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Eukaryotic Transcriptional Regulation

1. Level of Chromatin (DNA accessibility)
*  DNA methylation

«  Histone modifications

* Histone remodeling

*  Nucleosome composition

2. Level of DNA (Interaction with basal transcription machinery)

* Regulatory sequences (enhancers, silencers)
* Transcription factors (activators, repressors)

3. Level of Regulatory RNA (Interaction with DNA, RNA or protein)

* Small and long non-coding RNAs



Eukaryotic Transcriptional
Regulation

-Level of Chromatin-



Chromatin-structure - reminder

Chromonema fiber

. Linker histones
/\ 8,5
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Long range
fiber-fiber
interactions

G1 chromatid

Beads-on-a-string
10 nm fiber

Nucleosome

Core histone
__—tail domain

Several levels of condensation
* 10 nm extended fiber with nucleosomes like beads-on-a-string (7x
compaction)
+ 30 nm condensed fiber (40-50x compaction)

* And higher



Chromatin compaction influences activity
of DNA in transcription

Heterochromatin -transcriptionally
silent

* Euchromatin - transcriptionally active

endoplasmic

Miescher, Flemming, Kossel and Heitz defined nucleic acids, chromatin and histone
proteins, which led to the cytological distinction between euchromatin and
heterochromatin ( from 1869 to 1928).



Epigenetic control

1942, Waddington coined the term 'epigenetics’, which he
defined as changes in phenotype without changes in
genotype, to explain aspects of development for which there
was little mechanistic understanding.

2016, epigenetic mechanisms transduce the inheritance of
gene expression patterns without altering the underlying
DNA sequence but by adapting chromatin, which is the
physiological form of our genetic information.




Timeline of major discoveries and advances in epigenetic research

(March 1996) Discovery of the first nuclear HAT®%, This HAT was
purified and cloned from macronuclei in Tetrahymena thermophila
and is orthologous to the transcriptional coactivator Gen5 from
Saccharomyces cerevisisae®**!

(April 1996) Discovery of the first HDAC*. This HDAC is
orthologous to the transcriptional corepressor Rpd3 from
Saccharomyces cerevisiae*’

(July to December 1996) Description of the transcriptional
co-activators TAF(11)250, p300/CBP and PCAF as HATs**-*

(May to June 1998) MeCP2 is shown to interact with
HDAC and the transcriptional corepressor Sin3A, thereby
linking DNA methylation and histone deacetylation in
inducing transcriptional repression®®!

(June 1999) The bromodomain from PCAF is reported to dock
onto acetylated histones, representing the first description
of a protein domain that binds histone modifications®!

(February 2000) SIR2 is reported
to be an NAD-requiring HDAC*

(August 2000) Discovery of SUV39H1 as the first KMT*".
This KMT is orthologous to the Drosophila melanogaster
PEV modifier factor Su(var)3-9 (REF. 53). SUV39H1
selectively trimethylates histone H3 lysine 9 (H3K9me3)*’

(March 2001) The chromodomain of HP1 is shown to bind
H3K9 methylated histones***?, as does the HP1-related
protein Swi6 in Schizosaccharomyces pombe®

(July 2001) The SET-domain-containing protein G9a is found
as a repressing KMT that regulates H3K9me?2 at euchromatin®

(November 2001) The DIM5 KMT is shown to control
DNA methylation in Neurospora crassa®, as was shown
later for the KRYPTONITE KMT in Arabidopsis thaliana®

(March to November 2002) Description of the SET-
domain-containing Trithorax factors (e.g., MLL) as
activating KMTs that regulate H3K4me3 (REFS 69-71)

(September 2002) RNAi-type small nuclear RNA
are reported to direct heterochromatin
assembly and transcriptional gene silencing'®*'%

(June 2002) The histone variant H3.3 is found to mark active
chromatin by transcription-coupled and replication-
independent nucleosome assembly'*®, requiring distinct

(October 2002) Description of the SET-domain-containing Polycomb
factors E(z) in Drosophila melanogaster and EZH2 in human cells as
repressing KMT that regulate H3K27me3 (REFS 65-68)

histone chaperone complexes described later'**

(January 2004) Nucleosome incorporation of the

histone variant H2A.Z by the SWR1 histone exchanger
complex is described'!. During 1992-1998, pioneering
work from several laboratories identified a variety of
distinct chromatin remodelling complexes!®1!*

(December 2004) Discovery of the first histone lysine
demethylase: LSD1 (REF. 122). LSD1 is a nuclear amine oxidase
that primarily functions as a transcriptional co-repressor




Timeline of major discoveries and advances in epigenetic research

(August 2005 to August 2007) Descriptions for genome-wide profiling
of chromatin signatures and their association with regulatory
elements in a variety of cell types'**'*’. These studies represent some
of the first examples for the mapping of epigenomes'****!

(February 2006) Discovery of a second group of

KDMs that contain catalytic modules known as
Jumonji domains'®. Jumonji-domain-containing
KDMs can also erase histone trimethyl marks'?*12¢

(April to May 2006) Two studies document the existence of
developmentally ‘poised’ genes in embryonic stem cells that are
marked by both activating and repressive histone modifications'**'*°,
The simultaneous presence of H3K4me3 and H3K27me3 at regulatory
regions in embryonic stem cells has been referred to as ‘bivalent
chromatin’ (REF. 138) and was biochemically resolved later'*?

(2006) The first wave of epigenetic drugs (decitabine
and vorinostat) are approved by the FDA and become
available for epigenetic therapy in human cancers

| (August 2006) Reprogramming of

somatic cells to iPS cells by a defined

May 2 A 2010) | ification of Shm(C'26129
(May(£009 to AugHit ZUL0)iaentification atphm ane set of transcription factors is realized'*’

description of a new family of enzymes known as TET1-3 that
convert 5mC to 5ShmC'?**%, These discoveries demonstrated
that DNA methylation can also be enzymatically erased

(October 2009) The role of the Polycomb protein EED in

the propagation of repressive H3K27me3 marks is
described' and later the structure of PRC2 is resolved'®’

(April 2010) CpG islands provide affinity for
CFP1, which recruits activating (H3K4me)
KMT and prevents DNA methylation®%°

(December 2010) Development of a new class of
small-molecule inhibitors that block members of the
BET family from binding to acetylated histones'®*!"!

