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What Is epigenetics

e TWINS

e Same yet different

Martin Schoeller/National Geographic (2012)



What Is epigenetics

e Definitions
 Changes on top of genetics.

* (Gene expression changes without changes in DNA
seqguence.

e Operational Definition: ‘An epigenetic trait is a stably
heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence.

* Heritability of a phenotype, passed on through either
MItOSIS Or MeiosIs.

Berger et al., Genes & Development 23:781-783 (2009)



What Is epigenetics

* Epigenetic Landscape
» Differentiation

» Beyond the genome
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Waddington, C.H. The Strategy of the Genes, Allen & Unwin, London (1957)



DNA packaging

®

At the simplest level, chromatin
is a double-stranded helical DNA double helix
structure of DNA.
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Nature Education (2013) Adapted from Pierce, Benjamin. Genetics: A Conceptual
Approach, 2nd ed. htip://www.nature.com/scitable/topicpage/dna-packaging-nucleosomes-and-chromatin-310
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DNA packaging

@ 1400 nm
The 300-nm fibers are
compressed and folded to

produce a 250-nm-wide fiber.

Nature Education (2013) Adapted from Pierce, Benjamin. Genetics: A Conceptual
Approach, 2nd ed. http://www.nature.com/scitable/topicpage/dna-packaging-nucleosomes-and-chromatin-310



http://www.nature.com/nature_education
http://www.nature.com/scitable/topicpage/dna-packaging-nucleosomes-and-chromatin-310

DNA packaging
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Nature Education (2013) Adapted from Pierce, Benjamin. Genetics: A Conceptual
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Eplgenetic Mechanisms

EPIGENETIC MECHANISMS HEALTH ENDPOINTS

are affected by these factors and processes: — e Cancer

e Development (in utero, childhood) - e = e Autoimmune disease
¢ Environmental chemicals / .

¢ Mental disorders
Drugs/Pharmaceuticals e Diabetes
Aging

v
Diet \_//M\W CHROMATIN

EPIGENETIC

@ FACTOR

CHROMOSOME @ METHYL GROUP

' DNA methylation
Methyl group (an epigenetic factor found
in some dietary sources) can tag DNA

and activate or repress genes.
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DNA accessible, gene active

Histone modification

The binding of epigenetic factors to histone “tails
Histones are proteins around which HISTONE alters the extent to which DNA is wrapped around
DNA can wind for compaction and DNA inaccessible, gene inactive histones and the availability of genes in the DNA
gene regulation. to be activated.

http://commonfund.nih.gov/epigenomics/figure (2013)
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Mechanisms Affecting
Chromatin Structure

Histone post-translational Remodelling Histone Non-coding
DNA methylation modification complexes variants RNAs
|

Ac, acetyl; Me, methyl; P, phosphate

Dulac, Nature 465, 728-735 (2010)



Histone Modifications

SnapShot: Histone Modifications

He Huang,' Benjamin R. Sabari,? Benjamin A. Garcia,® C. David Allis,? and Yingming Zhao'

'Ben May Department of Cancer Research, The University of Chicago, Chicago, IL 60637, USA
?Laboratory of Chromatin Biology and Epigenetics, The Rockefeller University, New York, NY 10021, USA
3Department of Biochemistry and Biophysics, University of Pennsylvania, Philadelphia, PA 19104, USA
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Euchromatic Vs heterochromatic regions

Euchromatin Heterochromatin

Histone acetyltransferases

Transcriptional Hyperacetylated
activator histone tail Hypoacetylated, methylated H3K9 histone tail

® Less condensed e Highly condensed
e At chromosome arms e At centromeres and telomeres
e Contains unique sequences e Contains repetitious sequences
e Gene-rich e Gene-poor
e Replicated throughout S phase e Replicated in late S phase
e Recombination during meiosis ® No meiotic recombination

Less condensed chromatin
more accessible to
polymerases, transcription
factors

Grewal & Elgin, Nature 447, 399-406 (2007)




Histone P 1M Mediators
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Arrowsmith et al., Nature Reviews Drug Discovery 11, 384-400 (2012)



Protein families

Writers Erasers Readers

Epigenome protein families

e deposit (‘write')
° blﬂd to (‘read') Histone Histone Bromodomains,

acetyltransferases, deacetylases, chromodomains,

Histone Lysine PHD fingers,

methyltransferases demethylases malignant
brain tumour

On specific lysine or arginine side chains of domains.
histonesmethyl marks (orange squares) or acetyl Tudor domains,

: PWWP domains
marks (blue circles)

e remove (‘erase’)

Arrowsmith et al., Nature Reviews Drug Discovery 11, 384-400 (2012)



Protein families

EGF, epidermal growth factor

EP300, E1A-associated protein
pP300

GNAT, glycine-N-
acyltransferase-like protein 1

MBT, malignant brain tumour
domain

MYST, histone acetyltransferase
MYST

PHD, plant homeodomain

PRDM, PR domain-containing
protein

PRMT, protein arginine
methyltransferase.

Family

Writers
Histone acetyltransferases

Protein methyltransferases

Erasers
Histone deacetylases

Lysine demethylases

Readers

Bromodomain-containing proteins

Methyl-lysine- and/or methyl-arginine-binding domain-containing
proteins (for example, Tudor domains, MBT domains, chromodomains
and PWWP domains)

PHD-containing proteins

Activity

K=K R=—>R

&

?[ ? ? .

Arrowsmith et al., Nature Reviews Drug Discovery 11, 384-400 (2012)

Number
of
proteins

18

60

25

61

95

104

Major classes and function

* MYST family (MOZ, SAS2, YBF2/SAS3,
TIP60) proteins: Iinvolved in DNA damage
and oncogenic translocation

» GNAT: involved In EGF signalling and cell
cycle progression

* EP300: promiscuous (involved in a range of
cellular events)

* SET domain: methylates both histone and
non-histone lysines

* PRMTs: methylate both histone and non-
histone arginines

* PRDMs: SET domain-like tissue-specific
factors

» Classes [, 1Ib and IV enzymes: have both
histone and non-histone substrates, involved
in gene silencing

» Class IIa enzymes: scaffolding proteins

» Sirtuins (class I1I): NAD-dependent, have
deacetylation and ADP-ribosylation activity

» Lysine-specific demethylases: flavin-
dependent enzymes that regulate
transcription during development

» Jumonjl domain: 2-oxoglutarate-dependent

» Targeting of chromatin-modifying enzymes
to specific sites, often physically linked to
PHD fingers and the catalytic domain of
histone acetyltransferases

» Tudor domains: bind dimethylated lysine,
trimethylated lysine and dimethylated
arginine

* MBT domains: bind monomethylated and
dimethylated lysine with low sequence
specificity

» Chromodomains: bind trimethylated lysine
with sequence specificity

* PWWP domains: bind to both trimethylated
lysine and DNA

» A large and diverse family that acts on
multiple substrates



Protein families

* Histone acetyltransferases and protein
methyltransferases are the enzymes Writers Erasers
responsible for writing acetyl and methy! ) .
marks, respectively. L)

r_) |
* Histone deacetylases and lysine /Q
demethylases erase the marks. O .
: : . Histone Histone
 Bromodomains bind acetylated lysines acetyltransferases, deacetylases,
(shown by beige shape). Histone Lysine

methyltransferases demethylases

e Tudor domains, MBT domains,
chromodomains and PWWP domains bind
methyl marks on lysine or arginine residues
(shown by beige shape).

« PHD fingers are present in a large number of
proteins and read either methyl or acetyl
marks on lysine or arginine side chains, as
well as unmodified lysines.

Arrowsmith et al., Nature Reviews Drug Discovery 11, 384-400 (2012)

Readers
N
A,

Bromodomains,
chromodomains,
PHD fingers,
malignant

brain tumour
domains,

ludor domains,
PWWP domains



Histone Tall Modifications

Histone |Modification [Role

H2AS1P Mitosis; chromatin assembly
H2AK4/5ac  Transcriptional activation
H2AK7ac Transcriptional activation
H2AK119P Spermatogenesis
H2AK119uq Transcriptional repression
H2BS14P Apoptosis

H2BS33P Transcriptional activation
H2BK5ac Transcriptional activation
H2BK11/12ac Transcriptional activation
H2BK15/16ac Transcriptional activation
H2BK20ac Transcriptional activation
H2BK120uq Spermatogenesis/meiosis
H2BK123ug Transcriptional activation

* Modifications on the N-terminal ‘tail’ regions histones

e Accessible on surface
Lawrence, Daujat & Schneider, Trends Genet. 32(1):42-56 (2016)



Histone Tall Modifications

Histone [Modification [Role _________________[Histone Modification [Role

H3K4me?2
H3K4me3

H3K9me3

H3R17me
H3K27me3

H3K36me3
H3K4ac

H3K9ac

H3K14ac
H1K18ac
H3K23ac
H3K27ac
H3T3P
H3S10P
H3T11/S28P

Permissive euchromatin

Transcriptional elongation;
active euchromatin

Transcriptional repression;
imprinting; DNA methylation
Transcriptional activation

