Epigenetics- Interaction of the genes with their environment

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.

Waddington’ s classical
epigenetic landscape
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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.
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Epigenetic differences arise during the lifetime
of monozygotic twins

Marlo F. Fraga*, Esteban Ballestar*®, Marla F. Paz*, Santlago Ropero*, Fernando Setlen®, Marla L. Ballestart,
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Abel Sanchez-Agullerat, Charlotte Ling', Emma Carlsson/, Pernille Poulsen**, Allan Vaag**,
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“Epigenomicsis
where genomics was ]
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The proteins that bind to the DNA to form eucaryotic
chromosomes are traditionally divided into two general
classes: the histones and the

The complex of both classes
of protein with the nuclear DNA of eucaryotic cells is
known as n.

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
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NUCLEOSOME - THE FUNDAMENTAL UNIT OF CHROMATIN

H4 tail
H2B tail

H2A tail H3 tail

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

H2A tail processes

H4 tail

H2B tail

H3 tail

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

eCore histones are predominantly globular except for their N-terminal tails which are unstructured
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N-terminal tail histone fold
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histone H1
H4 tail
H2B tail

H3 tail Histone H1 consists of a globular core
and two extended tails.
Part of the effect of H1 on the
H4 tail compaction of nucleosome organization
may result from charge neutralization:
like the core histones, H1 is positively
(A) H3 tail 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

H2A tail

H2A tail

H2B tail
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G-C preferred here
(minor groove outside)

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.

A-T preferred here
(minor groove inside)

histone core DNA of
of nucleosome nucleosome
(histone octamer)

nucleosome
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GENE EXPRESSION, DNA REPLICATION,
AND OTHER PROCESSES THAT REQUIRE ACCESS TO
DNA PACKAGED IN NUCLEOSOMES
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altered positioning remodeled nucleosomes

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



gene activator protein

TATA

chromatin remodeling
complex
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remodeled nucleosomes
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general transcription factors
and RNA polymerase
holoenzyme

TRANSCRIPTION ACTIVATION




gene activator protein

TATA
histone acetylase
(HAT) chromatin remodeling
complex
specific pattern of remodeled nucleosomes
histone aLcetyIation J

general transcription factors
and RNA polymerase
holoenzyme

TRANSCRIPTION ACTIVATION
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MECCANISMI EPIGENETICI |~

The two main components

\
i of the epigenetic code
1

DNA methylation

Methyl marks added to certain
DNA bases repress gene activity.,

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.

istone modification
A combination of different
molecules can attach to the ‘tails’
of proteins called histones, These
alter the activity of the DNA
wrapped around them.

METILAZIONE DEL DNA

Nelle cells eucariotiche la metilazione €’
a carico della G. Solo il 3% delle C ¢’
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

H4 tail
H2B tail

Le modificazioni chimiche H2A tail
degli istoni forniscono siti

di legame per proteine che H2a tail
possono cambiare lo stato
della cromatina in attivo o
inespresso

H3 tail

H4 tail

H2B tail

(A) H3 tail

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

(B)



The histone code

L'ipotesi del codice
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U = Ubiquitinazione di lisine (K)



60 different residues on histones can be modified
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HISTONE H3 ——

~HISTONE H4~,

N-terminal tail modification state “meaning”

N ¢ 911[0 1[4 118 213 218 ) unmodified gene silencing?
N« A:C _ acetylated gene expression
N Anc i acetylated histone deposition
Me methylated gene silencing/
N« : = heterochromatin
N« @ @ g phosphorylated  mitosis/meiosis
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N 1 - acetylated gene expression
Me Ac Ac Me higher-order >
N ! L -  combinations :
b & o . unmodified gene silencing?
Ne l5 A 112 & = acetylated histone deposition
N« ;3 115 . acetylated gene expression



MODELS OF THE FUNCTIONS OF
HISTONE MODIFICATIONS

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

|) 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.
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Modificazioni possibili:

A = Acetilazione di lisine (K)

M = Metilazione di lisine (K) e arginine (R)

~ = Fosforilazione di serine e treonine (S/T)
U = Ubiquitinazione di lisine (U)

CHI AGISCE?

COMPLESSI DI MODIFICAZIONE DELLA CROMATINA.:

'HAT, HDAC
ISTONE METILTRANSFERASI (HMT) E DEMETILASI

CHINASI

ENZIMI CHE CONIUGANO UBIQUITINA



Acetylation is very dynamic and rapidly
changing

Acetyl

. H 0 ! HAT catalyzes the transfer of an acetyl

"|*“"3 T_C_CHs group from AcCoA to the e~ amino

CHy CHa group of the lysine residue, releasing_its

CHa CH posm\_/e_ charge and therefore lowering

CH CHa its affinity for DNA

CH, CH, HDAC promotes the removal of the
I - N acetyl group from the acetyl-lysine

Lys Ac-Lys regenerating the e~ amino group and

releasing the acetate molecule
heterochromatin euchromatin
(transcriptionally inactive/condensed) (transcriptionally active/accessible)
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Writing, erasing and reading histone lysine
methylations T

www.nature.com/emm

Kwangbeom Hyun, Jongcheol Jeon, Kihyun Park and Jachoon Kim

Writers
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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 ubiquitination
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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



Ubiquitin is a small, highly-conserved regulatory protein that is

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.

