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The Integrative Modeling Platform framework
http://www.integrativemodeling.org

Russel, D. et al. PLOS Biology 10, e1001244 (2012).

From Alber, F. et al.  Nature 450, 695–701 (2007).
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Integrative modeling

Data collection

Data interpretation
Representation
Scoring

Model analysis

Modeling
Sampling



Chromatin structures



Chromatin = DNA + (histone) proteins

The genome is well organized and 
hierarchically packaged

Histone modifications affect chromatin 
structure  and activity

3C-like data measure the frequency of 
interaction between distant loci

Chromatin structure



Linux commandsLets start!!
Command Description Example Action 

pwd print working directory pwd path & name of dir. I am in now 

ls list contents of directory ls list contents of current dir. 

ls test/ list contents of the test dir. that hangs from the current 
working dir. 

ls -lh vertical list of dir. contents 

cd change directory cd go to home directory 

cd /home/user/Docs go to the Docs directory 

cd .. go to parent directory 

mkdir make directory mkdir test creates directory test/ 

rmdir remove directory rmdir test remove test/ if empty 

cp copy cp fileA fileB copy fileA to fileB 

mv move or rename file or directory mv a b change name from a to b 

mv a .. move a to parent directory 

more see file contents more a.txt see contents of a.txt 

gedit simple text editor! gedit a.txt edit a.txt 

firefox a web and directory browser firefox a.html or firefox a.jpg use web browser to view file 

info or man information on a command info ls manual page for the 'ls' command 



Definitions 
• variables 

• loops 

• conditionals 

• lists, tuples, dictionaries

a = 1 
b = 3.14 
c = ‘charles’

i = 0 
while i < 10: 
    # print i 
    i = i + 1

for i in range(0, 10, 1): 
    print i

for i in range(0, 10, 1): 
    if i == 3: 
        print ‘we have 3’ 
    elif i > 3: 
        print ‘we have many’ 
    else: 
        print ‘we have few’

a = [0, 1, 2, 3, 4] 
b = (0, 1, 2, 3, 4) 
c = {‘one’: 11, ‘two’: 22 
       ‘three’: 33, ‘four’: 79}

Python definitions



Adapted from:
Langowski and Heermann. Semin Cell Dev Biol (2007) vol. 18 (5) pp. 659-67
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Biomolecular structure determination
2D-NOESY data

Chromosome structure determination
5C data



Integrative modeling applied to chromatin
http://www.integrativemodeling.org
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Neighbor fragments Non-Neighbor fragments 

From 5C data to spatial distances



Parameter optimization



Representation
Constituent parts of the molecule
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Scoring
Individual spatial restraints encoding the data

Harmonic Harmonic Lower Bound Harmonic Upper Bound 

GM12878

K562

70 fragments
1,520 restraints

70 fragments
1,049 restraints



Optimization of the scoring function

CREATE PARTICLES

ADD RESTRAINTS
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Human α-globin domain

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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Human α-globin domain
ENm008 genomic structure and environment
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From 5C data to points and restraints
Chromatin interaction frequencies can be 
used as a proxy for spatial distance between 
interacting fragments12. Thus, our first step 
was to translate the 5C experimental data into 
a set of distances dependent on the observed 
interactions. The IMP represents a genomic 
domain as a set of points (one per restric-
tion fragment) and the spatial restraints (or 
springs) between them, with equilibrium 
distances proportional to the observed fre-
quency of interaction. The type and force 
of the restraints that place each of the 70 
points representing the ENm008 region were 
defined by the IMP calibration, which was 
carried out in two steps. First, 5C counts were 
normalized by log10 transformation and Z-score computation from 
the average and s.d. of all log10 values in the interaction matrix. A  
Z-score indicates how many s.d. a measure is above or below the 
mean of the measure. Second, two linear relationships were defined 
linking 5C Z-scores to spatial distances for restraining pairs of frag-
ments: (i) two neighbor fragments (i to i + 1…2) were restrained on 
the basis of the linear relationship between the 5C Z-scores and the 
sum of the excluded volume occupied by the nucleotides between the 
centers of the two fragments (Supplementary Table 1), and (ii) two 
non-neighbor fragments (i to i + 3…n) were restrained on the basis of 
the relationship bound by an empirically determined closest possible 
distance between two non-interacting fragments and the excluded 
volume of a canonical 30-nm fiber (Supplementary Fig. 3). These two 
linear relationships between 5C Z-score and spatial distances relied on 
the following assumptions: (i) the different 5C Z-score distributions 
between neighbor and non-neighbor fragments reflected their dif-
ferent response in 5C experiments37; (ii) consecutive fragments were 
spatially restrained proportionally to the occupancy of their chro-
matin fragments, with a relationship of 0.01 nm per base pair (bp),  
assuming a canonical 30-nm fiber38; and (iii) two non-neighbor frag-
ments could not get closer in space than 30 nm, which corresponds to 
the diameter of the chromatin fiber. Even though the precise diameter 

