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The Three-Dimensional Organization of Mammalian Genomes

Miao Yul and Bing Renl:2
1Ludwig Institute for Cancer Research, La Jolla, California 92093

2Center for Epigenomics, Department of Cellular and Molecular Medicine, and Institute of
Genomic Medicine, and Moores Cancer Center, University of California at San Diego, La Jolla,
California 92093

Abstract

Animal development depends on not only the linear genome sequence that embeds millions of cis-
regulatory elements, but also the three-dimensional (3D) chromatin architecture that orchestrates
the interplay between c/s-regulatory elements and their target genes. Compared to our knowledge
of the cis-regulatory sequences, the understanding of the 3D genome organization in human and
other eukaryotes is still limited. Recent advances in technologies to map the 3D genome
architecture have greatly accelerated the pace of discovery. Here, we review emerging concepts of
chromatin organization in mammalian cells, discuss the dynamics of chromatin conformation
during development, and highlight important roles for chromatin organization in cancer and other
human diseases.

Keywords

3D chromatin organization; chromosome conformation capture; topologically associating domain;
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INTRODUCTION

Lineage-specific gene expression during development is driven by both gene promoters and
distal enhancers (Kim & Shiekhattar 2015, Lee & Young 2013, Levine 2010, Ong & Corces
2011). Promoters initiate RNA synthesis by directing the loading of RNA polymerases and
the accessory factors to transcription start sites. Enhancers confer tissue- and temporal-
specific expression of target genes by recruiting sequence-specific transcription factors and
chromatin remodeling complexes (Kim & Shiekhattar 2015, Lee & Young 2013, Levine
2010). In addition to enhancers and promoters, insulator elements play a key role in gene
expression by limiting the action of enhancers and preventing the spreading of
heterochromatin (Gaszner & Felsenfeld 2006). Thanks to efforts from several large-scale
consortia, millions of candidate cis-regulatory elements have been cataloged in many model
organisms, including human, mouse, and Drosophila (ENCODE Project Consortium 2012,
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modENCODE Consortium et al. 2010, Roadmap Epigenomics Consortium et al. 2015, Yue
et al. 2014), paving the way for in-depth understanding of the gene-regulatory programs in
these species.

To elucidate the gene-regulatory programs in humans and other species, delineating the
interplay between enhancers and target promoters is necessary. This task is surprisingly
nontrivial because enhancers can modulate transcription of target genes from a large
genomic distance and regardless of relative orientations. Additionally, enhancers can
regulate target genes that are not their immediate neighbors (Sanyal et al. 2012). Therefore,
predicting enhancer-target relationships based simply on the linear genome sequence is not a
solution (Levine 2010, Levine et al. 2014).

Early studies on the B-globin gene cluster and several other genetic loci demonstrated that
spatial proximity between promoters and distal enhancers due to chromatin looping is
critical for transcriptional regulation of developmentally regulated gene expression (Deng et
al. 2012, 2014; Gaszner & Felsenfeld 2006; Tolhuis et al. 2002). Enhancer-target gene
interactions appear to be restricted by insulator elements, which set the boundaries for their
contacts (Gaszner & Felsenfeld 2006). Therefore, to decipher the target genes of enhancers
and to understand the mechanisms of their action, it is necessary to consider how chromatin
fibers are folded in 3D in different cell types and developmental stages.

Recent years have seen rapid progress in technologies for genome-wide analysis of 3D
genome organization in eukaryotes. Additionally, chromatin organization in a growing
number of cell types and species has been studied in greater and greater detail and scales.
Here we provide an overview of our current understanding of 3D genome organization in
mammalian genomes. We start with an introduction of the major tools used to map 3D
genome structure, followed by a discussion of the general hierarchical structures in different
cell types. We then focus on dynamics of 3D genome organization during various biological
processes and their relationships with gene regulation. Finally, we illustrate recent examples
showing how 3D genome conformation can inform us about the underlying molecular
mechanisms of oncogene activation and congenital diseases.

TOOLS TO EXPLORE 3D GENOME ORGANIZATION

Two general approaches have been extensively used to study 3D genome organization:
microscopy-based imaging tools and chromosome conformation capture (3C)-coupled
sequencing methods (hereafter referred to as C-technologies). The imaging tools enable
direct measurement of spatial distances between genomic loci and their movement in single
cells but are limited in throughput, resolution, and genome coverage. Alternatively, C-
technologies in combination with high-throughput sequencing can provide a genome-wide
view of chromatin organization from populations of cells but might overlook cell-to-cell
variations. The imaging-based technologies and C-technologies therefore provide
complementary views of 3D genome organization, despite some discrepancies at specific
regions (Dekker 2016, Williamson et al. 2014).
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Imaging-Based Tools

Before the advent of C-technologies, the predominant method to study 3D genome
organization was fluorescence in situ hybridization (FISH) (Langer-Safer et al. 1982). In
FISH, the spatial distances between two or more loci are measured through hybridization of
fluorescently labeled probes to DNA after fixation and mild denaturation and are visualized
under light microscopy (Cremer et al. 2008). Because of the high levels of cell-to-cell
variations, a large number of cells (often between 100 and 1,000) are generally needed to
confidently and fully ascertain the spatial distances between a pair of loci.