26S Proteasome

| (VEHE)

protein

Ubiquitin  _& : ; A
Qm@_’Q - : ADP @ >
ATP AMP o). AR @ @ ;
E1: Ubiquitin-activating enzyme - @
E2: Ubiquitin-conjugating enzyme Destroyed

E3: Ubiquitin ligase protein
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The two main components
of the epigenetic code

MECCANISMI EPIGENET

Fattori che vengono trasmessi alla
progenie, ma che non sono
direttamente attribuibili a sequenze di
DNA.
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DNA methylation

Methyl marks added to certain
DNA bases repress gene activity,

MODIFICAZIONI DEGLI ISTONI
Acetilazioni, fosforilazioni e metilazioni,
responsabili dei cambiamenti
conformazionali della cromatina.

Histone modification

A combination of different
molecules can attach to the ‘tails’
of proteins called histones, These

alter the activity of the DNA
wrapped around them.

METILAZIONE DEL DNA

Nelle cells eucariotiche la metilazione €’
a carico della G. Solo il 3% delle C ¢’
metilato; in genere e’ bersaglio della
metilazione la C delle doppiette CpG.




Vertebrates Use DNA Methylation to Lock
Genes in a Silent State

gene regulatory general

In vertebrates DNA methylation (by proteins transcription factors
Dnmtl) is found primarily on ) m e _ IGENE

transcriptionally silent regions of the _ —t -
genome, such as the inactive X

LOSS OF GENE
chromosome or genes that are REGULATORY PROTEINS

= —— SRR OF
~ BUT LEAKY

inactivated in certain tissues, suggesting -
that it plays a role in gene silencing.

NEW DNA METHYLATION

Vertebrate cells contain a family of = e e —— -

00060600

proteins (MeCP2) that bind BINDING OF PROTEINS
THAT RECOGNIZE METHYL C
methylated DNA.
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\ BINDING AND ACTIVITY OF CHROMATIN

These DNA-binding proteins, in turn,

interact with chromatin remodeling REMODELING COMPLEXES AND
i HISTONE DEACETYLASES

complexes and histone deacetylases @

that condense chromatin so it becomes ; e _ GENE
. . . . - PY-Y-YYY) — COMPLETELY
transcriptionally inactive. OFF




Cytosime reskdues bn the sequence 5'CpG (cytosine-guanine) are
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during mammalian development'” and In repression of viral e

protein MeCP2 involves a genomes'". The methyl-CpGi-binding proteins MeCP1 (ref. 5)

and MeCP2 (ref. 6) interact specifically with methylated DNA

histone deacetylase complex . medue wamcriptionl reprewion’ . Here we study the

b 2 mechaniam of repression by MeCP2, an abundant nuclear protein
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Figure | The effects of cytosine methylation and histone deacetylation on transcription,
Transcriptional silencing in vertebrates is usually associated with the presence of 5-methylcytosine
(m’C) in the DNA. Nan et al.' and Jones et al.” have now discovered a link between methylation and
histone deacetylation — MeCP2 (a protein that binds methylated DNA) exists in a complex with
histone deacetylase.




Maintenance of DNA methylation

1. Dnmtl maintains the methyl-CpG content of both daughter DNA

duplexes following replication (higher affinity for hemimethylated
MCpG DNA)

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)
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DNA cytosine methyltransferases/1
Dnmt1

+« 1620 aa

~ 5-to 30-fold preference for hemimethylated substrates (maintenance of
methylation)

+« De novo methylation in embryo lysates - lack of specificity beyond CpG
dinucleotide

< Homologues of Dnmt1 in all eukaryotes show DNA bears m°C
+ C-term domain related to bacterial restriction methyltransferases

+« N-term domain contain information for nuclear import, localization in
replication foci and suppression of de novo methylation

« Found in nucleoplasm in G1 and redistributed in replication foci in S

+ Dnmt1 knock-out recessive lethal (ES cells grow normally with
demethylated genome but undergo apoposis when induced to

differentiate; embryos show biallelic expression of several imprinted
genes and ectopic expression of all copies of Xist and transient
inactivation of all X chromosomes)

+ Dnmt1 has sex-specific promoters and 5’ exons; oocyte specific form



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 (Dnmtl) die early during

development



DNA methylation and CpG islands

< 4% total cytosines in the genome are methylated (3x107 5-mC residues/genome)
« All 5-mC in the dinucleotide CpG (70-80% CpG methylated)

« CpG islands: 1-2% of the total genome - consistently non methylated; all the rest (98%) all
methylated

CG island

introns exons
= dihydrofalate reductase gaene
== | m— e —— = =—ge——————= DNA
. RNA
e—— e

) hypoxanthine phosphoribosyl transferase gene
] OGO = 1 ] | | — L DNA

rbosomal protein gene
,__F}x I = = — ' DNA

RMNA
b ] L_ ,
10,000 nuclectide pairs

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



CpG islands and transcription

« All house-keeping genes have CpG islands associated with their
promoters

+ All CpG islands are associated with transcribed genes

« Lack of methylation of CpG islands is essential for expression of the
associated gene