of the chromatin fiber in vivo is unknown and probably fluctuates, it 
has been shown that the observed looping frequencies from 5C experi-
ments in human cells are consistent with a 30-nm fiber39. Moreover, 
the assumption that chromatin adopts a 30-nm fiber affects only the 
final scale of the resulting 3D models, which is controlled by the 
excluded volume assigned to the fragments. The results from our FISH 
experiments (below) indicated that the use of 0.01 nm per bp resulted 
in models of the appropriate scale. Finally, the values of two Z-score 
cutoffs were also optimized and defined the type of restraint imposed 
between two non-neighbor fragments. The optimal parameters found 
were as follows: for GM12878 cells, 500 nm for the lowest Z-score, a 
Z-score of –0.2 for the lower-bound cutoff and a Z-score of 0.1 for the 
upper-bound cutoff; for K562 cells, 400 nm for the lowest Z-score, a 
Z-score of −0.1 for the lower-bound cutoff, and a Z-score of 0.9 for 
the upper-bound cutoff (Supplementary Methods).

All 70 fragments representing the studied region were restrained 
with a total of 1,520 and 1,049 restraints for GM12878 and K562 
cells, respectively (Supplementary Fig. 3). The forces applied to the 
defined restraints were also set proportional to the absolute value of 
the 5C Z-score observed between a pair of fragments. That is, the 
more extreme the Z-score, the stronger the force constant applied 
to the restraint. By making the harmonic forces proportional to 
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Figure 2 5C analysis of the 500-kb ENCODE 
region ENm008. (a) 5C experimental data for 
GM12878 cell lines. Upper plot shows 5C count 
matrix colored yellow to blue to indicate low to 
high counts. For easy inspection, the axis labels 
are replaced by the linear representation of the 
forward and reverse fragments of the ENm008 
region. Lower plots show 5C interaction profiles 
for fragments containing HS48, HS46, HS40, 
HBM, HBA2, HBA1 and 3  end of LUC7L, 
respectively. The plots show the 5C counts and 
their associated s.e.m. of interactions between 
the anchor fragment (indicated by vertical 
arrows) and the rest of the queried fragments in 
the ENm008 region; colored bars indicate the 
positions of HS elements (red), globin genes 
(green) and LUC7L gene (blue). Blue solid lines 
show the average and s.e.m. of the expected 
relationship between interaction frequency (5C 
counts) and genomic distance (kb), determined 
by LOESS smoothing of the complete data set 
(Supplementary Fig. 2). Red circles show the 
observed 5C counts for each of the queried 
fragments. (b) 5C experimental data for K562 
cell lines. Data are represented as in a.

GM12878 K562

ENCODE Consortium. Nature (2007) vol. 447 (7146) pp. 799-816
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Supplementary Figure 5. 5C de-convolution analysis using solution ensembles for 

K562 cells. Frequency contact map comparison of the top ten clusters of solutions. Red 

to blue dots indicates increased or decreased interacting frequencies between the 

compared ensembles of solutions for each cluster, respectively. Inner plot shows a 

detailed analysis of the comparison between cluster 2 and cluster 10 in K562 cells 

experiment. 

Nature Structural & Molecular Biology: doi:10.1038/nsmb.1936

Not just one solution
5C de-convolution analysis



Ensemble analysis
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the variability of the Z-score, we ensured 
that restraints between pairs of points with 
extreme Z-score values were stronger than 
those between pairs of points with average 
5C interaction frequencies. An exception to 
this rule was applied to neighbor fragments. 
In such cases, the forces were set to a value of 
5.0, which was large enough to maintain con-
nectivity between neighbor fragments.

