
genome. It is known that there is tissue-speci fi c expression of TETs and 5hmC lev-
els, both globally and at speci fi c loci, and that 5hmC may be involved in DNA 
demethylation pathways. Even so, there is certainly more research needed to deter-
mine the involvement of the TET enzymes and 5hmC in gene regulation, develop-
ment, and disease.  

    3.9   Addendum 

 Two new methods have been reported that allow for single base resolution 
sequencing of 5hmC  [  106 ,  107  ] . Both techniques depend on the concept that 5fC 
and 5caC, unlike 5mC or 5hmC, are converted to uracil during sodium bisul fi te 
treatment of the DNA. The  fi rst method utilizes potassium perruthenate (KRuO4) 
to chemically oxidize 5hmC to 5fC followed by rigorous bisul fi te treatment and 
then sequencing of primarily CpG islands in mouse embryonic stem (ES) cell DNA 
 [  106  ] . The second method utilizes a three step process whereby the 5hmC sites 
are  fi rst glucosylated by beta-glucosyltransferase, which is followed by enzymatic 
oxidation of 5mC to 5caC by recombinant mouse Tet1 catalytic domain, and 
 fi nally sodium bisul fi te conversion and sequencing of human and mouse ES cell 
DNA. The glucosylated hydroxymethylcytosine residues are resistant to enzy-
matic oxidation and displayed as C in subsequent PCR based sequencing  [  107  ] . In 
both cases sequencing of both an oxidation pretreated DNA library and a control 
library must be completed to accurately map both 5mC and 5hmC sites across the 
genome. Considering that next generation sequencing analysis of bisul fi te con-
verted DNA is quite complicated, the data analysis for these methods could be 
especially dif fi cult. However, these techniques should be useful for identi fi cation 
of 5mC and 5hmC at speci fi c loci using a candidate gene approach in a similar 
manner to original bisul fi te sequencing.      
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  Abstract   In human health and disease the choreographed actions of a wide armory of 
transcription factors govern the regulated expression of coding and nonprotein coding 
genes. These actions are central to human health and are evidently aberrant in cancer. 
Central components of regulated gene expression are a variety of epigenetic mecha-
nisms that include histone modi fi cations. The post-translational modi fi cations of his-
tones are widespread and diverse, and appear to be spatial- temporally regulated    in a 
highly intricate manner. The true functional consequences of these patterns of regula-
tion are still emerging. Correlative evidence supports the idea that these patterns are 
distorted in malignancy on both a genome-wide and a discrete gene loci level. These 
patterns of distortion also often re fl ect the altered expression of the enzymes that con-
trol these histone states. Similarly gene expression patterns also appear to re fl ect a 
correlation with altered histone modi fi cations at both the candidate loci and genome-

    Chapter 4   
 Altered Histone Modi fi cations in Cancer       

      Moray   J.   Campbell       and    Bryan   M.   Turner         

    M.  J.   Campbell   (*)
     Department of Pharmacology and Therapeutics ,  Roswell Park Cancer Institute ,
  Elm and Carlton Streets, Buffalo ,  NY   14263 ,  USA    
e-mail:  Moray.Campbell@roswellpark.org  

     B.  M.   Turner  
     Institute of Biomedical Research, College of Medical and Dental Sciences, 
University of Birmingham ,   Birmingham ,  B15 2TT ,  UK    
e-mail:  b.m.turner@bham.ac.uk   

  Chromatin-modifying enzymes : The nomenclature for enzymes involved in protein methylation, 
demethylation, and acetylation has recently been rationalized (   Allis CD et al (2007) New nomen-
clature for chromatin-modifying enzymes. Cell 131:633–636). In this review, we use the new 
nomenclature for lysine methyltransferases (KMT), lysine demethylases (KDM), and lysine 
acetyltransferases (KAT). Histone deacetylases (HDACs) have retained their original nomencla-
ture. To maintain a link between the new nomenclature and the literature, we use both the new 
designation and the original published designation(s), e.g., KDM5A/JARID1A/RBP2. 

  Histone modi fi cations : We use the Brno nomenclature for histone modi fi cations (Turner BM (2005) 
Reading signals on the nucleosome with a new nomenclature for modi fi ed histones. Nat Struct Mol 
Biol 12:110–112). For example, histone H3 tri-methylated at lysine 4 is shown as H3K4me3. 
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wide level. Clarity is emerging in resolving these relationships between histone 
modi fi cation status and gene expression  patterns. For example, altered transcription 
factor interactions with the key co-activator and co-repressors, which in turn marshal 
many of the histone-modifying enzymes, may distort regulation of histone modi fi cations 
at speci fi c gene loci. In turn these aberrant transcriptional processes can trigger other 
altered epigenetic events such as DNA methylation and underline the aberrant and 
speci fi c gene expression patterns in cancer. Considered in this manner, altered expres-
sion and recruitment of histone-modifying enzymes may underline the distortion to 
transcriptional responsiveness observed in malignancy. Insight from understanding 
these processes addresses the challenge of targeted epigenetic therapies in cancer.  

  Abbreviations     

  AR    Androgen receptor   
  ChIP    Chromatin immunoprecipitation   
  CoA    Co-activator complex   
  E 

2
     Estradiol   

  ER a     Estrogen receptor alpha   
  ES    Embryonic stem cell   
  HDAC    Histone deacetylase   
  JMJD    Jumonji domain containing protein   
  JARID    Jumonji AT-rich interactive domain   
  KAT    Lysine acetyltransferase   
  KDM    Lysine demethylase   
  KMT    Lysine methyltransferase   
  LSD1    Lysine-speci fi c demethylase 1   
  NCOR    Nuclear co-repressor   
  NR    Nuclear receptor   
  PSA    Prostate-speci fi c antigen   
  SET    Su(var), enhancer of zeste and trithorax   
  TF    Transcription factor   
  TSA    Trichostatin A   
  TSS    Transcription start site           

    4.1   Altered Histone Modi fi cations in Cancer 

    4.1.1   The Nucleosome and Its Modi fi ed Forms 

 Of the various protein–DNA interactions that are central to genome function, 
those between the histones and DNA are among the most intimate. A histone–
DNA  complex, the nucleosome, is the basic unit of chromatin structure in nearly 



834 Altered Histone Modi fi cations in Cancer

all eukaryotes, It comprises 146 bp of DNA wrapped in 1¾ superhelical turns 
around a core of eight histones, two each of H2A, H2B, H3, and H4. The struc-
ture of the nucleosome core particle has been de fi ned in great detail by X-ray 
crystallography  [  3  ] . 

 Despite its extreme conservation through evolution and its consistent crystal 
structure, the nucleosome in vivo is subject to a variety of enzyme-driven 
modi fi cations that, potentially at least, alter its structure. Chromatin-modifying 
enzymes directly manipulate nucleosome structure or change nucleosome position 
along the DNA  fi ber  [  4  ] . DNA translocating enzymes such as polymerases, which 
pull and twist the DNA  fi ber as part of their normal activities, distort nucleosomes 
in their paths. Chromatin must deform reversibly in order to accommodate tor-
sional and tensional stress generated by these enzymes (  [  5  ]  and references therein). 
Nucleosome remodeling can dissociate the histone core, providing opportunities to 
enzymatically modify internal histone regions (see below), or to incorporate his-
tone variants. All core histones, apart from H4, have nonallelic variant forms that 
differ in amino acid sequence and are associated with speci fi c cellular and genomic 
functions  [  6  ] . 

    4.1.1.1   Post-translational Modi fi cation of Histones 

 The most widespread and complex source of nucleosome variability is the enzyme 
catalyzed, post-translational modi fi cation of selected histone amino acids. All four 
core histones are subject to such changes, which include acetylation of lysines, 
methylation of lysines and arginines, phosphorylation of serines and threonines, and 
attachment of the small peptides ubiquitin and SUMO  [  7  ] . Advances in mass spec-
trometry and proteomics  [  8  ]  have led to the identi fi cation of previously unsuspected 
chemical changes, including  O -glycosylation of serines and threonines  [  9  ] , formy-
lation and crotonylation of lysines, and hydroxylation of serines  [  10  ] . They have 
also revealed that modi fi cations occur both along the N-terminal tail domains, 
unstructured regions that are exposed on the nucleosome surface, and on residues in 
the globular internal regions that mediate histone– histone and histone–DNA inter-
actions  [  11  ] . Histone modi fi cations are put in place and removed by families (often 
large) of modifying and de-modifying enzymes and are consistently dynamic. The 
level of any particular modi fi cation re fl ects a steady-state balance between the 
actions of these two sets of enzymes. 

 The internal histone regions mediate the interactions that give the nucleosome its 
characteristic structure and their modi fi cation can, potentially, exert a direct struc-
tural effect. Yeast mutants with internal substitutions (some mimicking modi fi cations) 
commonly cause functional changes, particularly altered gene silencing and 
increased sensitivity to DNA damaging agents  [  12,   13  ] . Acetylation of H3K56, on 
the lateral face of the nucleosome, is incorporated into chromatin at sites of DNA 
damage and repair  [  14,   15  ]  and at replication forks  [  16  ] . These are all situations in 
which the nucleosome is partially dissociated, and during which internal residues 
will be accessible to modifying enzymes. Structural changes brought about by 
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H3K56 acetylation increase nucleosome mobility, thereby increasing DNA 
 accessibility and, in the appropriate context, facilitating transcription  [  13,   17,   18  ] . 

 Each core histone has an unstructured N-terminal tail domain that protrudes out-
side the nucleosomal DNA. These regions are not necessary for in vitro nucleosome 
assembly and crystallization  [  19  ]  but contain many amino acids that are susceptible 
to post-translational modi fi cation  [  7  ] . How do these tail regions contribute to chro-
matin structure and function? Studies on the in vitro thermal mobility of nucleosomes 
 [  20  ]  and earlier genetic and biochemical studies in yeast  [  21,   22  ]  show that tails 
play a role in nucleosome mobility and higher order chromatin structure, but these 
roles are only revealed by removal of all, or most, of the tail, raising the question of 
how post-translational modi fi cations could directly in fl uence their function. 
Hyperacetylation of the tails of H2B, H3, and H4, each of which have 4–5 acetylat-
able lysines, will cause a signi fi cant loss of net positive charge and might in fl uence 
higher order chromatin structures, even though the nucleosome itself is unaffected. 
An attempt to distinguish between the effects of lysine-speci fi c and global acetyla-
tion of the H4 tail domain in yeast gave mixed results. For H4 lysines 5, 8, and 12, 
the level of acetylation (i.e., the number of lysines acetylated) seemed to be a more 
important determinant of transcription than the individual lysine involved, but H4 
lysine 16 exerted independent effects  [  23  ] . Of course, methylation of lysines and 
arginines causes no change in net charge.  

    4.1.1.2   Chemical Signals on the Nucleosome Surface 

 An alternative explanation for the functional effects of histone tail modi fi cations is 
that they act  indirectly  by generating, on the nucleosome surface, a variety of chem-
ical signals that provide binding sites for nonhistone proteins. These binding pro-
teins, in turn, regulate chromatin structure and function. This hypothesis was 
proposed 20 years ago  [  24,   25  ]  and has since been extensively validated, not least 
by the identi fi cation of families of proteins carrying binding domains that recognize 
speci fi c histone modi fi cations  [  26,   27  ] . Bromodomains bind speci fi cally to acety-
lated lysines, while chromodomains and several others bind to methylated lysines at 
selected positions on speci fi c histones. Binding domains sometimes distinguish 
between lysines carrying one, two, or three methyl groups  [  26,   27  ] . 

 A good example of how binding domains work is provided by the heterochroma-
tin protein HP1, which is essential for heterochromatin formation in Drosophila and 
mammals. HP1 binds speci fi cally, via its chromodomain, to H3 methylated at lysine 
9 (H3K9me). H3K9me is located on heterochromatin in vivo and heterochromatin 
cannot form if the required methyl transferase is knocked out in mice  [  28  ] . Further, 
detailed studies of binding of HP1 to nucleosome arrays carrying methylated H3K9 
provide likely mechanisms for both chromatin condensation and for the ability of 
heterochromatin to spread in vivo  [  29  ] . Other histone modi fi cations have been asso-
ciated with speci fi c chromatin states. H4K36ac seems to be involved in the elonga-
tion phase of ongoing transcription  [  30  ] , H4K20me3 is a marker for centric 
(constitutive) heterochromatin  [  31  ] , and H3K27me3 is associated with long-term 
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gene silencing  [  32  ] . However, it is important to avoid oversimplifying a complex 
situation. Binding to any given modi fi ed residue will inevitably be in fl uenced by 
modi fi cation at adjacent residues and functional outcomes are usually determined 
by the combinatorial action of different modi fi cations. For example, phosphoryla-
tion of H3 serine 10 can displace HP1 bound to H3 methylated at lysine 9  [  33  ] . 
Epigenomics approaches are beginning to reveal combinations of modi fi cations that 
are consistently associated with functionally de fi ned genomic regions, particularly 
promoters and enhancers  [  34–  36  ] . 

 The nucleosome can be seen as a gatekeeper that controls the access of transcrip-
tion factors and other DNA binding proteins to DNA. Access is regulated by a 
variety of processes that change nucleosome structure, either directly (chromatin-
remodeling enzymes, modi fi cation of internal amino acids) or indirectly (histone 
tail modi fi cations). The enzyme families that carry out these processes are all sus-
ceptible to disruption, either through genetic mutation or environmental agents, 
triggering alterations in genome function that can sometimes precipitate changes in 
cell behavior and disease. Unraveling these complex chromatin-modifying enzyme 
systems will bring enormous bene fi ts in the form of improved understanding of the 
etiology of diseases such as cancer and opening up new routes to therapy.   

    4.1.2   Histone Modi fi cation Status Is Regulated 
by Antagonistic Enzymes 

 Each histone modi fi cation is governed by antagonistic groups of enzymes that are 
able either to add or remove the modi fi cation in question. For example, histone 
acetyltransferases (KATs) catalyze the transfer of an acetyl group from acetyl-CoA 
to the  e -amino group of targeted lysine residues, and in this manner can neutralize 
the positive charge of the lysines. As a result the electrostatic interactions between 
histone and DNA are reduced. It is often suggested that this electrostatic effect can 
result in an open chromatin conformation that is more conducive to transcription 
 [  37,   38  ] . However, the role of the histone tails in maintaining higher order chroma-
tin structure is not clear and while charge-mediated changes may be important in 
some contexts, they cannot provide a complete explanation for the functional affects 
of histone modi fi cations. The actions of KATs are countered by HDACs. Broadly, 
acetylation is associated with gene activation and deacetylation with gene repres-
sion. However, for other modi fi cations there is often not such a strict relationship 
between modi fi cation and function. For example, histone methyltransferases 
(KMTs) can either promote or inhibit transcription depending on the speci fi c resi-
due that is targeted and its genomic location relative to a gene’s transcription start 
site (TSS). The functional identi fi cation of enzymes involved in setting and remov-
ing histone modi fi cations has revealed an increasingly numerous battery of proteins 
and complexes. Many of these enzymes are either cofactors or binding partners for 
transcription factors (TF). Alternatively transcription regulatory factors can contain 
intrinsic histone-modifying capacity. 
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 It is also apparent that at least some histone modi fi cations can be regulated on a 
larger chromosomal scale or even globally, whereas other modi fi cations have a 
much more restricted pattern. For example, H3 methylated at K79 (H3K79me3) is 
widely distributed across euchromatic regions in yeast and protects against the 
spreading of telomeric heterochromatin  [  39,   40  ]  while H3K27me3, a mark put in 
place by the polycomb repressive complex, is spread across groups of genes (e.g., 
the HOX clusters) to bring about their coordinated silencing  [  41,   42  ] . Alternatively, 
marks such as H3K4me3 are closely associated with local genomic features, par-
ticularly promoters, enhancers, and TSSs  [  43,   44  ] . 

 The KAT superfamily includes at least 20 different and diverse proteins includ-
ing CLOCK and NCOA1. Several subfamilies exist including the P300/CBP family, 
e.g., p300; GCN5 family, e.g., KAT2A; the MYST family, e.g., MYST1; SRC/p160 
nuclear receptor co-activator family, e.g., NCOA1. Eighteen HDAC are known in 
humans that are classi fi ed into four classes based on homology that include the 
HDAC1-11 and 7 SIRT members. Twenty-eight different KMT are known to act on 
histones, at least in vitro  [  1  ] . KMT are abundant and diverse re fl ecting the impor-
tance of the methylated state of key residues for the control of evolutionarily con-
served transcriptional programs, for example, associated with development. There 
are at least 30 KMTs, including key families such as EZ, SUV39, and SET. At least 
20 demethylases (KDM) are divided into two major groups that include the LSD 
family members, e.g., KDM1A/LSD1 and the Jumonji family, e.g., JHDM3 and 
JARID proteins containing ARID domains. 

 Two points are particularly important in considering the extent of redistribution 
and altered patterns of histone modi fi cations in cancer. The  fi rst is that the steady-
state level of each modi fi cation represents a dynamic balance between the effects of 
the modifying and de-modifying enzymes, with turnover likely to vary from one 
part of the genome to another, between cell types, and is intimately associated with 
cell cycle status, cell–cell interactions, and cell lineage commitment. Secondly, 
many, if not all, of the enzymes are either dependent upon, or in fl uenced by, metab-
olites and components present in the intra- or extracellular environment. At the 
simplest level, many of these enzymes depend on cofactors such as acetyl CoA, 
NAD, and  S -adenosyl methionine for their activity, and in turn these levels will 
depend on the metabolic and redox state of the cell. More subtle effects can be 
derived from metabolism. For example, naturally occurring inhibitors, such as short 
chain fatty acids (inhibitors of Class I HDACs) and nicotinamide (an inhibitor of the 
NAD-dependent deacetylase SIRT1) can be derived intrinsically within a cell or 
tissue and may naturally in fl uence epigenetic status, for example, in the cell lining 
the lumen of the gut  [  45–  47  ] . The effects of metabolic changes on gene expression 
are a strongly re-emergent area in cancer biology  [  48–  50  ]  and the generation of 
linked transcriptomic and metabolomics data is revealing the key functional asso-
ciations in malignancy  [  51–  53  ] . Thus the nucleosome, through the array of histone 
modi fi cations it carries and the enzymes that put them in place, is a  fi nely tuned 
sensor of the metabolic state of the cell and the composition of its environment. In 
this manner, nucleosome structure provides a platform through which external 
 environmental and internal variables can in fl uence genomic function.   
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    4.2   Disruption of Histone Modi fi cations in Cancer 

 Given that dynamic histone modi fi cations are required for the precise control of 
DNA structure, during DNA repair and transcription, it is not surprising that there is 
signi fi cant evidence for the disruption of these events in malignancy. Understanding 
the differential recruitment and activity of proteins that govern histone modi fi cations 
is key to understanding the roles that altered histone modi fi cations can play in can-
cer initiation and development. Currently, a key focus in cancer biology is dissect-
ing the mechanisms that alter the local and global recruitment and activity of 
histone-modifying complexes. It is anticipated that the insight generated will address 
the central challenge of separating which epigenetic processes directly drive cancer 
initiation and progression, from those that are merely a consequence of altered 
genomic structure such as mutation, copy number variation, and cytogenetic rear-
rangement. Insight into the contribution of altered histone functions to cancer pro-
gression can be gleamed by considering global and gene-loci speci fi c alterations to 
histone modi fi cations. 

    4.2.1   Global Distortions to Histone Modi fi cations 

 A number of histone modi fi cations are intimately associated with higher order chro-
matin structures and chromatin packaging and therefore changing the distribution of 
these global marks can have profound impact on the structure of chromatin in the 
nucleus. In turn such altered structures may be either more prone to aberrant DNA 
repair or promote genomic instability  [  54  ] . In prostate cancer, for example, quanti-
fying global levels of  fi ve selected histone modi fi cations in tissue sections by immu-
nocytochemistry allowed discrimination between groups of patients with distinct 
risks of tumor recurrence  [  55,   56  ] . Quantitative analysis of just two modi fi cations 
(H3K18ac and H3K4me2) was shown to provide useful prognostic information. 
The mechanisms underpinning these intriguing observations remain unknown. 

 The Polycomb complex (PcC) is a highly conserved inducer of repressive chro-
matin and sustains the H3K27me3 mark. This repression was shown to extend to 
multiple target genes associated with differentiation, often during development. 
Consequently, an emergent area in malignancy is the focus on aberrant PcC function 
to repress differentiation programs inappropriately. Increased H3K27me3 has been 
shown to have prognostic value in prostate and other cancers. These  fi ndings, how-
ever, reported the prognostic value to arise from the opposite patterns. Thus, increased 
levels of H3K27me3 are correlated with poor prognosis in esophageal cancer  [  57, 
  58  ] , whereas in prostate cancer low levels have the poorer prognosis  [  59,   60  ] . 

 The enzymes that control H3K27 methylation status are members of the 
enhancer of zeste homolog (EZH) that is the catalytic subunit of the polycomb 
repressive complex 2  [  61  ] . These proteins are overexpressed in many cancers and 
in certain cases appear to correlate with poor prognosis or more aggressive disease. 
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However, although there are some correlations with increased H3K27me3 status, 
these are not universal in terms of the level of the mark. This may instead re fl ect 
the dynamics of turnover of the mark, and therefore the H3K27me3 status needs to 
be correlated with the enzymes that both add and subtract his mark. 

 Other modi fi cations do appear to be altered in their global distribution in malig-
nancy. For example, loss of H4K16 acetylation and H4K20me3 appears to be dimin-
ished globally in cancer cells, and indeed were some of the  fi rst histone marks to be 
characterized as being altered in malignancy  [  62,   63  ] . The consequence of these 
alterations probably re fl ect the role that certain modi fi cations have in cross-talking 
with the mechanism of DNA methylation and indeed reduced levels of these marks 
were associated with DNA hypomethylation. Down-regulation of MYST1/MOF, 
one of the KAT that targets H4K16, may in part explain these altered patterns  [  64  ] . 
Reenforcing the concept of antagonistic enzymes, H4K16 is deacetylated by SIRT1 
which is also up-regulated in several cancers and may have prognostic signi fi cance 
of its own  [  65  ] . Furthermore, the MYST family of KATs is associated with global 
changes in histone marks associated with chromatin packaging, DNA repair, and 
the control of developmental transcriptional programs (reviewed in  [  66  ] ). 

 The control of lysine methylation states, however, is frequently more complex 
than acetylation states, and there are multiple enzymes controlling this modi fi cation. 
A major contributor to this complexity is the fact that the lysine epsilon amino 
group can accommodate one, two, or three methyl groups. All three methylation 
states are found in vivo and are often associated with distinct functional outcomes. 
Lysine methylation often proceeds in two steps, with mono and di-methylation gov-
erned by one class of enzyme and subsequent tri-methylation being regulated by a 
subsequent enzyme. For example, SET7 is able to catalyze the generation of 
H3K20me2, which then forms a substrate for the SUV class enzymes that generates 
the fully methylated state H3K20me3. Re fl ecting this, there is some evidence that 
levels of SUV family members are reduced in cancer in association with gene 
silencing  [  67,   68  ] . 

 Further examples of a global alteration of histone status linked with cancer pro-
gression are those modi fi cations that drive nucleosome movement. One of the key 
modi fi cations in this regard is the internal lysine H3K56 that is targeted for acetyla-
tion by the KATs, CBP/p300 and GCN5, and has recently been shown to facilitate 
nucleosome disassembly and transcriptional activation. Inhibitor studies and expres-
sion pro fi ling both suggest that the altered levels of H3K56ac distort the DNA dam-
age response and maybe a trigger for genomic instability. Parallel studies have also 
revealed that H3K56ac is also involved in modulation of chromatin structure during 
DNA replication and repair; consequently, disruption to this process can also lead to 
genomic instability  [  18,   69–  71  ] . Perhaps re fl ecting the importance of the regulation 
of this mark, multiple HDACs have been implicated in its control and include the 
NAD-dependent SIRTs. 

 Global changes in histone modi fi cations have also been linked to stem cell dif-
ferentiation. Undifferentiated embryonic stem (ES) cells show global enrichment in 
histone modi fi cations associated with transcriptional activity and depletion in 
modi fi cations associated with silent chromatin  [  72,   73  ] . By several criteria, ES cell 
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nuclear DNA is packaged in an unusual form of chromatin that appears to be more 
“open” than that in differentiated cells and is transcriptionally hyperactive  [  74  ] . 
How elevated histone modi fi cation levels are generated, and whether they are a 
cause or a consequence of open, hyperactive chromatin, remains to be determined. 

 Knocking down, individually, the histone demethylases KDM2A/JMJD1A and 
KDM4C/JMJD2C in mouse ES cells, globally increased the level of histone 
modi fi cations usually associated with silent chromatin, namely, H3K9me2. In addi-
tion to their global effects, KDM2A/JMJD1A and KDM4C/JMJD2C were also 
shown to target, and regulate, speci fi c genes, including  Tcl1 , a potential regulator of 
self-renewal, and  Nanog , a key determinant of pluripotency  [  75  ] . Thus, key chroma-
tin-modifying enzymes can exert both global and gene-speci fi c effects that in turn 
in fl uence differentiation. Intriguingly, both demethylase genes were themselves 
positively regulated by the key transcription factor Oct4, showing how a transcrip-
tion factor might trigger a feed-forward signal to bring about a genome-wide change 
in the epigenetic landscape through regulation of genes encoding histone-modifying 
enzymes. In adult stem cell compartments, regulation of speci fi c histone demethy-
lating enzymes has also emerged as critical in activating differentiation programs, 
for example, the control of neural stem cell differentiation by the retinoic acid recep-
tor, a member of the nuclear receptor (NR) superfamily  [  76  ] . A similar relationship 
between a transcription factor, global histone modi fi cations, and adult stem cell dif-
ferentiation is seen in studies of epidermal stem cells  [  77  ] . Quiescent stem cells are 
induced to leave their niche in the interfollicular epidermis and hair follicle bulge by 
activation of MYC, a process accompanied by globally increased H4 acetylation 
and di-methylation of H3K9 and H4K20. Together these studies illustrate how key 
transcription factors combine with environmental factors to in fl uence and regulate 
the stem cell niche and control differentiation outputs. 

 Finally, the enzymes that govern histone methylation are also distorted in cancer 
with both loss and gain of function. Expression patterns of histone-modifying 
enzymes are even able to discriminate between tumor samples and their normal 
counterparts and cluster the tumor samples according to cell type  [  78  ] . This indi-
cates that changes in the expression of histone-modifying enzymes have important 
and tumor-speci fi c roles in cancer development. Thus, overexpression of G9a, an 
H3K9 KMT, occurs in lung and breast cancers and associates with aggressiveness 
 [  79  ] . Similarly enzymes that de-acetylate H3K9, and allow it to be methylated, are 
also overexpressed in cancers, including breast cancer. These enzymes may also be 
playing separate roles, and therefore expression is selected in malignancy on a dif-
ferent basis, for example, in gene regulation and DNA repair. It is possible that 
increases in HDAC levels are a homeostatic response in which the cell attempts to 
compensate for the aberrant increase in KAT activity (or vice versa). What is impor-
tant from a functional point of view is not the absolute levels of KATs or HDACs, 
but the new steady-state levels of the (histone) modi fi cations they regulate. 

 More precise speci fi city is dependent on the combination of both the enzyme  and  
target gene(s). For example, mutation of KDM6A/UTX results in the inability to 
relieve H3K37me3 repression  [  80,   81  ] . Gain of function also occurs, for example, 
increased targeting of methyltransferases KMT1A/SUV39H1 to  CDKN1A  leads to 
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sustained H3K9me2 and transcriptional silencing that in turn can be targeted with 
the enzyme inhibitor, chaetocin  [  82,   83  ] . Similarly, the KMTs/MLLs are overex-
pressed in prostate cancer  [  84–  86  ]  and sustain levels of H3K27me3 at key targets 
such as DAP2IB, an RAS regulatory molecule, thereby leading to metastasis  [  87  ] . 
These observations illustrate deregulation of the enzymes that control histone lysine 
methylation is common but most likely highly targeted. This contextual nature is 
typi fi ed by KDM1A/LSD1  [  88  ] , which can target the demethylation of either 
H3K9me2 or H3K4me3 and thereby drive both gene activation  [  89,   90  ]  and repres-
sion  [  91  ] . In this manner, KDM1A/LSD1 may mediate parallel repression and acti-
vation of target genes and play a key role in the malignant evolution of AR signaling 
in prostate cancer.  

    4.2.2   Altered Histone Modi fi cation Patterns at Discrete 
Gene Loci 

 Histone modi fi cations therefore appear to operate at a level of restricted action, at 
discrete loci, exempli fi ed by lysine methylation. Functional outcomes depend not 
only on which lysine on which histone is methylated, but also on whether the lysine 
carries one, two, or three methyl groups and its genomic position on a given loci 
with respect to the TSS. The different degrees of methylation are put in place, and 
removed, by a diverse group of enzymes. In particular, KDMs seem to have a par-
ticularly close association with key transcription factors that in turn are also impli-
cated in malignancy such as MYC and members of the NR superfamily. Ligand 
binding or cofactor associations are able to in fl uence the activity or even the 
speci fi city of these enzymes and thereby regulate functional outcomes (usually a 
change in gene expression)  [  92  ] . 

 The modi fi cation of H3K9Ac and H3K9me2 serves to illustrate key concepts 
concerning histone status and speci fi c gene expression. These marks are mutually 
exclusive and reciprocal, being associated with gene activation and repression, 
respectively. Loss of H3K9me2 is often associated with elevated gene expression. 
Recent studies have underscored the targeted changes in lysine methylation status 
and speci fi cally illustrated that the KDM that targets H3K9me2 and the KMT that 
targets H3K4me at the gene TSS (to activate gene expression) are within the same 
complex associated with the ER a  and therefore facilitate this two-step gene activa-
tion process  [  93  ] . Naturally, given that gene expression in cancer is uniformly nei-
ther up or down-regulated, the global expression of these marks is also not uniformly 
altered. Rather patterns are nuanced and suggest speci fi c loci are deregulated. 

 Another example of this speci fi city emerges from considering KDM1A/LSD1 
that can demethylate H3 mono- and di-methylated at either K4 or K9, and, remark-
ably, this speci fi city can be regulated in vitro by the protein cofactors, CoREST or 
BHC80, with which it is associated  [  94,   95  ] . Thus, KDM1A/LSD1 acts as an H3K4 
demethylase (i.e., can remove a potentially activating modi fi cation) on NRSF tar-
gets and an H3K9 demethylase (i.e., can remove a potentially repressive modi fi cation) 
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on AR and ER a  target promoters. Catalytic activity/speci fi city can also be regulated 
by adjacent histone modi fi cations. H3K9 acetylation inhibits H3K4 demethylation 
(on the same tail) in vitro  [  96,   97  ] . Local patterns of modi fi cation are set by the 
combined actions of methylating and demethylating enzymes and the methylases 
too are in fl uenced by other histone modi fi cations. Further details of the gene-speci fi c 
interactions have also emerged. JMJD2C demethylates H3K9me3, while KDM1A/
LSD1 demethylates H3K9me2/me1 at promoters such as  PSA  and  KLK2  to remove 
H3K9 methylation associated with transcriptional silencing. 

 Therefore, the speci fi c complex that KDM1A/LSD1 interacts with profoundly 
alters the transcriptional outputs, for example, of the AR, since demethylation of 
H3K9 has a gene activating effect, while demethylation of H3K4 has a gene silenc-
ing effect. The balance of these actions is in part controlled by the regulation of 
phosphorylation of H3 at threonine 6 (H3T6) by protein kinase C beta I. This pre-
vents KDM1A/LSD1 from targeting H3K4me2 during AR-dependent gene activa-
tion and prevents it from limiting transcriptional activation. Also re fl ecting shared 
functions PKCbeta(I) co-localizes with AR and KDM1A/LSD1 on target gene pro-
moters and phosphorylates H3T6 after androgen-induced gene expression. 
Therefore, it appears that androgen-dependent phosphorylation leads to the new 
chromatin mark H3T6ph, which in turn prevents removal of active methyl marks 
from H3K4 and forms a positive feed-forward loop of gene regulation  [  91  ] . More 
recently, KDM1A/LSD1 has been shown to drive AR-stimulated gene transrepres-
sion of the AR itself and thereby form a negative feedback loop of gene regulation 
 [  98  ] . Thus, the complex within which this one regulatory enzyme associates, its 
targeting to different genes, and the position of the response element, relative to the 
TSS, can all combine to determine how different H3K methylation states are 
governed.  

    4.2.3   Interplay Between Altered Transcriptional Signals 
and Epigenetic States 

 In normal cells a highly choreographed balance of histone modi fi cations occurs dur-
ing the dynamic regulation of coding and noncoding genes. These patterns are gen-
erated by the highly integrated actions of transcriptional networks  [  99  ]  and are 
evident in many aspects of biology. For example, in development; in homeostasis to 
control the circadian rhythm  [  100  ] , tissue self-renewal, and the response to hypoxia 
 [  83,   101  ] ; in immune function to regulate in fl ammation  [  102  ] . Many of these pro-
cesses are disrupted in malignancy and generally in cancer cells there is a loss of 
dynamic transcriptional patterns and signaling complexity is reduced  [  103  ] . 
Consequently, an area where altered histone modi fi cations appear to associate with 
the cancer phenotype is in distortion of transcriptional control of key cellular 
processes. 

 Epigenetic events play a central role for transcriptional complexes and the vari-
ous components in these multimeric complexes sequentially initiate, sustain, and 
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 fi nally terminate transcription  [  104  ] . In this manner, transcription can work as a 
type of biological ratchet, with histone modi fi cations being associated with the vari-
ous states by generating chromatin states that are either receptive or resistant to 
transcription (reviewed in  [  27  ] ). For example, different histone modi fi cations can 
control the rate and magnitude of transcription (reviewed in  [  105  ] ). These events are 
intertwined with low-level CpG methylation  [  106–  108  ] . Thus, the histone 
modi fi cations and other epigenetic events including DNA methylation processes 
combine during transcription to generate highly  fl exible chromatin states that are 
either transcriptionally receptive and resistant  [  101  ] . That is, the speci fi c transcrip-
tional potential of a gene is  fl exibly controlled by the combination of epigenetic 
events. These events are varied in space across the gene loci, and in time through the 
course of the transcriptional cycle. Current challenges in the  fi eld of cancer epige-
netics, therefore, are to reveal how altered histone modi fi cations directly drive dis-
torted transcriptional programs, and what patterns exist on a genome-wide scale to 
distort networks of transcription. This will help to de fi ne how these altered histone 
states are genuine drivers in cancer progression. 

 Precisely how transcriptional programs evolve during malignancy is emerging. 
Genome-wide approaches are now allowing workers to ascribe broader views of 
the biology of transcription factor families, now that all members are known, and 
questions can be addressed in more detailed biological contexts. These  fi ndings 
suggest that the actions of the many key transcription factors are distilled through 
interactions with multiple cellular processes thereby generating an extremely 
 fl exible and integrated signaling module. In malignancy, however, these transcrip-
tional choices and phenotypic outputs become restricted, for example, as seen with 
the emergence of a novel AR-transcriptome in androgen deprivation therapy-resis-
tant prostate cancer  [  109  ] . 

 Importantly, these epigenetic regulatory mechanisms operate in response to sig-
nals from the cellular microenvironment of the tumor, including signals from asso-
ciated stromal (noncancerous) cells  [  110,   111  ] . The “niche” in which cells  fi nd 
themselves is an important determinant of their epigenetic properties  [  112  ]  and 
raises the possibility that histone marks can be modi fi ed by environmental condi-
tions that alter metabolic and redox status, leading to a heritable alteration in cell 
phenotype, an “epigenetic mutation.” Such lesions are not restricted to single nucle-
otides, but rather can be targeted to larger regions and therefore comparable to 
genetic deletions and ampli fi cations. They can act alongside conventional genetic 
and cytogenetic alterations, either inherited or de novo, to cause the bi-allelic silenc-
ing of tumor suppressor genes that can be the  fi rst step in development of a cancer 
 [  113  ] . These concepts are illustrated by considering key transcription factor fami-
lies implicated strongly in cancer initiation and progression. 

    4.2.3.1   The MYC/MAX/MAD Family 

 The MYC/MAX/MAD family forms heterodimeric complexes with MAX as the 
central partner to activate the expression of a diverse range of genes. Deregulated 
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and elevated expression of c-MYC has been documented in a wide range of human 
malignancies, associated frequently with aggressive and poorly differentiated 
tumors  [  114  ] . MYC has the potential to target a large proportion (11%) of all genes 
in the human genome  [  115  ] , but the set of genes to which it actually binds in any 
particular cell is regulated by a variety of factors, including interacting proteins. 
For example, the MAD family of transcritpional repressors is , like MYC, able to 
bind MAX proteins and antagonize the activity of MYC by competing for MAX 
binding at E-box sequences in target gene promoters, actively repressing transcrip-
tion of MYC target genes     [  116  ] . 

 The speci fi city and af fi nity of MYC binding is in fl uenced by the con fi guration of 
the chromatin packaging at potential binding sites, and particularly by patterns of 
histone modi fi cation  [  117  ] . MYC was found to bind E-boxes in regions enriched for 
several histone modi fi cations generally associated with euchromatin, such as acety-
lated H3 (speci fi cally H3K9ac, H3K14ac, and H3K18ac), but showed the strongest 
association with H3K4me3. Reciprocally, MYC was inversely correlated with the 
repressive polycomb group mark H3K27me3. On some promoters, MYC associated 
with both H3K4me3 and H3K27me3, a bivalent state that is common in ES cells but 
seems rarer in lineage committed cells  [  118  ] . Overall, it seems more likely that 
H3K4me3 recruits MYC rather than H3K27me3 excluding MYC binding.  [  117  ] . 

 MYC function can be controlled interactions    with JARID1A/RBP2 and 
JARID1B/PLU-1  [  119,   120  ] . These enzymes are both speci fi c for H3 methylated at 
lysine 4 (H3K4me1,2,3) and may help to regulate this modi fi cation at MYC binding 
sites. There is emerging evidence that this process is disrupted by increased associa-
tion with histone demethylase NO66/MAPJD to alter the potential interactions with 
genes involved in proliferation of lung cancer cells  [  121  ] . A gene encoding a related 
protein, MINA53 (myc-induced nuclear antigen) is a MYC target that is overex-
pressed in lung cancer, for example  [  122,   123  ] . Together these  fi ndings suggest that 
the co-association of MYC with different histone-modifying enzymes, for example, 
through the consequence of altered enzyme expression, distorts and restricts the 
MYC transcriptome in malignancy. 

 In the light of these developments, MYC function has been reassessed to reveal 
the regulation of unexpected gene targets, some of which inhibit proliferation and 
induce programmed cell death  [  124  ] , contrary to the accepted view of MYC as an 
oncogene promoting growth and survival. These  fi ndings suggest that the malignant 
function of MYC represents selection for a subset of its potential actions.  

    4.2.3.2   The NR Superfamily 

 The NR superfamily also illustrates the key concepts of distorted and selected tran-
scription in cancer due to altered regulation of histone modi fi cations. NRs are the 
largest superfamily of transcription factors in humans and generally form active het-
erodimers to control networks that regulate homeostasis, energy metabolism, and 
xenobiotic handling. These receptors are intimately associated with the control of 
self-renewal in a number of epithelial systems, notably the prostate and mammary 
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glands. For example, studies in the prostate have established that the androgen recep-
tor (AR) cooperates with WNT and mTOR pathways  [  125,   126  ]  to induce prolifera-
tion. Equally other receptors, such VDR, PPARs, and RARs, exert mitotic restraint, 
at least in part by antagonizing WNT signaling and activation of cell cycle arrest 
through regulation of gene targets such as  CDKN1A  (encodes p21 (waf1/cip1) ) and 
 IGFBP3   [  127–  134  ] . 

 Cancer is typi fi ed by the actions of individual receptors becoming selective and 
the NR network collectively displaying a loss of transcriptional plasticity. The AR 
transcriptional program evolves towards increased targeting of proliferative gene 
promoters and decreased targeting of pro-differentiation genes  [  135,   136  ] . Similarly, 
within breast cancer the transcriptional actions of the ER a  appear to become increas-
ingly selective for gene targets associated with proliferation and survival and away 
from targets associated with differentiation  [  137–  139  ] . Equally in a range of solid 
tumors and myeloid leukemia, NRs that normally exert mitotic restraint, such as the 
VDR, RARs, and PPARs, become skewed, with selective silencing of antiprolifera-
tive target genes  [  129,   140–  144  ] . Combined, oncogenic transcriptional rigidity 
re fl ects the simultaneous distorted regulation of target loci such that proliferative 
and survival signals are enhanced and antimitotic inputs are either limited or lost. 
This  fi ltering of transcriptional choices during cancer progression has signi fi cant 
therapeutic implications. For example, the oncogenic actions of the TMPRSS2/ETS 
fusion, a common event in prostate cancer  [  145  ] , are critical precisely because the 
 TMPRSS2  promoter is sustained in an AR-responsive state. 

 More recently, genome-wide ChIP approaches have revealed considerable vari-
ability in the networks of interactions capable of bringing about varied transcrip-
tional responses  [  146–  148  ] . For example, in prostate cancer, as the disease 
progresses, there are altered levels of H3K4me1 and 2 on gene enhancer regions in 
the so-called AR-independent state, where cells have evolved resistance to antian-
drogen therapies. In this new state, the targeted increase of H3K4Me1 and 2 at dif-
ferent enhancer regions allows the cells to initiate a different AR transcriptional 
program  [  109  ] .  

    4.2.3.3      Hypoxia-Inducible Factor-1 Alpha 

 The hypoxia response of hypoxia-inducible factor-1 alpha (HIF-1A) also illus-
trates how transcriptional actions are selectively distorted by epigenetic processes 
in cancer cells. Within a normal cell, the levels of oxygen are monitored sensi-
tively by a transcriptional circuit that governs the function of HIF-1A. In nor-
moxic conditions, HIF levels are kept low level by destruction by an E3 ubiquitin 
ligase containing the VHL tumor suppressor protein, where oxygen serves as a 
co-substrate. Also oxygen impedes the interactions of HIF1 a  with the KATs CBP/
p300 thus limiting the capacity to initiate activating histone marks. In hypoxia, 
HIF-1 a  becomes stabilized and active, and promotes a stable interaction with 
CBP/p300 and therefore facilitates transcription  [  83  ] . Genome-wide analyses of 
HIF binding sites identi fi ed a number of KDMs as downstream targets, notably 
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JMJD1A and JMJD2B, thus providing the capacity to affect the epigenetic status 
of the cell. In part, this may contribute to maintenance of transcriptional activity 
under stress. It may also support the observed aberrant and selective HIF1 a  tran-
scriptional responses  [  149  ] . 

 Taken together these  fi ndings support the concept that the actions of major tran-
scription factor families are selective at several levels to govern the expression of 
sub-transcriptomes that are phenotypically related. The  fl exibility of transcriptional 
actions includes the exact choice of target sequence, the timing, amplitude, and 
magnitude of transcription and integration with other transcriptional programs and 
signal transduction events. In malignancy, the dexterity of targeting and regulation 
is blunted and instead transcription factors become addicted to speci fi c sub-tran-
scriptomes, for example, those associated with blockade of programmed cell death 
and progression through the cell cycle.   

    4.2.4   Loss- and Gain-of-Function of Transcriptional 
Co-activators and Co-repressors 

 One means by which transcriptional actions are distorted is through the altered 
expression of associated cofactors that either have an intrinsic or associated capac-
ity to regulate histone modi fi cations. The diversity of co-activator and co-repressors 
is extreme and they have been the subject of numerous reviews  [  150–  154  ] . Several 
examples are strongly illustrative of underlying mechanisms of transcriptional regu-
lation. In essence, the altered expression and function of these key proteins alters the 
equilibrium of key histone modi fi cations and thereby allowing the gene regulatory 
actions of a given transcription factor to become more or less pronounced. 

 Co-activators and co-repressors each display both loss and gain of function, 
and can result in similar phenotypes. Thus, the loss of a co-activator can lead to 
suppressed ability of a transcription factor to transactivate a given target. Similarly, 
the gain of function of co-repressors can limit transactivation ability and enhance 
transrepression. The opposite patterns will in turn enhance the transactivation 
function. 

 For example, NCOA3/SRC3 is situated within a common area of chromosomal 
ampli fi cation in breast cancer on chromosome 20q. Initially, cDNAs were isolated 
from this region that contained a putative target gene that was termed AIB1 (for 
“ampli fi ed in breast cancer-1”). Subsequently, this gene was found to be a member 
of the SRC co-activator family and was ampli fi ed and overexpressed in breast and 
ovarian cancer cell lines, as well as in breast cancer biopsies  [  155  ] . NCOA3/SRC3/
AIB1 interacts with ERs in a ligand-dependent fashion and enhances the regulation 
of target genes. Speci fi cally the protein has intrinsic KAT activity and also acts to 
recruit other CBP/p300 in an allosteric manner  [  156  ] . Therefore, increased expres-
sion increases the ability of the ER a  to transactivate a given gene target. Subsequently, 
this protein was identi fi ed NCOA3 and shown to be a potent histone acetyl trans-
ferase able to enhance the function of multiple NRs  [  157–  159  ] . 
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 Compared to their co-activator cousins, the co-repressors are somewhat under-
explored. Again, these key proteins, originally identi fi ed for their repressive interac-
tions with NR illustrate how deregulated functions can alter chromatin and thereby 
attenuate gene regulation. NCOR1 and NCOR2/SMRT were cloned in 1995 using 
NR as bait  [  160,   161  ] , and both proteins exist in large multimeric complexes 
(~2.0 MDa)  [  162  ]  with histone deactylases and other histone-modifying enzymes 
(reviewed in  [  153  ] ). These complexes are recruited to many different transcription 
factors to repress gene activity during the transcriptional cycle. These transcription 
factors include: NR, MAD/MXI, MYOD, ETO, CBF, FOXP, AP-1, and NF- k B fac-
tors. The importance of targeted  basal repression  by co-repressors is evident in the 
lethality of the  Ncor1  −/−  and  Ncor2/Smrt  −/−  mice. These models reveal enhanced 
function of transcription factors, notably Ppar g  in adipocytes  [  163  ]  and FoxP in 
cardiomyocytes  [  164  ] . Dynamic mechanisms have also emerged whereby NCOR1 
and NCOR2/SMRT complexes can be recruited to activate transcription factors 
leading to transrepression  [  165,   166  ] . Finally, an emerging theme is the pattern of 
active de-repression where loss of co-repressor association, following activated 
transcription factor, leads to up-regulation of target genes independently of the sus-
tained presence of the transcription factor  [  167  ] . 

 Well-established oncogenic roles for NCOR1 and NCOR2/SMRT have been elu-
cidated in acute promyelocytic leukemia (PML) that results from a fusion between 
the NR, RAR a , and either the PML or promyelocytic leukemia zinc  fi nger (PLZF) 
genes  [  142  ] . Both chimeric proteins sustain NCOR1 interactions and consequently 
RAR a -mediated cell differentiation is blocked, in part, as a result of maintaining a 
condensed chromatin structure around the promoters of RAR a  target genes that 
govern normal hematopoietic differentiation  [  168,   169  ] . In the PML-RAR fusion, 
this can be overcome by pharmacological dosing with retinoic acid. The PLZF-
RAR fusion is resistant to retinoic acid alone and treatment with a combination of 
retinoic acid and HDAC inhibitors has shown promising results. Similarly, in acute 
myeloid leukemia (AML), the AML1/ETO fusion protein promotes leukemogene-
sis by recruiting NCOR1 and again impeding transcriptional regulation  [  170  ] . The 
importance of NCOR1 binding in the treatment of these disease states exempli fi es 
the relevance of the co-repressors in  fi rstly driving critical oncogenic events, but 
secondly providing a rational targeted strategy towards HDACs. 

 Expression pro fi ling in solid tumors has revealed altered NCOR1 and NCOR2/
SMRT expression and localization, for example, in breast, bladder, and prostate 
cancers  [  129,   141,   143,   171–  173  ] . However, to date, uncertainty remains over their 
precise role in solid tumors, especially in the case of breast and prostate cancers 
where the etiology of disease is intimately driven by the actions of steroid hormone 
NRs. Indeed, the ability of the ligand-free NR to bind NCOR1 and NCOR2/SMRT 
is important to therapeutic exploitation with receptor antagonists such as Tamoxifen 
in the case of breast cancer. Therefore, ambiguity exists over the extent and timing 
of NCOR1 and NCOR2/SMRT expression changes, as they relate to initiation and 
progression of disease. Secondly, it remains unclear how changes in NCOR1 and 
NCOR2/SMRT expression relate to different NRs and other transcription factors 
that exert either pro- or antimitotic and survival effects. Resolving these ambiguities 
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has signi fi cant therapeutic implications in terms of targeting co-repressors as either 
epigenetic mono-therapies using HDAC inhibitors or in combinations with tran-
scription factor targeting. 

 In prostate cancer cells, elevated levels of NCOR2/SMRT have been detected 
and suppress VDR responsiveness  [  129  ] . Similarly, PPAR actions are disrupted and 
can be targeted selectively by using HDAC inhibitor co-treatments  [  174,   175  ] . More 
speci fi cally, elevated NCOR1, and to a lesser extent NCOR2/SMRT correlated with, 
and functionally drove, the selective insensitivity of PPAR a / g  receptors towards 
dietary derived and therapeutic ligands  [  175  ]  most clearly in androgen-independent 
disease. Similar roles for NCOR1 and NCOR2/SMRT appear in the development of 
breast cancer and Tamoxifen resistance  [  171  ] . Elevated levels of NCOR1 occur in 
ER a  negative disease and in turn attenuate antimitotic actions of VDR. Again, this 
molecular lesion can be targeted in ER a  negative breast cancer cell lines with co-
treatments of VDR ligand (e.g., 1 a ,25(OH) 

2
 D 

3
 ) plus HDAC inhibitors resulting in 

selective re-expression of VDR target genes, notably  VDUP1  and  GADD45A   [  143  ] . 
Together, the studies in breast and prostate cancer suggest that NR show speci fi city 
in their interactions with co-repressors. NCOR1 appears to be involved in the regu-
lation of receptors such as the VDR and PPARs and NCOR2/SMRT with steroid 
hormone receptors, re fl ecting the emergent speci fi cities of NR interactions in the 
murine knockout models.   

    4.3   Consequences of Altered Histone Modi fi cation States 

    4.3.1   Higher Order Chromatin Interactions Associated 
with Transcription 

 Another theme that has emerged concerning epigenetic regulation of transcription 
is higher order chromosomal interactions. It seems that large-scale chromatin rear-
rangement, through looping, is frequent and widespread. Loops can be inter- or 
intra-chromosomal and are guided by transcription factors, key pioneer factors, and 
chromatin-modifying enzymes  [  176,   177  ] . Improved microscopy techniques have 
recently shown nascent RNA on the surface of protein dense transcription factories 
(“gene hubs”) that seem to correspond to structures previously termed “nuclear 
speckles”  [  178  ] . 

 A clear example of these interactions has been illustrated in the transcriptional 
responses of B-cells where translocation of genes occurs from separate chromo-
somes and nuclear regions to common sites referred to as transcription factories. 
These sites contain signi fi cant levels of RNA Pol II, and other proteins, including 
factors required for elongation, chromatin remodeling, capping, splicing, and non-
sense-mediated decay. Recruitment of genes to transcription factories is highly 
selective, with certain genes and chromosome regions co-localizing far more fre-
quently than expected by chance. Intriguingly, sites of chromosome translocation 
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associated with various cancers often co-localize. For example,  Myc  and  Igh  tend to 
co-localize and their fusion, in human lymphoid cells, is a common cause of Burkitt’s 
Lymphoma. These rapid movements are associated with movements of the nuclear 
architecture and involve ATP-dependent mechanisms that involve a chromosome 
locus usually located at the nuclear periphery being rapidly translocated to the inte-
rior in a direction perpendicular to the nuclear membrane  [  179  ] . 

 Again, the NR superfamily illustrates these aspects of the deregulation of epige-
netic states. NRs appear to interact with more dominant more widely binding pio-
neer factors. For example, ER a  interacts with pioneer factors and KDMs. This 
interaction is involved with micro-chromatin reorganization at response elements, 
and also with higher order chromatin reorganization. Active ATP-dependent trans-
port mechanisms have recently been shown to be an essential intermediate step in 
gene activation by ER a  and act to move discrete chromosomal regions together into 
interchromatin hubs. These granules are subsequently joined to the surface of 
nuclear structures rich in splicing and transcriptional machinery that may re fl ect the 
previously termed “nuclear speckles”  [  180  ] . 

 This suggests a role for KDM1A/LSD1 in directing docking of the ER a -gene 
hub complex with the nuclear speckles, but the exact function of KDM1/LSD1 in 
this process remains unclear. If this role is catalytic rather than purely structural, it 
is possible that the substrate involved is a nonhistone protein. It will also be of inter-
est to determine whether KDM1/LSD1 or related enzymes play a role in directing 
 MYC  and  IGH  alleles to transcription factories. The recent development of improved 
microscopy techniques which has shown nascent RNA appearing on the surface of 
protein dense transcription factories should aid in clarifying this situation  [  178  ] , as 
well as further work investigating the relationship between nuclear speckles and 
transcription factories.  

    4.3.2   Directing DNA Methyltransferase Speci fi city 
and Stable Gene Silencing 

 There is compelling evidence that histone and DNA methylation processes disrupt 
transcriptional actions, both alone and together. For example, one consequence of 
NCOR1 and NCOR2/SMRT association at target genes is the loss of H3K9ac and 
accumulation of H3K9me2, allowing the potential for hypermethylation at adja-
cent CpG regions. Further links exist between NCOR1 and DNA methylation 
through its interaction with KAISO  [  181  ] . Correlative studies reveal that a number 
of key AR and VDR target genes are silenced by increased CpG methylation  [  182, 
  183  ] . At high density regions of CpG methylation, spanning hundreds of base 
pairs, the entire region acquires H3K9 and -K27 methylation, loses H3K4 methyla-
tion, and recruits heterochromatin binding protein 1 (HP1)  [  101  ] . The recruitment 
of HP1 through interaction with MBD1 leads to recruitment of both an H3K9 
methylase (KMT1A/SUV39H1)  [  184  ]  and DNA methyltransferases (DNMTs) 
 [  185  ] ; enzymes that add repressive methylation marks to histones and CpG. 
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DNMT3L and UHFR1 also provide potential links between DNA methylation and 
absence of H3K4 methylation and presence of H3K9 methylation, respectively 
(reviewed in  [  186  ] ). 

 Thus, these processes become self-reinforcing. It is not precisely clear, however, 
in mammalian cells whether either the H3K9 methylation or the high density of 
CpG methylation is required  fi rst to set up this heterochromatic structure. However 
in  Neurospora crassa , loss of HP1 (which requires H3K9 methylation for binding 
to chromatin) leads to loss of DNA methylation  [  187  ] . This situation describes sta-
ble heterochromatic silencing of genomic regions and is in contrast to the dynamic 
changes at a locus with active epigenetic regulation of transcription in response to 
NR activation. However, even in such actively regulated regions, dynamic changes 
in DNA methylation appear to occur. For example, these have been measured in 
response to NR actions  [  106–  108  ] . 

 This differential regulation of histone methylation has profound implications for 
transcriptional control. DNA methylation and H3K4 methylation are mutually 
exclusive, while H3K9 methylation is strongly associated with DNA methylation, 
for example, through the formation of heterochromatin by HP1 binding and histone 
deacetylation. In the absence of DNA methylation, these inter-relationships are 
highly dynamic, with target gene promoters often poised to be subsequently pushed 
towards a fully active, or a more stably repressed state. For example, CpG island 
promoter regions of non-expressed genes do in fact show low-level RNA POLII 
association and modest transcriptional initiation. It seems that the presence of 
H3K4me3 methylation holds these promoters in a chromatin structure that is acces-
sible to the transcriptional machinery, poised to recruit speci fi c transcription factors 
to drive high level, ef fi cient transcription. In turn this prevents H3K9me2 and DNA 
methylation. Aberrant DNA methylation of these CpG islands in cancer cells 
reduces this plasticity and coincides with loss of H3K4 methylation, gain of H3K9 
methylation along with other heterochromatin marks, and stable transcriptional 
silencing  [  101  ] . 

 The distributions of these histone modi fi cations and DNA methylation patterns in cell 
line models are being organized by research consortia, for example, ENCODE  [  188  ] . 
Again, these genome-wide datasets also appear to support the idea that these histone 
marks are strongly associated with features of genomic architecture, such as gene regions, 
TSS, and enhancer regions where regulatory transcription factors can bind. 

 The links between sustained repressive histone modi fi cations in the enhancer or 
promoter regions of a gene locus and altered DNA methylating events are targets for 
exploitation. Importantly, these epigenetic lesions are individually highly targetable 
with clinically available small molecular weight inhibitors targeted to speci fi c his-
tone deacetylation events and more recently this has been extended to include his-
tone methylation events  [  189  ] , coupled with agents that target CpG methylation 
(reviewed in  [  190  ] ). Thus, comprehensive understanding of the key co-repressors in 
malignancy, delineating the key transcription factors interactions and the critical 
targets that are thereby dysregulated   , may have considerable prognostic utility, 
speci fi cally through the capacity to stratify patients for speci fi c tailored epigenetic 
therapies.       
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  Abstract   Nucleosomes are the basic structural units of eukaryotic chromatin. In 
recent years, it has become evident that nucleosomes and their position, in concert 
with other epigenetic mechanisms (such as DNA methylation, histone modi fi cations, 
changes in histone variants, as well as small noncoding regulatory RNAs) play 
essential roles in the control of gene expression. Here, we discuss the mechanisms 
and factors that regulate nucleosome position and gene expression in normal and 
cancer cells.      

    5.1      Introduction 

 Nucleosomes are the basic units of eukaryotic chromatin, each one containing 
~146 bp of DNA wrapped around an octamer of histone core proteins (H3, H4, 
H2A, and H2B), which in turn are separated by linker DNA of variable length  [  1  ] . 
At least  fi ve epigenetic mechanisms have been shown to act in concert to regulate 
gene expression by modifying chromatin structure, namely DNA methylation, his-
tone modi fi cations, nucleosome remodeling, and changes in histone variants as well 
as small noncoding regulatory RNAs  [  2  ] . In addition to playing a pivotal role in 
chromatin structure, nucleosomes display differential occupancy at promoter 
regions, thereby regulating gene expression by altering DNA accessibility. For 
instance, a nucleosome-depleted region (NDR) at transcriptional start sites corre-
lates with gene expression, whereas the positioning of a nucleosome over the tran-
scriptional start site results in gene repression  [  2,   3  ] . The position of nucleosomes is 
determined and in fl uenced by a number of factors, including DNA sequence, DNA 
methylation, histone modi fi cations and histone variants, chromatin remodelers, and 
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transcription factor binding  [  4  ] . We discuss how these factors act in normal cells and 
how abnormalities in these factors impact nucleosome occupancy and gene expres-
sion in cancer cells.  

    5.2   Regulation of Nucleosome Position in Normal Cells 

    5.2.1   DNA Sequence Preferences 

 The sequences that regulate nucleosome position fall into two categories: motifs 
that are preferred (included within the nucleosome) and motifs that avoided 
(excluded from the nucleosome)  [  5  ] . Preferred sequences were originally character-
ized as particular dinucleotides, including CG and GC dinucleotides, occurring with 
approximately 10 bp periodicity, although nucleosomes may also prefer longer 
DNA motifs  [  4,   6  ] . The sequences that are disfavored by nucleosomes include vari-
ous 5-mers and long tracts of As (10–20 bp or more), possibly due to their resistance 
to the structural distortions required for DNA wrapping and nucleosome formation 
 [  4,   7  ] . Such organization helps restrict nucleosome access to those regions to ensure 
proper gene expression pattern  [  7  ] . An example of regions containing both pre-
ferred and disfavored sequences with restricted nucleosome positioning are the Alu 
repeats  [  6,   8  ] . More recently, however, the concept of intrinsically DNA-encoded 
positioning as an organizational determinant of the 5 ¢  end of genes has been chal-
lenged. In this regard, studies showed that the majority of the human genome dis-
plays great  fl exibility in nucleosome positioning, although DNA sequence can 
strongly drive the organization of nucleosomes at speci fi c sites  [  9  ] . It has also been 
shown that these intrinsic signals can be overridden, con fi rming that additional fac-
tors are involved in nucleosome organization  [  9,   10  ] .  

    5.2.2   Nucleosomes and DNA Methylation 

 DNA methylation in mammals occurs at CpG dinucleotides, which are distributed 
along the genome in clusters (CpG islands) or in regions containing high concentra-
tion of repeat sequences, and acts as a relatively stable gene silencing mechanism 
 [  2  ] . The majority of isolated CpGs tend to be methylated in mammals. In contrast, 
the majority of the CpG islands, which represent 60% of all human promoters, 
remain largely unmethylated  [  2,   3  ] . However, a number of CpG island promoters, 
such as those of imprinted genes, are methylated resulting in monoallelic gene 
expression in normal cells  [  3  ] . CpG islands can also be found within or in between 
transcriptional units (orphan CpG islands)  [  3  ]  and can be associated with novel 
promoter regions and to be active in a tissue-speci fi c manner  [  3  ] . DNA methylation 
also appears to be important for the regulation of non-CpG island promoters and the 
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tissue-speci fi c expression of the genes that they control including  MASPIN ,  OCT-4 , 
 LAMB3 , and  RUNX3  promoter 1  [  11–  14  ] . Methylation is also observed in repetitive 
genomic sequences, which include transposable elements and noncoding DNA, 
where it helps maintain genomic stability  [  15,   16  ] . DNA methylation is established 
by the activity of three DNA methyltransferases (DNMTs): DNMT1, which prefer-
entially methylates hemimethylated DNA during replication, and DNMT3A and 
DNMT3B, which are replication-independent, have been shown to establish de novo 
DNA methylation. Furthermore, DNMT3A and 3B were shown to be recruited to 
sites methylated by DNMT1 thereby contributing to propagate the methylated state 
 [  17,   18  ] . 

 CpG DNA methylation causes steric interference in the formation of nucleosomes 
in vitro, suggesting that methylation may play a role in nucleosome occupancy  [  4  ] . 
However, more recent in vivo studies demonstrate that the nucleosome architecture 
plays a role in the shaping of DNA methylation patterns  [  19  ] . This is in agreement 
with studies from our laboratory showing that nucleosomes are required for stable 
DNMT3A/3B anchoring  [  17,   18,   20  ]  and that nucleosome occupancy precedes 
de novo DNA methylation in vivo  [  14  ] . While the direction of the relationship is 
still under investigation, it is clear that nucleosome position and methylation are 
interrelated.  

    5.2.3   Nucleosomes and Histone Modi fi cations 

 The N-terminus of histones can undergo a variety of modi fi cations in speci fi c 
residues, including acetylation, methylation, ubiquitination, sumoylation, and 
phosphorylation  [  21  ] . Histone modi fi cations work in a combinatorial fashion to 
alter chromatin accessibility by disrupting interactions between nucleosomes or 
by regulating the recruitment of nonhistone proteins  [  4,   22  ] . Speci fi c patterns of 
histone modi fi cations characterize genomic regions. For instance, active pro-
moter regions are enriched in trimethylated H3 at lysine 4 (H3K4me3), whereas 
inactive promoters are enriched in trimethylated H3 at lysine 27 and trimethy-
lated H3 at lysine 9 (H3K27me3 and H3K9me3), and regulatory enhancers are 
enriched in monomethylated H3 at lysine 4 (H3K4me1)  [  21  ] . Such patterns are 
dynamic and regulated by enzymes that can add or remove the modi fi cations. 
These include histone methyltransferases (HMTs) and demethylases (HDMTs), 
which introduce and remove methyl groups, respectively, and histone acetyl-
transferases (HATs) and deacetylases (HDACs), which introduce and remove 
acetyl groups, respectively. Histone acetylation is an important marker of tran-
scriptional activity; for instance, acetylated histone H3 (acH3) can also be found 
at well-positioned nucleosomes  fl anking the AR binding site of 20% of AR 
enhancers, upon hormone stimulation  [  23  ] . In addition, acH4K16 can be found 
at well-positioned nuclesomes  fl anking unmethylated CpG islands at the pro-
moter regions of some tumor-suppressor genes  [  24  ] . In addition, although his-
tone modi fi cations themselves are not likely to have a direct impact in nucleosome 
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positioning, their ability to recruit chromatin remodeler  proteins and other  factors 
may have a substantial impact in nucleosome organization  [  4  ] .  

    5.2.4   ATPase-Dependent Chromatin Remodelers 
and Histone Variants 

 ATP-dependent chromatin remodelers can be grouped in families based on subunit 
composition and activity: the SWI/SNF family includes the SWI/SNF, INO80, and 
SWR1 complexes; the ISWI family comprises the RSF, ACF/CHRAC, WICH, and 
NURF complexes; and the CHD family which includes NURD complexes  [  25,   26  ] . 
These complexes directly affect nucleosome positioning by actively mobilizing 
nucleosomes or introducing histone variants. 

    5.2.4.1   SWItch/Sucrose Non-fermenting 

 These complexes consist of 9–12 subunits, which include one of two ATPases: 
Brahma homologue (BRM/SMARCA2) or Brahma-related gene 1 (BRG1/
SMARCA4), a set of “core” subunits, including SNF5 and BAF53a/b, and a number 
of variable subunits  [  27  ] . A number of the variable subunits are mutually exclusive; 
for example, AT-rich interactive proteins (ARID) 1A and ARID1B (BAF250a and 
BAF250b)  [  25,   27  ]  do not coexist in the same complex and Polybromo 1 (PBRM1 
or BAF180), bromodomain-containing 7 (BRD7), and BAF200 are only present in 
complexes lacking ARID1 proteins  [  27  ] . Complexes containing ARID1 proteins are 
named BAF whereas complexes containing PBRM1 are known as PBAF  [  27  ] . The 
variety of subunits allows for a combinatorial assemblage that leads to functional 
diversity as evidenced by the developmental stage-speci fi c composition of SWItch/
sucrose non-fermenting (SWI/SNF) complexes  [  25  ] . SWI/SNF complexes remodel 
chromatin by sliding or by ejecting or inserting nucleosomes thereby contributing to 
either transcriptional activation or repression  [  27,   28  ] ; interestingly, they are pri-
marily enriched at distal regulatory regions rather than at promoters  [  25  ] . SWI/SNF 
complexes also associate and act in concert with histone modifying complexes, 
including HDACs, HATs, and protein arginine methyltransferases (PRMT4/CARM1 
and 5), to regulate gene expression  [  27,   29,   30  ] .  

    5.2.4.2   INO80 and SWR1 

 These complexes consist of core proteins (the ATPase, helicases, and actin-related 
proteins) and additional subunits  [  31  ] . INO80 complexes contain the INO80 ATPase 
 [  31  ]  whereas the SWR1 complexes (SRCAP and TRAAP/Tip60) contain the 
ATPases SRCAP or p400 and share a number of subunits  [  31  ] . The INO80 complex 
displays helicase activity and catalyzes nucleosome sliding  in cis , and is involved in 
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chromosome segregation  [  32  ] , the DNA, and damage repair response, and  facilitates 
recombination-mediated events  [  25,   33,   34  ] . INO80 recruitment to damaged sites 
has been recently shown to depend on actin-related protein 8  [  35  ] . SRCAP complex 
directs the incorporation of H2A.Z into nucleosomes by exchange of H2A/H2B 
dimers for H2A.Z/H2B dimers in a replication-independent manner  [  36,   37  ] . 
SRCAP-mediated deposition of H2A.Z is required for gene reactivation in colon 
cancer cells treated with the DNA methylase inhibitor Azacitidine  [  38  ] . P400-
containing complexes play a role in DNA repair by destabilizing nucleosomes and 
promoting chromatin ubiquitination  [  39  ] . It has been suggested that TRAAP/Tip60 
(p400) complexes are involved in the deposition of H2A.Z into chromatin in an 
acetylation-dependent manner. P400-mediated H2A.Z deposition is important for 
estrogen receptor-mediated gene expression  [  40  ]  whereas SRCAP appears to be 
important for the androgen receptor-stimulated expression of Kallikrein 3/prostate 
speci fi c antigen (KLK3/PSA) and cell proliferation in prostate cancer cells  [  41  ] . 

 H2A.Z deposition is associated with several nucleosomes surrounding the tran-
scriptional start site of active and poised promoters, and nucleosomes and H2A.Z 
are lost preferentially at the −1 nucleosome upon gene activation  [  42  ] . In addition, 
enrichment in H2A.Z, and also the histone H3 variant histone H3.3, has been found 
at distal regulatory regions such as enhancers  [  42,   43  ] . During mitosis, the H2A.Z-
containing +1 nucleosome of active genes shift upstream to occupy the transcrip-
tional start site of genes silenced during mitosis, signi fi cantly reducing NDRs  [  44  ] . 
Interestingly, H2A.Z has also been shown to play an inhibitory role in cell cycle 
arrest, providing evidence that H2A.Z localization at regulatory regions may con-
tribute to the positive or negative regulation of gene transcription  [  42  ] . Differential 
H2A.Z acetylation patterns at promoters may contribute to the opposing functions 
of H2A.Z, as the presence of acetylated H2A.Z has been shown to correlate with 
gene activation in prostate cancer cells  [  45  ]  and to be anti-correlated with DNA 
methylation  [  46,   47  ] .  

    5.2.4.3   ISWI Complexes 

 Similar to SWI/SNF complexes, the combinatorial assembly of subunits allows for 
a multiplicity of ISWI complexes that display speci fi c functions, including tran-
scriptional repression, DNA replication, and heterochromatin formation. The 
remodeling spacing factor (RSF), ATP-utilizing chromatin assembly and remodel-
ing factor (ACF), chromatin accessibility (CHRAC), and WICH complexes share 
the hSNF2H ATPase  [  25  ] , while the nucleosome remodeling factor (NURF) com-
plexes contain the hSNF2L ATPase. All ISWI complexes display ATPase and 
nucleosome spacing and remodeling activities and RSF, in particular, promotes 
regular spacing between nucleosomes and stimulates transcriptional activation  [  25  ] . 
In addition, WICH complexes are important for DNA replication of pericentromeric 
heterochromatin and the WSTF subunit of this complex binds and stabilizes H2A.X 
by phosphorylation after DNA damage  [  25  ] . NURF complexes have also been 
shown to play a role in the regulation of chromatin barriers; for example, the 
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 transcription factor USF1 (upstream stimulatory factor 1) recruits NURF and an 
HMT to the insulator of the beta-globin gene to retain its active con fi guration  [  48  ] .  

    5.2.4.4   NURD Complexes 

 These complexes are formed by the CHD ATPases CHD3 or CHD4 (or Mi-2a or 
Mi2b), HDACs, and additional subunits and contain both HDAC and remodeling 
activity  [  25  ] . NURD complexes play a role in transcription, cell differentiation, cell 
cycle checkpoint control, and metastasis, and are recruited to sites of DNA damage 
by poly-ADP-ribose polymerase (PARP)  [  25,   49,   50  ] . The methyl CpG binding 
domain 2/3 (MBD2 and 3) subunits of these complexes are thought to be involved 
in protein–protein interaction and are mutually exclusive, whereas the metastasis 
associated gene 1 and 2 (MTA1 and 2) subunits bind to speci fi c transcription factors 
thereby targeting the complex to different genomic loci  [  50  ] .   

    5.2.5   Transcription Factor Binding 

 The position of nucleosomes can be directly affected by transcription factors as they 
compete for DNA access  [  4  ] . Transcription factors often bind at NDRs. For exam-
ple, OCT-4 is required for establishing and maintaining of an NDR at the distal 
OCT-4 enhancer and the proximal NANOG promoter regions, which are necessary 
for gene expression  [  14  ] . We have recently reported that a percentage of androgen 
receptor (AR) enhancers show a NDR in the absence of ligand, and that androgen 
treatment and subsequent AR recruitment increase the number of enhancers with 
NDRs without changes in footprint  [  51  ] . The pioneering factor GATA-2 is required 
for the maintenance of the NDR at the AR enhancer of TMPRSS2 in the absence of 
ligand  [  51  ] . The presence of GATA-2 at the enhancer may facilitate AR binding, as 
proposed by the model of transcription factor cooperativity of Segal and Widom  [  4  ] . 
In contrast, other transcription factors are frequently bound to nucleosome occupied 
regions; for instance, P53 binding occurs preferentially to regions with high intrin-
sic nucleosome occupancy  [  52  ] . Thus, the relationship between nucleosome occu-
pancy and transcription factor binding is context-speci fi c.   

    5.3   Aberrant Epigenetic Regulation and Epigenetic 
Switching in Cancer Cells 

 Genetic and epigenetic changes play important roles in cancer initiation and pro-
gression  [  53,   54  ] . During tumorigenesis, the cell epigenome undergoes global 
changes, including a genome-wide reduction in DNA methylation, an increase in 
localized DNA methylation at CpG island promoters, and changes in histone 
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modi fi cation pro fi les  [  55  ] ; in addition, cancer cells display aberrant expression of 
chromatin-modifying enzymes  [  56  ] . The events leading to these epigenetic abnor-
malities are still not fully understood. Epigenetic changes are mitotically inherited 
and may promote tumorigenesis by either silencing tumor suppressor genes  [  57  ]  or 
by activating oncogenes  [  2  ] . 

 Because of the interaction amongst chromatin remodeling complexes  [  58  ]  and 
between these complexes and DNMTs  [  59,   60  ] , genetic mutations in enzymes or 
other subunits of chromatin remodeling complexes may lead to profound epigenetic 
changes, including aberrant nucleosome position, DNA methylation, histone com-
position, and/or histone modi fi cations  [  2  ] . In addition, deregulated expression of 
proteins involved in the recruitment of remodeling complexes to speci fi c loci may 
alter nucleosome localization and/or retention at such sites, contributing to the prop-
agation of abnormal epigenetic states  [  2  ] . All these changes will in turn lead to 
aberrant gene expression patterns and genomic instability, which ultimately may 
predispose or give rise to disease  [  2  ] . The mechanisms contributing to the altered 
epigenetic landscape of cancer cells are discussed below. 

    5.3.1   Mutations in DNA Methylation Enzymes 

 CpG island methylation at gene promoters affects gene expression and abnormal 
patterns of DNA methylation have been implicated in carcinogenesis  [  53,   54  ] . 
Hypomethylation of retrotransposons may lead to their reactivation and genomic 
translocation or to the activation of alternative transcripts. These DNA methylation 
changes have also been shown to correlate with changes in nucleosome occupancy 
 [  2  ] . For instance, LINE-1 is hypomethylated and nucleosome depleted in colon can-
cer  [  61  ]  and bladder cancer, where it induced the expression of an alternate tran-
script of the  MET  oncogene  [  16  ] . Hypomethylation of centromeric regions and/or of 
pericentromeric satellite sequences may lead to abnormal chromosome segregation 
and genomic instability  [  62  ] . Perhaps the best example of chromosome instability is 
a germ line mutation in DNMT3B, which underlies a chromosome instability and 
immunode fi ciency syndrome  [  63  ] . In addition, DNA hypomethylation may lead to 
loss of imprinting (LOI), resulting in biallelic expression of a monoallelic gene  [  2, 
  64  ] , which often occurs in a variety of cancer types  [  64  ] . Re-expression of normally 
silenced genes or microRNAs (miRNA) can also occur due to DNA hypomethyla-
tion; examples of these events are  R-RAS ,  MASPIN , and  Cyclin D2  in gastric cancer; 
 MAGE  in melanoma;  HPV16  (human papillomavirus 16) in cervical cancer;  S100A4  
in colon cancer; and the  let-7a-3  miRNA in lung adenocarcinomas  [  2,   62  ] . 

 Site-speci fi c hypermethylation and silencing of tumor suppressor genes has also 
reported in cancer and correlates with changes in nucleosome occupancy  [  65  ] . 
Genes that regulate cell cycle progression, and DNA repair, such as  RB  (retinoblas-
toma),  MLH1  (endometrial cancer),  p16  (glioma, lymphoma, multiple myeloma), 
and  p15  (lymphoma and multiple myeloma),  BRCA1  and  BRCA2  (lung and ovarian 
cancer),  APC  (lung, breast, and colorectal cancer),  PTEN  (brain and thyroid gland 
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cancers),  XRCC5  (lung and ovarian cancer), and estrogen receptor (prostate cancer) 
have all been reported to be hypermethylated in cancer  [  2,   62  ] . DNA hypermethyla-
tion can also indirectly inactivate other genes by silencing transcription factors that 
control their expression. For example, hypermethylation has been found at the 
 RUNX3  promoter in esophageal cancer and at the  GATA-4  and - 5  promoters in col-
orectal and gastric cancers  [  2,   62  ] . In addition, inactivation of miRNAs by hyperm-
ethylation has been observed in a variety of cancer types including bladder and 
prostate (mir-127), endometrial (mir-152, mir-129-2), pancreatic (mir-132), oral 
(mir-137 and miR-193a), gastrointestinal (mir-34b/c), and colorectal (mir-137) can-
cers, and in ALL (mir-124a), and other hematological malignancies (mir-124-1) 
 [  66–  75  ] . A new class of noncoding RNA (mirtrons) has been also shown to be sus-
ceptible to epigenetic silencing in urothelial cell carcinoma  [  73  ] . DNMT1 muta-
tions have been described in colorectal cancer and DNMT3A mutations and 
decreased protein levels have been shown to occur in myelodysplastic syndromes 
(MDS) and AML, and in primary prostate tumors, respectively  [  76–  80  ] ,  DNMT1 , 
 DNMT3A,  and  DNMT3B  appear to be largely overexpressed in a variety of cancer 
types and may contribute to ectopic hypermethylation  [  81  ] . 

 Recent studies have pointed to the existence of both passive and active mecha-
nisms of DNA demethylation  [  82  ] . Active demethylation occurs during early 
embryogenesis and is mediated by the formation of cytosine intermediaries, for 
instance 5-hydroxy-methyl cytosine or 5-methyl uracil, via the action of enzymes 
such as ten-eleven-translocation (TET) or activation-induced cytidine deaminase 
(AID), respectively  [  82  ] . 

 TET1 translocations have been reported to occur in AML  [  83  ]  and TET2 muta-
tions have been frequently found in myelodysplasia and in myeloid malignancies 
 [  84–  90  ] . In addition, TET2 promoter hypermethylation was observed in a fraction 
of gliomas  [  91  ] . 

 AID promotes somatic hypermutation and class switch recombination of immu-
noglobulin (Ig) genes in germinal center (GC) B cells and aberrant AID expression 
has been implicated in the progression of chronic myeloid leukemia (CML) into 
fatal blast crisis  [  92  ] . 

 Because DNA methylation stabilizes nucleosome occupancy, mutations in DNMTs    
and in enzymes involved in DNA demethylation are likely to cause large-scale epige-
netic alterations in cancer cells; in addition, de novo functions generated by fusion 
with their translocation partners may also contribute to tumorigenesis  [  93  ] .  

    5.3.2   Mutations in Genes Encoding Histone Modi fi ers 

 Genome-wide analyses of histone modi fi cations in cancer cells have revealed global 
changes in various histone marks  [  2  ] . These changes may affect the recruitment of 
transcription factors and chromatin remodeler complexes to speci fi c genomic loci, 
thereby affecting nucleosome positioning. 
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    5.3.2.1   HATs and HDACs 

 In cancer cells, there is a global reduction in the active acH4K16 and H3K4me3 
marks, and in the repressive H4K20me3 mark  [  94  ]  as well as a gain in the repressive 
H3K27me3 mark  [  95  ] . Acetylation patterns are disrupted in colon, uterus, lung 
tumors, and in leukemias as a result of translocations or mutations in the genes that 
encode some of the HATs and HDACs (for instance, HDAC2) or due to mistarget-
ing of the fusion products  [  94  ] . HDAC overexpression has also been observed; for 
example, the levels of the dedicated H4K16 HDAC SIRT1 were found to be high in 
hepatocellular carcinoma  [  96  ]  and colon cancer  [  97,   98  ] .  

    5.3.2.2   HMTs and HDMTs 

 Alterations in HMTs and HDMTs have also been shown to be involved in tumori-
genesis. Mixed lineage leukemia (MLL) 1–4, SETD1A, and SETD1B are H3K4 
HMTs that exist as multiprotein complexes that contain core subunits and various 
unique subunits including HATs, tumor suppressor gene products, mRNA-process-
ing factors, and nuclear hormone receptors. MLLs play critical roles during devel-
opment and in adult tissues; they regulate gene transcription directly by introducing 
the active H3K4me3 mark, and indirectly via their partnership with other chromatin 
remodeling complexes and co-regulators  [  99  ] . In addition, a potential role for MLL 
complexes in alternative splicing has been proposed  [  99  ] . Mutations in MLL1 
and MLL3 genes have been reported in 59% of bladder cancer patients  [  100  ] . 
Chromosomal rearrangements in the  MLL1  gene occur preferentially in hematopoi-
etic cells  [  101  ]  and result in a multiplicity of fusion proteins with new properties 
and binding partners that contribute to the development of hematological malignan-
cies  [  101  ] . Mutations in  MLL2   [  102,   103  ]  and MLL2 decreased expression levels as 
well as mutations and deletions in  MLL3  have also been reported (Table  5.1 )  [  79, 
  104–  106  ] . Deletions in MLL5, a member of the MLL family that lacks the HMT 
and DNA binding domains  [  107  ] , have been shown in leiomyomata (benign uterine 
 fi broids)  [  108  ]  and low expression of MLL5 was associated with poorer outcome in 
acute myeloid leukemia (AML) patients  [  109  ] . Genomic alterations in other HMTs 
have also been reported; for instance, mutations in SETD2, an H3K36 HMT, were 
found in renal clear cell carcinoma  [  110  ] .  

 Members of the polycomb group (Pc-G) of repressor proteins have been shown 
to be deregulated in cancer. The Pc-G HMT EZH2 (enhancer of zeste homologue 
2), a subunit of the polycomb repressor complexes (PRC) 2 and PRC3, is not 
expressed in adult tissues  [  111  ] . However, it is overexpressed in several tumor types 
(Table  5.1 )  [  112,   113  ] . EZH2 has been shown to interact with DNMTs in human cell 
lines, suggesting that it may also play a role in controlling DNA methylation  [  114  ] . 
Overexpression of BMI-1 (B lymphoma Mo-MLV insertion region 1 homolog), a 
component of PRC1, was also observed in a variety of tumors (Table  5.1 ) 
 [  115–  117  ] . 
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 Other HMTs have been shown to display aberrant expression patterns or 
 chromosome rearrangements. Nuclear receptor binding SET domain protein 1 
(NSD1) has been reported to undergo chromosome rearrangements in pediatric 
AML  [  118  ] , to be ampli fi ed in some lung cancer cases  [  119  ]  and to be silenced by 
DNA methylation in neuroblastomas  [  120  ] . In addition, the H3K9me3 HMT G9a 
was found to be upregulated in hepatocellular carcinoma  [  113  ] . 

 Lysine-speci fi c histone demethylases, such as LSD1, lysine (K)-speci fi c dem-
ethylase 6A (KDM6A/UTX), and Jumonji C-domain containing proteins 
(JARID1A-D), have been implicated in cancer progression (Table  5.1 ). For instance, 
mutations in LSD1 have been reported in prostate cancer  [  121  ] , whereas KDM6A/
UTX was found mutated in many tumors (Table  5.1 )  [  100,   110,   122  ] . Mutations in 
KDM5C/JARID1C were observed in renal cell carcinoma lacking VHL  [  110  ] . In 
addition, overexpression of KDM4C/JMJD2C and JARID1B/PLU-1 was found in 
esophageal cancer and in breast and testicular tumors, respectively, whereas genomic 
ampli fi cation of GASC1 was observed in squamous cell carcinoma  [  123,   124  ] . 
Thus, mutations and aberrant expression of histone modi fi ers may alter or block the 
recruitment of chromatin remodelers and transcription factors to speci fi c loci, 
thereby affecting nucleosome positioning and gene expression patterns.   

    5.3.3   Mutations in Genes Encoding Subunits of Chromatin 
Remodeler Complexes 

 ATPase-dependent chromatin remodeler complexes directly control the position of 
nucleosomes or alter their stability by introducing histone variants. Thus, aberrant 
expression of their subunits will cause changes in nucleosome composition, loca-
tion, and stability. 

    5.3.3.1   SWItch/Sucrose Non-fermenting 

 Because of their important role in controlling fundamental processes such as cell 
proliferation, migration, and differentiation  [  27  ] , the aberrant expression of SWI/
SNF components will have profound effects on cell function. Indeed, mutations in 
several subunits have been recently identi fi ed in tumors of various origins. Since 
genomic instability is largely absent in tumors harboring defective SWI/SNF com-
plexes, it is likely that perturbations in nucleosome positioning, misslocalization, 
and excessive formation of complexes with opposing functions contribute to the 
development of these aggressive cancers  [  27  ] . 

 The SWI/SNF subunit SNF5 helps recruit this complex to speci fi c genomic sites 
and is required for the expression of genes associated with cell proliferation, includ-
ing  P53  and the cell cycle inhibitor  p16INK4a   [  125–  127  ] , adipocyte differentiation 
 [  128  ] , and inhibition of cell migration  [  129  ] .  SNF5  loss, however, does not result in 
genome instability  [  130  ]  nor does it inactivate SWI/SNF complexes completely, as 
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tumorigenesis in the absence of  SNF5  is dependent on BRG1 activity  [  131  ] . Thus, 
it is thought that tumorigenesis arises from aberrant activity of the remaining com-
plexes  [  131  ] .  SNF5  mutations have been found in rhabdoid and other tumors 
(Table  5.1 )  [  132–  136  ] . Loss of the SNF5 protein was also observed in renal medul-
lary carcinomas and in advanced and metastatic melanomas, where it correlated 
with poor survival rates  [  137  ] . 

 Although complexes containing the catalytic subunits BRM or BRG1 display 
some functional redundancy, they also play distinct roles  [  27,   28  ] .  BRG1  mutations 
have been shown to occur in cancer cell lines of various origins  [  138,   139  ]  and in 
primary lung tumors  [  140,   141  ] , medulloblastoma  [  142  ] , and rhabdoid tumors 
 [  143  ] . Reduced BRM protein levels occur in prostate tumors  [  144  ] , and mutations 
have been found in basal cell carcinoma  [  145,   146  ] . In addition, BRM has been 
shown to be postranslationally regulated in cancer cell lines  [  28  ] . 

 BAF250A/ARID1A binds to DNA without sequence speci fi city  [  147,   148  ]  and 
its recruitment represses the expression of cell cycle-related genes in differentiated 
mouse calvaria cells  [  149,   150  ] . In addition, BAF250A/ARID1A is required for 
normal cell cycle arrest in senescent human  fi broblasts  [  151  ] .  ARID1A/BAF250a  
mutations have been recently described in ovarian clear cell  [  152–  154  ]  and endo-
metrioid carcinomas (Table  5.1 )  [  153  ] . Frequent mutations in low- and high grade 
endometrial carcinomas have also been observed  [  155,   156  ] . Heterozygous dele-
tions and mutations in  ARID1A/BAF250a  have been reported to exist in 33% of 
primary pancreatic adenocarcinomas  [  157  ] . Genetic aberrations in  ARID1A  were 
recently reported in transitional cell carcinoma (TCC) of the bladder  [  100  ]  and low 
ARID1A expression was found to be signi fi cantly associated with larger tumor size 
and grade and the ER-/PR-/HER2-phenotype in breast cancer cases (Table  5.1 ) 
 [  158  ] . ARID1A/BAF250a expression was also found to be severely reduced in 
breast (T47D), renal clear cell (Caki-1 and Caki-2), and cervical (C33A) cancer cell 
lines  [  159  ] . BAF250b/ARID1B containing complexes include components of an E3 
ubiquitin ligase that was found to target H2BK20 for monoubiquitination in a 
nucleosomal context, an upstream event for trimethylation of H3K4 and gene acti-
vation  [  160  ] . BAF250b/ARID1B and BAF250a/ARID1A have also been shown to 
play opposing roles in the control of cell cycle genes in osteoblast differentiation in 
mice  [  149,   150  ] ; however, no mutations in human  BAF250b/ARID1B  have been 
described to date. In contrast, inactivating mutations in  ARID2 , which encodes a 
component of PBAF that facilitates transcriptional activation by nuclear receptors, 
have been reported in four subtypes of hepatocellular carcinomas (HCC)  [  161  ] . 

 BRD7 and BAF180/PBRM1 are regulators of replicative senescence in human 
cells by controlling P53 transcriptional activity towards a subset of its target genes 
required for replicative and oncogenic stress senescence induction  [  162  ] . BRD7 has 
also been shown to either activate or repress the expression of a number of genes by 
protein–protein interaction. BRD7 physically interacts with P53 and the acetylase 
P300  [  162,   163  ] , disheveled-1  [  164  ] , and TRIM24  [  165  ] , as well as with BRCA1 
thereby regulating genes involved in DNA repair  [  166  ] .  BRD7  deletions and reduced 
expression levels have been observed in breast tumors  [  163  ]  (Table  5.1 ). In addition, 
the  BRD7  promoter has also been shown to be silenced by DNA methylation in 
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nasopharyngeal cancer cell lines and tumors  [  167  ] . Mutations in  BAF180/PBRM1  
have been recently described in renal clear cell carcinomas  [  168  ]  and breast tumors 
(Table  5.1 )  [  169  ] . BAF57 is required to maintain the proper subunit composition of 
the PBAF complex and to regulate the transcription of a subset of cell cycle-related 
genes in Hela cells  [  170  ] . Thus far, loss of  BAF57  has only been reported in the 
breast cancer cell line BT-549  [  171  ] . Thus, aberrant expression of SWI/SNF sub-
units is a frequent event in a variety of cancer types. Although SWI/SNF complexes 
control nucleosome positioning, the extent of the changes caused by the mutation of 
speci fi c subunits remains to be elucidated.  

    5.3.3.2   INO80 and SWR1 

 Deregulated expression of the subunits of these complexes may affect H2A.Z depo-
sition and nucleosome dynamics as well as nucleosome position and DNA repair. 
SRCAP deregulated expression has been found in primary and metastatic prostate 
cancer, although the mechanisms underlying such dysregulation are unclear  [  79  ] . 
Monoallelic loss of the acetylase Tip60 (a subunit of TRAAP/Tip60/p400) has been 
reported in lymphomas, and head-and-neck and mammary carcinomas, with 
decreased mRNA and protein expression levels, suggesting that critical levels of 
Tip60 are required for normal cell function  [  172  ] . Tip60 and P400 expression is also 
decreased in colorectal tumors compared to normal colon, although no mutations 
were found in these two genes  [  173  ] . Finally, single nucleotide polymorphisms 
(SNPs) in Tip49a/RUVBL1 have been recently associated with higher risk of serous 
epithelial ovarian cancer  [  174  ] .  

    5.3.3.3   RSF, ACF, CHRAC, WICH, and NURF 

 To date no mutations in the ATPase subunits of ISWI complexes have been described. 
However, genomic ampli fi cation of bromodomain PHD  fi nger transcription factor 
(BPTF), a subunit of NURD, has been reported in neuroblastomas and lung cancer 
cases (Table  5.1 )  [  175,   176  ] . In addition, increased expression of other subunits of 
the NURF complex, including Retinoblastoma-related protein 46 (RBBP7/RbAp46), 
as well as Retinoblastoma-related protein 48 (RBBP4/RbAp48) and hSNF2 have 
been reported in breast carcinomas  [  177  ]  and in AML  [  178  ] , respectively 
(Table  5.1 ).  

    5.3.3.4   NURD 

 Mutations and loss of expression of the CHD4 ATPase subunit have been recently 
described in colorectal and gastric cancers (Table  5.1 )  [  179  ] . MTA1 expression is 
high in a number of cancer types (Table  5.1 )  [  50  ] . In contrast, MTA3 expression is 
lost in advanced breast epithelial carcinoma (Table  5.1 )  [  50  ] .  
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    5.3.3.5   Mutations in Other CHD Proteins 

 Recent studies have identi fi ed the helicase CHD5 as a tumor suppressor involved in 
the transactivation of  p16Ink4a/p19arf  and deleted or mutated in ovarian and pros-
tate cancer  [  180,   181  ] , neuroblastomas  [  182  ] , and hematopoietic malignancies 
 [  183  ] . Silencing of the  CHD5  promoter by DNA hypermethylation has also been 
observed in various tumor types (Table  5.1 )  [  180,   184–  187  ] . CHD7 plays a role in 
pluripotency  [  25  ]  and mutations in CHD7 have been found in more than 50% of the 
cases of CHARGE syndrome, which is characterized by nonrandom congenital 
abnormalities in several tissues  [  188,   189  ] . In addition, gastric and colorectal can-
cers also showed mutations in  CHD7   [  179  ] .    

    5.4   Epigenetic Switching 

 The gene silencing events that take place during tumorigenesis as a consequence of 
aberrant DNA methylation or histone modi fi cation result in a reduction of cellular 
plasticity. A subset of genes becomes repressed by the action of Pc-G proteins 
through the establishment of the H3K27me3 mark at their promoters when stem 
cells differentiate into developmental lineages  [  2  ] . After differentiation, this mark 
and, thus, the repressive state are maintained by the action of EZH2. In cancer cells, 
H3K27me3 is replaced by de novo DNA methylation likely through the recruitment 
of DNMTs  [  114,   190–  192  ] . This process is termed “epigenetic switching” and 
results in permanent silencing of genes that may be implicated in tumorigenesis by 
locking nucleosome positions.  

    5.5   Epigenetic Therapy and Gene Reactivation 

 Epigenetic therapy aims to reverse epigenetic aberrations that occur in cancer in 
order to restore a more normal epigenetic state  [  55  ] . The  fi rst characterized DNA 
methylation inhibitors, namely 5-Azacitidine (5 ¢ -aza-CR, Azacitidine) and 5-aza-
2-deoxy-cytidine (5 ¢ -aza-CdR, Decitabine)  [  193  ] , are incorporated into the DNA of 
proliferating cells during DNA replication and inhibit DNA methylation by trapping 
DNMTs onto the DNA, leading to their depletion  [  2,   56  ] . The resulting DNA 
hypomethylation causes nucleosome depletion at the promoters of tumor suppres-
sor genes that were silenced during tumorigenesis, leading to gene reactivation and 
growth arrest  [  2,   65  ] . Azacitidine and decitabine have been approved by the FDA 
for the treatment of myelodysplastic syndromes and have shown great promise in 
the treatment of AML and myeloid leukemia  [  194  ] . Decitabine has also been tested 
in clinical trials for the treatment of epithelial ovarian cancer, alone or in combina-
tion with chemotherapy  [  195  ] . These studies have shown that combination therapies 
are more effective, particularly in patients with platinum resistance, likely due to 
re-sensitization  [  195  ] . Clinical applications for Zebularine, a newer generation 



1255 Nucleosome Occupancy and Gene Regulation During Tumorigenesis

DNMT inhibitor that can be orally administered, are currently under investigation 
 [  196  ] . Alternative approaches include small molecule DNMT inhibitors, such as 
SGI110, RG108, and MG98, which block DNMT enzyme activity or target regula-
tory messenger RNA sequences  [  2  ] . 

 Loss of histone acetylation at promoter regions occurs concomitant to DNA 
hypermethylation, and therefore HDAC inhibitors (HDACI) have also been tested 
as potential therapeutic agents. HDACIs induce growth arrest, apoptosis, cell dif-
ferentiation, and tumor suppressor gene reactivation. Suberoylanilide hydroxamic 
acid (SAHA, Vorinostat) has been recently approved for the treatment of T-cell 
cutaneous lymphoma  [  197  ] ; however, it was not successful for the treatment of 
recurrent ovarian cancer  [  195  ] . Treatment with another HDACI, belinostat (PDX, 
101), has shown to lead to disease stabilization in patients with different malignan-
cies, including sarcoma, renal cancer, thymoma and melanoma, and ovarian cancer 
 [  195  ] . Other HDACIs are currently under investigation  [  2,   197  ] . The lysine HMT 
inhibitors described to date, chaetocin, DZNep, and BIX-01294, have shown some 
antitumor properties in vitro  [  197  ] . Combined epigenetic therapies have also been 
tested; for instance, chemotherapeutic agents have been successfully used in com-
bination with HDAC, SIRT, DNMT inhibitors  [  197  ] . Thus, epigenetic drugs cur-
rently in use or under investigation target histone modi fi ers or DNMTs to restore 
chromatin plasticity, thereby affecting nucleosome positioning in an indirect man-
ner. Targeting subunits of the ATPase-dependent chromatin remodeler complexes 
may provide a more ef fi cient and direct way to restore nucleosome position and 
composition.  

    5.6   Challenges and Future Prospects 

 In recent years, high-throughput technologies have been successfully applied to the 
 fi eld of epigenetics allowing for the mapping of histone modi fi cations, proteins 
binding to DNA, nucleosome positioning, and DNA methylation. The emerging 
picture is that nucleosome positioning and occupancy is determined by the com-
bined action of DNA sequence, transcription factors, and chromatin remodelers, 
and that the resulting nucleosome con fi guration has direct effects in sequence acces-
sibility and gene transcription (Fig.  5.1 ). Recent studies show that the genes more 
frequently mutated in various types of cancers encode for subunits of chromatin 
remodeler complexes  [  197  ] , further highlighting the relevance of nucleosome posi-
tioning in tumorigenesis (Fig.  5.1 ). As most of these genes regulate multiple cellular 
processes, they are likely to be important therapeutic targets.  

 Although the wealth of information generated by epigenomic studies has greatly 
improved our understanding of chromatin regulation, the integration of epigenetic, 
genetic, and transcriptional changes will be essential to advance our knowledge of 
cancer development and progression. Several challenges lay ahead as we explore 
further the development of epigenetic therapies, although a combinatorial approach 
holds promise. Key issues to be resolved include type of agent combinations and 
optimal doses, agent speci fi city, the sequence of agent delivery, and the method of 
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delivery. Given the current multi-institutional and multinational efforts to map the 
human epigenome in all cancer types, it is likely that therapeutic development will 
be signi fi cantly advanced in the near future.      
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  Abstract   MicroRNAs (miRNAs) are short noncoding RNAs with gene regulatory 
functions. It has been demonstrated that the genes encoding for miRNAs undergo the 
same regulatory epigenetic processes of protein coding genes. In turn, a speci fi c 
subgroup of miRNAs, called epi-miRNAs, is able to directly target key enzymatic 
effectors of the epigenetic machinery (such as DNA methyltransferases, histone 
deacetylases, and polycomb genes), therefore indirectly affecting the expression of 
epigenetically regulated oncogenes and tumor suppressor genes. Also, several of the 
epigenetic drugs currently approved as anticancer agents affect the expression of 
miRNAs and this might explain part of their mechanism of action. This chapter 
focuses on the tight relationship between epigenetics and miRNAs and provides 
some insights on the translational implications of these  fi ndings, leading to the 
upcoming introduction of epigenetically related miRNAs in the treatment of cancer.      
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    6.1      Introduction 

 MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs), 19–25 nucleotides 
(nt) in length, which regulate gene expression. MiRNAs are involved in many 
biological processes ranging from development, differentiation, and cell cycle 
regulation to cell senescence and metabolism  [  1–  5  ] . Mature miRNAs derive from 
much longer (hundreds nt long) primary transcripts, transcribed by RNA 
 polymerase II as long, capped, polyadenylated precursor-miRNAs (pri-miRNAs) 
 [  1  ] . Then, the double-stranded RNA-speci fi c ribonuclease Drosha, in conjunction 
with its binding partner DiGeorge syndrome critical region gene 8 (DGCR8, or 
Pasha), process pri-miRNAs into hairpin RNAs of 60–110 nt known as pre-miR-
NAs. Translocated from the cell nucleus to the cytoplasm by means of Exportin 5, 
the pre-miRNA is processed by a ribonuclease III (Dicer) and transactivating 
response RNA-binding protein (TRBP, which binds human immunode fi ciency 
virus 1) into an 18- to 24-nt duplex. Finally, the duplex interacts with a large pro-
tein, RNA-induced silencing complex (RISC), which includes argonaute proteins 
(AGO1-4 in humans). One strand of the miRNA duplex remains stably associated 
with RISC and becomes the mature miRNA, which guides the RISC complex 
mainly (but not exclusively) to the 3 ¢ -untranslated region (UTR) of the target mes-
senger RNAs (mRNAs)  [  1  ] . Consequently, the translation and/or stability of tar-
geted mRNAs is impaired, causing a reduction in protein expression levels  [  6  ] . In 
addition to this “conventional” mechanism of action, miRNA regulatory effects 
on gene expression may be more varied than initially proposed. For example, 
miRNAs can also activate rather than suppress target mRNA expression in par-
ticular cell-cycle conditions  [  7  ] , they can bind also to the coding and the 5 ¢ -UTR 
region of the target mRNAs  [  8,   9  ] , and they can directly interact with proteins and 
function as gene promoter regulators  [  10  ] . Figure  6.1  summarizes the biogenesis 
and physiology of miRNAs.  

 Each miRNA has hundreds or thousands of target genes. We have demonstrated 
that a speci fi c cluster of two miRNAs (namely, the miR-15a/16-1 cluster) is able to 
regulate, directly and indirectly, about 14% of the whole genome in a leukemic cell 
model  [  11  ] . Therefore, it is likely that the full coding genome is under the control of 
miRNAs. The full spectrum of miRNAs expressed in a speci fi c cell type (the miR-
Nome) is different between normal and pathologic tissues  [  12  ] , and speci fi c signa-
tures of dys-regulated miRNAs harbor diagnostic and prognostic implications  [  13  ] . 
The  fi rst link between miRNAs and cancer came from the discovery that these ncR-
NAs are frequently located in cancer-associated genomic regions, which include 
minimal regions of ampli fi cation, loss of heterozygosity, and common breakpoints 
in or near oncogenes or tumor suppressor genes (TSGs) and fragile sites (preferen-
tial sites of chromatide exchange, deletion, translocation, ampli fi cation, or integra-
tion of plasmid DNA and tumor-associated viruses)  [  14  ] . Since then, myriad studies 
have investigated aberrations in the miRNome in most types of human cancer (for 
reviews, see  [  15–  21  ] ). In particular, while some miRNAs act mainly as TSGs, oth-
ers are frequently overexpressed in human tumors and target TSGs, thereby exerting 
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a tumorigenic function. MiRNAs with well-established roles as oncogenes, for 
instance, include the miR-17-92 cluster, which is transactivated by the  c-MYC  onco-
gene and dramatically accelerates lymphomagenesis in murine models  [  22,   23  ] ; 
miR-155, which induces leukemia in transgenic murine models  [  24  ]  and has an 
important function as a regulator of in fl ammation and the immune response  [  25–
  27  ] , and miR-21, which targets important TSGs, such as  PTEN1   [  28  ]  and  PDCD4 , 
in several types of cancer  [  29–  31  ] . Conversely, the miR-15a/16-1 cluster acts as a 
TSG in chronic lymphocytic leukemia (CLL) by targeting the antiapoptotic gene 
 BCL2   [  32  ] . Interestingly, the same miR-15a-16-1 cluster also acts as an oncogene 
(OG), in CLL, by directly targeting the pro-apoptotic gene  p53   [  33  ] , leading to the 
conclusion that each miRNA should not be labeled exclusively as an OG or as a 
TSG, since it may have a dual nature (both as OG and TSG)  [  34  ] , in which the over-
all effect depends on the speci fi c conditions (tumor type, species speci fi city, con-
centration, etc.) in which it operates. 

 It has been demonstrated that miRNAs, similar to protein coding genes, (PCG), 
can undergo epigenetic regulation. More recently, it has been shown that a speci fi c 
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  Fig. 6.1    Biogenesis and physiology of miRNAs. MiRNAs are transcribed as pri-miRNAs (in 
some cases as a cluster of multiple miRs, such as miR-15a and miR-16-1 on the long arm of chro-
mosome 13) and then processed in a hairpin shaped pre-miRNA precursor in the nucleus of the 
cell. The precursor is then transported in the cytoplasm by means of Exportin 5 and processed until 
it becomes a single-stranded mature miRNA that eventually binds to a ribonucleoproteic complex 
(RISC) which directs the miRNA to its target mRNAs. As a result, both translational repression (or 
mRNA cleavage) and increased target translation can occur (see text for more explanation)       
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group of miRNAs, called epi-miRNAs, can affect the epigenetic regulation of a 
given gene by targeting key enzymatic effectors of the epigenetic machinery, such 
as DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and poly-
comb genes. 

 This chapter focuses on the interactions between epigenetics and miRNAs and 
presents how this intertwined relationship harbors fundamental implications for 
human carcinogenesis.  

    6.2   MiRNAs Are Epigenetically Regulated in Cancer 

 The expression of miRNAs undergoes epigenetic regulation, similarly to PCG. This 
regulation involves both chromatin modi fi cations and miRNA gene promoter meth-
ylation. By treating a breast cancer cell line with the HDAC inhibitor LAQ824, 
Scott et al. demonstrated that the expression levels of 27 miRNAs are rapidly 
modi fi ed  [  35  ] , indicating that HDAC and chromatin conformation affects the miR-
Nome in human cancer. Similarly, Saito et al. showed that by treating bladder can-
cer cells with both a DNA demethylating agent (5-aza-2 ¢ -deoxycytidine, 5-AZA) 
and an HDAC inhibitor (4-phenylbutyric acid, 4-PBA) the expression levels of 
about 5% of all human miRNAs increased  [  36  ] . Among the most strictly epigeneti-
cally regulated miRNAs, there is miR-127, an ncRNA embedded in a CpG island 
and kept epigenetically silenced by both promoter hypermethylation and histone 
modi fi cations in cancer cells  [  36  ] . Interestingly, this miRNA (which belongs to a 
large cluster that includes miR-136, -431, -432, and -433) is the only member of the 
cluster whose re-expression was observed when cells were treated with two epige-
netic drugs  [  36  ] . Moreover, when cells were treated with each drug alone, no varia-
tion in miR-127 expression was detected  [  36  ] , suggesting that miR-127 epigenetic 
regulation occurs by combined promoter methylation and chromatin histone 
modi fi cations. Since the  BCL6  oncogene is a direct target of this miRNA  [  36  ] , miR-
127 acts as a TSG, therefore the severe epigenetic control of its expression repre-
sents an important mechanism for bladder carcinogenesis. 

 Using an HCT-116 colorectal cancer cell line with a double knockout (DKO) of 
DNMT1 (maintenance DNMT) and DNMT3b (de novo DNMT), Lujambio et al. 
compared miRNA levels of the DKO and wild-type cells. About 6% of the 320 miR-
NAs analyzed were upregulated in the DKO cells  [  37  ] . Among the dys-regulated 
miRNAs, only miR-124a was embedded in a CpG island, which is densely methy-
lated in this cancer cell line but not in normal tissue. This might suggest that DNMTs 
act both directly and indirectly in miRNA expression control. MiRNA-124a directly 
targets CDK6, and restoration of its expression reduces the levels of CDK6 and 
impacts the phosphorylation status of the CDK6-downstream effector Rb protein  [  37  ] . 
In a group of 353 acute lymphoblastic leukemia (ALL) patients, Roman-Gomez et al. 
identi fi ed a signature of 13 miRNAs, embedded in CpG islands, with high heterochro-
matic markers (such as high levels of K9H3me2 and/or low levels of K4H3me3)  [  38, 
  39  ] . Treatment with 5-AZA upregulated at least 1 of the 13 miRNAs in 65% of ALLs 
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 [  38  ] . Among these miRNAs, miR-124a was methylated in 59% of ALLs and hyper-
methylation of its promoter was associated with higher relapse and mortality rates 
than in the non-hypermethylated cases: multivariate analysis con fi rmed that miR-124a 
promoter methylation status is an independent prognostic factor for disease-free and 
overall survival  [  39  ] . Moreover, miR-124a directly silences  CDK6  in ALL patients 
 [  39  ] , con fi rming the impact of miR-124a on the CDK6-Rb pathway. Recently, Ando 
et al. showed that hypermethylation of the miR-124a promoter is involved in the for-
mation of an epigenetic  fi eld defect, a gastric cancer predisposition condition charac-
terized by the accumulation of abnormal DNA methylation in normal-appearing 
gastric mucosa that is mostly induced by  Helicobacter pylori  infection  [  40  ] . These 
 fi ndings reveal that miR-124a promoter hypermethylation is also an early event in 
gastric carcinogenesis. 

 In addition to miR-124a, miR-107, another epigenetically controlled miRNA, 
targets  CDK6  and affects pancreatic carcinogenesis  [  41  ] . In HCT-116 cells de fi cient 
for  DNMT1  and  DNMT3B , Bruckner et al. showed increased expression of let-7a-3, 
an miRNA normally silenced by promoter hypermethylation in the wild-type cell 
line  [  42  ] . In lung adenocarcinoma primary tumors the let-7a-3 promoter was found 
to be hypomethylated  [  42  ] , whereas it was found to be hypermethylated in epithelial 
ovarian cancer. This hypermethylation was associated with low expression of IGF2 
(insulin-like growth factor 2) and with a good prognosis  [  43  ] . Therefore, DNA 
methylation could act as a protective mechanism by silencing miRNAs with onco-
genic functions. Also miR-1 is epigenetically regulated and frequently silenced by 
promoter hypermethylation in hepatocellular carcinoma  [  44  ] . However, hypometh-
ylation and re-expression of miR-1 were observed in DNMT1-null HCT-116 cells 
(but not in DNMT3B-null cells)  [  44  ] , revealing that the maintenance DNMT is 
speci fi cally and mainly responsible for miR-1 epigenetic regulation. Overall, these 
studies demonstrate that epigenetic factors can control human carcinogenesis, not 
only by directly affecting the expression of OGs and TSGs, but also by affecting the 
expression of miRNAs involved in oncogenic pathways. In addition, epigenetic 
control of miRNAs may be tissue-speci fi c (since no variation in miRNA expression 
was observed in lung cancer cells treated with demethylating agents, HDAC inhibi-
tors, or their combination  [  45  ] ), miRNA-speci fi c (e.g., miR-127 within the cluster it 
belongs to  [  36  ] ), and epigenetic-effector-speci fi c (e.g., miR-1 mainly regulated by 
DNMT1  [  44  ] ). 

 Epigenetically regulated miRNAs are also affecting one of the main aspects of 
malignancy: the ability to metastasize. Lujambio et al. treated three lymph node–
metastatic cell lines with 5-AZA and checked miRNA levels by high-throughput 
microarray analysis  [  46  ] . They identi fi ed four miRNAs (namely, miR-148a, miR-
34b/c, and miR-9) that showed cancer-speci fi c CpG island hypermethylation. 
Epigenetic silencing of these miRNAs was also signi fi cantly associated with metas-
tasis in human malignancies  [  46  ] , while the reintroduction of miR-148a and miR-
34b/c into cancer cells with epigenetic inactivation inhibited both motility and 
metastatic potential of the cells in xenograft models. The miR-34b/c cluster is also 
epigenetically regulated in colorectal cancer (promoter hypermethylation in 90% 
of primary colorectal cancer tumors vs. normal colon mucosa)  [  47  ] , whereas 
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epigenetic silencing of miR-9 and miR-148a (together with miR-152, -124a, 
and -663) has also been described in breast cancer. In breast cancer cell lines treated 
with 5-AZA miR-9 was reactivated, while the levels of other aberrantly methylated 
miRNAs were unchanged  [  48  ] , further proving that different epigenetic processes 
can control miRNA levels in different types of cancer. 

 MiR-342 is located in an intron of the Ena/Vasp-like ( EVL ) gene and represents 
a good model to study the relationship between miRNAs and the epigenetic regula-
tion of cognate host genes.  EVL  promoter hypermethylation occurs in 86% of col-
orectal cancers and is present in 67% of adenomas at diagnosis, suggesting that it is 
an early event in colon carcinogenesis  [  49  ] . Treatment with 5-AZA and the HDAC 
inhibitor trichostatin A restores the synchronized expression of EVL and miR-342 
 [  49  ] . Another gene, the  EGFL7  gene, which is frequently downregulated in several 
cancer cell lines and in primary bladder and prostate tumors, hosts miR-126 in one 
intron. The mature miR-126 can be encoded by three different transcripts of the 
cognate host gene, each of them with its own promoter. However, miR-126 is con-
comitantly upregulated with one of the EGFL7 transcripts that has a CpG-island 
promoter when cancer cell lines are treated with DNA methylation and histone 
deacetylation inhibitors, indicating that the silencing of intronic miRNAs in cancer 
may occur by means of epigenetic changes in cognate host genes  [  50  ] . 

 Fazi et al. showed that transcription factors can recruit epigenetic effectors to 
miRNA promoter regions to regulate their expression. The AML1/ETO fusion 
oncoprotein, the aberrant product of the t(8;21) translocation in acute myeloid leu-
kemia, can bind to the pre-miR-223 region. The oncoprotein recruits epigenetic 
effectors (i.e., DNMTs, HDAC1, and MeCP2), leading to aberrant hypermethyla-
tion of the CpG site near the AML1/ETO binding site and H3-H4 deacetylation of 
the same chromatin region  [  51  ] . 

 In summary, several studies have addressed how epigenetics regulates miRNA 
expression in human cancer. It has emerged that epigenetic factors account for sev-
eral of the miRNome aberrancies observed in human cancer, ultimately implicated 
in both carcinogenesis and in metastasis formation. Therefore, a better understand-
ing of miRNA epigenetic regulation will lead to a better comprehension of the 
mechanisms responsible for abnormal miRNA levels in cancer and to the develop-
ment of strategies able to revert these anomalies. Interestingly, miRNAs can also 
affect the expression of epigenetically regulated PCGs, revealing a further layer of 
complexity between miRNome and epigenome.  

    6.3   Epi-miRNAs Affect the Expression of Epigenetically 
Regulated Genes in Cancer 

 In addition to being epigenetically regulated, like PCG, miRNAs can also affect the 
expression of epigenetically regulated genes by targeting key enzymes responsible 
for epigenetic reactions. We call this group of miRNAs, epi-miRNAs. Some epi-
miRNAs are also epigenetically regulated themselves. Our group provided the  fi rst 



1436 Epigenetic Regulation of miRNAs in Cancer

evidence that miRNAs can regulate the expression of members of the epigenetic 
machinery in humans  [  52  ] . We demonstrated in both lung cancer cell lines and pri-
mary tumors that a family of miRNAs (namely the miR-29 family, composed of 
miR-29a, -29b, and -29c) directly targets both DNMT3a and DNMT3b, the two key 
de novo DNMTs. We observed that miR-29 restoration reduces global DNA methy-
lation, induces re-expression of TSGs (such as  WWOX  and  FHIT , whose expression 
is silenced by promoter hypermethylation in lung cancer), and exerts an overall 
antitumoral effect both in vitro and in vivo  [  52  ] . The global hypomethylating effect 
observed in tumor cells upon miR-29 re-expression is the result of a direct targeting 
effect of these miRNAs on DNMT3a and DNMT3b, and of an indirect silencing 
effect on DNMT1, occurring through the direct targeting of the DNMT1 transacti-
vating factor SP1  [  53  ] . Figure  6.2  summarizes the relationship between epi-miR-
NAs and cancer. Duursma et al.  [  54  ]  have shown that miR-148 also directly targets 
DNMT3b by binding to a conserved target sequence located in the coding region of 
the mRNA. Intriguingly, the authors concluded that the targeting of the coding 
region may play a role in determining the relative abundance of different splice vari-
ants of DNMT3b. Furthermore, miRNAs can affect the expression of DNMTs also 
through an indirect mechanism. Sinkkonen et al. showed that in mouse embryonic 
stem (ES) cells, members of the miR-290 cluster directly target Rbl2, a factor con-
tributing to the suppression of  DNMT3  genes  [  55  ] . By restoring the expression of 
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the miR-290 cluster, de novo methylation, which had been disrupted in ES Dicer −/−  
cells, was reestablished, suggesting that DNMTs are indirectly regulated by the 
miR-290 cluster. These results were con fi rmed by Benetti et al.  [  56  ] , who also 
observed that the aberrant DNA methylation occurring after miR-290 cluster silenc-
ing in ES Dicer −/−  cells is responsible for increased telomere recombination and 
aberrant telomere elongation. Notably, the miR-290 Rbl2-mediated regulation of 
 DNMT3a  and  DNMT3b  was not observed in HEK293 cells with knockdown of 
Dicer  [  55  ] , revealing that the described regulatory mechanism might be restricted to 
ES cells. Moreover, neither of the above-mentioned studies identi fi ed the miR-29 
family as direct regulators of de novo DNMTs, suggesting that this interaction could 
also be species-, tumor-, or even histotype-speci fi c.  

 Epi-miRNAs can also target  DNMT1 . In a study by Braconi et al., it was shown 
that miR-148a, miR-152, and miR-301 directly target  DNMT1  in cholangiocarci-
noma cells  [  57  ] , resulting in the re-expression of the  RASSF1A  and  p16INK4a  
genes, two well-known TSGs that are epigenetically silenced in several malignan-
cies. As previously reported, miR-29b indirectly targets  DNMT1 , by directly silenc-
ing its activator SP1 in hematological malignancies  [  53  ] . These studies suggest that 
miR-29b plays a key role in the epigenetic control of human genome. 

 Epi-miRNAs also regulate the expression of HDACs and PRC genes.  HDAC4  is 
a direct target of both miR-1, miR-140, and miR-29b  [  58–  60  ] , whereas miR-449a 
binds to the 3 ¢ -UTR region of  HDAC1   [  61  ] .  HDAC1  is upregulated in several types 
of cancer, and miR-449a re-expression in prostate cancer cells induces cell-cycle 
arrest, apoptosis, and a senescent-like phenotype by reducing the levels of HDAC1 
 [  61  ] . EZH2 is the catalytic subunit of PRC2 and is responsible for heterochromatin 
formation by trimethylating histone H3 on lysine 27 (H3K27me3), leading to the 
silencing of several TSGs. Varambally et al. showed in prostate cancer cell lines and 
primary tumors that the level of EZH2 is inversely correlated with the expression of 
miR-101, which decreases during cancer progression. These  fi ndings suggest a role 
for miR-101 as an epi-miRNA, a hypothesis that was tested and con fi rmed by show-
ing that miR-101 directly targets EZH2 both in prostate and in bladder cancer mod-
els  [  62,   63  ] . Moreover, the miR-101-mediated suppression of EZH2 inhibits cancer 
cell proliferation and colony formation, revealing a role for miR-101 as a TSG that 
is mediated by its modulatory effects on the cancer epigenome  [  63  ] . 

 In summary, an increasing number of epi-miRNAs is being identi fi ed and will 
clarify which epigenetic effectors are involved in the regulation of OGs and TSGs. 
This knowledge will lead to the development of new strategies to prevent and cure 
human carcinogenesis by selective modulation of the epi-miRNome.  

    6.4   Epigenetics and miRNAs: Clinical Implications 
and Final Remarks 

 The epigenetics–miRNA relationship harbors several clinical implications. First, 
some of the demethylating agents (such as 5-AZA or Vidaza) used to show that 
miRNAs are re-expressed upon demethylation and therefore undergo epigenetic 



1456 Epigenetic Regulation of miRNAs in Cancer

regulations are drugs, currently approved for the treatment of myelodysplastic 
syndromes (MDS)  [  64  ] . Therefore, part of the observed therapeutic effects of 
5-AZA or decitabine might be mediated by their effect on the miRNome. Also, 
currently available anticancer drugs (such as Bortezomib) induce the expression of 
miR-29b  [  65  ] , a key epi-miRNA targeting both DNMTs and HDACs. Moreover, 
SAHA (suberoylanilide hydroxamic acid), also known as Vorinostat is an HDAC 
inhibitor currently approved in the treatment of cutaneous T cell lyphomas, may 
exert an anticancer effect by re-expressing epigenetically regulated miRNAs  [  66,   67  ] . 
Valproic acid (VPA) is also an HDAC inhibitor currently in phase III studies for the 
treatment of cervical and ovarian cancer, which is able to modulate the expression 
of miRNAs in human cord blood-derived multipotent stem cells  [  68  ] . 

 Overall, while basic research scientists are trying to improve their understanding 
of the relationship existing between epigenetics and miRNAs, clinicians have started 
interpreting some of the effects of epigenetic drugs in terms of their effects on the 
miRNome. This interaction represents an ideal translational setting, capable of bring-
ing novel insights deriving from basic science to the patients. In addition to better 
understanding the implications and function of currently available epigenetic drugs 
on the miRNome, it is likely that in the near future this knowledge will assist in the 
development of miRNA- and epi-miRNA-based therapies. These therapies will be 
tailored to the speci fi c set of genes that need to be reverted to a physiological expres-
sion, in order to achieve an anticancer effect. Therefore, their effect will speci fi cally 
affect tumor cells, without introducing any major epigenetic perturbation in noncan-
cerous cells, therefore leading to less side effects. These days are not far to come and 
will provide a new powerful therapeutic tool in the war against cancer.      
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  Abstract   DNA methylation, occurring at cytosines in CpG dinucleotides, is a 
potent mechanism of transcriptional repression. Proper genomic methylation 
 patterns become profoundly altered in cancer cells: both gains (hypermethylation) 
and losses (hypomethylation) of methylated sites are observed. Although DNA 
hypomethylation is detected in a vast majority of human tumors and affects many 
genomic regions, its role in tumor biology remains elusive. Surprisingly, DNA 
hypomethylation in cancer was found to cause the aberrant activation of only a lim-
ited group of genes. Most of these are normally expressed exclusively in germline 
cells and were grouped under the term “cancer-germline” (CG) genes. CG genes 
represent unique examples of genes that rely primarily on DNA methylation for 
their tissue-speci fi c expression. They are also being exploited to uncover the mecha-
nisms that lead to DNA hypomethylation in tumors. Moreover, as CG genes encode 
tumor-speci fi c antigens, their activation in cancer highlights a direct link between 
epigenetic alterations and tumor immunity. As a result, clinical trials combining 
epigenetic drugs with anti-CG antigen vaccines are being considered.      

    7.1   Introduction 

 Although DNA hypomethylation was the  fi rst epigenetic alteration to be described 
in human cancers, its effect on gene expression programs and tumor biology has 
remained enigmatic. Initial examination of cancer genomes identi fi ed most losses 
of DNA methylation in repeated elements  [  29  ] . This is not surprising, since these 
DNA elements are highly abundant and comprise most of the CpG sites that are 
normally methylated in healthy somatic tissues. A crucial question was whether 
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DNA hypomethylation also affected protein-encoding genes, leading to their 
 aberrant expression in tumor cells. It appeared, however, that genome hypomethyla-
tion in tumors is not generally associated with the ectopic activation of a multitude 
of genes  [  5  ] . A plausible explanation for this is that most tissue-speci fi c genes use 
other regulatory mechanisms, including histone modi fi cations, and that DNA meth-
ylation, if present, serves merely as secondary layer of repression. Losses of DNA 
methylation within such genes would therefore not be suf fi cient to trigger transcrip-
tional activation. 

 Later work, aiming at isolating genes that code for tumor-speci fi c antigens, led to 
the identi fi cation of a particular group of genes, which are normally expressed exclu-
sively in germline cells but become aberrantly activated in a wide variety of tumors 
 [  86  ] . Given this expression pro fi le, these genes were termed “cancer- germline” (CG) 
genes. Interestingly, CG genes were found to rely primarily on DNA methylation for 
repression in normal somatic tissues, and their activation in tumors was shown to be 
a direct consequence of genome hypomethylation  [  22  ] . These observations high-
lighted an unexpected link between epigenetic alterations in tumors and cancer 
immunity. They also provided clear examples of genes that owe their tissue-speci fi c 
expression to DNA methylation. Moreover, CG genes are being exploited to try to 
uncover the molecular mechanisms underlying genome hypomethylation in tumors, 
as this epigenetic process remains largely unexplained.  

    7.2   Characterization of CG Genes 

 Human tumors express speci fi c antigens, as evidenced by the existence in the blood 
of cancer patients of cytolytic T lymphocytes (CTL) that recognize antigens present 
on their tumor cells but not on normal cells  [  10  ] . Using a gene library transfection 
approach and a CTL clone isolated from a melanoma patient, Boon and colleagues 
identi fi ed the  fi rst human tumor antigen-encoding gene  [  85  ] . The gene was named 
melanoma antigen 1 or  MAGE-1  (later renamed  MAGEA1 ).  MAGEA1  expression 
was not found in normal tissues except for testis, but was instead detected in a 
signi fi cant fraction of melanoma samples, as well as in various other tumor types 
 [  20,   23  ] . The same genetic approach led to the identi fi cation of other melanoma 
antigen genes, namely  BAGE ,  GAGE , and  MAGEA3 , a gene closely related to 
 MAGEA1   [  9,   34,   84  ] . For these genes too, expression among normal tissues was 
restricted to testis, and activation in tumors was detected among various cancer 
types. Additional tumor antigen genes were subsequently identi fi ed, using an alter-
native cloning approach, called SEREX (serological analysis of recombinant tumor 
cDNA expression libraries), and based on the presence of high titers of antitumor 
IgGs in the blood of tumor-bearing patients  [  73  ] . Again, several of the identi fi ed 
genes, including  SSX2  and  NY-ESO-1 , had their normal expression restricted to tes-
tis and were activated in a percentage of different tumor types. Later studies indi-
cated that the normal expression of most isolated genes was con fi ned to the germ 
cells in both testis and fetal ovary  [  44,   52,   82  ] . 
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 Together, these  fi ndings led to the important notion that speci fi c antigens in 
tumors arise from the aberrant activation of genes that are normally transcribed 
exclusively in the germline. From an immunological point of view, this dual expres-
sion pattern is understandable. Unlike most somatic cells, germ cells lack MHC 
class I molecules, which are required to present antigenic peptides at the cell surface 
 [  37  ] . Activation of germline-speci fi c genes in tumor cells therefore leads to the 
expression of truly tumor-speci fi c antigens, which can be recognized as nonself by 
the immune system. 

 Further studies using cDNA subtraction procedures or database mining have per-
mitted the identi fi cation of additional genes expressed in germ cells and cancer but 
not in normal somatic tissues  [  56,   60,   63,   75  ] . Some genes identi fi ed in this way 
were subsequently shown to encode tumor-speci fi c antigens recognized by CTLs 
 [  86  ] . Altogether about 50 human genes or gene families were identi fi ed, which dis-
played speci fi c expression in the germline and activation in a signi fi cant proportion 
of cancers  [  2  ] . These genes appear to exert a variety of cellular functions, but on the 
basis of their common expression pattern they were grouped under the term cancer-
germline (CG) genes. CG genes are dispersed on several chromosomes, with a 
marked preference for the X chromosome. In human cancers, CG genes are 
expressed more frequently in speci fi c tumor types, like for instance lung cancer, 
head and neck cancer, bladder cancer, and melanoma  [  76  ] . Other tumor types like 
colon cancer, renal cancer, and leukemia only rarely show activation of CG genes. 
An important feature of CG genes is their frequent co-activation in tumors  [  74  ] . It 
was observed indeed that positive tumors often express several CG genes. Clearly, 
the widespread and concerted expression of CG genes in tumors indicates that their 
activation in cancer results from a global gene activation process, rather than sto-
chastic individual events.  

    7.3   DNA Demethylation in the Activation of CG Genes 
in Tumors 

 The marked tendency of CG genes to become co-expressed in tumors suggested that 
these genes share, at least in part, a common mechanism of transcriptional activa-
tion. Initial studies were performed with the  MAGEA1  gene in order to identify 
essential promoter elements and corresponding transcription factors that may con-
tribute to the cell-type-speci fi c expression of the gene. Surprisingly, however, trans-
fection experiments revealed that all cells, including those that do not express 
 MAGEA1 , contain transcription factors capable of inducing signi fi cant  MAGEA1  
promoter activity  [  24  ] . Transfection experiments with other CG gene promoter con-
structs led to similar results  [  17,   89  ] . This implied that nonexpressing cells have a 
repression mechanism, probably operating at the chromatin level that protects CG 
gene promoters against spurious activation. 

 The initial observation by Weber and colleagues that  MAGEA1  could be 
induced in nonexpressing melanoma cell lines following treatment with the DNA 
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methylation inhibitor 5-aza-2 ¢ -deoxycytidine provided a  fi rst hint that DNA 
 methylation may contribute to the transcriptional regulation of this gene  [  91  ] . 
This was con fi rmed by studies showing that the promoter of  MAGEA1  is invari-
ably methylated in all normal somatic tissues and instead unmethylated in germ 
cells  [  26  ] . Likewise, activation of the  MAGEA1  gene in tumors was strictly cor-
related with demethylation of its promoter  [  26  ] . Further studies showed that DNA 
methylation was similarly involved in the regulation of other CG genes  [  17,   26, 
  52,   56,   89  ] . Altogether, these observations indicated that CG genes rely on DNA 
methylation for repression in somatic tissues, and that aberrant activation of these 
genes in tumors results from demethylation of their promoter. 

 Interestingly, demethylation and activation of CG genes in tumors was found to 
correlate with global genome hypomethylation  [  14,   25,   45  ] . This association was 
further con fi rmed by a study on microdissected tumor samples, revealing that intra-
tumor heterogeneity of CG gene expression also correlates with global genome 
hypomethylation levels  [  96  ] . These observations provided therefore the  fi rst clear 
evidence that the process of genome-wide demethylation, common to many can-
cers, not only affects repeated sequences but also single copy genes, and can lead to 
aberrant gene activation. The frequent co-activation of CG genes in tumors likely 
re fl ects the global process of DNA demethylation, which can simultaneously affect 
many loci across the cancer genome.  

    7.4   DNA Methylation in the Regulation of Germline Genes 

 Considering the potent effect of DNA methylation on transcriptional repression, it 
was originally proposed that this DNA modi fi cation might serve as a general mech-
anism to control the programmed expression of tissue-speci fi c genes  [  39,   72  ] . 
Evidence, however, indicates that most tissue-speci fi c genes rely on mechanisms 
other than DNA methylation for repression in nonexpressing cells  [  8,   88  ] . This may 
be ascribed to the distribution of CpG sequences, where cytosine methylation can 
occur. Vertebrate genomes show a general depletion of CpG dinucleotides, which 
was attributed to the high mutability of methylated cytosines, and hence the pro-
gressive disappearance of this sequence during evolution  [  7  ] . Discrete genomic 
regions however, which appear generally free of CpG methylation, maintained a 
high density of CpG sites. These so-called CpG islands often overlap gene promot-
ers  [  19  ] . Many tissue-speci fi c genes contain a methylation-free CpG island within 
their promoter and can therefore not rely on DNA methylation for repression in 
nonexpressing tissues. On the other hand, genes with few CpG sites within their 
promoter are only little affected by DNA methylation, and often show an inconstant 
relationship between promoter methylation and transcriptional silencing  [  12  ] . It 
was therefore proposed that DNA methylation in vertebrates is solely involved in 
the control of retrotransposable elements, monoallelically expressed imprinted 
genes, and X chromosome inactivation, the only cases where consistent methylation 
of CpG-rich regions appeared to exist  [  101  ] . 
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 This view was challenged by the discovery of CG genes, which were found to be 
characterized by the presence of a high density of CpG sites within their promoter 
 [  26  ] . Yet, unlike classical CpG islands, CpG-rich promoters of CG genes are methy-
lated in all normal somatic tissues. CG gene promoters appear therefore favorably 
disposed to DNA methylation-mediated regulation. Consistently, transfection exper-
iments with in vitro methylated CG gene constructs indicated that DNA methylation 
was suf fi cient to repress transcription, even in cells that express the corresponding 
endogenous CG gene, and therefore obviously contain appropriate transcriptional 
activators  [  17,   26,   27,   78,   89  ] . This and the above-mentioned observation that unm-
ethylated CG gene promoters are transcriptionally active in nonexpressing cells pro-
vided strong evidence that DNA methylation is an essential component of the 
repression of this group of germline-speci fi c genes in somatic cells. 

 More recently, genome-wide studies were conducted in order to identify the dis-
tribution of differentially methylated CpG sites across the genome of distinct types 
of human cells  [  77,   93  ] . These studies revealed the existence of novel sets of genes 
with a CpG-rich promoter that was densely methylated in somatic tissues (in addi-
tion to the previously characterized CG genes). Remarkably, most of these genes 
were speci fi cally demethylated and expressed in testis. It appears therefore that 
DNA methylation has a particular role in the regulation of germline-speci fi c genes. 

 Why would DNA methylation be particularly suitable for the regulation of genes 
with speci fi c expression in germline cells rather than in other cell types? A plausible 
explanation may be that methylation-dependent germline genes have the advantage 
of being little exposed to the evolutionary loss of methylated CpGs, because they 
are unmethylated precisely in the cells that transmit their genome to the offspring. 
As a result, such genes maintain a high density of CpG sites within their promoter 
and remain therefore fully responsive to DNA methylation.  

    7.5   Mechanisms Leading to Hypomethylation 
of CG Genes in Cancer 

 CG genes have served as model sequences to investigate the distribution and dynam-
ics of methylation losses in tumor genomes. Detailed analysis of the  MAGEA1  locus 
revealed preferential hypomethylation of a restricted region surrounding the tran-
scription start site of the gene in expressing tumor cells, suggesting that hypomethy-
lated CpG sites are unevenly distributed across cancer genomes  [  27  ] . Consistently, 
recent genome-wide DNA methylation studies con fi rmed that DNA hypomethyla-
tion in tumors adopts mosaic patterns, with de fi ned hypomethylated domains 
(between one kilobase and several megabases in size) surrounded by normally 
methylated regions  [  66,   71,   92  ] . These observations indicate that certain genomic 
regions, including CG promoters, are particularly susceptible to DNA hypomethy-
lation in tumors. 

 The possibility that  MAGEA1 -expressing tumor cells possess a DNA demethyla-
tion activity targeted towards the 5 ¢ -region of the gene was investigated  [  27,   58  ] . 
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Thus, a large genomic fragment comprising the  MAGEA1  gene was methylated 
in vitro and then stably transfected into several human tumor cell lines, where the 
endogenous  MAGEA1  gene is hypomethylated and active. The newly integrated 
 MAGEA1  transgenes did not undergo demethylation, indicating that the process that 
once led to demethylation of the endogenous  MAGEA1  gene was not preserved in 
these cells. Remarkably, when unmethylated  MAGEA1  constructs were introduced 
into such cells, de novo methylation of the transgenes occurred except in a region 
overlapping the  MAGEA1  promoter  [  27  ] . This mechanism of protection against 
de novo DNA methylation was lost when mutations that impair the  MAGEA1  pro-
moter activity were introduced into the transgene, or when the transgene was trans-
fected into tumor cells that induce only little  MAGEA1  promoter activity. Altogether, 
these data suggest that site-speci fi c hypomethylation of  MAGEA1  in tumors results 
from a past event of transient DNA demethylation and is maintained locally by the 
presence of potent transcriptional activators that prevent remethylation. 

 In vivo studies, evaluating global genome methylation levels in colon and breast 
cancers, demonstrated that DNA hypomethylation is present in the early stages of the 
disease, and does not progress towards later stages, adding support the transient 
nature of the DNA demethylation process  [  30,   41  ] . Other studies, however, reported 
a higher prevalence of genome hypomethylation and an increased frequency of CG 
gene activation in more advanced tumor stages  [  53,   100  ] . This was interpreted as an 
indication that DNA demethylation might instead be a continuous process leading to 
progressive methylation losses with tumor development. Other interpretations for the 
increased hypomethylation in advanced tumor genomes, which implicate a transient 
DNA demethylation process, are however possible: (1) transient demethylation 
would initially produce a mixed population of precancerous cells with varying levels 
of DNA hypomethylation, and cells with the most hypomethylated genome would 
later be selected to contribute to the more advanced stages of the disease; or (2) the 
transient demethylation process could occur at varying time points during tumor 
progression and would therefore be more likely to have already occurred in late stage 
tumor samples  [  22  ] . Additional support for a transient DNA demethylation process 
comes from the observation that tumor cell lines with a hypomethylated genome do 
not show further CpG methylation losses during culturing  [  32,   55,   94  ] . Of note, 
many tumor cells display instead de novo methylation activities  [  3,   43  ] . 

 Considering the suggested dynamics of DNA demethylation in tumors, it is rea-
sonable to propose that hypomethylation of CG genes in tumors is mediated by two 
groups of factors: those that contribute to the transient DNA demethylation process 
and those that are required to protect the CG gene promoter region against subse-
quent remethylation. 

    7.5.1   Process of DNA Demethylation 

 Factors contributing to the DNA demethylation process during cancer develop-
ment remain unknown. The apparent transient nature of this process suggests that 
activation of such demethylation-inducing factors might occur in association with 
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one (or several) of the multiple steps through which precancerous cells are 
 progressing before acquiring full malignancy. Interestingly, a recent study evaluat-
ing genome methylation levels in an isogenic series of human mammary epithelial 
cell cultures transitioning from normal to malignantly transformed revealed that 
most losses of DNA methylation occurred at the stage of acquisition of inde fi nite 
lifespan  [  67  ] . Another study reported that genome hypomethylation and CG gene 
activation is more prevalent in tumors displaying the alternative telomere (ALT) 
maintenance phenotype rather than telomerase activation, the two possible mecha-
nisms by which cancer cells stabilize their telomeres and acquire immortality  [  83  ] . 
These observations establish therefore a possible link between DNA demethyla-
tion and cellular immortalization. Underlying molecular mechanisms remain, 
however, to be identi fi ed. 

 Theoretically, DNA demethylation in tumor cells could possibly occur through 
two distinct processes commonly referred to as active demethylation and passive 
demethylation  [  16  ] . Active demethylation would involve the activation of demethy-
lating enzymes, which can remove methylation marks from the DNA in a replica-
tion-independent manner. Enzymes contributing to active DNA demethylation in 
animal cells are beginning to be characterized  [  16  ] , but their potential involvement 
in cancer genome demethylation has not yet been reported. Passive demethylation 
on the other hand, would rely on the inhibition of DNA methyltransferases, which 
normally preserve the DNA methylation marks through the successive replication 
cycles. Three DNA methyltransferases exist in mammals: DNMT1, DNMT3A, and 
DNMT3B  [  6  ] . DNMT1 is primarily involved in DNA methylation maintenance, as 
it appears to be specialized in copying preexisting methylation sites onto the newly 
synthesized strand during replication. DNMT3A and DNMT3B instead have 
de novo DNA methylation activity and are responsible for the establishment of new 
DNA methylation marks in the developing embryo. For CG genes in particular, 
studies based on targeted depletion of the distinct DNMTs indicate that DNMT1 is 
the principal enzyme for methylation maintenance  [  42,   57  ] . It is therefore likely that 
passive DNA demethylation of CG genes in tumors would necessarily involve fac-
tors that decrease the amount or impair proper functioning of DNMT1. In certain 
tumor cells, however, combined depletion of DNMT1 and DNMT3 enzymes was 
required to obtain ef fi cient demethylation and activation of CG genes  [  42,   95  ] . This 
indicates that de novo methyltransferases can be targeted to these genes, where they 
might restore lost methylation sites, and underscores the importance of acquiring 
mechanisms of protection against remethylation for long-term activation.  

