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Abstract: Three-dimensional (3D)-chromatin organization is critical for proper enhancer-promoter
communication and, therefore, for a precise execution of the transcriptional programs governing
cellular processes. The emergence of Chromosome Conformation Capture (3C) methods, in particular
Hi-C, has allowed the investigation of chromatin interactions on a genome-wide scale, revealing
the existence of overlapping molecular mechanisms that we are just starting to decipher. Therefore,
disentangling Hi-C signal into these individual components is essential to provide meaningful
biological data interpretation. Here, we discuss emerging views on the molecular forces shaping the
genome in 3D, with a focus on their respective contributions and interdependence. We discuss Hi-C
data at both population and single-cell levels, thus providing criteria to interpret genomic function in
the 3D-nuclear space.
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1. Introduction

The three-dimensional (3D) spatial organization of chromatin within the nucleus represents
a crucial step that bridges the linear information encoded in genomes with its capacity to execute
complex but precise transcriptional programs. Therefore, chromatin organization underlies the
molecular basis of a wide range of biological processes such as cell cycle control and DNA replication,
repair, or maintenance [1]. By physically connecting distant cis-regulatory elements with gene
promoters, through chromatin folding, transcriptional responses are executed with extraordinary
precision in both space and time [2]. Furthermore, the capacity of chromatin to mediate long-range
interactions has been proposed to underlie the regulatory expansion of vertebrate genomes and the
exponential increase of pleiotropic gene functions that are central to develop complex organisms [3].
Compelling evidence accumulates, supporting the important role of spatial organization in development
and delineating its alterations as prominent causes of human diseases, such as congenital malformation
and cancer [4,5], or evolutionary adaptation [6]. Therefore, the elucidation of the molecular mechanisms
controlling 3D-chromatin organization represents one of the cornerstones of modern biology.

For decades, the scientific community has been intrigued by the nature of the physical interactions
between regulatory elements and genes, prompting the development of novel analytical and
experimental strategies for their investigation. While microscopy-based approaches, such as Fluorescent
In-Situ Hybridization (FISH), successfully settled the mechanistic basis of these functional contacts [7],
it was not until the recent development of Chromosome Conformation Capture (3C) methods,
that chromatin interactions could be investigated on a genomic scale [8]. The most informative of these
technologies, Hi-C, relies on a combination of DNA proximity ligation together with high-throughput
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sequencing that allows the examination of all interacting loci across the genome, thus providing
an overview of the nuclear organization of chromatin [9].

Almost 10 years after the release of the first Hi-C maps, the field has expanded rapidly, in part
due to the continuous improvement and decreasing costs of Next Generation Sequencing technologies.
These advances led to the identification of chromatin interactions at an unprecedented resolution,
yielding a massive amount of data, on a wide range of cells, tissues, and organisms. Yet, translating
the signal of Hi-C maps into a meaningful biological output remains one of the biggest challenges of
the field. It has become increasingly evident that Hi-C maps are the results of multiple, overlapping
mechanisms, with a highly dynamic nature, that converge in a temporal “snapshot” of nuclear
interactions. The individual dissection of these mechanisms is central to understand the underlying
biology of such datasets.

In this review, we discuss current knowledge about the biology of chromatin interactions,
to provide a framework that enables the interpretation of Hi-C maps. We evaluate fundamental
mechanisms under the prism of the population-based nature of the technology, but contextualizing
them with recent single-cell and super-resolution microscopy advances. The appropriate interpretation
of chromatin interaction datasets will allow the navigation through a 3D-nuclear space, thus unlocking
the true potential of these approaches to facilitate the interpretation and prediction of genomic function
in biological processes.

2. Prominent Structures and Mechanisms of 3D Nuclear Organization

2.1. Transcription-Based Compartments

As highlighted previously, 3C-based technologies and, in particular, Hi-C represented a novel
approach to interrogate chromatin interactions in a high-throughput manner. With this technology,
large genome-wide matrices of interaction could be reconstructed and visualized, with squares
displaying interaction frequencies, depicted by color intensity, between pairs of loci on the linear
genome. Early Hi-C maps profiling mammalian cells were generated at 1 Megabase (Mb) resolution,
each bin containing interactions between fragments within a 1 Mb window [9]. The analysis of these
maps supported findings from the 80s [10], confirming the organization of individual chromosomes
in distinct nuclear territories, reflected by an overall higher degree of intra- vs. inter-chromosomal
interactions (Figure 1A).

Those early findings, based on FISH and chromosome painting techniques, also delineated
a prominent separation between euchromatic and heterochromatic regions. This phenomenon is also
observed in Hi-C maps, depicted by a plaid pattern of enriched or depleted interactions within and
between chromosomes [9]. These segregated regions were denominated A/B compartments, covering
genomic extensions of several Mb. Through the intersection with expression and chromatin accessibility
datasets, it became clear that A compartments overlapped with open, transcriptionally-active regions,
whereas B compartments corresponded to regions with closed, inactive chromatin. This correlation
also reflects the cell-type specific and dynamic nature of A/B compartments. For instance, a significant
reconfiguration of these units is observed during differentiation, with noticeable “compartmental
switching” events and a reinforcement of B-type interactions that correlate extensively with gene
expression changes [11-14].

To date, it is not entirely clear how the segregation of these compartments occurs, but interaction
data at high resolution revealed compartmental associations that correlate well with the existence of
specialized sites within the nucleus, such as Polycomb-repressed, Lamina-Associated Domains (LADs),
or Nucleolus-Associated Domains (NADs) [14]. Furthermore, novel theories suggest an involvement
of phase-separation mechanisms on the segregation into A/B compartments [15].
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Figure 1. Prominent features observed in Hi-C maps. (A) At a genome wide level, chromosomes are
organized according to distinct territories that are reflected by the degree on intra vs. inter-chromosomal
interactions. At the chromosomal level, distinct regions are organized into multi-megabase A/B
compartments (red/blue) according to transcriptional and epigenetic status. Within compartments,
chromatin is organized into TADs (average size of 880 kb) that also show a nested hierarchy into
meta-TADs. (B) At the TAD level, multiple features can be observed, such as sub-TADs (average size of
185 kb), loops or stripes/tracks. Squared regions represent the genomic region in the chromatin fiber
where chromatin interactions occur and that originates the observed feature. Note, the dynamic nature
of extrusion that is associated to the formation of stripes/tracks, where the structures can be extended
upon release of individual CCCTC-binding factor (CTCF) molecules from chromatin.

2.2. Domains and Loops Formed by Chromatin Extrusion

With further improvements on Hi-C resolution (2040 kilobases, kb), an additional level of
chromatin folding was revealed in mammalian genomes, at the sub-megabase scale. These units
were denominated Topologically Associated Domains (TADs), defined as genomic regions with
increased contact frequency and largely insulated from other neighboring regions [16,17] (Figure 1A,B).
Compared to compartments, TADs are shorter, with an average size around 880 kb in human and
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mouse genomes. As such, TADs usually lie within A or B compartments, representing regulatory
units that can be either active or inactive in a certain cell type. TADs are delineated by boundary
regions that are enriched in housekeeping genes or tRNAs but, most notably, in the CCCTC-binding
factor (CTCF) [16]. The position of TADs and boundary regions is remarkably stable between cell
types or tissues, even displaying evolutionary conservation among species [12,16]. The disruption
of TADs is a prominent mechanism of human disease, leading to aberrant gene expression and
causing congenital disease or cancer [18-22]. Their striking overlap with domains with a regulatory
potential [23], delineates TADs as a fundamental functional unit during development that enables
proper enhancer-promoter communication.