Generation of spatial models of ENm008
Once the restraints had been defined, IMP generated a 3D model 
of the ENm008 region by searching for a spatial arrangement of 
all points that minimized the violation of the imposed restraints 
(Supplementary Fig. 3c,d). Thus, IMP expressed the problem of 
determining the chromatin structure as an optimization problem, 
assuming that the conformation of the locus is largely determined 
by chromatin interactions within the locus. The absence of strong 
interactions outside the locus comparable in frequency to the ones 
we observed within the locus was recently confirmed by Hi-C, 
a method that couples proximity-based ligation with massively 
parallel sequencing to probe the three-dimensional architecture 
of whole genomes12.

Starting from randomly positioned points within a cube of side 
length 1 m, IMP iteratively moves all points so as to force them to a 
conformation that minimally violates the imposed restraints. Given 
that the 5C analyses are population averaged, the 3D models gener-
ated by IMP can represent only the macroscopic state of the system 
and thus result in an ensemble of solutions reflecting the variability 
of chromatin conformation40. It is important to note that the 3D posi-
tions obtained by IMP correspond to points representing the center 
of the ligation positions designed as part of the 5C experiments. The 
path between points shown in our 3D models does not necessarily 
correspond to the path that chromatin may follow in vivo.

A total of 50,000 models were generated for each cell type, which 
ensured a fair coverage of the search space. We then selected the 10,000 
models with the least number of violated restraints to be clustered 
according to their structural similarity (Supplementary Methods). 

GM12878 models clustered in a total of four different conformations 
(Fig. 3a). The first- and second-most-populated clusters contained 
the conformations with the lowest IMP objective function, indicating 
that a minimum in the search space was found for most of the inde-
pendent runs. This shows that (i) 5C data are sufficient for uniquely 
identifying a set of dominant conformations, and (ii) the top two 
clusters represent topological mirror solutions, providing further 
confidence in the results.

Models obtained for K562 cells formed a more variable set of solu-
tions, with a total of 393 different structure clusters, including ten large  
clusters with more than 150 solutions each and 194 clusters with less 
than ten solutions each (Fig. 3b). The large number of clusters with 
few members may represent a diverse set of local minima conforma-
tions that partly satisfy the K562 5C interaction data. Such diverse 
solutions could reflect a more variable chromatin conformation of 
the domain in K562 cells, perhaps related to variable karyotypes and 
gene expression in individual cells in this cancer-derived cell line. It is 
important to note that even though we selected representative clusters 
to describe key properties of the -globin locus structure (below), 
only the ensemble of all solutions from the top clusters reflected the 
range of multiple distinct conformations that may be present in the 
cell population.

We studied whether the different conformations we observed for 
individual models within a cluster of solutions could be considered 
locally consistent (Fig. 3c). Such analysis allowed us to identify 
local regions in the structures that were conserved for most of the 
pairwise structure alignments between the models in the selected 
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Figure 3 Ensemble of solutions. (a) Cluster 
analysis for the selected 10,000 GM12878 
models. Upper plot shows the number of models 
per cluster plotted against the cluster number. 
Points are colored on a grayscale proportional 
to the lowest IMP objective function in the 
cluster. IMP mirroring is illustrated by the 
superimposition of cluster 1 (red arrow) and 
cluster 2 (blue arrow) centroids (that is, the 
solution closest to the center of each cluster). 
Lower plot shows the structural relationship 
between the top cluster centroids. The tree 
was generated on the basis of the structural 
similarity between each of the centroids; 
branch thickness is proportional to the number 
of solutions at each branch point. A structure 
of each centroid, colored as in its linear 
representation (Fig. 1a), is placed on a vertical 
scale proportional to the lowest IMP objective 
function within the cluster it represents.  
(b) Cluster analysis for the selected 10,000 
K562 models. Data are represented as in panel a.  
(c) Model consistency for the ensemble of 
solutions in cluster 1 of GM12878 models 
(blue) and cluster 2 of K562 models (red).