(January 2012) First reports of cancer-associated mutations
in histone genes: that is, ‘oncohistones’ (REFS 212,213)

(February 2015) The NIH Roadmap Epigenomics Consortium
publishes 111 human reference epigenomes'**

(April 2015) H3K9 methylation is found to be
inherited for many mitotic and meiotic cell
generations in Schizosaccharomyces pombe'?*'%

Nature Reviews | Genetics



Key examples of chromatin contribution to
epigenome function
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Molecular Mechanisms that regulate transcription

The two main components
of the epigenetic code

DMA methylation

Methyl marks added to certain
DMA bases repress gene activity,

*  DNA methylation

« Histone modifications

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.

Chromosome




DNA methylation



DNA modifycation

DNA methylation recruited specific proteins that modulates transcription.
Moreover, specific proteins (Erasers or Editor) can recognize this modification

Writing Editing Reading
DNA modifications
Eraser :
SAM l
HOr S, Fraser
&9 '
‘YA K ‘YA /) YK [Modulation of transcriptionalcomplexes]

* De novo methylation of cytosine to 5mC: * Cytosine demethylation through ¢ Reading of 5mC by proteins

DNMT3A, DNMT3B and DNMT3L oxidation of 5mC to 5hmC: with methyl-binding domains
* Maintenance methylation of cytosine TET1, TET2 and TET3 (MBDs): MECP2

to 5mC: DNMT1

It is a frequent modification in plants (~14%) and mammals (~8%) , very rare in
flies (~0.03%), not present in yeast and nematodes.



DNA methylation

* The predominant epigenetic modification of DNA in
mammalian genomes 1is methylation of cytosine
nucleotides (5-MeC).

* The primary target sequence for DNA methylation in
mammals is 5'- CpG-3' dinucleotides.
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Despite its ancient origins, DNA cytosine methylation has been lost in several eukaryotic
lineages, including in many animals; common model organisms such as Drosophila
melanogaster, Caenorhabditis elegans, fission yeasts and bakers’ yeasts exhibit virtually no
5mC.

In fact, cytosine methylation comes at a cost: 5mC is inherently mutagenic because it can
spontaneously undergo deamination, leading to C = T transitions. Thus, organisms with CpG
methylation also have reduced CpG content. For example, mammals have roughly 5-fold
fewer CpG dinucleotides than expected from the nucleotide composition of their genome.

Nevertheless, mammalian genomes exhibit particularly high CpG methylation levels;
although there are some tissue-specific differences, 70-80% of CpGs are methylated



The mammalian genome is generally CpG poor, with the exception of CpG islands
(CGls), which are relatively small genomic regions of roughly 1 kb on average.

Over two-thirds of mammalian promoters are CGls: virtually all housekeeping genes
and tumor suppressor genes have CGIl promoters, and so do several developmentally
regulated genes.

CGlIs are very rarely methylated; most inactive CGlI promoters are silenced by
Polycomb repressive complex 2-mediated H3K27 methylation, which is a more
plastic mode of silencing than DNA methylation and therefore more amenable to
gene (re)activation in response to developmental or environmental cues.

Nevertheless, there are three major classes of genes, in which stable, lifelong DNA-
methylation-based silencing in somatic tissues is very important: genes on the
inactive X chromosome, imprinted genes, transposable elements and germline-
specific genes.



Roles of DNA methylation

Cytosine DNA methylation is a stable epigenetic mark that is
crucial for diverse biological processes

Methyl group .
H\cfg}c/ Ny S B g
iCe i ~—< i
. . . . H Dnmt H
 Transcriptional silencing I I
Cytosine 5-Methylcytosine

* Protecting the genome from transposition
* Genomic imprinting
* Xinactivation

+ Tissue specific gene expression



CpG Methyltransferases

DNMT1 -Maintenance methylation

* Looks for hemimethylated CpG and maintains methylation
pattern following replication

DNMTS3 - De novo methylation
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The DNMT family of enzymes

Family
member Function and effect on hematopoiesis with deletion
catalytic domain Maintenance DNA methyltransferase. Germline deletion

DNMT1 embryonic lethal. Conditional deletion with Mx-Cre results in
decreased HSC self-renewal and increased cycling of HSC's.

De novo DNA methyltransferase. Germline deletion
results in death by 4 weeks. Conditional deletion with Mx-Cre

-— DNMT3A has minimal effects in primary mice or primarily transplanted
mice. With serial transplantation however there is a huge
increase in HSC's yet defect of differentiation .
De novo DNA methyltransferase. Germline deletion embryonic
-— lethal. Conditional deletion with Mx-Cre has minimal effects
DNMT3B but Dnmt3a/Dnmt3b double knockout mice appear to have

more pronounced effect on HSC’s with some conflict in
current reports.

Catalytically inactive but stimulates enzymatic activity of
DNMT3L DNTM3A. Germline knockout mice are viable but sterile,
Hematopoietic phenotype of Dnmt3L knockout mice not

reported.
[] Leucine zipper [ ] pwwp domains  Although Dnmt3a is expressed relatively
ubiquitously, Dnmt3b is poorly expressed by the
[ zinc finger B PHD-like domains majority of differentiated tissues with the exception
T [ of the thyroid, testes, and bone marrow.
4 Dnmt3L is mainly expressed in early development

and is restricted to the germ cells and thymus in
adulthood



Maintenance of DN A Methylation in Mammals

Dnmt1, which is highly expressed in mammalian tissues including the brain.
Dnmt] preferentially methylates hemimethylated DNA.

During DNA replication, Dnmtl
localizes to the replication fork where
newly synthesized hemimethylated
DNA is formed. Dnmtl binds to the
newly  synthesized DNA and
methylates it to precisely mimic the
original methylation pattern present
before DNA replication.

Additionally, Dnmt1 also has the
ability to repair DNA methylation.

For this reason, Dnmt1 is called the
maintenance Dnmt because it
maintains the original pattern of
DNA methylation in a cell lineage.
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De Novo DNA Methylation in Mammals

In mammals, DNA methylation patterns are established by the DNA
methyltransferase 3 (DNMT3) family of de novo methyltransferases and
maintained by the maintenance methyltransferase DNMT1. DNMT3L
interacts with unmethylated H3K4 and recruits DNMT3A resulting in the
formation of a tetrameric complex.