TADs are closely related to another prominent feature of Hi-C maps: chromatin loops (Figure 1B).
Loops are observed as focal points of interaction with a medium size of 185 kb and that tend to appear
at upper corners of TADs, although they can also occur within TADs [14]. A large fraction of chromatin
loops (86%) are bound by the cohesin subunits RAD21 and SMC3, as well as by CTCEF, this last one
usually displaying convergent orientation on its DNA-binding motif between loop-anchor points [14].
Remarkably, the inversion of individual CTCEF sites has an impact on the formation of loops, with the
potential of redirecting interactions [24,25]. At TAD boundaries, clusters of CTCF-binding sites in
divergent orientation are generally found, serving as anchor points for interactions that project in
opposite directions and provide an insulator function [14,26,27]. In contrast to CTCF-associated loops,
which tend to be conserved between cell types and during differentiation, CTCF-independent loops
display a more dynamic nature and associate to transcriptional interactions, such as enhancer-promoter
or Polycomb-mediated contacts ([11,14]; preprints: [28,29]).

The most prominent theory by which TADs and chromatin loops are formed is the loop-extrusion
model [30,31]. In this model, loop-extruding factors (LEF) extrude chromatin until this activity is
blocked by boundary elements (BEs). The extrusion process would therefore allow the physical
contact of the loci delimited by BEs while, at the same time, constrain the interactions beyond these
points. The cohesin complex, with its tripartite ring structure, was proposed as the main LEF during
interphase, delineating a highly dynamic process given the nature of the complex and its transient
binding to chromatin. CTCF itself was proposed as the BE factor, due to its prominent association with
TAD features and the consistent results observed in experimental perturbations affecting individual
binding sites [24,25,31,32]. Therefore, loop extrusion provides a model that integrates the dynamics of
chromatin with the spatial structure that is visible in interaction maps.

2.3. Opposing Forces Organizing the 3D Chromatin Space

The identification of potential key players in 3D-chromatin organization, such as CTCF, cohesin or
transcription, led to a plethora of genetic studies to elucidate their individual role. These experiments
provided important information to understand the interdependence of the aforementioned mechanisms
and how they are reflected in Hi-C maps.

The acute depletion of CTCF in mouse cells, via induced-auxin degron, resulted in a loss of
loop domains [33,34]. However, CTCF restoration resulted in a rapid re-structuration of chromatin
with the emergence of TADs [33]. Interestingly, loss of CTCF did not disturb higher-order chromatin
structures, such as A/B compartments, suggesting an independent action of compartmentalization and
loop-extrusion mechanisms. Similar conclusions were observed upon depletion of the cohesin subunit
NIPBL, responsible for loading cohesin to chromatin. In this case, a loss of TADs and loops was found,
whereas A/B segregation not only persisted, but also shorter compartments emerged [35]. This finer
level of compartmentalization correlated better with transcriptional activity and epigenetic marks when
compared to wildtype Hi-C maps. The depletion of RAD21, another core component of the cohesin
complex, also resulted in a global disappearance of loops and TADs but and a general reinforcement of
compartments [34,36]. Overall, these experimental approaches led to the conclusion that chromatin
loop extrusion represents an important layer of organization that is imposed on an already preformed
segregation into active and inactive compartments [37].
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Studies depleting the cohesin-releasing factor WAPL increase the persistence of the cohesin complex
on chromatin, thus providing important insights on the nature of the loop extrusion process [34,38,39].
These studies not only demonstrated a stabilization on existing loops, but also the formation of new ones
connecting larger genomic distances. These results depict loop extrusion as a dynamic process, highly
dependent on the residence time of both CTCF and the cohesin complex on chromatin. While lowering
the residence time of cohesin decreases loop strength, an increase has the opposite effect, allowing the
complex to overcome boundary elements and thus extrude larger chromatin sections that generate
new loop structures.

The extension of chromatin-interaction studies to other organisms also provided essential
clues to understand the relation between compartment segregation and chromatin extrusion.
Among vertebrates, loop extrusion, and the CTCF orientation code appear as conserved mechanisms
of chromatin organization [26,40,41], although those rules are not universal across the entire animal
kingdom. This is a remarkable observation, mainly due to the evolutionary conservation of CTCF
across metazoans and the striking similarities of its DNA-binding motif between species. Most of the
experimental evidence of such discrepancy comes from studies in Drosophila melanogaster, where initial
low-resolution Hi-C maps also revealed the existence of TAD structures around the size of 100 kb [42],
with boundaries frequently bound by insulator proteins, such as BEAF-32, Chromator or CP190, but not
by divergently-oriented CTCF clusters [43]. High-resolution Hi-C maps revealed the existence of
a reduced number of chromatin loops, which were frequently associated to the Polycomb complex,
as well as a finer division of TAD into smaller domains in the range of 10 kb that were subsequently
denominated as compartmental domains [44,45]. Further analyses highlighted that chromatin
organization in Drosophila is better explained by compartmentalization based in transcriptional
status, with a minor influence of insulator proteins [44]. While in mammals CTCF is crucial for
viability [46], in flies it is largely dispensable for embryonic development [47]. Therefore, it seems
that, at least in Drosophila, TAD formation by loop extrusion does not plays a prominent role in
chromatin organization [37]. Such findings are consistent with studies in other organisms where CTCF
homologous cannot be found, such as yeast, bacteria, or plants, and where a remarkable level of
organization into TAD-like domains can be noted [48-50]. In these organisms, transcription-based
compartmentalization has also been proposed as the main force organizing chromatin [37]. It is also
important to note that X chromosomes of Caenorhabditis elegans display structures that are reminiscent
of TADs and that have been associated with another extruding complex, condensin, as well as with the
dosage compensation complex (DCC) [51]. These findings suggest the potential existence of additional
mechanisms that also contribute to shape chromatin within the nucleus.

Finally, the role of transcription in establishing 3D-chromatin organization has been also thoroughly
investigated. Experiments in Drosophila showed that at early phases of development, when transcription
is limited, chromatin is largely unorganized [52]. However, the inhibition of transcriptional elongation
has a small effect on chromatin organization, thus being largely dispensable for domain formation [52].
In contrast, the inhibition of transcriptional initiation or Pol II recruitment to chromatin displays
a more dramatic effect, reducing TAD insulation strength and increasing inter-TAD interactions [44,53].
In mammals, A/B compartmentalization can be prominently observed in mouse sperm, which is
transcriptionally inactive [54-56]. However, CTCF-independent TAD boundaries form at the promoters
of genes activated during neuronal differentiation [11]. Overall, these studies suggest that, although
active transcription is likely not essential for compartmentalization into regulatory domains, certain
components of the transcriptional machinery itself might play a role in the process.

