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Resolution Gap 
Marti-Renom, M. A. & Mirny, L. A. PLoS Comput Biol 7, e1002125 (2011)
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Experiments

Computation

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



Hi-C technology 
Lieberman-Aiden, E. et al.  Science 326, 289–293 (2009). 

http://3dg.umassmed.edu

(12, 13). Interestingly, chromosome 18, which is
small but gene-poor, does not interact frequently
with the other small chromosomes; this agrees
with FISH studies showing that chromosome 18
tends to be located near the nuclear periphery (14).

We then zoomed in on individual chromo-
somes to explore whether there are chromosom-
al regions that preferentially associate with each
other. Because sequence proximity strongly in-
fluences contact probability, we defined a normal-

ized contact matrixM* by dividing each entry in
the contact matrix by the genome-wide average
contact probability for loci at that genomic dis-
tance (10). The normalized matrix shows many
large blocks of enriched and depleted interactions,
generating a plaid pattern (Fig. 3B). If two loci
(here 1-Mb regions) are nearby in space, we
reasoned that they will share neighbors and have
correlated interaction profiles. We therefore de-
fined a correlation matrix C in which cij is the

Pearson correlation between the ith row and jth
column of M*. This process dramatically sharp-
ened the plaid pattern (Fig. 3C); 71% of the result-
ing matrix entries represent statistically significant
correlations (P ≤ 0.05).

The plaid pattern suggests that each chromo-
some can be decomposed into two sets of loci
(arbitrarily labeled A and B) such that contacts
within each set are enriched and contacts between
sets are depleted.We partitioned each chromosome

Fig. 1. Overview of Hi-C. (A)
Cells are cross-linked with form-
aldehyde, resulting in covalent
links between spatially adjacent
chromatin segments (DNA frag-
ments shown in dark blue, red;
proteins, which canmediate such
interactions, are shown in light
blue and cyan). Chromatin is
digested with a restriction en-
zyme (here, HindIII; restriction
site marked by dashed line; see
inset), and the resulting sticky
ends are filled in with nucle-
otides, one of which is bio-
tinylated (purple dot). Ligation
is performed under extremely
dilute conditions to create chi-
meric molecules; the HindIII
site is lost and an NheI site is
created (inset). DNA is purified
and sheared. Biotinylated junc-
tions are isolated with strep-
tavidin beads and identified by
paired-end sequencing. (B) Hi-C
produces a genome-wide con-
tactmatrix. The submatrix shown
here corresponds to intrachro-
mosomal interactions on chromo-
some 14. (Chromosome 14 is
acrocentric; the short arm is
not shown.) Each pixel represents all interactions between a 1-Mb locus and another 1-Mb locus; intensity corresponds to the total number of reads (0 to 50). Tick
marks appear every 10 Mb. (C and D) We compared the original experiment with results from a biological repeat using the same restriction enzyme [(C), range
from 0 to 50 reads] and with results using a different restriction enzyme [(D), NcoI, range from 0 to 100 reads].

A

B C D

Fig. 2. The presence and orga-
nization of chromosome territo-
ries. (A) Probability of contact
decreases as a function of ge-
nomic distance on chromosome 1,
eventually reaching a plateau at
~90 Mb (blue). The level of in-
terchromosomal contact (black
dashes) differs for different pairs
of chromosomes; loci on chromo-
some 1 are most likely to inter-
act with loci on chromosome 10
(green dashes) and least likely
to interact with loci on chromo-
some 21 (red dashes). Interchro-
mosomal interactions are depleted
relative to intrachromosomal in-
teractions. (B) Observed/expected
number of interchromosomal con-
tacts between all pairs of chromosomes. Red indicates enrichment, and blue indicates depletion (range from 0.5 to 2). Small, gene-rich chromosomes tend to interact
more with one another, suggesting that they cluster together in the nucleus.

A B
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Hi-C technology 
BTW, de novo assembly!