In addition to interactions with unmethylated H3K4 tails, other mechanisms
for targeting DNA methylation to specific loci are interactions of DNMT3
with the histone methyltransferases G9a (H3K9me), Ezh2 (PRC2 component,
H3K27me), suppressor of variegation 3-9 homologue 1 (SUV39H1) and SET
domain bifurcated 1 (SETDB1) and recruitment by IncRNAs.




The DNMT3C methyltransferase
protects male germ cells from transposon
activity

Dnmt3C is a de novo DNA methyltransferase gene that evolved via a duplication
of Dnmt3B in rodent genomes and was previously annotated as a pseudogene.
DNMT3C is the enzyme responsible for methylating the promoters of
evolutionarily young retrotransposons in the male germ line and this specialized
activity is required for mouse fertility.
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Barau et al., 2016 Nature



Removing the 5-methylcytosine (5mC)

There is no known mechanism in mammalian
cells that can cleave the strong covalent carbon-
to-carbon bond that connects cytosine to a
methyl group

Active demethylation of 5mC to cytosine is
mediated through a series of oxidative steps
mediated by the ten-eleven-translocation (TET)
enzymes, which require oxygen, iron and a-
ketoglutarate.

5mC is converted to 5-hydroxymethylcytosine
(5-hmC), 5-formylcytosine (5-fC) and 5-
carboxylcytosine (5-caC), which is then either
decarboxylated to cytosine or recognized by
thymine DNA glycosylase as part of the
mismatch repair system (BER).
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Base excision repair machinery

DNA is demethylated by stepwise oxidation (TET) or deamination
(mediated by AID/APOBEC) or other pathways.



IDH1 and IDH2 mutations lead to epigenetic
alteration in cancer

IDH1 and IDH? are the most frequently mutated metabolic genes in human cancer, resulting in
neomorphic enzymes that convert a-ketoglutarate (a-KG) to 2-hydroxyglutarate (2-HG). 2-HG
acts as an antagonist of a-KG to competitively inhibit the activity of a-KG-dependent
dioxygenases, including those involved in histone and DNA demethylation.

. IDH1 and IDH2
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Carcinogenesis alters the methylation profile of
CpG sites

CpG island
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Methylation patterns are reproduced at each round of
cell division

DNMT3A and DNMT3B are de novo methyltransferases that mark unmethylated
DNA, whereas DNMT1 maintains DNA methylation after DNA replication, 5-
methylcytosine (5-mC) is oxidized to 5-hydroxymethylcytosine (5-hmC) by
enzymes of the TET family (TET1, TET2 and TET3); 5-hmC is not recognized by
DNMT1, which results in loss of DNA methylation during replication.
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Readers of DNA Methylation

Whereas DNA methylation may itself reduce gene expression by impairing the binding
of transcriptional activators, a second class of proteins with a high affinity for 5mC
inhibits transcription factor binding.

DNA methylation is recognized by three separate families of proteins:

1- the MBD proteins that contain a conserved methyl-CpG-binding domain (MBD)
confering them a higher affinity for single methylated CpG sites. This family includes
MeCP2, the first identified methyl-binding protein, along with MBD1-4. MBDs are more
highly expressed in the brain than in any other tissue, and many MBDs are important
for normal neuronal development and function

2- The UHRF (ubiquitin-like, containing PHD and RING finger domain) proteins,
including UHRF1 and UHRF2, are multidomain proteins that bind to methylated
cytosines. The UHRF protein family first binds to Dnmtl and then targets it to
hemimethylated DNA in order to maintain DNA methylation, especially during DNA
replication

3- the zinc-finger proteins: Kaiso (binds to consecutive methylated CpG sites), ZBTB4
and ZBTB38 (bind to single methylated CpG site). Similar to the MBD family, repress
transcription in a DNA methylation-dependent manner.



Dynamics of DNA methylation during development

Shortly after a sperm fertilizes an egg, the paternal genome rapidly undergoes genome-
wide active DNA demethylation and remains demethylated following multiple rounds
of cell division. During this time, the maternal genome experiences gradual, passive
demethylation. De novo methylation patterns are established by the DNA
methyltransferases DNMT3A and DNMT3B during the development of the blastocyst.
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Dynamics of DNA methylation during development

IMPRINTED gDMRs
DNMT1 METHYLATION MAINTENANCE

DNMT3A
DNMT3B

GLOBAL DNA METHYLATION
'
'
'

Low

DEVELOPMENTAL STAGES

Global DNA demethylation and remethylation during the epigenetic reprogramming of early embryogenesis in
mice. Soon after fertilization, the zygotic paternal and maternal pronuclei undergo global demethylation during
the pre-implantation stages, except for gDMRs which are maintained via DNMT1 activity. The paternal
genome (blue) is initially actively demethylated by the TET3 enzyme followed by passive demethylation,
whereas the maternal genome (red) demethylation is solely passive due to DNMT1 exclusion from the
nucleus, hence the sharper demethylation slope for the paternal curve. After implantation, the blastocyst
acquires de novo methylation patterns catalyzed by DNMT3A and DNMT3B to establish the embryonic and

placental programs imperative for development initiation.



CpG methylation (%)

Dynamics of DNA methylation during development
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There are two waves of global DNA demethylation during embryogenesis. The first
wave resets the epigenome for pluripotency at the blastocyst stage, with a steady
decrease in DNA methylation from the zygote stage to the morula/blastocyst stage.
The second wave of DNA demethylation occurs in the primordial germ cells (PGCs).
The DNA methylation is wide erased to restore germ line potency.



CpG Island

* Definition
v" Small stretches of about 300-3000bp
v >50% GC content, regulatory regions

Q090 _0RQPQ
* Genomic distribution 9}3‘9—'
v’ ~70% of promoter regions contain CpG TACGAG
islands B
v Only 1% of remaining genome
contains CpG islands g 5
v' Frequently methylated in tumor cells l
« Methylation status RasaBiladad BELAELE
v’ Generally non-methylated in promoter """ /\
of housekeeping and tumor suppessor
genes S2::Rid-2.d BECHRAgE .. B 11, 1. B
v Typically methylated in transposable ' ="
elements

v Methylated in gene bodies influencing
transcription and splicing



Methylated CpG Islands Inhibit Transcription

TF MBI MBD *“IMBL MBD

Unmetnviateda up(a 1siana @@D
-

* Active promoters are usually unmethylated

* Methylated DNA recruits methyl-CpG-binding domain proteins
(MBD or MECP) which may inhibit transcription by several
mechanisms

* Unmethylated CpG islands recruit Cfp1 which associates with a
histone methyltransferase creating H3K4me3 (transcriptional
activation)




Mechanisms for Repression Mediated by MBDs

Model 1 - MBD proteins interact with HDAC to generate
hypoacetylated, condensed chromatin

@
F YYY

Model 2 - MBD proteins coat methylated loci occluding
regulatory DNA

Model 3 - MBD proteins alter local DNA and or chromatin
architecture

L,,/. '/‘. L,.

