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main crosslinking approaches

echromatin iImmunoprecipitation - ChIP
ehistory, rationale, development
echromosome conformation capture (3C)

ehistory, rationale, development



chromatin immunoprecipitation

: iy . . wans UY Le generate
¢ first conceptualized by Gilmour and A crsaslinks in yive

Lisin 1984 & 1985

e ysed UV light to crosslink proteins to Add Sarkesy!
DNA in vivo
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development of formaldehyde for ChlIP

II'ILII:t Cells

e JV is a general and efficient crosslinker, but l/ ’"“““'*“H
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DNA largely unsuitable for molecular analysis (700 rore] -8 munutas)
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chemistry of formaldehyde crosslinking

e versatile 2 A crosslinker
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a brief history of ChlP

* Southern blot to detect immunoprecipitated chromatin (Gilmour & Lis, 1985)
* PCR to detect immunoprecipitated chromatin (Hecht & Grunstein, 1996)
* high-throughput ChIP
* ChIP-chip (Ren et al, 2000; lyer et al, 2001)
* ChIP-SAGE, ChIP-SACOQO, ChIP-PET (Zhao; Goodman; Wen) - Sanger Sequencing

* ChiIP-Seq (Johnson et al 2007; Mikkelsen et al 2007) - lllumina Sequencing
e 3C (Dekker & Kleckner 2002)



chromatin immunoprecipitation

transcription factor binding sites

* allows determination of in vivo iﬁﬁ-}{?

* living cells are fixed with crosslinker Tﬁ.:-alcmsf.link.fragment
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chromatin and regulatory features in the genome

¢ histone code for euchromatin and heterochromatin

e hjvalent chromatin in ES cells

e coordination of histone methylation and DNA methylation



2|Ch (proteomics of isolated chromatin segments)
reverse ChlP
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mapping all non-coding functional elements

* map all types of known regulatory elements
® promoters, enhancers, silencers, insulators
* bound by specific transcription factors

e gssociated with different histone modification marks or histone variants

\, important gene

p-catenin, p53 NRSF CTCF RNAP (l1A), TFIID CTCF heterochromatin
CBP, p300 H3K9me3 H3K4me3, H3Ac
H3K4me1 H3K27me3 YY1, SP1, MYC



promoter mapping

* ChIP or cDNA library sequencing
e yse promoter binding information

* to find genes, classify active fraction of the genome and relationship between
expression and promoter structure

e complexity of promoter architecture
* many genes have multiple promoters
* absence of TAIA box in most promoters
e active promoters are associated with H3K4me3 and other histone marks

e franscriptional units (of genes) can be defined by combination of histone marks -
without the knowledge of cDNAs



simple histone code for active and inactive chromatin

oo SRR

Active Promoter Marks ” Silent Promoter Marks

H2BK5ac H4K5ac H3K9me2,3
H2BK12ac H4KBac H3K27me2,3
H2ZBK20ac H4K91ac H4K20me3
H2BK120ac H2A.Z

H3K9me1 H3K27me"
H3K4me1,2,3 H4AKZ20me1

H3K4ac H3K36me3
H3K9ac H2BKSme1
H3K18ac
H3K2T7ac

H3K36ac



histone modifications at promoters and enhancers
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* gene activity and histone modification
e genes activity can be predicted from histone modification signature
* direction of transcription can be determined from histone modification pattern

* RNA polymerase is paused at the promoter - transcription elongation (not
polymerase recruitment) might be the rate limiting step for gene expression

Barski et al Cell 122:823 (2007)



enhancer mapping

* find binding sites for sequence specific transcription factors
e catalog of transcription factor binding sites is beginning to be assembled

*pb3, ER, REST/NRSF, TCF7L2, STATT, ...

* 3 large number of binding sites scattered everywhere in the genome (a couple of
thousand to tens of thousand enhancers)

* associated with DNase | hypersensitive sites
e challenges
e sorting functional/critical sites from nonfunctional/redundant sites

® assigning target genes that are directly regulated by each binding site



differential pattern of histone H3 methylation at
promoters and enhancers
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genome-wide identification of enhancers

e aver 36,000
enhancers in Hela
cells

e over 24.000
enhancers in K562
cells

e mostly cell type
specific

* mapping their
domain of action

* modified prior to
functional response
or use of enhancers

* low to restrict
enhancer function?