Improvements have been made recently to address two major limitations of FISH: resolution
and genome coverage. The spatial resolution of FISH is constrained by the diffraction limit
of light sources, which is ~200 nm laterally and >500 nm axially (Walter et al. 2006). The
genomic resolution depends on the sizes of the fluorescent probes used. The most frequently
used fosmid probes are ~40 kb on average, making it difficult to resolve two DNA fragments
spaced less than <100 kb apart along the genome. Improvement in the FISH resolution has
been obtained by implementing super-resolution microscopy (reviewed in Lakadamyali &
Cosma 2015) and short oligonucleotide-based probes (Beliveau et al. 2014). Conventional
FISH assays characterize only a few specific loci simultaneously because of limited
fluorescent labels. This limitation in genome coverage has been overcome by a multiplexed
FISH method that employs multiple rounds of hybridizations and sequential imaging,
enabling tracking of spatial positions of more than 30 genomic loci simultaneously (Wang et
al. 2016).

Live-cell imaging can reveal the dynamic behaviors of interacting loci by tracing their 3D
trajectories. For instance, the encounter frequency between a promoter and its distal
regulatory element in pro-B cells may be determined via modeling using physical
parameters extracted from live-cell imaging data (Lucas et al. 2014). However, live-cell
imaging often requires laborious and time-consuming genetic engineering, which could
potentially impede its general application. During recent years, increasing efforts have been
made to directly label endogenous genomic loci, especially with the aid of dCas9 fusion
proteins. Although technical challenges remain with these new technologies, such
technologies promise to greatly expand our toolbox for analysis of dynamic 3D genome
configuration in different species (reviewed in Chen et al. 2016).

C-Technologies

Besides direct visualization using image-based tools, 3D genome organization has also been
successfully inferred from pairwise contact frequencies in the genome. In C-technologies,
the nucleus is chemically fixed to preserve the 3D chromosome conformation, followed by
DNA fragmentation and religation. If the two DNA fragments are spatially close at the time
of cross-linking, they can be ligated, a process known as proximity ligation (Dekker et al.
2002). The frequency of the ligation products can be assayed to assess the spatial proximity
between pairs of loci using PCR, DNA microarrays, or direct DNA sequencing (Dekker et
al. 2002, Dostie et al. 2006, Lieberman-Aiden et al. 2009).
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In recent years, next-generation DNA sequencing technologies have been combined with C-
technologies, resulting in a proliferation of tools that map genomic organization with various
coverage and resolution as outlined below (for a more detailed discussion of these methods,
please see Schmitt et al. 2016b) (Figure 1).

3C: one to one—3C, the earliest version of C-technologies, measures contact frequency
between two preselected loci (Dekker et al. 2002). In 3C, the proximity ligation products are
amplified and quantified by PCR using a pair of primers matching the ends of two DNA
fragments of interest. This technology’s resolution is determined by the restriction enzyme
used for fragmentation: A four-cutter yields a resolution of ~256 bp and a six-cutter a
resolution of ~4,096 bp. Despite its low throughput, 3C is extensively used to verify long-
range interactions between genomic loci due to its high resolution and ease of use.

Hi-C: all to all—Hi-C offers unbiased measurement of all possible interactions across the
genome via a combination of 3C and next-generation DNA sequencing (Lieberman-Aiden et
al. 2009). Compared with 3C, the major modification of Hi-C is labeling DNA ends with
biotin for subsequent enrichment of proximity ligation products. Different variants of Hi-C,
including tethered conformation capture, DNase Hi-C, micro-C, and in situ Hi-C, have been
invented to further improve the resolution or efficiency of proximity ligation and to reduce
the background noise (Hsieh et al. 2015, Kalhor et al. 2011, Ma et al. 2015, Rao et al. 2014).

Although Hi-C has a similar theoretical resolution with 3C, its practical resolution is
restricted by sequencing depth. For instance, to achieve ~1-Mb, 10-kb, and 1-kb resolution
would require approximately 8.4 million, 2 billion, and 6.5 billion total reads, respectively
(Jin et al. 2013, Lieberman-Aiden et al. 2009, Rao et al. 2014). Given the high sequencing
cost of high-resolution Hi-C, a variety of C-technologies with sacrificed genome coverage
have been developed to cost-efficiently examine the 3D chromatin structure at selected loci/
regions with high resolution (see below).

Whereas the conventional Hi-C protocol measures the average contact frequencies in
millions of cells, single-cell Hi-C techniques have been developed to analyze chromosome
conformation in individual cells and to uncover cell-to-cell variability. The first single-cell
Hi-C study relied on manual isolation of single nuclei after in situ proximity ligation,
followed by proximity ligation product enrichment and sequencing library construction. Due
to the low efficiency, the procedure gives rise to approximately 10,000 unique contacts per
cell on average for tens of cells at a time (Nagano et al. 2013). Recently, this protocol was
substantially enhanced in both genome coverage and throughput, leading to the acquisition
of Hi-C maps from ~3,000 single cells with a median of 182,000 unique contacts per cell
(Nagano et al. 2017). Independently, high-throughput single-cell Hi-C has also been carried
out by combining combinatorial indexing and Hi-C, achieving impressive throughput and
coverage (Ramani et al. 2017). Whereas the above single-cell Hi-C methods start from
populations of cells for restriction enzyme digestion and proximity ligation, performing such
steps on single cells was recently achieved (Flyamer et al. 2017, Stevens et al. 2017).
Stevens et al. (2017) combined imaging with an in-nucleus Hi-C process, yielding 37,000
122,000 contacts for eight individual cells. By contrast, single-nucleus Hi-C employing
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whole-genome amplification that skips biotin enrichment revealed up to 1.9 million unique
contacts per oocyte (Flyamer et al. 2017).