(Running head) Deconvolution of a synthetic metagenome with Hi-C 
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Supplementary Figures 737 
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Supplementary Figure 1. Illustration of the metagenome binning signal provided by Hi-741 
C. Two bacterial cells are illustrated, each containing a single circular chromosome. For 742 
one genomic region in each of the two species, examples of associations that are likely 743 
(green; red is “not likely”) to be derived from Hi-C are illustrated.  744 
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RESEARCH HIGHLIGHTS

interactions of genomic loci, which Hi-C  
originally had been designed to discover, 
that can mask the signal used for scaffold-
ing. Dekker and his team recently solved 
the structure of the metaphase chromo-
some, and Kaplan suggests that such 
metaphase Hi-C data will get rid of cell 
type–specific interactions.  

Researchers in Shendure’s lab will focus 
on making the Hi-C protocol robust for 
tissues from diverse organisms, as current 
data are all derived from cell lines. 

Other recent work has shown that Hi-C 
data can be used to reconstruct haplo-
types; Kaplan sees the combination of 
genome assembly and haplotype phasing 
as an exciting possibility. 

Neither the Dekker nor the Shendure 
teams have a track record in genome assem-
bly, so both groups are eager for assembly 
experts to try out their algorithms and 
suggest further improvements. Recent  
community-driven comparisons have 
made clear that there is not one program 
that outperforms all others, but  the algo-
rithms from the Dekker and Shendure labs 
will provide an important starting point for 
bridging large gaps in the assemblies. 
Nicole Rusk 

RESEARCH PAPERS
Burton, J.N. et al. Chromosome-scale scaffolding 
of de novo genome assemblies based on chromatin 
interactions. Nat. Biotechnol. 31, 1119–1125 
(2013).
Kaplan, N. & Dekker, J. High-throughput genome 
scaffolding from in vivo DNA interaction frequency. 
Nat. Biotechnol. 31, 1143–1147 (2013).

Chromosome conformation capture data 
provide scaffolds for de novo genome 
assemblies. 

It is the story of the Ugly Duckling for 
scientists; data that initially had been dis-
carded turn out to be very useful. 

When Job Dekker of the University of 
Massachusetts in Worcester and his team 
first developed ‘Hi-C’ in 2009, a method 
to probe all genome-wide interactions in 
three dimensions (3D), they came across 
a phenomenon that at the time seemed 
annoying. “When two loci are close to 
each other in the linear sequence, they 
contact each other more frequently,” 
explains Dekker. “The signal is very, very 
strong, and you have to normalize it out 
of the data to find interesting interac-
tions.” But computational biologist Noam 
Kaplan, upon joining the laboratory as a 
postdoc, saw the discarded Hi-C data from 
a different perspective. “If we see things 
that are interacting frequently in 3D, we 
know that they must be close in the one- 
dimensional sequence,” says Kaplan. And 
he realized that this knowledge could be a 
boon for genome assemblies that are still 
very fragmented when derived only from 
high-throughput sequencing data. 

Independently, Jay Shendure of the 
University of Washington in Seattle, 
together with his graduate student Joshua 
Burton, also discussed ways to use Hi-C 
data for better genome assemblies. 
Shendure’s group is part of an effort to 
develop a $1,000 genome, and their focus 
was on increasing contiguity, the length 
of assemblies without gaps. “We can eas-
ily generate 100 times as much sequenc-
ing data as the entire Human Genome 
Project,” says Shendure, “but the best 
assemblers in the world can’t get anything 
close to the quality of the original assem-
bly.” Top computational tools can assemble 
short reads into 40-kilobase ‘contigs’ but 
cannot bridge larger gaps to place those 
contigs with respect to one another on 

chromosomes. The Human Genome 
Projects had physical and genetic maps 
that helped place sequence, but these maps 
are labor-intensive to make and their pro-
duction is not scalable. 

Both groups realized that Hi-C provided 
the data to put contigs in the right order 
and construct scaffolds.  “The idea has been 
percolating for a while,” says Shendure, “but 
the challenge is in the algorithm.”

Researchers in the two labs tackled this 
challenge differently. Kaplan and Dekker 
employed a two-tier approach, f irst 
using the higher interaction frequency 
between loci on the same chromosome to 
place contigs on chromosomes and then 
using a probabilistic model to predict 
the genomic locus along the chromo-
some based on interaction frequency and 
genomic distance. This worked well for 
de novo assembly of the human genome, 
and the researchers also adapted it to pre-
dict the locations of previously unplaced 
fragments of the human genome. The 
approach only required a library of paired-
end short inserts and Hi-C data. 

