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Single-cell Hi-C bridges microscopy
and genome-wide sequencing
approaches to study 3D chromatin
organization

Sergey V. Ulianov 1)2)�, Kikue Tachibana-Konwalski3) and Sergey V. Razin1)2)

Recent years havewitnessed an explosion of the single-cell

biochemical toolbox including chromosome conformation

capture (3C)-basedmethods that providenovel insights into

chromatin spatial organization in individual cells. The

observations made with these techniques revealed that

topologically associating domains emerge from cell popu-

lation averages and do not exist as static structures in

individual cells. Stochastic nature of the genome folding is

likely to be biologically relevant andmay reflect the ability of

chromatin fibers to adopt a number of alternative config-

urations, some of which could be transiently stabilized and

serve regulatory purposes. Single-cell Hi-C approaches

provide an opportunity to analyze chromatin folding in rare

cell types such as stem cells, tumor progenitors, oocytes,

and totipotent cells, contributing to a deeper understanding

of basicmechanisms in development anddisease. Here,we

review key findings of single-cell Hi-C and discuss possible

biological reasons and consequences of the inferred

dynamic chromatin spatial organization.
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Introduction

How the 2m of DNA fit into a 10mm sized nucleus has been a
fundamental mystery in biology for decades. The spatial
organization of chromatin fibers can be studied using
microscopy and biochemical approaches [1]. Although micro-
scopic approaches focus on individual cells and, in the case of
live-cell imaging, can document dynamics, biochemical
techniques reveal characteristics of the cell population average.
The advantage of biochemical studies is the possibility of
performing genome-wide analysis above and beyond the
analysis of only a few selected genomic loci by microscopy.

The development of fluorescence techniques such as
fluorescence in situ hybridization (FISH) and in vivo imaging
with fluorescent proteins have opened an opportunity to track
the behavior of certain genomic loci or whole chromosomes.
Chromosome territories (CTs) [2] composed of chromatin
globular domains [3], largely non-random positioning of gene
loci within the CTs [4], a spatial proximity between certain
enhancers and promoters [5], and spatial associations between
remote gene loci at transcription factories [6, 7], and nuclear
bodies [8, 9] were discovered using FISH. Optical imaging of
living cells harboring chimeric proteins tagged by GFP or other
fluorophores demonstrated a rapid movement of gene loci
within the cell nucleus [10, 11]. However, the small number of
fluorophores, and relatively low resolution of even super-
resolution microscopy, limit the use of FISH for high-
throughput studying fine-scale chromatin spatial organization.
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The biochemical technique known as Chromosome Confor-
mation Capture (3C) [12] and high-throughput derivatives of
3C [13] uncovered general principles of the genome folding in a
variety of taxa from bacteria to humans [14]. The mammalian
interphase genome was found to be hierarchically folded at
multiple levels. The whole chromosome possesses features of
a fractal globule partitioned into active A- and repressed B-
compartments [15]. At the megabase scale, chromatin is folded
into topologically associating domains (TADs) representing
genome regions enriched with intra-domain interactions and
commonly interpreted as chromatin globules [16]. Construc-
tion of high-resolution chromatin interaction maps revealed
that chromatin within some TADs is organized into consecu-
tive CTCF/cohesin-anchored loops of various lengths, and
some of these loops are formed between enhancers and
promoters [17]. All conventional 3C-based methods require
105–107 of cells for an experiment. Although compartments,
TADs, and loops were found in the analysis of population
data and thus may represent a population average, functional
analysis strongly suggests that these levels of chromatin
folding are biologically relevant. Accordingly, it has been
observed that fusion of TADs due to the deletion of a boundary
region results in deregulation of gene expression [18]. On
the other hand, studies performed using microscopy
approaches [1] and available single-cell biochemical techni-
ques, such as single-cell RNA-seq [19], ATAC-seq [20, 21], and
DNA-methylation analysis [22], show that the mode of
chromatin folding, the patterns of epigenetic modifications
and the transcriptome characteristics may vary considerably
in different cells of the same population. As discussed below,
this variability is thought to be biologically relevant. Studies of
individual cells instead of cells populations are likely to
enable the identification and characterization of rare cell
subtypes present in a population [23–25], including cells that
can give rise to tumors. That is why single-cell biochemical
studies are currently considered as a “trend of a time.” Here,
we discuss current advances in single-cell Hi-C studies
providing complementary information to FISH and popula-
tion-based analysis of the genome spatial organization (Fig. 1).
We address both the technical issues and the significance
of these studies for disclosing the role of chromatin fiber
dynamics in major genetic processes.

