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Hybrid Method 
Baù, D. & Marti-Renom, M. A. Methods 58, 300–306 (2012).



Hi-C technology 
Lieberman-Aiden, E. et al.  Science 326, 289–293 (2009). 
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(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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Biomolecular structure determination 
2D-NOESY data

Chromosome structure determination 
3C-based data
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Genome Organization 
Dekker, J., Marti-Renom, M. A. & Mirny, L. A.Nat Rev Genet (2013)

Nature Reviews | Genetics
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Box 2 | Genome compartments

Inter- and intrachromosomal interaction maps for mammalian genomes28,64,111 have revealed a pattern of interactions that 
can be approximated by two compartments — A and B — that alternate along chromosomes and have a characteristic 
size of ~5 Mb each (as shown by the compartment graph below top heat map in the figure). A compartments (shown in 
orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown  
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the 
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is 
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication 
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic, 
transcriptionally active regions.

Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic 
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B 
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene 
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern 
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see 
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of 
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs 
can organize in A and B compartments (see REF. 50 for a more extensive discussion). 

Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C 
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and 
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of 
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.

REVIEWS
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Human α-globin domain 
Baù, D. et al. Nat Struct Mol Biol (2011). 

Nature Reviews | Genetics
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Box 2 | Genome compartments

Inter- and intrachromosomal interaction maps for mammalian genomes28,64,111 have revealed a pattern of interactions that 
can be approximated by two compartments — A and B — that alternate along chromosomes and have a characteristic 
size of ~5 Mb each (as shown by the compartment graph below top heat map in the figure). A compartments (shown in 
orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown  
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the 
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is 
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication 
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic, 
transcriptionally active regions.

Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic 
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B 
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene 
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern 
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see 
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of 
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs 
can organize in A and B compartments (see REF. 50 for a more extensive discussion). 

Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C 
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and 
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of 
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.
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TAD’s response to hormone 
Le Dily, F. et al. Submitted. 

Nature Reviews | Genetics
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Box 2 | Genome compartments

Inter- and intrachromosomal interaction maps for mammalian genomes28,64,111 have revealed a pattern of interactions that 
can be approximated by two compartments — A and B — that alternate along chromosomes and have a characteristic 
size of ~5 Mb each (as shown by the compartment graph below top heat map in the figure). A compartments (shown in 
orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown  
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the 
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is 
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication 
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic, 
transcriptionally active regions.

Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic 
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B 
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene 
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern 
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see 
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of 
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs 
can organize in A and B compartments (see REF. 50 for a more extensive discussion). 

Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C 
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and 
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of 
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.
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Human α-globin domain 
ENm008 genomic structure and environment

ENCODE Consortium. Nature (2007) vol. 447 (7146) pp. 799-816

The ENCODE data for ENm008 region was obtained from the UCSC Genome Browser tracks for: RefSeq annotated genes, Affymetrix/
CSHL expression data (Gingeras Group at Cold Spring Harbor), Duke/NHGRI DNaseI Hypersensitivity data (Crawford Group at Duke 

University), and Histone Modifications by Broad Institute ChIP-seq (Bernstein Group at Broad Institute of Harvard and MIT).
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Scoring

Harmonic Harmonic Lower Bound Harmonic Upper Bound 
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K562

70 fragments 
1,520 restraints
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1,049 restraints



Optimization
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Not just one solution
GM12878 K562



K562GM12878
Cluster #2

314 model

232,673 IMP OF

Cluster #1

2780 model

910,280 IMP OF

Regulatory elements

200

400

600

800

1,000

D
is

ta
nc

e 
(n

m
)

0

K562

GM12878

K562
GM12878

R
el

at
iv

e 
ab

un
da

nc
e

Promoters

Active genes

No-active genes

DNaseI sites

CTCF sites

H3K4me3 sites

Distance to center (nm)
<400<300 <350<250<200<150<100<50

K562

GM12878

Distance to center (nm)
<400<300 <350<250<200<150<100<50

R
el

at
iv

e 
ab

un
da

nc
e

Promoters

Active genes

No-active genes

DNaseI sites

CTCF sites

H3K4me3 sites

.0

.5

1.0

1.5

2.0

2.5

.00

.50

1.00

1.50

2.00

2.50

Compactness

K562

GM1287840
50
60
70
80
90
100
110

D
en

si
ty

 (b
p/

1n
m

)

K562
GM12878

Fragment

Multi-loops
Pa

th
 le

ng
th

 (n
m

)

