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silent proto-oncogenes are located within insu-
lated neighborhoods in these T-ALL cells.
If some insulated neighborhoods function to

prevent proto-oncogene activation, some T-ALL
tumor cells may have genetic alterations that
perturb the CTCF boundaries of neighborhoods
containing T-ALL oncogenes. To investigate this
possibility, we identified recurrent deletions in
T-ALL genomes that span insulated neighbor-
hood boundaries, using data frommultiple studies
(table S5A) and filtered for relatively short dele-
tions (<500 kb) so as to minimize collection of
deletions that affect multiple genes (fig. S6A).
Among the 438 recurrent deletions identified
with this approach, 113 overlapped at least one
boundary of insulated neighborhoods identi-
fied in T-ALL, and 6 of these affected neighbor-
hoods containing T-ALL pathogenesis genes
(fig. S6B and table S5B). Examples of two such
genes, TAL1 and LMO2, are shown in Fig. 3, A
and G.
If deletions overlapping neighborhood bound-

aries can cause activation of proto-oncogenes
within the loops, then site-specific deletion of a
loop boundary CTCF site at the TAL1 locus should
be sufficient to activate these proto-oncogenes in
nonmalignant cells. TAL1 encodes a transcrip-
tion factor that is overexpressed in ~50% of T-
ALL cases and is a key oncogenic driver of this
cancer (19, 20). TAL1 can be activated by dele-
tions that fuse a promoterless TAL1 gene to the
promoter of STIL (19), and this was observed in
many patient deletions (Fig. 3A). Several patient
deletions, however, retained the TAL1 promoter
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Fig. 2. Active oncogenes and silent proto-oncogenes occur in insulated neighborhoods. (A) T-ALL
pathogenesis genes. Colored boxes indicate whether a gene is located within a neighborhood, expressed,
and associated with a superenhancer. (B) Insulated neighborhood at the active TAL1 locus. The cohesin
ChIA-PET interactions are displayed above the ChIP-seq profiles of CTCF, cohesin (SMC1) H3K27Ac, and
RNA-seq profile. A model of the insulated neighborhood is shown on the right. (C) Insulated neigh-
borhood at the silent LMO2 locus.
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Fig. 1. 3D regulatory landscape of the T-ALL genome. (A) Mechanisms
activating proto-oncogenes. (B) Hi-C interaction map,TADs defined in human
embryonic stem cells (H1), cohesin ChIA-PET interactions (intensity of blue
arc represents interaction significance), CTCF and H3K27Ac chromatin im-
munoprecipitation sequencing (ChIP-seq) profiles and peaks, and RNA-seq
in Jurkat cells at the CD3D locus. ChIP-seq peaks are denoted as bars above
ChIP-seq profiles. (C) ChIA-PET interactions at the RUNX1 locus displayed
above the ChIP-seq profiles of CTCF, cohesin (SMC1), and H3K27Ac. FDR,
false discovery rate.
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Oncogenesis via neighborhood disruption



Outline

• Why 3D genome architecture (theory)

• Chromatin conformation capture assays

• How 3D structure is inferred:

• algorithm choices and issues

• reproducibility / accuracy assessment

• Why 3D genome architecture (practice)

• Further possibilities



Importance of 3D Architecture

• Gene regulation:

• co-localization of co-expressed genes 
into transcription factories

• positioning of distal control elements

• Translocations / gene fusions: 

• 20% of human cancer morbidity

• 3D structure “probably pivotal’’



Observing / Inferring 3D Structure

• Challenging at even modest resolutions:

• genomes are highly condensed

• genomes are dynamic, variable

• traditional assays are low throughput 
and low resolution (FISH coarse)

