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ILian Jgeknumn

[IpyHIIUIBI OpraHU3alud XpOMaTHHA
ODKCIICPUMEHTAIbHBIC METObI

— 00630p 3C-MeTON0B

— CEKBEHMPOBAHUE

— Metox Hi-C
bruonH(popMaTHYECCKUN aHAIIN3

— Anamu3 HIC naHHBIX

— llocTpoeHue Teriokapt

— Hpenc1<a3aHHe TOITOJIOTMYCCKUX JOMCHOB

Kakyro HayKy AeJIaroT ¢ STUMU JaHHBIMU?
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o Xpomocomsbl coctoiaT u3 JIHK u 6enkon

N HK HamoTaHa Ha crienaibHble OCIIKA — 2UCHONbI, N3

g

KOTOPBIX (DOPMUPYIOTCS HYKAE0COMbL

o HuTKH HYKI€0COM CKPYUHBAIOTCS U CYIIEPCKPYyUHUBAIOTCH,
00pazys xpomocombl



Mukpodororpadgus Bcex XpoMoCoM B siApe
KJIETKHU YeJI0BEeKA

Copyright © 2005 Nature Publishing Group
Nature Reviews | Genetics

Michael R. Speicher & Nigel P. Carter, Nature, 2005



He ToIbKO YIIaKOBKA
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Peryassnusa padoTbl reHOB B TKAHAX

a One gene, multiple enhancers, one tissue

d Gene competition for a shared enhancer: we are all winners

And A

And

—_Gene (3=—(_Gene (3=(_Gene (§m{E (e

Krijger, P. H. L. & de Laat, W. Nat. Rev. Mol. Cell Biol. (2016)




IIpMHIUIIBI OPraHU3aIMU XPOMATHHA
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Hubner et al., 2010



Kak un3zyuarwrt 3D cTpykrypy renoma

Mukpockormus
FISH (DNA fluorescence In situ hybridization)

DamlID — no3BoisieT onpeaennTh, KaKue y4acTKH
XpOMAaTHHA HAXOAATCA Ha epudepun sapa

3C-MeTONELI:

3C (chromosome conformation capture)

4C (chromosome conformation capture-on-chip)

5C (chromosome conformation capture carbon copy)

HiC u 3C-seq

ChlA-PET (chromatin interaction analysis by paired-end tag sequencing)
TCC (tethered conformation capture)



JKCIEPUMEHTAJbHbIE METOAbI



FISH
(fluorescence In situ hybridization)

Chromosome painting
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13 12

Bolzer et al., PLoS Biol. 2005




3C-MmeTOoAbI

a 3C: converting chromatin interactions into ligation products

Crosslinking of
interacting loci Fragmentation
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b Ligation product detection methods

Ligation DNA purification

3C 4C 5C ChlA-PET Hi-C
One-by-one One-by-all Many-by-man Many-by-man All-by-all
All-by-all y y-oy Y y DY y Y
* DNA shearing * Biotin labelling
* Immunoprecipitation of ends

* DNA shearing
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; e 2 *
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PCR or Inverse PCR Multiplexed LMA

. : : Sequencing Sequencing
sequencing sequencing sequencing

J. Dekker, M.A. Marti-Renom, L.A. Mirny,
Nature Reviews Genetics, 2013



YT10 Takoe ceKBEeHMpPOBaHHE?

* (CexBEHUPOBATh = YCTAHOBUTH IMOCIIENOBATEIbHOCTD
HYKJIEOTUI0B B MoJiekylie JIHK.

* (Cnauvana /JIHK Hago BeIACIUTE.

* Henb3s npouects mosiekyny JIHK nennkom, mosromy JIHK
PEXYT Ha KYCOUYKH B CIYHYAUHBIX MECTAX U «PA3MHOXKAKOT.