    7.5.2   Factors that Protect Against Remethylation 

 Studies with the  MAGEA1  promoter suggest that protection of the promoter against 
DNA remethylation is dependent on the level of transcriptional activation  [  27  ] . It is 
therefore likely that maintenance of CG gene promoter hypomethylation in tumor 
cells relies on the presence of appropriate transcription factors, as well as on the 
activation of such factors by upstream signaling pathways. 
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 Several DNA-binding factors have been identi fi ed, which appear to induce 
 activation of CG gene promoters. Transcriptional activation of several genes of the 
 MAGEA  family has been shown to depend on the binding of ETS transcription fac-
tors within their promoter  [  21,   24  ] . Interestingly, ETS-binding sequences in  MAGEA  
promoters contain a CpG site, and it was shown that methylation of this site inhibits 
binding of the corresponding factor  [  25  ] . In the promoter of  MAGEA1 , two ETS-
binding sites were shown to be essential to maintain hypomethylation of the pro-
moter in expressing tumor cells, as evidenced by remethylation of transfected 
 MAGEA1  constructs containing mutations within these two essential promoter ele-
ments  [  27  ] . The ETS family of transcription factors comprises about 30 members in 
humans, which all bind a similar DNA motif with a central GGAA/T sequence  [  68  ] . 
The precise member(s) involved in the regulation of  MAGEA  genes remain(s) to be 
characterized. 

 SP1 is another transcription factor, which was shown to contribute to the activa-
tion of several  MAGEA  genes, as well as the  CTAG1  gene (also termed  NY-ESO-1 ) 
 [  24,   46  ] . The ubiquitously expressed SP1 factor acts as a transcriptional activator 
and recognizes a consensus DNA sequence (GC box element), which includes a 
CpG site  [  80  ] . SP1-binding elements are therefore often present in CG-rich pro-
moter sequences. Binding of SP1 to the  CTAG1  gene was shown to occur only in 
cells where the promoter is unmethylated  [  46  ] . Interestingly, SP1-binding elements 
were previously shown to be involved in preserving the methylation-free status of 
classical CpG-island promoters  [  13,   62  ] . It is therefore likely that, once bound to the 
demethylated promoter of CG genes, SP1 proteins contribute to protect the region 
against remethylation. 

 BORIS (also known as CTCFL) is a testis-speci fi c paralog of the ubiquitously 
expressed DNA-binding protein CTCF, which is involved in various aspects of epi-
genetic regulation, including gene imprinting and X chromosome inactivation  [  59  ] . 
Both proteins share a highly similar central DNA-binding domain, and recognize 
therefore overlapping DNA sequences, but contain divergent amino- and carboxy-
terminal domains. The gene-encoding BORIS belongs to the CG group of genes, as 
its expression is regulated by DNA methylation and becomes activated in a wide 
variety of tumors  [  38,   49,   87,   95  ] . Remarkably, it has been demonstrated that in 
expressing tumors cells, BORIS is targeted to the promoters of other CG genes, 
namely  MAGEA1  and  CTAG1 , where its recruitment coincides with loss of CTCF 
binding  [  40,   87  ] . BORIS exerts transcriptional activation of CG genes, possibly in 
cooperation with SP1 transcription factors  [  46,   87  ] . In one study, forced overexpres-
sion of BORIS led to demethylation (albeit only partially) and activation of various 
CG genes in normal human  fi broblasts, suggesting that BORIS activation in tumors 
might represent a primary triggering event for the epigenetic de-repression of other 
CG genes  [  87  ] . However, similar experiments from other groups did not con fi rm 
CG gene demethylation and activation resulting from BORIS overexpression  [  49, 
  97  ] . Moreover, it was found that many tumors display activation of various CG 
genes in the absence of BORIS expression. It is therefore unlikely that BORIS is a 
necessary factor for the derepression of other CG genes in tumors. Its presence in 
certain tumor cells may, however, facilitate maintenance of the hypomethylated and 
active state of CG gene promoters. 
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 Many more transcription factors involved in CG gene regulation remain to be 
identi fi ed, and it is likely that each particular CG gene is controlled by a distinct 
combination of transcription factors. Tissue-speci fi c differences in the content of 
transcription factors probably account for the fact that, while CG genes tend to be 
co-activated in hypomethylated tumors, some of them nevertheless show preferen-
tial activation in speci fi c tumor types  [  36,   56  ] . 

 Cell signaling through tyrosine kinase receptors appears to represent an addi-
tional level of control of CG gene regulation. A study in mast cell lines reported that 
signaling through KIT, an oncogenic receptor hyper-activated in several types of 
cancers, increases transcription of  MAGE  genes  [  99  ] . Other studies revealed that 
signaling through FGFR2, an FGF receptor often down-regulated in thyroid and 
pituitary cancers, exerts a negative effect on  MAGEA3  and  MAGEA6  transcription 
 [  51,   102  ] . It is therefore possible that particular dysregulations in cancers, such as 
those affecting cell signaling pathways, increase the activity of transcription factors 
that target CG genes, and thereby facilitate long-term activation of these genes in 
hypomethylated tumor cells. This may partially explain the observation that experi-
mental DNA demethylation, by the use of DNMT inhibitors, often induces CG gene 
activation more ef fi ciently in tumor cells than in normal cells  [  47  ] .  

    7.5.3   Histone Modi fi cations 

 Active CG gene promoters in tumors usually display a hypomethylated region that 
comprises one to several kilobases  [  27  ] . It is therefore likely that the protective 
in fl uence of transcription factors against DNA remethylation extends beyond their 
narrow-binding site. Consistently, impaired binding of ETS transcription factors to 
 MAGEA1  transgenes, as caused by mutations in their recognition sites, resulted in 
de novo methylation of CpG sites within the entire promoter region, not just those 
located nearby the mutated ETS-binding sites  [  27  ] . This regional, rather than site-
speci fi c effect, might be related to the presence of modi fi cations on the chromatin, 
such as histone modi fi cations, which after being initiated by speci fi c transcription 
factors often propagate themselves over larger domains  [  31  ] . Histone modi fi cations 
can indeed in fl uence DNA methylation states  [  15  ] . Repressive histone marks, such 
as methylation of lysine 9 and 27 of histone H3 (H3K9 and H3K27), favor local 
DNA methylation, whereas active marks, such as histone acetylation or methylation 
of lysine 4 of histone H3 (H3K4), appear to exclude the DNA methylation machin-
ery. Studies from several groups have shown that demethylation and activation of 
CG genes in tumor cells is always associated with gains in histone acetylation and 
H3K4 methylation  [  42,   70  ] . The repressed state of human CG genes instead has 
been associated to a certain extent with the presence of H3K27 and H3K9 methyla-
tion marks  [  42,   70  ] . The exact relationship between histone modi fi cations changes 
and DNA demethylation in CG gene promoters remains unclear. A crucial question 
is whether the varying histone modi fi cations in CG gene promoters are a cause or a 
consequence of DNA methylation alterations. Studies using inhibitors of histone-
modifying enzymes showed that these were on their own unable to induce signi fi cant 
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demethylation and activation of CG genes. Only in combination with inhibitors of 
DNA methylation, did they signi fi cantly modulate the level of activation of CG 
genes  [  35,   54,   70  ] . These observations support the notion that DNA methylation 
exerts a dominant role in the epigenetic repression of CG genes. But it remains pos-
sible that histone modi fi cations assume the responsibility of maintaining the active 
status of the promoter following its demethylation.  

    7.5.4   Multiple Factors Determining CG Gene 
Activation in Tumors 

 Considering the above, it appears that activation of a particular CG gene in a tumor 
cell will depend on several factors: (1) the extent of CpG methylation losses result-
ing from the transient DNA demethylation process; (2) the level of de novo DNA 
methylation activities in the cell, which might induce remethylation of the pro-
moter; (3) the presence of transcriptional activators and histone-modifying enzymes 
capable of counteracting remethylation activities. The likelihood that a CG gene 
becomes activated in a tumor cell probably depends on a complex balance between 
these different factors (Fig.  7.1 ).    

    7.6   Oncogenic Function of CG Genes 

 Activation of CG genes in tumor cells raises the possibility that their proteins might 
have oncogenic activities. The biological function of most of these genes, which 
encode very diverse proteins, remains however poorly understood. One extreme 
possibility is that the main contribution of DNA hypomethylation to tumor progres-
sion resides in its repercussions on genomic instability  [  33  ] , and that the accompa-
nying activation of CG genes is merely a side effect with no impact on malignancy 
(other than inducing the expression of tumor antigens). Another possibility has been 
proposed, in which the concerted expression of CG genes in cancer would corre-
spond to the activation of a gametogenic program, thereby bestowing tumor cells 
with germ cell properties, including the capacity to self-renew (a feature of sper-
matogonial stem cells) and increased motility (a feature of sperm cells)  [  79  ] . 
Activation of CG genes in tumors is however only partial, making it very unlikely 
that all genes necessary for inducing a gametogenic program become expressed at 
the same time. Nevertheless, it remains possible that some CG genes contribute to 
tumor progression. Several MAGE proteins were found to inhibit p53 transactiva-
tion function, thereby exerting antiapoptotic properties  [  28,   64,   98  ] . GAGE proteins 
were also shown to render cells resistant to apoptosis  [  18  ] . Other studies reported 
that MAGEA11 serves as a co-stimulator for the androgen receptor and might there-
fore contribute to the development of prostate tumors that have become independent 
of the presence of androgen for their growth  [  4,   48  ] . Moreover, it was noted that 
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several CG genes, including  BORIS ,  BRDT,  and  ATAD2 , encode nuclear proteins 
that have a potential impact on chromatin structures and might therefore be involved 
in the epigenetic alterations commonly affecting cancer genomes  [  90  ] . Altogether, 
these observations support the notion that the activation of several CG genes in 
tumors, resulting from DNA demethylation, might be associated with the acquisi-
tion of oncogenic properties. 

 Surprisingly, however, two independent studies indicate that  MAGEA4  displays 
instead tumor-suppressor functions. In one study, MAGEA4 was shown to interact 
with gankyrin and to inhibit anchorage-independent growth in vitro and tumor for-
mation in mice  [  65  ] . In the other study, MAGEA4 was found to promote tumor cell 
death and to increase their sensitivity to apoptotic stimuli  [  69  ] . Clearly, more studies 
will be required before we can evaluate the full spectrum of consequences of CG 
gene activation in tumors.  

    7.7   DNA Hypomethylation in Cancer: An Immunological 
Paradox 

 There is now compelling evidence that the immune system is able to identify and 
destroy tumor cells  [  81  ] . This immune surveillance of cancer is believed to provide 
a barrier to cancer development, even though progressing tumors eventually escape 

  Fig. 7.1    Proposed model of demethylation and activation of CG genes during tumor development. 
The activation of CG genes in tumors depends on several factors: the extent of the transient DNA 
demethylation process, occurring at some step of tumor development; the level of counteracting 
de novo methylation activities in the cell; and the presence of transcriptional activators that protect the 
CG gene promoter against remethylation, for instance by increasing (+) or decreasing (−) distinct 
histone marks locally.  Filled circles  represent methylated CpG,  empty circles  unmethylated cytosines       
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this obstacle by activating a variety of immune evasion strategies. Evidence for the 
existence of such surveillance of cancer by the immune system is provided for 
instance by the observation that solid tumors are often in fi ltrated by lymphocytes. 
Not surprisingly, several of these tumor-in fi ltrating lymphocytes were shown to be 
directed against antigens encoded by CG genes  [  50  ] . This suggests therefore that 
DNA hypomethylation and the consequent activation of CG genes has, at least at 
some stage of oncogenesis, a detrimental effect on tumor development. Yet, DNA 
hypomethylation is observed in most tumors, suggesting that it must otherwise have 
a strong tumor-promoting effect that outweighs this negative immunogenic effect.  

    7.8   Epigenetically Assisted Cancer Immunotherapy 

 Clinical trials of therapeutic vaccination of cancer patients using antigens encoded 
by CG genes are underway. Noticeable clinical responses were observed, albeit in 
only a fraction of the treated patients  [  11  ] . An interesting possibility to increase vac-
cination ef fi ciencies would be the use of epigenetic drugs, such as the DNA methy-
lation inhibitor decitabine, which should increase the number of expressed CG 
genes in the tumors, thereby rendering them more visible to the immune system. 
Importantly, decitabine is expected to induce reactivation of epigenetically silenced 
tumor-suppressor genes as well, and hence to reduce the growth rate of the tumors 
at the same time. Clinical trials combining decitabine and vaccination against anti-
gens encoded by CG gene have been initiated  [  1  ] . 

 There are, however, several points concerning the ef fi ciency and safety of such 
approaches, which remain to be addressed. The  fi rst point concerns the speci fi city of 
decitabine-induced expression of CG genes in tumor cells rather than normal cells. 
Although studies have found that tumor cells are more sensitive to decitabine  [  47  ] , it 
is obvious that the drug also induces CG genes in normal cell cultures, including 
 fi broblasts and blood lymphocytes  [  25,   56,   61  ] . It will therefore be crucial to monitor 
decitabine/vaccine-treated patients for potential autoimmune reactions directed 
against their healthy tissues. Another concern relates to the duration of CG gene 
expression following decitabine treatment. Several studies have shown that CG gene 
expression in tumor cells was only transient following exposure to decitabine  [  26, 
  91  ] . This may be related to the absence of appropriate transcription factors, and 
hence lack of protection of the promoters against remethylation. The duration of CG 
gene expression in tumor cells may be critical to allow complete rejection by the 
immune cells. In this particular immune context, tumor cells that lose CG gene 
expression might be strongly selected. Prolonged decitabine treatment or combina-
tion with another epigenetic drug favoring protection of CG promoters against rem-
ethylation (e.g., drugs affecting histone marks) might be a solution to the problem. 
Finally, as genome hypomethylation is obviously associated with tumor develop-
ment, there is a concern that decitabine treatment may generate strongly hypomethy-
lated tumor cells with increased malignancy  [  33  ] . This is particularly problematic if 
it is con fi rmed that CG genes themselves exert oncogenic functions. 



1617 DNA Hypomethylation and Activation of Germline-Speci fi c Genes in Cancer

 Clearly, a better understanding of the mechanisms of activation and of the bio-
logical functions of CG genes should help to resolve these questions, and may help 
to design the most ef fi cient and safest ways to epigenetically augment tumor immu-
nogenicity, thereby rendering cancer cells more vulnerable to vaccination.      
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  Abstract   Most cases of colon cancer are initiated by mutation or loss of the tumor 
suppressor gene adenomatous polyposis coli ( APC ). APC controls many cellular 
functions including intestinal cell proliferation, differentiation, migration, and 
polarity. This chapter focuses on the role of APC in regulating a recently identi fi ed 
DNA demethylase system, consisting of a cytidine deaminase and a DNA glycosy-
lase. A global decrease in DNA methylation is known to occur soon after loss of 
APC; however, how this occurs and its contribution to tumorigenesis has been 
unclear. In the absence of wild-type  APC , ectopic expression of the DNA demethy-
lase system leads to the hypomethylation of speci fi c loci, including intestinal cell 
fating genes, and stabilizes intestinal cells in an undifferentiated state. Further, mis-
regulation of this system may in fl uence the acquisition of subsequent genetic muta-
tions that drive tumorigenesis.      

 Colon cancer is the second leading cause of cancer-related death in the western 
world  [  1  ] . Truncating mutations in the tumor suppressor gene (TSG) adenomatous 
polyposis coli ( APC ) underlie 70–80% of sporadic colon cancers, and germ line 
mutations in  APC  cause familial adenomatous polyposis (FAP) syndrome, which 
inevitably leads to colon cancer unless the colon is removed  [  2,   3  ] . Mutations in 
 APC  are observed in early intestinal lesions including aberrant crypt foci, and their 
frequency is similar in benign adenomas and advanced stage carcinomas, suggest-
ing that the loss of  APC  function initiates tumorigenesis  [  4  ] . Additional genetic and 
epigenetic events affect the rate of tumor progression. Changes in DNA methylation 
are detected in early stage adenomas, and can be classi fi ed as drivers or passengers 
of tumor progression, analogous to genetic mutations  [  5–  8  ] . Mutations that activate 

    A.   Andersen  
     Departments of Oncological Sciences and Medicinal Chemistry , 
 University of Utah ,   Salt Lake City ,  UT   84112 ,  USA    

    D.  A.   Jones   (*)
     Huntsman Cancer Institute ,  University of Utah ,
  Salt Lake City ,  UT   84112 ,  USA    
e-mail:  David.Jones@hci.utah.edu   

    Chapter 8   
 APC and DNA Demethylation in Cell Fate 
Speci fi cation and Intestinal Cancer       

      Angela   Andersen    and    David   A.   Jones         



168 A. Andersen and D.A. Jones

the oncogene  KRAS  are infrequent in small polyps but are common in larger, less 
differentiated adenomas  [  9  ] . Loss of p53 function appears to arise even later in 
tumor progression and is observed mostly in carcinomas  [  10  ] . Technological 
advances in genome and epigenome analyses should facilitate extensive character-
ization of the spectrum, sequence, and interdependence of the molecular events that 
promote colon cancer and should also enable the development of more precise, 
personalized diagnoses and treatments. 

    8.1   Tumor Suppressor Functions of APC 

 A well-appreciated role for  APC  in tumor suppression is as a negative regulator of 
Wnt signaling  [  11  ] . In the absence of Wnt signaling,  APC  forms a destruction com-
plex with Axin and two kinases, casein kinase 1 and glycogen syntase kinase 3 b , 
that phosphorylate the transcriptional co-activator  b -catenin. Phosphorylated 
 b -catenin is then ubiquitinated and targeted for proteasomal degradation. Wnt sig-
naling inhibits the formation of the destruction complex, thereby stabilizing 
 b -catenin, which subsequently translocates to the nucleus, binds to the transcription 
factor TCF4, and activates target genes such as  c-myc  and  cyclin D1 . Deleterious 
mutations in  APC  stabilize  b -catenin and are thus thought to trigger ectopic Wnt 
signaling. This, in turn, affects multiple cellular functions including adhesion, 
migration, apoptosis, and proliferation. Consistent with this model, stabilizing 
mutations within the gene encoding  b -catenin are suf fi cient to initiate adenoma for-
mation in transgenic mice and are associated with about 7% of sporadic colon can-
cers  [  12–  14  ] . 

 At the same time, a number of studies have suggested that loss of APC function 
is not suf fi cient to induce Wnt signaling. For example, tissues lacking functional 
APC do not always exhibit the predicted nuclear localization of  b -catenin associ-
ated with activated Wnt signaling  [  15  ] . Blaker et al. showed that early adenomas 
with mild dysplasia displayed elevated levels of  b -catenin in the cytoplasm but not 
the nucleus, whereas  b -catenin was nuclear only in late stage adenomas. In addition, 
Anderson et al. examined grossly uninvolved and adenoma tissues taken from FAP 
patients and were unable to identify unambiguous staining for nuclear  b -catenin in 
over 90% of the adenomas  [  16  ] . Recent advances suggest that Wnt signaling induces 
posttranslational modi fi cations of  b -catenin that regulate its subcellular localization 
and function as a transcriptional co-activator with TCF4. For instance,  b -catenin is 
upregulated but con fi ned to the cytoplasm in the intestines of homozygous  apc  
mutant zebra fi sh ( apc   mcr  ) embryos  [  17  ] . These mutant zebra fi sh display a decrease 
in the number of intestinal epithelial cells, consistent with reduced Wnt signaling 
and cell proliferation. This study showed that activation of EGF signaling was 
required to cooperate with loss of APC in order to stimulate nuclear translocation of 
 b -catenin, activate Wnt signaling, and induce proliferation in  apc   mcr   mutant  fi sh. 
The nuclear accumulation of  b -catenin depended on Rac1 and Jnk2 activity, extend-
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ing previous observations that these kinases are required for canonical Wnt signal-
ing during mouse development  [  18  ] . Similarly, the detection of nuclear  b -catenin in 
advanced human colon adenomas is coincident with increased levels of phospho-
cJun, an indicator of JNK activity. Thus, loss of APC appears to stabilize  b -catenin 
without necessarily inducing nuclear translocation and activation of target genes. In 
this model, aberrant Wnt/ b -catenin signaling is a distinct event that contributes to 
tumor progression after loss of APC. 

 Indeed, the mechanism of tumor initiation following loss of APC activity may 
involve functions that are independent of  b -catenin. For instance, APC binds to 
microtubules and regulates mitotic spindle dynamics, which in turn may in fl uence 
many cellular functions, including chromosome segregation, genomic stability, and 
cell polarity  [  19–  21  ] . APC was recently shown to promote asymmetric division of 
intestinal stem cells, possibly by affecting cell shape  [  22  ] . In addition, APC also 
acts as a positive regulator of retinoic acid (RA) biosynthesis, and, as a result, intes-
tinal cell fate speci fi cation  [  23–  26  ] . Retinoic acid is known to play important roles 
in controlling cell patterning, fate, and differentiation through the binding and acti-
vation of speci fi c RA receptors, retinoid A receptors (RAR a , RAR b , and RAR g ), or 
retinoid X receptors (RXR a , RXR b , and RXR g )  [  27  ] . These receptors belong to the 
nuclear hormone receptor superfamily and are thought to act, following ligand bind-
ing, as direct activators or repressors of gene transcription  [  28  ] . A number of studies 
have implicated retinoids in normal colonocyte function and in the development of 
colon neoplasms. Compelling evidence for retinoic acid in intestinal development 
comes from previous studies demonstrating that retinol dehydrogenases Rdh1 and 
Rdh1l were essential for normal development and in intestinal differentiation in 
zebra fi sh  [  25,   26  ] . Speci fi cally, knockdown of either Rdh1 or Rdh1l function 
resulted in well-known RA-de fi cient phenotypes including loss of pectoral  fi n for-
mation, lack of jaw development, small eyes, absence of differentiated exocrine 
pancreas, and aberrant intestinal development. Further studies demonstrated a clear 
genetic connection between loss of APC and impaired retinoic acid biosynthesis. 
 apc   mcr   zebra fi sh lack rdhs expression and share a number of developmental pheno-
types present in rdh-de fi cient  fi sh. In addition, exogenous retinoic acid can improve 
developmental abnormalities in APC-de fi cient zebra fi sh, including failed intestinal 
cell differentiation. Despite the data implicating retinoic acid in intestinal cell func-
tions, the direct functions of retinoic acid in this context remained unexplained.  

    8.2   Aberrant DNA Methylation Is Associated with Colon 
Cancer Progression 

 Retinoic acid induces cell differentiation of different cell types in vitro and in vivo and 
is thus associated with changes in DNA methylation  [  28–  30  ] . About 4% of cytosines 
in a vertebrate genome are methylated by the action of DNA methyltransferases 
(Dnmt)  [  31  ] . Methylcytosine can further be converted to hydroxymethylcytosine, 
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formylmethylcytosine, and carboxymethylcytosine  [  32–  34  ] . Methylated cytosine 
usually occurs at CpG dinucleotides, although signi fi cant cytosine methylation out-
side the CpG context is observed in embryonic stem cells and induced pluripotent 
cells  [  35  ] . Methylated CpG sites are enriched within repetitive sequences such as long 
interspersed nuclear elements (LINEs) and satellites. Dense methylation of these 
regions contributes to genomic stability by silencing retrotransposons and suppressing 
recombination. In contrast, CpG islands, which are short CpG-rich regions frequently 
found within promoters, tend to be unmethylated in normal tissue  [  36  ] . CpG island 
shores, which are regions located outside of gene promoters but within 2 kb of CpG 
islands, are differentially methylated in pluripotent cells, different tissues and tumors 
 [  37,   38  ] . Methylation of CpG islands and CpG island shores is associated with gene 
silencing; however, DNA methylation within gene bodies and intergenic regions has 
been shown to promote transcription  [  39  ] . In addition, DNA methylation was recently 
shown to in fl uence alternative splicing  [  40  ] . Thus, speci fi c patterns of DNA methyla-
tion throughout the genome regulate genomic stability and cell-type-speci fi c gene 
expression. 

 Aberrant DNA methylation occurs soon after loss of APC, and evidence suggests 
that it promotes cancer progression. Widespread DNA hypomethylation, inferred 
from a decrease in LINE-1 methylation, is observed in small adenomas as well as 
late-stage carcinomas. It was recently shown that most of this hypomethylation cor-
responds to large, discrete blocks encompassing half the genome and consisting of 
repetitive sequences as well as genes  [  41  ] . Genes within these hypomethylated 
blocks displayed increased expression variability in different cancer samples, but 
were not expressed in normal samples, and it was postulated that this stochastic 
gene expression may contribute to tumor heterogeneity and facilitate the survival of 
cancer cells in different environments. Demethylation is thought to induce genomic 
instability by activating retrotransposons and by increasing the frequency of recom-
bination events within repetitive heterochromatin. In addition, hypomethylation 
could contribute to the chromatin restructuring and nuclear disorganization associ-
ated with cancer cells. Smaller regions outside of these blocks were also differen-
tially methylated relative to normal tissue. Hypomethylation was typically observed 
at CpG island shores and correlated with increased gene expression. In contrast, 
hypermethylation was associated with CpG islands and gene silencing. The genes 
that were identi fi ed as differentially methylated in colon cancer are enriched for 
those that are normally differentially methylated between tissues and appear to 
function in pluripotency, differentiation, and cell fate speci fi cation.  

    8.3   APC Regulates DNA Demethylation and Cell 
Fate Through Retinoic Acid 

 DNA methylation may be lost passively or actively removed. Passive demethylation 
occurs when unmethylated cytosine is incorporated into DNA during replication in 
the absence of maintenance Dnmt activity. In contrast, during active demethylation 
methylated cytosines are replaced with unmethylated ones by an enzymatic process 
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independent of DNA replication. Both mechanisms of demethylation likely contrib-
ute to the DNA hypomethylation observed in tumors. An age-dependent decrease of 
methylation has been observed both in normal tissues and in tumors, consistent with 
errors in methylated cytosine replication  fi delity  [  42  ] . This passive, gradual loss of 
DNA methylation could facilitate tumor initiation or progression by triggering 
genomic instability and changes in gene expression. 

 Genetic mutations may also lead to aberrant DNA demethylation. Recently, it 
was shown that homozygous  apc   mcr   zebra fi sh embryos have reduced DNA methyla-
tion at the promoters of genes implicated in intestinal cell fate speci fi cation and 
colorectal cancer, such as  hoxd13a  and  pitx2   [  43  ] . Moreover, these APC-de fi cient 
embryos had upregulated the components of a DNA demethylase system, including 
the cytidine deaminases Aid and Apobec2a, the thymine glycosylase Mbd4, and the 
DNA repair protein Gadd45 a   [  44,   45  ] . Knockdown of Mbd4 or of the cytosine 
deaminases in  apc   mcr   zebra fi sh embryos restored methylation levels. In addition, 
human colon adenoma samples harboring germ line  APC  mutations also showed 
reduced DNA methylation at the corresponding loci and upregulation of Aid, Mbd4, 
and Gadd45 a . Thus, APC prevents hypomethylation of key intestinal fating and 
colorectal cancer genes by repressing the demethylase system. 

 The upregulation of the demethylase system upon loss of APC was shown to be 
a consequence of loss of RA production, not misregulated Wnt signaling. Treatment 
of mutant zebra fi sh embryos with all-trans retinoic acid, which restores RA levels, 
but not a pharmacological inhibitor of Cox2, which reduces  b -catenin levels down-
stream of activated Wnt signaling, precluded the upregulation of Aid, Mbd4, and 
Gadd45 a . Further, pharmacological inhibition of RA production in wild-type, adult 
zebra fi sh also increased the expression of the demethylase genes and reduced cyto-
sine methylation. Together these observations indicated that DNA demethylation 
and the expression of the demethylase system are regulated by RA production 
downstream of APC  [  43  ] . 

 Genetic or epigenetic deregulation of genes controlling cell fate decisions can 
lead to tumorigenesis by precluding the differentiation of progenitor cells  [  43  ] . 
Indeed, DNA hypomethylation of  apc   mcr   zebra fi sh embryos is associated with an 
expansion of intestinal progenitor cells, revealed by the promoter demethylation 
and increased expression of intestinal cell fating genes and of  aldh1a2 , a marker of 
colon crypt progenitor cells, and by the decreased expression of a marker for intes-
tinal differentiation,  fabp2 . Knockdown of the demethylase system components 
induced intestinal differentiation, indicating that hypomethylation is required to sta-
bilize intestinal cells in a progenitor-like state. In addition, increased cell prolifera-
tion was observed in the brain of  apc   mcr   zebra fi sh embryos, and this also depended 
on the demethylase system. Patterning defects were excluded since the mutant 
embryos expressed primordial brain and intestinal markers. These data support a 
role for APC in cell fate speci fi cation and differentiation through the regulation of 
RA production and, in turn, DNA methylation. Thus, loss of APC may initiate tum-
origenesis in part by hypomethylating and deregulating cell fate genes, resulting in 
the expansion of proliferative, progenitor-like cells. 

 The proposed mechanism of demethylation by this system couples enzyme-me-
diated deamination of methylated cytosine (me-dC), to produce thymine (dT), with 
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glycosylase-mediated base excision repair to replace the dG:dT mismatch with a 
dG:dC base pair  [  45  ] . Aid, Mbd4, and Gadd45 a  were shown promote demethyla-
tion of a methylated, double-stranded DNA fragment injected into wild-type 
zebra fi sh embryos, and also of bulk genomic DNA. The injected DNA fragment is 
not replicated, excluding a passive mechanism of demethylation arising from rounds 
of DNA replication without subsequent cytosine methylation of the newly synthe-
sized strand. Further, co-expression of Aid with a catalytic mutant of Mbd4 in 
zebra fi sh embryos stabilized the dG:dT mismatches that would be generated by 
deamination. Indeed, Aid and a related cytosine deaminase Apobec1 have been 
shown to deaminate me-dC to dT within single-stranded DNA in vitro  [  46  ] . 
Nevertheless, the  fi eld awaits biochemical support for the proposed mechanism and 
insight into how Aid accesses me-dC within duplex DNA. Given that Mbd4 can 
recognize and extrude me-dC from duplex DNA, this component of the demethy-
lase system could both target the deaminase to me-dC and promote substrate acces-
sibility  [  47,   48  ] . Consistent with this model, Mbd4 was required not only for repair 
of the dG:dT mismatch, but also for Aid-mediated deamination of me-dC in zebra fi sh 
embryos. Moreover, Gadd45 a  appears to stabilize the physical interaction of Mbd4 
with Aid  [  45  ] . The stable association of a deaminase with a glycosylase may be 
important not only for targeting demethylation but also for mediating the repair of 
the dG:dT intermediate. 

 That APC may suppress tumor formation partly through negative regulation of 
DNA demethylase components is consistent with previous observations. Mice car-
rying the APC multiple intestinal neoplasia ( Apc   min  ) mutant allele, which produces 
truncated APC, develop intestinal lesions similar to human FAP and are frequently 
employed as a mouse model for colon carcinogenesis. Interestingly, genetic dele-
tion of the cytidine deaminase Apobec1 reduced adenoma formation in  Apc   min/+   
mice  [  49  ] . Apobec1 is highly expressed in the small intestine and targets a number 
of mRNAs for C to U editing  [  50  ] . It had previously been shown that Apobec1 binds 
and stabilizes cyclooxygenase 2 (Cox2) mRNA in vitro  [  51  ] . Adenomas from 
 Apc   min/+    Apobec-1  −/−  mice displayed decreased expression of Cox2 and it was sug-
gested that this could account for the reduced tumor burden. This model is consis-
tent with previous reports that Cox2 expression is increased in adenomas, and that 
genetic or pharmacological inhibition of Cox2 also decreases polyp formation in 
APC mutant mice  [  52  ] . However, Apobec1 can also deaminate DNA, and this activ-
ity may also promote tumor progression. Deamination of dC or me-dC results in 
transitions to dT, and Apobec-1 knockout mice would be predicted to have a reduced 
frequency of these mutations. This in turn could decrease polyp initiation by pre-
venting second-hit mutations. In addition, given that components of the DNA dem-
ethylase system are ectopically expressed in the absence of APC, Apobec1 may also 
cooperate with a thymine glycosylase to promote DNA demethylation, altered gene 
expression, and the expansion of intestinal progenitor cells in  Apc   min/+   mice. Thus, 
 Apc   min/+    Apobec-1  −/−  mice may display reduced adenoma formation in part due to 
reduced transition mutations and to restored DNA methylation patterns and 
 differentiation of intestinal progenitor cells. 

 In considering the development of APC loss-dependent colorectal cancer, it is 
plausible to envision a role for DNA demethylation given its role in reprogramming 
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in other systems. Genome-wide demethylation of the paternal genome in the mam-
malian zygote occurs within hours after fertilization  [  53–  55  ] . Later in embryogen-
esis, during speci fi cation of mouse primordial germ cells, the cytosine methylation 
that underlies parental imprints is erased and pluripotency is reestablished  [  56,   57  ] . 
Interestingly, genome-wide bisulphite sequencing analysis revealed an increase in 
global DNA methylation levels in PGCs derived from Aid-null embryos relative to 
wild-type embryos  [  58  ] . However, signi fi cant demethylation occurred even in the 
absence of Aid, suggesting that this process may involve other deaminases like 
Apobec1  [  46  ]  or another mechanism. Similarly, reduced levels of DNA demethyla-
tion in zebra fi sh required simultaneous knockdown of Aid and Apobec2  [  45  ] , sug-
gesting redundancy among members of the Aid/Apobec family. DNA demethylation 
is also a rate-limiting step for reprogramming somatic cells to a pluripotent state 
 [  59–  61  ] . Indeed, Aid was required for the demethylation and induction of pluripo-
tency genes in heterokaryons generated by fusing mouse embryonic stem (ES) cells 
with human  fi broblasts. Importantly, Aid-mediated DNA demethylation did not 
require cell proliferation or DNA replication, providing further support for a role for 
Aid in active DNA demethylation. Prior to cell fusion, Aid is bound to distinct, 
methylated promoters in each cell type. For instance, Aid associates with the methy-
lated promoters of Oct4 and Nanog in  fi broblasts, but not with their unmethylated 
promoters in ES cells  [  61  ] . These observations suggest that cell-type-speci fi c fac-
tors stimulate Aid’s deaminase activity at methylated target loci. Thus, active DNA 
demethylation mechanisms employing deaminases stabilize a pluripotent state in 
different biological contexts. 

 The misregulation of the demethlyase system in APC-de fi cient animals may also 
reconcile some apparent contradictions arising from previous studies. Adenoma 
formation in  Apc   min/+   mice is suppressed either by pharmacologic inhibition of Dnmt 
activity with 5-aza-deoxycytidine or by genetic loss of the DNA methyltransferase 
 Dnmt1  or  Dnmt3b   [  62–  65  ] . However, 5-aza-deoxycytidine did not preclude microad-
enoma formation, nor did it preclude adenoma progression once a polyp had formed, 
suggesting an irreversible event occurs prior to, and is required for, the transition to 
a macroadenoma. Microadenomas have lost the wild-type allele of  APC , indicating 
that this step is not rate limiting for macroadenoma formation. One explanation for 
these  fi ndings could be that hypermethylation and silencing of TSGs is required for 
tumor growth, and that reducing Dnmt activity inhibits this step  [  66,   67  ] . It has been 
shown that the CpG islands upstream of some TSGs are methylated in some cells 
within the normal intestinal mucosa of  Apc   min/+   mice, and that their methylation 
increases in polyps  [  62  ] . Genetic loss of  Dnmt1  reduced the extent of methylation at 
these sites in both normal mucosa and polyps, and reduced polyp formation, extend-
ing the correlation between localized methylation and tumor growth. Although 
these observations are consistent with a reduction in TSG expression promoting 
tumor progression, DNA methylation could also contribute to tumorigenesis by 
affecting the rate and spectrum of genetic mutations  [  68,   69  ] . Spontaneous or enzy-
matic deamination of me-dC yields dT, resulting in a dC to dT transition mutation 
if it is not repaired prior to replication. Transition mutations at CpG dinucleotides, 
the target for DNA methylation, contribute signi fi cantly to tumorigenesis despite 
the under-representation of CpG in the genome  [  70,   71  ] . Loss of  APC  could increase 
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the rate of dC to dT transitions due to the upregulation of deaminases such as Aid 
and Apobec2  [  43  ] . Thus, in addition to stabilizing a progenitor-like state, loss of 
 APC  and deregulation of the DNA demethylase system may separately contribute to 
tumorigenesis by increasing the likelihood of second-hit transition mutations. In 
this model, inhibition of Dnmt activity would suppress adenoma formation upon 
loss of  APC  by reducing the levels of me-dC, a substrate for deamination, which 
ultimately decreases the frequency of tumor-promoting dC to dT transitions. 
Similarly, genetic loss of Mbd4, which can repair the dT generated by deamination 
of me-dC, increased the rate of dC to dT transitions at CpG dinucleotides and accel-
erated intestinal tumorigenesis in APC mutant mice  [  72,   73  ] . 

 The above  fi ndings support a new model linking loss of APC, impaired intestinal 
differentiation, and tumor initiation to RA-mediated control of DNA methylation 
dynamics. APC serves a critical role in cell fate speci fi cation by positive regulation 
of RA production and, in turn, inhibition of the DNA demethylase system (Fig.  8.1 ). 

Mitotically active,
Undifferentiated Intestinal Cell

Retinoic Acid
Demethylation
C to T transitions

Second-hit
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Tumor Progression

APC mutant:
Cell Specification Defect
Tumor Initiation

APC wild-type

Mitotically inactive,
Differentiated cell 

Retinoic Acid
Demethylation
C to T transitions

Expansion of
Undifferentiated
Intestinal Cells

  Fig. 8.1    In the intestine, APC promotes differentiation through the production of retinoic acid and 
the negative regulation of DNA demethylase components. In APC mutants, there is decreased 
retinoic acid production, maintaining cells in an undifferentiated state due to the continued expres-
sion of the demethylase system and of genes controlling cell fate and proliferation. In addition, 
expression of the demethylase system may promote C to T transition mutations. Both the cell 
speci fi cation defect and accumulation of second-hit mutations upon loss of APC may contribute to 
tumorigenesis       
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In the absence of APC function, there is an expansion of intestinal progenitor cells. 
Further, the misregulation of deaminases downstream of loss of APC may lead to an 
increased frequency of second-hit mutations. In this way, loss of APC may both 
directly and indirectly affect tumor initiation and progression.       
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  Abstract   Malignant cancer emerges from normal healthy cells in a multistep  process 
that involves both genetic and epigenetic lesions. Both genetic and environmental 
inputs participate in driving the epigenetic changes that occur during human carcino-
genesis. The pathologic changes seen in DNA methylation and histone posttransla-
tional modi fi cations are complex, deeply intertwined, and act in concert to produce 
malignant transformation. To better understand the causes and consequences of the 
pathoepigenetic changes in cancer formation, a variety of experimentally tractable 
human cell line model systems that accurately re fl ect the molecular alterations seen 
in the clinical disease have been developed. Results from studies using these cell line 
model systems suggest that early critical epigenetic events occur in a stepwise fash-
ion prior to cell immortalization. These epigenetic steps coincide with the cell’s tran-
sition through well-de fi ned cell proliferation barriers of stasis and telomere 
dysfunction. Following cell immortalization, stressors, such as environmental toxi-
cants, can induce malignant transformation in a process in which the epigenetic 
changes occur in a smoother progressive fashion, in contrast to the stark stepwise 
epigenetic changes seen prior to cell immortalization. It is hoped that developing a 
clearer understanding of the identity, timing, and consequences of these epigenetic 
lesions will prove useful in future clinical applications that range from early disease 
detection to therapeutic intervention in malignant cancer.      
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     Department of Pharmacology and Toxicology ,  College of Pharmacy and The University 
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    9.1   Introduction 

 Malignant cancer cells arise from normal cells via a multistep process that involves 
both genetic and epigenetic change. Similar to genetic lesions, epigenetic lesions 
can be diverse in nature, serving to alter the structure and function of the genome 
thereby participating in a cell’s acquisition of limitless uncontrolled growth and the 
phenotypic hallmarks of the malignant cancer cell. In general, the degree of epige-
netic difference between cancer cells and normal cells greatly exceeds the epige-
netic differences that are seen between normal cells of different phenotypes and 
even different germ layers (e.g.,  fi broblasts and epithelial cells). Since epigenetic 
mechanisms are a primary determinant governing normal cell identity, this compari-
son underscores how epigenetically different cancer cells are from normal cells. 
Mutation and altered expression of proteins involved in the writing or reading of the 
epigenetic code are two mechanisms that help produce aberrant epigenetic changes 
seen in not only cancer, but other human diseases as well. The complexity and the 
frequency of the epigenetic changes seen in cancer cells, however, seem to defy 
explanations that rely on a single event. Instead, it appears that pathologic epige-
netic change during carcinogenesis results from myriad genetic mutations and envi-
ronmental inputs which perturb the manifold nodes of epigenetic regulation. 

 Environmental inputs acting on the epigenetic nodes are highly variable and can 
include contributions from both physiologic and xenobiotic sources such as hor-
monal status; microenvironmental milieu; nutritional, metabolic, or oxidative state; 
and toxicant and therapeutic drug exposures. Since the epigenetic state is important 
in governing cell identity, cellular nodes of epigenetic control acted upon by stimuli 
will show some variation between different cell types, suggesting that environmen-
tal inputs may show cell type selectivity, as well as display activity towards a broad 
array of cell types. Once these epigenetic changes are “ fi xed” into the chromatin, 
they can be vertically transmitted through cell generations. The inherent plasticity 
of the epigenetic control systems coupled to the cancer cell’s limitless replicative 
potential provides the ability to generate extraordinary phenotypic diversity and 
rapidly respond to changing environmental stimuli and stresses. 

 Chromatin is rich in epigenetic marks, and these marks participate in the regulation 
and control of likely most or all genomic functions. The primary epigenetic mark 
found on DNA, 5-methylcytosine, is produced via the enzymatic methylation of the 
C5 position of cytosine through the action of multiple specialized DNA methyltrans-
ferases. The patterns and levels of DNA methylation across the genome have been 
mapped for a variety of normal and cancer cells, with cancer cells showing complex 
and extensive patterns of DNA methylation derangements. These DNA methylation 
derangements either participate in or re fl ect a number of different genomic processes, 
with its role in the regulation of gene expression being the best understood. Other C5 
cytosine modi fi cations have been identi fi ed recently, such as 5-hydroxymethylcyto-
sine. It appears that these newly identi fi ed modi fi cations are a result of an active DNA 
demethylation process and it is likely that these DNA  epigenetic marks will prove 
biologically important; however, it has not yet been  elucidated how these marks 
change and participate in the process of malignant transformation. 
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 Posttranslational histone modi fi cations are an additional layer of epigenetic con-
trol altered during human carcinogenesis. These posttranslational modi fi cations 
include acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation, 
and over 40 different amino acid residues in histones are currently known to undergo 
one or more of these modi fi cations, especially in histones H3 and H4. Similar to 
DNA methylation, the histone posttranslational marks participate in a number of dif-
ferent genomic processes. Some histone marks are highly predictive of gene pro-
moter location and transcriptional activity, such as histone H3K4 trimethylation and 
histone H3 and H4 lysine acetylation, and these modi fi cations show strong negative 
correlations with DNA methylation levels in a typical genomic region. Other post-
translational histone modi fi cations are linked to a transcriptionally repressed state 
and display positive correlations with DNA methylation levels, such as H3K9 methy-
lation repressive marks. Still other histone marks, such as H3K27 trimethylation, are 
closely linked to transcriptional repression, preferentially target developmentally 
regulated genes and largely appears to be a repressive epigenetic control system that 
operates independently of the repressive DNA methylation system. Overall, a num-
ber of in vitro studies have provided clear mechanistic links between DNA methyla-
tion and histone modi fi cation state indicating that the control of the DNA methylation 
and histone modi fi cation patterns are deeply intertwined. As such, it is not surprising 
that, similar to DNA methylation, the normal levels and patterns of histone posttrans-
lational modi fi cations become compromised in human cancer cells. 

 In a clinical setting, the multistep nature of epithelial cell malignant transforma-
tion manifests as hyperplasia, dysplasia, benign tumor, carcinoma in situ, and  fi nally 
frank malignancy and metastases; analogous pathologic progressions can be seen in 
some hematologic pathologies, as well, and may very well exist for most or all 
human cancers. Analysis of clinical specimens has shown that epigenetic aberra-
tions are seen in the earliest stages of this multistep process, although obtaining 
quantitative information-rich epigenetic data from minute clinical specimens cre-
ates unique technical challenges that have slowed the ability to identify pathoepige-
netic events that directly translate to clinical impact with respect to the detection, 
prognostication, treatment, and management of human cancer. For example, techni-
cal limitations such as specimen size and quality have hindered success in analyzing 
the posttranslational modi fi cation state of histones in clinical specimens. With 
respect to DNA methylation analysis, quantitative high resolution approaches for 
the analysis of the minute clinical cancer specimens typically available have been 
available for over 20 years in the form of bisul fi te sequencing  [  1,   2  ] , and today com-
prehensive DNA methylome sequencing approaches have emerged and should 
attain wide availability over the next few years  [  3,   4  ] . In the translational science 
arena, there are a few early applications where the results indicate DNA methylation 
analysis may be a useful tool in predicting response to cancer therapy  [  5,   6  ] . Results 
such as these should provide signi fi cant optimism and encouragement to investiga-
tors that epigenetic analysis will prove useful in the areas of prediction, detection, 
prognostication, as well as treatment of cancer. While signi fi cant progress has been 
made in understanding the causes, consequences, and temporal sequence of patho-
logic epigenetic events in cancer, their utility on the clinical management of cancer 
is largely a promissory note with their potential not yet fully realized.  
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    9.2   Laboratory Model Systems of Cell Transformation 

 To better discover and understand the pathoepigenetic events that mechanistically 
participate in the conversion of a normal cell to a malignant cell, there is value in 
using experimentally tractable models systems that faithfully re fl ect the in vivo 
process. To this end, a variety of useful and complementary in vitro human cell line 
and animal model systems have been developed that recapitulate aspects of clinical 
multistep carcinogenesis and that allow for detailed analysis of epigenetic/epige-
nomic events as they unfold during the transformation from the normal to the 
malignant phenotype. These models have a number of advantages as laboratory 
tools—certainly the most important being that the genetic and epigenetic changes 
present in them accurately re fl ect the known (epi)genetic etiology of the clinical 
form of the disease, thereby providing a solid platform for the discovery and dis-
section of new epigenetic events relevant to clinical cancer. These cell line systems 
also allow for the production of pure and reproducible populations of cells that can 
be fairly easily generated in large number and at relatively low costs. In our experi-
ence, the epigenetic state of the cell line models we have employed does not vary 
to a signi fi cant extent when grown under appropriate and consistent conditions. We 
routinely verify cell line identity using STR pro fi ling using 13 CODIS markers; 
reference DNA  fi ngerprinting data for most of the widely used cell lines are avail-
able from cell line collections such as the ATCC or from the investigators who 
developed the models  [  7,   8  ] . 

 A majority of the human cell culture model systems that have been developed 
perhaps best address the  fi nal step(s) of malignant human cancer, speci fi cally the 
steps that follow cell immortalization. Since immortalization through telomerase 
activation may be a rate limiting step in human carcinogenesis, these models may 
not be best suited for the identi fi cation of the earliest epigenetic events in carcino-
genesis. Cell model systems that adequately address the earliest steps in human 
carcinogenesis, prior to cell immortalization, are more limited. These are discussed 
later in the chapter. As is always the case, each model system used to evaluate the 
steps from normal  fi nite life span cell to immortal malignant cancer cell has distinct 
qualities and limitations. Together, these laboratory models allow for the molecular 
dissection of epigenetic dysfunction during the pathologic process and help provide 
new insights that can be used to develop approaches to better detect, prognosticate, 
treat, and manage the myriad human cancers.  

    9.3   Immortalization to Malignant Transformation 

 Cell line systems that model the epigenetic events that occur following epithelial 
cell immortalization are widespread and provide useful tools to study malignant 
transformation (meant here as the in vitro assessments of anchorage independent 
growth and tumor forming ability in immunocompromised mice). These immortal-
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ized cell line model systems have generally overcome normal cell proliferation bar-
riers either by (1) direct immortalization of primary cell strains through overexpression 
of hTERT, (2) selective genetic strategies that inactivate the p16/Rb and p53 path-
ways, frequently via viral approaches, or (3) establishing cell lines from cultured 
pathologic specimens that are already immortal, but not fully malignant. A variety 
of immortalized variants of different epithelial cell models have been generated and 
examples include, but are not limited to, prostate epithelial cells immortalized by 
HPV18 (RWPE), bronchial epithelial cells immortalized with SV40 (HBE16, 
BEAS-2B), keratinocytes that arose spontaneously in culture from primary cells 
(HaCAT), breast epithelial cells derived from diseased tissue (MCF10A) or non-
diseased healthy tissue (HMEC), and urinary bladder cells immortalized with 
hTERT or SV40 (UROtsa)  [  9–  18  ] . Although some approaches used to immortalize 
cells are not themselves etiologic agents involved in clinical human carcinogenesis 
(e.g., viral inactivation of p53 or the genetic introduction of hTERT), they do pro-
vide reproducible approaches that target proteins and pathways known to be critical 
to the human tumor cell phenotype. 

 These immortalized cell line systems should not be considered normal cells; 
however, since they have had perhaps the most dramatic phenotypic shift possible—
acquisition of limitless replicative potential. In addition, these cells have often also 
acquired genetic abnormalities (e.g., deletions, translocations, aneuploidy). It is 
highly likely that these immortalized cells have undergone changes in the epigenetic 
state, if compared to its normal  fi nite life span counterpart, although detailed studies 
to this end are limited. Indeed, the p53 inactivation strategies used in immortaliza-
tion strategies may instigate epigenetic change itself. Following a cellular stress, 
activated p53 binds to DNA in a sequence-speci fi c manner while also recruiting 
coactivators or corepressors to participate in transcriptional regulation. Thus, loss of 
p53 binding and coactivator/corepressor recruitment may produce long-term epige-
netic changes at p53 target loci disrupting their normal transcriptional regulation 
and altering attendant cellular phenotypes  [  19–  21  ] . As such, these immortalized 
models likely provide more limited information regarding the nature of the epige-
netic changes that may occur early in multistep carcinogenesis and prior to immor-
talization. Overall, these models have proven useful in identifying novel epigenetic 
changes, the molecular mechanisms responsible for these epigenetic changes, and 
the genetic and/or environmental events that provoke the epigenetic changes.  

    9.4   Epigenetic Remodeling by Environmental Arsenicals 

 Our laboratory has been interested in the effect that environmental arsenicals has on 
the epigenetic state. Arsenic is a widespread environmental toxicant that exists as a 
number of different molecular species and ranks as the 20th most common element 
in the earth’s crust. Humans may be exposed to arsenicals to varying degrees through 
water, air, soil, and food. Arsenic may also be the world’s most well recognized 
poison. Acute high dose exposure to arsenic has been used repeatedly throughout 
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history for murder by intentional poisoning and has earned the moniker, “Poison of 
Kings and King of Poisons  [  22  ] .” In contrast, various forms of arsenic have also 
been used for centuries to treat a wide range of illnesses, including syphilis, malaria, 
asthma, chorea, eczema, psoriasis, and cancer  [  23  ] . Today, one molecular species of 
arsenic, arsenic trioxide (As 

2
 O 

3
 ) is an FDA-approved therapy to treat acute promy-

elocytic leukemia and also shows promising anticancer activity in laboratory mod-
els of other human cancers  [  24–  26  ] . In the most common setting, however, that of 
chronic low dose, environmental exposures, arsenicals are associated with a number 
of human maladies, among them cancer, neurologic disorders, cardiovascular dis-
ease, developmental abnormalities, and diabetes  [  27–  30  ] . 

 Of all the pathologic effects associated with long-term arsenic exposure, cancer 
is the most widely studied. A number of epidemiological studies have convincingly 
linked human arsenic exposure with various cancers, especially cancers of the lung, 
urinary tract, and skin  [  31  ] . Arsenicals are classi fi ed as a group 1 carcinogen by the 
International Agency for Research on Cancer (IARC); however, a precise mecha-
nism of arsenical action remains wanting. A few observations suggest that epige-
netic remodeling may be important in arsenical-associated cancers. Arsenicals do 
not appear to cause point mutations and on their own are unable to cause cancer in 
standard animal assays or immortalize primary human epithelial cells  [  32,   33  ] . 
However, earlier studies showed arsenicals can change DNA methylation levels 
 [  34  ] , and long-term nontoxic exposure to arsenicals has been suf fi cient to reproduc-
ibly induce malignant transformation in a variety of immortalized nonmalignant 
human epithelial cells derived from tissues with known arsenical sensitivity. 
Examples of cell line models that have been malignantly transformed by arsenicals 
include HaCaT, BEAS-2B, RWPE, and UROtsa  [  35–  39  ] . 

 Human transitional carcinoma of the bladder arises from the transformation of 
urinary bladder epithelial cells, and those tumors that progress clinically to a 
malignant phenotype generally demonstrate genetic inactivation of the p16/Rb 
and p53 pathways  [  40  ] . In vitro, benign immortalized urothelial cell lines that 
resemble the earlier stages of clinical bladder cancer can be reproducibly gener-
ated from  fi nite life span urothelial cell strains via genetic manipulations that 
target these pathways for inactivation. In our studies of epigenetic changes that 
occur during the transition from a benign immortal cell to a malignant cancer cell, 
we have used the immortalized, non-tumorigenic human urothelial cell line, 
UROtsa, generated from the urothelial cells of a young female donor and immor-
talized using a temperature sensitive SV40 large-T antigen construct  [  14  ] . Further 
evaluation of these cells has revealed hypodiploidy, genetic deletion of a small 
region of chromosome 9 that contains p16, and hTERT expression (unpublished 
observations). 

 Malignant transformation of UROtsa cells using long-term nontoxic exposures to 
environmental toxicants such as arsenic has been successfully performed by multiple 
independent laboratories  [  36,   39  ] . The phenotypic manifestations of the malignant 
conversion process can  fi rst be detected in these cells at approximately 12 weeks of 
exposure at a faster growth rate. With increased exposure time, the ability to form 
colonies in an anchorage independent fashion occurs, and  fi nally arsenic-exposed 
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UROtsa cells acquire the ability to form tumors in immunocompromised mice. 
Interestingly, the arsenical-induced malignant phenotype is stable, as removal of the 
toxicant for at least 6 months has not led to the reversion to a more benign phenotype 
(Fig.  9.1 ).  

 Broad epigenetic changes begin to rise in UROtsa cells during exposure to arse-
nic at concentrations seen in real-world situations, such as can be found in drinking 
water from wells (5–10 ppb). We examined epigenetic changes in a genome-wide 
and temporal manner using histone modi fi cation-speci fi c chromatin and 
5-methylcytosine-speci fi c immunoprecipitations coupled to two-color DNA 
microarray analysis. We found global changes emerging around 12 weeks after ini-
tial exposure. These epigenetic changes appear progressive—the degree of epige-
netic change increases at the individual targets with time. The epigenetic changes 
also are stable—after malignant transformation, the toxicant can be removed, but 
the malignant phenotype as well as the epigenetic changes remains. Some of the 
epigenetic changes identi fi ed were in genes overtly relevant to the malignant pheno-
type and have functional roles in cancer in general, and bladder cancer in particular 
 [  41  ] , while the roles for most of the changes seen remain enigmatic. It appears 
unlikely that the observed epigenetic changes seen in UROtsa following arsenical 
exposure are simply due to the outgrowth or simple selection of a preexisting clone, 
since the arsenical-transformed cells grow signi fi cantly faster (~35%) than the non-
malignant parental UROtsa cell line. Rather, it seems possible that (epi)genetic 
alterations may arise during and as a result of arsenic exposure, and given enough 
time (cell divisions), which is provided by the cell immortality, and optimal growth 

  Fig. 9.1    UROtsa cell line model of malignant transformation. The immortalized urothelial cell 
line UROtsa was exposed to arsenicals for periods of up to a year. Arsenical exposed cells were 
probed at various time points for markers of malignant transformation. After 3 months there was a 
signi fi cant increase in proliferation rate, after 6 months a signi fi cant increase in anchorage inde-
pendent growth, and after 12 months, arsenic exposed cells formed tumors in immune compro-
mised mice  [  36,   39  ] . Progressive epigenetic changes occur during this transition from a benign 
immortal to malignant phenotype       
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conditions, a faster growing, more malignant population of cells emerges, which are 
then selected for based on their growth characteristics. 

 Probing the DNA methylation pro fi le of the arsenical transformed UROtsa cells 
and comparing them to the non-transformed immortal parental cells revealed that 
~3% of the assessed regions were hypermethylated, while ~1% were hypomethy-
lated. The hypermethylation events occurred mostly within gene promoters, whereas 
the hypomethylation events were more prevalent in repetitive elements spread 
throughout the genome  [  42  ] , consistent with what is well established for human 
cancers. We attempted to assess whether the DNA methylation changes acquired 
during malignant transformation were speci fi cally or randomly distributed in the 
genome by analyzing two different arsenical-transformed UROtsa cell lines, created 
in two different laboratories using two different arsenicals (i.e., sodium arsenite and 
monomethyl arsenous acid). A statistical analysis of the numerical size of the over-
lap of aberrantly DNA methylated promoters between these two cell lines indicates 
that the DNA methylation changes seen are nonrandom and suggest that common 
epigenetic changes occur in association with arsenical malignant transformation. 

 The types of DNA methylation changes observed during the arsenical-mediated 
malignant transformation can be roughly divided into two groups, focal and long 
range. Focal DNA methylation events refer to DNA differentially methylated regions 
that cover a single gene promoter and are typically  £ 1 kb in size. These types of 
aberrant DNA hypermethylation events seem to predominate and are closely linked 
to the silencing of a large number of tumor suppressor genes. In the UROtsa malig-
nant transformation model, several potential tumor suppressor genes were found to 
be hypermethylated such as DBCCR1 (deleted in bladder cancer chromosome 
region candidate1); its relevance to bladder cancer having been previously ascer-
tained  [  41  ] . Overall, the DNA hypermethylation changes were correlated to corre-
sponding losses in the permissive histone modi fi cation marks of histone acetylation 
and H3K4 methylation and loss of gene expression, although as is often the case, 
apparent exceptions to the general rules could also be detected. 

 The DNA differentially methylated regions that cover much larger contiguous 
regions, along with corresponding changes in histone modi fi cations, are linked to 
chromatin remodeling of more extended regions of the genome in a process termed 
long-range epigenetic silencing  [  43  ] . This type of epigenetic lesion has been found 
in a number of human cancer cell lines as well as clinical tumor specimens, suggest-
ing that this type of coordinate epigenetic regulation over large regions may be a 
common and important event in cancer  [  43–  46  ] . Interestingly, it appears that the 
gain of aberrant agglomerative DNA methylation changes and associated long-
range epigenetic silencing can be observed over the time course of arsenical-medi-
ated transformation of UROtsa from a benign to a malignant phenotype. Recent 
studies in the laboratory indicate that the PCDH and HOXC gene clusters undergo 
extensive aberrant DNA and that these epigenetic lesions are also found in malig-
nant human bladder cancer specimens. Overall, these results suggest that the UROtsa 
malignant transformation model may be a laboratory tool to discern the molecular 
underpinnings responsible for long-range epigenetic silencing and identi fi es a 
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signi fi cant environmental toxicant as a possible etiologic agent of this pathologic 
epigenetic lesion. 

 In an initial measure evaluating the commonality of the epigenetic change in 
arsenical-induced malignant transformation, we sought other human epithelial cell 
line models of arsenical-mediated malignant transformation. The immortalized 
human prostate epithelial cell line RWPE-1 was shown to undergo genomic hypom-
ethylation after chronic exposure to AsIII  [  47,   48  ] , and we have made preliminary 
comparisons between this model and the UROtsa model. We have found a signi fi cant 
overlap in gene promoters targeted for aberrant DNA methylation in both the 
UROtsa and RWPE models of arsenical-mediated malignant transformation that is 
beyond what is expected by random chance. These results suggest that a common 
ground of epigenetic change occurs in these laboratory models of arsenical expo-
sure and suggests that they may be useful to help identify new epigenetically tar-
geted genes important to malignant transformation and the cellular processes 
responsible for these epigenetic changes. 

 Epigenetic regulation resides at a nexus of gene–environment interactions. 
Together these results suggest that environmental arsenicals may exert their carci-
nogenic activity by eliciting epigenetic change thereby acting as an epimutagen, an 
agent whose exposure induces stable and heritable changes to the epigenetic state. 
The epigenetic changes seen are linked to gene expression changes and coincide 
with the advent of an increasingly malignant phenotype. Furthermore, results from 
epigenome-wide analysis suggest that common regions are epigenetically targeted 
during arsenical-mediated malignant transformation. Importantly, the DNA methy-
lation changes seen in the laboratory models are consistent with what is seen in the 
relevant in vivo correlates—clinical cancer specimens. These experimentally trac-
table systems provide a unique opportunity to better discern the causes and conse-
quences of epigenetic change in arsenical-associated cancers.  

    9.5   Epigenetic Models of Finite Life span to Immortalization 
(and Beyond) 

 A cell model we have found particularly useful to study the epigenetics of cell trans-
formation is the human mammary epithelial cell (HMEC) model system developed 
by Dr. Martha Stampfer during the past 30 years  [  9,   44,   49,   50  ] . The utility of this 
model system for the examination of the early molecular events in human breast 
carcinogenesis has been demonstrated in a number of studies, both with respect to 
genetic and epigenetic events  [  49–  53  ] . In our estimation this isogenic cell model 
system offers a number of bene fi ts and allows for the temporal analysis of molecular 
events that occur during the transitions from  fi nite life span through immortalization 
and on to malignant transformation. This model also allows one to study the effects 
that directed genetic changes and environmental stressors can have on the epige-
netic state. 
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 In this model system, cultured  fi nite life span HMEC must overcome two distinct 
proliferation barriers in order to achieve immortality and ultimately acquire a malig-
nant phenotype. The  fi rst proliferation barrier is termed stasis or stress-induced 
senescence and is mediated by the Rb protein, characterized by elevated levels of 
p16INK4A. This  fi rst barrier, stasis, has been overcome or bypassed in cultured 
HMEC by various means, such as exposure to benzo(a)pyrene. The resultant post-
stasis cells commonly show p16 inactivation by gene mutation or promoter hyper-
methylation  [  50,   54  ] . Loss of p16 expression due to silencing or mutation is also a 
common event during in vivo human breast cell transformation  [  55  ] . When grown 
in a serum-free medium, rare HMEC will “spontaneously” silence p16, generating 
a type of post-stasis HMEC population that has been called post-selection  [  9,   54  ] . 
HMEC that escape the stasis barrier can continue to proliferate for dozens of addi-
tional population doublings before encountering a second more stringent prolifera-
tion barrier resulting from critically shortened telomeres  [  49,   56  ] . When approaching 
the telomere dysfunction barrier, HMEC exhibit increased chromosomal instability 
and a DNA damage response. Rare cells that gain telomerase expression may escape 
this barrier and become immortal, whereby HMEC activates telomerase by as yet 
unde fi ned, and potentially novel, epigenetic mechanisms. In addition, HMEC sys-
tems can acquire immortality through genetic perturbations. For example, under 
appropriate circumstances direct genetic introduction of constructs that express 
CMYC, or ZNF217, hTERT can promote HMEC immortalization  [  57,   58  ] . 
Nondirected mutagenesis can also promote HMEC immortalization, as evidenced 
by the effects of the complete carcinogen benzo(a)pyrene on HMEC. This limitless 
replicative potential allows for the acquisition and accumulation of additional epi-
genetic and genetic events that promote the development of additional malignant 
properties  [  50,   59–  61  ] . 

 We have used this HMEC model system to begin to develop a timeline of the 
DNA methylation changes that occurs over the course of multistep breast carcino-
genesis, with a particular interest on the earliest stages of the process. Figure  9.2  
shows a generalized view of cells we have analyzed, their temporal position in rela-
tion to the cellular proliferation barriers, the approximate clinical correlates, and the 
timing of DNA methylation changes. This  fi gure is an example and not an exhaus-
tive or detailed review of the HMEC strains and cell lines or the multiple treatments 
and exposures used to create them, and for a more detailed view one can see  [  62  ]  or 
visit   http://hmec.lbl.gov/mindex.html    . In our initial studies using this model system, 
DNA methylation state was determined using 5-methylcytosine antibody immuno-
preciptations (MeDIP) coupled to two-color hybridization on a custom 13,500 ele-
ment human gene promoter microarray and veri fi ed using the orthogonal technology 
of mass spectrometric analysis using Sequenom MassArray  [  63  ] .  

 Overall, in this model we observed a stepwise progression of DNA methylation 
changes with each step coinciding with overcoming a cellular proliferation barrier 
 [  62  ] . In HMEC that overcame stasis produced by stress-inducing serum-free 
medium, we found, in addition to p16 methylation, hundreds of other differentially 
methylated regions in the post-stasis cells when compared to pre-stasis cells, repre-
senting approximately 2% of all gene promoters on the microarray. These DNA 

http://hmec.lbl.gov/mindex.html
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methylation events were both of the focal and long-range variety. Considering that 
probably 5–10% of gene promoters in malignant cancer cells show aberrant DNA 
methylation, a considerable number of DNA methylation changes may occur very 
early in multistep breast carcinogenesis, and these changes are coincident with 
overcoming the critical Rb/p16 cell proliferation barrier. Since a majority of the 
DNA methylation changes seen in the transition of HMEC from pre-stasis to post-
stasis in this setting are also seen in malignant breast cancer cell lines and tumor 
specimens, this transition through the stasis proliferation barrier may represent a 
critical early event in some pathways of human breast carcinogenesis. 

 It is worth noting here that current commercial sources of HMEC appear to be of 
this post-stasis (or post-selection or variant) stage, since these HMEC are produced 
via the process described above—post-stasis cells that emerge from serum-free 
media induced stress. As such, the commercially available HMEC may have not 
only undergone p16 DNA methylation, but are likely to have also acquired hundreds 
of additional aberrant DNA methylation events  [  62  ] . As such, caution should be 
exercised when evaluating the epigenetic state of primary epithelial cells and con-
sidering what is epigenetically “normal.” 

  Fig. 9.2    Schematic representation of breast cancer progression and the timing of the underlying 
DNA methylation changes, with connections between the in vitro HMEC model system and clini-
cal progression based on earlier work  [  51,   56,   65  ] .  Top , the clinical correlates of the HMEC system 
in relation to the temporal position of the two epithelial cell proliferation barriers of stasis and 
telomere dysfunction that divides the timeline into pre-stasis, post-stasis, immortal, and malignant 
epithelial cells.  Middle , a very simpli fi ed view and two examples of HMEC culture models, and 
the treatment or genetic manipulations used to generate these models.  Bottom , the timeline of DNA 
methylation changes identi fi ed during the passage of  fi nite life span HMEC through stasis, telom-
ere dysfunction, and culminating in a malignant phenotype.  Arrows  on the DNA methylation 
changes  curve  show the time points analyzed for DNA methylation state       
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 HMEC that become post-stasis following exposure to the genotoxin and 
 complete carcinogen benzo(a)pyrene showed more than an order of magnitude 
reduction in DNA differentially methylated regions when compared to the DNA 
methylation changes induced by stressful serum-free growth conditions. Similarly, 
HMEC that became post-stasis following genetic knockout of p16 using p16-targeted 
shRNA have very few DNA methylation changes, underscoring the functional 
importance of p16 in the  fi rst growth barrier. The few DNA methylation changes 
seen in the benzo(a)pyrene and p16 shRNA-treated cell lines suggest that differ-
ent pathways through the stasis barrier will have distinct effects on the epigenetic 
state. 

 A second step of epigenetic change occurs when telomere dysfunction is over-
come and cells acquire immortality. Regardless of the mechanism by which cells 
pass through telomere dysfunction, hundreds of DNA methylation changes occur. 
Similar to the DNA methylation changes acquired during the pre-stasis to post-
stasis transition, changes that occur during the transition from  fi nite life span to 
immortal can be focal ( £ 1 kb) and limited to a single gene or the changes can 
represent examples of long-range epigenetic silencing and cover extended regions 
of the genome  [  64  ] . 

 These changes seen in the premalignant stages represented by the HMEC model 
show signi fi cant overlap to the DNA methylation changes seen in other human 
breast cancer cell lines and clinical tumor specimens. Overall, results from the stud-
ies using the HMEC model indicate that epigenetic changes occur in a stepwise 
fashion at critical junctions in the path to cell immortality. These results are consis-
tent with an epigenetic progenitor model where epigenetic changes may occur early, 
in a stepwise fashion, can precede genetic mutation and allow for an expansion of 
epigenetically compromised population of cells. The large number of genes affected 
by epigenetic changes during the transitions through proliferation barriers can pro-
vide a foundation for the phenotypic variability and biologic heterogeneity often 
seen in clinical disease. The DNA methylation changes identi fi ed can potentially 
provide a bank of epigenetic biomarkers for assessing breast cancer risk in prema-
lignant lesions and provide targets for therapeutic interventions.  

    9.6   Conclusion 

 In summary, complex and intertwined epigenetic changes occur during multistep 
carcinogenesis. These changes may be viewed as epigenetic lesions and exist in the 
genome in a number of forms, from focal to long range. The scope of the epigenetic 
lesions is likely due to multiple distinct inputs: genetic, such as mutations to 
 chromatin modi fi er genes; physiologic, such as hormonal and nutritional state; and 
environmental, such as toxicant exposures. Experimentally tractable laboratory 
model systems that accurately re fl ect clinical cancer have been developed and allow 
for investigations into the causes and consequences of epigenetic change during cell 
transformation. Results from these systems suggest that early critical epigenetic 
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events occur prior to cell immortalization and coincide with the transition through 
well-de fi ned barriers of cell proliferation. Following immortalization, laboratory 
models suggest that cells can be induced towards malignancy by a variety of stimuli, 
and that the epigenetic changes arise in a seemingly more progressive smoother 
fashion, as opposed to the stark stepwise events prior to immortalization. It is hoped 
that developing a clearer understanding of the identity, timing, and consequences of 
these epigenetic lesions will prove useful in future clinical applications that range 
from early disease detection to therapeutic intervention in malignant cancer.      
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  Abstract   Mesenchymal stem cells (MSCs) are multipotent stem cells of mesodermal 
origin that can be isolated from various sources and induced into different cell types. 
Although MSCs possess immune privilege and are more easily obtained than embry-
onic stem cells, their propensity to tumorigenesis has not been fully explored. 
Epigenomic changes in DNA methylation and chromatin structure have been hypoth-
esized to be critical in the determination of lineage-speci fi c differentiation and tumori-
genesis of MSCs, but this has not been formally proven. We applied a targeted DNA 
methylation method to methylate a Polycomb group protein-governed gene,  Trip10 , 
in MSCs, which accelerated the cell fate determination of MSCs. In addition, targeted 
methylation of  HIC1  and  RassF1A , both tumor suppressor genes, transformed MSCs 
into tumor stem cell-like cells. This new method will allow better control of the dif-
ferentiation of MSCs and their use in downstream applications.      

    10.1   Introduction 

 Mesenchymal stem cells (MSCs) are somatic stem cells that can be isolated from 
various sources including bone marrow and fat tissue  [  80,   99  ] . Although MSCs pos-
sess more restricted pluripotency than embryonic stem (ES) cells, MSCs can still be 
induced to adipocytes, muscles, liver, bones, and neurons in vitro  [  55,   72,   73  ] , mak-
ing them a candidate for future cell therapy. From a safety consideration, there are 
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debates about whether the MSCs could be transformed in vivo and whether they 
might be supportive or suppressive to tumoral growth  [  39,   88,   139  ] . Therefore, if the 
application and safety of MSCs could be monitored and well controlled, the appli-
cation of MSCs will be broadened further. 

 Epigenetic regulation, including DNA methylation, histone modi fi cations, and 
microRNAs (miRNAs), possesses the power to maintain the self-renewal or control 
the differentiation of stem cells  [  16,   32,   37,   69,   131  ] . Studies of ES cells have 
revealed the critical role of epigenetic regulation in controlling cell fate  [  44,   76, 
  107,   142  ] . Because there are almost no coding sequence differences between the ES 
cells and their derived cells, the differences between these cells are likely to come 
from differential gene expression  [  32,   47,   123  ] . The same rationale has prompted 
the use of epigenomic modi fi cations as molecular codes to distinguish ES cells, 
MSCs, and their derived somatic cells. If the rationale were valid and the differ-
ences among different cell types originated from the epigenomic modi fi cations, 
these distinct epigenetic states could represent the “stemness” in MSCs and ES 
cells, and changes of these epigenetic states might direct/interfere with the MSC 
differentiation. 

 Polycomb group proteins such as EZH2 and YY1 regulate part of the bivalent 
marks that represent the stemness in stem cells  [  119,   122  ] . There are loci in ES cells 
and MSCs associated with both active histone marks like histone 3 lysine 4 trim-
ethylation (H3K4me3) [ 24 ,  42 ,  92 ] and repressive marks like histone 3 lysine 27 
trimethylation (H3K27me3), and these are designated as bivalent loci  [  43,   114 , 
 133  ] . These bivalent loci are often silenced [ 66 ] but are hypomethylated  [  134  ] . 
Among the histone marks, H3K27me3 is the substrate of Polycomb group proteins 
and loss of the maintenance of this histone mark is associated with the differentia-
tion of stem cells  [  1,   21,   53,   70,   86  ] . These loci can be further activated by the 
association of active transcription factors and histone modi fi cations like acetylation 
 [  61,   71,   94,   111  ] , while their silencing could be further enhanced by DNA methyla-
tion in other lineage  [  5 ,  31,   48,   79,   87,   108,   109,   111,   118,   128,   138  ] . The 
identi fi cation of the epigenomic modi fi cations within the bivalent loci could then 
reveal the ultimate fate of lineage-determining genes. 

 DNA methylation is one of the most dominant gene silencing mechanisms in 
cells and changes of methylation states correlate with the switch in cell lineages  [  58, 
  110  ] . It is known that changes in methylation states are inversely correlated with the 
expressions of corresponding genes, but the changed methylation status may not 
change cell fate directly. Therefore, a method that can methylate target genes and 
subsequently change cell fate would be an important demonstration that DNA meth-
ylation changes are suf fi cient to regulate cell fate decisions. 

 For instance,  Trip10  locus was identi fi ed as the target of Polycomb group protein 
and modi fi ed by DNA methylation during MSC differentiation  [  55  ] . Methylation of 
 Trip10  appears to be cell type speci fi c in normal tissues as well as in cancers  [  55, 
  57  ] . This information suggests that  Trip10  methylation might be lineage speci fi c 
and the targeted methylation of  Trip10  might then be able to direct MSC differentia-
tion. When  Trip10  was methylated in MSCs, the MSC differentiation lineages were 
limited  [  55  ] . The success of the forward evaluation of the cell fate determination by 
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DNA methylation also opens the gateway to  fi netune MSC differentiation. On the 
other hand, the tumor suppressor genes might not have bivalent marks and methyla-
tion of these loci may lead to cell transformation. As demonstrated in a recent report, 
 hypermethylated in cancer  ( HIC1 ) and  RassF1A  are two tumor suppressor genes 
that are not associated with bivalent histone marks and their methylation could 
transform MSCs  [  125  ] .  

    10.2   Mesenchymal Stem Cells 

 MSCs can be isolated from various sources including bone marrow, adipose tissue, 
liver, muscle, amniotic  fl uid, dental pulp, placenta, and umbilical cord blood; the 
properties among these MSCs seem to vary accordingly  [  9,   49,   82,   100,   105,   113 , 
 120 ,  143  ] . Different cell surface markers identi fi ed from different MSCs are 
re fl ective of their propensity to differentiate into different cell lineages  [  19,   34,   98  ] . 
Because MSCs can differentiate into different cell types in vitro, it is believed that 
there are common gene expression repertoires among these MSCs to maintain their 
stemness, but there are also different gene expression signatures that de fi ne the 
identities and differentiation potentials of different MSCs. Thus understanding 
the molecular mechanisms underlying the maintenance of cellular identities and 
determination of cell lineages is critical for the future clinical use of MSCs. 

 Unregulated differentiation is another reason to decipher the molecular codes that 
characterize MSCs. Different routes of transplantation make isolated clones of MSCs 
possess varied degrees of differentiation capacities, and dysregulation of these pro-
cesses might consequently lead to disease. For example, MSCs together with or 
without hematopoietic stem cells (HSCs) isolated from bone marrow can be trans-
planted and differentiated into lung, gut, skin  [  68  ] , liver and biliary epithelium  [  68, 
  97,   126,   127  ] , skeletal myoblast  [  41,   46  ] , neuroectodermal cells  [  18,   106  ] , and 
endothelium  [  4,   77 ,  144  ] . These co-transplantation results imply that there are 
molecular machineries that might be used to de fi ne the MSCs and their derived lin-
eages. These molecular codes also respond to neighboring cells and/or microenvi-
ronment of MSCs to maintain or differentiate cell fates. The importance of interplay 
with the environment is also evident by the reports that MSCs can either inhibit or 
support tumor growth in a cell setting-speci fi c manner  [  67,   116  ] . The other contro-
versy is that MSCs are proposed to both boost the immune system and suppress it 
 [  105,   129  ] ; thus, the clinical safety of MSCs remains to be clari fi ed.  

    10.3   Epigenetic Regulation and the Maintenance of MSC 

 Stemness needs to be maintained when the stem cells are self-renewing  [  50,   109, 
  121  ] . Since the coding sequences are all the same within ES cells, MSCs, and the 
differentiated somatic cells, there ought to be other somatic inheritable marks that 
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could represent the maintenance of stemness. Epigenetic marks are somatically 
inheritable modi fi cations that regulate gene expression but do not change the associ-
ated gene sequence. These cellular epigenetic marks, while they can be reshaped by 
the environmental factors like diet and growth factors, in general are faithfully 
passed on to the descended lineage of cells. These properties make the epigenomic 
marks good candidates for the control of cellular stemness. 

 Bivalent loci in the stem cells are associated with both active and repressive 
epigenetic marks and are critical for cellular differentiation  [  6,   16,   32,   91  ] . 
Interactions between different epigenetic modi fi cations can lead the governed 
genes to become permanently silenced or activated. The Polycomb group pro-
teins, and associated histone modi fi cations like H3K27me3, are one of the rep-
resentative markers that are associated with stemness  [  20,   28,   45,   101  ] . Polycomb 
group proteins are reported to mediate the transition between the transcriptional 
silencing and active states of the associated gene  [  95  ]  and their transitional reg-
ulatory role is evidenced by the co-existence of enhancer and suppressor genetic 
modi fi er phenotypes when the Polycomb group proteins lost their functions 
 [  85  ] . H3K27me3-associated loci can be further silenced by other epigenetic 
modi fi cations including DNA methylation and the formation of heterochroma-
tin  [  6,   62,   84,   137,   141  ] . On the other hand, the repressive trimethylation can be 
demethylated and the associated genes can then be reactivated. Loss of mainte-
nance of these trimethylation states leads to differentiation of stem cells, which 
strongly suggests that maintaining these bivalent marks is critical for the main-
tenance of stemness  [  1,   21,   53,   70,   86  ] . 

 Bivalent loci have been pro fi led in ES cells, tumors, differentiated cells, and 
MSCs  [  6  ] . Because the identi fi ed bivalent loci are different among these cells, the 
data support the hypothesis that these bivalent loci represent the unique stemness 
state in different cell types. From a direct comparison, there are more shared biva-
lent marks between ES cells and tumors than between the differentiated tissues and 
tumors, suggesting that tumors might be evolved from cells with more stem-like 
marks, and inappropriate maintenance of these marks could cause devious cell fate 
changes [ 23 ,  96 ,  132 ]. 

 The bivalent loci in MSCs also mark developmentally important genes and can 
be further modi fi ed epigenetically  [  55  ] . The epigenetic marks on the MSC bivalent 
loci are distinct from those in the ES cells and differentiated cells. The bivalent loci 
that reside within the MSCs are often low in DNA methylation (hypomethylated) 
and can be further methylated or activated. The number and function of these biva-
lent genes might limit the lineages into which the MSCs can differentiate. It has 
been reported that undifferentiated MSCs contain both repressive and active chro-
matin marks on  b -catenin-bound  c-myc  and  cyclin D  promoters  [  15,   35,   36  ] . When 
these MSCs became lineage committed, e.g., osteogenic, H3K4me3 was lost. This 
example indicates that epigenetic modi fi cations regulate the Wnt signaling pathway 
in MSC, and similar epigenetic modi fi cations are found in ES cells as well. We 
identi fi ed the H3K27me3-associated loci in MSCs that are differentially methylated 
when the MSCs are differentially induced into hepatocytes or adipocytes  [  55  ] . Loci 
that are not associated with DNA methylation association protein, MeCP2, were 
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considered hypomethylated. We found more than 383 of these bivalent loci are 
 further associated with MeCP2 and proved to be methylated in either MSC-derived 
hepatocytes or adipocytes  [  55  ] . Therefore, these bivalent loci in MSCs might mark 
the lineages into which the MSCs are differentiated, and the later-added DNA meth-
ylation might further strengthen the cell fate evolution.  

    10.4   DNA Methylation and the Differentiation of MSC 

 DNA methylation is one of the most dominant silencing epigenetic modi fi cations 
and occurs at the CpG dinucleotide in the human genome. A high frequency of CpG 
dinucleotides is often found at the promoter and/or  fi rst exon of genes and are named 
CpG islands  [  10,   12,   33  ] . Up to now, almost all the identi fi ed DNA methylation at 
the CpG islands silence the associated genes  [  11,   13,   124  ] . DNA methylation is a 
reversible event  [  8,   29,   60  ] , and the removal of the silencing mark is critical for the 
activation of the associated genes  [  74,   75  ] . Compared with histone deacetylation 
inhibitors that cause less signi fi cant gene activation, demethylation induced by 
5-aza-2 ¢ -deoxycytidine (5-Aza), a DNA methylation inhibitor, often causes a greater 
extent of restoration of gene expression  [  22  ] . Our previous results also indicated 
that when the estrogen receptor (ER)-targeted genes were silenced long term by 
DNA methylation, adding estrogen and/or overexpression of ER was insuf fi cient to 
reactivate the ER target genes. Only after the DNA methylation was removed, could 
the expression of ER target genes be restored by the stimuli of estrogen  [  75  ] . Also, 
global demethylation results in global reactivation of the expression of these genes 
 [  74  ] . These observations all indicate that DNA methylation is a dominant silencing 
mark; its appearance leads to the silenced locus and the changes in methylation 
states re fl ect the changes in cellular physiology. 

 Altered DNA methylation status often correlates with the normal differentiation 
or the onset of diseases like cancer. DNA methylation is now considered a reliable 
biomarker and the pro fi ling of methylation changes can be used to probe cellular or 
pathological events. Environmental factors relay their in fl uence into the cells 
through speci fi c signaling pathways. These in fl uences are then recorded as epige-
netic marks like DNA methylation during cell passages and are further selected in 
the descended population of cells. For example, when ER was knocked down by 
siRNA in a breast cancer cell line that once expressed ER, the downstream ER tar-
get/regulated genes were silenced gradually by various epigenetic marks, and later 
by DNA methylation  [  75  ] . DNA methylation also was accumulated within the ER 
target loci when the ER-expressing breast cancer cells were cultured long term in an 
estrogen-deprived environment. The recruitment and accumulation of DNA methy-
lation within the estrogen signaling pathway left speci fi c marks for us to track cell 
lineage which previously encountered the changed cellular environment. Evidence 
from genetic models also indicates that the environmental factors work through dif-
ferent signaling pathways and leave different but traceable patterns of DNA methy-
lation. When signals like MYC or P53 were genetically manipulated, speci fi c sets 
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of genes were methylated in the descended mice  [  93  ] . Therefore, the accumulated 
DNA methylation does not appear to occur at random. 

 Methylation changes caused by environmental changes like diet can be inherited 
and may in fl uence cellular physiology as well as the onset of disease. The cofactor 
for DNA methylation reactions,  S -adenosyl-methionine (SAM), is produced from 
dietary folate, and this provides the opportunity for diet to in fl uence DNA methyla-
tion  [  25,   65,   104,   115,   117  ] . Mammals go through two genomic methylation revolu-
tions during their development: one is during their formation of gametes, the other 
is directly after the fertilization is complete  [  64,   102,   112  ] . DNA methylation is 
erased during these two stages and re-established according to their paternal or 
maternal origins  [  136  ] . An elegant experiment in which pregnant mice were fed 
with various concentrations of food that could be converted into corresponding con-
centrations of SAM caused varied degrees of methylation. The newborn mice 
showed different degrees of fur color according to the concentration of methyl-
supplemented diet consumed by the mothers, and these patterns of color lasted 
throughout their lives  [  38,   83,   89,   135  ] . In this example, environmental factors 
in fl uenced methylation memories and changed the phenotype of the individuals in a 
somatically heritable way. 

 There is evidence indicating that changes in DNA methylation might be involved 
with the cell fate changes in MSCs as well. The methylation states within somatic 
stem/progenitor cells are different from the ones in ES cells and differentiated cells. 
For example, the promoter regions of  OCT4 ,  NANOG,  and  SOX2  in adipose-derived 
MSCs display a greater extent of DNA methylation than in ES cells  [  6  ] . This methy-
lation difference also provides an explanation for the fact that MSCs have lower 
differentiation capacity than the ES cells. Also, there are methylation differences 
within the promoters of tissue-speci fi c genes between the bone- and adipose-derived 
MSCs; they correlate with their differences in lineage differentiation potential  [  63  ] . 
Osteoblast-speci fi c genes such as  RUNX2  and  BGLAP  are hypermethylated in adi-
pose-derived MSCs as compared to the bone-derived MSCs, whereas  PPAR g 2 , the 
adipocyte-speci fi c gene, is hypomethylated in adipose-derived MSCs  [  63  ] . Our pre-
vious data also identi fi ed a panel of genes that are differentially methylated within 
the differentiated hepatocytes or adipocytes when compared to the bone marrow-
derived MSCs  [  55  ] . Taken together, DNA methylation status could represent the 
cellular identities and differentiation potentials of MSCs. It has been reported that 
global DNA methylation was changed in long-term cultured MSCs that might cor-
relate with their altered differentiation capacity  [  17  ] . Changes in global methylation 
caused by demethylation agents have been documented to accelerate the osteogenic 
 [  3  ]  or neuronal cell-like  [  2  ]  differentiation of MSCs. However, it is unclear whether 
DNA methylation changes are suf fi cient to set the stage for MSC cell fate changes. 
It has been reported that predeposited DNA methylation within different isolated 
MSCs de fi ned the oncogenic SYT-SSX1 fusion protein expression and limited its 
function in MSCs  [  30  ] . On the other hand, methylation pro fi ling of adipogenic pro-
moters from freshly cultured adipose stem cells to the senescence state did not cor-
relate with their reduced differentiation potential  [  90,   91  ] . The absence of a targeted 
methylation method has hindered our understanding of how DNA methylation 
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determines the cell fate of MSCs. A solution is to  fi nd a way to methylate a bivalent 
gene in MSC and observe if the cell fate changed after targeting.  

    10.5   TRIP10 as a Model 

  Trip10  (also known as  CIP4 ) encodes Cdc42-interacting protein 4, which was 
identi fi ed to be associated with Cdc42 and to regulate the cytoskeleton and mem-
brane traf fi cking. Trip10 interacts with the Rho family GTPase TC-10 in adipocytes 
to regulate the translocation of insulin-stimulated glucose transporter 4 (Glu4) to 
the plasma membrane and  fi nally to increase the uptake of glucose  [  26,   81  ] . In the 
brain of human Huntington’s disease (HD)  [  52  ] , Trip10 is reported to be a modula-
tor of cell survival in the adjustment of DNA damage  [  140  ] . To guard against DNA 
damage,  Trip10  expression is decreased in hepatocyte growth factor/scatter factor 
(HGF/SF)-mediated cell protection, but  Trip10  level is signi fi cantly increased dur-
ing hyperbaric oxygen-induced neuroprotection  [  51  ] . Overexpression of Trip10 was 
also observed in human HD brain striatum and the neuronal Trip10 immunoreactiv-
ity increased with neuropathological severity in the neostriatum of HD patients  [  52  ] . 
In addition, increased cell death was found in rat striatal neurons transfected with 
Trip10  [  52  ] , suggesting that Trip10 is toxic to striatal neurons. These data suggest 
that the effect of Trip10 in cell survival and growth is tissue speci fi c. These diverse 
and sometimes contrary roles of Trip10 could be attributed in part to its splicing 
variants; equally important is the fact that they are the outcomes between Trip10 
interaction with distinct signaling components in different cell settings. 

 In human bone marrow-derived MSCs,  Trip10  is hypomethylated in the undif-
ferentiated stage and becomes hypermethylated during MSC-to-liver differentia-
tion, but remains hypomethylated during MSC-to-adipocyte differentiation. 
Therefore, the methylation state of  Trip10  varies in different tissues and becomes a 
candidate biomarker to track MSC differentiation  [  55,   57  ] . We reasoned that the 
stemness state of Trip10 is maintained by the Polycomb group protein in the MSCs 
and that changes of chromatin structure, especially by DNA methylation, could 
restrict the cell lineages of MSCs. The differentiation or death of MSCs was thus 
predicted to be affected by  Trip10  methylation, and this model could be tested using 
targeted  Trip10  methylation.  

    10.6   Targeted DNA Methylation and MSC Differentiation 

 It has been hypothesized that DNA methylation within certain loci is suf fi cient to 
transform or differentiate cells, but this hypothesis had not been proved since there 
was no method to directly methylate speci fi c loci  [  54  ] . Normal or abnormal methy-
lation changes have been identi fi ed during cellular differentiation or transformation, 
but it remains to be elucidated whether all or any of the detected methylation changes 
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can affect cell fate. Moreover, if we can determine whether DNA methylation within 
certain loci is suf fi cient to determine the cell fate, this will provide additional infor-
mation to evaluate the target genes that control cellular differentiation and 
transformation. 

 DNA methylation is initiated and maintained by DNA methyltransferase (DNMT) 
in mammalian cells  [  27,   40,   130  ] . As illustrated in Fig.  10.1a , during the cellular 
replication, DNMTs are recruited by the semimethylated old template and methy-
late the newly synthesized strand of DNAs  [  103  ] . The newly synthesized strand will 
then possess the same DNA methylation as the old strand. We reasoned that, by 
providing a methylated strand of DNA that is complementary with target loci, we 
might be able to recruit DNMT to the target loci and initiate targeted DNA methyla-
tion in the cell (Fig.  10.1b ,  [  55 ,  56 ,  78  ] ). A stretch of cloned  Trip10  promoter was 
in vitro methylated using commercial bacterial methylase,  Sss I. These methylated 
inserts were then puri fi ed, denatured, and used to transfect MSCs. Unmethylated 
inserts served as the negative control; they did not induce any methylation at the 
 Trip10  promoter. Liposome-based transfection agents that were conjugated with 
 fl orescent compounds were used for transfection in order to calculate the transfec-
tion ef fi ciency. Also, the methylated/unmethylated inserts were labeled with Cy-dyes 
to track if the inserts entered the cell nuclei, because the denatured inserts need to 
be present and docked in the nuclei for the recruitment of DNMTs. Repeated trans-
fection was needed to ensure the targeted DNA methylation. The promoter insert 
from another gene like  Casp8AP2  was used as a speci fi city control, as the methy-
lated  Casp8AP2  inserts did not induce methylation at the  Trip10  promoter  [  55  ] .  

 Targeted  Trip10  methylation was detected by semiquantitative methylation-
speci fi c PCR and bisul fi te sequencing and the reduced  Trip10  expression was deter-
mined by RT-PCR and visualized by immunostaining. A two-component reporter 
gene system was established to validate the methylation-induced silencing at the 
transcription level and visualize the onset of DNA methylation in live cells. The 
two-component reporter system  [  55,   56  ]  consists of two parts: (1) a cloned  Trip10  
promoter that is linked with and regulates the expression of the  Tet  repressor ( TetR ) 
gene; and (2) a CMV promoter that is linked with, and regulates the expression of, 
the reporter gene enhanced green  fl orescent protein ( EGFP ), with an intervening 
TetR binding site,  TetO  

 2 
 . Both constructs were transfected into a cell line simultane-

ously and colonies of cells that possess both inserted constructs were selected. 
Colonies of selected cells were then transfected with in vitro methylated or unm-
ethylated  Trip10  inserts. The unmethylated  Trip10  promoter within the  fi rst con-
struct will continue to express  TetR  that in turn represses the expression of  EGFP . 
In contrast, targeted DNA methylation at the exogenous  Trip10  promoter silences 
the  TetR  expression which leads to the expression of the EGFP reporter. This induced 
EGFP expression could be reversed by adding of 5-Aza, suggesting that the original 
expression was caused by DNA methylation. With this reporter system, the targeted 
DNA methylation can be visualized in live cells. 

 During neuronal induction of MSCs,  Trip10  expression was greatly reduced and 
its distribution was con fi ned to the peri-nuclei region in these induced cells  [  57  ] . 
Similar to the neuronal induction, targeted  Trip10  DNA methylation caused 
reduced  Trip10  expression and re-distribution and prompted the MSC-to-neuron 



  Fig. 10.1    Targeted DNA methylation. ( a ) Illustration of targeted DNA methylation. DNA methy-
lation is maintained by DNMTs during cellular replication.  Upper , the original unmethylated locus 
like  Trip10  will not recruit DNMTs to the newly synthesized strands of DNA; therefore, they 
remain hypomethylated. If the original strand was methylated, then the old template of DNA will 
recruit DNMTs to the newly synthesizing DNAs and add the methyl group to the new strand of 
DNAs. Targeted DNA methylation method transfects the cells with a denatured, in vitro methy-
lated DNA with its sequence complemented to the target loci ( upper ). The provided methylated 
DNAs will pair with the old templates and recruit DNMTs to the newly synthesizing sites and 
methylate the new strands of DNAs. The seeded DNA methylation then will be spread and main-
tained during the following replications. ( b ) Flow of targeted DNA methylation (details in text). 
Templates of targeted DNA methylation could be from the CpG island library or cloned from the 
cultured cells. RE: methylation sensitive restriction enzymes like  Hpa II and  BstU I, etc       
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differentiation. This preferential cellular differentiation is speci fi c since the same 
 Trip10  targeted DNA methylation prevented the MSC-to-adipocyte induction 
(Fig.  10.2a )  [  55  ] . These data indicate that DNA methylation within one of the biva-
lent loci is suf fi cient to control cellular differentiation.   

    10.7   DNA Methylation and Tumorigenesis of MSC 

 It is generally accepted that abnormal hypermethylation of tumor suppressor genes 
can transform normal cells  [  7,   12  ] . To support this theory,  HIC1  and  RassF1A , two 
tumor suppressor genes that are methylated in several cancers but are not associated 
with Polycomb group protein in MSC, were in vitro methylated and then transfected 
into MSCs. Targeted methylation of  HIC1  or  RassF1A  alone is insuf fi cient to trans-
form the MSCs but concurrent  HIC1  and  RassF1A  methylation transforms the 
MSCs  [  125  ] . However, methylation of nine genes within the Salvador–Warts–Hippo 
pathway (including  RassF1A ) is insuf fi cient to transform the MSCs  [  125  ] , indicat-
ing that the  HIC1  and  RassF1A  methylation-caused transformation is not random. 
The transformed MSCs (named  me-H&R  MSCs) can still be differentiated into dif-
ferent cells including osteocytes, neurons, and adipocytes. Immunode fi cient mice 
inoculated with a low number of  me-H&R  MSCs rapidly developed tumors. The 
developed tumors consisted of several clones of cells that express different cell sur-
face markers, including mesenchymal and epithelial ones. 5-Aza treatment reversed 
the transformation and the tumoral properties of  me-H&R  MSCs, demonstrating 
that the transformation was caused by DNA methylation. Taken together, these 
 fi ndings suggest that the  me-H&R  MSCs become cancer stem cell (CSC)-like since 
they possess both tumoral and stem cell characters  [  125  ] . These results also imply 
that mal-maintained DNA methylation directly contributes to tumorigenesis.  

    10.8   Application of the Targeted DNA Methylation Technique 

 Epigenomic pro fi ling in diverse cells including MSCs has revealed many cellular 
physiologies that are versatile and even personal  [  14,   17,   55,   59,   116  ] . Targeted DNA 
methylation is a direct validation of the pro fi ling results and proves that epigenetic 
changes like DNA methylation are suf fi cient to direct MSC differentiation and tum-
origenesis. As illustrated in Fig.  10.2a , MSCs could be differentiated into osteocyte, 
adipocyte, neuron, etc. Targeted  Trip10  methylation limits the differentiation potency 
of MSCs and accelerates their neural and osteogenic differentiation. On the other 
hand, targeted  HIC1  and  RassF1A  methylation transforms MSCs into CSC-like cells; 
targeted DNA methylation within nine loci in the Salvador–Warts–Hippo pathway 
cannot transform the MSCs but can keep the MSCs proliferating. These results indi-
cate that CSC-like cells might arise from somatic stem cells-like MSCs (Fig.  10.2b ), 
and the tumorigenesis and the immortalization could be dissected by the epigenetic 
modi fi cations. In summary, using targeted DNA methylation, the differentiation 
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( Trip10 ), proliferation (Salvador–Warts–Hippo), and tumorigenic ( HIC1  and 
 RassF1A ) characteristics of MSCs could be revealed.      
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  Abstract   Tumorigenesis, a complex and multifactorial progressive process of 
transformation of normal cells into malignant cells, is characterized by the accumu-
lation of multiple cancer-speci fi c heritable phenotypes triggered by the mutational 
and/or non-mutational (i.e., epigenetic) events. Accumulating evidence suggests 
that environmental and occupational exposures to natural substances, as well as 
man-made chemical and physical agents, play a causative role in human cancer. In 
a broad sense, carcinogenesis may be induced through either genotoxic or non-
genotoxic mechanisms; however, both genotoxic and non-genotoxic carcinogens 
also cause prominent epigenetic changes. This review presents current evidence of 
the epigenetic alterations induced by various chemical carcinogens, including arse-
nic, 1,3-butadine, and pharmaceutical and biological agents, and highlights the 
potential for epigenetic changes to serve as markers for carcinogen exposure and 
cancer risk assessment.  

       11.1   Introduction 

 Tumorigenesis is a complex and multifactorial progressive process of transforma-
tion of normal cells into malignant ones. It is characterized by the accumulation of 
multiple cancer-speci fi c heritable phenotypes, including persistent proliferative 
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 signaling, resistance to cell death, evasion of growth suppression, replicative 
 immortality, in fl ammatory response, deregulation of energy metabolism, genomic 
instability, induction of angiogenesis, and activation of invasion ultimately resulting 
in metastases  [  1  ] . The acquisition of these cancer-speci fi c alterations may be trig-
gered by the mutational and/or non-mutational (i.e., epigenetic) events in the 
genome which, in turn, affect gene expression and the downstream phenotypes 
listed above  [  1,   2  ] . Furthermore, it has been suggested that epigenetic alterations 
may play as important or even more prominent role in tumor development  [  3  ] . 

  Epigenetic events , most prominently manifested by stable and heritable changes 
in gene expression that are not due to any alteration in the primary DNA sequence 
 [  4  ] , signify the fundamental molecular principles in which genetic information is 
organized and read  [  5  ] . Epigenetic modi fi cations include change in methylation pat-
terns of cytosines in DNA  [  6,   7  ] , modi fi cations of the proteins that bind to DNA  [  8, 
  9  ] , and the nucleosome positioning along DNA  [  4  ] . These epigenetic marks are 
tightly and interdependently connected and are essential for the normal develop-
ment and the maintenance of cellular homeostasis and functions in adult organisms, 
particularly for X-chromosome inactivation in females, genomic imprinting, silenc-
ing of repetitive DNA elements, regulation of chromatin structure, and proper 
expression of genetic information  [  10  ] . The epigenetic status is well-balanced in 
normal cells, but may be altered in many ways in cancer cells. Additionally, grow-
ing evidence indicates that a number of lifestyle and environmental factors may 
disrupt this epigenetic balance and compromise the stability of the epigenome in 
normal cells leading to the development of a wide range of pathologies, including 
cancer.  

    11.2   Epigenetic Alterations in Cancer Cells 

 The unifying molecular feature of neoplastic cells is a profoundly reshaped genome 
characterized by global genomic  hypo- methylation, gene-speci fi c  hyper-  or 
  hypo- methylation, and altered histone modi fi cation patterns  [  2,   11  ] . 

 DNA demethylation signi fi es one of the two major DNA methylation states and 
refers to a state in which there is a decrease in the number of methylated cytosine 
bases from the “normal” methylation level. Demethylation of DNA can be achieved 
either passively or actively. Passive loss of methylated marks in the genome may be 
a consequence of limited availability of the universal methyl donor S-adenosyl- l -
methionine (SAM), compromised integrity of DNA, and altered expression and/or 
activity of DNA methyltransferases  [  12  ] . Until recently, evidence for existence of 
an active replication-independent DNA demethylation process was controversial 
and inconclusive  [  7,   13  ] . However, recent studies provide compelling experimental 
evidence that active loss of DNA methylation is associated with the function of 
DNA repair machinery  [  14–  17  ] . 

 Global hypomethylation of DNA was the  fi rst epigenetic abnormality identi fi ed 
in cancer more than a quarter of century ago  [  18,   19  ] . It continues to be one of the 
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most common molecular alterations found in all human cancers  [  20,   21  ] ; however, 
the molecular mechanisms behind cancer-linked global demethylation of the 
genome remain largely unknown. The loss of DNA methylation in cancer primarily 
affects stable, methylated areas of the genome composed predominantly of repeti-
tive elements, genes, and intergenic regions  [  22  ] . 

 There are several molecular consequences of global demethylation of DNA that 
may contribute to tumorigenesis. First, genomic hypomethylation causes signi fi cant 
elevation in mutation rates  [  23  ] , activation of normally silenced tumor-promoting 
genes  [  24  ] , and loss of imprinting  [  25  ] . Second, demethylation of the repetitive 
DNA sequences, such as long interspersed nucleotide elements (LINE)-1 and short 
interspersed nucleotide elements (SINE), retroviral intracisternal A particle (IAP), 
and Alu elements located at centromeric, pericentromeric, and subtelomeric chro-
mosomal regions induces their activation and transposition leading to chromosomal 
instability  [  26–  29  ] . For example, recent  fi ndings have demonstrated that DNA 
hypomethylation causes permissive transcriptional activity at the centromere  [  28  ] . 
Subsequently, the accumulation of small minor satellite transcripts that impair cen-
tromeric architecture and function is observed. Likewise, hypomethylation of the 
repetitive elements at the subtelomeric regions is associated with enhanced tran-
scription of the telomeres  [  29  ] . 

 Gene-speci fi c loss of DNA methylation is also a  fi nding for oncogenes and 
imprinted genes. In addition, many genes that are normally well-methylated, par-
ticularly cancer-germline genes, including B melanoma antigen family ( BAGE ) ,  
cancer testis antigen ( CAGE),  melanoma antigen family  A  ( MAGE-A ) ,  X antigen 
family ( XAGE ), and other single-copy genes, including S100 calcium binding pro-
tein A4 ( S100A4) ,  fl ap endonuclease 1 ( FEN1) , and synuclein-gamma ( SNCG ), 
undergo progressive hypomethylation, which is accompanied by their increased 
expression, in human cancers  [  12,   21  ] . 

 Despite the large body of evidence indicating that cancer-associated DNA dem-
ethylation is an important early event in tumor development, it is still less clear if 
the loss of DNA methylation is a cause, or a consequence of the malignant transfor-
mation  [  30  ] . The notion that DNA hypomethylation is playing a role in causation 
and/or promotion of cancer is based on the results of studies with nutritional “lipo-
genic methyl-de fi cient diet”  [  31–  33  ] , genetically engineered  Dnmt - and  Lsh -
de fi cient mice  [  34,   35  ] , and several models of chemical carcinogenesis  [  36  ] . In 
contrast, there is also evidence that cancer-linked DNA hypomethylation may be a 
passive inconsequential side effect of carcinogenesis  [  30,   37  ] . The latter is evi-
denced by facts that not all tumors exhibit DNA hypomethylation and not all carci-
nogenic processes are accompanied by the loss of DNA methylation  [  38  ] . Indeed, it 
is highly unlikely to expect that development and progression of diverse types of 
tumors are all associated with DNA hypomethylation. Furthermore, there is grow-
ing evidence that DNA hypomethylation suppresses development of certain tumor 
types, especially intestinal, gastric, and prostate carcinomas  [  39–  41  ] . 

 DNA hypermethylation is the state where the methylation of normally under-
methylated DNA domains, those that predominantly consist of CpG islands  [  22  ] , 
increases. CpG islands are de fi ned as the genomic regions that contain the high 
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G + C content, have high frequency of CpG dinucleotides, are at least 400–500 bp 
long, and can be located either at intragenic and intergenic, or at the 5 ¢  ends of 
genes  [  42–  44  ] . However, only CpG islands that span 5 ¢  promoters are mainly 
unmethylated. For instance, less than 3% of CpG islands in gene promoters are 
methylated  [  44  ] . 

 It is well-established that hypermethylation of promoter-located CpG islands 
causes permanent and stable transcriptional silencing of a range of protein-coding 
genes  [  45  ] , which, along with DNA hypomethylation, plays a critical role in cancer 
development  [  2,   11  ] . One of the most compelling examples of the link between 
DNA hypermethylation and carcinogenesis is epigenetic silencing of critical tumor-
suppressor genes, including cyclin-dependent kinase inhibitor 2A ( CDKN2A ; 
 p16   INK4A  ), secreted frizzled-related protein ( SFRPs ) genes, adenomatous polyposis 
coli ( APC ), and GATA binding protein 4 ( GATA4 ). The aberrant silencing of these 
genes allows for survival and clonal expansion of the initiated cells. Additionally, 
hypermethylation of several DNA repair genes, including  O  6 -methylguanine-DNA 
methyltransferase ( MGMT ), xeroderma pigmentosum group C ( XPC ), MutL 
homolog 1 ( MLH1 ), and breast cancer 1 and 2 ( BRCA1  and  BRCA2 ) genes results 
in insuf fi cient DNA repair leading to reduction in genomic stability and various 
genetic aberrations, particularly, the elevation of mutation rates in critical cancer-
related genes  [  46,   47  ] . For example, the epigenetic silencing of  MGMT  leads to a 
greater mutation rate in  K-RAS  and  p53  genes during human colorectal carcinogen-
esis  [  48,   49  ] . Likewise, transcriptional inactivation of the  BRCA1  and  MLH1  genes 
caused by promoter hypermethylation results in elevated  p53  gene mutation fre-
quency in human sporadic breast cancer  [  50  ]  and microsatellite instability in spo-
radic colorectal cancer  [  51  ] , respectively. 

 In addition to the vital role that DNA methylation state may play in the etiology 
and pathogenesis of cancer, it has been shown that disruption of normal patterns of 
covalent histone modi fi cations is an epigenetic change frequently found in tumor 
cells. Histones are evolutionary conserved proteins that have globular carboxy-ter-
minal domains critical to nucleosome formation, and  fl exible amino-terminal tails 
that protrude from the nucleosome core and contact adjacent nucleosomes to form 
higher order chromatin structures. At least eight different classes of post-transla-
tional modi fi cations, including methylation, acetylation, phosphorylation, ubiquit-
ination, sumoylation, biotinylation, and ADP-ribosylation have been identi fi ed on 
the core histones H2A, H2B, H3, H4, and the H1 family of linker histones  [  8,   9  ] . 
These histone marks are essential for organizing chromatin, maintaining genome 
stability, silencing repetitive DNA elements, regulating cell cycle progression, rec-
ognizing DNA damage sites and repair, and maintenance of proper expression of 
genetic information. 

 Accumulating evidence clearly indicates that cancer cells are characterized by 
a profoundly disturbed pattern of global and/or gene-speci fi c histone modi fi cations 
accompanied by alterations in the functioning of enzymes that are associated with 
those marks. There are various combinations of cancer-linked histone modi fi cations 
that differ according to tumor type; however, one of the most characteristic exam-
ples of global changes in histone modi fi cations is loss of histone H4 lysine 20 
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trimethylation and H4 lysine 16 acetylation, which is a common hallmark of 
human cancers  [  52  ] . 

 Additionally, extensive studies in the past decade have indicated the existence 
and importance of another epigenetic mechanism of regulation of gene function by 
means of small non-coding microRNAs (miRNAs). Currently, miRNAs are recog-
nized as one of the major regulatory gatekeepers of protein-coding genes in human 
genome  [  53,   54  ] . MiRNAs are small 16–29 nucleotide-long non-coding RNAs that 
primarily function as negative gene regulators at the post-transcriptional level  [  55  ] . 
MiRNAs are generated by RNA polymerase II or RNA polymerase III as long pri-
mary transcripts, primary miRNAs. Following transcription, primary miRNAs form 
a stem-loop structure, which is recognized and processed by the RNase III-type 
enzyme Drosha creating precursor miRNAs. These precursor miRNAs are trans-
ported from the nucleus to the cytoplasm by Exportin-5. In the cytoplasm, the pre-
miRNAs are further processed by Dicer, an RNase III enzyme, generating 
miRNA:miRNA hybrids. After unwinding, one strand of the duplex is degraded, 
and another strand becomes a mature miRNA. MiRNAs can induce mRNA cleav-
age if complementary to 3 ¢ -untranslated region of targets is perfect or translational 
repression if complementarity is imperfect  [  53  ] . 

 Currently there are more than 700 mammalian miRNAs that can potentially tar-
get up to one-third of protein-coding genes involved in the development, cell dif-
ferentiation, metabolic regulation, signal-transduction, cell proliferation, and 
apoptosis. As the deregulation of these very same biological processes is a hallmark 
of cancer  [  1  ] , it has been suggested that changes in miRNA expression might have 
signi fi cance in cancer  [  56–  58  ] . In tumors, aberrant expression of miRNAs inhibits 
tumor suppressor genes or inappropriately activates oncogenes have been experi-
mentally associated with most aspects of tumor biology, including tumor progres-
sion, invasiveness, metastasis, and acquisition of resistance of malignant cells to 
various chemotherapeutic agents  [  58  ] . This leads to the suggestion that altered 
expression of miRNAs is an important mechanism of carcinogenesis  [  57,   59  ] .  

    11.3   Role of Epigenetic Alterations in Chemical Carcinogenesis 

 Many environmental and occupational exposures to natural substances, man-made 
chemical and physical agents are considered to be causative of human cancer  [  60–
  62  ] . In a broad sense, carcinogenesis may be induced through either genotoxic or 
non-genotoxic mechanisms. Genotoxic carcinogens are agents that interact directly 
or after metabolic activation with DNA, causing mutations and leading to tumor 
formation. Non-genotoxic carcinogens are a diverse group of chemical compounds 
that are known to cause tumors by mechanisms other than direct damage to DNA. 
The emphasis in carcinogenesis research, until recently, has focused mainly on the 
investigation of various molecular signaling events, DNA damage, DNA adduct 
repair, and genetic aberrations, despite the fact that the importance of epigenetic 
mechanisms in carcinogenic process was  fi rst suggested by Miller in 1970  [  63  ] . 
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Accumulating evidence suggests that regardless of the mechanism of action, both 
genotoxic and non-genotoxic carcinogens may also lead to prominent epigenetic 
abnormalities in tissues that are susceptible to carcinogenesis as a result of exposure 
 [  64–  68  ] . The following sections present an overview of the epigenetic alterations 
induced by several carcinogens. 

    11.3.1   Arsenic 

 Arsenic is a naturally occurring element and a ubiquitous environmental contami-
nant which is a public health issue world-wide  [  69  ] . The major source of human 
exposure to arsenic is contaminated food and drinking water. Inorganic arsenic was 
one of the earliest identi fi ed human carcinogens  [  69,   70  ] . It is widely accepted that 
exposure to arsenic is associated with skin, lung, and bladder cancers  [  71  ] . 
Additionally, accumulating evidence indicates that long-term exposure to arsenic 
causes development of liver tumors  [  72  ] . 

 Arsenic was classi fi ed as a known human carcinogen by the International 
Agency for Research on Cancer (IARC) in 2004, when suf fi cient evidence for 
human carcinogenicity became available  [  71  ] ; even though limited evidence for 
animal carcinogenicity of arsenic existed. This may be explained mainly by the 
absence of adequate relevant animal models to study arsenic carcinogenesis. 
However, the experiments in transgenic mice, e.g., v-Ha-ras (Tg.AC), keratin VI/
ornithine decarboxylase (K6/ODC), and p53 +/− , or inbred mouse strains that are 
prone to spontaneous cancer development provided evidence for the carcinogenic-
ity of arsenic in animal studies. For instance, administration of arsenic to A/J mice, 
a strain that exhibits a susceptibility to different pulmonary pathological states 
including lung cancer, enhances lung tumor multiplicity and size  [  70,   73  ] . Similarly, 
in utero arsenic exposure of C3H/HeJ mice, which are prone to hepatocarcinogen-
esis, resulted in increased incidence and multiplicity of hepatocellular carcinomas 
in adults  [  74  ] . The most convincing evidence for the carcinogenicity of arsenic in 
animals has been presented in a recent report by Tokar et al .   [  75  ]  that demonstrated 
that “whole-life” exposure of CD1 mice to arsenic causes induction of various 
tumors, including lung and liver. 

 The molecular mechanisms behind the cancer-inducing property of arsenic are 
not fully elucidated and remain a subject of debate. Several potential mechanisms 
have been proposed to explain arsenic-induced carcinogenesis, including induction 
of oxidative stress, DNA–protein crosslinking, chromosomal aberrations  [  70  ] , dis-
ruption of signaling pathways, and epigenetic dysregulation, particularly DNA 
demethylation  [  76  ] . The  fi rst evidence demonstrating an association between arse-
nic tumorigenicity and global DNA hypomethylation was reported by Zhao et al .  
 [  77  ]  who showed that exposure of rat liver epithelial TRL-1215 cells to arsenic 
in vitro led to their malignant transformation and was paralleled by global DNA 
demethylation. Importantly, the extent of DNA hypomethylation in the transformed 
cells was positively correlated with the tumorigenicity of the cells upon inoculation 
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into nude mice, suggesting that loss of DNA methylation may be a causative factor 
in arsenic-induced carcinogenesis  [  77  ] . Since then, a large amount of data has docu-
mented a substantial target organ-speci fi c loss of global DNA methylation and 
repetitive element and gene-speci fi c methylation in various in vitro and in vivo 
models of arsenic-induced tumorigenesis  [  78–  80  ] . 

 Several possible explanations exist for the mechanism of DNA demethylation 
after exposure to arsenic. First, arsenic-induced DNA hypomethylation can be 
explained by the absolute requirement of SAM for the biomethylation of inorganic 
arsenic and DNA methylation reactions  [  76,   81  ] . Therefore, the biomethylation of 
inorganic arsenic reduces availability of SAM for DNA and histone methylation. 
Second, arsenic exposure increases generation of reactive oxygen species that may 
cause direct damage to DNA  [  82,   83  ] . The presence of oxidative lesions in DNA 
(e.g., 8-oxodeoxyguanosine and 5-hydroxymethylcytosine) severely compromises 
the ability of DNA methyltransferases to methylate the target cytosine and leads to 
passive demethylation of DNA  [  84  ] . In addition, activation of DNA repair pathway 
promotes active demethylation of DNA  [  14–  17  ] . Third, arsenic-induced oxidative 
stress causes depletion of the level of intracellular reduced glutathione. This conse-
quently leads to the enhanced glutathione biosynthesis in a transsulfuration path-
way, which impairs SAM biosynthesis and perturbs DNA and histone methylation 
reactions  [  85  ] . 

 In addition to global and gene-speci fi c DNA hypomethylation, arsenic exposure 
causes concurrent methylation-induced transcriptional silencing of a number of 
tumor suppressor genes, including  p53 ,  CDKN2A  ( p16   INK4A   ) , Ras association 
domain family member 1 ( RASSF1A ), and death-associated protein kinase ( DAPK ) 
 [  73,   86,   87  ] , various histone modi fi cation changes  [  88  ] , and alterations in miRNA 
expression  [  89  ] . 

 It is of note that growing evidence suggests that carcinogenesis induced by an 
environmental chronic exposure to other metals, such as nickel, chromium, cad-
mium, and mercury, may also involve molecular epigenetic alterations caused by 
the ability of these metals to induce damage to DNA and strongly in fl uence intracel-
lular molecular and metabolic alterations  [  90,   91  ] .  

    11.3.2   1,3-Butadiene 

 The gaseous ole fi n 1,3-butadiene is a major industrial chemical monomer widely 
used in production of synthetic rubber, resins, and plastic. Additionally, this highly 
volatile agent is present in industrial and automobile exhaust, cigarette smoke, and 
ambient air in urban locations and industrial complexes  [  92  ] . Based on the results of 
numerous comprehensive epidemiological studies, the IARC has classi fi ed 1,3-buta-
diene as a known human carcinogen  [  92–  94  ] . In rodents, it causes tumor formation 
at several target sites, including the hematopoietic system, lungs, heart, and liver 
 [  93  ] . Importantly, the hematopoietic system, lungs and liver are the most common 
sites of 1,3-butadiene-induced tumor formation in both humans and mice  [  93  ] . 
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 It is well-established that the mechanism of tumor induction caused by 1,3-
butadiene-exposure is due to genotoxic reactivity of its metabolic epoxides: 1,2-
epoxy-3-butene, 1,2:3,4-diepoxybutane, and 3,4-epoxy-1,2-butanediol that interact 
directly with DNA to form mutagenic DNA adducts  [  94  ] . However, recent evidence 
demonstrates that short-term inhalational exposure of C57BL/6J mice to 1,3-buta-
diene, in addition to DNA adduct formation, also causes extensive concurrent epi-
genetic changes. These include a marked reduction of global DNA and repetitive 
element methylation and a profound loss of histone H3K9, H3K27, and H4K20 
trimethylation in the livers of C57BL/6J mice  [  95  ] . 

 It is well-established that methylation of lysine residues 9 and 27 at histone H3 
and lysine 20 at histone H4 plays a fundamental role in the formation of a con-
densed heterochromatin structure and transcriptional repression  [  96–  98  ] . Hence, 
loss of H3K9 and H4K20 trimethylation induced by 1,3-butadiene-exposure may 
compromise genomic stability via chromatin relaxation and activation of mobile 
repetitive elements. Indeed, a recent report showing decondensation of chromatin 
and activation of main repetitive elements in the livers of 1,3-butadiene-exposed 
C57BL/6J mice support this suggestion  [  99  ] . Additionally, an open chromatin struc-
ture may increase further vulnerability of DNA to the genotoxicity of reactive 
1,3-butadiene metabolites. 

 The elucidation of the mechanisms of carcinogenicity is usually carried out in 
genetically homogeneous in vivo models in order to  fi x as many variables as possi-
ble. This provides information in a single strain, yet the extrapolation of such data 
to the population effects is constrained by the inference from a single genome to 
model complex human phenotypes. To overcome this important limitation, panels 
of genetically de fi ned animals may be used to determine genetic causes of inter-
individual variability in cancer susceptibility  [  100  ] . In a recent study, Koturbash 
et al.  [  99  ]  have demonstrated substantial differences in hepatic genetic and epige-
netic response among mouse strains to short-term inhalational exposure to 1,3-buta-
diene. More importantly, the strain differences were associated with alterations in 
chromatin structure, mainly in the variability in histone H3K9, H3K27, and H4K20 
methylation.  

    11.3.3   Pharmaceuticals 

  Diethylstilbestrol  is a synthetic non-steroidal estrogen that was widely used to pre-
vent potential miscarriages and as emergency contraceptive (morning-after pill) 
 [  101  ] . Currently, diethylstilbestrol is classi fi ed by the IARC as a known human 
carcinogen  [  101  ] . Breast is the main target organ for diethylstilbestrol-induced car-
cinogenesis in women who were exposed during pregnancy. Additionally, diethyl-
stilbestrol also causes development of adenocarcinoma in the uterus and cervix of 
women who were exposed in utero. 

 In addition to the established mechanistic genotoxic and estrogen receptor- 
mediated carcinogenic events, epigenetic programming also plays a substantial role. 
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Perinatal exposure to diethylstilbestrol causes persistent demethylation and 
 transcriptional activation of several critical cancer-related genes in the mouse uterus, 
including lactoferrin ( Lf ), nucleosomal binding protein 1 ( Nsbp1 ), and c -fos   [  102–
  104  ] . The mechanism of these demethylation events is associated with the ability of 
diethylstilbestrol to inhibit expression of the maintenance ( Dnmt1 ) and de novo 
( Dnmt3a  and  Dnmt3b ) DNA methyltransferases in the mouse uterus  [  105  ] . 
Additionally, recent evidence indicates that diethylstilbestrol exposure causes epige-
netically induced down-regulation of miRNA-9 in human breast epithelial cells 
 [  106  ] , one of the frequently down-regulated miRNAs in human breast cancer  [  107  ] . 

  Tamoxifen , a selective non-steroidal anti-estrogen, is a widely used drug for che-
motherapy and for chemoprevention of breast cancer worldwide  [  108  ] . However, 
recently the IARC classi fi ed tamoxifen as a known human carcinogen based on 
evidence for endometrial cancer  [  101  ] . One of the possible mechanisms of carcino-
genic effects of tamoxifen in the uterus is tamoxifen-induced gene expression 
changes  [  109  ] , particularly, hypomethylation-linked activation of paired box 2 
( PAX2 ) gene  [  110  ] . 

 Additionally, a number of studies have demonstrated that tamoxifen is a potent 
hepatocarcinogen in rats with both tumor initiating and promoting properties  [  111  ] . 
The mechanism of tamoxifen-induced hepatocarcinogenesis is associated with its 
genotoxic  [  112,   113  ]  and epigenetic effects  [  114  ] . These non-genotoxic epigenetic 
alterations include demethylation of the entire genome and the repetitive elements, 
loss of global histone H4 lysine 20 trimethylation  [  114,   115  ] , and altered expression 
of miRNAs  [  116  ] . The results of these studies further emphasize the importance of 
non-genotoxic mechanisms in chemical carcinogenesis induced by genotoxic 
carcinogens. 

  Phenobarbital , the most widely used anticonvulsant worldwide, is a well-estab-
lished mitogenic non-genotoxic rodent liver carcinogen. It is known to increase cell 
proliferation, alter cell cycle checkpoint control, including delaying and attenuating 
the G1 checkpoint, inhibit the induction of p53, thereby resulting in accumulation 
of DNA damage, and induce extensive epigenetic abnormalities. Treatment with 
phenobarbital leads to rapid and progressive accumulation of altered DNA methyla-
tion regions in the livers of C57BL/6 and B6C3F1 mice  [  117  ] . These changes were 
more pronounced in livers of tumor-prone B6C3F1 and CAR (constitutive andros-
tane receptor) wild-type mice  [  118  ] . Interestingly, the number of hypermethylated 
regions was noticeably smaller than hypomethylated regions, among which cyto-
chrome P450, family 2, subfamily b, polypeptide 10 ( Cyp2b10)  gene is concomi-
tantly hypomethylated and transcriptionally activated early after phenobarbital 
treatment  [  119  ] . 

  Oxazepam  is widely used as a sedative-hypnotic and antianxiety drug. Chronic 
exposure of B6C3F1 mice to oxazepam induces development of hepatoblastoma 
and hepatocellular carcinoma in mice  [  120  ] . Interestingly, oxazepam, similar to 
phenobarbital, causes induction of  Cyp2b10  gene in the livers of B6C3F1 mice 
 [  121,   122  ] . Also, oxazepam-induced tumors display a decreased expression of  Apc  
and phosphatase and tensin ( Pten ) homolog tumor suppressor genes and genes 
involved in regulation of DNA methylation and histone modi fi cation  [  122  ] .  
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    11.3.4   Biological Agents 

  Mycotoxins  are a structurally diverse class of molecules of fungal origin that are com-
mon contaminants of the human and animal food products  [  123  ] . Three of the most 
ubiquitous mycotoxins, a fl atoxin B 

1,
  fumonisin B1, and ochratoxin, are classi fi ed by 

the IARC as known and possible human carcinogens  [  124,   125  ] . It is well-established 
that a fl atoxin B 

1
 , fumonisin B1, and ochratoxin A are genotoxic carcinogens  [  123, 

  126,   127  ] ; however, accumulating evidence indicates that their carcinogenicity 
involves also a complex network of epigenetic alterations  [  128–  134  ] . 

  A fl atoxin B  
 1 
  induces several epigenetic abnormalities that may induce and pro-

mote tumor development. Speci fi cally, exposure to a fl atoxin B 
1
  causes methylation-

induced transcriptional silencing of  MGMT, p16   INK4A  , and  RASSF1A  genes, a 
fundamental epigenetic event in liver carcinogenesis  [  128–  130  ] . Conversely, 
a fl atoxin B 

1
  is a strong inducer of epigenetically regulated  SNCG  gene  [  131  ] . 

Additionally, a study conducted by Hu et al .   [  134  ]  has demonstrated that cytosine 
methylation at the CpG site at codon 14 of the  K-ras  gene is the major reason for 
preferential a fl atoxin B 

1
 -induced DNA-adduct formation at this codon in normal 

human bronchial epithelial cells. 
  Fumonisin B  

 1 
 , in addition to various genotoxic and non-genotoxic alterations, 

increases the level of 5-methylcytosine in genomic DNA from 5 to 9% in human 
intestinal Caco-2 cells  [  132  ] . 

  Helicobacter pylori  infection is associated with development of gastric cancer, 
one of the most prevalent human cancers worldwide  [  135  ] . The results of several 
comprehensive studies indicate that  H. pylori  infection causes marked DNA methy-
lation changes in infected normal or preneoplastic gastric mucosa.  H. pylori  infec-
tion causes signi fi cant aberrant DNA methylation in a number of the promoter CpG 
island-containing genes, including  p16   INK4A  , lipoxygenase ( LOX ), heart and neural 
crest derivatives expressed 1 ( HAND1 ), thrombomodulin ( THBD ), and actin related 
protein 2/3 complex, subunit p41 ( p41ARC ) gastric cancer-associated genes in gas-
tric mucosa  [  136–  139  ] . Importantly, hypermethylation of some genes, e.g.,  THBD  
persisted in gastric mucosa after  H. pylori  eradication  [  140  ] .   

    11.4   Epigenetic Alterations and the Evaluation of Cancer Risk 

 Recognition of the fundamental role of epigenetic alterations in cancer has resulted 
in the identi fi cation of numerous epigenetic abnormalities that may be used as 
potential biomarkers for the molecular diagnosis of cancer and prognosis of survival 
or treatment outcomes. Despite a lack of conclusive information to clarify whether 
or not epigenetic changes are involved directly in neoplastic cell transformation, 
evidence highlighted above suggests that epigenetic alterations may be used as early 
indicators of carcinogenesis for both genotoxic and non-genotoxic carcinogens. 
Importantly, several research groups have argued that epigenetic alterations may be 
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used as biomarkers in the evaluation of the carcinogenic potential of the  environmental 
factors  [  5,   67,   68,   141  ] . 

 Incorporation of the epigenetic biomarkers into the studies on cancer risk of 
exposures holds a number of advantages over traditionally used methods, such as 
evaluation of the carcinogen-induced DNA damage, DNA adduct formation, or bac-
terial mutagenicity. Speci fi cally, we reason that the following features are in favor 
of greater integration of epigenetic biomarkers in studies of the carcinogenic poten-
tial of the environmental exposures: (1) early appearance; (2) stability; (3) target 
tissue-speci fi city; (4) relatively low cost of the assays needed to detect these changes; 
(5) applicability to both genotoxic and non-genotoxic agents; and, more impor-
tantly, (6) a greater number of detectable epigenetic changes as compared to the 
genetic alterations after exposure. 

 Also, the incorporation of epigenetic technologies into the studies of cancer risk 
promises to enhance substantially the ef fi ciency of carcinogenicity testing. More 
importantly, the reversibility of epigenetic alterations opens novel mechanism-based 
approaches not only to cancer treatment but also to the timely prevention of cancer 
 [  142  ] . However, despite a very promising outlook on the bene fi ts of epigenetic bio-
markers, additional studies are still needed to better de fi ne the nature and mecha-
nisms of epigenetic abnormalities with respect to carcinogenic processes  [  60,   143, 
  144  ] . Although extensive studies have identi fi ed a number of cancer-related epige-
netic abnormalities that are associated with carcinogen exposure, there is no con-
sensus on the role of changes in tumorigenesis. 

 Additionally, it is possible that not all these aberrant epigenetic events are equally 
important for the tumorigenic process. It is highly unlikely that all of these epige-
netic changes play a causative role in tumorigenesis. For example, some epigenetic 
changes may drive other epigenetic events that contribute to the formation of a 
transformed phenotype, while others may be passenger epigenetic events that 
accompany the transformation process     [  145  ] . In this respect, the identi fi cation of 
those epigenetic events that drive cell transformation is crucially important for 
understanding mechanisms of tumorigenesis and for cancer prevention.      
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  Abstract   The importance of somatic epigenetic alterations in tissues targeted for 
carcinogenesis is now well recognized and considered a key molecular step in the 
development of a tumor. Particularly, alteration of gene-speci fi c and genomic DNA 
methylation has been extensively characterized in tumors, and has become an attrac-
tive biomarker of risk due to its speci fi city and stability in human samples. It also is 
clear that tumors do not develop as isolated phenomenon in their target tissue, but 
instead result from altered processes affecting not only the surrounding cells and 
tissues, but other organ systems, including the immune system. Thus, alterations to 
DNA methylation pro fi les detectable in peripheral blood may be useful not only in 
understanding the carcinogenic process and response to environmental insults, but 
can also provide critical insights in a systems biological view of tumorigenesis. 
Research to date has generally focused on how environmental exposures alter 
genomic DNA methylation content in peripheral blood. More recent work has begun 
to translate these  fi ndings to clinically useful endpoints, by de fi ning the relationship 
between DNA methylation alterations and cancer risk. This chapter highlights the 
existing research linking the environment, blood-derived DNA methylation altera-
tions, and cancer risk, and points out how these epigenetic alterations may be con-
tributing fundamentally to carcinogenesis.      
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    12.1   Introduction 

 Epigenetic alterations within cells that give rise to tumors are believed to be causal 
contributors to the development of malignancy  [  27,   38  ] . The most widely studied 
epigenetic mechanism in cancer is DNA methylation and it is well recognized that 
cancer cells concomitantly exhibit both gene-speci fi c increases in DNA methylation 
and genome-wide hypomethylation compared to their normal tissue counterparts. 
Because DNA methylation is tissue-speci fi c, perhaps it is no surprise that a multi-
tude of studies seeking to detect tumor-speci fi c DNA methylation for early detec-
tion/diagnosis have used cell-free fractions (serum, plasma) of peripheral blood. 
Studies measuring DNA methylation in serum and plasma aim to reduce the poten-
tial noise contributed by leukocyte methylation patterns in whole blood and to 
speci fi cally detect tumor-derived DNA methylation. However, interindividual vari-
ability in leukocyte methylation patterns may be—akin to genetic variation—related 
to an individual’s cancer risk while acquired alterations to leukocyte methylation 
may represent both a cause and consequence of carcinogenesis in solid tissues .  As 
new measurement technologies and analytic strategies are being developed, and 
there is an improved understanding of the contribution of the immune system to 
solid tumor development, there may be great utility in peripheral blood methylation 
analysis for predicting cancer risk. 

 This chapter will cover evidence from human studies that peripheral blood DNA 
methylation states can inform cancer risk. First, investigations of repetitive element 
and global DNA methylation will be presented. Then, epimutation and gene-speci fi c 
methylation markers of cancer risk will be discussed, followed by more recent and 
larger-scale investigations of blood methylation and cancer risk. Notably, as men-
tioned above, cancer epigenetics includes a large body of research on cell-free 
(plasma, serum) DNA methylation for diagnostic and prognostic purposes that is 
not within this chapter’s scope. To end, potential mechanisms underlying the basis 
for blood-based methylation markers of cancer risk, and future directions for this 
avenue of research will be covered.  

    12.2   Repetitive Elements, Global Methylation, 
and Cancer Risk 

    12.2.1   Introduction to Global Methylation and Repetitive 
Elements 

 While the classic example of altered DNA methylation in cancer would likely 
describe promoter hypermethylation-induced gene silencing of a tumor suppres-
sor gene, before this phenomenon was understood it was recognized that tumors 
are heavily hypomethylated relative to their normal tissue counterparts. In 
 contrast to tumor suppressor gene promoters, moderately to highly repetitive, 
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non-coding sequences of the genome are normally methylated  [  26,   63  ] . Indeed, 
generally non-speci fi c methylation of repeat and non-coding elements is consid-
ered an important part of normal development, cellular differentiation, and 
X-chromosome inactivation. Hence, changes in this methylation can lead to 
speci fi c human disease states including cancer. In fact, genomic or global hypom-
ethylation is now thought to occur early in tumorigenesis, including in pre-can-
cerous lesions  [  60,   66,   67  ] , and may promote cancer development by contributing 
to genomic instability. 

 A few studies have directly assessed the relationship between total genomic 
methyl-cytosine in blood and cancer risk. Pufulete and colleagues measured 
genome-wide reduction in 5-methylcytosine content with a (relatively insensitive) 
 3 H-thymidine incorporation assay in peripheral blood lymphocytes and found that 
hypomethylation signi fi cantly increased risk for colon adenoma and indicated a 
trend in risk of colon cancer  [  60  ] . In an investigation of colorectal adenoma among 
women, Lim et al. measured total genomic leukocyte methylation utilizing DNA 
digestion followed by liquid chromatography and mass spectrometry for quantita-
tion in 230 cases and controls. When setting the referent group as the women in the 
 lowest tertile of methylation , women in the second tertile had a reduced risk of col-
orectal adenoma (odds ratio (OR): 0.72, 95% CI: 0.34–1.52), and women in highest 
methylation tertile had a signi fi cantly decreased risk of colorectal adenoma (OR: 
0.17, 95% CI: 0.06–0.49)  [  47  ] . Around the same time, a hospital-based case–control 
study in Spain found that reduced total percent methyl-cytosine content (using high-
performance capillary electrophoresis,  HpaII  digestion, and densitometry) was 
signi fi cantly associated with bladder cancer risk  [  54  ] : compared to the quartile of 
subjects with the highest percent 5-methyl-cytosine, the adjusted OR for subjects in 
the lowest quartile of methylation was 2.67 (95% CI: 1.8–4.0). Further, when strati-
fying by smoking status, global hypomethylation was a strong risk factor for blad-
der cancer in never smokers (OR: 6.4, 95% CI: 2.4–17.2). 

 Early links between genomic hypomethylation and pathogenesis generated 
great interest in developing additional methods to determine global DNA methyla-
tion. Total genomic methyl-cytosine content can be directly measured, though 
large amounts of substrate and highly specialized equipment are required. In the 
mid 1990s, founded on the basis of chemical modi fi cation of DNA with sodium 
bisul fi te, a PCR-based method for measuring DNA methylation was developed: 
methylation-speci fi c PCR (MSP)  [  30  ] . Later, a quantitative version of MSP known 
as MethyLight was developed in Peter Laird’s lab  [  21  ] . Using MethyLight to mea-
sure  LINE-1 ,  Alu , and satellite element repeats, Weisenberger et al. showed that 
methylation of repetitive elements were reasonably well correlated with total 
methyl-cytosine content  [  74  ] . Around the same time, the  fi rst report of bisul fi te 
sequencing for  LINE-1  and  Alu  elements was published and was claimed as a sim-
ple method to estimate global DNA methylation  [  80  ] . Alone,  LINE-1  and  Alu  ele-
ments comprise about 30% of the human genome, making them an attractive target 
for a surrogate measure of global methylation  [  80  ] . With these more accessible 
methods to measure “global methylation”, many groups began evaluating global 
methylation. As a result, the term “global methylation” lost its speci fi c meaning 
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and started being used to describe any of these assays even though their measures 
are potentially non-comparable. 

 Because repetitive elements such as  LINE-1  and  Alu  are used to signify global 
methyl-cytosine content, it is important to clarify what these elements are and to 
point out potential drawbacks of using these as surrogate measures of global methy-
lation. Long interspersed nuclear elements ( LINE-1 ) and short interspersed nuclear 
elements (SINEs, which include  Alu  elements and mammalian interspersed repeats 
(MIR)), and long terminal repeats (LTRs) are retrotransposons. Collectively, with 
tandem repeats such as satellite elements (SAT), LINE, SINE, and LTR retrotrans-
posons comprise approximately half of the human genome. The majority of these 
elements are evolutionary remnants that are truncated or mutated and even if tran-
scribed would have no phenotype. For instance, there are approximately 500,000 
 LINE-1  elements in the genome; very few of these are full-length (6 kb) complete 
with an internal RNA polymerase II promoter in the 5 ¢  UTR, two open reading 
frames that encode an RNA-binding protein and elements for retrotransposon activ-
ity, and a 3 ¢  UTR with a polyadenylation signal  [  17  ] . Unlike  LINE-1 ,  Alu  elements 
use an internal RNA polymerase III promoter and lack any coding sequence. For 
retrotransposition,  Alu  elements require the retrotransposon machinery encoded by 
 LINE-1  elements  [  19  ] . LTRs are considered endogenous retroviruses, and with over 
400,000 copies, these repeat elements account for 8% of the human genome  [  43  ] . 
Lastly, satellite repeated sequences (SAT) are small DNA transposons that are the 
oldest type of transposable element, having arisen as a result of simple repeat 
ampli fi cation  [  39,   43  ] . 