• Recently devised suite of Chromatin 
Conformation Capture techniques has 
revolutionized 3D structure elicitation
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Figure 1 The different steps of the original genomic 3C experiment in yeast and their associated biases [13]. A) Experimental steps. 1: Yeast
cells are fixed with formaldehyde. 2: the genome is digested using a 6 cutter restriction enzyme (RE1; red double-headed arrows). 3: extraction of
protein/DNA complexes and ligation in diluted conditions that favor DNA-end interactions and religation within the same complex. During this
process, some RF will simply circularize (i), while others will religate in their original orientation (ii). Religation products are also expected between
non-collinear restriction fragments (iii), whereas collinear RF separated by one, or more, RF will also interact together (iv). 4: de-crosslinking and DNA
purification. 5: digestion of DNA products using a frequent 4 cutter restriction enzyme (RE2; black double-headed arrows). 6: DNA is ligated in
diluted conditions, favoring intra-molecular circularization of single DNA molecules. Remaining linear fragments are degraded. 7: DNA circles
containing a RE1 site are re-opened using RE1. 8: short DNA sequences, containing EcoP15I recognition site and a biotinylated nucleotide are added
at both ends of the linear fragments. 9: circularization of linear fragments. 10: EcoP15I digestion of the DNA segments 25 bp apart from the enzyme
recognition site. 11: pull-down of the DNA fragments containing biotinylated nucleotides. 12: amplification of the DNA fragment isolated and
sequencing. B) Pie-chart representation of the different types of events obtained at step 3: religations, long range intra, long range inter, loops (from
50 millions pair-end sequences analyzed from the HindIII-MspI condition A and B experiments). C) Quantification of the fragment length bias. D)
Quantification of the GC bias. E) Quantification of the circularization length bias.

3C / 4C / 5C / Hi-C / TCC
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Figure 1 The different steps of the original genomic 3C experiment in yeast and their associated biases [13]. A) Experimental steps. 1: Yeast
cells are fixed with formaldehyde. 2: the genome is digested using a 6 cutter restriction enzyme (RE1; red double-headed arrows). 3: extraction of
protein/DNA complexes and ligation in diluted conditions that favor DNA-end interactions and religation within the same complex. During this
process, some RF will simply circularize (i), while others will religate in their original orientation (ii). Religation products are also expected between
non-collinear restriction fragments (iii), whereas collinear RF separated by one, or more, RF will also interact together (iv). 4: de-crosslinking and DNA
purification. 5: digestion of DNA products using a frequent 4 cutter restriction enzyme (RE2; black double-headed arrows). 6: DNA is ligated in
diluted conditions, favoring intra-molecular circularization of single DNA molecules. Remaining linear fragments are degraded. 7: DNA circles
containing a RE1 site are re-opened using RE1. 8: short DNA sequences, containing EcoP15I recognition site and a biotinylated nucleotide are added
at both ends of the linear fragments. 9: circularization of linear fragments. 10: EcoP15I digestion of the DNA segments 25 bp apart from the enzyme
recognition site. 11: pull-down of the DNA fragments containing biotinylated nucleotides. 12: amplification of the DNA fragment isolated and
sequencing. B) Pie-chart representation of the different types of events obtained at step 3: religations, long range intra, long range inter, loops (from
50 millions pair-end sequences analyzed from the HindIII-MspI condition A and B experiments). C) Quantification of the fragment length bias. D)
Quantification of the GC bias. E) Quantification of the circularization length bias.
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Output: Contact / Interaction Maps
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Figure 2 | Validation of the assay. a, Graph showing an inverse relationship
between interaction frequency and genomic distance (20 kb or larger,
excluding self-ligations and adjacent ligations) separating interacting
restriction fragments (either HindIII or EcoRI) in each of four experimental
but none of five control libraries. Note, the five lines representing the five
control libraries are very close to each other. H-Mp, HindIII-MspI; H-Me,
HindIII-MseI; E-Mp, EcoRI-MspI and E-Me, EcoRI-MseI library. b, The
fraction of instances that each HindIII site along chromosome I (chr I) was
engaged in an intra-chromosomal interaction was highly correlated between
two independently derived experimental H-Mp (HindIII-MspI) libraries
(designatedA andB, left panel) but was not correlated between experimental
and non-cross linked control H-Mp libraries (right panel). c, Two-
dimensional heat maps demonstrating broad reproducibility of interaction
patterns within chromosome I for two independently derived H-Mp
libraries (H-Mp-A and the equivalent sequence depth of H-Mp-B, H-Mp-
B1). The chromosomal positions of mappable (green hatches) and un-

