
Marc A. Marti-Renom
http://sgu.bioinfo.cipf.es

Structural Genomics Unit
Bioinformatics & Genomics Department

Prince Felipe Research Center (CIPF), Valencia, Spain

3D folding of chromosomal domains in 
relation to gene expression

http://bioinfo.cipf.es/sgu/
http://bioinfo.cipf.es/sgu/


Resolution
Limited knowledge...

2 Adapted from:
Langowski and Heermann. Semin Cell Dev Biol (2007) vol. 18 (5) pp. 659-67
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Structure determination
Integrative Modeling Platform

http://www.integrativemodeling.org

3 Alber et al. Nature (2007) vol. 450 (7170) pp. 683-94

NMR structure determination
2D-NOESY data

Chromosome structure determination
5C data

http://sgu.bioinfo.cipf.es
http://sgu.bioinfo.cipf.es
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Experiments

Computation

Integrative and iterative approach



Human α-globin domain
ENm008 genomic structure and environment
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ENCODE Consortium. Nature (2007) vol. 447 (7146) pp. 799-816

•  RNA expression data from the transcriptome group at Affymetrix and Cold Spring Harbor Laboratories.
• CTCF and histone modifications (H3K4me3) from the Broad Institute and the Bradley E. Bernstein Lab at the 
Massachusetts General Hospital/Harvard Medical School.
• DNaseI data from the Crawford Lab at Duke University and at the Collins Lab at NHGRI.
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5C experiments
http://my5c.umassmed.edu
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GM12878 K562

B. R. Lajoie, N. L. van Berkum, A. Sanyal et al., Nat Methods 6 (10), 690 (2009).

Grow GM12878 and K562 cells

Perform 3C analysis

Perform 5C analysis with 30+25 primers

Analyze 5C products  by paired-end Solexa sequencing 
(131,947 paired end reads per library)

Formaldehyde Cross-linking

Digestion

Ligation

Reversal of Cross-links 
PCR Amplification

• Ligation products are detected by Ligation
Mediated Amplification

• Performed at high levels of multiplexing
– 2,000 primers detect 1,000,000 unique

interactions in 1 reaction

• Microarray detection
• Products are directly sequenced

– 454-Life Sciences
– Solexa
– Polony (Church / Umbarger)

Dostie et al. Genome Res., 2006
Dostie and Dekker, Nature Protocols, 2007

Primer ligation

PCR amplification

Microarray
DNA sequencing

http://my5c.umassmed.edu
http://my5c.umassmed.edu


Integrative Modeling
http://www.integrativemodeling.org
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P1 P2

http://www.integrativemodeling.org
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314 model
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Summary
5C data results in comprehensive interaction matrices to 

build a consistent 3D model
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Summary
Selected models reproduce known (and new) interactions

10

the a-globin gene domain exists in a certain equilibrium
with a loop formed due to the association of the aD pro-
moter with the CpG island. This result is in contrast with
observations for the mouse a-globin gene domain where
promoters of globin genes interacted with the CpG islands
surrounding the domain only in cells transcribing globin
genes (16). Apparently the spatial organization of the
a-globin gene domain in cells not-expressing globins dif-
fers in mouse and chicken cells. These differences may
reflect different long-range organizations of the domains.
Indeed, the conserved synteny between chicken and mouse
a-globin gene domains extends over a relatively short
genomic region in contrast to the long regions of con-
served synteny between a-globin gene domains in different
mammals (38).
In proerythroblasts (proliferating HD3 cells) the inter-

actions between the aD gene promoter and the CpG island
become more frequent or occur in a larger portion of cells.
In addition, various ‘immature’ chromatin hubs started to
appear in these cells due to the associations of different
regulatory elements. Analysis of the frequencies of inter-
action of different restriction fragments located down-
stream of MRE demonstrates that the most complex
‘immature’ chromatin hub includes MRE, CpG island
and the aD gene promoter. It is important to underline
that experiments with the anchor fixed at different restric-
tion fragments have clearly demonstrated that all the
above-mentioned elements interact with each other.
Thus, they really form a chromatin hub. However, this
does not exclude the possibility that this chromatin hub
exists in a dynamic equilibrium with different less complex
associates of the above-mentioned regulatory elements.
Interestingly, in cycling HD3 cells the !9 kb DHS does
not participate in the formation of the chromatin hub with
the aD gene promoter and the CpG island, although it may
form an independent complex with MRE (Figure 2C).
Thus in cycling HD3 cells the a-globin gene domain
may adopt two mutually exclusive configurations due to
the association of MRE with either !9 kb DHS or with
the CpG island and the aD gene promoter (Figure 5B).
It is interesting that in mouse proerythroblasts activator