Model 4 -an MBD protein sequesters an essential transcription
factor, preventing its function
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nature genetics ® volume 23 ¢ october 1999

Rett syndrome is caused by mutations in X-linked
MECP2, encoding methyl-CpG-binding protein 2

Ruthie E. Amir!, Ignatia B. Van den Veyver2’3, Mimi Wan?, Charles Q. Tran?, Uta Francke>®
& Huda Y. Zoghbi!»>*

Rett syndromel (RTT) is a progressive neurodevelopmental disorder and one of the most common causes of
mental retardation in females, with an incidence of 1 in 10,000—15,000. Patients with classic RTT appear to
develop normally until 6-18 months of age, then gradually lose speech and purposeful hand use, and develop
micro- cephaly, seizures, autism, ataxia, intermittent hyperventilation and stereotypic hand movements. After
initial regression, the condition stabilizes and patients usually survive into adulthood. As RTT occurs almost
exclusively in females, it has been proposed that RTT is caused by an X-linked dominant mutation with
lethality in hemizygous males. Previous exclusion mapping studies using RTT families mapped the locus to
Xg28. Using a systematic gene screening approach, we have identified mutations in the gene (MECP2)
encoding X- linked methyl-CpG-binding protein 2 (MeCP2) as the cause of some cases of RTT. MeCP2
selectively binds CpG dinucleotides in the mammalian genome and mediates transcriptional repression
through interaction with histone deacetylase and the corepressor SIN3A . In 5 of 21 sporadic patients, we
found 3 de novo missense mutations in the region encoding the highly conserved methyl-binding domain
(MBD) as well as a de novo frameshift and a de novo nonsense mutation, both of which disrupt the
transcription repression domain (TRD). In two affected half-sisters of a RTT family, we found segregation of
an additional missense mutation not detected in their obligate carrier mother. This suggests that the mother is
a germline mosaic for this mutation. Our study reports the first disease-causing mutations in RTT and points
to abnormal epigenetic regulation as the mechanism underlying the pathogenesis of RTT.



MeCP2 and Rett syndrome

Rett syndrome is a neurodevelopmental disorder linked to the X chromosome:

« Autistic traits
* Loss of acquired language
* Loss of motor skills

95% of Rett patients carries mutations on MECP2 gene

pre-genomic era:
MeCP2 represses specific genes in the brain

post-genomic era:

-60% MeCP2 binding sites fall outside the
genes and only 6% in the CpG islands in the
promoters.

-The modulation of gene expression mediated
by MeCP2 is repressive for 377 genes while is
activating for 2184!!

Mode of action of MeCP2

MeCP2 in Transcriptional Repression
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Studying DNA Methylation

1. Methylation-sensitive restriction enzymes combined with
Southern blots or PCR

* Requires complete digestion of methylated DNA to avoid false
positives and lacks sensitivity

2. Methylation specific immunoprecipitation

3. Bisulfite modification (is the most widely used technique for
studying DNA methylation )

* (’s are converted to U’s
* Methylated C’s are NOT converted

NH HSO; NH

2 2 Hzo 0
+ 2 \, s 2 \ I111standard molecular biology
HN ' oM HN o o HN HN I .
)\N O)\N or ) o)\N o \ O)\N techniques such as PCR and
| | NH, | HSO5 | | cloning erase information about

Step 1 - Step 2 - Step 3 o the position of methylated

Sulfonation Deamination DeshlforEtian CytOSines in DNA
pH5 pH 5 pH >10 i

0]

[C]




Studying DNA Methylation
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1. fragmentation of genomic DNA by restriction enzyme digestion or sonication.

2. Affinity enrichment-based methods use either methyl-CpG-binding domain (MBD) proteins or
antibodies specific for 5mC (as in MeDIP) to enrich methylated DNA region

3. sodium bisulfite deaminates unmethylated C to uracil (U), while methylated C residues remain
unaffected. The U eventually converts to thymine (T) in a subsequent polymerase chain reaction (PCR).
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Alkylation
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-—-AUTUUAUGG---TUUATCGCT--- -—-AUTUUAUGG---TUUATUGCT---
---TGAGGTGUU---AGGTAGCGA--- ---TGAGGTGUU---AGGTAGCGA---

N\ /

PCR and fragment sequencing to identify
polymorphisms generated by bisulfite treatment.



Methyl-Seq

Genomic DNA ...GACATGMCGACG ... GACGTG|ICGACG...

Converted DNA * * * *

..GAUATGICGACG ... GAUGTGIUGACG...

Loy v

Methylated C remain C while the
unmethylated C are converted in
U (this will be read as T by the
sequencing machine)

DNA sequencing

Sequences will be aligned on reference genome. C-T substitution means that the C
was not methylated, conversely all the other kept Cs were originally methylated

Original converted DNA LGAUATECEA.L..GATETETGACG...
Reference Genome LGAUATECEA..GACETECEACG...