mappable (black hatches) HindIII fragments are indicated. The binary
interaction matrix of all interactions with an FDR threshold of 1% has been
smoothed with a Gaussian of width 3 kb. d, High degree of correlation
between absolute interaction frequencies as determined by our method
(symbols) versus relative interaction frequencies as determined by
conventional 3C using cross-linked (dark grey bars) and uncross-linked
(light grey bars) libraries. Results for 10 potential long-range intra-
chromosomal interactions are depicted, of which 6 passed (circles) and 4 did
not pass (triangles) an FDR threshold of 1%. Error bars denote standard
deviations over three experiments. Interaction sites are as follows. A, Chr III
position 11811; B, chr III position 290056; C, chr III position 15939; D, chr
III position 314440; E, chr I position 26147; F, chr I position 191604; G, chr I
position 204567; H, chr VI position 12007; I, chr VI position 243206; J, chr
VI position 249743; K, chr II position 238203; L, chr II position 502988; M,
chr II position 512024; N, chr IV position 236977;O, chr IV position 447899;
P, chr IV position 239805; Q, chr IV position 461284.
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Figure 3 | Folding patterns of chromosomes.
Chromosomes III (a, b) and XII (c, d) are shown.
Theheatmaps(a,c)andCircosdiagrams(b,d)were
generated using the intra-chromosomal
interactions identified from theHindIII libraries at
anFDRthresholdof1%. In theheatmaps (a, c), the
chromosomal positions of centromeres (dashed
pink lines), telomeres (pink hatches), mappable
(green hatches) and un-mappable (black hatches)
HindIII fragments are indicated. Circos diagrams
(b, d) depict each chromosome as a circle. Each arc
connects two HindIII fragments and represents a
distinct interaction. The shade of each arc, from
very light grey to black, is proportional to the
negative log of the P-value of the interaction. The
chromosomal positions of centromeres (red
rectangles), telomeres (red coloured areas), tRNA
genes (blue outer hatches), mappable (green inner
hatches) and un-mappable (black inner hatches)
HindIII fragments are indicated. Black outer
hatches and numbers mark genomic positions.
Note that the two ends of chromosome XII
(c, d) exhibit extensive local interactions, but very
little interaction with each other. Separating the
ends of chromosome XII are 100–200 rDNA
repeats, of which only two copies are depicted here
(from coordinates 450 to 470 kb). Additional heat
maps andCircosdiagrams for all chromosomes are
shown in Supplementary Fig. 8.
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Also inter-chromosomal maps.
Assume m total loci after possible binning.



 From Interactions to 3D Structure

• Objective: given an interaction matrix F, 
obtain a 3D structure (or an ensemble 
thereof) the between-loci pairwise distances 
of which are highly correlated with the 
corresponding interaction frequencies in F.

• Two broad classes of approach:

• Optimization / consensus procedures

• Ensemble / probabilistic procedures



Ensemble / Probabilistic Methods
• Ensemble motivation: assay performed on 

hundreds of thousands of cells -- single 
structure summary is misleading; providing 
a collection of solutions displays genomic 
structural variation. 

• This reasoning is entirely aspirational: there 
is no basis for equating displayed variation 
to biology -- could be purely algorithmic.

• Much downstream analysis will require a 
single structure -- back to consensus.