D
is

ta
nc

e 
be

tw
ee

n 
an

ch
or

in
g 

po
in

ts
 (

nm
)

73

117

161

205

>=250

700

600

500

400

300

300

400

500

600

700
44Kb

20Kb

68Kb

52Kb

64Kb

45Kb

35Kb

65Kb50Kb

55Kb

30Kb

68Kb

63Kb

69Kb

64Kb
55Kb

K562

GM12878

Expression

Increased in K562

Increased in GM12878
=

K562GM12878

0

100

200

300

400

500

D
is

ta
n

c
e
 (

n
m

)

GM12878
K562

FISH Models (2D)

FISH validation



The “Chromatin Globule” model
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of the genome inferred from Hi-C. More gen-
erally, a strong correlation was observed between
the number of Hi-C readsmij and the 3D distance
between locus i and locus j as measured by FISH
[Spearman’s r = –0.916, P = 0.00003 (fig. S3)],
suggesting that Hi-C read count may serve as a
proxy for distance.

Upon close examination of the Hi-C data, we
noted that pairs of loci in compartment B showed
a consistently higher interaction frequency at a
given genomic distance than pairs of loci in com-
partment A (fig. S4). This suggests that compart-
ment B is more densely packed (15). The FISH
data are consistent with this observation; loci in
compartment B exhibited a stronger tendency for
close spatial localization.

To explore whether the two spatial compart-
ments correspond to known features of the ge-
nome, we compared the compartments identified
in our 1-Mb correlation maps with known genetic
and epigenetic features. Compartment A correlates
strongly with the presence of genes (Spearman’s
r = 0.431, P < 10–137), higher expression [via
genome-wide mRNA expression, Spearman’s
r = 0.476, P < 10–145 (fig. S5)], and accessible
chromatin [as measured by deoxyribonuclease I
(DNAseI) sensitivity, Spearman’s r = 0.651, P
negligible] (16, 17). Compartment A also shows
enrichment for both activating (H3K36 trimethyl-
ation, Spearman’s r = 0.601, P < 10–296) and
repressive (H3K27 trimethylation, Spearman’s
r = 0.282, P < 10–56) chromatin marks (18).

We repeated the above analysis at a resolution
of 100 kb (Fig. 3G) and saw that, although the
correlation of compartment A with all other ge-
nomic and epigenetic features remained strong
(Spearman’s r > 0.4, P negligible), the correla-
tion with the sole repressive mark, H3K27 trimeth-
ylation, was dramatically attenuated (Spearman’s
r = 0.046, P < 10–15). On the basis of these re-
sults we concluded that compartment A is more
closely associated with open, accessible, actively
transcribed chromatin.

We repeated our experiment with K562 cells,
an erythroleukemia cell line with an aberrant kar-
yotype (19). We again observed two compart-
ments; these were similar in composition to those
observed in GM06990 cells [Pearson’s r = 0.732,

Fig. 4. The local packing of
chromatin is consistent with the
behavior of a fractal globule. (A)
Contact probability as a function
of genomic distance averaged
across the genome (blue) shows
a power law scaling between
500 kb and 7 Mb (shaded re-
gion) with a slope of –1.08 (fit
shown in cyan). (B) Simulation
results for contact probability as
a function of distance (1 mono-
mer ~ 6 nucleosomes ~ 1200
base pairs) (10) for equilibrium
(red) and fractal (blue) globules.
The slope for a fractal globule is
very nearly –1 (cyan), confirm-
ing our prediction (10). The slope
for an equilibrium globule is –3/2,
matching prior theoretical expec-
tations. The slope for the fractal
globule closely resembles the slope
we observed in the genome. (C)
(Top) An unfolded polymer chain,
4000 monomers (4.8 Mb) long.
Coloration corresponds to distance
from one endpoint, ranging from
blue to cyan, green, yellow, or-
ange, and red. (Middle) An equi-
librium globule. The structure is
highly entangled; loci that are
nearby along the contour (sim-
ilar color) need not be nearby in
3D. (Bottom) A fractal globule.
Nearby loci along the contour
tend to be nearby in 3D, leading
to monochromatic blocks both
on the surface and in cross sec-
tion. The structure lacks knots.
(D) Genome architecture at three
scales. (Top) Two compartments,
corresponding to open and closed
chromatin, spatially partition the
genome. Chromosomes (blue, cyan,
green) occupy distinct territories.
(Middle) Individual chromosomes
weave back and forth between
the open and closed chromatin
compartments. (Bottom) At the
scale of single megabases, the chromosome consists of a series of fractal globules.
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PolII

