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Human Genome / Genome Interactions 

antibody to chicken C! (M1) (Southern Biotechnology
Associates, Birmingham, AL) and then with polyclonal
fluorescein isothiocyanate–conjugated goat antibodies
to mouse IgG (Fab)2 (Sigma). Predominantly sIgM(")
subclones were excluded from the analysis, because
they most likely originated from cells that were already
sIgM(") at the time of subcloning.

23. For Ig light chain sequencing, PCR amplification
and sequencing of the rearranged light chain V
segments were performed as previously described

(19), except that high-fidelity PfuTurbo polymer-
ase (Stratagene) was used with primer pair V#1/
V#2 for PCR, and primer V#3 was used for se-
quencing (17). Only one nucleotide change, which
most likely reflects a PCR-introduced artifact, was
noticed in the V-J-3$ intron region in a total of 80
0.5-kb-long sequences from AID%/%E cells.
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Capturing Chromosome
Conformation

Job Dekker,1* Karsten Rippe,2 Martijn Dekker,3 Nancy Kleckner1

We describe an approach to detect the frequency of interaction between any
two genomic loci. Generation of a matrix of interaction frequencies between
sites on the same or different chromosomes reveals their relative spatial
disposition and provides information about the physical properties of the
chromatin fiber. This methodology can be applied to the spatial organization
of entire genomes in organisms from bacteria to human. Using the yeast
Saccharomyces cerevisiae, we could confirm known qualitative features of
chromosome organization within the nucleus and dynamic changes in that
organization during meiosis. We also analyzed yeast chromosome III at the G1
stage of the cell cycle. We found that chromatin is highly flexible throughout.
Furthermore, functionally distinct AT- and GC-rich domains were found to
exhibit different conformations, and a population-average 3D model of chro-
mosome III could be determined. Chromosome III emerges as a contorted ring.

Important chromosomal activities have been
linked with both structural properties and
spatial conformations of chromosomes. Local
properties of the chromatin fiber influence
gene expression, origin firing, and DNA re-
pair [e.g., (1, 2)]. Higher order structural
features—such as formation of the 30-nm
fiber, chromatin loops and axes, and inter-
chromosomal connections—are important for
chromosome morphogenesis and also have
roles in gene expression and recombination.
Activities such as transcription and timing of
replication have been related to overall spa-
tial nuclear disposition of different regions
and their relationships to the nuclear enve-
lope [e.g., (3–6)]. At each of these levels,
chromosome organization is highly dynamic,
varying both during the cell cycle and among
different cell types.

Analysis of chromosome conformation is
complicated by technical limitations. Elec-
tron microscopy, while affording high reso-
lution, is laborious and not easily applicable
to studies of specific loci. Light microscopy

affords a resolution of 100 to 200 nm at best,
which is insufficient to define chromosome
conformation. DNA binding proteins fused to
green fluorescent protein permit visualization
of individual loci, but only a few positions
can be examined simultaneously. Multiple
loci can be visualized with fluorescence in
situ hybridization (FISH), but this requires
severe treatment that may affect chromosome
organization.

We developed a high-throughput method-
ology, Chromosome Conformation Capture
(3C), which can be used to analyze the over-
all spatial organization of chromosomes and
to investigate their physical properties at high
resolution. The principle of our approach is
outlined in Fig. 1A (7). Intact nuclei are
isolated (8) and subjected to formaldehyde
fixation, which cross-links proteins to other
proteins and to DNA. The overall result is
cross-linking of physically touching seg-
ments throughout the genome via contacts
between their DNA-bound proteins. The rel-
ative frequencies with which different sites
have become cross-linked are then deter-
mined. Analysis of genome-wide interaction
frequencies provides information about gen-
eral nuclear organization as well as physical
properties and conformations of chromo-
somes. We have used intact yeast nuclei for
all experiments. Although the method can be
performed using intact cells, the signals are
considerably lower, making quantification
difficult (9). The general nuclear organization

of purified nuclei is largely intact, as shown
below.

For quantification of cross-linking fre-
quencies, cross-linked DNA is digested with
a restriction enzyme and then subjected to
ligation at very low DNA concentration. Un-
der such conditions, ligation of cross-linked
fragments, which is intramolecular, is strong-
ly favored over ligation of random fragments,
which is intermolecular. Cross-linking is then
reversed and individual ligation products are
detected and quantified by the polymerase
chain reaction (PCR) using locus-specific
primers. Control template is generated in
which all possible ligation products are
present in equal abundance (7). The cross-
linking frequency (X) of two specific loci is
determined by quantitative PCR reactions us-
ing control and cross-linked templates, and X
is expressed as the ratio of the amount of
product obtained using the cross-linked tem-
plate to the amount of product obtained with
the control template (Fig. 1B). X should be
directly proportional to the frequency with
which the two corresponding genomic sites
interact (10).

Control experiments show that formation
of ligation products is strictly dependent on
both ligation and cross-linking (Fig. 1C). In
general, X decreases with increasing separa-
tion distance in kb along chromosome III
(“genomic site separation”). Cross-linking
frequencies for both the left telomere and the
centromere of chromosome III with each of
12 other positions along that same chromo-
some (Fig. 1, C and D) were determined
using nuclei isolated from exponentially
growing haploid cells. Interestingly, the two
telomeres of chromosome III interact more
frequently than predicted from their genomic
site separation, which suggests that the chro-
mosome ends are in close spatial proximity.
This is expected because yeast telomeres are
known to occur in clusters (11, 12).