 Optimization / Consensus Methods
• Generally utilize two steps:

• convert F into a distance matrix D that 
captures expected pairwise distances

• differing strategies / assumptions

• sometimes interplay with second step 

• learn / estimate 3D structure from D 

• multi-dimensional scaling (MDS)

• weights, non-metric variants



 Interactions to Distances I
• Can empirically relate intrachromosomal 

interactions to genomic distances

• Saccharomyces cerevisiae: every ~130 bp 
of packed chromatin has length 1 nm

• Provides a simple ruler for conversion of 
frequencies to physical distances

• Obtaining physical distances enables 
incorporation of biology based constraints 
into the subsequent MDS optimization step

• Duan et al Nature (2010)



Conversion to Physical Distances
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Interactions to Distances II
• Empiric & theoretic [polymer biophysics, 

fractal / equilibrium globules] results support 
power law relationship between F and D

• But index thereof can vary according to 
organism, resolution, cell cycle phase...

• Estimate index from data [cf NMDS]

• Zhang et al J Comp Bio (2013) ChromSDE 
Zou et al Genome Biology (2016) HSA 

D / F�↵; ↵ > 0



Basis for Power Law

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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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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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.

A

C D

B

9 OCTOBER 2009 VOL 326 SCIENCE www.sciencemag.org292

REPORTS

 o
n 

Au
gu

st 
26

, 2
01

1
ww

w.
sc

ien
ce

m
ag

.o
rg

Do
wn

loa
de

d 
fro

m
 

• Lieberman-Aiden et al Science (2009)



ChromSDE Index Estimation

Hi-C data when we were preparing this manuscript. All tools were tuned to their best performances by our
best effort in all experimental settings. All programs were tested on our Linux server with 144GB RAM and
two Intel X5670 CPUs.

ChromSDE ChromSDE is a Matlab program, and the input of ChromSDE is the normalized contact
frequency matrix, which assumes all the experimental biases like mappability bias and enzyme cutting
point bias have been removed. If not specially mentioned, the result of ChromSDE is generated based on
the quadratic SDP model (Eq. 6).

MCMC5C MCMC5C is a C + + program, and the inputs of MCMC5C are the normalized contact
frequency matrix and the value of conversion factor.

BACH BACH is a C + + program, and the inputs of BACH are the raw contact frequency matrix and the
enzyme cutting point feature data including mappability, CG content, and fragment length.

BACH* BACH* is the same program but uses a different setting of BACH, and the input of BACH* is
the normalized contact frequency matrix. As suggested by the author of BACH, we assigned CG content,
fragment length, and mappability as a random value uniformly sampled from (0,1) and ensured the BACH
program did not take these information into account for explaining the input frequency.

3.2. Simulation data study

For testing the performance of different tested programs, we generated three different types of 3D
structures (Supplementary Fig. 2): (1) helix curve, (2) Brownian motion simulation of a single particle, and
(3) uniform random points in a cube. Each structure is represented by 100 points. We assumed that the Hi-C
technique is sensitive enough to capture interactions with at most 50 nearest neighbors around each of the
points, such that the contact frequency matrix is sparse, but the full sets of interactions forms a connected
graph. In addition, the conversion factor a is set to 1; that is, the contact frequency f of two given points can
be computed as f = (1/d)1/a = 1/d, where d is the spatial distance between given points. For MCMC5C, it
cannot estimate the conversion factor by itself, so we supplied it with the correct value. Since there is no
enzyme bias in our simulation, we ignore BACH in the simulation comparison. For BACH*, it can estimate
the conversion factor with the default starting point equal to 1 (i.e., the correct value in our simulation
study). For ChromSDE, we assume that the conversion factor is within the range (0.1,3), so we give
advantages to the existing programs, but not our ChromSDE.