Single-cell maps of the genome
topology: Where are we now?

Single-cell Hi-C is a fast moving field with currently six
papers on Hi-C experiments and technical protocols [26–31]
(Fig. 2). Pioneering work of Peter Fraser’s laboratory
provided the first whole-genome map of chromatin spatial
structure in a single cell [26]. The authors applied a
conventional Hi-C protocol that includes fragmentation of
chromatin with a restriction enzyme, DNA-end biotinylation,
and subsequent blunt-end ligation of closely located
chromatin fragments within the cell nucleus [15]. The key
technical challenge of this work is manual isolation of
dozens of single somatic nuclei after the ligation step
followed by the pulling down of biotinylated ligation
junctions from each isolated nucleus separately.

The obtained Hi-C data enabled the analysis of whole-
chromosome configuration; TADs were inferred to exist in
single cells albeit the number of captured contacts (about 104

per cell) was not sufficiently high to study these fine-scale
features of the genome topology. The main finding of this
work is a prominent cell-to-cell variability in the chromo-
some spatial organization revealed by Hi-C maps and Hi-
C-data-based structural modelling of the X chromosome. The
spectrum of both inter- and intra-chromosomal contacts of X
chromosome domains was found to be considerably different
in various cells, possibly reflecting a naturally flexible and
dynamic structure of a whole chromosome possessing
features of a fractal globule [32].

On the other hand, X chromosome configurations derived
from different cells demonstrated certain common structural
features, such as preferential location of a subset of the
extended genomic domains on the surface of the chromosome
territory. Importantly, both transcriptionally active and
repressed lamina-associated domains (LADs) are present
among those located at the surface of chromosome. The
biological significance of such organization is generally clear.
Active regions benefit from the location near the chromosome
surface being exhibited into interchromatin compartment
enriched with transcription activators and facilitating RNA
transport [33], and LADs gain access to the nuclear lamina. In
this regard, the results of single-cell Lamin-DamID experi-
ments are of particular interest [34]. In mammalian cells,
about 34% of lamina-associated genomic regions show
considerable cell-to-cell variability in their contacts with the
nuclear lamina. Contacts of neighboring loci are highly
coordinated and such cooperativity is partly linked to the
spatial proximity between the loci. Apparently, the fact that
a chromosome adopts a wide set of alternative configurations
in a cell population could be partly linked to a cell-to-cell
variability in a number/spectrum of LADs from this chromo-
some associated with the nuclear lamina. The main question
here is which one comes first: different chromosome
configurations allow different LAD subsets to be juxtaposed
to the lamina, or alternative LAD interactions with the lamina
dictate (to some extent) the overall folding pattern of their
host chromosome? We suppose that the existence of about
15% of constitutive LADs associated with the lamina in more
than 80% of cells [34] may restrict the number of enabled
chromosome conformations and thus contribute to the
underlying chromosome configuration.

Marked variation of the overall chromosome spatial
structure among different cells was also observed in another
study that utilized single-cell Hi-C data from haploid cells
(thus, these data are single-nuclei, in fact) for the structural
modelling of the whole genome with resolution of 100 kb [29].
Strikingly, systematic analysis of the calculated 3D structures
showed that TADs from both A- and B-compartments can
adopt a wide and virtually continuous repertoire of spatial
configurations from a completely condensed globule to a
highly extended stretch. This observation makes it possible to
draw two important conclusions concerning chromatin spatial
dynamics: (i) the idea that a TAD represents relatively stable
chromatin globule in a living cell is a convenient but
considerably oversimplified assumption, and (ii) active and
repressed TADs in mammalian cells appear to differ
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quantitatively rather than qualitatively in terms of chromatin
density. The last is in good agreement with the results of
diffusion coefficient measurements within interphase and
mitotic chromatin, which is apparently even more condensed
than heterochromatin in interphase, showing that large
molecules diffuse through open and closed chromatin with
comparable diffusion coefficients, apparently due to local
nucleosome dynamics [35]. Similar to a TAD in a globular
state, a given CTCF/cohesin-mediated loop could be found
only in a portion of cells in the population. This fact may
reflect a stochastic nature of loop extrusion (see section “What