Transcriptional silencing; X-inactivation;
bivalent genes/gene poising

Transcriptional elongation
Transcriptional activation

Histone deposition;
transcriptional activation

Transcriptional activation; DNA repair
Transcriptional activation; DNA repair; DNA replication
Transcriptional activation; DNA repair
Transcriptional activation
Mitosis

Mitosis; meiosis; transcriptional activation

Mitosis

H4R3me
H4K20me1
H4K20me3

H4K5ac

H4K8ac

H4K12ac

H4K16ac
H4S1P

Lawrence, Daujat & Schneider, Trends Genet. 32(1):42-56 (2016)

Transcriptional activation
Transcriptional silencing
Heterochromatin

Histone deposition; transcriptional
activation; DNA repair

Transcriptional activation; DNA
repair; transcriptional elongation

Histone deposition; telomeric
silencing; transcriptional
activation; DNA repair
Transcriptional activation; DNA repair

Mitosis



Histone globular domain Modifications
Histone |Site _|Modification

H3Y41

Central globular domains H3R42
of histones contain Egg‘;
modification sites HaKEE
H3K56

H3K64

Histone [Site___|Modification HaK64
H2AK36 Acetylation H3K79

H2AK99 Methylation H3K115

H2AQ105 Methylation H3T118
H2AK119 Acetylation H3K122

H2AK119 Ubiquitylation H4K31

H2BK40 Methylation H4S47

H2BK82 Acetylation H4K59

H2BR96 Methylation HAK77

H2BK105 Acetylation H4K79

H2BK113 Acetylation H4K91

H2BK117 Acetylation H4R92

Lawrence, Daujat & Schneider, Trends Genet. 32(1):42-56 (2016)

Phosphorylation
Methylation
Phosphorylation
Methylation
Acetylation
Methylation
Acetylation
Methylation
Methylation
Acetylation
Phosphorylation
Acetylation
Acetylation
Phosphorylation
Methylation
Acetylation
Acetylation
Acetylation
Methylation



Histone globular domain Modifications

Flexible N-terminal histone tails

Crystal structure of a
histone octamer.

H3 histones in light blue H3R42  h3K122
and purple.

DNA in grey.

Sy,

H3K64

Histone globular
domains

H3K79

Trends in Genetics

Lawrence, Daujat & Schneider, Trends Genet. 32(1):42-56 (2016)



Modifications within the Globular Domains

Nucleosome

Transcription:-

Gene activation
Transcriptional atﬁvl
H3K122
Y /O
— ()

Apoptosis

Transcription
Nucleosome

Active chri
Telomeric Tra nscriptioni.

activation of rD

Nucleosome reposi
Binding to chaperot

Replication-coupl
Schematic of o damage
I_OC a‘t | ons & Transcription .

Functions of Key
Modifications

Lawrence, Daujat & Schneider, Trends Genet. 32(1):42-56 (2016)



DNA Methylation

DNA methylation

Cytosine MeC

NH, NH,

| =N | =N
u&o > ”J\O

* Methylation at cytosine bases

* Methyl group added at the 5 position on the pyrimidine ring by a
* DNA methyltransferase (DNMT)

* A fifth nucleotide?

Day & Sweatt, Nature Neuroscience 13, 1319-1323 (2010)



DNA Methylation

anNMf

\ 5 ---CGCGCG--- &

3’ ---GCGCGC--- 5

5 ---CGCGCG--- 3

3" ---GCGCGC--- &
De novo Maintenance
methylation methylation

* 2 types of DNMTs initiate

* De novo DNMTs methylate previously nonmethylated cytosines

* Maintenance DNMTs methylate hemi-methylated DNA at the complementary
strand.

Day & Sweatt, Nature Neuroscience 13, 1319-1323 (2010)



DNA Methylation

<;§HDN M?
'_"'\ 5’ --CGCGCG~ 3’

| 3’ ---GCGCGC--- 5

5 ---CGCGCG--- &'

3 ---GCGCGC--- 5’ mf_'aj"ﬁ]f&i'r
De novo Maintenance
methylation methylation

* Predominantly at CpG dinucleotides 5’ CPG 3’

e CpG, 5'—C—phosphate—G—3’ , ,
e Palindromic 3 GpC S

Day & Sweatt, Nature Neuroscience 13, 1319-1323 (2010)



DNA Demetnhylation

DNMT TET TET
NH, NH,, OH NH, NH ) NH;
°  SAM - 0,.a-KG | 0, a-KG T : O.. a-KG
L. &v . ;o Lﬁ» r; Ko LT» r; .
: SAH : CO,. Succinate CO,. Succinate CO,. Succinate
C SmC ShmC 5fC 5caC

TET protein family enzymes
e 5MC

* 5-hydroxymethyl cytosine (5hmC),
e 5-formylcytosine (5fC)
e 5-carboxylcytosine (5caC)

SAM, S-adenosylmethionine (methyl donor)
SAH, S-adenosylhomocysteine

TET (ten-eleven translocation)
Wu & Zhang Cell 156 p. 45 (2014)



DNA Demetnylation

Passive restoration of cytosine by replication-dependent dilution
DNMTS3A/B e il
replication (!m:ﬁ' r
( DNMT3L; - CpG- -"CpG- Maintenance
-GpC- > -GpC - methylation

_CpG_ " -meG- m

-GpC- s P -GpCm- -CpG- 3 -CpG- Passive dilution
methylation -GpC - -GpC_-  of SmC (PD)
smC
TET) | oxidation

¥ _h/t/canG_ ? _h/frcanG_

_h/f/canG_ 'GpC- - -GpCm-
'Gpch/f/m' -CpG- - -CpG- Passive dilution
f oxidized S5SmC

_GpCh/f.fca_ _GpCWf/Ca- ?Al\(lzﬁl:)[')fe "

Replication-dependent passive dilution (PD) of 5mC occurs in the absence of
the DNA methylation maintenance machinery (DNMT1/ UHRF1).

Wu & Zhang Cell 156 p. 45 (2014)



DNA Demetnylation

Passive restoration of cytosine by replication-dependent dilution

DNA DNMTH1
DNMT3A/B S
o replication _meG_ (!“I:Ii' _meG_ TR
( j -GpC- > -GpC - methylation

_CpG_ " -meG- m

-GpC- s [ . -GpCm- -CpG- 3 -CpG- Passive dilution
methylation -GpCm- -GpCm- of SmC (PD)
SmC
TET) | oxidation
‘ _h,f/CJCpG_ ? ;h/T CLICpG_
_h/t./canG_ -GDC' -Gpcm-

-GpCh/f/ca- -CpG- - -CpG- Passi_ve dilution
_GpCh/f.ca- -GpCh flca ?/{[\'ai(plfgi()d e

Active modification (AM) followed by passive dilution (AM-PD). 5mC oxidation
derivatives, 5hmC (h) (potentially 5fC [f] and 5caC [ca]) may facilitate passive

demethylation as hemihydroxymethylated CpGs is an inefficient substrate for DNMT.
Wu & Zhang Cell 156 p. 45 (2014)



DNA Demetnhylation

Active restoration of cytosine by iterative oxidation and
base excision repair (AM-AR)

Y AR A

; igﬂ

O
- -— I
H a

-~

21 distinct cytosine modification = *-
states of CpG dyads

.}}.-.-

5-XpG-3° 3-GpX-5

X=Cytosine (c), 5mC (m), 5hmC (h), o
5fC (f), 5caC (ca), Abasic (ab) R,

¥

l--

’

e Schematic diagrams of replication-independent DNA demethylation within CpG

dyads. TET and TDG mediate sequential 5mC oxidation and 5fC/5caC excision.
* The resulting abasic site is repaired by BER to regenerate unmodified cytosines.
e 21 Iintermediate states shown.

Wu & Zhang Cell 156 p. 45 (2014)



DNA Demethy

After fertilization

e Paternal 5mC rapidly
oxidized to 5hmC/5fC/ 5caC
by TET3 proteins.

Early preimplantation
embryos

e Oocyte-derived DNMT1o0 is
largely excluded from
nucleus (dash line) and
conseqguently maintenance
methylation is inefficient.

e Oxidized 5mC bases in the
paternal genome and 5mC
In the maternal genome are
passively diluted.

Wu & Zhang Cell 156 p. 45 (2014)

ation

Changes in cytosine modifications & relevant
enzymes during preimplantation development
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DNA Demethy

After implantation

* DNA methylation pattern is
reestablished by DNMT3A/
3B in inner cell mass (ICM)
cells, but not in
trophectoderm (TE) cells.

* Ground-state pluripotent
embryonic stem cells (ESCSs)
genome is hypomethylated
(5mC: 1% of all C) & more
similar to the methylome of
preimplantation ICM cells.

* Primed ESCs (serum)
possess a methylome (5mC:
4% of all C) that recapitulates
overall methylation pattern in
epiblast cells.

