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Experiments

Computation

(12, 13). Interestingly, chromosome 18, which is
small but gene-poor, does not interact frequently
with the other small chromosomes; this agrees
with FISH studies showing that chromosome 18
tends to be located near the nuclear periphery (14).

We then zoomed in on individual chromo-
somes to explore whether there are chromosom-
al regions that preferentially associate with each
other. Because sequence proximity strongly in-
fluences contact probability, we defined a normal-

ized contact matrixM* by dividing each entry in
the contact matrix by the genome-wide average
contact probability for loci at that genomic dis-
tance (10). The normalized matrix shows many
large blocks of enriched and depleted interactions,
generating a plaid pattern (Fig. 3B). If two loci
(here 1-Mb regions) are nearby in space, we
reasoned that they will share neighbors and have
correlated interaction profiles. We therefore de-
fined a correlation matrix C in which cij is the

Pearson correlation between the ith row and jth
column of M*. This process dramatically sharp-
ened the plaid pattern (Fig. 3C); 71% of the result-
ing matrix entries represent statistically significant
correlations (P ≤ 0.05).

The plaid pattern suggests that each chromo-
some can be decomposed into two sets of loci
(arbitrarily labeled A and B) such that contacts
within each set are enriched and contacts between
sets are depleted.We partitioned each chromosome

Fig. 1. Overview of Hi-C. (A)
Cells are cross-linked with form-
aldehyde, resulting in covalent
links between spatially adjacent
chromatin segments (DNA frag-
ments shown in dark blue, red;
proteins, which canmediate such
interactions, are shown in light
blue and cyan). Chromatin is
digested with a restriction en-
zyme (here, HindIII; restriction
site marked by dashed line; see
inset), and the resulting sticky
ends are filled in with nucle-
otides, one of which is bio-
tinylated (purple dot). Ligation
is performed under extremely
dilute conditions to create chi-
meric molecules; the HindIII
site is lost and an NheI site is
created (inset). DNA is purified
and sheared. Biotinylated junc-
tions are isolated with strep-
tavidin beads and identified by
paired-end sequencing. (B) Hi-C
produces a genome-wide con-
tactmatrix. The submatrix shown
here corresponds to intrachro-
mosomal interactions on chromo-
some 14. (Chromosome 14 is
acrocentric; the short arm is
not shown.) Each pixel represents all interactions between a 1-Mb locus and another 1-Mb locus; intensity corresponds to the total number of reads (0 to 50). Tick
marks appear every 10 Mb. (C and D) We compared the original experiment with results from a biological repeat using the same restriction enzyme [(C), range
from 0 to 50 reads] and with results using a different restriction enzyme [(D), NcoI, range from 0 to 100 reads].

A

B C D

Fig. 2. The presence and orga-
nization of chromosome territo-
ries. (A) Probability of contact
decreases as a function of ge-
nomic distance on chromosome 1,
eventually reaching a plateau at
~90 Mb (blue). The level of in-
terchromosomal contact (black
dashes) differs for different pairs
of chromosomes; loci on chromo-
some 1 are most likely to inter-
act with loci on chromosome 10
(green dashes) and least likely
to interact with loci on chromo-
some 21 (red dashes). Interchro-
mosomal interactions are depleted
relative to intrachromosomal in-
teractions. (B) Observed/expected
number of interchromosomal con-
tacts between all pairs of chromosomes. Red indicates enrichment, and blue indicates depletion (range from 0.5 to 2). Small, gene-rich chromosomes tend to interact
more with one another, suggesting that they cluster together in the nucleus.
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Baù, D. & Marti-Renom, M. A. Methods 58, 300—306 (2012).



Chromosome Conformation Capture 
Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306—1311. 

Lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289—293.
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SnapShot: Chromosome Confi rmation 
Capture
Ofi r Hakim and Tom Misteli
National Cancer Institute, NIH, Bethesda, MD 20892, USA
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Biomolecular structure determination 
2D-NOESY data

Restraint-based Modeling 
Baù, D. & Marti-Renom, M. A. Methods 58, 300—306 (2012).