FIG. 3. Illustration on how to identify the correct conversion factor a. In this illustration, the true structure is a helix
curve. Note that the 3D structure generated by our SDP method is different for different instances of a, and for each
generated structure, we can recover the contact frequency based on the pair spatial distance and a. Our ChromSDE aims
to find an a that minimizes the disagreement between the input frequency matrix and the recovered frequency matrix.
To find the optimal a, ChromSDE first assumes the a is in the range [amin, amax]. Then, ChromSDE iteratively reduces
the range by golden section search as illustrated in the figure.

3D CHROMOSOME MODELING USING SDP AND Hi-C DATA 839



Interactions to Distances III
• Create weighted graph whose nodes are 

detected loci and length of link is inverse 
contact frequency 

• Distance between loci is then length of the 
shortest path connecting them:

• Computed using Floyd-Warshall algorithm

• Can handle single cell Hi-C assays

• Derived distance purportedly robust

• Lense et al Nat Meth (2014) ShRec3D



 1D Distances to 3D Structure I

• Minimize objective function that places (as 
much as possible) interacting loci at their 
expected distance apart (MDS):
min

{xi,xj2R

3}

X

{i,j|Dij<1}

!

ij

· (kx
i

� x

j

k �D

ij

)2

•  Benefit of obtaining physical distances D    
is provision for imposing biology based 
constraints.
 



 Physical Distance Constraints
• All points in  1  m  sphere (yeast nucleus).

• Adjacent points within a given range.

• No two points on same chromosome can 
be closer than 30nm (chromatin fiber).

• Minimum distance between points on 
different chromosomes.

• rDNA repeats within the nucleolus.

• Centromeres cluster opposite nucleolus.

µ



 1D Distances to 3D Structure I
• Drawbacks to using physical distances:

• Strong assumptions to obtain ruler

• Organism specific formulations

• Slow, delicate (interior point) optimization:

• with yeast loci spaced at 10kb there are          ~ 4 
x 10^3 parameters, 10^6 constraints

• ~ 2.5 days to solve; not parallelizable

• Sensitivity to inputs, data: challenging



Structure Reproducibility

HindIII EcoRI

Differing restriction libraries



Structure Reproducibility

0.0662  d2(p, q)  0.0912 0.0662  d2(p, q)  0.082

Differing adjacency constraints



 1D Distances to 3D Structure II

• Minimize objective function that places (as 
much as possible) interacting loci at their 
expected distance apart (MDS):
min

{xi,xj2R

3}

X

{i,j|Dij<1}

!

ij

· (kx
i

� x

j

k �D

ij

)2

•  Penalty: �

X

{i,j|Dij=1}

kxi � xjk2

•  Non-interacting loci cannot be too close



 1D Distances to 3D Structure II
• Nonconvex, nonlinear optimization: NP hard

• Existing methods use heuristics to solve:

• MCMC, Simulated annealing (IMP - Sali)

• By relaxing solution space from R^3 to R^m 
problem becomes convex semidefinite:

• Global minimizer in polynomial time

• Recover exact solution in noise-free setting

• Zhang et al J Comp Bio (2013) ChromSDE



1D Distances to 3D Structure II
• But ... computational considerations limit 

problem size: number of loci / resolution

• ChromSDE uses a sophisticated quadratic 
SDP solver that handles much larger 
problems (m ~ 3000) than general SDP 
solvers (m ~ 200)

• Corresponds to 1 Mb resolution for human

• Need 100 kb resolution to capture 
topological domains: highly self-interacting 
regions Dixon et al Nature (2012)



• This has resulted in 

• single chromosome solutions: no whole 
genome insights Varoquaux et al 
Bioinformatics (2014)

• downsampling and/or simple organisms

• No 3D genomes for mouse, human 

• ShRec3D exception ...

