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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].
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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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SnapShot: Chromosome Confi rmation 
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3C 5C 4C Hi-C ChIP-loop ChIA-PET

Principle Contacts between 
two defi ned regions3,17

All against all4,18 All contacts with a 
point of interest14

All against all10 Contacts between 
two defi ned regions 
associated with a given 
protein8

All contacts associated 
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Coverage Commonly < 1Mb Commonly < 1Mb Genome-wide Genome-wide Commonly < 1Mb Genome-wide
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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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The 3D architecture of Caulobacter Crescentus 
Nierman W C et al. PNAS 2001 98:4136-4141

4,016,942  bp & 3,767 genes 



 169 5C primers on + strand
 170 5C primers on – strand

 28,730 chromatin interactions ~13Kb

The 3D architecture of Caulobacter Crescentus
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3D model building with the 5C + TADbit
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Genome organization in Caulobacter crescentus

Arms are helical

parS sites 25±17Kb from Ori

dif site 47±17Kb from Ter

Centromer-likeResolution of 
chromosomes



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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Structure alteration and disease 

three examples from  
the Mundlos (2) and Young (1) Labs…



Chromosome Conformation Capture 
Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306—1311. 
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Nature Reviews | Genetics
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Interaction preference

TADs

Compartments

Box 2 | Genome compartments

Inter- and intrachromosomal interaction maps for mammalian genomes28,64,111 have revealed a pattern of interactions that 
can be approximated by two compartments — A and B — that alternate along chromosomes and have a characteristic 
size of ~5 Mb each (as shown by the compartment graph below top heat map in the figure). A compartments (shown in 
orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown  
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the 
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is 
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication 
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic, 
transcriptionally active regions.

Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic 
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B 
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene 
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern 
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see 
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of 
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs 
can organize in A and B compartments (see REF. 50 for a more extensive discussion). 

Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C 
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and 
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of 
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.

REVIEWS
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Structure alteration and disease 
Lupiáñez, et al. (2015). Cell, 1—15.
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Structural alteration and disease 
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of these ectopic contacts on gene expression, we performed whole-
mount in situ hybridization and found Kcnj2 to be expressed in the 
digit anlagen, with a pattern similar to Sox9  (Fig. 3b). RNA sequencing 
(RNA-seq) expression analysis of Dup-C limb buds at E12.5 and E17.5 
confirmed the upregulation of Kcnj2, whereas other genes around the 
locus stayed unchanged, in particular Sox9 , but also Kcnj16  (Fig. 3c and 
Extended Data Fig. 7). Thus, the inclusion of Kcnj2 in the neo-TAD 
resulted in its activation by regulatory elements that originally belonged 
to the Sox9  TAD. In contrast to Kcnj2, Kcnj16  was not responsive to 
ectopic activation. 4C-seq profiles in human fibroblasts with KCNJ2 
and KCNJ16  as viewpoints showed slight differences in local  intensity 
but generally the same size of ectopic interaction (Extended Data  
Fig. 6), indicating that a certain permissiveness or specificity must be 
present for promoter activation in this setting.

These new contacts and the associated misexpression of Kcnj2 were 
accompanied by major phenotypic changes. Heterozygous Dup-C mice 
showed a limb malformation phenotype at birth closely resembling 
Cooks syndrome8, highlighted by the absence or severe hypoplasia 
of all claws or nails (Fig. 3d). Micro-computed tomography (µ CT) 
and histology demonstrated an abnormal shape and size of the distal  
phalanges, which were fixed in a straight position due to a malformed 
terminal phalanx and a partly fused interphalangeal joint. To rule out 
that the Cooks phenotype was merely produced by increased gene 
 dosage of Kcnj2, we created intra-TAD duplications that included Kcnj2 
and Kcnj16  (Dup-K1 and Dup-K2) (Extended Data Fig. 4). These mice 
were normal and had no digit phenotype. In addition, we created a 
 second Cooks allele (Dup-C2) that included Kcnj2 in the  duplication, but 
not Kcnj16 . These mice showed the typical Cooks  syndrome  phenotype. 
Taken together, our data suggest misexpression of Kcnj2 as the cause for 
Cooks syndrome. The Drosophila melanogaster KCNJ2 homologue Irk2, 
an inwardly rectifying K+ channel, has been shown to have  additional 
functions in development via the dpp (bone  morphogenic protein, 
BMP) pathway12. Mutations in components of the BMP pathway are a 
major cause of abnormalities in digits and joints13, providing a possible  
connection to the observed pathology in Cooks syndrome.