 Because repeat elements can have transposition activity, largely outnumber cod-
ing genes and make up a large fraction of the genome, it is critical that they are 
appropriately regulated. Hence, in normal cells repeat elements are maintained as 
silenced with relatively high levels of DNA methylation in their promoter regions. 
However, if methylation is lost at repeat elements they may be re-expressed and 
insert into various regions of the genome, possibly leading to the inactivation of 
tumor suppressor genes, or activation of oncogenes, thereby contributing to cancer 
as well as other human diseases  [  18,   41  ] .  

    12.2.2   Satellite Elements and Long Terminal Repeats 

 Although satellite elements and long terminal repeats are numerous and make up a 
considerable portion of the human genome, their potential role in carcinogenesis 
remains understudied. Nonetheless, initial investigations into LTR repeats in tumors 
have indicated that inappropriate activation of LTR repeats is linked to cancers. 
The methylation status of one type of LTR, the endogenous retrovirus type K 
(HERV-K) was hypomethylated in bladder tumor tissue compared to normal blad-
der  [  23  ] . Similarly, in a small number of ovarian tumors, HERV-W was hypomethy-
lated compared to non-tumor tissue  [  53  ] . More recently, an examination of satellite 
repeat expression in pancreatic ductal adenocarcinomas revealed that HSATII 
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 transcripts were highly cancer-speci fi c, alpha satellite transcripts were abundantly 
expressed, and that increased satellite expression in these cancers was likely due to 
loss of methylation  [  71  ] . Unfortunately, to our knowledge there have not yet been 
any studies examining methylation of satellite or LTRs in blood to test for associa-
tion with risk of cancer. However, as large-scale sequencing efforts continue, non-
coding elements are becoming better annotated and may allow for better-informed 
approaches to investigate the potential role of satellite and LTR repeat methylation 
in blood as it relates to cancer risk  [  1  ] .  

    12.2.3   Long Interspersed Nuclear Elements and Alu elements 

 Using bisul fi te pyrosequencing assays, a number of studies on  LINE-1  methylation 
in human peripheral blood have now been conducted. First, it is interesting to note 
that there are several studies investigating the association of  LINE-1  methylation in 
blood DNA with exposures that are etiologically relevant to human cancers. 
Examples of exposures that are associated with  LINE-1  hypomethylation include 
benzene  [  10  ] , particulate matter including traf fi c particles  [  4,   68  ] , polycyclic aro-
matic hydrocarbons  [  58  ] , and persistent organic pollutants  [  62  ] . 

 One of the  fi rst case–control studies of cancer to measure  LINE-1  methylation in 
blood was conducted in head and neck squamous cell carcinoma (HNSCC)  [  36  ] . 
Hsiung et al. measured  LINE-1  methylation with a modi fi ed version of combined 
bisul fi te restriction analysis in over 800 HNSCC cases and controls. The between-
subject variability in  LINE-1  methylation ranged from 54 to 87%, with a signi fi cant 
( P  < 0.002) increase in the  LINE-1  methylation in males compared to females, and 
signi fi cant increases in  LINE-1  methylation associated with positive HPV16 anti-
body serology and for subjects of non-Caucasian race compared to Caucasians 
( P  < 0.02 and  P  < 0.03, respectively). In cases, controlling for age, gender, race, life-
time average drinks per week, and HPV16 serology, dietary folate in the lowest 
tertile, compared to the upper two tertiles, had a borderline signi fi cant reduction in 
 LINE-1  methylation. Similarly, subjects with the  MTHFR  677 variant had a 
signi fi cant ( P  < 0.04) reduction in  LINE-1  methylation; whereas, among cases, 
smoking was signi fi cantly associated ( P  < 0.04) with increased  LINE-1  methylation. 
With respect to risk of HNSCC, patients in the lowest tertile of  LINE-1  methylation 
had a signi fi cant relative risk of HNSCC (OR: 1.6, 95% CI: 1.1–2.4), while those in 
the mid tertile showed an elevated OR of 1.3 (95% CI: 0.9–2.0) when controlling for 
age, gender, race, smoking, drinking, and HPV16 serology. Across tertiles there was 
a signi fi cant trend ( P  < 0.03) for increased HNSCC risk with lower  LINE-1  methyla-
tion, and suggested that epigenetic variation, in this case extent of repetitive region 
methylation, is associated with disease risk  [  36  ] . 

 In a study of breast cancer risk, Choi et al. measured  both  total methyl-cytosine 
content and  LINE-1  methylation in blood DNA from cases and controls  [  15  ] . With 
176 cases and 173 controls, the authors  fi rst measured methyl-cytosine content and 
 LINE-1  methylation in a pilot subset of 19 cases and 18 controls, and found that 
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cases had signi fi cantly reduced methyl-cytosine content ( P  = 0.001) compared to 
controls, whereas  LINE-1  methylation was not associated with case status or cor-
related ( r  = −0.2,  P  = 0.23). Based on the results from the pilot cases and controls, 
the remaining cases and controls were evaluated for total methyl-cytosine only. 
Among several demographic factors examined (including age, race, BMI, smoking, 
parity, and menopausal status), high alcohol intake (>median) was the only factor 
signi fi cantly associated with reduced methyl-cytosine, and this was true in each of 
the case ( P  < 0.04) and control groups ( P  < 0.04). Further, among all cases and con-
trols total methyl-cytosine content in blood DNA was signi fi cantly lower in cases 
than controls: when compared to women in the highest tertile of methylation, 
women in the lowest tertile of methylation had a signi fi cantly increased risk of 
breast cancer (OR: 2.9, 95% CI: 1.7–4.9). Despite the association between methyl-
cytosine levels and alcohol intake, alcohol consumption did not affect the associa-
tion between methyl-cytosine content and breast cancer risk. However, when 
stratifying on demographic and lifestyle factors, the authors found that risk was 
further increased by lower methyl-cytosine content in women with a family history 
of disease, as well as among women who were never smokers. 

 Studying the risk of gastric cancer in relation to repeat element methylation, Hou 
et al. used pyrosequencing and measured both  LINE-1  and  Alu  methylation in blood 
DNA from 302 gastric cancer cases and 421 age- and gender-matched controls  [  35  ] . 
This population-based case–control study enrolled participants from Warsaw, 
Poland. Methylation data were strati fi ed into tertiles and in an analysis adjusted for 
age, sex, education level, smoking, and alcohol there were borderline signi fi cant 
associations between reduced methylation and gastric cancer risk for  LINE-1  (OR: 
1.4, 95% CI: 0.9–2.0) and  Alu  (OR: 1.3, 95% CI: 0.9–1.9). Yet, in strati fi ed analyses 
the association between  LINE-1  hypomethylation and gastric cancer risk was stron-
ger for individuals with a family history of disease (OR: 3.1, 95% CI: 1.4–7.0), 
current drinkers of alcohol (OR: 1.9, 95% CI: 1.0–3.6), current smokers (OR: 2.3, 
95% CI: 1.1–4.6), subjects who rarely or never consumed fruit, as well as carriers 
of either of two polymorphisms in 5-methyltetrahydrofolate-homocysteine methyl-
transferase reductase ( MTRR ). However, associations between  LINE-1  methylation 
and cancer risk were not modi fi ed by sex, infection with  Helicobacter pylori , or 
intake of protein, vitamin B6, or folate. 

 An investigation of  LINE-1  blood DNA methylation and bladder cancer risk in a 
population-based case–control study in New Hampshire also indicated that reduced 
 LINE-1  methylation is associated with cancer risk  [  76  ] . Among 285 cases and 465 
controls,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 58 
to 92%. Comparing subjects in the lowest methylation decile to all other subjects, 
controlling for age, gender, and smoking status indicated a signi fi cantly increased 
risk of bladder cancer for the lowest decile subjects (OR: 1.8, 95% CI: 1.1–2.9). In 
addition, these authors strati fi ed their analysis by invasive and non-invasive disease 
and found that the lowest decile of  LINE-1  methlyation was associated with a 
signi fi cantly increased risk of non-invasive disease, but not invasive disease. Similar 
to the results from Hsiung et al., which showed that males had signi fi cantly higher 
 LINE-1  methylation levels, Wilhelm et al. strati fi ed their  analysis by gender and 
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found the association between  LINE-1  hypomethylation and  bladder cancer to be 
stronger in women than in men (OR 

women
 : 2.5, 95% CI: 1.2–5.2; OR 

men
 : 1.5, 95% CI: 

0.8–2.7). Finally, recalling the studies of  LINE-1  methylation and environmental 
exposures with etiologic relevance to cancer, these authors showed a signi fi cant 
association between high exposure to arsenic and reduced  LINE-1  methylation in 
control subjects. 

 Along with the studies of global and repeat element hypomethylation and blad-
der cancer risk in Europeans from Moore et al., and in American Caucasians from 
Wilhelm et al., a third study in Chinese subjects has also been published  [  13  ] . 
Among 510 cases and 528 controls from a case–control study based in Shanghai 
China,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 73 to 
93%. Notably, the low-end of  LINE-1  methylation in these subjects was higher than 
studies of Caucasians, 73% compared to 58% from  [  36  ] , and 53% from  [  76  ] . 
Nonetheless, similar to previous research, men had signi fi cantly higher  LINE-1  
methylation than women ( P  = 0.004), and perhaps some of the disparity in low-
range methylation among studies may be attributable to a higher prevalence of men 
in this study (77%) compared to the studies from Hsiung et al. (69%) and Wilhelm 
et al. (69%). Among all cases and controls in adjusted models comparing tertiles of 
 LINE-1  methylation, the lowest methylation tertile compared to the highest revealed 
an elevated risk of bladder cancer that did not reach statistical signi fi cance (OR: 1.3, 
95% CI: 0.95–1.7). However, when stratifying by smoking status, never smokers in 
the lowest tertile of  LINE-1  methylation had a signi fi cantly increased risk of bladder 
cancer (OR: 1.9, 95% CI: 1.2–3.1). Further, lifelong non-smokers with  GSTM1  and/
or  GSTT1  null genotypes had an even higher risk of bladder cancer (OR: 2.4, 95% 
CI: 1.3–4.1).  

    12.2.4   Challenges and Caveats 

 Despite recent advances in measuring repetitive element methylation with bisul fi te 
pyrosequencing, a full understanding of the biology of these elements is still lacking, 
and there are technical limitations that should be carefully considered. Although 
reported in numerous studies, the relatively greater extent of methylation of  LINE-1  
elements in men compared to women is not understood, and may represent funda-
mental differences that need to be further explored. Though the CpGs targeted for 
methylation measurement in pyrosequencing assays are generally 3–6 CpG sites in 
the 5 ¢  UTR, because it is unclear how many of the 500,000  LINE-1  elements are full 
length (6 kb) it is not known  how many  copies of  LINE-1  elements are actually being 
measured in any given individual. From an evolutionary standpoint the newer  LINE-
1  sequences are more likely to be fully intact, though the 5 ¢  end of the repeat can be 
deleted and it is not yet known what the prevalence of these deletions are. In addition, 
the total number of  newer  LINE-1  sequence elements is polymorphic in the popula-
tion. Together, these issues make it dif fi cult if not impossible to know how many 
 LINE  elements are being measured and whether the number is similar across samples 
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or individuals. So, although a number of studies are now identifying and con fi rming 
associations between epigenetic alterations to these elements and cancer, the biologi-
cal mechanism towards carcinogenesis that these observations represent is not under-
stood. A more in-depth treatment of the challenges associated with repeat element 
and global methylation measures is available in Nelson et al.  [  56  ] .   

    12.3   Gene-Speci fi c Methylation and Epimutation 

    12.3.1   Epimutation 

 There is growing recognition that gene-speci fi c soma-wide and/or germline DNA 
methylation, often called epimutation, can predispose individuals to cancer  [  20,   31  ] . 
Initial work in the area of epimutation identi fi ed changes to gene imprinting status 
that was phenotypically equivalent to disease attributable to genetic alterations. For 
example, Wilm’s tumor can derive from inherited mutation in the  IGF2  gene lead-
ing to a change in the imprinting status and therefore the biallelic expression of this 
gene. A change in the DNA methylation status of the maternally imprinted allele 
without change to the underlying sequence can lead to loss of imprinting (LOI) at 
the  H19/IGF2  locus, which similarly results in biallelic expression and risk for 
Wilm’s tumor  [  52,   65  ] . A number of other imprinting disorders have been identi fi ed 
and have been linked not only with genetic  etiology but also epimutations, including 
Beckwith–Wiedeman, Silver–Russel, Prader–Willi, and Angelman syndromes 
 [  28,   57  ] . Epimutations resulting in LOI are relatively rare due to the scarcity of 
imprinted genes in the genome. 

 Epimutations also have been shown to occur in the context of biallelic expression 
and such epimutations have been linked to cancer. For example, 37% of individuals 
presenting with Cowden’s syndrome or with Cowden-like features, but without 
genetic alteration to the  PTEN  gene, harbor germline allele-speci fi c DNA methyla-
tion upstream of  PTEN . This leads to reduced expression of the  KILLIN  gene and a 
greatly increased risk of breast and renal cancer  [  7  ] . Similarly, a subset of familial 
breast and ovarian cancer without  BRCA1  or  BRCA2  mutation is linked to mosaic 
epimutation of  BRCA1   [  78  ] , and hereditary non-polyposis colorectal cancer 
(HNPCC) without germline mutation is observed with allele-speci fi c mosaic meth-
ylation of  MLH1  or  MSH2   [  14,   32–  34  ] . In some cases, multiple generations of indi-
viduals within these HNPCC families could be identi fi ed  [  33,   55  ] . In other cases, 
the aberrant methylation present in the affected individuals germline (i.e., sperma-
tozoa), could not be identi fi ed in family members, suggesting a potential de novo 
germline or early embryonic event  [  32,   66,   67  ] . This lack of a consistent direct 
inheritance of the epimutation itself, but the potential for familial transmission sug-
gests that it may, in fact, be a predisposition to epimutation in general that is truly 
being inherited. 

 These are examples of highly penetrant but rare epimutation in genes known to 
contribute to speci fi c disease. Such  fi ndings are analogous to decades of work in 
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genetic susceptibility to cancer which originated with studies of highly penetrant, 
rare mutations leading to rare genetic disease and provided the profound under-
standing of the key genes involved in tumorigenesis. As genetic susceptibility stud-
ies later evolved into the investigation of more common, polymorphic variation 
associated with sporadic cancer, so has the study of epimutation begun to move 
beyond these rare variants to studies of common epigenetic variability association 
with common disease.  

    12.3.2   Gene-speci fi c methylation 

 A number of investigations of peripheral blood DNA methylation have focused on 
the examination of candidate tumor suppressor gene methylation, taking cues from 
the alterations detected in targeted solid tissues to de fi ne candidates. Often these 
studies are based upon the assumption that the alterations driving carcinogenesis in 
a target tissue will be identi fi ed in blood and potentially other non-target tissues, 
although the somatic nature of methylation would argue against such assumption. 
Nevertheless, there is a large and growing literature utilizing candidate approaches 
to examine in populations single and multi-gene panels of candidate tumor suppres-
sor genes in peripheral blood as markers of solid tumor risk. 

 Wong and colleagues  [  77  ]  measured  CDKN2B  methylation in buffy coat DNA 
from 15 hepatocellular carcinoma (HCC) patients, 15 patients without cancer but 
with chronic hepatitis/cirrhosis, and 20 healthy controls with MSP. Among the 15 
HCC patients, eight had  CDKN2B  methylation buffy coat DNA, whereas none of 
the healthy controls or individuals with hepatitis/cirrhosis had methylated  CDKN2B . 
Further, the eight HCC patients with  CDKN2B  methylation in blood DNA also had 
 CDKN2B  methylation in their tumor tissue. 

 In colon cancer, Ally and colleagues measured methylation in blood DNA from 
27 cases, 30 individuals with adenoma, 16 with hyperplastic polyps, and 57 disease-
free controls  [  2  ] . Using bisul fi te pyrosequencing the authors examined seven CpG 
sites in the promoter region of the estrogen receptor alpha gene ( ESR1 ) and across 
all subjects the methylation of  ESR1  ranged from 0 to 13% (median, 4.3%). Across 
disease groups there was not a difference in  ESR1  methylation ( P  > 0.05). However, 
 ESR1  methylation was 60% lower in peripheral blood samples than in normal 
colonic tissues. Further, the authors observed a correlation between colonic tissue 
methylation and blood methylation of  ESR1  that was independent of age, gender, 
disease status, and body mass index (BMI). 

 Another interesting example comes from studies of  BRCA1  methylation in 
peripheral blood DNA of cases with breast cancer. Germline  BRCA1  mutations are 
related to the development of hereditary breast cancers, which account for ~5–10% 
of cases, and generally present at a younger age and with a more aggressive pheno-
type. Although mRNA levels of  BRCA1  have been shown to be reduced in a subset 
of sporadic breast cancer cases  [  70  ] , mutations of  BRCA1  in sporadic breast cancer 
are rarely (if ever) present  [  25,   42  ] . As  BRCA1  is known to contain a CpG island in 
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its promoter region, it was hypothesized that DNA methylation-induced silencing 
may be present in a subset of sporadic breast tumors. It has been shown that up to 
44% of sporadic breast tumors are methylated at  BRCA1 , and tumors with methy-
lated  BRCA1  share pathologic features of tumors with mutated  BRCA1   [  9,   12  ] . In 
2008, Snell and colleagues measured  BRCA1  methylation in blood DNA from seven 
familial breast cancer cases that did not have detectable  BRCA1  or  BRCA2  muta-
tions and seven age-matched controls. These authors used several techniques to 
measure  BRCA  methylation including MethyLight, methylation-sensitive high-
resolution melting, and a digital version of the latter. Three of the seven patients 
studied had >0% methylation of  BRCA1  in peripheral blood DNA and the corre-
sponding tumors were found to be heavily methylated. Among the control subjects, 
six of seven had no detectable  BRCA1  methylation, only one subject had low-level 
 BRCA1  (0.1%) methylation  [  64  ] . 

 Al-Moghrabi et al. measured  BRCA1  methylation with MSP in 47 breast tumor 
tissues, and in peripheral blood from seven breast cancer cases and 73 disease-free 
controls  [  3  ] . Among tumor tissues, 13 (27%) had  BRCA1  methylation. Similarly, 
two (29%) of the seven blood samples from breast cancer cases were methylated at 
 BRCA1 . Further, there was a signi fi cant association between a younger age at diag-
nosis ( £ 40 years) and  BRCA1  methylation ( P  < 0.004). However, 8 of the 73 (11%) 
disease-free controls also had  BRCA1  methylation in blood, which was not a 
signi fi cantly lower prevalence of  BRCA1  methylation than in cases. Nonetheless, 
with only seven breast cancer cases providing blood DNA, this study may have been 
underpowered to detect a signi fi cant association between  BRCA1  methylation in 
blood and risk of breast cancer. In addition, it is possible that the disease-free women 
with  BRCA1  methylation in blood are still at an increased risk of developing breast 
cancer. 

 Iwamoto and colleagues presented a similar study of  BRCA1  methylation in 
peripheral blood DNA from 200 cases and 200 controls  [  37  ] . In peripheral blood 
samples from cases and controls,  BRCA1  methylation was measured with quantita-
tive MSP and found to be associated with a signi fi cantly increased risk of breast 
cancer (OR: 1.7, 95% CI: 1.01–2.96), controlling for age, family history, age at 
menarche, parity, menopausal status, and BMI. In addition, these authors also mea-
sured  BRCA1  methylation in 162 breast tumors where 31 (19%) were  BRCA1  meth-
ylation-positive and these tumors were more likely to be estrogen receptor and 
progesterone receptor-negative. When stratifying by presence of  BRCA1  methyla-
tion in tumors (and controlling for covariates above), peripheral blood methylation 
of  BRCA1  was highly associated with risk of developing  BRCA1  methylation-
positive breast cancer (OR: 17.8, 95% CI: 6.7–47.1). 

 Blood DNA methylation of  BRCA1  in relation to the risk of ovarian cancer has 
also been reported. Bosivel and colleagues  [  11  ]  measured blood DNA methylation of 
both  BRCA1  and  BRCA2  promoter regions in 51 ovarian cancer cases (without  BRCA  
mutation) and 349 controls using quantitative analysis of methylated alleles. Although 
they did not observe an association between  BRCA2  methylation level and case 
 status, these authors reported signi fi cantly  reduced BRCA1  methylation in ovarian 
cancer cases compared to controls. However, the implications of a signi fi cantly 
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hypomethylated  BRCA1  promoter region in association with ovarian cancer are 
somewhat counterintuitive and warrant further investigation. 

 In a case–control study of lung cancer, Li et al. measured methylation of the 
putative tumor suppressor gene  FHIT  in peripheral blood DNA samples from Han 
Chinese subjects with MSP  [  46  ] . Among 123 lung cancer cases, 42 (34%) had  FHIT  
promoter methylation, whereas none of the 105 control subjects’ blood DNAs were 
methylated, indicating a signi fi cantly increased risk of lung cancer associated with 
peripheral blood methylation of  FHIT  (OR: 2.3, 95% CI: 2.0–2.7). Additionally, 
these authors reported that blood methylation of  FHIT  was signi fi cantly associated 
with cases who had early stage (I) disease ( P  < 0.05), and not cases with high-stage 
(IV) disease.  

    12.3.3   Panels of candidate genes 

 Some groups have reported blood methylation data for panels of candidate genes. 
The heterogeneity in molecular alterations of speci fi c tumor types could be motiva-
tion for studies that examine multiple gene-loci, and the results from Iwamoto et al. 
are apropos: peripheral blood methylation of  BRCA1  was highly associated with 
risk of developing  BRCA1  methylation-positive breast cancer  [  37  ] . Of course, within 
a particular tumor type, not every tumor will have the same repertoire of molecular 
alterations. Hence, a more comprehensive approach to study blood-based methyla-
tion markers of cancer risk would measure methylation of several genes known (or 
suspected) to be methylated in a moderate to high proportion of tumors. 

 One such study from Liu et al. used an approach directed at six genes on chromo-
some 3p because a previous report from these authors had demonstrated a CpG 
island methylator phenotype (CIMP) associated with genes on 3p in lung tumors 
 [  48,   49  ] . Here, the authors used peripheral blood DNA from 80 cases of non-small 
cell lung cancer (NSCLC) and 80 matched controls and measured methylation of 
six genes ( OGG1 ,  RARB ,  SEMA3B ,  RASSF1A ,  BLU ,  FHIT ) on chromosome 3p 
with MSP. If at least three of these genes were methylated the sample was consid-
ered 3pCIMP+. The prevalence of methylation in blood DNA from cases was higher 
than controls for all genes except  FHIT  where the same number of cases and con-
trols were methylated. Further, almost all case blood samples (78/80, 98%) had at 
least one methylated gene, whereas 78% (62/80) of control blood samples had at 
least one methylated gene. When comparing 3pCIMP status in cases and controls, 
44% of NSCLC cases were 3pCIMP + and only 6% of control blood DNA samples 
were 3pCIMP + ( P  < 0.001). In a model adjusting for age, sex, and smoking status, 
subjects with 3pCIMP + blood DNA were at a signi fi cantly increased risk of NSCLC 
(OR: 12.8, 95% CU: 4.4–37.4)  [  49  ] . 

 Another gene-panel approach to investigate the role of blood-based DNA methy-
lation markers of lung cancer risk was recently published by Vineis and colleagues 
using nested cases and controls from the European Prospective Investigation into 
Cancer and Nutrition (EPIC)  [  72  ] . This group measured methylation of multiple 
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CpGs in  fi ve genes:  CDKN2A ,  RASSF1A ,  GSTP1 ,  MTHFR , and  MGMT  with a 
bisul fi te pyrosequencing approach in 93 lung cancer cases and 99 controls. 
Stratifying pyrosequencing methylation data for each gene on the median, adjusted 
models revealed that increased  RASSF1A  methylation was associated with a 
signi fi cantly increased risk of lung cancer (OR: 1.9, 95% CI: 1.0–3.5), though none 
of the other genes, or combination thereof were associated with disease. The authors 
also reported that serum levels of B vitamins and one-carbon metabolites were asso-
ciated with methylation; increased folate was associated with increased  RASSF1A  
and  MTHFR  methylation, whereas increased methionine was associated with 
decreased  RASSF1A  methylation  [  72  ] . 

 Prior to these works, a group in France published a comparison of blood DNA 
methylation of ten genes in a study of prostate cancer  [  61  ] . Using prostate cancer 
cases with disease relapse ( n  = 20), patients without relapse ( n  = 22), as well as con-
trol subjects ( n  = 22), the authors measured methylation of ten genes;  RASSF1A , 
 CDH1 ,  APC ,  DAPK ,  MGMT ,  CDKN2A  ( p16  and  p14 ),  GSTP1 ,  RARB , and  TIMP3  
using quantitative MSP .  Compared to all cases, methylation levels of all ten genes 
were lower in control subject blood DNA, and  fi ve were signi fi cantly lower;  DAPK  
( P  = 0.04)  RASSF1A ,  GSTP1 ,  APC , and  RARB  (all  P  < 0.0001). 

 An interesting  fi nal example of small gene-panel studies comes from Flanagan 
and colleagues who developed a tiling microarray with a methylation-sensitive 
enzyme-based approach to study 17 breast cancer susceptibility genes  [  22  ] . With 
the tiling array the authors took an unbiased approach to examining the promoter 
and gene-coding regions for the 17 candidate genes. In the pilot phase, 14 cases 
with bilateral breast cancer and 14 control subjects had their blood DNA methyla-
tion measured. Notably, the authors described 181 regions in the 17 genes analyzed 
that had signi fi cantly variable methylation ( P  < 0.001) across all 28 individuals, and 
the majority of these regions were signi fi cantly closer (within 200 bp) to repetitive 
elements than would be expected ( P  = 7.4e-07). As a follow up, the authors validate 
two regions of variable methylation 4 kb downstream of the  ATM  gene in 190 cases 
and 190 controls and observed signi fi cantly increased methylation of  ATM  variable 
region 2 in cases compared to controls ( P  = 0.002). In an inter-quartile analysis of 
the methylation data from this same region, subjects in the highest quartile of meth-
ylation were at a signi fi cantly increased risk of breast cancer (OR: 3.2, 95% CI: 
1.8–5.9) compared to subjects in the lowest quartile  [  22  ] . One of the key facets of 
this particular study is that unlike most other investigations, these authors did not 
restrict their methylation measurements to promoter regions and argues that future 
studies should consider the distribution of regions measured for methylation.   

    12.4   Larger Gene-Panels and Commercial Methylation Arrays 

 A separate class of studies that has undertaken larger-scale approaches (25 genes 
to genome-wide) to investigate blood-based markers of DNA methylation and can-
cer risk will be covered here. One such study from Widschwendter et al. used a 
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three-step approach to investigate blood DNA methylation and the risk of breast 
cancer  [  75  ] . First, these authors chose 49 estrogen receptor target (ERT) and poly-
comb group target (PCGT) genes and second, used MethyLight to measure methy-
lation in 83 healthy post-menopausal women. Thirdly, based on the distribution of 
methylation in these individuals 25 of the 49 genes were selected for measurement 
in 353 cases and 730 controls. After controlling for age and family history of breast 
cancer, methylation of 5 of the 25 genes ( ZNF217 ,  NEUROD1 ,  SFRP1 ,  TITF1  
(of fi cially  NKX2-1  as of 8/14/11),  NUP155 ) was associated with a signi fi cantly 
increased risk of breast cancer (ORs range: 1.40–1.49, median OR: 1.48)  [  75  ] . This 
study provides further proof of principle for the utility of blood-based methylation 
markers of cancer risk. However, because methylation of  fi ve separate genes were 
independently associated with breast cancer, it would have been interesting to 
know whether an analytic approach that combined the methylation markers would 
have increased the effect estimate. 

 A similar study of small cell lung cancer (SCLC) risk from Wang et al. also 
used a multi-step approach to curate a group of genes measured for methylation 
in a small pilot group of cases and controls before expanding into additional cases 
and controls  [  73  ] . This study took advantage of recent technologic advances that 
allow for the simultaneous resolution of hundreds to hundreds of thousands of 
methylation events, providing an epigenotyping platform for rapid epigenetic 
pro fi ling  [  8  ] . First, bisul fi te-modi fi ed blood DNA from 44 cases and 44 controls 
was applied to the Illumina GoldenGate methylation array which measures 1,505 
CpG sites associated with >800 cancer-related genes. Testing 1,332 CpGs (those 
with methylation states not associated with cancer treatment) the authors observed 
62 CpG sites associated with 52 genes to be signi fi cantly associated with cases 
status (FDR  P  < 0.05). To follow up, the authors chose nine of these 62 CpGs for 
validation by bisul fi te pyrosequencing in 138 cases and 138 controls. Controlling 
for age, sex, and smoking history, the methylation status of the nine CpG sites 
collectively were able to correctly classify 86% of cases as being at a higher risk 
of SCLC. Further, when considering speci fi c CpGs, for the risk of SCLC increased 
~4-fold for each 5% decrease in  ERCC1  methylation (OR: 3.9, 95% CI: 2.0–6.1) 
and ~1.5-fold for each 5% decrease in  CSF3R  methylation (OR: 1.5, 95% CI: 
1.1–2.0)  [  73  ] . 

 A group from the Mayo Clinic in Minnesota also used a two-phase study and the 
GoldenGate array to study blood methylation and risk of cancer, though they focused 
on pancreatic cancer  [  59  ] . First, these authors measured blood DNA methylation 
with the array in 132 cases and 60 controls and reported 110 CpGs with signi fi cantly 
differential methylation between cases and controls (FDR  P  < 0.05). Then, using 
analogous technology in a custom platform from Illumina (VeraCode), the top 96 
CpGs associated with case control status were subjected to validation in a further 
240 cases and 240 matched controls. Leveraging the potential of combining methy-
lation measures a prediction model was built and included  fi ve CpG sites associated 
with  fi ve genes:  IL10 ,  LCN2 ,  ZAP70 ,  AIM2 , and  TAL1 . Collectively, these  fi ve 
CpGs demonstrated good discrimination between pancreatic cancer cases and con-
trols (c-statistic phase I = 0.85, phase II = 0.72)  [  59  ] . 
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 Teschendorff et al. published an investigation of blood methylation pro fi les to 
predict ovarian cancer using a more comprehensive array platform, the Illumina 
In fi nium 27K array  [  69  ] . Following exclusions for batch effects and quality con-
trol, methylation array data from 148 controls, 113 pre-treatment, and 122 post-
treatment cases from the UK Ovarian Cancer Population Study were included in 
the analysis. Comparing methylation among controls to pre-treatment cases, the 
authors identi fi ed 2,714 CpG sites that were signi fi cantly (FDR  P  < 0.05) associ-
ated with ovarian cancer. Notably, among the top 50 CpGs, 87% were hypomethy-
lated in cases compared to controls ( P  = 9e-09). To construct a DNA methylation 
signature associated with ovarian cancer, these authors used a supervised approach 
to the data with 100 iterations of training and testing sets (each with 90 controls 
and 70 pre- t  cases) and multivariate logistic regression. With these iterations and a 
cross-validation step, the top 100 CpG sites were determined to be an optimal 
number of CpG sites for their classi fi er. The performance of these 100 CpGs as a 
classi fi er for ovarian caner in a blinded test set was very good (AUC: 0.8, 95% CI: 
0.74–0.87), and was validated in the post-treatment cases (AUC: 0.76, 95% CI: 
0.72–0.81)  [  69  ] . 

 In a New Hampshire population-based bladder cancer case–control study, Marsit 
et al. examined peripheral blood DNA methylation pro fi les using the In fi nium 27K 
array. Using a novel, semi-supervised recursively partitioned mixture modeling 
(SS-RPMM) strategy  [  40  ]  involving classi fi er training in a series of subjects con-
sisting of 118 controls and 112 cases, and validation in an independent series of 119 
controls and 111 cases, Marsit et al. identi fi ed a panel of 9 CpG loci whose pro fi le 
of DNA methylation was signi fi cantly associated ( P  < 0.0001) with bladder cancer 
 [  50  ] . Membership in any of the three classes of DNA methylation associated with 
risk demonstrated a 5.2-fold increased risk of bladder cancer (95% CI 2.8, 9.7), 
when controlled for subject age, gender, smoking status, and family history of blad-
der cancer. Notably, the methylation classes whose membership was predominantly 
bladder cancer cases had higher levels of mean methylation across the 9 CpG loci. 
Gene-set enrichment analysis of the loci most associated with bladder cancer dem-
onstrated that transcription-factor binding sites related to immune modulation and 
forkhead family transcription were over-represented among regions whose methy-
lation differed in bladder cases compared to controls. The key role of immune mod-
ulation in both aging and carcinogenesis, and particularly bladder carcinogenesis, 
lends mechanistic signi fi cance to these  fi ndings. 

 Using the same array platform and SS-RPMM analytical approach, the associa-
tion between peripheral blood methylation pro fi les and HNSCC was assessed by 
Langevin et al.  [  44  ]  in 96 HNSCC cases and 96 cancer-free control subjects. In this 
study, cases and controls were best differentiated by a methylation pro fi le of six 
CpG loci (associated with  FGD4 ,  SERPINF1 ,  WDR39 ,  IL27 ,  HYAL2,  and 
 PLEKHA6 ), and after adjustment for subject age, gender, smoking, alcohol con-
sumption, and HPV16 serostatus, the AUC was 0.85 (95% CI: 0.76–0.92). Notably, 
the methylation classes whose membership was predominantly head and neck can-
cer cases had lower mean methylation across the 6 CpG loci. Although this is not 
yet adequate for use in clinical settings, these results further demonstrate the poten-
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tial of DNA methylation measured in blood for development of non-invasive 
 applications for detection of head and neck cancer and the utility of the proposed 
methods for the analysis of the array-based methylation data.  

    12.5   Mechanisms 

 Just as normal genetic variation is now understood to be associated with a predispo-
sition to a vast array of human diseases  [  51  ] , it is important to consider interindi-
vidual variation in tissue-speci fi c DNA methylation to better understand the ability 
of this variation to inform disease risk. Epigenetic variation has been hypothesized 
to cause underlying differences in disease susceptibility among monozygotic twins, 
and young twin-pairs have been shown to be more epigenetically similar than older 
monozygotic twins  [  24  ] . The aging process and differences in environment have 
been hypothesized to in fl uence clinically signi fi cant changes in methylation pro fi les 
as individuals accumulate varying exposures with age. 

 Marks of DNA methylation are entirely reprogrammed during in-utero develop-
ment. This reprogramming, during the pre-implantation period, necessitates a rapid 
de-methylation of the genome, thought to be accomplished through an active process 
 [  29,   45  ] , followed by appropriate, cell and tissue-speci fi c methylation of the genome. 
The mechanisms through which these processes of de-methylation and reprogram-
ming of the DNA methylation marks and particularly, the appropriate targeting of 
enzymes responsible for establishing those marks remains unclear. Importantly, epi-
genetic reprogramming during in-utero development constitutes a critical period dur-
ing which environmental stimuli and insults can alter the establishment of 
cell-type-speci fi c DNA methylation pro fi les and may constitute one point at which 
variation in methylation pro fi les is established. Therefore, alteration to epigenetic 
pro fi les has been posited as the molecular basis of the developmental origins of 
health and disease phenomenon, which links the environment (taken broadly) in-
utero, with outcomes throughout the life course of the individual  [  5,   6  ] . 

 Beyond the variation in DNA methylation pro fi le which is established in-utero, 
additional variation may arise resulting from exposures and the environment encoun-
tered throughout life, or from the process of aging itself. Work from Christensen 
et al.  [  16  ]  demonstrated that features of the patterns of age-associated methylation 
were conserved irrespective of tissue-type, suggesting a common mechanism or 
dysregulation to explain these alterations. Potential mechanisms include reduced 
 fi delity of maintenance methyltransferases with aging leading to hypomethyation 
events. Although age-related methylation alterations may not functionally result 
in a pathologic process, drifts of normal epigenomes may nonetheless confer 
signi fi cantly increased risk of conversion to a pathologic phenotype by enhancing 
both the likelihood and frequency of subsequent methylation events that ultimately 
result in aberrant expression or altered genomic stability. 

 Particularly when considering pro fi les of methylation in a heterogeneous tissue 
sample such as blood, it should be recognized that the quantitative measure of 
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 methylation truly represents the fraction of cells within the sampled population 
exhibiting a methyl-group at any CpG site. Therefore, differences in DNA methyla-
tion pro fi les could and likely do indicate aging or exposure-related changes to the 
underlying populations of cells comprising that mixture. In the case of blood these 
shifts may indicate changes to the pro fi le of immune cells and thus alterations to the 
immune system permissive to or resulting from carcinogenesis. In fact, comparing 
 LINE1 , Sat2, and Alu methylation levels in whole blood, granulocytes, mononu-
clear cells, and lymphoblastoid lines with multiple methylation assays (MethyLight, 
luminometric methylation assay, and a methyl acceptance assay) Wu et al. have 
demonstrated differences in methylation dependent upon substrate and assay used 
 [  79  ] . As additional studies are conducted to identify differentially methylated 
regions among various leukocyte subtypes, it may soon be possible to identify pro-
portional shifts in speci fi c leukocyte subtypes that may contribute to cancer, or indi-
cate immune response to an existing tumor.  

    12.6   Conclusions 

 The extent of variability of the cellular epigenome in non-pathologic tissues, par-
ticularly at gene promoter regions, remains a critical question; the amount of varia-
tion in genomic methylation across the population is not currently known. It is clear 
that epigenetic variability detectable in human blood is in fl uenced, in part, by aging 
and exposures, and in turn, speci fi c pro fi les of methylation in blood are associated 
with cancer risk (Fig.  12.1 ). The ease of collection of blood samples and the rapidly 
advancing technologies to assess DNA methylation in genomic DNA from this tis-
sue make this an ideal focus of study for novel biomarkers of disease risk and of 
disease prognosis. Additionally, as we better understand functional consequences of 
altered methylation pro fi les, there will be an improved understanding at the systems 
level of the contribution of non-target tissues and systems on carcinogenesis, likely 
yielding novel approaches not only of diagnosis but treatment as well.       
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  Abstract   The use of low dose hypomethylating agents for patients with 
myelodysplastic syndrome (MDS) and secondary acute myeloid leukemia (AML) 
has had made a signi fi cant impact. In the past, therapies for these diseases were 
limited and patients who elected to receive treatment were subject to highly toxic, 
inpatient chemotherapeutics, which were often ineffective. In the era of hypomethy-
lating agents (azacitidine and decitabine), a patient with high grade MDS or AML 
with multilineage dysplasia can be offered the alternative of outpatient, relatively 
low-toxicity therapy. Despite the fact that CR (CR) rates to such agents remain rela-
tively low at 15–20%, a much larger percentage of patients will have clinically 
signi fi cant improvements in hemoglobin, platelet, and neutrophil counts while 
maintaining good outpatient quality of life. As our clinical experience with azanu-
cleotides expands, questions regarding patient selection, optimal dosing strategy, 
latency to best response and optimal duration of therapy following disease progres-
sion remain, but there is no question that for some patients these agents offer, for a 
time, an almost miraculous clinical bene fi t. Ongoing clinical trials in combination 
and in sequence with conventional therapeutics, with other epigenetically active 
agents, or in conjunction with bone marrow transplantation continue to provide 
promise for optimization of these agents for patients with myeloid disease. Although 
the mechanism(s) responsible for the proven ef fi cacy of these agents remain a mat-
ter of some controversy, activity is thought to stem from induction of DNA hypom-
ethylation, direct DNA damage, or possibly even immune modulation; there is no 
question that they have become a permanent part of the armamentarium against 
myeloid neoplasms.      
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    13.1   Introduction 

 Myelodysplastic syndromes (MDS) are a heterogenous group of malignant myeloid 
disorders characterized by peripheral blood cytopenias in association with bone 
marrow hypercellularity and dysplasia  [  1  ] . Patients with high grade MDS (int-2 or 
high by IPSS criteria, Fig.  13.1 ) have a high rate of transformation to acute myeloid 
leukemia (AML) and poor long-term survival with a life expectancy in the absence 
of treatment between 0.4 and 1.8 years  [  2  ] . The International Prognostic Scoring 
System (IPSS) was developed as a tool for stratifying patient outcomes based upon 
readily available clinical characteristics. Figure  13.1  details the components neces-
sary for the generation of an IPSS score and the expected survival for each designa-
tion  [  2  ] . “Secondary” AMLs such as those arising in patients with an antecedent 
MDS diagnosis are generally resistant to traditional chemotherapeutics and the 
overall survival (OS) in this group of patients is universally poor  [  3–  5  ] . Both MDS 
and AML are diseases of the elderly with a majority of patients diagnosed when 
they are older than 60 years  [  5  ] . Although a small minority of patients with MDS 
will present with mild cytopenias and low grade disease, a majority do not  [  2  ] . 
Patients with MDS associated with multilineage cytopenias (anemia, thrombocy-
topenia, and neutropenia), high bone marrow blast percentages, or characteristic 
adverse chromosomal features often progress rapidly to AML and in the absence of 
bone marrow transplantation, ultimately die of their disease  [  2  ] .  

 For these patients, and for a large number of older people who present with puta-
tively de novo myeloid leukemias, but with unrecognized low grade cytopenias and 

Prognostic
Variable

0 0.5 1.0 1.5 2.0

Bone 
Marrow 
Blast %

<5 5-10 11-
20

21-30

Karyotype Good=
normal,-y, 
del(5q), 
del(20q)

Intermediate=
all others 

Poor=
>3 or any 7
abnormality  

Cytopenias 0/1 2/3

IPSS risk group Score Median Survival

Low 0 5.7 years

Int-1 0.5-1 3.5 years

Int-2 1.5-2.0 1.2 years; 

High >2.5 0.4 year

Score value

  Fig. 13.1    Clinical criteria for and IPSS risk group classi fi cation of patients with myelodysplasia, 
from ref.  [  2  ]        

 



25513 Epigenetic Therapies in MDS and AML

bone marrow dysplasia, conventional induction chemotherapeutics (IC, with 
 daunorubicin and cytarabine) have been in large measure disappointing  [  6  ] . 
Furthermore many such patients are un fi t for intensive treatment and are offered 
instead low dose cytarabine, clinical trials or supportive care  [  7  ] . In this group the OS 
rates at 2 and 5 years remain only 10% and 2% respectively  [  3,   4  ] . Patients who are 
 fi t to receive traditional IC require long periods of time (often 4–6 weeks) in the 
hospital, and this treatment offers a complete remission rate of only 20–30%, with 
median survivals ranging between 5 and 13 months  [  6,   8,   9  ] . In addition to induction 
failure and early relapse, even in those who achieve remission, prolonged hospital-
ization can have the side effect of physical deconditioning and the 3 or more weeks 
of neutropenia resulting from this treatment can result in resistant bacterial and fun-
gal infections  [  6  ] . These burdens create patients who are unable to return to good 
quality of life and who become ineligible for salvage therapy or clinical trials upon 
relapse due to poor performance status, organ dysfunction or infection. Even in those 
who retain an excellent performance status following induction, primary refractory 
AML remains a signi fi cant quality of life problem, requiring frequent blood transfu-
sions, extensive prophylactic antibiotic regimens, and regular hospital visits  [  9  ] . 

 Until recently, toxic traditional IC was the only real option for  fi t patients with 
high grade MDS or AML with MDS related changes  [  1  ] . Recently however, the 
epigenetically active drugs azacitidine (Aza, Vidaza, Celgene, Concord OH) and 
decitabine (Dac, Dacogen, Esai Inc., Mars, PA) have been approved both in the 
United States and Europe for the treatment of MDS and low blast count (<30%) 
AML  [  7,   10  ] . These drugs, both of which are incorporated into DNA resulting in the 
depletion of the intracellular methyltransferases (DNMTs) when given at low dose, 
were the  fi rst epigenetically active therapy to be approved for cancer. They have 
resulted in a signi fi cant change in the approach to patients with MDS and required 
the development of the International Working Group (IWG) response criteria in 
MDS in order to measure meaningful improvements in cytopenias that did not  fi t 
into the traditional response assessment which designated only complete (CR) or 
partial (PR) responses as meaningful  [  11,   12  ] . A summary of the IWG response 
criteria in MDS are provided in Table  13.1 . In particular, Aza has been shown to 
improve OS, delay the transformation to AML in high-grade MDS patients, and 
produce signi fi cant responses in patients with low blast count AML  [  7  ] . Although a 
statistically signi fi cant survival bene fi t has not been demonstrated following treat-
ment with Dac, this drug has been shown to produce both CRs and hematological 
improvements in both MDS and AML patients who receive it  [  10,   13  ] . Taken 
together these drugs offer an effective alternative to induction chemotherapy and 
have become the standard of care for patients with MDS as well as selected patients 
with AML.   

 As with conventional chemotherapeutic strategies for these patients, responses 
are usually limited to a year or two, but therapy is largely outpatient, with minimal 
end organ toxicity and few side effects  [  14  ] . Despite notable limitations, these drugs 
have made a signi fi cant impact upon quality of life for a large number of patients 
with high grade MDS and AML. Ongoing work to understand the mechanism 
responsible for the ef fi cacy of these drugs and the ultimate loss of response observed 
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clinically is ongoing. Furthermore, the development of novel dosing strategies, 
combinations, and the appropriate use of allogenic transplantation provide hope for 
improving response duration and possibly even providing an opportunity for long-
term remission to these unfortunate patients.  

    13.2   Single Agent “Hypomethylating” Therapy 
for MDS and AML 

    13.2.1   Azacitidine 

 Aza is a nucleoside analog of cytidine in which the carbon 5 position of the pyrimi-
dine ring has been substituted with nitrogen (Fig.  13.2a )  [  15  ] . It is imported into 
cells by the action of nucleotide transporters, where it is activated by uridine– 
cytidine kinase and incorporated into RNA (Fig.  13.3 )  [  15  ] . Sixty to 80% of the 
Aza dose given is incorporated into RNA and this has impacts upon protein synthe-
sis and RNA metabolism  [  15  ] . Twenty to 40% of the dose is converted into the 
deoxyribonucleoside Dac by the action of ribonucleotide reductase  [  15  ] . This 
deoxyribonucleoside base is then phosphorylated and incorporated into DNA 
where it acts as a suicide substrate for DNMTs and induces DNA hypomethylation 
during cellular replication as well as DNA damage due to adduct formation  [  15  ] . 
Aza was  fi rst synthesized and tested in 1960s and 1970s  [  16,   17  ] . In early clinical 
trials as a traditional chemotherapeutic, it was demonstrated to be effective in 
myeloid malignancy, however its ef fi cacy was limited by signi fi cant gastrointesti-
nal toxicity and prolonged cytopenias  [  16–  18  ] . Cytarabine or AraC was developed 
at about the same time. This drug, another nucleoside analog of cytidine whose 
activity is thought to result in chain termination, is among the most active drugs 
used for myeloid malignancy. Ultimately the toxicity of 5-Aza limited its further 

5-azacytidine

a b

5-aza-2’-deoxycytidine
  Fig. 13.2    Molecular structure 
of Aza ( a ) and Dac ( b )       
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clinical development, and cytarabine became the nucleoside analog of choice in 
myeloid malignancy  [  17,   18  ] .   

 In 1978, Peter Jones and colleagues demonstrated that treatment of mouse embryo 
cells in vitro with Aza and its deoxy analog 5-aza-2 ¢ -deoxycytitine (Dac) could induce 
differentiation into functional myotubes  [  19  ] . Jones and Taylor went on to show that 
this differentiation resulted from changes in DNA methylation elicited by treatment 
with azanucleosides  [  20,   21  ] . Further work, by Dr. Jones and others, identi fi ed methy-
lation as a common event in many malignancies, including the pre-leukemic condition 
known as MDS, a disease for which no treatment was available  [  22  ] . Although ini-
tially used as a laboratory tool to test gene and chromosome speci fi c methylation 
changes, the identi fi cation of methylation as a potentially reversible cancer speci fi c 
event spurred interest in the possibility that cancers treated with these drugs might be 
induced to differentiate and potentially to apoptose and die. 

 Ultimately in the 1990s, insights into methylation events common to MDS, 
speci fi cally identi fi cation of recurrent methylation of tumor suppressor genes such 
as p15INK4B, resulted in the development of a number of phase I and II clinical 
trials of azanucleotides in this disease  [  23,   24  ] . Table  13.2  reviews the key published 
trials with single agent azanucleotides in MDS. 

 Among the  fi rst published trials with Aza for the treatment of MDS delivered the 
drug at 75 mg/m 2  as a continuous intravenous infusion for 7 days every 4 weeks  [  25  ] . 
This trial enrolled high grade MDS patients with symptomatic disease characterized 
by red cell and platelet transfusion dependence and poor life expectancy (refractory 
anemia with excess blasts (10–20%), or refractory anemia with excess blasts in trans-
formation (20–30%). Forty three patients were evaluable and responses were seen in 
21 (49%) of these patients  [  25  ] . Five patients (12%) achieved a CR, 11 (25%) 
achieved a partial response (PR), and 5 “improved” (a response characterized in the 
study as a  ³ 50% reduction in transfusion requirements, or improvement in platelets, 

Decitabine
(5-aza-CdR)

Azacitidine
(5-aza-R)

Cell Membrane
Active Nucleoside 
Transporters

5-aza-CdR
Deoxycytidine
Kinase

5-aza-R
Uridine-Cytidine
Kinase

5-aza-CMP5-aza-dCMP

Ribonucleotide
Reductase

5-aza-CDP5-aza-dCDP

5-aza-dCTP 5-aza-CTP

DNA 
Polymerase

RNA 
Polymerase

RNADNA

  Fig. 13.3    Uptake and serial steps 
for the incorporation of Aza and 
Dac into RNA and DNA       
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hemoglobin or neutrophils)  [  25  ] . OS in these high risk patients was 13.3 months and 
for those achieving CR or PR was 14.7 months, and the chief toxicities were mild to 
moderate nausea  [  25  ] . A number of other clinical trials using this drug were pub-
lished suggesting that Aza had signi fi cant activity in MDS and these results were 
suf fi cient to prompt two larger, randomized trials of Aza in MDS  [  26  ] . 

 In 2004, the FDA approved Aza for the treatment of MDS based upon results 
from a single phase III clinical trial (described in detail below)  [  27  ] . A second trial 
demonstrating survival was required by European regulators, and this was published 
formally in 2009  [  7  ] . These trials established Aza as the standard of care approach 
to patients with int-2 and high risk MDS by demonstrating a prolongation in the 
time to progression to AML, decreased transfusion requirements, improvements in 
neutropenia, and ultimately, improvements in OS. 

    13.2.1.1   CALGB 9221 

 The  fi rst phase III trial of Aza in patients with MDS was published by investigators 
from the CALGB  [  27  ] . CALGB 9221 enrolled 191 patients of median age 68 with 
French American British-de fi ned MDS (reference for FAB classi fi cation), to receive 
either supportive care or Aza at a dose of 75 mg/m 2 /day subcutaneously for 7 of 
28 days. Patients were maintained on their randomized arm for 4 months, after 
which patients who were deemed to have progressed on the supportive care arm 
could crossover to the Aza arm. Patient characteristics were distributed evenly 
across both arms with 59% of the patients overall having RAEB or RAEB-T by 
FAB criteria (46% Int-2 or high by IPSS)  [  27  ] . Sixty  fi ve percent of the enrolled 
patients were red blood cell transfusion dependent (69% Aza arm, 61% supportive 
care arm)  [  27  ] . 

 Responses were evaluated in both arms. Among patients randomized to receive 
supportive care, 5% met criteria for improvement; no patients on this arm achieved 
a CR or PR. Of the 99 patients randomized to receive Aza, 60% ( n  = 60) achieved a 
response ( p  < 0.0001)  [  28  ] . Responses were classi fi ed as CR in 7% ( n  = 7), PR in 
16% ( n  = 16), and improvement in 37% ( n  = 37). Of those patients demonstrating 
“improvement,” 35% had increases in three cell lines inadequate to qualify as a PR, 
30% had improvement in two cell lines, and 35% had improvement in only one cell 
line. Responses did not depend upon MDS sub-classi fi cation. Forty nine patients 
crossed over to receive Aza, of these 47% ( n  = 23) responded and 10% ( n  = 5) 
achieved a CR  [  27  ] . Patients treated with Aza had a median time to progression to 
AML or death of 21 months vs. 12 months in those patients treated with supportive 
care alone, and this was statistically signi fi cant ( p  = 0.007), median OS in an inten-
tion to treat analysis was 20 months in the Aza treated patients vs. 14 months for 
those randomized to supportive care, although this difference was not statistically 
signi fi cant ( p  = 0.10)  [  27  ] . 

 Due to the design of this study, the survival analysis was confounded by the 49 
patients who crossed over to receive Aza. In order to eliminate this bias, a landmark 
analysis at the 6 month date was performed. Three subgroups were identi fi ed, the 
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 fi rst included patients randomized to supportive care who did not crossover, or who 
crossed over after the six 6 month time point, the second were patients who were 
randomized to Aza, and the third were patients who crossed over after 4 months, but 
before 6 months  [  27  ] . This analysis excluded 36 patients who died before the land-
mark date. The median survival in these three groups was 11 (supportive care only), 
14 (early crossover), and 18 (randomized to Aza) months respectively. A statisti-
cally signi fi cant difference in survival was observed between the Aza treated and 
supportive care groups ( p  = 0.03), but not between supportive care and early cross-
overs  [  27  ] . 

 Transfusion requirements were tracked in both groups. In the Aza treated group 
transfusion needs increased during the  fi rst cycle, and thereafter declined, whereas 
in the supportive care arm transfusion requirements remained stable or increased. 
Of the 99 patients initially randomized to receive Aza, 51% had an improvement in 
hemoglobin, 45% (29) became RBC transfusion independent, and 6 (9%) had a 
reduction in transfusion dependence by at least 50%. Improved platelet counts were 
observed in 47%, and increased white cell counts were seen in 40% of the Aza 
treated patients  [  27  ] . 

 In addition to objective improvements in transfusion requirements, white cell 
counts, survival and prolonged time to AML transformation, patients treated with 
Aza on this trial experienced signi fi cant improvements in quality of life. These were 
reported as improvements in fatigue, physical functioning, dyspnea, psychological 
distress, and positive effect, all of which demonstrated statistical signi fi cance when 
compared to patients treated with supportive care alone with a  p  value  £ 0.01  [  27  ] . 
Similar results were observed in the patients who crossed over to Aza. Toxicities 
among the Aza treated patients were most frequently related to myelosuppression 
and were dif fi cult to distinguish from the underlying disease. It was notable that 
treatment with Aza did not appear to increase the infection or bleeding rates above 
background, and furthermore only one treatment related death was reported on the 
study, emphasizing the safety of this therapy, even for older patients  [  27  ] .  

    13.2.1.2   AZA-001 

 Although the data from CALGB 9221 was compelling, this study did not, in the 
 fi nal analysis, demonstrate a difference in OS between the patients randomized to 
receive Aza and those randomized to supportive care, likely as a result of the cross-
over trial design. The AZA-001 study was designed to address the question of 
whether Aza provided an OS bene fi t for high grade MDS patients  [  7  ] . This cleverly 
conceived, international, randomized trial de fi nitively demonstrated that Aza 75 mg/
m 2  given subcutaneously for 7 days of a 28 day schedule prolonged OS when com-
pared with conventional care regimens (CCRs) as selected by the patients physician. 
The investigators aimed to provide at least six cycles of Aza to those patients ran-
domized to the experimental arm. Conventional care was assigned by the patient’s 
physician prior to randomization depending upon the patient’s age, performance 
status co-morbidities and patient preference. CCR consisted of the three most 
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 common treatments for patients with int-2 or high risk MDS: IC including  cytarabine 
100–200 mg/m 2 /day × 7 days plus, daunorubicin 45–60 mg/m 2  × 3 days or idarubicin 
9–12 mg/m 2 /day × 3 days or mitoxantrone 8–12 mg/m 2 /day, low dose cytarabine 
(LDAC) at a dose of 20 mg/m 2  for 14 days every 28 days, or best supportive care 
(BSC). All patients randomized received CCR as selected by their physician or Aza 
on trial. A total 358 patients were randomized. In this way a pre-speci fi ed subgroup 
analysis based upon physician assignment was possible and helped to eliminate dif-
ferences in outcome based upon issues of performance status and patient  fi tness. 

 The primary OS endpoint of this study was met after a median follow-up of 
21.1 months  [  7  ] . At this analysis the OS in the Aza treated patients was 24.5 months 
vs. 15 months for patients assigned to CCR and this result was found to be statisti-
cally signi fi cant ( p   £  0.0001). Two year OS also favored Aza, at 51% vs. 25% for 
CCRs ( p   £  0.0001)  [  7  ] . Prede fi ned subgroup analysis was also done in order to com-
pare Aza responses with each of the CCRs selected and within speci fi c cytogenetic 
and IPSS risk groups. There were signi fi cant differences between Aza and BSC 
with an OS bene fi t for azacytidine treatment of 9.6 months (HR 0.58,  p  = 0.0045), as 
well as between Aza and LDAC with an OS bene fi t of 9.2 months (HR 0.36, 
 p  = 0.0006)  [  7  ] . No statistically signi fi cant differences in OS were seen when Aza 
was compared with IC; OS was prolonged by 9.4 months with a hazard ratio of 
0.76, but the p value was not signi fi cant at 0.51  [  7  ] . This apparent discrepancy was 
likely due to the low numbers in this subgroup ( n  = 42); 17 patients in this group 
were randomized to Aza and 25 to intensive chemotherapy. 

 No differences in response to Aza were seen across the IPSS risk groups enrolled 
(although most patients were int-2 or high risk  n  = 313 (87%)), nor within the cyto-
genetic risk groups identi fi ed by the IPSS (good, intermediate, poor). Patients with 
del-7 or del(7q), a group recognized to have particularly poor prognosis, had an OS 
of 13.1 months vs. 4.6 months in the CCR group  [  7,   29  ] . 

 Responses on this trial were similar to those observed in CALGB 9221. Overall, 
29% of those assigned to Aza achieved either CR (17%) or PR (12%) compared 
with 12% (8% CR, 4% PR) assigned to CCR ( p  = 0.0001)  [  7  ] . Any hematological 
improvement (HI) was observed in 49% of those treated with Aza vs. 29% of those 
treated with CCR ( p  = 0.0001)  [  7  ] . In addition, for those treated with Aza, major 
erythroid responses were seen in 40% of patients, major platelet responses in 33% 
and major neutrophil responses in 19%. By contrast, for those receiving CCR major 
erythroid responses were seen in 11% ( p  < 0.0001), major platelet responses were 
seen in 14% ( p  < 0.0003) and major neutrophil responses were seen in 18% ( p  = 0.58, 
not statistically signi fi cant)  [  7  ] . Patients treated with Aza experienced a statistically 
signi fi cant reduction in the need for intravenous antibiotics (33% relative risk reduc-
tion vs. CCR; RR 0.66 95% CI:0.49–0.87  p  = 0.0032). Furthermore of the 111 
patients with red cell transfusion dependence at the time of study enrollment, 50 
(45%) became transfusion independent vs. 13 (11.4%) of the 114 patients random-
ized to receive CCR ( p  value signi fi cant at 0.0032)  [  7  ] . 

 Secondary endpoints in this trial included time to AML transformation and 
hematological response according to the IWG 2000 criteria for MDS  [  11  ] . Treatment 
with Aza in the entire group was associated with delayed leukemic transformation; 
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the median time to transformation was 17.8 months in the Aza treated group vs. 
11.5 months in the CCR group ( p  < 0.0001)  [  7  ] . 

 Among the most notable  fi ndings on this trial was that achievement of CR or PR 
was not necessary in order to achieve an improvement in OS; any patient who 
achieved a hematological response showed a survival bene fi t.  

    13.2.1.3   AZA in AML 

 Changes in the diagnostic criteria for AML based upon the WHO guidelines pub-
lished in 2008 resulted in the reclassi fi cation of patients enrolled on both the CALGB 
and AZA-001 from the previous FAB classi fi cation of Refractory Anemia with 
Excess Blasts in Transformation (RAEB-T; 20–30% bone marrow blasts) to a new 
diagnosis of AML  [  1,   30,   31  ] . The WHO now de fi nes any patients with  ³ 20% blasts 
as having AML  [  30  ] . 

 A pooled analysis of previously published CALGB studies including 9221, 8921, 
and 8421, in which enrolled patients treated with Aza would now be re-assigned as 
AML was published in 2006  [  28  ] . This reported the response to Aza given either 
intravenously or subcutaneously at a dose of 75 mg/m 2 /day for 7 days of a 28 day 
cycle in 103 patients who would now be classi fi ed as having AML, 91 of whom 
received Aza  [  28  ] . Of these patients 33 (36%) developed a response (8 CRs, 2 PRs, 
23 HIs), with a median duration of response of 7.3 months (range 2.2–25.9 months) 
 [  28  ] . Formal comparison with supportive care alone across the three studies was not 
possible, but 27 patients enrolled in 9221 were randomized to upfront Aza and a 
further 13 crossed over to receive Aza before the 6 month analysis. Of these, 7% in 
the Aza group achieved CR or PR compared with 0% in the observation-only group 
 [  28  ] . Median survival time for the 27 patients assigned upfront to Aza was 19.3 months 
compared with 12.9 months for the 25 AML patients randomly assigned to observa-
tion. Of 13 patients with WHO AML at the time of study entry who crossed over to 
receive Aza, one achieved a PR, and one HI. 

 Of the 358 patients originally enrolled on AZA-001, a third would now be 
identi fi ed as having AML. A second analysis of these patients was undertaken in 
order to assess outcome in this group of older adults treated with either Aza or CCR 
 [  7,   32  ] . Of the 113 patients now designated as AML, 63 were assigned to BSC, 34 to 
LDAC and 16 to IC  [  32  ] . The median age in all groups was 70 years with a range of 
58–80. Patients were evenly distributed with respect to age, cytogenetic risk group, 
and ECOG scores. Bone marrow blast percentages were similar in both groups at 
23% with a range of 20–34%. In all, 55 patients were randomized to the Aza arm and 
53 to CCR. After a median follow-up of 20.1 months, OS was signi fi cantly ( p  = 0.005) 
longer in those patients treated with Aza (24.5 months) than in those receiving CCR 
(16 months). The 2 year survival was also superior in the Aza group at 50% com-
pared with16% in the CCR group ( p  = 0.001)  [  32  ] . Adverse events in this group of 
patients were primarily grade 3 and 4 cytopenias, which remain dif fi cult to distin-
guish from the underlying disease. Four patients in the Aza group and three patients 
in the CCR group discontinued treatment as a result of adverse events. 
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 Several prospective studies of Aza given on the conventional schedule of 75 mg/
m 2 /day for 7 days in patients identi fi ed as AML at diagnosis have been reported. One 
such study enrolled 82 patients with AML (27 (33%) with secondary disease) and a 
median age of 72 years (range, 29–87 years)  [  33  ] . Thirty- fi ve patients (43%) received 
Aza as their  fi rst treatment, and 47 patients (57%) had previously received 1 or more 
lines of chemotherapy. The overall response rate in this group was 32% (26/82 
patients) with 16 patients (20%) achieving a CR or a CR with incomplete count 
recovery, and 10 patients (12%) achieving a PR  [  33  ] . Untreated patients responded 
more often than those previously treated with 31% of untreated patients achieving 
either a CR or a CR with incomplete count recovery compared with only 9 (19%) 
such responses in the previously treated group ( p  = 0.006). The response duration in 
untreated patients who achieved a response was 13 months with 1 and 2 year surviv-
als of 58 and 24% respectively  [  33  ] . Another study from Germany evaluated medi-
cally un fi t ( n  = 20) or relapsed/refractory ( n  = 20) patients with AML and a median 
bone marrow blasts count of 42%  [  34  ] . This study showed similar statistically 
signi fi cant differences in response between untreated patients, who demonstrated 
overall responses (CR + PR + HI) of 50%, and patients with relapsed or refractory 
disease, who had an overall response rate of only 10% ( p  = 0.008)  [  34  ] . These 
response rates are striking and compare favorably with responses seen with induction 
therapy although additional data are necessary in order to determine whether Aza or 
Dac will end up the therapeutic agent of choice in this context  [  6,   35  ] . 

 Results from the CALGB trials were suf fi cient in the United States and the AZA-
001 trial satis fi ed the European regulators for the approval of Aza as standard ther-
apy for patients with MDS and low blast count AML. In the United States, approval 
was granted for all IPSS de fi ned MDS subtypes, while in Europe approval is 
con fi ned to patients with Int-2 and high risk IPSS scores not eligible for bone mar-
row transplantation, those with CMML-2 and those with WHO de fi ned AML with 
20–30% blasts or multilineage dysplasia. 

 Both large phase III trials demonstrated this drugs activity in MDS and AML, 
and further showed that unlike previous therapies, DNMTi require prolonged expo-
sure to elicit a clinical bene fi t. In the CALGB trials most responses were seen by 
cycle 4 (75%), with a median number of cycles to any response (CR, PR, HI) of 
three cycles  [  27  ] . The range for this response was 1–17 cycles, however and although 
90% of patients achieved a response by cycle 6, some patients got their response as 
late as cycle 17  [  27  ] . In the AZA-001 trial where the goal was to provide at least six 
cycles of therapy and there was no prede fi ned stopping point, the investigators dem-
onstrated that continuing the Aza dosing as long as possible can result in improve-
ments in the observed responses, and these results were re-iterated by additional 
analysis of the studies conducted by the CALGB  [  28,   32  ] . The secondary analysis 
of CALGB studies demonstrated a response in 91 of 179 patients, and responders 
received a median of 14 cycles of therapy (range 2–30)  [  28  ] . The median time to 
 fi rst response in this study was slightly shorter than that seen in 9221, at 2 cycles 
(but with a range of 1–16) and although most responses (91%) were achieved by the 
sixth cycle, continuation of Aza was able to improve the quality of the  fi rst response 
in 48% of those treated, and this best response was seen in most patients (92%) by 
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the 12th cycle  [  28  ] . Overall 30 patients achieved a best response of CR 3.5 cycles 
beyond the  fi rst response (with a 95% CI of 3.0–6.0 cycles), and in 21 patients 
whose best response was PR, this was seen as a median of 3.0 cycles after the  fi rst 
response (95% CI was 1.0–3.0)  [  28  ] .  

    13.2.1.4   Other Considerations of Dose and Schedule 

 Additional questions which remain about the use of single agent Aza therapy are 
related to administration schedule (to weekend or not to weekend, are 7 days 
enough) and optimal drug delivery (subcutaneous vs. intravenous vs. oral). 

 In community practice there is often dif fi culty in giving this drug on the FDA 
approved schedule due to inadequate availability of personnel to administer the 
drug on weekends. This practical consideration resulted in a trial of several sched-
ules of Aza administered in a community setting during weekdays only  [  36  ] . In 
this trial, 151 patients, for the most part with lower risk MDS (low, int-1 in 63% 
of patients), were randomized to receive Aza on one of the three schedules: 75 mg/
m 2  daily for 5 days, off 2 days and then on 2 days (5-2-2), 50 mg/m 2  daily for 
5 days, off 2 days and then on for 5 further days (5-2-5), and lastly 75 mg/m 2  daily 
for 5 days alone (5-0-0)  [  36  ] . These schedules seemed to result in similar hema-
tological improvement rates (44%, 45%, 56%, respectively), but this study was 
not designed to produce statistically signi fi cant results, nor have these schedules 
been directly compared with the approved 7 day schedule. Thus it is dif fi cult to 
condone alteration of the schedule at this time, based upon the lack of survival 
data in these schedules and the demonstrated survival bene fi t with administration 
of these drugs on the approved schedule. One additional schedule question has 
been raised by the preliminary data from the Eastern Cooperative Oncology Group 
trial 1905, which was a randomized phase II trial comparing Aza 50 mg/m 2 /day 
subcutaneously for 10 days to the same Aza schedule given in combination with 
the Histone deacetylase (HDAC) inhibitor entinostat (4 mg/m 2 /day PO days 3 and 
day 10)  [  37  ] . This abstract reported only on patients with baseline cytogenetic 
abnormalities ( n  = 40 evaluable) but demonstrated complete cytogenetic responses 
of 13% and a partial cytogenetic responses of 23% for an overall response in this 
subgroup of 51% (21/40)  [  37  ] . No differences in response were seen between the 
two treatment groups. Notably the responses observed were signi fi cantly higher 
than those reported with conventional Aza dosing raising the question of whether 
a lower dose, longer administration schedule may be of some bene fi t. At present 
these data are insuf fi cient to change practice, however as additional groups pub-
lish the results of ongoing clinical trials of different dosing schedules, practice 
changes may be in order. 

 With respect to optimal drug delivery there is only a single study which directly 
compares the pharmacokinetics of intravenous to subcutaneous dosing within indi-
vidual patients. In this study the pharmacokinetic pro fi le of intravenous administration 
was almost identical to that seen with subcutaneous dosing, although the peak drug 
concentration was higher in patients receiving intravenous drug  [  38  ] . Despite these 
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data, published clinical trials using 20 min IV infusion schedules are limited to two 
studies, one which gave Aza for 5 days and the other for 7  [  39,   40  ] . Both of these 
studies demonstrated response rates which were similar to those seen with subcuta-
neous dosing (27% in the 5 day and 56% for the 7 day schedule), but neither of them 
was powered to detect a survival bene fi t  [  39,   40  ] . Despite the dearth of published 
response data, it seems reasonable to switch to intravenous administration in patients 
who suffer signi fi cant injection site reactions with subcutaneous dosing, and the 
FDA approved a New Drug Application for intravenous Aza in January 2007, sup-
porting this practice  [  41  ] . 

 Initial studies with oral Aza were limited by rapid catabolism of the compound 
in aqueous environments but the development of a  fi lm-coated formulation improved 
stability  [  42,   43  ] . Since that time the  fi rst phase I study of oral Aza has been pub-
lished, demonstrating activity for the oral drug in patients with both MDS and 
CMML, with promising response rates  [  44  ] . Six of 17 (35%) previously treated 
patients had a response (CR + PR + HI) and 11 of 15 (73%) untreated patients 
responded (CR + PR + HI). This study demonstrated no overall response in the 8 
patients with AML, however two patients had stable disease for 14 and 15 cycles 
 [  44  ] . Overall these results suggest that oral Aza may be a real possibility for the 
future and clinical trials of this drug are ongoing.   

    13.2.2   Dac 

 5-Aza-2 ¢ -deoxycytidine (Dac) is a deoxynucleoside analog of cytidine in which the 
carbon 5 position of the pyrimidine ring has been substituted with nitrogen 
(Fig.  13.2b )  [  15  ] . It is imported into cells by the action of nucleotide transporters, 
where it is activated by deoxycytidine kinase and then phosphorylated (Fig.  13.3 ) 
 [  15  ] . After its phosphorylation to the triphosphate form, 100% of the drug is incor-
porated into DNA, where it interrupts the action of DNA methyltransferases as 
described above for Aza. Similar to Aza, Dac has been demonstrated to cause both 
DNA hypomethylation and DNA damage, albeit at lower concentrations  [  45  ] . The 
identi fi cation of DNA hypomethylation as a functional consequence of exposure to 
both Aza and Dac, in conjunction with the recognition of DNA methylation changes 
as a frequent abnormality in cancer, spurred signi fi cant clinical interest in the devel-
opment of these drugs for clinical use  [  20,   45  ] . 

 Although effects upon DNA methylation were recognized and noted early in its 
development, initial clinical trials focused on conventional dosing strategies aimed 
at developing a maximum tolerated dose schedules  [  46–  48  ] . These studies demon-
strated considerable activity but with toxicity not signi fi cantly superior to cytara-
bine, with several studies performed investigating combinations with other 
chemotherapeutics in the salvage setting  [  49,   50  ] . 

 Several early studies showed promising results with “low dose” Dac regimens, 
however these studies provided the drug at doses of 40–50 mg/m 2 /day, and toxicity 
remained a serious problem  [  51–  53  ] . The  fi rst study to investigate the “optimal” 
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lower dose Dac schedule for maximal demethylation was published in Blood in 
2002 by Jean-Pierre Issa and colleagues  [  54  ] . This trial enrolled 48 patients at doses 
ranging from 5 to 20 mg/m 2 /day for 10–20 days of a 6 week schedule depending 
upon count recovery. Most interestingly in this study, responses appeared to be 
superior for the lower dose schedules studied, prompting the authors to suggest 
further investigations of the drug be undertaken at truly lower dose schedules  [  54  ] . 

 Based upon extensive phase I/II data at moderate to higher doses, the  fi rst large 
scale trial of Dac enrolled 170 patients with MDS between 2001 and 2004 and ran-
domized them to either Dac (89 patients), given at 15 mg/m 2  iv every 8 h (45 mg/m 2 /
day) for 5 days, or BSC (81 patients)  [  10  ] . Patients were removed from the study for 
disease progression, transformation to AML, failure to achieve a PR after six cycles 
of therapy, or failure to achieve a CR after eight cycles of therapy. Additionally, 
patients who did achieve a CR were removed from therapy after two cycles of sus-
tained CR. The groups were well matched for all important variables with a median 
age of 70 years (range, 30–85 years). A majority of the patients (71%) had int-2 or 
high risk disease by IPSS criteria. The primary study endpoints were overall response 
rate and time to AML transformation or death. Overall 30% ( n  = 27) of patients expe-
rienced improvement on the study (CR + PR + HI) compared with 7% ( n  = 6) patients 
randomized to BSC, and this difference was statistically signi fi cant  p  = 0.001  [  10  ] . In 
a retrospective central review of pathology nine patients enrolled on Dac and three 
patients on the supportive care arm were designated as having AML (by FAB crite-
ria, >30% bone marrow blasts). Response rates in these nine patients were 56% (5/9), 
while none of the patients enrolled on the supportive care arm developed a response 
 [  10  ] . It is important to note that in this randomized controlled non-crossover trial 
there was no survival bene fi t for the use of Dac, although one might argue that the 
dose used (45 mg/m 2 /day × 5 days) was not low enough to maximize hypomethyla-
tion over cytotoxicity and the median number of cycles administered was low (3). 

 Following the results of this trial (which were disappointing from a survival per-
spective, but represented the  fi rst active agent for patients with high grade myelodys-
plasia), in 2006 the FDA approved Dac for all MDS subtypes. Based upon the results 
of earlier studies suggesting that lower dose Dac dosing might be superior, two piv-
otal phase II studies were performed aimed at identifying the “optimal” hypomethy-
lating dose for Dac  [  55,   56  ] . The  fi rst of these was published in 2007 and enrolled 95 
patients, again with a majority (66%) of patients having int-2 or high risk disease 
 [  55  ] . All patients were randomized to receive one of the three different Dac sched-
ules, 10 mg/m 2  intravenously over 1 h daily for 10 days, 20 mg/m 2  intravenously over 
1 h daily for 5 days, or 20 mg/m 2  subcutaneously daily for 5 days. Patients received 
a median of seven cycles of treatment and the CR rate overall was signi fi cantly better 
than anticipated at 37%, and an overall improvement (including CR + PR + HI) was 
observed in a staggering 73% of patients  [  55  ] . The 5 day schedule was deemed supe-
rior with 25/64 patients on this arm achieving CR and this schedule was selected for 
further investigation in subsequent trials  [  55  ] . The second analogous trial published 
in 2009 by Steensma and colleagues enrolled 99 patients in a single arm trial of Dac 
20 mg/m 2  over 1 h daily for 5 days  [  56  ] . A lower percentage of patients on this trial 
were high grade (46%), and the median number of administered courses were slightly 
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lower (5) than in the prior investigation. These authors observed a 15% CR rate and 
an overall response rate of 43% (CR + PR + HI)  [  56  ] . Both trials demonstrated that 
the lower dose schedule of Dac 20 mg/m 2 /day for 5 days had at least equivalent 
ef fi cacy when compared with the FDA approved schedule, and furthermore that 
maintaining 4 week dosing intervals and repeated cycles of therapy were important 
in order to maximize response. 

 One additional phase III study of Dac has been published  [  13  ] . It is important to 
note that this study did not employ the 5 day, 20 mg/m 2 /day schedule described 
above. This trial was designed to demonstrate a survival bene fi t for the use of Dac 
in patients with MDS, comparable to that observed with Aza. Two-hundred and 
thirty-three patients with a median age of 70 years (range 60–90) were enrolled; 
53% had poor-risk cytogenetics and 33% ful fi lled WHO AML diagnostic criteria 
( ³ 20% blasts)  [  13  ] . The primary end point for this trial was OS. Patients were 
strati fi ed by IPSS risk group, cytogenetics and enrollment site, and were randomly 
assigned to receive either Dac or BSC. This study design speci fi cally prohibited 
patient crossover to the experimental arm in an effort to eliminate crossover bias. 
The Dac was given intravenously at a dose of 15 mg/m 2  every 8 h for 3 days. Cycles 
were scheduled to repeat every 6 weeks, but the interval could be extended up to 
10 weeks for failure of count recovery, eight cycles of treatment were planned. In 
total 119 patients were randomized to receive decitabine and 114 patients were 
randomized to the control arm; only 21% of patients received the planned eight 
cycles of treatment. At the planned analysis point of 2 years, OS in the Dac treat-
ment cohort was 10.1 months vs. 8.5 months in the supportive care arm, this differ-
ence was not statistically signi fi cant ( p  = 0.38, HR, 0.88; 95% CI, 0.66–1.17)  [  13  ] . 
Sixteen patients on the Dac arm (13%) achieved a CR and 25 patients (21%) 
improved (PR + HI), for an overall response rate of 34%. The median time to best 
response was 3.8 months (range, 1.4–11.8 months) for all responders, with a median 
of 5.8, 2.9, and 3.8 months to reach CR, PR, and HI, respectively. Two patients (2%) 
in the supportive care arm had a HI, there were no CRs or PRs in this group. Dac did 
not have a statistically signi fi cant impact upon time to AML transformation; patients 
on Dac transformed to AML after 8.8 months vs. 6.1 months in the supportive care 
arm (HR 0.85; 95% CI 0.64–1.12;  p  = 0.24)  [  13  ] . 

 Disappointing results, in terms of survival bene fi t, from two large phase III trials 
of Dac in MDS have resulted in a signi fi cant shift in terms of practice away from 
Dac in this population  [  10,   13  ] . Despite these results, some clinicians continue to 
use Dac in the  fi rst line treatment of MDS patients, and it is certainly notable that 
none of the three phase III studies of Dac used the most common low dose schedule 
of Dac at 20 mg/m 2 /day for 5 days, a dose schedule which is pharmacologically 
more consistent with the 75 mg/m 2  Aza dose demonstrated to prolong survival. 
Additionally, the European phase III trial delayed subsequent Dac cycles based 
upon cytopenias, a strategy which is increasingly recognized as inferior. As a result 
of these caveats it is likely that Dac has similar ef fi cacy to Aza, although at present 
the data have not de fi nitively demonstrated this equivalence. 
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    13.2.2.1   DAC in AML 

 Despite disappointing results in patients with MDS, many clinicians favor Dac in 
patients presenting with AML, particularly in those with very proliferative disease, 
as a result of its relative cytotoxicity when compared with Aza. A dosing strategy 
employing 20 mg/m 2  for 10 days has been studied by investigators at the Ohio State 
James Cancer Center  [  35,   57  ] . This dose schedule was initially developed in a phase 
I trial designed to assess combination therapy with valproic acid, however a single 
agent response of 73% in a group of very elderly (median age 70) patients with high 
risk AML prompted phase II investigation (see below)  [  57  ] . The Phase II trial 
enrolled 53 patients of median age 74 years (range 60–85) with AML (16 complex 
karyotype, 19 with an antecedent hematological diagnosis) and produced a response 
rate of 64% (34/53) composed of 25 CRs and 9 CRs without count recovery  [  35  ] . 
Patients enrolled on study had a median survival of more than a year, suggesting that 
this strategy is similarly effective to conventional chemotherapeutics in this patient 
population  [  6,   8,   9  ] . These very promising results have produced an ongoing coop-
erative trial using this dose schedule in older patients with AML and may yet dem-
onstrate statistically signi fi cant improvements in survival for this particular subgroup 
of elderly AML patients.    

    13.3   Azanucleotides and CMML 

 Dac remains the most studied drug in patients with CMML, a distinct entity within 
the WHO diagnostic criteria form MDS. Several studies have examined the activity 
of Dac both prospectively and retrospectively in this group. One recently published 
phase II study enrolled 39 patients of median age of 71 years with advanced CMML 
to receive Dac on the 20 mg/m 2 /day intravenous schedule for 5 days of a 28 day 
cycle  [  58  ] . Enrolled patients received a median of ten cycles of drug (range, 1–24) 
and the overall response rate was 38%, composed of 4 (10%) CRs, 8 (21%) mar-
row responses, and 3(8%) His  [  58  ] . With a median on trial follow-up of 23 months 
the OS was 48%. Another study examined the response to Dac in 31 patients diag-
nosed with CMML who were treated on two phase II and one phase III clinical 
trials  [  59  ] . Patients included in the analysis had similar demographics and disease 
characteristics across the three studies. The median age was 70 and patients were 
predominantly male (71%). The overall response rate in this group was 36% (14% 
CR + 11% PR + 11% HI)  [  59  ] . Although Aza has also been shown to have activity 
in this disease, the number of published reports in this group are limited, and thus 
most experts would likely favor the use of Dac for patients with CMML outside the 
context of a clinical trial  [  60  ] . An ongoing clinical trial designed to prospectively 
enroll patients with CMML is ongoing in order to address the ef fi cacy of Aza in 
this disease.  
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    13.4   Outcomes Following Azanucleotide Failure 

 As we develop our experience with azanucleotides it has become clear that patients 
who lose their response to azanucleotides have a dismal prognosis  [  14  ] . As a result 
of these poor outcomes, current standard practice is to maintain patients on therapy 
with hypomethylating drugs on a monthly schedule inde fi nitely and to stop only in 
the context of overt progression. Unfortunately, analysis of patients enrolled on 
early studies of Aza who develop disease progression have now been published, 
showing that in patients who fail azanucleotides, survival is remarkably short with 
a median life expectancy of 5.6 months and a 2-year survival probability of 15% 
 [  61  ] . Similar results have been reported in patients who fail Dac  [  14,   62  ] . Outcomes 
in these reports suggest that enrollment on clinical trials and bone marrow trans-
plantation may result in superior outcome in these patients, however in the absence 
of successful bone marrow transplantation the OS reported at 1 year remains a mere 
28%  [  14,   61,   62  ] .  

    13.5   Histone Deacetylase Inhibitors 

 Histone deacetylase inhibitors (HDACis) are a novel class of drugs whose putative 
mechanism of action depends upon the ability to alter gene expression. Intracellularly, 
DNA is stored in the form of “beads on a string” in which the DNA duplex winds 
around a nucleosome composed of eight histones (two each of H2A, H2B, H3 and 
H4)  [  63  ] . The DNA/histone unit (the nucleosome) is condensed to form higher order 
chromatin structures such as heterochromatin, which has densely packed 
nucleosomes and euchromatin, which has loosely packed nucleosomes  [  63  ] . 
Modi fi cations, including ubiquitination, methylation, phosphorylation, poly(ADP)
ribosylation, and acetylation, of speci fi c amino acid residues within each histone 
make up the “histone code” which determines the state of the regional chromatin at 
speci fi c genes and thus their transcriptional activity  [  63  ] . DNA methylation events 
are thought to induce changes within the local “histone code” which promote gene 
silencing, although whether methylation events or histone marks are primary 
remains a matter of some controversy. Perhaps the most studied histone modi fi cation 
is acetylation of lysine N-terminal tails which are common to most histones. 
Acetylation of lysine results in an open chromatin conformation and promotes gene 
transcription while deacetylation of lysine residues promotes gene silencing  [  63  ] . 

 HDACs are enzymes that remove acetyl groups from a variety of different pro-
tein targets including histones. Increased HDAC activity has been described in can-
cer cells, and aberrant HDAC activity is characteristic of a number of well recognized 
recurrent genetic anomalies characteristic of leukemia including the core binding 
factor gene fusions (t(8;21)(q22;22) and inv(16)), and the sine qua non of acute 
promyelocytic leukemia t(15;17)(q24;21)  [  64–  66  ] . The gene products of such 
fusions result in aberrant recruitment of HDACs to genes important for myeloid 
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 differentiation. Recognition of HDACi as a potential novel therapy in myeloid 
malignancy resulted from the observation that drugs known to induce differentia-
tion in vitro induced histone hyperacetylation, potentially leading to re-expression 
of epigenetically silenced genes  [  67  ] . Many different diverse chemical compounds 
can inhibit HDACs, including short chain fatty acids (e.g., phenylbutyrate), 
hydroxamic acid derivatives (e.g., vorinostat), non-hydroxamate small molecules 
(e.g., entinostat), and cyclic peptides (e.g., romidepsin)  [  68  ] . 

 Most of the published clinical trials of HDACi in MDS and AML are phase I. As 
single agents the response rates observed have been relatively low, usually between 
10 and 20%  [  68  ] . Toxicities with these agents demonstrate a common pattern and 
include fatigue, nausea, vomiting, and diarrhea. Although most of these studies 
evaluated the correlative endpoint of histone acetylation, no associations between 
hyperacetylation of histones and response to therapy have been demonstrated. For a 
more complete review of HDACi in cancer please see Chap.   3    , Sect.   3.5     of this 
book.  

    13.6   Azanucleotides and HDACis 

 There has been signi fi cant enthusiasm for a combination strategy which includes 
azanucleotides in conjunction with HDACis. This stems from the observation 
in vitro that sequential exposure to Dac or Aza followed by HDACi result in syner-
gistic re-expression of DNA methylation silenced genes  [  69  ] . Several studies evalu-
ating such combinations have been published to date and the results remain mixed. 
Although some studies suggest a higher response rate than for single agent azanu-
cleotides, most data are in the phase I or II setting, at a single center, and employ 
alternative dosing strategies for the azanucleotide making it dif fi cult to distinguish 
whether these responses are truly superior. In those studies where a single agent arm 
was also enrolled response rates do not appear to be consistently superior  [  37,   57  ] . 
Although early correlative endpoints did demonstrate evidence to support a connec-
tion between reversal of methylation events and response to therapy, subsequent 
studies (even at the same institution by the same investigators) have failed to sub-
stantiate a correlation between gene speci fi c reversal of methylation and response 
 [  70,   71  ] . 

 The  fi rst two studies published reports on a combination of Aza at doses between 
25 and 75 mg/m 2 /day subcutaneously for 5–10 days  [  70,   72  ] . These studies enrolled 
a total of 42 patients with MDS (16) and AML (26), of median age 66. These studies 
reported that the combination was well tolerated and resulted in response rates of 34 
(11/32, 5 CRs) and 50% (5/10, no CRs) respectively (CR + PR + stable disease)  [  70, 
  72  ] . The second study reported correlative epigenetic data in three responders and 
three non-responders, with those patients who developed a response showing robust 
demethylation of the tumor suppressor gene  p15   INK4B   while those who did not 
retained methylation at this locus, suggesting that changes in methylation were 
indeed a marker for responsiveness  [  70  ] . 

http://dx.doi.org/10.1007/978-1-4419-9967-2_3
http://dx.doi.org/10.1007/978-1-4419-9967-2#Sec5_3
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 Two phase I/II studies have evaluated the combination of Dac with valproic acid. 
The  fi rst employed Dac 15 mg/m 2 /day for 10 days with a dose escalation of valproic 
acid from 20 to 50 mg/kg/day for 10 days in patients with high grade MDS or AML 
 [  73  ] . Fifty four patients of median age 60 (range 5–80 years) were enrolled, 48 
patients had AML and 6 had MDS, 11 patients were previously untreated. Twelve 
patients responded to therapy; 10 developed a CR and 2 a CR with incomplete plate-
let recovery. Median responses were seen after 2 months (range 29–130 days) and 
responders survived a median of 15.3 (range 4.6–20.2+) months vs. 4.9 (0.6–17.8+) 
months in non-responders  [  73  ] . Responders were more likely to have been random-
ized to a higher dose of valproic acid. Although changes in methylation (both gene 
speci fi c events, including  p15   INK4B  , and genome wide methylation, by LINE-1 
pyrosequencing) and gene expression were analyzed in the patients on this study no 
correlations with response were observed  [  73  ] . All patients experienced a decrease 
in genome wide methylation which correlated with Dac exposure. In a second study, 
this one employing Dac 20 mg/m 2 /day for 10 days intravenously, responses were 
also encouraging with an overall response rate of 44% in 11 of 25 enrolled patients 
 [  57  ] . This trial enrolled 25 AML patients, in whom the median age was 70 years; 12 
patients were untreated and 13 had relapsed disease. In this group of slightly older 
patients, encephalopathy was the principal toxicity and this was dose limiting at 
20–25 mg/kg/day. In an intent-to-treat analysis, the response rate was 52% (13). CR 
was observed in 8 patients and PR in 4. Responses appeared similar for patients who 
received Dac alone and for those who received valproic acid in addition. In this 
study, re-expression of estrogen receptor was statistically signi fi cantly associated 
with clinical response ( p  = 0.05), however although the investigators also demon-
strated ER promoter demethylation, global DNA hypomethylation, depletion of 
DNA methyltransferase enzyme, and histone hyperacetylation, these markers did 
not correlate with response  [  57  ] . 

 The combination of Aza with vorinostat (SAHA) has also been explored. In 
one phase I trial in patients with MDS and AML this combination produced an 
impressive overall response rate of 64% [  74  ] . A second phase II trial of this 
combination in patients with MDS and AML has also been reported  [  75  ] . This 
trial enrolled 17 untreated patients and demonstrated an overall response rate of 
41% ( n  = 7)  [  75  ] . Similar outcomes (overall response of 37%) were observed in 
patients receiving a combination of Aza with the compound MGCD0103, an 
oral isotype-selective HDACi  [  76  ] . Although these responses appear to be 
encouraging, a majority of these combination studies have been published to 
date only in abstract form and larger studies are necessary in order to verify 
their superiority. 

 Data from one of the  fi rst randomized phase II studies to enroll patients either on 
single or double agent therapy was presented at the 2010 ASH meeting and reviewed 
in detail earlier in this manuscript (see Aza section under Sect.  5.2.1.4 ), this study, at 
least, suggests that combination therapy may not be superior  [  37  ] . In this trial patients 
with either MDS or AML with MDS related changes were randomized to receive 
either Aza at 50 mg/m 2  for 10 days subcutaneously alone or Aza in combination 
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with entinostat 4 mg/m 2  orally on days 3 and 10. Although the  fi nal results of this 
trial have not yet been published, it is important to note that the response rates for 
patients enrolled to receive Aza alone were indistinguishable from those who got the 
combination. 

 These results and others with a variety of HDACis may underestimate the value 
of combined therapy. It is important to note that among the many mechanisms pos-
tulated to be responsible for the ef fi cacy of HDACis are induction of apoptosis and 
cell cycle arrest  [  77  ] . Since azanucleotides require DNA replication in order to pro-
duce DNA demethylation, it may be that administration of HDACi simultaneously 
or even in advance of the azanucleotide may result in diminished incorporation and 
limit responsiveness. Presently, a multi-institution phase II sequence study designed 
to address this question is open for enrollment  [  78  ] .  

    13.7   Azanucleotides and Conventional Chemotherapy 

 One study has been published which explores the possible role of azanucleotide in 
“priming” leukemia cells for death  [  79  ] . This open label, phase I study was designed 
to address the safety and feasibility of Dac at a dose of 20 mg/m 2  either as a continu-
ous infusion or a short infusion for 3, 5, or 7 days followed by standard dose 7 + 3 
IC (cytarabine 100 mg/m 2 /day continuous intravenous infusion for 7 days + dauno-
rubicin 60 mg/m 2 /day for 3 days). The study enrolled 30 patients of median age 55 
(range 23–60) with newly diagnosed AML and a less than favorable karyotype 
(inv(16), t(8;21) and APL patients were excluded). Thirteen patients had complex, 
11q23 or chromosome 7 abnormality associated leukemias and 8 had an antecedent 
hematological diagnosis. Toxicity was not dissimilar to that seen with 7 + 3 alone, 
although there appeared to be slightly more gastrointestinal toxicity in the group 
treated with 7 days of Dac priming, and there were no deaths. All subjects received 
consolidation, 20 patients went on to receive allogeneic bone marrow transplanta-
tion. Overall 27 (90%) of patients responded to one course of induction therapy, 17 
patients achieved a CR and 10 a PR, patients scored as a PR all achieved hemato-
logical remission, but went on to receive a second course of induction resulting in a 
CR in 8/10 patients  [  79  ] . The overall CR rate following 1 or 2 cycles of induction 
therapy was therefore 83%. With a median follow-up of 32 months, 53% of patients 
(16/30) remained alive and in CR, 14 subjects died, 3 of complications related to 
allogeneic bone marrow transplant and the remainder died of relapsed or refractory 
AML  [  79  ] . The correlative DNA methylation analysis of this study revealed univer-
sal demethylation at both gene speci fi c and genome wide loci with all schedules of 
Dac. The most potent hypomethylation was observed in patients treated with bolus, 
rather than continuous infusion schedules of Dac. 

 Although preliminary, this phase I trial demonstrated a remarkably good CR rate 
and a randomized phase II study designed to assess the two most potent demethylation 
schedules of Dac priming identi fi ed by this study should begin accrual in 2012.  
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    13.8   Azanucleotides and Bone Marrow Transplantation 

 Allogeneic bone marrow transplant (allo-transplant) is the only curative strategy 
currently available for patients with MDS and high risk AML. Presently the role 
of hypomethylating agents both prior to and following transplant is under 
investigation. 

 Several small retrospective studies of azanucleotide induction prior to allo-trans-
plant have been reported, two using Dac and two using Aza. The  fi rst of these reported 
outcomes in 17 patients with MDS of median age 55.5 (range 36–66) years undergo-
ing allo-transplant (12 sibling donor, 5 unrelated donor) after prior therapy with Dac 
(various dosing regimens)  [  80  ] . These patients received predominantly reduced 
intensity conditioning and peripheral blood stem cells (13/17). With median follow-
up of 12 (range 3–35) months, 8 patients remained in CR  [  80  ] . A second prospective 
study performed in Europe reported similar results in 15 patients of median age 69 
(range 60–75) years with either MDS ( n  = 10) or AML ( n  = 5)  [  81  ] . All patients were 
treated with upfront Dac followed by reduced intensity allo-transplant (4 sibling 
donor, 11 unrelated donor). Fourteen patients achieved a CR (93%), with a median 
duration of 5 (range 1–51) months  [  81  ] . The relapse rate in this group was similar 
(4/15) to that reported retrospectively. The third study examined outcomes in 54 
patients with MDS or CMML who either received (30) or did not receive (24) prior 
therapy with Aza  [  82  ] . Patients treated with Aza received a median of 4 (range 1–7) 
courses prior to transplant. The overall, relapse free and cumulative relapse 1 year 
following transplant were 47, 41, and 20%, for those patients treated with Aza and 
60, 51, and 32% for untreated patients and these results were not statistically 
signi fi cantly different  [  82  ] . The  fi nal trial using Aza was a retrospective review of 68 
patients undergoing allo-transplant for MDS or AML arising from MDS  [  83  ] . Thirty 
 fi ve patients received Aza followed by either myeloablative (40%) or reduced inten-
sity (60%) conditioning. Thirty three patients received IC followed by allo-trans-
plant. In these two, albeit somewhat different groups, the OS at 1 year was 57% in 
those treated with Aza and 36% in the IC group  [  83  ] . Overall these data suggest that 
Dac and Aza are a reasonable pre-transplantation strategy that does not adversely 
affect outcome when compared with high dose induction or supportive care. A phase 
II clinical trial of Dac prior to allo-transplant is ongoing in Singapore using the cur-
rently favored schedule of 20 mg/m 2 /day for 5 days intravenously. 

 Post-transplant relapse remains a signi fi cant problem in MDS and high risk AML 
patients. Traditionally relapses in this population have been managed with donor 
lymphocyte infusions (DLI) (in those who do not demonstrate graft vs. host disease) 
or re-induction with traditional chemotherapeutic agents. Although limited prospec-
tive data exist on the use of azanucleotides for salvage of patients relapsing follow-
ing allogeneic transplant, or as a preventive strategy following transplant, several 
small studies have been published, suggesting that these agents may have a 
signi fi cant role to play. 

 The  fi rst of these examined the ef fi cacy of Aza at a  fl at dose of 100 mg subcuta-
neously days 1–3 followed by planned DLI on day 10  [  84  ] . Cycles were repeated 
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every 22 days for a median of 2 (range 1–10) courses to 26 patients with relapsed 
AML ( n  = 24) or CMML ( n  = 2) following allo-transplant. Toxicity with this combi-
nation was as expected and consisted of infections and GVHD. Four patients (15%) 
were salvaged with a complete and lasting CR following this combination  [  84  ] . 

 A second study, this one retrospective, described the results of salvage with Aza 
100 mg/m 2  for 5 days in 22 patients of median age of 50 (range 28–69) years, with 
either AML (17) or MDS (5) relapsed following allo-transplant  [  85  ] . A majority 
(20/23) of these patients had received a myeloablative conditioning regimen and 
half (10/23) had a sibling donor. On average two cycles of Aza were administered 
(range 1–8). Most patients also received DLI (18/23). In this group, 5 patients (23%) 
achieved a CR lasting a median of 433 days (range 114–769) with a 2-year survival 
rate of 23% [  85  ] . 

 A third single institution study, retrospectively reviewed Aza 75 mg/m 2  for 5 or 
7 days as salvage in 10 patients with MDS (9) or AML (1) of median age 55 (range 
25–67) years  [  86  ] . Seven patients achieved CR or stable disease with this regimen, 
3 of whom progressed after a median of 6 cycles. The median OS (OS) for the group 
was 422.5 days (range 127–1,411). 

 Taken together these results are encouraging and a variety of studies are ongoing 
to determine prospectively the role of azanucleotides both before and after allo-
transplant  [  87  ] .  

    13.9   Molecular Determinants of DNMTi Response 
in MDS and AML 

 Early on in the development of azanucleosides for the treatment of myeloid disease 
there was considerable enthusiasm for the identi fi cation of molecular markers of 
disease response. Initially several authors examined gene speci fi c methylation 
reversal, including  p15   INK4B   and ER as discussed earlier in this manuscript  [  10,   55, 
  57,   70,   71  ] . Disappointingly, although reversal of methylation at many loci has been 
documented following azanucleotide exposure, it has not been demonstrate to cor-
relate with or predict response to treatment, but rather seems to re fl ect duration of 
exposure to hypomethylating agents  [  88  ] . Another marker of response which has 
been studied is p53-inducible-ribonucleotide-reductase (p53R2), a gene identi fi ed 
in cell line screens to be induced following decitabine exposure  [  89,   90  ] . Link and 
colleagues demonstrated a statistically signi fi cant concordance between response to 
therapy and induction of p53R2 both at the mRNA and protein levels  [  90  ] . Although 
these results are thought provoking, they require sampling after many cycles of 
therapy and it is dif fi cult to determine how useful a biomarker of response this 
would be clinically. 

 The identi fi cation of mutations in the genes encoding  TET2  (ten–eleven translo-
cation2) and  DNMT3A  in patients with MDS and AML have raised questions about 
whether response to therapy may depend upon genetic characteristics of the under-
lying myeloid neoplasm. Recently a number of authors have demonstrated that up 
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to 26% of patients with MDS demonstrate mutations in TET2, and further that MDS 
patients with  TET2  mutations appear to have a superior prognosis (although this is 
not as clear in patients with AML)  [  91,   92  ] . Since  TET2  encodes a dioxygenase 
which functions to convert 5-methylcytosine to 5-hydroxymethylcytosine resulting 
in DNA demethylation at selective loci, defects in TET2 function would be expected 
to result in hypermethylation. One recent study suggests that patients bearing  TET2  
mutations have a superior response (CR + PR + HI) to Aza treatment 82% vs. 45% 
( p  = 0.007), although OS was not different in the two groups and these results have 
yet to be validated  [  93  ] . By contrast with mutations involving  TET2,  mutations in 
 DMNT3A  have been demonstrated to predict adverse outcome in both MDS and 
AML, although as yet no evaluation has been made of the impact of such mutations 
on response to epigenetic therapies  [  94–  96  ] .  

    13.10   Conclusions 

 Azanucleotides have changed the landscape of treatment for patients with MDS and 
AML with MDS related changes. Ongoing work with these agents in patients with 
a variety of myeloid diseases is likely to result in advances over the next few years. 
Despite the considerable ef fi cacy of these drugs, patients with underlying myelo-
dysplasia continue to have a remarkably poor outcome and novel strategies in these 
diseases remain essential. As we continue to develop insight into the mechanism(s) 
which underlie the activity of these drugs, perhaps we will be able to understand 
why they work so well for some patients and what strategies will maximize the 
longevity of these responses. Certainly it has become clear that single agent azanu-
cleotides given on a conventional schedule are not a panacea. Whether responses 
can be optimized with continuous dosing strategies, combination with other drugs, 
or allogeneic bone marrow transplantation remains a question yet to be answered by 
well designed clinical trials.      
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  Abstract   It is now well established that epigenetic aberrations occur early in 
malignant transformation, raising the possibility of identifying chemopreventive 
compounds or reliable diagnostic screening using epigenetic biomarkers. 
Combinatorial therapies effective for the reexpression of tumor suppressors, facili-
tating resensitization to conventional chemotherapies, hold great promise for the 
future therapy of cancer. This approach may also perturb cancer stem cells and thus 
represent an effective means for managing a number of solid tumors. We believe 
that in the near future, anticancer drug regimens will routinely include epigenetic 
therapies, possibly in conjunction with inhibitors of “stemness” signal pathways, to 
effectively reduce the devastating occurrence of cancer chemotherapy resistance.      
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 Chemo-, radio-, and hormonal therapies have proved invaluable for the  management 
of numerous solid and hematologic cancers. Commonly used chemotherapies 
include topoisomerase inhibitors, microtubule-targeting agents (for mitotic spindle 
disruption), and DNA-alkylating agents, while hormonal therapies include anties-
trogens (such as tamoxifen) and androgen-ablating drugs  [  1  ] . Despite the success of 
these agents (often early during patient therapy), the majority of patients eventually 
develop resistance to these interventions, and it is believed that >90% of all cancer 
deaths result from therapy-refractory, metastatic disease  [  2,   3  ] . Resistance to ther-
apy is believed to be multifactorial, involving reduced delivery/uptake, membrane 
ef fl ux, metabolic inactivation, loss of the therapeutic target, and autocrine/paracrine 
signaling (involving the local tumor microenvironment). Attenuation of cancer cell 
death pathways, due to hyperactive growth/survival pathways and/or suppression of 
cell cycle arrest/apoptosis cascades, is considered a major contributor to the loss of 
therapeutic sensitivity in cancer  [  4,   5  ] . 

 While tumor progression is clearly associated with DNA sequence anomalies 
(e.g., point mutations, DNA gains or losses within speci fi c loci, and/or transloca-
tions),  epigenetic  aberrations are now believed to play an equivalent (or even greater) 
role  [  6–  8  ] . Epigenetics is classically de fi ned as the study of heritable changes in 
gene expression that occur without a change in the DNA sequence. Epigenetic 
modi fi cations include methylation of C5 of cytosines within CG dyads, numerous 
posttranslational modi fi cations of histone residues, repositioning of whole (histone 
octomer) nucleosomes, deposition of histone protein variants, and posttranscrip-
tional regulation of protein translation by microRNAs  [  8–  10  ] . 

 As noted above, cancer progression is characterized by genetic and epigenetic 
misregulation of signal transduction cascades (often in association with altered 
microRNA expression)  [  11,   12  ] , and it has been hypothesized that the cancer cell 
phenotype resembles a reversion of adult tissue cells to an embryonic-like state (i.e., 
loss of differentiation), with immortalization replacing age-related apoptosis and 
senescence  [  13,   14  ] . Analogously, one recent, increasingly accepted carcinogenesis 
paradigm is that a mature, heterogeneous tumor represents a “caricature” of the nor-
mal organ from which it derives, due to the abnormal differentiation of “cancer stem 
cells” (CSCs)  [  15  ] . Normal tissue stem cells are relatively long-lived, due to quies-
cence or relatively slow cell division and expression of various phenotypes that con-
fer resistance to genotoxic or cytotoxic agents, including enhanced DNA repair, 
metabolic inactivation and/or expulsion of cytotoxins, oxidative stress protection, 
and enhanced pro-survival (i.e., antiapoptotic) signaling  [  16  ] . While not necessarily 
derived from normal stem cells  [  16  ] , CSCs have been shown to possess numerous 
“stemness” phenotypes, including the aforementioned defense mechanisms against 
environmental insults, thus facilitating resistance to most conventional anticancer 
agents  [  15,   16  ] . In addition to studies of hematologic malignancies, chemoresistant 
stem-like cells have now been identi fi ed and characterized in several solid tumors, 
including hepatocellular, colon, breast, glioma, pancreatic, and ovarian cancers  [  16  ] . 

 To reverse the multi-/pluripotent phenotypes of progenitor tumor cells, numer-
ous well-known differentiation agents are under investigation as potential cancer 
therapeutics, including vitamin D, retinoids, arsenic trioxide, and  phytochemicals 
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 [  18,   19  ] . It is feasible that successful delivery of differentiating agents to CSCs 
might reduce malignant stem cell populations and improve conventional therapy 
responses, in addition to hampering tumor regrowth  [  8  ] . Similar to normal devel-
opment, which is governed by epigenetic modi fi cations that allow tissue-speci fi c 
gene expression  [  20  ] , abnormal differentiation states of tumor subpopulations 
are also largely regulated by atypical epigenetic modi fi cations to DNA/chroma-
tin  [  21  ] . The existence of “epigenetic plasticity” (associated with extensive chro-
matin remodeling)  [  22  ]  was further exempli fi ed by the recent generation of 
“induced pluripotent,” embryonic stem-like cells from terminally differentiated, 
adult tissue cells  [  23,   24  ] . By contrast, it was also demonstrated that even highly 
aggressive cancer cells (including melanoma and estrogen receptor-negative 
breast cancer cells) possess a highly “plastic” phenotype capable of reversion to 
their respective differentiated, normal tissue phenotypes  [  25,   26  ] . 

 In this chapter, we discuss agents capable of reversing cancer-associated, repres-
sive epigenetic modi fi cations. The emphasis of this article is on the possible restora-
tion of drug response pathways/targets that could potentially reverse chemoresistance, 
a destructive and usually fatal complication of numerous malignancies. 

    14.1   Preclinical Studies of DNA Hypomethylating 
and Deacetylase-Inhibiting Agents for Overcoming 
Drug Resistance 

 As noted above, cancer is often characterized by a loss of differentiated and tissue-
specialized phenotypes, which are maintained by epigenetic modi fi cations that drive 
lineage- and organ-speci fi c development. Over the past 50 years, the L-1210 acute 
lymphoblastic and Friend erythroleukemia mouse models have been widely used to 
screen antileukemic compounds, several of which were found to possess differenti-
ating activity  [  27,   28  ] . Several of those differentiating agents were later discovered 
to be inhibitors of repressive epigenetic modi fi cations and more speci fi cally, histone 
deacetylase and DNA methyltransferase inhibitors (HDACIs and DNMTIs, respec-
tively)  [  8,   29,   30  ] . 

  Preclinical cancer studies of DNA methyltransferase inhibitors (DNMTIs).  The 
two best-characterized DNA methyltransferase inhibitors (DNMTIs) are 5-azacyti-
dine (5-aza-C, Vidaza) and its deoxyribose analog, 5-aza-2 ¢ -deoxycytidine (5-aza-
dC, decitabine), with both compounds possessing the non-methylatable pyrimidine 
analog azacytosine  [  31  ] . Both DNMTIs,  fi rst synthesized and shown as antileuke-
mic in the 1960s (Fig.  14.1 ), are now FDA-approved for therapy of the hematologic 
malignancy myelodysplastic syndrome (MDS)  [  10  ]  (see next section). Following 
cellular uptake, these cytidine analogs are triphosphorylated and incorporated into 
the newly synthesized DNA strand during S phase (5-aza-C is also integrated into 
RNA)  [  32  ] . However, a C5-to-N5 substitution in the cytosine six-member heterocy-
clic ring precludes methyl group acceptance, resulting in covalent and irreversible 
binding of the DNMT enzyme to the fraudulent base, followed by the eventual cel-
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lular depletion of DNMT, via ubiquitin-associated proteasome targeting  [  8,   10,   33  ] . 
Due to their requirement of nascent strand DNA incorporation, the hypomethylating 
activity of these cytosine analogs is replication-dependent, requiring several cell 
divisions to complete the demethylation of each DNA strand  [  34  ] , consistent with 
successful patient trials typically requiring multiple treatment cycles prior to detect-
able response ( [  32,   35  ]  and see following section).  

 Following their initial syntheses in 1964  [  36  ] , 5-aza-C and 5-aza-dC were later 
found to possess antileukemic activity in mouse disease models, elicit cancer cell 
differentiation, and enhance response to the chemotherapeutics etoposide and cis-
platin  [  29,   37  ]  (Fig.  14.1 ). These nucleoside analogs potently hypomethylate a num-
ber of tumor suppressor genes (TSGs), resulting in their transcriptional upregulation 
 [  6,   38,   39  ] . Decitabine-mediated DNA demethylation has also been reported to 
associate with reduced methylation at lysines 9 and 27 of histone H3 (H3K9 and 
H3K27, respectively), two other repressive chromatin “marks”  [  40,   41  ] , in addition 
to enhanced acetylation at H3K9 and H3K14 (two activating chromatin marks). 
Such “crosstalk” between repressive chromatin modi fi cations is believed to result 
from coordinated activity of histone and DNA methyltransferase enzymes associ-
ated with large, multimeric epigenetic repressive protein complexes. 

 Since its inception, the cytidine analog 5-aza-C has been extensively studied in 
cell and animal model systems. Early studies demonstrated potent antileukemic 
activity in the L1210 mouse model, followed by reports of 5-aza-C ef fi cacy against 
solid tumors, using various preclinical cancer models (Fig.  14.1 )  [  42,   43  ] . In medullo-
blastoma cells, 5-aza-C was also shown to inhibit proliferation, coincident with pro-
moter demethylation and upregulation of a TSG,  KLF4   [  44  ] . More recently, it was 
shown that intratracheal administration of 5-aza-C, in an orthotopic mouse lung can-
cer model, exhibited  fi vefold reduced myelosuppression and threefold enhanced sur-
vival, as compared to i.v. administration  [  45  ] . While subsequent studies further 
established 5-aza-C as a differentiating agent, particularly in effecting myogenesis 
 [  46–  48  ] , other work  fi rmly established its ability to induce TSGs and initiate apopto-
sis in cancer cells, including those of the liver, colon, and ovary  [  49–  51  ] . 

 In contrast to 5-aza-C, its deoxyribose analog 5-aza-dC is not incorporated into 
RNA and is thus more stable and potent (active at submicromolar concentrations), 
although its activity is similarly attenuated by cytosine deaminases  [  8  ] . In a myriad 
of cell line studies, decitabine was shown to hypomethylate and derepress numerous 
TSGs, some of the most commonly studied being  p16 ,  APC ,  RASSF1A ,  hMLH1 , 
 PTEN , and  DAPK   [  6,   38,   39  ] . Several of these (and other) genes encode protein 
constituents of apoptosis pathways, and thus (like aza-dC) in addition to differentia-
tion, 5-aza-dC can robustly induce apoptosis  [  52,   53  ] . Preclinical studies have now 
 fi rmly established 5-aza-dC activity against hematologic cancers, including acute 
myeloid leukemia (AML), chronic myeloid leukemia, acute lymphocytic leukemia, 
and MDS (Fig.  14.1 )  [  54–  57  ] , and may also elicit senescence and autophagy  [  58  ] . 
Although clinical studies of 5-aza-dC have yet to demonstrate substantial activity 
against solid tumors (see below), preclinical studies have  convincingly shown proof-
of-principle for antitumor ef fi cacy  [  59–  62  ] . Moreover, in two studies, an indirect 
apoptotic role was found in that 5-aza-dC  hypomethylated and upregulated 
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microRNA-181, a regulator of  NOTCH4  and  KRAS , while in liver cancer cells, 
5-aza-dC induced the tumor suppressor microRNAs 124 and 203  [  63,   64  ] . As noted 
above, epigenetic alterations in cancer often hyperactivate speci fi c oncogenic path-
ways; 5-aza-dC is now known to antagonize several of those pathways, while upreg-
ulating tumor suppressive signaling. Examples of oncogenic signal blockade by 
5-aza-dC was demonstrated by its upregulation of the endogenous Wnt pathway 
inhibitor DKK, resulting in signi fi cant xenograft tumor growth inhibition  [  65  ] . 

 In addition to 5-aza-dC and 5-aza-C, various other compounds have been shown 
to elicit DNA demethylation. As decitabine is subject to intracellular deamination 
and aqueous instability (resulting in loss of hypomethylating activity), a more stable 
dinucleotide, 5-aza-dC-dG (SGI-110, Astex Pharmaceuticals, Cambridge, UK), was 
shown to resist cytidine deaminase, while also demonstrating potent antigrowth 
effects against bladder cancer cells and mouse xenografts, with negligible toxicity 
 [  66,   67  ] . Likewise, an elaidic acid analog of 5-aza-C, CP-4200, possessed enhanced 
stability and much higher tumoricidal activity than the parent compound (aza-C), 
possibly due to its independence from nucleoside uptake transporters  [  68  ] . Using a 
different (genetic) approach, short inhibitory RNAs against DNMTs 1 and 3b elicited 
DNA demethylation and gene derepression similar to (or greater than) deoxycytosine 
analogs  [  69  ] . In addition to decitabine, we have also studied another cytidine analog 
DNMTI, zebularine, demonstrating that this agent hypomethylates TSGs and allows 
for the chemosensitization of platinum-resistant ovarian cancer cells lines  [  70  ] . Other 
zebularine studies have demonstrated its greater stability than 5-aza-dC, demethyla-
tion in tumors  in vivo , and colon cancer chemoprevention in a widely used mouse 
model  [  71,   72  ] . Like 5-aza-C, however, zebularine is a ribonucleotide and thus its 
potency is limited by inef fi cient reduction prior to incorporation into DNA  [  73  ] . 
Toward rectifying that limitation, deoxyzebularine phosphoramidate prodrugs were 
recently demonstrated as more potent hypomethylating agents in vitro, while also 
exhibiting antineoplastic activity against pancreatic cancer cell lines  [  74  ] . 

 Several non-nucleoside compounds have also demonstrated DNA-
hypomethylating activity. These include two previously FDA-approved agents, the 
antihypertensive hydralazine and the antiarrhythmic procainamide  [  75  ] . However, 
these compounds were found much less potent than 5-aza-dC  [  75,   76  ] . A mush-
room-derived antibiotic, Verticullin A, likewise displayed DNMTI activity against 
SW620 colon cancer cells, upregulating several genes concordant with demethyla-
tion of their respective promoters, while also resensitizing those cells to the apopto-
sis-inducing, “death receptor” ligand TRAIL  [  77  ] . More recently, various “rationally 
designed,” non-nucleoside DNMT inhibitors (thus in fl uencing enzyme activity 
without DNA incorporation) have also demonstrated potent downregulation of 
methyltransferase activity. Two of these, SGI-1027 and RG108, facilitated reex-
pression of silenced TSGs, while also negatively affecting growth of colon and 
hepatocellular carcinoma cells  [  78–  81  ] . Likewise, various high-throughput screens, 
using various reporter assays and virtual “docking” computational approaches, are 
now in widespread use for the identi fi cation of non-nucleoside DNA methyltrans-
ferase  [  82,   83  ] . These approaches will almost certainly lead to the identi fi cation of 
novel DNA methylation inhibitors. 
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 While DNMTIs have shown success as monotherapies for hematologic cancers, 
accumulating evidence suggests they will be most effective when combined with 
conventional or targeted chemotherapies, likely via chemosensitization of resistant 
tumor subpopulations  [  8,   22,   84  ] . Such chemosensitization is hypothesized to result 
from DNMTI-mediated derepression of gene members of drug response pathways 
or inhibition of pro-survival pathways  [  8,   9,   85  ] . As shown in Fig.  14.2 , multiple 
preclinical studies have now demonstrated that DNMTIs can resensitize resistant 
malignancies to numerous chemotherapeutics, via upregulation of pro-apoptosis 
pathways (both extrinsic and intrinsic), while also inhibiting oncogenic signaling 
cascades such as Wnt, PI3K/Akt, hedgehog, and Notch  [  65,   86–  89  ] . In two early 
studies of the L1210 mouse leukemia models, cytoxicity of 5-aza-C was augmented 
by coadministration with another nucleoside analog, cytarabine; the hypothesized 
mechanism of action of this combination was inhibition of DNA synthesis  [  90  ] . 
Likewise, 5-aza-C antileukemic activity was also enhanced by a cytidine deaminase 
inhibitor  [  91  ] . More recently, in a study of aggressive prostate cancer, 5-aza-C 
caused potent but well-tolerated resensitization of tumor xenografts to docetaxel 
and cisplatin, concomitant with upregulation of a number of TSGs  [  92  ] .  
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  Fig. 14.2    Therapy response signals potentially affected by HDACIs and DNMTIs. Possible ther-
apy-sensitization mechanisms by HDACIs and/or DNMTs.  Red  text denotes proteins/pathways 
impacted predominantly by DNMTIs,  blue  text indicates HDACI targets, and  brown  text desig-
nates possible alteration by either agent (and/or DNMTI/HDACI co-augmentation).  Black boxes  
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treatment.  ATRA  all-trans retinoic acid;  CTR1  copper transporter-1;  DNMTI  DNA methyltrans-
ferase inhibitor;  DR4  death receptor-4;  HDAC  histone deacetylase;  HDACI  histone deacetylase 
inhibitor;  TRAIL  TNF-related apoptosis-inducing ligand       
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 Like 5-aza-C, chemosensitization by 5-aza-dC is now well established. In one 
early study, 5-aza-dC combined with the topoisomerase-1 inhibitor topotecan, was 
synergistically cytotoxic to mouse colorectal adenocarcinomas  [  93  ] . Later, it was 
demonstrated that 5-aza-dC could resensitize platinum-resistant ovarian cancer cells 
and mouse xenografts to cisplatin, due to promoter demethylation and reexpression 
of the mismatch repair enzyme gene  hMLH1   [  94,   95  ] . In two colon cancer studies, 
5-aza-dC was found to be synergistically tumoricidal when combined with 
5- fl uorouracil (an antimetabolite) and the antineoplastic hormone irinotecan  [  96, 
  97  ] . Likewise, a study of colon cancer cells revealed that 5-aza-dC treatment resulted 
in upregulation of ten interferon pathway-associated genes, likely via induction of 
IFN-alpha2a and activation of STATs 1, 2, and 3  [  98  ] . In endocrine cancers, DNMTIs 
have also been demonstrated to sensitize cancer cells to antihormonal therapies. For 
example, 5-aza-dC was shown to upregulate the DNA-methylation-repressed TSG 
 PTEN , an inhibitor of the PI3K/Akt pathway, suppressing the growth of tamoxifen-
resistant breast cancer cell xenografts and restoring responsiveness to antiestrogens 
 [  99  ] . The latter  fi nding is further supported by a correlation of epigenetic aberra-
tions and PI3K/Akt oncogenic signaling in breast cancer cells; those aberrations 
were reversible by a 5-aza-dC/PI3K inhibitor combination, which also coopera-
tively inhibited the growth of mouse xenografts  [  100  ] . Restoration of antiestrogen 
sensitivity in breast cancer is believed to be due (at least in part) to reexpression of 
the estrogen receptors alpha and/or beta  [  101,   102  ] . Similarly, in prostate cancer, 
androgen receptor silencing has been linked to both histone deacetylation and DNA 
methylation  [  103,   104  ] . In other prostate cancer studies, 5-aza-dC could sensitize 
both androgen-dependent and -independent prostate cancer cells to paclitaxel, while 
both DNMTIs and HDACIs cooperatively upregulated estrogen receptor-beta and 
delayed androgen independence in a common mouse model  [  105–  107  ] . 

  Preclinical cancer studies of histone deacetylase inhibitors (HDACIs).  As his-
tone deacetylation is another epigenetic modi fi cation repressive of TSGs, histone 
deacetylase inhibitors (HDACIs) also represent promising antineoplastics. 
Interestingly, the  fi rst HDAC inhibitor was the common organic solvent dimethyl-
sulfoxide (DMSO), as discovered by Charlotte Friend to elicit differentiation of 
erythroleukemia cells  [  108  ] . Following that discovery, numerous other hybrid polar 
compounds were synthesized and similarly screened for differentiating activity, but 
whose mechanism of action (deacetylase inhibition, resulting in enhanced protein 
acetylation) remained unknown for over 20 years  [  109  ] . Numerous HDACIs, which 
antagonize the action of zinc-dependent histone deacetylases by chelation of the 
metal cation, have been shown to induce differentiation and apoptosis in tumor, but 
not normal, cells (reviewed in  [  110  ] ). One proposed mechanism for cancer cell-
speci fi c HDACI toxicity is the induction of cell cycle checkpoints  [  111  ] ; one such 
effect (G2 arrest followed by apoptosis) was also demonstrated in platinum-resistant 
ovarian cancer cells  [  112  ] . Of note, while HDACIs potently induce histone 
 hyperacetylation, their effects on non-histone protein acetylation (including 
 transcription factors, molecular chaperones, cargo transporters, and cytoskeletal 
proteins) may play an even greater role in their antineoplastic activity  [  110,   113  ] . In 
ovarian cancer in particular, several HDACIs induced cytodifferentiation and apop-
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tosis of cultured cells and mouse xenografts  [  112,   114–  117  ] . Newer studies suggest 
that HDACI repression of telomerase ( hTERT ) represents another anticancer mech-
anism of action (reviewed in  [  118  ] ). Alternative non-epigenetic, HDACI antineo-
plastic effects include oncoprotein destabilization by acetylation of “chaperone” 
proteins (suggesting synergism with HSP inhibitors), diminished processing of 
“aggresomes” of misfolded proteins (suggesting synergism with proteasome inhibi-
tors), acetylation of transcription factors, and reconstitution of p53-like tumor sup-
pressive pathways (reviewed in  [  30,   110,   119  ] , and see Fig.  14.2 ). 

 Similar to DNMTIs, preclinical studies have shown HDACIs to be most effective in 
combination with standard therapies, suggesting HDACI upregulation of drug response 
(apoptotic) or cellular differentiation pathways. In ovarian cancer preclinical studies, 
vorinostat alone was found effective against paclitaxel-resistant ovarian cancer cells; 
however, its antitumor activity was far greater in combination with paclitaxel  [  120–
  122  ] . Other HDACIs have similarly sensitized ovarian cancer cells to retinoids and the 
widely used chemotherapy cisplatin  [  115,   123,   124  ] . Similarly, our group demonstrated 
that a rationally designed HDACI, AR42, possessed greater cisplatin-resensitizing 
activity than vorinostat in chemoresistant ovarian cancer cells and mouse xenografts, 
enhancing both epithelial differentiation and apoptotic potential  [  125  ] . One speci fi c 
example supporting HDACI-associated differentiation in therapy sensitization was that 
cholangiocarcinoma cells treated with the HDACI valproate upregulated numerous 
genes associated with differentiation, during sensitization to gemcitabine  [  126  ] . In 
similar studies, the HDACI Trichostatin A augmented UV-induced apoptosis over 
threefold in colon cancer RKO cells  [  127  ] , and also sensitized osteosarcoma cells to a 
potentially antineoplastic, natural product geninstein  [  128  ] . 

 Several HDACIs have also been demonstrated to upregulate “death receptor” 
apoptosis pathways, allowing resensitization of resistant cancer cells to death recep-
tor ligands (Fig.  14.2 ). One report showed the HDACI MS-275 (entitostat) to resen-
sitize aggressive MDA-MB-468 breast cancer cells to the death ligand TRAIL, both 
in cell culture and in mouse xenografts, while downregulating genes associated with 
the metastasis-related epithelial-to-mesenchymal transition  [  129  ] . In addition, 
HDACI-associated TRAIL sensitization (via reexpression of caspase-8) was mark-
edly augmented by combination with interferon-gamma in meduloblastoma cells 
 [  130  ] . TRAIL sensitization by the HDACI valproate was also demonstrated in pan-
creatic cancer cell lines, via inhibition of HDAC2 and the restoration of extrinsic 
apoptosis pathways  [  131  ] , while in hepatocellular carcinoma cell lines, the HDACIs 
valproic acid and ITF2357 both effected sensitization to TRAIL  [  132  ] . 

 HDACIs have also shown activity against hormone-resistant neoplasms, includ-
ing breast, uterine, and prostate cancers. Similar to DNMTI/antiestrogen studies 
HDACIs enhanced tamoxifen induction of both autophagy and apoptosis in 
tamoxifen-resistant breast cancer cells; that effect was further enhanced by inhibitors 
of autophagy  [  133  ] . In endometrial cancer studies, TSA/paclitaxel-combined treat-
ment of mice bearing cancer cell tumor xenografts reduced tumor masses by >50% 
 [  134  ] . Moreover, another xenograft study showed that the HDACI apicidin reduced 
tumor size and repressed the angiogenesis-mediating oncoprotein VEGF  [  135  ] . 
Interestingly, it appears that in endometrial cancer, HDACIs may exert antigrowth 
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effects through repression of estrogen receptor-target genes, coincident with induc-
tion of genes targeted by the glucocorticoid receptor  [  136  ] . 

  Preclinical studies of DNMTI/HDACI combinations.  While HDACIs and 
DNMTIs have demonstrated clinical activity as single agent therapies for hematopoi-
etic malignancies, DNA methylation and histone deacetylation also cooperatively 
inhibit gene transcription (often in multiple-repressor protein complexes), and relief 
of both silencing mechanisms may be necessary for maximal gene derepression  [  8, 
  137  ] . In ovarian cancer cells, a DNMTI/HDACI combination synergistically upreg-
ulated the pro-apoptotic gene  TMS1 / ASC , in contrast to either epigenetic agent 
alone  [  138  ] , while a 5-aza-dC/vorinostat regimen induced various imprinted genes 
and also inhibited tumor xenograft growth  [  139  ] . Similarly, 5-aza-C combined with 
the HDACI Trichostatin A facilitated derepression of the progesterone receptor-B 
gene in endometrial cancer cells  [  140  ] , while 5-aza-C plus entitostat cooperatively 
upregulated several pro-apoptosis genes and reduced tumor xenograft sizes by 
>75% in a mouse lung cancer model  [  141  ] . A newer preclinical study showed 5-aza-
dC combined with the HDACI valproate was cancer-chemopreventive in a mouse 
medulloblastoma/rhabdosarcoma model, while each agent alone was not  [  142  ] . 
Interestingly, one compound, UVI5008, was found to be a “triple epigenetic inhibi-
tor,” concordantly inhibiting zinc-dependent HDACs, the DNA methyltransferase 
DNMT3A, and another family of HDACs that require a NAD +  cofactor (rather than 
zinc), the sirtuins  [  143  ] . In that study, UV15008 potently induced apoptosis in breast 
cancer cells/xenografts via ROS production and activation of death receptor (i.e., 
extrinsic), mitochondria-independent, apoptosis  [  144  ] . 

 It has also been reported that HDACIs and DNMTIs may actually mimic the 
epigenetic effects of one another. For example, it has been reported that several 
HDACIs can demethylate DNA, including Trichostatin A, valproate, and MS-275 
(entitostat, SNDX-275)  [  145–  148  ] , possibly via transcriptional downregulation of 
DNMT-coding genes, as demonstrated in a study of human endometrial cancer cells 
 [  149  ] . Analogously, 5-aza-dC was also found to effect gene-speci fi c, but not global, 
histone acetylation  [  150,   151  ] . However, a phase I study of AML or MDS patients 
examining 5-aza-C (5–14 days) followed by phenylbutyrate (5 days) demonstrated 
that 5-aza-C treatment alone resulted in histone acetylation in peripheral blood 
cells; phenylbutyrate, however, did not prevent remethylation of the cyclin-depen-
dent kinase inhibitor gene  p15  ( CDKN2B )  [  152  ] . Even so, these reciprocal epige-
netic modi fi cations, between HDACIs and DNMTIs, appear to be quite rare and 
context-dependent in nature. 

 While DNMTI/HDACI combinations often result in greater gene alterations than 
each agent in isolation, pairing of these epigenetic therapies will likely be even 
more effective in coordination with conventional cancer therapies  [  8–  10  ] . For 
example, while caspase-8 gene reexpression in small cell lung cancer cells required 
a DNMTI/HDACI combination (thus restoring a functional apoptosis pathway), the 
induction of apoptosis still required the death receptor ligand TRAIL  [  153  ] . 
Similarly, combined treatment of decitabine and belinostat demonstrated signi fi cantly 
greater cisplatin sensitization of platinum-resistant ovarian cancer cell xenografts, 
in tumor-bearing mice, than either epigenetic therapy alone  [  154  ] .  
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    14.2   Clinical Studies of DNA Hypomethylating Agents and 
HDAC Inhibitors for Overcoming Drug Resistance 

 Four epigenetic derepressive agents are now FDA approved for two hematologic 
malignancies, MDS treatment with DNMTIs 5-aza-C (Vidaza) and 5-aza-dC (decit-
abine), and cutaneous T-cell lymphoma therapy using the HDACIs vorinostat and 
romidepsin  [  8,   9,   155  ] . While other hematologic malignancies will likely gain 
approval for monotherapy DNMTIs and HDACIs, including peripheral T-cell lym-
phoma and Hodgkin’s disease, single-agent clinical studies of various solid tumors 
have proved fairly disappointing. For the latter, epigenetic drugs will likely prove 
most bene fi cial when combined with long-established approaches such as conven-
tional cytotoxic chemotherapies, endocrine therapies, differentiation therapy, and 
radiotherapy  [  156,   157  ] . 

  Studies of DNA methyltransferase inhibitors.  In addition to incorporation into 
DNA, the ribonucleoside analog 5-aza-C is also incorporated into several RNA spe-
cies, resulting in greater toxicity and lower stability than 5-aza-dC. Consequently, a 
more recent clinical studies have focused on 5-aza-dC (decitabine), although 
5-aza-C remains widely used. An early Vidaza study of patients with acute  leukemia, 
administered at 37–81 total mg/m 2 , given over 30–60 h, resulted in some clinical 
bene fi t in 89% of patients, although substantial hematologic toxicity was observed 
in all patients  [  158  ] . A separate trial of 21 elderly patients with high-risk MDS, 
treatment with decitabine at 50 mg/m 2 /day for three consecutive days, yielded a 
response rate of 54% (15 of 21), although signi fi cant myelotoxicity caused the death 
of 5/21 (17%) patients  [  159  ] . Another MDS phase I study, using an overall similar 
drug exposure (45 mg/m 2  b.i.d. for 3 days), yielded an overall response rate of 49%, 
but similarly resulted in moderate-to-severe toxicity (predominantly myelodepres-
sion), resulting in the death in 7% of the enrolled patients  [  160  ] . 

 To possibly ameliorate the high toxicity and limited bene fi t of extended decit-
abine infusions (previously using regimens approaching its maximum tolerated 
dose), lower dose schedules were examined. In phase I/II sickle cell anemia studies 
of hydroxyurea-resistant patients, low-dose (0.3 mg/kg), repetitive doses (5 days/
week for 2 weeks) of decitabine were found suf fi cient for demethylation and reex-
pression of fetal hemoglobin with little or no neutropenia  [  161,   162  ] . Such low-dose 
treatments were largely based on a mouse embryonic  fi broblast study showing myo-
tube differentiation and hypomethylation at low decitabine doses (1–5  m M), with 
cytotoxicity and increased methylation at higher (>5  m M) doses  [  29  ] . Subsequently, 
one MDS clinical trial examined a variety of repetitive low decitabine doses, with 
1-h administration daily over longer durations (10–20 days)  [  163  ] . The results of 
that landmark study demonstrated that 15 mg/m 2  decitabine, administered over ten 
consecutive days, resulted in a response rate of 83% and was well tolerated, as com-
pared to previous studies using >5-fold higher doses  [  163  ] . That pioneering work 
resulted in the widespread adoption of low-dose hypomethylating agents, both as 
monotherapies and in combination with other agents. 
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 While single-agent decitabine demonstrated signi fi cant ef fi cacy for MDS and 
other hematologic malignancies, solid tumor studies have been fairly disappointing, 
motivating studies of 5-aza-dC in combination with other conventional agents. Early 
combination studies, however, demonstrated minimal-to-moderate activity, with 
substantial toxicity. In a phase II study of non-small cell lung cancer, a maximum 
tolerated decitabine dose of 67 mg/m 2 , given concurrently with 33 mg/m 2  cisplatin 
over a 2-h period for 3 consecutive days of a 21-day cycle, resulted in no objective 
responses and signi fi cant hematologic toxicity  [  164  ] . Similarly, a phase II trial of 
squamous cell cervical cancer, with decitabine administered continuously at 50 mg/
m 2 /day for 3 days, concurrent with 30 mg/m 2  cisplatin, resulted in eight partial and 
 fi ve stable disease responses; however, unacceptable toxicity was observed,  resulting 
in one patient death  [  165  ] . However, based on the low-dose MDS ef fi cacy study by 
Issa et al., newer trials have examined lower doses of decitabine in various com-
bined regimens. One recent phase I/II combinatorial ovarian cancer study, of decit-
abine paired with carboplatin, demonstrated no signi fi cant improvement over 
carboplatin alone  [  166,   167  ] . By contrast, a separate phase IIa clinical trial of 5-aza-
cytidine (Vidaza) and carboplatin resulted in one complete, three partial, and ten 
stable disease responses (of 29 total patients), with a 7.5-month average duration of 
response  [  168  ] . Likewise, our group recently completed a phase I trial of low-dose 
decitabine ( fi ve consecutive-day regimen), in combination with carboplatin in plat-
inum-resistant ovarian cancer patients, revealing acceptable tolerability of the regi-
men  [  169  ] . Biological activity in vivo was also demonstrated, as assessed by 
hypomethylation of genome-wide repetitive elements (in peripheral blood cells) 
and speci fi c ovarian cancer-associated genes (in plasma, ascites, or tumor)  [  169  ] , 
resulting in one complete, six stable, and four (6-month) disease progression-free 
responses  [  169  ] . The successful phase II component of that study was recently 
described  [  170  ] , and the results are promising. Other clinical studies combining 
5-aza-dC with the EGFR antagonist erlotinib showed responses in 4 of 11 patients 
with advanced tumors  [  171  ] . However, a neuroblastoma trial of 5-aza-dC combined 
with cyclophosphamide or doxorubicin showed toxicity at the 5-aza-dC doses 
required for disease response  [  172  ] . In a 13-patient AML phase I study, decitabine 
combined with arsenic trioxide and/or ascorbic acid resulted in one complete remis-
sion and  fi ve patients with stable disease  [  173  ] . While chemosensitization by 
DNMTIs is believed to largely result from the restoration of apoptosis pathways, 
one recent phase II study of refractory solid tumors and lymphomas showed patient 
response to correlate with both DNA hypomethylation and expression of the copper 
transporter CTR1, a protein that facilitates platinum drug uptake  [  174  ]  (Fig.  14.2 ). 

  Studies of histone deacetylase inhibitors.  Like DNMTIs, despite successful 
 studies of hematologic malignancies, solid tumor clinical trials of monotherapeutic 
HDACIs suggest similarly limited clinical activity. In ovarian cancer, two mono-
therapeutic phase I/II trials of the HDACIs vorinostat and belinostat proved tolera-
ble but showed only moderate clinical activity  [  175,   176  ] . One recent phase II trial 
of the HDACI romidepsin in androgen-independent prostate cancer, although well 
tolerated, likewise showed minimal antineoplastic activity  [  177  ] . Another belinostat 
trial for metastatic renal cancer also yielded no patient responses  [  178  ] . Consequently, 
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it is now widely believed that these agents will be most effective in combination 
with conventional chemotherapies ( [  8,   9,   34  ]  and see following sections). 

 For ovarian cancer, two recent ovarian cancer trials pairing belinostat with 
paclitaxel/carboplatin, and vorinostat with carboplatin, demonstrated safety and 
moderate clinical activity  [  179,   180  ] , while planned clinical trials include 
HDACIs in combination with inhibitors of the DNA repair enzyme PARP or 
inhibitors of the embryonic signal mediator Hedgehog  [  181,   182  ] . Another phase 
II study of the HDACI vorinostat combined with the antiestrogen tamoxifen, in 
hormone-refractory breast cancer patients, yielded a clinical bene fi t rate (response 
or stable disease for over 24 weeks) of 40%, although toxicity necessitated dose 
adjustment in several patients  [  183  ] . Similarly, a 12-patient phase I trial combin-
ing the HDACI panobinostat with the angiogenesis inhibitor bevacizumab 
resulted in three partial responses and seven cases of stable disease  [  184  ] . 

  Clinical studies of combined DNA methyltransferase and histone deacetylase 
inhibitors.  DNMTI/HDACI combinations have also now been established to exert 
additive/synergistic effects on gene expression in vitro. However, success in clinical 
trials has been, similar to single-agent regimens, largely restricted to hematologic 
malignancies. For example, a phase II study of the DNMTI/HDACI combination of 
hydralazine and valproate for MDS showed an overall response rate of 50%  [  185  ] . 
Most solid tumor studies, however, have shown less ef fi cacy. Nonetheless, one 
phase I clinical trial combining the HDACI valproic acid and the DNMTI azacyti-
dine for various solid tumors demonstrated safety, in vivo biological activity, and 
stable disease in 25% of the enrolled patients, although no partial or complete 
responses were observed  [  186  ] . Likewise, a recent phase I study of 5-aza-dC/
vorinostat combination resulted in 29% of non-Hodgkin’s lymphoma and various 
solid tumors  [  187  ] . By analogy, a recent phase I/II trial of an azacytidine/entitostat 
combination in non-small cell lung cancer yielded major objective responses in 4 
of 19 patients, and demethylation of a four-gene panel correlated with improved 
progression-free and overall survival  [  188  ] . 