4C: one to all—4C allows for genome-wide identification of all possible interacting
partners for one specific locus of interest, or viewpoint (Simonis et al. 2009). By using
primers designed to target the viewpoint, all ligation products containing this viewpoint
sequence can be amplified and then quantified by high-throughput sequencing. 4C can be
used to easily achieve a resolution of a few kilobases with several million sequencing reads.

5C: many to many—>5C was developed to measure contact frequencies among DNA
fragments within a finite number of target regions (Dostie et al. 2006). To detect specific
proximity ligation products in these regions, a pool of 5C primers are used for multiplexed
capture, followed by ligation-mediated amplification. Typically, 5C is used to assess
chromatin interactions among regions that are several hundred kilobases to a few megabases
in size. Compared to Hi-C, 5C greatly reduces the number of sequencing reads required to
reach the same resolution. A study employing 5C to examine ~7-Mb regions can achieve ~4-
kb resolution with ~20 million reads, whereas similar analysis with Hi-C requires billions of
reads (Phillips-Cremins et al. 2013, Rao et al. 2014).

ChIA-PET: many to many—ChIA-PET (chromatin interaction analysis by paired-end
tag), which combines ChIP and proximity ligation and sequencing, detects contacts from a
subset of genomic loci associated with a particular protein (Fullwood et al. 2009). In ChlA-
PET, cross-linked chromatins are sonicated and then subjected to immunoprecipitation by
using antibodies against the protein of interest, followed by proximity ligation, amplification
of proximity ligation products, and sequencing. Similar to 5C, ChlA-PET is a cost-effective
method to identify long-range interactions at high resolution. In a recent study, CTCF ChlA-
PET achieved ~100-bp resolution (Tang et al. 2015). A robust ChlA-PET experiment often
requires a few hundred million cells as starting material, due to its inefficiency of proximity
ligation after chromatin sonication.

Capture-C/Capture Hi-C: many to all—When genome-wide identification of contacting
partners for tens of selected loci is desired, such information can be acquired with multiple
4C experiments. However, if the research focus is on hundreds of loci or more, such as all
promoters across the genome, further scaling up of 4C is impractical. To generate such
many-to-all contact maps, alternative strategies are needed to enrich all ligation junctions
with at least one end falling into a preselected pool.

One way to this end is combining 3C or Hi-C with targeted capture and sequencing
(Capture-C/Capture Hi-C) (Dryden et al. 2014, Hughes et al. 2014). In Capture-C/Capture
Hi-C, a 3C or Hi-C library is subject to targeted capture by hybridization to pools of DNA or
RNA oligos to enrich for the proximity ligation products corresponding to specific regions.
The resulting DNA is sequenced and analyzed to reveal spatial contacts centered at these
regions. This technique has been used successfully to identify chromatin interactions
centered on human and mouse promoters in many cell types (Hughes et al. 2014, Javierre et
al. 2016, Mifsud et al. 2015, Schoenfelder et al. 2015a).
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PLAC-seg/HiChIP: many to all—Very recently, PLAC-seq and HiChIP were introduced
as another many-to-all approach that enables identification of long-range interactions
associated with specific proteins of interest (Fang et al. 2016, Mumbach et al. 2016). In
these methods, first DNA fragmentation and in situ proximity ligation are performed in the
cross-linked cells just as in in situ Hi-C, and then chromatin immunoprecipitation using
specific antibodies is carried out, followed by enrichment of biotinylated ligation junctions.
In contrast to Capture-C/Capture Hi-C, PLAC-seg/HiChlP does not require synthesis of
capture probes and is a versatile method to map long-range interactions associated with
different categories of genomic regions with relatively low sequencing cost. This method
uses substantially fewer cells and simpler procedures than does ChlA-PET.

GENERAL FEATURES OF 3D GENOME ORGANIZATION

Overwhelming data suggest that the genome is not randomly folded in the interphase
nucleus (Figure 2). Several common features of genome organization have been reported in
diverse species and cell types. At the largest scale, each chromosome occupies a defined
volume in the nucleus, which is referred to as a chromosome territory (CT). At the
subchromosome scale, two compartments can be observed, with each composed of multiple
noncontinuous regions of several to tens of megabases in size. At a finer scale, topologically
associating domains (TADs) have been delineated that show remarkable conservation across
cell types and species. Compartments and TADs can be further substratified into
subcompartments and sub-TADs (or contact domains), respectively. Finally, tens of
thousands of long-range chromatin loops, spanning hundreds of kilobases, have also been
defined in mammalian cells (Rao et al. 2014, Tang et al. 2015).

Chromosome Territories

In the interphase, each chromosome occupies a specific region of a nucleus known as a CT
(reviewed in Cremer & Cremer 2010). Overlaps between different chromosomes are
restricted to the borders of CTs (Branco & Pombo 2006). CTs can be visualized using FISH,
from which their positions in the nucleus and the neighborhood CTs can be determined
(Bolzer et al. 2005). Segregation of chromosomes into nonoverlapping territories is also
supported by Hi-C data sets, as evidenced by much greater intrachromosomal contact
probability than for interchromosomal contacts (Lieberman-Aiden et al. 2009). This
principle led to the successful use of Hi-C data for haplotype phasing (Selvaraj et al. 2013)
and to de novo scaffolding of contigs (Burton et al. 2013, Kaplan & Dekker 2013).

