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Chromosome conformation

Stevens TJ et al. Nature (2017)

Reconstruction of the most likely chromosome conformations based on 
~120'000 contacts observed in 1 mouse stem cell
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Measuring spatial structure of chromatin

de Wit E & de Laat WA, Genes Dev (2012)



Quantifying interactions



Quantifying interactions



Hi-C contact maps

Mouse chr. 18 (~100Mb) 
Bin size: 10 kb -1 Mb 
Matrix size: 100 - 10000

3C-based technologies. Imaging approaches do not read-
ily allow a comprehensive analysis of the 3D folding of 
complete genomes or determination of the organization 
of entire chromosomes within their territories at kilobase 
resolution. To overcome these limitations, approaches 
based on 3C have been developed that allow the map-
ping of chromosome folding at sufficient resolution  
to observe individual genes and regulatory elements  
and that can operate at a genome-wide scale4,5. The 
rationale of 3C-based approaches is that when a suf-
ficient number of pairwise interaction frequencies are 
determined for a genomic region, chromosome or whole 
genome, its 3D arrangement can be inferred. 3C-based 
methods have been extensively reviewed and discussed 
elsewhere5,20–22 and are summarized in BOX 1.

3C and 4C generate single interaction profiles for 
individual loci. For instance, 3C typically yields a long-
range interaction profile of a selected gene promoter or 
other genomic element of interest versus surrounding 
chromatin (FIG. 1a), whereas 4C generates a genome-wide 
interaction profile for a single locus (FIG. 1b). These data 
sets can be represented as single tracks that can be plot-
ted along the genome and compared to other genomic 
features such as DNase I hypersensitive sites (which are 
hallmarks of gene regulatory elements23) or genes. 5C 
and Hi-C methods are not anchored on a single locus 
of interest but instead generate matrices of interaction 
frequencies that can be represented as two-dimensional 
heat maps with genomic positions along the two axes 
(FIG. 1c,d).

Figure 1 | Examples of 3C, 4C, 5C and Hi-C data sets. a | Chromosome conformation capture (3C) data for the 
CFTR gene in Caco-2 cells (which are a human colon adenocarcinoma cell line)34. b | 4C data from the mouse genome 
and DNase I hypersensitivity data from the same region, simulated from data from REF. 112. c | An example of a 5C 
interaction map for the ENCODE ENm009 region in K562 cells (which are a human erythroleukaemia cell line) based 
on data from REF. 46. Each row represents an interaction profile of a transcription start site (TSS) across the 1 Mb 
region on human chromosome 11 that contains the β-globin locus. d | Hi-C data from mouse chromosome 18 from 
REF. 111. 3C and 4C data are linear profiles along chromosomes and can be directly compared to other genomic 
tracks such as DNase I sensitivity. 5C and Hi-C data are often represented as two-dimensional heat maps. Other 
genomic features, such as positions of genes or the location of DNase I hypersensitive sites, can be displayed along 
the axes for visual analysis of chromosome structural features. DNase I data are taken from the Mouse ENCODE 
Consortium, from the laboratory of J. Stamatoyannopoulos113. Part a is modified, with permission, from REF. 34 © 
(2010) Oxford Univ. Press. Part d is modified, with permission, from REF. 112 © (2012) Macmillan Publishers Ltd.  
All rights reserved.
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 = #read pairs with 1st read in bin i and 2nd read in bin jMij

Dekker et al. Nat Reviews Genetics (2013)



Hi-C contact maps

Inter-chromosomal interactions 
are depleted by dilution effect: 

1Mb resolution: matrix is 3000x3000

Yaffe & Tanay Nat Genet (2011)



Hi-C normalization
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Hi-C normalization
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Topologically Associated Domains

X-chromosome inactivation 
centre
A genetically defined locus  
of several megabases on  
the X chromosome of 
mammals that is required  
to initiate transcriptional 
repression along a single X 
chromosome in female cells.

Topologically associating domains
Methods including 5C and Hi-C, which map all inter-
actions in a genomic region of interest or in complete 
genomes in an unbiased fashion, can be analysed in 
various ways to identify structural features of chromo-
somes. One prominent feature of metazoan genomes 
is the formation of various types of chromosomal 
domains50 (BOX 2). Studies using these approaches for 
D. melanogaster, mouse and human chromosomes have 
recently discovered that chromosomes are composed 
of discrete topologically associating domains (TADs), 
which can be hundreds of kilobases in size57–60 (FIG. 3b). 