 Based on the above mentioned in vivo  fi ndings, it is speculated that chromatin 
depressive agents (singly or combined) alone may be only marginally ef fi cient for 
eradicating cancer cells, thus motivating studies of their combination with conven-
tional therapeutics  [  6,   8,   94  ] . For example, while apoptosis pathway function may 
be restored by epigenetic derepression, it is possible that epigenetic drugs remain 
inadequate as cancer cell stressors capable of provoking programmed cell death. In 
one phase III ovarian cancer trial (NCT00533299), the DNMTI hydralazine is being 
combined with the HDACI valproic acid, with or without the topoisomerase inhibi-
tor topotecan, while a previous phase II trial of the same combination (hydralazine/
valproate), coincident with four different chemotherapy regimens, yielded three 
partial and four stable disease responses (as assessed by the ovarian cancer marker 
CA-125)  [  189  ] . In various leukemias, a phase I trial of 5-aza-dC combined with 
valproic acid demonstrated acceptable patient tolerability and an objective response 
rate of 22%  [  190  ] , while a melanoma trial combining 5-aza-dC and intravenous 
bolus interleukin-2 was well-tolerated and yielded a 31% objective response rate  [  191  ] . 
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5-aza-C is also being examined in a phase I/II ovarian cancer trial (NCT00529022) 
in combination with valproic acid and carboplatin. 

 In addition to reactivation of TSGs (and possible chemotherapy response cas-
cades), DNMTIs and HDACIs have also been found to induce various cancer/testis 
antigens (CTAs, components of the “tumor recognition complex”)  [  34  ] . CTA pro-
teins, expressed in male germ cells but normally silenced in adult tissues, are 
expressed in various malignancies as antigenic peptides copresented with HLA 
Class I/II molecules and thus may represent immunotherapy targets  [  192  ] . However, 
as CTA expression is often variable, due to epigenetic repression, more consistent 
reexpression can be achieved by DNMT and/or HDAC inhibitors  [  191  ] . Consequently, 
an ongoing phase I ovarian cancer trial (NCT00887796) is investigating decitabine 
combined with liposomal doxorubicin and peptide vaccination for the CTA 
NY-ESO-1, while two other trials (NCT00701298, NCT00886457, for unspeci fi ed 
cancers) are combining decitabine with interferon- a 2b. These trials were based on 
the preclinical studies by Karpf et al. [ 98 ,  193  ]  mentioned earlier. Thus, in addition 
to tumor suppressor reactivation, epigenetic therapies may also hold promise in 
immunotherapy.  

    14.3   Future Directions for the Use of Epigenetic Therapies 
for Overcoming Chemotherapy Resistance 

 One current focus within cancer epigenetic research is the design of speci fi c inhibi-
tors of enzymes facilitating other epigenetic repressive modi fi cations, including the 
gene-repressive histone methyltransferases (HMTs) EZH2, which trimethylates his-
tone H3, lysine 27 (H3K27me3), and DOT1L, which trimethylates H3K79  [  194, 
  195  ] . Consistent with epigenetic gene repression in cancer, one DOT1L inhibitor, 
EPZ004777, showed activity against mixed lineage leukemia cells  [  196  ] . Similarly, 
one EZH2 inhibitor, DZNep, an  S -adenosylmethionine (SAM) analog that also 
inhibits methylation of H4K20, resulting in upregulation of numerous previously 
silenced TSGs  [  194,   197  ] . DZNep has also shown anticancer activity against mouse 
prostate tumors and breast cancer, AML, and neuroblastoma cells  [  194,   197–  199  ] . 
Similar to DNMTIs, DZNep induction of apoptosis was also augmented by HDACIs 
 [  200,   201  ] , and recent studies of DZNep suggest possible negative effects toward 
CSCs  [  199,   202  ] . High-throughput approaches continue to identify various novel 
epigenetic therapies, including inhibitors of the Jarid family of H3K4me3 histone 
demethylases, the repressive HMT G9a (which trimethylates H3K9), isoform-
speci fi c HDACs, and various histone acetyltransferases  [  203–  207  ] . In  addition, 
tumor-suppressive microRNAs have been successfully delivered to tumors in mouse 
models of liver (miR-26a), colon (miRs-145 and -33a), and prostate cancers, using 
adeno-associated viruses, polyethylenimine conjugation, and rhabdomyosarcoma 
(miRs-1 and −206)  [  208–  210  ] . Taken together it is likely that these emerging epige-
netic therapeutics could be used for the much anticipated therapeutic approach of 
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“personalized medicine,” based not only on patients’ genomic/gene expression 
pro fi les, but also on their epigenetic pro fi les.  

    14.4   Summary/Conclusions 

 It is now well established that epigenetics is a principle mediator of mammalian 
development. To successfully carry out tissue/organ differentiation, genomic DNA 
expression is precisely regulated by a host of epigenetic modi fi cations. It is thus not 
surprising that aberrant chromatin modi fi cations result in defective differentiation 
states, a hallmark of cancer cells. It has also been recently shown that even highly 
aggressive cancer cells can revert to their original, tissue-speci fi c differentiation 
state, and that epigenetic therapies may facilitate this phenomenon. Consequently, 
chromatin-altering agents hold promise for the treatment of numerous malignant 
diseases, particular when complemented with other (traditional or pathway-targeted) 
antineoplastic therapies.      
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  Abstract   Accurate detection of epimutations in tumor cells is crucial for 
 understanding the molecular pathogenesis of cancer. Alterations in DNA methyla-
tion in cancer are functionally important and clinically relevant, but even this well-
studied area is continually re-evaluated in light of unanticipated results, such as the 
strong association between aberrant DNA methylation in adult tumors and poly-
comb group pro fi les in embryonic stem cells, cancer-associated genetic mutations 
in epigenetic regulators such as  DNMT3A  and  TET  family genes, and the discovery 
of altered 5-hydroxymethylcytosine, a product of TET proteins acting on 5-methyl-
cytosine, in human tumors with TET mutations. The abundance and distribution of 
covalent histone modi fi cations in primary cancer tissues relative to normal cells is 
an important but largely uncharted area, although there is good evidence for a mech-
anistic role of cancer-speci fi c alterations in histone modi fi cations in tumor etiology, 
drug response, and tumor progression. Meanwhile, the discovery of new epigenetic 
marks continues, and there are many useful methods for epigenome analysis appli-
cable to primary tumor samples, in addition to cancer cell lines. For DNA methyla-
tion and hydroxymethylation, next-generation sequencing allows increasingly 
inexpensive and quantitative whole-genome pro fi ling. Similarly, the re fi nement and 
maturation of chromatin immunoprecipitation with next-generation sequencing 
(ChIP-seq) has made possible genome-wide mapping of histone modi fi cations, 
open chromatin, and transcription factor binding sites. Computational tools have 
been developed apace with these epigenome methods to better enable accurate 
interpretation of the pro fi ling data.  
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  Abbreviations  

  5MC    5-methylcytosine   
  5HMC    5-hydroxymethylcytosine   
  ChIP-seq    Chromatin immunoprecipitation-sequencing   
  MBD    Methyl binding domain   
  MeDIP    Methyl DNA immunoprecipitation   
  MRE    Methyl-sensitive restriction enzyme   
  RRBS    Reduced representation bisul fi te sequencing         

    15.1   Introduction 

 DNA methylation is required for genome function through its roles in maintenance 
of chromatin structure, chromosome stability, and transcription  [  1–  4  ] . 5-methylcy-
tosine (5MC) is found at a subset of 5 ¢ -CpG-3 ¢  dinucleotides and is also sometimes 
observed at CpNpG, notably in embryonic stem cells  [  5–  7  ]  but also in adult tissues 
 [  8  ] . The modi fi ed DNA base 5-hydroxymethylcytosine (5HMC) is also present in 
mammalian genomes, albeit at a much lower levels compared to 5MC  [  9,   10  ] . TET 
proteins catalyze the hydroxylation of 5MC to generate 5HMC, and can act further 
on 5HMC to yield 5-formylcytosine and carboxylcytosine  [  10–  12  ] . 

 The N-terminal tails of histone proteins are modi fi ed by acetylation, methylation, 
phosphorylation, ubiquitylation, crotonylation  [  13  ] , and other covalent modi fi cations. 
At some histone residues, such as histone H3 lysine 4 (H3K4), methylation can be 
mono-, di-, or tri-methyl. Furthermore, multiple types of modi fi cations can exist on a 
single histone molecule. In addition to DNA methylation and histone modi fi cations, 
there are other interrelated, potentially epigenetic mechanisms including speci fi c depo-
sition of histone variants, noncoding RNAs, chromatin remodeling, and nuclear orga-
nization, which are not discussed here. Current epigenomic methods, especially those 
making use of next-generation sequencing, provide powerful tools to map 5MC, 
5HMC, and histone modi fi cations at high resolution across the genome. However, 
there are many considerations for selecting the most suitable method, including ease of 
use, cost, resolution, speci fi city, quantitation, and availability of computational meth-
ods to analyze the data. We describe current epigenomic methods below, focusing pri-
marily on genome-scale mapping methods that use next-generation sequencing.  

    15.2   Methods for Measurement of DNA Methylation 
and Hydroxymethylation 

 There are three main approaches to detect 5MC and 5HMC. Methyl-sensitive 
restriction enzymes (MRE) cut DNA based on methylation status of cytosines 
within their recognition sequences (Fig.  15.1a ). A second approach includes 
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  Fig. 15.1    A summary of methods for direct detection of cytosine methylation and hydroxymethy-
lation. ( a ) Methylated DNA can be detected with methyl-sensitive restriction enzymes (MRE), the 
use of antibodies speci fi c for 5-methylcytosine (5MC), by binding to af fi nity columns that contain 
methylated DNA binding domains or by the conversion of DNA with sodium bisul fi te. It is impor-
tant to note that some MRE are also sensitive to hydroxymethylation. ( b ) Several methods have 
been developed to detect 5 hydroxymethylcytosine (5HMC). These include the addition of a biotin 
tag to 5HMC through glucosylation and subsequent chemical steps which is followed by an af fi nity 
pulldown of the biotin tag, the use of antibodies speci fi c for 5HMC and conversion of 5HMC to 
5-cytosine methylenesulfonate (MS) which is then immunoprecipitated with an antibody speci fi c 
to 5CMS.  Me  methylated cytosine;  hMe  hydroxymethylated cytosine;  Glu  glucosylated cytosine       
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 differential chemical conversion or enzymatic modi fi cation of cytosine according to 
methylation/hydroxymethylation status, such as sodium bisul fi te conversion and 
5HMC-speci fi c glucosylation. Third, enrichment methods include methyl DNA 
immunoprecipitation (MeDIP), hydroxyMeDIP (hMeDIP), and methyl binding 
domain (MBD) af fi nity puri fi cation that are used to enrich for methylated or 
hydroxymethylated regions. These approaches can be applied to investigate a single 
locus, hundreds of thousands of loci, or to all mappable sites genome-wide.  

    15.2.1   Overview of DNA Methylation Reagents 

 MRE have been used widely for precise, reliable, and inexpensive methylation 
detection. MRE only assay CpGs within their recognition sites but when multiple 
non-redundant and frequent-cutting MRE are used in parallel, this limitation is less 
problematic. There are approximately 50 unique MRE, though only a few have a 
methylation-insensitive isoschizomer. MRE can resolve the methylation status 
regionally or at individual CpGs, depending on the platform used following MRE 
digestion. Some MRE are inhibited by methylation or hydroxymethylation, for 
example,  Hpa II  [  10  ] . The reliability of MRE enables their straightforward applica-
tion to next-generation sequencing (MRE-seq) allowing analysis of greater than one 
million CpGs. 

 Antibodies against 5MC and 5HMC, and columns containing methylated DNA-
binding proteins (domains of MBD2 or MeCP2 alone, or MBD2b combination with 
MBD3L) allow enrichment for 5MC/5HMC independent of DNA sequence 
(Fig.  15.1a , b)  [  14–  17  ] . Enrichment is greater for regions with higher methylated 
CpG content relative to fully methylated regions with lower CpG content. These 
reagents are simple to use and many are commercially available. The lower-limit of 
resolution is determined initially by the size range of DNA prior to enrichment, 
generally 100–300 bp, and subsequently by the platform used to assess the enrich-
ment, commonly oligonucleotide arrays and next-generation sequencing. 

 Chemicals including sodium bisul fi te and hydrazine react differentially with 
unmethylated vs. methylated cytosine and allow DNA methylation mapping at sin-
gle base resolution (Fig.  15.1a )  [  18–  20  ] . Of these, sodium bisul fi te is the most com-
monly used as it results in a positive display of methylation, among other advantages. 
Sodium bisul fi te initiates conversion of cytosine to uracil, which is replaced by 
thymine during PCR ampli fi cation. In contrast, methylated cytosines are non-
reactive, and remain as cytosine after bisul fi te treatment. Sequencing of individual 
clones of the PCR product allows assessment of methylation status of contiguous 
CpGs derived from a single genomic DNA fragment. Bisul fi te has many advan-
tages, including single CpG resolution, detection of strand and allele-speci fi c meth-
ylation, and detection of non-CpG cytosine methylation. Unlike other 
methylation-detection reagents, bisul fi te provides estimates of absolute rather than 
relative DNA methylation levels, depending on the platform used. The reduced 
sequence complexity of the genome following bisul fi te treatment complicates its 



31715 Methods for Cancer Epigenome Analysis

application to oligonucleotide arrays  [  21  ] , but is not a major issue when a  sequencing 
platform is used. Hydroxymethylated cytosines are resistant to conversion to uracil 
and are indistinguishable from 5MC in bisul fi te sequencing. The reaction of 5HMC 
with bisul fi te yields cytosine methylenesulfonate, which can be speci fi cally detected 
with an af fi nity method  [  22  ] . Alternatively, the hydroxyl group of 5HMC can be 
enzymatically glucosylated and biotin labeled to detect 5HMC  [  22,   23  ] .  

    15.2.2   Methyl-Sensitive Restriction Enzyme Methods 

 The HTF ( Hpa II tiny fragments) enrichment by ligation-mediated PCR, or HELP 
assay, uses the methyl-sensitive  Hpa II along with its methylation-insensitive iso-
schizomer  Msp I to identify unmethylated CpG sites within the sequence 5 ¢ -CCGG-
3 ¢   [  24  ] . Genomic DNA digested separately with each enzyme is size-selected to 
capture small DNA fragments. Custom adaptors complementary to digest ends are 
ligated and the adaptor-ligated molecules are ampli fi ed by PCR. The ampli fi cation 
products can be analyzed using a variety of platforms, including next-generation 
sequencing on the Illumina platform (HELP-seq)  [  25  ] . Methyl-seq is a second 
Illumina sequencing-based assay that uses  Hpa II/ Msp I  [  26  ] . Similar to HELP, the 
protocol involves separate  Hpa II and  Msp I digests, adaptor ligation, and Illumina 
sequencing. Approximately 65% of the CpG islands (CGIs) in the human genome 
are sampled using Methyl-seq. MRE methods are generally biased to CGIs, which 
constitute 1–2% of the genome and 7% of all CpGs in the genome. Methyl-seq is 
similarly biased, though non-CGI sites account for ~61% of the regions assayed, 
including a variety of genomic sequences such as promoters, exons, introns, and 
intergenic regions. 

 Ball et al. reported a third variation of MRE-seq, using  Hpa II/ Msp I digestion 
with Illumina sequencing to analyze DNA methylation in the PGP1 EBV-transformed 
B-lymphocyte cell line  [  27  ] . This approach, termed methyl-sensitive cut counting 
(MSCC), assayed ~1.4 million unique  Hpa II sites. Using MSCC and a complemen-
tary method, bisul fi te padlock probe sequencing (BSPP) to assay the methylation 
status of approximately 10,000 CpGs, highly expressed genes were found to be 
associated with high gene-body methylation and low promoter methylation. MSCC 
read counts were linearly related to BSPP percent methylation at 381 CpG sites that 
were assayed with both methods, suggesting that MSCC allows relative quanti fi cation 
of methylation levels. 

 DNA methylation has also been assessed through traditional Sanger sequencing 
combined with MRE in digital karyotyping  [  28,   29  ] . Using a combination of MRE 
that recognize 6–8 bp sites and methylation insensitive restriction enzymes, a library 
of short sequence tags is generated. The number of tags sequenced re fl ects the level 
of methylation at each recognition site, with lower tag counts representing greater 
methylation levels. In this method, the number of sites analyzed depends on the 
MRE used—use of  Asc I, for example, can generate over 5,000 unique tags that cor-
respond to >4,000 genes. 



318 R.P. Nagarajan et al.

 These sequencing-based methods demonstrate the utility of MRE for analysis of 
DNA methylation. The single CpG resolution and ability to assay a signi fi cant por-
tion of the methylome with next-generation sequencing, including most CGIs, 
makes this a powerful, accurate, and straightforward way to assess methylation 
across the genome. When used alone, the MRE-seq methods enable relative rather 
than absolute methylation levels to be estimated. An integrative method  [  30,   31  ]  
that combines MRE-seq in parallel with MeDIP-seq to increase resolution, CpG 
coverage, and accuracy in quantitation is discussed below.  

    15.2.3    Mcr BC and CHARM 

 The methylation-dependent restriction enzyme  Mcr BC recognizes methylated DNA 
and cuts near its recognition sequence.  Mcr BC recognizes R m C(N) 

55–103
 R m C and 

cuts once between each pair of half-sites, close to one half-site or the other. The cuts 
can be distributed over several base pairs and approximately 30 base pairs distant 
from the methylated base, generating a distribution of DNA ends rather than pre-
cisely de fi ned DNA ends.  Mcr BC is useful to size-separate methylated DNA from 
unmethylated DNA, since the unmethylated DNA remains high-molecular weight 
after digestion.  Mcr BC was initially applied to microarrays  [  32  ] . 

 The “comprehensive high-throughput arrays for relative methylation” (CHARM) 
method is an array-based technique for methylation pro fi ling using  Mcr BC  [  33  ] . To 
improve speci fi city and sensitivity, probes were optimized based on location and 
CpG density on custom arrays. Because neighboring CpG sites tend to have a highly 
correlated methylation status, neighboring probe signals are averaged to reduce 
background noise without loss of sensitivity or speci fi city, though modestly reduc-
ing resolution. By comparing CHARM to MeDIP or  Hpa II on arrays, Irizarry et al. 
showed that  Mcr BC yields better methylome coverage than  Hpa II and less bias for 
CpG density than MeDIP. Using CHARM, aberrant DNA methylation was found in 
colon cancer at sequences up to 2 kb  fl anking CGIs, referred to as CGI shores  [  34  ] . 
These data demonstrate the utility of  Mcr BC-based methylation detection, and the 
new biological insights afforded by the CHARM method.  

    15.2.4   Methyl DNA Immunoprecipitation 

 In addition to MRE and  Mcr BC, methylation can be assessed by immunopre-
cipitation of methylated DNA with a monoclonal antibody against 5-methylcy-
tidine (MeDIP)  [  14  ] . This antibody does not recognize 5HMC  [  35  ] , which can 
be speci fi cally immunoprecipitated with an anti-5HMC antibody  [  36–  39  ] . A 
major advantage of MeDIP-based detection is that it is not limited to a speci fi c 
restriction site and theoretically any fragment with a methylated cytosine is 
immunoprecipitated. One approach involves the coupling of MeDIP with DNA 
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microarrays to obtain relative methylation levels at the loci represented on the 
array  [  14,   40–  44  ] . 

 MeDIP combined with next-generation sequencing (MeDIP-seq) can be used to 
interrogate the majority of mappable CpG and non-CpG cytosines in the genome. In 
a step forward from array-based methods, MeDIP-seq allows analysis of monoal-
lelic methylation and methylation in a signi fi cant number of repeat sequences. Most 
protocols generate a MeDIP sequencing library by sonicating DNA followed by 
end-repair, adaptor ligation, immunoprecipitation with the anti-methylcytidine anti-
body and PCR ampli fi cation. The methylation-enriched library is sequenced and the 
reads are mapped back to a reference genome. A speci fi c genomic region shows 
higher read density when methylated in one sample compared to when the same 
region is unmethylated in another sample, although read density between different 
regions is affected by the density of methylated CpGs, DNA copy number, and 
potentially other factors (discussed in Robinson et al.  [  45,   46  ] ). These consider-
ations are also important for MBD af fi nity-based approaches. MeDIP-seq has been 
applied to a variety of sample types from multiple organisms including human can-
cer  [  30,   31,   47–  53  ] . 

 Several computational methods have been speci fi cally designed for analyzing 
MeDIP data while addressing local density of methylated CpGs. MEDME (model-
ing experimental data with MeDIP enrichment) is a combination of analytical and 
experimental methodologies that improve the interpretation of MeDIP-chip data, 
and addresses the non-linear relationship between enrichment signal and CpG den-
sity that is particular to MeDIP-chip  [  54  ] . A second analytical method for MeDIP-
chip and also MeDIP–seq data called Bayesian tool for methylation analysis 
(BATMAN) uses a CpG density-derived coupling factor to quantify methylation 
levels across a range of CpG densities  [  47  ] . MEDIPS is a third approach that, like 
BATMAN, uses a CpG density coupling factor and in addition provides a frame-
work for evaluating quality control parameters, estimating absolute methylation and 
comparing samples to detect regions of statistically signi fi cant differential methyla-
tion  [  51  ] . MeDIP-chip and MeDIP-seq are lower resolution compared to bisul fi te-
based methods. On the other hand, MeDIP-seq provides comprehensive methylome 
coverage at a fraction of the cost of shotgun bisul fi te sequencing. Experimental and 
computational advances should enable increased resolution and quantitation of 
methylation levels using MeDIP-seq alone or in combination with MRE-seq.  

    15.2.5   Af fi nity-Based Enrichment Using Methyl 
Binding Domains 

 The Methylated CpG Island Recovery Assay (MIRA) is an alternative to MeDIP for 
selecting/enriching for methylated DNA, particularly at CGIs  [  15–  17  ] . MIRA 
involves size fractionation of DNA, either by sonication or with  Mse I which recog-
nizes 5 ¢ -TTAA, a site that is typically found outside of CGIs. After digestion, adap-
tors are ligated to the DNA followed by selective binding of methylated fragments 
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on a column with full-length MBD2b and MBD3L1 proteins. MBD2b is a methyl-
binding protein that exhibits a high af fi nity for methylated DNA relative to unm-
ethylated DNA  [  15  ] . MBD3L1 lacks a methyl-CpG binding domain but can interact 
with MBD2b and improves enrichment of methylated DNA  [  15  ] . The methylated 
DNA eluted from the column is ampli fi ed by PCR,  fl uorescently labeled and hybrid-
ized to a microarray. 

 There are several similar approaches that combine af fi nity enrichment with 
Illumina sequencing. In MethylCap-seq, the MBD of MeCP2 is used to cap-
ture methylated DNA fragments after sonication  [  52,   55  ] . Binding occurs at 
low salt concentration and then a step-wise elution of captured DNA is per-
formed by increasing the salt concentration, allowing collection of fractions 
with differing methylated CpG density, with highly methylated, CpG-dense 
fragments eluting at the higher salt concentrations. The eluates can be 
sequenced separately or pooled. The MBD2 MBD alone can be used for 
enrichment followed by Illumina sequencing, called MBD-isolated Genome 
Sequencing (MiGS)  [  56  ] . In this protocol, a single elution is performed. 
MBD2 enrichment with serial elution in increasing salt has been called MBD-
seq  [  31,   57  ]  or MBDCap-seq  [  45  ] . 

 Several studies have directly compared MeDIP-seq with MBD af fi nity-based 
sequencing. Harris et al. found that MeDIP-seq and MBD-seq were 99% concor-
dant using binary methylation calls in 200 bp windows or 1,000 bp windows  [  31  ] . 
MeDIP-seq enriched more at regions of low methylated CpG density compared to 
MBD-seq. Also, MeDIP-seq appeared to detect non-CpG methylation (i.e., at 
CpNpG) but MBD-seq did not, as predicted. Bock et al. compared MeDIP-seq with 
MethylCap-seq and observed similar levels of accuracy in quantifying methylation 
when comparing each to In fi nium 27 K data. In both of these studies, MeDIP-seq 
and MBD af fi nity-based sequencing performed well in comparison with bisul fi te 
next-generation sequencing.  

    15.2.6   Integrative MeDIP- and MRE-seq 

 MeDIP-seq and other af fi nity-based methods provide a positive display of methy-
lated loci, and the absence of signal usually represents unmethylated loci, but also 
could be a result of regions that are dif fi cult to PCR amplify or sequence, or 
insuf fi cient sequencing depth. A method that combines MeDIP-seq with MRE-seq 
leverages their complementarity  [  30,   31,   58  ] . Independent MeDIP-seq and MRE-
seq libraries are generated from the same DNA sample and sequenced separately. 
For MRE-seq, three to  fi ve parallel digests are performed using the MRE  Hpa II, 
 Aci I,  Hin 61,  Bsh 1236I, and  Hpy CH4IV; the digests are size-selected and combined 
into a single library. Because the restriction sites from these enzymes are non-over-
lapping, each additional enzyme greatly increases coverage of unique CpG sites. At 
a moderate sequencing depth integrated MeDIP- and 3 enzyme MRE-seq together 
interrogate either uniquely or as multimapping sites ~22 million of the ~29 million 
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CpGs in the haploid human genome  [  31  ] . The integrative method is useful for 
detecting intermediate methylation, including regions of allelic methylation that 
overlap with monoallelic histone modi fi cations and monoallelic gene expression 
 [  31  ] . This illustrates another signi fi cant advantage of sequencing-based epigenome 
analyses—the ability to assign an epigenetic state to a given genetic allele. For 
extensive DNA methylation pro fi les of human cells and tissues, see   http://vizhub.
wustl.edu/    .  

    15.2.7   Indirect Methylation Detection with Demethylating 
Agents and Expression Arrays 

 Genetic or chemical inhibition of DNA methylation followed by expression array 
analysis can identify genes that may have been silenced by DNA methylation  [  59–
  63  ] . siRNA or shRNA can be used to knock down the DNA methyltransferases, or 
cell lines can be treated with demethylating agents such as 5-aza-2 ¢ deoxycytidine 
(5-aza) alone, or 5-aza in combination with histone deacetylase inhibitors. 5-aza is 
a cytidine analog that is incorporated into DNA and covalently binds and inhibits 
DNA methyltransferase, resulting in passive demethylation. 5-aza treatment results 
in activation of genes that were silenced by DNA methylation, provided that the 
appropriate transcription factors are present. However, interpretation of this indi-
rect assessment of methylation is complicated by the fact that genes lacking pro-
moter methylation may also exhibit an increase in expression following 5-aza 
treatment  [  64  ] . Presumably this results from demethylation at other loci within the 
same gene or in genes upstream that are required for its expression, though direct 
effects on unmethylated regulatory elements cannot be ruled out. Furthermore, this 
approach is best applied to cells grown in culture such as cell lines or early passage 
primary cells  [  65  ] , as 5-aza requires replication to induce passive demethylation. 
The application of this approach to cultured tumor cells is complicated by epige-
netic silencing that results from long-term culturing, rather than cancer or cell 
type-speci fi city.  

    15.2.8   Reduced Representation Bisul fi te Sequencing 

 Bisul fi te treatment converts unmethylated cytosines to uracil but methylcytosine 
and hydroxymethylcytosine are resistant to conversion. When followed by cloning 
and Sanger sequencing, this approach yields quantitative, allelic, contiguous, and 
base resolution of cytosine methylation. However, the shotgun bisul fi te approach 
has been quite expensive for mammalian methylomes. It is important to note that 
hydroxymethylcytosine and methylcytosine cannot be distinguished by bisul fi te 
sequencing as both block conversion. 

http://vizhub.wustl.edu/
http://vizhub.wustl.edu/
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 To retain the advantages of methylation detection by bisul fi te while reducing the 
cost of shotgun bisul fi te sequencing, Meissner et al. developed a technique that 
interrogates DNA fragments from a reduced representation of the bisul fi te-treated 
genome  [  66–  68  ] . The reduction comes from DNA digestion with methylation-
insensitive restriction enzyme  Msp I and fragment size selection. After digestion, the 
ends of the DNA are  fi lled-in with dGTP and methylated dCTP, followed by the 
addition of an A overhang to enable adaptor ligation. The adaptors used for this 
assay are methylated at cytosine residues to prevent conversion during bisul fi te 
treatment. The adaptor-ligated DNA is then size selected on a gel and two fractions 
are excised—the sizes of which depend on the organism. For mouse DNA, approxi-
mately 300,000  Msp I fragments that span 40–220 bp are analyzed, which corre-
sponds to nearly 1.4 million CpG sites analyzed at the nucleotide level  [  67  ] . These 
fragments are then bisul fi te treated, PCR ampli fi ed, and size selected again to gen-
erate a sequencing library. Several factors must be considered with this approach. 
First, the choice of a restriction enzyme to fractionate the DNA will bias the portion 
of the genome that is represented. A second consideration is the process of mapping 
reads of bisul fi te-converted DNA to the genome. Several mapping algorithms for 
“bisul fi te genomes” have been developed  [  67,   69–  71  ] . Compared to other sequenc-
ing methods, reduced representation bisul fi te sequencing (RRBS) provides an 
ef fi cient way to generate absolute quanti fi cation of methylation of more than one 
million CpG sites at single base pair resolution. Methylation at non-CpG cytosines 
can also be assessed by RRBS  [  8  ] . RRBS has been successfully applied to nano-
gram quantities of genomic DNA  [  72  ]  and to large numbers of human cell and tis-
sue types (  http://vizhub.wustl.edu/    ).  

    15.2.9   Shotgun Bisul fi te Sequencing 

 Shotgun sequencing of bisul fi te-treated DNA has been successfully applied to sev-
eral organisms, including humans  [  7,   69,   70,   73–  78  ]  and provides comprehensive, 
single cytosine quanti fi cation of methylation level when sequence coverage is 
suf fi ciently deep. A single-CpG-resolution shotgun bisul fi te experiment on human 
DNA requires hundreds of millions of sequencing reads, with the exact number 
varying depending on the desired sequencing depth and on read lengths  [  78  ] . Many 
regions >200 bp in the mammalian genome do not contain CpGs and thus a large 
number of sequence reads may be uninformative, at least for CpG methylation. 
Prior selection of sequences, for example, through sequence capture methodology, 
or enrichment of methylated DNA or unmethylated DNA followed by shotgun 
sequencing could increase the ef fi ciency and decrease the cost of this approach. 
Bisul fi te sequencing that  fi rst employs selective “reduction” of the genome (e.g., 
RRBS) is far less expensive. Nevertheless, the cost of sequencing full DNA methy-
lomes has decreased 20-fold since the  fi rst human methylome  [  7  ] . Shotgun bisul fi te 
methylomes have been generated for a breast cancer cell line and primary human 

http://vizhub.wustl.edu/
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mammary epithelial cells  [  79  ]  and primary colorectal cancer and adjacent normal 
colon tissue  [  80  ] . 

 RRBS and shotgun bisul fi te sequencing require algorithms that are tailored to 
mapping the sequence reads from bisul fi te-treated DNA back onto the genome. 
Several algorithms have been developed for this computationally intensive problem 
 [  67,   69–  71,   81,   82  ] . The reduction in base complexity from the bisul fi te conversion 
and the fact that a CpG can be methylated or unmethylated are issues that are 
addressable though complex when aligning bisul fi te reads. Due to the bisul fi te con-
version process, the forward and reverse strands of DNA are no longer complemen-
tary and the sequence reads therefore are aligned to four different bisul fi te-converted 
genomes: forward BS, forward BS reverse complement, reverse BS, reverse BS 
reverse complement). Thus, for this mapping there is increased search space along 
with a reduction of sequence complexity, requiring signi fi cant computation time for 
the read mapping  [  31  ] .  

    15.2.10   Other Bisul fi te Methods 

 Illumina In fi nium methylation assays are mid-range platforms using bisul fi te con-
version and bead arrays to quantify methylation levels at individual CpGs. The 
HumanMethylation27 and HumanMethylation450 formats interrogate 27,578 and 
>450,000 CpGs, respectively. Bead-bound oligonucleotides corresponding to the 
methylated and unmethylated states of a single CpG site are hybridized to bisul fi te-
converted DNA and differentially labeled with Cy3 or Cy5. The methylation level 
is determined by the ratio of Cy3 and Cy5  fl uorescence on the bead array. The 
HumanMethylation27 BeadChip interrogates 12 samples at a time and includes 
probes from 1,000 cancer-related genes and from putative promoters of 110 miRNA, 
among others. While there are on average 2 CpG sites assayed per gene for the 
majority of genes, 150 genes known to exhibit aberrant tumor-speci fi c methylation 
are assayed at 5–10 CpGs each. The vast majority of 27 K probes are located in 
promoters. The 450 K platform expands the genomic regions that are assayed by 
In fi nium. Genes are broadly pro fi led, with probes in the promoter, 5 ¢  UTR,  fi rst 
exon, gene body, and 3 ¢  UTR. Ninety nine percent of CGIs have probes, and the 
CGI shores, 2 kb regions  fl anking CGIs, and regions  fl anking shores, called 
“shelves,” are also examined for most CGIs. Like the 27 K assay, a single 450 
BeadChip can assay 12 samples. Both versions require 500 ng of DNA prior to 
bisul fi te conversion. These methods do not assess multiple closely apposed CpGs 
individually, and such regions are generally avoided in the assay development. This 
bias is likely to impact biological insights drawn from this data. 

 Another bisul fi te-based method, the Sequenom EpiTyper assay, utilizes MALDI-
TOF mass spectrometry to analyze RNA cleavage fragments derived from post-
bisul fi te PCR products that contain a promoter to drive transcription  [  83,   84  ] . This 
unique assay allows high-throughput quantitative methylation analysis at hundreds 
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of loci, usually at single CpG resolution, and is quite useful for candidate loci in 
hundreds of samples, or as a follow-up to genome-wide pro fi ling. 

 BSPPs are molecular inversion probes designed to target and capture speci fi c 
CpG sites from bisul fi te-converted DNA  [  27,   85  ] . The strategy is similar to RRBS 
in that a subset of CpG sites are analyzed by bisul fi te sequencing to reduce the 
genomic space that must be covered, but with the advantage that particular CpGs 
can be assayed, instead of only those located within a set of restriction fragments. 
Tens of thousands of BSPPs can be ampli fi ed in single reaction and sequenced on 
the Illumina platform. Deng et al. were able to assay ~66,000 CpG sites, primarily 
in CGIs  [  85  ] . A prominent advantage of this technology is that it is customizable 
and can target a speci fi c set of CpG sites of interest to the investigator.   

    15.3   Detection of 5-Hydroxymethylcytosine 

 5HMC is abundant in mammalian genomes. The tissue-speci fi city, genomic distri-
bution, and functional signi fi cance of 5HMC are under investigation. Pre-existing 
5MC is hydroxylated by the TET family of dioxygenases (TET1, TET2, and TET3) 
to yield 5HMC  [  10,   86  ] . TET proteins can further modify 5HMC resulting in form-
ylmethylcytosine, carboxymethylcytosine, and possibly through steps mediated by 
base excision repair, unmodi fi ed cytosine  [  11,   12  ] .  TET1  is an  MLL  translocation 
partner in acute myeloid leukemia  [  87,   88  ]  and  TET2  mutations occur in myeloid 
malignancies associated with decreased 5HMC  [  89  ] , suggesting that dysregulation 
of 5HMC plays a role in cancer. 

 Detecting and quantifying 5HMC is challenging because many reagents used for 
detecting 5MC do not distinguish 5HMC from 5MC. Like 5MC, 5HMC is resistant 
to C-to-U transition following bisul fi te treatment  [  90  ] , and these bases are indistin-
guishable by bisul fi te cloning and sequencing or other bisul fi te-based methods. In 
addition, 5HMC reacts with bisul fi te to yield cytosine 5-methylenesulfonate (CMS) 
and DNA with dense CMS is inef fi ciently ampli fi ed during PCR due to  Taq  poly-
merase stalling at CMS sites  [  90  ] . As a result, quanti fi cation of hydroxymethylation 
in regions of dense 5HMC, if they exist in some biological contexts, may be under-
estimated with bisul fi te-based methods. MRE-based methods also do not distin-
guish 5MC from 5HMC, depending on the enzymes used, such as  Hpa II, which is 
inhibited by 5MC or 5HMC in its recognition sequence  [  10  ] . Finally, af fi nity-based 
5MC methods (MeDIP-seq, MBD-seq, etc.) are speci fi c to 5MC and do not detect 
5HMC directly, but could indirectly enrich for regions with 5HMC when it occurs 
on the same DNA fragment as 5MC  [  35  ] . 

 Global quanti fi cation of 5HMC levels (measuring the relative or absolute amount 
of 5HMC present within a DNA sample) can be assayed by thin layer chromatogra-
phy (TLC)  [  9,   10  ]  and high-performance liquid chromatography-mass spectrometry 
(HPLC-MS)  [  9,   91  ] . Recently, a profusion of 5HMC mapping techniques have also 
been developed, many of which can be employed for genome-wide analysis. 
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    15.3.1   5HMC Glucosylation Methods 

 There are several methods based on in vitro glucosylation of 5HMC in DNA that 
can be used for global quanti fi cation or mapping of 5HMC. These methods use 
bacteriophage T4 beta-glucosyltransferase (BGT) to catalyze the addition of a glu-
cose moiety to the hydroxyl group of 5HMC. For global quanti fi cation, a radiola-
beled substrate (uridine 5 ¢ -diphosphate-[ 3 H]-glucose) is used in the BGT-catalyzed 
reaction. The amount of labeled substrate incorporated is compared to standards, 
allowing absolute quanti fi cation  [  92  ] . A mapping method called GLIB (glucosyla-
tion, periodate oxidation, biotinylation) combines glucosylation by BGT with sub-
sequent chemical reactions, resulting in the addition of two biotin molecules to each 
5HMC  [  22  ] . The biotin-tagged 5HMC DNA is then pulled down with streptavidin 
and sequenced on the Helicos single molecule platform. GLIB has high sensitivity, 
with 90% recovery of DNA fragments containing a single 5HMC molecule. Song 
et al. present a second mapping method, in which a chemically engineered glucose 
containing an azide group is transferred to 5HMC by BGT  [  23  ] . The azide group is 
then chemically tagged with biotin and af fi nity enriched, with global quanti fi cation 
performed using avidin-horseradish peroxidase and genome-wide mapping through 
Illumina sequencing. Finally, a method has been developed utilizing the restriction 
endonuclease  Msp I, which cuts C m CGG and C hm CGG, but not C gluc CGG sites. 
Locus-speci fi c 5HMC can be estimated using  Msp I digestion on BGT-modi fi ed 
DNA followed by quantitative PCR across the cleavage site  [  36,   93  ] .  

    15.3.2   5HMC Af fi nity Enrichment Methods 

 There are two enrichment methods for 5HMC based on antibodies that detect 5HMC 
itself or 5-cytosine methylenesulfonate (CMS), the product of reacting 5HMC with 
sodium bisul fi te. The 5HMC antibody with sequencing approach, hMeDIP-seq 
 [  36–  39  ] , is similar to MeDIP-seq, and informatic tools originally developed for 
MeDIP-seq data have been employed in hMeDIP-seq. Monoclonal and polyclonal 
anti-5HMC antibodies are commercially available, but their 5HMC-density depen-
dence  [  22,   89  ] , along with the relatively low genomic abundance of 5HMC in some 
tissues, might result in inef fi cient pulldown of 5HMC-sparse regions. The anti-CMS 
antibody sequencing approach was developed as a more sensitive, less density-
dependent alternative to hMeDIP-seq  [  22  ] . CMS pulldown had lower background 
and decreased density dependence compared to commercial anti-5HMC antibodies. 
CMS-enriched libraries were sequenced on the Illumina platform. Since Illumina 
library construction protocols usually require at least one PCR step, the tendency of 
 Taq  polymerase to stall at regions of dense CMS could be problematic. 

 The rapid development of methods for the detection and quanti fi cation of 5HMC 
has paralleled the exciting pace of discovery of the distribution and potential 
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 functional roles of this “sixth base.” Computational tools that are speci fi c for 
hMeDIP-seq and CMS-pulldown have not been reported yet. For hMeDIP-seq, 
tools developed for MeDIP-seq, such as MEDIPS  [  51  ]  have been adapted  [  38  ] . 
Stroud et al. used SICER, which was originally developed for analyzing chromatin 
immunoprecipitation-sequencing (ChIP-seq) data for diffusely distributed histone 
modi fi cations, to de fi ne regions of 5HMC enrichment  [  39  ] . The next generation of 
genome-wide mapping methods for 5HMC may involve direct detection of the 
modi fi ed base by single molecule sequencing  [  23,   94  ] .   

    15.4   Chromatin Immunoprecipitation-Sequencing 

 Alterations in histone modi fi cation patterns and transcription factor binding impact 
gene expression and have been implicated in tumorigenesis, cancer cell stemness, 
metastasis, and drug resistance  [  95–  98  ] . Chromatin immunoprecipitation coupled 
with next-generation sequencing (ChIP-seq) has become the gold standard to study 
histone modi fi cations and transcription factor binding genome-wide. It provides 
higher resolution, improved signal-to-noise ratios, and when using indexed librar-
ies, it is less expensive than coupling ChIP with microarrays (ChIP-chip)  [  99  ] . Fresh 
or fresh frozen tissue or cells are either kept native (N-ChIP)  [  100  ]  or formaldehyde 
cross-linked to preserve weaker DNA–protein interactions (X-ChIP)  [  101  ] , fol-
lowed by cell lysis (Fig.  15.2 ). N-ChIP is primarily used for histone modi fi cations, 
where the DNA histone interactions are inherently strong  [  99  ] . Antibody speci fi city 
and immunoprecipitation are more ef fi cient with N-ChIP as epitopes can be dis-
rupted by formaldehyde  [  100  ] , however, N-ChIP cannot be applied to proteins with 
lower DNA binding af fi nities such as transcription factors. Cross-linking amelio-
rates this problem, and minimizes stochastic nucleosome movement that can occur 
during N-ChIP  [  100  ] , however, it also may  fi x transient non-functional interactions 
and reacts at lysines which may create biases. Native or cross-linked chromatin is 
then fragmented by sonication or microccocal nuclease (MNase) digestion. Both 
methods impart bias in downstream sequencing  [  102  ] . MNase creates higher resolu-
tion, primarily mononucleosome (~146 bp) fragments, but is less ef fi cient at cutting 
between G and C bases, creating greater fragmentation bias  [  103,   104  ] . In contrast, 
sonication provides decreased resolution (200–600 bp) but is more uniform  [  99  ] . 
Fragmented chromatin is immunoprecipitated with an antibody that speci fi cally 
recognizes the epitope of interest. The success of ChIP reactions is dependent on 
antibody quality. Polyclonal antibodies are advantageous for X-ChIP experiments, 
as they reduce the chance of cross-linking destroying antibody interactions  [  101  ] , 
but may have increased cross-reactivity. Relative enrichment of ChIP DNA is 
assayed via qPCR. Enrichment varies greatly with the protein of interest, antibody 
quality, and positive and negative control regions of the genome that are used. To 
minimize the number of reads contributing to background noise, it is common to 
require greater enrichment in ChIP-seq (5–50-fold) when compared to single locus 
ChIP-PCR  [  102  ] . Puri fi ed ChIP DNA sequencing libraries are constructed by end 
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repair, A base addition, adapter ligation, PCR ampli fi cation and size selection. 
Additional bias may occur during library construction and PCR ampli fi cation, as 
both GC-rich and GC-poor regions are underrepresented  [  99,   102  ] . The total num-
ber of sequence reads required depends on the quality of ChIP enrichment, the 
expected number of peaks and peak size, but sequencing multiple-indexed ChIP 
libraries in a single lane is common practice.  

  Fig. 15.2    Overview of chromatin immunoprecipitation-sequencing. DNA is fractionated via soni-
cation (~200–600 bp) or with micrococcal nuclease (~146 bp). The fractionated DNA is then 
immunoprecipitated (IP) with a target antibody and an isotype control antibody. The ef fi ciency of 
the immunoprecipitation is assayed by quantitative PCR, testing regions that are known to be 
bound (site A, positive control) or not bound (site B, negative control). The enriched DNA is then 
used to generate a DNA sequencing library, which is sequenced and reads are aligned to the appro-
priate genome. Each read is depicted as a  grey line , the read densities are displayed above in  green  
and a gene is shown in  blue . Finally, the aligned reads are used to generate peaks that mark regions 
of statistically signi fi cant enrichment of reads for the IP of the histone mark or chromatin protein 
of interest       
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    15.4.1   ChIP-seq Data Analysis 

 Transforming the millions of sequencing reads generated by ChIP-seq into biologi-
cally interpretable data is a computationally demanding, multi-step process for 
which a variety of tools have been developed. While many tools address the same 
problem, each tool is different and can impact the  fi nal result. The  fi rst and most 
resource-intensive step is aligning the sequence reads to the genome. Most sequenc-
ing platforms come with alignment pipelines, however, third-party aligners are 
commonly used, such as MAQ  [  105  ] , Bowtie  [  106  ] , BWA  [  107  ] , SOAP  [  108,   109  ] , 
and PASH  [  110  ] . These packages differ by alignment algorithm, as well as how 
multi-aligning reads and gapped vs. un-gapped alignments are handled, resulting in 
differences in sensitivity and speci fi city. For most cancer samples a gapped aligner 
is preferred to allow for the variety of genetic aberrations accumulated in the tumor. 
Aligned reads are then analyzed to  fi nd enriched areas or “peaks” in the genome, for 
which a number of “peak calling” algorithms have been created  [  99,   111  ] . Though 
the exact method varies between programs, most shift tags based on chromatin frag-
ment size to accumulate tags near the true binding site and increase peak resolution 
 [  111  ] . Regions of statistical enrichment of IP tags relative to a background control 
are calculated. The most commonly used control is input DNA isolated from the 
same chromatin batch as the ChIP  [  99  ] . This reduces false positives introduced from 
fragmentation and mappability biases, and controls for genetic differences such as 
copy number alterations that affect read density. Finally, peaks are  fi ltered based on 
uneven distributions of sense and antisense tag accumulation  [  111  ] . Most current 
peak callers identify focal enrichments such as transcription factor binding sites, 
however, some have been developed for broader marks like histone modi fi cations 
associated with heterochromatin  [  112–  114  ] . Many groups are actively researching 
ways to reduce noise and increase true positives.  

    15.4.2   Application of ChIP-seq to Cancer Epigenomes 

 The network of transcription regulatory factor interactions and their effects on gene 
expression in cancer are under investigation. ChIP-seq was initially used to pro fi le 
T-cells, and since then a main focus has been on embryonic stem cells and cell lines 
 [  115–  117  ] . Recently, distinct chromatin states or “signatures” comprised of combi-
natorial histone marks have been linked to speci fi c functional genomic elements by 
integrating multiple ChIP-seq data across human cell lines  [  118–  120  ] . The combi-
natorial histone signatures identi fi ed in these studies have not been investigated in 
the context of tumor progression. Multidimensional epigenomic pro fi les of tumors 
also provide a novel means of sub-type classi fi cation, identifying prognostic mark-
ers, and insight into tumor cell of origin. ChIP-seq will also help the annotation and 
functional characterization of non-genic susceptibility loci, as has been recently 
performed in prostate cancer  [  121  ]  and in GWAS studies  [  120  ] . New techniques are 
being developed to perform ChIP-seq on a small number of cells, creating an 
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 opportunity to better analyze intratumoral heterogeneity of epigenomic patterns 
 [  122,   123  ] . Finally, chromosome conformation capture (3C) technology  [  124  ]  and 
its high-throughput derivatives (4C  [  125  ] , 5C  [  126  ] , Hi-C  [  127  ] , ChIP-Loop  [  128, 
  129  ] , ChIA-PET  [  130  ] ) detect distal DNA–DNA interactions (e.g., promoter-
enhancer), but can also be used to identify complex genomic rearrangements in 
cancers  [  131  ] . Coupling ChIP with 3C technologies followed by sequencing will 
likely be a powerful way to study how both epigenetic patterns and associated struc-
tural interactions change during the process of tumorigenesis.   

    15.5   Future Directions 

 Recent unanticipated data offer new understanding of, and stimulate new investiga-
tions into aberrant epigenetic patterns in cancer. First, promoters with polycomb-
mediated histone modi fi cations in ES cells are among those commonly aberrantly 
hypermethylated in adult tumors  [  132–  134  ] . Second, cancer-associated mutations 
occur in the DNA methyltransferase  DNMT3A   [  135,   136  ] , suggesting another pos-
sible origin of DNA methylation abnormalities, though this remains to be deter-
mined. Similarly, the occurrence of  TET1  translocation  [  87,   88  ]  and  TET2  mutations 
in cancer points to an etiologic role for these epigenetic regulators and their marks. 
Finally, human tissues harbor abundant 5HMC, a product of TET proteins acting on 
5MC, while cancers with TET mutations tend to have reduced 5HMC. 

 The future of cancer epigenomic methods will be shaped by two technological 
trends. First, the rapid pace of advances in next-generation sequencing will continue 
to improve 5MC/5HMC, histone modi fi cation, and chromatin conformation mapping. 
Genome-wide epigenomic experiments will become increasingly inexpensive and 
accessible, though paralleled with needs for increased computational power and data 
storage. Second, direct single molecule sequencing that distinguishes between 
modi fi ed bases without bisul fi te conversion could revolutionize mapping of 5MC and 
5HMC. For example, in single molecule real-time (SMRT) sequencing,  fl uorescently 
labeled nucleotides are incorporated by DNA polymerase on complementary DNA 
strands. Real-time monitoring of the kinetics of this process can identify both 
unmodi fi ed and modi fi ed bases, including N6-methyladenine, 5MC, and 5HMC  [  94  ] . 
SMRT sequencing has also been combined with selective glucosylation and cleavable 
biotin labeling of 5HMC to improve detection kinetics  [  23  ] . Similarly, the direct 
detection of modi fi ed bases via inexpensively produced nanopores, if they become 
amenable to high-throughput, could be technologically transformative  [  137  ] .      
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 Epigenetics refers to heritable changes in gene expression or genome function 
encoded by marks other than DNA base sequence; information literally “above” the 
level of genetics. Epigenetic marks include cytosine methylation and cytosine 
hydroxymethylation, histone tail modi fi cations, histone variants, and nucleosome 
positional information, all of which are resident along the DNA duplex. Epigenetic 
marks frequently show interdependent relationships, for example, the close associa-
tion of DNA methylation states with particular histone tail modi fi cations and his-
tone variants. From the standpoint of cell physiology, epigenetics provides a 
mechanism for cells to integrate environmental or intrinsic stimuli into heritable 
changes in genome function. From the standpoint of development, epigenetics pro-
vides a platform for cell differentiation and cell specialization, which in principle 
cannot simply be the consequence of DNA sequence. Most relevant to this book is 
the fact that changes in epigenetic states are now recognized to play a fundamental 
role in cancer development and progression. Cancer, almost uniquely among com-
mon human diseases, is characterized by natural selection for cellular variants with 
improved  fi tness, e.g., proliferative capacity and rate, evasion of cell death, invasive 
growth, migration to and proliferation at secondary sites, chemotherapy resistance, 
and a myriad of other naturally or arti fi cially selected phenotypes. Epigenetic 
changes play a key role in this phenotypic selection, possibly to an equal to or even 
greater extent than do genetic mutations. 

 As a  fi eld, cancer epigenetics has now reached young adulthood. The observations 
that started the  fi eld were of DNA hypomethylation changes in cancer in the 1980s, fol-
lowed by the discovery of DNA hypermethylation in cancer in the 1990s. In the last 
decade, additional alterations at other levels of epigenetic control (e.g., histone 
modi fi cations) have also been discovered and characterized in cancer. Also, over the past 
few years rapid progress has been made in translating the  fi ndings of epigenetic altera-
tions into new cancer biomarkers and therapeutic targets. One clear highlight in the  fi eld 
has been the FDA-approval of DNA methyltransferase (DNMT) inhibitors and histone 
deacetylase (HDAC) inhibitors to treat a select number of human malignancies. 

 The early work in cancer epigenetics was largely hypothesis or “candidate-gene” 
driven. More recent work using unbiased and global approaches (i.e., epigenomics) 

    Preface    



vi Preface

have validated and greatly extended the early observations. Evidence now suggests 
that DNA hypomethylation is linked to oncogenic gene activation and genomic 
instability, and that DNA hypermethylation leads to tumor suppressor gene inactiva-
tion, including inactivation of DNA repair genes that also may promote genomic 
instability. Thus, epigenetic mutations (epimutations) appear to promote genetic 
mutations and genomic rearrangements in cancer. Intriguingly, a number of recent 
 fi ndings largely from cancer genome sequencing data suggest that genes involved in 
epigenetic control processes are commonly mutated in a variety of cancers, thus 
demonstrating that genetic changes can also promote epigenetic alterations in can-
cer. Taken together, the data now indicate that the roles of genetics and epigenetics 
in cancer development are highly intertwined. 

  Epigenetic Alterations in Oncogenesis  comprises 15 chapters contributed by lead-
ing active researchers in the  fi eld. The book is divided into three sections that run the 
gamut from a description of the basic epigenetic mechanisms that regulate gene expres-
sion in human cancer, to how alterations in epigenetic marks contribute to cancer biol-
ogy, and concluding with an account of the uses for epigenetic-targeted drugs to treat 
human cancer, as well as the analysis methods to decipher cancer epigenomes. 

 Part I,  Epigenetic Marks and Mechanisms , provides an introduction to the major 
epigenetic marks and how these are altered during oncogenesis. The part begins with 
a discussion by Jin and Robertson in Chap.   1     on cytosine DNMTs and DNA hyper-
methylation in cancer, and focuses particularly on the silencing of genes involved in 
DNA repair, which are a frequent target of hypermethylation. In addition, the authors 
summarize important recent work showing that DNMTs themselves participate in 
DNA repair processes. In Chap.   2    , Ehrlich and Lacey turn attention to the  fl ip side of 
the coin, DNA hypomethylation, which was the original epigenetic alteration 
observed in cancer. The authors discuss the diverse genomic contexts in which DNA 
hypomethylation can occur and present possible mechanisms to explain DNA 
hypomethylation in cancer. An exciting recent development in epigenetics is the dis-
covery of 5-hydroxymethylcytosine (5-hmC) as a novel epigenetic mark, which itself 
appears to be linked to DNA hypomethylation. The biological signi fi cance of 5-hmC 
as well as the enzymes that catalyze its formation (ten–eleven translocation or TET 
proteins, which can be mutated in cancer) is discussed by Kinney and Pradhan in 
Chap.   3    . In Chap.   4    , attention turns to altered histone modi fi cations in cancer with a 
detailed discussion by Campbell and Turner on how posttranslational histone 
modi fi cations are controlled under normal circumstances and the mechanisms driv-
ing their alteration in malignancy. A critical concept in epigenetics is that DNA 
methylation and histone modi fi cations ultimately impact gene expression and genome 
function via their effects on nucleosomes; the important topic of altered nucleosome 
occupancy in cancer is covered by Andreu-Vieyra and Liang in Chap.   5    . 

 Part III,  The Impact of Epigenetic Alterations on Cancer Biology , discusses how 
epigenetic changes contribute to critically important cancer phenotypes. The sec-
tion begins in Chap.   6    , where Fabbri and colleagues discuss miRNA expression 
alterations in cancer caused by epigenetic changes, including DNA methylation, 
histone modi fi cations, and Polycomb proteins. The importance of this concept is 
illustrated by the inherent capacity of altered miRNA expression to derange entire 
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transcriptional programs in cancer cells. A large family of genes known as cancer-
testis or cancer-germ line genes encodes antigens that are a major target of cancer 
vaccines. Additionally, a number of these genes have emerging oncogenic func-
tions. In Chap.   7    , De Smet and Loriot discuss how epigenetic mechanisms, most 
prominently DNA hypomethylation, lead to the activation of these genes in many 
human malignancies. Andersen and Jones follow this with a discussion in Chap.   8     
of how DNA methylation controls cell fate in the intestine and how, when the tumor 
suppressor gene adenomatous polyposis coli (APC) is lost, this promotes DNA 
hypomethylation and intestinal tumorigenesis. In Chap.   9    , Futscher describes how 
tractable cell model systems are being used to discern the temporal epigenetic alter-
ations that are linked to cell immortalization and transformation. It is now recog-
nized that epigenetic regulation lies at the heart of stem cell maintenance and 
differentiation. In Chap.   10    , Huang and colleagues discuss epigenetic regulation of 
mesenchymal stem cells (MSC) during tumorigenesis, and highlight recent work 
showing that targeted DNA methylation of tumor suppressor genes provides a model 
system to study MSC-driven tumorigenesis. 

 Part III,  Clinical Implications and Analysis Methods , provides an overview of 
important topics related to the utility of epigenetic alterations as cancer biomarkers 
and therapeutic targets, and provides a detailed overview of the methods used to 
decipher cancer epigenomes. In the past few years, a major link between environ-
mental toxicants, epigenetic changes, and cancer has become apparent. In Chap.   11    , 
Pogrinby and Rusyn discuss these developments as they pertain to chemical carcino-
gens such as arsenic, as well as other pharmaceutical and biological agents. While 
epigenetic alterations in cancer cells and tumor tissues is well established, emerging 
data suggest that systemic epigenetic changes (i.e., those affecting normal tissues) 
can also occur in cancer patients, as well as in individuals with elevated risk for can-
cer. Marsit and Christensen highlight the current research in this exciting and poten-
tially high impact area in Chap.   12    . Epigenetic therapies have entered the clinic and 
received their  fi rst widespread use in the context of myeloid malignancies, particu-
larly myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML). In 
Chap.   13    , Grif fi ths and Gore discuss the clinical work in this arena, with a focus on 
the FDA-approved azanucleosides 5-azacytidine (vidaza) and decitabine (dacogen), 
but also touching on HDAC inhibitors. In Chap.   14    , Balch and Nephew discuss how 
epigenetic therapies may be particularly well suited for chemotherapy sensitization 
to overcome drug resistance, and review the extensive preclinical work and rapidly 
accumulating clinical knowledge in this area. Finally, in Chap.   15    , Costello and col-
leagues review the approaches used for the analysis of cancer epigenomes. In par-
ticular, they discuss the methods appropriate for the analysis of cytosine methylation 
and hydroxymethylation, discuss next-generation sequencing approaches, and touch 
on the computational methods now being used to explore cancer epigenomes.

Omaha, Nebraska, USA Adam R. Karpf   
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  Abstract   The maintenance DNA methyltransferase (DNMT) 1 and the de novo 
methyltransferases DNMT3A and DNMT3B are all essential for mammalian devel-
opment. DNA methylation, catalyzed by the DNMTs, plays an important role in 
maintaining genome stability. Aberrant expression of DNMTs and disruption of 
DNA methylation patterns are closely associated with many forms of cancer, although 
the exact mechanisms underlying this link remain elusive. DNA damage repair sys-
tems have evolved to act as a genome-wide surveillance mechanism to maintain 
chromosome integrity by recognizing and repairing both exogenous and endogenous 
DNA insults. Impairment of these systems gives rise to mutations and directly con-
tributes to tumorigenesis. Evidence is mounting for a direct link between DNMTs, 
DNA methylation, and DNA damage repair systems, which provide new insight into 
the development of cancer. Like tumor suppressor genes, an array of DNA repair 
genes frequently sustain promoter hypermethylation in a variety of tumors. In addi-
tion, DNMT1, but not the DNMT3s, appear to function coordinately with DNA dam-
age repair pathways to protect cells from sustaining mutagenic events, which is very 
likely through a DNA methylation-independent mechanism. This chapter is focused 
on reviewing the links between DNA methylation and the DNA damage response.      

    1.1   Introduction 

 DNA methyltransferases (DNMTs), responsible for the transfer of a methyl group 
from the universal methyl donor,  S -adenosyl- l -methionine (SAM), to the 5-position 
of cytosine residues in DNA, are essential for mammalian development  [  1  ] . 

    B.   Jin   •     K.  D.   Robertson   (*)
     Department of Biochemistry and Molecular Biology , 
 Georgia Health Sciences University Cancer Center , 
  CN-2151, 1410 Laney Walker Blvd ,  Augusta ,  GA   30912 ,  USA    
e-mail:  krobertson@georgiahealth.edu   

    Chapter 1   
 DNA Methyltransferases, DNA Damage Repair, 
and Cancer       

      Bilian   Jin    and    Keith   D.   Robertson         
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There are four members of the DNMT family, including DNMT1, DNMT3A, 
DNMT3B, and DNMT3L. DNMT3L, unlike the other DNMTs, does not possess 
any inherent enzymatic activity  [  2  ] . The other three family members are active on 
DNA.  DNMT1  encodes the maintenance methyltransferase and  DNMT3A/DNMT3B  
encode the de novo methyltransferases  [  3,   4  ] , required to establish and maintain 
genomic methylation. While this maintenance vs. de novo division has been conve-
nient, there is clear evidence for functional overlap between the maintenance and 
the de novo methyltransferases  [  5,   6  ] . Gene knockout analysis in mice has shown 
that  Dnmt1  and  Dnmt3a/Dnmt3b  genes are all essential for viability.  Dnmt1  inacti-
vation leads to very early lethality at embryonic day (E) 9.5, shortly after gastrula-
tion  [  7–  9  ] , whereas  Dnmt3b  knockout induces embryo death at E14.5–18.5, due to 
multiple developmental defects including growth impairment and rostral neural 
tube defects  [  3,   8,   9  ] .  Dnmt3a  −/−  mice become runted and die at about 4 weeks of 
age, although they appear to be relatively normal at birth  [  3  ] . 

 DNMTs play an important role in genomic integrity, disruption of which may 
result in chromosome instability and tumor progression. It is well established that 
DNMTs are required for transcriptional silencing of a number of sequence classes, 
including imprinted genes, genes on the inactive X chromosome and transposable 
elements  [  1,   10  ] , and silencing of these sequences is essential for maintaining chro-
mosome stability. Much compelling evidence has come from targeted deletion 
experiments showing that all three DNMTs are involved in stabilization of the 
genome, particularly repetitive sequences  [  3,   11,   12  ] . For example, either single 
knockout of  Dnmt1  or double knockout of  Dnmt3a  and  Dnmt3b  enhances telomere 
recombination  [  11  ] . DNMT3B is speci fi cally required for stabilization of pericentro-
meric satellite repeats. DNMT3B de fi ciency results in expansion and rearrangements 
of pericentromeric repeats  [  3,   12  ] . Immunode fi ciency, centromere instability, and 
facial anomalies (ICF) syndrome is the only human genetic disorder known to involve 
biallelic mutations in  DNMT3B . It is characterized by chromosomal instability aris-
ing due to destabilization of pericentromeric repeats, particularly those at juxtacen-
tromeric regions of chromosomes 1, 9, and 16  [  3,   12  ] . Of note, cells null for  DNMT1  
or with hypomorphic mutations in  DNMT1  that partially reduce its levels to 30% of 
WT DNMT1 display signi fi cantly greater microsatellite instability (MSI)  [  13–  17  ] , a 
greater frequency of chromosomal translocations  [  18  ]  and much higher sensitivity to 
genotoxic agents  [  17  ] , which may promote the development of cancer. 

 The DNA damage response (DDR) is a genome-wide surveillance system that 
protects cells from potentially mutagenic DNA insults derived from either endoge-
nous or exogenous sources. The DDR usually functions through the coordinated 
actions of DNA repair and checkpoint systems to promote DNA damage repair 
before replication or to activate cell death pathways if excessive damage exists  [  19  ] . 
Like the cellular DNA methylation machinery, an intact DDR is crucial for prevent-
ing cancer. Evidence is mounting to support a link between the DNA methylation 
and DNA damage repair systems, as  fi rst suggested by promoter hypermethylation 
and silencing of DNA repair genes in multiple types of cancer  [  20  ] . More impor-
tantly, DNMT1 may be directly involved in DNA damage repair in a DNA methy-
lation-independent manner  [  14,   17,   21–  23  ] . Strong support for this latter notion 
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comes from recent observations that DNMT1 is rapidly and transiently recruited to 
regions of DNA double-strand breaks (DSBs) via its interaction with proliferating 
cell nuclear antigen (PCNA)  [  21,   24  ] , as well the PCNA-like DNA damage sliding 
clamp component RAD9 (of the 9-1-1 complex)  [  21  ] . In this chapter, we examine 
and outline the links between DNMTs and DNA repair systems and discuss the pos-
sible mechanisms of how they are orchestrated, with a focus on cancer.  

    1.2   Epigenetic Silencing of DNA Repair Pathways Through 
Aberrant Promoter Hypermethylation 

 DNA repair systems have evolved to maintain genomic integrity by countering 
threats posed by DNA lesions  [  19  ] . De fi ciency in the DNA repair pathways may 
leave these lesions unrepaired or cause them to be repaired incorrectly, eventually 
leading to genome instability or mutations that contribute directly to a large array of 
human diseases including cancer. Carcinogenesis is believed to originate from and 
be driven by the acquisition of abnormal genetic and/or epigenetic changes. Aberrant 
DNA hypermethylation, when it occurs at promoter CpG islands (CGIs), leads to 
potent and heritable transcriptional silencing that inactivates key cellular pathways 
much like genetic changes (e.g., mutation/deletion) do. In addition to genetic muta-
tions, promoter hypermethylation in DNA repair genes is closely linked to a variety 
of human tumor types including colorectal, breast, lung cancers, and glioma  [  20  ]  
(Table  1.1 ), suggesting that epigenetic silencing of DNA repair pathways is an 
important contributor to the development of cancer.  

    1.2.1   Epigenetic Inactivation of the DNA Mismatch 
Repair Pathway 

 Mismatch repair (MMR) is a genome surveillance system to maintain genomic 
integrity through recognizing and correcting mismatched nucleotides arising during 
DNA replication, homologous recombination (HR), or other forms of DNA dam-
age. Impairment of this system gives rise to MSI  [  25,   26  ] , which has now been 
recognized as a hallmark of MMR gene-de fi cient cancers. Microsatellite loci, 
widely dispersed in the genome, are repetitive sequences consisting of short runs of 
nucleotides, typically one to four bases in length. Repetitive regions may give rise 
to the formation of secondary structures, which are subject to expansion or 
 contraction. The secondary structures, if incorrectly resolved, lead to slippage of 
DNA polymerases along repetitive sequences during replication. Microsatellites are 
particularly susceptible to length change mutations during replication and transcrip-
tion, resulting in frameshift mutations if they are located within a gene  [  25,   26  ] . 
MMR deals with these changes to maintain microsatellite stability. MMR  comprises 
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the MutS complex and the MutL complex. MutS recognizes the mismatched base, 
while MutL recruits repair enzymes to damage sites via its binding with MutS  [  27  ] . 
There are two main MutS complexes in humans, MutS a  and MutS b . MutS a , con-
sisting of the MutS homologue 2 (MSH2) protein bound to MSH6, recognizes sin-
gle-base mismatches or small insertion/deletion loops (indels), whereas MutS b , 
consisting of MSH2 and MSH3, repairs only indels  [  28  ] . The main complex for 
MutL in humans is MutL a , consisting of a heterodimer of MLH1 and PMS2  [  26  ] . 
Mutations in or epigenetic silencing of MMR genes like  MLH1  and  MSH2  is closely 
associated with a variety of human cancers such as hereditary non-polyposis colon 
cancer (HNPCC), sporadic colon cancer, and ovarian cancer  [  29  ] . 

 MLH1 plays a central role in coordinating various steps in MMR via interacting 
with other MMR proteins and modulating their activities. Hypermethylation of the 
 MLH1  promoter is observed in a variety of cancers including oral squamous cell 
carcinoma  [  30  ] , gastric cancer  [  31,   32  ] , non-small cell lung cancer (NSCLC)  [  33  ] , 
ovarian cancer  [  34  ] , acute myeloid leukemia  [  35–  37  ] , head and neck squamous cell 
carcinoma (HNSCC)  [  38  ] , HNPCC  [  39–  41  ] , and particularly in colorectal cancer 
(CRC)  [  42–  45  ]  (Table  1.1 ). The reduced MLH1 protein expression is correlated 
with high-level methylation detected in human CRC samples, whereas samples with 
low-level methylation display expression levels similar to those observed in methy-
lation-negative samples  [  46  ] , strongly suggesting that the  MLH1  gene is inactivated 
via promoter hypermethylation in a dose-dependent manner. Nonetheless, it is not 
clear whether a moderate degree of methylation affects MLH1 gene expression or 
not. On the basis of observations made in germ line cells, it has long been believed 
that  MLH1  promoter methylation involves only one allele of maternal origin. 
However, more recent  fi ndings demonstrate that there is biallelic involvement of 
 MLH1  promoter hypermethylation in many cancers  [  46  ] . The causal link between 
MSI and epigenetic inactivation of  MLH1  is further highlighted by the observation 
that 90% of MSI+ HNPCC have  MLH1  hypermethylation, while 95% of MSI sam-
ples do not  [  20  ] . 

  MSH2  is also hypermethylated in multiple tumor types, including gastric cancer 
 [  31  ] , NSCLC  [  33  ] , ovarian cancer  [  47  ] , sporadic CRC  [  48  ] , and HNPCC  [  49  ]  
(Table  1.1 ). Interestingly, promoter methylation of  MSH2  in HNPCC occurs primar-
ily in patients with germ line mutations in  MSH2  rather than in germ line mutation-
negative cases  [  49  ] . Seventy percent of patients with  MSH2  methylation also present 
germ line mutations in this gene, clearly indicating that methylation is the second 
inactivating hit in these tumors  [  49  ] . DNA hypermethylation can be caused by tran-
scription across a CGI within a promoter region. Recent studies have revealed that 
deletions of the last exons of the  EpCAM  gene, located immediately upstream of 
 MSH2 , give rise to somatic hypermethylation of the  MSH2  promoter  [  50  ] . Deletions 
at the most 3 ¢ -end of the  EpCAM  gene result in loss of its polyadenylation signal, 
which abolishes transcription termination. Transcription of  EpCAM  then continues 
downstream into the  MSH2  promoter and induces promoter hypermethylation of 
 MSH2 . DNA methylation triggered by transcriptional read-through of a neighbor-
ing gene, in either sense or antisense, direction may represent a general mutational 
mechanism that promotes aberrant epigenetic changes. Like  MLH2 , other MutS 
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homologues, including  MSH3  and  MSH6 , are also inactivated by hypermethylation 
in tumors such as breast  [  51  ]  and gastric cancers  [  31  ]  (Table  1.1 ).  

    1.2.2   Epigenetic Inactivation of the Base Excision Repair 
and Nucleotide Excision Repair Pathways 

 The speci fi c pairing of DNA bases in the genome is constantly challenged by endog-
enous metabolic by-products and environmental insults. Base excision repair (BER) 
is responsible for the removal of damaged DNA bases and their backbones to pre-
vent mutations that could give rise to cancer  [  19,   52  ] . In BER, abnormal DNA bases 
are recognized and removed by speci fi c glycosylases, followed by recruitment of 
other enzymes including nuclease, polymerase, and ligase proteins, to complete the 
repair process via excising the remaining sugar fragments and reinstalling an intact 
correctly based-paired nucleotide  [  19  ] . 

 Either thymine DNA glycosylase (TDG) or methyl-CpG-binding domain 4 
(MBD4) mediate a speci fi c BER pathway for the correction of G/T mismatches 
arising due to 5-methylcytosine deamination leading to C to T transitions. DNA 
hypermethylation-mediated silencing of  TDG  and  MBD4  may contribute to the fre-
quent genomic instability that occurs in cancer cells  [  53  ]  (Table  1.1 ).  TDG  promoter 
hypermethylation negatively correlates with its expression. TDG down-regulation 
leads to less ef fi cient DNA repair activity in response to hydrogen peroxide-induced 
DNA damage. Ectopic expression of TDG, however, functionally compensates for 
lower repair activities of damaged DNA in the KAS-6/1 myeloma cell line with 
extensive endogenous  TDG  gene hypermethylation  [  53  ] .  MBD4 , like  TDG , is also 
subject to promoter hypermethylation and gene silencing in tumors like sporadic 
CRC and ovarian cancer  [  54  ] . Another DNA glycosylase, OGG1, which mediates 
removal of 8-oxoguanine induced by oxidative damage, is also subject to inactiva-
tion via promoter methylation in cancer cells  [  55  ]  (Table  1.1 ). 

 Of all the repair systems, nucleotide excision repair (NER) recognizes the most 
varied types of DNA lesions, contending with the diverse class of helix-distorting 
damage that interferes with base pairing and obstructs replication and transcription. 
In NER, there exist two sub-pathways that differ in the mechanism of lesion recogni-
tion: global genome-NER (GG-NER) that surveys the entire genome for distortions, 
and transcription-coupled repair (TCR), which targets damage that blocks elongating 
RNA polymerases  [  19,   56  ] . NER, therefore, plays a particularly important role in 
preventing mutations. Thus far, three syndromes, xeroderma pigmentosum, Cockayne 
syndrome, and trichothiodystrophy (TTD), are closely associated with NER defects 
 [  56  ] . Of these, patients with xeroderma pigmentosum, attributable to mutations in 
one of the seven xeroderma pigmentosum (XP) group genes ( XPA – XPG ), show a 
dramatically increased incidence of UV light-induced skin cancer  [  19,   56  ] . 

 It was reported recently that the  XPC  promoter is epigenetically inactivated in 
bladder cancer  [  57  ]  (Table  1.1 ).  XPC  promoter methylation is signi fi cantly elevated 
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in cancerous bladder compared to normal tissue, leading to reduced mRNA levels in 
the tumor  [  57  ] . Epigenetic defects in the  XPC  gene may also in fl uence malignant 
behavior and prognosis. ERCC1 is a crucial protein in the NER pathway primarily 
involved in the repair of platinum-DNA adducts. Aberrant CGI methylation in the 
 ERCC1  promoter region has been observed in human glioma cell lines and primary 
tumors, which is associated with cisplatin chemosensitivity  [  58  ] . In a rat lung can-
cer model, however,  ERCC1  methylation is detected in only a very small proportion 
of samples  [  59  ] . De fi ciency in XRCC1, a scaffolding protein for BER and single-
strand break repair (SSBR), is associated with enhanced risk of lung cancer  [  60  ] . 
 XRCC1  is subject to aberrant promoter methylation in human gastric cancer tissues 
 [  61  ] . In lung cancer, in fi ltrating carcinomas exhibit statistically higher levels of 
methylation at the  XRCC1  promoter compared to normal, hyperplastic, and 
squamous metaplastic tissues  [  59  ] . RAD23B, a key component for damage recogni-
tion in NER, is also hypermethylated in multiple myeloma  [  62  ] .  

    1.2.3   Epigenetic Inactivation of HR and Nonhomologous 
End-Joining DNA Repair Pathway Components 

 HR not only provides an important mechanism to repair several types of DNA 
lesions that pose a threat to genome integrity, including DNA DSBs, DNA damage 
encountered during DNA replication, and DNA interstrand cross-links (ICLs), but 
is also required to restart stalled replication forks during the late S and G2 phases of 
the cell cycle  [  63,   64  ] . HR promotes precise repair of DNA damage using the intact 
sister chromatid as a template. De fi ciency of HR leads to more error-prone repair, 
which is associated with mutagenesis and predisposition to cancer  [  63  ] . 

 The  BRCA1  and  BRCA2  genes are both essential for HR-mediated DNA repair. 
BRCA1 appears to act as a signal integrator that links DNA damage sensors with 
response mechanisms. BRCA2, however, is more directly involved in homology-
directed DSB repair, as it mediates formation of a RAD51-DNA nucleoprotein 
 fi lament that catalyzes strand invasion during HR.  BRCA1  and  BRCA2  are fre-
quently mutated in hereditary breast and ovarian cancers, but seldom in sporadic 
cases of these tumor types. Epigenetic inactivation of  BRCA1  via promoter hyperm-
ethylation, however, plays an important role in tumorigenesis in a wide array of 
cancers including breast  [  65,   66  ] , ovarian  [  67  ] , gastric  [  68  ] , bladder  [  69  ] , and 
NSCLCs  [  70  ] , both hereditary  [  71  ]  and sporadic forms  [  20,   39  ]  (Table  1.1 ). It is 
believed that epigenetic silencing of BRCA1 creates a new mutator pathway that 
generates mutations and gross chromosomal rearrangements via p53 signaling. This 
idea is supported by several observations including one demonstrating that p53 
inactivation rescues the impact of BRCA1 de fi ciency on cell survival  [  20,   72  ] . 
Although much less frequently than  BRCA1 ,  BRCA2  also acquires promoter region 
hypermethylation that is closely associated with its reduced expression in breast 
cancer  [  51  ]  and NSCLC  [  70  ]  (Table  1.1 ). 
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 The primary function of the Fanconi anemia (FA) pathway is to repair interstrand 
DNA cross-links, which promotes HR via coordinating other DNA damage- responsive 
events to stabilize stalled replication forks, to convey signals to DNA checkpoint path-
ways, and to facilitate recovery of replication forks  [  73  ] . FA is a genomic instability 
syndrome characterized by bone marrow failure, developmental abnormalities, and 
increased cancer incidence, which is caused by mutations in one of thirteen distinct 
genes ( FANCA ,  FANCB ,  FANCC ,  FANCD1 ,  FANCD2 ,  FANCE ,  FANCF ,  FANCG , 
 FANCI ,  FANCJ ,  FANCL ,  FANCM , and  FANCN )  [  73  ] . Eight of them (FANCA, B, C, 
E, F, G, L, and M) form the FA core complex. This group of genes contains a high GC 
content and CGIs at their promoter regions, making them potential targets for aberrant 
hypermethylation-mediated silencing  [  74  ] . This idea has received support from obser-
vations that  FANCC ,  FANCF,  and  FANCL  acquire promoter methylation during human 
carcinogenesis  [  39,   75  ] . Of these,  FANCF  displays hypermethylation the most fre-
quently, occurring in 14–28% of different cancers including NSCLC  [  76  ] , HNSCC 
 [  76  ] , cervical  [  77  ] , and ovarian  [  39,   78  ]  (Table  1.1 ). 

 Unlike HR, which performs error-free repair, nonhomologous end-joining (NHEJ) 
simply restores DNA integrity by joining the two DNA ends. This type of repair is 
error-prone and frequently results in the loss or addition of several nucleotides at the 
break site. Despite its mutagenic consequences, NHEJ is the major DSB repair path-
way in mammalian cells. Defects in NHEJ lead to chromosomal translocations and 
genomic instability. In NHEJ, DSBs are detected by the KU70/KU80 heterodimer; 
the KU complex then activates the protein kinase DNA-PKcs (DNA-dependent pro-
tein kinase catalytic subunit), leading to recruitment and activation of end-processing 
enzymes, polymerases, and  fi nally ligation of the breaks by the XRCC4/DNA ligase 
IV complex. In the NHEJ pathway, only the  XRCC5  gene, encoding the KU80 pro-
tein, has been reported to be inactivated via epigenetic mechanisms  [  70  ]  (Table  1.1 ). 
Low expression of XRCC5 in squamous cell carcinoma and NSCLC is signi fi cantly 
associated with promoter region hypermethylation. Treatment of NSCLC cells with 
the DNA demethylating agent 5-aza-2 ¢ -deoxycytidine (5-aza-CdR), however, does 
not result in increased KU80 expression  [  70  ] . Thus, the underlying mechanisms pro-
moting and maintaining XRCC5 silencing await further investigation, particularly in 
more samples and more types of cancer.  

    1.2.4   Epigenetic Silencing of O 6 -Methylguanine-DNA 
Methyltransferase 

 O 6 -methylguanine, which arises due to alkylation reactions, pairs with thymine 
rather than cytosine, resulting in G:C to A:T mutations during DNA replication. O 6 -
methylguanine-DNA methyltransferase (MGMT), also known as O 6 -alkylguanine-
DNA alkyltransferase (AGT), repairs DNA damage by transferring the methyl 
groups on the O 6  position of guanine to an active site cysteine residue to protect 
cells from sustaining mutagenic events, which has been demonstrated by gain- or 
loss-of-function experiments in vitro and in vivo  [  79  ] . The MGMT protein is unique 
among DNA-repair components because it acts alone to remove DNA adducts. 
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Although MGMT is ubiquitously expressed in normal human tissues, mean 
 enzymatic activity in malignant tissues is usually higher than in their normal coun-
terparts. However, there is a variety of tumors such as glioma, CRC, NSCLC, and 
HNSCC that lack MGMT expression  [  20,   39  ]  (Table  1.1 ). It has been well docu-
mented that MGMT de fi ciency often arises due to abnormal promoter methylation 
 [  20,   39,   80  ] . For example, 29% of NSCLCs and 38% of CRCs display aberrant 
 MGMT  methylation, in which the presence of hypermethylation is highly associated 
with loss of MGMT protein  [  81  ] .  MGMT  is the most frequently methylated gene in 
central nervous system tumors. Epigenetic silencing of  MGMT  via promoter hyper-
methylation occurs in approximately 40% of primary glioblastomas and over 70% 
of secondary glioblastomas. It is also detected in 50% of the diffuse and anaplastic 
astrocytomas and approximately two-thirds of oligodendroglial and mixed tumors 
 [  82  ] . These results, together with a causal relationship between DNA methylation of 
the  MGMT  CGI and decreased transcription of the gene in cell culture-based stud-
ies, demonstrate that DNA methylation is an important mechanism for silencing the 
 MGMT  gene in human cancers. 

 Epigenetic silencing of  MGMT  may initiate an important mutator signaling cas-
cade in human cancers since MGMT loss causes G:C to A:T transitions, which lead 
to downstream gene mutations. This proposal is strongly supported by an analysis 
of point mutations in  KRAS  and  p53 . KRAS, the most commonly altered oncogene 
in cancer, is an early key player in multiple signal pathways. Loss of MGMT is 
associated with increased  KRAS  mutations possessing G:C to A:T transitions in 
colon  [  83  ]  and gastric cancer  [  84  ] .  p53  is the most frequently mutated tumor sup-
pressor gene (TSG) in human cancer, and the majority of known  p53  mutations are 
G:C to A:T transitions  [  66,   85  ] . Epigenetic inactivation of  MGMT  may lead to G:C 
to A:T transition mutations in  p53 , which has been observed in several types of 
cancer including colorectal  [  66  ] , liver  [  86  ] , lung  [  87  ] , esophageal squamous cell 
carcinomas  [  88  ] , and glioma  [  89  ] . Interestingly,  MGMT  promoter methylation is 
associated with improved disease chemosensitivity and prolonged survival time in 
patients treated with alkylating agent-based therapies  [  90  ] . However, it is unclear 
whether the improved survival is speci fi cally due to loss of MGMT expression or 
accompanying drug sensitivity.  

    1.2.5   Epigenetic Silencing of WRN 

 Werner syndrome (WS) is a rare autosomal recessive disease, characterized by pre-
mature onset of aging, genomic instability, and increased cancer incidence. WS is 
caused by null mutations at the  WRN  locus at 8p11.2–p12, which codes for a DNA 
helicase belonging to the RecQ family. De fi ciency in WRN function causes defects 
in DNA replication and recombination, as well as DNA repair. 

 WRN is a 180-kd nuclear protein that has a unique interaction with its DNA 
substrates through its C terminal RQC domain during base separation  [  91  ] . In addi-
tion to two C-terminal ATPase domains encoding for helicase activity, the WRN 
protein contains an N-terminal domain coding for exonuclease activity. Its helicase 
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and exonuclease activities function in a coordinated manner, suggestive of roles in 
DNA repair, recombination, and replication. Recently, the WRN protein was also 
shown to be involved in telomere maintenance based on the discovery that its 
de fi ciency leads to accelerated telomere shortening in WS cells  [  92  ] . These multiple 
roles of the WRN protein highlight its importance in aging and cancer. 

 The evidence suggesting that WRN acts as a TSG is derived primarily from 
WS, which is characterized by the early onset development of a variety of cancers 
due to germ line  WRN  mutation; somatic mutations in the  WRN  gene have not been 
reported. Epigenetic inactivation of  WRN  provides additional support for its TSG 
role in sporadic cancer. The  WRN  promoter undergoes hypermethylation in a wide 
array of tumors including colorectal, gastric, prostate, non-small cell lung, and 
breast cancers  [  93,   94  ]  (Table  1.1 ). Epigenetic silencing of  WRN  via methylation 
not only leads to the loss of protein and enzyme activity, but also to chromosomal 
instability. Furthermore, the above phenotype is reversed by DNA-demethylating 
agents. Most importantly, restoration of WRN expression induces its tumor-sup-
pressor effects, such as inhibition of colony formation and tumor growth  [  93  ] . Taken 
together, aberrant epigenetic silencing of  WRN , a candidate TSG, may play an 
important role in human cancers. Interestingly, WRN was recently shown to be 
associated with promoter methylation of the  OCT4  gene  [  95  ] , which encodes a cru-
cial transcription factor for the maintenance of cell pluripotency. During differentia-
tion of human pluripotent NCCIT embryonic carcinoma cells, WRN localizes to the 
 OCT4  promoter region with  de novo  DNA methyltransferase DNMT3B and pro-
motes differentiation-dependent  OCT4  silencing and promoter methylation  [  95  ] . 
De fi ciency in WRN blocks DNMT3B recruitment to the promoter and leads to 
decreased promoter methylation of  OCT4   [  95  ] . Therefore, WRN may also contrib-
ute to the control of stem cell differentiation via epigenetic silencing of the key 
pluripotency transcription factor OCT4.  

    1.2.6   Epigenetic Inactivation of ATM/ATR Signaling 

 DNA damage signaling requires the coordinated action of a large array of mole-
cules that can be categorized as DNA damage sensors, transducers, mediators, and 
effectors according to their functions. Upon damage of DNA, the MRE11–RAD50–
NBS1 (MRN) sensor complex recognizes DSBs and the replication protein A 
(RPA) complex processes accumulated single-stranded DNA (ssDNA). The trans-
ducer ataxia-telangiectasia mutated (ATM) and ATR kinases are recruited to and 
activated by DSBs and RPA-coated ssDNA, respectively. With the help of media-
tors (including 53BP1, MDC1, BRCA1, MCPH1, and PTIP in ATM signaling, and 
TopBP1 and Claspin in ATR signaling), ATM and ATR activate the effector kinases 
CHK2 and CHK1, respectively, which then spread the signal throughout the 
nucleus  [  96–  98  ] . CHK1 and CHK2 decrease cyclin-dependent kinase (CDK) activ-
ity, which slows down or arrests cell cycle progression. Meanwhile, ATM/ATR 
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signaling promotes DNA repair through various mechanisms. Through ATM/ATR 
signaling, DNA repair and cell cycle progression are closely coordinated. The 
coordinated action of DNA repair and cell cycle controls either promotes the 
resumption of normal cell functioning before replication or triggers apoptosis/cell 
death when normal cell functioning cannot be restored; both mechanisms act as 
barriers to tumorigenesis  [  19  ] . 

 Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder, characterized 
by progressive cerebellar ataxia, oculocutaneous telangiectasia, susceptibility to 
bronchopulmonary disease, and lymphoid tumors. AT is caused by de fi ciency in 
the  ATM  gene, localized on chromosome 11q22–23. ATM is an Ser/Thr protein 
kinase of the phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) fam-
ily, which also includes ATR, DNA-PKcs, and SMG1. ATM may have as many as 
700 substrates  [  99,   100  ] , highlighting its multiple functions in various biological 
processes including cancer. Loss of heterozygosity in  ATM  results in reduced pro-
tein expression; however, this mechanism explains only a small proportion of can-
cers where ATM down-regulation is observed. In sporadic cancer, which accounts 
for 90–95% of tumors, the probability of  ATM  gene mutations is low, whereas 
altered expression of ATM is frequently observed. It is therefore likely that epi-
genetic modi fi cations have an impact on ATM expression in these cases (Table  1.1 ). 
Initial proof for this idea came from studies using the human colon cancer cell line 
HCT116  [  101  ] . In this cell line,  ATM  displays aberrant promoter methylation, 
which inversely correlates with its low expression and low radiosensitivity. The 
signi fi cance of this  fi nding is underscored by further observations that treatment of 
HCT116 cells with 5-azacytidine (a DNA demethylating agent) restores expres-
sion of ATM and radiosensitivity  [  101  ] .  ATM  is also epigenetically silenced in 
primary cancers. For example, 78% of surgically removed breast tumors  [  102  ]  and 
25% of HNSCC  [  103  ]  display aberrant methylation in the  ATM  promoter region 
accompanied by reduced ATM. 

  CHK2 , the mammalian homologue of the yeast Rad53 and Cds1, is located at 
chromosome 22q12.1, spans approximately 50 kb, and consists of 14 exons  [  104  ] . 
CHK2, activated by ATM, responds primarily to DSBs. Its fundamental role is to 
coordinate cell cycle progression with DNA repair and cell survival or death. 
Germ line mutations in the  CHK2  gene predispose to Li–Fraumeni syndrome 
(LFS), characterized by multiple tumors at early age with a predominance of 
breast cancer and sarcomas  [  105  ] . Somatic mutations in  CHK2  exist also, although 
they occur in only a small subset of sporadic human malignancies, including car-
cinomas of the breast, lung, colon, and ovary, osteosarcomas, and lymphomas 
 [  106  ] . The  fi nding of both germ line and somatic mutations suggests that  CHK2  
acts as a TSG. This is further supported by the observation that down-regulation 
of CHK2 is associated with promoter methylation in sporadic cancers including 
lung cancer, glioma, and Hodgkin’s lymphoma  [  107–  109  ] . For example, DNA 
hypermethylation of the distal  CHK2  CGIs occurs in 28.1% of NSCLCs and 
40.0% of squamous cell carcinomas, which inversely correlates with  CHK2  
mRNA levels. It should be noted, however, that observations in breast, colon, and 
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ovarian cancers do not support a causative link between DNA methylation and 
gene expression of CHK2  [  110,   111  ] .   

    1.3   DNA Methyltransferase 1 and Mismatch Repair 

 The function of the MMR pathway is to correct base substitution mismatches and 
insertion–deletion mismatches generated in newly replicated DNA  [  112  ] . 
De fi ciencies in or inactivation of this pathway has profound biological conse-
quences. Loss of MMR activity is attributed to the initiation and promotion of mul-
tistage carcinogenesis  [  113  ] . A growing number of reports have demonstrated that 
loss of DNMT1 function has a signi fi cant impact on MSI—a hallmark of MMR 
ef fi ciency, suggesting it has a role in the MMR pathway (Fig.  1.1 ). Using genetic 
screens in  Blm -de fi cient embryonic stem (ES) cells,  Dnmt1  was identi fi ed as an 
MMR modi fi er gene.  Dnmt1  de fi ciency in murine ES cells results in a fourfold 
increase in the MSI rate  [  13  ] . Further support for this  fi nding comes from several 
other laboratories  [  14–  17,   114  ] . DNMT1 de fi ciency enhances microsatellite muta-
tions for both integrated reporter genes  [  13,   14,   16,   17  ]  and endogenous repeats 
 [  15  ] . This  fi nding holds true for both ES cells and somatic cells. In a murine ES cell 
line with homologous deletion of  Dnmt1 , the stability of  fi ve endogenous microsat-
ellite repeats (two mononucleotides and three dinucleotides), exhibiting instabilities 
in MMR-de fi cient cells was analyzed. A signi fi cantly higher frequency of instabil-
ity was detected at three of the  fi ve markers in  Dnmt1  −/−  ES cells compared to the 
wild-type ES cells  [  15  ] . The slippage rate of a stable reporter gene was also moni-
tored. Dnmt1 de fi ciency led to a sevenfold higher rate of microsatellite slippage in 
 Dnmt1  −/−  ES cells compared to wild-type cells  [  14  ] . Notably, no DNA methylation 
in the region  fl anking the reporter gene was discovered, regardless of Dnmt1 status, 
suggesting that the effect of Dnmt1 on MMR was not at the level of DNA methyla-
tion  [  14  ] . Enhanced MSI is associated with higher levels of histone H3 acetylation 
and lower MeCP2 binding at regions near the assayed microsatellite, suggesting 
that Dnmt1 loss decreases MMR ef fi ciency by modifying chromatin structure. CAG 
repeat expansions are closely associated with human age-related diseases including 
12 neurodegenerative disorders. Repeat instability induced by CAG repeat expan-
sion requires the MMR components  [  16,   115  ] . DNMT1 de fi ciency induces destabi-
lization and intergenerational expansion of CAG triplet repeats  [  16  ] . Double 
knockdown of MLH1 and DNMT1, however, additively increases the frequency of 
CAG contraction  [  114  ] . Speci fi c targeting of DNMT1 in hTERT-immortalized nor-
mal human  fi broblasts by siRNA induces both resistance to MSI and the drug 
6-thioguanine (which induces cytotoxic DNA damage due to its misincorporation 
opposite thymine  [  116  ] ) at a CA17 reporter gene; two hallmarks of MMR de fi ciency. 
Mutation rates correspond well with DNMT1 levels, ranging from 4.1-fold in cells 
with 31% of the normal DNMT1 protein level to tenfold in cells with 12% of the 
normal DNMT1 protein level  [  17  ] . This suggests that DNMT1 regulates microsatel-
lite stability in a dose-dependent manner. The exact underlying mechanism of how 
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DNMT1 is involved in MSI appears complex and remains elusive. Microsatellite 
methylation probably provides a mechanism for length stabilization by subsequent 
transcriptional repression of genes containing or proximal to microsatellites with 
methylated CpG repeats. However, increased mutations usually occur at microsatel-
lite repeats that do not contain any CpG sites in the repeat itself  [  13,   15,   16,   114  ]  or 
nearby  [  14  ] , indicating that DNA methylation changes around microsatellite repeats, 
at least in some cases, are not the primary cause of the instability. Alternatively, 
DNMT1 might in fl uence transcriptional repression and MSI through chromatin 
remodeling  [  14  ] .  

 The impact of DNMT1 on the MMR pathway is further highlighted by the obser-
vation that DNMT1 and the MMR proteins probably interact with each other through 
a third-party mediator (Fig.  1.1 ). The methyl CpG-binding protein MBD4 / MED1 
may provide a functional link between MMR and DNMT1 through protein–protein 
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  Fig. 1.1    Impact of DNMT1 on MMR and DDR. DNMT1 may promote stabilization of microsat-
ellites via methylation of CpG repeats and it also interacts with DNA repair proteins via third-party 
mediators (e.g., MBD4 and PCNA). Moreover, de fi ciency in DNMT1 leads to activation of PARP 
signaling, eventually resulting in MMR protein cleavage. DNMT1 is also closely associated with 
DDR. Inactivation of DNMT1 may induce several changes to DNA and/or chromatin including 
increased DNA fragility, disruption of replication foci, and accumulation of hemimethylated DNA, 
which may be recognized as “damage” and activate the DDR. Strong support for a direct link 
between DNMT1 and DDR comes from the identi fi cation of several protein-protein interactions 
involving DNMT1 and DDR proteins. DNMT1 is recruited to sites of DNA damage via its interac-
tion with PCNA and 9-1-1. DNMT1 is also capable of binding CHK1 and p53, which promote cell 
cycle arrest and apoptosis, respectively       
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interaction. MBD4, which possesses glycosylase repair activity for G:T mismatches, 
is involved in NER as well as MMR. MBD4 binds MLH1 via its C-terminal glyco-
sylase domain  [  117,   118  ] . Deletion of  Mbd4  in MEFs induced destabilization of 
MMR proteins and conferred resistance to antitumor drugs including 5-FU and 
platinum  [  119  ] . MBD4 and TDG have functional overlap and they interact with the 
de novo methyltransferases DNMT3A and DNMT3B  [  120,   121  ] . MBD4 also inter-
acts with maintenance methyltransferase DNMT1 via its N-terminal MBD domain 
 [  118  ] . Based on a combination of immunoprecipitation and GST-pull down experi-
ments in mouse, rat, and  Xenopus , a minimal domain of approximately 70 amino 
acids in the N-terminal targeting sequence region of DNMT1 was shown to be 
required for MBD4 to bind to DNMT1  [  118  ] , which overlaps with a region in rat 
DNMT1 that interacts with MECP2  [  122  ] . Through interacting directly with both 
DNMT1 and MLH1, MBD4 recruits MLH1 to heterochromatic sites that are coin-
cident with DNMT1 localization  [  118  ] . Similarly, MBD4/MLH1 accumulates at 
DNA damage sites where DNMT1 is recruited after laser microirradiation  [  118  ] . 
Loss of DNMT1 induces p53-dependent apoptosis, which can be rescued by inacti-
vation of p53  [  123  ] . The MBD4/MLH1 complex also mediates the apoptotic 
response to DNMT1 depletion  [  118  ] . Colocalization of these proteins at damaged 
regions implies that they function coordinately in the cellular decision to repair the 
lesion or activate apoptosis. Like MBD4, PCNA may act as a mediator between 
MMR and DNMT1 because of its direct interaction with both systems. PCNA inter-
acts with multiple components of the MMR pathway including MSH6, MSH3, and 
MLH1. Disruption of this interaction confers an MMR defect in vivo and in vitro 
 [  124–  126  ] . Both MSH6 and MSH3 colocalize with PCNA at replication foci during 
S-phase  [  127  ] . MLH1 is recruited to damage sites where PCNA and DNMT1 also 
accumulate, although with slower kinetics than DNMT1  [  118,   128  ] . The recruit-
ment of DNMT1 to both the replication fork and DNA damage sites is through a 
direct interaction with PCNA and possibly CHK1 and the 9-1-1 complex as well 
 [  21,   24  ] . However, there is no report showing that PCNA, MLH1, and DNMT1 
colocalize together, implying that PCNA might interact with each protein at a 
 different time. Nonetheless, the functional mechanisms of whether and how these 
factors are orchestrated in response to DNA damage requires further investigation. 

 Most recently, DNMT1 de fi ciency has been shown to induce the depletion of 
multiple repair factors at the protein level (Fig.  1.1 )  [  17  ] , highlighting its impor-
tance not only in MMR ef fi ciency, but also in DDR signaling. In normal human 
 fi broblasts and CRC cell lines, DNMT1 knockdown leads to a matching decrease in 
MLH1 at the protein, but not the mRNA level  [  17  ] . Loss of MLH1, however, does 
not lead to expression changes in DNMT1  [  17  ] . Promoter hypermethylation of 
 MLH1 , although frequently observed in sporadic colon cancers  [  39  ] , does not appear 
to be the cause leading to gene inactivation in the context of DNMT1 de fi ciency. 
 MLH1  hypermethylation in DNMT1-de fi cient cells was further ruled out using a 
bisul fi te pyrosequencing assay  [  17  ] . Further observations suggest that DNMT1 
de fi ciency affects the steady-state levels of a number of repair proteins, including 
MSH2, MSH6, and PMS2, as well as MBD4  [  17  ] . Loss of multiple MMR 
 components in DNMT1 hypomorphic cells indicates that DNMT1 might play an 
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indirect role in the stabilization or proteolytic cleavage of these proteins, rather than 
directly interacting with each of them. It is documented that DNMT1 de fi ciency 
activates the DDR, which leads to cell cycle arrest  [  21,   123  ]  and the triggering of 
cell death pathways  [  123  ]  that may result in cleavage of proteins including MLH1 
 [  129  ] , which might account for MMR protein depletion after DNMT1 knockdown. 
Loss of DNMT1 activates ATM/ATR, which normally phosphorylate H2A.X lead-
ing to focal accumulation of  g H2A.X, a hallmark of DDR  [  21  ] . If excessive damage 
exists, p53-dependent  [  123  ]  and other cell death pathways are activated to maintain 
genomic integrity. Elevated  g H2A.X levels in DNMT1 hypomorphic cells can be 
partially reduced through inhibition of ATM/ATR signaling  [  17  ] . However, the PAR 
polymerase (PARP) inhibitor DPQ also reduces the level of  g H2A.X, to an extent 
exceeding that observed with the ATM/ATR inhibitor caffeine. In keeping with 
these observations, the viability of DNMT1-depleted cells treated with DPQ is 
enhanced to a greater extent than treatment of cells with agents that inhibit caspases 
or p53  [  17  ] . These  fi ndings, together with the observation that PARylation increases 
after DNMT1 loss, clearly demonstrate that PARP is involved in the DDR and cell 
death process in cells de fi cient in DNMT1 (Fig.  1.1 ). PARP catalyzes the polymer-
ization of ADP-ribose (PAR) units on target proteins using nicotinamide adenine 
dinucleotide (NAD + ) molecules as a donor  [  130  ] . NAD +  depletion, induced by 
severe DNA damage, gives rise to mitochondrial membrane depolarization and 
apoptosis initiation factor (AIF) translocation. It eventually results in an activation 
of caspases that lead to protein cleavage and cell death. DNA repair protein MLH1 
 [  129  ] , along with BLM1  [  131  ]  and ATM  [  132  ] , are preferred targets of caspases. 
Treatment with the PARP inhibitor DPQ, as expected, leads to an increase in full-
length MLH1 protein levels in DNMT1-depleted cells  [  17  ] . Taken together, DDR 
signaling, particularly the cell death pathway mediated by PARP, may play a sub-
stantial role in regulating cleavage of MMR repair proteins in cells de fi cient for 
DNMT1 (Fig.  1.1 ).  

    1.4   DNMT1 and the DNA Damage Response 

 Reduction of DNMT1 levels activates a DDR usually initiated by the most lethal 
form of DNA damage-DSBs (Fig.  1.1 ). DNMT1 de fi ciency also inhibits DNA rep-
lication  [  22,   23,   133  ] . It was reported that DNMT1 knockdown triggers an intra-S-
phase arrest of DNA replication, independent of DNA demethylation  [  22  ] . Similar 
to the observations for DNA damage checkpoints  [  134  ] , the intra-S-phase arrest is 
transient, disappearing after 10 days of treatment with  DNMT1  siRNA. The S-phase 
cells induced by DNMT1 knockdown exist in two distinct populations: 70% incor-
porate BrdUr, while 30% do not, consistent with the presence of an intra-S-phase 
checkpoint triggering cell cycle arrest  [  134  ] . Cells are arrested at different posi-
tions throughout S-phase, suggesting that this response is not speci fi c to distinct 
classes of origins of DNA replication. 5-aza-CdR, a nucleoside analogue, is a 
well-characterized and widely used inhibitor of DNA methylation, which inhibits 
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DNA methylation by trapping DNMT1 at the replication fork after being incorpo-
rated into DNA. 5-aza-CdR does not inhibit the de novo synthesis of DNMT1 
protein or its presence in the nucleus. S-phase cells treated with 5-aza-CdR, which 
causes genome-wide demethylation, do not exhibit two distinct population distri-
butions as observed in cells de fi cient in DNMT1. These results suggest that the 
intra-S-phase arrest is not correlated with the degree of DNA methylation, consis-
tent with observations that DNA replication arrest following DNMT1 inhibition is 
probably due to a reduction in the physical presence of DNMT1 at the replication 
fork, rather than DNA demethylation  [  133  ] . As discussed above, the cell cycle 
distribution in DNMT1 knockdown cells resembles the transient intra-S-phase 
arrest in DNA replication that is evoked by genotoxic insults  [  135–  137  ] . In addi-
tion, DNMT1 inhibition also leads to the induction of a set of genes that are impli-
cated in the genotoxic stress response including  p21   [  133  ] ,  p53   [  123  ] , and the 
growth arrest DNA damage inducible 45 b  gene (GADD45  b  )  [  22  ] . These results 
imply that DNMT1 is linked to DNA damage repair machineries to maintain chro-
mosome integrity via blocking DNA replication, a notion further strengthened by 
observations that DNMT1 knockdown activates the checkpoint pathways in an 
ATR-dependent manner  [  23  ] . Upon DNMT1 depletion, CHK1 and CHK2, key 
proteins in ATM/ATR signaling, are phosphorylated, which in turn induce phos-
phorylation and degradation of cell division control protein 25 A (CDC25A) as 
well as CDC25B  [  23  ] . As a consequence, the capacity for loading CDC45, an 
essential factor for DNA replication  [  138  ] , onto replication forks is decreased, 
resulting in replication arrest. DNMT1 knockdown also induces the formation of 
histone  g H2A.X foci, a hallmark of the DNA DSB response. The response elicited 
by DNMT1 knockdown is blocked by siRNA-mediated depletion of ATR, sugges-
tive of its ATR dependency. Further support for the importance of ATR came from 
the  fi nding that the cellular response to DNMT1 depletion is markedly attenuated 
in cells derived from a patient with Seckel syndrome, a disorder due to ATR 
de fi ciency  [  23  ] . However, it is not clear whether ATM, another key transducer like 
ATR in the checkpoint pathway, is involved in the process or not. DNA demethy-
lating agents do not trigger the stress response like genetic DNMT1 depletion does 
 [  23  ] . Moreover, this response is abolished by ectopic expression of either wild-
type DNMT1 or a mutant form of DNMT1 lacking the catalytic domain  [  23  ] , sug-
gesting that loss of catalytic activity of DNMT1 is not driving this response. Also 
of importance, DNMT1 knockdown leads to very limited genomic demethylation 
 [  22,   23  ] , consistent with observations made in cells containing hypomorphic muta-
tions in  DNMT1   [  139,   140  ] . One explanation for this limited demethylation is that 
de novo DNMTs compensate for the reduction of DNMT1 activity  [  139  ] . Another 
possibility is that DNMT1 loss triggers a checkpoint pathway (Fig.  1.1 ) to block 
DNA replication, preventing loss of DNA methylation in an attempt to maintain 
genome stability. Double knockdown of DNMT1 and ATR does indeed induce 
global DNA demethylation, whereas single knockdowns of either DNMT1 or ATR 
do not, implying that the arrest of DNA replication activated by ATR signaling fol-
lowing DNMT1 depletion prevents loss of DNA methylation and that blocking this 
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response results in global loss of DNA methylation  [  23  ] . Taken together, it appears 
that reduction of DNMT1 levels activates ATR signaling to block DNA replication 
in a DNA methylation-independent manner (Fig.  1.1 ). How this response to 
DNMT1 reduction is initiated,  however, is still uncertain. It is possible that removal 
of DNMT1 from replication forks disrupts fork progression and eventually results 
in DSBs that elicit checkpoint signaling (Fig.  1.1 ). Alternatively, the presence of 
low levels of hemimethylated DNA due to the absence of DNMT1 may trigger this 
response (Fig.  1.1 ). 

 Complete inactivation of DNMT1 via genetic mechanisms also activates the 
DDR and causes genomic demethylation. The degree of demethylation, however, 
varies greatly depending on cellular context, ranging from 20% loss in human can-
cer cells  [  141  ]  to 90% loss of genomic methylation in murine ES cells  [  7,   8  ] . As the 
principal enzyme responsible for maintaining DNA methylation, DNMT1 is essen-
tial for embryonic development and cell survival. Disruption of  Dnmt1  in mice 
results in loss of 90% of genomic methylation and embryonic lethality  [  7,   8  ] . Murine 
ES cells de fi cient for  Dnmt1  die when introduced to differentiate  [  7  ] , mouse 
 fi broblasts die within 2–4 cell divisions after conditional deletion in  Dnmt1   [  123  ] , 
and the human colon cancer cell line HCT116 undergoes marked apoptosis and cell 
death within one cell division if  DNMT1  is completely inactivated by cre-mediated 
conditional knockout  [  141,   142  ] . Notably, complete inactivation of DNMT1 trig-
gers the DDR before cells die  [  141  ] . Deletion of  DNMT1  activates p53  [  123,   141  ] , 
a target of ATM whose phosphorylation correlates with accumulation of p53 in 
response to DNA damage  [  143  ] . Disruption of both alleles of  DNMT1  leads to acti-
vation of the G2/M checkpoint and G2 arrest, as veri fi ed by the presence of phos-
phorylated ATM and  g H2A.X at discrete nuclear DNA damage foci  [  141  ] . Further 
support for checkpoint activation comes from the  fi nding that treatment of cells with 
an ATM/ATR inhibitor, caffeine, facilitates mitotic entry and cell death in  DNMT1  
null cells  [  141  ] . Most of these cells, however, eventually escape G2 arrest and re-
enter interphase with their unrepaired DNA, resulting in severe chromosomal and 
mitotic abnormalities (mitotic catastrophe)  [  141  ] . Thus far, the mechanisms by 
which DNMT1 inactivation leads to activation of DNA damage repair remains 
elusive. In the complete absence of DNMT1, DNA may become more fragile owing 
to reduced methylation and/or defective chromatin structure in critical regions of 
the genome, leading to activation of DNA damage signaling (Fig.  1.1 )  [  142  ] . 
Alternatively, the accumulation of hemimethylated DNA in  DNMT1  mutant cells 
may be recognized as damage and trigger the damage response (Fig.  1.1 ). Both of 
these possibilities are consistent with the observation that agents that affect overall 
chromatin structure without damaging DNA also activate ATM  [  144  ] . Nonetheless, 
it cannot be excluded that oncogene activation or gene mutations initiate the DDR, 
as Dnmt1-de fi cient ES cells exhibit signi fi cantly increased mutation rates, particu-
larly in the form of deletions and mutations  [  145  ] . 

 Recruitment of DNMT1 to sites of DNA damage has been observed by our labo-
ratory  [  21,   146  ]  and others  [  24  ] , providing compelling evidence to support the 
notion that DNMT1 is directly involved in DNA damage repair (Fig.  1.1 ). 
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Immediately after laser microirradiation-induced DSBs, an accumulation of DNMT1 
and PCNA occurs at the damage sites in S and non-S phase cells, colocalizing with 
 g H2A.X—a marker of DSBs. Recruitment of DNMT1 to damage sites is dependent 
on its interaction with PCNA through its PCNA-binding domain (PBD)  [  21,   24  ] , but 
is independent of its catalytic activity  [  21  ] . In addition to PCNA, DNMT1 also 
interacts with other components of the DNA damage machinery including CHK1 
 [  21,   146  ]  and the 9-1-1 complex  [  21  ] . PCNA, along with CHK1 and 9-1-1, is essen-
tial for DNMT1’s recruitment to DNA damage sites. After recruitment to damaged 
regions, DNMT1 modulates the rate of ATR signaling and is essential for suppress-
ing abnormal activation of the DDR in the absence of exogenous damage  [  21  ] . 
Taken together, these data have revealed a direct link between DNMT1 and the 
DNA damage repair process. 

 PCNA mediates recruitment of DNMT1, not only to DNA replication sites, but 
also to DNA damage sites. The DNMT1–PCNA interaction implies that the role of 
DNMT might be to restore epigenetic information after damage repair. However, 
recent studies demonstrate that this interaction is not essential for maintaining DNA 
methylation  [  5,   147  ] . Furthermore, the observation  [  21  ]  that DNMT1 is very rapidly 
recruited and retained only transiently, likely before resynthesis is completed, sug-
gest that genomic methylation is not the main function of DNMT1 at these sites, at 
least in the early part of the DDR. The recruitment kinetics of WT  DNMT1  and 
 DNMT1  with a point mutation in the catalytic domain are almost identical  [  21  ] . 
CHK1/CHK2 activation and  g H2A.X foci formation induced by DNMT1 de fi ciency 
are rescued by expression of a catalytically inactive form of DNMT1  [  23  ] . Therefore, 
although the possibility that DNMT1 participates in the restoration of DNA methy-
lation patterns during damage repair cannot be excluded, it seems more likely that 
DNMT1 functions in sensing and/or mobilizing the response to certain forms of 
DNA damage (Fig.  1.1 ). 

 In summary, both DNMTs and DNA damage repair systems have evolved to 
maintain genomic integrity and disruption of these pathways contributes to the 
development of cancer  [  19  ] . Therefore, we have examined and outlined the interac-
tion of DNMTs and DNA methylation with DNA damage repair systems and have 
discussed possible mechanisms for how the two systems may function coordinately 
to deal with DNA damage. Promoter methylation, catalyzed by DNMTs, plays an 
established role in silencing key genes in multiple DNA damage repair pathways; 
inactivation of these pathways may predispose to a large array of tumors  [  20  ] . These 
 fi ndings are consistent with observations that TSGs are frequently silenced via epi-
genetic mechanisms in cancer cells. Unexpectedly perhaps, more recent observa-
tions strongly suggest that DNMTs, particular DNMT1, are directly involved in 
DNA damage repair systems via what is likely to be a DNA-methylation-independent 
mechanism  [  17,   21–  23,   141  ] . The exact nature of the links between the DNMTs, 
DNA methylation, and DNA damage repair systems is complex and remains to be 
further investigated. A more thorough understanding of these links will not only 
help dissect the mechanisms of tumor development, but also identify new antitumor 
targets and therapeutic strategies.      
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  Abstract   In contrast to earlier views that there was much compartmentalization of 
the types of sequences subject to cancer-linked changes in DNA epigenetics, it is 
now clear that both cancer-associated DNA hypomethylation and hypermethylation 
are found throughout the genome. The hypermethylation includes promoters of 
tumor suppressor genes whose expression becomes repressed, thereby facilitating 
cancer formation. How hypomethylation contributes to carcinogenesis has been less 
clear. Recent insights into tissue-speci fi c intra- and intergenic methylation and into 
cancer methylomes suggest that some of the DNA hypomethylation associated with 
cancers is likely to aid in tumor formation and progression by many different path-
ways, including effects on transcription in  cis . Cancer-associated loss of DNA 
methylation from intergenic enhancers, promoter regions, silencers, and chromatin 
boundary elements may alter transcription rates. In  addition, cancer-associated 
intragenic DNA hypomethylation might modulate  alternative promoter usage, 
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 production of intragenic noncoding RNA transcripts, cotranscriptional splicing, and 
transcription initiation or elongation. Initial studies of hemimethylation of DNA in 
cancer and many new studies of DNA demethylation in normal tissues suggest that 
active demethylation with spreading of hypomethylation can explain much of the 
cancer-associated DNA hypomethylation. The new discoveries that genomic 
5-hydroxymethylcytosine is an intermediate in DNA demethylation, a base with its 
own functionality, and a modi fi ed base that, like 5-methylcytosine, exhibits cancer-
associated losses, suggest that both decreased hydroxymethylation and decreased 
methylation of DNA play important roles in carcinogenesis.      

    2.1   Introduction 

 Altered methylation of DNA in human cancers was  fi rst described as overall 
genomic hypomethylation in various cancers vs .  a wide variety of normal tissues 
 [  1  ]  and as hypomethylation of a few gene regions in colon adenocarcinomas vs .  
normal colonic epithelium  [  2  ] . Almost all types of cancers exhibit both hyperm-
ethylation of some DNA sequences and hypomethylation of others relative to 
appropriate controls that account for the tissue speci fi city of DNA methylation  [  3  ] . 
The cancer-associated hypermethylation and hypomethylation of the genome are 
generally independent of each other  [  4,   5  ] . Until recently, it appeared that cancer-
speci fi c changes in DNA methylation were usually hypermethylation of unique 
gene regions and hypomethylation of DNA repeats, albeit with many notable 
exceptions  [  6–  11  ] . Deep sequencing of the genome has revealed far greater size 
and complexity to the transcriptome than previously appreciated  [  12  ] . Similarly, 
recent whole-genome analysis of the cancer methylome demonstrates that there is 
much more cancer-linked hypomethylation of unique gene sequences and hyperm-
ethylation of repeated sequences than previously found, although there are differ-
ences in the frequency with which subsets of sequences undergo hypo- or 
hypermethylation  [  13–  18  ] . 

 This chapter reviews new insights into genome-wide DNA and chromatin epi-
genetics in normal cell populations as well as in cancers  [  19–  29  ] . Recent studies 
are drawing attention to previously unsuspected roles of epigenetic marks in the 
body of genes as well as at promoters and intergenic transcription control regions. 
These  fi ndings are likely to be relevant to the biological impact of cancer-associ-
ated DNA hypomethylation. In addition to effects on normal gene expression, 
cancer-associated DNA hypomethylation probably favors oncogenesis by enhanc-
ing recombination  [  30–  33  ] ; occasionally activating a small number of endogenous 
retroviral elements  [  34,   35  ] ; altering the intranuclear positioning of chromatin; and 
modulating the sequestration transcription factors at tandem DNA repeats, as 
reviewed previously  [  3,   6  ] . In addition, the little-studied area of DNA hemimethy-
lation in cancer is discussed in this chapter in the context of our growing under-
standing of pathways for the conversion of genomic 5-methylcytosine (5mC) 
residues to C residues.  
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    2.2   Genomic Hypomethylation Pro fi les in Cancer 
and Their Relevance at Promoters and Enhancers 

 Until recent high-resolution genome-wide analyses of DNA methylation, cancer-
speci fi c portions of methylomes were considered to consist predominantly of 
hypomethylated DNA repeats and hypermethylated gene regions  [  3,   7,   36  ] . DNA 
repeats are often used as a surrogate for average genomic methylation changes (usu-
ally losses of 5mC), with DNA epigenetic changes in some classes of repeats more 
closely associated with certain tumor types  [  6,   18,   35,   37–  39  ] . In our 1983 analysis 
of global DNA hypomethylation in human cancers by high performance liquid 
chromatography analysis of enzymatic DNA digests  [  1  ] , we fractionated one adeno-
carcinoma DNA into highly repetitive, moderately repetitive, and unique sequence 
classes. Because we found that each of these cancer DNA fractions had similar 
ratios of mol% 5mC to those from normal human tissues, we concluded that cancer-
linked hypomethylation was not con fi ned to repeated DNA. Indeed, cancer-linked 
DNA hypomethylation often occurs in unique sequences in and around genes, 
including metastasis-associated genes, as originally revealed in studies using CpG 
methylation-sensitive restriction endonucleases or sodium sul fi te-based methods to 
study individual gene regions  [  2,   6,   40  ] . 

 Recent genome-wide studies of DNA methylation in various normal and cancer 
cell populations indicate much tissue speci fi city throughout the genome in normal 
samples and pervasive cancer-linked DNA hypomethylation and hypermethylation 
 [  13,   15,   16,   41–  45  ] . Regions of cancer-associated changes in DNA methylation are 
found in short interspersed or clustered regions as well as in long blocks  [  7,   42,   44, 
  46,   47  ] . There is increasing evidence for cause-and-effect relationships between 
normal tissue-speci fi c DNA hypomethylation and increased transcription as well as 
many associations between cancer-linked hypomethylation and cancer-linked 
increases in gene expression  [  16,   17,   19,   21,   24,   48–  55  ] . The inverse relationships 
between expression and DNA methylation include imprinted genes implicated in 
carcinogenesis  [  56  ] . 

 A small percentage of annotated gene promoters overlap tissue-speci fi c (T-DMR) 
or cancer-speci fi c (C-DMR) differentially methylated DNA regions  [  49,   57  ] . 
However, most of the non-imprinted, autosomal T-DMR promoters are not the main 
type of vertebrate DNA promoters, which are part of CpG islands (CGIs, a class of 
CpG-rich regions surrounded by CpG-poor DNA). Among the genes with T-DMR 
promoters are some that become activated upon experimentally induced demethyla-
tion with a low dose of 5-deoxyazacytidine but not upon treatment with a histone 
deacetylase inhibitor, trichostatin A  [  49  ] . 

 Enhancers too sometimes show a correlation between upregulation of expression 
of the associated gene and DNA demethylation in normal cells. For example, the 
binding of FoxA1/FOXA1 to enhancers is inhibited by site-speci fi c DNA methyla-
tion at the corresponding binding site  [  58  ] . This differentiation-associated transcrip-
tion regulatory factor can open up DNA compacted in chromatin of inactive 
enhancers (as a “pioneer” factor) and then recruit effector transcription factors to 
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make the enhancer active  [  59–  61  ] . A window of DNA demethylation provided by 
previous binding of FoxD3, another pioneer factor, allows recruitment of FoxA1 
and conversion of the enhancer to a state that is poised for activity. Moreover, in 
embryonal stem cells, local DNA demethylation per se, rather than any changes in 
histone H3K27 or H3K9 methylation, is associated with the binding of pioneer fac-
tors to certain tissue-speci fi c non-CGI promoters  [  58  ] . Pioneer factors, including 
FOXA1, are implicated in various types of carcinogenesis  [  62  ] . Given the extensive 
hypomethylation of DNA in cancers, many known and yet more unknown enhancer 
regions are likely to become demethylated speci fi cally in tumors. However, speci fi c 
losses of DNA methylation from transcription regulatory regions might facilitate, 
but not independently cause, changes in expression  [  63  ] . 

 Broad DNA regions enriched in hypomethylation are sometimes also associated 
with increases in copy number of DNA regions and can, thereby, synergistically 
increase expression of some of the affected genes  [  13,   33,   42  ] . Such broad regional 
hypomethylation (which can encompass occasional sites of persistent methylation) 
might re fl ect higher order chromatin structure. The latter is in fl uenced, in turn, by 
the type, frequency, and spacing of DNA repeats; the G + C and CpG contents of 
subregions; the gene density; the nucleosome density; broad regions of distinct his-
tone composition modi fi cation; and the presence of clusters of co-regulated genes. 
Nonetheless, a long region of cancer-linked DNA hypermethylation can be adjacent 
to a region of cancer-linked DNA hypomethylation with a sharp border between 
them, as demonstrated for a tandem repeat array (D4Z4) and its border sequences 
 [  9  ] . Despite evidence for functionality, DNA demethylation in cancer probably 
involves frequent overshooting of targeted sequences. These are referred to as  pas-
senger  DNA methylation changes  [  64  ] . The hypomethylation in cancers of many 
more sites than are biologically relevant is probably due to a relaxed speci fi city of 
the demethylation apparatus during carcinogenesis and tumor progression and to 
the spreading of DNA demethylation patterns.  

    2.3   Genomic Hypomethylation in Cancer Within Gene Bodies 

 Recent  fi ndings implicate intragenic epigenetic marks in the regulation of normal 
gene expression. T-DMRs have been found inside many genes, and increased meth-
ylation in the central gene body or downstream promoter- fl anking region of certain 
subsets of genes is associated with increased transcription  [  23,   65–  68  ] . Moreover, 
there are nonrandom associations between positions of CpG methylation within 
genes and exon–intron boundaries, distance from the transcription start site, and 
distance from the 3 ¢  end of the gene  [  66,   69  ] . Besides  fi rst exons, T-DMRs are pres-
ent in various exonic and intronic sequences, including internal CGIs, sequences 
adjacent to internal CGIs (“CGI shores”), insulators, intragenic ncRNA genes, and 
3 ¢  terminal regions  [  17,   19,   28,   59,   70,   71  ] . They are present in both repeated and 
unique sequences. These  fi ndings are consistent with the many interrelationships 
between DNA and chromatin epigenetics and tissue-speci fi c chromatin epigenetic 
marks inside genes  [  65,   68,   72,   73  ] . 
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 Differentiation-related DNA and/or chromatin epigenetic marks within genes 
may help determine alternative promoter usage, modulate the rate of transcription 
initiation or elongation, and possibly help direct the choice of alternative splice 
sites  [  19,   21,   24,   26,   27,   29,   34,   52,   74,   75  ] . The average DNA methylation level in 
the central portion of moderately expressed genes is associated with higher average 
transcription levels, possibly by being related to nucleosome positioning  [  76  ] . For 
example, immediately downstream of proximal CpG-poor promoters, it was unex-
pectedly found that methylation of sequences antagonizes binding of Polycomb 
repressor complexes  [  68  ] . Methylation of gene-body CGIs appears to be associated 
with repression of intragenic promoters  [  28  ] . However, for some sets of genes 
under certain conditions, lower expression was correlated with increases in gene-
body methylation  [  69  ] . 

 With respect to alternative splicing, evidence implicates certain histone 
modi fi cations in helping to regulate the choice of splice junctions by altering rates 
of transcription, nucleosome positioning, or direct interactions with proteins that 
mark exon–intron junctions of pre-mRNA  [  77,   78  ] . Changes in physiological condi-
tions can alter the chromatin modi fi cations at these junctions and concomitantly 
modulate exon skipping  [  78  ] . DNA methylation may also be involved in regulating 
alternative splicing because of the many DNA methylation/chromatin epigenetic 
interrelationships and the  fi nding that intron–exon junctions are enriched in sharp 
transitions in DNA methylation levels  [  66  ] . A recent report that malignant prostate 
cancer cells have enrichment of DNA hypermethylation at exon–intron junctions 
 [  45  ]  is consistent with the cancer-linked involvement of DNA methylation levels in 
determining alternative splicing. 

 Programmed changes in DNA methylation in intra- and intergenic regions are 
not restricted to differentiation-related events. For example, electroconvulsive stim-
ulation of mouse neuronal cells in vivo was recently demonstrated to cause rapid 
decreases and increases in DNA methylation in a substantial minority of CpG sites, 
especially at CpG-poor regions  [  69  ] . The physiologically linked DNA demethyla-
tion included rapid demethylation of exons and introns in various positions of the 
genes. Importantly, there was enrichment in these DNA epigenetic changes in the 
vicinity of brain-related genes. Thus, there is ample precedent from studies of nor-
mal cell functioning to suggest that cancer-associated DNA hypomethylation in 
intronic and exonic sequences can modulate the amount and type of gene products 
and thereby contribute to tumor formation or progression. 

 Cancer-linked DNA hypomethylation in the gene body is illustrated in Fig.  2.1  for 
three genes whose expression has been reported to be altered in certain cancers  [  79–  81  ] . 
 TGFB2  has an intronic Alu repeat that was hypomethylated in some cancer cell lines 
relative to a wide variety of normal tissues (Fig.  2.1a ) and untransformed cell cultures. 
The only exceptions to this intronic region being highly methylated in normal tissues 
and cell strains were found in skeletal muscle (Fig.  2.1a ), myoblasts, and myotubes (data 
not shown). Their hypomethylation at this site might be related to the signi fi cant upregu-
lation of  TGFB2  in myoblasts and myotubes vs .  19 types of non-muscle cell cultures 
 [  82  ]  and is an example of the frequent relationship between targets for cancer-associated 
hypo- or  hypermethylation and targets for differentiation-associated epigenetic changes 
 [  17,   83  ] . Like  TGFB2, PRDM16  (Fig.  2.1b ) exhibited gene-body hypomethylation in 
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some of the cancer cell lines; however, this hypomethylation was in a region largely 
overlapping a CGI in an exon.  NOTCH2  (Fig.  2.1c ) also showed gene-body hypomethy-
lation in several cancer cell lines, but this hypomethylation was neither in a subregion 
with a CGI nor a DNA repeat. We note that some of the cancer cell lines with  TGFB2  or 
 PRDM16  gene hypomethylation also displayed cancer cell-linked promoter hyperm-
ethylation (data not shown).  

 Recently, the presence of 5-hydroxymethylcytosine (5hmC) as the sixth natu-
rally programmed base in vertebrate DNA has been established  [  84  ] . It is gener-
ated from 5mC by hydroxylation via the enzymes TET1, TET2, or TET3 and is 
even more highly tissue speci fi c in its relative levels in DNA than is 5mC  [  84–  86  ] . 
It is implicated in stem cell renewal and distinct types of differentiation  [  87–  89  ] , 
as described further in an accompanying chapter by Pradhan and Kinney. Like 
5mC, 5hmC is enriched in certain intragenic regions and exhibits major decreases 
in its genomic levels in cancer  [  84–  86  ] . However, unlike 5mC, exons, intragenic 
CGIs, and enhancers have signi fi cantly elevated 5hmC levels relative to other por-
tions of the genome  [  87,   90,   91  ] . These  fi ndings further highlight the need for 
studies of the functional signi fi cance of decreases in intragenic DNA epigenetic 
marks in cancer. In addition, they introduce a complication into almost all studies 
to date of 5mC that use either bisul fi te or conventional CpG methylation-sensitive 

  Fig. 2.1    Examples of cancer cell-associated hypomethylation ( boxed ) within gene bodies and 
overlapping a DNA repeat ( a ), a CGI ( b ), or neither ( c ) as determined by whole-genome analysis 
using reduced representation bisul fi te sequencing (RRBS). ( a ),  TGFB2  , intron 1; the cancer 
hypomethylation overlaps an Alu repeat that is also hypomethylated in skeletal muscle (see  arrow ). 
( b ),  PRDM16,  exon 9 and intron 8; the cancer hypomethylation overlaps a CGI and CGI shore. ( c ), 
 NOTCH2 , exon 34; no overlapping repeats or CGI. In contrast to the cancer-derived cell lines, non-
immortalized cell strains (not shown) showed the same hypermethylation seen in normal tissues 
with the exception of myoblasts and myotubes for  TGFB2.  Myoblasts and myotubes overexpress 
 TGFB2  relative to 19 other types of cultured cell popula tions . All analyses were done in duplicate, 
and representative duplicates are shown       
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restriction analysis to distinguish 5mC from unmethylated C, as these methods 
cannot resolve 5hmC and 5mC  [  69,   92,   93  ] . Therefore, a caveat to conclusions 
about 5mC distribution is that 5hmC might have been monitored instead, espe-
cially in exonic or enhancer regions in more 5hmC-rich tissues like brain  [  84,   85  ] . 
However, in some other cell types, like breast, heart, cell lines, and cancers, 5hmC 
is very much lower  [  84–  86,   93  ] , and 5hmC levels are also low in intronic and 
intergenic regions  [  90,   94  ] .  

    2.4   Hypomethylation of DNA Repeats in Cancer 

 Global losses of DNA methylation with less numerous increases in methylation in 
other portions of the genome are typical of cancer  [  5,   6  ]  although there are exceptions 
 [  18  ] . A major contributor toward the overall DNA hypomethylation is hypomethyla-
tion of tandem and interspersed DNA repeats, which is observed in most examined 
cancers  [  6,   95–  97  ] . Most hypomethylation of DNA repeats in cancers is apparently 
the result of demethylation and not preexisting hypomethylation in a cancer stem cell 
 [  3  ] , with the exception of seminomas as discussed below. Besides the effects on tran-
scription and possible effects on alternative splicing described in the previous section, 
hypomethylation of a minor portion of interspersed DNA repeats may occasionally 
cause induction of retroviral element transcription  [  35  ] . In addition, hypomethylation 
of certain promoter-containing interspersed DNA repeats may affect chromatin 
boundaries resulting in effects on transcription of nearby genes  [  98,   99  ] . 

 In a study of mononuclear cells from a few patients with chronic lymphocytic 
leukemia vs .  the analogous cells from controls, Dante et al .  described hypomethyla-
tion of LINE-1, a highly repeated interspersed repeat  [  100  ] . Hypomethylation of 
LINE-1 and Alu repeats was subsequently observed in many other types of cancers 
 [  38,   101–  104  ] . Similarly, we found that tandem repeats in centromeric and juxta-
centromeric satellite DNA are frequently hypomethylated in breast adenocarcino-
mas, ovarian epithelial cancers, and Wilms tumors  [  30,   105,   106  ] , as con fi rmed for 
many other types of cancers  [  3,   107  ] . Additional classes of tandem repeats (includ-
ing macrosatellite DNAs) and segmental duplications are also susceptible to DNA 
hypomethylation in malignancies  [  9,   18,   39,   43,   83,   108–  110  ] , although different 
subclasses of DNA repeat families can vary in their susceptibility to loss of 
DNA methylation in cancer  [  38,   39,   102,   111–  113  ] . In some cancers, satellite DNA 
repeats showed the strongest DNA hypomethylation of all types of sequences ana-
lyzed  [  18,   33  ] . 

 The frequency of cancer-associated hypomethylation of DNA repeats depends 
on the grade, the stage, and the individual tumor specimen  [  46,   114  ] . This hypom-
ethylation is seen sometimes in non-tumor tissue adjacent to the cancer and in 
benign neoplasms and tissue lesions such as breast  fi broadenomas and ovarian 
 cystadenomas, although often to a lesser extent than in cancers  [  13,   51,   95,   105, 
  106,   112,   115  ] . In a mouse model of prostate tumor progression, repeat DNA 
hypomethylation was observed at the stage of prostatic intraepithelial neoplasia and 
prior to promoter hypermethylation  [  116  ] . However, depending on the tumor type 
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or specimen, repeat DNA hypomethylation may increase with tumor progression, a 
relationship inferred since the 1980s  [  1,   117  ] . In many types of cancer, repeat DNA 
hypomethylation is a highly informative prognostic marker and/or predictor of 
 survival  [  46,   107,   118–  122  ] .  

    2.5   DNA Hypomethylation and Germ Cells: Comparison 
to Cancer Hypomethylation 

 Differential methylation of testes-speci fi c genes has some similarities to cancer-
associated DNA hypomethylation. Most genes that are speci fi cally expressed in tes-
tis (like the cancer-testis genes) have little or no methylation in their promoter regions 
in testis and sperm although they are highly methylated, and transcriptionally 
repressed, in somatic tissues  [  123  ] . In sperm, as well as in many cancers, tandem 
DNA repeats and certain subclasses of interspersed DNA repeats display low methy-
lation levels compared with normal postnatal somatic tissues  [  38,   112,   124–  126  ] . 
Reminiscent of the tendency (with many exceptions, as described above) towards 
DNA repeats and unique sequences having opposite methylation changes in cancer, 
single-copy genes become demethylated but tandem and interspersed repeats retain 
their methylation in murine primordial germ cells at 12.5–13.5 dpc  [  123  ] . 

 Another interface between the germ line epigenome and cancer is seen in the 
exceptionally strong global DNA hypomethylation in seminomatous testicular germ 
cell tumors. In our 1982 study of 62 tumors representing 23 different types, we 
found that a testicular seminoma had only 1.4% of its genomic C present as 5mC, 
while the next lowest 5mC level for a cancer was 2.4%  [  1  ] . The range of genomic 
5mC levels among the normal tissues that we studied was 3.5–4.1% of C residues 
methylated. Smiraglia et al. con fi rmed the extraordinary depletion of 5mC in the 
genomes of many seminomas  [  127  ] . This  fi nding has been ascribed to the origin of 
seminomas from primordial germ cells that had undergone massive demethylation 
before oncogenic transformation without subsequent de novo methylation thereafter 
 [  127,   128  ] . Importantly, seminomas generally show none of the CGI hypermethyla-
tion so prevalent in other types of cancer, but rather display extreme overall DNA 
hypomethylation  [  127  ] . Therefore, cancers can develop without gene region hyper-
methylation but with extreme overall genomic hypomethylation.  

    2.6   Opposite Cancer-Linked Changes in DNA Methylation 
in DNA Repeats: Hypo- and Hypermethylation 

 Opposite types of cancer-linked DNA methylation changes can occur in the same 
DNA sequence, as we found in a Southern blot study of methylation of NBL2, a 
1.4-kb sequence repeated in tandem mostly near the centromeres of acrocentric 
chromosomes  [  39  ] . NBL2 was hypomethylated at HhaI sites (5 ¢ -CGCG-3 ¢  sites) in 
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17% of ovarian carcinomas and hypermethylated in >70% of ovarian carcinomas 
and Wilms tumors at the same sites  [  39  ] . Various normal postnatal somatic tissues 
exhibited partial methylation at HhaI sites in NBL2 and were similar to each other 
in their methylation patterns at this tandem repeat. Using NotI (5 ¢ -GCGGCCGC-3 ¢ ) 
for Southern blotting, only the cancer-linked hypomethylation of NBL2 was previ-
ously observed  [  108,   110  ]  because NotI cleaves control somatic DNA too infre-
quently to reveal hypermethylation in cancers. This is an example of the importance 
of considering the technique used in evaluating results on DNA methylation  [  92  ]  
as well as the appropriate control DNA for comparison to the cancer. A few cancer 
DNAs digested with HhaI displayed two distinct fractions of NBL2 sequences, one 
with overall hypermethylation and the other with overall hypomethylation relative 
to all the somatic controls, which suggests that the repeats at one chromosomal 
location underwent de novo methylation and at another underwent demethylation 
during carcinogenesis. Hairpin genomic sequencing  [  129  ]  (see below) at two ~0.3-
kb subregions of the 1.4-kb  NBL2  ( [  8  ]  and Nishiyama and Ehrlich, unpublished 
data) con fi rmed that hypomethylation at NBL2 predominated in some cancers and 
hypermethylation in others in comparison to normal somatic tissues, which dis-
played much site speci fi city in the methylation status of individual CpG sites. 
Therefore, a small region of DNA can be made unstable epigenetically during car-
cinogenesis so that CpG sites that are very near to each other undergo opposite 
changes in DNA methylation. The plasticity of the directionality of methylation 
changes at DNA repeats in cancers has also been seen in recent genome-wide stud-
ies  [  15,   18  ] . 

 D4Z4, a heterologous tandem array (macrosatellite) located at subtelomeric 4q 
and 10q, also exhibited strong hypomethylation in the bulk of the array in some 
cancers and hypermethylation in others of the same type  [  9  ] . Several of the cancers 
had extremely high levels of methylation in more than three consecutive 3.3-kb 
repeat units of D4Z4, indicative of the spreading of de novo methylation. This meth-
ylation spreading seems to have limits to its processivity and to be prone to stop at 
certain subregions of the repeat unit.  

    2.7   Tagging Classes of DNA Sequences for Demethylation 

 Because NBL2 and D4Z4 tandem repeats displayed overall hypomethylation in 
some cancers and hypermethylation in others, it was highly informative to compare 
their methylation changes in a given cancer. Among 17 ovarian carcinomas and 44 
Wilms tumors, there was a signi fi cant correlation ( p  < 0.001) between the direction 
(either hypo- or hypermethylation) and degree of methylation change (strong, mod-
erate, or weak) at D4Z4 and the dissimilar NBL2  [  9  ] . This suggests that diverse 
sequences on different chromosomes may be similarly tagged for demethylation or 
de novo methylation (methylation of symmetrically unmethylated CpG dyads) dur-
ing carcinogenesis. However, many cancers with extensive hypermethylation of 
D4Z4 and NBL2 repeats displayed hypomethylation of another, heterologous tan-
dem repeat, juxtacentromeric satellite 2 on chromosome 1 (Sat2)  [  39  ] . 
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 NBL2 (mostly in the short arm of the acrocentric chromosomes) and D4Z4 (in 
the subtelomeric region of chromosomes 4 and 10) are both rich in G + C and look 
like very long CGIs. However, they differ appreciably in their G + C composition 
(61% and 73%, respectively) and their CpG content (5.7% and 9.9%, respectively). 
Analysis of histone modi fi cation and DNaseI sensitivity has been done for D4Z4 
and indicates that its chromatin has properties midway between constitutive hetero-
chromatin and unexpressed euchromatin  [  130,   131  ] . In contrast, Sat2, which is in 
the pericentromeric region, is constitutively heterochromatic and highly condensed 
in interphase. It has only 38% G + C but, nonetheless, it has 5.1% CpG. Therefore, 
the CpG suppression seen in the overall genome is not evident in Sat2. Sometimes 
even Sat2, with its rather CpG-rich character, becomes hypermethylated in cancers 
at a CpG dyad that exhibits a low methylation level in normal somatic tissues 
 [  132  ] . 