Kak geaaror cekpenupoanue? (Illumina)

AV [ Rte S

Fragments Add adaptors Attach to flowcell

Bind to primer PCR extension Dissociation
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3auyeM CeKBEHMPOBATH 7

» CeKBeHHPOBAHUE F'€eHOMA U TPAHCKPHUIITOMA

OCHOBA JTIIOOBIX UCCJIEAOBAHUMN, TOUCK KPYIMHBIX TCHOMHBIX IIEPECTPOECK

> PecekBeHMpOBaHHUE

ITOUCK MYTaHHﬁ, CBA3aHHBIX C 6OJ'I€3H$IMI/I, KapTUPOBAHHUC I'CHOB

» AHaJm3 IKCNpPeccHuy reHoB

CpaBHEHHE YPOBHEH IKCIPECCUH, IOUMCK HOBBIX U30(POPM I'€HOB

» JIHK-0ekoBbI€ B3aMMOeCTBHSI

MOMCK CalTOB CBS3bIBAaHUSI TPAHCKPUIIIIMOHHBIX (DAKTOPOB

» JIHK-JIHKoBbIe B3anmoaeiicTBus

V3y4YEHUE IPOCTPAHCTBEHHON OPraHU3alii XpOMaTHHA



CexkBeHUPOBAHME IT'€eHOMA U
TpaHcKpunroMa de novo
* KosioHuanpHbIU IPHI3YH

*  XOJIOJHOKPOBHBIN
* BBIHOCUT KUCIIOPOIHOE TOJIOIaHUE

[ on1BIN 3eMUTIEKOIT

* VYpoBeHb 32001€Ba€MOCTH PAKOM
KpanHe HU30K

e YeM OH OTIIMYAETCS OT OCTAJIbHBIX
MJIEKOTIUTAIOIIHUX, KOTOPBIE
00JICIOT paKoM?

* I'en ycronunBocTH K paky? Kak y3Hars? CEKBEHUPOBATH T€HOM!

* Kak y3Harp, rje B reHome redbl? CekBeHHpOBaTh TPAHCKPUNTOM!

* Kak HalTH TeHOMHBIE TIEPECTPOMKH B pakax? CEeKBEeHUPOBATh T€HOM!



PeceKBeHUpPOBaHHE

PecexkBeHHUpOBaTh = JIETEKTUPOBATh MYTallMH, ACCOLMUPOBAHHBIE C
OIpeACIICHHEIM 3a00JIEBAHUEM

/ \

TecTupoBaHME HA U3BECTHBIE MYTALIUU IIoMCK HEM3BECTHBLIX MYyTAlIUU

MyTanuu:
* OIHOHYKJICOTUIHBIC ITOTUMOP(PU3MBI
* BcraBku u genenuy HEOOJBIIOTO pa3Mepa

* bonbmas rmyOnHa cekBeHUpOBaHUs (T.€. KOJIMYECTBO PUAOB) HE HYKHA
=> NICUICBO

* HyxeH pedepeHCHbI T€HOM

* Puael Hazo KapTUPOBATH HA TEHOM. OTINYXS = MyTAallUH.



AHAJIN3 IKCIPECCUM T'€HOB

['osteIit 3emitexort * ['eHa yCTOMYMBOCTH K paKy He
HaILUIX.

* Ho nmouemy on apyroun? I'eHbI T€
K€, HO padO0TaroT MO-JIpyromy?

* Kak y3nars? CpaBHUTb YPOBHU
SKCIIPECCHUU TEHOB Y 3€MJIEKOIA U
MBIIIIH.