Shendure and his team, on the other 
hand, used libraries of paired-end short 
reads, a library of 3-kilobase mate pairs 
and Hi-C data for their algorithm, named 
Lachesis, in reference to one of the Greek 
Fates. In a tiered approach, they created 
high-quality de novo assemblies of the 
human, mouse and fly genomes. Unlike 
the algorithm by the Dekker group, 
Lachesis cannot infer the chromosome 
numbers of an organism, but it can orient 
contigs the right way after placement. 

Looking forward, both Dekker and 
Shendure see the need for integrated 
rather than step-wise data analysis. “An 
approach that simultaneously takes into 
account all data types in a single step is 
likely to do better,” says Shendure.  

Additional improvements will also 
come f rom the  exper imenta l  s ide. 
Current Hi-C data show cell type–specific  

GENOMICS

Genomes in 3D improve one-dimensional assemblies

Hi-C data help find the right genomic position 
of short sequence reads. Adapted from Nature 
Biotechnology (Burton et al., 2013).
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Rusk, N. (2013). !
Genomics: Genomes in 3D improve one-dimensional assemblies. Nature Methods, 11(1), 5–5. !

doi:10.1038/nmeth.2795



Biomolecular structure determination 
2D-NOESY data

Chromosome structure determination 
3C-based data
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Mating-specific structure for yeast chrIII?
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Wu, X. H., C. Wu, et al.  Genetics (1997).



5C chromosome conformation

Chr. III - 317 kb: Mating Type Switching

Chr. V - 577 kb: Control

Chr. XII - 1 Mb: rDNA array
rRNA
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Global structure is similar between mating types 
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Difference in chromosome conformation
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Difference in conformation of the left arm of chromosome III
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Average 3D models of ChrIII using TADbit
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Mating type-specific conformation of chromosome III
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3D chrIII for mating in yeast 
Sub-population in MATa responsible of mating-type recombination

MATαMATa MATa
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Structuring the COLORs of chromatin
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The COLORs  
Filion et al. (2010). Cell, 143(2), 212–224.

a rich description of chromatin composition along the genome.
By integrative computational analysis, we identified, aside from
PcG and HP1 chromatin, three additional principal chromatin
types that are defined by unique combinations of proteins. One
of these is a type of repressive chromatin that covers !50% of
the genome. In addition, we identified two types of transcription-
ally active euchromatin that are bound by different proteins and
harbor distinct classes of genes.

RESULTS

Genome-wide Location Maps of 53 Chromatin Proteins
We constructed a database of high-resolution binding profiles of
53 chromatin proteins in the embryonicDrosophila melanogaster

cell line Kc167 (Figure 1A and Figure S1A available online). In
order to obtain a representative cross-section of the chromatin
proteome, we selected proteins from most known chromatin
protein complexes, including a variety of histone-modifying
enzymes, proteins that bind specific histone modifications,
general transcription machinery components, nucleosome re-
modelers, insulator proteins, heterochromatin proteins, struc-
tural components of chromatin, and a selection of DNA-binding
factors (DBFs) (Table S1). For!40 of these proteins, full-genome
high-resolution binding maps have not previously been reported
in any Drosophila cell type or tissue. Though chromatin immuno-
precipitation (ChIP) is widely used to map protein-genome inter-
actions (Collas, 2009), large-scale application of this method is
hampered by the limited availability of highly specific antibodies.
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Figure 1. Overview of Protein Binding Profiles and Derivation of the Five-Type Chromatin Segmentation
(A) Sample plot of all 53 DamID profiles (log2 enrichment over Dam-only control). Positive values are plotted in black and negative values in gray for contrast.

Below the profiles, genes on both strands are depicted as lines with blocks indicating exons.

(B) Two-dimensional projections of the data onto the first three principal components. Colored dots indicate the chromatin type of probed loci as inferred by

a five-state HMM.