+ CpGislands at tissue-specific genes are non-methylated regardless of
the activity of the gene, with the exception of the X-chromosome

+ X-linked CpG islands become methylated upon X inactivation; DNA
methylation at CpG islands is essential for maintenance of inactivated
state



The P-globin gene cluster

(A) 100,000 nucleotide pairs
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The activity of the globin genes correlates inversely

with the methylation of their promoters

(B) Unmethylated Methylated
promoter promoter

|
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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 g-globins of embryonic hemoglobin. These promoters
become methylated in the fetal tissue. Similarly, when the fetal globin gives way
to adult globin, the y-globin gene promoters become methylated.
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of the epigenetic code
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DNA methylation

Methyl marks added to certain
DNA bases repress gene activity,

MODIFICAZIONI DEGLI ISTONI
Acetilazioni, fosforilazioni e metilazioni,
responsabili dei cambiamenti
conformazionali della cromatina.

Histone modification

A combination of different
molecules can attach to the ‘tails’
of proteins called histones, These

alter the activity of the DNA
wrapped around them.

METILAZIONE DEL DNA

Nelle cells eucariotiche la metilazione €’
a carico della G. Solo il 3% delle C ¢’
metilato; in genere e’ bersaglio della
metilazione la C delle doppiette CpG.




Global demethylation of the genome occurs
immediately after fertilization and de novo
remethylation follows implantation




Methylation reprogramming, cloning and
imprinting

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
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Methylation

Low

Developmental time

%k 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)

k Remethylation takes place several days later

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

k 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
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Fig. 1. (A) Methylation reprogramming in the germ line. Primordial germ cells (PGCs) in the mouse
become demethylated early in development. Remethylation begins in prospermatogonia on E16 in
male germ cells, and after birth in growing oocytes. Some stages of germ cell development are
shown [modified from (29)]. (B) Methylation reprogramming in preimplantation embryos. The
paternal genome (blue) is demethylated by an active mechanism immediately after fertilization.
The maternal genome (red) is demethylated by a passive mechanism that depends on DNA
replication. Both are remethylated around the time of implantation to different extents in
embryonic (EM) and extraembryonic (EX) lineages. Methylated imprinted genes and some repeat
sequences (dashed line) do not become demethylated. Unmethylated imprinted genes (dashed
line) do not become methylated.

¥ 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.
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Human Molecular Genetics, 2005, Vol. 14, Review Issue 1




DNA demethylation

Passive through DNA replication

Possible involvement of DNA-binding transcription

factors (simple binding of transcription factor or
even of the lac repressor can drive |oss of

methylation from flanking CpG dinucleotides In
dividing cells)

De-methylase?? (Bhattacharya S.K. & Szyf, M.
Nature 1999. Vol 397, 579)




Gene expression

The amazing demethylase

Howard Cedar and Gregory L. Verdine

HO—CH3
Methanol

HoN

5-methyl-cytosine ~ Covalent Cytosine
intermediate

Figure 1 Mechanism for the enzymatic demethylation of 5-methyl-cytosine. The demethylase (green) is
envisaged to form a covalent intermediate by addition of an enzymatic nucleophile (Nu-H) across the
9,6 double bond, assisted by proton shuffling at N3. This intermediate is poised to attack the hydroxide
ion, which is generated by in situ activation of water. Double arrows indicate two reaction steps, with
the intermediates not shown. In the case of enzymatic methylation, an analogous covalent intermediate
is formed, but is further processed by cleavage of the C5-H bond as opposed to the C5—-CH; bond. The
3"-phosphate labelled with *P in the tracer studies of Bhattacharya et al.' is in yellow.

NATURE|VOL 397 | 18 FEBRUARY 1999
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Uncovering the role of
5-hydroxymethylcytosine in
the epigenome

Miguel R. Branco, Gabriella Ficz and Wolf Reik

Abstract | Just over 2 years ago, TET1 was found to catalyse the oxidation of
5-methylcytosine, a well-known epigenetic mark, into 5-hydroxymethylcytosine
in mammalian DNA. The exciting prospect of a novel epigenetic modification
that may dynamically regulate DNA methylation has led to the rapid
accumulation of publications from a wide array of fields, from biochemistry to
stem cell biology. Although we have only started to scratch the surface,
interesting clues on the role of 5-hydroxymethylcytosine are quickly emerging.
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Fig. 4. Potential chemical pathways for active DNA demethylation. (A) Direct excision of 5mC (orange) by a 5SmC glycosylase followed by
repair via the base excision repair (BER) pathway (green and pink), as occurs in plants. (B) Cytosine deamination by AID/APOBEC1 (red), followed by
base excision mismatch repair, involving the TDG/MBD4 (pale blue) and BER pathways. (C) Hydroxylation by TET (blue) initiates four potential
pathways leading to demethylated cytosine: (1) removal of ShmC by an unidentified ShmC glycosylase, followed by BER; (2) deamination of 5ShmC
by AID or APOBECs creates ShmU, which is removed by SMUG1 (single-strand selective monofunctional uracil DNA glycosylase) or TDG, followed
by BER; (3) further oxidization of ShmC to 5fC and then to 5caC, which then may be converted to C by a decarboxylase or by TDG followed by
BER; and (4) direct conversion of ShmC to 5SmC by an unidentified enzyme (?). 5caC, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5ShmC, 5-
hydroxymethylcytosine; ShmU, 5-hydroxymethyluracil;5mC, 5-methylcytosine; AP, apurinic/apyrimidinic; AID, activation-induced deaminase;
APOBECT1, apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1; C, cytosine; G, guanine; MBD4, methyl CpG binding domain protein 4;
SMUGT1, single-strand selective monofunctional uracil DNA glycosylase; T, thymidine; TDG, thymine DNA glycosylase; TET, ten-eleven translocation.
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sylase (TDG), releases and replaces the entire modified oxidized base with unmodified C.
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Germline DNA Demethylation
Dynamics and Imprint Erasure Through
5-Hydroxymethylcytosine

