Ch. 2

Establishment & maintenance of
chromatin features



L 2.1

e PTMs and other chromatin features distribution
throughout the genome

e Mitotical inheritance of chromatin states



Features: Histone PTMs - CpG methylation

widely «repressive»

H3K9me3, H3K27me3, CpG island hypermethylation

widely «active»

H3K4me(1,2,3), H3K27ac, H3K36me3,
H-hyperacetylation



Post-genomics

Functional Genomics
Epigenomics: CpG methylation
Histone modifications (PTMs)

Chromatin status

Protein-DNA mapping (e.g. Transcription Factors)
Transcriptomics: Coding and noncoding RNAs



& [ﬁ Sicuro |h'ttps:ffmw.r.encodeprojed.org 53 1:‘(| @ Q 'g' (o]

p 2 Home - PubMed - N ) Universitd di Torino %} Home Page - MedIn” @ Course: Advanced M Innovative Training I & Dictionary | Definitio Didattica bioinformatics

ENCODE Data Encyclopedia  Malerials & Methods  Help

ENCODE: Encyclopedia of DNA Elements
The ENCODE (Encyclopedia of DNA Elements)
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https://www.encodeproject.org/

ENCODE: Encyclopedia of DNA Elements
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ENCODE first phase: on DNA
microarrays

Since 2007 everything by NGS

RNA-Protein interactions

DNA microarrays

Transcriptome

Background help available

functional prediction by bionformatics

CpG methylation profiles

Histone PTMs, Transcription Factors

Accessibility, HC vs EC mapping

Long-range interactions (chromatin loops, Enhancer-promoter interaction)




Can we access information on chromatin accessibility genome-wide ?

Dnase-Seq
FAIRE-Seq (Formaldehyde Assisted Isolation of Regulatory Elements)
ATAC-Seq (Assay for Transposase-Accessible Chromatin)

All these methods are coupled to NGS, but they have been (and still are)
also analyzed using microarrays




Sample fragmentation
* DNasel digestion

®

Add biotinylated linkers
and extract

DNA library creation and sequencing

DNase | sensitivity assay

— DNase-Seq

DNase—seq experiments combine traditional
DHS assays with high-throughput sequencing
to simultaneously identify all types of
regulatory regions genome-wide.

The 5’ end of a sequence tag generated by
DNase—seq indicates the site of a DNasel
digestion event, and regions of enrichment
in digestion events are identified as DHS
sites, each of which can contain binding sites
of multiple factors.

Furey 2012, Nat Rev Genet. 13: 840-852




d FAIRE-seq

FAIRE-seq

Crosslink proteins and DNA

v The FAIRE—seq assay starts with
formaldehyde crosslinking, similarly to ChlP,
but then instead of using an antibody to
target specific factors, DNA is sonicated and
the extract is subjected to phenol-
chloroform extraction. The nucleosome-
depleted fraction of DNA is preferentially
segregated to the aqueous phase. FAIRE-
enriched DNA has been shown to
correspond to regulatory regions.

Sample fragmentation
* Sonication

Phenol-chloroform extraction of DNA
2 —r—-?-
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> DNA library creation and sequencing



Closed
chromatin

Amplify
and
sequence

(a) ATAC-seq reaction schematic.

Transposase (green), loaded with sequencing adaptors (red and blue),
inserts only in regions of open chromatin (between nucleosomes in gray)
and generates sequencing-library fragments that can be PCR-amplified.

Buenrostro et al., Nat Methods. 2013, 10(12):1213-8.



Transposase complex loaded
with sequencing linkers




Mapping data.

Results are very different from those obtained from NGS on genomic DNA, which
are a «probabilistic» distribution of fragments on the reference genome.

reference genome
gaps

ATAC-Seq will give only fragments from open regions

\ }
V \ reference genome
Peak = HS 5’-end of reads will identify HS



Buenrostro et al., Nat Methods. 2013, 10(12):1213-8.
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b Histone modification ChiP-seq

Histone PTMs were studied genome-wide

using ChIP-Seq or ChIP-on-chip

Very specific antibodies are available,
which not only recognize subtle differences
(e.g. symmetric versus nonsymmetric
arginine dimethylation) but also the

Sample fragmentation

peptide context in with PTM occurs (i.e. the * Miase digestion

exact aminoacid that is modified), but }
facultative |

caution! ﬁ

not all the available antibodies are good for ™~

ChIP. Often two or three different Immunoprecipitate and

then purify DNA

\

antibodies are used together.
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DNA library creation and sequencing



SrciRcleciehee rg

e "D ) -‘-1.\‘
e e a—— TCTAGATTATGCTITAAATA
CTTAATTCCCTTTCCTTATGA

Sequencing

}

Chrl:13456.23485
Chrl:24323-24233
Chrl:25678-25708
Chrl:523221.58351
Chrl:S55673.55703

TAJC% = : Cht1:89455.82485

etl.e

Analysis and visualization Peak calling Alignment

Figure 1. Flow scheme of the central steps in the ChIP-seq
procedure.