mechanisms determine the spatial organization of chromo-
somes?”) that has been extensively proposed as a major
mechanism of loop formation in mammals [36, 37]. On the
other hand, about 30% of loops bring enhancers and
promoters together [17]. Because promoters are active in a
discontinuous manner and a spatial proximity to an enhancer
is a prerequisite for their activation, a proportion of cell-to-cell
variability in a loop profile could potentially underlie
transcription pulses.

Apart from the observation of heterogeneity of the
chromatin folding in a cell population, single-cell Hi-C data
provide unexpected advances in disclosing general princi-
ples of the genome topology that cannot be uncovered in a
conventional population-based Hi-C analysis. For example, a
recently published high-throughput single-cell Hi-C analy-
sis [30] reports the presence of a continuous spectrum of
inter-TAD contact classes representing a fluent transition of
the chromatin states between A- and B-compartment.
Furthermore, single-cell Hi-C studies have revised our
understanding of TADs as manifestations of chromatin
configurations in single cells [31], which will be discussed
in the next section.

Figure 1. FISH, conventional Hi-C and single-cell Hi-C provide
complementary information on chromatin spatial organization. While
FISH allows one to measure an actual physical distance between a
limited number of loci, and conventional Hi-C provides an integrated
information on the chromatin topology in a cell population, single-cell
Hi-C data represent a snapshot of the chromatin spatial organization
in an individual cell. White, magenta and orange colored short lines
and circles on all panels represent three certain genomic regions.
Left panel shows illustrative representation of FISH results; right and
bottom panels show illustrative conventional and single-cell Hi-C
maps, respectively.
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Figure 2. Comparison of published strategies for single-cell Hi-C analysis. A: A table summarizing key technical features from all papers on
single-cell Hi-C published to date. Numbers of captured contacts are extracted from the main text of the papers and from supplemental
material, without re-analyzing the original data. B: A schematic representation of experimental strategies for single-cell Hi-C. Some routine
steps of library preparation such as DNA end repair and A-tailing are omitted.
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Single-cell Hi-C allows studying
chromatin spatial organization in rare
cell types

Single-cell Hi-C provides a possibility for the identification of
cell subpopulations in a mixed sample [28] and the potential
to study genome folding in rare cell types or indeed in cells
that cannot be obtained in numbers sufficient for a
conventional Hi-C experiment. Recently, we developed an
improved version of single-nucleus Hi-C (snHi-C) to analyze
chromatin organization in mouse oocytes and zygotes [31]. We
simplified the Hi-C protocol by removing the DNA-end
biotinylation step and used phi29 DNA polymerase for the
isothermal amplification of genetic material from single
nuclei. These technical improvements allowed us to increase
the proximity ligation efficiency and chromatin contact
retrieval for up to 1–2 orders of magnitude as compared to
the first single-cell Hi-C method [26]. Notably, in our best
oocyte library, we observe nearly two million unique contacts.
These high-coverage data allowed us to track both local and
global changes of the genome folding patterns during the
oocyte-to-zygote transition. Importantly, we found that A/B-
compartmentalization is notably absent in maternal pronu-
clei, which was also confirmed by FISH with multiple probes
for both compartments and subsequently observed in recently
published low-input Hi-C analyses [38, 39]. This is the first
example of interphase nuclei without spatial segregation of A-
and B-type chromatin loci. We propose that such unusual
chromatin configuration in maternal pronuclei might reflect a
transitional “ground state” providing the basis for formation
of a totipotent cell.