We next applied our method to an analysis
of centromeres and of homologous chromo-
somes (“homologs”) during meiosis in yeast
(7). In mitotic and premeiotic cells, centro-
meres are clustered near the spindle pole
body (13, 14) and homologous chromosomes
are loosely associated (15–17). These fea-
tures change markedly when cells enter mei-
osis (13). The centromere cluster is rapidly
lost and is not restored until just before the
first meiotic division. Loose interactions be-
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Comprehensive Mapping of Long-Range
Interactions Reveals Folding Principles
of the Human Genome
Erez Lieberman-Aiden,1,2,3,4* Nynke L. van Berkum,5* Louise Williams,1 Maxim Imakaev,2
Tobias Ragoczy,6,7 Agnes Telling,6,7 Ido Amit,1 Bryan R. Lajoie,5 Peter J. Sabo,8
Michael O. Dorschner,8 Richard Sandstrom,8 Bradley Bernstein,1,9 M. A. Bender,10
Mark Groudine,6,7 Andreas Gnirke,1 John Stamatoyannopoulos,8 Leonid A. Mirny,2,11
Eric S. Lander,1,12,13† Job Dekker5†
We describe Hi-C, a method that probes the three-dimensional architecture of whole genomes by
coupling proximity-based ligation with massively parallel sequencing. We constructed spatial proximity
maps of the human genome with Hi-C at a resolution of 1 megabase. These maps confirm the
presence of chromosome territories and the spatial proximity of small, gene-rich chromosomes.
We identified an additional level of genome organization that is characterized by the spatial segregation
of open and closed chromatin to form two genome-wide compartments. At the megabase scale, the
chromatin conformation is consistent with a fractal globule, a knot-free, polymer conformation that
enables maximally dense packing while preserving the ability to easily fold and unfold any genomic locus.
The fractal globule is distinct from the more commonly used globular equilibrium model. Our results
demonstrate the power of Hi-C to map the dynamic conformations of whole genomes.

The three-dimensional (3D) conformation of
chromosomes is involved in compartmen-
talizing the nucleus and bringing widely

separated functional elements into close spatial
proximity (1–5). Understanding how chromosomes
fold can provide insight into the complex relation-
ships between chromatin structure, gene activity,
and the functional state of the cell. Yet beyond the
scale of nucleosomes, little is known about chro-
matin organization.

Long-range interactions between specific pairs
of loci can be evaluated with chromosome con-
formation capture (3C), using spatially constrained
ligation followed by locus-specific polymerase
chain reaction (PCR) (6). Adaptations of 3C have
extended the process with the use of inverse PCR
(4C) (7, 8) or multiplexed ligation-mediated am-
plification (5C) (9). Still, these techniques require
choosing a set of target loci and do not allow
unbiased genomewide analysis.

Here, we report a method called Hi-C that
adapts the above approach to enable purification
of ligation products followed by massively par-
allel sequencing. Hi-C allows unbiased identifi-
cation of chromatin interactions across an entire
genome.We briefly summarize the process: cells
are crosslinked with formaldehyde; DNA is di-
gested with a restriction enzyme that leaves a 5′
overhang; the 5′ overhang is filled, including a
biotinylated residue; and the resulting blunt-end
fragments are ligated under dilute conditions that
favor ligation events between the cross-linked
DNA fragments. The resulting DNA sample con-
tains ligation products consisting of fragments
that were originally in close spatial proximity in
the nucleus, marked with biotin at the junction.
A Hi-C library is created by shearing the DNA
and selecting the biotin-containing fragments
with streptavidin beads. The library is then ana-
lyzed by using massively parallel DNA sequenc-
ing, producing a catalog of interacting fragments
(Fig. 1A) (10).

We created a Hi-C library from a karyotyp-
ically normal human lymphoblastoid cell line
(GM06990) and sequenced it on two lanes of
an Illumina Genome Analyzer (Illumina, San
Diego, CA), generating 8.4million read pairs that
could be uniquely aligned to the human genome
reference sequence; of these, 6.7 million corre-
sponded to long-range contacts between seg-
ments >20 kb apart.

We constructed a genome-wide contact matrix
M by dividing the genome into 1-Mb regions
(“loci”) and defining thematrix entrymij to be the
number of ligation products between locus i and
locus j (10). This matrix reflects an ensemble
average of the interactions present in the original
sample of cells; it can be visually represented as
a heatmap, with intensity indicating contact fre-
quency (Fig. 1B).

We tested whether Hi-C results were repro-
ducible by repeating the experiment with the same
restriction enzyme (HindIII) and with a different
one (NcoI).We observed that contact matrices for
these new libraries (Fig. 1, C and D) were
extremely similar to the original contact matrix
[Pearson’s r = 0.990 (HindIII) and r = 0.814
(NcoI); P was negligible (<10–300) in both cases].
We therefore combined the three data sets in
subsequent analyses.

We first tested whether our data are consistent
with known features of genome organization (1):
specifically, chromosome territories (the tendency
of distant loci on the same chromosome to be near
one another in space) and patterns in subnuclear
positioning (the tendency of certain chromosome
pairs to be near one another).

