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Topologically Associating Domains (TADs) are the 
units of spatial chromatin organization
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Chromatin organization gets disrupted after perturbing 
TAD boundaries or insulator binding sites
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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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Changes in gene expression at disease loci are 
associated with genomic rearrangements
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Our aim: systematically assess the relationship 
between gene expression and chromatin organization

• Both big and small rearrangements. 
• Measure the effect in cis (both alleles from the same nucleus). 
• Excellent tool that we could use: balancer chromosomes.
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Balancer chromosomes serve as an excellent tool to 
rearrange the genome

• Balancer chromosomes are highly scrambled homologs of wild-type 
chromosomes, frequently used in Drosophila genetics. 

• They were originally obtained through X-ray mutagenesis. 
• We used two balancers (CyO and TM3), covering 76% of the fly 

genome.
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Functional impact of genomic rearrangements 
on gene expression and chromatin organization
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Summary of structural variants
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Accumulation of Single Nucleotide Variants 
in balancer chromosomes
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Separation of reads into alleles
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Functional impact of genomic rearrangements 
on gene expression and chromatin organization
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Comparing allele-specific Hi-C contact maps
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Hi-C data recapitulate balancer genome structure
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Functional impact of genomic rearrangements 
on gene expression and chromatin organization
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Identification of differentially expressed genes 
between the alleles
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Differentially expressed genes are not clustered along 
the chromosomes
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chr2L:8.9-9.2Mb on dm6 in embryos
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chr2L:8.9-9.2Mb on dm6 in embryos
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chr2L:8.9-9.2Mb on dm6 in embryos
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Duplications and other copy number variation events 
partially explain the differential gene expression
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We aim to systematically assess the relationship 
between gene expression and chromatin organization
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Differential gene expression is correlated with local 
changes in genome topology
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We aim to systematically assess the relationship 
between gene expression and chromatin organization
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Scales of chromatin organization

22

Fraser et al. 2015, adapted

Long-range loops (megabase-scale) 
disruptions by genomic rearrangements

Topologically Associating Domains (TADs) 
disruptions by genomic rearrangements 
differences in TAD structure between alleles

Contact frequency within TADs

Enhancer-promoter loops
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Are long-range loops maintained in the context 
of genomic rearrangements?
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Around rearrangement breakpoints, 
differentially expressed genes are not enriched
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Hi-C contact maps reveal a 38 kb inversion

chr3L:14.5-14.8Mb on dm6 in embryos
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Scales of chromatin organization

26

Fraser et al. 2015, adapted

Long-range loops (megabase-scale) 
disruptions by genomic rearrangements

Topologically Associating Domains (TADs) 
disruptions by genomic rearrangements 
differences in TAD structure between alleles

Contact frequency within TADs

Enhancer-promoter loops
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TADs are broken by genomic rearrangements

27

wild-type

balancer

38 kb inversion



March 5, 2018

chr3L:14.5-14.8Mb on dm6 in embryos
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Inversion breaks TADs and affects gene expression
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Inversion breaks TADs and affects gene expression
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Local chromatin contacts changed by the inversion 
was investigated further by Capture-C
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chr2L:8.9-9.2Mb on dm6 in embryos
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Insulation Score as a metric to identify Topologically 
Associating Domains (TADs)
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chr2L

TAD boundaries correspond to local minima in the Insulation Score profile.
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Insulation Scores are highly correlated between 
alleles — but some boundaries might differ

32
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Globally, changes in TAD boundaries do not imply 
differential gene expression

33
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Genes associated to an allele-specific TAD boundary are more likely to be DE 
(10.9% vs. 8.5%). The difference is not significant (p = 0.05, Fisher's exact text).

We identified 441 TAD boundaries matched between the alleles (up to 25 kb shift), 
as well as 36 wild-type-specific and 22 balancer-specific boundaries.
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Example of allele-specific TAD boundaries
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Scales of chromatin organization
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Fraser et al. 2015, adapted

Long-range loops (megabase-scale) 
disruptions by genomic rearrangements

Topologically Associating Domains (TADs) 
disruptions by genomic rearrangements 
differences in TAD structure between alleles

Contact frequency within TADs

Enhancer-promoter loops
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Recap: Differential gene expression is correlated with 
local changes in genome topology

36
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Differential Hi-C contacts from gene promoters

DE genes have on average 0.57 differential Hi-C contacts, non-DE genes have 0.24. 
p = 5.99·10−6, Wilcoxon test with a triangular kernel. 95% CI obtained by bootstrapping.
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Local changes in genome topology do not imply 
differential gene expression

37
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Higher resolution (Capture-C): Differential gene expression 
is correlated with local changes in genome topology
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Chromatin organizationGene expression

DE genes have on average 3.6 differential Capture-C contacts, non-DE genes have 1.9. 
p = 0.085, Wilcoxon test with a triangular kernel. 95% CI obtained by bootstrapping.

Differential Capture-C contacts from gene promoters
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Higher resolution (Capture-C): Local changes in genome 
topology do not imply differential gene expression
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Summary

• We use allele-specific Hi-C and RNA-seq on rearranged genomes 
to dissect the functional impact of genomic rearrangements on gene 
expression and chromatin organization during embryogenesis 
in Drosophila melanogaster. 

• The experimental design obtains a direct readout from the same 
embryo in an allele-specific manner. 

• In line with previous studies, we found that differential gene expression 
is correlated with local changes in genome topology. 

• Surprisingly, we observed that changes in large-scale chromatin 
organization do not globally correlate with changes in gene expression. 
There are cases where they do correlate, but in general they do not. 

• Overall, our results are indicative of very robust mechanisms buffering 
genomic variation.
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