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Experiments

Computation

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



Chromosome Conformation Capture 
Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306—1311. 

Lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289—293.

Chr.18 (NcoI)Chr.18 (Hind III)



Biomolecular structure determination 
2D-NOESY data

Restraint-based Modeling 
Baù, D. & Marti-Renom, M. A. Methods 58, 300—306 (2012).

Chromosome structure determination 
3C-based data
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Hi-C for de-novo assembly 
Kaplan, N., & Dekker, J. (2013). Nature Biotechnology, 31(12), 1143—1147.
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we chose to use only a third of the Hi-C reads 
available for this cell type in the data set. We 
first quantified the CTR pattern by partition-
ing the human genome into 100-kb bins, each 
representing a large virtual contig, and cal-
culated for each placed contig its average interaction frequency with 
each chromosome. To simulate a more difficult scenario and evaluate 
localization over long ranges, we omitted from this statistic the inter-
action data of the contig with its flanking 1 mb on each side, where 
the strongest Hi-C interaction signals are present. Then, we asked 
how well this statistic separates interchromosomal interactions from 
intrachromsomal interactions (Fig. 1a). We found that the average 
interaction frequency strongly separates inter- from intrachromo-
somal interactions, with an average area under the curve (AUC) of 
0.9998, suggesting this statistic is highly predictive of which chro-
mosome a contig belongs to. Next, we trained a simple multiclass 
model, a naive Bayes classifier, to predict the chromosome of each 
contig based on its average interaction frequency with each chromo-
some (Online Methods). To test the classifier, for each contig in the 
genome, we removed the interaction data for the contig and a flank-
ing region of 1, 2, 5 or 10 Mb on each side, and used the classifier to 
predict the position of the contig solely from Hi-C data (Fig. 1b,c), 
achieving a genome-wide accuracy of 0.998 when leaving out 1 Mb on 
each side. By thresholding the associated posterior probabilities for 
each prediction output by the classifier to identify high-confidence 
predictions, we find that at a threshold of P > 0.2 the classifier can 
achieve a near-constant error rate of <0.005 even when leaving 10-Mb  

gaps on each side of the contig (100 times the size of the contig).  
We conclude that the CTR interaction pattern can be used to accu-
rately predict to which chromosome an unplaced contig belongs, even 
if it is flanked by large gaps.

Next we sought to predict the genomic locus along a chromosome of 
an unplaced contig, given its chromosome and interaction pattern with 
placed contigs on the chromosome. We used the assembled portion of 
the genome to fit a probabilistic single-parameter exponential decay 
model describing the relationship between Hi-C interaction frequency 
and genomic distance (the DDD pattern). We removed in turn each 
contig from the chromosome, along with a flanking region of 1 Mb on 
each side, for the reasons mentioned previously, and estimated its most 
likely position by given its interaction profile and the decay model 
(Fig. 1d). We quantified the prediction error as the absolute value of 
the distance between the predicted position and the actual position. 
Our results show a cross-validated, genome-wide median error of  
1.1 Mb. Additionally, 89.5% of the contigs are placed within 2 Mb of 
their actual position and 24.0% are within 0.5 Mb of their actual posi-
tion (Fig. 1d, inset). We conclude that the DDD interaction pattern can 
be used to accurately predict the position of an unlocalized contig.

To show the utility of our approach for improving finished genomes, 
we collected two sets of contigs from hg19 (ref. 22) and HuRef7,  
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Figure 1 Interaction frequency accurately 
predicts chromosome and locus for scaffold 
augmentation. (a) Average interaction frequency 
strongly separates interchromosomal from 
intrachromosomal interactions. For each 100-kb 
contig in chromosome 1, we calculate its average  
interaction frequency with each chromosome. 
We exclude interaction data from the contig’s 
1-Mb regions on each side, where the strongest 
interaction frequencies are typically found. 
The box plot shows the distribution of average 
interaction frequencies of all contigs over 
all chromosomes and demonstrates that the 
distribution of interchromosomal interaction 
frequencies is separated from intrachromosomal 
interaction frequencies. Whiskers represent 
minimal and maximal points within 1.5 of the 
interquartile range. (b) Naive Bayes predictive 
performance at various gap sizes. We trained 
a naive Bayes classifier and predicted the 
chromosome of each contig, leaving out a 1-, 2-, 
5- or 10-Mb flanking region on each side of the 
contig. Confident predictions are predictions  
with a posterior probability of at least 0.2.  
(c) Genome-wide view of naive Bayes predictive 
performance. The prediction for each contig is 
marked by a short vertical line, colored according 
to its true chromosome. Predictions showed were 
performed leaving out a 1-Mb flanking region 
on each side of the contig. Predictions that did 
not pass the confidence threshold are marked 
as “NC”. (d) Interaction frequencies accurately 
predict chromosomal locus. For every contig,  
we exclude interaction data from the contig’s 
1-Mb flanking regions on each side and then 
predict its location in cross-validation. The inset 
shows the cumulative distribution of the absolute 
prediction error. All statistics are genome-wide.