Jamie A. Hackett,"* Roopsha Sengupta,’** Jan ). Zylicz,"*** Kazuhiro Murakami,'**
Caroline Lee,? Thomas A. Down,” M. Azim Surani®?*t

Mouse primordial germ cells (PGCs) undergo sequential epigenetic changes and genome-wide
DNA demethylation to reset the epigenome for totipotency. Here, we demonstrate that erasure
of CpG methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (Shmd‘
driven by high levels of TET1 and TET2. Global conversion to 5ShmC initiates asynchronously among
PGCs at embryonic day (E) 9.5 to E10.5 and accounts for the unique process of imprint erasure.
Mechanistically, ShmC enrichment is followed by its protracted decline thereafter at a rate consistent
with replication-coupled dilution. The conversion to 5ShmC is an important component of parallel
redundant systems that drive comprehensive reprogramming in PGCs. Nonetheless, we identify rare
regulatory elements that escape systematic DNA demethylation in PGCs, providing a potential
mechanistic basis for transgenerational epigenetic inheritance.
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Animal cloning by nuclear transfer

HOW DOLLY WAS CREATED

Donor cell II

1 Cells takeﬂmm e udder of a Finn

\,.-J Dorset ewe are placed in a culture
with very low concentrations of
\ |\ | nutrients. Thus starved, the cells stop
& J 24 4 dividing and switch off their active

TNE Thxy ot 7 VLT genes.

The two cells are placed next to each
other and an electric pulse causes them
to fuse together like soap bubbles. A second
ulse mimics the burst of energy at natural
ertilization, jump-starting cell division.

4 After about six days, the resulting
embryo is implanted in the uterus
of another Blackface ewe.

egg cell is taken from a
Scottish Blackface
*;, Blackface ewe
sucked out, / 3 0V
leaving an empty ) [
cellular machinery .
necessary to Ly

Meanwhile, an unfertilized
ewe. The nucleus

(with its DNA) is

egg cell \
containing all the

produce an

embryo.

After a gestation
riod, the pregnant
Blackface ewe gives birth
to a baby Finn Dorset
lamb, named Dolly, that
is, genetically, identical
to the original donor.

\-\. '."
Baby \ )
Finn Dorset '\ o

- Jm\

NME Diagyam by bow Lancla




Viable offspring derived from
fetal and adult mammalian

cells NATURE|VOL 385127 FEBRUARY 1997

I. Wilmut, A. E. Schnieke~, J. McWhir, A. J. Kind*
& K. H. S. Campbell

Rostin Institute (Edinburgh), Roslin, Midlothian EH25 9PS, UK
* PPL Therapeutics, Roslin, Midlothian E1125 9PP, UK

Nuclei donatori:
embrione di 9 giorni
un feto di 26 giorni
ghiandola mammaria di una pecora di 6 anni nell'ultimo trimestre
di gravidanza.
In tutti tre i casi, le cellule donatrici erano state indotte ad entrare uno stato di
quiescenza replicativa (G,) mediante riduzione della concentrazione di siero

fetale bovino dal 10% a 5% per i 5 giorni precedenti il trasferimento nucleare.
L'uscita dal ciclo era stata confermata mediante la ricerca dell'antigene PCNA

Procedura di trasferimento nucleare:

Oociti ovulati dopo 28-33 ore di trattamento con con GnRH
Enucleati mediante aspirazione

Nuclear transfer mediante brevi scariche elettriche

Risultati (nuclei da cellule ghiandola mammaria):

247 oociti ricostruiti coltivati all'interno delle ovidotti ligati di una pecora

29 (11.7%) progrediti allo stadio di morula/blastocisti dopo 6 giorni di coltura,
e trasferiti in 13 pecore sincronizzate riceventi per lo sviluppo a termine.

1 embrione (0.4% del totale; 3.4% degli embrioni trasferiti) sviluppato allo
stadio di feto; dopo 148 giorni nata una pecora dello stesso fenotipo e
genotipo del nucleo donatore ( Dolly).