Visual inspection of a high-resolution 5C interac-
tion map of a 4.5 Mb region encompassing the mouse 
X-chromosome inactivation centre revealed a series of large 
structural domains58. Loci located within these TADs 
tend to interact frequently with each other, but they 
interact much less frequently with loci located outside 
their domain. This feature enabled researchers to iden-
tify TADs throughout the human and mouse genomes 
by analysing lower-resolution, but genome-wide, Hi-C 
interaction maps in combination with a hidden Markov 
model approach59. This analysis showed that TADs are 
universal building blocks of chromosomes59; the human 
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Figure 3 | Chromatin looping interactions and topologically associating domains. a | Examples of long-range 
interaction profiles in the human genome, as determined by 5C. The orange vertical bar indicates the position of the 
gene promoters, the solid red line indicates the empirically estimated level of baseline interactions, and the dashed 
red lines indicate baseline plus or minus 1 standard deviation. The presence of a looping interaction is inferred when a 
pair of loci interact statistically more frequently than would be expected on the basis of the baseline frequency. The 
green data points represent significant looping interactions. Data are taken from REF. 46. b | A dense 5C interaction 
map of a 4.5 Mb region on the mouse X chromosome containing the X‑chromosome inactivation centre. In red is the 
interaction frequency between pairs of loci, grey represents missing data due to low mappability. The interaction map 
is cut in half at the diagonal to facilitate alignment with genomic features. Visual inspection reveals the presence of 
triangles, which correspond to regions (topologically associating domains (TADs)) in which loci frequently interact 
with each other. Loci located in different TADs do not interact frequently. TAD boundaries have been determined by 
computationally determining the asymmetry between up- and downstream interactions around them59. ncRNA, 
non-coding RNA. Data are taken from REF. 58.
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TADs are genome “clusters”: 
there are more interactions within TADs than between TADs



Finding TAD boundaries

HMM

Down bias

Boundary

Up bias

Midpoint

DI>0 DI<0

Dixon et al. Nature (2012)

DI: directionality index

U = #{interactions within 2Mb upstream}
D = #{interactions within 2Mb downstream}

DI =
(D � U)3

|D2 � U2|



Gene regulation and TADs

Dixon et al. Nature (2012)
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Gene regulation and TADs

Dixon et al. Nature (2012)

Marks of active transcription associate with boundaries



Correlation analysis

First eigenvector

Lieberman-Aiden E et al. Science (2009)

Compartment A

Compartment B

HOMER:HiCpca

Matrix of row 
correlations

http://homer.ucsd.edu/homer/interactions/HiCpca.html


TAD hierarchy

Fraser J et al. Mol Syst Biol (2015)

UPGMA algorithm on average TAD-TAD interactions



TAD hierarchy

Fraser J et al. Mol Syst Biol (2015)

TAD hierarchy associates with A/B 
compartments

A/B compartments



TAD hierarchy

Changes in tree topology reflect changes in gene regulation

There are few overall changes in topology across cell types

Fraser J et al. Mol Syst Biol (2015)



Single-cell+diploid

Tan L et al. Science (2018)

How to separate “maternal” and “paternal” chromosome?

SNP 
(single nucleotide polymorphism)

chr1♀

chr1♂

•Use SNPs to attribute reads to haplotype 
•Propagate to contacting loci along chromosome 
•Use statistical model to split pairs without SNPs between haplotypes 
•Observation: “proximity effect” also works between chromosomes

chr1
chr2



Single-cell+diploid

Tan L et al. Science (2018)

Resolution is 20kB, ~ 1M contacts ⨉ 18 cells



Single-cell+diploid

Tan L et al. Science (2018)

•Chromosome territories 
•Mitotic / abnormal cell 
•Eu/Heterochromatin 
•Preferred distance to center 
of nucleus



Regulation and structure

Andrey et al. Science (2013)



Regulation and structure

Andrey et al. Science (2013)



Stembryos
Rekaik et al. Nat. Genet (2023)

Nature Genetics | Volume 55 | July 2023 | 1164–1175 1166

Article https://doi.org/10.1038/s41588-023-01426-7
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• Lab-induced tail-bud growth from stem cells 
• H3K27ac ChIP-seq and RNA-seq show the 
expected sequential activation 

• ChIP-seq peaks appear at contacted loci



Stembryos
Rekaik et al. Nat. Genet (2023)

• CHi-C (capture Hi-C: restrict to contact from 
chr2:72'240'000-76'840'000) at 5kb resolution 

• Compare with CTCF binding  
• Contacts progressively transfer to T-DOM

Nature Genetics | Volume 55 | July 2023 | 1164–1175 1169
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Stembryos
Rekaik et al. Nat. Genet (2023)

Current model based on  
• expression (RNA) 
• transcriptional activity (PolII, H3K27ac) 
• structural proteins binding (CTCF, Cohesin) 
• chromatin compartments (Hi-C, CHi-C) 
• Plus: genetics (deletions, inversions) and 
engineering (stembryos)

