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Epigenetics

De facto definition:

Transmission of information from a cell
or organism to its descendants without
the information being encoded in the
nucleotide sequence.

* Agene product expressed in a cell

maintains activity of that gene. This
activity is inherited in descendants of
that cell. (hon-coding RNAS)

Chemical modifications of

chromatin/DNA copied with the DNA.

 Transgenerational Epigenetic

Inheritance (TEI) is the transmittance
of epigenetic information from one
generation to the next that affects the
traits of offspring.

The New York Times, Nov 11, 2008

Transgenerational Epigenetic
Inheritance: Myths and Mechanisms

Edith Heard'-2" and Robert A. Martienssen®*




Article | Published: 01 December 2013

Parental olfactory experience influences behavior and
neural structure in subsequent generations

Epigenetics in action

Nature Neuroscience 17, 89-96 (2014) | Cite this article

93k Accesses | 764 Citations | 1881 Altmetric | Metrics

Acetophenon or
Propanol

Sperm cell

Lamarck revisited

Szyf, Nature Neuroscience, 2014



Chromatin

Metaphase chromosome Chromatin fiber Nucleosomes

1400 nM

Histones

Paul Liu, NIH resources



DNA methylation is reversible




Modes of DNA methylation

DNA methylation can be added to
new sites,
called de novo methylation

Methylated

De novo methylation
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Repression of gene expression by methylation is mediated by crosstalk between
DNA Methylation and Histone modifications
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Chromatin

* Nucleosome is the basic unit of chromatin

Histone H3 Assembly of the nucleosome

Histone H4 regulates access of other proteins
to the DNA

Histone H2B

Wraps ~145 bps DNA
1.7x around the histone core octamer



Chromatin can exist in active and inactive states

Euchromatin: Active, open

Heterochromatin: inactive/repressed, closed
-facultative: regulated
-constitutive: allways repressed
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Nucleosomes must be assembled

-via histone chaperones

e}

Complete Histone With
DNA

/ Histones are made from subunits\

H4

~J NN
Hisfone Octamer

AN

Tetramer

Subunits require chaperones

)

@ NewH4
@ NewH3 @ QldHZ
H2A @ HzB

Mucleosome containing
parental (H3-H4),

#Th Nucleosome centaining

/' new (H3-H4),

@ Tetrasome

Replication-coupled
nuclecsome assembly

MNucleosome disassembly
and parental-histone transfer

£ H2A-H2B
“.ghaperone

Active gene

H3.3

*

ATRX/Daxx %;m /INO80/Chz1
H3.3 H2A.Z
| I—
Telomere

Histone Variants utilize distinct chaperones

Inactive gene

H3.3

H3. macroH2A
H|ra% ( 1 flra
E\LVH /INO80/Chz1

H2A.Z

Pericentromeric
heterochromatln

H3.3
ATRX/Daxx d

cen

H2A.Z
Swr1/INO80

‘> HJURP/Scm3
H3 /

Centrome re




Differentiating chromatin function by histone
variants
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Histone function can be changed by post translational
modifications (PTMs)

Histone proteins are modified by chemical
additions to amino acid side chains
¢ i
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Histone PTM Function

* Histone modifications are
involved in almost all DNA
associated events

* Transcription/Activation/Repr
ession

* DNA Replication

DNA Damage * Gene dosage/imprinting
* DNA damage repair
* Higher order chromatin

@ @P organization
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Histone PTM Function

Function

activation.

Euchromatin,
transcriptional
activation,
elongation.
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Transcriptional| Transcriptional
repression.

/ \

Transcriptional Transcriptional

activation. elongation or
Transcriptional Transcriptional  gychromatin,
silencing, repression. transcription,
X-inactivation (triMe). DNA repair.

Transcriptional silencing,
repression, DNA
methylation and
heterochromatin formation
or Transcriptional
activation, elongation (eg.
Ash1).

Patrick Grant



Writers, readers erasers... :
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Adapted from Borrelli et al Neuron, Volume 60, Issue 6, Pages 961-974E.



Writers, readers erasers...oh my.
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Resources




ENCODE consortium

Encyclopedia of DNA Elements

Hypersensitive

-I-

Long-range regulatory elements
(enhancers, repressors/
silencers, insulators)
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Integrated Genome Viewer (IGV

\ia IGV
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The UCSC Genome Browser

About

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
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Technologies




DNA methylation

Bisulfite conversion techniques
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DNA methylation

Methylation array- EPIC2.0

illumina

430i'>493023
[LRERLETERE A

The Infinium MethylationEPIC v2.0 BeadChip Kit is a genome-wide
methylation screening tool that targets over 935,000 CpG sites in the
most biologically significant regions of the human methylome, while
maximizing backwards compatibility with it's predecessor,

Guided by expert evaluations of EPIC v1.0, poor-performing probes
have been removed and replaced with cutting-edge content to enable
greater discovery power for epigenetics studies. The additional
186,000 CpGs on EPIC v2.0 target enhancers and super-enhancers,
additional CTCF-binding sites, CNV detection regions, CpG islands
insufficiently covered on EPIC v1.0, and common cancer driver
mutations. The updated v2.0 beadchip also profiles open regions of
chromatin identified by ATAC-Seq and ChIP-seq experiments. A more
extensive description of the content covered by MethylationEPIC v2.0
is described in the product datasheet.