Histone modifications



The nucleosome
- repeat unit of chromatin

146 bp of DNA wrapped around a histone octamer core

so that it forms 1.7 turns of a left-handed superhelix
within the nucleosome core particle

while the histon core is involved in histone-histone
packing and DNA-contact, the N-terminal tail point
outwards and is available for interaction
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Histone H1 - linker histone
« H1 linker histone

— associated with linker DNA between nucleosomes (about one H1 per
nucleosome)

 Binds DNA at entry/exit
» stimulates folding 10 nm =¥ 30 nm fiber
* repressive effect on transcription

— HI1 binds weaker to acetylated nucleosomes

H1" \ " #

H1 legato



RNA polymerase and factors
cannot get access to DNA *

Histone octamers cannot
get access to DNA




Regulation of transcription by chromatin

. Histone variants

. Opening of chromatin through directed modication of
histone tails (e.g. acetylation and methylation)

. Opening of chromatin through directed nucleosome
mobilization by remodeling complexes

. Positioning of nucleosomes creates promoters with
different requirement for remodeling




Histone variants and modifications
influence transcriptional activity

* Histone tails can be covalently modified to facilitate or prevent
transcription

* Variants for Histone 2 and 3 mediate transcriptional control

H4 tail
) H2B tail

H2A tail , » H3 tail

H2A tail = 4

H4taﬂ

H2B tail =

H3 tail



Special functions of histone variants

H3.3

CenH3

H2AX

H2AZ

macroH2A

H2ABBD

H2B

spH2B

—_ H4

HFD
n HFD mm'
HFD

HFD
J—

HFD
——————————— .

HFD
=

HFD
- OO @o—

HFD

HFD

HFD

HFD

Canonical core histone

Kinetochore assembly

Canonical core histone

DNA repair and recombination,
major core histone in yeast

Canonical core histone

Chromatin packaging

Canonical core histone
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Histone post translational modifications (PTMs)

'Writers' introduce histone marks (circles), 'erasers’ (or editors) take
them out and 'readers' can recognize a particular form of histone
modification.

Writing Erasing Reading
\
— O
O {_D O O m
Acetylases, Deacetylases, Bromodomain,
methylases, demethylases, = chromodomain,

phosphorylases phosphatases PHD finger,
WD40 repeat



Histone post translational modifications (PTMs)
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Histone PTMs regulate transcription

Table 1. Different Classes of Modifications Identified on Histones

Chromatin Modifications Residues Modified Functions Regulated

Acetylation K-ac Transcription, Repair, Replication, Condensation
Methylation (lysines) K-me1 K-me2 K-me3 Transcription, Repair

Methylation (arginines) R-me1 R-me2a R-me2s Transcription

Phosphorylation S-ph T-ph Transcription, Repair, Condensation
Ubiquitylation K-ub Transcription, Repair

Sumoylation K-su Transcription

ADP ribosylation E-ar Transcription

Deimination R > Cit Transcription

Proline Isomerization P-cis > P-trans Transcription




Histone Modifications Associated with
Heterochromatin and Euchromatin

euchromatin heterochromatin

20, b

WA

tr‘f'vl 'I'II"

® DNA methylation

Heterochromatin (inactive /condensed)
Mle3
H3 ARTKQTARIgSTGGKAPRKQLATKAARKSAPAT H3K9Me3
Me,

I
H3 ARTKQTARKSTGGKAPRKQLATKAAR_‘I,(7$APAT H3K27Me3

Euchromatin (active/open)
Ac Ac

H3 ARTKQTARI;(1SOTGG1I|§APRKQLATKAARKSAPAT H3K9Ac H3S10P H3K14Ac

Me, Ac
| |
H3 ARTKQTARKSTGGKAPRKQLATKAARKSAPAT H3K4Me3  H3K14Ac



Histone PTMs regulate transcription
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Histone modifying enzymes (writers)

generate “the histone code”. They
usally act in large complexes.

PTMs dictate chromatin structure
and serve as a scaffold for additional
regulatory proteins (readers).

Most modifications have been found
to be dynamic, and enzymes that
remove the modification have been
identified (erasers).



Histone H3 Lysine Writers, Erasers, and
Readers

Post-translational ~modifications of histones are coordinated by
counteracting writers and erasers.
HISTONE MARKS WRITERS ERASERS READERS
MLL,MLL2-5 KDM1A [+CoREST] MLL, TAF3 (TFIID),
Me3 PRDMS [meiotic] KDM1B CHD1,
K4 SETD1A/B KDM2B RAG2, BPTF,
Met ‘ SMYD1-3 KDM5A-D PHF2,PHF6,PHF8
DNMT3L [me0 only]
SUV39H1/2 A B
PRDM2 (RIZ1) KDM3A-B CBX5 (HP1)
| | SETDB1/2 KDM4A-D EHMT1 (GLP)
MECOM (PRDM3) PHF2/8 [rRNA genes] =l (e
K9 EHMT1, EHMT2 (G9A) 9 UHRF1
PRDM16
Cgii?ri/ EP_?OO HDAC1-11 TAF1, BRD4, BRDS,
amily SIRT1-7 SMARCA4, KAT2B
K27 KDMBA (UTX)
| ‘ EZH1/EZH2 KDMéB EED
[with EED/SUZ12] KDM7A CBX7
PHF8
SETD2 MORF4L1
NSD1 KDM2A el
K36 A WHSC1 (MMSET) KDM4A/C DNMT3A
WHSC1LA1
SMYD1/2
K79 m DOTIL ? TP53BP1
|
H3 DNA METHYLATION
- DNMT1 TET1 MBD1,2,4
DNMT3A TET2 MECP2
[ ----oodo Gene - DNMT3B e ZBTB33 (KAISO)
Enhancer TSS Gene body
promoter




Histone PTMs regulate transcription

* Acetylation is associated with activation of transcription and absent in
heterochromatin

* Histone acetyltransferases (HATs) and  histone deacetylases
(HDACSs) bind to transcription factors or coactivators often forming
large regulatory complexes

Inactive state Active state

HAT TAC A

p Histone p
acetyltransferase
—

—
Histone

deacetylase

HDAC

e chemical inhibitors (i.e. trichostatin) that inhibits HDACs resulted in
increased gene expression



Activators Regulate Gene Expression by
Modulating Chromatin Structure to be Open

(b) Activator-directed histone hyperacetylation

Hyperacetylation of histone

Gcenb N-terminal tails
\ S.cerevisiae

LS IVVA

The DBD of Activators like Gen4 bind their Upstream Activating Sequence (UAS).

Activation Domain (AD) attracts protein complexes containing histone acetylases
(Genb)
Subsequent acetylation of histone tails serve to open up chromatin.




Repressors Regulate Gene Expression by
Modulating Chromatin Structure to be Closed

(a) Repressor-directed histone deacetylation

@ = Acetyl group Deacetylation of histone

Rpd3 N-terminal tails S.cerevisiae
Sin3

‘ URS1

Histone
N-terminal
tail

* The DBD of repressors (like Ume6) bind a DNA element (URS1) and the
Repression Domain (RD) recruits a protein complex containing a histone
deacetylase like Rpd 3.