We calculated the average intrachromosomal
contact probability, In(s), for pairs of loci sepa-
rated by a genomic distance s (distance in base
pairs along the nucleotide sequence) on chromo-
some n. In(s) decreases monotonically on every
chromosome, suggesting polymer-like behavior
in which the 3D distance between loci increases
with increasing genomic distance; these findings
are in agreement with 3C and fluorescence in situ
hybridization (FISH) (6, 11). Even at distances
greater than 200Mb, In(s) is always much greater
than the average contact probability between dif-
ferent chromosomes (Fig. 2A). This implies the
existence of chromosome territories.

Interchromosomal contact probabilities be-
tween pairs of chromosomes (Fig. 2B) show
that small, gene-rich chromosomes (chromosomes
16, 17, 19, 20, 21, and 22) preferentially interact
with each other. This is consistent with FISH
studies showing that these chromosomes fre-
quently colocalize in the center of the nucleus
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Chromosome Conformation Capture 

1068 Cell 148, March 2, 2012 ©2012 Elsevier Inc. DOI 10.1016/j.cell.2012.02.019 See online version for legend and references.

SnapShot: Chromosome Confi rmation 
Capture
Ofi r Hakim and Tom Misteli
National Cancer Institute, NIH, Bethesda, MD 20892, USA
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Capturing pairwise and multi-way chromosomal 
conformations using chromosomal walks
Pedro Olivares-Chauvet1, Zohar Mukamel1, Aviezer Lifshitz1, Omer Schwartzman1, Noa Oded Elkayam1, Yaniv Lubling1, 
Gintaras Deikus2, Robert P. Sebra2 & Amos Tanay1

Chromosomes are folded into highly compacted structures to 
accommodate physical constraints within nuclei and to regulate 
access to genomic information1,2. Recently, global mapping of 
pairwise contacts showed that loops anchoring topological domains 
(TADs) are highly conserved between cell types and species3–8. 
Whether pairwise loops9–14 synergize to form higher-order 
structures is still unclear. Here we develop a conformation capture 
assay to study higher-order organization using chromosomal 
walks (C-walks) that link multiple genomic loci together into 
proximity chains in human and mouse cells. This approach captures 
chromosomal structure at varying scales. Inter-chromosomal 
contacts constitute only 7–10% of the pairs and are restricted 
by interfacing TADs. About half of the C-walks stay within one 
chromosome, and almost half of those are restricted to intra-
TAD spaces. C-walks that couple 2–4 TADs indicate stochastic 
associations between transcriptionally active, early replicating 
loci. Targeted analysis of thousands of 3-walks anchored at 
highly expressed genes support pairwise, rather than hub-like, 
chromosomal topology at active loci. Polycomb-repressed Hox 
domains are shown by the same approach to enrich for synergistic 
hubs. Together, the data indicate that chromosomal territories, 
TADs, and intra-TAD loops are primarily driven by nested, possibly 
dynamic, pairwise contacts.

When chromatin is fixed, digested with frequent cutters (such as 
DpnII) and re-ligated, high-molecular-weight DNA products can be 
purified, representing concatenation of 30–60 DNA fragments with a 
total length of 10,000–20,000 base pairs (bp) (Fig. 1a). Such products 
are likely to represent spatial proximity between multiple loci that were 
captured at the time of fixation. Nevertheless, the multi-way proximity 
relations emerging from such products have so far been studied pri-
marily by profiling pairwise ligation contacts, using techniques such 
as circularized chromosome conformation capture (4C), chromatin 
interaction analysis by paired-end tag sequencing (ChiA-PET) or Hi-C. 
To enable a more comprehensive analysis of multi-way chromosomal 
proximities, we developed a technique involving the generation and 
selection of high-molecular-weight chromosome conformation capture 
(3C) DNA, serial dilution and distribution of the resultant material 
into 96-well plates (1 pg into each well), Φ29-DNA-polymerase-based 
amplification, sonication and labelling with well-specific barcodes. This 
was followed by amplification, sequencing and computational assem-
bly of chains of ligation junctions that are defined here as ‘C-walks’  
(Fig. 1b and Methods).

We generated C-walk libraries from human K562 cancer cells and 
from mouse embryonic stem (mES) cells, which are both highly estab-
lished model systems for the exploration of chromosome conforma-
tions. Analysis of the inferred C-walk contacts indicated that pairwise 
genomic distance distributions and inter-chromosomal rates are 
similar to those observed in standard Hi-C (Supplementary Table 1  
and Extended Data Fig. 1a, b). Analysis of the C-walk coverage and 

size distribution (Fig. 1c) indicated that our approach (in K562 cells) 
assembled 48% of the pairwise ligations into C-walks of size 4 or more, 
and 14% to C-walks of size 8 or more. We recovered 45,200 fragments 
participating in C-walks involving 16 or more fragments. To confirm 
the accuracy of our reconstruction approach, we applied the procedure 
to linear DNA (Extended Data Fig. 1c, d). We estimate that the com-
plete assay associated fragments into C-walks with over 99% accuracy 
(Extended Data Fig. 1e, f), limiting the potential effect of amplification, 
labelling and sequencing errors on the downstream statistical analysis 
of C-walk distributions.