• Note: New in situ (intact nuclei) assay has 
improved contact map resolution to ~ 1kb 
revealing new domains Rao et al Cell (2014) 



1D Distances to 3D Structure III

• ShRec3D advantages include speed,  
problem size capacity

• But no index estimation: ChromSDE, HSA

• Distances ascribed to zero, small  
frequencies ostensibly filtered but criteria 
for such filtering unclear 

• Potentially big component of speed 

• Purported insensitivity to index prescription



1D Distances to 3D Structure IV

• HSA advantages include handling multi-
track data, use of starting configurations, 
built-in normalization

Zou et al. Genome Biology  (2016) 17:40 Page 2 of 14

One of the most important goals of a Hi-C data anal-
ysis is to reconstruct 3D chromatin structures of the
genome. Elucidating the 3D chromatin structure of the
genome is important as it improves the mechanistic
understanding of various gene regulatory events that are
orchestrated in the nucleus of living cells. Also, trans-
forming contact maps to 3D chromatin structures can be
regarded as a dimension-reduction (noise filtering) pro-
cedure, as the degrees of freedom reduce from O(N2)
to O(3N), where N is the number of genomic loci. The
improvement is substantial, especially at the genome
scale, as N is typically very large when many loci are
involved.
A Hi-C experiment requires millions of cells. There-

fore, chromatin interactions captured by Hi-C reflect the
consensus structural conformation of the whole popula-
tion of cells. Some existing computational efforts infer
the consensus 3D chromatin structure. Some are based
on optimization of target functions with pre-specified
constraints [13], e.g., ChromSDE [14] (employing a semi-
definite programming approach), ShRec3D [15] (combin-
ing shortest-path distance with multidimensional scaling)
and others [16–19]. However, these optimization-based
models may be trapped in local optima, particularly at
low signal coverage (the percentage of non-zero entries
in a contact map), and do not consider Hi-C exper-
imental uncertainties. Statistical approaches have been
developed tomodel the uncertainties in Hi-C experiments
explicitly. For instance, MCMC5C [20] models Hi-C data
through a Gaussian model. In this model, there are no
bias removal steps, and the Gaussian variance estimate
is ad hoc. To overcome these limitations, BACH [21]
and PASTIS [22] employ Poisson models combining bias
removal with 3D structure reconstruction. Due to limited
availability of data, the reliability of these models remains
to be tested when reconstructing 3D chromatin structure
at the genome scale (for a more comprehensive review,
see [23]).

Importantly, all these existing approaches for 3D chro-
matin structure reconstruction are designed for single-
track Hi-C data from only one restriction enzyme. It is
likely that one can obtain improved 3D models through
integrative modeling of multi-track Hi-C data combin-
ing different restriction enzymes. Moreover, few existing
methods consider the local dependence of neighboring
loci, thus they are sensitive to the sparsity of Hi-C con-
tact maps. In addition, none of the existing methods has
been assessed on a wide range of independent experimen-
tal data. Finally, no approaches have been shown to give
consistent performance at the genome scale across vari-
ous cell types. In this paper, we propose a novel approach
named HSA, to reconstruct 3D chromatin structures at
the genome scale by leveraging multi-track Hi-C data
and modeling the local dependence of neighboring loci
explicitly. To our knowledge, this is the first approach inte-
grating multi-track Hi-C data for 3D chromatin structure
reconstruction at the genome scale.We assess HSA exten-
sively through simulations and real applications on Hi-C
data from four cell lines. We also apply HSA to a recent
in situ Hi-C study of eight cell lines. We use orthogonal
data sets from FISH and ChIA-PET experiments avail-
able for the cell lines as independent validations of the
reconstructed 3D chromatin structures. The assessments
demonstrate improved performance of HSA over a num-
ber of existing approaches across different cell lines at the
genome scale. The study provides insights on the conser-
vation of 3D chromatin structure across various human
cell types.