 That the G + C content and chromatin structure is important for recruiting 
machinery for either demethylation or de novo methylation is consistent with our 
 fi ndings on the HpaII site immediately proximal to the D4Z4 array. It is located in a 
0.2-kb D4Z4-proximal subregion that has 43% G + C, while D4Z4 has 73% G + C in 
all of its essentially identical, tandem 3.3-kb repeats. This 0.2-kb sequence immedi-
ately adjacent to the array is prone to tumor-linked hypomethylation even in cancers 
displaying strong hypermethylation within the array  [  9  ] . Surprisingly, even the adja-
cent D4Z4 repeat unit at the proximal end of the array became hypomethylated in 
cancers with hypermethylation of the bulk of the array. Probably, the array-adjacent 
sequence with its much lower G + C content helps confer a different chromatin 
structure on the neighboring D4Z4 repeat unit, which, in turn, affects the direction-
ality of cancer-linked methylation change. Interestingly, a study of tandem trans-
genic repeats in mice revealed that, in some animals, all of the (G + C)-rich transgene 
units became methylated except for one copy adjacent to cellular DNA  [  133  ] . 
Despite the regional properties of DNA and chromatin that may recruit cancer-asso-
ciated DNA methylation or demethylation apparati, there are, as mentioned above, 
very local sequence-speci fi c effects which allow individual CpG dyads to circum-
vent regional demethylation or de novo methylation  [  8,   9  ] . 

 DNA demethylation both in fl uences and is strongly in fl uenced by histone 
modi fi cations. For example, histone H3 trimethylation at lysine 4 (H3K4me3) cor-
relates best with the lack of DNA methylation around the transcription start site 
 [  66  ] . This was found for both CGI promoters  [  134  ]  and promoters that do not con-
tain a CGI, and for CpG methylation as well as the appreciable amount of CpA 
methylation in embryonal stem cells  [  66  ] . A histone H3 unmethylated at lysine 4 
has been implicated as necessary for de novo methylation by DNMT3A in conjunc-
tion with its interacting partner DNMT3L  [  135  ] . Increased activity of the histone 
lysine demethylase LSD1 (KDM1A), which, depending on its interacting partners, 
demethylates K4- or K9-methylated histone H3, has been found to correlate with an 
adverse outcome and a less differentiated phenotype in neuroblastomas  [  136  ] . 
Conversely, mutation of the  Lsd1  gene blocks murine gastrulation  [  137  ]  and results 
in global DNA hypomethylation. This may be partially due to the need for Lsd1/
LSD1 to demethylate the DNMT1 enzyme itself and thereby increase its stability 
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 [  137  ]  but also could re fl ect the role of this enzyme in the demethylation of H3K9me3. 
There are many other players that could in fl uence DNA methylation during carcino-
genesis by their effects on chromatin structure, e.g., poly(ADP-ribosyl)ation, other 
types of histone modi fi cations, histone variants, nonhistone chromatin proteins, 
speci fi c interactions with DNMT proteins, and modulation of the set of DNA meth-
yltransferase isoforms produced at the RNA or protein levels  [  138–  143  ] . Nonetheless, 
multi-functionality of LSD1 in its ability to demethylate proteins and both activat-
ing and repressive histone methylation marks may serve as a paradigm for how, 
paradoxically, there can be both increases and decreases in DNA methylation in a 
given cancer cell.  

    2.8   Active Versus Passive DNA Demethylation 

 There are two broad classes of mechanisms by which 5mC residues can be replaced 
by C residues (DNA demethylation). During replicative or repair DNA synthesis 
there may be a failure to methylate the newly synthesized DNA strand at a sym-
metrically methylated CpG dyad (passive demethylation), which will initially result 
in a hemimethylated dyad (Fig.  2.2 ). If this failure occurs again at the same CpG 
dyad in the next round of replication, then a symmetrically unmethylated CpG dyad 
will be the result. Active demethylation involves 5mC residues being physically 
replaced with C residues (at the base or mononucleotide level) or, less likely, the 
methyl group being removed enzymatically. Accumulating evidence favors mainly 
active demethylation contributing to the naturally occurring DNA demethylation by 
the replacement of C residues  [  144,   145  ] . Active demethylation is consistent with 
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  Fig. 2.2    Findings of consecutive hemimethylated dyads of opposite orientation in normal and cancer 
cells are best explained by active demethylation. ( a ) m, 5mC; C, unmethylated cytosine. 
( b ) M, 5 ¢ -5mCpG-3 ¢ ; U, 5 ¢ -CpG-3 ¢ . The generation of hemimethylated dyads of opposite orientation 
by passive demethylation would involve improbable changes in the second round of replication       
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the rapid and distributive loss of 5mC and the replication independence that has 
been demonstrated for many examples of naturally programmed demethylation of 
mammalian genomes  [  146,   147  ] . However, passive demethylation or a combination 
of active and passive demethylation due to inadequate maintenance methylation 
 [  148  ]  is likely to also play a role in normal and pathological decreases in DNA 
methylation. Hemimethylated dyads (Fig.  2.2 ) can be intermediates in both active 
and passive demethylation of DNA as well as being intermediates in maintenance 
methylation.   

    2.9   Maintenance of DNA Methylation Patterns Through 
Hemimethylated Intermediates 

 The processes by which DNA methylation patterns are maintained are highly rele-
vant to understanding how DNA demethylation occurs. Over 30 years ago, mecha-
nisms for the inheritance of DNA methylation were initially proposed  [  149,   150  ] . In 
the traditional view, methylation at each site is assumed to be governed by the pro-
cesses of de novo methylation and maintenance methylation, and these processes 
are independent of one another. The maintenance of methylation patterns has been 
attributed to the methyltransferase Dnmt1. As summarized in a 2009 review by 
Jones and Liang, “The basis of this model is that DNA methylation patterns are 
established in germ cells and in developing embryos by the activity of the de novo 
DNA methyltransferases Dnmt3a and Dnmt3B. Subsequently, methylation patterns 
are inherited after DNA replication primarily owing to the activity of Dnmt1, which 
has a preference for hemimethylated sites that are generated through DNA synthe-
sis”  [  151  ] . The premise of independently acting mechanisms for de novo and main-
tenance methylation has led to the construction of stochastic models for methylation 
inheritance  [  152–  157  ] .  

    2.10   Alternative Mechanisms for Maintenance Methylation 

 The accepted dogma of de novo methylation catalyzed by DNMT3A/Dnmt3a, 
DNMT3B/Dnmt3b, and maintenance methylation through obligatory hemimethy-
lated intermediates via DNMT1/Dnmt1 has recently been called into question. 
According to the original model for maintenance methylation, hemimethylated CpG 
dyads (Fig.  2.2 ) should be short-lived and dif fi cult to detect. However, as early as 
1986, demethylation with long-lived hemimethylated CpG dyads was observed at 
individual CpG sites in the avian vitellogenin II gene following treatment with 
estradiol, which suggested an active pathway through excision repair and/or enzy-
matic demethylation  [  158  ] . A later study of the rat alpha-actin gene promoter pro-
vided evidence for hemimethylated intermediates persisting more than 48 hours 
prior to becoming fully demethylated and suggested active demethylation involving 
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 cis -acting DNA elements  [  159  ] . Subsequently, Liang et al .   [  160  ]  developed an assay 
that allowed determination of hemimethylation at  Hpa II sites (CCGG). In mouse 
embryonic stem cells, levels of hemimethylation in some repetitive sequence regions 
were signi fi cantly higher than the traditional model of maintenance methylation by 
Dnmt1 would predict. By looking at gene knockouts for  Dnmt1  and  Dnmt3a  and 
 Dnmt3b , they deduced that ongoing de novo methylation by Dnmt3a or Dnmt3b in 
a highly cooperative manner with Dnmt1 in embryonal stem cells compensated for 
inef fi cient maintenance methylation by Dnmt1 in these regions. These results sug-
gest a constant, rather than sporadic or only differentiation-associated, role for 
de novo methylation in vivo. They concluded that sequences would gradually 
become demethylated without this constant role for de novo methylation to com-
pensate for inef fi cient replication-coupled maintenance methylation. Furthermore, 
in a study by Chen et al .   [  161  ] , loss of Dnmt1 gave only a 10% decrease in methyla-
tion overall following one cell cycle of replication in human colorectal carcinoma 
cells. This conditional knockout resulted in hemimethylation of 18% of sites ana-
lyzed by hairpin genomic sequencing in the CGI of an L1 transposable element. The 
overall level of methylation at CpG dyads in these sequences in cells with normal 
Dnmt1 was around 85% with no detectable hemimethylation. 

 In the alternative model for maintaining DNA methylation patterns that was pro-
posed by Jones and Liang  [  151  ] , DNMT1, the most abundant DNA methyltrans-
ferase is still considered to be primarily a maintenance methylase and is responsible 
for most of the replication-associated DNA methylation. However, they propose 
that DNMT3A and DNMT3B enzymes remain bound to nucleosomes that contain 
high levels of DNA methylation. Following replication, CpG dyads whose methyla-
tion fails to be correctly maintained by DNMT1 would then be “corrected” by 
DNMT3A and DNMT3B, so that these enzymes would preserve highly methylated 
regions without strictly “reading” the patterns on the parental strand. In this way, the 
methylation state of a region is maintained rather than a site-speci fi c methylation 
pattern. In addition, DNMT1 might participate in some of this correction of linger-
ing hemimethylated sites that have left the vicinity of the replication fork, perhaps 
recruited by proteins such as UHRF1 which recognizes hemimethylated sites (see 
below). This concept of repair methylation is consistent with  fi ndings that methyla-
tion patterns in highly methylated regions tend to vary among molecules and higher 
rates of de novo methylation are observed in highly methylated sequences  [  129  ] . 
Moreover, non-CpG methylation at asymmetrical sites, which is found mostly in 
embryonal stem cells  [  70  ] , should rely on de novo methyltransferase activity for 
perpetuating the DNA methylation patterns, as described below. 

 In cancers, the frequent presence of long blocks of hypomethylated DNA  [  7, 
  16,   42,   47,   105  ]  and the usual predominance of overall decreases rather than 
increases in 5mC content of the genome suggest that passive demethylation con-
tributes to cancer-associated genomic hypomethylation. Passive demethylation 
might involve either a lack of methylation of hemimethylated sites by DNMT1 or 
a failure of DNMT3A or DNMT3B to retain dense methylation of a normally 
highly methylated region. However, the current, more layered view of the mainte-
nance of DNA methylation patterns suggests that while some of the demethyla-
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tion of DNA in  cancer occurs by a failure of maintenance methylation, most is due 
to an active mechanism. Recent studies of normal differentiation- or physiology-
associated DNA demethylation support an active type of DNA methylation involv-
ing enzymatically catalyzed modi fi cation of 5mC residues to 5hmC residues (and 
subsequent oxidation products) or thymine residues followed by DNA repair 
 [  162–  164  ] . Three-step processes for active DNA demethylation have been pro-
posed in which 5mC is  fi rst enzymatically modi fi ed; then demethylated on one 
strand, most likely by excision repair; and later fully demethylated by a mecha-
nism that avoids inducing double-strand breaks during removal of both 5mCs of a 
5mCpG dyad  [  165  ] . The last step could involve a repair mechanism that preferen-
tially acts on hemimethylated substrates  [  165  ]  or passive demethylation of a 
hemimethylated or hemihydroxymethylated dyad. The latter could be due to the 
5hmC residues on one strand of a hemihydroxymethylated dyad not being recog-
nized for maintenance methylation  [  148  ] . 

 UHRF1 (also known as NP95) is a cofactor that interacts speci fi cally with 
hemimethylated DNA and may participate in demethylation as well as de novo 
methylation of cancer epigenomes. UHRF1 also interacts with DNMT1, and even 
more strongly with DNMT3A and DNMT3B  [  166  ] , and thereby, may be involved 
in the recruitment of DNMT3A/3B to unmethylated regions during tumorigenesis 
leading to de novo methylation  [  167  ] . However, recent work on gliomas has 
identi fi ed the disruption of DNMT1, PCNA, and UHRF1 interactions as a crucial 
oncogenic event promoting DNA hypomethylation-induced tumorigenesis in the 
absence of DNMT1 de fi ciencies  [  168  ] . Thus, while upregulation of UHRF1 may 
contribute to the silencing of tumor suppressors through de novo methylation, the 
disruption of DNMT1/PCNA/UHRF1 interactions might result in cancer-associated 
DNA hypomethylation affecting transcription.  

    2.11   Insights into Cancer-Associated DNA Demethylation 
from Studies of DNA Hemimethylation 

 The introduction of hairpin-bisul fi te PCR (hairpin genomic sequencing) by Laird 
et al. in 2004  [  129  ]  has enabled the observation of the methylation status on both 
strands of individual DNA molecules on a site-by-site basis. In bisul fi te-based 
genomic sequencing, bisul fi te causes deamination of unmethylated C residues, but 
not methylated C residues  [  169  ] . Hairpin genomic sequencing allows analysis of 
methylation at every CG dinucleotide pair in a given region on covalently linked 
DNA strands of a restriction fragment. A caveat about these studies of DNA hemim-
ethylation is that bisul fi te-based DNA methylation analysis cannot distinguish 
between 5hmC and 5mC, as described above, and 5hmC on one strand at a CpG 
dyad is not recognized for maintenance methylation  [  170  ] . Therefore, it is possible 
that the detected hemimethylation is actually a CpG dyad with one unmethylated C 
residue and one 5hmC residue. However, in the studies of tandem DNA repeats in 
cancers described below, this is unlikely because 5hmC is predominantly in gene 
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regions and all studied cancers and cancer cell lines have extremely low levels of 
5hmC  [  84–  86  ] . 

 By sodium bisul fi te-based whole-methylome analysis using next-generation 
sequencing, Lister et al. analyzed more than 90% of the cytosines in human H1 
embryonic stem cells (H1 ES) and IMR90 fetal lung  fi broblasts  [  70  ] . While nearly 
all of the methylcytosines detected in the IMR90  fi broblasts were in the CG dinucle-
otide context, considerable methylation in non-CG contexts (mCHG and mCHH, 
where H = A, C or T) was observed in the H1 stem cells, comprising almost 25% of 
the total methylation, in agreement with a recent study by Laurent et al.  [  66  ] . 
Methylation at mCHG sites in H1 ES was also highly asymmetrical, with 98% of 
such sites observed to be methylated on only one strand. Non-CpG methylation was 
also found to be signi fi cantly higher on the antisense strand of gene bodies, suggest-
ing a nonrandom bias in the observed asymmetry. Non-CpG methylation disap-
peared upon differentiation of the H1 stem cells, but was restored in differentiated 
cells induced to form pluripotent stem cells. These  fi ndings suggest that asymmetri-
cal methylation at non-CG dinucleotide sites may contribute to maintenance of the 
pluripotent state. They are reminiscent of the less frequent, hemimethylated CG 
dinucleotide sites that we and Laird et al. have seen in various DNA repeats  [  8,   132, 
  171  ]  or single-copy sequences  [  129  ]  in normal or cancer tissues.  

    2.12   Hemimethylated CpG Dyads in Cancer 

 Although reports of DNA hemimethylation in cancer are few, our studies of hemim-
ethylated DNA in cancers support the involvement of active demethylation in gener-
ating cancer-linked genomic hypomethylation. We analyzed DNA methylation 
changes in depth at the above-mentioned tandem repeats NBL2 and at Sat2 in ovar-
ian epithelial tumors and Wilms tumors by hairpin genomic sequencing  [  8,   132  ] . In 
a study of 13 CpGs in a 0.2-kb subregion of Sat2 in ovarian carcinomas and somatic 
control tissues, hairpin genomic sequencing not only revealed signi fi cantly greater 
clonal variability in methylation patterns in the cancers than in diverse control tissues 
but also provided statistically signi fi cant evidence of clustering among both hemim-
ethylated and fully demethylated sites  [  132  ] . Runs of hemimethylated sites with 
identical orientation were seen at higher than expected rates in the cancers. Similarly, 
an analysis of 14 CpGs in the NBL2 repeat unit identi fi ed both hypomethylation and 
hypermethylation in ovarian carcinomas and Wilms tumors, again with a high degree 
of clonal variation in methylation patterns within each sample  [  8  ] . 

 Diverse control and cancer samples contained some DNA clones derived from 
unusual, consecutive hemimethylated CpG dyads of opposite polarity. Figure  2.2b  
illustrates how an M/U (5 ¢ -5mCpG-3 ¢ /3 ¢ -GpC-5 ¢ ) dyad near a U/M dyad (5 ¢ -CpG-
3 ¢ /3 ¢ -Gp5mC-5 ¢ ) could be generated by active vs .  passive demethylation. Passive 
demethylation would require inhibition of maintenance methylation (by DNMT1 
alone or in conjunction with DNMT3A and DNMT3B, as discussed above) at a sin-
gle CpG dyad in one round of replicative DNA synthesis. The next round of replica-
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tion would then have to involve both asymmetrical de novo methylation of only the 
opposite strand of this dyad and inhibition, once again, of maintenance methylation 
at a neighboring CpG dyad. In contrast to this highly unlikely sequence of events, 
active demethylation can easily explain the generation of various patterns of hemim-
ethylation in contiguous CpG dyads with either identical or opposite orientation. 

 In a simulation study jointly analyzing the Sat2 and NBL2 regions, we found that 
the observed methylation patterns in the carcinomas were best explained by a mech-
anism that accounted for site-to-site correlation  [  157  ] . Prior studies have produced 
evidence of spreading of methylation in cancer  [  172–  176  ] . Our analysis suggests 
that demethylation may progress by spreading as well. 

 We propose that during carcinogenesis a highly methylated DNA sequence 
becomes partially demethylated by active demethylation. The sequence may then 
attain a density of 5mC residues in an atypical intermediate range. This intermediate 
level of methylation might confer less stability during successive cell divisions for 
maintenance of the methylation pattern or methylation density. The stability of a 
given partially methylated sequence could be determined, in part, by the ef fi ciency 
with which DNMT3A and DNMT3B recognize unmethylated CpG sites in the 
sequence for repair methylation. Abnormally low methylation levels may favor the 
generation of yet lower levels, with some site-speci fi c effects superimposed on the 
regional ones. Thus, active demethylation might start cancer-associated demethyla-
tion and a failure of maintenance methylation (including repair methylation) might 
continue it. The result could explain the observation that tumor progression is fre-
quently linked to a progressive decrease in methylation.  

    2.13   Conclusions 

 Recently, there has been a burst of studies increasing our understanding of the impor-
tance of changes in DNA methylation in intragenic, promoter, and intergenic regions 
during differentiation and in response to some types of physiological change. These 
 fi ndings suggest that much more of the cancer-associated DNA hypomethylation con-
tributes to tumor formation and progression than previously recognized. Similarly, 
high-resolution analysis of cancer methylomes in comparison to appropriate controls 
indicates that the extent of cancer-linked hypomethylation is larger than previously 
appreciated and affects a greater variety of DNA sequences. We propose that the path-
ways for normal DNA demethylation that operate during differentiation or induction of 
certain physiological changes become hijacked during carcinogenesis and tumor pro-
gression, leading to the initiation of cancer-associated DNA demethylation. This dem-
ethylation then may spread in  cis  by both additional rounds of active demethylation and 
by passive demethylation involving failures in classical maintenance methylation and 
replication-associated repair methylation. The net result of some of this cancer-associ-
ated DNA demethylation could be abnormal modulation of transcription and even 
some aberrant posttranscriptional processing of transcripts as well as increases in DNA 
recombination, thereby contributing to tumor formation and progression.      
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  Abstract   5-Hydroxymethylcytosine (5hmC) is an oxidative product of 5-methyl-
cytosine (5mC), catalyzed by the ten eleven translocation (TET) family of enzymes. 
Although 5hmC was discovered several decades ago, it was only after its recent 
identi fi cation in murine brain and stem cell DNA that it has become a major focus 
of epigenomic research. Part of the reason for this delay is due to the dif fi culty in 
detecting both global and locus-speci fi c 5hmC levels. Several studies have addressed 
this issue with the development of novel techniques to locate and measure 5hmC, 
which led to multiple reports detailing 5hmC patterns in stem cells and global 5hmC 
levels during embryogenesis. Based on these studies of 5hmC levels and reports of 
tissue-speci fi c TET expression, these enzymes are thought to play a role in mam-
malian development and differentiation. In addition, the TET enzymes are mutated 
in several types of cancer, affecting their activity and likely altering genomic 5hmC 
and 5mC patterns. Furthermore, oxidation of 5mC appears to be a step in several 
active DNA demethylation pathways, which may be important for normal processes, 
as well as global hypomethylation during cancer development and progression. 
Much has been revealed about this interesting DNA modi fi cation in recent years, 
but more research is needed for understanding the role of TET proteins and 5hmC 
in gene regulation and disease.      

    3.1   Discovery and History of 5-Hydroxymethylation 

 Methylation of cytosine residues at the 5-carbon position (5-methylcytosine, 5mC) 
has been studied as a stable epigenetic modi fi cation for decades  [  1  ] . However, oxi-
dation of DNA has traditionally been considered a DNA damage event, which is 
readily removed by DNA repair pathways  [  2  ] . Recently, it was demonstrated that 
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enzymatic oxidation of 5mC to 5hmC (5-hydroxymethylcytosine) may act as a sta-
ble modi fi cation of DNA and downstream removal of 5hmC may actually be part of 
a complex and intricate process of epigenetic gene regulation  [  3  ] . 

 5-Hydroxymethylcytosine (5hmC) was  fi rst identi fi ed in T-even bacteriophages 
during early 1950s using paper chromatography and ultraviolet absorbance spectra 
 [  4  ] . This nucleotide is normally incorporated during DNA synthesis and then fur-
ther glycosylated by phage encoded glucosyltransferases as a mechanism for pro-
tection of the phage DNA from bacterial restriction enzymes during infection  [  5,   6  ] . 
Later, during the 1970s, 5hmC was detected in genomic DNA puri fi ed from brain 
tissue of rats, mice, and frogs and, to a lesser extent, from liver tissue of rats  [  7  ] . The 
same group also observed an increase in 5hmC levels in the adult compared to new-
born rat brain, as well as a decrease of 5hmC levels in brains from rats with low 
protein diets  [  8  ] . Unfortunately, these experiments could not be reproduced and this 
DNA modi fi cation was overlooked for several decades  [  9  ] . 

 In 2009, 5hmC was rediscovered in mammalian DNA and shown to be present in 
substantial amounts (~10 to 20% of 5mC) in murine embryonic stem cells (ESCs) 
 [  10  ] , Purkinje neurons, and granule cells  [  11  ] . These recent studies utilized more 
advanced analytical techniques, such as 2D thin layer chromatography (TLC) or 
high-pressure liquid chromatography (HPLC) coupled with mass spectrometry 
(MS), to con fi rm the existence of this DNA modi fi cation in mammalian DNA. In 
addition, 5hmC was recently identi fi ed in mammalian mitochondrial DNA  [  12  ] . As 
a result of these discoveries, there is a huge amount of interest in developing tech-
nologies for genome-wide mapping and site-speci fi c quanti fi cation of 5hmC in an 
effort to decipher its possible role in development and disease.  

    3.2   TET Enzymes and Their Catalytic Activity 

 There are three known mammalian 5mC dioxygenases, which catalyze the conver-
sion of 5mC to 5hmC  [  10  ] . These proteins belong to the family of ten eleven trans-
location (TET) enzymes, whose name is based on a common chromosomal 
translocation in some cancers (described in detail later in this chapter). TET1 was 
originally named leukemia-associated protein with a CXXC domain (LCX) when it 
was initially cloned in 2002  [  13  ] . This gene was rediscovered in 2003 along with the 
two other members of the family and they were renamed ten eleven translocation, or 
TET, genes  [  14  ] . All three TET proteins share a similar catalytic domain structure 
to 2-oxoglutarate (2-OG) oxygenases. These types of enzymes can oxidize DNA 
and RNA that is methylated on either the nitrogen (N) or carbon (C) of the base by 
conversion of 2-OG and oxygen to carbon dioxide and succinate  [  15  ] . The TETs 
were identi fi ed based on their similarity to the JBP1 and JBP2 enzymes in trypano-
some, which were originally named for their ability to bind to the unique nucleotide 
 b - d -glucosylhydroxymethyl-uracil (base J) and then later were reported to hydroxy-
late thymine, the  fi rst step in the conversion of base J  [  16  ] . Proteins with similar 
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homology to the TET proteins are found in several lower eukaryote groups, includ-
ing  Drosophila   [  17  ] . 

 The human TET1 gene is found at chromosomal location 10q21 and is approxi-
mately 134 kilobases (kb) long  [  18  ] . The resulting transcript contains 12 exons and 
is approximately 9.6 kb. The TET1 protein consists of ~2,136 amino acids encoding 
a 236 kilodalton (kDa) enzyme. TET1 is a multidomain protein containing several 
putative nuclear localization sequences, a binuclear Zn +2 -chelating CXXC domain, 
and a cysteine-rich region preceding the catalytic domain (Fig.  3.1 ). CXXC domains 
are frequently found in chromatin binding proteins, including DNA (cytosine-5) 
methyltransferase-1 (DNMT1), 5-methylcytosine binding proteins (MBDs), and 
mixed lineage leukemia (MLL) protein  [  19  ] . The CXXC domain of TET1 binds to 
CG-rich sequences of both methylated and unmethylated DNA, with some prefer-
ence for unmethylated CpGs in cell free assays  [  19,   20  ] .  

  Fig. 3.1    Diagram of TET enzyme isoforms. TET1 is 2138 aa long with multiple putative Nuclear 
Localization Sequence (NLS), a CXXC motif, and cysteine-rich region N-terminal to the DSBH 
making up the core catalytic domain. There are three isoforms of TET2, the longest being 2002 aa 
long. TET2 does not contain any putative NLS or CXXC motif, but does have a core catalytic 
domain very similar to TET1. TET3 also has three isoforms, of 1660 aa or less in length. Similar 
to TET2, TET3 does not appear to have any other domains other than the core catalytic domain. 
Numbers in brackets represent length of proteins in aa or location of domains.  Blue bars  NLS;  red 
bar  CXXC motif;  orange  bar Cysteine-rich region;  Gray bar  DSBH;  yellow bars  Fe(II) binding 
sites;  green bar  2-OG binding site       
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 The human TET2 gene is found on chromosome 4q24 and contains 11 exons, 
which can result in three known isoforms produced through alternative splicing. 
The longest form of TET2 is ~2,002 amino acids and similar to TET1 with approxi-
mately 70% homology in their C-terminal regions, including their catalytic domains 
 [  18  ] . There are two shorter isoforms of TET2 (1,164 and 1,194 amino acids long) 
that both lack catalytic domains due to truncation or introduction of stop codons 
(Fig.  3.1 ). The TET3 gene resides on chromosome 2p13. It is approximately 62 kb 
in length, with a transcript containing nine exons. Similar to TET2, the TET3 pro-
tein sequence shares approximately 70% sequence homology to TET1 in the regions 
surrounding the catalytic domain (Fig.  3.1 ). Three putative isoforms of TET3 have 
been identi fi ed using complementary DNA screening  [  18  ] . These include the full-
length protein, as well as two shorter variants that are missing either a small portion, 
or most of the catalytic domain (Fig.  3.1 ). 

 TET2 and TET3 differ from TET1 in that they do not appear to contain any puta-
tive nuclear localization sequences or regions similar to a CXXC domain  [  18  ] . 
Interestingly, one study reported that the CXXC4 gene, at 4q22-24, is a very close 
neighbor to TET2 and may be the result of a chromosomal inversion of the TET2 
CXXC domain followed by a translocation  [  17  ] . It has been proposed that interac-
tion of CXXC4 and TET2 may be required for appropriate TET2 targeting and 
activity  [  17  ] . 

 The catalytic domains of all 2-oxoglutarate (2-OG) oxygenases contain a dou-
ble-stranded  b -helix (DSBH)  [  10,   15  ] . The DSBH domain, in addition to the 
cysteine-rich region, of TET1 has been found to be both necessary and suf fi cient 
for catalytic activity  [  10  ] . Furthermore, the DSBH domain contains three Fe(II) 
binding sites and a 2-OG binding site (details in Fig.  3.1 )  [  18  ] . Amino acid muta-
tion studies have con fi rmed the requirement of these domains for TET catalytic 
activity  [  21  ] . 

 The increased homology within the cysteine-rich region and the DSBH domain 
of TET1, TET2, and TET3 suggests that they have similar catalytic activity. Each 
protein of this family also contains unique regions indicating that they may have 
distinct binding af fi nities to chromatin and/or protein partners, resulting in the 
establishment of speci fi c 5hmC patterns in various cell types and during different 
developmental stages. All three forms of the Tet enzymes are known to be catalyti-
cally active in cells  [  22  ]  and tissue-speci fi c expression of TET transcripts has also 
been reported  [  23,   24  ] , supporting the above hypothesis. 

 Triple knockout (TKO, knockout of Dnmt1, Dnmt3a, and Dnmt3b) ESCs dis-
play decreased 5hmC levels although they have normal Tet expression. This 
con fi rms that the 5mC catalyzed by Dnmts is in fact the substrate for the Tet 
enzymes  [  22,   25  ] . In addition to the oxidation of 5mC to 5hmC, the TET enzymes 
have recently been reported to have the ability to further oxidize 5hmC to 5-form-
ylcytosine (5fC) and 5-carboxylcytosine (5caC)  [  26,   27  ] . Quanti fi cation of the 
three oxygenated forms of 5mC reveals unequal distribution with much more 
5hmC than 5fC or 5caC in genomic DNA  [  27  ] . The function of these less frequent 
enzymatic products of TET enzymes is not well understood, but current knowledge 
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suggests they may be involved in the DNA demethylation process described later 
in this chapter  [  28  ] .  

    3.3   Technologies and Advancements in 5hmC Detection 

 Identifying and quantifying 5hmC globally and at speci fi c loci has been, and contin-
ues to be, quite a challenge. For example, the most accepted technique for 5mC 
detection and measurement, bisul fi te sequencing, does not differentiate between 
5mC and 5hmC or unmodi fi ed C and 5caC  [  28,   29  ] . Additionally, restriction 
enzymes have been used for years to speci fi cally digest methylated or unmethylated 
DNA and recent data shows that many of these enzymes have different speci fi cities 
or sensitivities for oxidized forms of 5mC or glucosylated 5hmC (5ghmC)  [  30–  33  ] . 
Indeed, many of the 5mC-sensitive enzymes that have previously been used to mea-
sure DNA methylation are also sensitive to 5hmC  [  34  ] . Complicating matters fur-
ther, 5mC-speci fi c antibodies appear to have no cross reactivity with 5hmC, thus in 
the past oxidation of 5mC may have been mistaken for demethylation. Since the 
discovery of 5hmC in mammalian DNA there has been a  fl urry of new techniques 
reported to measure this elusive base, either globally or at a speci fi c locus. 

 There are several techniques that have been shown to evaluate global 5hmC lev-
els. Some are more qualitative than quantitative and each has its own range of sen-
sitivity and accuracy. Initially, the existence of 5hmC (followed by 5fC and 5caC) 
in mammalian DNA was discovered using restriction enzyme-based TLC  [  7,   10,   11, 
  27,   28  ] . Dot blot of genomic DNA and immuno fl uorescence in mammalian cells 
using 5hmC-speci fi c antibodies has also been used extensively to examine global 
5hmC levels  [  22,   25,   35  ] . These antibodies appear to be sensitive but seem to require 
several proximal 5hmC sites for measurable binding to occur  [  36  ] . More recently, 
an antibody was developed targeting cytosine 5-methylenesulfonate (CMS), a prod-
uct of sodium bisul fi te treatment of hydroxymethylated DNA that can apparently 
detect as few as one 5hmC site on DNA  [  21  ] . Although these techniques are not 
truly quantitative, they offer more sensitivity as the input DNA could be as low as 
several nanograms. Currently, the most sensitive techniques for measuring global 
5hmC, 5fC, and 5caC utilize HPLC coupled with mass spectrometry  [  27,   28,   37  ] . 
However, these techniques require unique expertise and complex analytical machin-
ery. A simple, yet very accurate and sensitive, technique for measuring global 5hmC 
uses the T4 phage enzyme,  b -glucosyltransferase ( b -GT), and radioactive UDP-
[ 3 H]-glucose  [  38,   39  ] . 

 The 5hmC and CMS-speci fi c antibodies mentioned above have also been uti-
lized for hydroxymethylcytosine-DNA immunoprecipitation (hMe-DIP) followed 
by next generation sequencing, DNA array, or PCR  [  25,   36,   40,   41  ] . A second tech-
nique, (glucosylation, periodate oxidation, biotinylation, or GLIB) uses a glucosy-
lation reaction to attach UDP-6-N3-glucose to 5hmC, which marks these sites with 
a reactive azide group. The azide group is further reacted with biotin using click 
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chemistry for subsequent pulldown with a streptavidin matrix  [  42,   43  ] . Although 
data derived from these techniques can be extremely useful in mapping the regions 
of 5hmC, it still does not offer single base resolution. Single-molecule real-time 
(SMRT) sequencing is a novel sequencing technique that can discriminate between 
unmodi fi ed cytosine, 5mC, and 5hmC due to variations in polymerase kinetics 
 during the sequencing reaction  [  44  ] . It is also possible to differentiate 5mC from 
5hmC with nanopore amperometry, as each modi fi cation causes unique breaks in 
current as synthetic DNA molecules are fed through nanopores  [  45  ] . Current 
research is focused towards optimizing the last two methods for genomic DNA 
samples and for high-throughput analysis, but these technologies are not yet com-
monly used. 

 Many restriction enzymes that can differentiate between 5mC and unmodi fi ed 
cytosine, as well as families of enzymes that target 5hmC or 5ghmC are being stud-
ied for unique properties that make them useful for measuring 5hmC  [  30,   33,   46  ] . 
For example, MspI and GlaI can fully digest 5mC or 5hmC in their respective target 
sequences, but after conversion of 5hmC to 5ghmC, digestion by both of these 
enzymes is blocked  [  32,   47  ] . Taq  a  I is a restriction enzyme that is not fully blocked 
by 5ghmC, but is blocked by biotin-N3-5gmC  [  31  ] . Therefore, tagging a 5hmC resi-
due with glucose or a modi fi ed glucose may be a valuable tool for epigenetic stud-
ies. In contrast to restriction enzymes that are blocked by 5hmC or 5ghmC, but not 
by unmodi fi ed cytosine, another class known as PvuRts1I family show digestion 
preference for 5hmC or 5ghmC as compared to 5mC and cytosine  [  30,   33  ] . Using 
this class of enzymes for digestion followed by PCR ampli fi cation of a region of 
interest can reveal the level of 5hmC at a speci fi c site. Alternatively, one could use 
the digested fragments for next generation sequencing for genome-wide mapping of 
5hmC. 

 Novel and more accurate techniques for measuring 5hmC will be available in 
the near future as the epigenetics  fi eld progresses with reference to this 
modi fi cation. We must always consider how to normalize traditional techniques 
and any new ones that are developed to evaluate various DNA modi fi cations when 
drawing conclusions about how epigenomic modi fi cation patterns relate to bio-
logical phenomenon.  

    3.4   Tet1 Binding and 5hmC in Embryonic Stem Cells 

 It is important to understand the normal function of TET enzymes and 5hmC in 
order to comprehend how and why they may be disrupted in disease. The study of 
mouse ESCs may allow us to gain some insight into these phenomena. Mouse ESCs 
are derived from the inner cell mass (ICM) of blastocysts and can be cultured in an 
undifferentiated state with use of leukemia inhibitory factor (LIF)  [  48  ] . ESCs can be 
differentiated into embryoid bodies (EB) with the removal of LIF or into other more 
speci fi c lineages by addition or removal of cytokines and speci fi c growth factors. As 
mentioned earlier, ESCs tend to have high levels of 5hmC as compared to other cell 
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types  [  10,   27  ] . It is thought that the TET enzymes and 5hmC may play a signi fi cant 
biological role in ESCs because epigenetic modi fi cations and factors are important 
for both maintaining an undifferentiated state and for differentiation.  Tet1  and  Tet2  
are expressed in ESCs and induced pluripotent stem (iPS) cells, while  Tet3  expres-
sion is quite low, suggesting that Tet1 and Tet2 are especially important for main-
taining a pluripotent status  [  22,   49  ] . Furthermore, expression of  Tet1  and  Tet2  is 
repressed during differentiation and it appears that Oct4  [  49  ] , one of a few transcrip-
tion factors that are required for ESC pluripotency and dedifferentiation of somatic 
cells, is involved in regulating Tet1 and Tet2 expression  [  50  ] . 

 A number of reports describe Tet1 binding and/or 5hmC status throughout the 
genome of mouse ESCs and the relationship of these patterns to gene expression  [  25, 
  41,   42,   47,   51,   52  ] . Several techniques were utilized in these studies, including ChIP-
seq, GLIB-Seq, hMeDIP-Seq, restriction enzyme-dependent genome-wide sequenc-
ing, and hMeDIP-Chip (with 5hmC and CMS-speci fi c antibodies), as well as 
RNA-Seq and microarray analyses  [  25,   41,   42,   51,   52  ] . Even though there are some 
disagreements between these studies, their overall conclusions are similar. In gen-
eral, Tet1 binds to CG-rich regions of the genome, which seems to be due, at least in 
part, to its CXXC domain. Tet1 binds to both active and inactive genes, with more 
binding in the gene bodies of active genes and increased binding in the promoters 
and transcriptional start sites (TSS) of inactive genes. Tet1 targeted genes are involved 
in many cellular pathways, including development, differentiation, and neural pro-
cesses  [  22,   25,   49,   52  ] . Tet1 also appears to be enriched in regions containing the 
active H3K4me3 mark, as well as the bivalent H3K4me3 and H3K27me3 marks, and 
to a lesser extent at polycomb repressed genes exhibiting only H3K27me3 mark. 

 5hmC patterns in the genome are very similar to Tet1 binding. Both 5mC and its 
oxidative product 5hmC are commonly found in the gene bodies of active genes and 
in the promoters of inactive genes. Surprisingly, there are a number of Tet1 binding 
sites that do not appear to contain 5hmC. This suggests that Tet1 may have addi-
tional non-catalytic activities or that 5hmC is quickly removed speci fi cally at these 
loci as part of a DNA demethylation/repair pathway. Several studies indicate that 
gene body 5hmC is more prevalent in exons than introns  [  25,   42,   51,   52  ] ; however, 
results from another group indicated more enrichment in introns  [  41  ] . These ambi-
guities could be due to differences in the techniques utilized and will likely be sorted 
out in the future with base resolution mapping of the respective mammalian 
hydroxymethylome. Interestingly, 5hmC is enriched in and around the TSS, which 
is in contrast to a general reduction in 5mC at these locations  [  51  ] . Intergenic regions 
and repetitive elements appear to have less 5hmC than coding regions. Thus, 5hmC 
and 5mC coexist in some genomic regions, while also displaying unique patterns of 
genomic localization. Genome-wide 5hmC patterns have also been reported for 
human ESCs and they closely match with the description of mouse ESCs  [  36  ] . The 
patterning observed in both mouse and human ESCs suggests that 5hmC may have 
a more speci fi c role in regulating transcription, while 5mC has additional roles in 
maintaining genomic integrity and transposon stability. 

 Upon knockdown of Tet1 expression or gene knockout, there are clear 
increases in both locus-speci fi c and global 5mC with concomitant decreases in 
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5hmC globally and at Tet1 target sites  [  22,   47,   53  ] . In addition, loss or reduction 
of Tet1 consistently resulted in both increased and decreased gene expression 
with gene activation being associated with promoter hypo-hydroxymethylation 
 [  41,   51–  53  ] . Tet1 enrichment occurs at almost two-thirds of all genes in mouse 
ESCs and thus overlaps with a number of chromatin modifying and transcrip-
tional regulatory proteins, such as Suz12, Ezh2, Sin3a, Mbd3, and LIF activated 
Stat3  [  41,   47,   51,   54  ] . Concomitantly, the binding of these proteins to the chro-
matin is reduced by Tet1 knockdown  [  41,   47,   51,   54  ] . It is not clear whether it is 
direct interaction with Tet1, possibly via other bridge proteins, or 5hmC that 
provides a platform for their recruitment to speci fi c regions of the chromatin, 
except in the cases of Sin3a and Mbd3. These two proteins have been shown to 
either bind directly to Tet1 or in a complex with Tet1 by co-immunoprecipitation 
experiments. Mbd3 also appears to bind to 5hmC-modi fi ed DNA, which is 
thought to result in its recruitment to inactive genes  [  51,   54  ] . 

 There is an overall enrichment of 5hmC at regulatory protein binding sites, such 
as gene promoters, enhancers, and insulators further supporting the hypothesis of 
5hmC-speci fi c binding proteins  [  25,   36  ] . In addition to transcriptional regulation by 
putative 5hmC binding proteins, active promoters bound by Tet1 may be maintained 
in an unmethylated state through constant oxidation of 5mC, allowing transcription 
factors and RNA polymerase to bind. Based on these observations, Tet enzymes can 
regulate the levels of both 5hmC and 5mC at speci fi c gene sequences in order to 
direct the binding of transcriptional regulator proteins, resulting in both positive 
and/or negative effects on its expression.  

    3.5   Role of Tets and 5hmC in Early Mammalian Development 
and Embryonic Stem Cells 

 The mammalian paternal zygotic genome is thought to be actively demethylated 
upon fertilization of the egg and this demethylated state persists over the next sev-
eral cell divisions, during which time the maternal genome undergoes passive dem-
ethylation  [  55  ] . At the blastocyst stage of development, both the maternal and 
paternal DNAs are remethylated by the de novo methyltransferases. The observa-
tion that the paternal genome is demethylated is based primarily on studies utilizing 
anti-5mC antibody staining and bisul fi te sequencing of a small number of loci  [  56–
  59  ] . However, recent data suggests that the lack of staining of the paternal genome 
by the 5mC antibody is actually due to conversion of 5mC to 5hmC  [  35,   60  ] . High 
levels of 5hmC in the paternal genome persist for several genome replications sug-
gesting that demethylation is not as extensive as was previously thought and may 
take place only at speci fi c loci  [  35  ] . Technological advances that allow for the pater-
nal and maternal DNA to be fully sequenced for epigenetic modi fi cations will help 
in the future to resolve this important observation. 

 Tet3 is the most likely Tet family member that oxidizes the paternal DNA as it is 
expressed at high levels in oocytes and zygotes, but not at later developmental stages 
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 [  35,   60,   61  ] .  Tet1  seems to only be expressed at the two- and four-cell stages and in 
ESCs, and  Tet2  is only expressed at very low levels throughout fertilization and 
zygote development, except in ESCs where Tet2 expression is higher  [  35,   60  ] . 
Knockdown of  Tet3  by siRNA injection into the oocyte or conditional knockout of 
Tet3 in primordial germ cells (PGC) of mice signi fi cantly reduces oxidation of 5mC 
in the paternal genome  [  60,   61  ] . Furthermore, the Tet3 responsible for this process 
appears to be of maternal origin as wild-type (WT) females crossed with Tet3 con-
ditionally null males did not exhibit this defect  [  61  ] . Finally, primordial germ cell 
gene 7 (PGC7) may be involved in protecting the maternal genome from demethyla-
tion  [  62  ]  and knockout of this gene results in oxidation of the maternal genome  [  60  ] . 
It is not clear why only the paternal genome methylation speci fi cally undergoes 
widespread oxidation during zygote development, but this process is likely involved 
in locus-speci fi c 5mC erasure and epigenetic reprogramming of the chromatin. 

 There are several contradicting reports on whether knockdown or knockout of 
Tet genes alters growth and differentiation of ESCs. Two studies report that knock-
down of  Tet1 , but not  Tet2  or  Tet3 , in mouse ESCs results in decreased alkaline 
phosphatase activity (a marker of healthy ESCs) and pluripotency associated genes, 
as well as an increase in differentiation markers and altered cell growth and mor-
phology  [  22,   47  ] . It is suggested that this may be due to a decrease in  Nanog  expres-
sion as reintroduction of Nanog can rescue the phenotype. ChIP analysis shows that 
Tet1 binds to the Nanog promoter and depletion of Tet1 results in methylation and 
suppression of the  Nanog  gene. Furthermore, use of Dnmt TKO ES cells prevents 
the methylation and repression of  Nanog   [  22  ] . 

 In contrast, other studies did not report any effects on morphology or  Nanog  
expression with  Tet1  knockdown or knockout in undifferentiated cells  [  49,   51,   53  ] . 
However, there was agreement amongst some reports that  Tet1  knockdown upregu-
lates genes involved in trophectoderm and endoderm development and represses 
genes involved in neuroectoderm development  [  22,   49,   53  ] . Loss of Tet1 function in 
ESCs results in differentiation toward endoderm/mesoderm and trophoblast lin-
eages. Based on this, and because  Tet1  is primarily expressed in the ICM (not the 
trophectoderm), it is thought that Tet1 participates in preventing the expression of 
trophectoderm developmental genes and maintaining proper cellular speci fi cation 
in embryos  [  22,   49  ] .  Tet2  knockdown did not seem to affect trophectoderm, endo-
derm, or mesoderm genes but did slightly increase neuroectoderm markers. In addi-
tion, knockdown of either  Tet1  or  Tet2  alters expression of unique subsets of genes 
suggesting that each enzyme has unique target regions in the genome  [  49  ] .  Tet3  
knockdown in ESCs had minimal transcriptional effects on the differentiation genes 
that were examined. 

 Tet1 knockout ESCs are capable of producing live pups and loss of Tet1 has 
minimal effects on embryogenesis and mouse development, as Tet1 homozygous 
null mice maintain proper Mendelian ratios, appear healthy, and are fertile  [  53  ] . The 
only initial observations of aberrant development are that both male and female Tet1 
null mice are born at lower body weight (although they are similar to WT mice as 
adults); they have slightly decreased neutrophil numbers, and smaller litter sizes 
when inter-crossed. These mice do not appear to have any myeloid or other  disorders 
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 [  53  ] . Complete knockout of Tet2 has not yet been reported, but a mouse model has 
been developed that utilizes a Tet2-LacZ fusion to express an inactive Tet2 protein 
 [  63  ] . However, these mice maintain 20–50% of normal Tet2 transcripts, have no 
obvious reduction in 5hmC, are normal in overall appearance, and display expected 
Mendelian ratios. In spite of this, and unlike Tet1 null mice, Tet2 hypomorphs do 
appear to have aberrant hematopoiesis  [  63  ] . Although no changes in Tet gene 
expression have been reported, it is possible that the different members of the Tet 
family are compensating for the loss or reduction of Tet1 or Tet2 in these mouse 
models  [  53,   63  ] . 

 Tet3 null mice are unique in that they exhibit neonatal lethality  [  61  ] . This lethal-
ity was overcome by creation of Tet3 conditional knockout mice  [  61  ] . As described 
above, the parental mice only lack Tet3 expression in PGC and thus are essentially 
normal, with only the females exhibiting reduced fecundity. The zygotes of these 
mice have decreased 5hmC levels and aberrant reprogramming of the paternal DNA, 
which is thought to disrupt prenatal development  [  61  ] . 

 Tissue-speci fi c expression of Dnmts and patterning of 5mC is known to be 
involved in gene regulation. It is hypothesized that Tet enzyme activity and 5hmC 
may be involved in speci fi c biological functions in different tissues and organs as 
well. Indeed, TET enzymes display altered expression levels depending on the tis-
sue or the stage of development  [  22–  24,   35,   60  ] . A number of tissue types have been 
examined for TET expression, including but not limited to brain, lung, liver, heart, 
and kidney.  TET1  and  TET2  exhibit varied expression levels in different tissues 
examined  [  23  ]  and isoforms 2 and 3 of  TET2  are expressed at a lower level than its 
isoform 1  [  24  ] . Overall TET2 and its isoforms appear to be the most highly expressed 
amongst the TET enzymes in many tissues  [  22,   24  ] .  TET3  also tends to have consis-
tently high expression across various tissues  [  23  ] . All TETs are highly expressed in 
hematopoietic cells, with  TET2  and  TET3  being the highest. Consistently, hypomor-
phic expression of Tet2 in mice has been shown to alter hematopoietic development 
 [  23,   24,   63  ] . 

 Several studies have measured global 5hmC in DNA from various tissues using 
the techniques described above  [  26–  28,   64  ] . Based on these analyses one would 
conclude that in addition to tissue-speci fi c expression of TET enzymes, many tis-
sues also display varied global 5hmC levels with some tissues having high, medium, 
or low levels of 5hmC. In general, tissues of the central nervous system have vari-
able but overall high levels of global 5hmC  [  26,   27,   64  ] . Conversely, glandular tis-
sues tend to have low 5hmC levels and the majority of key organs, such as heart, 
lung, and kidney tend to have midlevels of 5hmC in their genome  [  26–  28  ] . This is 
in contrast with the stable global 5mC levels that are observed across most tissues 
 [  26  ] . However, it is important to note that in spite of stable global 5mC levels in 
various tissues there are locus-speci fi c differences that are involved in maintaining 
proper tissue phenotype and function. These data suggest that high levels of 5hmC 
are not indicative of low 5mC levels on a genome-wide basis in somatic tissues, but 
that locus-speci fi c shifts in the amount of unmodi fi ed, methylated, and hydroxym-
ethylated cytosines are important for regulating gene expression in a tissue-speci fi c 
manner. This is also supported by our work showing tissue-speci fi c levels of 5hmC 
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at various loci in both mouse and human genomic DNA samples  [  32  ] . However, 
more detailed analysis of 5hmC patterning in various tissues and during develop-
ment is required, which would help us to understand the roles of TET enzymes and 
5hmC in differentiation and development.  

    3.6   Mutation of 5hmC Pathway Genes in Cancer 
and the Possible Consequences 

 TET1 is a common translocation partner of MLL histone methyltransferase at 
t(10;11)(q22;q23), in acute myeloid leukemia (AML)  [  13,   14  ] . The MLL-TET1 
translocation has also been less commonly identi fi ed in acute lymphoblastic leuke-
mia (ALL)  [  65  ] . Apart from the t(10;11)(q22;q23) translocation, no other mutations 
of TET1 have been reported. The MLL-TET1 fusion protein is predicted to have a 
molecular mass of approximately 204 kDa and is created by the fusion of the 
N-terminal part of MLL with the C-terminal part of TET1. The resulting protein 
contains the AT hooks, subnuclear localization domains, and the CXXC region of 
MLL fused to the core catalytic domain of TET1  [  14  ] . The catalytic activity of the 
MLL-TET1 fusion protein is unknown, but it may be a gain of novel function of the 
fusion protein or loss of MLL and/or TET1 normal function that promotes oncogen-
esis. Regardless of the precise mechanism(s), MLL translocations correlate with a 
poor prognosis in ALL and AML patients  [  66–  69  ] . 

 Similar to TET1, it had been known that the 4q24 chromosomal region was 
commonly disrupted in hematologic malignancies, but the gene targeted within 
that region was not clear. It is now known that TET2 is the affected gene at 4q24 
in many of these hematologic malignancies. TET2 mutations in myeloprolifera-
tive neoplasms (MPN) were identi fi ed recently  [  70–  72  ] . Since then, mutations in 
TET2 have been observed in myelodysplastic syndrome (MDS), polycythemia 
vera, essential thrombocythemia, myelo fi brosis, blastic plasmacytoid dendritic 
cell neoplasm (BPDCN), lymphomas, and different types of leukemia  [  23,   63,   70, 
  73–  82  ] . Interestingly, certain TET2 mutations are found in speci fi c subsets of 
these diseases  [  83  ] . 

 TET2 mutations range from nonsense and missense mutations to frameshifts 
and deletions. Essentially all of these mutations are thought to result in loss of 
function of the TET2 enzyme and are generally somatic in nature. Several common 
mutations observed in MPN patients were tested for their effects on TET2 activity, 
including W1291R, E1318G, P1367S, I1873T, and G1913D  [  21  ] . All of these 
mutations are located in the cysteine-rich region or catalytic domain of human 
TET2. Overexpression of the mutant mouse counterpart of the W1291R (W1211R), 
P1367S (P1287S), and G1913D (C1834D) mutants in HEK293T cells results in 
reduced 5hmC as compared to overexpression of the WT Tet2  [  21  ] . In addition, 
mutations of TET2 often occur on either one or both alleles suggesting that TET2 
may either be haploinsuf fi cient or gain an oncogenic function  [  70,   83  ] . These 
results indicate that TET2 functions as a tumor suppressor gene, especially in 
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hematopoietic cells. However, TET2 mutations may not be enough to cause 
 transformation as it is commonly mutated along with genes in other important 
pathways, such as JAK and p53  [  76,   84,   85  ] . 

 Tet2 appears to have a direct role in myelopoiesis as  Tet2  knockdown alters dif-
ferentiation of bone marrow stem cells when grown in the presence of speci fi c 
cytokines  [  86  ] . Furthermore, conditional knockout or reduced expression of Tet2 in 
mice results in ampli fi cation of hematopoietic stem and progenitor cells with skewed 
numbers of differentiated myeloid and lymphoid lineages  [  63  ] . Several studies have 
attempted to evaluate the effect of TET2 mutations on patient prognosis, albeit in a 
limited number of samples. Mutations in TET2 correlate with reduced survival time 
in AML patients  [  77  ]  and lower survival rate in patients with chronic myelomono-
cytic leukemia (CMML)  [  80  ] . Conversely, TET2 mutations in MDS patients appear 
to increase survival rate, as well as decrease progression to AML  [  79  ] . 

 To date, there is only one report of a genetic aberration associated with TET3. 
A patient with refractory anemia with ringed sideroblasts (RARS), a speci fi c form 
of MDS, and idiopathic myelo fi brosis carried a deletion of 2p23 where the TET3 
gene resides  [  87  ] . It is still unknown whether TET3 has a role in myeloproliferative 
diseases in a similar manner to TET1 and TET2. However, as TET3 is a catalyti-
cally active enzyme and has different tissue-speci fi c expression patterns than TET1 
and TET2, it remains a possibility that TET3 is involved in the development or 
progression of these and other diseases or disorders. Genetic studies will be required 
to test the functional role of TET enzymes in the development and progression of 
various diseases, including cancer. 

 As described above, the TET enzymes require cofactors for catalysis, one of 
which is 2-OG. Two enzymes that are involved in producing 2-OG are the cytosolic 
isocitrate dehydrogenase 1 (IDH1) and its mitochondrial homolog IDH2  [  88  ] . 
Interestingly, IDH1 and IDH2 are commonly mutated in several diseases, including 
gliomas, astrocytomas, leukemias, and MPN  [  88  ] , where 5hmC and TET expres-
sion are abundant. Furthermore, these mutations are not only mutually exclusive 
with each other but also with TET2 mutations in AML  [  88  ] . 

 Mutations of IDH1 and IDH2 can result in a gain-of-function phenotype whereby 
2-OG is further reduced by the mutant enzyme to 2-hydroxyglutarate (2-HG)  [  89, 
  90  ] . AML cells harboring mutations in IDH1, IDH2, or TET2 tend to have a hyper-
methylated phenotype (increased global and locus-speci fi c methylation) and impor-
tantly a signi fi cant overlap of the genes that are hypermethylated  [  88  ] . Overexpression 
of mutant IDH enzyme results in a global increase in methylation and co-overex-
pression with TET2 does not result in increased 5hmC levels  [  88  ] . The above obser-
vation was con fi rmed in another study that showed inhibition of murine Tet1 and 
Tet2 in vitro by 2-HG and in vivo by mutant IDH1  [  91  ] . In addition, glioma, astro-
cytoma, glioblastoma tissue samples harboring IDH1 mutations display decreased 
5hmC staining and increased 5mC staining in immunohistological assays, as well as 
decreased 5hmC with LC-MS analysis  [  64,   91  ] . These studies suggest that altera-
tions in 5hmC, either through directly disrupting the TET enzymes or changing 
availability of cofactors, may be involved in the development and progression of 
cancer and related diseases. 
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 It is hypothesized that 5hmC is an intermediate in the process of demethylation 
(described fully in Sect.  3.7 ) and as a result disruption of the TET protein functions 
by translocation or mutation may result in a hypermethylated phenotype. Indeed, 
widespread locus-speci fi c hypermethylation in AML patients with TET2 mutations 
has been reported  [  88  ] . Conversely, another study found that TET2 mutations in 
leukemia patients are associated with reduced 5hmC levels as expected, but also 
with global DNA hypomethylation  [  21  ] . Another recent report indicated that brain 
lesions, especially astrocytomas and glioblastomas, have signi fi cantly decreased 
global 5hmC with increasing tumor grade, although these samples did not display 
clear changes in 5mC levels  [  64  ] . Furthermore, several, tumor types appear to have 
decreased 5hmC when compared to matched normal tissue  [  39,   92,   93  ] . The mecha-
nism of global hypo-hydroxymethylation in tumors and the relationship to muta-
tions in TETs is not clear and may be dependent on tumor type and stage. 

 Hypomethylating agents were originally tested and approved for clinical use in 
MDS and leukemia patients  [  94  ] . The fact that these diseases have especially high 
rates of mutation in the TET proteins raises the question as to the correlation of TET 
mutations with treatment ef fi cacy. One study on a very limited number of patients 
(two) did not con fi rm that TET2 mutations would improve the ef fi cacy of DNMT 
inhibitors for the treatment of MDS  [  95  ] . In addition, a slightly larger study with 
AML patients reported that those with mutant TET2 had improved initial response, 
but did not yield better survival as compared to patients carrying the WT allele  [  96  ] . 
These results emphasize the necessity for studies to be completed using large cohorts 
of patients identify factors that categorize patients with myeloid disorders, harbor-
ing TET mutations, as likely or unlikely to bene fi t from treatment with demethylat-
ing agents. Finally, although TET mutations are clearly predominant in MPN it is 
still possible that they occur in any number of other diseases and this will likely be 
a focus of future research.  

    3.7   Demethylation Pathways of 5hmC and Possible 
Roles in Cancer Methylation 

 Reports of methylation cycling in the promoters of speci fi c genes, active demethy-
lation during certain stages of development, and global hypomethylation in tumors 
have left epigeneticists searching for a DNA demethylase  [  3  ] . Several possible 
demethylation mechanisms have been proposed in the past, including direct enzy-
matic removal of the methyl group by MBD2  [  97  ] , removal of the entire methy-
lated base by a DNA glycosylase in a similar manner to the process of demethylation 
in plants  [  98  ] , and deamination followed by base excision repair (BER), including 
deamination by DNMT3 enzymes in the presence of minimal  S -adenosyl- l -
methionine (AdoMet)  [  3,   99  ] . The stability of the carbon–carbon bond of the 
methyl group and the  fi fth carbon of the cytosine ring makes it unlikely that dem-
ethylation is due to direct removal of the methyl group from cytosine  [  3  ] . However, 
oxidation of methyl groups is a feasible mechanism for removal, especially as 
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 histone demethylases function through oxidation to return histone proteins to an 
unmodi fi ed amino acid state  [  15  ] . 

 Before 5hmC was found in mouse ESCs and brain DNA, several groups studied 
the effects of oxidation of 5mC on methyl binding proteins (MBD) and DNMT1 
activity. For example, the MBD MeCP2 was shown to have decreased binding to 
5hmC as compared to 5mC  [  100  ] . Altered binding of MeCP2 may have serious 
effects on transcriptional regulation, but would not lead to demethylation. However, 
DNMT1 was shown to have reduced catalytic activity when the DNA substrate was 
hemi-hydroxymethylated as opposed to the preferential hemi-methylated substrate 
 [  101  ] . This could have major effects on DNA methylation maintenance during rep-
lication, resulting in passive demethylation that is dependent on cell cycling. It is 
still unknown whether DNMT3a or DNMT3b expressed during S-phase is capable 
of methylating hemi-hydroxymethylated DNA.    

 Mammalian 5hmC glycosylases have been described as early as 1988 suggesting 
that this may be a possible mechanism for removal of this modi fi ed nucleobase 
 [  102  ] . Overexpression of TET genes causes increased 5hmC and then subsequent 
demethylation (based on digestion with methyl-sensitive restriction enzymes) of 
either endogenous or exogenous methylated DNA that requires a functional BER 
pathway  [  20,   103  ] . Additionally, overexpression of several of the Apobec family of 
cytidine deaminases causes further demethylation  [  103  ] . In fact, viral overexpres-
sion of Tet1 in the adult mouse dentate gyrus in the brain leads to substantial 
increases in global 5hmC, whereas viral overexpression of activation-induced 
deaminase (AID) in the same tissue causes a decrease in global 5hmC by more than 
50%. Overexpression of either Tet1 or AID in adult mouse dentate granule cells 
results in demethylation and expression of neuronal genes known to display activ-
ity-induced DNA demethylation, but no demethylation occurs at non-neuronal pro-
moters  [  103,   104  ] . Based on these  fi ndings, the following hypothesis has been 
proposed as one possible mechanism for 5hmC-stimulated demethylation: 5mC is 
 fi rst oxidized by TET enzymes to 5hmC, which is then deaminated by AID/APOBEC 
cytidine deaminases resulting in 5hmU, then 5hmU is targeted and removed by 
BER pathways (Fig.  3.2 )  [  103  ] .  

 Another possible mechanism of demethylation through 5hmC mimics the pro-
cess of thymine conversion to uracil that is part of the thymidine salvage pathway 
in which successive oxidation of the 3-methyl group of thymine is completed to 
produce uracil by decarboxylation  [  3  ] . Previously, 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC) (the further oxidized forms of 5hmC) could not be 
easily measured, but as more sensitive techniques were utilized it was clear that 
these forms of cytosine do exist in mammalian DNA (Fig.  3.2 )  [  26–  28  ] . Mouse 
ESC, mouse cortex DNA, and DNA from several other somatic tissues contain 
substantial amounts of each of these modi fi cations, with 5caC being the lowest 
modi fi ed residue  [  27  ] . Interestingly, some tissue DNAs contained higher amounts 
of 5fC than 5hmC, such as liver and spleen  [  27  ] . The differences in the global 
amounts of each modi fi ed cytosine could be due to varied rate of conversion 
from one form to the next, as well as ef fi ciency of removal for 5caC by thymine-
DNA glycosylase (TDG) resulting in replacement with unmodi fi ed cytosine by 
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DNA repair enzymes  [  28,   105  ] . Tet1 and Tet2 were both reported to oxidize 
5hmC further to 5fC and 5caC both in vitro and in overexpression studies in 
cultured cells  [  27,   28  ] . 

 The knowledge that 5hmC and its derivatives that are converted by the TET 
enzymes can result in demethylation provide some possible mechanisms for how 
aberrant methylation could occur in cancers. Loss-of-function mutations in TET2 
correlate with hypermethylation and myeloid malignancies that commonly have 
TET mutations tend to be sensitive to hypomethylating agents  [  88,   94  ] . However, 
one study did correlate TET2 mutations with global hypomethylation in patients 
with myeloid malignancies  [  21  ] . For cancers that display hypomethylation, there 
are several potential explanations; one possibility is that hypomethylation by 5hmC 
is an earlier event during cancer progression than loss-of-function mutations that 
have been reported for TETs, or TET proteins (or other proteins involved in 5hmC-
induced demethylation pathways) may be overexpressed or have gain-of-function 
mutations that are currently unknown. Clearly much research still needs to be done 
in this particular area to understand demethylation pathways of 5hmC and what 
enzymes are involved both in normal and disease states.  
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  Fig. 3.2    5-Hydroxymethylcytosine and proposed demethylation pathways. (1) Cytosine in an 
unmodi fi ed state can be methylated by any of the three active DNMTs to 5-methylcytosine (5mC) 
to create the substrate for the TET enzymes. (2) 5mC can be oxidized by any of the three TET 
family enzymes to 5-hydroxymethylcytosine (5hmC). (3) 5hmC may then be deaminated by 
unknown enzymes to 5-hydroxymethyluracil (5hmU), which could then be removed by base exci-
sion repair pathway enzymes (BER). (4) 5hmC could also be further oxidized by the TET enzymes 
to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), at which point the base can be removed 
by thymine-DNA glycosylase (TDG) or the carboxyl group can be removed by decarboxylases to 
produce unmethylated cytosine       
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    3.8   Future Perspectives 

 It was not long ago that the study of DNA methylation was uncharted territory, but 
now we have a basic understanding of how, when, and where DNA methylation 
occurs, as well as its role in many biological processes. The identi fi cation of 5hmC, 
and its oxidative products 5fC and 5caC, has complicated our understanding of this 
process, so now we have to tease out what past data (that may or may not include 
5hmC, 5fC, and 5caC) means, and how to acquire more accurate data in the future. 
This has been and will continue to be a dif fi cult process, but even in the short time 
since the identi fi cation of 5hmC, epigenetics research has moved forward by leaps 
and bounds, perhaps due to the past experiences with 5mC. Scientists have already 
developed several techniques to measure global and locus-speci fi c 5hmC across the 
genome. It is known that there is tissue-speci fi c expression of TETs and 5hmC lev-
els, both globally and at speci fi c loci, and that 5hmC may be involved in DNA 
demethylation pathways. Even so, there is certainly more research needed to deter-
mine the involvement of the TET enzymes and 5hmC in gene regulation, develop-
ment, and disease.  

    3.9   Addendum 

 Two new methods have been reported that allow for single base resolution 
sequencing of 5hmC  [  106 ,  107  ] . Both techniques depend on the concept that 5fC 
and 5caC, unlike 5mC or 5hmC, are converted to uracil during sodium bisul fi te 
treatment of the DNA. The  fi rst method utilizes potassium perruthenate (KRuO4) 
to chemically oxidize 5hmC to 5fC followed by rigorous bisul fi te treatment and 
then sequencing of primarily CpG islands in mouse embryonic stem (ES) cell DNA 
 [  106  ] . The second method utilizes a three step process whereby the 5hmC sites 
are  fi rst glucosylated by beta-glucosyltransferase, which is followed by enzymatic 
oxidation of 5mC to 5caC by recombinant mouse Tet1 catalytic domain, and 
 fi nally sodium bisul fi te conversion and sequencing of human and mouse ES cell 
DNA. The glucosylated hydroxymethylcytosine residues are resistant to enzy-
matic oxidation and displayed as C in subsequent PCR based sequencing  [  107  ] . In 
both cases sequencing of both an oxidation pretreated DNA library and a control 
library must be completed to accurately map both 5mC and 5hmC sites across the 
genome. Considering that next generation sequencing analysis of bisul fi te con-
verted DNA is quite complicated, the data analysis for these methods could be 
especially dif fi cult. However, these techniques should be useful for identi fi cation 
of 5mC and 5hmC at speci fi c loci using a candidate gene approach in a similar 
manner to original bisul fi te sequencing.      
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  Abstract   In human health and disease the choreographed actions of a wide armory of 
transcription factors govern the regulated expression of coding and nonprotein coding 
genes. These actions are central to human health and are evidently aberrant in cancer. 
Central components of regulated gene expression are a variety of epigenetic mecha-
nisms that include histone modi fi cations. The post-translational modi fi cations of his-
tones are widespread and diverse, and appear to be spatial- temporally regulated    in a 
highly intricate manner. The true functional consequences of these patterns of regula-
tion are still emerging. Correlative evidence supports the idea that these patterns are 
distorted in malignancy on both a genome-wide and a discrete gene loci level. These 
patterns of distortion also often re fl ect the altered expression of the enzymes that con-
trol these histone states. Similarly gene expression patterns also appear to re fl ect a 
correlation with altered histone modi fi cations at both the candidate loci and genome-
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  Chromatin-modifying enzymes : The nomenclature for enzymes involved in protein methylation, 
demethylation, and acetylation has recently been rationalized (   Allis CD et al (2007) New nomen-
clature for chromatin-modifying enzymes. Cell 131:633–636). In this review, we use the new 
nomenclature for lysine methyltransferases (KMT), lysine demethylases (KDM), and lysine 
acetyltransferases (KAT). Histone deacetylases (HDACs) have retained their original nomencla-
ture. To maintain a link between the new nomenclature and the literature, we use both the new 
designation and the original published designation(s), e.g., KDM5A/JARID1A/RBP2. 

  Histone modi fi cations : We use the Brno nomenclature for histone modi fi cations (Turner BM (2005) 
Reading signals on the nucleosome with a new nomenclature for modi fi ed histones. Nat Struct Mol 
Biol 12:110–112). For example, histone H3 tri-methylated at lysine 4 is shown as H3K4me3. 



82 M.J. Campbell and B.M. Turner

wide level. Clarity is emerging in resolving these relationships between histone 
modi fi cation status and gene expression  patterns. For example, altered transcription 
factor interactions with the key co-activator and co-repressors, which in turn marshal 
many of the histone-modifying enzymes, may distort regulation of histone modi fi cations 
at speci fi c gene loci. In turn these aberrant transcriptional processes can trigger other 
altered epigenetic events such as DNA methylation and underline the aberrant and 
speci fi c gene expression patterns in cancer. Considered in this manner, altered expres-
sion and recruitment of histone-modifying enzymes may underline the distortion to 
transcriptional responsiveness observed in malignancy. Insight from understanding 
these processes addresses the challenge of targeted epigenetic therapies in cancer.  

  Abbreviations     

  AR    Androgen receptor   
  ChIP    Chromatin immunoprecipitation   
  CoA    Co-activator complex   
  E 

2
     Estradiol   

  ER a     Estrogen receptor alpha   
  ES    Embryonic stem cell   
  HDAC    Histone deacetylase   
  JMJD    Jumonji domain containing protein   
  JARID    Jumonji AT-rich interactive domain   
  KAT    Lysine acetyltransferase   
  KDM    Lysine demethylase   
  KMT    Lysine methyltransferase   
  LSD1    Lysine-speci fi c demethylase 1   
  NCOR    Nuclear co-repressor   
  NR    Nuclear receptor   
  PSA    Prostate-speci fi c antigen   
  SET    Su(var), enhancer of zeste and trithorax   
  TF    Transcription factor   
  TSA    Trichostatin A   
  TSS    Transcription start site           

    4.1   Altered Histone Modi fi cations in Cancer 

    4.1.1   The Nucleosome and Its Modi fi ed Forms 

 Of the various protein–DNA interactions that are central to genome function, 
those between the histones and DNA are among the most intimate. A histone–
DNA  complex, the nucleosome, is the basic unit of chromatin structure in nearly 
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all eukaryotes, It comprises 146 bp of DNA wrapped in 1¾ superhelical turns 
around a core of eight histones, two each of H2A, H2B, H3, and H4. The struc-
ture of the nucleosome core particle has been de fi ned in great detail by X-ray 
crystallography  [  3  ] . 

 Despite its extreme conservation through evolution and its consistent crystal 
structure, the nucleosome in vivo is subject to a variety of enzyme-driven 
modi fi cations that, potentially at least, alter its structure. Chromatin-modifying 
enzymes directly manipulate nucleosome structure or change nucleosome position 
along the DNA  fi ber  [  4  ] . DNA translocating enzymes such as polymerases, which 
pull and twist the DNA  fi ber as part of their normal activities, distort nucleosomes 
in their paths. Chromatin must deform reversibly in order to accommodate tor-
sional and tensional stress generated by these enzymes (  [  5  ]  and references therein). 
Nucleosome remodeling can dissociate the histone core, providing opportunities to 
enzymatically modify internal histone regions (see below), or to incorporate his-
tone variants. All core histones, apart from H4, have nonallelic variant forms that 
differ in amino acid sequence and are associated with speci fi c cellular and genomic 
functions  [  6  ] . 

    4.1.1.1   Post-translational Modi fi cation of Histones 

 The most widespread and complex source of nucleosome variability is the enzyme 
catalyzed, post-translational modi fi cation of selected histone amino acids. All four 
core histones are subject to such changes, which include acetylation of lysines, 
methylation of lysines and arginines, phosphorylation of serines and threonines, and 
attachment of the small peptides ubiquitin and SUMO  [  7  ] . Advances in mass spec-
trometry and proteomics  [  8  ]  have led to the identi fi cation of previously unsuspected 
chemical changes, including  O -glycosylation of serines and threonines  [  9  ] , formy-
lation and crotonylation of lysines, and hydroxylation of serines  [  10  ] . They have 
also revealed that modi fi cations occur both along the N-terminal tail domains, 
unstructured regions that are exposed on the nucleosome surface, and on residues in 
the globular internal regions that mediate histone– histone and histone–DNA inter-
actions  [  11  ] . Histone modi fi cations are put in place and removed by families (often 
large) of modifying and de-modifying enzymes and are consistently dynamic. The 
level of any particular modi fi cation re fl ects a steady-state balance between the 
actions of these two sets of enzymes. 

 The internal histone regions mediate the interactions that give the nucleosome its 
characteristic structure and their modi fi cation can, potentially, exert a direct struc-
tural effect. Yeast mutants with internal substitutions (some mimicking modi fi cations) 
commonly cause functional changes, particularly altered gene silencing and 
increased sensitivity to DNA damaging agents  [  12,   13  ] . Acetylation of H3K56, on 
the lateral face of the nucleosome, is incorporated into chromatin at sites of DNA 
damage and repair  [  14,   15  ]  and at replication forks  [  16  ] . These are all situations in 
which the nucleosome is partially dissociated, and during which internal residues 
will be accessible to modifying enzymes. Structural changes brought about by 
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H3K56 acetylation increase nucleosome mobility, thereby increasing DNA 
 accessibility and, in the appropriate context, facilitating transcription  [  13,   17,   18  ] . 

 Each core histone has an unstructured N-terminal tail domain that protrudes out-
side the nucleosomal DNA. These regions are not necessary for in vitro nucleosome 
assembly and crystallization  [  19  ]  but contain many amino acids that are susceptible 
to post-translational modi fi cation  [  7  ] . How do these tail regions contribute to chro-
matin structure and function? Studies on the in vitro thermal mobility of nucleosomes 
 [  20  ]  and earlier genetic and biochemical studies in yeast  [  21,   22  ]  show that tails 
play a role in nucleosome mobility and higher order chromatin structure, but these 
roles are only revealed by removal of all, or most, of the tail, raising the question of 
how post-translational modi fi cations could directly in fl uence their function. 
Hyperacetylation of the tails of H2B, H3, and H4, each of which have 4–5 acetylat-
able lysines, will cause a signi fi cant loss of net positive charge and might in fl uence 
higher order chromatin structures, even though the nucleosome itself is unaffected. 
An attempt to distinguish between the effects of lysine-speci fi c and global acetyla-
tion of the H4 tail domain in yeast gave mixed results. For H4 lysines 5, 8, and 12, 
the level of acetylation (i.e., the number of lysines acetylated) seemed to be a more 
important determinant of transcription than the individual lysine involved, but H4 
lysine 16 exerted independent effects  [  23  ] . Of course, methylation of lysines and 
arginines causes no change in net charge.  

    4.1.1.2   Chemical Signals on the Nucleosome Surface 

 An alternative explanation for the functional effects of histone tail modi fi cations is 
that they act  indirectly  by generating, on the nucleosome surface, a variety of chem-
ical signals that provide binding sites for nonhistone proteins. These binding pro-
teins, in turn, regulate chromatin structure and function. This hypothesis was 
proposed 20 years ago  [  24,   25  ]  and has since been extensively validated, not least 
by the identi fi cation of families of proteins carrying binding domains that recognize 
speci fi c histone modi fi cations  [  26,   27  ] . Bromodomains bind speci fi cally to acety-
lated lysines, while chromodomains and several others bind to methylated lysines at 
selected positions on speci fi c histones. Binding domains sometimes distinguish 
between lysines carrying one, two, or three methyl groups  [  26,   27  ] . 

 A good example of how binding domains work is provided by the heterochroma-
tin protein HP1, which is essential for heterochromatin formation in Drosophila and 
mammals. HP1 binds speci fi cally, via its chromodomain, to H3 methylated at lysine 
9 (H3K9me). H3K9me is located on heterochromatin in vivo and heterochromatin 
cannot form if the required methyl transferase is knocked out in mice  [  28  ] . Further, 
detailed studies of binding of HP1 to nucleosome arrays carrying methylated H3K9 
provide likely mechanisms for both chromatin condensation and for the ability of 
heterochromatin to spread in vivo  [  29  ] . Other histone modi fi cations have been asso-
ciated with speci fi c chromatin states. H4K36ac seems to be involved in the elonga-
tion phase of ongoing transcription  [  30  ] , H4K20me3 is a marker for centric 
(constitutive) heterochromatin  [  31  ] , and H3K27me3 is associated with long-term 
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gene silencing  [  32  ] . However, it is important to avoid oversimplifying a complex 
situation. Binding to any given modi fi ed residue will inevitably be in fl uenced by 
modi fi cation at adjacent residues and functional outcomes are usually determined 
by the combinatorial action of different modi fi cations. For example, phosphoryla-
tion of H3 serine 10 can displace HP1 bound to H3 methylated at lysine 9  [  33  ] . 
Epigenomics approaches are beginning to reveal combinations of modi fi cations that 
are consistently associated with functionally de fi ned genomic regions, particularly 
promoters and enhancers  [  34–  36  ] . 

 The nucleosome can be seen as a gatekeeper that controls the access of transcrip-
tion factors and other DNA binding proteins to DNA. Access is regulated by a 
variety of processes that change nucleosome structure, either directly (chromatin-
remodeling enzymes, modi fi cation of internal amino acids) or indirectly (histone 
tail modi fi cations). The enzyme families that carry out these processes are all sus-
ceptible to disruption, either through genetic mutation or environmental agents, 
triggering alterations in genome function that can sometimes precipitate changes in 
cell behavior and disease. Unraveling these complex chromatin-modifying enzyme 
systems will bring enormous bene fi ts in the form of improved understanding of the 
etiology of diseases such as cancer and opening up new routes to therapy.   

    4.1.2   Histone Modi fi cation Status Is Regulated 
by Antagonistic Enzymes 

 Each histone modi fi cation is governed by antagonistic groups of enzymes that are 
able either to add or remove the modi fi cation in question. For example, histone 
acetyltransferases (KATs) catalyze the transfer of an acetyl group from acetyl-CoA 
to the  e -amino group of targeted lysine residues, and in this manner can neutralize 
the positive charge of the lysines. As a result the electrostatic interactions between 
histone and DNA are reduced. It is often suggested that this electrostatic effect can 
result in an open chromatin conformation that is more conducive to transcription 
 [  37,   38  ] . However, the role of the histone tails in maintaining higher order chroma-
tin structure is not clear and while charge-mediated changes may be important in 
some contexts, they cannot provide a complete explanation for the functional affects 
of histone modi fi cations. The actions of KATs are countered by HDACs. Broadly, 
acetylation is associated with gene activation and deacetylation with gene repres-
sion. However, for other modi fi cations there is often not such a strict relationship 
between modi fi cation and function. For example, histone methyltransferases 
(KMTs) can either promote or inhibit transcription depending on the speci fi c resi-
due that is targeted and its genomic location relative to a gene’s transcription start 
site (TSS). The functional identi fi cation of enzymes involved in setting and remov-
ing histone modi fi cations has revealed an increasingly numerous battery of proteins 
and complexes. Many of these enzymes are either cofactors or binding partners for 
transcription factors (TF). Alternatively transcription regulatory factors can contain 
intrinsic histone-modifying capacity. 
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 It is also apparent that at least some histone modi fi cations can be regulated on a 
larger chromosomal scale or even globally, whereas other modi fi cations have a 
much more restricted pattern. For example, H3 methylated at K79 (H3K79me3) is 
widely distributed across euchromatic regions in yeast and protects against the 
spreading of telomeric heterochromatin  [  39,   40  ]  while H3K27me3, a mark put in 
place by the polycomb repressive complex, is spread across groups of genes (e.g., 
the HOX clusters) to bring about their coordinated silencing  [  41,   42  ] . Alternatively, 
marks such as H3K4me3 are closely associated with local genomic features, par-
ticularly promoters, enhancers, and TSSs  [  43,   44  ] . 

 The KAT superfamily includes at least 20 different and diverse proteins includ-
ing CLOCK and NCOA1. Several subfamilies exist including the P300/CBP family, 
e.g., p300; GCN5 family, e.g., KAT2A; the MYST family, e.g., MYST1; SRC/p160 
nuclear receptor co-activator family, e.g., NCOA1. Eighteen HDAC are known in 
humans that are classi fi ed into four classes based on homology that include the 
HDAC1-11 and 7 SIRT members. Twenty-eight different KMT are known to act on 
histones, at least in vitro  [  1  ] . KMT are abundant and diverse re fl ecting the impor-
tance of the methylated state of key residues for the control of evolutionarily con-
served transcriptional programs, for example, associated with development. There 
are at least 30 KMTs, including key families such as EZ, SUV39, and SET. At least 
20 demethylases (KDM) are divided into two major groups that include the LSD 
family members, e.g., KDM1A/LSD1 and the Jumonji family, e.g., JHDM3 and 
JARID proteins containing ARID domains. 

 Two points are particularly important in considering the extent of redistribution 
and altered patterns of histone modi fi cations in cancer. The  fi rst is that the steady-
state level of each modi fi cation represents a dynamic balance between the effects of 
the modifying and de-modifying enzymes, with turnover likely to vary from one 
part of the genome to another, between cell types, and is intimately associated with 
cell cycle status, cell–cell interactions, and cell lineage commitment. Secondly, 
many, if not all, of the enzymes are either dependent upon, or in fl uenced by, metab-
olites and components present in the intra- or extracellular environment. At the 
simplest level, many of these enzymes depend on cofactors such as acetyl CoA, 
NAD, and  S -adenosyl methionine for their activity, and in turn these levels will 
depend on the metabolic and redox state of the cell. More subtle effects can be 
derived from metabolism. For example, naturally occurring inhibitors, such as short 
chain fatty acids (inhibitors of Class I HDACs) and nicotinamide (an inhibitor of the 
NAD-dependent deacetylase SIRT1) can be derived intrinsically within a cell or 
tissue and may naturally in fl uence epigenetic status, for example, in the cell lining 
the lumen of the gut  [  45–  47  ] . The effects of metabolic changes on gene expression 
are a strongly re-emergent area in cancer biology  [  48–  50  ]  and the generation of 
linked transcriptomic and metabolomics data is revealing the key functional asso-
ciations in malignancy  [  51–  53  ] . Thus the nucleosome, through the array of histone 
modi fi cations it carries and the enzymes that put them in place, is a  fi nely tuned 
sensor of the metabolic state of the cell and the composition of its environment. In 
this manner, nucleosome structure provides a platform through which external 
 environmental and internal variables can in fl uence genomic function.   
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    4.2   Disruption of Histone Modi fi cations in Cancer 

 Given that dynamic histone modi fi cations are required for the precise control of 
DNA structure, during DNA repair and transcription, it is not surprising that there is 
signi fi cant evidence for the disruption of these events in malignancy. Understanding 
the differential recruitment and activity of proteins that govern histone modi fi cations 
is key to understanding the roles that altered histone modi fi cations can play in can-
cer initiation and development. Currently, a key focus in cancer biology is dissect-
ing the mechanisms that alter the local and global recruitment and activity of 
histone-modifying complexes. It is anticipated that the insight generated will address 
the central challenge of separating which epigenetic processes directly drive cancer 
initiation and progression, from those that are merely a consequence of altered 
genomic structure such as mutation, copy number variation, and cytogenetic rear-
rangement. Insight into the contribution of altered histone functions to cancer pro-
gression can be gleamed by considering global and gene-loci speci fi c alterations to 
histone modi fi cations. 

    4.2.1   Global Distortions to Histone Modi fi cations 

 A number of histone modi fi cations are intimately associated with higher order chro-
matin structures and chromatin packaging and therefore changing the distribution of 
these global marks can have profound impact on the structure of chromatin in the 
nucleus. In turn such altered structures may be either more prone to aberrant DNA 
repair or promote genomic instability  [  54  ] . In prostate cancer, for example, quanti-
fying global levels of  fi ve selected histone modi fi cations in tissue sections by immu-
nocytochemistry allowed discrimination between groups of patients with distinct 
risks of tumor recurrence  [  55,   56  ] . Quantitative analysis of just two modi fi cations 
(H3K18ac and H3K4me2) was shown to provide useful prognostic information. 
The mechanisms underpinning these intriguing observations remain unknown. 

 The Polycomb complex (PcC) is a highly conserved inducer of repressive chro-
matin and sustains the H3K27me3 mark. This repression was shown to extend to 
multiple target genes associated with differentiation, often during development. 
Consequently, an emergent area in malignancy is the focus on aberrant PcC function 
to repress differentiation programs inappropriately. Increased H3K27me3 has been 
shown to have prognostic value in prostate and other cancers. These  fi ndings, how-
ever, reported the prognostic value to arise from the opposite patterns. Thus, increased 
levels of H3K27me3 are correlated with poor prognosis in esophageal cancer  [  57, 
  58  ] , whereas in prostate cancer low levels have the poorer prognosis  [  59,   60  ] . 

 The enzymes that control H3K27 methylation status are members of the 
enhancer of zeste homolog (EZH) that is the catalytic subunit of the polycomb 
repressive complex 2  [  61  ] . These proteins are overexpressed in many cancers and 
in certain cases appear to correlate with poor prognosis or more aggressive disease. 
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However, although there are some correlations with increased H3K27me3 status, 
these are not universal in terms of the level of the mark. This may instead re fl ect 
the dynamics of turnover of the mark, and therefore the H3K27me3 status needs to 
be correlated with the enzymes that both add and subtract his mark. 

 Other modi fi cations do appear to be altered in their global distribution in malig-
nancy. For example, loss of H4K16 acetylation and H4K20me3 appears to be dimin-
ished globally in cancer cells, and indeed were some of the  fi rst histone marks to be 
characterized as being altered in malignancy  [  62,   63  ] . The consequence of these 
alterations probably re fl ect the role that certain modi fi cations have in cross-talking 
with the mechanism of DNA methylation and indeed reduced levels of these marks 
were associated with DNA hypomethylation. Down-regulation of MYST1/MOF, 
one of the KAT that targets H4K16, may in part explain these altered patterns  [  64  ] . 
Reenforcing the concept of antagonistic enzymes, H4K16 is deacetylated by SIRT1 
which is also up-regulated in several cancers and may have prognostic signi fi cance 
of its own  [  65  ] . Furthermore, the MYST family of KATs is associated with global 
changes in histone marks associated with chromatin packaging, DNA repair, and 
the control of developmental transcriptional programs (reviewed in  [  66  ] ). 

 The control of lysine methylation states, however, is frequently more complex 
than acetylation states, and there are multiple enzymes controlling this modi fi cation. 
A major contributor to this complexity is the fact that the lysine epsilon amino 
group can accommodate one, two, or three methyl groups. All three methylation 
states are found in vivo and are often associated with distinct functional outcomes. 
Lysine methylation often proceeds in two steps, with mono and di-methylation gov-
erned by one class of enzyme and subsequent tri-methylation being regulated by a 
subsequent enzyme. For example, SET7 is able to catalyze the generation of 
H3K20me2, which then forms a substrate for the SUV class enzymes that generates 
the fully methylated state H3K20me3. Re fl ecting this, there is some evidence that 
levels of SUV family members are reduced in cancer in association with gene 
silencing  [  67,   68  ] . 

 Further examples of a global alteration of histone status linked with cancer pro-
gression are those modi fi cations that drive nucleosome movement. One of the key 
modi fi cations in this regard is the internal lysine H3K56 that is targeted for acetyla-
tion by the KATs, CBP/p300 and GCN5, and has recently been shown to facilitate 
nucleosome disassembly and transcriptional activation. Inhibitor studies and expres-
sion pro fi ling both suggest that the altered levels of H3K56ac distort the DNA dam-
age response and maybe a trigger for genomic instability. Parallel studies have also 
revealed that H3K56ac is also involved in modulation of chromatin structure during 
DNA replication and repair; consequently, disruption to this process can also lead to 
genomic instability  [  18,   69–  71  ] . Perhaps re fl ecting the importance of the regulation 
of this mark, multiple HDACs have been implicated in its control and include the 
NAD-dependent SIRTs. 

 Global changes in histone modi fi cations have also been linked to stem cell dif-
ferentiation. Undifferentiated embryonic stem (ES) cells show global enrichment in 
histone modi fi cations associated with transcriptional activity and depletion in 
modi fi cations associated with silent chromatin  [  72,   73  ] . By several criteria, ES cell 
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nuclear DNA is packaged in an unusual form of chromatin that appears to be more 
“open” than that in differentiated cells and is transcriptionally hyperactive  [  74  ] . 
How elevated histone modi fi cation levels are generated, and whether they are a 
cause or a consequence of open, hyperactive chromatin, remains to be determined. 

 Knocking down, individually, the histone demethylases KDM2A/JMJD1A and 
KDM4C/JMJD2C in mouse ES cells, globally increased the level of histone 
modi fi cations usually associated with silent chromatin, namely, H3K9me2. In addi-
tion to their global effects, KDM2A/JMJD1A and KDM4C/JMJD2C were also 
shown to target, and regulate, speci fi c genes, including  Tcl1 , a potential regulator of 
self-renewal, and  Nanog , a key determinant of pluripotency  [  75  ] . Thus, key chroma-
tin-modifying enzymes can exert both global and gene-speci fi c effects that in turn 
in fl uence differentiation. Intriguingly, both demethylase genes were themselves 
positively regulated by the key transcription factor Oct4, showing how a transcrip-
tion factor might trigger a feed-forward signal to bring about a genome-wide change 
in the epigenetic landscape through regulation of genes encoding histone-modifying 
enzymes. In adult stem cell compartments, regulation of speci fi c histone demethy-
lating enzymes has also emerged as critical in activating differentiation programs, 
for example, the control of neural stem cell differentiation by the retinoic acid recep-
tor, a member of the nuclear receptor (NR) superfamily  [  76  ] . A similar relationship 
between a transcription factor, global histone modi fi cations, and adult stem cell dif-
ferentiation is seen in studies of epidermal stem cells  [  77  ] . Quiescent stem cells are 
induced to leave their niche in the interfollicular epidermis and hair follicle bulge by 
activation of MYC, a process accompanied by globally increased H4 acetylation 
and di-methylation of H3K9 and H4K20. Together these studies illustrate how key 
transcription factors combine with environmental factors to in fl uence and regulate 
the stem cell niche and control differentiation outputs. 

 Finally, the enzymes that govern histone methylation are also distorted in cancer 
with both loss and gain of function. Expression patterns of histone-modifying 
enzymes are even able to discriminate between tumor samples and their normal 
counterparts and cluster the tumor samples according to cell type  [  78  ] . This indi-
cates that changes in the expression of histone-modifying enzymes have important 
and tumor-speci fi c roles in cancer development. Thus, overexpression of G9a, an 
H3K9 KMT, occurs in lung and breast cancers and associates with aggressiveness 
 [  79  ] . Similarly enzymes that de-acetylate H3K9, and allow it to be methylated, are 
also overexpressed in cancers, including breast cancer. These enzymes may also be 
playing separate roles, and therefore expression is selected in malignancy on a dif-
ferent basis, for example, in gene regulation and DNA repair. It is possible that 
increases in HDAC levels are a homeostatic response in which the cell attempts to 
compensate for the aberrant increase in KAT activity (or vice versa). What is impor-
tant from a functional point of view is not the absolute levels of KATs or HDACs, 
but the new steady-state levels of the (histone) modi fi cations they regulate. 

 More precise speci fi city is dependent on the combination of both the enzyme  and  
target gene(s). For example, mutation of KDM6A/UTX results in the inability to 
relieve H3K37me3 repression  [  80,   81  ] . Gain of function also occurs, for example, 
increased targeting of methyltransferases KMT1A/SUV39H1 to  CDKN1A  leads to 
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sustained H3K9me2 and transcriptional silencing that in turn can be targeted with 
the enzyme inhibitor, chaetocin  [  82,   83  ] . Similarly, the KMTs/MLLs are overex-
pressed in prostate cancer  [  84–  86  ]  and sustain levels of H3K27me3 at key targets 
such as DAP2IB, an RAS regulatory molecule, thereby leading to metastasis  [  87  ] . 
These observations illustrate deregulation of the enzymes that control histone lysine 
methylation is common but most likely highly targeted. This contextual nature is 
typi fi ed by KDM1A/LSD1  [  88  ] , which can target the demethylation of either 
H3K9me2 or H3K4me3 and thereby drive both gene activation  [  89,   90  ]  and repres-
sion  [  91  ] . In this manner, KDM1A/LSD1 may mediate parallel repression and acti-
vation of target genes and play a key role in the malignant evolution of AR signaling 
in prostate cancer.  

    4.2.2   Altered Histone Modi fi cation Patterns at Discrete 
Gene Loci 

 Histone modi fi cations therefore appear to operate at a level of restricted action, at 
discrete loci, exempli fi ed by lysine methylation. Functional outcomes depend not 
only on which lysine on which histone is methylated, but also on whether the lysine 
carries one, two, or three methyl groups and its genomic position on a given loci 
with respect to the TSS. The different degrees of methylation are put in place, and 
removed, by a diverse group of enzymes. In particular, KDMs seem to have a par-
ticularly close association with key transcription factors that in turn are also impli-
cated in malignancy such as MYC and members of the NR superfamily. Ligand 
binding or cofactor associations are able to in fl uence the activity or even the 
speci fi city of these enzymes and thereby regulate functional outcomes (usually a 
change in gene expression)  [  92  ] . 

 The modi fi cation of H3K9Ac and H3K9me2 serves to illustrate key concepts 
concerning histone status and speci fi c gene expression. These marks are mutually 
exclusive and reciprocal, being associated with gene activation and repression, 
respectively. Loss of H3K9me2 is often associated with elevated gene expression. 
Recent studies have underscored the targeted changes in lysine methylation status 
and speci fi cally illustrated that the KDM that targets H3K9me2 and the KMT that 
targets H3K4me at the gene TSS (to activate gene expression) are within the same 
complex associated with the ER a  and therefore facilitate this two-step gene activa-
tion process  [  93  ] . Naturally, given that gene expression in cancer is uniformly nei-
ther up or down-regulated, the global expression of these marks is also not uniformly 
altered. Rather patterns are nuanced and suggest speci fi c loci are deregulated. 

 Another example of this speci fi city emerges from considering KDM1A/LSD1 
that can demethylate H3 mono- and di-methylated at either K4 or K9, and, remark-
ably, this speci fi city can be regulated in vitro by the protein cofactors, CoREST or 
BHC80, with which it is associated  [  94,   95  ] . Thus, KDM1A/LSD1 acts as an H3K4 
demethylase (i.e., can remove a potentially activating modi fi cation) on NRSF tar-
gets and an H3K9 demethylase (i.e., can remove a potentially repressive modi fi cation) 
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on AR and ER a  target promoters. Catalytic activity/speci fi city can also be regulated 
by adjacent histone modi fi cations. H3K9 acetylation inhibits H3K4 demethylation 
(on the same tail) in vitro  [  96,   97  ] . Local patterns of modi fi cation are set by the 
combined actions of methylating and demethylating enzymes and the methylases 
too are in fl uenced by other histone modi fi cations. Further details of the gene-speci fi c 
interactions have also emerged. JMJD2C demethylates H3K9me3, while KDM1A/
LSD1 demethylates H3K9me2/me1 at promoters such as  PSA  and  KLK2  to remove 
H3K9 methylation associated with transcriptional silencing. 

 Therefore, the speci fi c complex that KDM1A/LSD1 interacts with profoundly 
alters the transcriptional outputs, for example, of the AR, since demethylation of 
H3K9 has a gene activating effect, while demethylation of H3K4 has a gene silenc-
ing effect. The balance of these actions is in part controlled by the regulation of 
phosphorylation of H3 at threonine 6 (H3T6) by protein kinase C beta I. This pre-
vents KDM1A/LSD1 from targeting H3K4me2 during AR-dependent gene activa-
tion and prevents it from limiting transcriptional activation. Also re fl ecting shared 
functions PKCbeta(I) co-localizes with AR and KDM1A/LSD1 on target gene pro-
moters and phosphorylates H3T6 after androgen-induced gene expression. 
Therefore, it appears that androgen-dependent phosphorylation leads to the new 
chromatin mark H3T6ph, which in turn prevents removal of active methyl marks 
from H3K4 and forms a positive feed-forward loop of gene regulation  [  91  ] . More 
recently, KDM1A/LSD1 has been shown to drive AR-stimulated gene transrepres-
sion of the AR itself and thereby form a negative feedback loop of gene regulation 
 [  98  ] . Thus, the complex within which this one regulatory enzyme associates, its 
targeting to different genes, and the position of the response element, relative to the 
TSS, can all combine to determine how different H3K methylation states are 
governed.  

    4.2.3   Interplay Between Altered Transcriptional Signals 
and Epigenetic States 

 In normal cells a highly choreographed balance of histone modi fi cations occurs dur-
ing the dynamic regulation of coding and noncoding genes. These patterns are gen-
erated by the highly integrated actions of transcriptional networks  [  99  ]  and are 
evident in many aspects of biology. For example, in development; in homeostasis to 
control the circadian rhythm  [  100  ] , tissue self-renewal, and the response to hypoxia 
 [  83,   101  ] ; in immune function to regulate in fl ammation  [  102  ] . Many of these pro-
cesses are disrupted in malignancy and generally in cancer cells there is a loss of 
dynamic transcriptional patterns and signaling complexity is reduced  [  103  ] . 
Consequently, an area where altered histone modi fi cations appear to associate with 
the cancer phenotype is in distortion of transcriptional control of key cellular 
processes. 

 Epigenetic events play a central role for transcriptional complexes and the vari-
ous components in these multimeric complexes sequentially initiate, sustain, and 
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 fi nally terminate transcription  [  104  ] . In this manner, transcription can work as a 
type of biological ratchet, with histone modi fi cations being associated with the vari-
ous states by generating chromatin states that are either receptive or resistant to 
transcription (reviewed in  [  27  ] ). For example, different histone modi fi cations can 
control the rate and magnitude of transcription (reviewed in  [  105  ] ). These events are 
intertwined with low-level CpG methylation  [  106–  108  ] . Thus, the histone 
modi fi cations and other epigenetic events including DNA methylation processes 
combine during transcription to generate highly  fl exible chromatin states that are 
either transcriptionally receptive and resistant  [  101  ] . That is, the speci fi c transcrip-
tional potential of a gene is  fl exibly controlled by the combination of epigenetic 
events. These events are varied in space across the gene loci, and in time through the 
course of the transcriptional cycle. Current challenges in the  fi eld of cancer epige-
netics, therefore, are to reveal how altered histone modi fi cations directly drive dis-
torted transcriptional programs, and what patterns exist on a genome-wide scale to 
distort networks of transcription. This will help to de fi ne how these altered histone 
states are genuine drivers in cancer progression. 

 Precisely how transcriptional programs evolve during malignancy is emerging. 
Genome-wide approaches are now allowing workers to ascribe broader views of 
the biology of transcription factor families, now that all members are known, and 
questions can be addressed in more detailed biological contexts. These  fi ndings 
suggest that the actions of the many key transcription factors are distilled through 
interactions with multiple cellular processes thereby generating an extremely 
 fl exible and integrated signaling module. In malignancy, however, these transcrip-
tional choices and phenotypic outputs become restricted, for example, as seen with 
the emergence of a novel AR-transcriptome in androgen deprivation therapy-resis-
tant prostate cancer  [  109  ] . 

 Importantly, these epigenetic regulatory mechanisms operate in response to sig-
nals from the cellular microenvironment of the tumor, including signals from asso-
ciated stromal (noncancerous) cells  [  110,   111  ] . The “niche” in which cells  fi nd 
themselves is an important determinant of their epigenetic properties  [  112  ]  and 
raises the possibility that histone marks can be modi fi ed by environmental condi-
tions that alter metabolic and redox status, leading to a heritable alteration in cell 
phenotype, an “epigenetic mutation.” Such lesions are not restricted to single nucle-
otides, but rather can be targeted to larger regions and therefore comparable to 
genetic deletions and ampli fi cations. They can act alongside conventional genetic 
and cytogenetic alterations, either inherited or de novo, to cause the bi-allelic silenc-
ing of tumor suppressor genes that can be the  fi rst step in development of a cancer 
 [  113  ] . These concepts are illustrated by considering key transcription factor fami-
lies implicated strongly in cancer initiation and progression. 

    4.2.3.1   The MYC/MAX/MAD Family 

 The MYC/MAX/MAD family forms heterodimeric complexes with MAX as the 
central partner to activate the expression of a diverse range of genes. Deregulated 
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and elevated expression of c-MYC has been documented in a wide range of human 
malignancies, associated frequently with aggressive and poorly differentiated 
tumors  [  114  ] . MYC has the potential to target a large proportion (11%) of all genes 
in the human genome  [  115  ] , but the set of genes to which it actually binds in any 
particular cell is regulated by a variety of factors, including interacting proteins. 
For example, the MAD family of transcritpional repressors is , like MYC, able to 
bind MAX proteins and antagonize the activity of MYC by competing for MAX 
binding at E-box sequences in target gene promoters, actively repressing transcrip-
tion of MYC target genes     [  116  ] . 

 The speci fi city and af fi nity of MYC binding is in fl uenced by the con fi guration of 
the chromatin packaging at potential binding sites, and particularly by patterns of 
histone modi fi cation  [  117  ] . MYC was found to bind E-boxes in regions enriched for 
several histone modi fi cations generally associated with euchromatin, such as acety-
lated H3 (speci fi cally H3K9ac, H3K14ac, and H3K18ac), but showed the strongest 
association with H3K4me3. Reciprocally, MYC was inversely correlated with the 
repressive polycomb group mark H3K27me3. On some promoters, MYC associated 
with both H3K4me3 and H3K27me3, a bivalent state that is common in ES cells but 
seems rarer in lineage committed cells  [  118  ] . Overall, it seems more likely that 
H3K4me3 recruits MYC rather than H3K27me3 excluding MYC binding.  [  117  ] . 

 MYC function can be controlled interactions    with JARID1A/RBP2 and 
JARID1B/PLU-1  [  119,   120  ] . These enzymes are both speci fi c for H3 methylated at 
lysine 4 (H3K4me1,2,3) and may help to regulate this modi fi cation at MYC binding 
sites. There is emerging evidence that this process is disrupted by increased associa-
tion with histone demethylase NO66/MAPJD to alter the potential interactions with 
genes involved in proliferation of lung cancer cells  [  121  ] . A gene encoding a related 
protein, MINA53 (myc-induced nuclear antigen) is a MYC target that is overex-
pressed in lung cancer, for example  [  122,   123  ] . Together these  fi ndings suggest that 
the co-association of MYC with different histone-modifying enzymes, for example, 
through the consequence of altered enzyme expression, distorts and restricts the 
MYC transcriptome in malignancy. 

 In the light of these developments, MYC function has been reassessed to reveal 
the regulation of unexpected gene targets, some of which inhibit proliferation and 
induce programmed cell death  [  124  ] , contrary to the accepted view of MYC as an 
oncogene promoting growth and survival. These  fi ndings suggest that the malignant 
function of MYC represents selection for a subset of its potential actions.  

    4.2.3.2   The NR Superfamily 

 The NR superfamily also illustrates the key concepts of distorted and selected tran-
scription in cancer due to altered regulation of histone modi fi cations. NRs are the 
largest superfamily of transcription factors in humans and generally form active het-
erodimers to control networks that regulate homeostasis, energy metabolism, and 
xenobiotic handling. These receptors are intimately associated with the control of 
self-renewal in a number of epithelial systems, notably the prostate and mammary 
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glands. For example, studies in the prostate have established that the androgen recep-
tor (AR) cooperates with WNT and mTOR pathways  [  125,   126  ]  to induce prolifera-
tion. Equally other receptors, such VDR, PPARs, and RARs, exert mitotic restraint, 
at least in part by antagonizing WNT signaling and activation of cell cycle arrest 
through regulation of gene targets such as  CDKN1A  (encodes p21 (waf1/cip1) ) and 
 IGFBP3   [  127–  134  ] . 

 Cancer is typi fi ed by the actions of individual receptors becoming selective and 
the NR network collectively displaying a loss of transcriptional plasticity. The AR 
transcriptional program evolves towards increased targeting of proliferative gene 
promoters and decreased targeting of pro-differentiation genes  [  135,   136  ] . Similarly, 
within breast cancer the transcriptional actions of the ER a  appear to become increas-
ingly selective for gene targets associated with proliferation and survival and away 
from targets associated with differentiation  [  137–  139  ] . Equally in a range of solid 
tumors and myeloid leukemia, NRs that normally exert mitotic restraint, such as the 
VDR, RARs, and PPARs, become skewed, with selective silencing of antiprolifera-
tive target genes  [  129,   140–  144  ] . Combined, oncogenic transcriptional rigidity 
re fl ects the simultaneous distorted regulation of target loci such that proliferative 
and survival signals are enhanced and antimitotic inputs are either limited or lost. 
This  fi ltering of transcriptional choices during cancer progression has signi fi cant 
therapeutic implications. For example, the oncogenic actions of the TMPRSS2/ETS 
fusion, a common event in prostate cancer  [  145  ] , are critical precisely because the 
 TMPRSS2  promoter is sustained in an AR-responsive state. 

 More recently, genome-wide ChIP approaches have revealed considerable vari-
ability in the networks of interactions capable of bringing about varied transcrip-
tional responses  [  146–  148  ] . For example, in prostate cancer, as the disease 
progresses, there are altered levels of H3K4me1 and 2 on gene enhancer regions in 
the so-called AR-independent state, where cells have evolved resistance to antian-
drogen therapies. In this new state, the targeted increase of H3K4Me1 and 2 at dif-
ferent enhancer regions allows the cells to initiate a different AR transcriptional 
program  [  109  ] .  

    4.2.3.3      Hypoxia-Inducible Factor-1 Alpha 

 The hypoxia response of hypoxia-inducible factor-1 alpha (HIF-1A) also illus-
trates how transcriptional actions are selectively distorted by epigenetic processes 
in cancer cells. Within a normal cell, the levels of oxygen are monitored sensi-
tively by a transcriptional circuit that governs the function of HIF-1A. In nor-
moxic conditions, HIF levels are kept low level by destruction by an E3 ubiquitin 
ligase containing the VHL tumor suppressor protein, where oxygen serves as a 
co-substrate. Also oxygen impedes the interactions of HIF1 a  with the KATs CBP/
p300 thus limiting the capacity to initiate activating histone marks. In hypoxia, 
HIF-1 a  becomes stabilized and active, and promotes a stable interaction with 
CBP/p300 and therefore facilitates transcription  [  83  ] . Genome-wide analyses of 
HIF binding sites identi fi ed a number of KDMs as downstream targets, notably 
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JMJD1A and JMJD2B, thus providing the capacity to affect the epigenetic status 
of the cell. In part, this may contribute to maintenance of transcriptional activity 
under stress. It may also support the observed aberrant and selective HIF1 a  tran-
scriptional responses  [  149  ] . 

 Taken together these  fi ndings support the concept that the actions of major tran-
scription factor families are selective at several levels to govern the expression of 
sub-transcriptomes that are phenotypically related. The  fl exibility of transcriptional 
actions includes the exact choice of target sequence, the timing, amplitude, and 
magnitude of transcription and integration with other transcriptional programs and 
signal transduction events. In malignancy, the dexterity of targeting and regulation 
is blunted and instead transcription factors become addicted to speci fi c sub-tran-
scriptomes, for example, those associated with blockade of programmed cell death 
and progression through the cell cycle.   

    4.2.4   Loss- and Gain-of-Function of Transcriptional 
Co-activators and Co-repressors 

 One means by which transcriptional actions are distorted is through the altered 
expression of associated cofactors that either have an intrinsic or associated capac-
ity to regulate histone modi fi cations. The diversity of co-activator and co-repressors 
is extreme and they have been the subject of numerous reviews  [  150–  154  ] . Several 
examples are strongly illustrative of underlying mechanisms of transcriptional regu-
lation. In essence, the altered expression and function of these key proteins alters the 
equilibrium of key histone modi fi cations and thereby allowing the gene regulatory 
actions of a given transcription factor to become more or less pronounced. 

 Co-activators and co-repressors each display both loss and gain of function, 
and can result in similar phenotypes. Thus, the loss of a co-activator can lead to 
suppressed ability of a transcription factor to transactivate a given target. Similarly, 
the gain of function of co-repressors can limit transactivation ability and enhance 
transrepression. The opposite patterns will in turn enhance the transactivation 
function. 

 For example, NCOA3/SRC3 is situated within a common area of chromosomal 
ampli fi cation in breast cancer on chromosome 20q. Initially, cDNAs were isolated 
from this region that contained a putative target gene that was termed AIB1 (for 
“ampli fi ed in breast cancer-1”). Subsequently, this gene was found to be a member 
of the SRC co-activator family and was ampli fi ed and overexpressed in breast and 
ovarian cancer cell lines, as well as in breast cancer biopsies  [  155  ] . NCOA3/SRC3/
AIB1 interacts with ERs in a ligand-dependent fashion and enhances the regulation 
of target genes. Speci fi cally the protein has intrinsic KAT activity and also acts to 
recruit other CBP/p300 in an allosteric manner  [  156  ] . Therefore, increased expres-
sion increases the ability of the ER a  to transactivate a given gene target. Subsequently, 
this protein was identi fi ed NCOA3 and shown to be a potent histone acetyl trans-
ferase able to enhance the function of multiple NRs  [  157–  159  ] . 
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 Compared to their co-activator cousins, the co-repressors are somewhat under-
explored. Again, these key proteins, originally identi fi ed for their repressive interac-
tions with NR illustrate how deregulated functions can alter chromatin and thereby 
attenuate gene regulation. NCOR1 and NCOR2/SMRT were cloned in 1995 using 
NR as bait  [  160,   161  ] , and both proteins exist in large multimeric complexes 
(~2.0 MDa)  [  162  ]  with histone deactylases and other histone-modifying enzymes 
(reviewed in  [  153  ] ). These complexes are recruited to many different transcription 
factors to repress gene activity during the transcriptional cycle. These transcription 
factors include: NR, MAD/MXI, MYOD, ETO, CBF, FOXP, AP-1, and NF- k B fac-
tors. The importance of targeted  basal repression  by co-repressors is evident in the 
lethality of the  Ncor1  −/−  and  Ncor2/Smrt  −/−  mice. These models reveal enhanced 
function of transcription factors, notably Ppar g  in adipocytes  [  163  ]  and FoxP in 
cardiomyocytes  [  164  ] . Dynamic mechanisms have also emerged whereby NCOR1 
and NCOR2/SMRT complexes can be recruited to activate transcription factors 
leading to transrepression  [  165,   166  ] . Finally, an emerging theme is the pattern of 
active de-repression where loss of co-repressor association, following activated 
transcription factor, leads to up-regulation of target genes independently of the sus-
tained presence of the transcription factor  [  167  ] . 

 Well-established oncogenic roles for NCOR1 and NCOR2/SMRT have been elu-
cidated in acute promyelocytic leukemia (PML) that results from a fusion between 
the NR, RAR a , and either the PML or promyelocytic leukemia zinc  fi nger (PLZF) 
genes  [  142  ] . Both chimeric proteins sustain NCOR1 interactions and consequently 
RAR a -mediated cell differentiation is blocked, in part, as a result of maintaining a 
condensed chromatin structure around the promoters of RAR a  target genes that 
govern normal hematopoietic differentiation  [  168,   169  ] . In the PML-RAR fusion, 
this can be overcome by pharmacological dosing with retinoic acid. The PLZF-
RAR fusion is resistant to retinoic acid alone and treatment with a combination of 
retinoic acid and HDAC inhibitors has shown promising results. Similarly, in acute 
myeloid leukemia (AML), the AML1/ETO fusion protein promotes leukemogene-
sis by recruiting NCOR1 and again impeding transcriptional regulation  [  170  ] . The 
importance of NCOR1 binding in the treatment of these disease states exempli fi es 
the relevance of the co-repressors in  fi rstly driving critical oncogenic events, but 
secondly providing a rational targeted strategy towards HDACs. 

 Expression pro fi ling in solid tumors has revealed altered NCOR1 and NCOR2/
SMRT expression and localization, for example, in breast, bladder, and prostate 
cancers  [  129,   141,   143,   171–  173  ] . However, to date, uncertainty remains over their 
precise role in solid tumors, especially in the case of breast and prostate cancers 
where the etiology of disease is intimately driven by the actions of steroid hormone 
NRs. Indeed, the ability of the ligand-free NR to bind NCOR1 and NCOR2/SMRT 
is important to therapeutic exploitation with receptor antagonists such as Tamoxifen 
in the case of breast cancer. Therefore, ambiguity exists over the extent and timing 
of NCOR1 and NCOR2/SMRT expression changes, as they relate to initiation and 
progression of disease. Secondly, it remains unclear how changes in NCOR1 and 
NCOR2/SMRT expression relate to different NRs and other transcription factors 
that exert either pro- or antimitotic and survival effects. Resolving these ambiguities 
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has signi fi cant therapeutic implications in terms of targeting co-repressors as either 
epigenetic mono-therapies using HDAC inhibitors or in combinations with tran-
scription factor targeting. 

 In prostate cancer cells, elevated levels of NCOR2/SMRT have been detected 
and suppress VDR responsiveness  [  129  ] . Similarly, PPAR actions are disrupted and 
can be targeted selectively by using HDAC inhibitor co-treatments  [  174,   175  ] . More 
speci fi cally, elevated NCOR1, and to a lesser extent NCOR2/SMRT correlated with, 
and functionally drove, the selective insensitivity of PPAR a / g  receptors towards 
dietary derived and therapeutic ligands  [  175  ]  most clearly in androgen-independent 
disease. Similar roles for NCOR1 and NCOR2/SMRT appear in the development of 
breast cancer and Tamoxifen resistance  [  171  ] . Elevated levels of NCOR1 occur in 
ER a  negative disease and in turn attenuate antimitotic actions of VDR. Again, this 
molecular lesion can be targeted in ER a  negative breast cancer cell lines with co-
treatments of VDR ligand (e.g., 1 a ,25(OH) 

2
 D 

3
 ) plus HDAC inhibitors resulting in 

selective re-expression of VDR target genes, notably  VDUP1  and  GADD45A   [  143  ] . 
Together, the studies in breast and prostate cancer suggest that NR show speci fi city 
in their interactions with co-repressors. NCOR1 appears to be involved in the regu-
lation of receptors such as the VDR and PPARs and NCOR2/SMRT with steroid 
hormone receptors, re fl ecting the emergent speci fi cities of NR interactions in the 
murine knockout models.   

    4.3   Consequences of Altered Histone Modi fi cation States 

    4.3.1   Higher Order Chromatin Interactions Associated 
with Transcription 

 Another theme that has emerged concerning epigenetic regulation of transcription 
is higher order chromosomal interactions. It seems that large-scale chromatin rear-
rangement, through looping, is frequent and widespread. Loops can be inter- or 
intra-chromosomal and are guided by transcription factors, key pioneer factors, and 
chromatin-modifying enzymes  [  176,   177  ] . Improved microscopy techniques have 
recently shown nascent RNA on the surface of protein dense transcription factories 
(“gene hubs”) that seem to correspond to structures previously termed “nuclear 
speckles”  [  178  ] . 

 A clear example of these interactions has been illustrated in the transcriptional 
responses of B-cells where translocation of genes occurs from separate chromo-
somes and nuclear regions to common sites referred to as transcription factories. 
These sites contain signi fi cant levels of RNA Pol II, and other proteins, including 
factors required for elongation, chromatin remodeling, capping, splicing, and non-
sense-mediated decay. Recruitment of genes to transcription factories is highly 
selective, with certain genes and chromosome regions co-localizing far more fre-
quently than expected by chance. Intriguingly, sites of chromosome translocation 
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associated with various cancers often co-localize. For example,  Myc  and  Igh  tend to 
co-localize and their fusion, in human lymphoid cells, is a common cause of Burkitt’s 
Lymphoma. These rapid movements are associated with movements of the nuclear 
architecture and involve ATP-dependent mechanisms that involve a chromosome 
locus usually located at the nuclear periphery being rapidly translocated to the inte-
rior in a direction perpendicular to the nuclear membrane  [  179  ] . 

 Again, the NR superfamily illustrates these aspects of the deregulation of epige-
netic states. NRs appear to interact with more dominant more widely binding pio-
neer factors. For example, ER a  interacts with pioneer factors and KDMs. This 
interaction is involved with micro-chromatin reorganization at response elements, 
and also with higher order chromatin reorganization. Active ATP-dependent trans-
port mechanisms have recently been shown to be an essential intermediate step in 
gene activation by ER a  and act to move discrete chromosomal regions together into 
interchromatin hubs. These granules are subsequently joined to the surface of 
nuclear structures rich in splicing and transcriptional machinery that may re fl ect the 
previously termed “nuclear speckles”  [  180  ] . 

 This suggests a role for KDM1A/LSD1 in directing docking of the ER a -gene 
hub complex with the nuclear speckles, but the exact function of KDM1/LSD1 in 
this process remains unclear. If this role is catalytic rather than purely structural, it 
is possible that the substrate involved is a nonhistone protein. It will also be of inter-
est to determine whether KDM1/LSD1 or related enzymes play a role in directing 
 MYC  and  IGH  alleles to transcription factories. The recent development of improved 
microscopy techniques which has shown nascent RNA appearing on the surface of 
protein dense transcription factories should aid in clarifying this situation  [  178  ] , as 
well as further work investigating the relationship between nuclear speckles and 
transcription factories.  

    4.3.2   Directing DNA Methyltransferase Speci fi city 
and Stable Gene Silencing 

 There is compelling evidence that histone and DNA methylation processes disrupt 
transcriptional actions, both alone and together. For example, one consequence of 
NCOR1 and NCOR2/SMRT association at target genes is the loss of H3K9ac and 
accumulation of H3K9me2, allowing the potential for hypermethylation at adja-
cent CpG regions. Further links exist between NCOR1 and DNA methylation 
through its interaction with KAISO  [  181  ] . Correlative studies reveal that a number 
of key AR and VDR target genes are silenced by increased CpG methylation  [  182, 
  183  ] . At high density regions of CpG methylation, spanning hundreds of base 
pairs, the entire region acquires H3K9 and -K27 methylation, loses H3K4 methyla-
tion, and recruits heterochromatin binding protein 1 (HP1)  [  101  ] . The recruitment 
of HP1 through interaction with MBD1 leads to recruitment of both an H3K9 
methylase (KMT1A/SUV39H1)  [  184  ]  and DNA methyltransferases (DNMTs) 
 [  185  ] ; enzymes that add repressive methylation marks to histones and CpG. 
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DNMT3L and UHFR1 also provide potential links between DNA methylation and 
absence of H3K4 methylation and presence of H3K9 methylation, respectively 
(reviewed in  [  186  ] ). 

 Thus, these processes become self-reinforcing. It is not precisely clear, however, 
in mammalian cells whether either the H3K9 methylation or the high density of 
CpG methylation is required  fi rst to set up this heterochromatic structure. However 
in  Neurospora crassa , loss of HP1 (which requires H3K9 methylation for binding 
to chromatin) leads to loss of DNA methylation  [  187  ] . This situation describes sta-
ble heterochromatic silencing of genomic regions and is in contrast to the dynamic 
changes at a locus with active epigenetic regulation of transcription in response to 
NR activation. However, even in such actively regulated regions, dynamic changes 
in DNA methylation appear to occur. For example, these have been measured in 
response to NR actions  [  106–  108  ] . 

 This differential regulation of histone methylation has profound implications for 
transcriptional control. DNA methylation and H3K4 methylation are mutually 
exclusive, while H3K9 methylation is strongly associated with DNA methylation, 
for example, through the formation of heterochromatin by HP1 binding and histone 
deacetylation. In the absence of DNA methylation, these inter-relationships are 
highly dynamic, with target gene promoters often poised to be subsequently pushed 
towards a fully active, or a more stably repressed state. For example, CpG island 
promoter regions of non-expressed genes do in fact show low-level RNA POLII 
association and modest transcriptional initiation. It seems that the presence of 
H3K4me3 methylation holds these promoters in a chromatin structure that is acces-
sible to the transcriptional machinery, poised to recruit speci fi c transcription factors 
to drive high level, ef fi cient transcription. In turn this prevents H3K9me2 and DNA 
methylation. Aberrant DNA methylation of these CpG islands in cancer cells 
reduces this plasticity and coincides with loss of H3K4 methylation, gain of H3K9 
methylation along with other heterochromatin marks, and stable transcriptional 
silencing  [  101  ] . 

 The distributions of these histone modi fi cations and DNA methylation patterns in cell 
line models are being organized by research consortia, for example, ENCODE  [  188  ] . 
Again, these genome-wide datasets also appear to support the idea that these histone 
marks are strongly associated with features of genomic architecture, such as gene regions, 
TSS, and enhancer regions where regulatory transcription factors can bind. 

 The links between sustained repressive histone modi fi cations in the enhancer or 
promoter regions of a gene locus and altered DNA methylating events are targets for 
exploitation. Importantly, these epigenetic lesions are individually highly targetable 
with clinically available small molecular weight inhibitors targeted to speci fi c his-
tone deacetylation events and more recently this has been extended to include his-
tone methylation events  [  189  ] , coupled with agents that target CpG methylation 
(reviewed in  [  190  ] ). Thus, comprehensive understanding of the key co-repressors in 
malignancy, delineating the key transcription factors interactions and the critical 
targets that are thereby dysregulated   , may have considerable prognostic utility, 
speci fi cally through the capacity to stratify patients for speci fi c tailored epigenetic 
therapies.       
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  Abstract   Nucleosomes are the basic structural units of eukaryotic chromatin. In 
recent years, it has become evident that nucleosomes and their position, in concert 
with other epigenetic mechanisms (such as DNA methylation, histone modi fi cations, 
changes in histone variants, as well as small noncoding regulatory RNAs) play 
essential roles in the control of gene expression. Here, we discuss the mechanisms 
and factors that regulate nucleosome position and gene expression in normal and 
cancer cells.      

    5.1      Introduction 

 Nucleosomes are the basic units of eukaryotic chromatin, each one containing 
~146 bp of DNA wrapped around an octamer of histone core proteins (H3, H4, 
H2A, and H2B), which in turn are separated by linker DNA of variable length  [  1  ] . 
At least  fi ve epigenetic mechanisms have been shown to act in concert to regulate 
gene expression by modifying chromatin structure, namely DNA methylation, his-
tone modi fi cations, nucleosome remodeling, and changes in histone variants as well 
as small noncoding regulatory RNAs  [  2  ] . In addition to playing a pivotal role in 
chromatin structure, nucleosomes display differential occupancy at promoter 
regions, thereby regulating gene expression by altering DNA accessibility. For 
instance, a nucleosome-depleted region (NDR) at transcriptional start sites corre-
lates with gene expression, whereas the positioning of a nucleosome over the tran-
scriptional start site results in gene repression  [  2,   3  ] . The position of nucleosomes is 
determined and in fl uenced by a number of factors, including DNA sequence, DNA 
methylation, histone modi fi cations and histone variants, chromatin remodelers, and 
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transcription factor binding  [  4  ] . We discuss how these factors act in normal cells and 
how abnormalities in these factors impact nucleosome occupancy and gene expres-
sion in cancer cells.  

    5.2   Regulation of Nucleosome Position in Normal Cells 

    5.2.1   DNA Sequence Preferences 

 The sequences that regulate nucleosome position fall into two categories: motifs 
that are preferred (included within the nucleosome) and motifs that avoided 
(excluded from the nucleosome)  [  5  ] . Preferred sequences were originally character-
ized as particular dinucleotides, including CG and GC dinucleotides, occurring with 
approximately 10 bp periodicity, although nucleosomes may also prefer longer 
DNA motifs  [  4,   6  ] . The sequences that are disfavored by nucleosomes include vari-
ous 5-mers and long tracts of As (10–20 bp or more), possibly due to their resistance 
to the structural distortions required for DNA wrapping and nucleosome formation 
 [  4,   7  ] . Such organization helps restrict nucleosome access to those regions to ensure 
proper gene expression pattern  [  7  ] . An example of regions containing both pre-
ferred and disfavored sequences with restricted nucleosome positioning are the Alu 
repeats  [  6,   8  ] . More recently, however, the concept of intrinsically DNA-encoded 
positioning as an organizational determinant of the 5 ¢  end of genes has been chal-
lenged. In this regard, studies showed that the majority of the human genome dis-
plays great  fl exibility in nucleosome positioning, although DNA sequence can 
strongly drive the organization of nucleosomes at speci fi c sites  [  9  ] . It has also been 
shown that these intrinsic signals can be overridden, con fi rming that additional fac-
tors are involved in nucleosome organization  [  9,   10  ] .  

    5.2.2   Nucleosomes and DNA Methylation 

 DNA methylation in mammals occurs at CpG dinucleotides, which are distributed 
along the genome in clusters (CpG islands) or in regions containing high concentra-
tion of repeat sequences, and acts as a relatively stable gene silencing mechanism 
 [  2  ] . The majority of isolated CpGs tend to be methylated in mammals. In contrast, 
the majority of the CpG islands, which represent 60% of all human promoters, 
remain largely unmethylated  [  2,   3  ] . However, a number of CpG island promoters, 
such as those of imprinted genes, are methylated resulting in monoallelic gene 
expression in normal cells  [  3  ] . CpG islands can also be found within or in between 
transcriptional units (orphan CpG islands)  [  3  ]  and can be associated with novel 
promoter regions and to be active in a tissue-speci fi c manner  [  3  ] . DNA methylation 
also appears to be important for the regulation of non-CpG island promoters and the 
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tissue-speci fi c expression of the genes that they control including  MASPIN ,  OCT-4 , 
 LAMB3 , and  RUNX3  promoter 1  [  11–  14  ] . Methylation is also observed in repetitive 
genomic sequences, which include transposable elements and noncoding DNA, 
where it helps maintain genomic stability  [  15,   16  ] . DNA methylation is established 
by the activity of three DNA methyltransferases (DNMTs): DNMT1, which prefer-
entially methylates hemimethylated DNA during replication, and DNMT3A and 
DNMT3B, which are replication-independent, have been shown to establish de novo 
DNA methylation. Furthermore, DNMT3A and 3B were shown to be recruited to 
sites methylated by DNMT1 thereby contributing to propagate the methylated state 
 [  17,   18  ] . 

 CpG DNA methylation causes steric interference in the formation of nucleosomes 
in vitro, suggesting that methylation may play a role in nucleosome occupancy  [  4  ] . 
However, more recent in vivo studies demonstrate that the nucleosome architecture 
plays a role in the shaping of DNA methylation patterns  [  19  ] . This is in agreement 
with studies from our laboratory showing that nucleosomes are required for stable 
DNMT3A/3B anchoring  [  17,   18,   20  ]  and that nucleosome occupancy precedes 
de novo DNA methylation in vivo  [  14  ] . While the direction of the relationship is 
still under investigation, it is clear that nucleosome position and methylation are 
interrelated.  

    5.2.3   Nucleosomes and Histone Modi fi cations 

 The N-terminus of histones can undergo a variety of modi fi cations in speci fi c 
residues, including acetylation, methylation, ubiquitination, sumoylation, and 
phosphorylation  [  21  ] . Histone modi fi cations work in a combinatorial fashion to 
alter chromatin accessibility by disrupting interactions between nucleosomes or 
by regulating the recruitment of nonhistone proteins  [  4,   22  ] . Speci fi c patterns of 
histone modi fi cations characterize genomic regions. For instance, active pro-
moter regions are enriched in trimethylated H3 at lysine 4 (H3K4me3), whereas 
inactive promoters are enriched in trimethylated H3 at lysine 27 and trimethy-
lated H3 at lysine 9 (H3K27me3 and H3K9me3), and regulatory enhancers are 
enriched in monomethylated H3 at lysine 4 (H3K4me1)  [  21  ] . Such patterns are 
dynamic and regulated by enzymes that can add or remove the modi fi cations. 
These include histone methyltransferases (HMTs) and demethylases (HDMTs), 
which introduce and remove methyl groups, respectively, and histone acetyl-
transferases (HATs) and deacetylases (HDACs), which introduce and remove 
acetyl groups, respectively. Histone acetylation is an important marker of tran-
scriptional activity; for instance, acetylated histone H3 (acH3) can also be found 
at well-positioned nucleosomes  fl anking the AR binding site of 20% of AR 
enhancers, upon hormone stimulation  [  23  ] . In addition, acH4K16 can be found 
at well-positioned nuclesomes  fl anking unmethylated CpG islands at the pro-
moter regions of some tumor-suppressor genes  [  24  ] . In addition, although his-
tone modi fi cations themselves are not likely to have a direct impact in nucleosome 
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positioning, their ability to recruit chromatin remodeler  proteins and other  factors 
may have a substantial impact in nucleosome organization  [  4  ] .  

    5.2.4   ATPase-Dependent Chromatin Remodelers 
and Histone Variants 

 ATP-dependent chromatin remodelers can be grouped in families based on subunit 
composition and activity: the SWI/SNF family includes the SWI/SNF, INO80, and 
SWR1 complexes; the ISWI family comprises the RSF, ACF/CHRAC, WICH, and 
NURF complexes; and the CHD family which includes NURD complexes  [  25,   26  ] . 
These complexes directly affect nucleosome positioning by actively mobilizing 
nucleosomes or introducing histone variants. 

    5.2.4.1   SWItch/Sucrose Non-fermenting 

 These complexes consist of 9–12 subunits, which include one of two ATPases: 
Brahma homologue (BRM/SMARCA2) or Brahma-related gene 1 (BRG1/
SMARCA4), a set of “core” subunits, including SNF5 and BAF53a/b, and a number 
of variable subunits  [  27  ] . A number of the variable subunits are mutually exclusive; 
for example, AT-rich interactive proteins (ARID) 1A and ARID1B (BAF250a and 
BAF250b)  [  25,   27  ]  do not coexist in the same complex and Polybromo 1 (PBRM1 
or BAF180), bromodomain-containing 7 (BRD7), and BAF200 are only present in 
complexes lacking ARID1 proteins  [  27  ] . Complexes containing ARID1 proteins are 
named BAF whereas complexes containing PBRM1 are known as PBAF  [  27  ] . The 
variety of subunits allows for a combinatorial assemblage that leads to functional 
diversity as evidenced by the developmental stage-speci fi c composition of SWItch/
sucrose non-fermenting (SWI/SNF) complexes  [  25  ] . SWI/SNF complexes remodel 
chromatin by sliding or by ejecting or inserting nucleosomes thereby contributing to 
either transcriptional activation or repression  [  27,   28  ] ; interestingly, they are pri-
marily enriched at distal regulatory regions rather than at promoters  [  25  ] . SWI/SNF 
complexes also associate and act in concert with histone modifying complexes, 
including HDACs, HATs, and protein arginine methyltransferases (PRMT4/CARM1 
and 5), to regulate gene expression  [  27,   29,   30  ] .  

    5.2.4.2   INO80 and SWR1 

 These complexes consist of core proteins (the ATPase, helicases, and actin-related 
proteins) and additional subunits  [  31  ] . INO80 complexes contain the INO80 ATPase 
 [  31  ]  whereas the SWR1 complexes (SRCAP and TRAAP/Tip60) contain the 
ATPases SRCAP or p400 and share a number of subunits  [  31  ] . The INO80 complex 
displays helicase activity and catalyzes nucleosome sliding  in cis , and is involved in 
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chromosome segregation  [  32  ] , the DNA, and damage repair response, and  facilitates 
recombination-mediated events  [  25,   33,   34  ] . INO80 recruitment to damaged sites 
has been recently shown to depend on actin-related protein 8  [  35  ] . SRCAP complex 
directs the incorporation of H2A.Z into nucleosomes by exchange of H2A/H2B 
dimers for H2A.Z/H2B dimers in a replication-independent manner  [  36,   37  ] . 
SRCAP-mediated deposition of H2A.Z is required for gene reactivation in colon 
cancer cells treated with the DNA methylase inhibitor Azacitidine  [  38  ] . P400-
containing complexes play a role in DNA repair by destabilizing nucleosomes and 
promoting chromatin ubiquitination  [  39  ] . It has been suggested that TRAAP/Tip60 
(p400) complexes are involved in the deposition of H2A.Z into chromatin in an 
acetylation-dependent manner. P400-mediated H2A.Z deposition is important for 
estrogen receptor-mediated gene expression  [  40  ]  whereas SRCAP appears to be 
important for the androgen receptor-stimulated expression of Kallikrein 3/prostate 
speci fi c antigen (KLK3/PSA) and cell proliferation in prostate cancer cells  [  41  ] . 

 H2A.Z deposition is associated with several nucleosomes surrounding the tran-
scriptional start site of active and poised promoters, and nucleosomes and H2A.Z 
are lost preferentially at the −1 nucleosome upon gene activation  [  42  ] . In addition, 
enrichment in H2A.Z, and also the histone H3 variant histone H3.3, has been found 
at distal regulatory regions such as enhancers  [  42,   43  ] . During mitosis, the H2A.Z-
containing +1 nucleosome of active genes shift upstream to occupy the transcrip-
tional start site of genes silenced during mitosis, signi fi cantly reducing NDRs  [  44  ] . 
Interestingly, H2A.Z has also been shown to play an inhibitory role in cell cycle 
arrest, providing evidence that H2A.Z localization at regulatory regions may con-
tribute to the positive or negative regulation of gene transcription  [  42  ] . Differential 
H2A.Z acetylation patterns at promoters may contribute to the opposing functions 
of H2A.Z, as the presence of acetylated H2A.Z has been shown to correlate with 
gene activation in prostate cancer cells  [  45  ]  and to be anti-correlated with DNA 
methylation  [  46,   47  ] .  

    5.2.4.3   ISWI Complexes 

 Similar to SWI/SNF complexes, the combinatorial assembly of subunits allows for 
a multiplicity of ISWI complexes that display speci fi c functions, including tran-
scriptional repression, DNA replication, and heterochromatin formation. The 
remodeling spacing factor (RSF), ATP-utilizing chromatin assembly and remodel-
ing factor (ACF), chromatin accessibility (CHRAC), and WICH complexes share 
the hSNF2H ATPase  [  25  ] , while the nucleosome remodeling factor (NURF) com-
plexes contain the hSNF2L ATPase. All ISWI complexes display ATPase and 
nucleosome spacing and remodeling activities and RSF, in particular, promotes 
regular spacing between nucleosomes and stimulates transcriptional activation  [  25  ] . 
In addition, WICH complexes are important for DNA replication of pericentromeric 
heterochromatin and the WSTF subunit of this complex binds and stabilizes H2A.X 
by phosphorylation after DNA damage  [  25  ] . NURF complexes have also been 
shown to play a role in the regulation of chromatin barriers; for example, the 
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 transcription factor USF1 (upstream stimulatory factor 1) recruits NURF and an 
HMT to the insulator of the beta-globin gene to retain its active con fi guration  [  48  ] .  

    5.2.4.4   NURD Complexes 

 These complexes are formed by the CHD ATPases CHD3 or CHD4 (or Mi-2a or 
Mi2b), HDACs, and additional subunits and contain both HDAC and remodeling 
activity  [  25  ] . NURD complexes play a role in transcription, cell differentiation, cell 
cycle checkpoint control, and metastasis, and are recruited to sites of DNA damage 
by poly-ADP-ribose polymerase (PARP)  [  25,   49,   50  ] . The methyl CpG binding 
domain 2/3 (MBD2 and 3) subunits of these complexes are thought to be involved 
in protein–protein interaction and are mutually exclusive, whereas the metastasis 
associated gene 1 and 2 (MTA1 and 2) subunits bind to speci fi c transcription factors 
thereby targeting the complex to different genomic loci  [  50  ] .   

    5.2.5   Transcription Factor Binding 

 The position of nucleosomes can be directly affected by transcription factors as they 
compete for DNA access  [  4  ] . Transcription factors often bind at NDRs. For exam-
ple, OCT-4 is required for establishing and maintaining of an NDR at the distal 
OCT-4 enhancer and the proximal NANOG promoter regions, which are necessary 
for gene expression  [  14  ] . We have recently reported that a percentage of androgen 
receptor (AR) enhancers show a NDR in the absence of ligand, and that androgen 
treatment and subsequent AR recruitment increase the number of enhancers with 
NDRs without changes in footprint  [  51  ] . The pioneering factor GATA-2 is required 
for the maintenance of the NDR at the AR enhancer of TMPRSS2 in the absence of 
ligand  [  51  ] . The presence of GATA-2 at the enhancer may facilitate AR binding, as 
proposed by the model of transcription factor cooperativity of Segal and Widom  [  4  ] . 
In contrast, other transcription factors are frequently bound to nucleosome occupied 
regions; for instance, P53 binding occurs preferentially to regions with high intrin-
sic nucleosome occupancy  [  52  ] . Thus, the relationship between nucleosome occu-
pancy and transcription factor binding is context-speci fi c.   

    5.3   Aberrant Epigenetic Regulation and Epigenetic 
Switching in Cancer Cells 

 Genetic and epigenetic changes play important roles in cancer initiation and pro-
gression  [  53,   54  ] . During tumorigenesis, the cell epigenome undergoes global 
changes, including a genome-wide reduction in DNA methylation, an increase in 
localized DNA methylation at CpG island promoters, and changes in histone 
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modi fi cation pro fi les  [  55  ] ; in addition, cancer cells display aberrant expression of 
chromatin-modifying enzymes  [  56  ] . The events leading to these epigenetic abnor-
malities are still not fully understood. Epigenetic changes are mitotically inherited 
and may promote tumorigenesis by either silencing tumor suppressor genes  [  57  ]  or 
by activating oncogenes  [  2  ] . 

 Because of the interaction amongst chromatin remodeling complexes  [  58  ]  and 
between these complexes and DNMTs  [  59,   60  ] , genetic mutations in enzymes or 
other subunits of chromatin remodeling complexes may lead to profound epigenetic 
changes, including aberrant nucleosome position, DNA methylation, histone com-
position, and/or histone modi fi cations  [  2  ] . In addition, deregulated expression of 
proteins involved in the recruitment of remodeling complexes to speci fi c loci may 
alter nucleosome localization and/or retention at such sites, contributing to the prop-
agation of abnormal epigenetic states  [  2  ] . All these changes will in turn lead to 
aberrant gene expression patterns and genomic instability, which ultimately may 
predispose or give rise to disease  [  2  ] . The mechanisms contributing to the altered 
epigenetic landscape of cancer cells are discussed below. 