(C) Values of the first three principal components along the region shown in (A), with domains of the different chromatin types after segmentation by the five-state

HMM highlighted by the same colors as in (B).

See also Figure S1 and Table S1.

2 Cell 143, 1–13, October 15, 2010 ª2010 Elsevier Inc.

Please cite this article in press as: Filion et al., Systematic Protein Location Mapping Reveals Five Principal Chromatin Types in Drosophila
Cells, Cell (2010), doi:10.1016/j.cell.2010.09.009

Guillaume Filion



Functional COLORs 
Hou et al. (2012). Molecular Cell, 48(3), 471–484.

Figure 1. Partition of the Drosophila Genome into Physical Domains
(A) Genome-wide interaction heatmap at 100 kb resolution for the Drosophila genome in Kc167 cells. Black circles and squares show interactions between

centromeres and telomeres, respectively. Red rectangles show interactions between chromosome arms 2L-2R and 3L-3R, respectively.

(B) Hi-C interaction frequencies displayed as a two-dimensional heat map at single fragment resolution for a 2 Mb region of chromosome 3R alongside with

selected epigenetic marks and chromatin types defined by the presence of various proteins and histone modifications. The white grid on the heat map shows

where the domains are partitioned.

Molecular Cell

3D Organization of the Drosophila Genome

Molecular Cell 48, 471–484, November 9, 2012 ª2012 Elsevier Inc. 473

50 ~1Mb regions!
10 for each color
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a rich description of chromatin composition along the genome.
By integrative computational analysis, we identified, aside from
PcG and HP1 chromatin, three additional principal chromatin
types that are defined by unique combinations of proteins. One
of these is a type of repressive chromatin that covers !50% of
the genome. In addition, we identified two types of transcription-
ally active euchromatin that are bound by different proteins and
harbor distinct classes of genes.

RESULTS

Genome-wide Location Maps of 53 Chromatin Proteins
We constructed a database of high-resolution binding profiles of
53 chromatin proteins in the embryonicDrosophila melanogaster

cell line Kc167 (Figure 1A and Figure S1A available online). In
order to obtain a representative cross-section of the chromatin
proteome, we selected proteins from most known chromatin
protein complexes, including a variety of histone-modifying
enzymes, proteins that bind specific histone modifications,
general transcription machinery components, nucleosome re-
modelers, insulator proteins, heterochromatin proteins, struc-
tural components of chromatin, and a selection of DNA-binding
factors (DBFs) (Table S1). For!40 of these proteins, full-genome
high-resolution binding maps have not previously been reported
in any Drosophila cell type or tissue. Though chromatin immuno-
precipitation (ChIP) is widely used to map protein-genome inter-
actions (Collas, 2009), large-scale application of this method is
hampered by the limited availability of highly specific antibodies.
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Figure 1. Overview of Protein Binding Profiles and Derivation of the Five-Type Chromatin Segmentation
(A) Sample plot of all 53 DamID profiles (log2 enrichment over Dam-only control). Positive values are plotted in black and negative values in gray for contrast.

Below the profiles, genes on both strands are depicted as lines with blocks indicating exons.

(B) Two-dimensional projections of the data onto the first three principal components. Colored dots indicate the chromatin type of probed loci as inferred by

a five-state HMM.

(C) Values of the first three principal components along the region shown in (A), with domains of the different chromatin types after segmentation by the five-state

HMM highlighted by the same colors as in (B).

See also Figure S1 and Table S1.

2 Cell 143, 1–13, October 15, 2010 ª2010 Elsevier Inc.

Please cite this article in press as: Filion et al., Systematic Protein Location Mapping Reveals Five Principal Chromatin Types in Drosophila
Cells, Cell (2010), doi:10.1016/j.cell.2010.09.009
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On TADs and hormones
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Progesterone-regulated transcription in breast cancer

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

Regulation in 3D?
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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



Experimental design
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Are there TADs? how robust?
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Are TADs homogeneous?
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Do TADs respond differently to Pg treatment?
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Do TADs respond differently to Pg treatment?
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How TADs respond structurally to Pg?
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Model for TAD regulation
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STRUCTURE FUNCTION



Structure >> Function!
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