Further, snHi-C identified TADs and loops when averaged
over all genomic positions in transcriptionally active immature
oocytes and in transcriptionally inactive mature oocytes and
both pronuclei of zygotes. This is particularly remarkable in the
caseof zygotes,whichare transcriptionally inactive at this stage,
suggesting that transcription is not essential for loop extrusion.
Moreover, megabase-sized TADs are clearly evident as contact
clusters near the diagonalwhen thebest heatmaps at resolution
of40kbarevisually inspected.WhileStevensetal.demonstrated
that a certain TAD adopts a number of spatial conformations in
thecellpopulation [29],weshowthat thecontactclusterprofile is
not fully conserved across the analyzed cells. Contact clusters
frequently violate population-identified TAD boundaries,
highlighting stochasticity of chromatin folding in a living cell.
However,contactclusterprofiles fromseveral cellsaverage intoa
“normal” TAD profile seen in bulk Hi-C data of ES cells when
pooled together (that was also observed in [26]). We consider it
likely that contact clusters are single-cell manifestations of loop
extrusion in diverse conformations and states.

What mechanisms determine the spatial
organization of chromosomes?

The above-discussed data denote the presence of a large
degree of stochasticity in the chromatin spatial organization at
the levels of loops, TADs, and whole chromosomes. The

stochasticity is inherent to macromolecular systems. It is
determined by thermal motion and conformational flexibility
of macromolecules. Computer modeling demonstrates that
chromatin fibers can adopt a number of alternative config-
urations that closely match each other as far as the
thermodynamic parameters are considered [40]. The key
question is thus how the chromatin fiber is shaped or, in other
words, which mechanisms lead to the emergence of “ordered
disorder” inside the cell nucleus.

The ability to fold is an inherent feature of a chromatin
fiber. It is determined by electrostatic interactions of
nucleosomes [40]. However, the specificity of folding (for
example, determination of TAD profiles) is assured by
additional mechanisms. First of all, partitioning of the
genome into active and repressed segments contributes to
the shaping of chromatin fiber, as the nucleosomes of active
chromatin are less prone to establish internucleosomal
contacts due to the high level of histone acetylation
[40, 41]. The second mechanism is based on chromatin
interactions with the nuclear structures, particularly with the
nuclear lamina and nucleolus (Fig. 3). As revealed by both
conventional and single-cell Lamin-DamID [34, 42, 43], at
least 50% of the mammalian genome establishes contacts
with the lamina at considerable frequency. Lamina- and
nucleolus-associated domains (NADs) are represented by
largely the same set of genomic regions [44, 45]. Association of
a certain LAD/NAD with the lamina/nucleolus is stable during
the interphase, but after mitosis LADs and NADs could be
reshuffled resulting in transition of a NAD from the nucleolus
to the lamina, and LAD transfer to the nucleolus [42].
Apparently, this process is completely asynchronous for
different LADs/NADs (or their linked groups) in different cells.
Because LADs/NADs constitute a considerable portion of the
genome and should be exposed on the surface of chromosome
territory, their relocation within the nucleus could influence
the overall folding of the harboring chromosome contributing
cell-to-cell variability.

The third related mechanism is recruitment of genomic
loci to the nuclear functional microcompartments, such as
speckles, transcription factories, Cajal bodies, Polycomb-
bodies etc. [46] (Fig. 3). For example, erythroid-specific genes
form a number of alternate pairwise and tripartite complexes
with each other at the transcription factories in mouse
erythroblasts [7]. This could markedly influence local as well
as long-range chromatin contact profile. Cell-to-cell variability
of Polycomb-bodies and transcription factories was not
analyzed precisely in the published papers on single-cell
Hi-C; nonetheless, we suggest that DNA-containing nuclear
bodies and factories could be found in high-coverage single-
cell Hi-C data (Fig. 3). Indeed, Stevens et al. [29] show that
spatial clustering of Polycomb-regulated regions enriched
with H3K27me3 as well as contacts between Klf4-bound
regions, and certain interactions within Nanog gene regula-
tory network could be identified by the analysis of single-cell
Hi-C data. However, the propensity of any two regions of
interest to interact with each other in one particular cell is
relatively low and challenges robust identification of genomic
regions associated with DNA-containing nuclear bodies and
transcription factories in single-cell Hi-C datasets.
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Last but not least, a widely discussed mechanism producing
ordered structures from a stochastically folded chromatin
fiber is loop extrusion [36, 37, 41, 47–52]. The loop extrusion
model postulates that an “extrusion machine” composed of
protein motors that are able to move chromatin fibers
generates a progressively growing loop, starting at the point
where the extrusion machine is loaded onto chromatin until
encountering a boundary element. The loop extrusion model
proposes an elegant explanation for the genome partitioning
into an array of consecutive TAD for interphase and a denser