Dolly €' il primo mammifero sviluppatosi a partire da un tessuto adulto.

rrin

Ly
CHromonome,
POV S

Ecacaiy
nauced
o0y
Mo
vAn ol

SAn ol
e L
e 0Oy

Emtryo
Ouaw

| mtwyo
¥ arvvder 30
\ondey mothes



Methylation reprogramming, cloning and
imprinting
J

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
Dnmtl 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



Aberrant H3-K9 methylation and DNA methylation in
cloned embrios
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Limited demethylation leaves mosaic-type
methylation states in cloned bovine
pre-implantation embryos

Yong-Kook Kang, Jung Sun Park,

Deog-Bon Koo, Young-Hee Choi,

Sun-Uk Kim, Kyung-Kwang Lee and
Yong-Mahn Han'

Cloning by nuclear transfer (NT) has been riddled
with difficulties: most clones die before birth and sur-
vivors frequently display growth abnormalities. The
cross-species similarity in abnormalities observed in
cloned fetuses/animals leads us to suspect the fidelity
of epigenetic reprogramming of the donor genome.
Here, we found that single-copy sequences, unlike sat-
ellite sequences, are demethylated in pre-implantation
NT embryos. The differential demethylation pattern
between genomic sequences was confirmed by analyz-
ing single blastocysts. It suggests selective demethyla-
tion of other developmentally important genes in NT
embryos. We also observed a reverse relationship
between methylation levels and inner cell mass versus
trophectoderm (ICM/TE) ratios, which was found to
be a result of another type of differential demethyla-
tion occurring in NT blastocysts where unequal
methylation was maintained between ICM and TE
regions. TE-localized methylation aberrancy suggests
a widespread gene dysregulation in an extra-embry-
onic region, thereby resulting in placental dysfunction
familiar to cloned fetuses/animals. These differential
demethylations among genomic sequences and between
difTerently allocated cells produce varied overall, but
specified, methylation patterns, demonstrating that
epigenetic reprogramming occurs in a limited fashion
in NT embryos.



“Patient tailored therapy”



Applications of cloning

@ Treatment of human infertility NO!

® Transgenic animals for drug production
® Genetic rescue of endangered
mammals

® Animal organs for human
xenotransplantation

@® Therapeutic cloning for human stem
cell production for tissue and organ

regeneration

® Rescue of genetic defect by ex vivo
gene therapy
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2012 Nobel Prize in Physiology or Medicine

.
........

...........

Shinya Yamanaka John B. Gurdon

University of Kyoto, Japan Gurdon Institute in Cambridge, UK
Photo Credit;

Center for iPS cell Research and Appiication, Kyoto University



John B. Gurdon /B @
ld

John B. Gurdon eliminated the nucleus of a frog egg cell (1) and
replaced it with the nucleus from a specialised cell taken from a
tadpole (2). The modified egg developed into a normal tadpole (3).

Subsequent nuclear transfer experiments have generated cloned
mammals (4).
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Shinya Yamanaka

Shinya Yamanaka studied genes that are important for stem cell function. When he transferred four such
genes (1) into cells taken from the skin (2), they were reprogrammed into pluripotent stem cells (3) that could
develop into all cell types of an adult mouse. He named these cells induced pluripotent stem (iPS) cells.

iPS cells can now be generated
from humans, including patients
S Py with disease. Mature cells including
P ' Y |/ nerve, heart and liver cells can be
—_ . derived from these iPS cells, thereby
allowing scientists to study disease
mechanisms in new ways.

> — — v-~'~’r S \—7 = f*(—’vv' > — === - —I = z
© 2012 The Nobel Committee for Physiology or Medicine lllustration and layout: Mattias Karlén

The Nobel Prize® and the Nobel Prize® medal design mark are registered trademarks of the Nobel Foundation



Induction of Pluripotent Stem Cells Induction of pluripotent stem cells from

: mouse embryonic or adult fibroblasts by
from Mouse Emblyomc and Adult introducing four factors, Oct3/4,

Fibroblast Cultures by Defined Factors | sox2, ¢ Myc, and Kif4 in the FBX15
Kazutoshi Takatashi' and Shinya Yamanaka' * locus, under ES cell culture conditions.

" Department of Stam Coll Bidogy, Instinte for Frontior Modical Sciences, Nyoto Universty. Kyom 605-8507, Japan
TCREST Japun Soence and Tecinoiogy Agency, Kawsguon 332.00 12, Jasan

‘Contact yarranaka@fronter kyoto-u a jp

DO1O D1 cok 2000 37,004 Call 126, 63675, August 75, 2008 C2008 Esavier Inc

Various tissues present in
teratomas derived from These cells, which were designated iPS (induced
pluripotent stem) cells, exhibit the morphology and
growth properties of ES cells and express ES cell

marker genes.

- m 1- Subcutaneous transplantation of iPS cells into nude
mice resulted in tumors containing a variety of tissues

In vitro embryoid body
formation and
differentiation from all three germ layers.
b .b.
2- Following injection into blastocysts, iPS cells
contnbuted tonnzseerrbryoucdevelopmeu, yut
all three germ layers.




Induced Pluripotent Stem (iIPS) Cells

', c-c

Fibroblasts IPS Cells

Mouse iPS cells reported in 2006
Human iPS cells reported in 2007



Table 2
Minimum number of factors required for iPS cell generation

Transgene  Known functions in maintenance of pluripotency

Oct3/4 Oct3/4 is a tightly regulated transcription factor that is associated with a large number of target genes implicated in maintenance
of pluripotency. Regulatory elements in target genes are often in close vicinity of Sox2-binding sites. Oct3/4 is likely to be a key
factor in the transcriptional framework of self-renewing stem cells.

