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Abstract:
Genome-wide studies to address the three-dimensional structure of different genomes identified a general and conserved 
organization in topological domains [1]. Recently, we demonstrated that the cohesin complex has an important role in the 
organization of the topological domains.  We showed by 3C-sequencing (3C-seq) and Hi-C that the depletion of cohesin 
by the proteolytic cleavage of its RAD21 subunit leads to reduction of chromatin interactions, predominantly within 
topological domains [2].
However, the limitation in using a restricted number of DNA fragments as viewpoint for the 3C-seq and the resolution of 
Hi-C (40kb) are not sufficient to yield information about how the fiber is folded within these domains and which are the 
detailed effects of the cohesin depletion on the interacting areas.
To address this question we used a high resolution approach called “Targeted Chromatin Capture (T2C)” [3]. T2C provides 
information of the spatial organization of selected loci at single restriction fragment resolution (2 to 6 kbp). We studied a 
genomic region of 2.1 Mb on the human chromosome 11 comprising the imprinting loci IGF2/H19 and KCNQ1 to unravel 
the details. 
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I. Depletion of cohesin by proteolytic cleavage
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III. Targeted Chromatin Capture (T2C)

IV. T2C interacting matrix from cohesin control (TEV) and cohesin cleaved (HRV) cells

II. Cohesin cleavage leads to global loss of structure

+1

-1

4

0

4

0

N
or

m
al

iz
ed

In
te

ra
ct

io
n

Fr
eq

ue
nc

y

N
or

m
al

iz
ed

In
te

ra
ct

io
n

Fr
eq

ue
nc

y

∆ 
N

or
m

al
iz

ed
In

te
ra

ct
io

n
Fr

eq
ue

nc
y

(H
R

V
 - 

TE
V

)

TEV

Scale
chr6:

2 Mb hg18
113,000,000 114,000,000 115,000,000 116,000,000 117,000,000

KIAA1919
REV3L

TRAF3IP2-AS1
TRAF3IP2

FYN
WISP3
TUBE1

FAM229B
LAMA4

RFPL4B MARCKS
LOC285758

FLJ34503
HDAC2

HS3ST5

FRK
TPI1P3
NT5DC1

COL10A1
TSPYL4
TSPYL1

DSE

FAM26F
TRAPPC3L

FAM26E

FAM26D

RWDD1

RSPH4A

ZUFSP

KPNA5

FAM162B

GPRC6A

RFX6

5 _

-5 _

0 -

5 _

-5 _

0 -

Control (TEV)

RAD21-cleavage (HRV)

DI

DIHRV

DC

DC

RefSeq Genes

∆ (HRV-TEV)

SMC3 2x:

SMC3 1x:

None:

or
2.0

SMC3 2x
SMC3 1x
None

2.
0

1.
8

1.
6

1.
4

1.
2

1.
0

Fo
ld

 C
ha

ng
e 

ov
er

 “N
on

e”

Distance (Mbp)
0 0.5 1.0 1.5

N
or

m
al

iz
ed

 In
te

ra
ct

io
n 

Fr
eq

ue
nc

y
0

2
4

6
8

10
12

Distance (Mbp)
0 0.5 1.0 1.5 2.0

Correlation between interaction frequency and cohesin 
(SMC3) binding sites

Interactions are more likely present between regions that have at least 
one SMC3 binding site.

Effect of cohesin cleavage on the topological domains
Cohesin cleavage leads to a general loss of interaction mainly occurring 
between interacting regions less than 2Mb apart with a maximum in the 
range between 100-200Kb. 
The loss of intra- and inter-domain interactions  correlates with SMC3
binding.

Intra-Domain

Intra−Domain SMC3 ≥1x
Intra−Domain SMC3 None

0 0.5 1.0 1.5 2.0
Distance (Mbp)

0.1

0

-0.2

-0.3

-0.4

-0.5

-0.6

∆ 
N

or
m

al
iz

ed
 In

te
ra

ct
io

n 
Fr

eq
ue

nc
y

(H
R

V
 - 

TE
V

) -0.1

Inter-Domain

Inter−Domain SMC3 ≥1x
Inter−Domain SMC3 None

0.1

0

-0.2

-0.3

-0.4

-0.5

-0.6

∆ 
N

or
m

al
iz

ed
 In

te
ra

ct
io

n 
Fr

eq
ue

nc
y

(H
R

V
 - 

TE
V

) -0.1

0 0.5 1.0 1.5 2.0
Distance (Mbp)

0 0.5 1.0 1.5 2.0

0.1

0

-0.2

-0.3

-0.4

-0.5

-0.6

∆ 
N

or
m

al
iz

ed
 In

te
ra

ct
io

n 
Fr

eq
ue

nc
y

(H
R

V
 - 

TE
V

)

Distance (Mbp)