Wu & Zhang Cell 156 p. 45 (2014)

ation

Changes in cytosine modifications & relevant
enzymes during preimplantation development
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Fertilization
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Paternal:

Implantation

* Primed
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(serum)

Early pre-implantation
embryos

Ground state
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Levels of
5hmC/ 5fC/ 5caC  Level of 5mC
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DNMT3A
DNMT3B
DNMT1o0
DNMT1
UHRF1
TET1/2
TET3

TDG

Oocyte

1-cell

zygote 2-cell 4-cell 8-cell Morula Blastocyst Epiblast
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Nature 489, 52-55 (2012)




Enhancers
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Enhancer A

N

 Enhancers contain binding site sequences for transcription factors (TFs).
e Can upregulate the transcription of a target gene from its transcription start site (TSS).

e Along the linear genomic DNA sequence, enhancers can be located at any distance
from their target genes, which makes their identification challenging.

at N-terminal tails

OO°° Activating TFs . Repressive TF ° H3K27ac O H3K4mel M Histones modified

mmmmmmmm TF motif occurences © H3K27me3 @ H3K4me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



Enhancers

Tissue A Enhancer A activity

pattern in Tissue A

* Brought into proximity of ,))b,D)ED L7 R
their respective target

promoters by looping

* Enhancers
* Bound by activating TFs

* May be mediated by
cohesin and other protein
complexes.

Tissue B Enhancer B activity
pattern in Tissue B

3

OO.. Activating TFs ’ Repressive TF © H3K27ac O H3K4mel Tﬁ Histones modified

mmmmmmmm TF motif occurences © H3K27me3 @ H3K4me3 at N-terminal tails

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



Enhancers

Tissue A

Enhancer A activity
pattern in Tissue A

2

* Active promoters and
enhancers

» Depletion of RPIRICN.
nucleosomes e
» Nucleosomes that flank
active enhancers show
SpeC|f|C hlStOne Tissue B Enhance.rBactivity
o . pattern in Tissue B
modifications,(eg. |

H3K4me1) and H3K27
acetylation (H3K27ac).

.V

O.. Activating TFs . Repressive TF © H3K27ac O H3K4mel Tﬁ Histones modified

mmmmmmmm TF motif occurences © H3K27me3 @ H3K4me3 at N-terminal tails

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



* |nactive enhancers may
be silenced by different
mechanisms

» Polycomb protein-
associated repressive
H3K27me3 mark

» Repressive TF binding —p

Enhancers

Tissue A

Tissue B

Enhancer A activity
pattern in Tissue A

5

Enhancer B activity
pattern in Tissue B

O

<|“

OO‘. Activating TFs

Emmmmmmm TF motif occurences

. Repressive TF

© H3K27me3

© H3K27ac

O H3K4mel

@ H3K4me3

W

Histones modified
at N-terminal tails

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



Chromatin accessibility

Chromatin as accessibility barrier
-
- Open or
Closed accessible

Densely positioned nucleosomes can Nucleosome-free regions can be
restrict access for bound

e transcription factors
CCCTC-binding factor (CTCF)
RNA polymerase Il (Pol Il

other proteins.

.. DNA-binding proteins: H3K4me1l H3K27
O°° TFs (I O DN:(A.\fbmdlng OOO TFs, CTCF, repressors o e ° o
motits and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



Chromatin accessibility

Chromatin as accessibility barrier

OC@O

O
-« ) pen or
Closed accessible

Transition from ‘open’ to ‘closed’ chromatin, and vice versa determined by regulatory
proteins, including pioneer transcription factors. Insulator proteins (for example, CTCF)
and other architectural proteins also bind to open regions, and they make up a
substantial proportion of sites that are accessible across multiple cell types.

. DNA-binding proteins: H3K4me1l H3K27ac
000 7 mmm DL Q@@ Th CTChreprewors g :
motifs and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)



Chromatin accessibility

Active enhancer

Enhancer

e Histones flanking active enhancers
often marked by

» H3 acetylated at lysine 27

(H3K27ac)
» H3 monomethylated at lysine 4
(H3K4me1).
L DNA-binding proteins: H3K4me1l H3K?27
O°° TFs () DNAfbmdmg OOO TFs, CTCF, repressors 9 me ° ac
motifs and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)




Chromatin accessibility

Active promoter

Core promoter

» Active promoters (depicted as Pol |l
bound) flanked by nucleosomes with

» H3K27ac
» H3K4me3.
.. DNA-binding proteins: H3K4me1l H3K27
O°° TFs (I O DN:(A.\fblndlng QOO TFs, CTCF, repressors o e ° o
motifs and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)




Chromatin accessibility

Closed or poised enhancer

 Active H3K4me1

* Repressive Polycomb protein-
associated H3K27me3

.. DNA-binding proteins: H3K4me1l H3K27
O°° TFs (I O DN:(A.\fbmdlng QOO TFs, CTCF, repressors o e ° o
motits and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)




Chromatin accessibility

" Primed enhancer

Enhancer

 Enhancers that are not yet active but
that are primed for activation

» at a later developmental time point
» In response to external stimuli
e Can be pre-marked by H3K4me1.

.y DNA-binding proteins: H3K4me1l H3K27
O00 Tr [ () DNf.\fbmdlng OO O TFs, CTCF, repressors o e ° o
motifs and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)




Chromatin accessibility

Latent enhancer

Stimulus
— —

Enhancer

» DNA becomes accessible
e [ atent enhancers _
» flanking nucleosomes

acquire marks
» not pre-marked by known histone e H3K4me1
modifications.

» located in closed chromatin

* H3K27ac
.. DNA-binding proteins: H3K4me1l H3K27
O°° TFs () DNAfbmdlng OOO TFs, CTCF, repressors o me ° o
motits and polymerases @ H3K4me3 Q H3K27me3

Shlyueva, Stampfel & Stark, Nature Reviews Genetics 15, 272-286 (2014)




Epigenetic Signals

Trans epigenetic signal

E.q. Regulatory loop, epigenetic signal induces own expression

* Non-sequence-based regulatory signals be inherited across mitosis or/and
meiosis. Trans signals are unlinked to the DNA.
* Transmitted by partitioning of the cytosol during cell division and maintained

by feedback loops.
Bonasio et al., Science 330:612-616 (2010)



Epigenetic Signals

F Cis epigenetic signal

* Cis signals (yellow flags) are molecular signatures physically associated with
the DNA

* Inherited via chromosome segregation during cell division.

Bonasio et al., Science 330:612-616 (2010)



DNA Methylation

* Genomic Imprinting (inherited methylation)

e X inactivation (silencing of 1 of 2 X chromosomes in
females)

* Gene expression in different tissue

* Methylation changes (cancer cells) Transposition
protection

» Silencing



Effects of Chromatin Modifications

Gametes
Establishment of
Sperm parental chromatin
® marks required for
Egg genomic imprinting
Adult Zygote
Adult neuronal plasticity and Active genome-wide
neurogenesis oo de{nethlylatlon olf
&J}% Changes in chromatin marks and patérnal pronucieus
# transcriptional networks associated
77 =_ with sustained neuronal activity,
° \mood disorders and addiction
Embryo

Somatic tissues
& Changes in chromatin

4 Y\ | associated with loss of
Tuvenile «_i_ pluripotency, lineage
== restriction and cell
Perinatal environmental influence differentiation
Possible influence of diet, stress and : Possible influence of
enriched environment on transcriptional t maternal diet, stress and

: networks and chromatin composition endocrine disruptors

Primordial germ cells
Genome-wide DNA
demethylation and erasure
of parental chromatin marks

Dulac, Nature 465, 728-735 (2010)



Imprinting

Definition

Process that results in diploid cells expressing a small subset of genes from only
their maternal- or paternal-inherited chromosome

E.g. in mourse: insulin-like growth factor type 2 receptor (/gf2r, cation-
iIndependent mannose-6-phosphate receptor, a scavenger receptor for the /gf2
growth hormone) identified as a maternally expressed imprinted gene using the
maternal-effect mutant that mapped to mouse chromosome 17.

In somatic tissues the result is monoallelic expression.

