
Epigenetics- Interaction of the genes with their environment 

Waddington’s classical  
epigenetic landscape 

The word "epigenetics" (as in "epigenetic landscape") was coined by C. H. Waddington in 1942 as 
a fusion of the words "genetics" and "epigenesis". Epigenesis is an older word used to describe 
the differentiation of cells from a totipotent state in embryonic development. At the time 
Waddington first used the term "epigenetics," the physical nature of genes and their role in 
heredity was not known. Epigenetics was Waddington's model of how genes within a 
multicellular organism interact with their surroundings to produce a phenotype. 
Because all cells within an organism inherit the same DNA sequences, cellular differentiation 
processes crucial for epigenesis rely strongly on epigenetic rather than genetic inheritance.  

Heritable changes in phenotype or gene expression caused by mechanisms other than 
changes in the underlying DNA sequence. These changes may remain through cell divisions

for the remainder of the cell’s life and may also last for multiple generations. 





The proteins that bind to the DNA to form eucaryotic 
chromosomes are traditionally divided into two general 
classes: the histones and the nonhistone 
chromosomal proteins. The complex of both classes 
of protein with the nuclear DNA of eucaryotic cells is 
known as chromatin.  

Histones are present in such enormous quantities in the 
cell (about 60 million molecules of each type per human 
cell) that their total mass in chromatin is about equal to 
that of the DNA. 

Histones are responsible for the first and most basic 
level of chromosome organization, the nucleosome 





NUCLEOSOME - THE FUNDAMENTAL UNIT OF CHROMATIN   

• Octamer of four core histones (H3 H4 H2A and H2B) with 147 base pairs of DNA wrapped around 

• Core histones are predominantly globular except for their N-terminal  tails which are unstructured 

Histone modifications occur at the N-terminal 
tails of histones and are highly dynamic 
processes 



Histone H1 consists of a globular core 
and two extended tails.  
Part of the effect of H1 on the 
compaction of nucleosome organization 
may result from charge neutralization: 
like the core histones, H1 is positively 
charged (especially its C-terminal tail), 
and this helps to compact the negatively 
charged DNA.  
Unlike the core histones, H1 does not 
seem to be essential for cell viability; 
in one ciliated protozoan the nucleus 
expands nearly twofold in the absence of 
H1, but the cells otherwise appear 
normal 

H1 hystone 



Each nucleosome core 
particle is separated from 
the next by a region of 
linker DNA, which can vary 
in length : on average, 
therefore, nucleosomes 
repeat at intervals of about 
200 nucleotide pairs. 





Chromatin remodelling complexes: 

protein machines that use the energy of ATP hydrolysis to change the 
structure of nucleosomes temporarily so that DNA becomes less 
tightly bound to the histone core 







MECCANISMI EPIGENETICI 
Fattori che vengono trasmessi alla 
progenie, ma che non sono 
direttamente attribuibili a sequenze di 
DNA. 
 
MODIFICAZIONI DEGLI ISTONI 
Acetilazioni, fosforilazioni e metilazioni, 
responsabili dei cambiamenti 
conformazionali della cromatina. 
 
METILAZIONE DEL DNA 
Nelle cells eucariotiche la metilazione e’ 
a carico della G. Solo il 3% delle C e’ 
metilato; in genere e’ bersaglio della 
metilazione la C delle doppiette CpG. 
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Le code N-terminali degli istoni sporgono dal nucleo 
dell’ottamero   

Le modificazioni chimiche 
degli istoni forniscono siti 
di legame per proteine che 
possono cambiare lo stato 
della cromatina in attivo o 
inespresso 

Una particolare 
combinazione di tali 
modificazioni ha un 
significato biologico 
(CODICE ISTONICO) 



Modificazioni possibili:  
A = Acetilazione di lisine (K)  
M = Metilazione di lisine (K) e arginine (R) 
P = Fosforilazione di serine e treonine (S/T) 
U = Ubiquitinazione di lisine (K) 
 

The histone code 
L’ipotesi del codice 
istonico propone che 
modificazioni covalenti 
post-traduzionali delle 
code degli istoni 
vengano “lette” dalla 
cellula portando ad un 
risultato trascrizionale 
combinatorio 
complesso 



60 different residues on histones can be modified 

Cell snapshot on histone modifications 2007 





MODELS OF THE FUNCTIONS OF 
HISTONE MODIFICATIONS

3 POPULAR MODELS that attempt to explain the function of post-translational histone 
modifications in gene regulation:

1) Charge neutralization - specific modifications of histone acetylation and histone 
phosphorylation change the overall charge of the chromatin structure. The acetylation 
neutralizes positive charge on DNA and phosphorylation adds a negative charge. 
According to this model, these modifications can lead to a general 
decondensation of the chromatin fiber

2) Histone code was originally introduced to explain how multiple histone 
modifications occurring in the same region could control gene regulation and it 
hypothesizes that multiple modifications can function combinatorially or 
sequentially to regulate downstream functions.