Sox2 The transcription factor Sox2 is necessary for embryonal development and to prevent ES cell differentiation. Although many
ES cell pluripotency-associated genes are co-regulated by Sox2 and Oct3/4, Sox2 may also cooperate with other transcription
factors, for example Nanog, to activate transcription of pluripotency markers.

c-Mye c-Myc, a helix-loop-helix/leucine zipper transcription factor, takes part in a broad variety of cellular functions. It has been
implicated in LIF receptor signalling as a downstream effector of STAT3. In Wnt signalling c-Myc s a substrate for GSK3p.
In iPS cells, c-Myc may compensate anti-proliferative effects of Kifd.

Klif4 Kif4, the fourth member of the quartet, is a Krueppel-type zinc finger transciption factor. It can act as an oncogene but also as a
tumor suppressor protein. Kif4 is like c-Myc a STATS target in the LIF pathway and its overexpression inhibits differentiation of
ES cells. KIf4 upregulates, in concert with Oct3/4, Lefty1 transcription but the role as co-factor for Oct3/4 may be limited to only
a few targets. Klf4 can repress pS3, a negative regulator of Nanog.

Current Opinion in Biotechnology 2007, 18:467-473 www.sciencedirect.com
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Direct reprogramming of genetically unmodified
fibroblasts into pluripotent stem cells

Alexander Meissner"’, Marius Wernig'”® & Rudolf Jaenisch ™
In vitro reprogramming of somatic cells into a pluripotent embryonic stem cell-ike state has been achieved through retroviral transduction
of murine fibroblasts with Oct4, Sox2, c-myc and Kif4. In these experiments, the rare ‘induced pluripotent stem’ (iPS) cells were isolated
by stringent selection for activation of a neomycin-resistance gene inserted into the endogenous Oct4 (also known as Pou5f1) or Nanog
loci. Direct isolation of pluripotent cells from cultured somatic cells is of potential therapeutic interest, but translation to human systems
would be hindered by the requirement for transgenic donors in the present iPS isolation protocol.

Here they demonstrate that reprogrammed pluripotent cells can be isolated from genetically unmodified somatic donor cells solely based
upon morphological criteria.

iPS cells from genetically unmodified embryonic and adult
fibroblasts. (a) Pri colony 16 d after infection of wild-
type F1 PEsandmﬂtype adult tail-tip fibroblasts.

-
n

ElZ.Sduneragenermdﬁomd\eFlMEFlPSE\eshownh(C)ﬂieFlME
iPS line was labeled with a EGFP expressi Ientmms.Sl'lownafethesame
chimeras as in m. Left PS and ni wg'lt littermate. (o) Adult chimera
derived from BALB/c iPS cells (white hair indicates donor contribution).




iPS cell applications

Studying mechanism of { _

intractable diseases =
: \V ~ Testing effectiveness of
—_ new medicine and
[ checking for side effects




How iPS cells can help develop new drugs
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Embryonic Stem Cells
from Embryos created by Fertilization or by Cloning (Somatic Cell Nuclear Transfer)

Fertilization finished

@ .V
cell \
Fertilization
Sperm
cell f\ / g .
Single-cell Fertilized embryo Embryonic Stem Cells

Egg cell . Embryo

Remove or {
inactivate egg : _ -
nuclearmaterl Insert donor Embryonic Stem Cells
nuclear Cloned embryo

material

—_— Cloning finished

isolate donor
Donor cell nuclear material

Induced Pluripotent Stem Cells (iPS cells)

from Normal Cells that are Reprogrammed to behave like Embryonic Stem Cells

Add genes + chemicals
—_—

Cells behave like

Target cell
embryonic stem cells

Adult Stem Cells

Stem Cells normally found in body tissues from birth onward, as well as umbilical cord, etc.

and
other —
- tissues
Umbilical
Cord Blood, Adult Stem Cells
Placenta

Amniotic Fluid Bone Marrow



IPS vs ES cells

& Although they have similar phenotypes they are not strictly
identical

& Differences in their gene expression profile
® iPS cells retain an epigenetic memory of their tissue of origin
® Several methods for reprogramming now exist

® iPS cells can cause teratoma - 2 of the 4 transgenes are
known to be oncogenic; retroviruses and lentiviruses used

as vectors can cause insertional mutagenesis

® The source and age of donor cells can affect reprogramming

(the more differentiated the donor cell is the more difficult it is
to wind back its developmental clock)



IPS reprogramming Transdifferentiation
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Transdifferentiation: the direct reprogramming of
one somatic cell type into another without a stem cell
Intermediate

ARTICLE

doi: 101038/ ma bur 009591

Direct conversion of human fibroblasts to
multilineage blood progenitors

Eva Sz l |, Shravanti R ; alli’, Ruth M., K1-u , Angelique Schnerch™?, Ryan Mitchell™?, Aline Fiebig Comyn'
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Directed transdifferentiation of mouse mesoderm to
heart tissue by defined factors

Jun K. Takeuchi'* & Benoit G. Bruneau'’