Results and discussion
Method overview
An overview of HSA is illustrated in Fig. 1. HSA takes
one or more Hi-C contact maps of the same resolution as
input to reconstruct a consensus 3D chromatin structure.
It utilizes the generalized linearmodel (GLM)with an iter-
ative algorithm, which combines Hamiltonian dynamics

Fig. 1 Overview of HSA for 3D chromatin structure reconstruction from multi-track Hi-C data. HSA integrates multiple Hi-C contact maps from
different restriction enzymes to reconstruct the underlying 3D chromatin structure. Color from blue to red represents chromosome position from
the start to the end. 3D three-dimensional, GLM generalized linear model, SA simulated annealing



 Two-Stage Hybrid Proposal

• Expand scope of existing methods to 
provide higher resolution, whole genome 
reconstructions

• Use ChromSDE or HSA per chromosome:

• 3D coordinates using intra-chromosomal 
counts [bulk of counts ~ 15 - 20 fold]

• Power law index

• Stitch together using inter-chromosomal 
counts [bulk of interacting pairs ~ 10 fold] 



Sample (select?) nk points from ChromSDE

solution for chromosome k. Let n =

P
nk

Intra-chromosomal inter-point distances

obtained from 3D coordinates

Inter-chromosomal inter-point distances:

Dij = (Fij)
�p↵k·↵k0 i 2 Chrk, j 2 Chrk0

Configuration based on Dn⇥n via (N)MDS

Map original ChromSDE solutions to the

configuration via Procrustes transformation

hybrid algorithm



Lymphoblast Reconstruction
Chr1
Chr2
Chr3
Chr4
Chr5
Chr6
Chr7
Chr8
Chr9
Chr10
Chr11
Chr12
Chr13
Chr14
Chr15
Chr16
Chr17
Chr18
Chr19
Chr20
Chr21
Chr22
ChrX

Chr1
Chr2
Chr3
Chr4
Chr5
Chr6
Chr7
Chr8
Chr9
Chr10
Chr11
Chr12
Chr13
Chr14
Chr15
Chr16
Chr17
Chr18
Chr19
Chr20
Chr21
Chr22
ChrX



 Evaluating Sampling Impact
• No real handle on accuracy:

• known properties, FISH landmarks

• crude**; only individual chromosomes 

• Assessing reproducibility also difficult:

• Differing REs construed as replicates

• Inference: permutation, null-referent dns 
Segal et al Biostatistics (2014)  

• In situ Hi-C provides genuine replicates for 
a range of cell-lines and resolutions



 Reproducibility: In situ 1Mb
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Why 3D Reconstructions
• Improves on identifying co-localized functional 

elements versus contact maps Capurso, Segal 
BMC Genomics (2014)

• multi-way versus pairwise

• borrowed strength from contiguity

• Can readily superpose genome-indexed 
attributes -- problematic for contact pairs

• Find focal extrema: e.g. transcription factories, 
peripheral heterochromatic regions



 Yeast with ChIP-Seq Overlays 

Swi6

Pol2Ser5p Tup1



Bump-Hunting 

Friedman, Fisher Stat & Comp (1999) R pkg: prim

Function f ; covariates x. Goal: find covariate

space subregions R st ¯

fR = ave

x2Rf(x) � ¯

f

x = (x, y, z): coordinates; f : ChIP-Seq score

Want interpretable R: impose R =

SK
k=1 Bk;

where each Bk is a “box”: Bk =

N
[ajk, bjk]

Two-phase strategy used to find good boxes:

peeling – remove small unimportant regions;

pasting – enlarge boundaries of resultant box
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FIGURE 9.7. Illustration of PRIM algorithm. There are two classes, indicated
by the blue (class 0) and red (class 1) points. The procedure starts with a rectangle
(broken black lines) surrounding all of the data, and then peels away points along
one edge by a prespecified amount in order to maximize the mean of the points
remaining in the box. Starting at the top left panel, the sequence of peelings is
shown, until a pure red region is isolated in the bottom right panel. The iteration
number is indicated at the top of each panel.
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FIGURE 9.8. Box mean as a function of number of observations in the box.