Liu et al. BMC Biology 2010, 8:56




Let us take a look of one of the first papers
published, reporting PTMs analysis genome-wide
using NGS (lllumina-Solexa first version)



High-Resolution Profiling of Histone
Methylations in the Human Genome

Artem Barski,"® Suresh Cuddapah,'® Kairong Cui,"® Tae-Young Roh,"® Dustin E. Schones,'” Zhibin Wang,'**
Gang Wei,"? louri Chepelev,? and Keji Zhao'*

1Labora10ry of Molecular Immunology, Mational Heart, Lung, and Blood Institute, NIH, Bethesda, MD 20892, USA

2I:‘l&partmFmt of Human Genetics, Gonda Neuroscience and Genetics Research Center, University of California, Los Angeles,
Los Angeles, CA 90095, USA

*These authors contributed equally to this work and are listed alphabetically.

*Correspondence: zhaok@nhlbi.nih.gov

DOI 10.1016/).cell. 2007.05.009

Analysis done using primary human CD4+ T cells

SUMMARY

Histone modifications are implicated in influencing gene expression. We have generated high-resolution
maps for the genome-wide distribution of 20 histone lysine and arginine methylations as well as histone
variant H2A.Z, RNA polymerase Il, and the insulator binding protein CTCF across the human genome
using the Solexa 1G sequencing technology. Typical patterns of histone methylations exhibited at
promoters, insulators, enhancers, and transcribed regions are identified. The monomethylations of
H3K27, H3K9, H4K20, H3K79, and H2BKS5 are all linked to gene activation, whereas trimethylations of
H3K27, H3K9, and H3K79 are linked to repression. H2A.Z associates with functional regulatory
elements, and CTCF marks boundaries of histone methylation domains. Chromosome banding patterns
are correlated with unique patterns of histone modifications. Chromosome breakpoints detected in T
cell cancers frequently reside in chromatin regions associated with H3K4 methylations. Our data provide
new insights into the function of histone methylation and chromatin organization in genome function.

Cell 129, 823-837 (2007)
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Data are then collected from many similar position. In the figure, all
RefSeq genes are taken into account and frequencies aligned using the
TSS as central point, in a window of 5Kbp.

Then, the frequency of counts for each position is calculated over the
entire set of genes and plotted.

- Gene A

-5000 +1 +5000
| - Gene B

-5000 1 +5000
- Gene C

-5000 1 +5000
I - Gene D

-5000 1 +5000

\2

F(n) (the frequence of each nucleotide call)



Data were divided in 4 groups of genes characterized by different
levels of expression in CD4+ T cells

High — Medium — Low - Silent

(based on Affimetrix microarray analysis)



Frequency representation

ChIP-Seq using anti-RNA

Polymerase Il (Pol Il) antibody
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Figure 2. Histone Methylation near Transcription Start Sites
(A)—(L) Profiles of the histone methylation indicated above each panel across the
TSS for highly active, two stages of intermediately active and silent genes are
shown. Twelve thousand human genes were separated into twelve groups of one
thousand genes according to their expression level (as measured on Affymetrix
microarrays): High — Medium — Low - Silent
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Histone PTMs Distribution:

« gross distribution » - quite large «domains» that
are separated from one another by «insulator»
sequences (bound by proteins like CTCF)

« focused distribution » - specific to small functional
parts, e.g. Promoters, Enhancers, Centromeres
/Telomeres.. etc



Repressed TAD
compartments

Active TAD

s ? Nuclear
' compartments

lamina

Chromosomal territories P

within nucleus ,- . \
- Red exagon are «insulators»

bound by CTCF and other proteins

from Matharu, et al. PLOS Genetics 11 (12): e1005640 (2015).
DOI:10.1371/journal.pgen.1005640. PMID 26632825.



Most of eukaryotic regulation depends on gene-distal regulatory modules
called Enhancers (that outnumber promoters by a factor of ten)

Enhancers posses multiple sequence elements recognized by
Transcription Factors.