Heart disease is the leading cause of mortality and morbidity in the
western world. The heart has little regenerative capacity after
damage, leading to much interest in understanding the factors
required to produce new cardiac myocytes. Despite a robust
understanding of the molecular networks regulating cardiac
differentiation'’; no single transcription factor or combination
of factors has been shown to activate the cardiac gene program
de novoin mammalian cells or tissues. Here we define the minimal
requirements for transdifferentiation of mouse mesoderm to
cardiac myocytes. We show that two cardiac transcription factors,
Gata4 and Tbx5, and a cardiac-specific subunit of BAF chromatin-
remodelling complexes, Baf60c (also called Smarcd3), can direct
ectopic differentiation of mouse mesoderm into beating cardio-
myocytes, including the normally non-cardiogenic posterior
mesoderm and the extraembryonic mesoderm of the amnion.
Gata4 with Baf60c initiated ectopic cardiac gene expression.
Addition of Tbx5 allowed differentiation into contracting cardio-
myocytes and repression of non-cardiac mesodermal genes.
Baf60c was essential for the ectopic cardiogenic activity of Gata4
and Tbx5, partly by permitting binding of Gata4 to cardiac genes,
indicating a novel instructive role for BAF complexes in tissue-
specific regulation. The combined function of these factors estab-
lishes a rahuist mechanism for cantrolling cellular differentiation,
and may allow reprogramming of new cardiomyocytes for regen-
erative purposes.
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Direct Reprogramming of Fibroblasts
into Functional Cardiomyocytes

by Defined Faclors
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Heart repair by reprogramming
non-myocytes with cardiac transcription
factors
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MicroRNAMedinted In Vitro and In Vive Direct Reprogramming of Cardine
Fibroblasts to Cardiomyocytes
Tikanthi M, Jayawardena, Hakytbek Egemnazarov, Elizabeth A, Finch, Lunan Zhang,
J. Alan Payne, Komar Pandya. Zhiping Zhang, Paul Rosenberg, Maria Mirotsou and
Victor J, Dzau
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Recent reports demonstrate that somatic mouse ceifls con be directly

Direct conversion of human fibroblasts et 1 Otherrashuos ol ypes by okg comblned wresaion

. - apphed to human embryonic and postnatal fibroblasts. By overex-
to d opam|nerglc neurons pression of the transcrigtion factors Asdlt, B2, and Myt1), human
fioroblasts were efficiently converted to functional neurons, We
ako demonstrate that the converted neurons can be directed 1o-
Ulrich Pfisterer’, Agnete Kirkeby', Olof Torper’, James Wood, Jenny Nelander, Audrey Dufour, Anders Bjdrklund,  warddistinct functicnal neuratransmitter phenotypeswhen the ap-
Olle Lindvall, Johan Jakobsson, and Malin Parmar’ propriate transcriptional cues are provided 1ogether with the three
cornversion factors. By combining expression of the three conversion
Departments of Experrmental Medcal Sdence and Clincal Scences, Yallenbeng Neurostience Center, and Lund Stern Cell Cariter, Lund University, $6-. factors with expression of two genes involved in dopamine neuron
Lund Sweden generation, Lmx1a and FoxA2, we could direct the phenotype of
the converted cells toweard dopaminergic neurons. Such subtype-
Edited* by Fred H. Gage, The Salk Insttute, San Diego, CA, and approved May 13 2011 (received for review Maech 31, 2011) specific induced neurons derived from hurnan somatic cells could
be valuable for d sease modelng and cell replacement therapy.

'NAS | June 21,2011 | vol. 108 | no.25 | 10343-10348

The simple yet powerful technique of induced pluripotency mey
eventually supply a2 wide range of differentiated cells for cell
therapy and drug development. However, making the appropriate
cells via induced pluripotent stem cells (iPSCs) requires reprogram-
mng of somatic cells and subsequent redifferentiation. Given how

Direct reprogramming of mouse fibroblasts aruous and engury hs rocess o ba. we sugh to determine

whather it might be possible 1o convert somatic cells into Eneage-

: spedcific stemvprogenitor cells of another germ layer in one step,

to neural progenitors opeating the tsmediow phetpotont ives. s we hov i
transient induction of the four reprogramming factors (Octd, Sox2,

Janghwan Kim"", Jem A Efe®, Surono Zhu®, Maria Talantova®, Xu Yuan®, Shufen Wang"*, Stuart A. Lipton®, Kifa, and c-AMy<) can efficiently transdifierentiate fibroblasts into
Kang Zhang®®, and Sheng Ding™" functional neural stem/progenitor cells (NPCs) with appropriate

signabng inputs. Compared with induced newons (or N cells, which
*Departnent of Chemistry, The Scripos Research Institute, La Jolla, CA 92037; "Devedonment and Differentiation Research Center, Karea Research Institute o Ar@ directly converted from fibroblasts), transdifferentiated NPCs
Biowcherce and Biotechnology, Yuieonggu, Daejeon, B05-806, Repubic of Korea; ‘Det £, Webt Conter for Neurcsoence, Aging, and Stem Cell Research,  have the distinet advantage of being expandable in vitro and
Sanford-Burnham Mecical Aescorch inatitute. La Jolla, CA 92037; institute for Genomic Medicne and Shiley Eye Center, University of California at Sen Diego retaining the ability to give rise to multiple neuronal subtypes and
La Jolla. €A 9209% "Malecdar Medicine Remearch Conter and Department of Ophthalmology. West Ching Hoyx tel Sichuan Univenity, Chengdu 610645, ghial calls. Our results provide a unique paradigm for iPSC-factor-
China: and 'Gadstons Institute of Cardovascd ar Dikaasa, Depsetmant of Pharmaceutica Chamstry, Unhersity of California, San Francico, CA 94158 h i rep ming by demonstrating thet it can be readily g

ified to serve as a general platform for transdifferentation,
PNAS | May 10,2011 | vol. 108 | no.19 | 7839
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Direct conversion of fibroblasts to i 9.
functional neurons by defined factors