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)
Barlow et al., Nature 349:84—87 (1991)



Imprinting

Clusters with imprint control elements (ICE) identified

Parental

Parental ICE effect of
Imprinted gene Cluster Gene expression M: Imprint control size ICE
cluster? size (kb) N~. Mat, P: Pat element (ICE) Reference (kb) deletion
Igf2r 490 + 3M(pc)/1P(nc) Region2 (153) 3.9 Pat
chr17:12,875,272
Kcngl 780 12 11M(pc)/1P(nc) KvDMRI1 (39) 1.1 Pat
chr7:150,293,159
Pws/As 3700 >gb 2M(pc)/>7P(nc+pc) | Surpn-CGI (17) 4.8 Pat
chr7:67,127,388
Gnas 80 >4b 2M(pc)/3P(nc) Nespas-DMR (150) 1.6 Pat
chr2:174,153,609
Igf2 80 3 1M(nc)/2P(pc) H19-DMD (139) 1.6 Mat
chr7:149,836,673
Dik1 830 >5b >1M(nc)/4P(pc) IG-DMR (75) 4.2 Mat
chr12:110,691,433
Grb10 780 4 2M(pc)/2P(pc) Meg1/Grb10 (129) 1.0 Pat
chr11:11,830,502 DMR

ICE, short DNA sequence whose epigenetic state controls imprinted expression
of all genes in one imprinted cluster, also known as ICR, IC

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Igf2 imprinted gene cluster (Chr7 19p rl n tl n g

H19 ncRNA (2.6kb spliced)

no repressor function Igf2
-
v/
= 2s.
Igf2as <

ncRNA

The unmethylated imprint control element (ICE) active (oval with white center) on
one parental chromosome and required for ncRNA expression and silencing of
flanking protein-coding genes

A gametic DNA (gDMR) methylation imprint represses the ICE on the opposite
parental chromosome ( gray oval with star).

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Igf2 imprinted gene cluster (Chr.7: 19p g
: @ . It

H19 ncRNA (2.6kb spliced)
no repressor function Igf2

PAT

* /Qr‘;

Igf2as
ncRNA

H719 ncRNA controlled by the ICE but not required for silencing

Unmethylated ICE binds insulator proteins (1) that block access of the flanking
protein-coding genes to an essential enhancer (E). .

Key
O Active unmethylated ICE 1 Normal expression Grey font: ML imprinted
expression

o Repressed DNA methylated ICE (gDMR) ‘ Low expression from repressed

i _ parental allele Black font: EXEL imprinted
Paternal-specific feature m Biallelic expression (gene names expression

» Maternal-specific feature are not shown) ML, multilineage

# sDMR /> Macro-ncRNA ® Repressed imprinted expression EXEL’ extraembryonic

meages

Barlow, Annu. Rev. Genet. 45:379—403 (2011)




Imprinting
Igf2r imprinted gene cluster (Chr.17: 500kb)

&

Slc22a3 Slc22a2 Igfar

PAT :- —,,,,,,,_ I 8 *:-:

Airn ncRNA (118kb)
represses 3 genes in cis

Macro ncRNA controlled by the active ICE (Airn) is responsible for silencing
multiple flanking protein-coding genes.

Key
O Active unmethylated ICE 1 Normal expression Grey font: ML imprinted
expression

° Repressed DNA methylated ICE (QDMR) ‘ Low expression from repressed

i _ parental allele Black fo_nt: EXEL imprinted
Paternal-specific feature m Biallelic expression (gene names expression

»  Maternal-specific feature are not shown) ML, multilineage

# sDMR > Macro-ncRNA u Repressed imprinted expression FXEL’ extraembryonic

meages

Barlow, Annu. Rev. Genet. 45:379—403 (2011)



Kcnq1 imprinted gene cluster (Chr.7: 850kb)

Imprinting

%,

>
MATIm—:Im
7 Y
C

e, B0, o, %
%L Oqodz:@; e e

t > >

LIRSS § g

Kcnq1ot1 ncRNA (64kb)
represses 11 genesincis

Similarly for Keng1 & Gnas

Macro ncRNA controlled by
the active ICE (Kcnglot1 or

Nespas)

Gnas imprinted gene cluster (Chr.2: 110kb)

+>
Gnas-nes e GnasaN1, Gnasa

PAT

Nespas ncRNA (>14kb) Gnas-ex1A ncRNA
represses 2 alternative promoters in cis

Key
O Active unmethylated ICE 1 Normal expression

° Repressed DNA methylated ICE (QDMR) * Low expression from repressed
~ parental allele

B Paternal-specific feature g .
pe B Biallelic expression (gene names

»  Maternal-specific feature are not shown)
* sDMR /> Macro-ncRNA ¥ Repressed imprinted expression

Grey font: ML imprinted
expression

Black font: EXEL imprinted
expression

Barlow, Annu. Rev. Genet. 45:379—403 (2011)




imprinting

(7) Maternal and paternal parent
produce gametes thatcarry imprint
control element (ICE) DNA
methylation imprints.

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)

Female parent

Zygote
/- Paternal pronucleus
Maternal pronucleus

Blastocyst
( % Inner cell mass
Primitive
endoderm
Trophectoderm
Early postimplantation embryo (6.5 dpc)

Extraembryonic
precursor
Embryonic
precursor

8.5 dpc (development of extraembryonic
placenta and membranes)

Placenta

Spiral
arteries

Maternal

tissues ‘

Decidua

Maternal
blood sinus

TG Sp L EB
I

&>

Male parent
1 ICE DNA methylation
imprints established in

haploid gametes during
gamete maturation

Gamete maturation
after birth (3-4 weeks)

r-
Ev-w
o

Three-week
gestation period

Visceral extraembryonic
5&\‘ mesoderm (VM)

Djspasgll X
digestion Blood island (BI)
Mechanical

Visceral extraembryonic
endoderm (VE)

Germ cells

Placenta IAmnion VYS PYSI

Extraembryonic membranes



Imprintingﬂ

2. Imprint maintained on the
same parental chromosome
during mitosis in diploid cells of
the developing embryo.

The unmethylated ICE is active,
but its activity requires additional
developmentally regulated and
tissue-specific factors.

Female parent Male parent

Zygote 1 ICE DNA methylation
Paternal pro imprints established in
Maternal pro haploid gametes during

gamete maturation

Morula

/ QQV 2 |ICE imprint maintained

through mitosis on the same
Blastocyst parental chromosome

nnnnnn Il mass in diploid cells
zné"c,&‘éfm Gamete maturation
after birth (3-4 weeks)

Trophectoderm

Early postimplantation embryo (6.5 dpc)

Extraembryonic

precursor

brecursor G-~
G o~

8.5 dpc (development of extraembryonic Q A & A
placenta and membranes) @,
. N n
I [ (& 2

Three-week
gestation period

Visceral extraembryonic
g mesoderm (VM)

Visceral extraembryonic
endoderm (VE)

TG Sp L EB
I

Placenta I Amnion  VYS PYSI

Extraembryonic membranes

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Imprmtmgﬂ

(3) Imprinted expression is gained
during different stages of
development and only in some
tissues.

Some genes show multilineage (ML)
imprinted expression (i.e., imprinted
expression in embryonic,
extraembryonic, & adult cell lineages).

Remainder show imprinted expression
in the extraembryonic lineages (EXEL)
(i.e., the placenta and membranes),
but are expressed from both parental
chromosomes in embryonic and adult
tissues

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)

&> @Wv

Female parent Male

Zygote
/- aaaaaa | pronucleus
aaaaaa | pronucleus

1 ICE DNA methylation
imprints established in
haploid gametes during
gamete maturation

2 ICE imprint maintained
through mitosis on the same
parental chromosome

Blastocyst

Inner cel Il mass in diploid cells

::ggg;sm Gamete maturation
after bir

Trophectoderm

Early postimplantation embryo (6.5 dpc)

Extraembryonic
precursor
Embryonic
precursor

8.5 dpc (d elopment of extra mbry
enta and membranes)

3 Gain of imprinted
expression at variable times
during development
in some, but not all, tissues

Placenta

3 vYs

| (R £ f ) [—rrs
\ \

: - . Embryo

13.5 dpc embryo and extraembryonic tissues

Visceral extraembryonic

rrrrrrrr \‘ mesoderm (VM)
2

O\
Mat | \
tis: Blood island (BI)
Decidua
Materna .
blood sinus isceral extraembryonic

endoderm (VE)

TG Sp L EB
I

Placenta I Amnion  VYS PYS]

Extraembryonic membranes



imprinting

(4) Silent imprinted protein-
coding genes only rarely gain
DNA methylation, and this
occurs late in development.

Female parent Male parent
Zygote 1 ICE DNA methylation
Paternal pronucieus imprints established in
Maternal pronucleus haploid gametes during
Morula gamete maturation

°5%9)
/- %’9‘?’ 2 ICE imprint maintained

through mitosis on the same

Blastocyst parental chromosome
Inner cell mass in diploid cells
z:g’;g;‘:m Gamete maturation
after birth (3-4 weeks)
Trophectoderm

Early postimplantation embryo (6.5 dpc)

f,’,‘,f,'cie,’;‘o‘:"”" 3 Gain of imprinted

expression at variable times
Embryonic during development Q Q
precursor in some, but not all, tissues 2 ;

=, o

8.5 dpc (development of extraembryonic g A Q A
placenta and membranes) @’

Three-week
4 Gain of somatic DNA gestation period

methylation imprints rarely

occurs on silent imprinted
protein-coding genes

Spiral

arteries Visceral extraembryonic

a‘ mesoderm (VM)

S

\-. -
S NN

) N
lepa§
digestion Blood island (BI)
Mechanical
separation

Maternal
tissues
Decidua ’
Maternal .
blood sinus Visceral extraembryonic

Germ cells endoderm (VE)

TG Sp L EB
I

Placenta IAmnion VYS PYSI

Extraembryonic membranes

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



imprinting

(5) Embryonic germ cells are
indicated where the ICE DNA

methylation imprint is erased by
12.5 dpc.