Active Enhancers, as well as Enhancers marked for activation, show
specific PTMs at the nucleosomes flanking their sequence.

H Active enhancers (human ESC) H Poised enhancers (human ESC) Poized enhancers (human HSC) E Active enhancers (Drosophila mesodarm)
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from Ong & Corces, 2012
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What about CpG methylation ?

cytosine 5-methylcytosine
H. _H H. H
DNMT1 N
4\ DNMT3a i ;(. N N

|5 3 N DNMT3b |

6 1 /ZL methylation /k
i N> O
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How to measure CpG methylation
At single locus level:

1. Methylation-sensitive restriction enzymes
1. Hpall*/Mspl (CCGG)
2. Smal*/Xmal (CCCGGG)
3. McrBC - recognize 2 methylated (G/A)pC (50-1000bp apart)

2. Bisulfite conversion (Methyl-C is not modified , Cis converted to U)
1. Enzymatic analysis (e.g. Cobra-next slide)
2. Cloning alleles and Sanger sequencing



Most common methods to detect CpC methylation are based on bisulfite, which converts
C (but not methyl-C) to Uridine. Uridine in DNA is then replaced by T in the following PCR.
Conservation of C (in the case of methyl-C) or change in T are subsequently detected
(simplest) by restriction site analysis, as in the example that follows:

Single CpG site analysis

| Bisulfite-PCR )

( Quantitation )

Restriction Digestion

5mC > SmU > T PAGE Gel
C->"C~-C Oligo Hybridization
Phosphorimager Quantitation
Examp|E: Sample1 Sample2 Sample 3
[ Methylated | [ Unmethylated | - BstUl - Bstl - Bstul
Bst Ul Site Bst Ul Site
A B 8 A B
CG CG TGTG Methylation: 0% 50 % 100 %
Bst Ul Site Bst Ul Site C
| Retained Lost | % Methylation = 100X ( 5> )




Is it possible to study DNA CpG methylation genome-wide ?

Approach |

1) DNA immunoprecipitation using an Ab against 5-methyl-cytosine

2) DNA immunoprecipitation using tagged-MBD (methyl-DNA binding)

followed by hybridization to microarrays or NGS

Approach Il

Bisulfite conversion of the whole genomic DNA,

followed by NGS (WGBS)



On microarrays...

Anti-5—methylcytosine capture

DNA Methylation Workflow Green=input Red=methylated
Input DNA conteni ——
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.
Figure 1. Affinity-based isolation of methylated DNA. A representative example of one method for isolation and enrichment of methylated DNA. Methylated

regions of the genome (mDIP) from a genomic DNA sample are isolated with a monoclonal antibody to 5-methylcytosine. Isolated DNA is purified, Cyanine 5-labeled,
and competitively hybridized against similarly Cyanine 3-labeled "input” genomic DNA onto a single microarray. Arrays are washed, scanned, and analyzed with
Feature Extraction software. Relative DNA methylation levels for each probe/CpG Island are reflected in changes in Cyanine 5/Cyanine 3 ratios.

From the AGILENT website



Bisulfite | Whole genome

DNA purification from samples

/

fragmentation

l

Bisulfite conversion
Adapter ligation ——— library NGS sequencin

/

Mapping will require reference genome
with all possible substitutions (C =2 T)




CpG hypermethylation observed mainly at
heterochromatic, inactive regions.

Due to spontaneous deamination, «C» is converted to «T» at a quit
high rate. If repair fails, this leads to mutations.

One of the Repair systems in cells is linked to transcription
(Transcription-coupled Repair)

As evolutionary consequence, active and regulatory regions have kept
CG islands, while the remaining genome has a «C» content lower
than expected.

An important fraction of human genes are associated to «CpG
islands» (especially constitutive, house-keeping genes).







What happens to chromatin organization during cell division ?

Asymmetric
Division
establishment
Differentiation (programming)
—
Symmetric
Division

Proliferation
—

maintenance

from Yang et al, 2015



Review Cell

Special Issue: Chromatin Dynamics

Epigenetic inheritance: histone Textbook 2
bookmarks across generations

Eric I. Campos, James M. Stafford, and Danny Reinberg

Howard Hughes Medical Institute, Department of Biochemistry and Molecular Pharmacology, New York University School of
Medicine, Mew York, NY, USA

