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of cis-regulatory regions in mammalian
genomes using bioinformatic data and
polymer models
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Jim R. Hughes2, Veronica J. Buckle2 and Davide Marenduzzo1*

Abstract

The three-dimensional (3D) organization of chromosomes can be probed using methods like Capture-C. However, it
is unclear how such population-level data relate to the organization within a single cell, and the mechanisms leading
to the observed interactions are still largely obscure. We present a polymer modeling scheme based on the
assumption that chromosome architecture is maintained by protein bridges, which form chromatin loops. To test the
model, we perform FISH experiments and compare with Capture-C data. Starting merely from the locations of protein
binding sites, our model accurately predicts the experimentally observed chromatin interactions, revealing a
population of 3D conformations.
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Background
The three-dimensional (3D) spatial organization of mam-
malian chromosomes in vivo is a topic of fundamen-
tal importance in cell biology [1–5]. Understanding how
chromatin conformation becomes modified on a local
scale to up-regulate transcription from genes during dif-
ferentiation or development is critical not only to decipher
a fundamental biological process, but also to delineate the
role this process may play in human disease and potential
therapies. The higher scale organization of chromatin in
the nucleus also has important roles to play in this regard
[5–9], as the spatial structure of chromosomes is tightly
linked to transcription. For instance, active genes can
cluster at nuclear speckles [10, 11]; conversely peripheral
lamina-associated domains comprise regions of the DNA
that are not generically transcriptionally active [12, 13].
The 3D structure of the genome is, therefore, intimately
related to its function.
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Thanks to the development of high-throughput
experimental techniques based on chromosome confor-
mation capture (3C) [1], such as Hi-C and Capture-C
[2–4, 14, 15], it is now possible to probe experimentally
which regions of the genome of a given cell type are
spatially proximate in vivo. A major result obtained with
these methods has been the discovery that chromosomes
are organized in a series of topologically associated
domains (TADs) [2–4], which are separated by bound-
aries, but whose biological nature remains elusive. While
the TAD boundaries are thought to be largely conserved
across cell types, the arrangement of the chromatin
within a TAD is not [16]. This internal organization
depends on the activity of the genes within a domain, and
is likely related to the action of cis-regulatory elements
[DNA regions where the binding of a transcription factor
(TF) can regulate the expression of a gene that is tens or
hundreds of kilobase pairs (kbp) away] [17, 18].

The pattern of interactions revealed by most 3C-based
experiments is an average over a large population of cells,
yet it has become clear that there is a remarkable vari-
ability in both chromosomal conformation and chromatin
interactions between different cells [19, 20]. Thus, it is an
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important challenge to understand how the chromosome
conformation in single cells leads to the observed popula-
tion average, and to decipher the mechanism underlying
such arrangements. To address this issue, here we present
an in silico investigation of the local folding and result-
ing interaction maps of important active gene loci in
mouse erythroblasts. We concentrate on the well-studied
� and � globin loci, which have long been model systems
for understanding cis-regulatory interactions [14, 21–30].
These loci are known to have tissue-specific organization,
and expression of the different genes within the loci varies
through development and erythropoiesis. As a compari-
son, we also study embryonic stem cells where these genes
are not active. Our main result is that our model pre-
dicts patterns of contacts that are close to that found by
high-resolution Capture-C experiments, reproduces the
changes in such patterns following differentiation, and
explains existing observations on the biology of the globin
loci in mouse. Our predictions also compare favorably
with new fluorescence in situ hybridization (FISH) experi-
ments that give spatial separation measurements between
specific genomic locations in individual cells. This level of
agreement is especially remarkable because it essentially
involves no fitting.

Our model builds on the minimal assumption that the
spatial organization of eukaryotic chromosomes is main-
tained largely through the action of proteins or protein
complexes, which can form bridges by simultaneously
binding to more than one site in the genome, and forming
loops from the intervening chromatin [4, 31–36]. We treat
the chromatin fiber as a simple bead-and-spring poly-
mer (Additional file 1: Figure S1), and coarse-grain the
bridge-forming protein complexes into single units. We
then “paint” the polymer according to bioinformatic data
characterizing protein binding and chromatin state in the
relevant cell type, and use molecular dynamics to simulate
the motion of the region of interest (see Additional file 1:
Figure S1 for a schematic diagram and Additional file 2:
Supplementary Methods for the full details of the model).
The chromatin fiber and proteins diffuse as though sub-
ject to the thermal fluctuations of the nucleoplasm; the
protein complexes can bind and dissociate from the chro-
matin and form bridges, and the fiber adopts conforma-
tions that are consistent with the entropic and energetic
constraints of the system. By repeatedly running the sim-
ulation with different random thermal motions, we can
generate a population of equilibrium conformations rep-
resenting a population of cells. Some examples of other
studies where polymer models have been applied to study
chromatin are [20, 31–34, 37–40].