In summary, two opposing mechanisms, a transcription-based that segregates chromatin into
compartments according to epigenetics states, and a superimposed cohesin-dependent mechanism
that generates TADs and loop-structures, act together to organize the genome of most vertebrate
species. Outside this clade, transcriptional compartmentalization appears as the major contributor
organizing chromatin in the 3D-nuclear space. Studies in additional species and further functional
validations will help to infer the degree of evolutionary conservation of these two mechanisms and



Genes 2019, 10, 415 6 of 12

to better elucidate their functional relation, both important aspects to understand their individual
contribution to Hi-C maps.

3. Additional Features of Hi-C Maps

Besides the prominent features described in the previous section, Hi-C maps also display additional
structures that are linked to the explained mechanisms. In this section, we provide an overview of
these features and the forces shaping them.

3.1. Hierarchies between and within TADs

In general, TADs represent a stable and largely invariant scaffold of genomic organization across
different cells/tissues and during development. Nevertheless, additional levels of organization
can be observed between and within TADs, in some cases displaying a marked cell-to-cell
variability. One prominent example are meta-TADs, large spatial structures that connect groups
of linearly-consecutive TADs [13] (Figure 1A). These units were identified in mouse embryonic stem
cells, undergoing profound reorganization during differentiation into the neuronal lineage in vitro.
Meta-TADs reflect a nested hierarchy of TADs within A/B compartments, thus providing a link
between the molecular mechanisms of both features. In a recent study, TAD cliques were identified,
which represent associations between non-linear, B-compartment TADs that are prominently reinforced
during differentiation according to changes in chromatin compaction and gene repression [57].

Several studies have highlighted the further subdivision of TADs into smaller and nested structures
such as sub-TADs, insulating neighborhoods or CTCF-contact domains (CCDs) [14,58-61] (Figure 1B).
With a medium size on 185 kb in mammalian genomes, these internal structures display similar
characteristics compared to TADs, in regard to increased self-interactions and the association with
CTCF/cohesin-mediated loops. However, they also differ notably on their cell-specific nature and
especially on their degree of insulation, allowing significant interactions with neighboring regions.
In addition, high-resolution Hi-C maps (0.75-1 kb) showed that mammalian TADs can also be
subdivided into finer compartments related to transcriptional activity, which are largely independent of
CTCF binding and usually delimited by the promoters of genes with high levels of transcription [11,14].
Recent studies applied Micro-C, a variant of Hi-C that uses micrococcal nuclease (MNase) to fragment
chromatin and to achieve better resolution at lower fragments, for the investigation of mammalian
chromatin organization at nucleosome resolution (preprints: [28,29]). Those studies also confirmed
the existence of transcription-related sub-TAD structures on the range of 5-10 kb and denominated
micro-TADs. This phenomenon is reminiscent of the finer domains observed in Drosophila [44,45],
highlighting again the overlap between compartmentalization and extruding forces that emerge from
mammalian Hi-C maps.

3.2. Stripes or Tracks

Another important feature of Hi-C maps are stripes or tracks, which reflect large segments of
interaction between a certain locus and a contiguous region of the genome (Figure 1B). A recent study
revealed that stripes are generally associate to the edges of TADs, with stripe anchors coinciding with
loop-anchor points [62]. At domains, stripes can appear symmetrically or asymmetrically, an effect that
seems to be influenced by clustering of CTCEF sites at one or both sides. In some cases, stripes can be
prolonged beyond a CTCF-mediated loop (Figure 1B), upon dissociation of individual CTCF molecules
from chromatin. These observations agree with the loop-extrusion model, in which the formation
of stripes is predicted [30]. Furthermore, stripe formation can display prominent tissue-specific
differences and have an impact on gene expression and the appearance of certain phenotypes [63].
From a mechanistic perspective, stripes represent the process of scanning along the chromatin fiber
by the cohesin complex. Since Hi-C maps represent static “snapshots” of cell populations and the
process of extrusion is dynamic, in individual cells cohesin can be located at different positions while
extruding, which on average will be observed as a continuous track.
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3.3. Assembly-Related Signatures

A proper interpretation of a Hi-C signal relies on mapping the data against a genomic assembly
that matches the profiled sample. When a discrepancy exists, specific signatures arise that, in most cases,
canbeidentified by genome-wide analyses or even manual inspection. This property has been effectively
exploited to expand the utilization of Hi-C methods beyond the study of chromatin interactions.

One of these applications is the application of Hi-C as a tool to identify structural variations
associated to human disease. This strategy takes advantage of the fact that genomic rearrangements
generally alter the distance between genomic loci, causing signal discrepancies due to data alignment
against a reference genome that does not contain the variation. Depending on the specific pattern
observed in the Hi-C map, deletions, inversions, duplications or translocations can be identified upon
visual inspection (reviewed in [4]). The identification of these signatures can be applied on large cohort
screens or to reconstruct the mutational history of complex rearrangements like chromothripsis [64].

Another prominent application of Hi-C relates to its utilization to scaffold highly-fragmented
genomic assemblies into entire chromosomes [65] (preprint: [66]). Through a probabilistic model,
genomic contigs are oriented and placed in appropriate linear order, according to their frequency of
interactions from Hi-C data. This strategy is particularly suitable for non-model organisms where the
access to genomic data is limited. While these assemblies might contain numerous gaps between the
assembled contigs, due to repetitive sequences or low coverage, they facilitate a broad overview of
3D-chromatin organization.

4. Bridging the Gap: From Population-Averaged to Single-Cell Interactions

The study of chromatin interactions bears an important limitation—the information that can
be retrieved from an individual locus is limited by the number of copies present in the genome,
two in general for diploid cells. 3C-based technologies have circumvented this problem by profiling
interactions of millions of pooled cells, to produce statistically significant results. An important
unresolved issue related to this strategy is whether TADs, as observed in Hi-C maps, represent stable
3D ensembles or rather an average of distinct conformations derived from the large number of profiled
cells. Polymer model simulations from bulk 5C data, suggested the second scenario, with multiple
3D configurations constrained by the presence of TAD boundary elements [67]. Recent advances in
single-cell approaches and high-throughput microscopy provided novel tools that are facilitating the
elucidation of this issue and a more comprehensive study of chromatin interactions at an individual
cellular level.

The first single-cell Hi-C study revealed that maps of pooled single-cell matrices had invariable
domains that corresponded to those seen in the bulk Hi-C maps, despite the limited information
retrieved from individual cells [68]. However, more recent single-cell Hi-C protocols have improved
map resolution, providing better insights on the individual variation between cells [69-71]. In general,
A/B compartments are mostly invariable at the single-cell level. However, TAD conformations in single
cells display a high degree of variability, ranging from compacted to more extended structures [70].
These results are consistent with polymer simulations [67], and the loop extrusion model [30]. In general,
single-cell data reflects the dynamic process of TAD formation, with boundary regions that, despite not
providing complete insulation in some cells, overall constrain interactions on an averaged population.