* The subsequent deacetylation of histone N-terminal tails results in chromatin
condensation which promotes gene repression.



Histone methylation

Both Lys (K) and Arg (R) can be methylated at more than one methyl-
group

Histone methylation is a relatively stable modification with a slow
turnover rate.

An ideal epigenetic mark for more long-term maintenance of
chromatin states.

Methylated residues are present both in eu- and heterochromatin.

Acetylated H3K9 prevents methylation, and prevents HP1 binding
for heterochromatin formation

Histone

demethylase p

—_—
S —

Histone
methyltransferase

el {ts
r\



The subtrates:
Histone tails - multiple methylations

N-term tails reversible methylated in Arginine (R) and Lysine (K),
particularly in H3 and H4.
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Histone PTMs regulate transcription

Histone

—_—
Histone

V’

~

demethylase ﬂ
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methyltransferase |

H3K4me1

H3K4me2

H3K4me3

Transcription

H3K36me2

H3K36me3

H3K79me

H3K9me

H3K27me




Activation/silencing determined by the counteracting
action of KMTs and KDMs

KMTs (histone lysine methylase) and KDMs (histone lysine demethylases)
have a high degree of specificity for particular lysine residues and the
degree of methylation.

Mono Methylases Di Methylases Tri Methylases
KMTS5A: [H4K20] KMT7: [H3K4 KMTS8B: [H3K4]
KMTSE,F: [H3K9] KMTED; [H3K9) KMT3A [H3K36)
KMT2E: [H3K4) KMT3E: [H3K4]
KMT1A,B.E, F: [H3K9] KMT1A,B.E, F: [H3K9]
KMT3F: [H3K27] KMT3F: [H3K27)]
KMTSB,C: [H4K20] KMTSB,C: [H4K20]
KMT6: [H1.4K26] KMT6: [H1.4K26]
KMT1C,D: [H3K9, H1.4K26) KMT1C,D: [H3K9, H1.4K26]
KMT3B: [H3K36, H4K20) KMT3B: [H3K36, H4K20]
KMT3C: [H3K36] KMT3C: [H3K36]
KMT3F: [H3K4) KMT3F: [H3K4)
KMT3G: [H3K4, K36, H4K20] KMT3G: [H3K4, K36, H4K20]

KMT2A-G: [H3K4] KMT2A-G: [H3K4] KMT2A-G: [H3K4]
KMT2H: [H3K4,K9 H4K20] KMT2H: [H3K4,K9 H4K20] KMT2H: [H3K4 K9 H4K20]
KMTBA: [H3K9) KMTBA: [H3K9] KMTBA: [H3K9]
KMTE: [H3K27] KMT6: [H3K27)] KMTE: [H3K27)]
KMT4: [H3K79] KMT4: [H3K79] KMT4: [H3K79]
KMT3G: [H3K27) KMT3G: [H3K27] KMT3G: [H3K27)

H H CH3 CH3
H-p H | H- 3 CH3 -} CH3 3HC- 3 CH3

|
(CH2)y——  (BH2)y —— (FHZ)‘ R (EH2),
—— — —

-R- 4 -R- -R- -R-
Unmodified Monomethylated Dimethylated Trimethylated

Lysine Lysine (me1) Lysine (me2) Lysine (me3)
| KDM5B: [H3K4] || KDMSB: [H3K4] || KDMS5B: [H3K4] |
KDM1A: [H3K4] KDM1A: [H3K4]
KDM1B: [H3K4, K9] KDM1B: [H3K4, K9]
KDM2A B: [H3K36) KDM2A B: [H3K36)
KDM3A-C: [H3K9] KDM3A-C: [H3K9)
KDMTA,B: [H3K9, K27, H4K20] || KDM7A,B: [H3K9, K27, H4K20]

KDM4A-E: [H3K9, K36, H1.4K26)| IKDMJ4A-E: [H3K9, K36, H1.4K26)
KDMSA-D: [H3K4) KDM5A-D: [H3K4]
KDMGA,B: [H3K27] KDM6A.B: [H3K27)

KDM (H3K36])

Mono Demethylases @~ DiDemethylases @ Tri Demethylases



The importance of histone methylation regulators in
mammalian development

Loss of some histone methylation regulators causes very early lethality, before or
during implantation (for example, SETDB1), whereas other regulators are required at
later stages of organogenesis, with the majority exhibiting lethality between
embryonic day 7 (E7) and E12. For some regulators (MLL1, SETDB1), lethality was
observed at different stages, depending on the report.

a * KDM3A KDM3B * SUZ12
(double knockout) * LSD1 * G9a
* PRMT1 * KDM5B * EED
SETDB1 EZH2 * PRMTS * NSD1 MLL4 « SETD1A
- > o5 AR “ e N . \

.\ J® .j‘i\.i.\ S | < L

E1l E2 E3 E4 E4.5 E5 E6 E6.5 E7 E7.5 E8 E8.5

Single cell Morula Morula Blastocyst Implantation  Trophoblast  Proamniotic Cranial 3germ Neuralplate Somites Embryo
begins and ICM cavity forms furrow, layers forms, form turns
differentiate, body axis form organogenesis
implantation begins
MLL1
* SETD1B KDMB6A (female)
MLL1 * MLL2 MLL1
< - !) 5 / 8) p) / D f/ » / »
A o= &= sy s AN % )
(7 Y 20 7 Y /
E9 E9.5 E10 E10.5 E11 E11.5 E12 E13 E14 E15
Organogenesis, Organogenesis, Organogenesis, Limbsand Continued Facial Heart  Organogenesis Organogenesis, Organogenesis
limb buds form  limb buds form neural tube branchial  organogenesis features  develops,  continues fingers nearly
closes arches form and form digits form separate complete

differentiation



Polycomb and MLL/Trithorax Complexes

Epigenetic regulation of gene expression is one of the key mechanisms
regulating cell-fate choices and cell identity during development. One of the
most prominent and enigmatic epigenetic regulatory systems involves the
evolutionarily conserved Polycomb group (PcG) and Trithorax group
(TrxG) components, acting antagonistically to orchestrate the expression of
key genes in cell differentiation and developmental processes.