complexes are assembled on the upstream regulatory ele-
ments but the promoters of adult a-globin genes do not
interact with these regulatory elements before induction of
differentiation (32). In contrast, in chicken proerythro-
blasts (cycling HD3 cells) associations of MRE, CpG
island and the aD gene promoter are clearly detectable.
After induction of terminal erythroid differentiation

of HD3 cells the frequency of interaction between MRE,
CpG island and the aD gene promoter increases.
Furthermore, the downstream enhancer and !9 kb
erythroid-specific DHS are also recruited to the same
chromatin hub. A very similar configuration of the a-
globin gene domain is typical also for chicken embry-
onic red blood cells (10-day RBC) producing aA and aD

globin chains. Thus the involvement of the downstream
enhancer and !9 kb DHS is a distinctive feature of the
chicken a-globin gene domain ‘active’ chromatin hub.
Unfortunately, nothing particularly interesting is known
about !9 kb DHS. It was mapped long ago and found to
roughly colocalize with a MAR element (18). Although

the general organization of a-globin gene domains in dif-
ferent vertebrates is conserved in evolution (38,39), this
particular DHS is not located in ‘multispecies conserved
sequences’ and there is no obvious analogs of this DHS in
human and mouse genomes (39). Apparently, the frag-
ment harbors binding sites for some erythroid-specific
transcriptional factors participating in the assembly of
an ‘active’ chromatin hub typical for mature erythroblasts
expressing globins (Figure 5C). Computer analysis of a
DNA fragment spanning the DHS revealed four potential
binding sites for the erythroid-specific transcription fac-
tors GATA 1 and 2.

In all cellular models studied we failed to detect associa-
tions of the embryonic a-type gene p with any of either
upstream or downstream regulatory elements. It seems
logical as the p gene is not expressed in differentiated
HD3 cells and in 10-day RBC [Figure 1B, G and H and
(29)]. Much more unexpected was the failure of detecting
the interaction of the aA gene promoter with any of the
upstream regulatory elements, and, first of all, with MRE
(Figures 2B, F, G, 4B, F and G). In this context, it is
important to remind that in differentiated HD3 cells the
level of aA gene expression exceeds the expression of the

Figure 5. A scheme representing spatial configurations of the chicken
a-globin gene domain in different cell types. (A) DT40 cells. (B) Cycling
HD3 cells. (C) Induced to terminal erythroid differentiation HD3 cells
and 10-day RBC. Different domain elements are shown by the follow-
ing symbols: MRE: open circle, !9 kb DHS: triangle, CpG island:
black circle, p gene: white rectangle, aD gene: gray rectangle,
aA gene: black rectangle, downstream enhancer: asterisk. Large
gray arrows in (C) symbolize active transcription statuses of aD and
aA genes.

4638 Nucleic Acids Research, 2008, Vol. 36, No. 14
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Summary
Large-scale changes in conformation correlate with 