CTs in the nucleus are not randomly distributed, and several features of CT positioning have
been observed. First, nuclear CT positions are partially conserved after mitosis, yielding
nonrandomly altered patterns in daughter cells compared to mother cells (Parada et al.
2003). Second, despite this cell-to-cell variation, individual CTs have their preferences for
radial positioning, which largely depend on their genomic properties. In general, small,
gene-rich chromosomes are located close to the center of the nucleus, whereas larger, gene-
poor ones are located near the nuclear periphery (Croft et al. 1999). Third, CT positioning
also correlates with cell type—specific factors such as replication timing and transcriptional
activity. Early-replicating loci and active genes tend to localize in the nuclear interior,
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whereas late-replicating loci and repressed genes have a preference for nuclear periphery
(Grasser et al. 2008, Takizawa et al. 2008).
Compartments

The Hi-C data, after normalization and converting to an observed/expected matrix, display a
plaid pattern, suggesting the existence of two compartments or nuclear neighborhoods
(Figure 3). Principal-component analysis on the observed/expected matrix partitions each
chromosome into compartments A and B based on the first principal component
(Lieberman-Aiden et al. 2009). Compartment A regions are early replicating, contain a high
density of genes, and exhibit strong mMRNA expression activities. They are enriched for
H3K36me3 and DNasel hypersensitive sites (Lieberman-Aiden et al. 2009). In contrast,
compartment B sequences are late replicating and overlap strongly with lamina-associated
domains (Ryba et al. 2010). Compartment A and B partition is cell type specific; 36% of the
human genome shows compartment A/B switching during stem cell differentiation (Dixon et
al. 2015), and this number increases to ~60% when 14 additional primary tissues are
analyzed (Schmitt et al. 2016a).

Although the presence of compartment A/B is illustrated by Hi-C data in a population of
cells, whether such organization is conserved in each individual cell is still unclear. Wang et
al. (2016) answer this question by tracing the spatial positions of multiple genomic loci
along the individual chromosomes using multiplexed FISH and confirm the existence of
compartment A/B at the single-cell level. In line with the implication of depleted contacts
between different compartments, compartments A and B are separated in space and are
organized in a spatially polarized manner (Wang et al. 2016).

With a higher-resolution Hi-C map, compartments A and B can be further divided into five
subcompartments, A1-A2 and B1-B3, and each compartment associates with a specific
pattern of histone modifications (Rao et al. 2014). Interestingly, five principal chromatin
types (two active and three repressed) are also characterized in Drosophila cells (Filion et al.
2010), suggesting that similar compartment organization may be conserved in metazoa.

Topologically Associating Domains

In the exploration of contact maps from Hi-C or 5C with 40-kb resolution or higher, self-
associating chromosomal domains emerge and are referred to as topological domains or
TADs (Figure 44) (Dixon et al. 2012, Nora et al. 2012). In mouse embryonic stem cells
(ESCs), more than 90% of the genomes are organized into ~2,200 TADs with a median size
of 880 kb (Dixon et al. 2012). Similar domain organization has also been observed (albeit in
a smaller size) in nonmammalian genomes such as Drosophila (Sexton et al. 2012),
zebrafish (Gémez-Marin et al. 2015), Caenorhabditis elegans (Crane et al. 2015), and yeast
(Hsieh et al. 2015, Mizuguchi et al. 2015). Contact frequency between genomic loci in the
same TADs is severalfold higher than the contact frequency of loci belonging to different
TADs. In agreement with the observation from C-technologies, one pair of loci from the
same TAD is also spatially closer than the other pair of similar genomic distance but from
different TADs (Dixon et al. 2012). Interestingly, TAD-like structures were not detected in
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Hi-C maps generated from Arabidopsis thaliana (Wang et al. 2015), suggesting that plants
may employ distinct mechanisms for chromatin folding.

Multiple lines of evidence support TAD as a fundamental unit of genome organization in
different species (Dekker & Heard 2015, Dixon et al. 2016). First, the positioning of TAD is
relatively stable across cell types and appears to be independent of tissue-specific gene
expression or histone modifications. During ESC differentiation, genome-wide switching of
compartments A and B occurs, whereas TAD positioning remains stable (Figure 46) (Dixon
et al. 2015). In the sperm nucleus, where the majority of histones are replaced by
protamines, the identified TADs also display a distribution similar to those from fibroblast
cells (Battulin et al. 2015). Second, TAD positioning is evolutionarily conserved; 50-70% of
TAD boundaries are shared between human and mouse ESCs (Dixon et al. 2015). Third, the
activity of promoters and enhancers within the same TAD appears to be weakly coordinated
(Dixon et al. 2015, Nora et al. 2012, Zhan et al. 2017). Furthermore, a reporter gene
randomly inserted in different places in the mouse genome mimics expression patterns of
genes within the same TAD (Symmons et al. 2014). Fourth, TAD is a stable unit of
replication-time regulation. Replication domains of ~400-800 kb whose positions are
invariant across different cell types and species had been previously identified with
microscopy (Hiratani et al. 2008, Jackson & Pombo 1998, Ryba et al. 2010). A recent study
showed that the boundaries of replication domains exhibit a nearly one-to-one
correspondence with TAD boundaries, suggesting that the TAD is equivalent to the
replication domain (Pope et al. 2014).