We calculated the average rate of Hi-C pairwise inter-chromosomal 
contacts to be 22% in K562 and 17% in mES cells. Higher-order analysis 
showed, however, that distinct classes of proximity ligation events influ-
ence this rate. We observed walks visiting only one chromosome (class I;  
Fig. 1d) and walks linking two chromosomes through one or more 
contacts (class II), but also walks bringing together fragments from 
three or more chromosomes (class III). While class III C-walks may 
theoretically represent true multi-chromosomal hubs, their internal 
structure (namely, their lack of intra-chromosomal hops) and nearly 
uniform distribution of pairwise contacts (Extended Data Fig. 1g, h) 
suggest that these are products resulting from spurious ligations and 
possibly explaining quality differences between in-solution and in- 
nucleus 3C protocols15. After filtering out class III C-walks, we esti-
mated the pairwise inter-chromosomal Hi-C contact rate to be 7–10% 
(Fig. 1e, f). Interestingly, more than half of the valid inter-chromosomal 
(class II) C-walks (for C > 4) link two chromosomes through more than 
one contact. Classification of the resultant inter-chromosome interfaces 
suggests that these are strongly restricted by the topological domain 
structure in each of the contacting chromosomes (Extended Data  
Figs 2a–f and 3a–e).

Each class I C-walk explores a chromosomal territory by a series of 
hops. The data show that, as suggested previously6,7, the pairwise chro-
mosomal distance bridged by a class-I hop is governed by a power-law-like  
regime: the aggregated probability of ‘big’ (for example, 1–100 Mb) 
hops is similar in scale to the aggregated probability of making ‘small’ 
(for example, 10 kb to 1 Mb) hops (Extended Data Fig. 1b). On the basis 
of this rule, the probability of a walk remaining constrained within a 
smaller fraction of the chromosome should decrease exponentially with 
the number of hops. Nevertheless, analysis of specific regions (Fig. 2a) 
suggested that a notable fraction of the class I C-walks are restricted 
to less than 1 Mb, and are frequently fully contained within one TAD 
(Fig. 2b). Moreover, C-walks that visit more than one TAD typically 
link elements at high chromosomal distances (Fig. 2c).

To quantify these observations, we defined the span of a class I 
C-walk to be the chromosomal distance between the minimal and 
maximal chromosomal coordinates visited by the walk. We also clas-
sified C-walks based on their compartment (active or inactive, using 
only the first TAD visited to avoid indirect correlations). The spans 
for increasingly long C-walks (Fig. 2d and Extended Data Fig. 3f) are 
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Single-cell Hi-C reveals cell-to-cell
variability in chromosome structure
Takashi Nagano1*, Yaniv Lubling2*, Tim J. Stevens3*, Stefan Schoenfelder1, Eitan Yaffe2, Wendy Dean4, Ernest D. Laue3,
Amos Tanay2 & Peter Fraser1

Large-scale chromosome structure and spatial nuclear arrangement have been linked to control of gene expression and
DNA replication and repair. Genomic techniques based on chromosome conformation capture (3C) assess contacts for
millions of loci simultaneously, but do so by averaging chromosome conformations from millions of nuclei. Here we
introduce single-cell Hi-C, combined with genome-wide statistical analysis and structural modelling of single-copy
X chromosomes, to show that individual chromosomes maintain domain organization at the megabase scale, but show
variable cell-to-cell chromosome structures at larger scales. Despite this structural stochasticity, localization of active
gene domains to boundaries of chromosome territories is a hallmark of chromosomal conformation. Single-cell Hi-C
data bridge current gaps between genomics and microscopy studies of chromosomes, demonstrating how modular
organization underlies dynamic chromosome structure, and how this structure is probabilistically linked with genome
activity patterns.

Chromosome conformation capture1 (3C) and derivative methods
(4C, 5C and Hi-C)2–6 have enabled the detection of chromosome
organization in the three-dimensional space of the nucleus. These
methods assess millions of cells and are increasingly used to calculate
conformations of a range of genomic regions, from individual loci
to whole genomes3,7–11. However, fluorescence in situ hybridization
(FISH) analyses show that genotypically and phenotypically identical
cells have non-random, but highly variable genome and chromosome
conformations4,12,13, probably owing to the dynamic and stochastic
nature of chromosomal structures14–16. Therefore, although 3C-based
analyses can be used to estimate an average conformation, it cannot be
assumed to represent one simple and recurrent chromosomal struc-
ture. To move from probabilistic chromosome conformations aver-
aged from millions of cells towards determination of chromosome and
genome structure in individual cells, we developed single-cell Hi-C,
which has the power to detect thousands of simultaneous chromatin
contacts in a single cell.

Single-cell Hi-C
We modified the conventional or ‘ensemble’ Hi-C protocol3 to create
a method to determine the contacts in an individual nucleus (Fig. 1a
and Supplementary Information). We used male mouse spleenic
CD41 T cells, differentiated in vitro to T helper (TH1) cells to produce
a population of cells (.95% CD41), of which 69% have 2n genome
content, reflecting mature cell withdrawal from the cell cycle. Chromatin
crosslinking, restriction enzyme (BglII or DpnII) digestion, biotin fill-
in and ligation were performed in nuclei (Fig. 1a and Extended Data
Fig. 1a) as opposed to ensemble Hi-C, in which ligation is performed
after nuclear lysis and dilution of chromatin complexes3. We then selected
individual nuclei under the microscope, placed them in individual
tubes, reversed crosslinks, and purified biotinylated Hi-C ligation junc-
tions on streptavidin-coated beads. The captured ligation products
were then digested with a second restriction enzyme (AluI) to fragment
the DNA, and ligated to customized Illumina adapters with unique

3-bp (base pair) identification tags. Single-cell Hi-C libraries were then
PCR amplified, size selected and characterized by multiplexed, paired-
end sequencing.