    5.3.1   Mutations in DNA Methylation Enzymes 

 CpG island methylation at gene promoters affects gene expression and abnormal 
patterns of DNA methylation have been implicated in carcinogenesis  [  53,   54  ] . 
Hypomethylation of retrotransposons may lead to their reactivation and genomic 
translocation or to the activation of alternative transcripts. These DNA methylation 
changes have also been shown to correlate with changes in nucleosome occupancy 
 [  2  ] . For instance, LINE-1 is hypomethylated and nucleosome depleted in colon can-
cer  [  61  ]  and bladder cancer, where it induced the expression of an alternate tran-
script of the  MET  oncogene  [  16  ] . Hypomethylation of centromeric regions and/or of 
pericentromeric satellite sequences may lead to abnormal chromosome segregation 
and genomic instability  [  62  ] . Perhaps the best example of chromosome instability is 
a germ line mutation in DNMT3B, which underlies a chromosome instability and 
immunode fi ciency syndrome  [  63  ] . In addition, DNA hypomethylation may lead to 
loss of imprinting (LOI), resulting in biallelic expression of a monoallelic gene  [  2, 
  64  ] , which often occurs in a variety of cancer types  [  64  ] . Re-expression of normally 
silenced genes or microRNAs (miRNA) can also occur due to DNA hypomethyla-
tion; examples of these events are  R-RAS ,  MASPIN , and  Cyclin D2  in gastric cancer; 
 MAGE  in melanoma;  HPV16  (human papillomavirus 16) in cervical cancer;  S100A4  
in colon cancer; and the  let-7a-3  miRNA in lung adenocarcinomas  [  2,   62  ] . 

 Site-speci fi c hypermethylation and silencing of tumor suppressor genes has also 
reported in cancer and correlates with changes in nucleosome occupancy  [  65  ] . 
Genes that regulate cell cycle progression, and DNA repair, such as  RB  (retinoblas-
toma),  MLH1  (endometrial cancer),  p16  (glioma, lymphoma, multiple myeloma), 
and  p15  (lymphoma and multiple myeloma),  BRCA1  and  BRCA2  (lung and ovarian 
cancer),  APC  (lung, breast, and colorectal cancer),  PTEN  (brain and thyroid gland 
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cancers),  XRCC5  (lung and ovarian cancer), and estrogen receptor (prostate cancer) 
have all been reported to be hypermethylated in cancer  [  2,   62  ] . DNA hypermethyla-
tion can also indirectly inactivate other genes by silencing transcription factors that 
control their expression. For example, hypermethylation has been found at the 
 RUNX3  promoter in esophageal cancer and at the  GATA-4  and - 5  promoters in col-
orectal and gastric cancers  [  2,   62  ] . In addition, inactivation of miRNAs by hyperm-
ethylation has been observed in a variety of cancer types including bladder and 
prostate (mir-127), endometrial (mir-152, mir-129-2), pancreatic (mir-132), oral 
(mir-137 and miR-193a), gastrointestinal (mir-34b/c), and colorectal (mir-137) can-
cers, and in ALL (mir-124a), and other hematological malignancies (mir-124-1) 
 [  66–  75  ] . A new class of noncoding RNA (mirtrons) has been also shown to be sus-
ceptible to epigenetic silencing in urothelial cell carcinoma  [  73  ] . DNMT1 muta-
tions have been described in colorectal cancer and DNMT3A mutations and 
decreased protein levels have been shown to occur in myelodysplastic syndromes 
(MDS) and AML, and in primary prostate tumors, respectively  [  76–  80  ] ,  DNMT1 , 
 DNMT3A,  and  DNMT3B  appear to be largely overexpressed in a variety of cancer 
types and may contribute to ectopic hypermethylation  [  81  ] . 

 Recent studies have pointed to the existence of both passive and active mecha-
nisms of DNA demethylation  [  82  ] . Active demethylation occurs during early 
embryogenesis and is mediated by the formation of cytosine intermediaries, for 
instance 5-hydroxy-methyl cytosine or 5-methyl uracil, via the action of enzymes 
such as ten-eleven-translocation (TET) or activation-induced cytidine deaminase 
(AID), respectively  [  82  ] . 

 TET1 translocations have been reported to occur in AML  [  83  ]  and TET2 muta-
tions have been frequently found in myelodysplasia and in myeloid malignancies 
 [  84–  90  ] . In addition, TET2 promoter hypermethylation was observed in a fraction 
of gliomas  [  91  ] . 

 AID promotes somatic hypermutation and class switch recombination of immu-
noglobulin (Ig) genes in germinal center (GC) B cells and aberrant AID expression 
has been implicated in the progression of chronic myeloid leukemia (CML) into 
fatal blast crisis  [  92  ] . 

 Because DNA methylation stabilizes nucleosome occupancy, mutations in DNMTs    
and in enzymes involved in DNA demethylation are likely to cause large-scale epige-
netic alterations in cancer cells; in addition, de novo functions generated by fusion 
with their translocation partners may also contribute to tumorigenesis  [  93  ] .  

    5.3.2   Mutations in Genes Encoding Histone Modi fi ers 

 Genome-wide analyses of histone modi fi cations in cancer cells have revealed global 
changes in various histone marks  [  2  ] . These changes may affect the recruitment of 
transcription factors and chromatin remodeler complexes to speci fi c genomic loci, 
thereby affecting nucleosome positioning. 
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    5.3.2.1   HATs and HDACs 

 In cancer cells, there is a global reduction in the active acH4K16 and H3K4me3 
marks, and in the repressive H4K20me3 mark  [  94  ]  as well as a gain in the repressive 
H3K27me3 mark  [  95  ] . Acetylation patterns are disrupted in colon, uterus, lung 
tumors, and in leukemias as a result of translocations or mutations in the genes that 
encode some of the HATs and HDACs (for instance, HDAC2) or due to mistarget-
ing of the fusion products  [  94  ] . HDAC overexpression has also been observed; for 
example, the levels of the dedicated H4K16 HDAC SIRT1 were found to be high in 
hepatocellular carcinoma  [  96  ]  and colon cancer  [  97,   98  ] .  

    5.3.2.2   HMTs and HDMTs 

 Alterations in HMTs and HDMTs have also been shown to be involved in tumori-
genesis. Mixed lineage leukemia (MLL) 1–4, SETD1A, and SETD1B are H3K4 
HMTs that exist as multiprotein complexes that contain core subunits and various 
unique subunits including HATs, tumor suppressor gene products, mRNA-process-
ing factors, and nuclear hormone receptors. MLLs play critical roles during devel-
opment and in adult tissues; they regulate gene transcription directly by introducing 
the active H3K4me3 mark, and indirectly via their partnership with other chromatin 
remodeling complexes and co-regulators  [  99  ] . In addition, a potential role for MLL 
complexes in alternative splicing has been proposed  [  99  ] . Mutations in MLL1 
and MLL3 genes have been reported in 59% of bladder cancer patients  [  100  ] . 
Chromosomal rearrangements in the  MLL1  gene occur preferentially in hematopoi-
etic cells  [  101  ]  and result in a multiplicity of fusion proteins with new properties 
and binding partners that contribute to the development of hematological malignan-
cies  [  101  ] . Mutations in  MLL2   [  102,   103  ]  and MLL2 decreased expression levels as 
well as mutations and deletions in  MLL3  have also been reported (Table  5.1 )  [  79, 
  104–  106  ] . Deletions in MLL5, a member of the MLL family that lacks the HMT 
and DNA binding domains  [  107  ] , have been shown in leiomyomata (benign uterine 
 fi broids)  [  108  ]  and low expression of MLL5 was associated with poorer outcome in 
acute myeloid leukemia (AML) patients  [  109  ] . Genomic alterations in other HMTs 
have also been reported; for instance, mutations in SETD2, an H3K36 HMT, were 
found in renal clear cell carcinoma  [  110  ] .  

 Members of the polycomb group (Pc-G) of repressor proteins have been shown 
to be deregulated in cancer. The Pc-G HMT EZH2 (enhancer of zeste homologue 
2), a subunit of the polycomb repressor complexes (PRC) 2 and PRC3, is not 
expressed in adult tissues  [  111  ] . However, it is overexpressed in several tumor types 
(Table  5.1 )  [  112,   113  ] . EZH2 has been shown to interact with DNMTs in human cell 
lines, suggesting that it may also play a role in controlling DNA methylation  [  114  ] . 
Overexpression of BMI-1 (B lymphoma Mo-MLV insertion region 1 homolog), a 
component of PRC1, was also observed in a variety of tumors (Table  5.1 ) 
 [  115–  117  ] . 
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 Other HMTs have been shown to display aberrant expression patterns or 
 chromosome rearrangements. Nuclear receptor binding SET domain protein 1 
(NSD1) has been reported to undergo chromosome rearrangements in pediatric 
AML  [  118  ] , to be ampli fi ed in some lung cancer cases  [  119  ]  and to be silenced by 
DNA methylation in neuroblastomas  [  120  ] . In addition, the H3K9me3 HMT G9a 
was found to be upregulated in hepatocellular carcinoma  [  113  ] . 

 Lysine-speci fi c histone demethylases, such as LSD1, lysine (K)-speci fi c dem-
ethylase 6A (KDM6A/UTX), and Jumonji C-domain containing proteins 
(JARID1A-D), have been implicated in cancer progression (Table  5.1 ). For instance, 
mutations in LSD1 have been reported in prostate cancer  [  121  ] , whereas KDM6A/
UTX was found mutated in many tumors (Table  5.1 )  [  100,   110,   122  ] . Mutations in 
KDM5C/JARID1C were observed in renal cell carcinoma lacking VHL  [  110  ] . In 
addition, overexpression of KDM4C/JMJD2C and JARID1B/PLU-1 was found in 
esophageal cancer and in breast and testicular tumors, respectively, whereas genomic 
ampli fi cation of GASC1 was observed in squamous cell carcinoma  [  123,   124  ] . 
Thus, mutations and aberrant expression of histone modi fi ers may alter or block the 
recruitment of chromatin remodelers and transcription factors to speci fi c loci, 
thereby affecting nucleosome positioning and gene expression patterns.   

    5.3.3   Mutations in Genes Encoding Subunits of Chromatin 
Remodeler Complexes 

 ATPase-dependent chromatin remodeler complexes directly control the position of 
nucleosomes or alter their stability by introducing histone variants. Thus, aberrant 
expression of their subunits will cause changes in nucleosome composition, loca-
tion, and stability. 

    5.3.3.1   SWItch/Sucrose Non-fermenting 

 Because of their important role in controlling fundamental processes such as cell 
proliferation, migration, and differentiation  [  27  ] , the aberrant expression of SWI/
SNF components will have profound effects on cell function. Indeed, mutations in 
several subunits have been recently identi fi ed in tumors of various origins. Since 
genomic instability is largely absent in tumors harboring defective SWI/SNF com-
plexes, it is likely that perturbations in nucleosome positioning, misslocalization, 
and excessive formation of complexes with opposing functions contribute to the 
development of these aggressive cancers  [  27  ] . 

 The SWI/SNF subunit SNF5 helps recruit this complex to speci fi c genomic sites 
and is required for the expression of genes associated with cell proliferation, includ-
ing  P53  and the cell cycle inhibitor  p16INK4a   [  125–  127  ] , adipocyte differentiation 
 [  128  ] , and inhibition of cell migration  [  129  ] .  SNF5  loss, however, does not result in 
genome instability  [  130  ]  nor does it inactivate SWI/SNF complexes completely, as 
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tumorigenesis in the absence of  SNF5  is dependent on BRG1 activity  [  131  ] . Thus, 
it is thought that tumorigenesis arises from aberrant activity of the remaining com-
plexes  [  131  ] .  SNF5  mutations have been found in rhabdoid and other tumors 
(Table  5.1 )  [  132–  136  ] . Loss of the SNF5 protein was also observed in renal medul-
lary carcinomas and in advanced and metastatic melanomas, where it correlated 
with poor survival rates  [  137  ] . 

 Although complexes containing the catalytic subunits BRM or BRG1 display 
some functional redundancy, they also play distinct roles  [  27,   28  ] .  BRG1  mutations 
have been shown to occur in cancer cell lines of various origins  [  138,   139  ]  and in 
primary lung tumors  [  140,   141  ] , medulloblastoma  [  142  ] , and rhabdoid tumors 
 [  143  ] . Reduced BRM protein levels occur in prostate tumors  [  144  ] , and mutations 
have been found in basal cell carcinoma  [  145,   146  ] . In addition, BRM has been 
shown to be postranslationally regulated in cancer cell lines  [  28  ] . 

 BAF250A/ARID1A binds to DNA without sequence speci fi city  [  147,   148  ]  and 
its recruitment represses the expression of cell cycle-related genes in differentiated 
mouse calvaria cells  [  149,   150  ] . In addition, BAF250A/ARID1A is required for 
normal cell cycle arrest in senescent human  fi broblasts  [  151  ] .  ARID1A/BAF250a  
mutations have been recently described in ovarian clear cell  [  152–  154  ]  and endo-
metrioid carcinomas (Table  5.1 )  [  153  ] . Frequent mutations in low- and high grade 
endometrial carcinomas have also been observed  [  155,   156  ] . Heterozygous dele-
tions and mutations in  ARID1A/BAF250a  have been reported to exist in 33% of 
primary pancreatic adenocarcinomas  [  157  ] . Genetic aberrations in  ARID1A  were 
recently reported in transitional cell carcinoma (TCC) of the bladder  [  100  ]  and low 
ARID1A expression was found to be signi fi cantly associated with larger tumor size 
and grade and the ER-/PR-/HER2-phenotype in breast cancer cases (Table  5.1 ) 
 [  158  ] . ARID1A/BAF250a expression was also found to be severely reduced in 
breast (T47D), renal clear cell (Caki-1 and Caki-2), and cervical (C33A) cancer cell 
lines  [  159  ] . BAF250b/ARID1B containing complexes include components of an E3 
ubiquitin ligase that was found to target H2BK20 for monoubiquitination in a 
nucleosomal context, an upstream event for trimethylation of H3K4 and gene acti-
vation  [  160  ] . BAF250b/ARID1B and BAF250a/ARID1A have also been shown to 
play opposing roles in the control of cell cycle genes in osteoblast differentiation in 
mice  [  149,   150  ] ; however, no mutations in human  BAF250b/ARID1B  have been 
described to date. In contrast, inactivating mutations in  ARID2 , which encodes a 
component of PBAF that facilitates transcriptional activation by nuclear receptors, 
have been reported in four subtypes of hepatocellular carcinomas (HCC)  [  161  ] . 

 BRD7 and BAF180/PBRM1 are regulators of replicative senescence in human 
cells by controlling P53 transcriptional activity towards a subset of its target genes 
required for replicative and oncogenic stress senescence induction  [  162  ] . BRD7 has 
also been shown to either activate or repress the expression of a number of genes by 
protein–protein interaction. BRD7 physically interacts with P53 and the acetylase 
P300  [  162,   163  ] , disheveled-1  [  164  ] , and TRIM24  [  165  ] , as well as with BRCA1 
thereby regulating genes involved in DNA repair  [  166  ] .  BRD7  deletions and reduced 
expression levels have been observed in breast tumors  [  163  ]  (Table  5.1 ). In addition, 
the  BRD7  promoter has also been shown to be silenced by DNA methylation in 
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nasopharyngeal cancer cell lines and tumors  [  167  ] . Mutations in  BAF180/PBRM1  
have been recently described in renal clear cell carcinomas  [  168  ]  and breast tumors 
(Table  5.1 )  [  169  ] . BAF57 is required to maintain the proper subunit composition of 
the PBAF complex and to regulate the transcription of a subset of cell cycle-related 
genes in Hela cells  [  170  ] . Thus far, loss of  BAF57  has only been reported in the 
breast cancer cell line BT-549  [  171  ] . Thus, aberrant expression of SWI/SNF sub-
units is a frequent event in a variety of cancer types. Although SWI/SNF complexes 
control nucleosome positioning, the extent of the changes caused by the mutation of 
speci fi c subunits remains to be elucidated.  

    5.3.3.2   INO80 and SWR1 

 Deregulated expression of the subunits of these complexes may affect H2A.Z depo-
sition and nucleosome dynamics as well as nucleosome position and DNA repair. 
SRCAP deregulated expression has been found in primary and metastatic prostate 
cancer, although the mechanisms underlying such dysregulation are unclear  [  79  ] . 
Monoallelic loss of the acetylase Tip60 (a subunit of TRAAP/Tip60/p400) has been 
reported in lymphomas, and head-and-neck and mammary carcinomas, with 
decreased mRNA and protein expression levels, suggesting that critical levels of 
Tip60 are required for normal cell function  [  172  ] . Tip60 and P400 expression is also 
decreased in colorectal tumors compared to normal colon, although no mutations 
were found in these two genes  [  173  ] . Finally, single nucleotide polymorphisms 
(SNPs) in Tip49a/RUVBL1 have been recently associated with higher risk of serous 
epithelial ovarian cancer  [  174  ] .  

    5.3.3.3   RSF, ACF, CHRAC, WICH, and NURF 

 To date no mutations in the ATPase subunits of ISWI complexes have been described. 
However, genomic ampli fi cation of bromodomain PHD  fi nger transcription factor 
(BPTF), a subunit of NURD, has been reported in neuroblastomas and lung cancer 
cases (Table  5.1 )  [  175,   176  ] . In addition, increased expression of other subunits of 
the NURF complex, including Retinoblastoma-related protein 46 (RBBP7/RbAp46), 
as well as Retinoblastoma-related protein 48 (RBBP4/RbAp48) and hSNF2 have 
been reported in breast carcinomas  [  177  ]  and in AML  [  178  ] , respectively 
(Table  5.1 ).  

    5.3.3.4   NURD 

 Mutations and loss of expression of the CHD4 ATPase subunit have been recently 
described in colorectal and gastric cancers (Table  5.1 )  [  179  ] . MTA1 expression is 
high in a number of cancer types (Table  5.1 )  [  50  ] . In contrast, MTA3 expression is 
lost in advanced breast epithelial carcinoma (Table  5.1 )  [  50  ] .  
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    5.3.3.5   Mutations in Other CHD Proteins 

 Recent studies have identi fi ed the helicase CHD5 as a tumor suppressor involved in 
the transactivation of  p16Ink4a/p19arf  and deleted or mutated in ovarian and pros-
tate cancer  [  180,   181  ] , neuroblastomas  [  182  ] , and hematopoietic malignancies 
 [  183  ] . Silencing of the  CHD5  promoter by DNA hypermethylation has also been 
observed in various tumor types (Table  5.1 )  [  180,   184–  187  ] . CHD7 plays a role in 
pluripotency  [  25  ]  and mutations in CHD7 have been found in more than 50% of the 
cases of CHARGE syndrome, which is characterized by nonrandom congenital 
abnormalities in several tissues  [  188,   189  ] . In addition, gastric and colorectal can-
cers also showed mutations in  CHD7   [  179  ] .    

    5.4   Epigenetic Switching 

 The gene silencing events that take place during tumorigenesis as a consequence of 
aberrant DNA methylation or histone modi fi cation result in a reduction of cellular 
plasticity. A subset of genes becomes repressed by the action of Pc-G proteins 
through the establishment of the H3K27me3 mark at their promoters when stem 
cells differentiate into developmental lineages  [  2  ] . After differentiation, this mark 
and, thus, the repressive state are maintained by the action of EZH2. In cancer cells, 
H3K27me3 is replaced by de novo DNA methylation likely through the recruitment 
of DNMTs  [  114,   190–  192  ] . This process is termed “epigenetic switching” and 
results in permanent silencing of genes that may be implicated in tumorigenesis by 
locking nucleosome positions.  

    5.5   Epigenetic Therapy and Gene Reactivation 

 Epigenetic therapy aims to reverse epigenetic aberrations that occur in cancer in 
order to restore a more normal epigenetic state  [  55  ] . The  fi rst characterized DNA 
methylation inhibitors, namely 5-Azacitidine (5 ¢ -aza-CR, Azacitidine) and 5-aza-
2-deoxy-cytidine (5 ¢ -aza-CdR, Decitabine)  [  193  ] , are incorporated into the DNA of 
proliferating cells during DNA replication and inhibit DNA methylation by trapping 
DNMTs onto the DNA, leading to their depletion  [  2,   56  ] . The resulting DNA 
hypomethylation causes nucleosome depletion at the promoters of tumor suppres-
sor genes that were silenced during tumorigenesis, leading to gene reactivation and 
growth arrest  [  2,   65  ] . Azacitidine and decitabine have been approved by the FDA 
for the treatment of myelodysplastic syndromes and have shown great promise in 
the treatment of AML and myeloid leukemia  [  194  ] . Decitabine has also been tested 
in clinical trials for the treatment of epithelial ovarian cancer, alone or in combina-
tion with chemotherapy  [  195  ] . These studies have shown that combination therapies 
are more effective, particularly in patients with platinum resistance, likely due to 
re-sensitization  [  195  ] . Clinical applications for Zebularine, a newer generation 
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DNMT inhibitor that can be orally administered, are currently under investigation 
 [  196  ] . Alternative approaches include small molecule DNMT inhibitors, such as 
SGI110, RG108, and MG98, which block DNMT enzyme activity or target regula-
tory messenger RNA sequences  [  2  ] . 

 Loss of histone acetylation at promoter regions occurs concomitant to DNA 
hypermethylation, and therefore HDAC inhibitors (HDACI) have also been tested 
as potential therapeutic agents. HDACIs induce growth arrest, apoptosis, cell dif-
ferentiation, and tumor suppressor gene reactivation. Suberoylanilide hydroxamic 
acid (SAHA, Vorinostat) has been recently approved for the treatment of T-cell 
cutaneous lymphoma  [  197  ] ; however, it was not successful for the treatment of 
recurrent ovarian cancer  [  195  ] . Treatment with another HDACI, belinostat (PDX, 
101), has shown to lead to disease stabilization in patients with different malignan-
cies, including sarcoma, renal cancer, thymoma and melanoma, and ovarian cancer 
 [  195  ] . Other HDACIs are currently under investigation  [  2,   197  ] . The lysine HMT 
inhibitors described to date, chaetocin, DZNep, and BIX-01294, have shown some 
antitumor properties in vitro  [  197  ] . Combined epigenetic therapies have also been 
tested; for instance, chemotherapeutic agents have been successfully used in com-
bination with HDAC, SIRT, DNMT inhibitors  [  197  ] . Thus, epigenetic drugs cur-
rently in use or under investigation target histone modi fi ers or DNMTs to restore 
chromatin plasticity, thereby affecting nucleosome positioning in an indirect man-
ner. Targeting subunits of the ATPase-dependent chromatin remodeler complexes 
may provide a more ef fi cient and direct way to restore nucleosome position and 
composition.  

    5.6   Challenges and Future Prospects 

 In recent years, high-throughput technologies have been successfully applied to the 
 fi eld of epigenetics allowing for the mapping of histone modi fi cations, proteins 
binding to DNA, nucleosome positioning, and DNA methylation. The emerging 
picture is that nucleosome positioning and occupancy is determined by the com-
bined action of DNA sequence, transcription factors, and chromatin remodelers, 
and that the resulting nucleosome con fi guration has direct effects in sequence acces-
sibility and gene transcription (Fig.  5.1 ). Recent studies show that the genes more 
frequently mutated in various types of cancers encode for subunits of chromatin 
remodeler complexes  [  197  ] , further highlighting the relevance of nucleosome posi-
tioning in tumorigenesis (Fig.  5.1 ). As most of these genes regulate multiple cellular 
processes, they are likely to be important therapeutic targets.  

 Although the wealth of information generated by epigenomic studies has greatly 
improved our understanding of chromatin regulation, the integration of epigenetic, 
genetic, and transcriptional changes will be essential to advance our knowledge of 
cancer development and progression. Several challenges lay ahead as we explore 
further the development of epigenetic therapies, although a combinatorial approach 
holds promise. Key issues to be resolved include type of agent combinations and 
optimal doses, agent speci fi city, the sequence of agent delivery, and the method of 
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delivery. Given the current multi-institutional and multinational efforts to map the 
human epigenome in all cancer types, it is likely that therapeutic development will 
be signi fi cantly advanced in the near future.      
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  Abstract   MicroRNAs (miRNAs) are short noncoding RNAs with gene regulatory 
functions. It has been demonstrated that the genes encoding for miRNAs undergo the 
same regulatory epigenetic processes of protein coding genes. In turn, a speci fi c 
subgroup of miRNAs, called epi-miRNAs, is able to directly target key enzymatic 
effectors of the epigenetic machinery (such as DNA methyltransferases, histone 
deacetylases, and polycomb genes), therefore indirectly affecting the expression of 
epigenetically regulated oncogenes and tumor suppressor genes. Also, several of the 
epigenetic drugs currently approved as anticancer agents affect the expression of 
miRNAs and this might explain part of their mechanism of action. This chapter 
focuses on the tight relationship between epigenetics and miRNAs and provides 
some insights on the translational implications of these  fi ndings, leading to the 
upcoming introduction of epigenetically related miRNAs in the treatment of cancer.      
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    6.1      Introduction 

 MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs), 19–25 nucleotides 
(nt) in length, which regulate gene expression. MiRNAs are involved in many 
biological processes ranging from development, differentiation, and cell cycle 
regulation to cell senescence and metabolism  [  1–  5  ] . Mature miRNAs derive from 
much longer (hundreds nt long) primary transcripts, transcribed by RNA 
 polymerase II as long, capped, polyadenylated precursor-miRNAs (pri-miRNAs) 
 [  1  ] . Then, the double-stranded RNA-speci fi c ribonuclease Drosha, in conjunction 
with its binding partner DiGeorge syndrome critical region gene 8 (DGCR8, or 
Pasha), process pri-miRNAs into hairpin RNAs of 60–110 nt known as pre-miR-
NAs. Translocated from the cell nucleus to the cytoplasm by means of Exportin 5, 
the pre-miRNA is processed by a ribonuclease III (Dicer) and transactivating 
response RNA-binding protein (TRBP, which binds human immunode fi ciency 
virus 1) into an 18- to 24-nt duplex. Finally, the duplex interacts with a large pro-
tein, RNA-induced silencing complex (RISC), which includes argonaute proteins 
(AGO1-4 in humans). One strand of the miRNA duplex remains stably associated 
with RISC and becomes the mature miRNA, which guides the RISC complex 
mainly (but not exclusively) to the 3 ¢ -untranslated region (UTR) of the target mes-
senger RNAs (mRNAs)  [  1  ] . Consequently, the translation and/or stability of tar-
geted mRNAs is impaired, causing a reduction in protein expression levels  [  6  ] . In 
addition to this “conventional” mechanism of action, miRNA regulatory effects 
on gene expression may be more varied than initially proposed. For example, 
miRNAs can also activate rather than suppress target mRNA expression in par-
ticular cell-cycle conditions  [  7  ] , they can bind also to the coding and the 5 ¢ -UTR 
region of the target mRNAs  [  8,   9  ] , and they can directly interact with proteins and 
function as gene promoter regulators  [  10  ] . Figure  6.1  summarizes the biogenesis 
and physiology of miRNAs.  

 Each miRNA has hundreds or thousands of target genes. We have demonstrated 
that a speci fi c cluster of two miRNAs (namely, the miR-15a/16-1 cluster) is able to 
regulate, directly and indirectly, about 14% of the whole genome in a leukemic cell 
model  [  11  ] . Therefore, it is likely that the full coding genome is under the control of 
miRNAs. The full spectrum of miRNAs expressed in a speci fi c cell type (the miR-
Nome) is different between normal and pathologic tissues  [  12  ] , and speci fi c signa-
tures of dys-regulated miRNAs harbor diagnostic and prognostic implications  [  13  ] . 
The  fi rst link between miRNAs and cancer came from the discovery that these ncR-
NAs are frequently located in cancer-associated genomic regions, which include 
minimal regions of ampli fi cation, loss of heterozygosity, and common breakpoints 
in or near oncogenes or tumor suppressor genes (TSGs) and fragile sites (preferen-
tial sites of chromatide exchange, deletion, translocation, ampli fi cation, or integra-
tion of plasmid DNA and tumor-associated viruses)  [  14  ] . Since then, myriad studies 
have investigated aberrations in the miRNome in most types of human cancer (for 
reviews, see  [  15–  21  ] ). In particular, while some miRNAs act mainly as TSGs, oth-
ers are frequently overexpressed in human tumors and target TSGs, thereby exerting 
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a tumorigenic function. MiRNAs with well-established roles as oncogenes, for 
instance, include the miR-17-92 cluster, which is transactivated by the  c-MYC  onco-
gene and dramatically accelerates lymphomagenesis in murine models  [  22,   23  ] ; 
miR-155, which induces leukemia in transgenic murine models  [  24  ]  and has an 
important function as a regulator of in fl ammation and the immune response  [  25–
  27  ] , and miR-21, which targets important TSGs, such as  PTEN1   [  28  ]  and  PDCD4 , 
in several types of cancer  [  29–  31  ] . Conversely, the miR-15a/16-1 cluster acts as a 
TSG in chronic lymphocytic leukemia (CLL) by targeting the antiapoptotic gene 
 BCL2   [  32  ] . Interestingly, the same miR-15a-16-1 cluster also acts as an oncogene 
(OG), in CLL, by directly targeting the pro-apoptotic gene  p53   [  33  ] , leading to the 
conclusion that each miRNA should not be labeled exclusively as an OG or as a 
TSG, since it may have a dual nature (both as OG and TSG)  [  34  ] , in which the over-
all effect depends on the speci fi c conditions (tumor type, species speci fi city, con-
centration, etc.) in which it operates. 

 It has been demonstrated that miRNAs, similar to protein coding genes, (PCG), 
can undergo epigenetic regulation. More recently, it has been shown that a speci fi c 
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  Fig. 6.1    Biogenesis and physiology of miRNAs. MiRNAs are transcribed as pri-miRNAs (in 
some cases as a cluster of multiple miRs, such as miR-15a and miR-16-1 on the long arm of chro-
mosome 13) and then processed in a hairpin shaped pre-miRNA precursor in the nucleus of the 
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it becomes a single-stranded mature miRNA that eventually binds to a ribonucleoproteic complex 
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group of miRNAs, called epi-miRNAs, can affect the epigenetic regulation of a 
given gene by targeting key enzymatic effectors of the epigenetic machinery, such 
as DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and poly-
comb genes. 

 This chapter focuses on the interactions between epigenetics and miRNAs and 
presents how this intertwined relationship harbors fundamental implications for 
human carcinogenesis.  

    6.2   MiRNAs Are Epigenetically Regulated in Cancer 

 The expression of miRNAs undergoes epigenetic regulation, similarly to PCG. This 
regulation involves both chromatin modi fi cations and miRNA gene promoter meth-
ylation. By treating a breast cancer cell line with the HDAC inhibitor LAQ824, 
Scott et al. demonstrated that the expression levels of 27 miRNAs are rapidly 
modi fi ed  [  35  ] , indicating that HDAC and chromatin conformation affects the miR-
Nome in human cancer. Similarly, Saito et al. showed that by treating bladder can-
cer cells with both a DNA demethylating agent (5-aza-2 ¢ -deoxycytidine, 5-AZA) 
and an HDAC inhibitor (4-phenylbutyric acid, 4-PBA) the expression levels of 
about 5% of all human miRNAs increased  [  36  ] . Among the most strictly epigeneti-
cally regulated miRNAs, there is miR-127, an ncRNA embedded in a CpG island 
and kept epigenetically silenced by both promoter hypermethylation and histone 
modi fi cations in cancer cells  [  36  ] . Interestingly, this miRNA (which belongs to a 
large cluster that includes miR-136, -431, -432, and -433) is the only member of the 
cluster whose re-expression was observed when cells were treated with two epige-
netic drugs  [  36  ] . Moreover, when cells were treated with each drug alone, no varia-
tion in miR-127 expression was detected  [  36  ] , suggesting that miR-127 epigenetic 
regulation occurs by combined promoter methylation and chromatin histone 
modi fi cations. Since the  BCL6  oncogene is a direct target of this miRNA  [  36  ] , miR-
127 acts as a TSG, therefore the severe epigenetic control of its expression repre-
sents an important mechanism for bladder carcinogenesis. 

 Using an HCT-116 colorectal cancer cell line with a double knockout (DKO) of 
DNMT1 (maintenance DNMT) and DNMT3b (de novo DNMT), Lujambio et al. 
compared miRNA levels of the DKO and wild-type cells. About 6% of the 320 miR-
NAs analyzed were upregulated in the DKO cells  [  37  ] . Among the dys-regulated 
miRNAs, only miR-124a was embedded in a CpG island, which is densely methy-
lated in this cancer cell line but not in normal tissue. This might suggest that DNMTs 
act both directly and indirectly in miRNA expression control. MiRNA-124a directly 
targets CDK6, and restoration of its expression reduces the levels of CDK6 and 
impacts the phosphorylation status of the CDK6-downstream effector Rb protein  [  37  ] . 
In a group of 353 acute lymphoblastic leukemia (ALL) patients, Roman-Gomez et al. 
identi fi ed a signature of 13 miRNAs, embedded in CpG islands, with high heterochro-
matic markers (such as high levels of K9H3me2 and/or low levels of K4H3me3)  [  38, 
  39  ] . Treatment with 5-AZA upregulated at least 1 of the 13 miRNAs in 65% of ALLs 
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 [  38  ] . Among these miRNAs, miR-124a was methylated in 59% of ALLs and hyper-
methylation of its promoter was associated with higher relapse and mortality rates 
than in the non-hypermethylated cases: multivariate analysis con fi rmed that miR-124a 
promoter methylation status is an independent prognostic factor for disease-free and 
overall survival  [  39  ] . Moreover, miR-124a directly silences  CDK6  in ALL patients 
 [  39  ] , con fi rming the impact of miR-124a on the CDK6-Rb pathway. Recently, Ando 
et al. showed that hypermethylation of the miR-124a promoter is involved in the for-
mation of an epigenetic  fi eld defect, a gastric cancer predisposition condition charac-
terized by the accumulation of abnormal DNA methylation in normal-appearing 
gastric mucosa that is mostly induced by  Helicobacter pylori  infection  [  40  ] . These 
 fi ndings reveal that miR-124a promoter hypermethylation is also an early event in 
gastric carcinogenesis. 

 In addition to miR-124a, miR-107, another epigenetically controlled miRNA, 
targets  CDK6  and affects pancreatic carcinogenesis  [  41  ] . In HCT-116 cells de fi cient 
for  DNMT1  and  DNMT3B , Bruckner et al. showed increased expression of let-7a-3, 
an miRNA normally silenced by promoter hypermethylation in the wild-type cell 
line  [  42  ] . In lung adenocarcinoma primary tumors the let-7a-3 promoter was found 
to be hypomethylated  [  42  ] , whereas it was found to be hypermethylated in epithelial 
ovarian cancer. This hypermethylation was associated with low expression of IGF2 
(insulin-like growth factor 2) and with a good prognosis  [  43  ] . Therefore, DNA 
methylation could act as a protective mechanism by silencing miRNAs with onco-
genic functions. Also miR-1 is epigenetically regulated and frequently silenced by 
promoter hypermethylation in hepatocellular carcinoma  [  44  ] . However, hypometh-
ylation and re-expression of miR-1 were observed in DNMT1-null HCT-116 cells 
(but not in DNMT3B-null cells)  [  44  ] , revealing that the maintenance DNMT is 
speci fi cally and mainly responsible for miR-1 epigenetic regulation. Overall, these 
studies demonstrate that epigenetic factors can control human carcinogenesis, not 
only by directly affecting the expression of OGs and TSGs, but also by affecting the 
expression of miRNAs involved in oncogenic pathways. In addition, epigenetic 
control of miRNAs may be tissue-speci fi c (since no variation in miRNA expression 
was observed in lung cancer cells treated with demethylating agents, HDAC inhibi-
tors, or their combination  [  45  ] ), miRNA-speci fi c (e.g., miR-127 within the cluster it 
belongs to  [  36  ] ), and epigenetic-effector-speci fi c (e.g., miR-1 mainly regulated by 
DNMT1  [  44  ] ). 

 Epigenetically regulated miRNAs are also affecting one of the main aspects of 
malignancy: the ability to metastasize. Lujambio et al. treated three lymph node–
metastatic cell lines with 5-AZA and checked miRNA levels by high-throughput 
microarray analysis  [  46  ] . They identi fi ed four miRNAs (namely, miR-148a, miR-
34b/c, and miR-9) that showed cancer-speci fi c CpG island hypermethylation. 
Epigenetic silencing of these miRNAs was also signi fi cantly associated with metas-
tasis in human malignancies  [  46  ] , while the reintroduction of miR-148a and miR-
34b/c into cancer cells with epigenetic inactivation inhibited both motility and 
metastatic potential of the cells in xenograft models. The miR-34b/c cluster is also 
epigenetically regulated in colorectal cancer (promoter hypermethylation in 90% 
of primary colorectal cancer tumors vs. normal colon mucosa)  [  47  ] , whereas 
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epigenetic silencing of miR-9 and miR-148a (together with miR-152, -124a, 
and -663) has also been described in breast cancer. In breast cancer cell lines treated 
with 5-AZA miR-9 was reactivated, while the levels of other aberrantly methylated 
miRNAs were unchanged  [  48  ] , further proving that different epigenetic processes 
can control miRNA levels in different types of cancer. 

 MiR-342 is located in an intron of the Ena/Vasp-like ( EVL ) gene and represents 
a good model to study the relationship between miRNAs and the epigenetic regula-
tion of cognate host genes.  EVL  promoter hypermethylation occurs in 86% of col-
orectal cancers and is present in 67% of adenomas at diagnosis, suggesting that it is 
an early event in colon carcinogenesis  [  49  ] . Treatment with 5-AZA and the HDAC 
inhibitor trichostatin A restores the synchronized expression of EVL and miR-342 
 [  49  ] . Another gene, the  EGFL7  gene, which is frequently downregulated in several 
cancer cell lines and in primary bladder and prostate tumors, hosts miR-126 in one 
intron. The mature miR-126 can be encoded by three different transcripts of the 
cognate host gene, each of them with its own promoter. However, miR-126 is con-
comitantly upregulated with one of the EGFL7 transcripts that has a CpG-island 
promoter when cancer cell lines are treated with DNA methylation and histone 
deacetylation inhibitors, indicating that the silencing of intronic miRNAs in cancer 
may occur by means of epigenetic changes in cognate host genes  [  50  ] . 

 Fazi et al. showed that transcription factors can recruit epigenetic effectors to 
miRNA promoter regions to regulate their expression. The AML1/ETO fusion 
oncoprotein, the aberrant product of the t(8;21) translocation in acute myeloid leu-
kemia, can bind to the pre-miR-223 region. The oncoprotein recruits epigenetic 
effectors (i.e., DNMTs, HDAC1, and MeCP2), leading to aberrant hypermethyla-
tion of the CpG site near the AML1/ETO binding site and H3-H4 deacetylation of 
the same chromatin region  [  51  ] . 

 In summary, several studies have addressed how epigenetics regulates miRNA 
expression in human cancer. It has emerged that epigenetic factors account for sev-
eral of the miRNome aberrancies observed in human cancer, ultimately implicated 
in both carcinogenesis and in metastasis formation. Therefore, a better understand-
ing of miRNA epigenetic regulation will lead to a better comprehension of the 
mechanisms responsible for abnormal miRNA levels in cancer and to the develop-
ment of strategies able to revert these anomalies. Interestingly, miRNAs can also 
affect the expression of epigenetically regulated PCGs, revealing a further layer of 
complexity between miRNome and epigenome.  

    6.3   Epi-miRNAs Affect the Expression of Epigenetically 
Regulated Genes in Cancer 

 In addition to being epigenetically regulated, like PCG, miRNAs can also affect the 
expression of epigenetically regulated genes by targeting key enzymes responsible 
for epigenetic reactions. We call this group of miRNAs, epi-miRNAs. Some epi-
miRNAs are also epigenetically regulated themselves. Our group provided the  fi rst 



1436 Epigenetic Regulation of miRNAs in Cancer

evidence that miRNAs can regulate the expression of members of the epigenetic 
machinery in humans  [  52  ] . We demonstrated in both lung cancer cell lines and pri-
mary tumors that a family of miRNAs (namely the miR-29 family, composed of 
miR-29a, -29b, and -29c) directly targets both DNMT3a and DNMT3b, the two key 
de novo DNMTs. We observed that miR-29 restoration reduces global DNA methy-
lation, induces re-expression of TSGs (such as  WWOX  and  FHIT , whose expression 
is silenced by promoter hypermethylation in lung cancer), and exerts an overall 
antitumoral effect both in vitro and in vivo  [  52  ] . The global hypomethylating effect 
observed in tumor cells upon miR-29 re-expression is the result of a direct targeting 
effect of these miRNAs on DNMT3a and DNMT3b, and of an indirect silencing 
effect on DNMT1, occurring through the direct targeting of the DNMT1 transacti-
vating factor SP1  [  53  ] . Figure  6.2  summarizes the relationship between epi-miR-
NAs and cancer. Duursma et al.  [  54  ]  have shown that miR-148 also directly targets 
DNMT3b by binding to a conserved target sequence located in the coding region of 
the mRNA. Intriguingly, the authors concluded that the targeting of the coding 
region may play a role in determining the relative abundance of different splice vari-
ants of DNMT3b. Furthermore, miRNAs can affect the expression of DNMTs also 
through an indirect mechanism. Sinkkonen et al. showed that in mouse embryonic 
stem (ES) cells, members of the miR-290 cluster directly target Rbl2, a factor con-
tributing to the suppression of  DNMT3  genes  [  55  ] . By restoring the expression of 
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the miR-290 cluster, de novo methylation, which had been disrupted in ES Dicer −/−  
cells, was reestablished, suggesting that DNMTs are indirectly regulated by the 
miR-290 cluster. These results were con fi rmed by Benetti et al.  [  56  ] , who also 
observed that the aberrant DNA methylation occurring after miR-290 cluster silenc-
ing in ES Dicer −/−  cells is responsible for increased telomere recombination and 
aberrant telomere elongation. Notably, the miR-290 Rbl2-mediated regulation of 
 DNMT3a  and  DNMT3b  was not observed in HEK293 cells with knockdown of 
Dicer  [  55  ] , revealing that the described regulatory mechanism might be restricted to 
ES cells. Moreover, neither of the above-mentioned studies identi fi ed the miR-29 
family as direct regulators of de novo DNMTs, suggesting that this interaction could 
also be species-, tumor-, or even histotype-speci fi c.  

 Epi-miRNAs can also target  DNMT1 . In a study by Braconi et al., it was shown 
that miR-148a, miR-152, and miR-301 directly target  DNMT1  in cholangiocarci-
noma cells  [  57  ] , resulting in the re-expression of the  RASSF1A  and  p16INK4a  
genes, two well-known TSGs that are epigenetically silenced in several malignan-
cies. As previously reported, miR-29b indirectly targets  DNMT1 , by directly silenc-
ing its activator SP1 in hematological malignancies  [  53  ] . These studies suggest that 
miR-29b plays a key role in the epigenetic control of human genome. 

 Epi-miRNAs also regulate the expression of HDACs and PRC genes.  HDAC4  is 
a direct target of both miR-1, miR-140, and miR-29b  [  58–  60  ] , whereas miR-449a 
binds to the 3 ¢ -UTR region of  HDAC1   [  61  ] .  HDAC1  is upregulated in several types 
of cancer, and miR-449a re-expression in prostate cancer cells induces cell-cycle 
arrest, apoptosis, and a senescent-like phenotype by reducing the levels of HDAC1 
 [  61  ] . EZH2 is the catalytic subunit of PRC2 and is responsible for heterochromatin 
formation by trimethylating histone H3 on lysine 27 (H3K27me3), leading to the 
silencing of several TSGs. Varambally et al. showed in prostate cancer cell lines and 
primary tumors that the level of EZH2 is inversely correlated with the expression of 
miR-101, which decreases during cancer progression. These  fi ndings suggest a role 
for miR-101 as an epi-miRNA, a hypothesis that was tested and con fi rmed by show-
ing that miR-101 directly targets EZH2 both in prostate and in bladder cancer mod-
els  [  62,   63  ] . Moreover, the miR-101-mediated suppression of EZH2 inhibits cancer 
cell proliferation and colony formation, revealing a role for miR-101 as a TSG that 
is mediated by its modulatory effects on the cancer epigenome  [  63  ] . 

 In summary, an increasing number of epi-miRNAs is being identi fi ed and will 
clarify which epigenetic effectors are involved in the regulation of OGs and TSGs. 
This knowledge will lead to the development of new strategies to prevent and cure 
human carcinogenesis by selective modulation of the epi-miRNome.  

    6.4   Epigenetics and miRNAs: Clinical Implications 
and Final Remarks 

 The epigenetics–miRNA relationship harbors several clinical implications. First, 
some of the demethylating agents (such as 5-AZA or Vidaza) used to show that 
miRNAs are re-expressed upon demethylation and therefore undergo epigenetic 
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regulations are drugs, currently approved for the treatment of myelodysplastic 
syndromes (MDS)  [  64  ] . Therefore, part of the observed therapeutic effects of 
5-AZA or decitabine might be mediated by their effect on the miRNome. Also, 
currently available anticancer drugs (such as Bortezomib) induce the expression of 
miR-29b  [  65  ] , a key epi-miRNA targeting both DNMTs and HDACs. Moreover, 
SAHA (suberoylanilide hydroxamic acid), also known as Vorinostat is an HDAC 
inhibitor currently approved in the treatment of cutaneous T cell lyphomas, may 
exert an anticancer effect by re-expressing epigenetically regulated miRNAs  [  66,   67  ] . 
Valproic acid (VPA) is also an HDAC inhibitor currently in phase III studies for the 
treatment of cervical and ovarian cancer, which is able to modulate the expression 
of miRNAs in human cord blood-derived multipotent stem cells  [  68  ] . 

 Overall, while basic research scientists are trying to improve their understanding 
of the relationship existing between epigenetics and miRNAs, clinicians have started 
interpreting some of the effects of epigenetic drugs in terms of their effects on the 
miRNome. This interaction represents an ideal translational setting, capable of bring-
ing novel insights deriving from basic science to the patients. In addition to better 
understanding the implications and function of currently available epigenetic drugs 
on the miRNome, it is likely that in the near future this knowledge will assist in the 
development of miRNA- and epi-miRNA-based therapies. These therapies will be 
tailored to the speci fi c set of genes that need to be reverted to a physiological expres-
sion, in order to achieve an anticancer effect. Therefore, their effect will speci fi cally 
affect tumor cells, without introducing any major epigenetic perturbation in noncan-
cerous cells, therefore leading to less side effects. These days are not far to come and 
will provide a new powerful therapeutic tool in the war against cancer.      
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  Abstract   DNA methylation, occurring at cytosines in CpG dinucleotides, is a 
potent mechanism of transcriptional repression. Proper genomic methylation 
 patterns become profoundly altered in cancer cells: both gains (hypermethylation) 
and losses (hypomethylation) of methylated sites are observed. Although DNA 
hypomethylation is detected in a vast majority of human tumors and affects many 
genomic regions, its role in tumor biology remains elusive. Surprisingly, DNA 
hypomethylation in cancer was found to cause the aberrant activation of only a lim-
ited group of genes. Most of these are normally expressed exclusively in germline 
cells and were grouped under the term “cancer-germline” (CG) genes. CG genes 
represent unique examples of genes that rely primarily on DNA methylation for 
their tissue-speci fi c expression. They are also being exploited to uncover the mecha-
nisms that lead to DNA hypomethylation in tumors. Moreover, as CG genes encode 
tumor-speci fi c antigens, their activation in cancer highlights a direct link between 
epigenetic alterations and tumor immunity. As a result, clinical trials combining 
epigenetic drugs with anti-CG antigen vaccines are being considered.      

    7.1   Introduction 

 Although DNA hypomethylation was the  fi rst epigenetic alteration to be described 
in human cancers, its effect on gene expression programs and tumor biology has 
remained enigmatic. Initial examination of cancer genomes identi fi ed most losses 
of DNA methylation in repeated elements  [  29  ] . This is not surprising, since these 
DNA elements are highly abundant and comprise most of the CpG sites that are 
normally methylated in healthy somatic tissues. A crucial question was whether 
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DNA hypomethylation also affected protein-encoding genes, leading to their 
 aberrant expression in tumor cells. It appeared, however, that genome hypomethyla-
tion in tumors is not generally associated with the ectopic activation of a multitude 
of genes  [  5  ] . A plausible explanation for this is that most tissue-speci fi c genes use 
other regulatory mechanisms, including histone modi fi cations, and that DNA meth-
ylation, if present, serves merely as secondary layer of repression. Losses of DNA 
methylation within such genes would therefore not be suf fi cient to trigger transcrip-
tional activation. 

 Later work, aiming at isolating genes that code for tumor-speci fi c antigens, led to 
the identi fi cation of a particular group of genes, which are normally expressed exclu-
sively in germline cells but become aberrantly activated in a wide variety of tumors 
 [  86  ] . Given this expression pro fi le, these genes were termed “cancer- germline” (CG) 
genes. Interestingly, CG genes were found to rely primarily on DNA methylation for 
repression in normal somatic tissues, and their activation in tumors was shown to be 
a direct consequence of genome hypomethylation  [  22  ] . These observations high-
lighted an unexpected link between epigenetic alterations in tumors and cancer 
immunity. They also provided clear examples of genes that owe their tissue-speci fi c 
expression to DNA methylation. Moreover, CG genes are being exploited to try to 
uncover the molecular mechanisms underlying genome hypomethylation in tumors, 
as this epigenetic process remains largely unexplained.  

    7.2   Characterization of CG Genes 

 Human tumors express speci fi c antigens, as evidenced by the existence in the blood 
of cancer patients of cytolytic T lymphocytes (CTL) that recognize antigens present 
on their tumor cells but not on normal cells  [  10  ] . Using a gene library transfection 
approach and a CTL clone isolated from a melanoma patient, Boon and colleagues 
identi fi ed the  fi rst human tumor antigen-encoding gene  [  85  ] . The gene was named 
melanoma antigen 1 or  MAGE-1  (later renamed  MAGEA1 ).  MAGEA1  expression 
was not found in normal tissues except for testis, but was instead detected in a 
signi fi cant fraction of melanoma samples, as well as in various other tumor types 
 [  20,   23  ] . The same genetic approach led to the identi fi cation of other melanoma 
antigen genes, namely  BAGE ,  GAGE , and  MAGEA3 , a gene closely related to 
 MAGEA1   [  9,   34,   84  ] . For these genes too, expression among normal tissues was 
restricted to testis, and activation in tumors was detected among various cancer 
types. Additional tumor antigen genes were subsequently identi fi ed, using an alter-
native cloning approach, called SEREX (serological analysis of recombinant tumor 
cDNA expression libraries), and based on the presence of high titers of antitumor 
IgGs in the blood of tumor-bearing patients  [  73  ] . Again, several of the identi fi ed 
genes, including  SSX2  and  NY-ESO-1 , had their normal expression restricted to tes-
tis and were activated in a percentage of different tumor types. Later studies indi-
cated that the normal expression of most isolated genes was con fi ned to the germ 
cells in both testis and fetal ovary  [  44,   52,   82  ] . 
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 Together, these  fi ndings led to the important notion that speci fi c antigens in 
tumors arise from the aberrant activation of genes that are normally transcribed 
exclusively in the germline. From an immunological point of view, this dual expres-
sion pattern is understandable. Unlike most somatic cells, germ cells lack MHC 
class I molecules, which are required to present antigenic peptides at the cell surface 
 [  37  ] . Activation of germline-speci fi c genes in tumor cells therefore leads to the 
expression of truly tumor-speci fi c antigens, which can be recognized as nonself by 
the immune system. 

 Further studies using cDNA subtraction procedures or database mining have per-
mitted the identi fi cation of additional genes expressed in germ cells and cancer but 
not in normal somatic tissues  [  56,   60,   63,   75  ] . Some genes identi fi ed in this way 
were subsequently shown to encode tumor-speci fi c antigens recognized by CTLs 
 [  86  ] . Altogether about 50 human genes or gene families were identi fi ed, which dis-
played speci fi c expression in the germline and activation in a signi fi cant proportion 
of cancers  [  2  ] . These genes appear to exert a variety of cellular functions, but on the 
basis of their common expression pattern they were grouped under the term cancer-
germline (CG) genes. CG genes are dispersed on several chromosomes, with a 
marked preference for the X chromosome. In human cancers, CG genes are 
expressed more frequently in speci fi c tumor types, like for instance lung cancer, 
head and neck cancer, bladder cancer, and melanoma  [  76  ] . Other tumor types like 
colon cancer, renal cancer, and leukemia only rarely show activation of CG genes. 
An important feature of CG genes is their frequent co-activation in tumors  [  74  ] . It 
was observed indeed that positive tumors often express several CG genes. Clearly, 
the widespread and concerted expression of CG genes in tumors indicates that their 
activation in cancer results from a global gene activation process, rather than sto-
chastic individual events.  

    7.3   DNA Demethylation in the Activation of CG Genes 
in Tumors 

 The marked tendency of CG genes to become co-expressed in tumors suggested that 
these genes share, at least in part, a common mechanism of transcriptional activa-
tion. Initial studies were performed with the  MAGEA1  gene in order to identify 
essential promoter elements and corresponding transcription factors that may con-
tribute to the cell-type-speci fi c expression of the gene. Surprisingly, however, trans-
fection experiments revealed that all cells, including those that do not express 
 MAGEA1 , contain transcription factors capable of inducing signi fi cant  MAGEA1  
promoter activity  [  24  ] . Transfection experiments with other CG gene promoter con-
structs led to similar results  [  17,   89  ] . This implied that nonexpressing cells have a 
repression mechanism, probably operating at the chromatin level that protects CG 
gene promoters against spurious activation. 

 The initial observation by Weber and colleagues that  MAGEA1  could be 
induced in nonexpressing melanoma cell lines following treatment with the DNA 
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methylation inhibitor 5-aza-2 ¢ -deoxycytidine provided a  fi rst hint that DNA 
 methylation may contribute to the transcriptional regulation of this gene  [  91  ] . 
This was con fi rmed by studies showing that the promoter of  MAGEA1  is invari-
ably methylated in all normal somatic tissues and instead unmethylated in germ 
cells  [  26  ] . Likewise, activation of the  MAGEA1  gene in tumors was strictly cor-
related with demethylation of its promoter  [  26  ] . Further studies showed that DNA 
methylation was similarly involved in the regulation of other CG genes  [  17,   26, 
  52,   56,   89  ] . Altogether, these observations indicated that CG genes rely on DNA 
methylation for repression in somatic tissues, and that aberrant activation of these 
genes in tumors results from demethylation of their promoter. 

 Interestingly, demethylation and activation of CG genes in tumors was found to 
correlate with global genome hypomethylation  [  14,   25,   45  ] . This association was 
further con fi rmed by a study on microdissected tumor samples, revealing that intra-
tumor heterogeneity of CG gene expression also correlates with global genome 
hypomethylation levels  [  96  ] . These observations provided therefore the  fi rst clear 
evidence that the process of genome-wide demethylation, common to many can-
cers, not only affects repeated sequences but also single copy genes, and can lead to 
aberrant gene activation. The frequent co-activation of CG genes in tumors likely 
re fl ects the global process of DNA demethylation, which can simultaneously affect 
many loci across the cancer genome.  

    7.4   DNA Methylation in the Regulation of Germline Genes 

 Considering the potent effect of DNA methylation on transcriptional repression, it 
was originally proposed that this DNA modi fi cation might serve as a general mech-
anism to control the programmed expression of tissue-speci fi c genes  [  39,   72  ] . 
Evidence, however, indicates that most tissue-speci fi c genes rely on mechanisms 
other than DNA methylation for repression in nonexpressing cells  [  8,   88  ] . This may 
be ascribed to the distribution of CpG sequences, where cytosine methylation can 
occur. Vertebrate genomes show a general depletion of CpG dinucleotides, which 
was attributed to the high mutability of methylated cytosines, and hence the pro-
gressive disappearance of this sequence during evolution  [  7  ] . Discrete genomic 
regions however, which appear generally free of CpG methylation, maintained a 
high density of CpG sites. These so-called CpG islands often overlap gene promot-
ers  [  19  ] . Many tissue-speci fi c genes contain a methylation-free CpG island within 
their promoter and can therefore not rely on DNA methylation for repression in 
nonexpressing tissues. On the other hand, genes with few CpG sites within their 
promoter are only little affected by DNA methylation, and often show an inconstant 
relationship between promoter methylation and transcriptional silencing  [  12  ] . It 
was therefore proposed that DNA methylation in vertebrates is solely involved in 
the control of retrotransposable elements, monoallelically expressed imprinted 
genes, and X chromosome inactivation, the only cases where consistent methylation 
of CpG-rich regions appeared to exist  [  101  ] . 
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 This view was challenged by the discovery of CG genes, which were found to be 
characterized by the presence of a high density of CpG sites within their promoter 
 [  26  ] . Yet, unlike classical CpG islands, CpG-rich promoters of CG genes are methy-
lated in all normal somatic tissues. CG gene promoters appear therefore favorably 
disposed to DNA methylation-mediated regulation. Consistently, transfection exper-
iments with in vitro methylated CG gene constructs indicated that DNA methylation 
was suf fi cient to repress transcription, even in cells that express the corresponding 
endogenous CG gene, and therefore obviously contain appropriate transcriptional 
activators  [  17,   26,   27,   78,   89  ] . This and the above-mentioned observation that unm-
ethylated CG gene promoters are transcriptionally active in nonexpressing cells pro-
vided strong evidence that DNA methylation is an essential component of the 
repression of this group of germline-speci fi c genes in somatic cells. 

 More recently, genome-wide studies were conducted in order to identify the dis-
tribution of differentially methylated CpG sites across the genome of distinct types 
of human cells  [  77,   93  ] . These studies revealed the existence of novel sets of genes 
with a CpG-rich promoter that was densely methylated in somatic tissues (in addi-
tion to the previously characterized CG genes). Remarkably, most of these genes 
were speci fi cally demethylated and expressed in testis. It appears therefore that 
DNA methylation has a particular role in the regulation of germline-speci fi c genes. 

 Why would DNA methylation be particularly suitable for the regulation of genes 
with speci fi c expression in germline cells rather than in other cell types? A plausible 
explanation may be that methylation-dependent germline genes have the advantage 
of being little exposed to the evolutionary loss of methylated CpGs, because they 
are unmethylated precisely in the cells that transmit their genome to the offspring. 
As a result, such genes maintain a high density of CpG sites within their promoter 
and remain therefore fully responsive to DNA methylation.  

    7.5   Mechanisms Leading to Hypomethylation 
of CG Genes in Cancer 

 CG genes have served as model sequences to investigate the distribution and dynam-
ics of methylation losses in tumor genomes. Detailed analysis of the  MAGEA1  locus 
revealed preferential hypomethylation of a restricted region surrounding the tran-
scription start site of the gene in expressing tumor cells, suggesting that hypomethy-
lated CpG sites are unevenly distributed across cancer genomes  [  27  ] . Consistently, 
recent genome-wide DNA methylation studies con fi rmed that DNA hypomethyla-
tion in tumors adopts mosaic patterns, with de fi ned hypomethylated domains 
(between one kilobase and several megabases in size) surrounded by normally 
methylated regions  [  66,   71,   92  ] . These observations indicate that certain genomic 
regions, including CG promoters, are particularly susceptible to DNA hypomethy-
lation in tumors. 

 The possibility that  MAGEA1 -expressing tumor cells possess a DNA demethyla-
tion activity targeted towards the 5 ¢ -region of the gene was investigated  [  27,   58  ] . 
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Thus, a large genomic fragment comprising the  MAGEA1  gene was methylated 
in vitro and then stably transfected into several human tumor cell lines, where the 
endogenous  MAGEA1  gene is hypomethylated and active. The newly integrated 
 MAGEA1  transgenes did not undergo demethylation, indicating that the process that 
once led to demethylation of the endogenous  MAGEA1  gene was not preserved in 
these cells. Remarkably, when unmethylated  MAGEA1  constructs were introduced 
into such cells, de novo methylation of the transgenes occurred except in a region 
overlapping the  MAGEA1  promoter  [  27  ] . This mechanism of protection against 
de novo DNA methylation was lost when mutations that impair the  MAGEA1  pro-
moter activity were introduced into the transgene, or when the transgene was trans-
fected into tumor cells that induce only little  MAGEA1  promoter activity. Altogether, 
these data suggest that site-speci fi c hypomethylation of  MAGEA1  in tumors results 
from a past event of transient DNA demethylation and is maintained locally by the 
presence of potent transcriptional activators that prevent remethylation. 

 In vivo studies, evaluating global genome methylation levels in colon and breast 
cancers, demonstrated that DNA hypomethylation is present in the early stages of the 
disease, and does not progress towards later stages, adding support the transient 
nature of the DNA demethylation process  [  30,   41  ] . Other studies, however, reported 
a higher prevalence of genome hypomethylation and an increased frequency of CG 
gene activation in more advanced tumor stages  [  53,   100  ] . This was interpreted as an 
indication that DNA demethylation might instead be a continuous process leading to 
progressive methylation losses with tumor development. Other interpretations for the 
increased hypomethylation in advanced tumor genomes, which implicate a transient 
DNA demethylation process, are however possible: (1) transient demethylation 
would initially produce a mixed population of precancerous cells with varying levels 
of DNA hypomethylation, and cells with the most hypomethylated genome would 
later be selected to contribute to the more advanced stages of the disease; or (2) the 
transient demethylation process could occur at varying time points during tumor 
progression and would therefore be more likely to have already occurred in late stage 
tumor samples  [  22  ] . Additional support for a transient DNA demethylation process 
comes from the observation that tumor cell lines with a hypomethylated genome do 
not show further CpG methylation losses during culturing  [  32,   55,   94  ] . Of note, 
many tumor cells display instead de novo methylation activities  [  3,   43  ] . 

 Considering the suggested dynamics of DNA demethylation in tumors, it is rea-
sonable to propose that hypomethylation of CG genes in tumors is mediated by two 
groups of factors: those that contribute to the transient DNA demethylation process 
and those that are required to protect the CG gene promoter region against subse-
quent remethylation. 

    7.5.1   Process of DNA Demethylation 

 Factors contributing to the DNA demethylation process during cancer develop-
ment remain unknown. The apparent transient nature of this process suggests that 
activation of such demethylation-inducing factors might occur in association with 
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one (or several) of the multiple steps through which precancerous cells are 
 progressing before acquiring full malignancy. Interestingly, a recent study evaluat-
ing genome methylation levels in an isogenic series of human mammary epithelial 
cell cultures transitioning from normal to malignantly transformed revealed that 
most losses of DNA methylation occurred at the stage of acquisition of inde fi nite 
lifespan  [  67  ] . Another study reported that genome hypomethylation and CG gene 
activation is more prevalent in tumors displaying the alternative telomere (ALT) 
maintenance phenotype rather than telomerase activation, the two possible mecha-
nisms by which cancer cells stabilize their telomeres and acquire immortality  [  83  ] . 
These observations establish therefore a possible link between DNA demethyla-
tion and cellular immortalization. Underlying molecular mechanisms remain, 
however, to be identi fi ed. 

 Theoretically, DNA demethylation in tumor cells could possibly occur through 
two distinct processes commonly referred to as active demethylation and passive 
demethylation  [  16  ] . Active demethylation would involve the activation of demethy-
lating enzymes, which can remove methylation marks from the DNA in a replica-
tion-independent manner. Enzymes contributing to active DNA demethylation in 
animal cells are beginning to be characterized  [  16  ] , but their potential involvement 
in cancer genome demethylation has not yet been reported. Passive demethylation 
on the other hand, would rely on the inhibition of DNA methyltransferases, which 
normally preserve the DNA methylation marks through the successive replication 
cycles. Three DNA methyltransferases exist in mammals: DNMT1, DNMT3A, and 
DNMT3B  [  6  ] . DNMT1 is primarily involved in DNA methylation maintenance, as 
it appears to be specialized in copying preexisting methylation sites onto the newly 
synthesized strand during replication. DNMT3A and DNMT3B instead have 
de novo DNA methylation activity and are responsible for the establishment of new 
DNA methylation marks in the developing embryo. For CG genes in particular, 
studies based on targeted depletion of the distinct DNMTs indicate that DNMT1 is 
the principal enzyme for methylation maintenance  [  42,   57  ] . It is therefore likely that 
passive DNA demethylation of CG genes in tumors would necessarily involve fac-
tors that decrease the amount or impair proper functioning of DNMT1. In certain 
tumor cells, however, combined depletion of DNMT1 and DNMT3 enzymes was 
required to obtain ef fi cient demethylation and activation of CG genes  [  42,   95  ] . This 
indicates that de novo methyltransferases can be targeted to these genes, where they 
might restore lost methylation sites, and underscores the importance of acquiring 
mechanisms of protection against remethylation for long-term activation.  

    7.5.2   Factors that Protect Against Remethylation 

 Studies with the  MAGEA1  promoter suggest that protection of the promoter against 
DNA remethylation is dependent on the level of transcriptional activation  [  27  ] . It is 
therefore likely that maintenance of CG gene promoter hypomethylation in tumor 
cells relies on the presence of appropriate transcription factors, as well as on the 
activation of such factors by upstream signaling pathways. 
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 Several DNA-binding factors have been identi fi ed, which appear to induce 
 activation of CG gene promoters. Transcriptional activation of several genes of the 
 MAGEA  family has been shown to depend on the binding of ETS transcription fac-
tors within their promoter  [  21,   24  ] . Interestingly, ETS-binding sequences in  MAGEA  
promoters contain a CpG site, and it was shown that methylation of this site inhibits 
binding of the corresponding factor  [  25  ] . In the promoter of  MAGEA1 , two ETS-
binding sites were shown to be essential to maintain hypomethylation of the pro-
moter in expressing tumor cells, as evidenced by remethylation of transfected 
 MAGEA1  constructs containing mutations within these two essential promoter ele-
ments  [  27  ] . The ETS family of transcription factors comprises about 30 members in 
humans, which all bind a similar DNA motif with a central GGAA/T sequence  [  68  ] . 
The precise member(s) involved in the regulation of  MAGEA  genes remain(s) to be 
characterized. 

 SP1 is another transcription factor, which was shown to contribute to the activa-
tion of several  MAGEA  genes, as well as the  CTAG1  gene (also termed  NY-ESO-1 ) 
 [  24,   46  ] . The ubiquitously expressed SP1 factor acts as a transcriptional activator 
and recognizes a consensus DNA sequence (GC box element), which includes a 
CpG site  [  80  ] . SP1-binding elements are therefore often present in CG-rich pro-
moter sequences. Binding of SP1 to the  CTAG1  gene was shown to occur only in 
cells where the promoter is unmethylated  [  46  ] . Interestingly, SP1-binding elements 
were previously shown to be involved in preserving the methylation-free status of 
classical CpG-island promoters  [  13,   62  ] . It is therefore likely that, once bound to the 
demethylated promoter of CG genes, SP1 proteins contribute to protect the region 
against remethylation. 

 BORIS (also known as CTCFL) is a testis-speci fi c paralog of the ubiquitously 
expressed DNA-binding protein CTCF, which is involved in various aspects of epi-
genetic regulation, including gene imprinting and X chromosome inactivation  [  59  ] . 
Both proteins share a highly similar central DNA-binding domain, and recognize 
therefore overlapping DNA sequences, but contain divergent amino- and carboxy-
terminal domains. The gene-encoding BORIS belongs to the CG group of genes, as 
its expression is regulated by DNA methylation and becomes activated in a wide 
variety of tumors  [  38,   49,   87,   95  ] . Remarkably, it has been demonstrated that in 
expressing tumors cells, BORIS is targeted to the promoters of other CG genes, 
namely  MAGEA1  and  CTAG1 , where its recruitment coincides with loss of CTCF 
binding  [  40,   87  ] . BORIS exerts transcriptional activation of CG genes, possibly in 
cooperation with SP1 transcription factors  [  46,   87  ] . In one study, forced overexpres-
sion of BORIS led to demethylation (albeit only partially) and activation of various 
CG genes in normal human  fi broblasts, suggesting that BORIS activation in tumors 
might represent a primary triggering event for the epigenetic de-repression of other 
CG genes  [  87  ] . However, similar experiments from other groups did not con fi rm 
CG gene demethylation and activation resulting from BORIS overexpression  [  49, 
  97  ] . Moreover, it was found that many tumors display activation of various CG 
genes in the absence of BORIS expression. It is therefore unlikely that BORIS is a 
necessary factor for the derepression of other CG genes in tumors. Its presence in 
certain tumor cells may, however, facilitate maintenance of the hypomethylated and 
active state of CG gene promoters. 
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 Many more transcription factors involved in CG gene regulation remain to be 
identi fi ed, and it is likely that each particular CG gene is controlled by a distinct 
combination of transcription factors. Tissue-speci fi c differences in the content of 
transcription factors probably account for the fact that, while CG genes tend to be 
co-activated in hypomethylated tumors, some of them nevertheless show preferen-
tial activation in speci fi c tumor types  [  36,   56  ] . 

 Cell signaling through tyrosine kinase receptors appears to represent an addi-
tional level of control of CG gene regulation. A study in mast cell lines reported that 
signaling through KIT, an oncogenic receptor hyper-activated in several types of 
cancers, increases transcription of  MAGE  genes  [  99  ] . Other studies revealed that 
signaling through FGFR2, an FGF receptor often down-regulated in thyroid and 
pituitary cancers, exerts a negative effect on  MAGEA3  and  MAGEA6  transcription 
 [  51,   102  ] . It is therefore possible that particular dysregulations in cancers, such as 
those affecting cell signaling pathways, increase the activity of transcription factors 
that target CG genes, and thereby facilitate long-term activation of these genes in 
hypomethylated tumor cells. This may partially explain the observation that experi-
mental DNA demethylation, by the use of DNMT inhibitors, often induces CG gene 
activation more ef fi ciently in tumor cells than in normal cells  [  47  ] .  

    7.5.3   Histone Modi fi cations 

 Active CG gene promoters in tumors usually display a hypomethylated region that 
comprises one to several kilobases  [  27  ] . It is therefore likely that the protective 
in fl uence of transcription factors against DNA remethylation extends beyond their 
narrow-binding site. Consistently, impaired binding of ETS transcription factors to 
 MAGEA1  transgenes, as caused by mutations in their recognition sites, resulted in 
de novo methylation of CpG sites within the entire promoter region, not just those 
located nearby the mutated ETS-binding sites  [  27  ] . This regional, rather than site-
speci fi c effect, might be related to the presence of modi fi cations on the chromatin, 
such as histone modi fi cations, which after being initiated by speci fi c transcription 
factors often propagate themselves over larger domains  [  31  ] . Histone modi fi cations 
can indeed in fl uence DNA methylation states  [  15  ] . Repressive histone marks, such 
as methylation of lysine 9 and 27 of histone H3 (H3K9 and H3K27), favor local 
DNA methylation, whereas active marks, such as histone acetylation or methylation 
of lysine 4 of histone H3 (H3K4), appear to exclude the DNA methylation machin-
ery. Studies from several groups have shown that demethylation and activation of 
CG genes in tumor cells is always associated with gains in histone acetylation and 
H3K4 methylation  [  42,   70  ] . The repressed state of human CG genes instead has 
been associated to a certain extent with the presence of H3K27 and H3K9 methyla-
tion marks  [  42,   70  ] . The exact relationship between histone modi fi cations changes 
and DNA demethylation in CG gene promoters remains unclear. A crucial question 
is whether the varying histone modi fi cations in CG gene promoters are a cause or a 
consequence of DNA methylation alterations. Studies using inhibitors of histone-
modifying enzymes showed that these were on their own unable to induce signi fi cant 



158 C. De Smet and A. Loriot

demethylation and activation of CG genes. Only in combination with inhibitors of 
DNA methylation, did they signi fi cantly modulate the level of activation of CG 
genes  [  35,   54,   70  ] . These observations support the notion that DNA methylation 
exerts a dominant role in the epigenetic repression of CG genes. But it remains pos-
sible that histone modi fi cations assume the responsibility of maintaining the active 
status of the promoter following its demethylation.  

    7.5.4   Multiple Factors Determining CG Gene 
Activation in Tumors 

 Considering the above, it appears that activation of a particular CG gene in a tumor 
cell will depend on several factors: (1) the extent of CpG methylation losses result-
ing from the transient DNA demethylation process; (2) the level of de novo DNA 
methylation activities in the cell, which might induce remethylation of the pro-
moter; (3) the presence of transcriptional activators and histone-modifying enzymes 
capable of counteracting remethylation activities. The likelihood that a CG gene 
becomes activated in a tumor cell probably depends on a complex balance between 
these different factors (Fig.  7.1 ).    

    7.6   Oncogenic Function of CG Genes 

 Activation of CG genes in tumor cells raises the possibility that their proteins might 
have oncogenic activities. The biological function of most of these genes, which 
encode very diverse proteins, remains however poorly understood. One extreme 
possibility is that the main contribution of DNA hypomethylation to tumor progres-
sion resides in its repercussions on genomic instability  [  33  ] , and that the accompa-
nying activation of CG genes is merely a side effect with no impact on malignancy 
(other than inducing the expression of tumor antigens). Another possibility has been 
proposed, in which the concerted expression of CG genes in cancer would corre-
spond to the activation of a gametogenic program, thereby bestowing tumor cells 
with germ cell properties, including the capacity to self-renew (a feature of sper-
matogonial stem cells) and increased motility (a feature of sperm cells)  [  79  ] . 
Activation of CG genes in tumors is however only partial, making it very unlikely 
that all genes necessary for inducing a gametogenic program become expressed at 
the same time. Nevertheless, it remains possible that some CG genes contribute to 
tumor progression. Several MAGE proteins were found to inhibit p53 transactiva-
tion function, thereby exerting antiapoptotic properties  [  28,   64,   98  ] . GAGE proteins 
were also shown to render cells resistant to apoptosis  [  18  ] . Other studies reported 
that MAGEA11 serves as a co-stimulator for the androgen receptor and might there-
fore contribute to the development of prostate tumors that have become independent 
of the presence of androgen for their growth  [  4,   48  ] . Moreover, it was noted that 
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several CG genes, including  BORIS ,  BRDT,  and  ATAD2 , encode nuclear proteins 
that have a potential impact on chromatin structures and might therefore be involved 
in the epigenetic alterations commonly affecting cancer genomes  [  90  ] . Altogether, 
these observations support the notion that the activation of several CG genes in 
tumors, resulting from DNA demethylation, might be associated with the acquisi-
tion of oncogenic properties. 

 Surprisingly, however, two independent studies indicate that  MAGEA4  displays 
instead tumor-suppressor functions. In one study, MAGEA4 was shown to interact 
with gankyrin and to inhibit anchorage-independent growth in vitro and tumor for-
mation in mice  [  65  ] . In the other study, MAGEA4 was found to promote tumor cell 
death and to increase their sensitivity to apoptotic stimuli  [  69  ] . Clearly, more studies 
will be required before we can evaluate the full spectrum of consequences of CG 
gene activation in tumors.  

    7.7   DNA Hypomethylation in Cancer: An Immunological 
Paradox 

 There is now compelling evidence that the immune system is able to identify and 
destroy tumor cells  [  81  ] . This immune surveillance of cancer is believed to provide 
a barrier to cancer development, even though progressing tumors eventually escape 

  Fig. 7.1    Proposed model of demethylation and activation of CG genes during tumor development. 
The activation of CG genes in tumors depends on several factors: the extent of the transient DNA 
demethylation process, occurring at some step of tumor development; the level of counteracting 
de novo methylation activities in the cell; and the presence of transcriptional activators that protect the 
CG gene promoter against remethylation, for instance by increasing (+) or decreasing (−) distinct 
histone marks locally.  Filled circles  represent methylated CpG,  empty circles  unmethylated cytosines       
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this obstacle by activating a variety of immune evasion strategies. Evidence for the 
existence of such surveillance of cancer by the immune system is provided for 
instance by the observation that solid tumors are often in fi ltrated by lymphocytes. 
Not surprisingly, several of these tumor-in fi ltrating lymphocytes were shown to be 
directed against antigens encoded by CG genes  [  50  ] . This suggests therefore that 
DNA hypomethylation and the consequent activation of CG genes has, at least at 
some stage of oncogenesis, a detrimental effect on tumor development. Yet, DNA 
hypomethylation is observed in most tumors, suggesting that it must otherwise have 
a strong tumor-promoting effect that outweighs this negative immunogenic effect.  

    7.8   Epigenetically Assisted Cancer Immunotherapy 

 Clinical trials of therapeutic vaccination of cancer patients using antigens encoded 
by CG genes are underway. Noticeable clinical responses were observed, albeit in 
only a fraction of the treated patients  [  11  ] . An interesting possibility to increase vac-
cination ef fi ciencies would be the use of epigenetic drugs, such as the DNA methy-
lation inhibitor decitabine, which should increase the number of expressed CG 
genes in the tumors, thereby rendering them more visible to the immune system. 
Importantly, decitabine is expected to induce reactivation of epigenetically silenced 
tumor-suppressor genes as well, and hence to reduce the growth rate of the tumors 
at the same time. Clinical trials combining decitabine and vaccination against anti-
gens encoded by CG gene have been initiated  [  1  ] . 

 There are, however, several points concerning the ef fi ciency and safety of such 
approaches, which remain to be addressed. The  fi rst point concerns the speci fi city of 
decitabine-induced expression of CG genes in tumor cells rather than normal cells. 
Although studies have found that tumor cells are more sensitive to decitabine  [  47  ] , it 
is obvious that the drug also induces CG genes in normal cell cultures, including 
 fi broblasts and blood lymphocytes  [  25,   56,   61  ] . It will therefore be crucial to monitor 
decitabine/vaccine-treated patients for potential autoimmune reactions directed 
against their healthy tissues. Another concern relates to the duration of CG gene 
expression following decitabine treatment. Several studies have shown that CG gene 
expression in tumor cells was only transient following exposure to decitabine  [  26, 
  91  ] . This may be related to the absence of appropriate transcription factors, and 
hence lack of protection of the promoters against remethylation. The duration of CG 
gene expression in tumor cells may be critical to allow complete rejection by the 
immune cells. In this particular immune context, tumor cells that lose CG gene 
expression might be strongly selected. Prolonged decitabine treatment or combina-
tion with another epigenetic drug favoring protection of CG promoters against rem-
ethylation (e.g., drugs affecting histone marks) might be a solution to the problem. 
Finally, as genome hypomethylation is obviously associated with tumor develop-
ment, there is a concern that decitabine treatment may generate strongly hypomethy-
lated tumor cells with increased malignancy  [  33  ] . This is particularly problematic if 
it is con fi rmed that CG genes themselves exert oncogenic functions. 
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 Clearly, a better understanding of the mechanisms of activation and of the bio-
logical functions of CG genes should help to resolve these questions, and may help 
to design the most ef fi cient and safest ways to epigenetically augment tumor immu-
nogenicity, thereby rendering cancer cells more vulnerable to vaccination.      
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  Abstract   Most cases of colon cancer are initiated by mutation or loss of the tumor 
suppressor gene adenomatous polyposis coli ( APC ). APC controls many cellular 
functions including intestinal cell proliferation, differentiation, migration, and 
polarity. This chapter focuses on the role of APC in regulating a recently identi fi ed 
DNA demethylase system, consisting of a cytidine deaminase and a DNA glycosy-
lase. A global decrease in DNA methylation is known to occur soon after loss of 
APC; however, how this occurs and its contribution to tumorigenesis has been 
unclear. In the absence of wild-type  APC , ectopic expression of the DNA demethy-
lase system leads to the hypomethylation of speci fi c loci, including intestinal cell 
fating genes, and stabilizes intestinal cells in an undifferentiated state. Further, mis-
regulation of this system may in fl uence the acquisition of subsequent genetic muta-
tions that drive tumorigenesis.      

 Colon cancer is the second leading cause of cancer-related death in the western 
world  [  1  ] . Truncating mutations in the tumor suppressor gene (TSG) adenomatous 
polyposis coli ( APC ) underlie 70–80% of sporadic colon cancers, and germ line 
mutations in  APC  cause familial adenomatous polyposis (FAP) syndrome, which 
inevitably leads to colon cancer unless the colon is removed  [  2,   3  ] . Mutations in 
 APC  are observed in early intestinal lesions including aberrant crypt foci, and their 
frequency is similar in benign adenomas and advanced stage carcinomas, suggest-
ing that the loss of  APC  function initiates tumorigenesis  [  4  ] . Additional genetic and 
epigenetic events affect the rate of tumor progression. Changes in DNA methylation 
are detected in early stage adenomas, and can be classi fi ed as drivers or passengers 
of tumor progression, analogous to genetic mutations  [  5–  8  ] . Mutations that activate 
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the oncogene  KRAS  are infrequent in small polyps but are common in larger, less 
differentiated adenomas  [  9  ] . Loss of p53 function appears to arise even later in 
tumor progression and is observed mostly in carcinomas  [  10  ] . Technological 
advances in genome and epigenome analyses should facilitate extensive character-
ization of the spectrum, sequence, and interdependence of the molecular events that 
promote colon cancer and should also enable the development of more precise, 
personalized diagnoses and treatments. 

    8.1   Tumor Suppressor Functions of APC 

 A well-appreciated role for  APC  in tumor suppression is as a negative regulator of 
Wnt signaling  [  11  ] . In the absence of Wnt signaling,  APC  forms a destruction com-
plex with Axin and two kinases, casein kinase 1 and glycogen syntase kinase 3 b , 
that phosphorylate the transcriptional co-activator  b -catenin. Phosphorylated 
 b -catenin is then ubiquitinated and targeted for proteasomal degradation. Wnt sig-
naling inhibits the formation of the destruction complex, thereby stabilizing 
 b -catenin, which subsequently translocates to the nucleus, binds to the transcription 
factor TCF4, and activates target genes such as  c-myc  and  cyclin D1 . Deleterious 
mutations in  APC  stabilize  b -catenin and are thus thought to trigger ectopic Wnt 
signaling. This, in turn, affects multiple cellular functions including adhesion, 
migration, apoptosis, and proliferation. Consistent with this model, stabilizing 
mutations within the gene encoding  b -catenin are suf fi cient to initiate adenoma for-
mation in transgenic mice and are associated with about 7% of sporadic colon can-
cers  [  12–  14  ] . 

 At the same time, a number of studies have suggested that loss of APC function 
is not suf fi cient to induce Wnt signaling. For example, tissues lacking functional 
APC do not always exhibit the predicted nuclear localization of  b -catenin associ-
ated with activated Wnt signaling  [  15  ] . Blaker et al. showed that early adenomas 
with mild dysplasia displayed elevated levels of  b -catenin in the cytoplasm but not 
the nucleus, whereas  b -catenin was nuclear only in late stage adenomas. In addition, 
Anderson et al. examined grossly uninvolved and adenoma tissues taken from FAP 
patients and were unable to identify unambiguous staining for nuclear  b -catenin in 
over 90% of the adenomas  [  16  ] . Recent advances suggest that Wnt signaling induces 
posttranslational modi fi cations of  b -catenin that regulate its subcellular localization 
and function as a transcriptional co-activator with TCF4. For instance,  b -catenin is 
upregulated but con fi ned to the cytoplasm in the intestines of homozygous  apc  
mutant zebra fi sh ( apc   mcr  ) embryos  [  17  ] . These mutant zebra fi sh display a decrease 
in the number of intestinal epithelial cells, consistent with reduced Wnt signaling 
and cell proliferation. This study showed that activation of EGF signaling was 
required to cooperate with loss of APC in order to stimulate nuclear translocation of 
 b -catenin, activate Wnt signaling, and induce proliferation in  apc   mcr   mutant  fi sh. 
The nuclear accumulation of  b -catenin depended on Rac1 and Jnk2 activity, extend-
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ing previous observations that these kinases are required for canonical Wnt signal-
ing during mouse development  [  18  ] . Similarly, the detection of nuclear  b -catenin in 
advanced human colon adenomas is coincident with increased levels of phospho-
cJun, an indicator of JNK activity. Thus, loss of APC appears to stabilize  b -catenin 
without necessarily inducing nuclear translocation and activation of target genes. In 
this model, aberrant Wnt/ b -catenin signaling is a distinct event that contributes to 
tumor progression after loss of APC. 

 Indeed, the mechanism of tumor initiation following loss of APC activity may 
involve functions that are independent of  b -catenin. For instance, APC binds to 
microtubules and regulates mitotic spindle dynamics, which in turn may in fl uence 
many cellular functions, including chromosome segregation, genomic stability, and 
cell polarity  [  19–  21  ] . APC was recently shown to promote asymmetric division of 
intestinal stem cells, possibly by affecting cell shape  [  22  ] . In addition, APC also 
acts as a positive regulator of retinoic acid (RA) biosynthesis, and, as a result, intes-
tinal cell fate speci fi cation  [  23–  26  ] . Retinoic acid is known to play important roles 
in controlling cell patterning, fate, and differentiation through the binding and acti-
vation of speci fi c RA receptors, retinoid A receptors (RAR a , RAR b , and RAR g ), or 
retinoid X receptors (RXR a , RXR b , and RXR g )  [  27  ] . These receptors belong to the 
nuclear hormone receptor superfamily and are thought to act, following ligand bind-
ing, as direct activators or repressors of gene transcription  [  28  ] . A number of studies 
have implicated retinoids in normal colonocyte function and in the development of 
colon neoplasms. Compelling evidence for retinoic acid in intestinal development 
comes from previous studies demonstrating that retinol dehydrogenases Rdh1 and 
Rdh1l were essential for normal development and in intestinal differentiation in 
zebra fi sh  [  25,   26  ] . Speci fi cally, knockdown of either Rdh1 or Rdh1l function 
resulted in well-known RA-de fi cient phenotypes including loss of pectoral  fi n for-
mation, lack of jaw development, small eyes, absence of differentiated exocrine 
pancreas, and aberrant intestinal development. Further studies demonstrated a clear 
genetic connection between loss of APC and impaired retinoic acid biosynthesis. 
 apc   mcr   zebra fi sh lack rdhs expression and share a number of developmental pheno-
types present in rdh-de fi cient  fi sh. In addition, exogenous retinoic acid can improve 
developmental abnormalities in APC-de fi cient zebra fi sh, including failed intestinal 
cell differentiation. Despite the data implicating retinoic acid in intestinal cell func-
tions, the direct functions of retinoic acid in this context remained unexplained.  

    8.2   Aberrant DNA Methylation Is Associated with Colon 
Cancer Progression 

 Retinoic acid induces cell differentiation of different cell types in vitro and in vivo and 
is thus associated with changes in DNA methylation  [  28–  30  ] . About 4% of cytosines 
in a vertebrate genome are methylated by the action of DNA methyltransferases 
(Dnmt)  [  31  ] . Methylcytosine can further be converted to hydroxymethylcytosine, 
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formylmethylcytosine, and carboxymethylcytosine  [  32–  34  ] . Methylated cytosine 
usually occurs at CpG dinucleotides, although signi fi cant cytosine methylation out-
side the CpG context is observed in embryonic stem cells and induced pluripotent 
cells  [  35  ] . Methylated CpG sites are enriched within repetitive sequences such as long 
interspersed nuclear elements (LINEs) and satellites. Dense methylation of these 
regions contributes to genomic stability by silencing retrotransposons and suppressing 
recombination. In contrast, CpG islands, which are short CpG-rich regions frequently 
found within promoters, tend to be unmethylated in normal tissue  [  36  ] . CpG island 
shores, which are regions located outside of gene promoters but within 2 kb of CpG 
islands, are differentially methylated in pluripotent cells, different tissues and tumors 
 [  37,   38  ] . Methylation of CpG islands and CpG island shores is associated with gene 
silencing; however, DNA methylation within gene bodies and intergenic regions has 
been shown to promote transcription  [  39  ] . In addition, DNA methylation was recently 
shown to in fl uence alternative splicing  [  40  ] . Thus, speci fi c patterns of DNA methyla-
tion throughout the genome regulate genomic stability and cell-type-speci fi c gene 
expression. 

 Aberrant DNA methylation occurs soon after loss of APC, and evidence suggests 
that it promotes cancer progression. Widespread DNA hypomethylation, inferred 
from a decrease in LINE-1 methylation, is observed in small adenomas as well as 
late-stage carcinomas. It was recently shown that most of this hypomethylation cor-
responds to large, discrete blocks encompassing half the genome and consisting of 
repetitive sequences as well as genes  [  41  ] . Genes within these hypomethylated 
blocks displayed increased expression variability in different cancer samples, but 
were not expressed in normal samples, and it was postulated that this stochastic 
gene expression may contribute to tumor heterogeneity and facilitate the survival of 
cancer cells in different environments. Demethylation is thought to induce genomic 
instability by activating retrotransposons and by increasing the frequency of recom-
bination events within repetitive heterochromatin. In addition, hypomethylation 
could contribute to the chromatin restructuring and nuclear disorganization associ-
ated with cancer cells. Smaller regions outside of these blocks were also differen-
tially methylated relative to normal tissue. Hypomethylation was typically observed 
at CpG island shores and correlated with increased gene expression. In contrast, 
hypermethylation was associated with CpG islands and gene silencing. The genes 
that were identi fi ed as differentially methylated in colon cancer are enriched for 
those that are normally differentially methylated between tissues and appear to 
function in pluripotency, differentiation, and cell fate speci fi cation.  

    8.3   APC Regulates DNA Demethylation and Cell 
Fate Through Retinoic Acid 

 DNA methylation may be lost passively or actively removed. Passive demethylation 
occurs when unmethylated cytosine is incorporated into DNA during replication in 
the absence of maintenance Dnmt activity. In contrast, during active demethylation 
methylated cytosines are replaced with unmethylated ones by an enzymatic process 
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independent of DNA replication. Both mechanisms of demethylation likely contrib-
ute to the DNA hypomethylation observed in tumors. An age-dependent decrease of 
methylation has been observed both in normal tissues and in tumors, consistent with 
errors in methylated cytosine replication  fi delity  [  42  ] . This passive, gradual loss of 
DNA methylation could facilitate tumor initiation or progression by triggering 
genomic instability and changes in gene expression. 

 Genetic mutations may also lead to aberrant DNA demethylation. Recently, it 
was shown that homozygous  apc   mcr   zebra fi sh embryos have reduced DNA methyla-
tion at the promoters of genes implicated in intestinal cell fate speci fi cation and 
colorectal cancer, such as  hoxd13a  and  pitx2   [  43  ] . Moreover, these APC-de fi cient 
embryos had upregulated the components of a DNA demethylase system, including 
the cytidine deaminases Aid and Apobec2a, the thymine glycosylase Mbd4, and the 
DNA repair protein Gadd45 a   [  44,   45  ] . Knockdown of Mbd4 or of the cytosine 
deaminases in  apc   mcr   zebra fi sh embryos restored methylation levels. In addition, 
human colon adenoma samples harboring germ line  APC  mutations also showed 
reduced DNA methylation at the corresponding loci and upregulation of Aid, Mbd4, 
and Gadd45 a . Thus, APC prevents hypomethylation of key intestinal fating and 
colorectal cancer genes by repressing the demethylase system. 

 The upregulation of the demethylase system upon loss of APC was shown to be 
a consequence of loss of RA production, not misregulated Wnt signaling. Treatment 
of mutant zebra fi sh embryos with all-trans retinoic acid, which restores RA levels, 
but not a pharmacological inhibitor of Cox2, which reduces  b -catenin levels down-
stream of activated Wnt signaling, precluded the upregulation of Aid, Mbd4, and 
Gadd45 a . Further, pharmacological inhibition of RA production in wild-type, adult 
zebra fi sh also increased the expression of the demethylase genes and reduced cyto-
sine methylation. Together these observations indicated that DNA demethylation 
and the expression of the demethylase system are regulated by RA production 
downstream of APC  [  43  ] . 

 Genetic or epigenetic deregulation of genes controlling cell fate decisions can 
lead to tumorigenesis by precluding the differentiation of progenitor cells  [  43  ] . 
Indeed, DNA hypomethylation of  apc   mcr   zebra fi sh embryos is associated with an 
expansion of intestinal progenitor cells, revealed by the promoter demethylation 
and increased expression of intestinal cell fating genes and of  aldh1a2 , a marker of 
colon crypt progenitor cells, and by the decreased expression of a marker for intes-
tinal differentiation,  fabp2 . Knockdown of the demethylase system components 
induced intestinal differentiation, indicating that hypomethylation is required to sta-
bilize intestinal cells in a progenitor-like state. In addition, increased cell prolifera-
tion was observed in the brain of  apc   mcr   zebra fi sh embryos, and this also depended 
on the demethylase system. Patterning defects were excluded since the mutant 
embryos expressed primordial brain and intestinal markers. These data support a 
role for APC in cell fate speci fi cation and differentiation through the regulation of 
RA production and, in turn, DNA methylation. Thus, loss of APC may initiate tum-
origenesis in part by hypomethylating and deregulating cell fate genes, resulting in 
the expansion of proliferative, progenitor-like cells. 

 The proposed mechanism of demethylation by this system couples enzyme-me-
diated deamination of methylated cytosine (me-dC), to produce thymine (dT), with 
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glycosylase-mediated base excision repair to replace the dG:dT mismatch with a 
dG:dC base pair  [  45  ] . Aid, Mbd4, and Gadd45 a  were shown promote demethyla-
tion of a methylated, double-stranded DNA fragment injected into wild-type 
zebra fi sh embryos, and also of bulk genomic DNA. The injected DNA fragment is 
not replicated, excluding a passive mechanism of demethylation arising from rounds 
of DNA replication without subsequent cytosine methylation of the newly synthe-
sized strand. Further, co-expression of Aid with a catalytic mutant of Mbd4 in 
zebra fi sh embryos stabilized the dG:dT mismatches that would be generated by 
deamination. Indeed, Aid and a related cytosine deaminase Apobec1 have been 
shown to deaminate me-dC to dT within single-stranded DNA in vitro  [  46  ] . 
Nevertheless, the  fi eld awaits biochemical support for the proposed mechanism and 
insight into how Aid accesses me-dC within duplex DNA. Given that Mbd4 can 
recognize and extrude me-dC from duplex DNA, this component of the demethy-
lase system could both target the deaminase to me-dC and promote substrate acces-
sibility  [  47,   48  ] . Consistent with this model, Mbd4 was required not only for repair 
of the dG:dT mismatch, but also for Aid-mediated deamination of me-dC in zebra fi sh 
embryos. Moreover, Gadd45 a  appears to stabilize the physical interaction of Mbd4 
with Aid  [  45  ] . The stable association of a deaminase with a glycosylase may be 
important not only for targeting demethylation but also for mediating the repair of 
the dG:dT intermediate. 

 That APC may suppress tumor formation partly through negative regulation of 
DNA demethylase components is consistent with previous observations. Mice car-
rying the APC multiple intestinal neoplasia ( Apc   min  ) mutant allele, which produces 
truncated APC, develop intestinal lesions similar to human FAP and are frequently 
employed as a mouse model for colon carcinogenesis. Interestingly, genetic dele-
tion of the cytidine deaminase Apobec1 reduced adenoma formation in  Apc   min/+   
mice  [  49  ] . Apobec1 is highly expressed in the small intestine and targets a number 
of mRNAs for C to U editing  [  50  ] . It had previously been shown that Apobec1 binds 
and stabilizes cyclooxygenase 2 (Cox2) mRNA in vitro  [  51  ] . Adenomas from 
 Apc   min/+    Apobec-1  −/−  mice displayed decreased expression of Cox2 and it was sug-
gested that this could account for the reduced tumor burden. This model is consis-
tent with previous reports that Cox2 expression is increased in adenomas, and that 
genetic or pharmacological inhibition of Cox2 also decreases polyp formation in 
APC mutant mice  [  52  ] . However, Apobec1 can also deaminate DNA, and this activ-
ity may also promote tumor progression. Deamination of dC or me-dC results in 
transitions to dT, and Apobec-1 knockout mice would be predicted to have a reduced 
frequency of these mutations. This in turn could decrease polyp initiation by pre-
venting second-hit mutations. In addition, given that components of the DNA dem-
ethylase system are ectopically expressed in the absence of APC, Apobec1 may also 
cooperate with a thymine glycosylase to promote DNA demethylation, altered gene 
expression, and the expansion of intestinal progenitor cells in  Apc   min/+   mice. Thus, 
 Apc   min/+    Apobec-1  −/−  mice may display reduced adenoma formation in part due to 
reduced transition mutations and to restored DNA methylation patterns and 
 differentiation of intestinal progenitor cells. 

 In considering the development of APC loss-dependent colorectal cancer, it is 
plausible to envision a role for DNA demethylation given its role in reprogramming 
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in other systems. Genome-wide demethylation of the paternal genome in the mam-
malian zygote occurs within hours after fertilization  [  53–  55  ] . Later in embryogen-
esis, during speci fi cation of mouse primordial germ cells, the cytosine methylation 
that underlies parental imprints is erased and pluripotency is reestablished  [  56,   57  ] . 
Interestingly, genome-wide bisulphite sequencing analysis revealed an increase in 
global DNA methylation levels in PGCs derived from Aid-null embryos relative to 
wild-type embryos  [  58  ] . However, signi fi cant demethylation occurred even in the 
absence of Aid, suggesting that this process may involve other deaminases like 
Apobec1  [  46  ]  or another mechanism. Similarly, reduced levels of DNA demethyla-
tion in zebra fi sh required simultaneous knockdown of Aid and Apobec2  [  45  ] , sug-
gesting redundancy among members of the Aid/Apobec family. DNA demethylation 
is also a rate-limiting step for reprogramming somatic cells to a pluripotent state 
 [  59–  61  ] . Indeed, Aid was required for the demethylation and induction of pluripo-
tency genes in heterokaryons generated by fusing mouse embryonic stem (ES) cells 
with human  fi broblasts. Importantly, Aid-mediated DNA demethylation did not 
require cell proliferation or DNA replication, providing further support for a role for 
Aid in active DNA demethylation. Prior to cell fusion, Aid is bound to distinct, 
methylated promoters in each cell type. For instance, Aid associates with the methy-
lated promoters of Oct4 and Nanog in  fi broblasts, but not with their unmethylated 
promoters in ES cells  [  61  ] . These observations suggest that cell-type-speci fi c fac-
tors stimulate Aid’s deaminase activity at methylated target loci. Thus, active DNA 
demethylation mechanisms employing deaminases stabilize a pluripotent state in 
different biological contexts. 

 The misregulation of the demethlyase system in APC-de fi cient animals may also 
reconcile some apparent contradictions arising from previous studies. Adenoma 
formation in  Apc   min/+   mice is suppressed either by pharmacologic inhibition of Dnmt 
activity with 5-aza-deoxycytidine or by genetic loss of the DNA methyltransferase 
 Dnmt1  or  Dnmt3b   [  62–  65  ] . However, 5-aza-deoxycytidine did not preclude microad-
enoma formation, nor did it preclude adenoma progression once a polyp had formed, 
suggesting an irreversible event occurs prior to, and is required for, the transition to 
a macroadenoma. Microadenomas have lost the wild-type allele of  APC , indicating 
that this step is not rate limiting for macroadenoma formation. One explanation for 
these  fi ndings could be that hypermethylation and silencing of TSGs is required for 
tumor growth, and that reducing Dnmt activity inhibits this step  [  66,   67  ] . It has been 
shown that the CpG islands upstream of some TSGs are methylated in some cells 
within the normal intestinal mucosa of  Apc   min/+   mice, and that their methylation 
increases in polyps  [  62  ] . Genetic loss of  Dnmt1  reduced the extent of methylation at 
these sites in both normal mucosa and polyps, and reduced polyp formation, extend-
ing the correlation between localized methylation and tumor growth. Although 
these observations are consistent with a reduction in TSG expression promoting 
tumor progression, DNA methylation could also contribute to tumorigenesis by 
affecting the rate and spectrum of genetic mutations  [  68,   69  ] . Spontaneous or enzy-
matic deamination of me-dC yields dT, resulting in a dC to dT transition mutation 
if it is not repaired prior to replication. Transition mutations at CpG dinucleotides, 
the target for DNA methylation, contribute signi fi cantly to tumorigenesis despite 
the under-representation of CpG in the genome  [  70,   71  ] . Loss of  APC  could increase 
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the rate of dC to dT transitions due to the upregulation of deaminases such as Aid 
and Apobec2  [  43  ] . Thus, in addition to stabilizing a progenitor-like state, loss of 
 APC  and deregulation of the DNA demethylase system may separately contribute to 
tumorigenesis by increasing the likelihood of second-hit transition mutations. In 
this model, inhibition of Dnmt activity would suppress adenoma formation upon 
loss of  APC  by reducing the levels of me-dC, a substrate for deamination, which 
ultimately decreases the frequency of tumor-promoting dC to dT transitions. 
Similarly, genetic loss of Mbd4, which can repair the dT generated by deamination 
of me-dC, increased the rate of dC to dT transitions at CpG dinucleotides and accel-
erated intestinal tumorigenesis in APC mutant mice  [  72,   73  ] . 

 The above  fi ndings support a new model linking loss of APC, impaired intestinal 
differentiation, and tumor initiation to RA-mediated control of DNA methylation 
dynamics. APC serves a critical role in cell fate speci fi cation by positive regulation 
of RA production and, in turn, inhibition of the DNA demethylase system (Fig.  8.1 ). 

Mitotically active,
Undifferentiated Intestinal Cell

Retinoic Acid
Demethylation
C to T transitions

Second-hit
mutation

Tumor Progression

APC mutant:
Cell Specification Defect
Tumor Initiation

APC wild-type

Mitotically inactive,
Differentiated cell 

Retinoic Acid
Demethylation
C to T transitions

Expansion of
Undifferentiated
Intestinal Cells

  Fig. 8.1    In the intestine, APC promotes differentiation through the production of retinoic acid and 
the negative regulation of DNA demethylase components. In APC mutants, there is decreased 
retinoic acid production, maintaining cells in an undifferentiated state due to the continued expres-
sion of the demethylase system and of genes controlling cell fate and proliferation. In addition, 
expression of the demethylase system may promote C to T transition mutations. Both the cell 
speci fi cation defect and accumulation of second-hit mutations upon loss of APC may contribute to 
tumorigenesis       
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In the absence of APC function, there is an expansion of intestinal progenitor cells. 
Further, the misregulation of deaminases downstream of loss of APC may lead to an 
increased frequency of second-hit mutations. In this way, loss of APC may both 
directly and indirectly affect tumor initiation and progression.       

   References 

    1.    Markowitz SD (2007) Aspirin and colon cancer–targeting prevention? N Engl J Med 
356(21):2195–2198  

    2.    Bienz M, Clevers H (2000) Linking colorectal cancer to Wnt signaling. Cell 103(2): 311–320  
    3.    Fearon ER (2011) Molecular genetics of colorectal cancer. Annu Rev Pathol 6:479–507  
    4.    Kinzler KW, Vogelstein B (1996) Lessons from hereditary colorectal cancer. Cell 87(2):159–170  
    5.    Sunami E et al (2011) LINE-1 hypomethylation during primary colon cancer progression. 

PLoS One 6(4):e18884  
    6.    Feinberg AP et al (1988) Reduced genomic 5-methylcytosine content in human colonic neo-

plasia. Cancer Res 48(5):1159–1161  
    7.    Cravo M et al (1996) Global DNA hypomethylation occurs in the early stages of intestinal type 

gastric carcinoma. Gut 39(3):434–438  
    8.    Goelz SE et al (1985) Hypomethylation of DNA from benign and malignant human colon 

neoplasms. Science 228(4696):187–190  
    9.    Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumorigenesis. Cell 61(5):759–767  
    10.    Baker SJ et al (1990) p53 gene mutations occur in combination with 17p allelic deletions as 

late events in colorectal tumorigenesis. Cancer Res 50(23):7717–7722  
    11.    Clevers H (2006) Wnt/beta-catenin signaling in development and disease. Cell 127(3):469–480  
    12.    Sparks AB et al (1998) Mutational analysis of the APC/beta-catenin/Tcf pathway in colorectal 

cancer. Cancer Res 58(6):1130–1134  
    13.    Morin PJ et al (1997) Activation of beta-catenin-Tcf signaling in colon cancer by mutations in 

beta-catenin or APC. Science 275(5307):1787–1790  
    14.    Romagnolo B et al (1999) Intestinal dysplasia and adenoma in transgenic mice after overex-

pression of an activated beta-catenin. Cancer Res 59(16):3875–3879  
    15.    Blaker H et al (2003) Somatic mutations in familial adenomatous polyps. Nuclear transloca-

tion of beta-catenin requires more than biallelic APC inactivation. Am J Clin Pathol 
120(3):418–423  

    16.    Anderson CB, Neufeld KL, White RL (2002) Subcellular distribution of Wnt pathway proteins 
in normal and neoplastic colon. Proc Natl Acad Sci USA 99(13):8683–8688  

    17.    Phelps RA et al (2009) A two-step model for colon adenoma initiation and progression caused 
by APC loss. Cell 137(4):623–634  

    18.    Wu X et al (2008) Rac1 activation controls nuclear localization of beta-catenin during canoni-
cal Wnt signaling. Cell 133(2):340–353  

    19.    Caldwell CM, Green RA, Kaplan KB (2007) APC mutations lead to cytokinetic failures 
in vitro and tetraploid genotypes in Min mice. J Cell Biol 178(7):1109–1120  

    20.    Caldwell CM, Kaplan KB (2009) The role of APC in mitosis and in chromosome instability. 
Adv Exp Med Biol 656:51–64  

    21.    Green RA, Wollman R, Kaplan KB (2005) APC and EB1 function together in mitosis to regu-
late spindle dynamics and chromosome alignment. Mol Biol Cell 16(10):4609–4622  

    22.    Quyn AJ et al (2010) Spindle orientation bias in gut epithelial stem cell compartments is lost 
in precancerous tissue. Cell Stem Cell 6(2):175–181  

    23.    Jette C et al (2004) The tumor suppressor adenomatous polyposis coli and caudal related 
homeodomain protein regulate expression of retinol dehydrogenase L. J Biol Chem 
279(33):34397–34405  



176 A. Andersen and D.A. Jones

    24.    Nadauld LD et al (2006) Adenomatous polyposis coli control of C-terminal binding protein-1 
stability regulates expression of intestinal retinol dehydrogenases. J Biol Chem 281(49): 
37828–37835  

    25.    Nadauld LD et al (2004) Adenomatous polyposis coli control of retinoic acid biosynthesis is 
critical for zebra fi sh intestinal development and differentiation. J Biol Chem 279(49): 
51581–51589  

    26.    Nadauld LD et al (2005) The zebra fi sh retinol dehydrogenase, rdh1l, is essential for intestinal 
development and is regulated by the tumor suppressor adenomatous polyposis coli. J Biol 
Chem 280(34):30490–30495  

    27.    Mark M, Ghyselinck NB, Chambon P (2009) Function of retinoic acid receptors during embry-
onic development. Nucl Recept Signal 7:e002  

    28.    Duester G (2008) Retinoic acid synthesis and signaling during early organogenesis. Cell 
134(6):921–931  

    29.    Deb-Rinker P et al (2005) Sequential DNA methylation of the Nanog and Oct-4 upstream 
regions in human NT2 cells during neuronal differentiation. J Biol Chem 280(8):6257–6260  

    30.    Fisher CL, Fisher AG (2011) Chromatin states in pluripotent, differentiated, and reprogrammed 
cells. Curr Opin Genet Dev 21(2):140–146  

    31.    Wild L, Flanagan JM (2010) Genome-wide hypomethylation in cancer may be a passive con-
sequence of transformation. Biochim Biophys Acta 1806(1):50–57  

    32.    Ito S et al (2011) Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-car-
boxylcytosine. Science 333(6047):1300–1303  

    33.    Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine is present in 
Purkinje neurons and the brain. Science 324(5929):929–930  

    34.    Tahiliani M et al (2009) Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mam-
malian DNA by MLL partner TET1. Science 324(5929):930–935  

    35.    Lister R et al (2009) Human DNA methylomes at base resolution show widespread epigenomic 
differences. Nature 462(7271):315–322  

    36.    Deaton AM, Bird A (2011) CpG islands and the regulation of transcription. Genes Dev 
25(10):1010–1022  

    37.    Doi A et al (2009) Differential methylation of tissue- and cancer-speci fi c CpG island shores 
distinguishes human induced pluripotent stem cells, embryonic stem cells and  fi broblasts. Nat 
Genet 41(12):1350–1353  

    38.    Irizarry RA et al (2009) The human colon cancer methylome shows similar hypo- and hyper-
methylation at conserved tissue-speci fi c CpG island shores. Nat Genet 41(2):178–186  

    39.    Wu H et al (2010) Dnmt3a-dependent nonpromoter DNA methylation facilitates transcription 
of neurogenic genes. Science 329(5990):444–448  

    40.    Shukla S et al (2011) CTCF-promoted RNA polymerase II pausing links DNA methylation to 
splicing. Nature 479(7371):74–79  

    41.    Hansen KD et al (2011) Increased methylation variation in epigenetic domains across cancer 
types. Nat Genet 43(8):768–775  

    42.    Suzuki K et al (2006) Global DNA demethylation in gastrointestinal cancer is age dependent 
and precedes genomic damage. Cancer Cell 9(3):199–207  

    43.    Rai K et al (2010) DNA demethylase activity maintains intestinal cells in an undifferentiated 
state following loss of APC. Cell 142(6):930–942  

    44.    Barreto G et al (2007) Gadd45a promotes epigenetic gene activation by repair-mediated DNA 
demethylation. Nature 445(7128):671–675  

    45.    Rai K et al (2008) DNA demethylation in zebra fi sh involves the coupling of a deaminase, a 
glycosylase, and gadd45. Cell 135(7):1201–1212  

    46.    Morgan HD et al (2004) Activation-induced cytidine deaminase deaminates 5-methylcytosine 
in DNA and is expressed in pluripotent tissues: implications for epigenetic reprogramming. 
J Biol Chem 279(50):52353–52360  

    47.    Hendrich B et al (1999) Genomic structure and chromosomal mapping of the murine and 
human Mbd1, Mbd2, Mbd3, and Mbd4 genes. Mamm Genome 10(9):906–912  



1778 APC and DNA Demethylation in Cell Fate Speci fi cation and Intestinal Cancer

    48.    Wu P et al (2003) Mismatch repair in methylated DNA. Structure and activity of the mismatch-
speci fi c thymine glycosylase domain of methyl-CpG-binding protein MBD4. J Biol Chem 
278(7):5285–5291  

    49.    Blanc V et al (2007) Deletion of the AU-rich RNA binding protein Apobec-1 reduces intestinal 
tumor burden in Apc(min) mice. Cancer Res 67(18):8565–8573  

    50.    Rosenberg BR et al (2011) Transcriptome-wide sequencing reveals numerous APOBEC1 
mRNA-editing targets in transcript 3 ¢  UTRs. Nat Struct Mol Biol 18(2):230–236  

    51.    Anant S et al (2004) Apobec-1 protects intestine from radiation injury through posttranscrip-
tional regulation of cyclooxygenase-2 expression. Gastroenterology 127(4):1139–1149  

    52.    Oshima M et al (1996) Suppression of intestinal polyposis in Apc delta716 knockout mice by 
inhibition of cyclooxygenase 2 (COX-2). Cell 87(5):803–809  

    53.    Mayer W et al (2000) Demethylation of the zygotic paternal genome. Nature 403(6769): 
501–502  

    54.    Oswald J et al (2000) Active demethylation of the paternal genome in the mouse zygote. Curr 
Biol 10(8):475–478  

    55.    Santos F et al (2002) Dynamic reprogramming of DNA methylation in the early mouse embryo. 
Dev Biol 241(1):172–182  

    56.    Hajkova P et al (2002) Epigenetic reprogramming in mouse primordial germ cells. Mech Dev 
117(1–2):15–23  

    57.    Feng S, Jacobsen SE, Reik W (2010) Epigenetic reprogramming in plant and animal develop-
ment. Science 330(6004):622–627  

    58.    Popp C et al (2010) Genome-wide erasure of DNA methylation in mouse primordial germ 
cells is affected by AID de fi ciency. Nature 463(7284):1101–1105  

    59.    Simonsson S, Gurdon J (2004) DNA demethylation is necessary for the epigenetic reprogram-
ming of somatic cell nuclei. Nat Cell Biol 6(10):984–990  

    60.    Mikkelsen TS et al (2008) Dissecting direct reprogramming through integrative genomic anal-
ysis. Nature 454(7200):49–55  

    61.    Bhutani N et al (2010) Reprogramming towards pluripotency requires AID-dependent DNA 
demethylation. Nature 463(7284):1042–1047  

    62.    Eads CA, Nickel AE, Laird PW (2002) Complete genetic suppression of polyp formation and 
reduction of CpG-island hypermethylation in Apc(Min/+) Dnmt1-hypomorphic Mice. Cancer 
Res 62(5):1296–1299  

    63.    Yamada Y et al (2005) Opposing effects of DNA hypomethylation on intestinal and liver car-
cinogenesis. Proc Natl Acad Sci USA 102(38):13580–13585  

    64.    Lin H et al (2006) Suppression of intestinal neoplasia by deletion of Dnmt3b. Mol Cell Biol 
26(8):2976–2983  

    65.    Laird PW et al (1995) Suppression of intestinal neoplasia by DNA hypomethylation. Cell 
81(2):197–205  

    66.    Linhart HG et al (2007) Dnmt3b promotes tumorigenesis in vivo by gene-speci fi c de novo 
methylation and transcriptional silencing. Genes Dev 21(23):3110–3122  

    67.    Eads CA et al (2000) Fields of aberrant CpG island hypermethylation in Barrett’s esophagus 
and associated adenocarcinoma. Cancer Res 60(18):5021–5026  

    68.    Jones PA et al (1992) Methylation, mutation and cancer. Bioessays 14(1):33–36  
    69.    Laird PW, Jaenisch R (1994) DNA methylation and cancer. Hum Mol Genet 3 Spec 

No:1487–1495  
    70.    Greenblatt MS et al (1994) Mutations in the p53 tumor suppressor gene: clues to cancer etiol-

ogy and molecular pathogenesis. Cancer Res 54(18):4855–4878  
    71.    Holliday R, Grigg GW (1993) DNA methylation and mutation. Mutat Res 285(1):61–67  
    72.    Wong E et al (2002) Mbd4 inactivation increases Cright-arrowT transition mutations and pro-

motes gastrointestinal tumor formation. Proc Natl Acad Sci USA 99(23):14937–14942  
    73.    Millar CB et al (2002) Enhanced CpG mutability and tumorigenesis in MBD4-de fi cient mice. 

Science 297(5580):403–405      



179A.R. Karpf (ed.), Epigenetic Alterations in Oncogenesis, Advances in Experimental 
Medicine and Biology 754, DOI 10.1007/978-1-4419-9967-2_9, 
© Springer Science+Business Media New York 2013

  Abstract   Malignant cancer emerges from normal healthy cells in a multistep  process 
that involves both genetic and epigenetic lesions. Both genetic and environmental 
inputs participate in driving the epigenetic changes that occur during human carcino-
genesis. The pathologic changes seen in DNA methylation and histone posttransla-
tional modi fi cations are complex, deeply intertwined, and act in concert to produce 
malignant transformation. To better understand the causes and consequences of the 
pathoepigenetic changes in cancer formation, a variety of experimentally tractable 
human cell line model systems that accurately re fl ect the molecular alterations seen 
in the clinical disease have been developed. Results from studies using these cell line 
model systems suggest that early critical epigenetic events occur in a stepwise fash-
ion prior to cell immortalization. These epigenetic steps coincide with the cell’s tran-
sition through well-de fi ned cell proliferation barriers of stasis and telomere 
dysfunction. Following cell immortalization, stressors, such as environmental toxi-
cants, can induce malignant transformation in a process in which the epigenetic 
changes occur in a smoother progressive fashion, in contrast to the stark stepwise 
epigenetic changes seen prior to cell immortalization. It is hoped that developing a 
clearer understanding of the identity, timing, and consequences of these epigenetic 
lesions will prove useful in future clinical applications that range from early disease 
detection to therapeutic intervention in malignant cancer.      
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    9.1   Introduction 

 Malignant cancer cells arise from normal cells via a multistep process that involves 
both genetic and epigenetic change. Similar to genetic lesions, epigenetic lesions 
can be diverse in nature, serving to alter the structure and function of the genome 
thereby participating in a cell’s acquisition of limitless uncontrolled growth and the 
phenotypic hallmarks of the malignant cancer cell. In general, the degree of epige-
netic difference between cancer cells and normal cells greatly exceeds the epige-
netic differences that are seen between normal cells of different phenotypes and 
even different germ layers (e.g.,  fi broblasts and epithelial cells). Since epigenetic 
mechanisms are a primary determinant governing normal cell identity, this compari-
son underscores how epigenetically different cancer cells are from normal cells. 
Mutation and altered expression of proteins involved in the writing or reading of the 
epigenetic code are two mechanisms that help produce aberrant epigenetic changes 
seen in not only cancer, but other human diseases as well. The complexity and the 
frequency of the epigenetic changes seen in cancer cells, however, seem to defy 
explanations that rely on a single event. Instead, it appears that pathologic epige-
netic change during carcinogenesis results from myriad genetic mutations and envi-
ronmental inputs which perturb the manifold nodes of epigenetic regulation. 

 Environmental inputs acting on the epigenetic nodes are highly variable and can 
include contributions from both physiologic and xenobiotic sources such as hor-
monal status; microenvironmental milieu; nutritional, metabolic, or oxidative state; 
and toxicant and therapeutic drug exposures. Since the epigenetic state is important 
in governing cell identity, cellular nodes of epigenetic control acted upon by stimuli 
will show some variation between different cell types, suggesting that environmen-
tal inputs may show cell type selectivity, as well as display activity towards a broad 
array of cell types. Once these epigenetic changes are “ fi xed” into the chromatin, 
they can be vertically transmitted through cell generations. The inherent plasticity 
of the epigenetic control systems coupled to the cancer cell’s limitless replicative 
potential provides the ability to generate extraordinary phenotypic diversity and 
rapidly respond to changing environmental stimuli and stresses. 

 Chromatin is rich in epigenetic marks, and these marks participate in the regulation 
and control of likely most or all genomic functions. The primary epigenetic mark 
found on DNA, 5-methylcytosine, is produced via the enzymatic methylation of the 
C5 position of cytosine through the action of multiple specialized DNA methyltrans-
ferases. The patterns and levels of DNA methylation across the genome have been 
mapped for a variety of normal and cancer cells, with cancer cells showing complex 
and extensive patterns of DNA methylation derangements. These DNA methylation 
derangements either participate in or re fl ect a number of different genomic processes, 
with its role in the regulation of gene expression being the best understood. Other C5 
cytosine modi fi cations have been identi fi ed recently, such as 5-hydroxymethylcyto-
sine. It appears that these newly identi fi ed modi fi cations are a result of an active DNA 
demethylation process and it is likely that these DNA  epigenetic marks will prove 
biologically important; however, it has not yet been  elucidated how these marks 
change and participate in the process of malignant transformation. 
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 Posttranslational histone modi fi cations are an additional layer of epigenetic con-
trol altered during human carcinogenesis. These posttranslational modi fi cations 
include acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation, 
and over 40 different amino acid residues in histones are currently known to undergo 
one or more of these modi fi cations, especially in histones H3 and H4. Similar to 
DNA methylation, the histone posttranslational marks participate in a number of dif-
ferent genomic processes. Some histone marks are highly predictive of gene pro-
moter location and transcriptional activity, such as histone H3K4 trimethylation and 
histone H3 and H4 lysine acetylation, and these modi fi cations show strong negative 
correlations with DNA methylation levels in a typical genomic region. Other post-
translational histone modi fi cations are linked to a transcriptionally repressed state 
and display positive correlations with DNA methylation levels, such as H3K9 methy-
lation repressive marks. Still other histone marks, such as H3K27 trimethylation, are 
closely linked to transcriptional repression, preferentially target developmentally 
regulated genes and largely appears to be a repressive epigenetic control system that 
operates independently of the repressive DNA methylation system. Overall, a num-
ber of in vitro studies have provided clear mechanistic links between DNA methyla-
tion and histone modi fi cation state indicating that the control of the DNA methylation 
and histone modi fi cation patterns are deeply intertwined. As such, it is not surprising 
that, similar to DNA methylation, the normal levels and patterns of histone posttrans-
lational modi fi cations become compromised in human cancer cells. 

 In a clinical setting, the multistep nature of epithelial cell malignant transforma-
tion manifests as hyperplasia, dysplasia, benign tumor, carcinoma in situ, and  fi nally 
frank malignancy and metastases; analogous pathologic progressions can be seen in 
some hematologic pathologies, as well, and may very well exist for most or all 
human cancers. Analysis of clinical specimens has shown that epigenetic aberra-
tions are seen in the earliest stages of this multistep process, although obtaining 
quantitative information-rich epigenetic data from minute clinical specimens cre-
ates unique technical challenges that have slowed the ability to identify pathoepige-
netic events that directly translate to clinical impact with respect to the detection, 
prognostication, treatment, and management of human cancer. For example, techni-
cal limitations such as specimen size and quality have hindered success in analyzing 
the posttranslational modi fi cation state of histones in clinical specimens. With 
respect to DNA methylation analysis, quantitative high resolution approaches for 
the analysis of the minute clinical cancer specimens typically available have been 
available for over 20 years in the form of bisul fi te sequencing  [  1,   2  ] , and today com-
prehensive DNA methylome sequencing approaches have emerged and should 
attain wide availability over the next few years  [  3,   4  ] . In the translational science 
arena, there are a few early applications where the results indicate DNA methylation 
analysis may be a useful tool in predicting response to cancer therapy  [  5,   6  ] . Results 
such as these should provide signi fi cant optimism and encouragement to investiga-
tors that epigenetic analysis will prove useful in the areas of prediction, detection, 
prognostication, as well as treatment of cancer. While signi fi cant progress has been 
made in understanding the causes, consequences, and temporal sequence of patho-
logic epigenetic events in cancer, their utility on the clinical management of cancer 
is largely a promissory note with their potential not yet fully realized.  
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    9.2   Laboratory Model Systems of Cell Transformation 

 To better discover and understand the pathoepigenetic events that mechanistically 
participate in the conversion of a normal cell to a malignant cell, there is value in 
using experimentally tractable models systems that faithfully re fl ect the in vivo 
process. To this end, a variety of useful and complementary in vitro human cell line 
and animal model systems have been developed that recapitulate aspects of clinical 
multistep carcinogenesis and that allow for detailed analysis of epigenetic/epige-
nomic events as they unfold during the transformation from the normal to the 
malignant phenotype. These models have a number of advantages as laboratory 
tools—certainly the most important being that the genetic and epigenetic changes 
present in them accurately re fl ect the known (epi)genetic etiology of the clinical 
form of the disease, thereby providing a solid platform for the discovery and dis-
section of new epigenetic events relevant to clinical cancer. These cell line systems 
also allow for the production of pure and reproducible populations of cells that can 
be fairly easily generated in large number and at relatively low costs. In our experi-
ence, the epigenetic state of the cell line models we have employed does not vary 
to a signi fi cant extent when grown under appropriate and consistent conditions. We 
routinely verify cell line identity using STR pro fi ling using 13 CODIS markers; 
reference DNA  fi ngerprinting data for most of the widely used cell lines are avail-
able from cell line collections such as the ATCC or from the investigators who 
developed the models  [  7,   8  ] . 

 A majority of the human cell culture model systems that have been developed 
perhaps best address the  fi nal step(s) of malignant human cancer, speci fi cally the 
steps that follow cell immortalization. Since immortalization through telomerase 
activation may be a rate limiting step in human carcinogenesis, these models may 
not be best suited for the identi fi cation of the earliest epigenetic events in carcino-
genesis. Cell model systems that adequately address the earliest steps in human 
carcinogenesis, prior to cell immortalization, are more limited. These are discussed 
later in the chapter. As is always the case, each model system used to evaluate the 
steps from normal  fi nite life span cell to immortal malignant cancer cell has distinct 
qualities and limitations. Together, these laboratory models allow for the molecular 
dissection of epigenetic dysfunction during the pathologic process and help provide 
new insights that can be used to develop approaches to better detect, prognosticate, 
treat, and manage the myriad human cancers.  

    9.3   Immortalization to Malignant Transformation 

 Cell line systems that model the epigenetic events that occur following epithelial 
cell immortalization are widespread and provide useful tools to study malignant 
transformation (meant here as the in vitro assessments of anchorage independent 
growth and tumor forming ability in immunocompromised mice). These immortal-
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ized cell line model systems have generally overcome normal cell proliferation bar-
riers either by (1) direct immortalization of primary cell strains through overexpression 
of hTERT, (2) selective genetic strategies that inactivate the p16/Rb and p53 path-
ways, frequently via viral approaches, or (3) establishing cell lines from cultured 
pathologic specimens that are already immortal, but not fully malignant. A variety 
of immortalized variants of different epithelial cell models have been generated and 
examples include, but are not limited to, prostate epithelial cells immortalized by 
HPV18 (RWPE), bronchial epithelial cells immortalized with SV40 (HBE16, 
BEAS-2B), keratinocytes that arose spontaneously in culture from primary cells 
(HaCAT), breast epithelial cells derived from diseased tissue (MCF10A) or non-
diseased healthy tissue (HMEC), and urinary bladder cells immortalized with 
hTERT or SV40 (UROtsa)  [  9–  18  ] . Although some approaches used to immortalize 
cells are not themselves etiologic agents involved in clinical human carcinogenesis 
(e.g., viral inactivation of p53 or the genetic introduction of hTERT), they do pro-
vide reproducible approaches that target proteins and pathways known to be critical 
to the human tumor cell phenotype. 

 These immortalized cell line systems should not be considered normal cells; 
however, since they have had perhaps the most dramatic phenotypic shift possible—
acquisition of limitless replicative potential. In addition, these cells have often also 
acquired genetic abnormalities (e.g., deletions, translocations, aneuploidy). It is 
highly likely that these immortalized cells have undergone changes in the epigenetic 
state, if compared to its normal  fi nite life span counterpart, although detailed studies 
to this end are limited. Indeed, the p53 inactivation strategies used in immortaliza-
tion strategies may instigate epigenetic change itself. Following a cellular stress, 
activated p53 binds to DNA in a sequence-speci fi c manner while also recruiting 
coactivators or corepressors to participate in transcriptional regulation. Thus, loss of 
p53 binding and coactivator/corepressor recruitment may produce long-term epige-
netic changes at p53 target loci disrupting their normal transcriptional regulation 
and altering attendant cellular phenotypes  [  19–  21  ] . As such, these immortalized 
models likely provide more limited information regarding the nature of the epige-
netic changes that may occur early in multistep carcinogenesis and prior to immor-
talization. Overall, these models have proven useful in identifying novel epigenetic 
changes, the molecular mechanisms responsible for these epigenetic changes, and 
the genetic and/or environmental events that provoke the epigenetic changes.  

    9.4   Epigenetic Remodeling by Environmental Arsenicals 

 Our laboratory has been interested in the effect that environmental arsenicals has on 
the epigenetic state. Arsenic is a widespread environmental toxicant that exists as a 
number of different molecular species and ranks as the 20th most common element 
in the earth’s crust. Humans may be exposed to arsenicals to varying degrees through 
water, air, soil, and food. Arsenic may also be the world’s most well recognized 
poison. Acute high dose exposure to arsenic has been used repeatedly throughout 
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history for murder by intentional poisoning and has earned the moniker, “Poison of 
Kings and King of Poisons  [  22  ] .” In contrast, various forms of arsenic have also 
been used for centuries to treat a wide range of illnesses, including syphilis, malaria, 
asthma, chorea, eczema, psoriasis, and cancer  [  23  ] . Today, one molecular species of 
arsenic, arsenic trioxide (As 

2
 O 

3
 ) is an FDA-approved therapy to treat acute promy-

elocytic leukemia and also shows promising anticancer activity in laboratory mod-
els of other human cancers  [  24–  26  ] . In the most common setting, however, that of 
chronic low dose, environmental exposures, arsenicals are associated with a number 
of human maladies, among them cancer, neurologic disorders, cardiovascular dis-
ease, developmental abnormalities, and diabetes  [  27–  30  ] . 

 Of all the pathologic effects associated with long-term arsenic exposure, cancer 
is the most widely studied. A number of epidemiological studies have convincingly 
linked human arsenic exposure with various cancers, especially cancers of the lung, 
urinary tract, and skin  [  31  ] . Arsenicals are classi fi ed as a group 1 carcinogen by the 
International Agency for Research on Cancer (IARC); however, a precise mecha-
nism of arsenical action remains wanting. A few observations suggest that epige-
netic remodeling may be important in arsenical-associated cancers. Arsenicals do 
not appear to cause point mutations and on their own are unable to cause cancer in 
standard animal assays or immortalize primary human epithelial cells  [  32,   33  ] . 
However, earlier studies showed arsenicals can change DNA methylation levels 
 [  34  ] , and long-term nontoxic exposure to arsenicals has been suf fi cient to reproduc-
ibly induce malignant transformation in a variety of immortalized nonmalignant 
human epithelial cells derived from tissues with known arsenical sensitivity. 
Examples of cell line models that have been malignantly transformed by arsenicals 
include HaCaT, BEAS-2B, RWPE, and UROtsa  [  35–  39  ] . 

 Human transitional carcinoma of the bladder arises from the transformation of 
urinary bladder epithelial cells, and those tumors that progress clinically to a 
malignant phenotype generally demonstrate genetic inactivation of the p16/Rb 
and p53 pathways  [  40  ] . In vitro, benign immortalized urothelial cell lines that 
resemble the earlier stages of clinical bladder cancer can be reproducibly gener-
ated from  fi nite life span urothelial cell strains via genetic manipulations that 
target these pathways for inactivation. In our studies of epigenetic changes that 
occur during the transition from a benign immortal cell to a malignant cancer cell, 
we have used the immortalized, non-tumorigenic human urothelial cell line, 
UROtsa, generated from the urothelial cells of a young female donor and immor-
talized using a temperature sensitive SV40 large-T antigen construct  [  14  ] . Further 
evaluation of these cells has revealed hypodiploidy, genetic deletion of a small 
region of chromosome 9 that contains p16, and hTERT expression (unpublished 
observations). 

 Malignant transformation of UROtsa cells using long-term nontoxic exposures to 
environmental toxicants such as arsenic has been successfully performed by multiple 
independent laboratories  [  36,   39  ] . The phenotypic manifestations of the malignant 
conversion process can  fi rst be detected in these cells at approximately 12 weeks of 
exposure at a faster growth rate. With increased exposure time, the ability to form 
colonies in an anchorage independent fashion occurs, and  fi nally arsenic-exposed 
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UROtsa cells acquire the ability to form tumors in immunocompromised mice. 
Interestingly, the arsenical-induced malignant phenotype is stable, as removal of the 
toxicant for at least 6 months has not led to the reversion to a more benign phenotype 
(Fig.  9.1 ).  

 Broad epigenetic changes begin to rise in UROtsa cells during exposure to arse-
nic at concentrations seen in real-world situations, such as can be found in drinking 
water from wells (5–10 ppb). We examined epigenetic changes in a genome-wide 
and temporal manner using histone modi fi cation-speci fi c chromatin and 
5-methylcytosine-speci fi c immunoprecipitations coupled to two-color DNA 
microarray analysis. We found global changes emerging around 12 weeks after ini-
tial exposure. These epigenetic changes appear progressive—the degree of epige-
netic change increases at the individual targets with time. The epigenetic changes 
also are stable—after malignant transformation, the toxicant can be removed, but 
the malignant phenotype as well as the epigenetic changes remains. Some of the 
epigenetic changes identi fi ed were in genes overtly relevant to the malignant pheno-
type and have functional roles in cancer in general, and bladder cancer in particular 
 [  41  ] , while the roles for most of the changes seen remain enigmatic. It appears 
unlikely that the observed epigenetic changes seen in UROtsa following arsenical 
exposure are simply due to the outgrowth or simple selection of a preexisting clone, 
since the arsenical-transformed cells grow signi fi cantly faster (~35%) than the non-
malignant parental UROtsa cell line. Rather, it seems possible that (epi)genetic 
alterations may arise during and as a result of arsenic exposure, and given enough 
time (cell divisions), which is provided by the cell immortality, and optimal growth 

  Fig. 9.1    UROtsa cell line model of malignant transformation. The immortalized urothelial cell 
line UROtsa was exposed to arsenicals for periods of up to a year. Arsenical exposed cells were 
probed at various time points for markers of malignant transformation. After 3 months there was a 
signi fi cant increase in proliferation rate, after 6 months a signi fi cant increase in anchorage inde-
pendent growth, and after 12 months, arsenic exposed cells formed tumors in immune compro-
mised mice  [  36,   39  ] . Progressive epigenetic changes occur during this transition from a benign 
immortal to malignant phenotype       
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conditions, a faster growing, more malignant population of cells emerges, which are 
then selected for based on their growth characteristics. 

 Probing the DNA methylation pro fi le of the arsenical transformed UROtsa cells 
and comparing them to the non-transformed immortal parental cells revealed that 
~3% of the assessed regions were hypermethylated, while ~1% were hypomethy-
lated. The hypermethylation events occurred mostly within gene promoters, whereas 
the hypomethylation events were more prevalent in repetitive elements spread 
throughout the genome  [  42  ] , consistent with what is well established for human 
cancers. We attempted to assess whether the DNA methylation changes acquired 
during malignant transformation were speci fi cally or randomly distributed in the 
genome by analyzing two different arsenical-transformed UROtsa cell lines, created 
in two different laboratories using two different arsenicals (i.e., sodium arsenite and 
monomethyl arsenous acid). A statistical analysis of the numerical size of the over-
lap of aberrantly DNA methylated promoters between these two cell lines indicates 
that the DNA methylation changes seen are nonrandom and suggest that common 
epigenetic changes occur in association with arsenical malignant transformation. 

 The types of DNA methylation changes observed during the arsenical-mediated 
malignant transformation can be roughly divided into two groups, focal and long 
range. Focal DNA methylation events refer to DNA differentially methylated regions 
that cover a single gene promoter and are typically  £ 1 kb in size. These types of 
aberrant DNA hypermethylation events seem to predominate and are closely linked 
to the silencing of a large number of tumor suppressor genes. In the UROtsa malig-
nant transformation model, several potential tumor suppressor genes were found to 
be hypermethylated such as DBCCR1 (deleted in bladder cancer chromosome 
region candidate1); its relevance to bladder cancer having been previously ascer-
tained  [  41  ] . Overall, the DNA hypermethylation changes were correlated to corre-
sponding losses in the permissive histone modi fi cation marks of histone acetylation 
and H3K4 methylation and loss of gene expression, although as is often the case, 
apparent exceptions to the general rules could also be detected. 

 The DNA differentially methylated regions that cover much larger contiguous 
regions, along with corresponding changes in histone modi fi cations, are linked to 
chromatin remodeling of more extended regions of the genome in a process termed 
long-range epigenetic silencing  [  43  ] . This type of epigenetic lesion has been found 
in a number of human cancer cell lines as well as clinical tumor specimens, suggest-
ing that this type of coordinate epigenetic regulation over large regions may be a 
common and important event in cancer  [  43–  46  ] . Interestingly, it appears that the 
gain of aberrant agglomerative DNA methylation changes and associated long-
range epigenetic silencing can be observed over the time course of arsenical-medi-
ated transformation of UROtsa from a benign to a malignant phenotype. Recent 
studies in the laboratory indicate that the PCDH and HOXC gene clusters undergo 
extensive aberrant DNA and that these epigenetic lesions are also found in malig-
nant human bladder cancer specimens. Overall, these results suggest that the UROtsa 
malignant transformation model may be a laboratory tool to discern the molecular 
underpinnings responsible for long-range epigenetic silencing and identi fi es a 
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signi fi cant environmental toxicant as a possible etiologic agent of this pathologic 
epigenetic lesion. 

 In an initial measure evaluating the commonality of the epigenetic change in 
arsenical-induced malignant transformation, we sought other human epithelial cell 
line models of arsenical-mediated malignant transformation. The immortalized 
human prostate epithelial cell line RWPE-1 was shown to undergo genomic hypom-
ethylation after chronic exposure to AsIII  [  47,   48  ] , and we have made preliminary 
comparisons between this model and the UROtsa model. We have found a signi fi cant 
overlap in gene promoters targeted for aberrant DNA methylation in both the 
UROtsa and RWPE models of arsenical-mediated malignant transformation that is 
beyond what is expected by random chance. These results suggest that a common 
ground of epigenetic change occurs in these laboratory models of arsenical expo-
sure and suggests that they may be useful to help identify new epigenetically tar-
geted genes important to malignant transformation and the cellular processes 
responsible for these epigenetic changes. 

 Epigenetic regulation resides at a nexus of gene–environment interactions. 
Together these results suggest that environmental arsenicals may exert their carci-
nogenic activity by eliciting epigenetic change thereby acting as an epimutagen, an 
agent whose exposure induces stable and heritable changes to the epigenetic state. 
The epigenetic changes seen are linked to gene expression changes and coincide 
with the advent of an increasingly malignant phenotype. Furthermore, results from 
epigenome-wide analysis suggest that common regions are epigenetically targeted 
during arsenical-mediated malignant transformation. Importantly, the DNA methy-
lation changes seen in the laboratory models are consistent with what is seen in the 
relevant in vivo correlates—clinical cancer specimens. These experimentally trac-
table systems provide a unique opportunity to better discern the causes and conse-
quences of epigenetic change in arsenical-associated cancers.  