The relatively stable nature of the TAD raises the questions of what mechanisms demarcate
TAD boundaries and establish TADs. Hints come from observations that TAD boundaries
are enriched for multiple factors, including H3K4me3, H3K36me3, transcription start sites,
housekeeping genes, tRNA genes, short interspersed nuclear elements, and CTCF binding
sites. Among them, CTCF binding sites and housekeeping genes are particularly strongly
enriched; 75% and 33% of all the TAD boundaries in mouse ESCs associate with CTCF and
housekeeping genes within 20 kb, respectively (Dixon et al. 2012). These results suggest
that both CTCF binding and high levels of transcription activity may contribute to TAD
formation.

Earlier work has implicated CTCF as a key player in genome organization (reviewed by
Phillips & Corces 2009). Recent studies have further supported the role of this DNA binding
protein in the formation of TADs. Using RNA. to deplete 80% of CTCF, Zuin et al. (2014)
observed reduced intra-TAD interactions and increased inter-TAD interactions, suggesting
weakening, but not the disappearance of, TAD boundaries. To explain how CTCF-mediated
long-range interactions can drive the formation of TADs, a loop extrusion model is proposed
in which a chromatin motor complex (such as the Cohesin complex) loads onto DNA and
then extrudes a progressively larger loop until it is stalled by CTCF binding at convergent
orientation, thus setting up TADs (Figure 4¢) (Sanborn et al. 2015). In polymer simulations,
this model not only gives rise to interaction patterns that agree well with the observed TAD
structures in Hi-C data but also makes accurate predictions for new chromatin loop
formation after deletion of anchoring CTCF binding sites (Fudenberg et al. 2016, Sanborn et
al. 2015). Nevertheless, a substantial fraction of TAD boundaries lack CTCF occupancy
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(Dixon et al. 2012), suggesting alternative, CTCF-independent mechanisms responsible for
TAD formation.

Given the enrichment of housekeeping genes and active marks at TAD boundaries, some
boundaries can be simply defined by the distribution of highly transcribed genes. Previous
studies show that long strings of nucleosomes fold into secondary structures and further fold
into compact tertiary structures, which may result in the formation of TADs. By contrast, at
TAD boundaries such higher-order structures are destabilized and are disrupted by a high
level of histone acetylation at active genes (reviewed in Pepenella et al. 2014). Using
polymer simulations, Ulianov et al. (2016) demonstrated that the TAD partitioning in
Drosophila is based primarily on the different packing abilities of active and inactive genes.
Similar analysis is yet to be performed on mammalian genomes, and further studies are
required to determine how much histone acetylation may contribute to the TAD formation in
mammals.

In addition to CTCF, the Cohesin complex, and active genes, a recent simulation study also
suggests that TAD organization may be regulated by DNA supercoiling (Benedetti et al.
2014). Indeed, the boundaries of supercoiling domains and TADs partially overlap
(Naughton et al. 2013). Additionally, topoisomerase 11 beta (TOP2B) also colocalizes with
CTCF and Cohesin at TAD boundaries (Uuskila-Reimand et al. 2016). Further experiments
are needed to demonstrate the functional role of TOP2B and supercoiling in the formation of
TADs and chromatin loops.

Sub-Topologically Associating Domains and Insulation Neighborhoods

TADs can be further divided into smaller sub-TADs observed from high-resolution 5C of
mouse ESCs (Phillips-Cremins et al. 2013). The later genome-wide, 1-kb-resolution in situ
Hi-C data reveal a similar size of structure in human GM12878, termed as contact domains
(medium size 185 kb) (Rao et al. 2014). Like TADs, sub-TADs display the self-association
feature with a decrease in contact frequency across sub-TAD boundaries, and some sub-TAD
boundaries are associated with CTCF/Cohesin-mediated interactions (Rao et al. 2014).
However, compared to TADs, sub-TADs are less conserved across cell/tissue types and
appear to be related to cell type—specific gene expression (Berlivet et al. 2013, Phillips-
Cremins et al. 2013). The variant sub-TAD partitioning may be caused by cell type—specific
enhancer-promoter interactions mediated by Mediator/Cohesin and lineage-specific proteins
(Phillips-Cremins et al. 2013).

The presence of smaller structural units within TADs has also been reported by analyzing
CTCF and Cohesin ChIA-PET data. Young and colleagues observed that the chromatin
loops anchored by CTCF and Cohesin served as the units of gene regulation (Dowen et al.
2014, Hnisz et al. 2016a). The regions defined by such chromatin loops, which were termed
as insulated neighborhoods, appear to constrain the enhancer-promoter interactions within
the same neighborhood. Perturbation of the anchors by genetic engineering and/or naturally
occurred mutations led to gene dysregulation (Dowen et al. 2014, Hnisz et al. 2016b, Ji et al.
2016).
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Chromatin Loops

According to the polymeric nature of chromatin fibers, two distant genomic loci would
contact each other at very low frequency due to random collision (Bornfleth et al. 1999,
Lieberman-Aiden et al. 2009, Marshall et al. 1997). However, certain loci have a
significantly higher contact frequency than expected by chance, and such long-range
interactions may provide insights into transcription regulation at distal regulatory elements.
The link between long-range chromatin interactions and transcriptional activation has been
demonstrated by the study of B-globin and -y-globin genes. In these cases, creation of
ectopic interactions between the promoters and locus control regions is sufficient to trigger
transcriptional activation (Deng et al. 2012, 2014).