De-multiplexed single-cell Hi-C libraries were next filtered thor-
oughly to systematically remove several sources of noise (Extended
Data Fig. 1b–f and Supplementary Information). Hi-C in male diploid
cells can theoretically give rise to at most two ligation products per
autosomal restriction fragment end, and one product per fragment
end from the single X chromosome. Using BglII, the total number of
distinct mappable fragment-end pairs per single cell cannot therefore
exceed 1,201,870 (Extended Data Fig. 1g and Supplementary Infor-
mation). In practice, deep sequencing of the single-cell Hi-C libraries
demonstrated that following stringent filtering our current scheme
allows recovery of up to 2.5% of this theoretical potential, and has
identified at least 1,000 distinct Hi-C pairings in half (37 out of 74) of
the cells. Deep sequencing confirmed saturation of the libraries’ com-
plexity, and allowed elimination of spurious flow cell read pairings
and additional biases (Extended Data Tables 1–3). On the basis of
additional quality metrics we selected ten single-cell data sets, con-
taining 11,159–30,671 distinct fragment-end pairs for subsequent
in-depth analysis (Extended Data Fig. 1h–l). Visualization of the sin-
gle-cell maps suggested that despite their inherent sparseness, they clearly
reflect hallmarks of chromosomal organization, including frequent cis-
contacts along the matrix diagonal and notably, highly clustered trans-
chromosomal contacts between specific chromosomes (Fig. 1b).

Single-cell and ensemble Hi-C similarity
We used the same population of CD41 TH1 cells to generate an ensemble
Hi-C library. Sequencing and analysis17 of 190 million read pairs pro-
duced a contact map representing the mean contact enrichments
within approximately 10 million nuclei. The probability of observing
a contact between two chromosomal elements decays with linear dis-
tance following a power law regime for distances larger than 100 kilo-
bases (kb)3,18. We found similar regimes for the ensemble, individual

*These authors contributed equally to this work.
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The invention of chromatin conformation capture (3C) tech-
nology1 and derived methods2 has greatly advanced our 
knowledge of the principles and regulatory potential of 3D 

genome folding in vivo. Insights obtained from genome-wide 
contact maps derived from Hi-C data include the discovery of 
topologically associated domains (TADs), structurally insulated 
units of chromosomes of on average a megabase in size3–5, and 
of compartments, nuclear environments in which TADs with 
similar epigenetic signatures spatially cluster6. TADs and nuclear 
compartments are believed to contribute to genome functioning, 
whereas chromatin loops are thought to influence genome func-
tioning in a more deterministic, direct fashion. Such loops can 
only be detected when zooming to a much finer scale than whole 
chromosomes and TADs, either by ultra-deep Hi-C sequenc-
ing or by the application of targeted high-resolution approaches 
such 4C, 5C or capture-C technologies. Chromatin loops include 
architectural loops, often anchored by bound CTCF proteins, 
that form structural chromosomal domains7,8, as well as regula-
tory chromatin loops that bring distal enhancers in close physical 
proximity to target gene promoters to control their transcrip-
tional output. Detailed topological studies and genetic evidence 
have further indicated that individual enhancers can contact 
and control the expression of multiple genes. Conversely, single 
genes are often influenced by multiple enhancers5,9. Similarly, in 
population-based assays, individual CTCF sites can be seen con-
tacting multiple other CTCF sites. Based on such observations it 
has been hypothesized that DNA may fold into spatial chromatin 
hubs10,11. However, current population-based pair-wise contact 

matrices cannot distinguish clustered interactions from mutually  
exclusive interactions that independently occur in different cells. 
To investigate the existence and nature of specific hubs formed 
between regulatory sequences, CTCF-binding sites and/or genes, 
targeted high-resolution and high-throughput strategies are 
needed for detection, analysis and interpretation of multi-way 
DNA contacts.

Recently, several 3C procedures have been modified for the 
study of multi-way contacts between selected genes and regulatory 
sequences, but so far these approaches have been inherently lim-
ited in contact complexity, complicating the interpretation of their 
data12–15. At the genome-wide level, recent breakthroughs in the 
analysis of multi-way contacts have been made. These technologies 
give insight into the types of genomic sequences that tend to co-
occupy nuclear compartments. For example, a new genome-wide 
approach for multi-contact analysis, called C-Walks (chromosomal 
walks)14, gave a glimpse of the nuclear aggregation of genomic loci, 
indicating that, at the compartment level, cooperative aggregation 
between dispersed intra- and inter-chromosomal sequences may 
be rare but may occur, for example, at Polycomb bodies. C-walks, 
three-way Hi-C contact analysis15 and genome architecture map-
ping16 are all genome-wide methods that do not offer the local 
coverage necessary to study the functionally most relevant fine-
scale topologies formed at individual genes, individual regulatory 
sequences and individual domain anchors. To enable this analysis 
and to dissect the spatial interplay between multiple individual reg-
ulatory DNA elements and genes, we developed multi-contact 4C 
sequencing (MC-4C).