    9.5   Epigenetic Models of Finite Life span to Immortalization 
(and Beyond) 

 A cell model we have found particularly useful to study the epigenetics of cell trans-
formation is the human mammary epithelial cell (HMEC) model system developed 
by Dr. Martha Stampfer during the past 30 years  [  9,   44,   49,   50  ] . The utility of this 
model system for the examination of the early molecular events in human breast 
carcinogenesis has been demonstrated in a number of studies, both with respect to 
genetic and epigenetic events  [  49–  53  ] . In our estimation this isogenic cell model 
system offers a number of bene fi ts and allows for the temporal analysis of molecular 
events that occur during the transitions from  fi nite life span through immortalization 
and on to malignant transformation. This model also allows one to study the effects 
that directed genetic changes and environmental stressors can have on the epige-
netic state. 
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 In this model system, cultured  fi nite life span HMEC must overcome two distinct 
proliferation barriers in order to achieve immortality and ultimately acquire a malig-
nant phenotype. The  fi rst proliferation barrier is termed stasis or stress-induced 
senescence and is mediated by the Rb protein, characterized by elevated levels of 
p16INK4A. This  fi rst barrier, stasis, has been overcome or bypassed in cultured 
HMEC by various means, such as exposure to benzo(a)pyrene. The resultant post-
stasis cells commonly show p16 inactivation by gene mutation or promoter hyper-
methylation  [  50,   54  ] . Loss of p16 expression due to silencing or mutation is also a 
common event during in vivo human breast cell transformation  [  55  ] . When grown 
in a serum-free medium, rare HMEC will “spontaneously” silence p16, generating 
a type of post-stasis HMEC population that has been called post-selection  [  9,   54  ] . 
HMEC that escape the stasis barrier can continue to proliferate for dozens of addi-
tional population doublings before encountering a second more stringent prolifera-
tion barrier resulting from critically shortened telomeres  [  49,   56  ] . When approaching 
the telomere dysfunction barrier, HMEC exhibit increased chromosomal instability 
and a DNA damage response. Rare cells that gain telomerase expression may escape 
this barrier and become immortal, whereby HMEC activates telomerase by as yet 
unde fi ned, and potentially novel, epigenetic mechanisms. In addition, HMEC sys-
tems can acquire immortality through genetic perturbations. For example, under 
appropriate circumstances direct genetic introduction of constructs that express 
CMYC, or ZNF217, hTERT can promote HMEC immortalization  [  57,   58  ] . 
Nondirected mutagenesis can also promote HMEC immortalization, as evidenced 
by the effects of the complete carcinogen benzo(a)pyrene on HMEC. This limitless 
replicative potential allows for the acquisition and accumulation of additional epi-
genetic and genetic events that promote the development of additional malignant 
properties  [  50,   59–  61  ] . 

 We have used this HMEC model system to begin to develop a timeline of the 
DNA methylation changes that occurs over the course of multistep breast carcino-
genesis, with a particular interest on the earliest stages of the process. Figure  9.2  
shows a generalized view of cells we have analyzed, their temporal position in rela-
tion to the cellular proliferation barriers, the approximate clinical correlates, and the 
timing of DNA methylation changes. This  fi gure is an example and not an exhaus-
tive or detailed review of the HMEC strains and cell lines or the multiple treatments 
and exposures used to create them, and for a more detailed view one can see  [  62  ]  or 
visit   http://hmec.lbl.gov/mindex.html    . In our initial studies using this model system, 
DNA methylation state was determined using 5-methylcytosine antibody immuno-
preciptations (MeDIP) coupled to two-color hybridization on a custom 13,500 ele-
ment human gene promoter microarray and veri fi ed using the orthogonal technology 
of mass spectrometric analysis using Sequenom MassArray  [  63  ] .  

 Overall, in this model we observed a stepwise progression of DNA methylation 
changes with each step coinciding with overcoming a cellular proliferation barrier 
 [  62  ] . In HMEC that overcame stasis produced by stress-inducing serum-free 
medium, we found, in addition to p16 methylation, hundreds of other differentially 
methylated regions in the post-stasis cells when compared to pre-stasis cells, repre-
senting approximately 2% of all gene promoters on the microarray. These DNA 

http://hmec.lbl.gov/mindex.html


1899 Epigenetic Changes During Cell Transformation

methylation events were both of the focal and long-range variety. Considering that 
probably 5–10% of gene promoters in malignant cancer cells show aberrant DNA 
methylation, a considerable number of DNA methylation changes may occur very 
early in multistep breast carcinogenesis, and these changes are coincident with 
overcoming the critical Rb/p16 cell proliferation barrier. Since a majority of the 
DNA methylation changes seen in the transition of HMEC from pre-stasis to post-
stasis in this setting are also seen in malignant breast cancer cell lines and tumor 
specimens, this transition through the stasis proliferation barrier may represent a 
critical early event in some pathways of human breast carcinogenesis. 

 It is worth noting here that current commercial sources of HMEC appear to be of 
this post-stasis (or post-selection or variant) stage, since these HMEC are produced 
via the process described above—post-stasis cells that emerge from serum-free 
media induced stress. As such, the commercially available HMEC may have not 
only undergone p16 DNA methylation, but are likely to have also acquired hundreds 
of additional aberrant DNA methylation events  [  62  ] . As such, caution should be 
exercised when evaluating the epigenetic state of primary epithelial cells and con-
sidering what is epigenetically “normal.” 

  Fig. 9.2    Schematic representation of breast cancer progression and the timing of the underlying 
DNA methylation changes, with connections between the in vitro HMEC model system and clini-
cal progression based on earlier work  [  51,   56,   65  ] .  Top , the clinical correlates of the HMEC system 
in relation to the temporal position of the two epithelial cell proliferation barriers of stasis and 
telomere dysfunction that divides the timeline into pre-stasis, post-stasis, immortal, and malignant 
epithelial cells.  Middle , a very simpli fi ed view and two examples of HMEC culture models, and 
the treatment or genetic manipulations used to generate these models.  Bottom , the timeline of DNA 
methylation changes identi fi ed during the passage of  fi nite life span HMEC through stasis, telom-
ere dysfunction, and culminating in a malignant phenotype.  Arrows  on the DNA methylation 
changes  curve  show the time points analyzed for DNA methylation state       
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 HMEC that become post-stasis following exposure to the genotoxin and 
 complete carcinogen benzo(a)pyrene showed more than an order of magnitude 
reduction in DNA differentially methylated regions when compared to the DNA 
methylation changes induced by stressful serum-free growth conditions. Similarly, 
HMEC that became post-stasis following genetic knockout of p16 using p16-targeted 
shRNA have very few DNA methylation changes, underscoring the functional 
importance of p16 in the  fi rst growth barrier. The few DNA methylation changes 
seen in the benzo(a)pyrene and p16 shRNA-treated cell lines suggest that differ-
ent pathways through the stasis barrier will have distinct effects on the epigenetic 
state. 

 A second step of epigenetic change occurs when telomere dysfunction is over-
come and cells acquire immortality. Regardless of the mechanism by which cells 
pass through telomere dysfunction, hundreds of DNA methylation changes occur. 
Similar to the DNA methylation changes acquired during the pre-stasis to post-
stasis transition, changes that occur during the transition from  fi nite life span to 
immortal can be focal ( £ 1 kb) and limited to a single gene or the changes can 
represent examples of long-range epigenetic silencing and cover extended regions 
of the genome  [  64  ] . 

 These changes seen in the premalignant stages represented by the HMEC model 
show signi fi cant overlap to the DNA methylation changes seen in other human 
breast cancer cell lines and clinical tumor specimens. Overall, results from the stud-
ies using the HMEC model indicate that epigenetic changes occur in a stepwise 
fashion at critical junctions in the path to cell immortality. These results are consis-
tent with an epigenetic progenitor model where epigenetic changes may occur early, 
in a stepwise fashion, can precede genetic mutation and allow for an expansion of 
epigenetically compromised population of cells. The large number of genes affected 
by epigenetic changes during the transitions through proliferation barriers can pro-
vide a foundation for the phenotypic variability and biologic heterogeneity often 
seen in clinical disease. The DNA methylation changes identi fi ed can potentially 
provide a bank of epigenetic biomarkers for assessing breast cancer risk in prema-
lignant lesions and provide targets for therapeutic interventions.  

    9.6   Conclusion 

 In summary, complex and intertwined epigenetic changes occur during multistep 
carcinogenesis. These changes may be viewed as epigenetic lesions and exist in the 
genome in a number of forms, from focal to long range. The scope of the epigenetic 
lesions is likely due to multiple distinct inputs: genetic, such as mutations to 
 chromatin modi fi er genes; physiologic, such as hormonal and nutritional state; and 
environmental, such as toxicant exposures. Experimentally tractable laboratory 
model systems that accurately re fl ect clinical cancer have been developed and allow 
for investigations into the causes and consequences of epigenetic change during cell 
transformation. Results from these systems suggest that early critical epigenetic 
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events occur prior to cell immortalization and coincide with the transition through 
well-de fi ned barriers of cell proliferation. Following immortalization, laboratory 
models suggest that cells can be induced towards malignancy by a variety of stimuli, 
and that the epigenetic changes arise in a seemingly more progressive smoother 
fashion, as opposed to the stark stepwise events prior to immortalization. It is hoped 
that developing a clearer understanding of the identity, timing, and consequences of 
these epigenetic lesions will prove useful in future clinical applications that range 
from early disease detection to therapeutic intervention in malignant cancer.      
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  Abstract   Mesenchymal stem cells (MSCs) are multipotent stem cells of mesodermal 
origin that can be isolated from various sources and induced into different cell types. 
Although MSCs possess immune privilege and are more easily obtained than embry-
onic stem cells, their propensity to tumorigenesis has not been fully explored. 
Epigenomic changes in DNA methylation and chromatin structure have been hypoth-
esized to be critical in the determination of lineage-speci fi c differentiation and tumori-
genesis of MSCs, but this has not been formally proven. We applied a targeted DNA 
methylation method to methylate a Polycomb group protein-governed gene,  Trip10 , 
in MSCs, which accelerated the cell fate determination of MSCs. In addition, targeted 
methylation of  HIC1  and  RassF1A , both tumor suppressor genes, transformed MSCs 
into tumor stem cell-like cells. This new method will allow better control of the dif-
ferentiation of MSCs and their use in downstream applications.      

    10.1   Introduction 

 Mesenchymal stem cells (MSCs) are somatic stem cells that can be isolated from 
various sources including bone marrow and fat tissue  [  80,   99  ] . Although MSCs pos-
sess more restricted pluripotency than embryonic stem (ES) cells, MSCs can still be 
induced to adipocytes, muscles, liver, bones, and neurons in vitro  [  55,   72,   73  ] , mak-
ing them a candidate for future cell therapy. From a safety consideration, there are 
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debates about whether the MSCs could be transformed in vivo and whether they 
might be supportive or suppressive to tumoral growth  [  39,   88,   139  ] . Therefore, if the 
application and safety of MSCs could be monitored and well controlled, the appli-
cation of MSCs will be broadened further. 

 Epigenetic regulation, including DNA methylation, histone modi fi cations, and 
microRNAs (miRNAs), possesses the power to maintain the self-renewal or control 
the differentiation of stem cells  [  16,   32,   37,   69,   131  ] . Studies of ES cells have 
revealed the critical role of epigenetic regulation in controlling cell fate  [  44,   76, 
  107,   142  ] . Because there are almost no coding sequence differences between the ES 
cells and their derived cells, the differences between these cells are likely to come 
from differential gene expression  [  32,   47,   123  ] . The same rationale has prompted 
the use of epigenomic modi fi cations as molecular codes to distinguish ES cells, 
MSCs, and their derived somatic cells. If the rationale were valid and the differ-
ences among different cell types originated from the epigenomic modi fi cations, 
these distinct epigenetic states could represent the “stemness” in MSCs and ES 
cells, and changes of these epigenetic states might direct/interfere with the MSC 
differentiation. 

 Polycomb group proteins such as EZH2 and YY1 regulate part of the bivalent 
marks that represent the stemness in stem cells  [  119,   122  ] . There are loci in ES cells 
and MSCs associated with both active histone marks like histone 3 lysine 4 trim-
ethylation (H3K4me3) [ 24 ,  42 ,  92 ] and repressive marks like histone 3 lysine 27 
trimethylation (H3K27me3), and these are designated as bivalent loci  [  43,   114 , 
 133  ] . These bivalent loci are often silenced [ 66 ] but are hypomethylated  [  134  ] . 
Among the histone marks, H3K27me3 is the substrate of Polycomb group proteins 
and loss of the maintenance of this histone mark is associated with the differentia-
tion of stem cells  [  1,   21,   53,   70,   86  ] . These loci can be further activated by the 
association of active transcription factors and histone modi fi cations like acetylation 
 [  61,   71,   94,   111  ] , while their silencing could be further enhanced by DNA methyla-
tion in other lineage  [  5 ,  31,   48,   79,   87,   108,   109,   111,   118,   128,   138  ] . The 
identi fi cation of the epigenomic modi fi cations within the bivalent loci could then 
reveal the ultimate fate of lineage-determining genes. 

 DNA methylation is one of the most dominant gene silencing mechanisms in 
cells and changes of methylation states correlate with the switch in cell lineages  [  58, 
  110  ] . It is known that changes in methylation states are inversely correlated with the 
expressions of corresponding genes, but the changed methylation status may not 
change cell fate directly. Therefore, a method that can methylate target genes and 
subsequently change cell fate would be an important demonstration that DNA meth-
ylation changes are suf fi cient to regulate cell fate decisions. 

 For instance,  Trip10  locus was identi fi ed as the target of Polycomb group protein 
and modi fi ed by DNA methylation during MSC differentiation  [  55  ] . Methylation of 
 Trip10  appears to be cell type speci fi c in normal tissues as well as in cancers  [  55, 
  57  ] . This information suggests that  Trip10  methylation might be lineage speci fi c 
and the targeted methylation of  Trip10  might then be able to direct MSC differentia-
tion. When  Trip10  was methylated in MSCs, the MSC differentiation lineages were 
limited  [  55  ] . The success of the forward evaluation of the cell fate determination by 
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DNA methylation also opens the gateway to  fi netune MSC differentiation. On the 
other hand, the tumor suppressor genes might not have bivalent marks and methyla-
tion of these loci may lead to cell transformation. As demonstrated in a recent report, 
 hypermethylated in cancer  ( HIC1 ) and  RassF1A  are two tumor suppressor genes 
that are not associated with bivalent histone marks and their methylation could 
transform MSCs  [  125  ] .  

    10.2   Mesenchymal Stem Cells 

 MSCs can be isolated from various sources including bone marrow, adipose tissue, 
liver, muscle, amniotic  fl uid, dental pulp, placenta, and umbilical cord blood; the 
properties among these MSCs seem to vary accordingly  [  9,   49,   82,   100,   105,   113 , 
 120 ,  143  ] . Different cell surface markers identi fi ed from different MSCs are 
re fl ective of their propensity to differentiate into different cell lineages  [  19,   34,   98  ] . 
Because MSCs can differentiate into different cell types in vitro, it is believed that 
there are common gene expression repertoires among these MSCs to maintain their 
stemness, but there are also different gene expression signatures that de fi ne the 
identities and differentiation potentials of different MSCs. Thus understanding 
the molecular mechanisms underlying the maintenance of cellular identities and 
determination of cell lineages is critical for the future clinical use of MSCs. 

 Unregulated differentiation is another reason to decipher the molecular codes that 
characterize MSCs. Different routes of transplantation make isolated clones of MSCs 
possess varied degrees of differentiation capacities, and dysregulation of these pro-
cesses might consequently lead to disease. For example, MSCs together with or 
without hematopoietic stem cells (HSCs) isolated from bone marrow can be trans-
planted and differentiated into lung, gut, skin  [  68  ] , liver and biliary epithelium  [  68, 
  97,   126,   127  ] , skeletal myoblast  [  41,   46  ] , neuroectodermal cells  [  18,   106  ] , and 
endothelium  [  4,   77 ,  144  ] . These co-transplantation results imply that there are 
molecular machineries that might be used to de fi ne the MSCs and their derived lin-
eages. These molecular codes also respond to neighboring cells and/or microenvi-
ronment of MSCs to maintain or differentiate cell fates. The importance of interplay 
with the environment is also evident by the reports that MSCs can either inhibit or 
support tumor growth in a cell setting-speci fi c manner  [  67,   116  ] . The other contro-
versy is that MSCs are proposed to both boost the immune system and suppress it 
 [  105,   129  ] ; thus, the clinical safety of MSCs remains to be clari fi ed.  

    10.3   Epigenetic Regulation and the Maintenance of MSC 

 Stemness needs to be maintained when the stem cells are self-renewing  [  50,   109, 
  121  ] . Since the coding sequences are all the same within ES cells, MSCs, and the 
differentiated somatic cells, there ought to be other somatic inheritable marks that 
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could represent the maintenance of stemness. Epigenetic marks are somatically 
inheritable modi fi cations that regulate gene expression but do not change the associ-
ated gene sequence. These cellular epigenetic marks, while they can be reshaped by 
the environmental factors like diet and growth factors, in general are faithfully 
passed on to the descended lineage of cells. These properties make the epigenomic 
marks good candidates for the control of cellular stemness. 

 Bivalent loci in the stem cells are associated with both active and repressive 
epigenetic marks and are critical for cellular differentiation  [  6,   16,   32,   91  ] . 
Interactions between different epigenetic modi fi cations can lead the governed 
genes to become permanently silenced or activated. The Polycomb group pro-
teins, and associated histone modi fi cations like H3K27me3, are one of the rep-
resentative markers that are associated with stemness  [  20,   28,   45,   101  ] . Polycomb 
group proteins are reported to mediate the transition between the transcriptional 
silencing and active states of the associated gene  [  95  ]  and their transitional reg-
ulatory role is evidenced by the co-existence of enhancer and suppressor genetic 
modi fi er phenotypes when the Polycomb group proteins lost their functions 
 [  85  ] . H3K27me3-associated loci can be further silenced by other epigenetic 
modi fi cations including DNA methylation and the formation of heterochroma-
tin  [  6,   62,   84,   137,   141  ] . On the other hand, the repressive trimethylation can be 
demethylated and the associated genes can then be reactivated. Loss of mainte-
nance of these trimethylation states leads to differentiation of stem cells, which 
strongly suggests that maintaining these bivalent marks is critical for the main-
tenance of stemness  [  1,   21,   53,   70,   86  ] . 

 Bivalent loci have been pro fi led in ES cells, tumors, differentiated cells, and 
MSCs  [  6  ] . Because the identi fi ed bivalent loci are different among these cells, the 
data support the hypothesis that these bivalent loci represent the unique stemness 
state in different cell types. From a direct comparison, there are more shared biva-
lent marks between ES cells and tumors than between the differentiated tissues and 
tumors, suggesting that tumors might be evolved from cells with more stem-like 
marks, and inappropriate maintenance of these marks could cause devious cell fate 
changes [ 23 ,  96 ,  132 ]. 

 The bivalent loci in MSCs also mark developmentally important genes and can 
be further modi fi ed epigenetically  [  55  ] . The epigenetic marks on the MSC bivalent 
loci are distinct from those in the ES cells and differentiated cells. The bivalent loci 
that reside within the MSCs are often low in DNA methylation (hypomethylated) 
and can be further methylated or activated. The number and function of these biva-
lent genes might limit the lineages into which the MSCs can differentiate. It has 
been reported that undifferentiated MSCs contain both repressive and active chro-
matin marks on  b -catenin-bound  c-myc  and  cyclin D  promoters  [  15,   35,   36  ] . When 
these MSCs became lineage committed, e.g., osteogenic, H3K4me3 was lost. This 
example indicates that epigenetic modi fi cations regulate the Wnt signaling pathway 
in MSC, and similar epigenetic modi fi cations are found in ES cells as well. We 
identi fi ed the H3K27me3-associated loci in MSCs that are differentially methylated 
when the MSCs are differentially induced into hepatocytes or adipocytes  [  55  ] . Loci 
that are not associated with DNA methylation association protein, MeCP2, were 
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considered hypomethylated. We found more than 383 of these bivalent loci are 
 further associated with MeCP2 and proved to be methylated in either MSC-derived 
hepatocytes or adipocytes  [  55  ] . Therefore, these bivalent loci in MSCs might mark 
the lineages into which the MSCs are differentiated, and the later-added DNA meth-
ylation might further strengthen the cell fate evolution.  

    10.4   DNA Methylation and the Differentiation of MSC 

 DNA methylation is one of the most dominant silencing epigenetic modi fi cations 
and occurs at the CpG dinucleotide in the human genome. A high frequency of CpG 
dinucleotides is often found at the promoter and/or  fi rst exon of genes and are named 
CpG islands  [  10,   12,   33  ] . Up to now, almost all the identi fi ed DNA methylation at 
the CpG islands silence the associated genes  [  11,   13,   124  ] . DNA methylation is a 
reversible event  [  8,   29,   60  ] , and the removal of the silencing mark is critical for the 
activation of the associated genes  [  74,   75  ] . Compared with histone deacetylation 
inhibitors that cause less signi fi cant gene activation, demethylation induced by 
5-aza-2 ¢ -deoxycytidine (5-Aza), a DNA methylation inhibitor, often causes a greater 
extent of restoration of gene expression  [  22  ] . Our previous results also indicated 
that when the estrogen receptor (ER)-targeted genes were silenced long term by 
DNA methylation, adding estrogen and/or overexpression of ER was insuf fi cient to 
reactivate the ER target genes. Only after the DNA methylation was removed, could 
the expression of ER target genes be restored by the stimuli of estrogen  [  75  ] . Also, 
global demethylation results in global reactivation of the expression of these genes 
 [  74  ] . These observations all indicate that DNA methylation is a dominant silencing 
mark; its appearance leads to the silenced locus and the changes in methylation 
states re fl ect the changes in cellular physiology. 

 Altered DNA methylation status often correlates with the normal differentiation 
or the onset of diseases like cancer. DNA methylation is now considered a reliable 
biomarker and the pro fi ling of methylation changes can be used to probe cellular or 
pathological events. Environmental factors relay their in fl uence into the cells 
through speci fi c signaling pathways. These in fl uences are then recorded as epige-
netic marks like DNA methylation during cell passages and are further selected in 
the descended population of cells. For example, when ER was knocked down by 
siRNA in a breast cancer cell line that once expressed ER, the downstream ER tar-
get/regulated genes were silenced gradually by various epigenetic marks, and later 
by DNA methylation  [  75  ] . DNA methylation also was accumulated within the ER 
target loci when the ER-expressing breast cancer cells were cultured long term in an 
estrogen-deprived environment. The recruitment and accumulation of DNA methy-
lation within the estrogen signaling pathway left speci fi c marks for us to track cell 
lineage which previously encountered the changed cellular environment. Evidence 
from genetic models also indicates that the environmental factors work through dif-
ferent signaling pathways and leave different but traceable patterns of DNA methy-
lation. When signals like MYC or P53 were genetically manipulated, speci fi c sets 
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of genes were methylated in the descended mice  [  93  ] . Therefore, the accumulated 
DNA methylation does not appear to occur at random. 

 Methylation changes caused by environmental changes like diet can be inherited 
and may in fl uence cellular physiology as well as the onset of disease. The cofactor 
for DNA methylation reactions,  S -adenosyl-methionine (SAM), is produced from 
dietary folate, and this provides the opportunity for diet to in fl uence DNA methyla-
tion  [  25,   65,   104,   115,   117  ] . Mammals go through two genomic methylation revolu-
tions during their development: one is during their formation of gametes, the other 
is directly after the fertilization is complete  [  64,   102,   112  ] . DNA methylation is 
erased during these two stages and re-established according to their paternal or 
maternal origins  [  136  ] . An elegant experiment in which pregnant mice were fed 
with various concentrations of food that could be converted into corresponding con-
centrations of SAM caused varied degrees of methylation. The newborn mice 
showed different degrees of fur color according to the concentration of methyl-
supplemented diet consumed by the mothers, and these patterns of color lasted 
throughout their lives  [  38,   83,   89,   135  ] . In this example, environmental factors 
in fl uenced methylation memories and changed the phenotype of the individuals in a 
somatically heritable way. 

 There is evidence indicating that changes in DNA methylation might be involved 
with the cell fate changes in MSCs as well. The methylation states within somatic 
stem/progenitor cells are different from the ones in ES cells and differentiated cells. 
For example, the promoter regions of  OCT4 ,  NANOG,  and  SOX2  in adipose-derived 
MSCs display a greater extent of DNA methylation than in ES cells  [  6  ] . This methy-
lation difference also provides an explanation for the fact that MSCs have lower 
differentiation capacity than the ES cells. Also, there are methylation differences 
within the promoters of tissue-speci fi c genes between the bone- and adipose-derived 
MSCs; they correlate with their differences in lineage differentiation potential  [  63  ] . 
Osteoblast-speci fi c genes such as  RUNX2  and  BGLAP  are hypermethylated in adi-
pose-derived MSCs as compared to the bone-derived MSCs, whereas  PPAR g 2 , the 
adipocyte-speci fi c gene, is hypomethylated in adipose-derived MSCs  [  63  ] . Our pre-
vious data also identi fi ed a panel of genes that are differentially methylated within 
the differentiated hepatocytes or adipocytes when compared to the bone marrow-
derived MSCs  [  55  ] . Taken together, DNA methylation status could represent the 
cellular identities and differentiation potentials of MSCs. It has been reported that 
global DNA methylation was changed in long-term cultured MSCs that might cor-
relate with their altered differentiation capacity  [  17  ] . Changes in global methylation 
caused by demethylation agents have been documented to accelerate the osteogenic 
 [  3  ]  or neuronal cell-like  [  2  ]  differentiation of MSCs. However, it is unclear whether 
DNA methylation changes are suf fi cient to set the stage for MSC cell fate changes. 
It has been reported that predeposited DNA methylation within different isolated 
MSCs de fi ned the oncogenic SYT-SSX1 fusion protein expression and limited its 
function in MSCs  [  30  ] . On the other hand, methylation pro fi ling of adipogenic pro-
moters from freshly cultured adipose stem cells to the senescence state did not cor-
relate with their reduced differentiation potential  [  90,   91  ] . The absence of a targeted 
methylation method has hindered our understanding of how DNA methylation 
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determines the cell fate of MSCs. A solution is to  fi nd a way to methylate a bivalent 
gene in MSC and observe if the cell fate changed after targeting.  

    10.5   TRIP10 as a Model 

  Trip10  (also known as  CIP4 ) encodes Cdc42-interacting protein 4, which was 
identi fi ed to be associated with Cdc42 and to regulate the cytoskeleton and mem-
brane traf fi cking. Trip10 interacts with the Rho family GTPase TC-10 in adipocytes 
to regulate the translocation of insulin-stimulated glucose transporter 4 (Glu4) to 
the plasma membrane and  fi nally to increase the uptake of glucose  [  26,   81  ] . In the 
brain of human Huntington’s disease (HD)  [  52  ] , Trip10 is reported to be a modula-
tor of cell survival in the adjustment of DNA damage  [  140  ] . To guard against DNA 
damage,  Trip10  expression is decreased in hepatocyte growth factor/scatter factor 
(HGF/SF)-mediated cell protection, but  Trip10  level is signi fi cantly increased dur-
ing hyperbaric oxygen-induced neuroprotection  [  51  ] . Overexpression of Trip10 was 
also observed in human HD brain striatum and the neuronal Trip10 immunoreactiv-
ity increased with neuropathological severity in the neostriatum of HD patients  [  52  ] . 
In addition, increased cell death was found in rat striatal neurons transfected with 
Trip10  [  52  ] , suggesting that Trip10 is toxic to striatal neurons. These data suggest 
that the effect of Trip10 in cell survival and growth is tissue speci fi c. These diverse 
and sometimes contrary roles of Trip10 could be attributed in part to its splicing 
variants; equally important is the fact that they are the outcomes between Trip10 
interaction with distinct signaling components in different cell settings. 

 In human bone marrow-derived MSCs,  Trip10  is hypomethylated in the undif-
ferentiated stage and becomes hypermethylated during MSC-to-liver differentia-
tion, but remains hypomethylated during MSC-to-adipocyte differentiation. 
Therefore, the methylation state of  Trip10  varies in different tissues and becomes a 
candidate biomarker to track MSC differentiation  [  55,   57  ] . We reasoned that the 
stemness state of Trip10 is maintained by the Polycomb group protein in the MSCs 
and that changes of chromatin structure, especially by DNA methylation, could 
restrict the cell lineages of MSCs. The differentiation or death of MSCs was thus 
predicted to be affected by  Trip10  methylation, and this model could be tested using 
targeted  Trip10  methylation.  

    10.6   Targeted DNA Methylation and MSC Differentiation 

 It has been hypothesized that DNA methylation within certain loci is suf fi cient to 
transform or differentiate cells, but this hypothesis had not been proved since there 
was no method to directly methylate speci fi c loci  [  54  ] . Normal or abnormal methy-
lation changes have been identi fi ed during cellular differentiation or transformation, 
but it remains to be elucidated whether all or any of the detected methylation changes 
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can affect cell fate. Moreover, if we can determine whether DNA methylation within 
certain loci is suf fi cient to determine the cell fate, this will provide additional infor-
mation to evaluate the target genes that control cellular differentiation and 
transformation. 

 DNA methylation is initiated and maintained by DNA methyltransferase (DNMT) 
in mammalian cells  [  27,   40,   130  ] . As illustrated in Fig.  10.1a , during the cellular 
replication, DNMTs are recruited by the semimethylated old template and methy-
late the newly synthesized strand of DNAs  [  103  ] . The newly synthesized strand will 
then possess the same DNA methylation as the old strand. We reasoned that, by 
providing a methylated strand of DNA that is complementary with target loci, we 
might be able to recruit DNMT to the target loci and initiate targeted DNA methyla-
tion in the cell (Fig.  10.1b ,  [  55 ,  56 ,  78  ] ). A stretch of cloned  Trip10  promoter was 
in vitro methylated using commercial bacterial methylase,  Sss I. These methylated 
inserts were then puri fi ed, denatured, and used to transfect MSCs. Unmethylated 
inserts served as the negative control; they did not induce any methylation at the 
 Trip10  promoter. Liposome-based transfection agents that were conjugated with 
 fl orescent compounds were used for transfection in order to calculate the transfec-
tion ef fi ciency. Also, the methylated/unmethylated inserts were labeled with Cy-dyes 
to track if the inserts entered the cell nuclei, because the denatured inserts need to 
be present and docked in the nuclei for the recruitment of DNMTs. Repeated trans-
fection was needed to ensure the targeted DNA methylation. The promoter insert 
from another gene like  Casp8AP2  was used as a speci fi city control, as the methy-
lated  Casp8AP2  inserts did not induce methylation at the  Trip10  promoter  [  55  ] .  

 Targeted  Trip10  methylation was detected by semiquantitative methylation-
speci fi c PCR and bisul fi te sequencing and the reduced  Trip10  expression was deter-
mined by RT-PCR and visualized by immunostaining. A two-component reporter 
gene system was established to validate the methylation-induced silencing at the 
transcription level and visualize the onset of DNA methylation in live cells. The 
two-component reporter system  [  55,   56  ]  consists of two parts: (1) a cloned  Trip10  
promoter that is linked with and regulates the expression of the  Tet  repressor ( TetR ) 
gene; and (2) a CMV promoter that is linked with, and regulates the expression of, 
the reporter gene enhanced green  fl orescent protein ( EGFP ), with an intervening 
TetR binding site,  TetO  

 2 
 . Both constructs were transfected into a cell line simultane-

ously and colonies of cells that possess both inserted constructs were selected. 
Colonies of selected cells were then transfected with in vitro methylated or unm-
ethylated  Trip10  inserts. The unmethylated  Trip10  promoter within the  fi rst con-
struct will continue to express  TetR  that in turn represses the expression of  EGFP . 
In contrast, targeted DNA methylation at the exogenous  Trip10  promoter silences 
the  TetR  expression which leads to the expression of the EGFP reporter. This induced 
EGFP expression could be reversed by adding of 5-Aza, suggesting that the original 
expression was caused by DNA methylation. With this reporter system, the targeted 
DNA methylation can be visualized in live cells. 

 During neuronal induction of MSCs,  Trip10  expression was greatly reduced and 
its distribution was con fi ned to the peri-nuclei region in these induced cells  [  57  ] . 
Similar to the neuronal induction, targeted  Trip10  DNA methylation caused 
reduced  Trip10  expression and re-distribution and prompted the MSC-to-neuron 



  Fig. 10.1    Targeted DNA methylation. ( a ) Illustration of targeted DNA methylation. DNA methy-
lation is maintained by DNMTs during cellular replication.  Upper , the original unmethylated locus 
like  Trip10  will not recruit DNMTs to the newly synthesized strands of DNA; therefore, they 
remain hypomethylated. If the original strand was methylated, then the old template of DNA will 
recruit DNMTs to the newly synthesizing DNAs and add the methyl group to the new strand of 
DNAs. Targeted DNA methylation method transfects the cells with a denatured, in vitro methy-
lated DNA with its sequence complemented to the target loci ( upper ). The provided methylated 
DNAs will pair with the old templates and recruit DNMTs to the newly synthesizing sites and 
methylate the new strands of DNAs. The seeded DNA methylation then will be spread and main-
tained during the following replications. ( b ) Flow of targeted DNA methylation (details in text). 
Templates of targeted DNA methylation could be from the CpG island library or cloned from the 
cultured cells. RE: methylation sensitive restriction enzymes like  Hpa II and  BstU I, etc       
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differentiation. This preferential cellular differentiation is speci fi c since the same 
 Trip10  targeted DNA methylation prevented the MSC-to-adipocyte induction 
(Fig.  10.2a )  [  55  ] . These data indicate that DNA methylation within one of the biva-
lent loci is suf fi cient to control cellular differentiation.   

    10.7   DNA Methylation and Tumorigenesis of MSC 

 It is generally accepted that abnormal hypermethylation of tumor suppressor genes 
can transform normal cells  [  7,   12  ] . To support this theory,  HIC1  and  RassF1A , two 
tumor suppressor genes that are methylated in several cancers but are not associated 
with Polycomb group protein in MSC, were in vitro methylated and then transfected 
into MSCs. Targeted methylation of  HIC1  or  RassF1A  alone is insuf fi cient to trans-
form the MSCs but concurrent  HIC1  and  RassF1A  methylation transforms the 
MSCs  [  125  ] . However, methylation of nine genes within the Salvador–Warts–Hippo 
pathway (including  RassF1A ) is insuf fi cient to transform the MSCs  [  125  ] , indicat-
ing that the  HIC1  and  RassF1A  methylation-caused transformation is not random. 
The transformed MSCs (named  me-H&R  MSCs) can still be differentiated into dif-
ferent cells including osteocytes, neurons, and adipocytes. Immunode fi cient mice 
inoculated with a low number of  me-H&R  MSCs rapidly developed tumors. The 
developed tumors consisted of several clones of cells that express different cell sur-
face markers, including mesenchymal and epithelial ones. 5-Aza treatment reversed 
the transformation and the tumoral properties of  me-H&R  MSCs, demonstrating 
that the transformation was caused by DNA methylation. Taken together, these 
 fi ndings suggest that the  me-H&R  MSCs become cancer stem cell (CSC)-like since 
they possess both tumoral and stem cell characters  [  125  ] . These results also imply 
that mal-maintained DNA methylation directly contributes to tumorigenesis.  

    10.8   Application of the Targeted DNA Methylation Technique 

 Epigenomic pro fi ling in diverse cells including MSCs has revealed many cellular 
physiologies that are versatile and even personal  [  14,   17,   55,   59,   116  ] . Targeted DNA 
methylation is a direct validation of the pro fi ling results and proves that epigenetic 
changes like DNA methylation are suf fi cient to direct MSC differentiation and tum-
origenesis. As illustrated in Fig.  10.2a , MSCs could be differentiated into osteocyte, 
adipocyte, neuron, etc. Targeted  Trip10  methylation limits the differentiation potency 
of MSCs and accelerates their neural and osteogenic differentiation. On the other 
hand, targeted  HIC1  and  RassF1A  methylation transforms MSCs into CSC-like cells; 
targeted DNA methylation within nine loci in the Salvador–Warts–Hippo pathway 
cannot transform the MSCs but can keep the MSCs proliferating. These results indi-
cate that CSC-like cells might arise from somatic stem cells-like MSCs (Fig.  10.2b ), 
and the tumorigenesis and the immortalization could be dissected by the epigenetic 
modi fi cations. In summary, using targeted DNA methylation, the differentiation 
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( Trip10 ), proliferation (Salvador–Warts–Hippo), and tumorigenic ( HIC1  and 
 RassF1A ) characteristics of MSCs could be revealed.      
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  Abstract   Tumorigenesis, a complex and multifactorial progressive process of 
transformation of normal cells into malignant cells, is characterized by the accumu-
lation of multiple cancer-speci fi c heritable phenotypes triggered by the mutational 
and/or non-mutational (i.e., epigenetic) events. Accumulating evidence suggests 
that environmental and occupational exposures to natural substances, as well as 
man-made chemical and physical agents, play a causative role in human cancer. In 
a broad sense, carcinogenesis may be induced through either genotoxic or non-
genotoxic mechanisms; however, both genotoxic and non-genotoxic carcinogens 
also cause prominent epigenetic changes. This review presents current evidence of 
the epigenetic alterations induced by various chemical carcinogens, including arse-
nic, 1,3-butadine, and pharmaceutical and biological agents, and highlights the 
potential for epigenetic changes to serve as markers for carcinogen exposure and 
cancer risk assessment.  

       11.1   Introduction 

 Tumorigenesis is a complex and multifactorial progressive process of transforma-
tion of normal cells into malignant ones. It is characterized by the accumulation of 
multiple cancer-speci fi c heritable phenotypes, including persistent proliferative 
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 signaling, resistance to cell death, evasion of growth suppression, replicative 
 immortality, in fl ammatory response, deregulation of energy metabolism, genomic 
instability, induction of angiogenesis, and activation of invasion ultimately resulting 
in metastases  [  1  ] . The acquisition of these cancer-speci fi c alterations may be trig-
gered by the mutational and/or non-mutational (i.e., epigenetic) events in the 
genome which, in turn, affect gene expression and the downstream phenotypes 
listed above  [  1,   2  ] . Furthermore, it has been suggested that epigenetic alterations 
may play as important or even more prominent role in tumor development  [  3  ] . 

  Epigenetic events , most prominently manifested by stable and heritable changes 
in gene expression that are not due to any alteration in the primary DNA sequence 
 [  4  ] , signify the fundamental molecular principles in which genetic information is 
organized and read  [  5  ] . Epigenetic modi fi cations include change in methylation pat-
terns of cytosines in DNA  [  6,   7  ] , modi fi cations of the proteins that bind to DNA  [  8, 
  9  ] , and the nucleosome positioning along DNA  [  4  ] . These epigenetic marks are 
tightly and interdependently connected and are essential for the normal develop-
ment and the maintenance of cellular homeostasis and functions in adult organisms, 
particularly for X-chromosome inactivation in females, genomic imprinting, silenc-
ing of repetitive DNA elements, regulation of chromatin structure, and proper 
expression of genetic information  [  10  ] . The epigenetic status is well-balanced in 
normal cells, but may be altered in many ways in cancer cells. Additionally, grow-
ing evidence indicates that a number of lifestyle and environmental factors may 
disrupt this epigenetic balance and compromise the stability of the epigenome in 
normal cells leading to the development of a wide range of pathologies, including 
cancer.  

    11.2   Epigenetic Alterations in Cancer Cells 

 The unifying molecular feature of neoplastic cells is a profoundly reshaped genome 
characterized by global genomic  hypo- methylation, gene-speci fi c  hyper-  or 
  hypo- methylation, and altered histone modi fi cation patterns  [  2,   11  ] . 

 DNA demethylation signi fi es one of the two major DNA methylation states and 
refers to a state in which there is a decrease in the number of methylated cytosine 
bases from the “normal” methylation level. Demethylation of DNA can be achieved 
either passively or actively. Passive loss of methylated marks in the genome may be 
a consequence of limited availability of the universal methyl donor S-adenosyl- l -
methionine (SAM), compromised integrity of DNA, and altered expression and/or 
activity of DNA methyltransferases  [  12  ] . Until recently, evidence for existence of 
an active replication-independent DNA demethylation process was controversial 
and inconclusive  [  7,   13  ] . However, recent studies provide compelling experimental 
evidence that active loss of DNA methylation is associated with the function of 
DNA repair machinery  [  14–  17  ] . 

 Global hypomethylation of DNA was the  fi rst epigenetic abnormality identi fi ed 
in cancer more than a quarter of century ago  [  18,   19  ] . It continues to be one of the 
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most common molecular alterations found in all human cancers  [  20,   21  ] ; however, 
the molecular mechanisms behind cancer-linked global demethylation of the 
genome remain largely unknown. The loss of DNA methylation in cancer primarily 
affects stable, methylated areas of the genome composed predominantly of repeti-
tive elements, genes, and intergenic regions  [  22  ] . 

 There are several molecular consequences of global demethylation of DNA that 
may contribute to tumorigenesis. First, genomic hypomethylation causes signi fi cant 
elevation in mutation rates  [  23  ] , activation of normally silenced tumor-promoting 
genes  [  24  ] , and loss of imprinting  [  25  ] . Second, demethylation of the repetitive 
DNA sequences, such as long interspersed nucleotide elements (LINE)-1 and short 
interspersed nucleotide elements (SINE), retroviral intracisternal A particle (IAP), 
and Alu elements located at centromeric, pericentromeric, and subtelomeric chro-
mosomal regions induces their activation and transposition leading to chromosomal 
instability  [  26–  29  ] . For example, recent  fi ndings have demonstrated that DNA 
hypomethylation causes permissive transcriptional activity at the centromere  [  28  ] . 
Subsequently, the accumulation of small minor satellite transcripts that impair cen-
tromeric architecture and function is observed. Likewise, hypomethylation of the 
repetitive elements at the subtelomeric regions is associated with enhanced tran-
scription of the telomeres  [  29  ] . 

 Gene-speci fi c loss of DNA methylation is also a  fi nding for oncogenes and 
imprinted genes. In addition, many genes that are normally well-methylated, par-
ticularly cancer-germline genes, including B melanoma antigen family ( BAGE ) ,  
cancer testis antigen ( CAGE),  melanoma antigen family  A  ( MAGE-A ) ,  X antigen 
family ( XAGE ), and other single-copy genes, including S100 calcium binding pro-
tein A4 ( S100A4) ,  fl ap endonuclease 1 ( FEN1) , and synuclein-gamma ( SNCG ), 
undergo progressive hypomethylation, which is accompanied by their increased 
expression, in human cancers  [  12,   21  ] . 

 Despite the large body of evidence indicating that cancer-associated DNA dem-
ethylation is an important early event in tumor development, it is still less clear if 
the loss of DNA methylation is a cause, or a consequence of the malignant transfor-
mation  [  30  ] . The notion that DNA hypomethylation is playing a role in causation 
and/or promotion of cancer is based on the results of studies with nutritional “lipo-
genic methyl-de fi cient diet”  [  31–  33  ] , genetically engineered  Dnmt - and  Lsh -
de fi cient mice  [  34,   35  ] , and several models of chemical carcinogenesis  [  36  ] . In 
contrast, there is also evidence that cancer-linked DNA hypomethylation may be a 
passive inconsequential side effect of carcinogenesis  [  30,   37  ] . The latter is evi-
denced by facts that not all tumors exhibit DNA hypomethylation and not all carci-
nogenic processes are accompanied by the loss of DNA methylation  [  38  ] . Indeed, it 
is highly unlikely to expect that development and progression of diverse types of 
tumors are all associated with DNA hypomethylation. Furthermore, there is grow-
ing evidence that DNA hypomethylation suppresses development of certain tumor 
types, especially intestinal, gastric, and prostate carcinomas  [  39–  41  ] . 

 DNA hypermethylation is the state where the methylation of normally under-
methylated DNA domains, those that predominantly consist of CpG islands  [  22  ] , 
increases. CpG islands are de fi ned as the genomic regions that contain the high 
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G + C content, have high frequency of CpG dinucleotides, are at least 400–500 bp 
long, and can be located either at intragenic and intergenic, or at the 5 ¢  ends of 
genes  [  42–  44  ] . However, only CpG islands that span 5 ¢  promoters are mainly 
unmethylated. For instance, less than 3% of CpG islands in gene promoters are 
methylated  [  44  ] . 

 It is well-established that hypermethylation of promoter-located CpG islands 
causes permanent and stable transcriptional silencing of a range of protein-coding 
genes  [  45  ] , which, along with DNA hypomethylation, plays a critical role in cancer 
development  [  2,   11  ] . One of the most compelling examples of the link between 
DNA hypermethylation and carcinogenesis is epigenetic silencing of critical tumor-
suppressor genes, including cyclin-dependent kinase inhibitor 2A ( CDKN2A ; 
 p16   INK4A  ), secreted frizzled-related protein ( SFRPs ) genes, adenomatous polyposis 
coli ( APC ), and GATA binding protein 4 ( GATA4 ). The aberrant silencing of these 
genes allows for survival and clonal expansion of the initiated cells. Additionally, 
hypermethylation of several DNA repair genes, including  O  6 -methylguanine-DNA 
methyltransferase ( MGMT ), xeroderma pigmentosum group C ( XPC ), MutL 
homolog 1 ( MLH1 ), and breast cancer 1 and 2 ( BRCA1  and  BRCA2 ) genes results 
in insuf fi cient DNA repair leading to reduction in genomic stability and various 
genetic aberrations, particularly, the elevation of mutation rates in critical cancer-
related genes  [  46,   47  ] . For example, the epigenetic silencing of  MGMT  leads to a 
greater mutation rate in  K-RAS  and  p53  genes during human colorectal carcinogen-
esis  [  48,   49  ] . Likewise, transcriptional inactivation of the  BRCA1  and  MLH1  genes 
caused by promoter hypermethylation results in elevated  p53  gene mutation fre-
quency in human sporadic breast cancer  [  50  ]  and microsatellite instability in spo-
radic colorectal cancer  [  51  ] , respectively. 

 In addition to the vital role that DNA methylation state may play in the etiology 
and pathogenesis of cancer, it has been shown that disruption of normal patterns of 
covalent histone modi fi cations is an epigenetic change frequently found in tumor 
cells. Histones are evolutionary conserved proteins that have globular carboxy-ter-
minal domains critical to nucleosome formation, and  fl exible amino-terminal tails 
that protrude from the nucleosome core and contact adjacent nucleosomes to form 
higher order chromatin structures. At least eight different classes of post-transla-
tional modi fi cations, including methylation, acetylation, phosphorylation, ubiquit-
ination, sumoylation, biotinylation, and ADP-ribosylation have been identi fi ed on 
the core histones H2A, H2B, H3, H4, and the H1 family of linker histones  [  8,   9  ] . 
These histone marks are essential for organizing chromatin, maintaining genome 
stability, silencing repetitive DNA elements, regulating cell cycle progression, rec-
ognizing DNA damage sites and repair, and maintenance of proper expression of 
genetic information. 

 Accumulating evidence clearly indicates that cancer cells are characterized by 
a profoundly disturbed pattern of global and/or gene-speci fi c histone modi fi cations 
accompanied by alterations in the functioning of enzymes that are associated with 
those marks. There are various combinations of cancer-linked histone modi fi cations 
that differ according to tumor type; however, one of the most characteristic exam-
ples of global changes in histone modi fi cations is loss of histone H4 lysine 20 
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trimethylation and H4 lysine 16 acetylation, which is a common hallmark of 
human cancers  [  52  ] . 

 Additionally, extensive studies in the past decade have indicated the existence 
and importance of another epigenetic mechanism of regulation of gene function by 
means of small non-coding microRNAs (miRNAs). Currently, miRNAs are recog-
nized as one of the major regulatory gatekeepers of protein-coding genes in human 
genome  [  53,   54  ] . MiRNAs are small 16–29 nucleotide-long non-coding RNAs that 
primarily function as negative gene regulators at the post-transcriptional level  [  55  ] . 
MiRNAs are generated by RNA polymerase II or RNA polymerase III as long pri-
mary transcripts, primary miRNAs. Following transcription, primary miRNAs form 
a stem-loop structure, which is recognized and processed by the RNase III-type 
enzyme Drosha creating precursor miRNAs. These precursor miRNAs are trans-
ported from the nucleus to the cytoplasm by Exportin-5. In the cytoplasm, the pre-
miRNAs are further processed by Dicer, an RNase III enzyme, generating 
miRNA:miRNA hybrids. After unwinding, one strand of the duplex is degraded, 
and another strand becomes a mature miRNA. MiRNAs can induce mRNA cleav-
age if complementary to 3 ¢ -untranslated region of targets is perfect or translational 
repression if complementarity is imperfect  [  53  ] . 

 Currently there are more than 700 mammalian miRNAs that can potentially tar-
get up to one-third of protein-coding genes involved in the development, cell dif-
ferentiation, metabolic regulation, signal-transduction, cell proliferation, and 
apoptosis. As the deregulation of these very same biological processes is a hallmark 
of cancer  [  1  ] , it has been suggested that changes in miRNA expression might have 
signi fi cance in cancer  [  56–  58  ] . In tumors, aberrant expression of miRNAs inhibits 
tumor suppressor genes or inappropriately activates oncogenes have been experi-
mentally associated with most aspects of tumor biology, including tumor progres-
sion, invasiveness, metastasis, and acquisition of resistance of malignant cells to 
various chemotherapeutic agents  [  58  ] . This leads to the suggestion that altered 
expression of miRNAs is an important mechanism of carcinogenesis  [  57,   59  ] .  

    11.3   Role of Epigenetic Alterations in Chemical Carcinogenesis 

 Many environmental and occupational exposures to natural substances, man-made 
chemical and physical agents are considered to be causative of human cancer  [  60–
  62  ] . In a broad sense, carcinogenesis may be induced through either genotoxic or 
non-genotoxic mechanisms. Genotoxic carcinogens are agents that interact directly 
or after metabolic activation with DNA, causing mutations and leading to tumor 
formation. Non-genotoxic carcinogens are a diverse group of chemical compounds 
that are known to cause tumors by mechanisms other than direct damage to DNA. 
The emphasis in carcinogenesis research, until recently, has focused mainly on the 
investigation of various molecular signaling events, DNA damage, DNA adduct 
repair, and genetic aberrations, despite the fact that the importance of epigenetic 
mechanisms in carcinogenic process was  fi rst suggested by Miller in 1970  [  63  ] . 
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Accumulating evidence suggests that regardless of the mechanism of action, both 
genotoxic and non-genotoxic carcinogens may also lead to prominent epigenetic 
abnormalities in tissues that are susceptible to carcinogenesis as a result of exposure 
 [  64–  68  ] . The following sections present an overview of the epigenetic alterations 
induced by several carcinogens. 

    11.3.1   Arsenic 

 Arsenic is a naturally occurring element and a ubiquitous environmental contami-
nant which is a public health issue world-wide  [  69  ] . The major source of human 
exposure to arsenic is contaminated food and drinking water. Inorganic arsenic was 
one of the earliest identi fi ed human carcinogens  [  69,   70  ] . It is widely accepted that 
exposure to arsenic is associated with skin, lung, and bladder cancers  [  71  ] . 
Additionally, accumulating evidence indicates that long-term exposure to arsenic 
causes development of liver tumors  [  72  ] . 

 Arsenic was classi fi ed as a known human carcinogen by the International 
Agency for Research on Cancer (IARC) in 2004, when suf fi cient evidence for 
human carcinogenicity became available  [  71  ] ; even though limited evidence for 
animal carcinogenicity of arsenic existed. This may be explained mainly by the 
absence of adequate relevant animal models to study arsenic carcinogenesis. 
However, the experiments in transgenic mice, e.g., v-Ha-ras (Tg.AC), keratin VI/
ornithine decarboxylase (K6/ODC), and p53 +/− , or inbred mouse strains that are 
prone to spontaneous cancer development provided evidence for the carcinogenic-
ity of arsenic in animal studies. For instance, administration of arsenic to A/J mice, 
a strain that exhibits a susceptibility to different pulmonary pathological states 
including lung cancer, enhances lung tumor multiplicity and size  [  70,   73  ] . Similarly, 
in utero arsenic exposure of C3H/HeJ mice, which are prone to hepatocarcinogen-
esis, resulted in increased incidence and multiplicity of hepatocellular carcinomas 
in adults  [  74  ] . The most convincing evidence for the carcinogenicity of arsenic in 
animals has been presented in a recent report by Tokar et al .   [  75  ]  that demonstrated 
that “whole-life” exposure of CD1 mice to arsenic causes induction of various 
tumors, including lung and liver. 

 The molecular mechanisms behind the cancer-inducing property of arsenic are 
not fully elucidated and remain a subject of debate. Several potential mechanisms 
have been proposed to explain arsenic-induced carcinogenesis, including induction 
of oxidative stress, DNA–protein crosslinking, chromosomal aberrations  [  70  ] , dis-
ruption of signaling pathways, and epigenetic dysregulation, particularly DNA 
demethylation  [  76  ] . The  fi rst evidence demonstrating an association between arse-
nic tumorigenicity and global DNA hypomethylation was reported by Zhao et al .  
 [  77  ]  who showed that exposure of rat liver epithelial TRL-1215 cells to arsenic 
in vitro led to their malignant transformation and was paralleled by global DNA 
demethylation. Importantly, the extent of DNA hypomethylation in the transformed 
cells was positively correlated with the tumorigenicity of the cells upon inoculation 
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into nude mice, suggesting that loss of DNA methylation may be a causative factor 
in arsenic-induced carcinogenesis  [  77  ] . Since then, a large amount of data has docu-
mented a substantial target organ-speci fi c loss of global DNA methylation and 
repetitive element and gene-speci fi c methylation in various in vitro and in vivo 
models of arsenic-induced tumorigenesis  [  78–  80  ] . 

 Several possible explanations exist for the mechanism of DNA demethylation 
after exposure to arsenic. First, arsenic-induced DNA hypomethylation can be 
explained by the absolute requirement of SAM for the biomethylation of inorganic 
arsenic and DNA methylation reactions  [  76,   81  ] . Therefore, the biomethylation of 
inorganic arsenic reduces availability of SAM for DNA and histone methylation. 
Second, arsenic exposure increases generation of reactive oxygen species that may 
cause direct damage to DNA  [  82,   83  ] . The presence of oxidative lesions in DNA 
(e.g., 8-oxodeoxyguanosine and 5-hydroxymethylcytosine) severely compromises 
the ability of DNA methyltransferases to methylate the target cytosine and leads to 
passive demethylation of DNA  [  84  ] . In addition, activation of DNA repair pathway 
promotes active demethylation of DNA  [  14–  17  ] . Third, arsenic-induced oxidative 
stress causes depletion of the level of intracellular reduced glutathione. This conse-
quently leads to the enhanced glutathione biosynthesis in a transsulfuration path-
way, which impairs SAM biosynthesis and perturbs DNA and histone methylation 
reactions  [  85  ] . 

 In addition to global and gene-speci fi c DNA hypomethylation, arsenic exposure 
causes concurrent methylation-induced transcriptional silencing of a number of 
tumor suppressor genes, including  p53 ,  CDKN2A  ( p16   INK4A   ) , Ras association 
domain family member 1 ( RASSF1A ), and death-associated protein kinase ( DAPK ) 
 [  73,   86,   87  ] , various histone modi fi cation changes  [  88  ] , and alterations in miRNA 
expression  [  89  ] . 

 It is of note that growing evidence suggests that carcinogenesis induced by an 
environmental chronic exposure to other metals, such as nickel, chromium, cad-
mium, and mercury, may also involve molecular epigenetic alterations caused by 
the ability of these metals to induce damage to DNA and strongly in fl uence intracel-
lular molecular and metabolic alterations  [  90,   91  ] .  

    11.3.2   1,3-Butadiene 

 The gaseous ole fi n 1,3-butadiene is a major industrial chemical monomer widely 
used in production of synthetic rubber, resins, and plastic. Additionally, this highly 
volatile agent is present in industrial and automobile exhaust, cigarette smoke, and 
ambient air in urban locations and industrial complexes  [  92  ] . Based on the results of 
numerous comprehensive epidemiological studies, the IARC has classi fi ed 1,3-buta-
diene as a known human carcinogen  [  92–  94  ] . In rodents, it causes tumor formation 
at several target sites, including the hematopoietic system, lungs, heart, and liver 
 [  93  ] . Importantly, the hematopoietic system, lungs and liver are the most common 
sites of 1,3-butadiene-induced tumor formation in both humans and mice  [  93  ] . 
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 It is well-established that the mechanism of tumor induction caused by 1,3-
butadiene-exposure is due to genotoxic reactivity of its metabolic epoxides: 1,2-
epoxy-3-butene, 1,2:3,4-diepoxybutane, and 3,4-epoxy-1,2-butanediol that interact 
directly with DNA to form mutagenic DNA adducts  [  94  ] . However, recent evidence 
demonstrates that short-term inhalational exposure of C57BL/6J mice to 1,3-buta-
diene, in addition to DNA adduct formation, also causes extensive concurrent epi-
genetic changes. These include a marked reduction of global DNA and repetitive 
element methylation and a profound loss of histone H3K9, H3K27, and H4K20 
trimethylation in the livers of C57BL/6J mice  [  95  ] . 

 It is well-established that methylation of lysine residues 9 and 27 at histone H3 
and lysine 20 at histone H4 plays a fundamental role in the formation of a con-
densed heterochromatin structure and transcriptional repression  [  96–  98  ] . Hence, 
loss of H3K9 and H4K20 trimethylation induced by 1,3-butadiene-exposure may 
compromise genomic stability via chromatin relaxation and activation of mobile 
repetitive elements. Indeed, a recent report showing decondensation of chromatin 
and activation of main repetitive elements in the livers of 1,3-butadiene-exposed 
C57BL/6J mice support this suggestion  [  99  ] . Additionally, an open chromatin struc-
ture may increase further vulnerability of DNA to the genotoxicity of reactive 
1,3-butadiene metabolites. 

 The elucidation of the mechanisms of carcinogenicity is usually carried out in 
genetically homogeneous in vivo models in order to  fi x as many variables as possi-
ble. This provides information in a single strain, yet the extrapolation of such data 
to the population effects is constrained by the inference from a single genome to 
model complex human phenotypes. To overcome this important limitation, panels 
of genetically de fi ned animals may be used to determine genetic causes of inter-
individual variability in cancer susceptibility  [  100  ] . In a recent study, Koturbash 
et al.  [  99  ]  have demonstrated substantial differences in hepatic genetic and epige-
netic response among mouse strains to short-term inhalational exposure to 1,3-buta-
diene. More importantly, the strain differences were associated with alterations in 
chromatin structure, mainly in the variability in histone H3K9, H3K27, and H4K20 
methylation.  

    11.3.3   Pharmaceuticals 

  Diethylstilbestrol  is a synthetic non-steroidal estrogen that was widely used to pre-
vent potential miscarriages and as emergency contraceptive (morning-after pill) 
 [  101  ] . Currently, diethylstilbestrol is classi fi ed by the IARC as a known human 
carcinogen  [  101  ] . Breast is the main target organ for diethylstilbestrol-induced car-
cinogenesis in women who were exposed during pregnancy. Additionally, diethyl-
stilbestrol also causes development of adenocarcinoma in the uterus and cervix of 
women who were exposed in utero. 

 In addition to the established mechanistic genotoxic and estrogen receptor- 
mediated carcinogenic events, epigenetic programming also plays a substantial role. 
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Perinatal exposure to diethylstilbestrol causes persistent demethylation and 
 transcriptional activation of several critical cancer-related genes in the mouse uterus, 
including lactoferrin ( Lf ), nucleosomal binding protein 1 ( Nsbp1 ), and c -fos   [  102–
  104  ] . The mechanism of these demethylation events is associated with the ability of 
diethylstilbestrol to inhibit expression of the maintenance ( Dnmt1 ) and de novo 
( Dnmt3a  and  Dnmt3b ) DNA methyltransferases in the mouse uterus  [  105  ] . 
Additionally, recent evidence indicates that diethylstilbestrol exposure causes epige-
netically induced down-regulation of miRNA-9 in human breast epithelial cells 
 [  106  ] , one of the frequently down-regulated miRNAs in human breast cancer  [  107  ] . 

  Tamoxifen , a selective non-steroidal anti-estrogen, is a widely used drug for che-
motherapy and for chemoprevention of breast cancer worldwide  [  108  ] . However, 
recently the IARC classi fi ed tamoxifen as a known human carcinogen based on 
evidence for endometrial cancer  [  101  ] . One of the possible mechanisms of carcino-
genic effects of tamoxifen in the uterus is tamoxifen-induced gene expression 
changes  [  109  ] , particularly, hypomethylation-linked activation of paired box 2 
( PAX2 ) gene  [  110  ] . 

 Additionally, a number of studies have demonstrated that tamoxifen is a potent 
hepatocarcinogen in rats with both tumor initiating and promoting properties  [  111  ] . 
The mechanism of tamoxifen-induced hepatocarcinogenesis is associated with its 
genotoxic  [  112,   113  ]  and epigenetic effects  [  114  ] . These non-genotoxic epigenetic 
alterations include demethylation of the entire genome and the repetitive elements, 
loss of global histone H4 lysine 20 trimethylation  [  114,   115  ] , and altered expression 
of miRNAs  [  116  ] . The results of these studies further emphasize the importance of 
non-genotoxic mechanisms in chemical carcinogenesis induced by genotoxic 
carcinogens. 

  Phenobarbital , the most widely used anticonvulsant worldwide, is a well-estab-
lished mitogenic non-genotoxic rodent liver carcinogen. It is known to increase cell 
proliferation, alter cell cycle checkpoint control, including delaying and attenuating 
the G1 checkpoint, inhibit the induction of p53, thereby resulting in accumulation 
of DNA damage, and induce extensive epigenetic abnormalities. Treatment with 
phenobarbital leads to rapid and progressive accumulation of altered DNA methyla-
tion regions in the livers of C57BL/6 and B6C3F1 mice  [  117  ] . These changes were 
more pronounced in livers of tumor-prone B6C3F1 and CAR (constitutive andros-
tane receptor) wild-type mice  [  118  ] . Interestingly, the number of hypermethylated 
regions was noticeably smaller than hypomethylated regions, among which cyto-
chrome P450, family 2, subfamily b, polypeptide 10 ( Cyp2b10)  gene is concomi-
tantly hypomethylated and transcriptionally activated early after phenobarbital 
treatment  [  119  ] . 

  Oxazepam  is widely used as a sedative-hypnotic and antianxiety drug. Chronic 
exposure of B6C3F1 mice to oxazepam induces development of hepatoblastoma 
and hepatocellular carcinoma in mice  [  120  ] . Interestingly, oxazepam, similar to 
phenobarbital, causes induction of  Cyp2b10  gene in the livers of B6C3F1 mice 
 [  121,   122  ] . Also, oxazepam-induced tumors display a decreased expression of  Apc  
and phosphatase and tensin ( Pten ) homolog tumor suppressor genes and genes 
involved in regulation of DNA methylation and histone modi fi cation  [  122  ] .  
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    11.3.4   Biological Agents 

  Mycotoxins  are a structurally diverse class of molecules of fungal origin that are com-
mon contaminants of the human and animal food products  [  123  ] . Three of the most 
ubiquitous mycotoxins, a fl atoxin B 

1,
  fumonisin B1, and ochratoxin, are classi fi ed by 

the IARC as known and possible human carcinogens  [  124,   125  ] . It is well-established 
that a fl atoxin B 

1
 , fumonisin B1, and ochratoxin A are genotoxic carcinogens  [  123, 

  126,   127  ] ; however, accumulating evidence indicates that their carcinogenicity 
involves also a complex network of epigenetic alterations  [  128–  134  ] . 

  A fl atoxin B  
 1 
  induces several epigenetic abnormalities that may induce and pro-

mote tumor development. Speci fi cally, exposure to a fl atoxin B 
1
  causes methylation-

induced transcriptional silencing of  MGMT, p16   INK4A  , and  RASSF1A  genes, a 
fundamental epigenetic event in liver carcinogenesis  [  128–  130  ] . Conversely, 
a fl atoxin B 

1
  is a strong inducer of epigenetically regulated  SNCG  gene  [  131  ] . 

Additionally, a study conducted by Hu et al .   [  134  ]  has demonstrated that cytosine 
methylation at the CpG site at codon 14 of the  K-ras  gene is the major reason for 
preferential a fl atoxin B 

1
 -induced DNA-adduct formation at this codon in normal 

human bronchial epithelial cells. 
  Fumonisin B  

 1 
 , in addition to various genotoxic and non-genotoxic alterations, 

increases the level of 5-methylcytosine in genomic DNA from 5 to 9% in human 
intestinal Caco-2 cells  [  132  ] . 

  Helicobacter pylori  infection is associated with development of gastric cancer, 
one of the most prevalent human cancers worldwide  [  135  ] . The results of several 
comprehensive studies indicate that  H. pylori  infection causes marked DNA methy-
lation changes in infected normal or preneoplastic gastric mucosa.  H. pylori  infec-
tion causes signi fi cant aberrant DNA methylation in a number of the promoter CpG 
island-containing genes, including  p16   INK4A  , lipoxygenase ( LOX ), heart and neural 
crest derivatives expressed 1 ( HAND1 ), thrombomodulin ( THBD ), and actin related 
protein 2/3 complex, subunit p41 ( p41ARC ) gastric cancer-associated genes in gas-
tric mucosa  [  136–  139  ] . Importantly, hypermethylation of some genes, e.g.,  THBD  
persisted in gastric mucosa after  H. pylori  eradication  [  140  ] .   

    11.4   Epigenetic Alterations and the Evaluation of Cancer Risk 

 Recognition of the fundamental role of epigenetic alterations in cancer has resulted 
in the identi fi cation of numerous epigenetic abnormalities that may be used as 
potential biomarkers for the molecular diagnosis of cancer and prognosis of survival 
or treatment outcomes. Despite a lack of conclusive information to clarify whether 
or not epigenetic changes are involved directly in neoplastic cell transformation, 
evidence highlighted above suggests that epigenetic alterations may be used as early 
indicators of carcinogenesis for both genotoxic and non-genotoxic carcinogens. 
Importantly, several research groups have argued that epigenetic alterations may be 



22511 Environmental Toxicants, Epigenetics, and Cancer

used as biomarkers in the evaluation of the carcinogenic potential of the  environmental 
factors  [  5,   67,   68,   141  ] . 

 Incorporation of the epigenetic biomarkers into the studies on cancer risk of 
exposures holds a number of advantages over traditionally used methods, such as 
evaluation of the carcinogen-induced DNA damage, DNA adduct formation, or bac-
terial mutagenicity. Speci fi cally, we reason that the following features are in favor 
of greater integration of epigenetic biomarkers in studies of the carcinogenic poten-
tial of the environmental exposures: (1) early appearance; (2) stability; (3) target 
tissue-speci fi city; (4) relatively low cost of the assays needed to detect these changes; 
(5) applicability to both genotoxic and non-genotoxic agents; and, more impor-
tantly, (6) a greater number of detectable epigenetic changes as compared to the 
genetic alterations after exposure. 

 Also, the incorporation of epigenetic technologies into the studies of cancer risk 
promises to enhance substantially the ef fi ciency of carcinogenicity testing. More 
importantly, the reversibility of epigenetic alterations opens novel mechanism-based 
approaches not only to cancer treatment but also to the timely prevention of cancer 
 [  142  ] . However, despite a very promising outlook on the bene fi ts of epigenetic bio-
markers, additional studies are still needed to better de fi ne the nature and mecha-
nisms of epigenetic abnormalities with respect to carcinogenic processes  [  60,   143, 
  144  ] . Although extensive studies have identi fi ed a number of cancer-related epige-
netic abnormalities that are associated with carcinogen exposure, there is no con-
sensus on the role of changes in tumorigenesis. 

 Additionally, it is possible that not all these aberrant epigenetic events are equally 
important for the tumorigenic process. It is highly unlikely that all of these epige-
netic changes play a causative role in tumorigenesis. For example, some epigenetic 
changes may drive other epigenetic events that contribute to the formation of a 
transformed phenotype, while others may be passenger epigenetic events that 
accompany the transformation process     [  145  ] . In this respect, the identi fi cation of 
those epigenetic events that drive cell transformation is crucially important for 
understanding mechanisms of tumorigenesis and for cancer prevention.      
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  Abstract   The importance of somatic epigenetic alterations in tissues targeted for 
carcinogenesis is now well recognized and considered a key molecular step in the 
development of a tumor. Particularly, alteration of gene-speci fi c and genomic DNA 
methylation has been extensively characterized in tumors, and has become an attrac-
tive biomarker of risk due to its speci fi city and stability in human samples. It also is 
clear that tumors do not develop as isolated phenomenon in their target tissue, but 
instead result from altered processes affecting not only the surrounding cells and 
tissues, but other organ systems, including the immune system. Thus, alterations to 
DNA methylation pro fi les detectable in peripheral blood may be useful not only in 
understanding the carcinogenic process and response to environmental insults, but 
can also provide critical insights in a systems biological view of tumorigenesis. 
Research to date has generally focused on how environmental exposures alter 
genomic DNA methylation content in peripheral blood. More recent work has begun 
to translate these  fi ndings to clinically useful endpoints, by de fi ning the relationship 
between DNA methylation alterations and cancer risk. This chapter highlights the 
existing research linking the environment, blood-derived DNA methylation altera-
tions, and cancer risk, and points out how these epigenetic alterations may be con-
tributing fundamentally to carcinogenesis.      
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    12.1   Introduction 

 Epigenetic alterations within cells that give rise to tumors are believed to be causal 
contributors to the development of malignancy  [  27,   38  ] . The most widely studied 
epigenetic mechanism in cancer is DNA methylation and it is well recognized that 
cancer cells concomitantly exhibit both gene-speci fi c increases in DNA methylation 
and genome-wide hypomethylation compared to their normal tissue counterparts. 
Because DNA methylation is tissue-speci fi c, perhaps it is no surprise that a multi-
tude of studies seeking to detect tumor-speci fi c DNA methylation for early detec-
tion/diagnosis have used cell-free fractions (serum, plasma) of peripheral blood. 
Studies measuring DNA methylation in serum and plasma aim to reduce the poten-
tial noise contributed by leukocyte methylation patterns in whole blood and to 
speci fi cally detect tumor-derived DNA methylation. However, interindividual vari-
ability in leukocyte methylation patterns may be—akin to genetic variation—related 
to an individual’s cancer risk while acquired alterations to leukocyte methylation 
may represent both a cause and consequence of carcinogenesis in solid tissues .  As 
new measurement technologies and analytic strategies are being developed, and 
there is an improved understanding of the contribution of the immune system to 
solid tumor development, there may be great utility in peripheral blood methylation 
analysis for predicting cancer risk. 

 This chapter will cover evidence from human studies that peripheral blood DNA 
methylation states can inform cancer risk. First, investigations of repetitive element 
and global DNA methylation will be presented. Then, epimutation and gene-speci fi c 
methylation markers of cancer risk will be discussed, followed by more recent and 
larger-scale investigations of blood methylation and cancer risk. Notably, as men-
tioned above, cancer epigenetics includes a large body of research on cell-free 
(plasma, serum) DNA methylation for diagnostic and prognostic purposes that is 
not within this chapter’s scope. To end, potential mechanisms underlying the basis 
for blood-based methylation markers of cancer risk, and future directions for this 
avenue of research will be covered.  

    12.2   Repetitive Elements, Global Methylation, 
and Cancer Risk 

    12.2.1   Introduction to Global Methylation and Repetitive 
Elements 

 While the classic example of altered DNA methylation in cancer would likely 
describe promoter hypermethylation-induced gene silencing of a tumor suppres-
sor gene, before this phenomenon was understood it was recognized that tumors 
are heavily hypomethylated relative to their normal tissue counterparts. In 
 contrast to tumor suppressor gene promoters, moderately to highly repetitive, 
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non-coding sequences of the genome are normally methylated  [  26,   63  ] . Indeed, 
generally non-speci fi c methylation of repeat and non-coding elements is consid-
ered an important part of normal development, cellular differentiation, and 
X-chromosome inactivation. Hence, changes in this methylation can lead to 
speci fi c human disease states including cancer. In fact, genomic or global hypom-
ethylation is now thought to occur early in tumorigenesis, including in pre-can-
cerous lesions  [  60,   66,   67  ] , and may promote cancer development by contributing 
to genomic instability. 

 A few studies have directly assessed the relationship between total genomic 
methyl-cytosine in blood and cancer risk. Pufulete and colleagues measured 
genome-wide reduction in 5-methylcytosine content with a (relatively insensitive) 
 3 H-thymidine incorporation assay in peripheral blood lymphocytes and found that 
hypomethylation signi fi cantly increased risk for colon adenoma and indicated a 
trend in risk of colon cancer  [  60  ] . In an investigation of colorectal adenoma among 
women, Lim et al. measured total genomic leukocyte methylation utilizing DNA 
digestion followed by liquid chromatography and mass spectrometry for quantita-
tion in 230 cases and controls. When setting the referent group as the women in the 
 lowest tertile of methylation , women in the second tertile had a reduced risk of col-
orectal adenoma (odds ratio (OR): 0.72, 95% CI: 0.34–1.52), and women in highest 
methylation tertile had a signi fi cantly decreased risk of colorectal adenoma (OR: 
0.17, 95% CI: 0.06–0.49)  [  47  ] . Around the same time, a hospital-based case–control 
study in Spain found that reduced total percent methyl-cytosine content (using high-
performance capillary electrophoresis,  HpaII  digestion, and densitometry) was 
signi fi cantly associated with bladder cancer risk  [  54  ] : compared to the quartile of 
subjects with the highest percent 5-methyl-cytosine, the adjusted OR for subjects in 
the lowest quartile of methylation was 2.67 (95% CI: 1.8–4.0). Further, when strati-
fying by smoking status, global hypomethylation was a strong risk factor for blad-
der cancer in never smokers (OR: 6.4, 95% CI: 2.4–17.2). 

 Early links between genomic hypomethylation and pathogenesis generated 
great interest in developing additional methods to determine global DNA methyla-
tion. Total genomic methyl-cytosine content can be directly measured, though 
large amounts of substrate and highly specialized equipment are required. In the 
mid 1990s, founded on the basis of chemical modi fi cation of DNA with sodium 
bisul fi te, a PCR-based method for measuring DNA methylation was developed: 
methylation-speci fi c PCR (MSP)  [  30  ] . Later, a quantitative version of MSP known 
as MethyLight was developed in Peter Laird’s lab  [  21  ] . Using MethyLight to mea-
sure  LINE-1 ,  Alu , and satellite element repeats, Weisenberger et al. showed that 
methylation of repetitive elements were reasonably well correlated with total 
methyl-cytosine content  [  74  ] . Around the same time, the  fi rst report of bisul fi te 
sequencing for  LINE-1  and  Alu  elements was published and was claimed as a sim-
ple method to estimate global DNA methylation  [  80  ] . Alone,  LINE-1  and  Alu  ele-
ments comprise about 30% of the human genome, making them an attractive target 
for a surrogate measure of global methylation  [  80  ] . With these more accessible 
methods to measure “global methylation”, many groups began evaluating global 
methylation. As a result, the term “global methylation” lost its speci fi c meaning 
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and started being used to describe any of these assays even though their measures 
are potentially non-comparable. 

 Because repetitive elements such as  LINE-1  and  Alu  are used to signify global 
methyl-cytosine content, it is important to clarify what these elements are and to 
point out potential drawbacks of using these as surrogate measures of global methy-
lation. Long interspersed nuclear elements ( LINE-1 ) and short interspersed nuclear 
elements (SINEs, which include  Alu  elements and mammalian interspersed repeats 
(MIR)), and long terminal repeats (LTRs) are retrotransposons. Collectively, with 
tandem repeats such as satellite elements (SAT), LINE, SINE, and LTR retrotrans-
posons comprise approximately half of the human genome. The majority of these 
elements are evolutionary remnants that are truncated or mutated and even if tran-
scribed would have no phenotype. For instance, there are approximately 500,000 
 LINE-1  elements in the genome; very few of these are full-length (6 kb) complete 
with an internal RNA polymerase II promoter in the 5 ¢  UTR, two open reading 
frames that encode an RNA-binding protein and elements for retrotransposon activ-
ity, and a 3 ¢  UTR with a polyadenylation signal  [  17  ] . Unlike  LINE-1 ,  Alu  elements 
use an internal RNA polymerase III promoter and lack any coding sequence. For 
retrotransposition,  Alu  elements require the retrotransposon machinery encoded by 
 LINE-1  elements  [  19  ] . LTRs are considered endogenous retroviruses, and with over 
400,000 copies, these repeat elements account for 8% of the human genome  [  43  ] . 
Lastly, satellite repeated sequences (SAT) are small DNA transposons that are the 
oldest type of transposable element, having arisen as a result of simple repeat 
ampli fi cation  [  39,   43  ] . 

 Because repeat elements can have transposition activity, largely outnumber cod-
ing genes and make up a large fraction of the genome, it is critical that they are 
appropriately regulated. Hence, in normal cells repeat elements are maintained as 
silenced with relatively high levels of DNA methylation in their promoter regions. 
However, if methylation is lost at repeat elements they may be re-expressed and 
insert into various regions of the genome, possibly leading to the inactivation of 
tumor suppressor genes, or activation of oncogenes, thereby contributing to cancer 
as well as other human diseases  [  18,   41  ] .  

    12.2.2   Satellite Elements and Long Terminal Repeats 

 Although satellite elements and long terminal repeats are numerous and make up a 
considerable portion of the human genome, their potential role in carcinogenesis 
remains understudied. Nonetheless, initial investigations into LTR repeats in tumors 
have indicated that inappropriate activation of LTR repeats is linked to cancers. 
The methylation status of one type of LTR, the endogenous retrovirus type K 
(HERV-K) was hypomethylated in bladder tumor tissue compared to normal blad-
der  [  23  ] . Similarly, in a small number of ovarian tumors, HERV-W was hypomethy-
lated compared to non-tumor tissue  [  53  ] . More recently, an examination of satellite 
repeat expression in pancreatic ductal adenocarcinomas revealed that HSATII 
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 transcripts were highly cancer-speci fi c, alpha satellite transcripts were abundantly 
expressed, and that increased satellite expression in these cancers was likely due to 
loss of methylation  [  71  ] . Unfortunately, to our knowledge there have not yet been 
any studies examining methylation of satellite or LTRs in blood to test for associa-
tion with risk of cancer. However, as large-scale sequencing efforts continue, non-
coding elements are becoming better annotated and may allow for better-informed 
approaches to investigate the potential role of satellite and LTR repeat methylation 
in blood as it relates to cancer risk  [  1  ] .  

    12.2.3   Long Interspersed Nuclear Elements and Alu elements 

 Using bisul fi te pyrosequencing assays, a number of studies on  LINE-1  methylation 
in human peripheral blood have now been conducted. First, it is interesting to note 
that there are several studies investigating the association of  LINE-1  methylation in 
blood DNA with exposures that are etiologically relevant to human cancers. 
Examples of exposures that are associated with  LINE-1  hypomethylation include 
benzene  [  10  ] , particulate matter including traf fi c particles  [  4,   68  ] , polycyclic aro-
matic hydrocarbons  [  58  ] , and persistent organic pollutants  [  62  ] . 

 One of the  fi rst case–control studies of cancer to measure  LINE-1  methylation in 
blood was conducted in head and neck squamous cell carcinoma (HNSCC)  [  36  ] . 
Hsiung et al. measured  LINE-1  methylation with a modi fi ed version of combined 
bisul fi te restriction analysis in over 800 HNSCC cases and controls. The between-
subject variability in  LINE-1  methylation ranged from 54 to 87%, with a signi fi cant 
( P  < 0.002) increase in the  LINE-1  methylation in males compared to females, and 
signi fi cant increases in  LINE-1  methylation associated with positive HPV16 anti-
body serology and for subjects of non-Caucasian race compared to Caucasians 
( P  < 0.02 and  P  < 0.03, respectively). In cases, controlling for age, gender, race, life-
time average drinks per week, and HPV16 serology, dietary folate in the lowest 
tertile, compared to the upper two tertiles, had a borderline signi fi cant reduction in 
 LINE-1  methylation. Similarly, subjects with the  MTHFR  677 variant had a 
signi fi cant ( P  < 0.04) reduction in  LINE-1  methylation; whereas, among cases, 
smoking was signi fi cantly associated ( P  < 0.04) with increased  LINE-1  methylation. 
With respect to risk of HNSCC, patients in the lowest tertile of  LINE-1  methylation 
had a signi fi cant relative risk of HNSCC (OR: 1.6, 95% CI: 1.1–2.4), while those in 
the mid tertile showed an elevated OR of 1.3 (95% CI: 0.9–2.0) when controlling for 
age, gender, race, smoking, drinking, and HPV16 serology. Across tertiles there was 
a signi fi cant trend ( P  < 0.03) for increased HNSCC risk with lower  LINE-1  methyla-
tion, and suggested that epigenetic variation, in this case extent of repetitive region 
methylation, is associated with disease risk  [  36  ] . 

 In a study of breast cancer risk, Choi et al. measured  both  total methyl-cytosine 
content and  LINE-1  methylation in blood DNA from cases and controls  [  15  ] . With 
176 cases and 173 controls, the authors  fi rst measured methyl-cytosine content and 
 LINE-1  methylation in a pilot subset of 19 cases and 18 controls, and found that 
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cases had signi fi cantly reduced methyl-cytosine content ( P  = 0.001) compared to 
controls, whereas  LINE-1  methylation was not associated with case status or cor-
related ( r  = −0.2,  P  = 0.23). Based on the results from the pilot cases and controls, 
the remaining cases and controls were evaluated for total methyl-cytosine only. 
Among several demographic factors examined (including age, race, BMI, smoking, 
parity, and menopausal status), high alcohol intake (>median) was the only factor 
signi fi cantly associated with reduced methyl-cytosine, and this was true in each of 
the case ( P  < 0.04) and control groups ( P  < 0.04). Further, among all cases and con-
trols total methyl-cytosine content in blood DNA was signi fi cantly lower in cases 
than controls: when compared to women in the highest tertile of methylation, 
women in the lowest tertile of methylation had a signi fi cantly increased risk of 
breast cancer (OR: 2.9, 95% CI: 1.7–4.9). Despite the association between methyl-
cytosine levels and alcohol intake, alcohol consumption did not affect the associa-
tion between methyl-cytosine content and breast cancer risk. However, when 
stratifying on demographic and lifestyle factors, the authors found that risk was 
further increased by lower methyl-cytosine content in women with a family history 
of disease, as well as among women who were never smokers. 

 Studying the risk of gastric cancer in relation to repeat element methylation, Hou 
et al. used pyrosequencing and measured both  LINE-1  and  Alu  methylation in blood 
DNA from 302 gastric cancer cases and 421 age- and gender-matched controls  [  35  ] . 
This population-based case–control study enrolled participants from Warsaw, 
Poland. Methylation data were strati fi ed into tertiles and in an analysis adjusted for 
age, sex, education level, smoking, and alcohol there were borderline signi fi cant 
associations between reduced methylation and gastric cancer risk for  LINE-1  (OR: 
1.4, 95% CI: 0.9–2.0) and  Alu  (OR: 1.3, 95% CI: 0.9–1.9). Yet, in strati fi ed analyses 
the association between  LINE-1  hypomethylation and gastric cancer risk was stron-
ger for individuals with a family history of disease (OR: 3.1, 95% CI: 1.4–7.0), 
current drinkers of alcohol (OR: 1.9, 95% CI: 1.0–3.6), current smokers (OR: 2.3, 
95% CI: 1.1–4.6), subjects who rarely or never consumed fruit, as well as carriers 
of either of two polymorphisms in 5-methyltetrahydrofolate-homocysteine methyl-
transferase reductase ( MTRR ). However, associations between  LINE-1  methylation 
and cancer risk were not modi fi ed by sex, infection with  Helicobacter pylori , or 
intake of protein, vitamin B6, or folate. 

 An investigation of  LINE-1  blood DNA methylation and bladder cancer risk in a 
population-based case–control study in New Hampshire also indicated that reduced 
 LINE-1  methylation is associated with cancer risk  [  76  ] . Among 285 cases and 465 
controls,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 58 
to 92%. Comparing subjects in the lowest methylation decile to all other subjects, 
controlling for age, gender, and smoking status indicated a signi fi cantly increased 
risk of bladder cancer for the lowest decile subjects (OR: 1.8, 95% CI: 1.1–2.9). In 
addition, these authors strati fi ed their analysis by invasive and non-invasive disease 
and found that the lowest decile of  LINE-1  methlyation was associated with a 
signi fi cantly increased risk of non-invasive disease, but not invasive disease. Similar 
to the results from Hsiung et al., which showed that males had signi fi cantly higher 
 LINE-1  methylation levels, Wilhelm et al. strati fi ed their  analysis by gender and 
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found the association between  LINE-1  hypomethylation and  bladder cancer to be 
stronger in women than in men (OR 

women
 : 2.5, 95% CI: 1.2–5.2; OR 

men
 : 1.5, 95% CI: 

0.8–2.7). Finally, recalling the studies of  LINE-1  methylation and environmental 
exposures with etiologic relevance to cancer, these authors showed a signi fi cant 
association between high exposure to arsenic and reduced  LINE-1  methylation in 
control subjects. 

 Along with the studies of global and repeat element hypomethylation and blad-
der cancer risk in Europeans from Moore et al., and in American Caucasians from 
Wilhelm et al., a third study in Chinese subjects has also been published  [  13  ] . 
Among 510 cases and 528 controls from a case–control study based in Shanghai 
China,  LINE-1  methylation values from bisul fi te pyrosequencing ranged from 73 to 
93%. Notably, the low-end of  LINE-1  methylation in these subjects was higher than 
studies of Caucasians, 73% compared to 58% from  [  36  ] , and 53% from  [  76  ] . 
Nonetheless, similar to previous research, men had signi fi cantly higher  LINE-1  
methylation than women ( P  = 0.004), and perhaps some of the disparity in low-
range methylation among studies may be attributable to a higher prevalence of men 
in this study (77%) compared to the studies from Hsiung et al. (69%) and Wilhelm 
et al. (69%). Among all cases and controls in adjusted models comparing tertiles of 
 LINE-1  methylation, the lowest methylation tertile compared to the highest revealed 
an elevated risk of bladder cancer that did not reach statistical signi fi cance (OR: 1.3, 
95% CI: 0.95–1.7). However, when stratifying by smoking status, never smokers in 
the lowest tertile of  LINE-1  methylation had a signi fi cantly increased risk of bladder 
cancer (OR: 1.9, 95% CI: 1.2–3.1). Further, lifelong non-smokers with  GSTM1  and/
or  GSTT1  null genotypes had an even higher risk of bladder cancer (OR: 2.4, 95% 
CI: 1.3–4.1).  

    12.2.4   Challenges and Caveats 

 Despite recent advances in measuring repetitive element methylation with bisul fi te 
pyrosequencing, a full understanding of the biology of these elements is still lacking, 
and there are technical limitations that should be carefully considered. Although 
reported in numerous studies, the relatively greater extent of methylation of  LINE-1  
elements in men compared to women is not understood, and may represent funda-
mental differences that need to be further explored. Though the CpGs targeted for 
methylation measurement in pyrosequencing assays are generally 3–6 CpG sites in 
the 5 ¢  UTR, because it is unclear how many of the 500,000  LINE-1  elements are full 
length (6 kb) it is not known  how many  copies of  LINE-1  elements are actually being 
measured in any given individual. From an evolutionary standpoint the newer  LINE-
1  sequences are more likely to be fully intact, though the 5 ¢  end of the repeat can be 
deleted and it is not yet known what the prevalence of these deletions are. In addition, 
the total number of  newer  LINE-1  sequence elements is polymorphic in the popula-
tion. Together, these issues make it dif fi cult if not impossible to know how many 
 LINE  elements are being measured and whether the number is similar across samples 
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or individuals. So, although a number of studies are now identifying and con fi rming 
associations between epigenetic alterations to these elements and cancer, the biologi-
cal mechanism towards carcinogenesis that these observations represent is not under-
stood. A more in-depth treatment of the challenges associated with repeat element 
and global methylation measures is available in Nelson et al.  [  56  ] .   

    12.3   Gene-Speci fi c Methylation and Epimutation 

    12.3.1   Epimutation 

 There is growing recognition that gene-speci fi c soma-wide and/or germline DNA 
methylation, often called epimutation, can predispose individuals to cancer  [  20,   31  ] . 
Initial work in the area of epimutation identi fi ed changes to gene imprinting status 
that was phenotypically equivalent to disease attributable to genetic alterations. For 
example, Wilm’s tumor can derive from inherited mutation in the  IGF2  gene lead-
ing to a change in the imprinting status and therefore the biallelic expression of this 
gene. A change in the DNA methylation status of the maternally imprinted allele 
without change to the underlying sequence can lead to loss of imprinting (LOI) at 
the  H19/IGF2  locus, which similarly results in biallelic expression and risk for 
Wilm’s tumor  [  52,   65  ] . A number of other imprinting disorders have been identi fi ed 
and have been linked not only with genetic  etiology but also epimutations, including 
Beckwith–Wiedeman, Silver–Russel, Prader–Willi, and Angelman syndromes 
 [  28,   57  ] . Epimutations resulting in LOI are relatively rare due to the scarcity of 
imprinted genes in the genome. 

 Epimutations also have been shown to occur in the context of biallelic expression 
and such epimutations have been linked to cancer. For example, 37% of individuals 
presenting with Cowden’s syndrome or with Cowden-like features, but without 
genetic alteration to the  PTEN  gene, harbor germline allele-speci fi c DNA methyla-
tion upstream of  PTEN . This leads to reduced expression of the  KILLIN  gene and a 
greatly increased risk of breast and renal cancer  [  7  ] . Similarly, a subset of familial 
breast and ovarian cancer without  BRCA1  or  BRCA2  mutation is linked to mosaic 
epimutation of  BRCA1   [  78  ] , and hereditary non-polyposis colorectal cancer 
(HNPCC) without germline mutation is observed with allele-speci fi c mosaic meth-
ylation of  MLH1  or  MSH2   [  14,   32–  34  ] . In some cases, multiple generations of indi-
viduals within these HNPCC families could be identi fi ed  [  33,   55  ] . In other cases, 
the aberrant methylation present in the affected individuals germline (i.e., sperma-
tozoa), could not be identi fi ed in family members, suggesting a potential de novo 
germline or early embryonic event  [  32,   66,   67  ] . This lack of a consistent direct 
inheritance of the epimutation itself, but the potential for familial transmission sug-
gests that it may, in fact, be a predisposition to epimutation in general that is truly 
being inherited. 

 These are examples of highly penetrant but rare epimutation in genes known to 
contribute to speci fi c disease. Such  fi ndings are analogous to decades of work in 
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genetic susceptibility to cancer which originated with studies of highly penetrant, 
rare mutations leading to rare genetic disease and provided the profound under-
standing of the key genes involved in tumorigenesis. As genetic susceptibility stud-
ies later evolved into the investigation of more common, polymorphic variation 
associated with sporadic cancer, so has the study of epimutation begun to move 
beyond these rare variants to studies of common epigenetic variability association 
with common disease.  

    12.3.2   Gene-speci fi c methylation 

 A number of investigations of peripheral blood DNA methylation have focused on 
the examination of candidate tumor suppressor gene methylation, taking cues from 
the alterations detected in targeted solid tissues to de fi ne candidates. Often these 
studies are based upon the assumption that the alterations driving carcinogenesis in 
a target tissue will be identi fi ed in blood and potentially other non-target tissues, 
although the somatic nature of methylation would argue against such assumption. 
Nevertheless, there is a large and growing literature utilizing candidate approaches 
to examine in populations single and multi-gene panels of candidate tumor suppres-
sor genes in peripheral blood as markers of solid tumor risk. 

 Wong and colleagues  [  77  ]  measured  CDKN2B  methylation in buffy coat DNA 
from 15 hepatocellular carcinoma (HCC) patients, 15 patients without cancer but 
with chronic hepatitis/cirrhosis, and 20 healthy controls with MSP. Among the 15 
HCC patients, eight had  CDKN2B  methylation buffy coat DNA, whereas none of 
the healthy controls or individuals with hepatitis/cirrhosis had methylated  CDKN2B . 
Further, the eight HCC patients with  CDKN2B  methylation in blood DNA also had 
 CDKN2B  methylation in their tumor tissue. 

 In colon cancer, Ally and colleagues measured methylation in blood DNA from 
27 cases, 30 individuals with adenoma, 16 with hyperplastic polyps, and 57 disease-
free controls  [  2  ] . Using bisul fi te pyrosequencing the authors examined seven CpG 
sites in the promoter region of the estrogen receptor alpha gene ( ESR1 ) and across 
all subjects the methylation of  ESR1  ranged from 0 to 13% (median, 4.3%). Across 
disease groups there was not a difference in  ESR1  methylation ( P  > 0.05). However, 
 ESR1  methylation was 60% lower in peripheral blood samples than in normal 
colonic tissues. Further, the authors observed a correlation between colonic tissue 
methylation and blood methylation of  ESR1  that was independent of age, gender, 
disease status, and body mass index (BMI). 

 Another interesting example comes from studies of  BRCA1  methylation in 
peripheral blood DNA of cases with breast cancer. Germline  BRCA1  mutations are 
related to the development of hereditary breast cancers, which account for ~5–10% 
of cases, and generally present at a younger age and with a more aggressive pheno-
type. Although mRNA levels of  BRCA1  have been shown to be reduced in a subset 
of sporadic breast cancer cases  [  70  ] , mutations of  BRCA1  in sporadic breast cancer 
are rarely (if ever) present  [  25,   42  ] . As  BRCA1  is known to contain a CpG island in 
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its promoter region, it was hypothesized that DNA methylation-induced silencing 
may be present in a subset of sporadic breast tumors. It has been shown that up to 
44% of sporadic breast tumors are methylated at  BRCA1 , and tumors with methy-
lated  BRCA1  share pathologic features of tumors with mutated  BRCA1   [  9,   12  ] . In 
2008, Snell and colleagues measured  BRCA1  methylation in blood DNA from seven 
familial breast cancer cases that did not have detectable  BRCA1  or  BRCA2  muta-
tions and seven age-matched controls. These authors used several techniques to 
measure  BRCA  methylation including MethyLight, methylation-sensitive high-
resolution melting, and a digital version of the latter. Three of the seven patients 
studied had >0% methylation of  BRCA1  in peripheral blood DNA and the corre-
sponding tumors were found to be heavily methylated. Among the control subjects, 
six of seven had no detectable  BRCA1  methylation, only one subject had low-level 
 BRCA1  (0.1%) methylation  [  64  ] . 

 Al-Moghrabi et al. measured  BRCA1  methylation with MSP in 47 breast tumor 
tissues, and in peripheral blood from seven breast cancer cases and 73 disease-free 
controls  [  3  ] . Among tumor tissues, 13 (27%) had  BRCA1  methylation. Similarly, 
two (29%) of the seven blood samples from breast cancer cases were methylated at 
 BRCA1 . Further, there was a signi fi cant association between a younger age at diag-
nosis ( £ 40 years) and  BRCA1  methylation ( P  < 0.004). However, 8 of the 73 (11%) 
disease-free controls also had  BRCA1  methylation in blood, which was not a 
signi fi cantly lower prevalence of  BRCA1  methylation than in cases. Nonetheless, 
with only seven breast cancer cases providing blood DNA, this study may have been 
underpowered to detect a signi fi cant association between  BRCA1  methylation in 
blood and risk of breast cancer. In addition, it is possible that the disease-free women 
with  BRCA1  methylation in blood are still at an increased risk of developing breast 
cancer. 

 Iwamoto and colleagues presented a similar study of  BRCA1  methylation in 
peripheral blood DNA from 200 cases and 200 controls  [  37  ] . In peripheral blood 
samples from cases and controls,  BRCA1  methylation was measured with quantita-
tive MSP and found to be associated with a signi fi cantly increased risk of breast 
cancer (OR: 1.7, 95% CI: 1.01–2.96), controlling for age, family history, age at 
menarche, parity, menopausal status, and BMI. In addition, these authors also mea-
sured  BRCA1  methylation in 162 breast tumors where 31 (19%) were  BRCA1  meth-
ylation-positive and these tumors were more likely to be estrogen receptor and 
progesterone receptor-negative. When stratifying by presence of  BRCA1  methyla-
tion in tumors (and controlling for covariates above), peripheral blood methylation 
of  BRCA1  was highly associated with risk of developing  BRCA1  methylation-
positive breast cancer (OR: 17.8, 95% CI: 6.7–47.1). 

 Blood DNA methylation of  BRCA1  in relation to the risk of ovarian cancer has 
also been reported. Bosivel and colleagues  [  11  ]  measured blood DNA methylation of 
both  BRCA1  and  BRCA2  promoter regions in 51 ovarian cancer cases (without  BRCA  
mutation) and 349 controls using quantitative analysis of methylated alleles. Although 
they did not observe an association between  BRCA2  methylation level and case 
 status, these authors reported signi fi cantly  reduced BRCA1  methylation in ovarian 
cancer cases compared to controls. However, the implications of a signi fi cantly 
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hypomethylated  BRCA1  promoter region in association with ovarian cancer are 
somewhat counterintuitive and warrant further investigation. 

 In a case–control study of lung cancer, Li et al. measured methylation of the 
putative tumor suppressor gene  FHIT  in peripheral blood DNA samples from Han 
Chinese subjects with MSP  [  46  ] . Among 123 lung cancer cases, 42 (34%) had  FHIT  
promoter methylation, whereas none of the 105 control subjects’ blood DNAs were 
methylated, indicating a signi fi cantly increased risk of lung cancer associated with 
peripheral blood methylation of  FHIT  (OR: 2.3, 95% CI: 2.0–2.7). Additionally, 
these authors reported that blood methylation of  FHIT  was signi fi cantly associated 
with cases who had early stage (I) disease ( P  < 0.05), and not cases with high-stage 
(IV) disease.  

    12.3.3   Panels of candidate genes 

 Some groups have reported blood methylation data for panels of candidate genes. 
The heterogeneity in molecular alterations of speci fi c tumor types could be motiva-
tion for studies that examine multiple gene-loci, and the results from Iwamoto et al. 
are apropos: peripheral blood methylation of  BRCA1  was highly associated with 
risk of developing  BRCA1  methylation-positive breast cancer  [  37  ] . Of course, within 
a particular tumor type, not every tumor will have the same repertoire of molecular 
alterations. Hence, a more comprehensive approach to study blood-based methyla-
tion markers of cancer risk would measure methylation of several genes known (or 
suspected) to be methylated in a moderate to high proportion of tumors. 

 One such study from Liu et al. used an approach directed at six genes on chromo-
some 3p because a previous report from these authors had demonstrated a CpG 
island methylator phenotype (CIMP) associated with genes on 3p in lung tumors 
 [  48,   49  ] . Here, the authors used peripheral blood DNA from 80 cases of non-small 
cell lung cancer (NSCLC) and 80 matched controls and measured methylation of 
six genes ( OGG1 ,  RARB ,  SEMA3B ,  RASSF1A ,  BLU ,  FHIT ) on chromosome 3p 
with MSP. If at least three of these genes were methylated the sample was consid-
ered 3pCIMP+. The prevalence of methylation in blood DNA from cases was higher 
than controls for all genes except  FHIT  where the same number of cases and con-
trols were methylated. Further, almost all case blood samples (78/80, 98%) had at 
least one methylated gene, whereas 78% (62/80) of control blood samples had at 
least one methylated gene. When comparing 3pCIMP status in cases and controls, 
44% of NSCLC cases were 3pCIMP + and only 6% of control blood DNA samples 
were 3pCIMP + ( P  < 0.001). In a model adjusting for age, sex, and smoking status, 
subjects with 3pCIMP + blood DNA were at a signi fi cantly increased risk of NSCLC 
(OR: 12.8, 95% CU: 4.4–37.4)  [  49  ] . 

 Another gene-panel approach to investigate the role of blood-based DNA methy-
lation markers of lung cancer risk was recently published by Vineis and colleagues 
using nested cases and controls from the European Prospective Investigation into 
Cancer and Nutrition (EPIC)  [  72  ] . This group measured methylation of multiple 
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CpGs in  fi ve genes:  CDKN2A ,  RASSF1A ,  GSTP1 ,  MTHFR , and  MGMT  with a 
bisul fi te pyrosequencing approach in 93 lung cancer cases and 99 controls. 
Stratifying pyrosequencing methylation data for each gene on the median, adjusted 
models revealed that increased  RASSF1A  methylation was associated with a 
signi fi cantly increased risk of lung cancer (OR: 1.9, 95% CI: 1.0–3.5), though none 
of the other genes, or combination thereof were associated with disease. The authors 
also reported that serum levels of B vitamins and one-carbon metabolites were asso-
ciated with methylation; increased folate was associated with increased  RASSF1A  
and  MTHFR  methylation, whereas increased methionine was associated with 
decreased  RASSF1A  methylation  [  72  ] . 

 Prior to these works, a group in France published a comparison of blood DNA 
methylation of ten genes in a study of prostate cancer  [  61  ] . Using prostate cancer 
cases with disease relapse ( n  = 20), patients without relapse ( n  = 22), as well as con-
trol subjects ( n  = 22), the authors measured methylation of ten genes;  RASSF1A , 
 CDH1 ,  APC ,  DAPK ,  MGMT ,  CDKN2A  ( p16  and  p14 ),  GSTP1 ,  RARB , and  TIMP3  
using quantitative MSP .  Compared to all cases, methylation levels of all ten genes 
were lower in control subject blood DNA, and  fi ve were signi fi cantly lower;  DAPK  
( P  = 0.04)  RASSF1A ,  GSTP1 ,  APC , and  RARB  (all  P  < 0.0001). 

 An interesting  fi nal example of small gene-panel studies comes from Flanagan 
and colleagues who developed a tiling microarray with a methylation-sensitive 
enzyme-based approach to study 17 breast cancer susceptibility genes  [  22  ] . With 
the tiling array the authors took an unbiased approach to examining the promoter 
and gene-coding regions for the 17 candidate genes. In the pilot phase, 14 cases 
with bilateral breast cancer and 14 control subjects had their blood DNA methyla-
tion measured. Notably, the authors described 181 regions in the 17 genes analyzed 
that had signi fi cantly variable methylation ( P  < 0.001) across all 28 individuals, and 
the majority of these regions were signi fi cantly closer (within 200 bp) to repetitive 
elements than would be expected ( P  = 7.4e-07). As a follow up, the authors validate 
two regions of variable methylation 4 kb downstream of the  ATM  gene in 190 cases 
and 190 controls and observed signi fi cantly increased methylation of  ATM  variable 
region 2 in cases compared to controls ( P  = 0.002). In an inter-quartile analysis of 
the methylation data from this same region, subjects in the highest quartile of meth-
ylation were at a signi fi cantly increased risk of breast cancer (OR: 3.2, 95% CI: 
1.8–5.9) compared to subjects in the lowest quartile  [  22  ] . One of the key facets of 
this particular study is that unlike most other investigations, these authors did not 
restrict their methylation measurements to promoter regions and argues that future 
studies should consider the distribution of regions measured for methylation.   

    12.4   Larger Gene-Panels and Commercial Methylation Arrays 

 A separate class of studies that has undertaken larger-scale approaches (25 genes 
to genome-wide) to investigate blood-based markers of DNA methylation and can-
cer risk will be covered here. One such study from Widschwendter et al. used a 
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three-step approach to investigate blood DNA methylation and the risk of breast 
cancer  [  75  ] . First, these authors chose 49 estrogen receptor target (ERT) and poly-
comb group target (PCGT) genes and second, used MethyLight to measure methy-
lation in 83 healthy post-menopausal women. Thirdly, based on the distribution of 
methylation in these individuals 25 of the 49 genes were selected for measurement 
in 353 cases and 730 controls. After controlling for age and family history of breast 
cancer, methylation of 5 of the 25 genes ( ZNF217 ,  NEUROD1 ,  SFRP1 ,  TITF1  
(of fi cially  NKX2-1  as of 8/14/11),  NUP155 ) was associated with a signi fi cantly 
increased risk of breast cancer (ORs range: 1.40–1.49, median OR: 1.48)  [  75  ] . This 
study provides further proof of principle for the utility of blood-based methylation 
markers of cancer risk. However, because methylation of  fi ve separate genes were 
independently associated with breast cancer, it would have been interesting to 
know whether an analytic approach that combined the methylation markers would 
have increased the effect estimate. 

 A similar study of small cell lung cancer (SCLC) risk from Wang et al. also 
used a multi-step approach to curate a group of genes measured for methylation 
in a small pilot group of cases and controls before expanding into additional cases 
and controls  [  73  ] . This study took advantage of recent technologic advances that 
allow for the simultaneous resolution of hundreds to hundreds of thousands of 
methylation events, providing an epigenotyping platform for rapid epigenetic 
pro fi ling  [  8  ] . First, bisul fi te-modi fi ed blood DNA from 44 cases and 44 controls 
was applied to the Illumina GoldenGate methylation array which measures 1,505 
CpG sites associated with >800 cancer-related genes. Testing 1,332 CpGs (those 
with methylation states not associated with cancer treatment) the authors observed 
62 CpG sites associated with 52 genes to be signi fi cantly associated with cases 
status (FDR  P  < 0.05). To follow up, the authors chose nine of these 62 CpGs for 
validation by bisul fi te pyrosequencing in 138 cases and 138 controls. Controlling 
for age, sex, and smoking history, the methylation status of the nine CpG sites 
collectively were able to correctly classify 86% of cases as being at a higher risk 
of SCLC. Further, when considering speci fi c CpGs, for the risk of SCLC increased 
~4-fold for each 5% decrease in  ERCC1  methylation (OR: 3.9, 95% CI: 2.0–6.1) 
and ~1.5-fold for each 5% decrease in  CSF3R  methylation (OR: 1.5, 95% CI: 
1.1–2.0)  [  73  ] . 

 A group from the Mayo Clinic in Minnesota also used a two-phase study and the 
GoldenGate array to study blood methylation and risk of cancer, though they focused 
on pancreatic cancer  [  59  ] . First, these authors measured blood DNA methylation 
with the array in 132 cases and 60 controls and reported 110 CpGs with signi fi cantly 
differential methylation between cases and controls (FDR  P  < 0.05). Then, using 
analogous technology in a custom platform from Illumina (VeraCode), the top 96 
CpGs associated with case control status were subjected to validation in a further 
240 cases and 240 matched controls. Leveraging the potential of combining methy-
lation measures a prediction model was built and included  fi ve CpG sites associated 
with  fi ve genes:  IL10 ,  LCN2 ,  ZAP70 ,  AIM2 , and  TAL1 . Collectively, these  fi ve 
CpGs demonstrated good discrimination between pancreatic cancer cases and con-
trols (c-statistic phase I = 0.85, phase II = 0.72)  [  59  ] . 
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 Teschendorff et al. published an investigation of blood methylation pro fi les to 
predict ovarian cancer using a more comprehensive array platform, the Illumina 
In fi nium 27K array  [  69  ] . Following exclusions for batch effects and quality con-
trol, methylation array data from 148 controls, 113 pre-treatment, and 122 post-
treatment cases from the UK Ovarian Cancer Population Study were included in 
the analysis. Comparing methylation among controls to pre-treatment cases, the 
authors identi fi ed 2,714 CpG sites that were signi fi cantly (FDR  P  < 0.05) associ-
ated with ovarian cancer. Notably, among the top 50 CpGs, 87% were hypomethy-
lated in cases compared to controls ( P  = 9e-09). To construct a DNA methylation 
signature associated with ovarian cancer, these authors used a supervised approach 
to the data with 100 iterations of training and testing sets (each with 90 controls 
and 70 pre- t  cases) and multivariate logistic regression. With these iterations and a 
cross-validation step, the top 100 CpG sites were determined to be an optimal 
number of CpG sites for their classi fi er. The performance of these 100 CpGs as a 
classi fi er for ovarian caner in a blinded test set was very good (AUC: 0.8, 95% CI: 
0.74–0.87), and was validated in the post-treatment cases (AUC: 0.76, 95% CI: 
0.72–0.81)  [  69  ] . 

 In a New Hampshire population-based bladder cancer case–control study, Marsit 
et al. examined peripheral blood DNA methylation pro fi les using the In fi nium 27K 
array. Using a novel, semi-supervised recursively partitioned mixture modeling 
(SS-RPMM) strategy  [  40  ]  involving classi fi er training in a series of subjects con-
sisting of 118 controls and 112 cases, and validation in an independent series of 119 
controls and 111 cases, Marsit et al. identi fi ed a panel of 9 CpG loci whose pro fi le 
of DNA methylation was signi fi cantly associated ( P  < 0.0001) with bladder cancer 
 [  50  ] . Membership in any of the three classes of DNA methylation associated with 
risk demonstrated a 5.2-fold increased risk of bladder cancer (95% CI 2.8, 9.7), 
when controlled for subject age, gender, smoking status, and family history of blad-
der cancer. Notably, the methylation classes whose membership was predominantly 
bladder cancer cases had higher levels of mean methylation across the 9 CpG loci. 
Gene-set enrichment analysis of the loci most associated with bladder cancer dem-
onstrated that transcription-factor binding sites related to immune modulation and 
forkhead family transcription were over-represented among regions whose methy-
lation differed in bladder cases compared to controls. The key role of immune mod-
ulation in both aging and carcinogenesis, and particularly bladder carcinogenesis, 
lends mechanistic signi fi cance to these  fi ndings. 

 Using the same array platform and SS-RPMM analytical approach, the associa-
tion between peripheral blood methylation pro fi les and HNSCC was assessed by 
Langevin et al.  [  44  ]  in 96 HNSCC cases and 96 cancer-free control subjects. In this 
study, cases and controls were best differentiated by a methylation pro fi le of six 
CpG loci (associated with  FGD4 ,  SERPINF1 ,  WDR39 ,  IL27 ,  HYAL2,  and 
 PLEKHA6 ), and after adjustment for subject age, gender, smoking, alcohol con-
sumption, and HPV16 serostatus, the AUC was 0.85 (95% CI: 0.76–0.92). Notably, 
the methylation classes whose membership was predominantly head and neck can-
cer cases had lower mean methylation across the 6 CpG loci. Although this is not 
yet adequate for use in clinical settings, these results further demonstrate the poten-
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tial of DNA methylation measured in blood for development of non-invasive 
 applications for detection of head and neck cancer and the utility of the proposed 
methods for the analysis of the array-based methylation data.  

    12.5   Mechanisms 

 Just as normal genetic variation is now understood to be associated with a predispo-
sition to a vast array of human diseases  [  51  ] , it is important to consider interindi-
vidual variation in tissue-speci fi c DNA methylation to better understand the ability 
of this variation to inform disease risk. Epigenetic variation has been hypothesized 
to cause underlying differences in disease susceptibility among monozygotic twins, 
and young twin-pairs have been shown to be more epigenetically similar than older 
monozygotic twins  [  24  ] . The aging process and differences in environment have 
been hypothesized to in fl uence clinically signi fi cant changes in methylation pro fi les 
as individuals accumulate varying exposures with age. 

 Marks of DNA methylation are entirely reprogrammed during in-utero develop-
ment. This reprogramming, during the pre-implantation period, necessitates a rapid 
de-methylation of the genome, thought to be accomplished through an active process 
 [  29,   45  ] , followed by appropriate, cell and tissue-speci fi c methylation of the genome. 
The mechanisms through which these processes of de-methylation and reprogram-
ming of the DNA methylation marks and particularly, the appropriate targeting of 
enzymes responsible for establishing those marks remains unclear. Importantly, epi-
genetic reprogramming during in-utero development constitutes a critical period dur-
ing which environmental stimuli and insults can alter the establishment of 
cell-type-speci fi c DNA methylation pro fi les and may constitute one point at which 
variation in methylation pro fi les is established. Therefore, alteration to epigenetic 
pro fi les has been posited as the molecular basis of the developmental origins of 
health and disease phenomenon, which links the environment (taken broadly) in-
utero, with outcomes throughout the life course of the individual  [  5,   6  ] . 

 Beyond the variation in DNA methylation pro fi le which is established in-utero, 
additional variation may arise resulting from exposures and the environment encoun-
tered throughout life, or from the process of aging itself. Work from Christensen 
et al.  [  16  ]  demonstrated that features of the patterns of age-associated methylation 
were conserved irrespective of tissue-type, suggesting a common mechanism or 
dysregulation to explain these alterations. Potential mechanisms include reduced 
 fi delity of maintenance methyltransferases with aging leading to hypomethyation 
events. Although age-related methylation alterations may not functionally result 
in a pathologic process, drifts of normal epigenomes may nonetheless confer 
signi fi cantly increased risk of conversion to a pathologic phenotype by enhancing 
both the likelihood and frequency of subsequent methylation events that ultimately 
result in aberrant expression or altered genomic stability. 

 Particularly when considering pro fi les of methylation in a heterogeneous tissue 
sample such as blood, it should be recognized that the quantitative measure of 
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 methylation truly represents the fraction of cells within the sampled population 
exhibiting a methyl-group at any CpG site. Therefore, differences in DNA methyla-
tion pro fi les could and likely do indicate aging or exposure-related changes to the 
underlying populations of cells comprising that mixture. In the case of blood these 
shifts may indicate changes to the pro fi le of immune cells and thus alterations to the 
immune system permissive to or resulting from carcinogenesis. In fact, comparing 
 LINE1 , Sat2, and Alu methylation levels in whole blood, granulocytes, mononu-
clear cells, and lymphoblastoid lines with multiple methylation assays (MethyLight, 
luminometric methylation assay, and a methyl acceptance assay) Wu et al. have 
demonstrated differences in methylation dependent upon substrate and assay used 
 [  79  ] . As additional studies are conducted to identify differentially methylated 
regions among various leukocyte subtypes, it may soon be possible to identify pro-
portional shifts in speci fi c leukocyte subtypes that may contribute to cancer, or indi-
cate immune response to an existing tumor.  

    12.6   Conclusions 

 The extent of variability of the cellular epigenome in non-pathologic tissues, par-
ticularly at gene promoter regions, remains a critical question; the amount of varia-
tion in genomic methylation across the population is not currently known. It is clear 
that epigenetic variability detectable in human blood is in fl uenced, in part, by aging 
and exposures, and in turn, speci fi c pro fi les of methylation in blood are associated 
with cancer risk (Fig.  12.1 ). The ease of collection of blood samples and the rapidly 
advancing technologies to assess DNA methylation in genomic DNA from this tis-
sue make this an ideal focus of study for novel biomarkers of disease risk and of 
disease prognosis. Additionally, as we better understand functional consequences of 
altered methylation pro fi les, there will be an improved understanding at the systems 
level of the contribution of non-target tissues and systems on carcinogenesis, likely 
yielding novel approaches not only of diagnosis but treatment as well.       
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     Fig. 12.1    Causes and consequences of altered blood DNA methylation       
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  Abstract   The use of low dose hypomethylating agents for patients with 
myelodysplastic syndrome (MDS) and secondary acute myeloid leukemia (AML) 
has had made a signi fi cant impact. In the past, therapies for these diseases were 
limited and patients who elected to receive treatment were subject to highly toxic, 
inpatient chemotherapeutics, which were often ineffective. In the era of hypomethy-
lating agents (azacitidine and decitabine), a patient with high grade MDS or AML 
with multilineage dysplasia can be offered the alternative of outpatient, relatively 
low-toxicity therapy. Despite the fact that CR (CR) rates to such agents remain rela-
tively low at 15–20%, a much larger percentage of patients will have clinically 
signi fi cant improvements in hemoglobin, platelet, and neutrophil counts while 
maintaining good outpatient quality of life. As our clinical experience with azanu-
cleotides expands, questions regarding patient selection, optimal dosing strategy, 
latency to best response and optimal duration of therapy following disease progres-
sion remain, but there is no question that for some patients these agents offer, for a 
time, an almost miraculous clinical bene fi t. Ongoing clinical trials in combination 
and in sequence with conventional therapeutics, with other epigenetically active 
agents, or in conjunction with bone marrow transplantation continue to provide 
promise for optimization of these agents for patients with myeloid disease. Although 
the mechanism(s) responsible for the proven ef fi cacy of these agents remain a mat-
ter of some controversy, activity is thought to stem from induction of DNA hypom-
ethylation, direct DNA damage, or possibly even immune modulation; there is no 
question that they have become a permanent part of the armamentarium against 
myeloid neoplasms.      
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    13.1   Introduction 

 Myelodysplastic syndromes (MDS) are a heterogenous group of malignant myeloid 
disorders characterized by peripheral blood cytopenias in association with bone 
marrow hypercellularity and dysplasia  [  1  ] . Patients with high grade MDS (int-2 or 
high by IPSS criteria, Fig.  13.1 ) have a high rate of transformation to acute myeloid 
leukemia (AML) and poor long-term survival with a life expectancy in the absence 
of treatment between 0.4 and 1.8 years  [  2  ] . The International Prognostic Scoring 
System (IPSS) was developed as a tool for stratifying patient outcomes based upon 
readily available clinical characteristics. Figure  13.1  details the components neces-
sary for the generation of an IPSS score and the expected survival for each designa-
tion  [  2  ] . “Secondary” AMLs such as those arising in patients with an antecedent 
MDS diagnosis are generally resistant to traditional chemotherapeutics and the 
overall survival (OS) in this group of patients is universally poor  [  3–  5  ] . Both MDS 
and AML are diseases of the elderly with a majority of patients diagnosed when 
they are older than 60 years  [  5  ] . Although a small minority of patients with MDS 
will present with mild cytopenias and low grade disease, a majority do not  [  2  ] . 
Patients with MDS associated with multilineage cytopenias (anemia, thrombocy-
topenia, and neutropenia), high bone marrow blast percentages, or characteristic 
adverse chromosomal features often progress rapidly to AML and in the absence of 
bone marrow transplantation, ultimately die of their disease  [  2  ] .  

 For these patients, and for a large number of older people who present with puta-
tively de novo myeloid leukemias, but with unrecognized low grade cytopenias and 
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  Fig. 13.1    Clinical criteria for and IPSS risk group classi fi cation of patients with myelodysplasia, 
from ref.  [  2  ]        

 



25513 Epigenetic Therapies in MDS and AML

bone marrow dysplasia, conventional induction chemotherapeutics (IC, with 
 daunorubicin and cytarabine) have been in large measure disappointing  [  6  ] . 
Furthermore many such patients are un fi t for intensive treatment and are offered 
instead low dose cytarabine, clinical trials or supportive care  [  7  ] . In this group the OS 
rates at 2 and 5 years remain only 10% and 2% respectively  [  3,   4  ] . Patients who are 
 fi t to receive traditional IC require long periods of time (often 4–6 weeks) in the 
hospital, and this treatment offers a complete remission rate of only 20–30%, with 
median survivals ranging between 5 and 13 months  [  6,   8,   9  ] . In addition to induction 
failure and early relapse, even in those who achieve remission, prolonged hospital-
ization can have the side effect of physical deconditioning and the 3 or more weeks 
of neutropenia resulting from this treatment can result in resistant bacterial and fun-
gal infections  [  6  ] . These burdens create patients who are unable to return to good 
quality of life and who become ineligible for salvage therapy or clinical trials upon 
relapse due to poor performance status, organ dysfunction or infection. Even in those 
who retain an excellent performance status following induction, primary refractory 
AML remains a signi fi cant quality of life problem, requiring frequent blood transfu-
sions, extensive prophylactic antibiotic regimens, and regular hospital visits  [  9  ] . 

 Until recently, toxic traditional IC was the only real option for  fi t patients with 
high grade MDS or AML with MDS related changes  [  1  ] . Recently however, the 
epigenetically active drugs azacitidine (Aza, Vidaza, Celgene, Concord OH) and 
decitabine (Dac, Dacogen, Esai Inc., Mars, PA) have been approved both in the 
United States and Europe for the treatment of MDS and low blast count (<30%) 
AML  [  7,   10  ] . These drugs, both of which are incorporated into DNA resulting in the 
depletion of the intracellular methyltransferases (DNMTs) when given at low dose, 
were the  fi rst epigenetically active therapy to be approved for cancer. They have 
resulted in a signi fi cant change in the approach to patients with MDS and required 
the development of the International Working Group (IWG) response criteria in 
MDS in order to measure meaningful improvements in cytopenias that did not  fi t 
into the traditional response assessment which designated only complete (CR) or 
partial (PR) responses as meaningful  [  11,   12  ] . A summary of the IWG response 
criteria in MDS are provided in Table  13.1 . In particular, Aza has been shown to 
improve OS, delay the transformation to AML in high-grade MDS patients, and 
produce signi fi cant responses in patients with low blast count AML  [  7  ] . Although a 
statistically signi fi cant survival bene fi t has not been demonstrated following treat-
ment with Dac, this drug has been shown to produce both CRs and hematological 
improvements in both MDS and AML patients who receive it  [  10,   13  ] . Taken 
together these drugs offer an effective alternative to induction chemotherapy and 
have become the standard of care for patients with MDS as well as selected patients 
with AML.   

 As with conventional chemotherapeutic strategies for these patients, responses 
are usually limited to a year or two, but therapy is largely outpatient, with minimal 
end organ toxicity and few side effects  [  14  ] . Despite notable limitations, these drugs 
have made a signi fi cant impact upon quality of life for a large number of patients 
with high grade MDS and AML. Ongoing work to understand the mechanism 
responsible for the ef fi cacy of these drugs and the ultimate loss of response observed 
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clinically is ongoing. Furthermore, the development of novel dosing strategies, 
combinations, and the appropriate use of allogenic transplantation provide hope for 
improving response duration and possibly even providing an opportunity for long-
term remission to these unfortunate patients.  

    13.2   Single Agent “Hypomethylating” Therapy 
for MDS and AML 

    13.2.1   Azacitidine 

 Aza is a nucleoside analog of cytidine in which the carbon 5 position of the pyrimi-
dine ring has been substituted with nitrogen (Fig.  13.2a )  [  15  ] . It is imported into 
cells by the action of nucleotide transporters, where it is activated by uridine– 
cytidine kinase and incorporated into RNA (Fig.  13.3 )  [  15  ] . Sixty to 80% of the 
Aza dose given is incorporated into RNA and this has impacts upon protein synthe-
sis and RNA metabolism  [  15  ] . Twenty to 40% of the dose is converted into the 
deoxyribonucleoside Dac by the action of ribonucleotide reductase  [  15  ] . This 
deoxyribonucleoside base is then phosphorylated and incorporated into DNA 
where it acts as a suicide substrate for DNMTs and induces DNA hypomethylation 
during cellular replication as well as DNA damage due to adduct formation  [  15  ] . 
Aza was  fi rst synthesized and tested in 1960s and 1970s  [  16,   17  ] . In early clinical 
trials as a traditional chemotherapeutic, it was demonstrated to be effective in 
myeloid malignancy, however its ef fi cacy was limited by signi fi cant gastrointesti-
nal toxicity and prolonged cytopenias  [  16–  18  ] . Cytarabine or AraC was developed 
at about the same time. This drug, another nucleoside analog of cytidine whose 
activity is thought to result in chain termination, is among the most active drugs 
used for myeloid malignancy. Ultimately the toxicity of 5-Aza limited its further 

5-azacytidine

a b

5-aza-2’-deoxycytidine
  Fig. 13.2    Molecular structure 
of Aza ( a ) and Dac ( b )       
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clinical development, and cytarabine became the nucleoside analog of choice in 
myeloid malignancy  [  17,   18  ] .   

 In 1978, Peter Jones and colleagues demonstrated that treatment of mouse embryo 
cells in vitro with Aza and its deoxy analog 5-aza-2 ¢ -deoxycytitine (Dac) could induce 
differentiation into functional myotubes  [  19  ] . Jones and Taylor went on to show that 
this differentiation resulted from changes in DNA methylation elicited by treatment 
with azanucleosides  [  20,   21  ] . Further work, by Dr. Jones and others, identi fi ed methy-
lation as a common event in many malignancies, including the pre-leukemic condition 
known as MDS, a disease for which no treatment was available  [  22  ] . Although ini-
tially used as a laboratory tool to test gene and chromosome speci fi c methylation 
changes, the identi fi cation of methylation as a potentially reversible cancer speci fi c 
event spurred interest in the possibility that cancers treated with these drugs might be 
induced to differentiate and potentially to apoptose and die. 

 Ultimately in the 1990s, insights into methylation events common to MDS, 
speci fi cally identi fi cation of recurrent methylation of tumor suppressor genes such 
as p15INK4B, resulted in the development of a number of phase I and II clinical 
trials of azanucleotides in this disease  [  23,   24  ] . Table  13.2  reviews the key published 
trials with single agent azanucleotides in MDS. 

 Among the  fi rst published trials with Aza for the treatment of MDS delivered the 
drug at 75 mg/m 2  as a continuous intravenous infusion for 7 days every 4 weeks  [  25  ] . 
This trial enrolled high grade MDS patients with symptomatic disease characterized 
by red cell and platelet transfusion dependence and poor life expectancy (refractory 
anemia with excess blasts (10–20%), or refractory anemia with excess blasts in trans-
formation (20–30%). Forty three patients were evaluable and responses were seen in 
21 (49%) of these patients  [  25  ] . Five patients (12%) achieved a CR, 11 (25%) 
achieved a partial response (PR), and 5 “improved” (a response characterized in the 
study as a  ³ 50% reduction in transfusion requirements, or improvement in platelets, 

Decitabine
(5-aza-CdR)

Azacitidine
(5-aza-R)

Cell Membrane
Active Nucleoside 
Transporters

5-aza-CdR
Deoxycytidine
Kinase

5-aza-R
Uridine-Cytidine
Kinase

5-aza-CMP5-aza-dCMP

Ribonucleotide
Reductase

5-aza-CDP5-aza-dCDP

5-aza-dCTP 5-aza-CTP

DNA 
Polymerase

RNA 
Polymerase

RNADNA

  Fig. 13.3    Uptake and serial steps 
for the incorporation of Aza and 
Dac into RNA and DNA       
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hemoglobin or neutrophils)  [  25  ] . OS in these high risk patients was 13.3 months and 
for those achieving CR or PR was 14.7 months, and the chief toxicities were mild to 
moderate nausea  [  25  ] . A number of other clinical trials using this drug were pub-
lished suggesting that Aza had signi fi cant activity in MDS and these results were 
suf fi cient to prompt two larger, randomized trials of Aza in MDS  [  26  ] . 

 In 2004, the FDA approved Aza for the treatment of MDS based upon results 
from a single phase III clinical trial (described in detail below)  [  27  ] . A second trial 
demonstrating survival was required by European regulators, and this was published 
formally in 2009  [  7  ] . These trials established Aza as the standard of care approach 
to patients with int-2 and high risk MDS by demonstrating a prolongation in the 
time to progression to AML, decreased transfusion requirements, improvements in 
neutropenia, and ultimately, improvements in OS. 

    13.2.1.1   CALGB 9221 

 The  fi rst phase III trial of Aza in patients with MDS was published by investigators 
from the CALGB  [  27  ] . CALGB 9221 enrolled 191 patients of median age 68 with 
French American British-de fi ned MDS (reference for FAB classi fi cation), to receive 
either supportive care or Aza at a dose of 75 mg/m 2 /day subcutaneously for 7 of 
28 days. Patients were maintained on their randomized arm for 4 months, after 
which patients who were deemed to have progressed on the supportive care arm 
could crossover to the Aza arm. Patient characteristics were distributed evenly 
across both arms with 59% of the patients overall having RAEB or RAEB-T by 
FAB criteria (46% Int-2 or high by IPSS)  [  27  ] . Sixty  fi ve percent of the enrolled 
patients were red blood cell transfusion dependent (69% Aza arm, 61% supportive 
care arm)  [  27  ] . 

 Responses were evaluated in both arms. Among patients randomized to receive 
supportive care, 5% met criteria for improvement; no patients on this arm achieved 
a CR or PR. Of the 99 patients randomized to receive Aza, 60% ( n  = 60) achieved a 
response ( p  < 0.0001)  [  28  ] . Responses were classi fi ed as CR in 7% ( n  = 7), PR in 
16% ( n  = 16), and improvement in 37% ( n  = 37). Of those patients demonstrating 
“improvement,” 35% had increases in three cell lines inadequate to qualify as a PR, 
30% had improvement in two cell lines, and 35% had improvement in only one cell 
line. Responses did not depend upon MDS sub-classi fi cation. Forty nine patients 
crossed over to receive Aza, of these 47% ( n  = 23) responded and 10% ( n  = 5) 
achieved a CR  [  27  ] . Patients treated with Aza had a median time to progression to 
AML or death of 21 months vs. 12 months in those patients treated with supportive 
care alone, and this was statistically signi fi cant ( p  = 0.007), median OS in an inten-
tion to treat analysis was 20 months in the Aza treated patients vs. 14 months for 
those randomized to supportive care, although this difference was not statistically 
signi fi cant ( p  = 0.10)  [  27  ] . 

 Due to the design of this study, the survival analysis was confounded by the 49 
patients who crossed over to receive Aza. In order to eliminate this bias, a landmark 
analysis at the 6 month date was performed. Three subgroups were identi fi ed, the 
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 fi rst included patients randomized to supportive care who did not crossover, or who 
crossed over after the six 6 month time point, the second were patients who were 
randomized to Aza, and the third were patients who crossed over after 4 months, but 
before 6 months  [  27  ] . This analysis excluded 36 patients who died before the land-
mark date. The median survival in these three groups was 11 (supportive care only), 
14 (early crossover), and 18 (randomized to Aza) months respectively. A statisti-
cally signi fi cant difference in survival was observed between the Aza treated and 
supportive care groups ( p  = 0.03), but not between supportive care and early cross-
overs  [  27  ] . 

 Transfusion requirements were tracked in both groups. In the Aza treated group 
transfusion needs increased during the  fi rst cycle, and thereafter declined, whereas 
in the supportive care arm transfusion requirements remained stable or increased. 
Of the 99 patients initially randomized to receive Aza, 51% had an improvement in 
hemoglobin, 45% (29) became RBC transfusion independent, and 6 (9%) had a 
reduction in transfusion dependence by at least 50%. Improved platelet counts were 
observed in 47%, and increased white cell counts were seen in 40% of the Aza 
treated patients  [  27  ] . 

 In addition to objective improvements in transfusion requirements, white cell 
counts, survival and prolonged time to AML transformation, patients treated with 
Aza on this trial experienced signi fi cant improvements in quality of life. These were 
reported as improvements in fatigue, physical functioning, dyspnea, psychological 
distress, and positive effect, all of which demonstrated statistical signi fi cance when 
compared to patients treated with supportive care alone with a  p  value  £ 0.01  [  27  ] . 
Similar results were observed in the patients who crossed over to Aza. Toxicities 
among the Aza treated patients were most frequently related to myelosuppression 
and were dif fi cult to distinguish from the underlying disease. It was notable that 
treatment with Aza did not appear to increase the infection or bleeding rates above 
background, and furthermore only one treatment related death was reported on the 
study, emphasizing the safety of this therapy, even for older patients  [  27  ] .  

    13.2.1.2   AZA-001 

 Although the data from CALGB 9221 was compelling, this study did not, in the 
 fi nal analysis, demonstrate a difference in OS between the patients randomized to 
receive Aza and those randomized to supportive care, likely as a result of the cross-
over trial design. The AZA-001 study was designed to address the question of 
whether Aza provided an OS bene fi t for high grade MDS patients  [  7  ] . This cleverly 
conceived, international, randomized trial de fi nitively demonstrated that Aza 75 mg/
m 2  given subcutaneously for 7 days of a 28 day schedule prolonged OS when com-
pared with conventional care regimens (CCRs) as selected by the patients physician. 
The investigators aimed to provide at least six cycles of Aza to those patients ran-
domized to the experimental arm. Conventional care was assigned by the patient’s 
physician prior to randomization depending upon the patient’s age, performance 
status co-morbidities and patient preference. CCR consisted of the three most 
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 common treatments for patients with int-2 or high risk MDS: IC including  cytarabine 
100–200 mg/m 2 /day × 7 days plus, daunorubicin 45–60 mg/m 2  × 3 days or idarubicin 
9–12 mg/m 2 /day × 3 days or mitoxantrone 8–12 mg/m 2 /day, low dose cytarabine 
(LDAC) at a dose of 20 mg/m 2  for 14 days every 28 days, or best supportive care 
(BSC). All patients randomized received CCR as selected by their physician or Aza 
on trial. A total 358 patients were randomized. In this way a pre-speci fi ed subgroup 
analysis based upon physician assignment was possible and helped to eliminate dif-
ferences in outcome based upon issues of performance status and patient  fi tness. 

 The primary OS endpoint of this study was met after a median follow-up of 
21.1 months  [  7  ] . At this analysis the OS in the Aza treated patients was 24.5 months 
vs. 15 months for patients assigned to CCR and this result was found to be statisti-
cally signi fi cant ( p   £  0.0001). Two year OS also favored Aza, at 51% vs. 25% for 
CCRs ( p   £  0.0001)  [  7  ] . Prede fi ned subgroup analysis was also done in order to com-
pare Aza responses with each of the CCRs selected and within speci fi c cytogenetic 
and IPSS risk groups. There were signi fi cant differences between Aza and BSC 
with an OS bene fi t for azacytidine treatment of 9.6 months (HR 0.58,  p  = 0.0045), as 
well as between Aza and LDAC with an OS bene fi t of 9.2 months (HR 0.36, 
 p  = 0.0006)  [  7  ] . No statistically signi fi cant differences in OS were seen when Aza 
was compared with IC; OS was prolonged by 9.4 months with a hazard ratio of 
0.76, but the p value was not signi fi cant at 0.51  [  7  ] . This apparent discrepancy was 
likely due to the low numbers in this subgroup ( n  = 42); 17 patients in this group 
were randomized to Aza and 25 to intensive chemotherapy. 

 No differences in response to Aza were seen across the IPSS risk groups enrolled 
(although most patients were int-2 or high risk  n  = 313 (87%)), nor within the cyto-
genetic risk groups identi fi ed by the IPSS (good, intermediate, poor). Patients with 
del-7 or del(7q), a group recognized to have particularly poor prognosis, had an OS 
of 13.1 months vs. 4.6 months in the CCR group  [  7,   29  ] . 

 Responses on this trial were similar to those observed in CALGB 9221. Overall, 
29% of those assigned to Aza achieved either CR (17%) or PR (12%) compared 
with 12% (8% CR, 4% PR) assigned to CCR ( p  = 0.0001)  [  7  ] . Any hematological 
improvement (HI) was observed in 49% of those treated with Aza vs. 29% of those 
treated with CCR ( p  = 0.0001)  [  7  ] . In addition, for those treated with Aza, major 
erythroid responses were seen in 40% of patients, major platelet responses in 33% 
and major neutrophil responses in 19%. By contrast, for those receiving CCR major 
erythroid responses were seen in 11% ( p  < 0.0001), major platelet responses were 
seen in 14% ( p  < 0.0003) and major neutrophil responses were seen in 18% ( p  = 0.58, 
not statistically signi fi cant)  [  7  ] . Patients treated with Aza experienced a statistically 
signi fi cant reduction in the need for intravenous antibiotics (33% relative risk reduc-
tion vs. CCR; RR 0.66 95% CI:0.49–0.87  p  = 0.0032). Furthermore of the 111 
patients with red cell transfusion dependence at the time of study enrollment, 50 
(45%) became transfusion independent vs. 13 (11.4%) of the 114 patients random-
ized to receive CCR ( p  value signi fi cant at 0.0032)  [  7  ] . 

 Secondary endpoints in this trial included time to AML transformation and 
hematological response according to the IWG 2000 criteria for MDS  [  11  ] . Treatment 
with Aza in the entire group was associated with delayed leukemic transformation; 
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the median time to transformation was 17.8 months in the Aza treated group vs. 
11.5 months in the CCR group ( p  < 0.0001)  [  7  ] . 

 Among the most notable  fi ndings on this trial was that achievement of CR or PR 
was not necessary in order to achieve an improvement in OS; any patient who 
achieved a hematological response showed a survival bene fi t.  

    13.2.1.3   AZA in AML 

 Changes in the diagnostic criteria for AML based upon the WHO guidelines pub-
lished in 2008 resulted in the reclassi fi cation of patients enrolled on both the CALGB 
and AZA-001 from the previous FAB classi fi cation of Refractory Anemia with 
Excess Blasts in Transformation (RAEB-T; 20–30% bone marrow blasts) to a new 
diagnosis of AML  [  1,   30,   31  ] . The WHO now de fi nes any patients with  ³ 20% blasts 
as having AML  [  30  ] . 

 A pooled analysis of previously published CALGB studies including 9221, 8921, 
and 8421, in which enrolled patients treated with Aza would now be re-assigned as 
AML was published in 2006  [  28  ] . This reported the response to Aza given either 
intravenously or subcutaneously at a dose of 75 mg/m 2 /day for 7 days of a 28 day 
cycle in 103 patients who would now be classi fi ed as having AML, 91 of whom 
received Aza  [  28  ] . Of these patients 33 (36%) developed a response (8 CRs, 2 PRs, 
23 HIs), with a median duration of response of 7.3 months (range 2.2–25.9 months) 
 [  28  ] . Formal comparison with supportive care alone across the three studies was not 
possible, but 27 patients enrolled in 9221 were randomized to upfront Aza and a 
further 13 crossed over to receive Aza before the 6 month analysis. Of these, 7% in 
the Aza group achieved CR or PR compared with 0% in the observation-only group 
 [  28  ] . Median survival time for the 27 patients assigned upfront to Aza was 19.3 months 
compared with 12.9 months for the 25 AML patients randomly assigned to observa-
tion. Of 13 patients with WHO AML at the time of study entry who crossed over to 
receive Aza, one achieved a PR, and one HI. 

 Of the 358 patients originally enrolled on AZA-001, a third would now be 
identi fi ed as having AML. A second analysis of these patients was undertaken in 
order to assess outcome in this group of older adults treated with either Aza or CCR 
 [  7,   32  ] . Of the 113 patients now designated as AML, 63 were assigned to BSC, 34 to 
LDAC and 16 to IC  [  32  ] . The median age in all groups was 70 years with a range of 
58–80. Patients were evenly distributed with respect to age, cytogenetic risk group, 
and ECOG scores. Bone marrow blast percentages were similar in both groups at 
23% with a range of 20–34%. In all, 55 patients were randomized to the Aza arm and 
53 to CCR. After a median follow-up of 20.1 months, OS was signi fi cantly ( p  = 0.005) 
longer in those patients treated with Aza (24.5 months) than in those receiving CCR 
(16 months). The 2 year survival was also superior in the Aza group at 50% com-
pared with16% in the CCR group ( p  = 0.001)  [  32  ] . Adverse events in this group of 
patients were primarily grade 3 and 4 cytopenias, which remain dif fi cult to distin-
guish from the underlying disease. Four patients in the Aza group and three patients 
in the CCR group discontinued treatment as a result of adverse events. 