Figure 3. Loops, transcription factories, formation of nuclear
bodies and association of chromatin with the nuclear lamina and
nucleolus may contribute cell-to-cell variability of the chromatin
spatial organization. A schematic representation of a certain
genomic region containing several LADs/NADs, active genes,
Polycomb-occupied regions and loop anchors is shown at the
top of the figure. The central panel shows an illustrative
representation of spatial organization of this genomic region in
two distinct cells. Hi-C maps of these cells and population-based
Hi-C map of the region of interest are shown at the bottom of the
figure.
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array of consecutive loops in mitotic chromosomes [36, 47, 49,
53]. Experimental evidence toward this model is mounting
and deserves to be discussed in a separate review. Here, we
primarily point out the relevance of loop extrusion to the
cell-to-cell variability in genome folding. Taking into account
the length of chromatin loops that reach up to several
megabases [17], one can assume that the extrusion machine
should be highly processive; whether this might be promoted
by a coordinated action of neighboring extrusion machines at
a particular locus remains to be determined. Across the
genome, the non-coordinated action of extrusion machines
capable of moving millions of base pairs in a relatively
short time (�20 minutes [54]) would be expected to largely
contribute to a high diversity of chromosome folding within
a cell and in a cell population.

To conclude, a variety of molecular mechanisms can
shape the intrinsically disordered chromatin fiber producing
a diversified pattern of the chromosome spatial structures
in individual cells present in the population. The question
is whether this diversity is biologically relevant or it simply
arises as a result of the stochastic nature of chromatin as a
polymer?

Are the dynamics of the chromatin fiber
folding functionally relevant?

Capturing the dynamics of chromatin folding will likely
require imaging-based methods of live cells. Fixation-based
methods such as Hi-C and FISH cannot, in the strictest sense of
the word, describe dynamics other than in terms of static
changes in chromatin state. The limits of fixation-based
methods can be approached by high-resolution time
courses [30]. We therefore operate under the assumption
that loops and TADs are dynamic structures [36], consistent
with their rapid re-establishment in G2 ([55] and bioRxiv
139782).

The dynamics of chromatin fiber folding are presumably
important for genome functioning. As a matter of fact,
organization and functioning of all biological systems
depends critically on their instability. We speculate that the
stochasticity of nuclear organization and chromatin folding is
generally biologically relevant for at least two reasons. First,
stochastic movement of the chromatin fiber allows for
selection of functionally significant configurations and thus
represents a mechanism of establishing and re-establishing
profiles of enhancer-promoter contacts and, consequently,
gene expression profiles. Flexibility of the chromatin fiber
revealed by single-cell Hi-C experiments is not a bug but a
feature that underlines the ability of cells to adapt to a
changing environment and react to external stimuli such as
hormones, cell-to-cell signaling, and niche environments.
Second, stochastic movement of chromatin fiber creates a
number of alternative configurations. In the course of cell
differentiation, expression of particular sets of transcription
factors is likely to allow “freezing” or at least preferential
retention of certain configurations favorable for expression of
lineage-specific genes. If so, then the testable prediction is
that overall variability of chromatin fiber configuration should

decrease during the course of differentiation, and increase
upon reversion of differentiation (i.e. in iPSCs).