Enhancer hubs and loop collisions identified from 
single-allele topologies
Amin Allahyar1,2,7, Carlo Vermeulen! !3,7, Britta A. M. Bouwman3, Peter H. L. Krijger3,  
Marjon J. A. M. Verstegen3, Geert Geeven3, Melissa van  Kranenburg3, Mark Pieterse3, Roy Straver! !1,  
Judith H. I. Haarhuis4, Kees Jalink5, Hans Teunissen6, Ivo J. Renkens1, Wigard P. Kloosterman1, 
Benjamin D. Rowland4, Elzo de Wit! !6, Jeroen de Ridder! !1* and Wouter de Laat3*

Chromatin folding contributes to the regulation of genomic processes such as gene activity. Existing conformation capture 
methods characterize genome topology through analysis of pairwise chromatin contacts in populations of cells but cannot dis-
cern whether individual interactions occur simultaneously or competitively. Here we present multi-contact 4C (MC-4C), which 
applies Nanopore sequencing to study multi-way DNA conformations of individual alleles. MC-4C distinguishes cooperative 
from random and competing interactions and identifies previously missed structures in subpopulations of cells. We show that 
individual elements of the β -globin superenhancer can aggregate into an enhancer hub that can simultaneously accommodate 
two genes. Neighboring chromatin domain loops can form rosette-like structures through collision of their CTCF-bound anchors, 
as seen most prominently in cells lacking the cohesin-unloading factor WAPL. Here, massive collision of CTCF-anchored chro-
matin loops is believed to reflect ‘cohesin traffic jams’. Single-allele topology studies thus help us understand the mechanisms 
underlying genome folding and functioning.
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Chromatin conformation analysis of primary
patient tissue using a low input Hi-C method
Noelia Díaz 1, Kai Kruse 1, Tabea Erdmann2, Annette M. Staiger3,4,5, German Ott3, Georg Lenz2 &
Juan M. Vaquerizas 1

Chromatin conformation constitutes a fundamental level of eukaryotic genome regulation.

However, our ability to examine its biological function and role in disease is limited by the

large amounts of starting material required to perform current experimental approaches.

Here, we present Low-C, a Hi-C method for low amounts of input material. By systematically

comparing Hi-C libraries made with decreasing amounts of starting material we show that

Low-C is highly reproducible and robust to experimental noise. To demonstrate the suitability

of Low-C to analyse rare cell populations, we produce Low-C maps from primary B-cells of a

diffuse large B-cell lymphoma patient. We detect a common reciprocal translocation

t(3;14)(q27;q32) affecting the BCL6 and IGH loci and abundant local structural variation

between the patient and healthy B-cells. The ability to study chromatin conformation in

primary tissue will be fundamental to fully understand the molecular pathogenesis of diseases

and to eventually guide personalised therapeutic strategies.
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Hi-C 3.0 
Akgol Oksuz, et al. Nature Methods 2021 & keep an eye on a possible soon paper for 4DNucleome
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Chromosome conformation capture (3C)-based assays1 have 
become widely used to generate genome-wide chromatin 
interaction maps2. Analysis of chromatin interaction maps 

has led to detection of several features of the folded genome. Such 
features include precise looping interactions (at the 0.1–1 Mb 
scale) between pairs of specific sites that appear as local dots in 
interaction maps. Many of such dots represent loops formed by 
cohesin-mediated loop extrusion that is stalled at convergent 
CCCTC-binding factor (CTCF) sites3–5. Loop extrusion also pro-
duces other features in interaction maps such as stripe-like patterns 
anchored at specific sites that block loop extrusion. The effective 
depletion of interactions across such blocking sites leads to domain 
boundaries (insulation). At the megabase scale, interaction maps of 
many organisms including mammals display checkerboard patterns 
that represent the spatial compartmentalization of two main types 
of chromatin: active and open A-type chromatin domains, and inac-
tive and more closed B-type chromatin domains6.

The Hi-C protocol has evolved over the years. While initial pro-
tocols used restriction enzymes such as HindIII that produces rela-
tively large fragments of several kilobases6, over the last 5 years Hi-C 
using DpnII or MboI digestion has become the protocol of choice 
for mapping chromatin interactions at kilobase resolution3. More 
recently, Micro-C, which uses MNase instead of restriction enzymes 
as well as a different cross-linking protocol, was shown to allow 
generation of nucleosome-level interaction maps7–9. It is critical to 
ascertain how key parameters of these 3C-based methods, includ-
ing cross-linking and chromatin fragmentation, quantitatively 

influence the detection of chromatin interaction frequencies and 
the detection of different chromosome folding features that range 
from local looping between small intra-chromosomal (cis) ele-
ments to global compartmentalization of megabase-sized domains. 
Here, we systematically assessed how different cross-linking and 
fragmentation methods yield quantitatively different chromatin 
interaction maps.

Results
We explored how two key parameters of 3C-based protocols, 
cross-linking and chromatin fragmentation, determine the abil-
ity to quantitatively detect chromatin compartment domains and 
loops. We selected three cross-linkers widely used for chromatin: 
1% formaldehyde (FA), conventional for most 3C-based protocols; 
1% FA followed by incubation with 3 mM disuccinimidyl glutarate 
(the FA + DSG protocol); and 1% FA followed by incubation with 
3 mM ethylene glycol bis(succinimidylsuccinate) (the FA + EGS 
protocol) (Fig. 1a). We selected four different nucleases for chro-
matin fragmentation: MNase, DdeI, DpnII and HindIII, which 
fragment chromatin in sizes ranging from single nucleosomes to 
multiple kilobases. Combined, the three cross-linking and four 
fragmentation strategies yield a matrix of 12 distinct protocols (Fig. 
1b). To determine how performance of these protocols varies for 
different states of chromatin we applied this matrix of protocols to 
multiple cell types and cell cycle stages. We analyzed four different 
cell types: pluripotent H1 human embryonic stem cells (H1-hESCs), 
differentiated endoderm (DE) cells derived from H1-hESCs, fully  