GM12878 K562



Long-range interactions
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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the variability of the Z-score, we ensured 
that restraints between pairs of points with 
extreme Z-score values were stronger than 
those between pairs of points with average 
5C interaction frequencies. An exception to 
this rule was applied to neighbor fragments. 
In such cases, the forces were set to a value of 
5.0, which was large enough to maintain con-
nectivity between neighbor fragments.

Generation of spatial models of ENm008
Once the restraints had been defined, IMP generated a 3D model 
of the ENm008 region by searching for a spatial arrangement of 
all points that minimized the violation of the imposed restraints 
(Supplementary Fig. 3c,d). Thus, IMP expressed the problem of 
determining the chromatin structure as an optimization problem, 
assuming that the conformation of the locus is largely determined 
by chromatin interactions within the locus. The absence of strong 
interactions outside the locus comparable in frequency to the ones 
we observed within the locus was recently confirmed by Hi-C, 
a method that couples proximity-based ligation with massively 
parallel sequencing to probe the three-dimensional architecture 
of whole genomes12.

Starting from randomly positioned points within a cube of side 
length 1 m, IMP iteratively moves all points so as to force them to a 
conformation that minimally violates the imposed restraints. Given 
that the 5C analyses are population averaged, the 3D models gener-
ated by IMP can represent only the macroscopic state of the system 
and thus result in an ensemble of solutions reflecting the variability 
of chromatin conformation40. It is important to note that the 3D posi-
tions obtained by IMP correspond to points representing the center 
of the ligation positions designed as part of the 5C experiments. The 
path between points shown in our 3D models does not necessarily 
correspond to the path that chromatin may follow in vivo.

A total of 50,000 models were generated for each cell type, which 
ensured a fair coverage of the search space. We then selected the 10,000 
models with the least number of violated restraints to be clustered 
according to their structural similarity (Supplementary Methods). 

GM12878 models clustered in a total of four different conformations 
(Fig. 3a). The first- and second-most-populated clusters contained 
the conformations with the lowest IMP objective function, indicating 
that a minimum in the search space was found for most of the inde-
pendent runs. This shows that (i) 5C data are sufficient for uniquely 
identifying a set of dominant conformations, and (ii) the top two 
clusters represent topological mirror solutions, providing further 
confidence in the results.

Models obtained for K562 cells formed a more variable set of solu-
tions, with a total of 393 different structure clusters, including ten large  
clusters with more than 150 solutions each and 194 clusters with less 
than ten solutions each (Fig. 3b). The large number of clusters with 
few members may represent a diverse set of local minima conforma-
tions that partly satisfy the K562 5C interaction data. Such diverse 
solutions could reflect a more variable chromatin conformation of 
the domain in K562 cells, perhaps related to variable karyotypes and 
gene expression in individual cells in this cancer-derived cell line. It is 
important to note that even though we selected representative clusters 
to describe key properties of the -globin locus structure (below), 
only the ensemble of all solutions from the top clusters reflected the 
range of multiple distinct conformations that may be present in the 
cell population.

We studied whether the different conformations we observed for 
individual models within a cluster of solutions could be considered 
locally consistent (Fig. 3c). Such analysis allowed us to identify 
local regions in the structures that were conserved for most of the 
pairwise structure alignments between the models in the selected 

ba

C
on

si
st

en
cy

 (
%

)