H3K27me3 H3K4me3
Polycomb-group Proteins Trithorax-group Proteins
* Maintains a silenced state  Maintains an active state
 Prevents chromatin * (Counteracts the action of PcG

remodelling proteins



Core PRCs and their chromatin-modifying activities

‘Polycomb repressive complexes (PRCs) repress transcription by a
mechanism that involves the modification of chromatin.

H2AK119ub1

RBAP46 or
RBAP48

PRC2 core



PcG complexes in mammals.

The interaction of the core
complex with other
accessory proteins defines
the complete composition

of each subcomplex.
These accessory proteins
have been found to
regulate recruitment to
specific chromatin
domains and/or to
modulate the catalytic

activity of the core
complex.

PRC1 complexes

ncPRC1
)\ (E2F6.com, PRC1.6)

Core complex

=

cPRC1 (prc1.4, PRC1.2)

PCGF2
CBX2,4,6-8 <«~—>
: J PCGF4

Complex recruitment
Chromobox domain

Methyl-lysine binding
Enzymatic enhancement

Monoubiquitination H2A

Chromatin compaction
PCGF2/4
I PCGF1

Complex recruitment
E-boxes

PCGF
3/5

Complex recruitment
Enzymatic enhancement

ncPRC1
(BCOR, PRC1.1)

Complex recruitment
Unmethylated CGI
CxxC domain (KDM2B)

ncPRC1
(PRC1.3, PRC1.5)

PRC2 complexes

Core complex

P

puZ12 ‘ EEDLS ) ]él7orf96j Enzymatic enhancement
<> ’ <> .
B

Methylation H3K27
A

Complex recruitment RBBP7 /4 Complex recruitment

TUDOR and PHD domain GC-rich binding domain

Methyl-lysine binding Complex recruitment Enzymatic enhancement
Histone binding

Enzymatic enhancement

Enzymatic regulation
Complex recruitment
Interaction DNA & ncRNA




Polycomb systems and gene regulation

Polycomb complexes lead to Polycomb chromatin domain formation,
which then directs repression of transcription by RNA polymerase II (Pol
IT) at the associated gene.

N

\ Transcriptional ;
repression

" D A ” iy " o Ah " o A

2, 2, T L L o *,

H3K27me3

Nucleosome



Writing the H3K4 Methylation Mark

* Trithorax (MLL or COMPASS in mammals) methylates H3K4 and
recruits HAT and remodeling complexes

WARD
core complex

:
Qs e

recruitment enzymatic substrate
activity recognition

A0

MLL-family HMTs associate with the core
complex containing, WDR5, and ASH2,
RbBP5 and DPY30 (abbreviated in
WARD). The core complex cooperates with
the catalytic SET domain to methylate
H3K4, whereas other regions of the MLL
protein are involved in association with
other protein partners and in recruitment
of the MLL complex to the target genes.
WDRS5 plays a role in substrate recognition
and presentation, with preferential, but not
exclusive, binding to the H3K4me2
substrate.



Writing the H3K4 Methylation Mark

SetlA/B COMPASS complexes catalyze mono-, di-, and trimethylation on H3K4 at
active promoters. The activity of the partially redundant COMPASS complexes
containing MLL3/KMT2C and MLL4/KMT2D leads to the deposition of H3K4mel at
enhancers, facilitating the recruitment of other activators such as CBP/p300. The
deposition of methyl marks on H3K4 at bivalent regions is performed by
MLL2/COMPASS. Multiple histone demethylases, including members of the
KDM1/LSD, KDM2A/FBXL11, and KDMS5/JARID families, are implicated in the
removal of methyl groups on H3K4.

By Active genes
e Bivalent genes /N

» N
eosome
uc S

® H3Kdme1 @ H3Kdme2 P H3Kdme3 @ H3IK27Tme3 —> Deposit A\ Removal




Recruitment of histone modifying
complexes



Transcription factor (TF)-mediated recruitment

* Cooperative interactions between TFs and PRCI

and PRC2 complexes contribute to stable PcG
binding. The PRC1 accessory protein Scm is a key
protein in mediating PRC1 interaction and PhoRC.
Similarly, SCMH1/2 and EED might mediate
interactions between PRC1 and PRC2 complexes,
thereby facilitating stable binding to chromatin.
KDM2B, which is part of ncPRC1.1, binds to CGIs
(hypomethylated CpG islands) through its zinc-
finger CxxC domain.

Similarly, COMPASS(-like) complexes can bind
sequence specifically to their target sites via the
CxxC domain of MLL1/2 or can be recruited by TFs

such as CFP1 or FOXAT1 or via their interaction with
PAF1.

PhoRC/TFs

» h r » h
D\ D7y PREICGI N YN\'D

|

CXXC E

N/ J)/ /| TRE/CGI D

e
o’ A\ v
l L PAF1

CXXC {
COMPASS-like




RNA-mediated recruitment

* RNA-mediated recruitment. ncRNAs (like
XIST, HOTAIR, or KCNQI1, shown in red),
or short RNAs transcribed from repressed
genes that form stem- loop structures (in

black), can induce recruitment of PcG
complexes.

e In a similar manner, HOTTIP ncRNA
interacts with the WDR5 subunit of
COMPASS to recruit it to the HOXA locus.

RNAs
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B /I PRE/CGI
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Nascent RNA modulates the association of regulatory
factors with chromatin to maintain gene activity

a) Nascent RNA can compete with chromatin for binding of repressive chromatin
modifiers, such as PRC2, and DNMT1 and DNMT3A, which primarily
methylate the DNA at CpG dinucleotides.

b) Interaction of the transcription factor YY1 with nascent RNA facilitates its
transfer to chromatin. Similarly, the interaction of WDR5, which is a component

of MLL, with nascent RNA facilitates their transfer to chromatin and H3K4me3,
thereby forming a positive-feedback loop that promotes gene expression.