Concluding remarks and future
perspectives

Better understanding of the biological consequences of cell-
to-cell variability in genome folding will requires a
combinatorial approach combining single-cell Hi-C and
single-cell RNA-seq from the same cell and comparing
single-cell Hi-C with 3D FISH and live-cell imaging of
genomic loci. An exciting perspective is to be able to
specifically label the newly synthesized RNA to directly
capture the consequences of loop extrusion and transcrip-
tion. At the technical level, improvements in whole genome
amplification [56] will protect against sequencing biases and
increase the resolution of single-cell data. The combinatorial
approaches that will become possible for single-cells will
open a new dimension into the inner workings of the
nucleus, and may in future necessitate a major revision in
our understanding of 3D genome organization.

Acknowledgments
We are grateful to Leonid Mirny, Ilya Flyamer, and Hugo
Brandao for discussions and critical reading of the
manuscript. S.V.U and S.V.R. were supported by the Russian
Science Foundation (project 16-14-10081). K.T.K. is funded by
the Austrian Academy of Sciences and the European Research
Council (ERC-StG-336460 ChromHeritance).

The authors declare no conflict of interest.

References

1. Fraser J, Williamson I, Bickmore WA, Dostie J. 2015. An overview of
genome organization and how we got there: from FISH to Hi-C.Microbiol
Mol Biol Rev 79: 347–72.

2. Schardin M, Cremer T, Hager HD, Lang M. 1985. Specific staining
of human chromosomes in Chinese hamster x man hybrid cell lines
demonstrates interphase chromosome territories. Hum Genet 71: 281–7.

3. Albiez H, Cremer M, Tiberi C, Vecchio L, et al. 2006. Chromatin
domains and the interchromatin compartment form structurally defined
and functionally interacting nuclear networks. Chromosome Res 14:
707–33.

4. Hepperger C, Mannes A, Merz J, Peters J, et al. 2008. Three-
dimensional positioning of genes in mouse cell nuclei. Chromosoma 117:
535–51.

5. Williamson I, Lettice LA, Hill RE, Bickmore WA. 2016. Shh and ZRS
enhancer colocalisation is specific to the zone of polarising activity.
Development 143: 2994–3001.

6. Osborne CS, Chakalova L, Brown KE, Carter D, et al. 2004. Active
genes dynamically colocalize to shared sites of ongoing transcription.Nat
Genet 36: 1065–71.

7. Schoenfelder S, Sexton T, Chakalova L, Cope NF, et al. 2010.
Preferential associations between co-regulated genes reveal a transcrip-
tional interactome in erythroid cells. Nat Genet 42: 53–61.

8. Wang Q, Sawyer IA, Sung MH, Sturgill D, et al. 2016. Cajal bodies are
linked to genome conformation. Nat Commun 7: 10966.

9. Brown JM, Green J, das Neves RP, Wallace HA, et al. 2008.
Association between active genes occurs at nuclear speckles and is
modulated by chromatin environment. J Cell Biol 182: 1083–97.

....Prospects & Overviews S. V. Ulianov et al.

1700104 (7 of 8)Bioessays 39: 1700104,� 2017 WILEY Periodicals, Inc.

R
e
v
ie
w

e
s
s
a
y
s



10. Pliss A, Malyavantham KS, Bhattacharya S, Berezney R. 2013.
Chromatin dynamics in living cells: identification of oscillatory motion.
J Cell Physiol 228: 609–16.

11. Marshall WF. 2002. Order and disorder in the nucleus. Curr Biol 12:
R185–92.

12. Dekker J, Rippe K, Dekker M, Kleckner N. 2002. Capturing
chromosome conformation. Science 295: 1306–11.

13. Denker A, de Laat W. 2016. The second decade of 3C technologies:
detailed insights into nuclear organization. Genes Dev 30: 1357–82.

14. Dekker J, Heard E. 2015. Structural and functional diversity of
topologically associating domains. FEBS Lett 589: 2877–84.

15. Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, et al.
2009. Comprehensive mapping of long-range interactions reveals folding
principles of the human genome. Science 326: 289–93.

16. Dixon JR, Gorkin DU, Ren B. 2016. Chromatin domains: the unit of
chromosome organization. Mol Cell 62: 668–80.

17. Rao SS, HuntleyMH, DurandNC, Stamenova EK, et al. 2014. A 3Dmap
of the human genome at kilobase resolution reveals principles of
chromatin looping. Cell 159: 1665–80.