-0.1

Intra−Domain
Inter−Domain

All

Analysis of changing in chromatin structure 
after cohesin cleavage by Hi-C 

TEV
Normalize method :  Library

5
10

50
100

500
1000

5000
10000

N
or

m
al

iz
ed

 p
ai

re
d 

re
ad

s 
(lo

g−
sc

al
e)

Scale
chr11:

RefSeq Genes

0.25 _

0 _

0.25 _

0 _

0 _

-0.25 _

0 _

-0.25 _

R
N

A
-S

eq

Cohesin control

5
10

50
100

500
1000

5000
10000

N
or

m
al

iz
ed

 p
ai

re
d 

re
ad

s 
(lo

g−
sc

al
e)

500 kb hg18

1,200,000 1,300,000 1,400,000 1,500,000 1,600,000 1,700,000 1,800,000 1,900,000 2,000,000 2,100,000 2,200,000

SMC3 ChIP
10 _

1 _

CTCF ChIP
50 _

0 _

Layered H3K4Me1
100 _

0 _

Layered H3K4Me3
100 _

0 _

HRV
Normalize method :  Library

Cohesin cleaved

Selected genomic region of 2.1Mb comprising IGF2/H19 and KCNQ1 imprinted loci 

MRGPRG
MRGPRG-AS1

MRGPRE

ZNF195
TSSC2

OR7E12P

TEV  (+)

TEV  (-)

HRV (+)

HRV (-)

0.25 _

0 _

R
N

A
-S

eq

0.25 _

0 _

0 _

0.25 _

0 _

0.25 _

Scale
chr11:

1 Mb hg18
1,500,000 2,000,000 2,500,000 3,000,000

RefSeq Genes

AP2A2
MUC6
MUC2

MUC5B
MIR6744

TOLLIP

TOLLIP-AS1
BRSK2

BRSK2

MOB2

MOB2
DUSP8

KRTAP5-AS1
KRTAP5-1
KRTAP5-2
KRTAP5-3
KRTAP5-4
KRTAP5-5

FAM99A
FAM99B
KRTAP5-6

IFITM10
CTSD

SYT8

SYT8
TNNI2
TNNI2

LSP1
MIR4298

LSP1
LSP1
LSP1

LINC01150

TNNT3

TNNT3
MRPL23

MRPL23-AS1

H19
HOTS

MIR675

IGF2
IGF2
IGF2

INS-IGF2
IGF2
IGF2

MIR483
IGF2-AS
IGF2-AS
INS-IGF2

INS
TH

MIR4686

ASCL2

C11orf21
C11orf21

TSPAN32

CD81-AS1

CD81

TSSC4

TRPM5

KCNQ1OT1
KCNQ1
KCNQ1

KCNQ1DN

CDKN1C

SLC22A18AS
SLC22A18

PHLDA2

NAP1L4
SNORA54

CARS

OSBPL5

SMC3 ChIP
10 _

1 _

CTCF ChIP
50 _

0 _

Layered H3K4Me3
100 _

0 _

Layered H3K4Me1
100 _

0 _

Probes

BglII

5
10

50
100

500
1000

5000
10000

N
or

m
al

iz
ed

 p
ai

re
d 

re
ad

s 
(lo

g−
sc

al
e)

5
10

50
100

500
1000

5000
10000

N
or

m
al

iz
ed

 p
ai

re
d 

re
ad

s 
(lo

g−
sc

al
e)

Zoom-in on the genomic region comprising IGF2/H19 locus

TEV
Normalize method :  Library

Cohesin control

Normalize method :  Library

Cohesin cleaved
HRV

Domain 
boundary

V. Future perspectives

0

30,000

40,000
4C (BglII) HB2 cells

10,000

DB DB

Scale
chr11:

500 kb hg18
1,200,000 1,300,000 1,400,000 1,500,000 1,600,000 1,700,000 1,800,000 1,900,000 2,000,000 2,100,000 2,200,000

RefSeq Genes
MUC5B

MIR6744
TOLLIP

TOLLIP-AS1

BRSK2
BRSK2
BRSK2

BRSK2
BRSK2

MOB2
MOB2

DUSP8
KRTAP5-AS1

KRTAP5-1
KRTAP5-2

KRTAP5-3
KRTAP5-4

KRTAP5-5
FAM99A

FAM99B

KRTAP5-6
IFITM10

CTSD SYT8
TNNI2
TNNI2
TNNI2

LSP1
MIR4298

LSP1
LSP1

LSP1

LSP1
LSP1

TNNT3
TNNT3
TNNT3

TNNT3

MRPL23

MRPL23-AS1

H19
MIR675

INS-IGF 2
IGF2
IGF2
IGF2

MIR483
IGF2-AS
IGF2-AS
INS-IGF2

INS
INS
INS

TH
TH
TH

MIR4686

ASCL2
C11orf2 1
C11orf21
TSPAN32

T2C (BglII) HB2 cells

# 
of

 lo
g 

pa
ire

d 
re

ad
s

# 
of

 re
ad

s

1

10

50

200

20,000

20

40

60

80

N
or

m
al

iz
ed

 In
te

ra
ct

io
n 

fr
eq

ue
nc

y

CCDCTCF DS3C (BglII) HB2 cells

1e-06

1e-04

1e-02

N
or

m
al

iz
ed

 p
ai

re
d 

re
ad

s 
(lo

g-
sc

al
e)