Given that the sizes of individual regulatory elements range from several hundred bases to a
few kilobases, it is imperative that chromatin looping interactions be identified at near-
kilobase resolution. To achieve this, high-resolution C-data covering a portion of or even the
entire genome have been generated for various cell types (Javierre et al. 2016, Jin et al.
2013, Krijger et al. 2016, Li et al. 2012, Phillips-Cremins et al. 2013, Rao et al. 2014, Sanyal
et al. 2012, Schoenfelder et al. 2015a, Tang et al. 2015, Y. Zhang et al. 2013). Despite the
differences in the cell type studied and the algorithms used for long-range interaction
identification, universal features of long-range interactions have been revealed. First, such
interactions often occur in the same TADs or sub-TADs (Jin et al. 2013), and extremely long
range interactions are very rare except for specific genomic regions, such as Hox genes
(Joshi et al. 2015). Second, active promoters, enhancers, and CTCF binding sites are
frequently involved in the long-range interactions (Jin et al. 2013, Sanyal et al. 2012). In
addition to promoter-enhancer interactions, promoter-promoter and enhancer-enhancer
interactions are widespread to form complex networks (Li et al. 2012, Sanyal et al. 2012, .
Zhang et al. 2013).

These studies have revealed at least two different types of long-range interactions.
Interactions of the first type are constitutive, are invariant across cell types, and demarcate
TAD or sub-TAD boundaries (Dowen et al. 2014, Ji et al. 2016, Phillips-Cremins et al.
2013). Such chromatin interactions are often found in the form of DNA loops mediated by
CTCF and the Cohesin complex (Rao et al. 2014). A majority of these CTCF-CTCF loops
are found in a convergent orientation (Rao et al. 2014, Tang et al. 2015), which helps to
explain why only a small portion of all CTCF binding sites are involved in domain boundary
demarcation. This orientation preference is also one of the major assumptions in the loop
extrusion model to effectively simulate TAD structures (see above). The importance of the
orientation of CTCF binding motifs in loop formation is further supported by genetic
engineering (de Wit et al. 2015, Guo et al. 2015, Sanborn et al. 2015). The other type of
long-range interaction is more cell type specific and is often associated with enhancers and
enhancer-associated factors as well as with the Cohesin complex and the Mediator complex
(Ji et al. 2016, Phillips-Cremins et al. 2013).

DYNAMIC 3D GENOME ORGANIZATION AND GENE REGULATION

Although some aspects of the 3D genome architecture are conserved in different cell types,
notable reorganization can happen in distinct biological processes. For example, dramatic
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changes in chromatin conformation occur during mitosis and X chromosome inactivation. In
contrast, during differentiation and reprogramming, more subtle changes that may contribute
to cell type—specific gene expression take place.

3D Genome Reorganization During the Cell Cycle

Upon entering mitosis, the chromosomes begin to condense and become visible under the
light microscope (Paweletz 2001). The molecular details of the internal organization of
mitotic chromosomes have been investigated with C-technologies (Naumova et al. 2013). At
M phase, previously described features of interphase chromosome organization, such as
TADs and compartments, appear to be completely erased. Instead, mitotic chromosomes
acquire a homogeneous folding state regardless of local sequence and chromosome identity.
Such mitotic chromosome conformation is shared between different cell types, suggesting a
common organizational principle of mitotic chromosomes. Combining the experimental data
and polymer simulation results, Naumova et al. (2013) propose that mitotic chromosomes
are folded in two steps: First, linear compaction is achieved by the formation of stochastic
arrays of consecutive loops (80-120 kb in size), probably through loop extrusion mediated
by SMC complexes (Goloborodko et al. 2016). Second, axial compression occurs to form
the cylindrical shape of a mitotic chromosome.

After mitosis, cell type—specific chromosome conformation must be rapidly reestablished in
daughter cells to ensure that the same set of genes can be expressed properly. This process is
proposed to start from TAD formation, which likely relies on specific bookmarks of TAD
boundaries on mitotic chromosomes. Afterward, the long-range interactions within TADs
are established, and compartment A/B is formed by stochastic self-assembly of TADs in a
cell type—specific manner (Dekker 2014).

At different stages of interphase, chromosome conformations have also been tracked, and
they are largely invariant. The A/B compartment and the TAD borders are stable across early
G1, mid-G1, and S phases (Naumova et al. 2013). However, the strength of A/B
compartmentalization and TAD insulation is subject to change quantitatively through
interphase correlated with DNA replication, as demonstrated by a recent single-cell Hi-C
study (Nagano et al. 2017).

3D Genome Organization of the Inactive X Chromosome

Homologous chromosomes other than the X chromosome have highly similar high-order
chromatin structure (Darrow et al. 2016, Deng et al. 2015, Dixon et al. 2015, Giorgetti et al.
2016, Rao et al. 2014): The active X chromosome (Xa) has TADs of regular size, whereas
the inactive X chromosome (Xi) is partitioned into two large, contiguous domains, with a
general absence of TADs. Similar Xi organization is conserved across the human, rhesus
macaque, and mouse. The boundary of two large domains on Xi lies near the DXZ4
macrosatellite and its orthologs, which are bound by CTCF on Xi but not on Xa (Darrow et
al. 2016, Horakova et al. 2012, Rao et al. 2014).