Chromosome

HiKdmel H3K4me3

H3k2Tac

DHS p300

MED1

logR w—
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Hala

K562

HIKAme1 H3Kdmal H3Kamal H3kK4med

-3 0 +3
Heaintzman et al, MNature 2009



chromatin and regulatory domains

o cytologically distinguishable structures
e lelomeres, centromeres, nucleolus

* hetero- and euchromatin, transcription
factories and compartments

* depending on the position, an identical
transgene can exhibit eight-fold change in
expression

* these distinct domains are critical for many
processes, including:

® gene regulation
e X-inactivation
e recombination, replication

* how are these domains established and
maintained?
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CTCF is highly conserved in all vertebrates, >95% aa identity in its DNA Binding Domain



mapping CTCF binding sites in the human genome

e CTCF ChIP-on-chip (Kim et al, 2007)
* primary human fibroblasts

* 38 arrays covering the entire human
genome

* 50-mer oligo at every 100bps
e 14.5 million 50-mer oligos

e 1.45 billion bases of non-repetitive
human genomic DNA covered

* 100bp resolution

e strategy described in Kim et al, Nature
436:876-880 (2005)

* custom-designed condensed array for
ChiP-chip validation

 /dentified 13,804 CTCF binding sites

 specificity >98%, sensitivity >88%

e CTCF ChIP-Seq (Barski et al, 2007)
e primary human T-cells

e Solexa/lllumina platform
* 2.9 million tags - ~20,000 sites

e recovered a number of CTCF binding
sites in the repeat regions

* at 8 tags or greater, about 70% (~10,000)
of CTCF ChiP-chip sites can be recovered

fibroblasts T cells
13,804 20,816



20-mer motif determines CTCF binding throughout
the genome

CA CCACEA AT\ %CIA

—— e G Ty,

zfﬁa':znw CCGCGNGGNGGCAG

1 2 3 12 13 14 15 17 18 19 20 POSITION

motif generated from
ChIF'-e:rn—I:hip data

e a vast majority of CTCF binding sites characterized by a specific 20-mer motif
e present in >95% CTCF binding siles

* most highly conserved noncoding sequence element in the genome



CTCF binding break correlated expression of
neighboring genes
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CTCF binding site serves to restrict heterochromatin
at the HOXA locus
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a large number of CTCF-associated chromatin
barriers in the human genome

CTCF binding site

aaaaaaaaaaaaaaaaaaa

H3K27me3
average density

OlN 4

e

337 CTCF binding sites




how to analyze higher order chromatin

Era 1
W) DNA

Era 2

Nucleosome

Open chromatin
23 pairs of

chromosomes packed
into the nucleus

Era 4



chromosome conformation capture (3C)

Pradicted mtérachions with and withoul locping

Linear gename sequence Chromosome conformafion capture
Cross-
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* mmobilize protein-DNA & protein-protein interactions in the nuclei with
formaldehyde

e restriction digestion; dilute to prevent intermolecular ligation; ligate the compatible
endads

e PCR to interrogate the possible ligated junctions



assembling long range interactions for gene
regulation

* enhancers can mediate long range interactions both in cis and in trans
* | CR interacts with the active genes in the B-globin locus (de Laat)

¢ interchromosomal interaction between IFNG and IL4 loc! in a poised chromatin
hub for rapid and high level induction of these genes (Flavell)

* Androgen Receptor regulated expression - AR bound enhancer loops to contact
the target promoter to facilitate gene expression (Brown)

e Olfactory Receptor gene expression - ensure expression of single OR gene (from
>2000); a single enhancer engages one OR gene promoter (both in cis & trans) and
excludes others (Axel)

* insulators can mediate long range interactions

e H19/IGF2 locus on chr 7 interacts with Wsb1/Nf1 on chr 11, deletion of CTCF
binding site at H19/IGF2 abrogate imprinted expression of both loci (Hoffman)

* Jong interactions affect gene expression

e mechanisms not known: by exclusion from generally repressive environment or
recruitment to transcriptionally permissive environment? how? motorized
movements?



genomic approaches to 3C

e 4C - circular 3C, microarrays or sequencing to detect interactions from a single site

¢ 5C - 3C on microarray

*6C - ChIP-3C



AC - circular 3C

Digestion with
Dpnil (D)

Simops et & Nat Genel 38: 1348 (2006); Ganoor s al Nat Protocols 5:302 (2008
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oC - ChlP-3C

PcG complex Confirm the findings with _ Search for the identity of ligated

regular 3C and ChiP partners from two diff ;
ﬁ of the vaclor

Formaldehyde fixation,
Rastrictian anzyme

digestion

Choose clones

showing multiple -— -
! q insorts on digestion

Ligation under diluted |

ChiP {0 specifically enrich

ligation fragmenis containing
EZH2 in the complox Clone into a vector, transform

conditions favoring
intramolecular ligation

Reverse crosslink
and purify
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3D organization of the genome has functional
conseguences

A B
Assembly of functional expression units Coordinated expression

Expression unit On

Small genomes / \_\E\J

Off

C
Functional organization of the nucleus

Complex genomes

Expression units

T

.f

Transcription
factory



summary

® crosslinking approaches have been critical defining regulatory events that occur in
the genome

e distinct classes of noncoding elements can be determined from distinct patterns of
histone modification - promoters from enhancers

* insulators are used to define regulatory and chromatin domains in the genome

* genome is organized into higher order structures containing loops and long range
interactions that influence gene activity and a number of assays have been developed
to identify these interactions