Chromosome structure determination 
3C-based data

C
hr

.1
8

0
>3

0
25

15
10

0
>3

0
25

15
10

+P
g

-P
g

co
ns

er
ve

d

±
2

0
0

k
b

 o
r 

m
o

re
1

0
0

k
b

8%

12
%

80
%



i
i+2

i+1

i+n

Chr.18

0 >302515100 >30251510

+Pg-Pg

conserved

± 2 0 0 k b  o r  m o r e
1 0 0 k b

8%

12%

80%

FastQ files to Maps 
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Progesterone-regulated transcription in breast cancer
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Regulation in 3D?
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Eukaryotic DNA is packaged into chromatin through
its association with histone proteins. The nucleosome
core particle consists of 146 bp wrapped around a histone
octamer consisting of two copies each of the core histone
proteins H2A, H2B, H3, and H4. Concomitant with the
recruitment of the ternary complex of phospho (p) PR/
pErk/pMsk1 to the MMTV promoter, histone H3 be-
comes phosphorylated at serine 10 and acetylated at ly-
sine 14, only on the nucleosome containing the HREs and
not on adjacent nucleosomes (Fig. 2, middle panel) (53).
Phosphoacetylation of histone H3 can be blocked by in-
hibiting Erk or Msk1 activation resulting in a marked
reduction of MMTV promoter activation by hormone.
Blocking H3 phosphoacetylation precludes displacement
of a repressive complex containing HP1!, as well as the
recruitment of the Brg1-containing chromatin remodel-
ing complex, thus preventing displacement of histone H2A/
H2B dimers and subsequent promoter activation.

Most reports on the rapid action of PR have focused in
the cell signaling pathways activated by progestins (17,
18, 55), but how these pathways are integrated with the

transcriptional function of PR has remained elusive. We
have shown that some of the kinases activated by proges-
tins in the cytoplasm phosphorylate PR and form a com-
plex with the activated PR. The complex of activated PR
and accompanying kinases is recruited to the target sites
in chromatin where the kinases modify chromatin pro-
teins locally as a prerequisite for chromatin remodeling
and gene regulation. Thus, we propose that the “non-
genomic” and “genomic” pathways of progestin action
converge on chromatin to enable gene regulation.

Hormone-Induced ATP-Dependent
Chromatin Remodeling Needs
Cooperation of Various Enzymatic
Activities

Modulation of the structure and dynamics of nucleo-
somes is an important regulatory mechanism in all DNA-
based processes and is primarily catalyzed by chromatin
remodeling complexes. Such complexes can either modify

FIG. 1. Initial steps of PR activation. Progestins bind to cytoplasmic PR/ER complexes, anchored in the cell membrane by palmitoyl residues, and
activate the Src/Ras/Erk pathway, leading to nuclear accumulation of activated pErk. The majority of PR is nuclear and associated with chaperones
(Hsps). Upon binding of progestins, PR homodimers dissociate from chaperones, and a fraction of PR is phosphorylated by pErk, which also
phosphorylates Msk1. A “PR-activated complex” composed of pPR/pErk/pMsk1 is formed. Progesterone induction also activates other kinase
signaling pathways as Janus kinase (JAK)/Stat, phosphatidylinositol kinase (PI3K)/serine-threonine kinase (Akt), and Cdk2 (red asterisk).

Mol Endocrinol, November 2010, 24(11):2088–2098 mend.endojournals.org 2091

Le Dily, F. et al. Genes & Dev (2014)
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Are there TADs? how robust?
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Are TADs homogeneous?
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Do TADs respond differently to Pg treatment?

O
bs

er
ve

d/
ex

pe
ct

ed
 ra

tio
 (L

og
2)

Fr
eq

ue
nc

ie
s

Ex
pr

es
si

on
 le

ve
ls

 (L
og

2 R
PK

M
)

30

20

10

0

0

-1

-2

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

4

3

2

1

0

-1

-2

-3

Lo
g2

 fo
ld

 c
ha

ng
e

ZB
TB

2

R
M

N
D

1

C
6o

rf2
11

C
C

D
C

17
0

ES
R

1

SY
N

E1

-Pg
+Pg

Ex
pr

es
si

on
 le

ve
ls

 (L
og

2 R
PK

M
)

4
3
2
1
0

8

7

6

5

4

3

2

1

0

-1

-2

Lo
g2

 fo
ld

 c
ha

ng
e

M
R

FA
P1

S1
00

P

M
R

FA
P1

L1

BL
O

C
1S

4

KI
AA

02
32

TB
C

1D
14

C
C

D
C

96

TA
D

A2
B

G
R

PE
L1

-Pg
+Pg

Observed
Expected

100-90

100-90

0-10

0-10%

% of genes per TAD with
positive or negative fold change

TAD 469 TAD 821



Do TADs respond differently to Pg treatment?
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Modeling 3D TADs
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How TADs respond structurally to Pg?
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How TADs respond structurally to Pg?
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