HBB

Eraf

Factory

in-out position of active genes, relative to factories, was related to
differential positioning relative to the chromosome territory. To test
this, we assessed the position of the infrequently transcribed gene Uros
relative to the chromosome 7 territory (Supplementary Fig. 2 online).
Although Uros is actively transcribed only 29% of the time, it was
found outside its chromosome territory in 79% of cases. In contrast,
the inactive gene Fgfr2 was outside the chromosome territory in only
19% of cases (Supplementary Fig. 2 online). These results confirm
that expressed genes are often located outside chromosome territories
and inactive genes are more often inside chromosome territories. But
these data do not show a correlation between positioning relative to
the chromosome territory and the on-off transcriptional behavior of
active genes. Instead, our data suggest that genes with transcriptional
potential are preferentially located outside chromosome territories,
but this alone is not sufficient for transcription.

RNAP II factories are limiting in vivo
We noticed that the number of RNAP II foci in erythroid cells was
markedly lower than that reported for fibroblast-like cell lines. Figure 6
shows deconvoluted, projected images derived from 3D image stacks
showing all the RNAP II transcription factories in single cell nuclei

from various tissues. We found that erythroid cells had, on average,
only 100–300 RNAP II foci per nucleus. Many other tissue types
have equivalent numbers of RNAP II foci, suggesting that erythroid
cells do not have abnormally low numbers of RNAP II foci.
In contrast, limited-passage mouse embryonic fibroblasts (MEFs)
have a much greater number and higher density of RNAP II foci,
similar to previous reports for HeLa and fibroblast cell lines. We
conclude that the number of transcription factories in tissues is far
more restricted than indicated by previous estimates from cultured
cells. It is, perhaps, not surprising that colocalization of transcribed
genes was not observed in a recent study using cultured fibroblast-like
cells27. Our data indicate that erythroid and other differentiated or
committed tissue types have a limited number of available transcription
sites. Coupled with estimates from expressed-sequence tag databases,
which show that erythroid cells express at least 4,000 genes (data not
shown), we conclude that many genes are obliged to seek out and
share the same factory.

3C analysis
Finally, we corroborated the colocalization of transcribed alleles by a
completely independent method. 3C generates a population-average
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Figure 6 Comparison of RNAP II foci in several tissue types and MEFs. (a) Deconvoluted maximum-intensity projections of image stacks of nuclei
immunostained for RNAP II. E10, embryonic blood; E14, fetal liver erythroid; AS, adult anemic spleen erythroid; Sp, normal adult spleen; Th, adult thymus;
Br, fetal brain. Scale bar, 10 mm. (b) Numbers of RNAP II foci counted for each nucleus shown in a.

Figure 5 Actively transcribed genes colocalize to
shared transcription factories. (a) Single optical
section of a triple-label DNA immuno-FISH on
erythroid cell, showing Hbb (green), Eraf (red)
and RNAP II foci (blue). The merged and
separate channels of the signals are shown in the
side panels. On the left of the main panel, an
Hbb signal alone associates with an RNAP II
focus. On the right, two colocalizing signals
associate with the same RNAP II focus. Scale
bar, 5 mm. (b) A separate optical section of the
same cell showing the second Eraf allele, which
does not associate with an RNAP II focus.
(c) Box and whiskers plot of the distributions of
3D measurements of the separation distance
between Hbb and Eraf loci (n ¼ 84), divided into
RNAP II–associated versus nonassociated.
(d) Triple-label RNA immuno-FISH on erythroid
cell showing Hbb-b1 (red), Eraf (green) and
RNAP II (blue). Left panels, colocalized trans-
cription signals associating with the same RNAP
II focus. Right panels, separate transcription
signals associating with distant RNAP II foci.
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On TADs and hormones

Davide Baù François le Dily



Progesterone-regulated transcription in breast cancer

>	  2,000	  genes	  Up-‐regulated	  
>	  2,000	  genes	  Down-‐regulated	  

Regulation in 3D?

Progesterone)(Pg))induced)events)in)T47D:)

)
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Progesterone:regulated)transcrip>on)in)breast)cancer)cells)

PR)binds)to)25,000)sites))but)many)genes)

have)no)PRbs)in)their)linear)proximity.)
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Pg

PRKinases
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Remodelling
complexes

Co3regulators

Vicent)et#al#2011,))Wright)et#al#2012,)Ballare)et#al#2012)

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
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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?
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Do TADs respond differently to Pg treatment?
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How TADs respond structurally to Pg?
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