[lumina



Histone modifications

ChlP-Seq

1. Cross-link bound 2. Isolate chromatin 3. Precipitate
proteins to DNA. and shear DNA. chromatin with
protein-specific
antibody.
ol
Ry SR
NIRRT NN
W W

4. Reverse cross-link 5. Ligate P1 and P2
and digest protein. adaptors to construct
fragment library.

Shahn, Nature
Protocols, 2009
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Skene, eLIFE, 2017



Chromatin organization

ATAC-Seq

Isolate nuclei
(chromatin intact)

Expose to Tn5
transposase

v
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fragments and amplify

Sequence and identify
accessible regions
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Grandi et al., Nature
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HiC-Seq

Crosslink DNA Cut with Fill ends Ligate
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A CpG Island and Open Sea DNA Methylation Signature in Human T-ALL

Cluster A

Cluster B

Cluster C =

T-ALL
subtypes

Genetic
defects

Genetic
defects
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| Ampilification present

i — P WA meLryLaLtor prenotype

850k EPIC array
. COSMe type |
. COSMe type II
. CiMPnegalive
CIMPpPositive

Narmal thymic
precursors

CpG islands

[[Tl[ Open Sea CpGs

Flanking CpGs

TAL1-R
NKX2.1
TLX
HOXA

NOTCH1/FBXW7
CDKN2A/CDKN2B
PTEN

LEF1

6q deletion

5q deletion

WTA

CTCF

EZH2

SuUzZ12

EED

DNA methylation profiling using the 850k EPIC array platform,
using unsupervised clustering of the 5,000 most variably
methylated CpGs

COSMe (CpG island and Open Sea Methylation) type | and Il =
methylation-based categories

COSMe-Il T-ALLs showed enrichment for genetic aberrations
associated with double-negative or early-cortical T-ALLs: 5q
deletions and loss-of-function of WT1, CTCF, and PRC2
members EZH2, SUZ12, or EED

Cluster B CpG sites displayed hypermethylation in almost all
COSMe-I T-ALLs, but in only a subset of COSMe-Il leukemias



Histone demethylation in leukemia

UTX acts as a tumor suppressor in T cell leukemia

peripheral blood

i Utx-N1-IC model
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Ntziachristos et al., Nature, 2014



Histone demethylation in leukemia

UTX is a novel X-linked tumor suppressor targeted by deletions and

mutations in both pediatric and adult T-ALL

f a
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Ntziachristos et al., Nature, 2014



Epigenetic regulators and cancer

ARTICLE
Received 24 Sep 2013 | Accepted 12 Mar 2014 | Published 8 Apr 2014

The landscape of somatic mutations in epigenetic
regulators across 1,000 paediatric cancer genomes
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Case study: Cofin-Siris Syndrome (SWI/SNF)

Mutations in chromatin “remodelers” can lead to developmental
syndromes

*Although there are many variable signs
and symptoms, hallmarks of this condition
include developmental disability,
abnormalities of the fifth (pinky) fingers or
toes

*Severe intellectual disability or delayed
development of speech and motor skills such
as sitting and walking

*Wide nose with a flat nasal bridge, a wide ‘
mouth with thick lips, and thick eyebrows
and eyelashes



Many different proteins can be mutated in complexes-- The
example of Chromatin Remodeling Complexes

*moving chromatin around to free up genes
areas

ATP ADP ATP ADP

(a) DNA

Nucleosome Maturation
Regular Spacing of Nucleosomes '

A S

Histone Dimer Ejection
ATP ADP / Q
.\_,,’/.\/.

(b) W Nucleosome Ejection
Chromatin Access \‘ .L.v .L’ .

Nucleosome Sliding

ATP ADP

© G B ® O @

Nucleosome Editing Histone Exchange

Hassan and Ahuja, 2019



Many different proteins can be mutated in complexes-- The
example of Chromatin Remodeling Complexes

mSWI/SNF complex (BAF) Polybromo-containing BAF (PBAF)

Ovarian clear cell carcinoma
Endometrioid carcinoma

Bladder cancer
Neuroblastoma

. Clear cell renal
Leukemia/  Colorectal cancer carcinoma

BCL7 BAF45D

Synovial sarcoma Heptocellular
5518-SSX [t(X;18)] (~100%) carcinoma
. Malignant rhabdoid tumors

Leukemia/lymphom
Myeloma

BAF250A

BAF250B 7 SMARCBT1 (~100%)