Nature Genetics | Volume 55 | July 2023 | 1164–1175 1170

Article https://doi.org/10.1038/s41588-023-01426-7

in Hoxd8 transcripts level, which was below that observed when only 
the first CTCF was mutated (Fig. 5b). Weakening of these effects was 
again observed at 120 h, although the gain of Hoxd9 was maintained 
(Fig. 5d), along with an expression boundary shifted anteriorly (Sup-
plementary Note 3 and Supplementary Fig. 4). At 96 h, a decrease in 
acetylation over the anterior part of the cluster was observed, as well 
as a clear gain over the TSS of a long Hoxd4 transcript immediately past 
the first CTCF site. Gain of acetylation over Hoxd8 was, however, not 
observed, whereas a weak signal only was gained over Hoxd9 (Extended 
Data Fig. 8d,e, top). This tendency was reinforced at 120 h, with a gain 
over Hoxd9 stronger than in the Del(CBS1) mutant (Extended Data  
Fig. 8b,e, bottom, black arrows), whereas the gain over Hoxd8 was 
weaker than in the Del(CBS1) mutant (Extended Data Fig. 8b,e, bottom, 
black arrowheads). We concluded that the main upregulation effect 
upon removing a CBS was observed for the gene located in 5′ of this 
CBS, that is, Hoxd8 for Del(CBS1) and Hoxd9 for Del(CBS1-2), a conclu-
sion further challenged by deleting CBS2 alone (Del(CBS2); Fig. 5e). In 
these mutants, expression of all anterior genes and of Hoxd8 remained 
unchanged at 96 h, whereas a clear increase in Hoxd9 transcripts was 
scored (Fig. 5f), which again was no longer observed at 120 h.

At this late stage, a decrease in the expression level of Hoxd8 was 
observed, indicating that CBS2 may participate in the maintenance 
of Hoxd8 expression. A similar effect was observed when CBS4 was 
deleted alone (Extended Data Fig. 9, Del(CBS4)), because expression of 
Hoxd8 and Hoxd9, the genes located anterior to the deleted CBS4, was 
decreased at 120 h (Extended Data Fig. 9). In contrast, the Hoxd11 mRNA 
level, that is, the gene located in 5′ of CBS4, was clearly upregulated at 
144 h. Overall, these results point to a dual function for these CTCF sites; 
while CBSs are used as insulators for genes positioned posteriorly, as 
exemplified by CBS2 and Hoxd9, they are also used as anchoring points 
for those genes located anteriorly, as observed with CBS2 and Hoxd8. 
As a result, the deletion of a CBS site will tend to activate prematurely 
the gene positioned in 5′, while it will fail to maintain the expression of 
the 3′-located gene at its normal level.

We also inserted two supernumerary CBSs within a 2-kb distance 
next to CBS1. In these stembryos, three CTCF sites, instead of one, 
are now ‘opening’ the series of CBSs, all oriented toward sub-TAD1  
(Fig. 5g, Ins(2×CBS-d4d8)). mRNA levels of several genes were substan-
tially decreased at 96 h (from Hoxd3 to Hoxd9; Fig. 5h, top). At 120 h, 
the genes positioned posterior to the three compact CBSs (Hoxd8 
and Hoxd9) were still affected in their transcription, suggesting that 
the initial delay in the expression of central genes was persistent in 
this case (Fig. 5h, bottom). In addition, the effects of larger deletions 
of both the anterior part of the cluster and sub-TAD1 were analyzed 
(Supplementary Note 4 and Supplementary Figs. 5 and 6).

CTCF as a timekeeper
Finally, we processed stembryos lacking from CBS1 to CBS5 in cis  
(Fig. 6a). Expression of posterior genes was upregulated at all stages 
analyzed (Fig. 6b). At 120 h, both Hoxd10 and Hoxd11 expressions were 
gained and at 144 h, Hoxd13 expression was also gained. Therefore, the 
absence of CTCF in the anterior and central parts of the cluster leads to 
the premature activation of those genes located 5′ to CBS1. Premature 
activation was confirmed by comparing normalized H3K27me3 profiles 
between control and CBS1-5 mutant stembryos at 96 h (Extended Data 
Fig. 10a). While the anterior part was mostly similar to the control, the 
entire H3K27me3 domain up to the Evx2 gene was ‘weakened’, with a 
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Fig. 4 | A model for the Hox timer. a, Three phases in the dynamic activation 
of the HoxD locus are discussed further. (1) Condensation—initially, the cluster 
is in a condensed state (brown domain), covered by H3K27me3. It is relatively 
well insulated from T-DOM and its sub-TAD1 (although with constitutive contact 
points), except for a ~20-kb DNA fragment containing CBS1, which loops out 
toward the sub-TAD1 located CBS (CBS1, green double arrow). (2) Translocation—
while CBS1 keeps contacting the sub-TAD1 CBSs, Wnt-dependent transcriptional 
activation of anterior genes dissociates the cluster into two parts, with a now 
fully acetylated anterior domain where cohesin complexes will be preferentially 
loaded (blue domain). (3) Progression—active loop-extrusion in this transcribed 
part will initially reach CBS1 as a first block, to subsequently reach CBS2 with a 
given frequency, thus activating Hoxd8 whose transcription will, in turn, recruit 
cohesin complexes, and hence a self-entertained mechanism will spread toward 
the posterior part, concomitantly to a retraction of the H3K27me3 domain.  
b, In this model, the ‘progression’ phase is tightly linked to extrusion by cohesin 
complexes, with initial recruitment at anterior regions and a delayed progression 
caused by occupied CTCF sites of the proper orientations. CBSs are represented 
by orange arrows indicating their orientation, genes are represented by green 
rectangles, enhancers are represented by blue ovals and cohesin rings are 
represented by orange circles.
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