ChIP-Seq: Yeast, swi6 
Park et al Plos One (2013)

box_id  nbeads!mean_out !p_adj ! !   min_chr"
18 ! !45 ! !0.514 ! !6.71e-03 ! !0.533 "
160! !25 ! !0.894 ! !6.71e-03 ! !0.520 "
44 ! !25 ! !0.671 ! !6.71e-03 ! !0.440 "
60 ! !25 ! !0.785 ! !6.71e-03 ! !0.400 "
1 ! !25 ! !1.081 ! !6.71e-03 ! !0.080 "
"
87 ! !25 ! !0.665 ! !1.33e-02 ! !0.000 "
25 ! !25 ! !0.652 ! !1.99e-02 ! !0.560 "
42 ! !25 ! !0.651 ! !1.99e-02 ! !0.360 "
11 ! !29 ! !0.596 ! !3.31e-02 ! !0.000 "
125! !26 ! !0.645 ! !4.63e-02 ! !0.000"

PRIM analysis 
park13_chipseq 
swi6 (transcriptional repressor) 
 
min_beads = 25 
 
# boxes = 670 
# sig = 10 
# sig & (min_chr > 0.2) =  6 
 



swi6_minbeads25_box18 
 
3 regions from 3 chromosomes 

chrII:  251 kB – 252 kB    (3 beads) 
chrVIII:  114 kB -  124 kB    (21 beads)  
chrXIII:  259 kB – 270 kB    (21 beads) 

chrII 

chrVIII 

FLR1 
fungicide transporter 
(fungicide) 

SOD2 
superoxide dismutase 
(reactive oxygen ROS) 

chrXIII 
GLO1 
glyoxylase 
(methylglyoxal MG) 



Downstream Analysis
• Each of the regions in box_18 contains a 

gene (FLR1, SOD2, GLO1) that becomes 
expressed in response to toxic compounds 
(fungicides, ROS, MG).  The genes are:

• Functionally similar 

• Repressed

• Physically co-localized

• Potentially poised for co-activation

• Do they share a transcription factor??



Yap1 Motif Finding in box18 regions 

chrII:  251 kB – 252 kB    (3 beads) 
chrVIII:  114 kB -  124 kB    (21 beads)  
chrXIII:  259 kB – 270 kB    (21 beads) 



Downstream Analysis

• FLR1, SOD2, GLO1 are activated by the 
same transcription factor Yap1

• “The S. cerevisiae transcription factor Yap1 
plays an important role in oxidative stress 
response and multidrug resistance by 
activating target genes involved in cellular 
detoxification.”

• Nguyen et al J Biol Chem (2001)





Duan Varoquaux Varoquaux

Constrained MDS MDS MDS + Poisson

Matrix Balance Matrix BalanceExplicit Factor



Reconstruction-free Hotspots

• Considerable uncertainty still surrounds  
inferred 3D genome reconstructions

• Developing methods to elicit hotspots 
without requiring a reconstruction desirable

• Problematic since hotspots are critically 
dependent on 3D proximity



Reconstruction-free Hotspots

Distribute response Y according to contacts F :

˜Yi =

P
j2S g(Fij , Yj)!

P
j2S Fij · Yj

Large F =) small D: proximal upweighting

Further control – mimic Bk – through refining S

Rank

˜Yis; inference via permutation
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Future Work
• Refining, tuning, accelerating MDS, others

• Sampling strategies for two-stage algorithm:

• Bi-clustering to optimize inter-chromosomal 
information 

• Evaluating reconstruction accuracy and 
reproducibility:

• Multi-chromosome, multi-plex FISH

• Generating null referent distributions



Future Work
• Rotation invariant response analyses:

• tuning nearest neighbor methods

• recursive partitioning with hyperplanes 

• persistence homology: Betti numbers, 
barcodes of excursion sets

• Methodology for reconstruction-free hotspots

• Design, analysis and reconstruction for single 
cell and in situ assays:

• replicates, perturbations, time-course