Systematic evaluation of chromosome 
conformation capture assays
Betul Akgol Oksuz1,10, Liyan Yang1,10, Sameer Abraham! !2, Sergey V. Venev1, Nils Krietenstein3, 
Krishna Mohan Parsi! !4,5, Hakan Ozadam1,6, Marlies E. Oomen! !1, Ankita Nand! !1, Hui Mao4,5, 
Ryan M. J. Genga4,5, Rene Maehr! !4,5, Oliver J. Rando! !3, Leonid A. Mirny! !2,7,8, Johan H. Gibcus! !1 ✉ 
and Job Dekker! !1,9 ✉

Chromosome conformation capture (3C) assays are used to map chromatin interactions genome-wide. Chromatin interaction 
maps provide insights into the spatial organization of chromosomes and the mechanisms by which they fold. Hi-C and Micro-C 
are widely used 3C protocols that differ in key experimental parameters including cross-linking chemistry and chromatin 
fragmentation strategy. To understand how the choice of experimental protocol determines the ability to detect and quantify 
aspects of chromosome folding we have performed a systematic evaluation of 3C experimental parameters. We identified opti-
mal protocol variants for either loop or compartment detection, optimizing fragment size and cross-linking chemistry. We used 
this knowledge to develop a greatly improved Hi-C protocol (Hi-C 3.0) that can detect both loops and compartments relatively 
effectively. In addition to providing benchmarked protocols, this work produced ultra-deep chromatin interaction maps using 
Micro-C, conventional Hi-C and Hi-C 3.0 for key cell lines used by the 4D Nucleome project.
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differentiated human foreskin fibroblast (HFF) cells (12 protocols 
for each), and HeLa-S3 cells (9 protocols). We analyzed two cell 
cycle stages: G1 and mitosis, in HeLa-S3 cells (9 protocols for each; 
Fig. 1). Each interaction library was then sequenced on a single lane 
of a HiSeq4000 instrument, producing ~150–200 million uniquely 
mapping read pairs (Supplementary Table 1). We used the Distiller 
pipeline to align the sequencing reads, and pairtools and cooler10 
packages to process mapped reads and create multi-resolution 
contact maps (Methods). Given that the density of restriction sites 
for DdeI, DpnII and HindIII fluctuates along chromosomes, we 
observed different read coverages in raw interaction maps obtained 
from datasets using these enzymes (Extended Data Fig. 1h). These 
differences were removed after matrix balancing11.

We first assessed the size range of the chromatin fragments pro-
duced after digestion by the 12 protocols for HFF cells (Methods). 
Digestion with HindIII resulted in 5–20-kb DNA fragments; 
DpnII and DdeI produced fragments of 0.5–5 kb; and MNase 
protocols included a size selection step to ensure that the liga-
tion product involved two mononucleosome-sized fragments 
(~150 bp) (Extended Data Fig. 1). Different cross-linkers did not 
affect the size ranges produced by the different nucleases, although 
DSG cross-linking lowered digestion efficiency slightly (Extended 
Data Fig. 1b).

All 3C-based protocols can differentiate between cell states. We 
first assessed the similarity between the 63 datasets by global and 
pairwise correlations using HiCRep and hierarchical clustering 
(Extended Data Fig. 1c)12,13. We found that the datasets are highly 
correlated and cluster primarily by cell type and state and then by 
cell type similarity, for example H1-hESCs and H1-hESC-derived 
DE cells cluster together; and the most distinct cluster is formed 
by mitotic HeLa cells. MNase protocols show slightly lower correla-
tions with Hi-C experiments.

Extra cross-linking yields more intra-chromosomal contacts.  
Given that chromosomes occupy individual territories, intra- 
chromosomal (cis) interactions are more frequent than inter- 
chromosomal (trans) interactions14. The cis : trans ratio is  
commonly used as an indicator of Hi-C library quality given that 
inter-chromosomal interactions are a mixture of true chromatin 
interactions and interactions that are the result of random liga-
tions14,15. For all enzymes and cell types, we found that the addi-
tion of DSG or EGS to FA cross-linking decreased the percentage 
of trans interactions (Fig. 2a for HFF and Extended Data Fig. 2a for 
H1-hESC, DE, HeLa-S3).

Regarding intra-chromosomal interactions, we noticed two 
distinct patterns. First, digestion into smaller fragments increased 
short-range interactions. MNase digestion generated more interac-
tions between loci separated by less than 10 kb, whereas digestion 
with either DdeI, DpnII or HindIII resulted in a relatively larger 
number of interactions between loci separated by more than 10 kb 
(Fig. 2a,b for HFF and Extended Data Fig. 2a,b for DE, H1-hESC, 
HeLa-S3). Second, P(s) plots showed that the addition of either 
DSG or EGS resulted in a steeper decay in interaction frequency 
as a function of genomic distance for all fragmentation protocols. 
Moreover, for a given chromatin fragmentation level, additional 
cross-linking with DSG or EGS reduced trans interactions, as 
shown for HFF cells and all other cell types and cell stages stud-
ied (Fig. 2c,d and Extended Data Fig. 2c). The addition of DSG or 
EGS could have reduced fragment mobility and the formation of 
spurious ligations, resulting in a steeper slope of the P(s). We note 
a difference in slopes for data obtained with different cell types and 
cell cycle stages, which could reflect state-dependent differences in 
chromatin compaction.