a b YY1

PRC2
% { WDR5
H3K4me3%
m
X Q Wr
Nucleosome CpG

Nature Reviews | Molecular Cell Biology

DNMT1 SET1
DNMT3A MLL




Chromatin-mediated recruitment

Histone marks

« H3K27me3 can increase the affinity of

PRC1 to chromatin via interaction @
with the chromodomain of Pc/CBX. EED A:§:'°2
The EED subunit of PRC2 can bind to @i \ / €D
methylated H3K9 and H3K27, thereby Hakz7me3 4P ?Hw«mw b
stabilizing its binding to chromatin. 9\ JrERECGIN G
H2AK119ub can induce PRC2 Gt L
recruitment mediated by AEBP2 and ”“\ \‘;‘g{"’”
JARID2. H3K36me3 can stabilize R
binding of PRC2 via the TUDOR é
domain of PCL proteins. @
LEDGF

¢ TrxG complexes containing MLL1 can }
be recruited to their target sites via HSKSmeS G5 r
their interaction of the PHD finger D\ 4TRE/CG i)
with H3K4me3. H3K36me2, deposited o
by ASHIL, can promote binding of \PM'

COMPASS  complexes via the -
epigenetic reader protein LEDGF. W




Model for Role of H3K9 Methylation in
Heterochromatin Formation

0P~~~

(writer) | Histone H3K9
methyl transferase

Me; Me; Me; Me; Me; Me;

q Binding of HP1
(reader) | chromodomain to H3K9Me,

YN

N U~ U~

lHP1 oligomerization

Iy,
) ‘a‘a‘a' S
Wé IF i VoW S

LRV TVERT AT TR 1
L0 ) om”fom

Heterochromatin

Figure 6-34a
Molecular Cell Biology, Sixth Edition
© 2008 W.H.Freeman and Company

HP1 (heterochromatin protein 1)
binds to H3K9-Me;

HP1 oligomerization
Spreads along chromatin

Condenses chromatin into
heterochromatin

Euchromatin}

Hetero-
chromatin

Figure 6-33a



Histone Modifications are recognized by specific
regulative proteins (readers)
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DNA

Landmarks for Chromatin-binding Proteins

Chromodomain

Closed chromatin

Open chromatin

Chromodomain

* CH;(Methyl)- recognition
domain

e Targets to Me-lys

Bromodomain
* Binds to acetylated lysines



The list of newly identified histone readers has
grown rapidly

Recognition of the methylated (me) lysine, methylated (me) arginine,
acetylated (ac) lysine and phosphorylated (ph) serine and threonine
residues of the N-terminal histone H3 tail by indicated readers.

ADD
Ankyrin
CD
MBT
PHD

Chromo-
barrel
PWWP

Nucleosome



Combinatorial readout of PTMs
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Crosstalk between chromatin marks

« Chromatin is typically marked by multiple modifications, and it is essential that
these marks work in concert to achieve a coordinated cellular response. In some

cases, the presence or absence of one modification can stimulate or inhibit
deposition of another.

* Several chromatin regulators have important catalytically independent roles in
setting chromatin modifications, often by recruiting other enzymes.

* Histone methylations are also highly coordinated with DNA methylation through
multiple feedback loops .



Crosstalk of DNA Methylation and
Other Epigenetic Mechanisms

Transcription is ultimately regulated by the interaction of multiple epigenetic
mechanisms that cooperate to activate or silence gene expression.

Repressed transcription EDi ti talk .
Gisiine Histone pigenetic crosstalk.  To suppress gene expression, Dnmts target

methylation.__ » @ ;:2:’(':::: CpG sites and actively methylate DNA. DNA

[Dnmwaj (Do) methylation is recognized by methyl-binding

“- " [Dnmt3a) proteins such as that along with Dnmts

recruit enzymes that modify the histone tails

including histone deacetylases (HDACs),

which remove acetylation (Ac), and histone

methyltransferases (HMTs), which methylate

histones (Me) and in conjunction with DNA

methylation serve to further repress gene
expression.

In regions of DNA with activate transcription,

Tet removes DNA methylation, and histone
tails in this region often contain
H3K4me3 that inhibits Dnmt binding to
unmethylated CpG sites and maintains a
permissive environment for transcription.

CpG CpG



Regulation of transcription by chromatin

. Opening of chromatin through directed modication of
histone tails (e.g. acetylation and methylation)

. Histone variants

. Opening of chromatin through directed nucleosome
mobilization by remodeling complexes

. Positioning of nucleosomes creates promoters with
different requirement for remodeling




Three families of ATP-driven remodeling factors

Chromatin remodellers can be classified into four subfamilies.
Each subfamily is specialized to preferentially achieve particular chromatin
outcomes: assembly, access or editing.
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Recruitment

Each remodeliling complex_has a unique domain (bromo, chromo and sant),
and these are known or thought to interact with specific chromatin
substrates. Moreover, they interact only on a subset of genes (Genome-
analysis in yeast shows that <5% of all gener require Swi/Snf). Diversity in
the protein composition of remodellers enables their specific interaction with
particular transcription activators, repressors and histone modifications,
which together specify targeting.
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Functions of chromatin remodellers

@  Nucleosome assembly Chromatin access Nucleosome editing

IDNA

Deposition of

H3-H4 tetramers

or H2A-H2B dimers
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Possible activities of Swi/Snf
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Possible activities of Swi/Snf

SWI/SNF

Active Repressed
(e.g. lineage-specific genes) (e.g. cell proliferation genes,
MYC, CCNB2 and CDK1)

Nature Reviews | Cancer



Each gene a specific pathway

It appears that there is no
obligate order for function of
ATP-dependent remodelers
and covalent modifiers that is
general for all promoters.

Rather, it seems that each
individual promoter will
work using a set order of
action by these complexes
that differs from promoter to
promoter.
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Mutations in regulators of the epigenome identified in

cancer

Subgroup | Modifications

Mutated | Tissue type (number of donors)

genes

: Histones
Histone

modification [RXELEEIS Acetylation

Methylation

Acetylation,
methylation and
phosphorylation

Breast (1,030)
Brain (947)
Lung (760)
Ovarian (576)
Blood (512)
Kidney (502)
Colon (460)
Uterus (451)
Liver (390)

Pancreas (330)

Chromatin
remodelling

Editors

Subgroup | Modifications

Mutated

Tissue type (number of donors)

genes

Readers

Chromatin remodelling
helicase

Breast (1,030)
Brain (947)
Lung (760)

SMARCAs
SRCAP
TTF2
ERCC6
RAD54s

Ovarian (576)
Blood (512)
Kidney (502)
Colon (460)
Uterus (451)
Liver (390)
Pancreas (330)

0.0

Frequency of mutation 100
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