Super-resolution microscopy has been also employed to interrogate 3D-chromatin organization at
a single-cell level. For example, by combining Oligopaint probes and Stochastic Optical Reconstruction
Microscopy (STORM) it was possible to visualize a 1.2 Mb region in mammalian cells with
nanometer-scale precision [72]. This method confirmed the high-degree of cell-to cell variability
also noted by single-cell Hi-C methods. In individual cells, TAD boundaries could be detected at
any genomic position, but a strong preference was observed for CTCF/cohesin associated regions.
Upon cohesin removal, single-cells still retain the capacity to form TAD-like structures, except
that boundary regions did not match with CTCF-binding domains but were randomly distributed,
thus explaining the loss of TAD structures in bulk maps [34,35]. These results suggest that cohesin is
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not required for maintenance of chromatin folding, but rather to position boundaries at CTCF-binding
sites [72]. Similar approaches have been also been employed to visualize genomic folding in Drosophila,
revealing a high degree of cell-to-cell heterogeneity and the dynamic nature of TAD formation.
Nevertheless, in this species, TADs also appear to be largely based on the segregation between active
and inactive chromatin domains [73,74].

In summary, the application of these novel approaches, to profile 3D-chromatin organization,
provides results at the individual cellular level that recapitulates observations obtained from bulk
data. Therefore, TADs can adopt multiple configurations, with higher probabilities to match the
structures observed in averaged cells, but where insulation and boundary positioning do not appear as
absolute values.

5. Outlook

Hi-C datasets represent a powerful tool to understand how chromatin is organized within the
nucleus to effectively exert its biological function. Notably, chromatin organization is reflected at
multiple genomic scales: from specific chromosomal territories to functional loops that connect
enhancers to their cognate promoters. Therefore, distinct molecular forces impose constrains at these
levels, thus converging on the complex interaction patterns that are visualized in Hi-C maps.

Great advances have been made towards the identification of the essential factors and mechanisms
that organize the genome within the nuclear space. Among them, transcription and loop extrusion by
CTCF/cohesin appear as prominent players, acting as opposing forces that lie in a delicate balance.
However, interspecies comparisons, such as between flies and mouse or human, reveal an absence
of universal rules of chromatin organization. While compartmentalization appears to be an ancient
feature of 3D-chromatin organization, domain formation by loop extrusion seems to be a more
recent evolutionary acquisition. This type of organization can impose over transcription-based
compartmentalization, inducing additional spatial constrains in the form of boundary elements.
Profiling chromatin interactions in additional species along the phylogenetic tree will not only help
to understand the origin and functional implications of this innovation, but also to the potential
identification of other factors with the capacity of shaping the genome in 3D.

Novel methods, such as single-cell or super-resolution microscopy, are helping to fill the
gap between average population and the events occurring at a cellular level. As a field in
development, it is expected that these technologies will acquire better resolution and throughput
capacity. This will enable profiling chromatin interactions on vast amounts of individual cells from
tissues and organs, thus providing exciting insights on how average conformations are shaped to
meet specific transcriptional requirements in time and space. Applying this knowledge to identify
subtle changes in interaction maps and their underlying causes and effects represents the next frontier
in the field. Such knowledge would have important implications for the identification of novel
mechanisms underlying human disease or evolutionary traits, eventually leading to better predictive
models that might improve the connection between visual patterns of 3D-chromatin interaction and
biological processes.

Acknowledgments: We apologize to colleagues whose work could not be cited. We thank the two reviewers for
their useful comments and suggestions on the manuscript. We also thank Francisca Martinez Real and members of
the Lupiafiez lab for fruitful discussions. LM.G. is supported by the International Research Training Group (IRTG)
2403, funded by the Deutsche Forschungsgemeinschaft. Work in the Lupiarfiez lab is funded by the Deutsche
Forschungsgemeinschaft and the Helmholtz Association.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dekker, J.; Mirny, L. The 3D Genome as Moderator of Chromosomal Communication. Cell 2016, 164,
1110-1121. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2016.02.007
http://www.ncbi.nlm.nih.gov/pubmed/26967279

Genes 2019, 10, 415 90f12

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Long, H.K.; Prescott, S.L.; Wysocka, J. Ever-Changing Landscapes: Transcriptional Enhancers in Development
and Evolution. Cell 2016, 167, 1170-1187. [CrossRef]

Harmston, N.; Ing-Simmons, E.; Tan, G.; Perry, M.; Merkenschlager, M.; Lenhard, B. Topologically associating
domains are ancient features that coincide with Metazoan clusters of extreme noncoding conservation. Nat.
Commun. 2017, 8, 441. [CrossRef] [PubMed]

Lupidfiez, D.G.; Spielmann, M.; Mundlos, S. Breaking TADs: How Alterations of Chromatin Domains Result
in Disease. Trends Genet. TIG 2016, 32, 225-237. [CrossRef]

Spielmann, M.; Lupiafiez, D.G.; Mundlos, S. Structural variation in the 3D genome. Nat. Rev. Genet. 2018, 19,
453-467. [CrossRef] [PubMed]

Franke, M.; Gémez-Skarmeta, J.L. An evolutionary perspective of regulatory landscape dynamics in
development and disease. Curr. Opin. Cell Biol. 2018, 55, 24-29. [CrossRef]

Bickmore, W.A. The spatial organization of the human genome. Annu. Rev. Genomics Hum. Genet. 2013, 14,
67-84. [CrossRef]

Dekker, J.; Rippe, K.; Dekker, M.; Kleckner, N. Capturing chromosome conformation. Science 2002, 295,
1306-1311. [CrossRef]

Lieberman-Aiden, E.; van Berkum, N.L.; Williams, L.; Imakaev, M.; Ragoczy, T.; Telling, A.; Amit, I;
Lajoie, B.R.; Sabo, PJ.; Dorschner, M.O.; et al. Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science 2009, 326, 289-293. [CrossRef]

Cremer, T.; Cremer, M. Chromosome Territories. Cold Spring Harb. Perspect. Biol. 2010, 2, a003889. [CrossRef]
Bonev, B.; Mendelson Cohen, N.; Szabo, Q.; Fritsch, L.; Papadopoulos, G.L.; Lubling, Y.; Xu, X.; Lv, X;;
Hugnot, J.-P; Tanay, A.; et al. Multiscale 3D Genome Rewiring during Mouse Neural Development. Cell
2017, 171, 557-572. [CrossRef] [PubMed]

Dixon, ].R.; Jung, I; Selvaraj, S.; Shen, Y.; Antosiewicz-Bourget, ].E.; Lee, A.Y.; Ye, Z.; Kim, A.; Rajagopal, N.;
Xie, W.; et al. Chromatin architecture reorganization during stem cell differentiation. Nature 2015, 518,
331-336. [CrossRef] [PubMed]

Fraser, J.; Ferrai, C.; Chiariello, A.M.; Schueler, M.; Rito, T.; Laudanno, G.; Barbieri, M.; Moore, B.L.;
Kraemer, D.C.A ; Aitken, S.; et al. Hierarchical folding and reorganization of chromosomes are linked to
transcriptional changes in cellular differentiation. Mol. Syst. Biol. 2015, 11, 852. [CrossRef] [PubMed]