Random ligation events between un-cross-linked, freely dif-
fusing fragments lead to noise that is mostly seen in trans and 
long-range cis interactions. Experiments that use DpnII and 
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Fig. 1 | Outline of the experimental design. a, Experimental design for conformation capture for various cells, cross-linkers and enzymes. b, Representation 
of interaction maps from experiments in a.
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Hierarchical genome organisation 
Lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289—293.  

Rao, S. S. P., et al. (2014). Cell, 1—29.
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C

D
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Figure 1. We Used In Situ Hi-C to Map over 15 Billion Chromatin Contacts across Nine Cell Types in Human and Mouse, Achieving 1 kb
Resolution in Human Lymphoblastoid Cells
(A) During in situ Hi-C, DNA-DNA proximity ligation is performed in intact nuclei.

(B) Contact matrices from chromosome 14: the whole chromosome, at 500 kb resolution (top); 86–96 Mb/50 kb resolution (middle); 94–95 Mb/5 kb resolution

(bottom). Left: GM12878, primary experiment; Right: biological replicate. The 1D regions corresponding to a contact matrix are indicated in the diagrams above

and at left. The intensity of each pixel represents the normalized number of contacts between a pair of loci. Maximum intensity is indicated in the lower left of each

panel.

(C) We compare our map of chromosome 7 in GM12878 (last column) to earlier Hi-Cmaps: Lieberman-Aiden et al. (2009), Kalhor et al. (2012), and Jin et al. (2013).

(D) Overview of features revealed by our Hi-Cmaps. Top: the long-range contact pattern of a locus (left) indicates its nuclear neighborhood. We detect at least six

subcompartments, each bearing a distinctive pattern of epigenetic features. Middle: squares of enhanced contact frequency along the diagonal (left) indicate the

presence of small domains of condensed chromatin, whosemedian length is 185 kb (right). Bottom: peaks in the contact map (left) indicate the presence of loops

(right). These loops tend to lie at domain boundaries and bind CTCF in a convergent orientation.

See also Figure S1, Data S1, I–II, and Tables S1 and S2.
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Are TADs functional units? 
Spielmann Nature Reviews Genetics 2018  (19) 453—467
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Deletion of a boundary 
Hnisz, D., et al. (2016). Science



Fudenberg, G., et al. (2016) Cell Reports. & Seaborn et al. (2015) PNAS

Loop-extrusion as a TAD forming mechanism
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Some questions…

Do TADs exists? 

If they do, are they really “domains”?

“A probabilistic (population) event that is the result of a collection of (extruded) loops who’s 
conformational exploration depends on boundaries”

Are TADs the results of a population analysis?

Who is more important? The boundary or the TAD?



Bintu et al. Science 2018; Mateo et al. Science 2019; Mateo et al. Nat Protocols, 2021

Can we see TADs?
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Visualizing the genome!



Targets per cell
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OligoSTORM 
PLOS Genetics (2018) 14(12) e1007872

OligoFISSEQ 
Nature Methods (2020) 17 p822



OligoFISSEQ 
"Manhattan plot”



In OligoFISSEQ every pixel matters & make “patches”
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High-resolution imaging 
Tracing chromosomes with OligoSTORM & fluidics cycles in PGP1 cells

chr19:7,335,095-15,449,189  
~8Mb
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High-resolution imaging 
Tracing chr19:7,335,095-15,449,189 ~8Mb
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Integrating Hi-C and Imaging



Hi-C genome-wide @1kb

SHAKER, itegrating Hi-C and STORM
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+ dense- dense

Imaging data processing

Step #1 chr3:150,282,213-150,782,213 (0.5Mb) Step #8 chr3:154,782,211-155,282,211(0.5Mb) Step #14 chr3:156,782,211-157,282,211 (0.5Mb)



Full model of 8Mb in human chromosome 3
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Effectively addressing the challenge of 
sequential STORM

chr3:150,282,213-158,282,211



Other challenges….  
“Difficult” samples

Cell (2024) 187 3541—3562 



What happens to the nucleus in 52,000 years old?
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A “whoolly” phenomenal sample 

Photo credit: Chris Waddle

• Found in permafrost in the summer of 2018 
• Belaya Gora in Yakutia, Russia 
• Date beyond the range of radiocarbon dating but older than >45,000 years

Valeri Plotnikov 
Sakha Academy of Sciences

Dan Fisher 
UMich, Museum of Paleontology

20 µm100 µm100 µm



Paleo-HiC improves endogenous long-range contact recovery
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Total read count     4,444,894,354 

Unique paired 
alignments (loxAfr3)

24,415,411

Unique paired (%) 0.55%

Long-range (20kb) 1,763,225

Long-range (%) 0.04%
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This is a Hi-C from mammoth
based on Loxafr3.0

3D assisted
assembly

=300 =300

PaleoHi-C vs Loxafr3.0,
fragmentary African elephant assembly

PaleoHi-C vs MamPri_Loxafr3.0_assisted_HiC,
chromosome-length mammoth assembly



52 Mammoth Altered Regulation Sequences (MARS)
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Rao, Huntley et al., Cell 2014

Paleo-hic recovers loop signatures!

4,176 loops
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How is this possible? 
The “chromoglass” hypothesis
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Discussion points (Tech) 
1. What techniques are best? 
2. How imaging can help? 
3. What samples we need? 

Discussion points (Concepts) 
1. To TAD or not to TAD? 
2. Loops, or else? 
3. If it is dynamic, what do we care then?
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