0

20

40

60

80

100

50 nm
75 nm
100 nm
125 nm
150 nm

K562

150 nm

0

20

40

60

80

100

50 nm
75 nm
100 nm
125 nm

GM12878

Fragment

c

0 50 100 150 200 250 300 350 400
Cluster number

0

100

200

300

400

500

N
um

be
r 

of
 m

od
el

s 
in

 c
lu

st
er

Lo
w

es
t I

M
P

 o
bj

ec
tiv

e 
fu

nc
tio

n 
in

 c
lu

st
er

231,000

234,500

237,000

241,500

244,000

0 1 2 3 4 5
Cluster number

2,200

2,300

2,400

2,500

2,600

2,700

2,800

N
um

be
r 

of
 m

od
el

s 
in

 c
lu

st
er

910,280

911,705

913,130

914,555

915,980

Lo
w

es
t I

M
P

 o
bj

ec
tiv

e
fu

nc
tio

n 
in

 c
lu

st
er

Cluster 1
2,780 models
910,280 OF

Cluster 4
2,270 models
915,890 OF

Cluster 3
2,282 models
915,890 OF

Cluster 2
2,668 models
910,400 OF

910,000

911,500

913,000

914,500

916,000
Lo

w
es

t I
M

P
 o

bj
ec

tiv
e 

fu
nc

tio
n 

in
 c

lu
st

er

Cluster 1
483 models
232,698 OF

Cluster 2
314 models
232,673 OF

Cluster 3
275 models
233,110 OF

Cluster 4
265 models
233,051 OF

Cluster 5
256 models
233,026 OF

Cluster 6
228 models
232,819 OF

Cluster 7
226 models
233, 398 OF

Cluster 8
209 models
233,748 OF

Cluster 9
205 models
233,049 OF

Cluster 10
168 models
234,747 OF

232,600

233,250

233,800

234,450

235,000

Lo
w

es
t I

M
P

 o
bj

ec
tiv

e 
fu

nc
tio

n 
in

 c
lu

st
er

Figure 3 Ensemble of solutions. (a) Cluster 
analysis for the selected 10,000 GM12878 
models. Upper plot shows the number of models 
per cluster plotted against the cluster number. 
Points are colored on a grayscale proportional 
to the lowest IMP objective function in the 
cluster. IMP mirroring is illustrated by the 
superimposition of cluster 1 (red arrow) and 
cluster 2 (blue arrow) centroids (that is, the 
solution closest to the center of each cluster). 
Lower plot shows the structural relationship 
between the top cluster centroids. The tree 
was generated on the basis of the structural 
similarity between each of the centroids; 
branch thickness is proportional to the number 
of solutions at each branch point. A structure 
of each centroid, colored as in its linear 
representation (Fig. 1a), is placed on a vertical 
scale proportional to the lowest IMP objective 
function within the cluster it represents.  
(b) Cluster analysis for the selected 10,000 
K562 models. Data are represented as in panel a.  
(c) Model consistency for the ensemble of 
solutions in cluster 1 of GM12878 models 
(blue) and cluster 2 of K562 models (red).
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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genes beyond the LOC100134368, DECR2 and RAB11FIP3 genes. 
Overall, the models suggest that chromatin is organized around chro-
matin globules, with rosettes of 50- to 60-kb chromatin loops and 
centers enriched with active genes and their promoters.

Estimates of chromatin compaction based on spatial models
Chromatin across the ENm008 region was not uniformly dense, as 
determined by the contour length of the chromatin fiber (Fig. 5d). As 
expected, the average chromatin path was much denser than that of 
naked DNA, which is about 3 bp nm−1. We found that the telomere-
proximal end of ENm008, which contains the highest density of active 
genes as well as most of the regulatory elements (as estimated from 
the density of HSs; Fig. 1b), has chromatin fiber compaction that cor-
responds to ~50 bp nm−1. In contrast, the telomere-distal region has a 
denser chromatin region (~100 bp nm−1). Notably, GM12878 cell mod-
els result in a less dense chromatin fiber, on average, despite folding into 
a single chromatin globule. However, the region containing the HS40 
enhancer of -globin genes is more compact, on average, in GM12878 
cells than in K562 cells, consistent with the predicted relationship 
between transcription and formation of more open chromatin.

Local chromatin features and three-dimensional folding
The analysis of chromatin compaction shows how our models can 
reveal new insights into spatial relationships between distant 1D 
annotations and their 3D conformation. To further demonstrate this, 
we have generated tracks for the UCSC Genome Browser42 showing 
the interaction frequency maps resulting from our 5C experiments 
and 3D models (Supplementary Fig. 4). These tracks allow direct 
visualization of spatial relationships between widely spaced genomic 
elements in the context of all publicly available 1D genome annota-
tions. For instance, we find that the -globin genes are spatially close 
to a region containing the genes POLR3K and MPG near the left end 
of the region. Both interacting regions are transcriptionally active 
and marked by histone modifications associated with open chroma-
tin (for example, di- and trimethylated histone H3 Lys4 (H3K4me2, 
H3K4me3) and acetylated H3 and H4 (H3ac and H4ac)). This is 

 consistent with our observation that active genes tend to form the 
cores of the chromatin globules, a pattern that has also been suggested 
in previous work showing association between active genes10,15,43.