Rao, S.S.P; Huntley, M.H.; Durand, N.C.; Stamenova, E.K.; Bochkov, I.D.; Robinson, ].T.; Sanborn, A.L.;
Machol, L; Omer, A.D.; Lander, E.S; et al. A 3D map of the human genome at kilobase resolution reveals
principles of chromatin looping. Cell 2014, 159, 1665-1680. [CrossRef] [PubMed]

Nuebler, J.; Fudenberg, G.; Imakaev, M.; Abdennur, N.; Mirny, L.A. Chromatin organization by an interplay
of loop extrusion and compartmental segregation. Proc. Natl. Acad. Sci. U.S.A. 2018, 115, E6697-E6706.
[CrossRef]

Dixon, J.R.; Selvaraj, S.; Yue, E; Kim, A.; Li, Y.; Shen, Y,; Hu, M.; Liu, ].S.; Ren, B. Topological domains in
mammalian genomes identified by analysis of chromatin interactions. Nature 2012, 485, 376-380. [CrossRef]
Nora, E.P; Lajoie, B.R.; Schulz, E.G.; Giorgetti, L.; Okamoto, I.; Servant, N.; Piolot, T.; van Berkum, N.L.;
Meisig, ].; Sedat, ].; et al. Spatial partitioning of the regulatory landscape of the X-inactivation centre. Nature
2012, 485, 381-385. [CrossRef]

Bianco, S.; Lupiafiez, D.G.; Chiariello, A.M.; Annunziatella, C.; Kraft, K.; Schopflin, R.; Wittler, L.; Andrey, G.;
Vingron, M.; Pombo, A.; et al. Polymer physics predicts the effects of structural variants on chromatin
architecture. Nat. Genet. 2018, 50, 662—-667. [CrossRef]

Franke, M.; Ibrahim, D.M.; Andrey, G.; Schwarzer, W.; Heinrich, V.; Schopflin, R.; Kraft, K.; Kempfer, R.;
Jerkovi¢, I; Chan, W.-L.; et al. Formation of new chromatin domains determines pathogenicity of genomic
duplications. Nature 2016, 538, 265-269. [CrossRef]

Hnisz, D.; Weintraub, A.S.; Day, D.S.; Valton, A.-L.; Bak, R.O.; Li, C.H.; Goldmann, J.; Lajoie, B.R.; Fan, Z.P;
Sigova, A.A.; et al. Activation of proto-oncogenes by disruption of chromosome neighborhoods. Science
2016, 351, 1454-1458. [CrossRef]

Lupianez, D.G.; Kraft, K.; Heinrich, V.; Krawitz, P.; Brancati, F.; Klopocki, E.; Horn, D.; Kayserili, H.;
Opitz, ].M.,; Laxova, R.; et al. Disruptions of topological chromatin domains cause pathogenic rewiring of
gene-enhancer interactions. Cell 2015, 161, 1012-1025. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2016.09.018
http://dx.doi.org/10.1038/s41467-017-00524-5
http://www.ncbi.nlm.nih.gov/pubmed/28874668
http://dx.doi.org/10.1016/j.tig.2016.01.003
http://dx.doi.org/10.1038/s41576-018-0007-0
http://www.ncbi.nlm.nih.gov/pubmed/29692413
http://dx.doi.org/10.1016/j.ceb.2018.06.009
http://dx.doi.org/10.1146/annurev-genom-091212-153515
http://dx.doi.org/10.1126/science.1067799
http://dx.doi.org/10.1126/science.1181369
http://dx.doi.org/10.1101/cshperspect.a003889
http://dx.doi.org/10.1016/j.cell.2017.09.043
http://www.ncbi.nlm.nih.gov/pubmed/29053968
http://dx.doi.org/10.1038/nature14222
http://www.ncbi.nlm.nih.gov/pubmed/25693564
http://dx.doi.org/10.15252/msb.20156492
http://www.ncbi.nlm.nih.gov/pubmed/26700852
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25497547
http://dx.doi.org/10.1073/pnas.1717730115
http://dx.doi.org/10.1038/nature11082
http://dx.doi.org/10.1038/nature11049
http://dx.doi.org/10.1038/s41588-018-0098-8
http://dx.doi.org/10.1038/nature19800
http://dx.doi.org/10.1126/science.aad9024
http://dx.doi.org/10.1016/j.cell.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25959774

Genes 2019, 10, 415 10 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Flavahan, W.A ; Drier, Y.; Liau, B.B.; Gillespie, S.M.; Venteicher, A.S.; Stemmer-Rachamimov, A.O.; Suva, M.L.;
Bernstein, B.E. Insulator dysfunction and oncogene activation in IDH mutant gliomas. Nature 2016, 529,
110-114. [CrossRef]

Symmons, O.; Uslu, V.V,; Tsujimura, T.; Ruf, S.; Nassari, S.; Schwarzer, W.; Ettwiller, L.; Spitz, F. Functional
and topological characteristics of mammalian regulatory domains. Genome Res. 2014, 24, 390-400. [CrossRef]
[PubMed]

Guo, Y.; Xu, Q.; Canzio, D.; Shou, J.; Li, J.; Gorkin, D.U.; Jung, I.; Wu, H.; Zhai, Y.; Tang, Y.; et al. CRISPR
Inversion of CTCF Sites Alters Genome Topology and Enhancer/Promoter Function. Cell 2015, 162, 900-910.
[CrossRef] [PubMed]

de Wit, E.; Vos, E.S.M.; Holwerda, S.J.B.; Valdes-Quezada, C.; Verstegen, M.].A.M.; Teunissen, H.; Splinter, E.;
Wijchers, PJ.; Krijger, PH.L.; de Laat, W. CTCF Binding Polarity Determines Chromatin Looping. Mol. Cell
2015, 60, 676-684. [CrossRef] [PubMed]

Goémez-Marin, C.; Tena, J.J.; Acemel, R.D.; Léopez-Mayorga, M.; Naranjo, S.; de la Calle-Mustienes, E.;
Maeso, I.; Beccari, L.; Aneas, I.; Vielmas, E.; et al. Evolutionary comparison reveals that diverging CTCF
sites are signatures of ancestral topological associating domains borders. Proc. Natl. Acad. Sci. 2015, 112,
7542-7547. [CrossRef] [PubMed]

Vietri Rudan, M.; Barrington, C.; Henderson, S.; Ernst, C.; Odom, D.T.; Tanay, A.; Hadjur, S. Comparative Hi-C
reveals that CTCF underlies evolution of chromosomal domain architecture. Cell Rep. 2015, 10, 1297-1309.
[CrossRef] [PubMed]

Krietenstein, N.; Abraham, S.; Venev, S.V.; Abdennur, N.; Gibcus, J.; Hsieh, T.-H.S.; Parsi, KM.; Yang, L.;
Maehr, R.; Mirny, L.A.; et al. Ultrastructural details of mammalian chromosome architecture. bioRxiv 2019,
639922.