3) Signalling pathway model postulates that histone modifications serve as signalling 
platforms to facilitate binding of enzymes for their function on chromatin. It is 
more general than the histone code model, and suggests that multiple histone 
modifications provide stability, robustness and specificity through feedback loops, 
redundancy and combination.



2 CLASSI 

COMPLESSI DI MODIFICAZIONE DELLA CROMATINA: 

Modificazioni possibili:  
A = Acetilazione di lisine (K)  
M = Metilazione di lisine (K) e arginine (R) 
P = Fosforilazione di serine e treonine (S/T) 
U = Ubiquitinazione di lisine (U) 
 

HAT, HDAC 
ISTONE METILTRANSFERASI (HMT) E DEMETILASI 
CHINASI 
ENZIMI CHE CONIUGANO UBIQUITINA 

CHI AGISCE? 



Acetylation is very dynamic and rapidly 
changing 

HAT catalyzes the transfer of an acetyl 
group from AcCoA to the ε−  amino 
group of the lysine residue, releasing its 
positive charge and therefore lowering 
its affinity for DNA 
HDAC promotes the removal of the 
acetyl group from the acetyl-lysine 
regenerating the ε−  amino group  and 
releasing the acetate molecule 

heterochromatin	
(transcriptionally	inactive/condensed)	

euchromatin	
(transcriptionally	active/accessible)	

HAT	
Ac	 Ac	 Ac	 Ac	



Histone	lysine	methylation	functions	are	exerted	by	effector	molecules	that	
specifically	recognize	the	methylated	site.	These	‘reader’	proteins	contain	methyl-
lysine-binding	motifs	the	ability	to	distinguish	target	methyl-lysines	and	surrounding	
amino-acid	sequence.	

Histone	lysine	methylations	confer	active	
or	repressive	transcription	depending	on	
their	positions	and	methylation	states.		
	
Generally,	H3K4,	H3K36	and	H3K79	
methylations	are	considered	to	mark	active	
transcription,	whereas	H3K9,	H3K27	and	
H4K20	methylations	are	associated	with	
silenced	chromatin	states.	



Histone ubiquitination occurs 
on histones H2A, H2B and 
H3 

Histone ubiquitination is formed as isopeptide bond between the 
carboxy-terminal glycine of ubiquitin and a lysine residue on histones; 
this bond is formed with the catalytic actions of E1, E2 and E3 ligases. 
  
Histone ubiquitination can be reversed by deubiquitinases 

Histone ubiquitination 



Ubiquitin is a small, highly-conserved regulatory protein that is ubiquitously 
expressed in eukaryotes. 
Ubiquitination (or ubiquitylation) refers to the post-translational modification 
of a protein by the covalent attachment (via an isopeptide bond) of one or 
more ubiquitin monomers. 
The most prominent function of ubiquitin is labeling proteins for 
proteasomal degradation. 
Besides this function, MONO-ubiquitination also controls the stability, 
function, and intracellular localization of a wide variety of proteins.
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Vertebrates Use DNA Methylation to Lock 
Genes in a Silent State 

In vertebrates DNA methylation (by 
Dnmt1) is found primarily on 
transcriptionally silent regions of the 
genome, such as the inactive X 
chromosome or genes that are 
inactivated in certain tissues, suggesting 
that it plays a role in gene silencing.  

Vertebrate cells contain a family of 
proteins (MeCP2) that bind 
methylated DNA.  

These DNA-binding proteins, in turn, 
interact with chromatin remodeling 
complexes and histone deacetylases 
that condense chromatin so it becomes 
transcriptionally inactive. 