DISCUSSION
Here we have combined high-throughput in vivo chromatin interac-
tion mapping with the IMP to characterize the higher-order chromatin 
conformation of the ENm008 region containing the -globin domain 
in cells that do or do not express the globin locus. The 5C data and the 
3D models derived from them accurately reflect the known long-range 
interactions between the -globin genes and their distant regulatory 
elements, validating our approach. Furthermore, we have identified a 
higher-order chromatin folding motif in which groups of adjacent genes 
cluster to form chromatin globules. Analysis of the internal architecture 
of the globules revealed that active genes are enriched in the cores of 
these structures. These observations suggest that chromatin globules 
may represent subnuclear structures dedicated to gene expression, per-
haps related to the clustering of shared transcription machineries.

Formation of chromatin globules
A chromatin globule forms a rosette-like structure with loops of 
~50–60 kb, an average path length of 500–600 nm and a distance 
between anchors of 100–200 nm. Such spatial organization is consist-
ent with the ‘multi-loop subcompartment’ model, which proposes 
that chromatin is folded into rosettes of small loops, with the rosettes 
 connected by linkers of variable size22,44. Notably, FISH experi-
ments have also revealed that chromatin can form strings of globular 
domains of around the same size (in kilobases) as the globules identi-
fied here45. The type and function of proteins involved in maintaining 
these chromatin globules are unknown.

It has been proposed that active genes interact at discrete sites 
(also called transcription factories) where several RNA polymerases 
are concentrated46. It is still unresolved whether such transcription 
machineries are a consequence or cause of transcription of gene clus-
ters in the nucleus47. However, it has been observed by EM that these 
sites of transcription can range from 45 to 100 nm in diameter46,48–51, 
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Figure 5 Analysis of chromatin globules. (a) Frequency contact map differences between models in cluster 1 of GM12878 cells and cluster 2 of K562 
cells. Differential expression levels are shown next to the 1D representation of the ENm008 on each axis of the plot. (b) Relative abundance of different 
ENm008 fragment types, plotted against the center of the chromatin globule, for GM12878 (upper plot) and K562 (lower plot). Plots show cumulative 
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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cluster. GM12878 models were locally consistent; only one fragment  
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75% 
of the models). In K562 cells, as many as 82% of the fragments were 
consistent across the models. This analysis shows that even in the 
more variable K562 models most of the region contains conserved 
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions
We determined whether the 3D models reflected the known long-
range interactions involving the -globin genes (Fig. 4). We used the 
selected cluster of models to calculate the average distance between 
the restriction fragment containing the -globin genes and other 
restriction fragments in ENm008 in both GM12878 and K562 cells. 
Restriction fragments containing the enhancer (HS40) and -globin 
genes were closely juxtaposed in K562 cells (159.1  13.3 nm). In 
contrast, HS40 was the only fragment that was located farther from 
the -globin genes in the inactive GM12878 cells (228.2  17.3 nm)  
than in K562 cells; all other fragments in GM12878 cells were 
located closer to the -globin genes (Fig. 4c). These observations 
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the -globin genes is evident only when 
the genes are expressed.

Validation by fluorescence in situ hybridization
We used an independent method, fluorescence in situ hybridization 
(FISH), to validate a particular aspect of our 3D models for the ENm008 
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within 
the domain by FISH is not straightforward given the resolution of 
light microscopy, which is limited to ~200 nm. However, the models 
of the ENm008 domain predict that the locus is in a more extended 
conformation in K562 cells than in GM12878 cells, which would lead 
to a greater average 2D interphase distance between the ends of the 
500-kb locus. Prior work has demonstrated that this distance is large 
enough to be measured by interphase mapping with FISH41.

We found that in GM12878 these loci were on average 318.8  17.0 nm  
apart, whereas in K562 cells they were 391.9  23.4 nm apart.  
These differences, which are statistically significant (P < 0.011), 
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D 
distances (that is, without considering the orientation of the model) 
were 198.9  0.7 nm and 434.6  1.4 nm for GM12878 and K562 
models, respectively (Fig. 4d,e).