Multiple circuitries ensure that cells respond correctly to the
environmental cues within defined cellular programs. There is increasing
evidence suggesting that cellular memory for these adaptive processes
can be passed on through cell divisions and generations. However, the
mechanisms by which this epigenetic information is transferred remain
elusive, largely because it requires that such memory survive through
gross chromatin remodeling events during DNA replication, mitosis,
meiosis, and developmental reprogramming. Elucidating the processes by
which epigenetic information survives and is transmitted is a central
challenge in biology. In this review, we consider recent advances in
understanding mechanisms of epigenetic inheritance with a focus on
histone segregation at the replication fork, and how an epigenetic
memory may get passed through the paternal lineage.



mechanisms guiding the transmission of an epigenetic memory
across multiple developmental stages

Mitotically inheritable

transmission of epigenetic memories by examining the most
fundamental constituent of conveying information in a dividing cell,
the nucleosome, with emphasis on the replication fork

Transgenerational
the complexities of inheritance across generations in multi-cellular

organisms




Glossary

Epigenetic mhentance: the inheritance of a8 phenotype in a8 manner that is
independent of the DMA sequence and that remains self-perpetuating in the
absenca of the initial stimulus that caused the phenotype inthe parental cell ar

arganism.



Your textbook, 2nd paragraph

Dismantling and restoring chromatin throughout DNA
replication

The post-replicative restoration of DNA methylation on the
newly synthesized DNA via the maintenance DNA methyl-
transferase, DNMT1, is perhaps one of the better-under-
stood examples of epigenetic inheritance (recently
reviewed elsewhere [3]). By contrast, other epigenetic

Y e Ly [, . ) I o L Lty (oo e, B & Y, I5, T ape



Mammalian origin recognition

From Smith et al., 2014




Leading strand

Lagging strand

Figure 2.

Leading and lagging strand synthesis of mammalian DMA at the replication fork. After unwinding ofthe parental DMNA, replication protein A (RPA)
hinds, stabilizing the DNA pol g-primase complex. Following primer synthesis, replicating factor C (RFC) loads proliferating cell nuclear antigen
(FCMNA) onto the leading strand. PCNA then acts as a scaffold to load polymerase & (pol @), continuing synthesis in the 5'—3" direction. On the
lagging strand, pol a-primase creates Okazaki fragments, which are extended by pol 8. When these fragments converge, a single-stranded flap is
formed. This flap is then cleaved by flap endonuclease 1 (FEM1) and ribonucleic acidase (RNAse H). The resulting nick is sealed by DMNA ligase 1.

Smith, SJ, Li, CM, Hickey, RJ, and Malkas, H(Nov 2014) DNA Replication: Mammalian.
In: elS. John Wiley & Sons Ltd, Chichester. http://www.els.net [doi: 10.1002/9780470015902.a0001041.pub3]



DNA CpG methylation is propagated at cell division using a very simple
mechanism: DNMT1 is a methylation-dependent cytosine methyl transferase.
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considering nucleosomes ....

helicase

* ?/i CMG

TRENDS in Cell Biology



Nucleosome octamer dissociation at the replication fork

Octamer H3-H4 tetramer H2A-H2B dimers

Histome PTNs are maintained in dissociated histones




H3-H4 tetramer immediately reassembles after the replication fork has passed,
followed by 2x H2A-H2B dimers addition .

Histones redistribute equally to the daughter strands, so that new histones
should be synthesized and incorporated. H3-H4 dimers arrive carried by ASF, then
CAF-1 chaperones tetramer formation.




H3.1 and H3.2 are the replication-dependent H3 isoforms, whereas
H3.3 is incorporated post-replicationally.

ASF1 (anti-silencing factor 1) is the carrier for all isoforms, but it binds
primary to newly synthesized H3/H4 dimers, avoiding formation of
H3/H4 tetramers.

ASF-1 interacts also with
- RFC replicative clamp loader (clamp is PCNA, the ring in figures)
- MCM subunits of replicative Helicase (CMG)

ASF/1 delivers H3/H4 to CAF/1 (Chromatin Assemly Factor chaperone),
then tetramers are transferred to DNA.



Two competing models for H3-H4 redistribution:

Splitting model:
ASF1 may split H3-H4 tetramer in two and distribute equally

Random tetramer model:
ASF1 distribute randomly tetramers

The latter is favoured today, since PTMs are non symmetrical in
the two half-tetramers, whereas the PTMs are indeed conserved

equally after replication in the two daughter chromatin
molecules.



MCM subunits

helicase /

FACT is histone chaperone: it interacts mainly with H2A-H2B dimers and
dissociates them from the core. MCM also interacts with H2A-H2B.