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)

Morula

@;
O

Blastocyst

Inner cell mass
Primitive
endoderm

Trophectoderm

Zygote
/- Paternal pronucleus
Maternal pronucleus

Female parent Male parent

1 ICE DNA methylation
imprints established in
haploid gametes during
gamete maturation

2 |CE imprint maintained
through mitosis on the same
parental chromosome
in diploid cells

Early postimplantation embryo (6.5 dpc)

Extraembryonic
precursor
Embryonic
precursor

8.5 dpc (development of extraembryonic
placenta and membranes)

Spiral
arteries

Maternal
tissues

Decidua

Maternal
blood sinus

TG Sp L EB
I

Placenta

3 Gain of imprinted
expression at variable times
during development
in some, but not all, tissues

4 Gain of somatic DNA
methylation imprints rarely
occurs on silent imprinted

protein-coding genes

Germ cells

Gamete maturation
after birth (3-4 weeks)

E-G-

ot

GZZ}Q&%

Three-week
gestation period

Visceral extraembryonic
R mesoderm (VM)
A\
-\\\-/’\

. 0
lepagell R
digestion Blood island (BI)
Mechanical

Visceral extraembryonic
endoderm (VE)

, Amnion VYS PYSI

Extraembryonic membranes

5 ICE DNA methylation
imprints are erased in germ
cells by 12.5 dpc




Imprmtlng

Normal diploid somatic cells

-

' Y . ~ | ch
A dOUb|e—nega’[|Ve b e Paternal chromosome
meChanism- |CE iS g ———————— |CE _____ ’_ ..... ’_

methyl-sensitive,

cis-acting repressor
& macro nCRNA Maternal chromosome
activator

Paternal chromosome: The ICE represses a cluster of protein-coding genes in cis

A — M| CE —_— —

Maternal chromosome: DNA methylation represses the ICE and flanking genes are expressed

e Paternal chromosome

» Unmethylated ICE necessary for expression of a macro ncRNA
» Silencing a cluster of flanking protein-coding genes in cis

Key
QO Active unmethylated ICE 1 Normal expression

° Repressed DNA methylated ICE (DMR) * Low expression from
" repressed allele

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Imprmtlng

Normal diploid somatic cells

-

A double—negative S 'f" . . Paternal chromosome
meChanlsm |CE |S e ————————— ICE _____ ’— _____ ’—

methyl-sensitive,

cis-acting repressor
& macro nCRNA Maternal chromosome
activator

Paternal chromosome: The ICE represses a cluster of protein-coding genes in cis

A Me|CE —_ —>

Maternal chromosome: DNA methylation represses the ICE and flanking genes are expressed

* Maternal chromosome
ICE repressed by gametic DNA methylation imprint (MelCE)
» macro ncRNA is also repressed
» flanking protein-coding genes are expressed

Key
QO Active unmethylated ICE 1 Normal expression

° Repressed DNA methylated ICE (QDMR) * Low expression from
" repressed allele

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Imprlntlng

Normal diploid somatic cells

" ' ' 'o'o *‘ '~~~ |
A dOUb|e—nega’[|Ve o S Paternal chromosome
meChanlsm |CE |S € ~mmmmmm————- ICEl . . . - ’— _____ ’_

m'ethyljse nsitive ’ Paternal chromosome: The ICE represses a cluster of protein-coding genes in cis
cis-actin g repressor

& Macro nCRNA Maternal chromosome
activator

A Me|CE —  e—

Maternal chromosome: DNA methylation represses the ICE and flanking genes are expressed

Double negative: DNA methylation represses a repressor

Key

QO Active unmethylated ICE 1 Normal expression

° Repressed DNA methylated ICE (DMR) * Low expression from
" repressed allele

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



Imprinting

Mouse mutants lacking DNA methylation

A double-negative SN ST, -

. , = % ;sé Paternal chromosome
mechanism. ICE is — S —
methyl-sensitive, Tt ICE [%.,:\.E """ B isenes >

cis-actin g repPressor rtheice represses flanking protein-coding genes on both parental chromosomes
& macro ncRNA P

: S . . Maternal chromosome
activator —_— N\ g L
- ---————-— ICE ————— > |  mmm-- >

* Absence of DNA methylation
» |ICE is active on each parental chromosome
» ncRNAs biallelically expressed
» both ML- and EXEL-protein-coding genes are biallelically repressed.

Key
O Active unmethylated ICE 1 Normal expression

o Repressed DNA methylated ICE (QDMR) * Low expression from
" repressed allele

Barlow, Annu. Rev. Genet. 45:379—-403 (2011)



X Inactivation

* One X is inactivated (females)

* DNA methylation at all CpG islands

e |nactive X chromosome
DNA (blue).

e Red staining is bound
Xist RNA involved in the
heterochromatin
formation process.

Cooper & Hausman, The Cell, 3rd edition, ASM Press and Sinauer Associates, Inc (2003)
Figure 6.35



Epigenetics and Cancer

SMARCBH1 Paediatric malignant rhabdoid tumours
SMARCA4 Lung adenocarcinoma, Burkitt lymphoma, medulloblastoma
PBRM1 Clear cell renal carcinoma

Ovarian clear cell carcinoma, hepatocellular carcinoma, colorectal

ARID1A )
cancer, lung adenocarcinoma

ARID1B, ARID2 Hepatocellular carcinoma, melanoma, pancreatic cancer, breast cancer
SMARCD1 Breast cancer
SMARCE1 Clear cell meningioma
ATRX Paediatric glioblastoma, pancreatic neuroendocrine tumours
Paediatric glioblastoma, pancreatic neuroendocrine tumours

Neuroblastoma, glioma, breast, lung, colon, ovary, prostate
cancers

Chronic lymphocytic leukaemia

Gastric, colorectal, prostate, breast, bladder, serous
endometrial cancers

CHD1, CHD3, CHD4, CHD6, CHD7, CHDS8

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

T cell lymphoma, myeloid malignancies including acute
myeloid leukaemia

DNMT3A

DNMT1 Colorectal cancer

T cell lymphoma, myeloid malignancies including acute

TET2 myeloid leukaemia

TET1, TET3 Colorectal cancer, chronic lymphocytic leukaemia

MBD1, MBD4 Colorectal cancer, lung adenocarcinoma, breast cancer, melanoma

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

Diffuse large B cell ymphoma, follicular lymphoma, small-
cell lung cancer, transitional cell bladder cancer, serous
endometrial cancer, pancreatic cancer

Diffuse large B cell ymphoma, follicular lymphoma, small-
CREBBP cell lung cancer, transitional cell bladder cancer, ovarian
cancer, relapsed acute lymphoblastic leukaemia

HDAC2 Colorectal cancer
HDAC4 Breast adenocarcinoma

HDAC9 Prostate adenocarcinoma

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

MLL Myeloid and lymphoid leukaemias, majority of infant acute lymphoblastic
leukaemia, solid tumours (colorectal, lung, bladder, breast)

Non-Hodgkin lymphoma (90% of follicular lymphoma, one-

MLL2 third of diffuse large cell lymphoma)

MLL3, MLL4 Solid tumours: bladder, lung, endometrial, hepatocellular
SETD1A Gastric adenocarcinoma, breast cancer, chronic lymphocytic leukaemia

PRDM9 Head and neck squamous cell carcinoma

MLL Myeloid and lymphoid leukaemias, majority of infant acute lymphoblastic
leukaemia, solid tumours (colorectal, lung, bladder, breast)

Acute myeloid leukaemia, head and neck squamous cell carcinoma,
endometrial carcinoma, melanoma, colorectal cancer, multiple myeloma

Paediatric acute lymphoblastic leukaemia, colorectal cancer, melanoma

Renal cell carcinoma, early T cell precursor acute lymphoblastic
leukaemia, high-grade glioma

KDM5C (JARID1C) Renal cell carcinoma

SETD2

Multiple myeloma, oesophageal squamous cell carcinoma, renal cell
carcinoma, medulloblastoma, prostate, transitional cell bladder cancer

KDM6A (UTX)

Diffuse large B cell ymphoma

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)
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T cell acute lymphoblastic leukaemia, acute myeloid leukaemia
Acute myeloid leukaemia
NUT midline carcinoma

Hepatocellular carcinoma

Melanoma, oesophageal squamous cell cancer, acute lymphoblastic
leukaemia

Paediatric glioblastoma, diffuse intrinsic pontine glioma, giant cell
tumour of bone

Chondroblastoma

HIST1H3B Paediatric glioblastoma, diffuse intrinsic pontine glioma

HIST1H1B Chronic lymphocytic leukaemia, follicular lymphoma, colorectal cancer

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

Oncogene A gene whose activation by mutation is advantageous to  MYC, KRAS, PIK3CA,
the cancer cell. Acts as dominant ABL1, BRAF
A gene whose inactivation by mutation is advantageous 121 T3, WiT, NFT,
Tumour suppressor gene J y ad NF2, VHL, APC,
to the cancer cell. Generally acts as recessive CDKN2A

Driver aene A gene whose mutation or aberrant expression is subject Myc, KRAS, PIK3CA,
g to selection during tumorigenesis ABL1, RB1, TP53, WTT

Estimated as 99.9%

Passenger gene A gene mutated in cancer that is not a driver of all mutational
changes in cancer

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

 cs | oetmtion | Examples _

A gene, mutated or not, that activates or IDH1/2. KRAS, APC.
Epigenetic modulator represses the epigenetic machinery in TP53, STAT1/3, YAP1,
cancer crer

o SMARCA4, PBRM1,
A gene, mutated or not, that modifies DNA  xrip1a ARID2, ARID1B,

Epigenetic modifier methylation or chromatin structure or its DNMT3A, TET2,
interpretation in cancer SETOD Eoh5 BROA
A gene regulated by an epigenetic modifier
0 J y an epig OCT4, NANOG,

Epigenetic mediator INn cancer (mutations rare or absent) that

: : : LIN28, SOX2, KLF4
increases pluripotency or survival

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

(Mutation ) (Environmentalfactors) ( Ageing )

|

Epigenetic modulators
APC, STAT3, etc.