gene expression of resident genes
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Summary
“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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be essential for coregulated gene activation at this particular 
locus. To our knowledge, this study is the !rst to report two new 
CTCF-mediated phenomena, namely the ability to form loops 
via heteromultimerization and the ability to form transcription-
ally functional loops in response to cytokine treatment (Figure 
3). Promoter-XL9 loop formation is dependent on a complex 
formed by CTCF, the coactivator CIITA, and the RFX transcrip-
tion factor bound to a protein complex (containing CREB, NF-Y, 
and RFX) assembled at the proximal promoter. Knockdown of 
any of these three factors (e.g., CIITA, RFX, or CTCF) abolishes 
long-range interactions. In order to study the interplay between 
loops and transcription, the authors use non-MHC-expressing 
epithelial cells as a model system in which the CIITA transacti-
vating factor is not expressed and the HLA-DRB1/DQA1 regu-
latory region is in a relatively linear conformation and transcrip-
tionally silent. Upon stimulation with IFN , kinetic experiments 
indicate that CIITA is expressed prior to the concurrent forma-
tion of CTCF-based contacts with divergent gene promoters 
and initiation of HLA-DRB1 and HLA-DQA1 gene expression. 
Genetic studies will be necessary to determine if this interac-
tion is a cause or a consequence of transcriptional activation.

The unique nature of these contacts, between an intergenic 
enhancer and a promoter, suggests that CTCF may not be 
functioning as a canonical EB insulator at this locus in vivo. 
Nevertheless, we cannot rule out the possibility that CTCF is 
blocking inappropriate regulatory elements contained within 
the larger 4 Mb MHC-II locus. A full characterization of all pos-
sible enhancer sequences, CTCF-binding sites, and physical 
contacts throughout this region will be necessary to determine 
the structure and role(s) for these physical interactions. On the 
basis of multiple CTCF-binding sites identi!ed by genome-
wide studies, it is tempting to speculate that the entire MHC-II 
domain assembles into an active chromatin hub reminiscent of 
the -globin locus.

Overall, data from these three developmentally regulated 
genes suggest that CTCF may predominantly function in spa-
tial organization of chromatin topology via loop formation, with 
insulation and/or downstream effects on transcription a sec-
ondary consequence of the genomic context of the endoge-
nous locus. We note that the models described here are limited 
by their two-dimensional representation and do not re"ect the 
possible topological con!gurations adopted within the three-
dimensional space of the nucleus. Nonetheless, this evidence 
supports the hypothesis that the sequence of the CTCF-bind-
ing site and the spatial positioning of each consensus with 
respect to genes and other regulatory elements would dictate 
the types of CTCF-based chromatin loop structures formed 
(Figures 4A–4D). Mechanistic models to explain how looping 
between CTCF insulators mediates downstream effects on 
transcription are an active area of investigation and have been 
reviewed elsewhere (Gaszner and Felsenfeld, 2006).

More than Loops…A Nuclear Web?
Recent evidence supports a much larger role for chromosome 
intermingling between territories than previously thought, and 
it may not be a coincidence that CTCF-binding sites have been 
implicated in many of the interchromosomal contacts identi-
!ed to date. Ohlsson and colleagues used a strategy termed 

Figure 4. Potential Classes of CTCF-Mediated Contacts
Experimental evidence for certain subclasses of CTCF loops exists (A–F), 
whereas others can be hypothesized based on genome-wide distribution 
patterns (G–L). (A) Anchoring via direct attachment to subnuclear structures 
such as the nucleolus and/or nuclear matrix; (B) transcriptional regulation via 
contact between intergenic locus control region and promoter-proximal regu-
latory element; (C) active chromatin hub around multiple coregulated genes 
via contact between multiple distal CTCF-binding sites; (D) monoallelic gene 
expression via allele-speci!c contacts between multiple imprinted regulatory 
elements; (E) X chromosome inactivation or monoallelic gene expression via 
interchromosomal contacts between regulatory elements in trans; (F) global 
nuclear organization via demarcation of lamina-associated domains (LADs); 
(G) RNA polymerase II pausing and/or termination via intragenic contacts be-
tween introns and exons; (H) RNA processing or transcriptional reinitiation 
via a single gene 5 -3  loop; (I) alternative promoter selection via contact be-
tween two insulator elements demarcating transitions in chromatin structure; 
(J) boundary/barrier loops to demarcate independently regulated chromatin 
domains containing a coregulated gene-dense cluster via contact between 
two insulator elements; (K) enhancer blocking loops that topologically sepa-
rate inappropriate enhancer-promoter interactions via contact between two 
insulator elements; (L) Interchromosomal translocations via contacts between 
two regulatory elements in trans. Green ovals, enhancers; purple squares, 
CTCF consensus sites.

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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