Hsieh, T.-H.S.; Slobodyanyuk, E.; Hansen, A.S.; Cattoglio, C.; Rando, O.].; Tjian, R.; Darzacq, X. Resolving
the 3D landscape of transcription-linked mammalian chromatin folding. bioRxiv 2019, 638775.

Fudenberg, G.; Imakaev, M.; Lu, C.; Goloborodko, A.; Abdennur, N.; Mirny, L.A. Formation of Chromosomal
Domains by Loop Extrusion. Cell Rep. 2016, 15, 2038-2049. [CrossRef]

Sanborn, A.L; Rao, S.S.P; Huang, S.-C.; Durand, N.C.; Huntley, M.H.; Jewett, A.L; Bochkov, I.D;
Chinnappan, D.; Cutkosky, A.; Li, J.; et al. Chromatin extrusion explains key features of loop and
domain formation in wild-type and engineered genomes. Proc. Natl. Acad. Sci. 2015, 112, E6456-E6465.
[CrossRef] [PubMed]

Narendra, V.; Rocha, P.P; An, D.; Raviram, R.; Skok, J.A.; Mazzoni, E.O.; Reinberg, D. CTCF establishes
discrete functional chromatin domains at the Hox clusters during differentiation. Science 2015, 347, 1017-1021.
[CrossRef] [PubMed]

Nora, E.P.; Goloborodko, A.; Valton, A.-L.; Gibcus, ].H.; Uebersohn, A.; Abdennur, N.; Dekker, J.; Mirny, L.A;
Bruneau, B.G. Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from
Genomic Compartmentalization. Cell 2017, 169, 930-944.e22. [CrossRef] [PubMed]

Wautz, G.; Varnai, C.; Nagasaka, K.; Cisneros, D.A.; Stocsits, R.R.; Tang, W.; Schoenfelder, S.; Jessberger, G.;
Mubhar, M.; Hossain, M.].; et al. Topologically associating domains and chromatin loops depend on cohesin
and are regulated by CTCE, WAPL, and PDS5 proteins. EMBO J. 2017, 36, 3573-3599. [CrossRef] [PubMed]
Schwarzer, W.; Abdennur, N.; Goloborodko, A.; Pekowska, A.; Fudenberg, G.; Loe-Mie, Y.; Fonseca, N.A.;
Huber, W.; H Haering, C.; Mirny, L.; et al. Two independent modes of chromatin organization revealed by
cohesin removal. Nature 2017, 551, 51-56. [CrossRef] [PubMed]

Rao, S.S.P; Huang, S.-C.; Glenn St Hilaire, B.; Engreitz, ].M.; Perez, E.M.; Kieffer-Kwon, K.-R.; Sanborn, A.L.;
Johnstone, S.E.; Bascom, G.D.; Bochkov, I.D.; et al. Cohesin Loss Eliminates All Loop Domains. Cell 2017,
171, 305-320. [CrossRef] [PubMed]

Rowley, M.].; Corces, V.G. Organizational principles of 3D genome architecture. Nat. Rev. Genet. 2018, 19,
789-800. [CrossRef]

Gassler, ].; Brandao, H.B.; Imakaev, M.; Flyamer, . M.; Ladstatter, S.; Bickmore, W.A.; Peters, J.; Mirny, L.A;
Tachibana, K. A mechanism of cohesin-dependent loop extrusion organizes zygotic genome architecture.
EMBO J. 2017, 36, 3600-3618. [CrossRef]

Haarhuis, J.H.I.; van der Weide, R.H.; Blomen, V.A.; Yanez-Cuna, J.O.; Amendola, M.; van Ruiten, M.S.;
Krijger, PH.L.; Teunissen, H.; Medema, R.H.; van Steensel, B.; et al. The Cohesin Release Factor WAPL
Restricts Chromatin Loop Extension. Cell 2017, 169, 693-707.e14. [CrossRef]


http://dx.doi.org/10.1038/nature16490
http://dx.doi.org/10.1101/gr.163519.113
http://www.ncbi.nlm.nih.gov/pubmed/24398455
http://dx.doi.org/10.1016/j.cell.2015.07.038
http://www.ncbi.nlm.nih.gov/pubmed/26276636
http://dx.doi.org/10.1016/j.molcel.2015.09.023
http://www.ncbi.nlm.nih.gov/pubmed/26527277
http://dx.doi.org/10.1073/pnas.1505463112
http://www.ncbi.nlm.nih.gov/pubmed/26034287
http://dx.doi.org/10.1016/j.celrep.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25732821
http://dx.doi.org/10.1016/j.celrep.2016.04.085
http://dx.doi.org/10.1073/pnas.1518552112
http://www.ncbi.nlm.nih.gov/pubmed/26499245
http://dx.doi.org/10.1126/science.1262088
http://www.ncbi.nlm.nih.gov/pubmed/25722416
http://dx.doi.org/10.1016/j.cell.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28525758
http://dx.doi.org/10.15252/embj.201798004
http://www.ncbi.nlm.nih.gov/pubmed/29217591
http://dx.doi.org/10.1038/nature24281
http://www.ncbi.nlm.nih.gov/pubmed/29094699
http://dx.doi.org/10.1016/j.cell.2017.09.026
http://www.ncbi.nlm.nih.gov/pubmed/28985562
http://dx.doi.org/10.1038/s41576-018-0060-8
http://dx.doi.org/10.15252/embj.201798083
http://dx.doi.org/10.1016/j.cell.2017.04.013

Genes 2019, 10, 415 11 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Fishman, V,; Battulin, N.; Nuriddinov, M.; Maslova, A.; Zlotina, A.; Strunov, A.; Chervyakova, D.; Korablev, A.;
Serov, O.; Krasikova, A. 3D organization of chicken genome demonstrates evolutionary conservation of
topologically associated domains and highlights unique architecture of erythrocytes” chromatin. Nucleic
Acids Res. 2019, 47, 648-665. [CrossRef]

Kaaij, L.J.T.; van der Weide, R.H.; Ketting, R.F,; de Wit, E. Systemic Loss and Gain of Chromatin Architecture
throughout Zebrafish Development. Cell Rep. 2018, 24, 1-10.e4. [CrossRef] [PubMed]

Sexton, T.; Yaffe, E.; Kenigsberg, E.; Bantignies, F.; Leblanc, B.; Hoichman, M.; Parrinello, H.; Tanay, A.;
Cavalli, G. Three-dimensional folding and functional organization principles of the Drosophila genome. Cell
2012, 148, 458-472. [CrossRef]

Van Bortle, K.; Nichols, M.H.; Li, L.; Ong, C.-T.; Takenaka, N.; Qin, Z.S.; Corces, V.G. Insulator function and
topological domain border strength scale with architectural protein occupancy. Genome Biol. 2014, 15, R82.
[CrossRef] [PubMed]

Rowley, M.].; Nichols, M.H.; Lyu, X.; Ando-Kuri, M.; Rivera, .5.M.; Hermetz, K.; Wang, P.; Ruan, Y,;
Corces, V.G. Evolutionarily Conserved Principles Predict 3D Chromatin Organization. Mol. Cell 2017, 67,
837-852.e7. [CrossRef] [PubMed]