PAFOU Epithilioid sarcoma
A B,C

B-Actin

AF155|| BAF170
BAF53a
Squamous cell
Small cell lung cancer Pt carcinoma

Pancreatic cancer /BAF57 N Medulloblastoma

Clear cell meningioma  Breast cancer
Lung cancer



EZH2 is a member of the polycomb repressive complex

Di-strirmethylation of HIK2T
Chromatin compacton




Mutations and role of the polycomb complex in blood cancers

LETTERS

nature
gCIlCtICS

Inactivating mutations of the histone methyltransferase
gene EZH2 in myeloid disorders
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Polycomb repressive complex 2 is required for
MLL-AF9 leukemia

Tobias Neff*®, Amit U. Sinha®°, Michael J. KIuk®<, Nan Zhu®°, Mohamed H. Khattab™”, Lauren Stein®®, Huafeng Xie®®,
Stuart H. Orkin®*%®1, and Scott A. Armstrong®™*®"

LETTERS

medicine

Genetic inactivation of the polycomb repressive complex 2
in T cell acute lymphoblastic leukemia

Panagiotis Ntziachristos->2%, Aristotelis Tsirigos>*, Pieter Van Vlierberghe*%2%, Jelena Nedjic'~,

Thomas Trimarchi®?, Maria Sol Flaherty*, Dolors Ferres-Marco’, Vanina da Ros”, Zuojian Tang®?, Jasmin Siegle'2,
Patrik Asp?, Michael Hadler?, Isaura Rigo*, Kim De Keersmaecker!™!!, Jay Patel'2, Tien Huynh?, Filippo Utro?,
Sandrine Poglio!*-'%, Jeremy B Samon*-%, Elisabeth Paietta'”, Janis Racevskis'”, Jacob M Rowe!?, Raul Rabadan'?,
Ross L Levine!?, Stuart Brown™?, Francoise Pflumio’-1%, Maria Dominguez’, Adolfo Ferrando*-62° &

Iannis Aifantis>2®

LYMPHOID NEOPLASIA

Somatic mutations at EZH2 Y641 act dominantly through a mechanism of
selectively altered PRC2 catalytic activity, to increase H3K27 trimethylation
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Case study: Chromatin Folding (3D chromatin structure),
more than meets the eye

DNA folding creates unique opportunities and vulnerabilities
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DNA folding creates unique opportunities and vulnerabilities

Scales of genome architecture

Resolution scale

kb - 100kb 1Mb “.10Mb 100Mb Genome
jéﬂ F - il (/528
Tl TAD: topologically \
associating domain ~ _
Folding in chromosome Chromosome

Local DNA contacts

territories positioning
eg promoter enhancer . : :
eg domains of active and eg spatial
inactive chromatin rearrangement

Dekker and Heard, Bioassays, 2013



DNA folding creates unique opportunities and vulnerabilities
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Hi-C interactio
counts

»

Topologically associated domains (TADs)




DNA folding creates unique opportunities and vulnerabilities
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DNA folding creates unique opportunities and vulnerabilities




DNA folding creates unique opportunities and vulnerabilities

A Family’s Shared Defect Sheds Light on the Human Genome
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DNA folding creates unique opportunities and vulnerabilities

Even small alterations in DNA sequence can lead to extensive expression

changes

Leukemia

; A
et g"ges'” > Melanoma
isruption o TOFIIR. Eobasnas = P e :
insulated =T | A Skin cancer
neighborhoods e . E]

Proto-oncogene Active Enhancer w _— regulation
Oncwene Exc;?o:ioRe;air -

“(CTCF)

Mutated @ Wild-type CTCF
motifs: & motifs:

S— | |
CTCF motif CTCF motif

Hnisz et al., Science, 2016

Potential dysregulation:

- dysregulation

But no evidence of widespread cancer driver role.

Poulos et al., Cell Reports, 2016



Oncogenic fusion of three-dimensional chromatin neighborhoods in
T cell acute lymphoblastic leukemia

In situ Hi-C
b, — RNA-seq
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Cancer-type specific CTCF binding
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T-ALL therapy resistance

15-20%
Novel Genetic Mutations
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T-ALL therapy resistance
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Off-target MAPK pathway activation inhibits glucocorticoid function and
creates resistance
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Off-target activation of the NOTCH pathway generates
resistance to glucocorticoids
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On-target upstream mutations create resistance to nucleotide
analogues
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Antimetabolite-related resistance due to on-target mutations
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Summary

-Histones, DNA and RNA can be modified

-Those modifications are important for gene expression and can be disturbed in cancer and developmental
disorders

-Epigenetic enzymes can add, erase and read modifications

-A lot of syndromes and diseases implicate genetic alterations affecting genes of epigenetic regulators
-Nevertheless, there are some diseases and disease states caused exclusively by epigenetic alterations
without any obvious mutations

-Epigenetic enzymes act in complexes and mutations affecting different members of the complex can lead
to similar, different and/or context-specific phenotypes

-Epigenetic alterations in disease can lead to drug resistance against systemic and targeted therapies
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