AHaJu3 U30(pOpM IreHOB

JIHK

PHK —1 HBK30H [{3K30H—DK30HH{ D»DK30H |—

CILIAUCUHT

PHK [ 3K30H [3K30H| »HK30H |

PHK [ 5K30H _IBK30HI _DK30H |




JIHK-0eqkoBbI€ B3aUMOAECHUCTBUSA

* Hanum pazHuiy B 3KCpecCHu reHoB. YeM OHa BbI3BaHA?
* Perynaropsl 3Kkcripeccuu (= TPaHCKPUIILIMOHHBIE (PAKTOPHI)

e ChlP-seq (unmcek) — MeTOx IMMYHOIPEIIUIINTAIINN XpOMAaTHHA

DNA + bound protein Fragment DNA Immunoprecipitate

enomic DNA
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and shear
Sequence Prepare
sequencing

library % %

.',] | antibody

¥

Release DNA




JIHK-/1IHKoBbIe B3auMOaeUCTBUS

* H3yuyeHue npoCTPaHCTBEHHON CTPYKTYPhI XpOMaTUHA



MeTton 3C

Crosslinking of
interacting loci Fragmentation Ligation DNA purification
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Crosslinking of
interacting loci

3C

One-by-one
All-by-all

PCR or

sequencing

Fragmentation

4C

One-by-all

Inverse PCR

sequencing

MeTton 4C

Number of reads

Number of reads

Ligation DNA purification

[Tpumep 4C naHHBIX:

20Mb |

4C signal

50

[~
1

12

DNase | hypersensitive sites

1 4C anchor

Correlation between presence of DNase |
hypersensitive sites and long-range interactions



MeTton 5C

Crosslinking of
interacting loci
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Fragmentation Ligation DNA purification

3C
One-by-one
All-by-all
\
/
PCR or

sequencing

4C

One-by-all

Inverse PCR
sequencing

5C

Many-by-many

(

Multiplexed LMA

sequencing



[Tpumep 5C naHHBIX:

3C

One-by-one
All-by-all

PCR or

sequencing
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Crosslinking of
interacting loci

MeTtoag ChlA-PET

Fragmentation

Ligation

DNA purification

}oii—*;oi‘i—*eoﬁ—»o

3C
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* DNA shearing
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Crosslinking of
interacting loci

MeTtoa Hi-C

Fragmentation

Ligation

DNA purification
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All-by-all
\
/
PCR or

sequencing
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One-by-all

Inverse PCR
sequencing

5C

Many-by-many

{

Multiplexed LMA

sequencing

ChIA-PET
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* DNA shearing

* Immunoprecipitation
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Sequencing
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of ends
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Sequencing



* To xe camoe, uto HI-C, HO 6€3 OMOTHHUINPOBAHHS.

MeTopn 3C-seq

* Ha cukceHc uayT HEe TONBKO XUMEPHBIE KYCOUKHMU.

* IIpuxoautcs 00IbIlIE CEKBEHUPOBATH!

3C

One-by-one
All-by-all

PCR or

sequencing

4C

One-by-all

Inverse PCR
sequencing

5C

Many-by-many

{

Multiplexed LMA

sequencing

ChIA-PET

Many-by-many

* DNA shearing

* [mmunoprecipitation
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Sequencing

Hi-C
All-by-all

* Biotin labelling
of ends

* DNA shearing
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Sequencing



Meton TCC

Crosslinked chromatin

7. Adaptor ligation

-

1. Protein biotinylation —
and DNA digestion ) )
8. Paired-end sequencing 6. Shearing and

biotin pull-down
y y
F‘ =
| 4 —
4

| 3. Filling
2. Tethering overhangs

»

5. DNA purification and
exonuclease treatment




MeTtoa Hi-C

[Tpumep Hi-C nanHbIX:

Mouse chromosome 18 20Mb b——
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Interaction
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Chr 14

Marpuna kourakroB Hi-C

Observed B Observed/Expected C Pearson correlation
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Lieberman-Aiden et al. 2009
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UNFOLDED POLYMER

W\W (I)p AKTAaJIbHaA

100yJ1a
FOLDED POLYMER

Equilibrium
globule

Cross-section view

Fractal

globule Cross-section view

Lieberman-Aiden et al. 2009



buonHpopMaTHYECKUN AHAJIN3



Hi-C workflow

1. Read mapping Iterati?.fe Mapping
Iterative mapping. (paired end)
Paired-end mode is not used.

Fre—

2. Fragment assignment c__ A

The mapped read is assigned according to its 5’ mapped position. .