Maintenance of DNA methylation 

1.  Dnmt1 maintains the methyl-CpG content of both daughter DNA 
duplexes following replication (higher affinity for hemimethylated 
mCpG DNA) 

2.  Methyltransferase localized to the chromosomal replication complex 

3.  Methylation of newly synthesized DNA takes place less than one 
minute following replication (chromatin assembly takes 10-20 min) 





Why is DNA methylation required?

❉  To program tissue-specific and stage-specific gene expression?

❉  To prevent transcription of selfish DNA elements? (the vast majority of methyl-CpG is 

in transposons, which are abundant genomic elements - 106 elements, >40% of the 
genome) - most cellular genes contain transposons within introns. Methylation provides 
a mean for transcriptional repression and permanent inactivation

❉  To limit unscheduled transcription throughout the genome?

❉ Mice lacking the maintenance methyltransferase gene (Dnmt1) die early during 

development



A transcription factor called SP1 recognizes these CG rich regions:  
TATA-less promoters 





The β-globin gene cluster



The activity of the globin genes correlates inversely 
with the methylation of their promoters 

In developing human and chick red blood cells, the DNA of the globin promoters 
is almost completely unmethylated, whereas the same promoters are highly 
methylated in cells that do not produce globin.  

Moreover, the methylation pattern changes during development. The cells that 
produce hemoglobin in the human embryo have unmethylated promoters for the 
genes encoding the ε-globins of embryonic hemoglobin. These promoters 
become methylated in the fetal tissue. Similarly, when the fetal globin gives way 
to adult globin, the γ-globin gene promoters become methylated. 
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Global demethylation of the genome occurs 
immediately after fertilization and de novo 
remethylation follows implantation



J  In the mammalian embryos there are two major 
cycles of epigenetic reprogramming of the genome: 
during pre-implantation development and during 
germ-cell development 

 
J  Reprogramming is deficient in most cloned preimplantation 

embryos; in particular, demethylation seems to be inefficient, 
perhaps because the somatic nuclei contain the somatic form of 
Dnmt1 which, unlike the oocyte form, is capable of maintaining 
methylation levels 

J  Most cloned embryos die at preimplantation or various 
postimplantation stages, and even those that develop to term 
often have specific abnormalities, particularly of the placenta 

Methylation reprogramming, cloning and 
imprinting 



❉ The genomes of mature egg and sperm cells in mammals are highly 
methylated 

❉ Genomewide demethylation occurs early in the development of primordial 
germ cells (completed by E13-E14) 

❉ Remethylation takes place several days later 

❉  Remethylation in the male at E15-E16 and onwards at the 
prospermatogonia state preceding mitosis and meiosis 

❉ Remethylation in the female after birth during the growth of the oocyte 

❉ Dnmt3A and Dnmt3B are the enzymes responsible for de novo 
methylation at specific stages of gametogenesis and early development to 
establish methylation patterns 

DNA demethylation in 
germ cell 
differentiation



❉ The paternal genome undergoes a 
remarkable tranformation in the egg 
cytoplasm, with remodeling of sperm 
chromatin through removal of 
protamines and replacement by 
acetylated histones. These events are 
followed by genome wide 
demethylation, which is complete 
before DNA replication commences.

❉ Re-methylation carried out by Dnmt3a 
and Dnmt3b with protection of the 
unmethylated allele of imprinted genes.

❉ Timing of re-methylation differs. In 
mouse embryos, de novo methylation 
occurs in the inner cell mass (ICM) 
cells of the expanded blastocyst; in 
bovine embryos in cells embryos at the 
8-16 cell stage.

Methylation 
reprogramming in 
preimplantation embryos



In mammal paternal and maternal genomes undergo parent-specific 
epigenetic reprogramming. The paternal genome is actively demethylated 
within a few hours after fertilization.  
Maternal genome is passively demethylated by a replication-dependent 
mechanism after the two-cell embryo stage.  
These genome-wide demethylation waves may have a role in 
reprogramming of the genetically sperm and egg chromatin for somatic 
development  
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“Patient	tailored	therapy”	
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!  The	loss	of	youthful	epigenetic	information	during	ageing	and	injury	causes	a	decline	in	tissue	
function	and	regenerative	capacity.		

!  OSK-mediated	reprogramming	recovers	youthful	epigenetic	information,	reverses	the	DNA	
methylation	clock,	restores	youthful	gene	expression	patterns,	and	improves	tissue	function	
and	regenerative	capacity,	a	process	that	requires	active	DNA	demethylation	by	TET1/TET2	
and	TDG.	