Formation of chromatin globules
A noteworthy feature observed in both cell lines was the formation 
of compact chromatin clusters, which we termed chromatin globules. 
In GM12878 cells, the ENm008 region forms a single chromatin 
 globule, whereas in K562 cells, the locus forms two chromatin globules 
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale 
 difference in conformation between the two cell lines is also evidenced 
by the contact-map differences between GM12878 and K562 models 
(Fig. 5a). The heat map shows that most distances in GM12878 are 
smaller than in K562 cells, consistent with the formation of a single 
compact chromatin globule. However, also consistent with the 5C data, 
the -globin genes and the distant regulatory elements are closer in 
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal 
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial 
positions of active genes, gene promoters, HSs, sites bound by CTCF 
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by 
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we 
found that in the IMP models from both cell types, active genes and 
gene promoters are enriched near the center of the globule, whereas 
inactive genes and restriction fragments that do not contain genes are 
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and 
sites marked by H3K4me3 are not preferentially located in the center, 
but are found throughout the globules.

In GM12878 cells, we visually identified nine loops ranging from 
about 20 to 70 kb long, with an average length of ~50 kb, an average 
distance between anchors of 102.8  5.1 nm and an average path 
length of 547.9  96.9 nm (Fig. 5c). In K562 cells, the locus forms two 
chromatin globules (five loops and two loops, respectively) ranging 
from about 30 to 70 kb, with an average length of ~60 kb, an average 
distance between anchors of 231.2  129.2 nm (190.6  43.5 nm not 
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1  90.2 nm. Because our experiments covered 
only the ENm008 region, we were not able to determine whether the 
second chromatin globule observed in K562 cells contained additional 
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Figure 4 3D models of the ENm008 ENCODE region containing the 
-globin locus. (a) 3D structure of the GM12878 models represented 

by the centroid of cluster 1. The 3D model is colored as in its linear 
representation (Fig. 1a). Regulatory elements are represented as spheres 
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D 
structure of the K562 models represented by the centroid of cluster 2. 
Data are represented as in panel a. (c) Distances between the -globin 
genes (restriction fragments 31 and 32) and other restriction fragments 
in ENm008. The plot shows the distribution and s.d. of the mean of 
distances for GM12878 models in cluster 1 (blue) and K562 models in 
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair 
of loci located on either end of the ENm008 domain, as determined 
by FISH with two fosmid probes (see Online Methods) and from a 2D 
representation of the IMP-generated models in both cell lines.  
(e) Example images obtained with FISH of GM12878 and K562 cell lines. 
The images show smaller distances between the probes in GM12878 than 
in K562 cell lines.
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Summary
5C data results in consistent 3D models
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The “Chromatin Globule” model
D. Baù et al. Nat Struct Mol Biol (2011) 18:107-14
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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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Caulobacter crescentus 3D genome
M.A. Umbarger, et al. Molecular Cell (2011) 44:252–264 
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 169 5C primers on + strand
 170 5C primers on – strand

 28,730 chromatin interactions
~13Kb

The 3D architecture of Caulobacter Crescentus
4,016,942  bp & 3,767 genes
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5C interaction matrix
ELLIPSOID for Caulobacter cresentus
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3D model building with the 5C + IMP approach
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Genome organization in Caulobacter crescentus
Arms are helical

parS sites 25±17Kb from Oridif site 47±17Kb from Ter

Centromer-likeResolution
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Genome organization in Caulobacter crescentus
Arms are helical



Moving the parS sites 400 Kb away from Ori
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Moving the parS sites results in whole genome rotation!
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Genome architecture in Caulobacter
M.A. Umbarger, et al. Molecular Cell (2011) 44:252–264 
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Progesterone-regulated transcription in breast cancer
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Regulation in 3D?
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Remodelling
complexes
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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



Hi-C experimental design
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Scoring
Individual spatial restraints encoding the data

Harmonic  ·  Harmonic Lower Bound  ·  Harmonic Upper Bound 

T60T0

t0
t60

R1 (8,480,000 - 13,460,000)



Chromosomes are organized into
Topologically Associated Domains (TADs)
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Are TADs homogeneous?
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TAD 3D structure modeling
We modeled 15 genomic regions with a total of 105 TADs
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FISH validation of the 3D models
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Accessibility changes of TADs
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Proposed model for TAD regulation
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