18. Lupianez DG, Kraft K, Heinrich V, Krawitz P, et al. 2015. Disruptions of
topological chromatin domains cause pathogenic rewiring of gene-
enhancer interactions. Cell 161: 1012–25.

19. Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, et al. 2015. The
technology and biology of single-cell RNA sequencing. Mol Cell 58:
610–20.

20. Buenrostro JD, Wu B, Litzenburger UM, Ruff D, et al. 2015. Single-cell
chromatin accessibility reveals principles of regulatory variation. Nature
523: 486–90.

21. Cusanovich DA, Daza R, Adey A, Pliner HA, et al. 2015. Multiplex single
cell profiling of chromatin accessibility by combinatorial cellular indexing.
Science 348: 910–4.

22. Clark SJ, Lee HJ, Smallwood SA, Kelsey G, et al. 2016. Single-cell
epigenomics: powerful new methods for understanding gene regulation
and cell identity. Genome Biol 17: 72.

23. Paul F, Arkin Y, Giladi A, Jaitin DA, et al. 2015. Transcriptional
heterogeneity and lineage commitment in myeloid progenitors. Cell 163:
1663–77.

24. Yu Y, Tsang JC, Wang C, Clare S, et al. 2016. Single-cell RNA-seq
identifies a PD-1hi ILC progenitor and defines its development pathway.
Nature 539: 102–6.

25. Golov AK, Razin SV, Gavrilov AA. 2016. Single-cell genome-wide
studies give new insight into nongenetic cell-to-cell variability in animals.
Histochem Cell Biol 146: 239–54.

26. Nagano T, Lubling Y, Stevens TJ, Schoenfelder S, et al. 2013. Single-
cell Hi-C reveals cell-to-cell variability in chromosome structure. Nature
502: 59–64.

27. Nagano T, Lubling Y, Yaffe E, Wingett SW, et al. 2015. Single-cell Hi-C
for genome-wide detection of chromatin interactions that occur
simultaneously in a single cell. Nat Protoc 10: 1986–2003.

28. Ramani V, Deng X, Qiu R, Gunderson KL, et al. 2017. Massively
multiplex single-cell Hi-C. Nat Methods 14: 263–6.

29. Stevens TJ, Lando D, Basu S, Atkinson LP, et al. 2017. 3D structures of
individual mammalian genomes studied by single-cell Hi-C. Nature 544:
59–64.

30. Nagano T, Lubling Y, Varnai C, Dudley C, et al. 2017. Cell-cycle
dynamics of chromosomal organization at single-cell resolution. Nature
547: 61–7.

31. Flyamer IM, Gassler J, Imakaev M, Brandao HB, et al. 2017. Single-
nucleus Hi-C reveals unique chromatin reorganization at oocyte-
to-zygote transition. Nature 544: 110–4.

32. Mirny LA. 2011. The fractal globule as a model of chromatin architecture
in the cell. Chromosome Res 19: 37–51.

33. Markaki Y, Gunkel M, Schermelleh L, Beichmanis S, et al. 2010.
Functional nuclear organization of transcription and DNA replication:
a topographical marriage between chromatin domains and the

interchromatin compartment. Cold Spring Harb Symp Quant Biol 75:
475–92.

34. Kind J, Pagie L, de Vries SS, Nahidiazar L, et al. 2015. Genome-wide
maps of nuclear lamina interactions in single human cells. Cell 163:
134–47.

35. Hihara S, Pack CG, Kaizu K, Tani T, et al. 2012. Local nucleosome
dynamics facilitate chromatin accessibility in living mammalian cells. Cell
Rep 2: 1645–56.

36. Fudenberg G, Imakaev M, Lu C, Goloborodko A, et al. 2016. Formation
of chromosomal domains by loop extrusion. Cell Rep 15: 2038–49.

37. Sanborn AL, Rao SS, Huang SC, Durand NC, et al. 2015. Chromatin
extrusion explains key features of loop and domain formation in wild-type
and engineered genomes. Proc Natl Acad Sci USA 112: E6456–65.