MCM mutants unable to interact with H2A-H2B show defects in
telomeric heterochromatin.

Thus, this interaction possibly plays a role in correctly passing on PTMs-
containing histones equally to daughter cromatin molecules.



Of course, this kind of mechanism is fully compatible
with the observation that chromatin domains are quite
conservatively inherited by the two daughter cells after
mitosis.

Copying mechanisms rely on protein complexes that
contain Writers / Readers / Eraser systems

as examplified in the case of PCR2 and HP1-Suv39H1/2
complexes



maintenance

The R/W/E complex model

/ PTM enzyme (W)

PTM-binding protein (R)

Moazed 2011, Cell, 146:510-8



first

The HP1 — Suv39H1 — HDAC1 complex in fission yeast

Swi6 (HP1) possesses a chromodomain that is a «reader» of H3K9me2/3
Swib (HP1) interacts with Suv39H1
Suv39H1 and Suv39H2 are enzymes that methylate H3K9

Swi6b (HP1) also interacts with HDAC1 or SIRT1

39H2
Suv39H1

The same in Mammals
with different names and components

H3K9me
H3K9




‘3 H3K4me3 ﬂ H3K9me3 j H3K27me3

Figure 4 | Propagation of histone 3 lysine 27
trimethylation by polycomb repressive
complex 2. d
This scheme shows how pre-existing histone
methylation marks regulate the polycomb
repressive complex 2 (PRC2)-mediated spread
of histone 3 lysine 27 methylation (H3K27me).
For simplicity, only one type of histone
methylation is presented for each domain,
although in vivo there might be combination of
these marks. Importantly, this scheme does not
consider the recruitment of PRC2.

The components of PRC2 are indicated. Three
examples are envisioned.

d A chromatin domain is enriched for an
‘active mark’” — such as H3K4 trimethylation
(H3K4me3) — that is not recognized by PRC2
and therefore H3K27 is not methylated.

EED, embryonic ectoderm development;
EZH2, enhancer of zeste homologue 2;
RBBP4, retinoblastoma binding protein 4;
SUZ12, suppressor of zeste 12.

Margueron & Reinberg, Nature Rev Genet. 2010, 11:285-98



3 H3K4me3

j H3K9me3

j H3KZ7me3

b | A chromatin domain is enriched
for repressive marks — such as
H3K9me3 (shown), H1K26me3

or H4K20me3 (not shown) — that
are recognized by PRC2, but the
enzymatic activity of PRC2 is only
modestly increased (small yellow
star).

Margueron & Reinberg, Nature Rev Genet. 2010, 11:285-98

¢ | A chromatin domain is enriched for
H3K27me3, which is recognized by PRC2
and stimulates a robust increase in its
enzymatic activity (large yellow star).

EED, embryonic ectoderm development;
EZH2, enhancer of zeste homologue 2;
RBBP4, retinoblastoma binding protein 4;
SUZ12, suppressor of zeste 12.




ncRMNA binding

FTM

DNA binding

Histone

hinding hinding
(G+C)-rich

DMNA binding

Figure 3 | The many interactions of PRC2 with chromatin. Schematic
representation of the PRC2 holoenzyme at chromatin. Putative interactions with
either DNA or histones that could explain PRC2 recruitment are highlighted.

From Margueron & Reinberg (2011) Nature 469: 343-49



Figure 1 | The Polycomb complexes PRC1
and PRC2. a, Diagrams representing the
composition of PRC2 and PRC1 are shown. In
PRC1, the diagrams shown on the left
correspond to the classical PRC1 complexes,
whereas those on the right correspond to
the so-called PRC1-like complexes.

Owing to their homology with the Drosophila
PSC protein, we assumed that the BMI1-,
MEL18- and NSPC1-containing PRC1
complexes could compact chromatin. The
‘pocket’ shape of the CBX proteins
represents the chromodomain that
specifically recognized H3K9/27me3. HPH1, 2
and 3 denote human polyhomeotic
homologue 1, 2 and 3. X, Y and Z denote
various proteins such as SCMH1/2, FBXL10,
E2F6 and JARID1D that could contribute to
the formation of PRC1-like complexes, whose
exact composition is still enigmatic.

From Margueron & Reinberg (2011) Nature 469: 343-49
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Histone marks: beyond S-phase
Interestingly enough, the restoration of parental histone

PTMsisnot restricted to S-phase (Figure 2). This is evident
for both HIK2Tme2/3 and H3K9me2/3, two of the most

commonly studied histone marks enforeing transeriptional
silencing.
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