264 E.A. Grif fi ths and S.D. Gore

 Several prospective studies of Aza given on the conventional schedule of 75 mg/
m 2 /day for 7 days in patients identi fi ed as AML at diagnosis have been reported. One 
such study enrolled 82 patients with AML (27 (33%) with secondary disease) and a 
median age of 72 years (range, 29–87 years)  [  33  ] . Thirty- fi ve patients (43%) received 
Aza as their  fi rst treatment, and 47 patients (57%) had previously received 1 or more 
lines of chemotherapy. The overall response rate in this group was 32% (26/82 
patients) with 16 patients (20%) achieving a CR or a CR with incomplete count 
recovery, and 10 patients (12%) achieving a PR  [  33  ] . Untreated patients responded 
more often than those previously treated with 31% of untreated patients achieving 
either a CR or a CR with incomplete count recovery compared with only 9 (19%) 
such responses in the previously treated group ( p  = 0.006). The response duration in 
untreated patients who achieved a response was 13 months with 1 and 2 year surviv-
als of 58 and 24% respectively  [  33  ] . Another study from Germany evaluated medi-
cally un fi t ( n  = 20) or relapsed/refractory ( n  = 20) patients with AML and a median 
bone marrow blasts count of 42%  [  34  ] . This study showed similar statistically 
signi fi cant differences in response between untreated patients, who demonstrated 
overall responses (CR + PR + HI) of 50%, and patients with relapsed or refractory 
disease, who had an overall response rate of only 10% ( p  = 0.008)  [  34  ] . These 
response rates are striking and compare favorably with responses seen with induction 
therapy although additional data are necessary in order to determine whether Aza or 
Dac will end up the therapeutic agent of choice in this context  [  6,   35  ] . 

 Results from the CALGB trials were suf fi cient in the United States and the AZA-
001 trial satis fi ed the European regulators for the approval of Aza as standard ther-
apy for patients with MDS and low blast count AML. In the United States, approval 
was granted for all IPSS de fi ned MDS subtypes, while in Europe approval is 
con fi ned to patients with Int-2 and high risk IPSS scores not eligible for bone mar-
row transplantation, those with CMML-2 and those with WHO de fi ned AML with 
20–30% blasts or multilineage dysplasia. 

 Both large phase III trials demonstrated this drugs activity in MDS and AML, 
and further showed that unlike previous therapies, DNMTi require prolonged expo-
sure to elicit a clinical bene fi t. In the CALGB trials most responses were seen by 
cycle 4 (75%), with a median number of cycles to any response (CR, PR, HI) of 
three cycles  [  27  ] . The range for this response was 1–17 cycles, however and although 
90% of patients achieved a response by cycle 6, some patients got their response as 
late as cycle 17  [  27  ] . In the AZA-001 trial where the goal was to provide at least six 
cycles of therapy and there was no prede fi ned stopping point, the investigators dem-
onstrated that continuing the Aza dosing as long as possible can result in improve-
ments in the observed responses, and these results were re-iterated by additional 
analysis of the studies conducted by the CALGB  [  28,   32  ] . The secondary analysis 
of CALGB studies demonstrated a response in 91 of 179 patients, and responders 
received a median of 14 cycles of therapy (range 2–30)  [  28  ] . The median time to 
 fi rst response in this study was slightly shorter than that seen in 9221, at 2 cycles 
(but with a range of 1–16) and although most responses (91%) were achieved by the 
sixth cycle, continuation of Aza was able to improve the quality of the  fi rst response 
in 48% of those treated, and this best response was seen in most patients (92%) by 
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the 12th cycle  [  28  ] . Overall 30 patients achieved a best response of CR 3.5 cycles 
beyond the  fi rst response (with a 95% CI of 3.0–6.0 cycles), and in 21 patients 
whose best response was PR, this was seen as a median of 3.0 cycles after the  fi rst 
response (95% CI was 1.0–3.0)  [  28  ] .  

    13.2.1.4   Other Considerations of Dose and Schedule 

 Additional questions which remain about the use of single agent Aza therapy are 
related to administration schedule (to weekend or not to weekend, are 7 days 
enough) and optimal drug delivery (subcutaneous vs. intravenous vs. oral). 

 In community practice there is often dif fi culty in giving this drug on the FDA 
approved schedule due to inadequate availability of personnel to administer the 
drug on weekends. This practical consideration resulted in a trial of several sched-
ules of Aza administered in a community setting during weekdays only  [  36  ] . In 
this trial, 151 patients, for the most part with lower risk MDS (low, int-1 in 63% 
of patients), were randomized to receive Aza on one of the three schedules: 75 mg/
m 2  daily for 5 days, off 2 days and then on 2 days (5-2-2), 50 mg/m 2  daily for 
5 days, off 2 days and then on for 5 further days (5-2-5), and lastly 75 mg/m 2  daily 
for 5 days alone (5-0-0)  [  36  ] . These schedules seemed to result in similar hema-
tological improvement rates (44%, 45%, 56%, respectively), but this study was 
not designed to produce statistically signi fi cant results, nor have these schedules 
been directly compared with the approved 7 day schedule. Thus it is dif fi cult to 
condone alteration of the schedule at this time, based upon the lack of survival 
data in these schedules and the demonstrated survival bene fi t with administration 
of these drugs on the approved schedule. One additional schedule question has 
been raised by the preliminary data from the Eastern Cooperative Oncology Group 
trial 1905, which was a randomized phase II trial comparing Aza 50 mg/m 2 /day 
subcutaneously for 10 days to the same Aza schedule given in combination with 
the Histone deacetylase (HDAC) inhibitor entinostat (4 mg/m 2 /day PO days 3 and 
day 10)  [  37  ] . This abstract reported only on patients with baseline cytogenetic 
abnormalities ( n  = 40 evaluable) but demonstrated complete cytogenetic responses 
of 13% and a partial cytogenetic responses of 23% for an overall response in this 
subgroup of 51% (21/40)  [  37  ] . No differences in response were seen between the 
two treatment groups. Notably the responses observed were signi fi cantly higher 
than those reported with conventional Aza dosing raising the question of whether 
a lower dose, longer administration schedule may be of some bene fi t. At present 
these data are insuf fi cient to change practice, however as additional groups pub-
lish the results of ongoing clinical trials of different dosing schedules, practice 
changes may be in order. 

 With respect to optimal drug delivery there is only a single study which directly 
compares the pharmacokinetics of intravenous to subcutaneous dosing within indi-
vidual patients. In this study the pharmacokinetic pro fi le of intravenous administration 
was almost identical to that seen with subcutaneous dosing, although the peak drug 
concentration was higher in patients receiving intravenous drug  [  38  ] . Despite these 
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data, published clinical trials using 20 min IV infusion schedules are limited to two 
studies, one which gave Aza for 5 days and the other for 7  [  39,   40  ] . Both of these 
studies demonstrated response rates which were similar to those seen with subcuta-
neous dosing (27% in the 5 day and 56% for the 7 day schedule), but neither of them 
was powered to detect a survival bene fi t  [  39,   40  ] . Despite the dearth of published 
response data, it seems reasonable to switch to intravenous administration in patients 
who suffer signi fi cant injection site reactions with subcutaneous dosing, and the 
FDA approved a New Drug Application for intravenous Aza in January 2007, sup-
porting this practice  [  41  ] . 

 Initial studies with oral Aza were limited by rapid catabolism of the compound 
in aqueous environments but the development of a  fi lm-coated formulation improved 
stability  [  42,   43  ] . Since that time the  fi rst phase I study of oral Aza has been pub-
lished, demonstrating activity for the oral drug in patients with both MDS and 
CMML, with promising response rates  [  44  ] . Six of 17 (35%) previously treated 
patients had a response (CR + PR + HI) and 11 of 15 (73%) untreated patients 
responded (CR + PR + HI). This study demonstrated no overall response in the 8 
patients with AML, however two patients had stable disease for 14 and 15 cycles 
 [  44  ] . Overall these results suggest that oral Aza may be a real possibility for the 
future and clinical trials of this drug are ongoing.   

    13.2.2   Dac 

 5-Aza-2 ¢ -deoxycytidine (Dac) is a deoxynucleoside analog of cytidine in which the 
carbon 5 position of the pyrimidine ring has been substituted with nitrogen 
(Fig.  13.2b )  [  15  ] . It is imported into cells by the action of nucleotide transporters, 
where it is activated by deoxycytidine kinase and then phosphorylated (Fig.  13.3 ) 
 [  15  ] . After its phosphorylation to the triphosphate form, 100% of the drug is incor-
porated into DNA, where it interrupts the action of DNA methyltransferases as 
described above for Aza. Similar to Aza, Dac has been demonstrated to cause both 
DNA hypomethylation and DNA damage, albeit at lower concentrations  [  45  ] . The 
identi fi cation of DNA hypomethylation as a functional consequence of exposure to 
both Aza and Dac, in conjunction with the recognition of DNA methylation changes 
as a frequent abnormality in cancer, spurred signi fi cant clinical interest in the devel-
opment of these drugs for clinical use  [  20,   45  ] . 

 Although effects upon DNA methylation were recognized and noted early in its 
development, initial clinical trials focused on conventional dosing strategies aimed 
at developing a maximum tolerated dose schedules  [  46–  48  ] . These studies demon-
strated considerable activity but with toxicity not signi fi cantly superior to cytara-
bine, with several studies performed investigating combinations with other 
chemotherapeutics in the salvage setting  [  49,   50  ] . 

 Several early studies showed promising results with “low dose” Dac regimens, 
however these studies provided the drug at doses of 40–50 mg/m 2 /day, and toxicity 
remained a serious problem  [  51–  53  ] . The  fi rst study to investigate the “optimal” 
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lower dose Dac schedule for maximal demethylation was published in Blood in 
2002 by Jean-Pierre Issa and colleagues  [  54  ] . This trial enrolled 48 patients at doses 
ranging from 5 to 20 mg/m 2 /day for 10–20 days of a 6 week schedule depending 
upon count recovery. Most interestingly in this study, responses appeared to be 
superior for the lower dose schedules studied, prompting the authors to suggest 
further investigations of the drug be undertaken at truly lower dose schedules  [  54  ] . 

 Based upon extensive phase I/II data at moderate to higher doses, the  fi rst large 
scale trial of Dac enrolled 170 patients with MDS between 2001 and 2004 and ran-
domized them to either Dac (89 patients), given at 15 mg/m 2  iv every 8 h (45 mg/m 2 /
day) for 5 days, or BSC (81 patients)  [  10  ] . Patients were removed from the study for 
disease progression, transformation to AML, failure to achieve a PR after six cycles 
of therapy, or failure to achieve a CR after eight cycles of therapy. Additionally, 
patients who did achieve a CR were removed from therapy after two cycles of sus-
tained CR. The groups were well matched for all important variables with a median 
age of 70 years (range, 30–85 years). A majority of the patients (71%) had int-2 or 
high risk disease by IPSS criteria. The primary study endpoints were overall response 
rate and time to AML transformation or death. Overall 30% ( n  = 27) of patients expe-
rienced improvement on the study (CR + PR + HI) compared with 7% ( n  = 6) patients 
randomized to BSC, and this difference was statistically signi fi cant  p  = 0.001  [  10  ] . In 
a retrospective central review of pathology nine patients enrolled on Dac and three 
patients on the supportive care arm were designated as having AML (by FAB crite-
ria, >30% bone marrow blasts). Response rates in these nine patients were 56% (5/9), 
while none of the patients enrolled on the supportive care arm developed a response 
 [  10  ] . It is important to note that in this randomized controlled non-crossover trial 
there was no survival bene fi t for the use of Dac, although one might argue that the 
dose used (45 mg/m 2 /day × 5 days) was not low enough to maximize hypomethyla-
tion over cytotoxicity and the median number of cycles administered was low (3). 

 Following the results of this trial (which were disappointing from a survival per-
spective, but represented the  fi rst active agent for patients with high grade myelodys-
plasia), in 2006 the FDA approved Dac for all MDS subtypes. Based upon the results 
of earlier studies suggesting that lower dose Dac dosing might be superior, two piv-
otal phase II studies were performed aimed at identifying the “optimal” hypomethy-
lating dose for Dac  [  55,   56  ] . The  fi rst of these was published in 2007 and enrolled 95 
patients, again with a majority (66%) of patients having int-2 or high risk disease 
 [  55  ] . All patients were randomized to receive one of the three different Dac sched-
ules, 10 mg/m 2  intravenously over 1 h daily for 10 days, 20 mg/m 2  intravenously over 
1 h daily for 5 days, or 20 mg/m 2  subcutaneously daily for 5 days. Patients received 
a median of seven cycles of treatment and the CR rate overall was signi fi cantly better 
than anticipated at 37%, and an overall improvement (including CR + PR + HI) was 
observed in a staggering 73% of patients  [  55  ] . The 5 day schedule was deemed supe-
rior with 25/64 patients on this arm achieving CR and this schedule was selected for 
further investigation in subsequent trials  [  55  ] . The second analogous trial published 
in 2009 by Steensma and colleagues enrolled 99 patients in a single arm trial of Dac 
20 mg/m 2  over 1 h daily for 5 days  [  56  ] . A lower percentage of patients on this trial 
were high grade (46%), and the median number of administered courses were slightly 
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lower (5) than in the prior investigation. These authors observed a 15% CR rate and 
an overall response rate of 43% (CR + PR + HI)  [  56  ] . Both trials demonstrated that 
the lower dose schedule of Dac 20 mg/m 2 /day for 5 days had at least equivalent 
ef fi cacy when compared with the FDA approved schedule, and furthermore that 
maintaining 4 week dosing intervals and repeated cycles of therapy were important 
in order to maximize response. 

 One additional phase III study of Dac has been published  [  13  ] . It is important to 
note that this study did not employ the 5 day, 20 mg/m 2 /day schedule described 
above. This trial was designed to demonstrate a survival bene fi t for the use of Dac 
in patients with MDS, comparable to that observed with Aza. Two-hundred and 
thirty-three patients with a median age of 70 years (range 60–90) were enrolled; 
53% had poor-risk cytogenetics and 33% ful fi lled WHO AML diagnostic criteria 
( ³ 20% blasts)  [  13  ] . The primary end point for this trial was OS. Patients were 
strati fi ed by IPSS risk group, cytogenetics and enrollment site, and were randomly 
assigned to receive either Dac or BSC. This study design speci fi cally prohibited 
patient crossover to the experimental arm in an effort to eliminate crossover bias. 
The Dac was given intravenously at a dose of 15 mg/m 2  every 8 h for 3 days. Cycles 
were scheduled to repeat every 6 weeks, but the interval could be extended up to 
10 weeks for failure of count recovery, eight cycles of treatment were planned. In 
total 119 patients were randomized to receive decitabine and 114 patients were 
randomized to the control arm; only 21% of patients received the planned eight 
cycles of treatment. At the planned analysis point of 2 years, OS in the Dac treat-
ment cohort was 10.1 months vs. 8.5 months in the supportive care arm, this differ-
ence was not statistically signi fi cant ( p  = 0.38, HR, 0.88; 95% CI, 0.66–1.17)  [  13  ] . 
Sixteen patients on the Dac arm (13%) achieved a CR and 25 patients (21%) 
improved (PR + HI), for an overall response rate of 34%. The median time to best 
response was 3.8 months (range, 1.4–11.8 months) for all responders, with a median 
of 5.8, 2.9, and 3.8 months to reach CR, PR, and HI, respectively. Two patients (2%) 
in the supportive care arm had a HI, there were no CRs or PRs in this group. Dac did 
not have a statistically signi fi cant impact upon time to AML transformation; patients 
on Dac transformed to AML after 8.8 months vs. 6.1 months in the supportive care 
arm (HR 0.85; 95% CI 0.64–1.12;  p  = 0.24)  [  13  ] . 

 Disappointing results, in terms of survival bene fi t, from two large phase III trials 
of Dac in MDS have resulted in a signi fi cant shift in terms of practice away from 
Dac in this population  [  10,   13  ] . Despite these results, some clinicians continue to 
use Dac in the  fi rst line treatment of MDS patients, and it is certainly notable that 
none of the three phase III studies of Dac used the most common low dose schedule 
of Dac at 20 mg/m 2 /day for 5 days, a dose schedule which is pharmacologically 
more consistent with the 75 mg/m 2  Aza dose demonstrated to prolong survival. 
Additionally, the European phase III trial delayed subsequent Dac cycles based 
upon cytopenias, a strategy which is increasingly recognized as inferior. As a result 
of these caveats it is likely that Dac has similar ef fi cacy to Aza, although at present 
the data have not de fi nitively demonstrated this equivalence. 
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    13.2.2.1   DAC in AML 

 Despite disappointing results in patients with MDS, many clinicians favor Dac in 
patients presenting with AML, particularly in those with very proliferative disease, 
as a result of its relative cytotoxicity when compared with Aza. A dosing strategy 
employing 20 mg/m 2  for 10 days has been studied by investigators at the Ohio State 
James Cancer Center  [  35,   57  ] . This dose schedule was initially developed in a phase 
I trial designed to assess combination therapy with valproic acid, however a single 
agent response of 73% in a group of very elderly (median age 70) patients with high 
risk AML prompted phase II investigation (see below)  [  57  ] . The Phase II trial 
enrolled 53 patients of median age 74 years (range 60–85) with AML (16 complex 
karyotype, 19 with an antecedent hematological diagnosis) and produced a response 
rate of 64% (34/53) composed of 25 CRs and 9 CRs without count recovery  [  35  ] . 
Patients enrolled on study had a median survival of more than a year, suggesting that 
this strategy is similarly effective to conventional chemotherapeutics in this patient 
population  [  6,   8,   9  ] . These very promising results have produced an ongoing coop-
erative trial using this dose schedule in older patients with AML and may yet dem-
onstrate statistically signi fi cant improvements in survival for this particular subgroup 
of elderly AML patients.    

    13.3   Azanucleotides and CMML 

 Dac remains the most studied drug in patients with CMML, a distinct entity within 
the WHO diagnostic criteria form MDS. Several studies have examined the activity 
of Dac both prospectively and retrospectively in this group. One recently published 
phase II study enrolled 39 patients of median age of 71 years with advanced CMML 
to receive Dac on the 20 mg/m 2 /day intravenous schedule for 5 days of a 28 day 
cycle  [  58  ] . Enrolled patients received a median of ten cycles of drug (range, 1–24) 
and the overall response rate was 38%, composed of 4 (10%) CRs, 8 (21%) mar-
row responses, and 3(8%) His  [  58  ] . With a median on trial follow-up of 23 months 
the OS was 48%. Another study examined the response to Dac in 31 patients diag-
nosed with CMML who were treated on two phase II and one phase III clinical 
trials  [  59  ] . Patients included in the analysis had similar demographics and disease 
characteristics across the three studies. The median age was 70 and patients were 
predominantly male (71%). The overall response rate in this group was 36% (14% 
CR + 11% PR + 11% HI)  [  59  ] . Although Aza has also been shown to have activity 
in this disease, the number of published reports in this group are limited, and thus 
most experts would likely favor the use of Dac for patients with CMML outside the 
context of a clinical trial  [  60  ] . An ongoing clinical trial designed to prospectively 
enroll patients with CMML is ongoing in order to address the ef fi cacy of Aza in 
this disease.  
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    13.4   Outcomes Following Azanucleotide Failure 

 As we develop our experience with azanucleotides it has become clear that patients 
who lose their response to azanucleotides have a dismal prognosis  [  14  ] . As a result 
of these poor outcomes, current standard practice is to maintain patients on therapy 
with hypomethylating drugs on a monthly schedule inde fi nitely and to stop only in 
the context of overt progression. Unfortunately, analysis of patients enrolled on 
early studies of Aza who develop disease progression have now been published, 
showing that in patients who fail azanucleotides, survival is remarkably short with 
a median life expectancy of 5.6 months and a 2-year survival probability of 15% 
 [  61  ] . Similar results have been reported in patients who fail Dac  [  14,   62  ] . Outcomes 
in these reports suggest that enrollment on clinical trials and bone marrow trans-
plantation may result in superior outcome in these patients, however in the absence 
of successful bone marrow transplantation the OS reported at 1 year remains a mere 
28%  [  14,   61,   62  ] .  

    13.5   Histone Deacetylase Inhibitors 

 Histone deacetylase inhibitors (HDACis) are a novel class of drugs whose putative 
mechanism of action depends upon the ability to alter gene expression. Intracellularly, 
DNA is stored in the form of “beads on a string” in which the DNA duplex winds 
around a nucleosome composed of eight histones (two each of H2A, H2B, H3 and 
H4)  [  63  ] . The DNA/histone unit (the nucleosome) is condensed to form higher order 
chromatin structures such as heterochromatin, which has densely packed 
nucleosomes and euchromatin, which has loosely packed nucleosomes  [  63  ] . 
Modi fi cations, including ubiquitination, methylation, phosphorylation, poly(ADP)
ribosylation, and acetylation, of speci fi c amino acid residues within each histone 
make up the “histone code” which determines the state of the regional chromatin at 
speci fi c genes and thus their transcriptional activity  [  63  ] . DNA methylation events 
are thought to induce changes within the local “histone code” which promote gene 
silencing, although whether methylation events or histone marks are primary 
remains a matter of some controversy. Perhaps the most studied histone modi fi cation 
is acetylation of lysine N-terminal tails which are common to most histones. 
Acetylation of lysine results in an open chromatin conformation and promotes gene 
transcription while deacetylation of lysine residues promotes gene silencing  [  63  ] . 

 HDACs are enzymes that remove acetyl groups from a variety of different pro-
tein targets including histones. Increased HDAC activity has been described in can-
cer cells, and aberrant HDAC activity is characteristic of a number of well recognized 
recurrent genetic anomalies characteristic of leukemia including the core binding 
factor gene fusions (t(8;21)(q22;22) and inv(16)), and the sine qua non of acute 
promyelocytic leukemia t(15;17)(q24;21)  [  64–  66  ] . The gene products of such 
fusions result in aberrant recruitment of HDACs to genes important for myeloid 
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 differentiation. Recognition of HDACi as a potential novel therapy in myeloid 
malignancy resulted from the observation that drugs known to induce differentia-
tion in vitro induced histone hyperacetylation, potentially leading to re-expression 
of epigenetically silenced genes  [  67  ] . Many different diverse chemical compounds 
can inhibit HDACs, including short chain fatty acids (e.g., phenylbutyrate), 
hydroxamic acid derivatives (e.g., vorinostat), non-hydroxamate small molecules 
(e.g., entinostat), and cyclic peptides (e.g., romidepsin)  [  68  ] . 

 Most of the published clinical trials of HDACi in MDS and AML are phase I. As 
single agents the response rates observed have been relatively low, usually between 
10 and 20%  [  68  ] . Toxicities with these agents demonstrate a common pattern and 
include fatigue, nausea, vomiting, and diarrhea. Although most of these studies 
evaluated the correlative endpoint of histone acetylation, no associations between 
hyperacetylation of histones and response to therapy have been demonstrated. For a 
more complete review of HDACi in cancer please see Chap.   3    , Sect.   3.5     of this 
book.  

    13.6   Azanucleotides and HDACis 

 There has been signi fi cant enthusiasm for a combination strategy which includes 
azanucleotides in conjunction with HDACis. This stems from the observation 
in vitro that sequential exposure to Dac or Aza followed by HDACi result in syner-
gistic re-expression of DNA methylation silenced genes  [  69  ] . Several studies evalu-
ating such combinations have been published to date and the results remain mixed. 
Although some studies suggest a higher response rate than for single agent azanu-
cleotides, most data are in the phase I or II setting, at a single center, and employ 
alternative dosing strategies for the azanucleotide making it dif fi cult to distinguish 
whether these responses are truly superior. In those studies where a single agent arm 
was also enrolled response rates do not appear to be consistently superior  [  37,   57  ] . 
Although early correlative endpoints did demonstrate evidence to support a connec-
tion between reversal of methylation events and response to therapy, subsequent 
studies (even at the same institution by the same investigators) have failed to sub-
stantiate a correlation between gene speci fi c reversal of methylation and response 
 [  70,   71  ] . 

 The  fi rst two studies published reports on a combination of Aza at doses between 
25 and 75 mg/m 2 /day subcutaneously for 5–10 days  [  70,   72  ] . These studies enrolled 
a total of 42 patients with MDS (16) and AML (26), of median age 66. These studies 
reported that the combination was well tolerated and resulted in response rates of 34 
(11/32, 5 CRs) and 50% (5/10, no CRs) respectively (CR + PR + stable disease)  [  70, 
  72  ] . The second study reported correlative epigenetic data in three responders and 
three non-responders, with those patients who developed a response showing robust 
demethylation of the tumor suppressor gene  p15   INK4B   while those who did not 
retained methylation at this locus, suggesting that changes in methylation were 
indeed a marker for responsiveness  [  70  ] . 

http://dx.doi.org/10.1007/978-1-4419-9967-2_3
http://dx.doi.org/10.1007/978-1-4419-9967-2#Sec5_3
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 Two phase I/II studies have evaluated the combination of Dac with valproic acid. 
The  fi rst employed Dac 15 mg/m 2 /day for 10 days with a dose escalation of valproic 
acid from 20 to 50 mg/kg/day for 10 days in patients with high grade MDS or AML 
 [  73  ] . Fifty four patients of median age 60 (range 5–80 years) were enrolled, 48 
patients had AML and 6 had MDS, 11 patients were previously untreated. Twelve 
patients responded to therapy; 10 developed a CR and 2 a CR with incomplete plate-
let recovery. Median responses were seen after 2 months (range 29–130 days) and 
responders survived a median of 15.3 (range 4.6–20.2+) months vs. 4.9 (0.6–17.8+) 
months in non-responders  [  73  ] . Responders were more likely to have been random-
ized to a higher dose of valproic acid. Although changes in methylation (both gene 
speci fi c events, including  p15   INK4B  , and genome wide methylation, by LINE-1 
pyrosequencing) and gene expression were analyzed in the patients on this study no 
correlations with response were observed  [  73  ] . All patients experienced a decrease 
in genome wide methylation which correlated with Dac exposure. In a second study, 
this one employing Dac 20 mg/m 2 /day for 10 days intravenously, responses were 
also encouraging with an overall response rate of 44% in 11 of 25 enrolled patients 
 [  57  ] . This trial enrolled 25 AML patients, in whom the median age was 70 years; 12 
patients were untreated and 13 had relapsed disease. In this group of slightly older 
patients, encephalopathy was the principal toxicity and this was dose limiting at 
20–25 mg/kg/day. In an intent-to-treat analysis, the response rate was 52% (13). CR 
was observed in 8 patients and PR in 4. Responses appeared similar for patients who 
received Dac alone and for those who received valproic acid in addition. In this 
study, re-expression of estrogen receptor was statistically signi fi cantly associated 
with clinical response ( p  = 0.05), however although the investigators also demon-
strated ER promoter demethylation, global DNA hypomethylation, depletion of 
DNA methyltransferase enzyme, and histone hyperacetylation, these markers did 
not correlate with response  [  57  ] . 

 The combination of Aza with vorinostat (SAHA) has also been explored. In 
one phase I trial in patients with MDS and AML this combination produced an 
impressive overall response rate of 64% [  74  ] . A second phase II trial of this 
combination in patients with MDS and AML has also been reported  [  75  ] . This 
trial enrolled 17 untreated patients and demonstrated an overall response rate of 
41% ( n  = 7)  [  75  ] . Similar outcomes (overall response of 37%) were observed in 
patients receiving a combination of Aza with the compound MGCD0103, an 
oral isotype-selective HDACi  [  76  ] . Although these responses appear to be 
encouraging, a majority of these combination studies have been published to 
date only in abstract form and larger studies are necessary in order to verify 
their superiority. 

 Data from one of the  fi rst randomized phase II studies to enroll patients either on 
single or double agent therapy was presented at the 2010 ASH meeting and reviewed 
in detail earlier in this manuscript (see Aza section under Sect.  5.2.1.4 ), this study, at 
least, suggests that combination therapy may not be superior  [  37  ] . In this trial patients 
with either MDS or AML with MDS related changes were randomized to receive 
either Aza at 50 mg/m 2  for 10 days subcutaneously alone or Aza in combination 
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with entinostat 4 mg/m 2  orally on days 3 and 10. Although the  fi nal results of this 
trial have not yet been published, it is important to note that the response rates for 
patients enrolled to receive Aza alone were indistinguishable from those who got the 
combination. 

 These results and others with a variety of HDACis may underestimate the value 
of combined therapy. It is important to note that among the many mechanisms pos-
tulated to be responsible for the ef fi cacy of HDACis are induction of apoptosis and 
cell cycle arrest  [  77  ] . Since azanucleotides require DNA replication in order to pro-
duce DNA demethylation, it may be that administration of HDACi simultaneously 
or even in advance of the azanucleotide may result in diminished incorporation and 
limit responsiveness. Presently, a multi-institution phase II sequence study designed 
to address this question is open for enrollment  [  78  ] .  

    13.7   Azanucleotides and Conventional Chemotherapy 

 One study has been published which explores the possible role of azanucleotide in 
“priming” leukemia cells for death  [  79  ] . This open label, phase I study was designed 
to address the safety and feasibility of Dac at a dose of 20 mg/m 2  either as a continu-
ous infusion or a short infusion for 3, 5, or 7 days followed by standard dose 7 + 3 
IC (cytarabine 100 mg/m 2 /day continuous intravenous infusion for 7 days + dauno-
rubicin 60 mg/m 2 /day for 3 days). The study enrolled 30 patients of median age 55 
(range 23–60) with newly diagnosed AML and a less than favorable karyotype 
(inv(16), t(8;21) and APL patients were excluded). Thirteen patients had complex, 
11q23 or chromosome 7 abnormality associated leukemias and 8 had an antecedent 
hematological diagnosis. Toxicity was not dissimilar to that seen with 7 + 3 alone, 
although there appeared to be slightly more gastrointestinal toxicity in the group 
treated with 7 days of Dac priming, and there were no deaths. All subjects received 
consolidation, 20 patients went on to receive allogeneic bone marrow transplanta-
tion. Overall 27 (90%) of patients responded to one course of induction therapy, 17 
patients achieved a CR and 10 a PR, patients scored as a PR all achieved hemato-
logical remission, but went on to receive a second course of induction resulting in a 
CR in 8/10 patients  [  79  ] . The overall CR rate following 1 or 2 cycles of induction 
therapy was therefore 83%. With a median follow-up of 32 months, 53% of patients 
(16/30) remained alive and in CR, 14 subjects died, 3 of complications related to 
allogeneic bone marrow transplant and the remainder died of relapsed or refractory 
AML  [  79  ] . The correlative DNA methylation analysis of this study revealed univer-
sal demethylation at both gene speci fi c and genome wide loci with all schedules of 
Dac. The most potent hypomethylation was observed in patients treated with bolus, 
rather than continuous infusion schedules of Dac. 

 Although preliminary, this phase I trial demonstrated a remarkably good CR rate 
and a randomized phase II study designed to assess the two most potent demethylation 
schedules of Dac priming identi fi ed by this study should begin accrual in 2012.  
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    13.8   Azanucleotides and Bone Marrow Transplantation 

 Allogeneic bone marrow transplant (allo-transplant) is the only curative strategy 
currently available for patients with MDS and high risk AML. Presently the role 
of hypomethylating agents both prior to and following transplant is under 
investigation. 

 Several small retrospective studies of azanucleotide induction prior to allo-trans-
plant have been reported, two using Dac and two using Aza. The  fi rst of these reported 
outcomes in 17 patients with MDS of median age 55.5 (range 36–66) years undergo-
ing allo-transplant (12 sibling donor, 5 unrelated donor) after prior therapy with Dac 
(various dosing regimens)  [  80  ] . These patients received predominantly reduced 
intensity conditioning and peripheral blood stem cells (13/17). With median follow-
up of 12 (range 3–35) months, 8 patients remained in CR  [  80  ] . A second prospective 
study performed in Europe reported similar results in 15 patients of median age 69 
(range 60–75) years with either MDS ( n  = 10) or AML ( n  = 5)  [  81  ] . All patients were 
treated with upfront Dac followed by reduced intensity allo-transplant (4 sibling 
donor, 11 unrelated donor). Fourteen patients achieved a CR (93%), with a median 
duration of 5 (range 1–51) months  [  81  ] . The relapse rate in this group was similar 
(4/15) to that reported retrospectively. The third study examined outcomes in 54 
patients with MDS or CMML who either received (30) or did not receive (24) prior 
therapy with Aza  [  82  ] . Patients treated with Aza received a median of 4 (range 1–7) 
courses prior to transplant. The overall, relapse free and cumulative relapse 1 year 
following transplant were 47, 41, and 20%, for those patients treated with Aza and 
60, 51, and 32% for untreated patients and these results were not statistically 
signi fi cantly different  [  82  ] . The  fi nal trial using Aza was a retrospective review of 68 
patients undergoing allo-transplant for MDS or AML arising from MDS  [  83  ] . Thirty 
 fi ve patients received Aza followed by either myeloablative (40%) or reduced inten-
sity (60%) conditioning. Thirty three patients received IC followed by allo-trans-
plant. In these two, albeit somewhat different groups, the OS at 1 year was 57% in 
those treated with Aza and 36% in the IC group  [  83  ] . Overall these data suggest that 
Dac and Aza are a reasonable pre-transplantation strategy that does not adversely 
affect outcome when compared with high dose induction or supportive care. A phase 
II clinical trial of Dac prior to allo-transplant is ongoing in Singapore using the cur-
rently favored schedule of 20 mg/m 2 /day for 5 days intravenously. 

 Post-transplant relapse remains a signi fi cant problem in MDS and high risk AML 
patients. Traditionally relapses in this population have been managed with donor 
lymphocyte infusions (DLI) (in those who do not demonstrate graft vs. host disease) 
or re-induction with traditional chemotherapeutic agents. Although limited prospec-
tive data exist on the use of azanucleotides for salvage of patients relapsing follow-
ing allogeneic transplant, or as a preventive strategy following transplant, several 
small studies have been published, suggesting that these agents may have a 
signi fi cant role to play. 

 The  fi rst of these examined the ef fi cacy of Aza at a  fl at dose of 100 mg subcuta-
neously days 1–3 followed by planned DLI on day 10  [  84  ] . Cycles were repeated 
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every 22 days for a median of 2 (range 1–10) courses to 26 patients with relapsed 
AML ( n  = 24) or CMML ( n  = 2) following allo-transplant. Toxicity with this combi-
nation was as expected and consisted of infections and GVHD. Four patients (15%) 
were salvaged with a complete and lasting CR following this combination  [  84  ] . 

 A second study, this one retrospective, described the results of salvage with Aza 
100 mg/m 2  for 5 days in 22 patients of median age of 50 (range 28–69) years, with 
either AML (17) or MDS (5) relapsed following allo-transplant  [  85  ] . A majority 
(20/23) of these patients had received a myeloablative conditioning regimen and 
half (10/23) had a sibling donor. On average two cycles of Aza were administered 
(range 1–8). Most patients also received DLI (18/23). In this group, 5 patients (23%) 
achieved a CR lasting a median of 433 days (range 114–769) with a 2-year survival 
rate of 23% [  85  ] . 

 A third single institution study, retrospectively reviewed Aza 75 mg/m 2  for 5 or 
7 days as salvage in 10 patients with MDS (9) or AML (1) of median age 55 (range 
25–67) years  [  86  ] . Seven patients achieved CR or stable disease with this regimen, 
3 of whom progressed after a median of 6 cycles. The median OS (OS) for the group 
was 422.5 days (range 127–1,411). 

 Taken together these results are encouraging and a variety of studies are ongoing 
to determine prospectively the role of azanucleotides both before and after allo-
transplant  [  87  ] .  

    13.9   Molecular Determinants of DNMTi Response 
in MDS and AML 

 Early on in the development of azanucleosides for the treatment of myeloid disease 
there was considerable enthusiasm for the identi fi cation of molecular markers of 
disease response. Initially several authors examined gene speci fi c methylation 
reversal, including  p15   INK4B   and ER as discussed earlier in this manuscript  [  10,   55, 
  57,   70,   71  ] . Disappointingly, although reversal of methylation at many loci has been 
documented following azanucleotide exposure, it has not been demonstrate to cor-
relate with or predict response to treatment, but rather seems to re fl ect duration of 
exposure to hypomethylating agents  [  88  ] . Another marker of response which has 
been studied is p53-inducible-ribonucleotide-reductase (p53R2), a gene identi fi ed 
in cell line screens to be induced following decitabine exposure  [  89,   90  ] . Link and 
colleagues demonstrated a statistically signi fi cant concordance between response to 
therapy and induction of p53R2 both at the mRNA and protein levels  [  90  ] . Although 
these results are thought provoking, they require sampling after many cycles of 
therapy and it is dif fi cult to determine how useful a biomarker of response this 
would be clinically. 

 The identi fi cation of mutations in the genes encoding  TET2  (ten–eleven translo-
cation2) and  DNMT3A  in patients with MDS and AML have raised questions about 
whether response to therapy may depend upon genetic characteristics of the under-
lying myeloid neoplasm. Recently a number of authors have demonstrated that up 
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to 26% of patients with MDS demonstrate mutations in TET2, and further that MDS 
patients with  TET2  mutations appear to have a superior prognosis (although this is 
not as clear in patients with AML)  [  91,   92  ] . Since  TET2  encodes a dioxygenase 
which functions to convert 5-methylcytosine to 5-hydroxymethylcytosine resulting 
in DNA demethylation at selective loci, defects in TET2 function would be expected 
to result in hypermethylation. One recent study suggests that patients bearing  TET2  
mutations have a superior response (CR + PR + HI) to Aza treatment 82% vs. 45% 
( p  = 0.007), although OS was not different in the two groups and these results have 
yet to be validated  [  93  ] . By contrast with mutations involving  TET2,  mutations in 
 DMNT3A  have been demonstrated to predict adverse outcome in both MDS and 
AML, although as yet no evaluation has been made of the impact of such mutations 
on response to epigenetic therapies  [  94–  96  ] .  

    13.10   Conclusions 

 Azanucleotides have changed the landscape of treatment for patients with MDS and 
AML with MDS related changes. Ongoing work with these agents in patients with 
a variety of myeloid diseases is likely to result in advances over the next few years. 
Despite the considerable ef fi cacy of these drugs, patients with underlying myelo-
dysplasia continue to have a remarkably poor outcome and novel strategies in these 
diseases remain essential. As we continue to develop insight into the mechanism(s) 
which underlie the activity of these drugs, perhaps we will be able to understand 
why they work so well for some patients and what strategies will maximize the 
longevity of these responses. Certainly it has become clear that single agent azanu-
cleotides given on a conventional schedule are not a panacea. Whether responses 
can be optimized with continuous dosing strategies, combination with other drugs, 
or allogeneic bone marrow transplantation remains a question yet to be answered by 
well designed clinical trials.      
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  Abstract   It is now well established that epigenetic aberrations occur early in 
malignant transformation, raising the possibility of identifying chemopreventive 
compounds or reliable diagnostic screening using epigenetic biomarkers. 
Combinatorial therapies effective for the reexpression of tumor suppressors, facili-
tating resensitization to conventional chemotherapies, hold great promise for the 
future therapy of cancer. This approach may also perturb cancer stem cells and thus 
represent an effective means for managing a number of solid tumors. We believe 
that in the near future, anticancer drug regimens will routinely include epigenetic 
therapies, possibly in conjunction with inhibitors of “stemness” signal pathways, to 
effectively reduce the devastating occurrence of cancer chemotherapy resistance.      
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 Chemo-, radio-, and hormonal therapies have proved invaluable for the  management 
of numerous solid and hematologic cancers. Commonly used chemotherapies 
include topoisomerase inhibitors, microtubule-targeting agents (for mitotic spindle 
disruption), and DNA-alkylating agents, while hormonal therapies include anties-
trogens (such as tamoxifen) and androgen-ablating drugs  [  1  ] . Despite the success of 
these agents (often early during patient therapy), the majority of patients eventually 
develop resistance to these interventions, and it is believed that >90% of all cancer 
deaths result from therapy-refractory, metastatic disease  [  2,   3  ] . Resistance to ther-
apy is believed to be multifactorial, involving reduced delivery/uptake, membrane 
ef fl ux, metabolic inactivation, loss of the therapeutic target, and autocrine/paracrine 
signaling (involving the local tumor microenvironment). Attenuation of cancer cell 
death pathways, due to hyperactive growth/survival pathways and/or suppression of 
cell cycle arrest/apoptosis cascades, is considered a major contributor to the loss of 
therapeutic sensitivity in cancer  [  4,   5  ] . 

 While tumor progression is clearly associated with DNA sequence anomalies 
(e.g., point mutations, DNA gains or losses within speci fi c loci, and/or transloca-
tions),  epigenetic  aberrations are now believed to play an equivalent (or even greater) 
role  [  6–  8  ] . Epigenetics is classically de fi ned as the study of heritable changes in 
gene expression that occur without a change in the DNA sequence. Epigenetic 
modi fi cations include methylation of C5 of cytosines within CG dyads, numerous 
posttranslational modi fi cations of histone residues, repositioning of whole (histone 
octomer) nucleosomes, deposition of histone protein variants, and posttranscrip-
tional regulation of protein translation by microRNAs  [  8–  10  ] . 

 As noted above, cancer progression is characterized by genetic and epigenetic 
misregulation of signal transduction cascades (often in association with altered 
microRNA expression)  [  11,   12  ] , and it has been hypothesized that the cancer cell 
phenotype resembles a reversion of adult tissue cells to an embryonic-like state (i.e., 
loss of differentiation), with immortalization replacing age-related apoptosis and 
senescence  [  13,   14  ] . Analogously, one recent, increasingly accepted carcinogenesis 
paradigm is that a mature, heterogeneous tumor represents a “caricature” of the nor-
mal organ from which it derives, due to the abnormal differentiation of “cancer stem 
cells” (CSCs)  [  15  ] . Normal tissue stem cells are relatively long-lived, due to quies-
cence or relatively slow cell division and expression of various phenotypes that con-
fer resistance to genotoxic or cytotoxic agents, including enhanced DNA repair, 
metabolic inactivation and/or expulsion of cytotoxins, oxidative stress protection, 
and enhanced pro-survival (i.e., antiapoptotic) signaling  [  16  ] . While not necessarily 
derived from normal stem cells  [  16  ] , CSCs have been shown to possess numerous 
“stemness” phenotypes, including the aforementioned defense mechanisms against 
environmental insults, thus facilitating resistance to most conventional anticancer 
agents  [  15,   16  ] . In addition to studies of hematologic malignancies, chemoresistant 
stem-like cells have now been identi fi ed and characterized in several solid tumors, 
including hepatocellular, colon, breast, glioma, pancreatic, and ovarian cancers  [  16  ] . 

 To reverse the multi-/pluripotent phenotypes of progenitor tumor cells, numer-
ous well-known differentiation agents are under investigation as potential cancer 
therapeutics, including vitamin D, retinoids, arsenic trioxide, and  phytochemicals 
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 [  18,   19  ] . It is feasible that successful delivery of differentiating agents to CSCs 
might reduce malignant stem cell populations and improve conventional therapy 
responses, in addition to hampering tumor regrowth  [  8  ] . Similar to normal devel-
opment, which is governed by epigenetic modi fi cations that allow tissue-speci fi c 
gene expression  [  20  ] , abnormal differentiation states of tumor subpopulations 
are also largely regulated by atypical epigenetic modi fi cations to DNA/chroma-
tin  [  21  ] . The existence of “epigenetic plasticity” (associated with extensive chro-
matin remodeling)  [  22  ]  was further exempli fi ed by the recent generation of 
“induced pluripotent,” embryonic stem-like cells from terminally differentiated, 
adult tissue cells  [  23,   24  ] . By contrast, it was also demonstrated that even highly 
aggressive cancer cells (including melanoma and estrogen receptor-negative 
breast cancer cells) possess a highly “plastic” phenotype capable of reversion to 
their respective differentiated, normal tissue phenotypes  [  25,   26  ] . 

 In this chapter, we discuss agents capable of reversing cancer-associated, repres-
sive epigenetic modi fi cations. The emphasis of this article is on the possible restora-
tion of drug response pathways/targets that could potentially reverse chemoresistance, 
a destructive and usually fatal complication of numerous malignancies. 

    14.1   Preclinical Studies of DNA Hypomethylating 
and Deacetylase-Inhibiting Agents for Overcoming 
Drug Resistance 

 As noted above, cancer is often characterized by a loss of differentiated and tissue-
specialized phenotypes, which are maintained by epigenetic modi fi cations that drive 
lineage- and organ-speci fi c development. Over the past 50 years, the L-1210 acute 
lymphoblastic and Friend erythroleukemia mouse models have been widely used to 
screen antileukemic compounds, several of which were found to possess differenti-
ating activity  [  27,   28  ] . Several of those differentiating agents were later discovered 
to be inhibitors of repressive epigenetic modi fi cations and more speci fi cally, histone 
deacetylase and DNA methyltransferase inhibitors (HDACIs and DNMTIs, respec-
tively)  [  8,   29,   30  ] . 

  Preclinical cancer studies of DNA methyltransferase inhibitors (DNMTIs).  The 
two best-characterized DNA methyltransferase inhibitors (DNMTIs) are 5-azacyti-
dine (5-aza-C, Vidaza) and its deoxyribose analog, 5-aza-2 ¢ -deoxycytidine (5-aza-
dC, decitabine), with both compounds possessing the non-methylatable pyrimidine 
analog azacytosine  [  31  ] . Both DNMTIs,  fi rst synthesized and shown as antileuke-
mic in the 1960s (Fig.  14.1 ), are now FDA-approved for therapy of the hematologic 
malignancy myelodysplastic syndrome (MDS)  [  10  ]  (see next section). Following 
cellular uptake, these cytidine analogs are triphosphorylated and incorporated into 
the newly synthesized DNA strand during S phase (5-aza-C is also integrated into 
RNA)  [  32  ] . However, a C5-to-N5 substitution in the cytosine six-member heterocy-
clic ring precludes methyl group acceptance, resulting in covalent and irreversible 
binding of the DNMT enzyme to the fraudulent base, followed by the eventual cel-
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lular depletion of DNMT, via ubiquitin-associated proteasome targeting  [  8,   10,   33  ] . 
Due to their requirement of nascent strand DNA incorporation, the hypomethylating 
activity of these cytosine analogs is replication-dependent, requiring several cell 
divisions to complete the demethylation of each DNA strand  [  34  ] , consistent with 
successful patient trials typically requiring multiple treatment cycles prior to detect-
able response ( [  32,   35  ]  and see following section).  

 Following their initial syntheses in 1964  [  36  ] , 5-aza-C and 5-aza-dC were later 
found to possess antileukemic activity in mouse disease models, elicit cancer cell 
differentiation, and enhance response to the chemotherapeutics etoposide and cis-
platin  [  29,   37  ]  (Fig.  14.1 ). These nucleoside analogs potently hypomethylate a num-
ber of tumor suppressor genes (TSGs), resulting in their transcriptional upregulation 
 [  6,   38,   39  ] . Decitabine-mediated DNA demethylation has also been reported to 
associate with reduced methylation at lysines 9 and 27 of histone H3 (H3K9 and 
H3K27, respectively), two other repressive chromatin “marks”  [  40,   41  ] , in addition 
to enhanced acetylation at H3K9 and H3K14 (two activating chromatin marks). 
Such “crosstalk” between repressive chromatin modi fi cations is believed to result 
from coordinated activity of histone and DNA methyltransferase enzymes associ-
ated with large, multimeric epigenetic repressive protein complexes. 

 Since its inception, the cytidine analog 5-aza-C has been extensively studied in 
cell and animal model systems. Early studies demonstrated potent antileukemic 
activity in the L1210 mouse model, followed by reports of 5-aza-C ef fi cacy against 
solid tumors, using various preclinical cancer models (Fig.  14.1 )  [  42,   43  ] . In medullo-
blastoma cells, 5-aza-C was also shown to inhibit proliferation, coincident with pro-
moter demethylation and upregulation of a TSG,  KLF4   [  44  ] . More recently, it was 
shown that intratracheal administration of 5-aza-C, in an orthotopic mouse lung can-
cer model, exhibited  fi vefold reduced myelosuppression and threefold enhanced sur-
vival, as compared to i.v. administration  [  45  ] . While subsequent studies further 
established 5-aza-C as a differentiating agent, particularly in effecting myogenesis 
 [  46–  48  ] , other work  fi rmly established its ability to induce TSGs and initiate apopto-
sis in cancer cells, including those of the liver, colon, and ovary  [  49–  51  ] . 

 In contrast to 5-aza-C, its deoxyribose analog 5-aza-dC is not incorporated into 
RNA and is thus more stable and potent (active at submicromolar concentrations), 
although its activity is similarly attenuated by cytosine deaminases  [  8  ] . In a myriad 
of cell line studies, decitabine was shown to hypomethylate and derepress numerous 
TSGs, some of the most commonly studied being  p16 ,  APC ,  RASSF1A ,  hMLH1 , 
 PTEN , and  DAPK   [  6,   38,   39  ] . Several of these (and other) genes encode protein 
constituents of apoptosis pathways, and thus (like aza-dC) in addition to differentia-
tion, 5-aza-dC can robustly induce apoptosis  [  52,   53  ] . Preclinical studies have now 
 fi rmly established 5-aza-dC activity against hematologic cancers, including acute 
myeloid leukemia (AML), chronic myeloid leukemia, acute lymphocytic leukemia, 
and MDS (Fig.  14.1 )  [  54–  57  ] , and may also elicit senescence and autophagy  [  58  ] . 
Although clinical studies of 5-aza-dC have yet to demonstrate substantial activity 
against solid tumors (see below), preclinical studies have  convincingly shown proof-
of-principle for antitumor ef fi cacy  [  59–  62  ] . Moreover, in two studies, an indirect 
apoptotic role was found in that 5-aza-dC  hypomethylated and upregulated 
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microRNA-181, a regulator of  NOTCH4  and  KRAS , while in liver cancer cells, 
5-aza-dC induced the tumor suppressor microRNAs 124 and 203  [  63,   64  ] . As noted 
above, epigenetic alterations in cancer often hyperactivate speci fi c oncogenic path-
ways; 5-aza-dC is now known to antagonize several of those pathways, while upreg-
ulating tumor suppressive signaling. Examples of oncogenic signal blockade by 
5-aza-dC was demonstrated by its upregulation of the endogenous Wnt pathway 
inhibitor DKK, resulting in signi fi cant xenograft tumor growth inhibition  [  65  ] . 

 In addition to 5-aza-dC and 5-aza-C, various other compounds have been shown 
to elicit DNA demethylation. As decitabine is subject to intracellular deamination 
and aqueous instability (resulting in loss of hypomethylating activity), a more stable 
dinucleotide, 5-aza-dC-dG (SGI-110, Astex Pharmaceuticals, Cambridge, UK), was 
shown to resist cytidine deaminase, while also demonstrating potent antigrowth 
effects against bladder cancer cells and mouse xenografts, with negligible toxicity 
 [  66,   67  ] . Likewise, an elaidic acid analog of 5-aza-C, CP-4200, possessed enhanced 
stability and much higher tumoricidal activity than the parent compound (aza-C), 
possibly due to its independence from nucleoside uptake transporters  [  68  ] . Using a 
different (genetic) approach, short inhibitory RNAs against DNMTs 1 and 3b elicited 
DNA demethylation and gene derepression similar to (or greater than) deoxycytosine 
analogs  [  69  ] . In addition to decitabine, we have also studied another cytidine analog 
DNMTI, zebularine, demonstrating that this agent hypomethylates TSGs and allows 
for the chemosensitization of platinum-resistant ovarian cancer cells lines  [  70  ] . Other 
zebularine studies have demonstrated its greater stability than 5-aza-dC, demethyla-
tion in tumors  in vivo , and colon cancer chemoprevention in a widely used mouse 
model  [  71,   72  ] . Like 5-aza-C, however, zebularine is a ribonucleotide and thus its 
potency is limited by inef fi cient reduction prior to incorporation into DNA  [  73  ] . 
Toward rectifying that limitation, deoxyzebularine phosphoramidate prodrugs were 
recently demonstrated as more potent hypomethylating agents in vitro, while also 
exhibiting antineoplastic activity against pancreatic cancer cell lines  [  74  ] . 

 Several non-nucleoside compounds have also demonstrated DNA-
hypomethylating activity. These include two previously FDA-approved agents, the 
antihypertensive hydralazine and the antiarrhythmic procainamide  [  75  ] . However, 
these compounds were found much less potent than 5-aza-dC  [  75,   76  ] . A mush-
room-derived antibiotic, Verticullin A, likewise displayed DNMTI activity against 
SW620 colon cancer cells, upregulating several genes concordant with demethyla-
tion of their respective promoters, while also resensitizing those cells to the apopto-
sis-inducing, “death receptor” ligand TRAIL  [  77  ] . More recently, various “rationally 
designed,” non-nucleoside DNMT inhibitors (thus in fl uencing enzyme activity 
without DNA incorporation) have also demonstrated potent downregulation of 
methyltransferase activity. Two of these, SGI-1027 and RG108, facilitated reex-
pression of silenced TSGs, while also negatively affecting growth of colon and 
hepatocellular carcinoma cells  [  78–  81  ] . Likewise, various high-throughput screens, 
using various reporter assays and virtual “docking” computational approaches, are 
now in widespread use for the identi fi cation of non-nucleoside DNA methyltrans-
ferase  [  82,   83  ] . These approaches will almost certainly lead to the identi fi cation of 
novel DNA methylation inhibitors. 
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 While DNMTIs have shown success as monotherapies for hematologic cancers, 
accumulating evidence suggests they will be most effective when combined with 
conventional or targeted chemotherapies, likely via chemosensitization of resistant 
tumor subpopulations  [  8,   22,   84  ] . Such chemosensitization is hypothesized to result 
from DNMTI-mediated derepression of gene members of drug response pathways 
or inhibition of pro-survival pathways  [  8,   9,   85  ] . As shown in Fig.  14.2 , multiple 
preclinical studies have now demonstrated that DNMTIs can resensitize resistant 
malignancies to numerous chemotherapeutics, via upregulation of pro-apoptosis 
pathways (both extrinsic and intrinsic), while also inhibiting oncogenic signaling 
cascades such as Wnt, PI3K/Akt, hedgehog, and Notch  [  65,   86–  89  ] . In two early 
studies of the L1210 mouse leukemia models, cytoxicity of 5-aza-C was augmented 
by coadministration with another nucleoside analog, cytarabine; the hypothesized 
mechanism of action of this combination was inhibition of DNA synthesis  [  90  ] . 
Likewise, 5-aza-C antileukemic activity was also enhanced by a cytidine deaminase 
inhibitor  [  91  ] . More recently, in a study of aggressive prostate cancer, 5-aza-C 
caused potent but well-tolerated resensitization of tumor xenografts to docetaxel 
and cisplatin, concomitant with upregulation of a number of TSGs  [  92  ] .  
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 Like 5-aza-C, chemosensitization by 5-aza-dC is now well established. In one 
early study, 5-aza-dC combined with the topoisomerase-1 inhibitor topotecan, was 
synergistically cytotoxic to mouse colorectal adenocarcinomas  [  93  ] . Later, it was 
demonstrated that 5-aza-dC could resensitize platinum-resistant ovarian cancer cells 
and mouse xenografts to cisplatin, due to promoter demethylation and reexpression 
of the mismatch repair enzyme gene  hMLH1   [  94,   95  ] . In two colon cancer studies, 
5-aza-dC was found to be synergistically tumoricidal when combined with 
5- fl uorouracil (an antimetabolite) and the antineoplastic hormone irinotecan  [  96, 
  97  ] . Likewise, a study of colon cancer cells revealed that 5-aza-dC treatment resulted 
in upregulation of ten interferon pathway-associated genes, likely via induction of 
IFN-alpha2a and activation of STATs 1, 2, and 3  [  98  ] . In endocrine cancers, DNMTIs 
have also been demonstrated to sensitize cancer cells to antihormonal therapies. For 
example, 5-aza-dC was shown to upregulate the DNA-methylation-repressed TSG 
 PTEN , an inhibitor of the PI3K/Akt pathway, suppressing the growth of tamoxifen-
resistant breast cancer cell xenografts and restoring responsiveness to antiestrogens 
 [  99  ] . The latter  fi nding is further supported by a correlation of epigenetic aberra-
tions and PI3K/Akt oncogenic signaling in breast cancer cells; those aberrations 
were reversible by a 5-aza-dC/PI3K inhibitor combination, which also coopera-
tively inhibited the growth of mouse xenografts  [  100  ] . Restoration of antiestrogen 
sensitivity in breast cancer is believed to be due (at least in part) to reexpression of 
the estrogen receptors alpha and/or beta  [  101,   102  ] . Similarly, in prostate cancer, 
androgen receptor silencing has been linked to both histone deacetylation and DNA 
methylation  [  103,   104  ] . In other prostate cancer studies, 5-aza-dC could sensitize 
both androgen-dependent and -independent prostate cancer cells to paclitaxel, while 
both DNMTIs and HDACIs cooperatively upregulated estrogen receptor-beta and 
delayed androgen independence in a common mouse model  [  105–  107  ] . 

  Preclinical cancer studies of histone deacetylase inhibitors (HDACIs).  As his-
tone deacetylation is another epigenetic modi fi cation repressive of TSGs, histone 
deacetylase inhibitors (HDACIs) also represent promising antineoplastics. 
Interestingly, the  fi rst HDAC inhibitor was the common organic solvent dimethyl-
sulfoxide (DMSO), as discovered by Charlotte Friend to elicit differentiation of 
erythroleukemia cells  [  108  ] . Following that discovery, numerous other hybrid polar 
compounds were synthesized and similarly screened for differentiating activity, but 
whose mechanism of action (deacetylase inhibition, resulting in enhanced protein 
acetylation) remained unknown for over 20 years  [  109  ] . Numerous HDACIs, which 
antagonize the action of zinc-dependent histone deacetylases by chelation of the 
metal cation, have been shown to induce differentiation and apoptosis in tumor, but 
not normal, cells (reviewed in  [  110  ] ). One proposed mechanism for cancer cell-
speci fi c HDACI toxicity is the induction of cell cycle checkpoints  [  111  ] ; one such 
effect (G2 arrest followed by apoptosis) was also demonstrated in platinum-resistant 
ovarian cancer cells  [  112  ] . Of note, while HDACIs potently induce histone 
 hyperacetylation, their effects on non-histone protein acetylation (including 
 transcription factors, molecular chaperones, cargo transporters, and cytoskeletal 
proteins) may play an even greater role in their antineoplastic activity  [  110,   113  ] . In 
ovarian cancer in particular, several HDACIs induced cytodifferentiation and apop-
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tosis of cultured cells and mouse xenografts  [  112,   114–  117  ] . Newer studies suggest 
that HDACI repression of telomerase ( hTERT ) represents another anticancer mech-
anism of action (reviewed in  [  118  ] ). Alternative non-epigenetic, HDACI antineo-
plastic effects include oncoprotein destabilization by acetylation of “chaperone” 
proteins (suggesting synergism with HSP inhibitors), diminished processing of 
“aggresomes” of misfolded proteins (suggesting synergism with proteasome inhibi-
tors), acetylation of transcription factors, and reconstitution of p53-like tumor sup-
pressive pathways (reviewed in  [  30,   110,   119  ] , and see Fig.  14.2 ). 

 Similar to DNMTIs, preclinical studies have shown HDACIs to be most effective in 
combination with standard therapies, suggesting HDACI upregulation of drug response 
(apoptotic) or cellular differentiation pathways. In ovarian cancer preclinical studies, 
vorinostat alone was found effective against paclitaxel-resistant ovarian cancer cells; 
however, its antitumor activity was far greater in combination with paclitaxel  [  120–
  122  ] . Other HDACIs have similarly sensitized ovarian cancer cells to retinoids and the 
widely used chemotherapy cisplatin  [  115,   123,   124  ] . Similarly, our group demonstrated 
that a rationally designed HDACI, AR42, possessed greater cisplatin-resensitizing 
activity than vorinostat in chemoresistant ovarian cancer cells and mouse xenografts, 
enhancing both epithelial differentiation and apoptotic potential  [  125  ] . One speci fi c 
example supporting HDACI-associated differentiation in therapy sensitization was that 
cholangiocarcinoma cells treated with the HDACI valproate upregulated numerous 
genes associated with differentiation, during sensitization to gemcitabine  [  126  ] . In 
similar studies, the HDACI Trichostatin A augmented UV-induced apoptosis over 
threefold in colon cancer RKO cells  [  127  ] , and also sensitized osteosarcoma cells to a 
potentially antineoplastic, natural product geninstein  [  128  ] . 

 Several HDACIs have also been demonstrated to upregulate “death receptor” 
apoptosis pathways, allowing resensitization of resistant cancer cells to death recep-
tor ligands (Fig.  14.2 ). One report showed the HDACI MS-275 (entitostat) to resen-
sitize aggressive MDA-MB-468 breast cancer cells to the death ligand TRAIL, both 
in cell culture and in mouse xenografts, while downregulating genes associated with 
the metastasis-related epithelial-to-mesenchymal transition  [  129  ] . In addition, 
HDACI-associated TRAIL sensitization (via reexpression of caspase-8) was mark-
edly augmented by combination with interferon-gamma in meduloblastoma cells 
 [  130  ] . TRAIL sensitization by the HDACI valproate was also demonstrated in pan-
creatic cancer cell lines, via inhibition of HDAC2 and the restoration of extrinsic 
apoptosis pathways  [  131  ] , while in hepatocellular carcinoma cell lines, the HDACIs 
valproic acid and ITF2357 both effected sensitization to TRAIL  [  132  ] . 

 HDACIs have also shown activity against hormone-resistant neoplasms, includ-
ing breast, uterine, and prostate cancers. Similar to DNMTI/antiestrogen studies 
HDACIs enhanced tamoxifen induction of both autophagy and apoptosis in 
tamoxifen-resistant breast cancer cells; that effect was further enhanced by inhibitors 
of autophagy  [  133  ] . In endometrial cancer studies, TSA/paclitaxel-combined treat-
ment of mice bearing cancer cell tumor xenografts reduced tumor masses by >50% 
 [  134  ] . Moreover, another xenograft study showed that the HDACI apicidin reduced 
tumor size and repressed the angiogenesis-mediating oncoprotein VEGF  [  135  ] . 
Interestingly, it appears that in endometrial cancer, HDACIs may exert antigrowth 
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effects through repression of estrogen receptor-target genes, coincident with induc-
tion of genes targeted by the glucocorticoid receptor  [  136  ] . 

  Preclinical studies of DNMTI/HDACI combinations.  While HDACIs and 
DNMTIs have demonstrated clinical activity as single agent therapies for hematopoi-
etic malignancies, DNA methylation and histone deacetylation also cooperatively 
inhibit gene transcription (often in multiple-repressor protein complexes), and relief 
of both silencing mechanisms may be necessary for maximal gene derepression  [  8, 
  137  ] . In ovarian cancer cells, a DNMTI/HDACI combination synergistically upreg-
ulated the pro-apoptotic gene  TMS1 / ASC , in contrast to either epigenetic agent 
alone  [  138  ] , while a 5-aza-dC/vorinostat regimen induced various imprinted genes 
and also inhibited tumor xenograft growth  [  139  ] . Similarly, 5-aza-C combined with 
the HDACI Trichostatin A facilitated derepression of the progesterone receptor-B 
gene in endometrial cancer cells  [  140  ] , while 5-aza-C plus entitostat cooperatively 
upregulated several pro-apoptosis genes and reduced tumor xenograft sizes by 
>75% in a mouse lung cancer model  [  141  ] . A newer preclinical study showed 5-aza-
dC combined with the HDACI valproate was cancer-chemopreventive in a mouse 
medulloblastoma/rhabdosarcoma model, while each agent alone was not  [  142  ] . 
Interestingly, one compound, UVI5008, was found to be a “triple epigenetic inhibi-
tor,” concordantly inhibiting zinc-dependent HDACs, the DNA methyltransferase 
DNMT3A, and another family of HDACs that require a NAD +  cofactor (rather than 
zinc), the sirtuins  [  143  ] . In that study, UV15008 potently induced apoptosis in breast 
cancer cells/xenografts via ROS production and activation of death receptor (i.e., 
extrinsic), mitochondria-independent, apoptosis  [  144  ] . 

 It has also been reported that HDACIs and DNMTIs may actually mimic the 
epigenetic effects of one another. For example, it has been reported that several 
HDACIs can demethylate DNA, including Trichostatin A, valproate, and MS-275 
(entitostat, SNDX-275)  [  145–  148  ] , possibly via transcriptional downregulation of 
DNMT-coding genes, as demonstrated in a study of human endometrial cancer cells 
 [  149  ] . Analogously, 5-aza-dC was also found to effect gene-speci fi c, but not global, 
histone acetylation  [  150,   151  ] . However, a phase I study of AML or MDS patients 
examining 5-aza-C (5–14 days) followed by phenylbutyrate (5 days) demonstrated 
that 5-aza-C treatment alone resulted in histone acetylation in peripheral blood 
cells; phenylbutyrate, however, did not prevent remethylation of the cyclin-depen-
dent kinase inhibitor gene  p15  ( CDKN2B )  [  152  ] . Even so, these reciprocal epige-
netic modi fi cations, between HDACIs and DNMTIs, appear to be quite rare and 
context-dependent in nature. 

 While DNMTI/HDACI combinations often result in greater gene alterations than 
each agent in isolation, pairing of these epigenetic therapies will likely be even 
more effective in coordination with conventional cancer therapies  [  8–  10  ] . For 
example, while caspase-8 gene reexpression in small cell lung cancer cells required 
a DNMTI/HDACI combination (thus restoring a functional apoptosis pathway), the 
induction of apoptosis still required the death receptor ligand TRAIL  [  153  ] . 
Similarly, combined treatment of decitabine and belinostat demonstrated signi fi cantly 
greater cisplatin sensitization of platinum-resistant ovarian cancer cell xenografts, 
in tumor-bearing mice, than either epigenetic therapy alone  [  154  ] .  
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    14.2   Clinical Studies of DNA Hypomethylating Agents and 
HDAC Inhibitors for Overcoming Drug Resistance 

 Four epigenetic derepressive agents are now FDA approved for two hematologic 
malignancies, MDS treatment with DNMTIs 5-aza-C (Vidaza) and 5-aza-dC (decit-
abine), and cutaneous T-cell lymphoma therapy using the HDACIs vorinostat and 
romidepsin  [  8,   9,   155  ] . While other hematologic malignancies will likely gain 
approval for monotherapy DNMTIs and HDACIs, including peripheral T-cell lym-
phoma and Hodgkin’s disease, single-agent clinical studies of various solid tumors 
have proved fairly disappointing. For the latter, epigenetic drugs will likely prove 
most bene fi cial when combined with long-established approaches such as conven-
tional cytotoxic chemotherapies, endocrine therapies, differentiation therapy, and 
radiotherapy  [  156,   157  ] . 

  Studies of DNA methyltransferase inhibitors.  In addition to incorporation into 
DNA, the ribonucleoside analog 5-aza-C is also incorporated into several RNA spe-
cies, resulting in greater toxicity and lower stability than 5-aza-dC. Consequently, a 
more recent clinical studies have focused on 5-aza-dC (decitabine), although 
5-aza-C remains widely used. An early Vidaza study of patients with acute  leukemia, 
administered at 37–81 total mg/m 2 , given over 30–60 h, resulted in some clinical 
bene fi t in 89% of patients, although substantial hematologic toxicity was observed 
in all patients  [  158  ] . A separate trial of 21 elderly patients with high-risk MDS, 
treatment with decitabine at 50 mg/m 2 /day for three consecutive days, yielded a 
response rate of 54% (15 of 21), although signi fi cant myelotoxicity caused the death 
of 5/21 (17%) patients  [  159  ] . Another MDS phase I study, using an overall similar 
drug exposure (45 mg/m 2  b.i.d. for 3 days), yielded an overall response rate of 49%, 
but similarly resulted in moderate-to-severe toxicity (predominantly myelodepres-
sion), resulting in the death in 7% of the enrolled patients  [  160  ] . 

 To possibly ameliorate the high toxicity and limited bene fi t of extended decit-
abine infusions (previously using regimens approaching its maximum tolerated 
dose), lower dose schedules were examined. In phase I/II sickle cell anemia studies 
of hydroxyurea-resistant patients, low-dose (0.3 mg/kg), repetitive doses (5 days/
week for 2 weeks) of decitabine were found suf fi cient for demethylation and reex-
pression of fetal hemoglobin with little or no neutropenia  [  161,   162  ] . Such low-dose 
treatments were largely based on a mouse embryonic  fi broblast study showing myo-
tube differentiation and hypomethylation at low decitabine doses (1–5  m M), with 
cytotoxicity and increased methylation at higher (>5  m M) doses  [  29  ] . Subsequently, 
one MDS clinical trial examined a variety of repetitive low decitabine doses, with 
1-h administration daily over longer durations (10–20 days)  [  163  ] . The results of 
that landmark study demonstrated that 15 mg/m 2  decitabine, administered over ten 
consecutive days, resulted in a response rate of 83% and was well tolerated, as com-
pared to previous studies using >5-fold higher doses  [  163  ] . That pioneering work 
resulted in the widespread adoption of low-dose hypomethylating agents, both as 
monotherapies and in combination with other agents. 
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 While single-agent decitabine demonstrated signi fi cant ef fi cacy for MDS and 
other hematologic malignancies, solid tumor studies have been fairly disappointing, 
motivating studies of 5-aza-dC in combination with other conventional agents. Early 
combination studies, however, demonstrated minimal-to-moderate activity, with 
substantial toxicity. In a phase II study of non-small cell lung cancer, a maximum 
tolerated decitabine dose of 67 mg/m 2 , given concurrently with 33 mg/m 2  cisplatin 
over a 2-h period for 3 consecutive days of a 21-day cycle, resulted in no objective 
responses and signi fi cant hematologic toxicity  [  164  ] . Similarly, a phase II trial of 
squamous cell cervical cancer, with decitabine administered continuously at 50 mg/
m 2 /day for 3 days, concurrent with 30 mg/m 2  cisplatin, resulted in eight partial and 
 fi ve stable disease responses; however, unacceptable toxicity was observed,  resulting 
in one patient death  [  165  ] . However, based on the low-dose MDS ef fi cacy study by 
Issa et al., newer trials have examined lower doses of decitabine in various com-
bined regimens. One recent phase I/II combinatorial ovarian cancer study, of decit-
abine paired with carboplatin, demonstrated no signi fi cant improvement over 
carboplatin alone  [  166,   167  ] . By contrast, a separate phase IIa clinical trial of 5-aza-
cytidine (Vidaza) and carboplatin resulted in one complete, three partial, and ten 
stable disease responses (of 29 total patients), with a 7.5-month average duration of 
response  [  168  ] . Likewise, our group recently completed a phase I trial of low-dose 
decitabine ( fi ve consecutive-day regimen), in combination with carboplatin in plat-
inum-resistant ovarian cancer patients, revealing acceptable tolerability of the regi-
men  [  169  ] . Biological activity in vivo was also demonstrated, as assessed by 
hypomethylation of genome-wide repetitive elements (in peripheral blood cells) 
and speci fi c ovarian cancer-associated genes (in plasma, ascites, or tumor)  [  169  ] , 
resulting in one complete, six stable, and four (6-month) disease progression-free 
responses  [  169  ] . The successful phase II component of that study was recently 
described  [  170  ] , and the results are promising. Other clinical studies combining 
5-aza-dC with the EGFR antagonist erlotinib showed responses in 4 of 11 patients 
with advanced tumors  [  171  ] . However, a neuroblastoma trial of 5-aza-dC combined 
with cyclophosphamide or doxorubicin showed toxicity at the 5-aza-dC doses 
required for disease response  [  172  ] . In a 13-patient AML phase I study, decitabine 
combined with arsenic trioxide and/or ascorbic acid resulted in one complete remis-
sion and  fi ve patients with stable disease  [  173  ] . While chemosensitization by 
DNMTIs is believed to largely result from the restoration of apoptosis pathways, 
one recent phase II study of refractory solid tumors and lymphomas showed patient 
response to correlate with both DNA hypomethylation and expression of the copper 
transporter CTR1, a protein that facilitates platinum drug uptake  [  174  ]  (Fig.  14.2 ). 

  Studies of histone deacetylase inhibitors.  Like DNMTIs, despite successful 
 studies of hematologic malignancies, solid tumor clinical trials of monotherapeutic 
HDACIs suggest similarly limited clinical activity. In ovarian cancer, two mono-
therapeutic phase I/II trials of the HDACIs vorinostat and belinostat proved tolera-
ble but showed only moderate clinical activity  [  175,   176  ] . One recent phase II trial 
of the HDACI romidepsin in androgen-independent prostate cancer, although well 
tolerated, likewise showed minimal antineoplastic activity  [  177  ] . Another belinostat 
trial for metastatic renal cancer also yielded no patient responses  [  178  ] . Consequently, 
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it is now widely believed that these agents will be most effective in combination 
with conventional chemotherapies ( [  8,   9,   34  ]  and see following sections). 

 For ovarian cancer, two recent ovarian cancer trials pairing belinostat with 
paclitaxel/carboplatin, and vorinostat with carboplatin, demonstrated safety and 
moderate clinical activity  [  179,   180  ] , while planned clinical trials include 
HDACIs in combination with inhibitors of the DNA repair enzyme PARP or 
inhibitors of the embryonic signal mediator Hedgehog  [  181,   182  ] . Another phase 
II study of the HDACI vorinostat combined with the antiestrogen tamoxifen, in 
hormone-refractory breast cancer patients, yielded a clinical bene fi t rate (response 
or stable disease for over 24 weeks) of 40%, although toxicity necessitated dose 
adjustment in several patients  [  183  ] . Similarly, a 12-patient phase I trial combin-
ing the HDACI panobinostat with the angiogenesis inhibitor bevacizumab 
resulted in three partial responses and seven cases of stable disease  [  184  ] . 

  Clinical studies of combined DNA methyltransferase and histone deacetylase 
inhibitors.  DNMTI/HDACI combinations have also now been established to exert 
additive/synergistic effects on gene expression in vitro. However, success in clinical 
trials has been, similar to single-agent regimens, largely restricted to hematologic 
malignancies. For example, a phase II study of the DNMTI/HDACI combination of 
hydralazine and valproate for MDS showed an overall response rate of 50%  [  185  ] . 
Most solid tumor studies, however, have shown less ef fi cacy. Nonetheless, one 
phase I clinical trial combining the HDACI valproic acid and the DNMTI azacyti-
dine for various solid tumors demonstrated safety, in vivo biological activity, and 
stable disease in 25% of the enrolled patients, although no partial or complete 
responses were observed  [  186  ] . Likewise, a recent phase I study of 5-aza-dC/
vorinostat combination resulted in 29% of non-Hodgkin’s lymphoma and various 
solid tumors  [  187  ] . By analogy, a recent phase I/II trial of an azacytidine/entitostat 
combination in non-small cell lung cancer yielded major objective responses in 4 
of 19 patients, and demethylation of a four-gene panel correlated with improved 
progression-free and overall survival  [  188  ] . 

 Based on the above mentioned in vivo  fi ndings, it is speculated that chromatin 
depressive agents (singly or combined) alone may be only marginally ef fi cient for 
eradicating cancer cells, thus motivating studies of their combination with conven-
tional therapeutics  [  6,   8,   94  ] . For example, while apoptosis pathway function may 
be restored by epigenetic derepression, it is possible that epigenetic drugs remain 
inadequate as cancer cell stressors capable of provoking programmed cell death. In 
one phase III ovarian cancer trial (NCT00533299), the DNMTI hydralazine is being 
combined with the HDACI valproic acid, with or without the topoisomerase inhibi-
tor topotecan, while a previous phase II trial of the same combination (hydralazine/
valproate), coincident with four different chemotherapy regimens, yielded three 
partial and four stable disease responses (as assessed by the ovarian cancer marker 
CA-125)  [  189  ] . In various leukemias, a phase I trial of 5-aza-dC combined with 
valproic acid demonstrated acceptable patient tolerability and an objective response 
rate of 22%  [  190  ] , while a melanoma trial combining 5-aza-dC and intravenous 
bolus interleukin-2 was well-tolerated and yielded a 31% objective response rate  [  191  ] . 
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5-aza-C is also being examined in a phase I/II ovarian cancer trial (NCT00529022) 
in combination with valproic acid and carboplatin. 

 In addition to reactivation of TSGs (and possible chemotherapy response cas-
cades), DNMTIs and HDACIs have also been found to induce various cancer/testis 
antigens (CTAs, components of the “tumor recognition complex”)  [  34  ] . CTA pro-
teins, expressed in male germ cells but normally silenced in adult tissues, are 
expressed in various malignancies as antigenic peptides copresented with HLA 
Class I/II molecules and thus may represent immunotherapy targets  [  192  ] . However, 
as CTA expression is often variable, due to epigenetic repression, more consistent 
reexpression can be achieved by DNMT and/or HDAC inhibitors  [  191  ] . Consequently, 
an ongoing phase I ovarian cancer trial (NCT00887796) is investigating decitabine 
combined with liposomal doxorubicin and peptide vaccination for the CTA 
NY-ESO-1, while two other trials (NCT00701298, NCT00886457, for unspeci fi ed 
cancers) are combining decitabine with interferon- a 2b. These trials were based on 
the preclinical studies by Karpf et al. [ 98 ,  193  ]  mentioned earlier. Thus, in addition 
to tumor suppressor reactivation, epigenetic therapies may also hold promise in 
immunotherapy.  

    14.3   Future Directions for the Use of Epigenetic Therapies 
for Overcoming Chemotherapy Resistance 

 One current focus within cancer epigenetic research is the design of speci fi c inhibi-
tors of enzymes facilitating other epigenetic repressive modi fi cations, including the 
gene-repressive histone methyltransferases (HMTs) EZH2, which trimethylates his-
tone H3, lysine 27 (H3K27me3), and DOT1L, which trimethylates H3K79  [  194, 
  195  ] . Consistent with epigenetic gene repression in cancer, one DOT1L inhibitor, 
EPZ004777, showed activity against mixed lineage leukemia cells  [  196  ] . Similarly, 
one EZH2 inhibitor, DZNep, an  S -adenosylmethionine (SAM) analog that also 
inhibits methylation of H4K20, resulting in upregulation of numerous previously 
silenced TSGs  [  194,   197  ] . DZNep has also shown anticancer activity against mouse 
prostate tumors and breast cancer, AML, and neuroblastoma cells  [  194,   197–  199  ] . 
Similar to DNMTIs, DZNep induction of apoptosis was also augmented by HDACIs 
 [  200,   201  ] , and recent studies of DZNep suggest possible negative effects toward 
CSCs  [  199,   202  ] . High-throughput approaches continue to identify various novel 
epigenetic therapies, including inhibitors of the Jarid family of H3K4me3 histone 
demethylases, the repressive HMT G9a (which trimethylates H3K9), isoform-
speci fi c HDACs, and various histone acetyltransferases  [  203–  207  ] . In  addition, 
tumor-suppressive microRNAs have been successfully delivered to tumors in mouse 
models of liver (miR-26a), colon (miRs-145 and -33a), and prostate cancers, using 
adeno-associated viruses, polyethylenimine conjugation, and rhabdomyosarcoma 
(miRs-1 and −206)  [  208–  210  ] . Taken together it is likely that these emerging epige-
netic therapeutics could be used for the much anticipated therapeutic approach of 
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“personalized medicine,” based not only on patients’ genomic/gene expression 
pro fi les, but also on their epigenetic pro fi les.  

    14.4   Summary/Conclusions 

 It is now well established that epigenetics is a principle mediator of mammalian 
development. To successfully carry out tissue/organ differentiation, genomic DNA 
expression is precisely regulated by a host of epigenetic modi fi cations. It is thus not 
surprising that aberrant chromatin modi fi cations result in defective differentiation 
states, a hallmark of cancer cells. It has also been recently shown that even highly 
aggressive cancer cells can revert to their original, tissue-speci fi c differentiation 
state, and that epigenetic therapies may facilitate this phenomenon. Consequently, 
chromatin-altering agents hold promise for the treatment of numerous malignant 
diseases, particular when complemented with other (traditional or pathway-targeted) 
antineoplastic therapies.      
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  Abstract   Accurate detection of epimutations in tumor cells is crucial for 
 understanding the molecular pathogenesis of cancer. Alterations in DNA methyla-
tion in cancer are functionally important and clinically relevant, but even this well-
studied area is continually re-evaluated in light of unanticipated results, such as the 
strong association between aberrant DNA methylation in adult tumors and poly-
comb group pro fi les in embryonic stem cells, cancer-associated genetic mutations 
in epigenetic regulators such as  DNMT3A  and  TET  family genes, and the discovery 
of altered 5-hydroxymethylcytosine, a product of TET proteins acting on 5-methyl-
cytosine, in human tumors with TET mutations. The abundance and distribution of 
covalent histone modi fi cations in primary cancer tissues relative to normal cells is 
an important but largely uncharted area, although there is good evidence for a mech-
anistic role of cancer-speci fi c alterations in histone modi fi cations in tumor etiology, 
drug response, and tumor progression. Meanwhile, the discovery of new epigenetic 
marks continues, and there are many useful methods for epigenome analysis appli-
cable to primary tumor samples, in addition to cancer cell lines. For DNA methyla-
tion and hydroxymethylation, next-generation sequencing allows increasingly 
inexpensive and quantitative whole-genome pro fi ling. Similarly, the re fi nement and 
maturation of chromatin immunoprecipitation with next-generation sequencing 
(ChIP-seq) has made possible genome-wide mapping of histone modi fi cations, 
open chromatin, and transcription factor binding sites. Computational tools have 
been developed apace with these epigenome methods to better enable accurate 
interpretation of the pro fi ling data.  
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  Abbreviations  

  5MC    5-methylcytosine   
  5HMC    5-hydroxymethylcytosine   
  ChIP-seq    Chromatin immunoprecipitation-sequencing   
  MBD    Methyl binding domain   
  MeDIP    Methyl DNA immunoprecipitation   
  MRE    Methyl-sensitive restriction enzyme   
  RRBS    Reduced representation bisul fi te sequencing         

    15.1   Introduction 

 DNA methylation is required for genome function through its roles in maintenance 
of chromatin structure, chromosome stability, and transcription  [  1–  4  ] . 5-methylcy-
tosine (5MC) is found at a subset of 5 ¢ -CpG-3 ¢  dinucleotides and is also sometimes 
observed at CpNpG, notably in embryonic stem cells  [  5–  7  ]  but also in adult tissues 
 [  8  ] . The modi fi ed DNA base 5-hydroxymethylcytosine (5HMC) is also present in 
mammalian genomes, albeit at a much lower levels compared to 5MC  [  9,   10  ] . TET 
proteins catalyze the hydroxylation of 5MC to generate 5HMC, and can act further 
on 5HMC to yield 5-formylcytosine and carboxylcytosine  [  10–  12  ] . 

 The N-terminal tails of histone proteins are modi fi ed by acetylation, methylation, 
phosphorylation, ubiquitylation, crotonylation  [  13  ] , and other covalent modi fi cations. 
At some histone residues, such as histone H3 lysine 4 (H3K4), methylation can be 
mono-, di-, or tri-methyl. Furthermore, multiple types of modi fi cations can exist on a 
single histone molecule. In addition to DNA methylation and histone modi fi cations, 
there are other interrelated, potentially epigenetic mechanisms including speci fi c depo-
sition of histone variants, noncoding RNAs, chromatin remodeling, and nuclear orga-
nization, which are not discussed here. Current epigenomic methods, especially those 
making use of next-generation sequencing, provide powerful tools to map 5MC, 
5HMC, and histone modi fi cations at high resolution across the genome. However, 
there are many considerations for selecting the most suitable method, including ease of 
use, cost, resolution, speci fi city, quantitation, and availability of computational meth-
ods to analyze the data. We describe current epigenomic methods below, focusing pri-
marily on genome-scale mapping methods that use next-generation sequencing.  

    15.2   Methods for Measurement of DNA Methylation 
and Hydroxymethylation 

 There are three main approaches to detect 5MC and 5HMC. Methyl-sensitive 
restriction enzymes (MRE) cut DNA based on methylation status of cytosines 
within their recognition sequences (Fig.  15.1a ). A second approach includes 
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  Fig. 15.1    A summary of methods for direct detection of cytosine methylation and hydroxymethy-
lation. ( a ) Methylated DNA can be detected with methyl-sensitive restriction enzymes (MRE), the 
use of antibodies speci fi c for 5-methylcytosine (5MC), by binding to af fi nity columns that contain 
methylated DNA binding domains or by the conversion of DNA with sodium bisul fi te. It is impor-
tant to note that some MRE are also sensitive to hydroxymethylation. ( b ) Several methods have 
been developed to detect 5 hydroxymethylcytosine (5HMC). These include the addition of a biotin 
tag to 5HMC through glucosylation and subsequent chemical steps which is followed by an af fi nity 
pulldown of the biotin tag, the use of antibodies speci fi c for 5HMC and conversion of 5HMC to 
5-cytosine methylenesulfonate (MS) which is then immunoprecipitated with an antibody speci fi c 
to 5CMS.  Me  methylated cytosine;  hMe  hydroxymethylated cytosine;  Glu  glucosylated cytosine       
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 differential chemical conversion or enzymatic modi fi cation of cytosine according to 
methylation/hydroxymethylation status, such as sodium bisul fi te conversion and 
5HMC-speci fi c glucosylation. Third, enrichment methods include methyl DNA 
immunoprecipitation (MeDIP), hydroxyMeDIP (hMeDIP), and methyl binding 
domain (MBD) af fi nity puri fi cation that are used to enrich for methylated or 
hydroxymethylated regions. These approaches can be applied to investigate a single 
locus, hundreds of thousands of loci, or to all mappable sites genome-wide.  

    15.2.1   Overview of DNA Methylation Reagents 

 MRE have been used widely for precise, reliable, and inexpensive methylation 
detection. MRE only assay CpGs within their recognition sites but when multiple 
non-redundant and frequent-cutting MRE are used in parallel, this limitation is less 
problematic. There are approximately 50 unique MRE, though only a few have a 
methylation-insensitive isoschizomer. MRE can resolve the methylation status 
regionally or at individual CpGs, depending on the platform used following MRE 
digestion. Some MRE are inhibited by methylation or hydroxymethylation, for 
example,  Hpa II  [  10  ] . The reliability of MRE enables their straightforward applica-
tion to next-generation sequencing (MRE-seq) allowing analysis of greater than one 
million CpGs. 

 Antibodies against 5MC and 5HMC, and columns containing methylated DNA-
binding proteins (domains of MBD2 or MeCP2 alone, or MBD2b combination with 
MBD3L) allow enrichment for 5MC/5HMC independent of DNA sequence 
(Fig.  15.1a , b)  [  14–  17  ] . Enrichment is greater for regions with higher methylated 
CpG content relative to fully methylated regions with lower CpG content. These 
reagents are simple to use and many are commercially available. The lower-limit of 
resolution is determined initially by the size range of DNA prior to enrichment, 
generally 100–300 bp, and subsequently by the platform used to assess the enrich-
ment, commonly oligonucleotide arrays and next-generation sequencing. 

 Chemicals including sodium bisul fi te and hydrazine react differentially with 
unmethylated vs. methylated cytosine and allow DNA methylation mapping at sin-
gle base resolution (Fig.  15.1a )  [  18–  20  ] . Of these, sodium bisul fi te is the most com-
monly used as it results in a positive display of methylation, among other advantages. 
Sodium bisul fi te initiates conversion of cytosine to uracil, which is replaced by 
thymine during PCR ampli fi cation. In contrast, methylated cytosines are non-
reactive, and remain as cytosine after bisul fi te treatment. Sequencing of individual 
clones of the PCR product allows assessment of methylation status of contiguous 
CpGs derived from a single genomic DNA fragment. Bisul fi te has many advan-
tages, including single CpG resolution, detection of strand and allele-speci fi c meth-
ylation, and detection of non-CpG cytosine methylation. Unlike other 
methylation-detection reagents, bisul fi te provides estimates of absolute rather than 
relative DNA methylation levels, depending on the platform used. The reduced 
sequence complexity of the genome following bisul fi te treatment complicates its 
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application to oligonucleotide arrays  [  21  ] , but is not a major issue when a  sequencing 
platform is used. Hydroxymethylated cytosines are resistant to conversion to uracil 
and are indistinguishable from 5MC in bisul fi te sequencing. The reaction of 5HMC 
with bisul fi te yields cytosine methylenesulfonate, which can be speci fi cally detected 
with an af fi nity method  [  22  ] . Alternatively, the hydroxyl group of 5HMC can be 
enzymatically glucosylated and biotin labeled to detect 5HMC  [  22,   23  ] .  

    15.2.2   Methyl-Sensitive Restriction Enzyme Methods 

 The HTF ( Hpa II tiny fragments) enrichment by ligation-mediated PCR, or HELP 
assay, uses the methyl-sensitive  Hpa II along with its methylation-insensitive iso-
schizomer  Msp I to identify unmethylated CpG sites within the sequence 5 ¢ -CCGG-
3 ¢   [  24  ] . Genomic DNA digested separately with each enzyme is size-selected to 
capture small DNA fragments. Custom adaptors complementary to digest ends are 
ligated and the adaptor-ligated molecules are ampli fi ed by PCR. The ampli fi cation 
products can be analyzed using a variety of platforms, including next-generation 
sequencing on the Illumina platform (HELP-seq)  [  25  ] . Methyl-seq is a second 
Illumina sequencing-based assay that uses  Hpa II/ Msp I  [  26  ] . Similar to HELP, the 
protocol involves separate  Hpa II and  Msp I digests, adaptor ligation, and Illumina 
sequencing. Approximately 65% of the CpG islands (CGIs) in the human genome 
are sampled using Methyl-seq. MRE methods are generally biased to CGIs, which 
constitute 1–2% of the genome and 7% of all CpGs in the genome. Methyl-seq is 
similarly biased, though non-CGI sites account for ~61% of the regions assayed, 
including a variety of genomic sequences such as promoters, exons, introns, and 
intergenic regions. 

 Ball et al. reported a third variation of MRE-seq, using  Hpa II/ Msp I digestion 
with Illumina sequencing to analyze DNA methylation in the PGP1 EBV-transformed 
B-lymphocyte cell line  [  27  ] . This approach, termed methyl-sensitive cut counting 
(MSCC), assayed ~1.4 million unique  Hpa II sites. Using MSCC and a complemen-
tary method, bisul fi te padlock probe sequencing (BSPP) to assay the methylation 
status of approximately 10,000 CpGs, highly expressed genes were found to be 
associated with high gene-body methylation and low promoter methylation. MSCC 
read counts were linearly related to BSPP percent methylation at 381 CpG sites that 
were assayed with both methods, suggesting that MSCC allows relative quanti fi cation 
of methylation levels. 

 DNA methylation has also been assessed through traditional Sanger sequencing 
combined with MRE in digital karyotyping  [  28,   29  ] . Using a combination of MRE 
that recognize 6–8 bp sites and methylation insensitive restriction enzymes, a library 
of short sequence tags is generated. The number of tags sequenced re fl ects the level 
of methylation at each recognition site, with lower tag counts representing greater 
methylation levels. In this method, the number of sites analyzed depends on the 
MRE used—use of  Asc I, for example, can generate over 5,000 unique tags that cor-
respond to >4,000 genes. 
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 These sequencing-based methods demonstrate the utility of MRE for analysis of 
DNA methylation. The single CpG resolution and ability to assay a signi fi cant por-
tion of the methylome with next-generation sequencing, including most CGIs, 
makes this a powerful, accurate, and straightforward way to assess methylation 
across the genome. When used alone, the MRE-seq methods enable relative rather 
than absolute methylation levels to be estimated. An integrative method  [  30,   31  ]  
that combines MRE-seq in parallel with MeDIP-seq to increase resolution, CpG 
coverage, and accuracy in quantitation is discussed below.  

    15.2.3    Mcr BC and CHARM 

 The methylation-dependent restriction enzyme  Mcr BC recognizes methylated DNA 
and cuts near its recognition sequence.  Mcr BC recognizes R m C(N) 

55–103
 R m C and 

cuts once between each pair of half-sites, close to one half-site or the other. The cuts 
can be distributed over several base pairs and approximately 30 base pairs distant 
from the methylated base, generating a distribution of DNA ends rather than pre-
cisely de fi ned DNA ends.  Mcr BC is useful to size-separate methylated DNA from 
unmethylated DNA, since the unmethylated DNA remains high-molecular weight 
after digestion.  Mcr BC was initially applied to microarrays  [  32  ] . 

 The “comprehensive high-throughput arrays for relative methylation” (CHARM) 
method is an array-based technique for methylation pro fi ling using  Mcr BC  [  33  ] . To 
improve speci fi city and sensitivity, probes were optimized based on location and 
CpG density on custom arrays. Because neighboring CpG sites tend to have a highly 
correlated methylation status, neighboring probe signals are averaged to reduce 
background noise without loss of sensitivity or speci fi city, though modestly reduc-
ing resolution. By comparing CHARM to MeDIP or  Hpa II on arrays, Irizarry et al. 
showed that  Mcr BC yields better methylome coverage than  Hpa II and less bias for 
CpG density than MeDIP. Using CHARM, aberrant DNA methylation was found in 
colon cancer at sequences up to 2 kb  fl anking CGIs, referred to as CGI shores  [  34  ] . 
These data demonstrate the utility of  Mcr BC-based methylation detection, and the 
new biological insights afforded by the CHARM method.  

    15.2.4   Methyl DNA Immunoprecipitation 

 In addition to MRE and  Mcr BC, methylation can be assessed by immunopre-
cipitation of methylated DNA with a monoclonal antibody against 5-methylcy-
tidine (MeDIP)  [  14  ] . This antibody does not recognize 5HMC  [  35  ] , which can 
be speci fi cally immunoprecipitated with an anti-5HMC antibody  [  36–  39  ] . A 
major advantage of MeDIP-based detection is that it is not limited to a speci fi c 
restriction site and theoretically any fragment with a methylated cytosine is 
immunoprecipitated. One approach involves the coupling of MeDIP with DNA 
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microarrays to obtain relative methylation levels at the loci represented on the 
array  [  14,   40–  44  ] . 

 MeDIP combined with next-generation sequencing (MeDIP-seq) can be used to 
interrogate the majority of mappable CpG and non-CpG cytosines in the genome. In 
a step forward from array-based methods, MeDIP-seq allows analysis of monoal-
lelic methylation and methylation in a signi fi cant number of repeat sequences. Most 
protocols generate a MeDIP sequencing library by sonicating DNA followed by 
end-repair, adaptor ligation, immunoprecipitation with the anti-methylcytidine anti-
body and PCR ampli fi cation. The methylation-enriched library is sequenced and the 
reads are mapped back to a reference genome. A speci fi c genomic region shows 
higher read density when methylated in one sample compared to when the same 
region is unmethylated in another sample, although read density between different 
regions is affected by the density of methylated CpGs, DNA copy number, and 
potentially other factors (discussed in Robinson et al.  [  45,   46  ] ). These consider-
ations are also important for MBD af fi nity-based approaches. MeDIP-seq has been 
applied to a variety of sample types from multiple organisms including human can-
cer  [  30,   31,   47–  53  ] . 

 Several computational methods have been speci fi cally designed for analyzing 
MeDIP data while addressing local density of methylated CpGs. MEDME (model-
ing experimental data with MeDIP enrichment) is a combination of analytical and 
experimental methodologies that improve the interpretation of MeDIP-chip data, 
and addresses the non-linear relationship between enrichment signal and CpG den-
sity that is particular to MeDIP-chip  [  54  ] . A second analytical method for MeDIP-
chip and also MeDIP–seq data called Bayesian tool for methylation analysis 
(BATMAN) uses a CpG density-derived coupling factor to quantify methylation 
levels across a range of CpG densities  [  47  ] . MEDIPS is a third approach that, like 
BATMAN, uses a CpG density coupling factor and in addition provides a frame-
work for evaluating quality control parameters, estimating absolute methylation and 
comparing samples to detect regions of statistically signi fi cant differential methyla-
tion  [  51  ] . MeDIP-chip and MeDIP-seq are lower resolution compared to bisul fi te-
based methods. On the other hand, MeDIP-seq provides comprehensive methylome 
coverage at a fraction of the cost of shotgun bisul fi te sequencing. Experimental and 
computational advances should enable increased resolution and quantitation of 
methylation levels using MeDIP-seq alone or in combination with MRE-seq.  

    15.2.5   Af fi nity-Based Enrichment Using Methyl 
Binding Domains 

 The Methylated CpG Island Recovery Assay (MIRA) is an alternative to MeDIP for 
selecting/enriching for methylated DNA, particularly at CGIs  [  15–  17  ] . MIRA 
involves size fractionation of DNA, either by sonication or with  Mse I which recog-
nizes 5 ¢ -TTAA, a site that is typically found outside of CGIs. After digestion, adap-
tors are ligated to the DNA followed by selective binding of methylated fragments 
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on a column with full-length MBD2b and MBD3L1 proteins. MBD2b is a methyl-
binding protein that exhibits a high af fi nity for methylated DNA relative to unm-
ethylated DNA  [  15  ] . MBD3L1 lacks a methyl-CpG binding domain but can interact 
with MBD2b and improves enrichment of methylated DNA  [  15  ] . The methylated 
DNA eluted from the column is ampli fi ed by PCR,  fl uorescently labeled and hybrid-
ized to a microarray. 

 There are several similar approaches that combine af fi nity enrichment with 
Illumina sequencing. In MethylCap-seq, the MBD of MeCP2 is used to cap-
ture methylated DNA fragments after sonication  [  52,   55  ] . Binding occurs at 
low salt concentration and then a step-wise elution of captured DNA is per-
formed by increasing the salt concentration, allowing collection of fractions 
with differing methylated CpG density, with highly methylated, CpG-dense 
fragments eluting at the higher salt concentrations. The eluates can be 
sequenced separately or pooled. The MBD2 MBD alone can be used for 
enrichment followed by Illumina sequencing, called MBD-isolated Genome 
Sequencing (MiGS)  [  56  ] . In this protocol, a single elution is performed. 
MBD2 enrichment with serial elution in increasing salt has been called MBD-
seq  [  31,   57  ]  or MBDCap-seq  [  45  ] . 

 Several studies have directly compared MeDIP-seq with MBD af fi nity-based 
sequencing. Harris et al. found that MeDIP-seq and MBD-seq were 99% concor-
dant using binary methylation calls in 200 bp windows or 1,000 bp windows  [  31  ] . 
MeDIP-seq enriched more at regions of low methylated CpG density compared to 
MBD-seq. Also, MeDIP-seq appeared to detect non-CpG methylation (i.e., at 
CpNpG) but MBD-seq did not, as predicted. Bock et al. compared MeDIP-seq with 
MethylCap-seq and observed similar levels of accuracy in quantifying methylation 
when comparing each to In fi nium 27 K data. In both of these studies, MeDIP-seq 
and MBD af fi nity-based sequencing performed well in comparison with bisul fi te 
next-generation sequencing.  

    15.2.6   Integrative MeDIP- and MRE-seq 

 MeDIP-seq and other af fi nity-based methods provide a positive display of methy-
lated loci, and the absence of signal usually represents unmethylated loci, but also 
could be a result of regions that are dif fi cult to PCR amplify or sequence, or 
insuf fi cient sequencing depth. A method that combines MeDIP-seq with MRE-seq 
leverages their complementarity  [  30,   31,   58  ] . Independent MeDIP-seq and MRE-
seq libraries are generated from the same DNA sample and sequenced separately. 
For MRE-seq, three to  fi ve parallel digests are performed using the MRE  Hpa II, 
 Aci I,  Hin 61,  Bsh 1236I, and  Hpy CH4IV; the digests are size-selected and combined 
into a single library. Because the restriction sites from these enzymes are non-over-
lapping, each additional enzyme greatly increases coverage of unique CpG sites. At 
a moderate sequencing depth integrated MeDIP- and 3 enzyme MRE-seq together 
interrogate either uniquely or as multimapping sites ~22 million of the ~29 million 
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CpGs in the haploid human genome  [  31  ] . The integrative method is useful for 
detecting intermediate methylation, including regions of allelic methylation that 
overlap with monoallelic histone modi fi cations and monoallelic gene expression 
 [  31  ] . This illustrates another signi fi cant advantage of sequencing-based epigenome 
analyses—the ability to assign an epigenetic state to a given genetic allele. For 
extensive DNA methylation pro fi les of human cells and tissues, see   http://vizhub.
wustl.edu/    .  

    15.2.7   Indirect Methylation Detection with Demethylating 
Agents and Expression Arrays 

 Genetic or chemical inhibition of DNA methylation followed by expression array 
analysis can identify genes that may have been silenced by DNA methylation  [  59–
  63  ] . siRNA or shRNA can be used to knock down the DNA methyltransferases, or 
cell lines can be treated with demethylating agents such as 5-aza-2 ¢ deoxycytidine 
(5-aza) alone, or 5-aza in combination with histone deacetylase inhibitors. 5-aza is 
a cytidine analog that is incorporated into DNA and covalently binds and inhibits 
DNA methyltransferase, resulting in passive demethylation. 5-aza treatment results 
in activation of genes that were silenced by DNA methylation, provided that the 
appropriate transcription factors are present. However, interpretation of this indi-
rect assessment of methylation is complicated by the fact that genes lacking pro-
moter methylation may also exhibit an increase in expression following 5-aza 
treatment  [  64  ] . Presumably this results from demethylation at other loci within the 
same gene or in genes upstream that are required for its expression, though direct 
effects on unmethylated regulatory elements cannot be ruled out. Furthermore, this 
approach is best applied to cells grown in culture such as cell lines or early passage 
primary cells  [  65  ] , as 5-aza requires replication to induce passive demethylation. 
The application of this approach to cultured tumor cells is complicated by epige-
netic silencing that results from long-term culturing, rather than cancer or cell 
type-speci fi city.  

    15.2.8   Reduced Representation Bisul fi te Sequencing 

 Bisul fi te treatment converts unmethylated cytosines to uracil but methylcytosine 
and hydroxymethylcytosine are resistant to conversion. When followed by cloning 
and Sanger sequencing, this approach yields quantitative, allelic, contiguous, and 
base resolution of cytosine methylation. However, the shotgun bisul fi te approach 
has been quite expensive for mammalian methylomes. It is important to note that 
hydroxymethylcytosine and methylcytosine cannot be distinguished by bisul fi te 
sequencing as both block conversion. 

http://vizhub.wustl.edu/
http://vizhub.wustl.edu/


322 R.P. Nagarajan et al.

 To retain the advantages of methylation detection by bisul fi te while reducing the 
cost of shotgun bisul fi te sequencing, Meissner et al. developed a technique that 
interrogates DNA fragments from a reduced representation of the bisul fi te-treated 
genome  [  66–  68  ] . The reduction comes from DNA digestion with methylation-
insensitive restriction enzyme  Msp I and fragment size selection. After digestion, the 
ends of the DNA are  fi lled-in with dGTP and methylated dCTP, followed by the 
addition of an A overhang to enable adaptor ligation. The adaptors used for this 
assay are methylated at cytosine residues to prevent conversion during bisul fi te 
treatment. The adaptor-ligated DNA is then size selected on a gel and two fractions 
are excised—the sizes of which depend on the organism. For mouse DNA, approxi-
mately 300,000  Msp I fragments that span 40–220 bp are analyzed, which corre-
sponds to nearly 1.4 million CpG sites analyzed at the nucleotide level  [  67  ] . These 
fragments are then bisul fi te treated, PCR ampli fi ed, and size selected again to gen-
erate a sequencing library. Several factors must be considered with this approach. 
First, the choice of a restriction enzyme to fractionate the DNA will bias the portion 
of the genome that is represented. A second consideration is the process of mapping 
reads of bisul fi te-converted DNA to the genome. Several mapping algorithms for 
“bisul fi te genomes” have been developed  [  67,   69–  71  ] . Compared to other sequenc-
ing methods, reduced representation bisul fi te sequencing (RRBS) provides an 
ef fi cient way to generate absolute quanti fi cation of methylation of more than one 
million CpG sites at single base pair resolution. Methylation at non-CpG cytosines 
can also be assessed by RRBS  [  8  ] . RRBS has been successfully applied to nano-
gram quantities of genomic DNA  [  72  ]  and to large numbers of human cell and tis-
sue types (  http://vizhub.wustl.edu/    ).  

    15.2.9   Shotgun Bisul fi te Sequencing 

 Shotgun sequencing of bisul fi te-treated DNA has been successfully applied to sev-
eral organisms, including humans  [  7,   69,   70,   73–  78  ]  and provides comprehensive, 
single cytosine quanti fi cation of methylation level when sequence coverage is 
suf fi ciently deep. A single-CpG-resolution shotgun bisul fi te experiment on human 
DNA requires hundreds of millions of sequencing reads, with the exact number 
varying depending on the desired sequencing depth and on read lengths  [  78  ] . Many 
regions >200 bp in the mammalian genome do not contain CpGs and thus a large 
number of sequence reads may be uninformative, at least for CpG methylation. 
Prior selection of sequences, for example, through sequence capture methodology, 
or enrichment of methylated DNA or unmethylated DNA followed by shotgun 
sequencing could increase the ef fi ciency and decrease the cost of this approach. 
Bisul fi te sequencing that  fi rst employs selective “reduction” of the genome (e.g., 
RRBS) is far less expensive. Nevertheless, the cost of sequencing full DNA methy-
lomes has decreased 20-fold since the  fi rst human methylome  [  7  ] . Shotgun bisul fi te 
methylomes have been generated for a breast cancer cell line and primary human 

http://vizhub.wustl.edu/
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mammary epithelial cells  [  79  ]  and primary colorectal cancer and adjacent normal 
colon tissue  [  80  ] . 

 RRBS and shotgun bisul fi te sequencing require algorithms that are tailored to 
mapping the sequence reads from bisul fi te-treated DNA back onto the genome. 
Several algorithms have been developed for this computationally intensive problem 
 [  67,   69–  71,   81,   82  ] . The reduction in base complexity from the bisul fi te conversion 
and the fact that a CpG can be methylated or unmethylated are issues that are 
addressable though complex when aligning bisul fi te reads. Due to the bisul fi te con-
version process, the forward and reverse strands of DNA are no longer complemen-
tary and the sequence reads therefore are aligned to four different bisul fi te-converted 
genomes: forward BS, forward BS reverse complement, reverse BS, reverse BS 
reverse complement). Thus, for this mapping there is increased search space along 
with a reduction of sequence complexity, requiring signi fi cant computation time for 
the read mapping  [  31  ] .  

    15.2.10   Other Bisul fi te Methods 

 Illumina In fi nium methylation assays are mid-range platforms using bisul fi te con-
version and bead arrays to quantify methylation levels at individual CpGs. The 
HumanMethylation27 and HumanMethylation450 formats interrogate 27,578 and 
>450,000 CpGs, respectively. Bead-bound oligonucleotides corresponding to the 
methylated and unmethylated states of a single CpG site are hybridized to bisul fi te-
converted DNA and differentially labeled with Cy3 or Cy5. The methylation level 
is determined by the ratio of Cy3 and Cy5  fl uorescence on the bead array. The 
HumanMethylation27 BeadChip interrogates 12 samples at a time and includes 
probes from 1,000 cancer-related genes and from putative promoters of 110 miRNA, 
among others. While there are on average 2 CpG sites assayed per gene for the 
majority of genes, 150 genes known to exhibit aberrant tumor-speci fi c methylation 
are assayed at 5–10 CpGs each. The vast majority of 27 K probes are located in 
promoters. The 450 K platform expands the genomic regions that are assayed by 
In fi nium. Genes are broadly pro fi led, with probes in the promoter, 5 ¢  UTR,  fi rst 
exon, gene body, and 3 ¢  UTR. Ninety nine percent of CGIs have probes, and the 
CGI shores, 2 kb regions  fl anking CGIs, and regions  fl anking shores, called 
“shelves,” are also examined for most CGIs. Like the 27 K assay, a single 450 
BeadChip can assay 12 samples. Both versions require 500 ng of DNA prior to 
bisul fi te conversion. These methods do not assess multiple closely apposed CpGs 
individually, and such regions are generally avoided in the assay development. This 
bias is likely to impact biological insights drawn from this data. 

 Another bisul fi te-based method, the Sequenom EpiTyper assay, utilizes MALDI-
TOF mass spectrometry to analyze RNA cleavage fragments derived from post-
bisul fi te PCR products that contain a promoter to drive transcription  [  83,   84  ] . This 
unique assay allows high-throughput quantitative methylation analysis at hundreds 
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of loci, usually at single CpG resolution, and is quite useful for candidate loci in 
hundreds of samples, or as a follow-up to genome-wide pro fi ling. 

 BSPPs are molecular inversion probes designed to target and capture speci fi c 
CpG sites from bisul fi te-converted DNA  [  27,   85  ] . The strategy is similar to RRBS 
in that a subset of CpG sites are analyzed by bisul fi te sequencing to reduce the 
genomic space that must be covered, but with the advantage that particular CpGs 
can be assayed, instead of only those located within a set of restriction fragments. 
Tens of thousands of BSPPs can be ampli fi ed in single reaction and sequenced on 
the Illumina platform. Deng et al. were able to assay ~66,000 CpG sites, primarily 
in CGIs  [  85  ] . A prominent advantage of this technology is that it is customizable 
and can target a speci fi c set of CpG sites of interest to the investigator.   

    15.3   Detection of 5-Hydroxymethylcytosine 

 5HMC is abundant in mammalian genomes. The tissue-speci fi city, genomic distri-
bution, and functional signi fi cance of 5HMC are under investigation. Pre-existing 
5MC is hydroxylated by the TET family of dioxygenases (TET1, TET2, and TET3) 
to yield 5HMC  [  10,   86  ] . TET proteins can further modify 5HMC resulting in form-
ylmethylcytosine, carboxymethylcytosine, and possibly through steps mediated by 
base excision repair, unmodi fi ed cytosine  [  11,   12  ] .  TET1  is an  MLL  translocation 
partner in acute myeloid leukemia  [  87,   88  ]  and  TET2  mutations occur in myeloid 
malignancies associated with decreased 5HMC  [  89  ] , suggesting that dysregulation 
of 5HMC plays a role in cancer. 

 Detecting and quantifying 5HMC is challenging because many reagents used for 
detecting 5MC do not distinguish 5HMC from 5MC. Like 5MC, 5HMC is resistant 
to C-to-U transition following bisul fi te treatment  [  90  ] , and these bases are indistin-
guishable by bisul fi te cloning and sequencing or other bisul fi te-based methods. In 
addition, 5HMC reacts with bisul fi te to yield cytosine 5-methylenesulfonate (CMS) 
and DNA with dense CMS is inef fi ciently ampli fi ed during PCR due to  Taq  poly-
merase stalling at CMS sites  [  90  ] . As a result, quanti fi cation of hydroxymethylation 
in regions of dense 5HMC, if they exist in some biological contexts, may be under-
estimated with bisul fi te-based methods. MRE-based methods also do not distin-
guish 5MC from 5HMC, depending on the enzymes used, such as  Hpa II, which is 
inhibited by 5MC or 5HMC in its recognition sequence  [  10  ] . Finally, af fi nity-based 
5MC methods (MeDIP-seq, MBD-seq, etc.) are speci fi c to 5MC and do not detect 
5HMC directly, but could indirectly enrich for regions with 5HMC when it occurs 
on the same DNA fragment as 5MC  [  35  ] . 

 Global quanti fi cation of 5HMC levels (measuring the relative or absolute amount 
of 5HMC present within a DNA sample) can be assayed by thin layer chromatogra-
phy (TLC)  [  9,   10  ]  and high-performance liquid chromatography-mass spectrometry 
(HPLC-MS)  [  9,   91  ] . Recently, a profusion of 5HMC mapping techniques have also 
been developed, many of which can be employed for genome-wide analysis. 
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    15.3.1   5HMC Glucosylation Methods 

 There are several methods based on in vitro glucosylation of 5HMC in DNA that 
can be used for global quanti fi cation or mapping of 5HMC. These methods use 
bacteriophage T4 beta-glucosyltransferase (BGT) to catalyze the addition of a glu-
cose moiety to the hydroxyl group of 5HMC. For global quanti fi cation, a radiola-
beled substrate (uridine 5 ¢ -diphosphate-[ 3 H]-glucose) is used in the BGT-catalyzed 
reaction. The amount of labeled substrate incorporated is compared to standards, 
allowing absolute quanti fi cation  [  92  ] . A mapping method called GLIB (glucosyla-
tion, periodate oxidation, biotinylation) combines glucosylation by BGT with sub-
sequent chemical reactions, resulting in the addition of two biotin molecules to each 
5HMC  [  22  ] . The biotin-tagged 5HMC DNA is then pulled down with streptavidin 
and sequenced on the Helicos single molecule platform. GLIB has high sensitivity, 
with 90% recovery of DNA fragments containing a single 5HMC molecule. Song 
et al. present a second mapping method, in which a chemically engineered glucose 
containing an azide group is transferred to 5HMC by BGT  [  23  ] . The azide group is 
then chemically tagged with biotin and af fi nity enriched, with global quanti fi cation 
performed using avidin-horseradish peroxidase and genome-wide mapping through 
Illumina sequencing. Finally, a method has been developed utilizing the restriction 
endonuclease  Msp I, which cuts C m CGG and C hm CGG, but not C gluc CGG sites. 
Locus-speci fi c 5HMC can be estimated using  Msp I digestion on BGT-modi fi ed 
DNA followed by quantitative PCR across the cleavage site  [  36,   93  ] .  

    15.3.2   5HMC Af fi nity Enrichment Methods 

 There are two enrichment methods for 5HMC based on antibodies that detect 5HMC 
itself or 5-cytosine methylenesulfonate (CMS), the product of reacting 5HMC with 
sodium bisul fi te. The 5HMC antibody with sequencing approach, hMeDIP-seq 
 [  36–  39  ] , is similar to MeDIP-seq, and informatic tools originally developed for 
MeDIP-seq data have been employed in hMeDIP-seq. Monoclonal and polyclonal 
anti-5HMC antibodies are commercially available, but their 5HMC-density depen-
dence  [  22,   89  ] , along with the relatively low genomic abundance of 5HMC in some 
tissues, might result in inef fi cient pulldown of 5HMC-sparse regions. The anti-CMS 
antibody sequencing approach was developed as a more sensitive, less density-
dependent alternative to hMeDIP-seq  [  22  ] . CMS pulldown had lower background 
and decreased density dependence compared to commercial anti-5HMC antibodies. 
CMS-enriched libraries were sequenced on the Illumina platform. Since Illumina 
library construction protocols usually require at least one PCR step, the tendency of 
 Taq  polymerase to stall at regions of dense CMS could be problematic. 

 The rapid development of methods for the detection and quanti fi cation of 5HMC 
has paralleled the exciting pace of discovery of the distribution and potential 
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 functional roles of this “sixth base.” Computational tools that are speci fi c for 
hMeDIP-seq and CMS-pulldown have not been reported yet. For hMeDIP-seq, 
tools developed for MeDIP-seq, such as MEDIPS  [  51  ]  have been adapted  [  38  ] . 
Stroud et al. used SICER, which was originally developed for analyzing chromatin 
immunoprecipitation-sequencing (ChIP-seq) data for diffusely distributed histone 
modi fi cations, to de fi ne regions of 5HMC enrichment  [  39  ] . The next generation of 
genome-wide mapping methods for 5HMC may involve direct detection of the 
modi fi ed base by single molecule sequencing  [  23,   94  ] .   

    15.4   Chromatin Immunoprecipitation-Sequencing 

 Alterations in histone modi fi cation patterns and transcription factor binding impact 
gene expression and have been implicated in tumorigenesis, cancer cell stemness, 
metastasis, and drug resistance  [  95–  98  ] . Chromatin immunoprecipitation coupled 
with next-generation sequencing (ChIP-seq) has become the gold standard to study 
histone modi fi cations and transcription factor binding genome-wide. It provides 
higher resolution, improved signal-to-noise ratios, and when using indexed librar-
ies, it is less expensive than coupling ChIP with microarrays (ChIP-chip)  [  99  ] . Fresh 
or fresh frozen tissue or cells are either kept native (N-ChIP)  [  100  ]  or formaldehyde 
cross-linked to preserve weaker DNA–protein interactions (X-ChIP)  [  101  ] , fol-
lowed by cell lysis (Fig.  15.2 ). N-ChIP is primarily used for histone modi fi cations, 
where the DNA histone interactions are inherently strong  [  99  ] . Antibody speci fi city 
and immunoprecipitation are more ef fi cient with N-ChIP as epitopes can be dis-
rupted by formaldehyde  [  100  ] , however, N-ChIP cannot be applied to proteins with 
lower DNA binding af fi nities such as transcription factors. Cross-linking amelio-
rates this problem, and minimizes stochastic nucleosome movement that can occur 
during N-ChIP  [  100  ] , however, it also may  fi x transient non-functional interactions 
and reacts at lysines which may create biases. Native or cross-linked chromatin is 
then fragmented by sonication or microccocal nuclease (MNase) digestion. Both 
methods impart bias in downstream sequencing  [  102  ] . MNase creates higher resolu-
tion, primarily mononucleosome (~146 bp) fragments, but is less ef fi cient at cutting 
between G and C bases, creating greater fragmentation bias  [  103,   104  ] . In contrast, 
sonication provides decreased resolution (200–600 bp) but is more uniform  [  99  ] . 
Fragmented chromatin is immunoprecipitated with an antibody that speci fi cally 
recognizes the epitope of interest. The success of ChIP reactions is dependent on 
antibody quality. Polyclonal antibodies are advantageous for X-ChIP experiments, 
as they reduce the chance of cross-linking destroying antibody interactions  [  101  ] , 
but may have increased cross-reactivity. Relative enrichment of ChIP DNA is 
assayed via qPCR. Enrichment varies greatly with the protein of interest, antibody 
quality, and positive and negative control regions of the genome that are used. To 
minimize the number of reads contributing to background noise, it is common to 
require greater enrichment in ChIP-seq (5–50-fold) when compared to single locus 
ChIP-PCR  [  102  ] . Puri fi ed ChIP DNA sequencing libraries are constructed by end 
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repair, A base addition, adapter ligation, PCR ampli fi cation and size selection. 
Additional bias may occur during library construction and PCR ampli fi cation, as 
both GC-rich and GC-poor regions are underrepresented  [  99,   102  ] . The total num-
ber of sequence reads required depends on the quality of ChIP enrichment, the 
expected number of peaks and peak size, but sequencing multiple-indexed ChIP 
libraries in a single lane is common practice.  

  Fig. 15.2    Overview of chromatin immunoprecipitation-sequencing. DNA is fractionated via soni-
cation (~200–600 bp) or with micrococcal nuclease (~146 bp). The fractionated DNA is then 
immunoprecipitated (IP) with a target antibody and an isotype control antibody. The ef fi ciency of 
the immunoprecipitation is assayed by quantitative PCR, testing regions that are known to be 
bound (site A, positive control) or not bound (site B, negative control). The enriched DNA is then 
used to generate a DNA sequencing library, which is sequenced and reads are aligned to the appro-
priate genome. Each read is depicted as a  grey line , the read densities are displayed above in  green  
and a gene is shown in  blue . Finally, the aligned reads are used to generate peaks that mark regions 
of statistically signi fi cant enrichment of reads for the IP of the histone mark or chromatin protein 
of interest       
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    15.4.1   ChIP-seq Data Analysis 

 Transforming the millions of sequencing reads generated by ChIP-seq into biologi-
cally interpretable data is a computationally demanding, multi-step process for 
which a variety of tools have been developed. While many tools address the same 
problem, each tool is different and can impact the  fi nal result. The  fi rst and most 
resource-intensive step is aligning the sequence reads to the genome. Most sequenc-
ing platforms come with alignment pipelines, however, third-party aligners are 
commonly used, such as MAQ  [  105  ] , Bowtie  [  106  ] , BWA  [  107  ] , SOAP  [  108,   109  ] , 
and PASH  [  110  ] . These packages differ by alignment algorithm, as well as how 
multi-aligning reads and gapped vs. un-gapped alignments are handled, resulting in 
differences in sensitivity and speci fi city. For most cancer samples a gapped aligner 
is preferred to allow for the variety of genetic aberrations accumulated in the tumor. 
Aligned reads are then analyzed to  fi nd enriched areas or “peaks” in the genome, for 
which a number of “peak calling” algorithms have been created  [  99,   111  ] . Though 
the exact method varies between programs, most shift tags based on chromatin frag-
ment size to accumulate tags near the true binding site and increase peak resolution 
 [  111  ] . Regions of statistical enrichment of IP tags relative to a background control 
are calculated. The most commonly used control is input DNA isolated from the 
same chromatin batch as the ChIP  [  99  ] . This reduces false positives introduced from 
fragmentation and mappability biases, and controls for genetic differences such as 
copy number alterations that affect read density. Finally, peaks are  fi ltered based on 
uneven distributions of sense and antisense tag accumulation  [  111  ] . Most current 
peak callers identify focal enrichments such as transcription factor binding sites, 
however, some have been developed for broader marks like histone modi fi cations 
associated with heterochromatin  [  112–  114  ] . Many groups are actively researching 
ways to reduce noise and increase true positives.  

    15.4.2   Application of ChIP-seq to Cancer Epigenomes 

 The network of transcription regulatory factor interactions and their effects on gene 
expression in cancer are under investigation. ChIP-seq was initially used to pro fi le 
T-cells, and since then a main focus has been on embryonic stem cells and cell lines 
 [  115–  117  ] . Recently, distinct chromatin states or “signatures” comprised of combi-
natorial histone marks have been linked to speci fi c functional genomic elements by 
integrating multiple ChIP-seq data across human cell lines  [  118–  120  ] . The combi-
natorial histone signatures identi fi ed in these studies have not been investigated in 
the context of tumor progression. Multidimensional epigenomic pro fi les of tumors 
also provide a novel means of sub-type classi fi cation, identifying prognostic mark-
ers, and insight into tumor cell of origin. ChIP-seq will also help the annotation and 
functional characterization of non-genic susceptibility loci, as has been recently 
performed in prostate cancer  [  121  ]  and in GWAS studies  [  120  ] . New techniques are 
being developed to perform ChIP-seq on a small number of cells, creating an 
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 opportunity to better analyze intratumoral heterogeneity of epigenomic patterns 
 [  122,   123  ] . Finally, chromosome conformation capture (3C) technology  [  124  ]  and 
its high-throughput derivatives (4C  [  125  ] , 5C  [  126  ] , Hi-C  [  127  ] , ChIP-Loop  [  128, 
  129  ] , ChIA-PET  [  130  ] ) detect distal DNA–DNA interactions (e.g., promoter-
enhancer), but can also be used to identify complex genomic rearrangements in 
cancers  [  131  ] . Coupling ChIP with 3C technologies followed by sequencing will 
likely be a powerful way to study how both epigenetic patterns and associated struc-
tural interactions change during the process of tumorigenesis.   

    15.5   Future Directions 

 Recent unanticipated data offer new understanding of, and stimulate new investiga-
tions into aberrant epigenetic patterns in cancer. First, promoters with polycomb-
mediated histone modi fi cations in ES cells are among those commonly aberrantly 
hypermethylated in adult tumors  [  132–  134  ] . Second, cancer-associated mutations 
occur in the DNA methyltransferase  DNMT3A   [  135,   136  ] , suggesting another pos-
sible origin of DNA methylation abnormalities, though this remains to be deter-
mined. Similarly, the occurrence of  TET1  translocation  [  87,   88  ]  and  TET2  mutations 
in cancer points to an etiologic role for these epigenetic regulators and their marks. 
Finally, human tissues harbor abundant 5HMC, a product of TET proteins acting on 
5MC, while cancers with TET mutations tend to have reduced 5HMC. 

 The future of cancer epigenomic methods will be shaped by two technological 
trends. First, the rapid pace of advances in next-generation sequencing will continue 
to improve 5MC/5HMC, histone modi fi cation, and chromatin conformation mapping. 
Genome-wide epigenomic experiments will become increasingly inexpensive and 
accessible, though paralleled with needs for increased computational power and data 
storage. Second, direct single molecule sequencing that distinguishes between 
modi fi ed bases without bisul fi te conversion could revolutionize mapping of 5MC and 
5HMC. For example, in single molecule real-time (SMRT) sequencing,  fl uorescently 
labeled nucleotides are incorporated by DNA polymerase on complementary DNA 
strands. Real-time monitoring of the kinetics of this process can identify both 
unmodi fi ed and modi fi ed bases, including N6-methyladenine, 5MC, and 5HMC  [  94  ] . 
SMRT sequencing has also been combined with selective glucosylation and cleavable 
biotin labeling of 5HMC to improve detection kinetics  [  23  ] . Similarly, the direct 
detection of modi fi ed bases via inexpensively produced nanopores, if they become 
amenable to high-throughput, could be technologically transformative  [  137  ] .      
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 aza/dac, clinical trials , 253, 255  
 azanucleotides 

 bone marrow transplantation , 272–273  
 CMML , 267  
 conventional chemotherapy , 271  
 HDACis , 269–271  
 outcomes , 268  

 HDACis , 268–269  
 induction chemotherapeutics (IC) , 252, 254  
 intensive treatment , 254  
 limitations, drugs , 254, 256  
 molecular determinants, DNMTi response , 

273–274  
 single agent “hypomethylating” therapy 

 aza   ( see  Azacitidine (aza)) 
 dac   ( see  Decitabine (Dac))  

  ESCs.    See  Embryonic stem cells (ESCs)   

  G 
  Genome stability 

 endogenous microsatellite , 16  
 fanconi anemia (FA) pathway , 12  
 NHEJ , 12  
 TDG , 10    

  H 
  HDACIs.    See  Histone deacetylase inhibitors 

(HDACIs)  
  HDACs.    See  Histone deacetylases (HDACs)  
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  Head and neck squamous cell carcinoma 
(HNSCC) 

 DNA damage repair pathways , 6–8  
  LINE-1  methylation , 235  
  MLH1  promoter , 9  
 SS-RPMM analytical approach , 244   

  H1 embryonic stem cells (H1 ES) , 45   
  HIF-1A.    See  Hypoxia-inducible factor-1 alpha 

(HIF-1A)  
  Histone deacetylase inhibitors (HDACIs) 

 activity , 268–269  
 azanucleotides , 269–271  
 clinical trial 

 androgen-independent prostate cancer , 
294  

 and DNMTI , 295–296  
 linostat trial, metastatic renal cancer , 

294–295  
 monotherapeutic phase I/II trials , 294  
 ovarian cancer , 295  

 description , 268  
 DNA/histone unit , 268  
 preclinical cancer 

 antineoplastic activity , 290–291  
 DNMTI , 292  
 epigenetic modi fi cation , 290  
 organic solvent dimethylsulfoxide 

(DMSO) , 290  
 synthesis , 290  
 therapies , 291–292  

 recognition , 269   
  Histone deacetylases (HDACs) 

 EVL promoter hypermethylation , 140  
 inhibitor , 138  
 and PRC genes , 142   

  Histone demethylases (HDMTs) , 87, 119   
  Histone methyltransferases (HMTs) 

 epigenetic abnormalities , 115–118  
 LSD1 , 119  
 MLL , 115  
 NSD1 , 119  
 polycomb group (Pc-G) , 115   

  Histone modi fi cations , 109–110   
  5hmC.    See  5-Hydroxymethylcytosine 

(5hmC)  
  HMECs.    See  Human mammary epithelial cells 

(HMECs)  
  Homologous recombination (HR) 

  BRCA1  and  BRCA2  genes , 11  
 MMR , 5  
 and nonhomologous end-joining (NHEJ) , 

11–12   
  HR.    See  Homologous recombination 

(HR)  

  Human mammary epithelial cells 
(HMECs) 

 breast cancer progression , 186, 187  
 description , 185  
 post-stasis , 187–188  
 premalignant stages , 188  
 stasis barrier , 186  
 stress-inducing serum-free medium , 

186–187  
 telomere dysfunction , 186, 188   

  Hydroxymethylcytosine 
 af fi nity enrichment methods , 323–324  
 bisul fi te treatment , 322  
 glucosylation methods , 323  
 quanti fi cation , 322  
  TET1, TET2, TET3  , 322   

  5-Hydroxymethylcytosine (5hmC) 
 demethylation pathways 

 DNA glycosylase , 69–70  
 5-formylcytosine (5fC) , 70–71  
 loss-of-function mutations , 71  
 MBD , 70  
 overexpression , 70  

 detection, techniques 
 bisul fi te sequencing , 61  
 CMS-speci fi c antibodies , 61–62  
 glucosylated 5hmC (5ghmC) , 62  
 SMRT sequencing , 62  

 discovery , 58  
 generation , 36–37  
 methylation , 57–58  
 mutation, pathway genes 

 hypomethylating agents , 69  
 IDH1 and IDH2 , 68  
 MLL-TET1 fusion protein , 67  
 TET2 , 67–68  
 TET3 , 68  

 residues , 44–45  
 and Tet1 binding, ESCs 

 biological role , 62–63  
 gene bodies , 63  
 gene knockout , 63–64  
 techniques , 63  
 transcriptional regulatory proteins , 64  

 and Tets role, early mammalian 
and ESC 

 global 5hmC level , 66–67  
 knockdown/knockout , 65–66  
 paternal genome , 64  
 Tet3 , 64–65  
 tissue-speci fi c expression, Dnmts , 

66   
  Hypoxia-inducible factor-1 alpha (HIF-1A) , 

92–93    
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  I 
  International Prognostic Scoring System 

(IPSS) 
 AZA-001 , 260  
 CALGB 9221 , 258  
 classi fi cation, IPSS risk group , 252  
 description , 252  
 MDS subtypes , 262   

  IPSS.    See  International Prognostic Scoring 
System (IPSS)   

  L 
  Long interspersed nuclear elements  (LINE-1)  

 Alu and satellite elements , 233, 234  
 and Alu elements 

 bisul fi te pyrosequencing assays , 235  
 bladder cancer , 236–237  
 gastric cancer , 236  
 HNSCC , 235  
 hypomethylation , 237  
 methyl-cytosine content , 235–236  

 hypomethylation, DNA repeats , 37  
 MethyLight, use , 233   

  Long terminal repeats (LTRs) , 234–235   
  LSD1.    See  Lysine-speci fi c histone 

demethylases (LSD1)  
  LTRs.    See  Long terminal repeats (LTRs)  
  Lysine acetyltransferase (KAT) 

 activity , 87  
 electrostatic interactions , 83  
 HIF-1A , 92  
 H4K16 acetylation , 86  
 superfamily , 84   

  Lysine-speci fi c histone demethylases (LSD1) , 
119    

  M 
  MBD.    See  Methyl binding proteins (MBD)  
  MBD4.    See  Methyl-CpG-binding domain 4 

(MBD4)  
  MDS.    See  Myelodysplastic syndrome (MDS)  
  MeDIP.    See  Methyl DNA immunoprecipitation 

(MeDIP)  
  Melanoma antigen  (MAGEA).     See  DNA 

hypomethylation and activation, CG 
genes  

  Mesenchymal stem cells (MSCs) 
 description , 193–194  
 DNA methylation 

 adipose-derived MSCs , 198–199  
 CpG dinucleotide , 197  
 description , 194  

 environmental factors , 197–198  
  S -adenosyl-methionine (SAM) , 198  
 and tumorigenesis , 202  

 epigenetic regulation 
 bivalent loci , 196–197  
 description , 194  
 polycomb group proteins , 194  
 self-renewing , 195–196  

 isolation , 195  
 targeted DNA methylation 

 application, technique , 202–203  
 cellular differentiation , 199–200  
 cellular replication , 200, 201  
 DNMT , 200  
 neuronal induction , 200, 202  
 reprogramming, MSC , 202, 203  
  Trip10  expression , 200  

  TRIP10  
 description , 199  
 identi fi cation , 194–195  
 promoter , 200  
 reporter gene system , 200, 202  
 role , 199  

 unregulated differentiation , 195   
  Methyl binding proteins (MBD) 

 5hmC , 69, 70  
 TET1 gene , 59   

  Methyl-CpG-binding domain 4 (MBD4) , 10, 18   
  Methyl DNA immunoprecipitation (MeDIP) 

 anti-5HMC antibody , 316  
 BATMAN and CpG density coupling 

factor , 317  
 detection , 316–317  
 interpretation , 317  
 MeDIP-chip , 317  
 and MRE-seq , 318–319  
 next-generation sequencing (MeDIP-seq) , 

317   
  O 6 -Methylguanine-DNA methyltransferase 

(MGMT) 
 description , 12–13  
 epigenetic silencing , 13  
  KRAS  and  p53  mutations , 13   

  Methyl-sensitive restriction enzyme (MRE) 
 estimation, absolute methylation levels , 

316  
  Hpa II/ Msp I digestion , 315  
 MeDIP-seq , 316  
 next-generation sequencing, HELP-seq , 

315  
 single CpG resolution , 316  
 traditional Sanger sequencing , 315   

  MGMT.    See  O 6 -Methylguanine-DNA 
methyltransferase (MGMT)  
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  Microarray 
 ChIP-chip , 324  
  Mcr BC , 316  
 MeDIP , 317  
 methyl binding domains , 318   

  MicroRNAs (miRNAs) 
 biogenesis and physiology , 136, 137  
 clinical implications , 142–143  
 description , 136  
 epigenetic regulation 

 CDK6 , 138–139  
 chromatin modi fi cations , 138  
 DNMT1 , 138  
 HDACs , 138  
 miR-1 , 139  
 MiR-342 , 140  
 PCG , 137–138  
 silencing , 139–140  
 transcription factors , 140  

 epi-miRNAs 
 and cancer , 141  
 description , 140–141  
  DNMT1  , 142  
 HDACs and PRC genes , 142  
 miR-290 cluster , 141–142  

 expression , 136–137  
 miR-15a/16-1 cluster , 137  
 pre-miRNAs , 136  
 roles, oncogenes , 137  
 TSGs , 136–137   

  Mismatch repair (MMR) pathway 
 description , 5  
 and DNMT1 

 description , 16, 17  
 function , 16  
 methyl CpG-binding protein , 17–18  
 PCNA role , 18  

 microsatellites , 5  
 MLH1 and MSH2 promoter , 9–10   

  Mixed lineage leukemia (MLL) , 115   
  MLL.    See  Mixed lineage leukemia (MLL)  
  MMR pathway.    See  Mismatch repair (MMR) 

pathway  
  MRE.    See  Methyl-sensitive restriction enzyme 

(MRE)  
  Myelodysplastic syndrome (MDS) 

 aza/dac, clinical trials , 253, 255  
 azanucleotides 

 and bone marrow transplant , 272–273  
 and CMML , 267  

 description , 252  
 DNMTi response , 273–374  
 HDACi , 269, 270  
 induction chemotherapeutics (IC) , 254  

 IPSS risk group classi fi cation , 252  
 single agent “hypomethylating” therapy 

 aza   ( see  Azacitidine (aza)) 
 dac   ( see  Decitabine (Dac))   

  N 
  NER.    See  Nucleotide excision repair (NER)  
  NHEJ.    See  Nonhomologous end-joining 

(NHEJ)  
  Nonhomologous end-joining (NHEJ) , 12   
  NSD1.    See  Nuclear receptor binding SET 

domain protein 1 (NSD1)  
  Nuclear receptor binding SET domain protein 

1 (NSD1) , 119   
  Nucleosome position and gene regulation 

 ATP-dependent chromatin remodelers 
 composition and activity , 110  
 INO80 and SWR1 , 110–111  
 ISWI complexes , 111–112  
 NURD complexes , 112  
 SWI/SNF , 110  

 description , 107–108  
 DNA 

 methylation , 108–109  
 sequence preferences , 108  

 epigenetic 
 regulation and switching   ( see  

Epigenetic regulation and switching, 
nucleosomes) 

 therapy and gene reactivation , 
122–123  

 histone modi fi cations , 109–110  
 sequence accessibility and gene 

transcription , 123–124  
 transcription factor binding , 112   

  Nucleotide excision repair (NER) 
 description , 10  
 ERCC1 promoter , 10–11  
 global genome (GG-NER) , 10  
 transcription-coupled repair (TCR) , 10    

  P 
  PCG.    See  Protein coding genes (PCG)  
  PCNA.    See  Proliferating cell nuclear antigen 

(PCNA)  
  Pharmaceuticals 

 diethylstilbestrol , 220–221  
 oxazepam , 221  
 phenobarbital , 221  
 tamoxifen , 221   

  Proliferating cell nuclear antigen (PCNA) , 18   
  Protein coding genes (PCG) , 137–138, 140    
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  R 
  Reduced representation bisul fi te sequencing 

(RRBS) 
 CpG sites , 322  
 generation, methylation quanti fi cation , 320  
 nano-gram quantities, genomic DNA , 320  
 shotgun sequencing , 320, 321   

  RRBS.    See  Reduced representation bisul fi te 
sequencing (RRBS)   

  S 
  Semi-supervised recursively partitioned mixture 

modeling (SS-RPMM) , 244–245   
  Shotgun bisul fi te sequencing , 320–321   
  Single-molecule real-time (SMRT) 

sequencing , 62   
  SS-RPMM.    See  Semi-supervised recursively 

partitioned mixture modeling 
(SS-RPMM)  

  SWI/SNF.    See  SWItch/sucrose non-fermenting 
(SWI/SNF)  

  SWItch/sucrose non-fermenting (SWI/SNF) 
 ARID1A expression , 120  
 BRM/BRG1 , 120  
 bromodomain-containing 7 (BRD7) , 

120–121  
 complexes , 110  
 controlling fundamental processes , 119  
 SNF5 , 119–120    

  T 
  TDG.    See  Thymine DNA glycosylase (TDG)  
  T-DMR.    See  Tissue-speci fi c differentially 

methylated DNA region (T-DMR)  

  Ten eleven translocation (TET) 
 catalytic activity 

 description , 58–59  
 double-stranded  b -helix (DSBH) 

domain , 60  
 2-oxoglutarate (2-OG) oxygenases , 

58, 60  
 TET1 , 58, 59  
 TET2 and TET3 , 60  
 triple knockout (TKO) , 60–61  

 and 5hmC   ( see  5-Hydroxymethylcytosine 
(5hmC))  

  TET.    See  Ten eleven translocation (TET)  
  Thymine DNA glycosylase (TDG) , 10, 18   
  Tissue-speci fi c differentially methylated DNA 

region (T-DMR) , 33, 34   
  TSGs.    See  Tumor suppressor genes (TSGs)  
  Tumorigenesis 

 characterization , 213–214  
 and DNA methylation, MSC , 202  
 nucleosome position and gene regulation   

( see  Nucleosome position and gene 
regulation)  

  Tumor suppressor genes (TSGs) 
 description , 136–137  
 epi-miRNAs , 142  
 miR-127 , 138  
 miR-15a/16-1 cluster , 137    

  W 
  Werner syndrome (WS) 

 description , 13–14  
 epigenetic silencing , 14  
 tumor suppressor gene (TSG) , 14   

  WS.    See  Werner syndrome (WS)      
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