Eagen, K.P; Aiden, EL.; Kornberg, R.D. Polycomb-mediated chromatin loops revealed by
a subkilobase-resolution chromatin interaction map. Proc. Natl. Acad. Sci. 2017, 114, 8764-8769. [CrossRef]
Moore, ].M.; Rabaia, N.A.; Smith, L.E.; Fagerlie, S.; Gurley, K.; Loukinov, D.; Disteche, C.M.; Collins, S.J.;
Kemp, C.J.; Lobanenkov, V.V; et al. Loss of maternal CTCF is associated with peri-implantation lethality of
Ctcf null embryos. PLoS ONE 2012, 7, e34915. [CrossRef] [PubMed]

Gambetta, M.C.; Furlong, E.E.M. The Insulator Protein CTCF Is Required for Correct Hox Gene Expression,
but Not for Embryonic Development in Drosophila. Genetics 2018, 210, 129-136. [CrossRef] [PubMed]
Hsieh, T.-H.S.; Weiner, A ; Lajoie, B.; Dekker, J.; Friedman, N.; Rando, O.]. Mapping Nucleosome Resolution
Chromosome Folding in Yeast by Micro-C. Cell 2015, 162, 108-119. [CrossRef]

Le, T.B.K,; Imakaev, M.V.; Mirny, L.A.; Laub, M.T. High-resolution mapping of the spatial organization of
a bacterial chromosome. Science 2013, 342, 731-734. [CrossRef]

Liu, C.; Wang, C.; Wang, G.; Becker, C.; Zaidem, M.; Weigel, D. Genome-wide analysis of chromatin packing
in Arabidopsis thaliana at single-gene resolution. Genome Res. 2016, 26, 1057-1068. [CrossRef]

Crane, E; Bian, Q.; McCord, R.P.; Lajoie, B.R.; Wheeler, B.S.; Ralston, E.].; Uzawa, S.; Dekker, J.; Meyer, B.J.
Condensin-driven remodelling of X chromosome topology during dosage compensation. Nature 2015, 523,
240-244. [CrossRef] [PubMed]

Hug, C.B.; Grimaldi, A.G.; Kruse, K.; Vaquerizas, ].M. Chromatin Architecture Emerges during Zygotic
Genome Activation Independent of Transcription. Cell 2017, 169, 216-228.e19. [CrossRef] [PubMed]

Li, L.; Lyu, X,; Hou, C.; Takenaka, N.; Nguyen, H.Q.; Ong, C.-T.; Cubefias-Potts, C.; Hu, M.; Lei, E.P,; Bosco, G.;
et al. Widespread rearrangement of 3D chromatin organization underlies polycomb-mediated stress-induced
silencing. Mol. Cell 2015, 58, 216-231. [CrossRef]

Battulin, N.; Fishman, V.S, Mazur, A.M.; Pomaznoy, M.; Khabarova, A.A.; Afonnikov, D.A.;
Prokhortchouk, E.B.; Serov, O.L. Comparison of the three-dimensional organization of sperm and fibroblast
genomes using the Hi-C approach. Genome Biol. 2015, 16, 77. [CrossRef] [PubMed]

Du, Z.; Zheng, H.; Huang, B.; Ma, R.; Wu, J.; Zhang, X.; He, J.; Xiang, Y.; Wang, Q.; Li, Y.; et al. Allelic
reprogramming of 3D chromatin architecture during early mammalian development. Nature 2017, 547,
232-235. [CrossRef] [PubMed]

Jung, YH.; Sauria, M.E.G.; Lyu, X.; Cheema, M.S.; Ausio, ].; Taylor, J.; Corces, V.G. Chromatin States in
Mouse Sperm Correlate with Embryonic and Adult Regulatory Landscapes. Cell Rep. 2017, 18, 1366-1382.
[CrossRef] [PubMed]

Paulsen, J.; Ali, TM.L.; Nekrasov, M.; Delbarre, E.; Baudement, M.-O.; Kurscheid, S.; Tremethick, D.; Collas, P.
Long-range interactions between topologically associating domains shape the four-dimensional genome
during differentiation. Nat. Genet. 2019, 51, 835. [CrossRef]

Dowen, J.M.; Fan, Z.P; Hnisz, D.; Ren, G.; Abraham, B.].; Zhang, L.N.; Weintraub, A.S.; Schuijers, J.;
Lee, T.I; Zhao, K,; et al. Control of Cell Identity Genes Occurs in Insulated Neighborhoods in Mammalian
Chromosomes. Cell 2014, 159, 374-387. [CrossRef]


http://dx.doi.org/10.1093/nar/gky1103
http://dx.doi.org/10.1016/j.celrep.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29972771
http://dx.doi.org/10.1016/j.cell.2012.01.010
http://dx.doi.org/10.1186/gb-2014-15-5-r82
http://www.ncbi.nlm.nih.gov/pubmed/24981874
http://dx.doi.org/10.1016/j.molcel.2017.07.022
http://www.ncbi.nlm.nih.gov/pubmed/28826674
http://dx.doi.org/10.1073/pnas.1701291114
http://dx.doi.org/10.1371/journal.pone.0034915
http://www.ncbi.nlm.nih.gov/pubmed/22532833
http://dx.doi.org/10.1534/genetics.118.301350
http://www.ncbi.nlm.nih.gov/pubmed/30021792
http://dx.doi.org/10.1016/j.cell.2015.05.048
http://dx.doi.org/10.1126/science.1242059
http://dx.doi.org/10.1101/gr.204032.116
http://dx.doi.org/10.1038/nature14450
http://www.ncbi.nlm.nih.gov/pubmed/26030525
http://dx.doi.org/10.1016/j.cell.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28388407
http://dx.doi.org/10.1016/j.molcel.2015.02.023
http://dx.doi.org/10.1186/s13059-015-0642-0
http://www.ncbi.nlm.nih.gov/pubmed/25886366
http://dx.doi.org/10.1038/nature23263
http://www.ncbi.nlm.nih.gov/pubmed/28703188
http://dx.doi.org/10.1016/j.celrep.2017.01.034
http://www.ncbi.nlm.nih.gov/pubmed/28178516
http://dx.doi.org/10.1038/s41588-019-0392-0
http://dx.doi.org/10.1016/j.cell.2014.09.030

Genes 2019, 10, 415 12 of 12

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ji, X.; Dadon, D.B.; Powell, B.E.; Fan, Z.P.; Borges-Rivera, D.; Shachar, S.; Weintraub, A.S.; Hnisz, D,;
Pegoraro, G.; Lee, T.I; et al. 3D Chromosome Regulatory Landscape of Human Pluripotent Cells. Cell Stem
Cell 2016, 18, 262-275. [CrossRef]

Phillips-Cremins, J.E.; Sauria, M.E.G.; Sanyal, A.; Gerasimova, T.I; Lajoie, B.R.; Bell, ].5.K.; Ong, C.-T,;
Hookway, T.A.; Guo, C.; Sun, Y,; et al. Architectural protein subclasses shape 3D organization of genomes
during lineage commitment. Cell 2013, 153, 1281-1295. [CrossRef]