* Aging, inflammation and chronic 1
exposure to carcinogens impinge Epigenetic modifiers
on epigenetic modulators T2, ARIDIA, BRO4, etc. \
' ' ' Nucl LOCK
* Epigenetic modulatorg fine tune ctructore | andLADS  Transcrlotionl
and regU|ate the funCUOn Of Entropy and stochasticity noise and
S

epigenetic mediators whose
gene prOdUCtS regL'”ate Epigenetic mediators

' (formerly termed tumour progenitor genes)
d evelopmental pOtentl al ' OCT4, NANOG, LIN28, SOX2, KLF4, etc.

1

* Impaired differentiation
* Erosion of barriers against dedifferentiation

: : - \ super-enhancer
epigenetic modifiers \ / -
» change in the expression of /

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

(Mutation ) (Environmentalfactors) ( Ageing )

|

Epigenetic modulators
APC, STAT3, etc.

 Mutations in modulators and

modifiers are often selected for 1
: Epigenetic modifiers
during cancer development. TET2, ARID1A, BRD4, etc.
» increased cell proliteration Nuclear | LOCKs \
S

. structure | and LADs Transcriptional
4 UﬂSCthUled eXpreSSIOﬂ Of Entropy and stochasticity noise and
media’[ors \ v super-enhancer
Feedback

+ inhibit differentiation /
e promote epigenetic plasticity *’ *’

by affeCting the epigeﬂe’[ic Epigenetic mediators

e : (formerly termed tumour progenitor genes)
modulators and modifiers in OCT4, NANOG, LIN28, SOX2, KLF4, etc.
a feedback loop. |
[ * Impaired differentiation j
* Erosion of barriers against dedifferentiation

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)



Epigenetics and Cancer

( Mutation ) (Environmentalfactors) ( Ageing )
* The mechanism of epigenetic |
|nStab|||ty inVOlveS the erOSion Of Epigenetic modulators
: : : C APC, STAT3, etc.
barriers against dedifferentiation, |

» large organized chromatin K9 Epigenetic modifiers

modifications (LOCKS) TET2, ARID1A, BRD4, etc. \

overlapping with Nuclear | LOCKs
structure | and LADs Transcriptional
» lamina-associated domaing  Entropyand stochasticity noise and
 J super—enhancers

(LADSs) \ : / Feedback
 Emergence of hypomethylated |
blocks that contain the most -
variably expressed domains of the Epigenetic mediators

(formerly termed tumour progenitor genes)

tumor genome and interfere with OCT4, NANOG, LIN28, SOX2, KLF4, etc.
normal differentiation. 1
[ * Impaired differentiation j
* Erosion of barriers against dedifferentiation

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)
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(Mutation ) (Environmentalfactors) ( Ageing )
* Increased transcriptional noise at Epigenetic modulators
CS , etc.
developmentally regulated genes A mf“
e Redistribution of super-enhancers Epigenetic modifiers
. TET2,ARID1A, BRD4, etc.
from cell-fate-determining genes to
oncogenes that further stabilize the Nuclear | LOCKs
structure | and LADs Transcriptional
cancer Ce” state. Entropy and stochasticity noise and
S

» continuous regeneration of

: : \/ super-enhancer
e Stochastic changes in unstable . Feedback
chromatin states /

epigenetic heterogeneity Epigenetic mediators
) (formerly termed tumour progenitor genes)
» increased cellular entropy OCT4,NANOG, LIN28, SOX2, KLF4, etc.
» basis for the selection of the 1
fltteSt during cancer eVO|UtiOﬂ [:!ET:s?g:i?li)Tre:iee?;i:g:irr‘\st dediﬁerentiationj

Feinberg, Koldobskiy & Gdnddr, Nature Reviews Genetics, doi:10.1038/nrg.2016.13(2016)
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DNA methylome analysis

1: germinal center B cell
samples, n =4

2: follicular lymphomas, n = 9

Methylation rate

<0.05 >0.15
- Nl

Methylation difference

3: Burkitt lymphomas, n = 13

Kretzmer et al., Nature Genetics 47, 1316-1325 (2015)




Epigenetics and Cancer

DNA methylome analysis

1. germinal center B cell

samples, n =4 07 - |
2: follicular lymphomas, n = 9 c = *
O
. ® 0.6 -
3: Burkitt lymphomas, n = 13 2 :
s
0.5 -

GC-B FL BL

n=4 n=13 n=9

Kretzmer et al., Nature Genetics 47, 1316-1325 (2015)



Epigenetics and Cancer

Average methylation difference S
(average for Burkitt lymphoma 5 0057
and follicular lymphoma versus ‘é
germinal center B cells) in Q
GM12878 chromatin segments. g 0-

Y]
Txn, transcription =

i+

A —0.05 -

Poised promoter

» Strong enhancer
Repressed

* Weak promoter
Active promoter

“Weak enhancer

Strong enhancer

Insulator
Repetitive/CNV

Txn elongation
Txn transition

o Weak enhancer
Weak txn

¢ Heterochromatin, low signal

Kretzmer et al., Nature Genetics 47, 1316-1325 (2015)
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Intergenic regions
\ Promoters

Proportion of DMRs in promoters,
transcribed regions & intergenic
regions

Transcribed
regions

Kretzmer et al., Nature Genetics 47, 1316-1325 (2015)
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40% of the intragenic DMRs
(differentially methylated regions)
showed significant (P < 0.05)
correlations between methylation and

. 13%
RNA expression.

Positive
I— correlation

64% of them had negative correlation 60%

No — Negative
correlation correlation

Kretzmer et al., Nature Genetics 47, 1316-1325 (2015)



Epigenetics and Cancer

Mutation density in melanoma is associated with individual
chromatin features specific to melanocytes.

a Chromosome 2

2 | @)
SA > T T T . . ) A
=] & = 0.82 Closed chromatin — Melanoma C>T mutation density Q @
gl e . High mutation — Melanocyte DNasel accessibility index (reverse scale) g ~
E| © 2 41-2 0 =)
sl s 25 |S
T <D I®
9 ’ 145 8 =

E 3 3

'S
A 32 9
S| © of 40 2 g 2
s 8 o83
& g f ’ 4 o |o
=, c n N 3-
g S-1F Open chromatin 41 Q S
av s — Low mutation . . ! o Ve
0 50 100 150 200 =1

| | _Chfomosomal co_ordinate (Mb) | |
* Active chromatin and transcription associated with low mutation density.

* Repressive chromatin features associated with high mutation density.
* N.B. Not necessarily causal & no specitic biological mechanisms.

DNase | hypersensitivity (DHS) as a global measure of chromatin accessibility.
Polak et al., Nature 518, 360-364 (2015)
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Mutation density in melanoma is associated with individual
chromatin features specific to melanocytes.

Skin Skin Skin
melanocytes fibroblasts keratinocytes
| =-0.78
1,500 :
1,000

o)
o
o

Mutations per Mb
(melanoma)

—

0 005 010 0.15 hO 0.05 0.10 0.15 0 005 010 0.15

| DHS density per Mb N
The number of mutations per megabase in melanoma versus DNase | hypersensitive

sites (DHS) density.

* DHSs from melanocytes explain larger fraction of the variance in melanoma mutation
density than DHSs from other cell types.

Polak et al., Nature 518, 360-364 (2015)
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Mutation density in melanoma is associated with individual
chromatin features specific to melanocytes.

QS

Melanoma Liver cancer

mutations mutations Log, normalized
— mutation density
® ql - . -
F: »n
S2 9
M E 43 -05 0 0.5
I § q
-

g5 g4 g3 g2 q1 g5 g4 g3 g2 Q1
Melanocyte H3K4me1 quantiles

* The normalized density of mutations in liver cancer and melanoma genomes as a
function of density quantiles of H3K4me1 marks in liver cells and in melanocytes.