To keep our model as simple as possible, we use the loca-
tions of DNase1 hypersensitive sites (DHSs) as a proxy for
binding sites of a generic type of protein bridge, which
we imagine is made up from complexes of TFs and other

DNA-binding proteins. The choice of DHSs as binding
sites is justified due to their well-documented tendency
to correlate with open chromatin, or euchromatin, and
with peaks in ChIP-seq data for many TFs [41], such as
GATA1, Nfe2 Scl/Tal1 and Klf1, all of which are known
to be important for globin regulation (see Additional
file 3: Figure S2). The interactions between the many TFs
and co-factors that might form the bridging complexes
involved in cis-regulatory binding are not well character-
ized, and the DHS approximation avoids the need to make
any assumptions. One factor that most certainly has a
chromatin architectural role is the CCCTC-binding fac-
tor (CTCF) [4, 35, 40, 42–44]. This protein is thought
to form dimers that drive looping between some of its
specific binding sites scattered along the chromosomes
of eukaryotic organisms. In particular, convergent CTCF
binding sites have been proposed to delimit the extent of
chromatin domains, which might be extruded through a
looping complex, possibly comprising cohesin [40, 44, 45].
CTCF is, therefore, a bridge with an architectural role,
and has, indeed, been dubbed a global genome organizer
[4, 35, 42]. Interestingly, chromatin has been found to
compact on depletion of RAD21 and CTCF [37]. To
reflect its perceived importance, we treat CTCF proteins
as separate bridges in the simulations; in this case, the
binding sites are placed at peaks in the ChIP-seq data
for CTCF binding (see Additional file 3: Figure S2). Our
model, therefore, includes two species of putative pro-
tein bridges, which we denote CTCF and DHS binding
proteins (or bridges), respectively. Furthermore, we con-
sider the hypothesis that some histone modifications (e.g.,
H3K4 monomethylation at enhancers or trimethylation at
active promoters) act to recruit bridging proteins [46]. We
include this in the model by introducing a weaker, non-
specific interaction between the bridges and H3K4me1
modified regions (which are not already labeled as CTCF
or DHS bridges); since the hypersensitive sites at regula-
tory elements are often surrounded by H3K4me1 modi-
fied regions, these act as a funnel, which effectively directs
proteins to their high affinity binding sites [47].

Results
Chromatin folding in the mouse � globin locus
First, we use our model to predict the folding of
a 400-kbp region around the mouse � globin locus
(chr11:31960000–32360000, mm9 build; each polymer
bead represents 400 bp, or two nucleosomes, see Fig. 1a
and Methods). This well-studied cluster contains five
globin-related genes: the � globin gene (Hba-x, expressed
in embryonic erythroid cells, but silent in adult cells),
two copies of the � globin gene (Hba, expressed in
fetal and adult erythroblasts) and two � globin genes
(Hbq1 and Hbq2, only weakly expressed in adult tissue).
Expression of the genes in the cluster is controlled by
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Fig. 1 Simulating the � globin locus. a Browser view showing genes in the vicinity of the � globin locus, alongside a schematic indicating the
coarse-graining used in the simulations. A 110-kbp section of the 400-kbp chromatin fragment that was simulated is shown. As described in the
text, simulation chromatin beads were designated as CTCF binding sites, DHS binding, H3K4me1 modified sites and combinations of these. The
positions of the set of five regulatory elements are indicated with blue triangles and promoters with green squares. b Example simulated
configurations of the locus. CTCF proteins (green) and DHS binding proteins (red) are shown; the chromosome fragment is colored as in (a). See also
Additional file 4: Video S1 for a 3D view of the configurations, from which the CTCF proteins are more readily visible. Parameters for the polymer
model and the bridge–chromatin affinity are given in full in Additional file 2: Supplementary Methods. c Contact map showing the frequency of
contacts between each chromatin bead in 1000 simulated configurations. Note that the color bar shows a logarithmic scale. The blue line to the left
indicates the region that is shown in (a). The green line to the left indicates the region that is used for the clustering analysis (Fig. 2 and text)