Tang, Z.; Luo, O.J.; Li, X.; Zheng, M.; Zhu, ].].; Szalaj, P.; Trzaskoma, P.; Magalska, A.; Wlodarczyk, J.;
Ruszczycki, B.; et al. CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for
Transcription. Cell 2015, 163, 1611-1627. [CrossRef] [PubMed]

Vian, L.; Pekowska, A.; Rao, S.S.P.; Kieffer-Kwon, K.-R.; Jung, S.; Baranello, L.; Huang, S.-C.; El Khattabi, L.;
Dose, M.; Pruett, N.; et al. The Energetics and Physiological Impact of Cohesin Extrusion. Cell 2018, 173,
1165-1178.e20. [CrossRef] [PubMed]

Kraft, K.; Magg, A.; Heinrich, V.; Riemenschneider, C.; Schopflin, R.; Markowski, J.; Ibrahim, D.M.;
Acuna-Hidalgo, R.; Despang, A.; Andrey, G.; et al. Serial genomic inversions induce tissue-specific
architectural stripes, gene misexpression and congenital malformations. Nat. Cell Biol. 2019, 21, 305.
[CrossRef] [PubMed]

Dixon, J.R.; Xu, ].; Dileep, V.; Zhan, Y.; Song, F.; Le, V.T.; Yardimci, G.G.; Chakraborty, A.; Bann, D.V.; Wang, Y.;
et al. Integrative detection and analysis of structural variation in cancer genomes. Nat. Genet. 2018, 50,
1388-1398. [CrossRef] [PubMed]

Dudchenko, O,; Batra, S.S.; Omer, A.D.; Nyquist, S.K.; Hoeger, M.; Durand, N.C.; Shamim, M.S.; Machol, L;
Lander, E.S.; Aiden, A.P; et al. De novo assembly of the Aedes aegypti genome using Hi-C yields
chromosome-length scaffolds. Science 2017, 356, 92-95. [CrossRef] [PubMed]

Dudchenko, O.; Shamim, M.S.; Batra, S.; Durand, N.C.; Musial, N.T.; Mostofa, R.; Pham, M.; Hilaire, B.G.S,;
Yao, W.; Stamenova, E.; et al. The Juicebox Assembly Tools module facilitates de novo assembly of mammalian
genomes with chromosome-length scaffolds for under $1000. bioRxiv 2018, 254797.

Giorgetti, L.; Galupa, R.; Nora, E.P.; Piolot, T.; Lam, F,; Dekker, J.; Tiana, G.; Heard, E. Predictive polymer
modeling reveals coupled fluctuations in chromosome conformation and transcription. Cell 2014, 157,
950-963. [CrossRef]

Nagano, T.; Lubling, Y.; Stevens, T.].; Schoenfelder, S.; Yaffe, E.; Dean, W.; Laue, E.D.; Tanay, A.; Fraser, P.
Single-cell Hi-C reveals cell-to-cell variability in chromosome structure. Nature 2013, 502, 59-64. [CrossRef]
Flyamer, I.M.; Gassler, J.; Imakaev, M.; Brandao, H.B.; Ulianov, S.V.; Abdennur, N.; Razin, S.V.; Mirny, L.A;
Tachibana-Konwalski, K. Single-nucleus Hi-C reveals unique chromatin reorganization at oocyte-to-zygote
transition. Nature 2017, 544, 110-114. [CrossRef]

Stevens, T.].; Lando, D.; Basu, S.; Atkinson, L.P.; Cao, Y.; Lee, S.E.; Leeb, M.; Wohlfahrt, K.J.; Boucher, W.;
O’Shaughnessy-Kirwan, A.; et al. 3D structures of individual mammalian genomes studied by single-cell
Hi-C. Nature 2017, 544, 59-64. [CrossRef]

Tan, L.; Xing, D.; Chang, C.-H,; Li, H.; Xie, X.S. Three-dimensional genome structures of single diploid
human cells. Science 2018, 361, 924-928. [CrossRef] [PubMed]

Bintu, B.; Mateo, L.J.; Su, J.-H.; Sinnott-Armstrong, N.A.; Parker, M.; Kinrot, S.; Yamaya, K.; Boettiger, A.N.;
Zhuang, X. Super-resolution chromatin tracing reveals domains and cooperative interactions in single cells.
Science 2018, 362, eaaul783. [CrossRef] [PubMed]

Mateo, L.J.; Murphy, S.E.; Hafner, A.; Cinquini, L.S.; Walker, C.A.; Boettiger, A.N. Visualizing DNA folding
and RNA in embryos at single-cell resolution. Nature 2019, 568, 49-54. [CrossRef] [PubMed]

Szabo, Q.; Jost, D.; Chang, ].-M.; Cattoni, D.I.; Papadopoulos, G.L.; Bonev, B.; Sexton, T.; Gurgo, J.; Jacquier, C.;
Nollmann, M.; et al. TADs are 3D structural units of higher-order chromosome organization in Drosophila.
Sci. Adv. 2018, 4, eaar8082. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.stem.2015.11.007
http://dx.doi.org/10.1016/j.cell.2013.04.053
http://dx.doi.org/10.1016/j.cell.2015.11.024
http://www.ncbi.nlm.nih.gov/pubmed/26686651
http://dx.doi.org/10.1016/j.cell.2018.03.072
http://www.ncbi.nlm.nih.gov/pubmed/29706548
http://dx.doi.org/10.1038/s41556-019-0273-x
http://www.ncbi.nlm.nih.gov/pubmed/30742094
http://dx.doi.org/10.1038/s41588-018-0195-8
http://www.ncbi.nlm.nih.gov/pubmed/30202056
http://dx.doi.org/10.1126/science.aal3327
http://www.ncbi.nlm.nih.gov/pubmed/28336562
http://dx.doi.org/10.1016/j.cell.2014.03.025
http://dx.doi.org/10.1038/nature12593
http://dx.doi.org/10.1038/nature21711
http://dx.doi.org/10.1038/nature21429
http://dx.doi.org/10.1126/science.aat5641
http://www.ncbi.nlm.nih.gov/pubmed/30166492
http://dx.doi.org/10.1126/science.aau1783
http://www.ncbi.nlm.nih.gov/pubmed/30361340
http://dx.doi.org/10.1038/s41586-019-1035-4
http://www.ncbi.nlm.nih.gov/pubmed/30886393
http://dx.doi.org/10.1126/sciadv.aar8082
http://www.ncbi.nlm.nih.gov/pubmed/29503869
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Prominent Structures and Mechanisms of 3D Nuclear Organization 
	Transcription-Based Compartments 
	Domains and Loops Formed by Chromatin Extrusion 
	Opposing Forces Organizing the 3D Chromatin Space 

	Additional Features of Hi-C Maps 
	Hierarchies between and within TADs 
	Stripes or Tracks 
	Assembly-Related Signatures 

	Bridging the Gap: From Population-Averaged to Single-Cell Interactions 
	Outlook 
	References