Both Xistrepression and the DXZ4 element contribute to the formation of Xi-specific
conformation (Darrow et al. 2016, Giorgetti et al. 2016, Minajigi et al. 2015). Loss of Xist
partially restores the TADs on the Xi, converting it to a more Xa-like conformation (Minajigi
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et al. 2015). In contrast, the recruitment of Xistto Xa promotes the formation of a domain
boundary at DXZ4, a signature of Xi conformation (Giorgetti et al. 2016). The mechanism
of Xistregulating Xi organization may be repelling of Cohesin binding at specific loci
(Minajigi et al. 2015). In contrast to X/st ablation, deletion of DX.Z4 causes fusion of the
two large domains as well as a further reduction of TAD signals on Xi (Darrow et al. 2016,
Giorgetti et al. 2016). Additionally, loss of DXZ4 also influences the histone modification
patterns on Xi and has a minor effect on Xi transcription (Darrow et al. 2016).

3D Genome Reorganization During Embryonic Stem Cell Differentiation

Genome-wide 3D genome reorganization during stem cell differentiation has been recently
examined in human embryonic stem cells (hESCs) (Dixon et al. 2015). Consistent with the
notion that TADs serve as stable organizational units, TAD boundary positioning is largely
unchanged when hESCs differentiate into four distinct early embryonic cell lineages.
However, both intra-TAD and inter-TAD interactions change in a way corresponding to the
alterations in transcription levels and epigenetic states. Upon differentiation, hundreds of
TADs display a significant overall increase or decrease in intradomain interaction
frequencies. TADs that gain more interactions show increased levels of active epigenetic
marks, upregulation of gene expression, and a shift from compartment B to A. By contrast,
TADs with decreased chromatin interactions tend to display downregulation of gene
expression and a shift from compartment A to B.

Whereas the above study focuses mainly on ESC differentiation, a more comprehensive
analysis including primary human tissues uncovers an additional tissue type-specific feature
of genome organization termed FIREs (frequently interacting regions) (Schmitt et al.
2016a). FIREs are regions that exhibit unusually high levels of local contact frequency
(typically within 200 kb). Unlike long-range interactions that connect two genomic regions,
FIREs involve multiple partners in the neighborhood and represent local chromatin
interaction hot spots. FIREs are highly tissue specific, are located near cell identity genes,
and are enriched for active enhancers and superenhancers, suggesting that a more complex
hub-like spatial structure is present around tissue-specific genes to regulate their expression.
Establishment of FIREs relies on the Cohesin complex because depletion of Cohesin causes
a dramatic reduction of local interaction frequencies at FIREs in both human and mouse
cells.

In addition to ESC differentiation, 3D genome reorganization has been investigated in the
immune system. Upon antigen activation, naive B cells undergo dramatic changes in
phenotype and transit to germinal center (GC) B cells. A recent study tracks 3D genome
architecture during this transition and reveals that massive genome reorganization occurs,
coordinating changes in expression and epigenetic regulation (Bunting et al. 2016). A GC B
cell-specific interaction network is established around promoters of GC B phenotype—
driving genes as well as active GC B enhancers bound by PU1 and SPID, which play critical
roles in GC formation. As in ESC differentiation, the genomic regions that acquire long-
range interactions during B cell maturation are associated with active epigenetic marks,
including H3K27ac, H3K4mel, and H3K4me3.
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3D Genome Organization in Pluripotent Stem Cells

Pluripotent stem cells have served as a model cell system to elucidate the mechanisms of 3D
genome organization and to explore the relationships between dynamic chromatin
organization and gene expression. Specific long-range interactions are established around
the promoters of the key pluripotency genes Oct4, Nanog, and Sox2 (ONS) for their
activation (Apostolou et al. 2013, Denholtz et al. 2013, Phillips-Cremins et al. 2013, Wei et
al. 2013, H. Zhang et al. 2013). For instance, transcriptional activation of endogenous Oct4
during reprogramming relies on long-range intrachromosomal interactions between the Oct4
promoter and its distal enhancers; such interactions are mediated by Cohesin and KIf4.
Depletion of either Cohesin or KIf4 in ESCs or induced pluripotent stem cells (iPSCs)
disrupts those interactions and triggers cell differentiation, indicating a causal link between
long-range interaction establishment and gene activation (Wei et al. 2013, H. Zhang et al.
2013). Similarly, NManog-centered interactions also display a pluripotency-specific pattern,
and knockdown of the mediating proteins Cohesin and/or Mediator leads to a significantly
decreased reprogramming efficiency (Apostolou et al. 2013).

CTCEF, the Cohesin complex, and the Mediator complex facilitate long-range interactions
(Hadjur et al. 2009, Kagey et al. 2010, Splinter et al. 2006). Their specific roles in ESC-
specific and constitutive interactions were revealed by comparing the 3D chromatin
interactome between ESCs and neural progenitor cells (NPCs) around six key
developmentally regulated genes (Oct4, Nanog, Nestin, Sox2, KIf4, and Olig1-Olig2)
(Phillips-Cremins et al. 2013). CTCF and Cohesin cooccupancy is essential for the
maintenance of constitutive interactions, whereas ESC-specific interactions are bridged by
Cohesin and Mediator. This observation suggests that CTCF-dependent, Cohesin-mediated
interactions tend to define invariant TADs and sub-TADs, whereas the CTCF-independent
interactions are more likely to associate with lineage-specific enhancers. A recent study with
genome-wide coverage confirms this classification (Ji et al. 2016). Application of Cohesin
ChIA-PET to human ESCs also identified two categories of interactions: Cohesin/CTCF-
mediated interactions and Cohesin/enhancer-mediated interactions. Cohesin-associated
CTCF-CTCEF loops connect boundaries of conserved TADs and are shared in both naive and
primed human ESCs. By contrast, Cohesin-associated enhancer-promoter interactions are
found within TADs, where differential regulation of genes occurs during the transition from
the naive state to the primed state.