The Dup-C duplication resulted in the inclusion of Kcnj2 in the 
neo-TAD and its positioning next to Sox9  regulatory domain  without 
an intervening boundary. We hypothesized that a similar effect might 
be achieved by removing the boundary between the Sox9  and Kcnj 
TADs. To test this hypothesis, we deleted using CRISPR/Cas9 the 
predicted boundary region (Bor), a small (18 kb) region containing 
conserved CTCF binding sites. Mice with this deletion (∆ Bor) had no 
apparent phenotype. cHi-C analyses of homozygous ∆ Bor limb buds 
showed an increase of interaction but no fusion of the Kcnj and Sox9  
TADs (Extended Data Fig. 8a). This ectopic interaction resulted in the 
 upregulation, but no site-specific misexpression of Kcnj2 (Extended 
Data Fig. 8b). Thus, deletion of the boundary resulted in ectopic 
 contacts, as previously reported by others in vitro1,14, but the overall 
TAD structure remained unchanged. Similar results were obtained 
when deleting the boundaries in the Dup-L duplication (Extended 
Data Fig. 8). We observed increased interaction between the TADs, 
but  overall the neo-TAD remained stable, indicating that the neo-
TAD behaved like a ‘regular’ TAD. The importance of boundaries 
in  restricting  chromatin interactions was highlighted previously by 
 deletions at the Epha4  locus3. However, in these experiments large por-
tions of the adjacent TADs were deleted together with the boundaries, 
thereby disrupting the overall TAD structure. Our present data  indicate 
that other factors, such as additional CTCF sites and loops within 
TADs14,15 contribute to TAD stability. The deletion of a boundary alone 
has therefore no major consequences, whereas larger  deletions result in 
a re- organization of the locus enabling new contacts.

Duplications are generally thought to confer their phenotypic effect 
through an increase in gene dosage, but often the observed pheno-
type cannot be explained by alterations in gene dosage. Our data show 
how duplications can have different effects on higher-order chromatin 
 structure, depending on their size and position. Duplications that are 

confined to a TAD (intra-TAD) have no major effect on TAD structure 
but can result in increased interaction of duplicated regulatory  elements 
with their target gene. In contrast, duplications that cover parts of two 
TADs and their boundary (inter-TAD) result in the formation of a 
new TAD that is insulated from its neighbours. We propose that these 
newly created domains should be called ‘neo-TADs’. Genes that become 
incorporated in a neo-TAD can be activated by its regulatory elements, 
thereby eliciting pathogenic effects. Our findings also demonstrate that 
the genomic effects of structural variations cannot solely be explained 
by the rewiring of enhancer–promoter contacts3. Rather, our data show 
that TADs are robust and stable genomic units that can be rearranged and 
recombined to create new regulatory regions of the genome. The integrity 
of these units in relation to neighbouring TADs and genes determines 
their gene regulatory and thus pathogenic effect. Figure 4 shows a sche-
matic of the proposed disease mechanism associated with TAD changes.

The concept presented here provides a framework to predict the phe-
notypic outcome of genomic variations that can be directly applied for 
the interpretation of copy number variations (CNVs) detected in diag-
nostic screens, routinely performed in patients with congenital mal-
formations and/or intellectual disability16, or for structural variations 
found in cancer17. Furthermore, the effects of genomic rearrangements 
described here are probably important for evolutionary mechanisms, 
as duplications are thought to be a major driver in evolution18,19. The 
process of gene neofunctionalization is thought to work through gene 
duplications and subsequent adaptation of one of the gene copies. Our 
data suggest a further mechanism in which the isolation of a newly 
formed TAD can result in a phenotypic change in the organism that is 
then directly subject to selective pressure, without affecting the parent 
copy of the gene. With variable shifting of TADs and recombination of 
regulatory activity with new target genes, an entire toolbox of possibil-
ities for new gene functions can be acquired.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Duplication-induced effects on chromatin organization and 
phenotype. Intra-TAD duplications (blue) do not change the overall TAD 
conformation but can result in abnormal gene regulation (sex reversal). 
The centromeric and telomeric parts of the tandem duplications are 
indicated. Inter-TAD duplications crossing TAD-boundaries (green and 
yellow) result in the formation of new chromatin domains (neo-TADs). 
Insulation from their neighbours results in neutralization of regulatory 
effects and normal phenotype. Incorporation of genes in the neo-TAD 
provides the duplicated gene with a novel regulatory landscape and can 
result in gene misexpression (Cooks syndrome).
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