* Mutation density depends only on H3K4me1 marks measured in the cell of origin.

Polak et al., Nature 518, 360-364 (2015)
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Polak et al.,

Cell type of origin of a cancer can be determined based on
the distribution of mutations along its genome.

1,600
1,200

800

300

Predicted mutations per Mb

200

100

Melanoma

Liver cancer

400 | 4

B = 0.864
74.65% var

600

400|

200

86.1_2% var

500 1,000 1,500

Oesophageal
cancer

200 400 600

Glioblastoma

~ 82. 63% var

60

40

2 0 | ‘.r..

¢ = U.
™ 55.35% var

0 100 200 300

0 25 &80 75 100

150

100

11,200

800
400

Multiple myeloma

Colorectal
cancer

50(-4

" r-0.864
- 74.65% var

100

50| .

i = 0.89
79 21% var

50 100 150 200

Lung
adenocarcinoma

50 100 150

Lung squamous
cell carcinoma

78. 15% var

750
500
250

= (0.868
75.34% var

500 1,000 1,500

Measured mutations per Mb

Nature 518, 360-364 (2015)

0 250 500 750 1,000
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H3K9mMe3
H3K4me1
H3K36me3
H3K27med
H3K27ac

DNase

H3K9me3

Nhek replication
H3K9me3
H3K4me1
H3K9me3 muscle
HepG2 replication
H3K9mMe3
H3K%ac
H3K4me3

Epigenomic features that pre]
significantly contributed to the oo

predictions in at least one cancer W

H3KSme3 duodenum
H3K9%ac duodenum
ty p e H3K4me3 duodenum
- H3K4me1 duodenum
H3K9Ime3 rectal

H3KSac rectal

H3K9me3 colonic
H3K4me1 rectal
H3K27me3 rectal
H3K27me3 colonic
H3K36me3 colonic
H3K4me1 colonic
H3K4me3 colonic
H3K8ac colonic
H3K36me3 Small intestine fetal

H3K4me1 Large intestine fetal

ymphoblastoid replication
H3K27me3 CD19

DNase CD3 cord blood
DNase CD19

med dorsal neccortex fetal
K9ac mid frontal Brodman
{9ac hippccampus middle
H3K9ac cingulate gyrus
H3K9%ac anterior caudate
ime1 mid frontal Brodman
me1 hippocampus middle
13K4me1 anterior caudate
H3K36me3

Mcf7 replication
H3K9me3

H3K4me1

H3K36me3

Cancer type B Significant variables

Polak et al., Nature 518, 360-364 (2015) AT AR A P e

vanables



Haplotype-resolved epigenomes
aCross human tissues

* ChIP-seq profiling 6 histone modifications

* 16 human tissue types

* 4 individual donors

* Combined with published data sets (28 cell/tissue types total)
* Developmental states

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

* Active promoters
» histone H3 lysine 4 trimethylation (H3K4me3)
» H3 lysine 27 acetylation (H3K27ac)
* active enhancers
» H3 lysine 4 monomethylation (H3K4me1)
» H3K27ac
* transcribed gene bodies
» H3 lysine 36 trimethylation (H3K36me3)
* silenced regions
» H3K27 trimethylation (H3K27me3)
» H3 lysine 9 trimethylation (H3K9me3)

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

Early embryonic cell type

hESCs (H1-derived cell types)

Tissues sampled > ﬁ—> B>

Mesendoderm Mesenchymal stem cells

progress along = > >

Neural progenitor cells

-2

developmental lineages Trophoblast-like cells

Ectoderm Endoderm Mesoderm
(somatic tissues
isolated from donors)

Duodenum smooth muscle
Spleen
Psoas
Lung Gastric tissue
Small bowel Right ventricle
Hippocampus Rignt atrium
Anterior caudate

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

All strong enhancers All strong promoters
n=175, 912 n =24, 462

Defined tissue-restricted
enhancers (n = 115,222)
& promoters (n = 10,396)

B Tissue-restricted [ Non-restricted

15.2% (n = 3,717) of strong promoters predicted as enhancers in other tissues,
(cf mice) where intragenic enhancers act as promoters to produce cell-type-
specific transcripts

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

H3K27ac H3K4me3 H3K4mei

H3K27ac, H3K4me3 and H3K4me1 enrichment at ves e ‘

predicted lung enhancers (n =1,321), which are defined o B S

as promoters in other tissues, across 28 samples. s,

cis-regulatory elements with dynamic signatures o

(cREDS). Sites that possess histone modification L R

signatures of active enhancers in some tissue/cell types o . S

but enriched with active promoter marks in others. A w—

POSSIbly f/ne tun/ng Of transcrlptomes T:rcte Iungesrlapping with
TSS in other tissues (n = 1,321)

Input normalized RPKM
Embryonic stem cells (H1), early embryonic lineages (mesendoderm cells (MES), neural progenitor cells (NPC), trophoblast-

like cells (TRO) and mesenchymal stem cells (MSC)) and somatic primary tissues, representative of all three germ layers
(ectoderm: hippocampus (HIP), anterior caudate (AC), cingulate gyrus (CQG), inferior temporal lobe (ITL) and mid-frontal lobe
(MFL); endoderm: lung (LG), small bowel (SB), thymus (TH), sigmoid colon (SG), pancreas (PA), liver (LIV) and IMR-90
fibroblasts; mesoderm: duodenum smooth muscle (DUQO), spleen (SX), psoas (PO), gastric tissue (GA), right heart ventricle
(RV), right heart atrium (RA), left heart ventricle (LV), aorta (AO), ovary (OV) and adrenal gland (AD))

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

Chr20: 45,330,951-45,387,779
20 kb | |

RefSeq genes —F+—+++—++—+—+—"""F—"

H3K27ac NIy
H3K4me3 N ] |

H3K4me1 IRITNERERTETRI Y
H3K27ac g _.,“_*__.,;LL_,..J“LJ.L&

Chromatin states of a
cREDS element (grey
shading) predicted
as a promoter in
psoas & an enhancer
in lung.

H3K4me3

Hakame [Ty 1Y

Lung Psoas

Enrichment of H3K27ac and H3K4me1 & depletion of H3K4me3 in lung
Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

Chr17:72,787,417-72,889,092

50 kb | :

RNA-seq and chromatin RefSeq genes ‘

states of a cREDS element

(grey shading) in H1 and RNA-seq |ENE S

MR.90 B H3K27ac 1 I (TR SRR AN (1
mll H3K4me3 | TN L.

H3K4me1 LM“.L mei ok ol il

- ~ —~
N
m I 1 o o J—
=> 14

Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes
aCross human tissues

Chr17:72,787,417-72,889,092

e Subset of cREDS 50 kb | i
promoters accompanied RefSeq genes — .
by creation of new
transcripts and/or RNA-seq |IEE— |
alternative exon usage B H3K27ac 1 I (TR SRR AN (1
(N=99 ) =l H3K4me3 | TR, W
H3K4me1 {TF IS N NV NN frumw] WP
» ? cREDS influence cell/ 4 TR o R
tissue-specific transcript 9 By '
variants % y Iiif

An alternative exon
Leung et al., Nature 518, 350-354 (2015) incorporated in IMR-90



Haplotype-resolved epigenomes
aCross human tissues

Resolution of haplotypes resolved

Chromosome 1

Donor 1 Donor 2 Donor 3
(ntiss ue — 11) tiss e 12) (nnss e 12)

Phased varlants
5 i
Unphased variants 10
(donor 4) MMM oo e

Leung et al., Nature 518, 350-354 (2015)

Donor 4 Total
(ntuss ue 1) (nUSS = 36)

[ Genes with allelically biased expression
B Genes with non-allelically biased expression

Allelically biased expression
among informative genes



Haplotype-resolved epigenomes
aCross human tissues

Allelic enhancers resided in >1h = 3,829
closer proximity to genes
with allelically biased
expression compared to
non-allelic enhancers

P<22x107®

S

1

N

Distance between enhancer and
closest allelically expressed gene (Mb,

p—

o

| |
Allelic Non-allelic

enhancer enhancer
Leung et al., Nature 518, 350-354 (2015)



Haplotype-resolved epigenomes

aCross human tissues
A4GALT gene
Allelic histone acetylation g — —:-‘:\_

at enhancers associlated

Exon Intragenic enhancer
with allelically biased M. A
gene expression.
Chr22: 41,417,998-41,420,152 chr22: 41,424,395-41,426,543
1 kbl : 1 kbt

RefSeq genesS i

RV donor 3 P1/P2 ' . | ..'