Assembly error detection 
Chromosome 8 Gorilla

GGO8 has an inversion of the region corresponding to HSA8:30.0-86.9Mb 
Aylwyn Scally (Department of Genetics, University of Cambridge) 
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Hi-C for meta genomics 
Beitel, C. W., Froenicke, L., Lang, J. M., Korf, I. F., Michelmore, R. W., Eisen, J. A., & Darling, A. E. (2014). Strain- and 

plasmid-level deconvolution of a synthetic metagenome by sequencing proximity ligation products. doi:10.7287/
peerj.preprints.260v1 

Romain Koszul

(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 

  745 
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Genome 3D structure is more 
conserved than 1D in primates

Photo by David Oliete - www.davidoliete.com

Unpublished

François Serra 
Yasmina Cuartero 
with Marquès Lab (UPF, Barcelona)



C. Chothia & A. Lesk (1986) EMBO J. 5(4):823-826



• Proteome is 10sM AAs in 10,000s of proteins 

• 20 AA in average ~500 AA length 

• ~150 structural AA for ~5 AA for function 

• MM+QM 

• No confinement 

• Dynamics

• Genome is 1,000sM NTs in 10s of chroms 

• 4 NT in average ~100M NTs length 

• ~??? structural NTs for ~??? NTs for function 

• Packing + Phase Separation + Modelers 

• Confinement 

• ++++Dynamics



Hi-C matrices from lymphoblasts in seven primates

22a1a1a20

Human Chimpanzee Gorilla Orangutan Gibbon

Macaque Marmoset Mouse



Chromosomes

Synteny breakpoints in 3D 
Two regions of at least 100 kb separated by more than 750 kb (including trans chromosomal)
Common detections from Ruiz-Herrera’s Lab (@300Kb res) and our lab (ENSEMBLE @1Kb res)



Synteny breakpoints in 3D 
Two regions of at least 100 kb separated by more than 750 kb (including trans chromosomal)

Chimp chr14

Common detections from Ruiz-Herrera’s Lab (@300Kb res) and our lab (ENSEMBLE @1Kb res)

Chromosomes



Chimpanzee (62 matrices) Gorilla (32 matrices) Orangutan (75 matrices) Gibbon (104 

Macaque (134 Marmoset (151 Mouse (199 

Chromosomes

Synteny breakpoints in 3D 
Two regions of at least 100 kb separated by more than 750 kb (including trans chromosomal)



Chromosomes

Duplications 
Duplicated METTL2 locus in human with respect to primates



Genome compartments 
Conservation of the A/B compartments
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Genome compartments 
Conservation of the A/B compartments
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Genome Topologically Associating Domains  
Conservation of TADs

Chromosomes



Genome Topologically Associating Domains  
Conservation of TADs
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Loops 
Conservation of CTCF sites

Vietri Rudan, et al. Cell Rep. 2015 Mar 03; 10(8) 1297-1309 
Nakahashi et al.  Cell Rep. 2013 May 30; 3(5) 1678-1689

Chromosomes



Loops 
Conservation of CTCF sites

Human Gibbon Mouse

Chromosomes



Loops 
Conservation of CTCF sites

• >150 K sequences to align (all species together) 

• Tree reconstruction using FastTree2 

• Reduce the complexity filtering by node support 

• Selection of 173 nodes with 0.9 bootstrap  

• At least 100 CTCF sites (and at least 50 from single species)

Nodes with strong phylogenetic support

Nodes with weak phylogenetic support

Chromosomes



Loops 
Conservation of CTCF sites

Chromosomes

• Insulation/looping (interaction directionality)

• Enrichment in repetitive elements

• Motif (nucleotide content)



Few events of genome 
expansion through transposons 
involving CTCF sites

Loops 
Conservation of CTCF sites
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Loops 
Conservation of CTCF sites
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LTR13 (Long Terminal Repeat) for HERVK13 endogenous retrovirus



Loops 
Conservation of CTCF sites
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3' end of L1 retrotransposon, L1PA16_3end subfamily



Loops 
Conservation of CTCF sites
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LINE L1 specific of Callithrix jacchus (Marmoset)



• Conservation of 3D structure after chromosomic rearrangements. 

• Recently duplicated regions are more isolated from surrounding DNA. 

• Compartments are very conserved in primates; detectable changes may not be 
related to cell-specific features. 

• TAD borders conserved with similar selective strength against gain and loss 

• New, but few primate specific expansions carrying CTCF sites 

• Selection against the creation of new and strong CTCF sites

Summary
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