Mapped read positions should fall close to a restriction site. S Dangling End ¢—
. . €—  SelfCrcle —>

3. Fragment filtering —>  EmorPar  —>

PCR duplicates, undigested restriction sites. & EmorPair &—

4. Binning a raw matrix filtered + balanced matrix

5. Bin level filtering x q

chrl chr2 che3 chrl chr2 chr3
|
i

Remove 1% low signal rows/columns. \

6. Balancing
Iterative correction.

Lajoie, B. R., Dekker, J. & Kaplan, N. " N
The Hitchhiker’s guide to Hi-C analysis: Practical guidelines. T 0 T : T T
Methods 72,65-75 (2015)' Bins with low signal Filtered Bins




Iteratively corrected heatmap
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TAJIbI 1 CMHIAKTHIMSA
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Gene Enhancer Boundary Deleted
boundary
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ABTOMATH3UPOBAHHOE npeackasanue TAJloB

https://github.com/kingsfordgroup/armatus

= o ¢ Atematve Domains
(] (T XL T L
] ¢
¢ I Dixon et al. Domains
Armatus — nporpamma npejackazaHust 178120000 "7 g
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N
=2
[T03BOJISIET TTOJIYYUTHh HECKOIBKO :
pa3meTok TAJIOB ¢ pa3HOU cpenHen
mmHon TAla. -
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IMR90 Fibroblast, Chromosome 1



Kakyro Hayky JeJ1aioT ¢ 3TUMH JaHHBIMH ?



MbBIIIb U YEJI0BEK

Dixon, J. R. et al. Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature 485, 376—80 (2012).

« Human and mouse Hi-C in embryonic and differentiated cell types.

« TAD. “Directionality Index” to quantify the degree of US or DS interaction bias.
« TADs are stable across different cell types and highly conserved across species.
« Boundaries are enriched for CTCF, housekeeping genes, tRNAs, and SINE.
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Ye10BeK

Zuin, J. et al. Cohesin and CTCEF differentially affect chromatin architecture and gene
expression in human cells. Proc. Natl. Acad. Sci. U. S. A. 111, 996-1001 (2014).

« Ageneral loss of local chromatin interactions upon disruption of cohesin, but the
topological domains remain intact.

» Depletion of CTCF not only reduced intra-domain interactions but also increased
Inter-domain interactions.

 Distinct groups of genes become misregulated upon depletion of cohesin and CTCF.
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CpaBHeHHe MeK1Y OPraHu3MaMu

Vietri Rudan, M. et al. Comparative Hi-C Reveals that CTCF Underlies Evolution of

Chromosomal Domain Architecture. Cell Rep. 10, 1297—1309 (2015).
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Divergent intra-domain loops
from divergent CTCF

Multi-species Hi-C comparisons
reveal robust conservation of
chromosome organization.

Conserved CTCF sites are co-
localized with cohesion and
enriched at strong TAD borders

Divergent CTCF binding between
species is correlated with
divergence of internal domain
structure.

Large-scale domains are
reorganized during genome
evolution as intact modules.



Jpoaxxu

Duan, Z. et al. A three-dimensional model of the yeast genome. Nature 465, 363—7 (2010).

1. Crosslinking 5. RE2 cutting 6. Circularization

/_\i. RE1 cutting |
« 4C-seq (Hindlll and EcoRlI).
>y

« Rabl configuration.

_— N
P =5
L SN

(/' Nucleus,
| (R

8. EcoP15I adaptor

~oP15| EcoP15!

‘o
4. Deproteinization

000

9. Biotinylated adaptor & circularization

10. EcoP15l cutting @

Ecof’TSI Ecof’15l

A 1) A
RE1 Biotinylated RE1
adaptor

6 bp-cutter RE1 for the 3C-step digestion
4 bp-cutter RE2 for the 4C-step digestion