38. Ke Y, Xu Y, Chen X, Feng S, et al. 2017. 3D chromatin structures of
mature gametes and structural reprogramming during mammalian
embryogenesis. Cell 170: 367–81 e20.

39. Du Z, Zheng H, Huang B, Ma R, et al. 2017. Allelic reprogramming of 3D
chromatin architecture during early mammalian development. Nature
547: 232–5.

40. Ulianov SV, Khrameeva EE, Gavrilov AA, Flyamer IM, et al. 2016. Active
chromatin and transcription play a key role in chromosome partitioning
into topologically associating domains. Genome Res 26: 70–84.

41. Hug CB, Grimaldi AG, Kruse K, Vaquerizas JM. 2017. Chromatin
architecture emerges during zygotic genome activation independent of
transcription. Cell 169: 216–28 e19.

42. Kind J, Pagie L, Ortabozkoyun H, Boyle S, et al. 2013. Single-cell
dynamics of genome-nuclear lamina interactions. Cell 153: 178–92.

43. Meuleman W, Peric-Hupkes D, Kind J, Beaudry JB, et al. 2013.
Constitutive nuclear lamina-genome interactions are highly conserved
and associated with A/T-rich sequence. Genome Res 23: 270–80.

44. Nemeth A, Conesa A, Santoyo-Lopez J, Medina I, et al. 2010. Initial
genomics of the human nucleolus. PLoS Genet 6: e1000889.

45. van Koningsbruggen S, Gierlinski M, Schofield P, Martin D, et al.
2010. High-resolution whole-genome sequencing reveals that specific
chromatin domains from most human chromosomes associate with
nucleoli. Mol Biol Cell 21: 3735–48.

46. Ulianov SV, Gavrilov AA, Razin SV. 2015. Nuclear compartments,
genome folding, and enhancer-promoter communication. Int Rev Cell
Mol Biol 315: 183–244.

47. Goloborodko A, Marko JF, Mirny LA. 2016. Chromosome compaction
by active loop extrusion. Biophys J 110: 2162–8.

48. GoloborodkoA, ImakaevMV,Marko JF,MirnyL. 2016. Compaction and
segregation of sister chromatids via active loop extrusion. Elife 5: e14864.

49. Alipour E, Marko JF. 2012. Self-organization of domain structures by
DNA-loop-extruding enzymes. Nucleic Acids Res 40: 11202–12.

50. Nasmyth K. 2001. Disseminating the genome: joining, resolving, and
separating sister chromatids during mitosis and meiosis. Annu Rev Genet
35: 673–745.

51. Busslinger GA, Stocsits RR, van der Lelij P, Axelsson E, et al. 2017.
Cohesin is positioned in mammalian genomes by transcription, CTCF and
Wapl. Nature 544: 503–7.

52. Haarhuis JHI, van der Weide RH, Blomen VA, Yanez-Cuna JO, et al.
2017. The cohesin release factor WAPL restricts chromatin loop
extension. Cell 169: 693–707 e14.

53. Naumova N, Imakaev M, Fudenberg G, Zhan Y, et al. 2013.
Organization of the mitotic chromosome. Science 342: 948–53.

54. Gerlich D, Koch B, Dupeux F, Peters JM, et al. 2006. Live-cell imaging
reveals a stable cohesin-chromatin interaction after but not before DNA
replication. Curr Biol 16: 1571–8.

55. Nora EP, Goloborodko A, Valton AL, Gibcus JH, et al. 2017. Targeted
degradation of CTCF decouples local insulation of chromosome domains
from genomic compartmentalization. Cell 169: 930–44 e22.

56. Chen C, Xing D, Tan L, Li H, et al. 2017. Single-cell whole-genome
analyses by linear amplification via transposon insertion (LIANTI). Science
356: 189–94.

S. V. Ulianov et al. Prospects & Overviews....

1700104 (8 of 8) Bioessays 39: 1700104,� 2017 WILEY Periodicals, Inc.

R
e
v
ie
w

e
s
s
a
y
s