0.0002

0.0020

0.0200

0.2000

N
or

m
al

iz
ed

 4
0k

b 
bi

ns
 (

lo
g−

sc
al

e)

CTCF AD

T2C (BglII) HB2 cells

T2C (BglII) HB2 cells
with 40Kb

Hi-C map IMR90 cells (Dixon et al., 2012)
with 40 kb binning

Comparison of T2C with other “C” methods

HB2 = Human Brest Endothelial 

Restriction fragment resolution (~2-6 kb)

Selected continuos genomic regions

Selected separated genomic regions (e.g. specific loci)

Probes

BglII

IGF2/H19 and KCNQ1 imprinted loci are separated by a domain boundary

Cohesin sites often interacts with each other

Novel interactions detected for KCNQ1 gene with other impring genes present in the area

Zuin J, Dixon JR. et al. PNAS 2014

Zuin J, Dixon JR. et al. PNAS 2014

Kolovos P. et al. 
Epigenetics&Chromatin 2014

ICR DMR0

MUC5B
MIR6744

TOLLIP
TOLLIP-AS1

BRSK2
BRSK2

MOB2
MOB2

DUSP8

KRTAP5-AS1

KRTAP5-1
KRTAP5-2

KRTAP5-3
KRTAP5-4

KRTAP5-5

FAM99A
FAM99B
KRTAP5-6

IFITM10

CTSD SYT8
TNNI2

LSP1

MIR4298

LSP1
LSP1
LSP1
LSP1

LINC01150

TNNT3
MRPL23
MRPL23-AS1

H19

HOTS
MIR675

IGF2
IGF2
IGF2

INS-IGF2
IGF2
IGF2

MIR483

IGF2-AS
INS-IGF2

INS
TH

MIR4686

ASCL2
C11orf21

TSPAN32

CTCF_DS
Enhancer

CCD CTCF_AD

Analysis of individual binding sites that might be important in forming interactions

Correlation of interaction frequency and cohesin at binding site level

Analysis of changing in chromatin structure after coheisn cleavage at restiction fragment level

Method
Crosslinking, nuclei isolation and lysis Chromatin digestion

Chromatin ligation and 
decrosslinking

Secondary restriction 
enzyme digestion

End repair and 
adapter ligation

Paired-ended Sequence, data analysis and visualization

Adapter Adapter

Adapter Adapter

Adapter Adapter

NlaIIINlaIII

Immobilization of the
oligonucleotide probes

on a microarray or beadsor

beads

Hybridization to 
oligonucleotide probes

BglII

Elution and 
PCR amplification

Genomic Distance

BglII

NlaIII
oligonucleotide probes

chromosome

Oligonucleotide probes design:

TEV  (+)

TEV  (-)

HRV (+)

HRV (-)

Domain 
boundary



Cohesin-Dependent Chromatin Structure at High Resolution 

 

Zuin, J., Kolovos, P., van den Werken, H. J. G., Brouwer, R. W. W., Kockx, C. E. M., van 
IJcken, W. F. J., Grosveld, F. G., Knoch, T. A. & Wendt, K. S. 

Chromatin and Epigenetics: From Omics to Single Cells 2014, Institut de Genetique et de 
Biologie Moleculaire et Cellulair (IGBMC), Strasbourg, France, 14th - 15th October, 2014. 

 

 

Abstract 
 
 
Genome-wide studies to address the three-dimensional structure of different genomes identified a general and 
conserved organization in topological domains. Recently, we demonstrated that the cohesin complex has an 
important role in the organization of the topological domains. By using 3C-sequencing (3C-seq) to investigate 
local changes in the chromatin structure and Hi-C to study genome-wide changes in chromosomal interactions 
we showed that the depletion of cohesin by the proteolytic cleavage of its RAD21 subunit leads to reduction of 
chromatin interactions, predominantly within topological domains.  However, the limitation to use just a 
restricted number of DNA fragments as viewpoint for the 3C-seq and the resolution of Hi-C (40kb) are not 
sufficient to yield information about how the fiber is folded within these domains and which are the detailed 
effects of the cohesin depletion on the interacting areas.  To address this question we used a high resolution 
approach called “Targeted Chromatin Capture (T2C)”. T2C provides information of the spatial organization of 
selected loci at singlerestriction fragment resolution (2 to 6 kbp). We studied a genomic region of 2.1 Mb on the 
human chromosome 11 comprising the imprinting loci IGF2/H19 and KCNQ1 to unravel the details. Here we 
will present our latest results. 
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