LVdonor3 P1/P2 | ' .
LVdonor1 P1/P2 -
aabad., A A s

RNA-seq H3K27ac
Leung et al., Nature 518, 350-354 (2015)
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cpigenetics and Aging

©

>

E x

v
R\ DD DD —
Environmental Effects on healthspan
inputs Effects on chromatin and lifespan
Diet * Modulation of chromatin modifiers Increased
(dietary restriction) * Heterochromatin maintenance

* rDNA chromatin structure
* Inhibition of recombination
* Nucleosome positioning

Circadian cycle Circadian epigenome Increased
(regular)

Circadian cycle Modulation of chromatin modifiers Decreased
(perturbed)

Exercise * Modulation of chromatin modifiers Increased

* Chromatin modifications

Pheromones Signalling through chromatin modifiers Increased

Systemic factors * Chromatin structure Increased
(sex steroid hormones) e Chromatin modifications

I_ Mechanistic link ? _T

Benayoun, Pollina & Brunet, Nature Reviews Molecular Cell Biology 16, 593-610 (2015)




Number in lllustrative
Location
humans examples

Targeting of TS
19-24pp  cneodedat -1424  mRNAsand  MiR-124a,
widespread locations many others miR-34b/c,
y miR-200
Transposon leNAs
repression targeting
26-31bp  Clusters, intragenic 23,439 ! RASGRF1 and
DNA
. LINE1 and |AP
methylation
elements

Regulation of Associated with

17-18bp  Downstream of TSSs  >5,000 transcription? the CAP1 gene

Esteller, Nature Reviews Genetics 12, 861-874 (2011)



Number in lllustrative
Location
humans examples

60-300 bp Intronic ~300 AN U50, SNORD
modifications

5’ regions of protein- ~10.000 Unknown Half of protein-

22-200 bp : .
m coding genes coding genes

. Associated with
(CEERT ORI 00 00 bp 200 ANLEOOP O 9009 MANENANCE O RNE12 ang
PUON® ceopese genes
L Associated with
PROMPTS 200 [sfe) || 202 IR SISO ey | AEINEWOTEIT o
TSSs transcription?
RBM39 genes

Esteller, Nature Reviews Genetics 12, 861-874 (2011)



. Number in lllustrative
Location
humans examples

Examples
include HOTAIR,
>200 bp Widespread loci >1,000 scaffold DNA- HOTTIP,
chromatin lincRNA-p21
complexes
- Regulation of UC.2834 LG
T-UCRs >200 bp Widespread loci >350 miRNA and ' PN
338, uc160+
MRNA levels?

Examples
nclude X- w571 TsIX,
chromosome TERRAS
Other IncRNAs >200 bp Widespread loci >3,000 inactivation, 015AS H1’9
telomgre HYMA]
regulation,
imprinting

Esteller, Nature Reviews Genetics 12, 861-874 (2011)




small silencing RNA

Table 1 | Types of small silencing RNAs

Name Organism Length(nt) Proteins Source of trigger Function
miRNA Plants, algae, animals, 20-25 Drosha (animals only) Pol Il transcription Regulation of mRNA
viruses, protists and Dicer (pri-miRNAs) stability, translation
casiRNA Plants 24 DCL3 Transposons, repeats Chromatin
modification
tasiRNA Plants 21 DCL4 miRNA-cleaved RNAsfrom Post-transcriptional
the TAS loci regulation
natsiRNA Plants 22 DCL1 Bidirectional transcripts Regulation of
24 DCL2 induced by stress stress-response genes
21 DCL1 and DCL2
Exo-siRNA  Animals, fungi, protists ~21 Dicer Transgenic, viral or other Post-transcriptional
exogenous dsRNA regulation, antiviral
Plants 21and 24 defense
Endo-siRNA Plants, algae, animals, ~21 Dicer (except secondary Structured loci, convergent Post-transcriptional
fungi, protists siRNAsin C. elegans, and bidirectional regulation of
which are products of transcription, mRNAs transcripts
RdRP transcription, paired to antisense and transposons;
and are therefore not pseudogene transcripts transcriptional gene
technically siRNAs) silencing
piRNA Metazoans excluding 24-30 Dicer-independent Long, primarytranscripts?  Transposon regulation,
Trichoplax adhaerens unknown functions
piRNA-like  Drosophila 24-30 Dicer-independent In ago2 mutantsin Unknown
(soma) melanogaster Drosophila
21U-RNA Caenorhabditis elegans 21 Dicer-independent Individual transcriptionof ~ Transposon regulation,
piRNAs each piRNA? unknown functions

26G RNA Caenorhabditis elegans 26 RdRP? Enriched in sperm Unknown

Ghildiyal and Zamore Nat. Rev. Genet. 10:94-108, (2009)
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NGS DNA Methylation

Bisulfite Conversion

Step 1

Denaturation
Incubation at 95°C
fragments genomic DNA

Step 2

Conversion

Incubation with sodium bisulfite
at 65°C and low pH (5-6)
deaminates cytosine residues

in fragmented DNA

Step 3

Desulphonation

[ncubation at high pH

at room temperature for 15 min
removes the sulfite moeity,
generating uracil

NH, NH, OH @)
Fragmented N =z NaHSO;, pH 5.0 N =z + H,0, - NH, N =z OH HN
Genomic DNA —>» I ——— —_— —_— |
Samples + NaHSO,

o) N O N SO3Na o) N SO;zNa o) N
H H H H
Cytosine Uracil
NH,

CH,
NHHSO;. pH 50

+>

5-mC and 5-hmC (not shown) are not susceptible
to bisulfite conversion and remain intact

NZ |
N

5-Methylcytosine (5-mC)


http://neb.com

NGS DNA Methylation

Bisulfite Conversion

m|C m|C
>>CCGGCATGTTTAAACGCT>>
<<GGC$GTAC G?GA<<

mC mC mC
Top strand Bottom strand
Bisulfite conversion

>>UCGGUATGTTTAAACGUT>> <<GGUCGTACAAATTTGCGA<K

l/ PCR amplification l

OT >>TCGGTATGTTTAAACGTT>> >>CCAGCATGTTTAAACGCT>> CTOB
CTOT <<AGCCATACAAATTTGCAA<KK <<GGTCGTACAAATTTGCGA<< OB

€.4. a“gnerS: BSMAP, OT, original top strand

Bismark, MAQ, BS Seeker CTOT, complementary to original top strand
OB, original bottom strand

Krueger et al., Nature Methods 9, 145-151 (2012) CTOB, complementary to original bottom strand.



The Epigenome Roadmap

Adult human Dorsolateral
prefrontal cortex

%

Brain
samples

Hippocampus

% @ Enhancer signatures

DNA methylation

DNA accessibility

‘ .
@ :{>V ____

Blood Chromatin organization
samples Blood cells Single-cell
suspension Genome sequencing and GWAS
A N . I
/1 Blastocyst | . ® -
i~ ' L';;_\ 2 C5e ' -
= Y/ A
Embryonic Embryonic Neural progenitor
stem cells stem cells cells

Romanoski et al., Nature 518, 314-316 (2015)
http://www.nature.com/collections/vb


http://www.nature.com/collections/vbqgtr

HUumMan Epigenome

NIH Roadmap Epigenomics Consortium generated the largest collection so far of
human epigenomes for primary cells and tissues.

Oesophagus % Grein =
Heart el Angular gyrus =
Aorta Anterior caudate Brain ' Spinal cord
Left tricle . |
Rigpht ventricle Cingulate gyrus SPTIE) Th Stpomach
Right atrium Hippocampus middle NSy - bbbt Adrenal
Thymus Inferior temporal lobe Heart )
Lung P Aorta Kidney
Y Substantia nigra = \, Lung Right, left,
Adipose (3 ¥ g Dorsolateral ) Right, lef Ronal Sorueus
Breast ®; Prefrontal cortex ¥ Cord blood . .
Myoepithelial Blood B cells (CD19°) Small intestine

vHMEC

Duodenum mucosa
Liver

Spleen
Juodenum smooth muscle
Stomach

Kidney
Pancreas
Small intestine
Psoas muscle
Muscle

iPS cells
6.9, 18¢, 19.11, 20b, 15b

Trophoblast

ES cells
H1, H9, 13, WA7, HUESS,
HUES48, HUES64, 4star

[ Neuronal progenitors
Mesodermal progenitors
ES c o Mesenchymal stem cells
derived Ectoderm ST s 2
i Endoderm m R

Human Epigenome Consortium et al.,

| Osteoblasts

Stem cells (CD34+)

B cells (CD19Y)

T cells (CD3*, CD4*, CD8*)
Granuloytes (CD15%)
PBMCs

T cells (CD3+)
Liver -1

Spleen
Placenta

Large intestine

Skeletal muscle
Back, trunk, arm, leg

I Gonad

Ovaries, testes

NK cells (CD56*)
Stomach mucosa

Sigmoid colon
Ovary
Colon

Smooth muscle
Mucosa

Rectum
Smooth muscle
Mucosa

Germinal matrix

o

Ganglion eminence
derived primary
cultured neurospheres
— Cortex derived primary
cultured neurospheres

Nature 518, 317-330 (19 February 2015)

m Skin keratinocyte
Skin fibroblasts

—= Skin melanocytes

Marrow derived

mesenchymal cells
—= Chondrocytes