several regulatory elements: the multi-species conserved
elements R1–4 and the mouse specific R(m). Some of
these are contained within the introns of Nprl3, one of
several widely expressed genes that surround the locus;
the R2 element (known as HS-26 in mouse and equivalent
to HS-40 in human) is thought to be particularly impor-
tant for globin regulation [21, 23, 27]. Figure 1a shows the
binding sites for CTCF and DHS across the region con-
sidered (informed by ChIP-seq and DNase-seq data for
adult erythroid cells – see Additional file 3: Figure S2);
the positions of the H3K4me1 methylation marks are also
indicated (from ChIP-seq data for the same cell type, see
Additional file 3: Figure S2). In our simulations, proteins
bind strongly to the CTCF or DHS labeled beads, and also
weakly to the H3K4me1 marks. Some typical snapshots
from our simulations are shown in Fig. 1b and Additional
file 4: Video S1 (CTCF and DHS binding proteins are
shown as red and green spheres, respectively), while the
average contact map is shown in Fig. 1c.

As anticipated, one of the main strengths of our
approach is that it naturally outputs information on each
member of the population of chromatin conformations
(these can be thought of as representing different cells, or
the same cell at different times), which we can then further
interrogate. A clustering analysis (i.e., grouping the con-
formations by similarity; see Additional file 2: Supplemen-
tary Methods for details) of 1000 simulated conformations

reveals that the locus folds into four main representative
structures (Fig. 2). The main distinction between these
structures is whether a single bridging-induced globular
domain forms (of size �70 kbp), or whether it breaks into
two smaller microdomains, one containing around 40 kbp,
and the other one around 25 kbp. The size of these glob-
ular microdomains does not exceed 100 kbp, so these are
much smaller than TADs (the median size of a TAD is 1
Mbp [3]); interestingly, though, their size is comparable
to that of the sub-TAD domains observed within active
regions [4], and also to that of the so-called supercoiling
domains recently found in mammalian cells [48].

In the most common representative structure, which
accounts for 53 % of the total observed conformations
for the locus, there is a single globular domain containing
the promoters of the globin genes, the promoters of the
two neighboring genes Mpg and Nprl3, and all five known
regulatory elements. A similar representative structure,
which accounts for 6 % of conformations, also has a sin-
gle globular domain, but the region that contains the
Nprl3 promoter is in a loop outside the globule. A third
representative structure accounts for 14 % of the confor-
mations: here two globular microdomains form, where
the � genes interact with only the two genomically clos-
est regulatory elements. The fourth structure, which is
adopted by about 25 % of the conformations, has again
two microdomains, but their composition is different:
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Fig. 2 Conformations of the � globin locus can be grouped by similarity. A clustering analysis gives a dendrogram (left), which indicates how similar
or different the conformations are. Conformations fall into four main representative structures depending on the pattern of contacts they exhibit
(see Additional file 2: Supplementary Methods). Contact maps for each representative structure are shown (center; the region shown is indicated by
the green line in Fig. 1c), as is a schematic of each representative structure (right). The proportion of simulated conformations adopting a given
structure gives a prediction of the frequency with which that structure will occur in a population of cells

now the � genes are no longer in the same microdomain
as the regulatory elements. We expect that these genes
should be transcriptionally inactive when the locus adopts
this structure. Finally, there are a small number (�1 %)
of conformations that do not fit into any of these four
clusters. It is also interesting to note that the � gene
and Mpg seldom interact with the elements (these genes
are not widely expressed in adult erythroid cells). The
arrangement within the domains can be further probed

by looking at which promoters are directly interacting
with the different regulatory elements in each confor-
mation (see Additional file 5: Figure S3). We find, for
example, that one or more of the � promoters interacts
with one or more of the elements in 65 % of confor-
mations, and that Hba-a1 interacts with the elements
in 53 % of conformations whereas Hba-a2 interacts in
only 41 %. This is qualitatively consistent with experi-
ments in which mRNA expression from the two � globin
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