Thormas Vierbuchen ™, Austin Ostermeier", Zhiping P. Pang”, Yuko Kakubu', Thomas C. Sddbof ' & Marius Wemig'

Celular diferentistion and lincage commitment are considered to be robust and irreversitle processes during development.

Recent work has shown that mouse and human fibroblasts can be repragrammed to a plun potert state with a combination of

four transcription factors. This ralsed the question of whether transcription factors cowld directly Induce other defined

somatic cell Tates, and not only an und#lereatated state. We hypothesized that combinatesial expression of

nourallinaage-spacific transcription factors could directly convart fibroblasts imto neurons. Starting from a poel of nineteen

cardiclte genes, we identified a combination of only three factor, Asc!l, Bran2 (also called Poudf2) and Myt UL thet selfice to

rapidly and efficiently cornvert mouss ombryanic and postratal fibroblasts o Functional nearens in vitro, These induced

neurunal ON) vells sipress multipe neuronespeciic protelins, generate sdon putentlals and form lunciuesal syrapses.

Genaration of IN calls from non-neural lineages cauld have impertant impications for studes of noural davelopment, Vol 463125 February 2010/ deii10.1038/naturc08797
neurological disease modelling and regererative medicie.



Forcing cells to change lineages

Thomas Graf' & Tariq Enver’

The ability to produce stem cells by induced pluripotency (iPS reprogramming) has rekindled an interest in earlier studies
showing that transcription factors can directly convert specialized cells from one lineage to another, Lineage reprogramming
has become a powerful tool to study cell fate choice during differentiation, akin to inducing mutations for the discovery of
gene functions. The lessons learnt provide a rubric for how cells may be manipulated for therapeutic purposes.
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Figure 1| Examples of transcription factor overexpression or ablation experiments that result in cell fate changes. For explanation of panels a—f see text.

‘Center for Genomic Regulation and ICREA, 08003 Barcelona, Spain. “MRC Melecular Haematology Unit, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital
Headington, Oxford OX3 908, UK.
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EDIZIONILOCALI ~ CORRIERE ARCHIVIO TROVOCASA TROVOLAVORO SERVIZI

CORRIERE DELLA SERA = NEUROSCIENZE

Si puo ringiovanire grazie all’(epi)
genetica? La strada e aperta

L'idea & quella di riprogrammare le cellule ‘vecchie’ in modo che recuperino le sane
caratteristiche giovanili. Cosi i ricercatori hanno ridato la vista ad animali di laboratorio

@ O 9

o

di Adriana Bazzi

Ringiovanire si potra, forse. Ecco perché suscita curiosita (e speranze per il futuro)
una ricerca appena pubblicata sulla rivista Nature firmata, con il suo team, dal
biologo molecolare David Sinclair, della Harvard Medical School a Boston, da tempo
alla caccia di strategie anti-invecchiamento. Sinclair si & chiesto: cellule vecchie e

malandate possono ricordare come erano da giovani e comportarsi di conseguenza?
Da qui & partito lo studio in cui i ricercatori hanno dimostrato, in estrema sintesi,
quanto segue: neuroni, cioé cellule nervose, della retina dell’occhio,
opportunamente “riprogrammate”, possono comportarsi come quando erano
giovani e recuperare le funzioni perse, cioé quelle di permettere la visione. Al

3 D I c E M B R E 2020 momento questi studi sono stati condotti su animali da esperimento, topi per la

precisione. Ma fanno ben sperare.
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Reprogramming torecover youthful
epigeneticinformation and restore vision
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Ageingis adegenerative process that leads to tissue dysfunction and death.

A proposed cause of ageing is the accumulation of epigenetic noise that disrupts gene
expression patterns, leading to decreases in tissue function and regenerative
capacity’ . Changes to DNA methylation patterns over time form the basis of ageing
clocks®, but whether older individuals retain the information needed to restore these
patterns—and, if so, whether this could improve tissue function—is not known. Over
time, the central nervous system (CNS) loses function and regenerative capacity®”.
Using the eye asamodel CNS tissue, here we show that ectopic expression of Oct4
(also known as Pou5f1), Sox2 and Klf4 genes (OSK) in mouse retinal ganglion cells
restores youthful DNA methylation patterns and transcriptomes, promotes axon
regeneration after injury, and reverses vision loss in amouse model of glaucoma and
inaged mice. The beneficial effects of OSK-induced reprogramming in axon
regeneration and vision require the DNA demethylases TET1and TET2. These data
indicate that mammalian tissues retain arecord of youthful epigenetic information—
encodedin partby DNA methylation—that can be accessed toimprove tissue function
and promote regeneration in vivo.
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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.