Besides CTCF, Cohesin, and Mediator, pluripotency factors are also integral to pluripotent
cell-specific 3D genome architecture. First, ONS binding is enriched at ESC-specific
interacting regions (de Wit et al. 2013, Denholtz et al. 2013, Phillips-Cremins et al. 2013).
The contribution of ONS to ESC-specific interactions is further demonstrated by depletion
of Oct4 or Nanog: Loss of either protein leads to a decrease in contact frequency specifically
at its corresponding binding regions but does not affect the overall genome architecture. In
addition, new contacts are established after the introduction of extra Nanog binding to the
target genomic locus, underscoring the direct role of Nanog in mediating long-range
interactions (de Wit et al. 2013).

Another notable feature of pluripotent genome organization is that Polycomb proteins shape
repressive 3D spatial networks around developmentally important genes (Denholtz et al.
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2013, Joshi et al. 2015, Schoenfelder et al. 2015b). In particular, extensive long-range
promoter-promoter (both intra- and interchromosomal) interactions are observed at Hox
gene clusters and are abolished upon depletion of subunits of Polycomb repressive complex
1 or 2 (Joshi et al. 2015, Schoenfelder et al. 2015b). However, such contacts are absent in
naive ESCs cultured in 2i/LIF medium, suggesting that such contacts are not essential for
maintenance of pluripotency (Joshi et al. 2015).

During reprogramming, massive 3D genome reorganization occurs, and somatic cells
gradually acquire ESC-like genome structures (Beagan et al. 2016, Krijger et al. 2016). At
the level of compartment A/B and TADs, the 3D genome organization of ESCs and iPSCs
derived from different cell origins is largely identical (Krijger et al. 2016). Yet at a finer
scale, detectable differences are observed between ESCs and NPC-derived iPSCs and are
correlated with inaccurately reprogrammed gene expression. These incompletely rewired
local chromatin interactions in NPC-derived iPSCs can be fixed by culturing in 2i/LIF
media, probably through restoring CTCF occupancy after global demethylation (Beagan et
al. 2016).

ROLES OF 3D GENOME CONFIGURATION IN DISEASE AND CANCER

Connecting Disease-Associated Variants to Target Genes

The majority of disease-associated variants uncovered by genome-wide association studies
(GWAS) reside in noncoding sequences and are frequently found in or near cis-regulatory
elements, raising the possibility that a substantial fraction of variants may contribute to
disease pathogenesis by affecting transcription of specific genes (Hindorff et al. 2009,
MacArthur et al. 2017, Maurano et al. 2012). Given that the target genes of distal cis-
regulatory elements are not always the closest ones in linear distance, it is necessary to study
disease-associated variants in the context of the 3D genome.

The power of 3D genome annotation in understanding the regulatory role of a noncoding
variant by predicting its target gene was first demonstrated at specific loci through 3C or 4C-
seq (Smemo et al. 2014, Visser et al. 2012). Now a genome-wide, 3D genome-based
approach linking disease-associated genetic variants with their target genes is possible with
high-resolution Capture Hi-C or Hi-C. The 3D promoter interactomes of 17 human primary
hematopoietic cell types reveal more than 2,500 potential disease-associated genes linking to
thousands of GWAS SNPs (Javierre et al. 2016). In a separate study, Hi-C contact maps
from the human cerebral cortex are used to annotate the noncoding variants identified in
schizophrenia GWAS (Won et al. 2016).

Gene Dysregulation by Alteration of Topologically Associating Domains

Because the TAD plays a critical role in securing promoter-enhancer interactions and
limiting interdomain interactions (Symmons et al. 2016, Zhan et al. 2017), its alteration may
also induce ectopic interactions between regulatory elements, leading to gene dysregulation.
A number of studies have demonstrated that genetic manipulation of specific TAD
boundaries can change the surrounding interaction patterns and can thus affect the
expression of nearby genes. For example, when a 58-kb region encompassing a TAD
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boundary is deleted in mouse ESCs, interdomain interactions between adjacent TADs
significantly increase, accompanied with upregulation of genes lying in the neighborhood
TAD (Nora et al. 2012). Rather than by deleting a large genomic region, a more precise
perturbation of a TAD boundary was achieved by targeting the CTCF-CTCF loop anchors
that contribute to boundary formation. Similarly, loss of CTCF binding sites or inversion of
the sequences altered local chromatin architecture and nearby gene expression (Dowen et al.
2014, Guo et al. 2015, Narendra et al. 2015).

Naturally occurring mutations may also disrupt TAD boundaries and in some cases lead to
oncogene activation (Figure 54). In /DH mutant gliomas, activities of TET proteins, which
are involved in active DNA demethylation, are repressed, leading to hypermethylation of
some CTCF binding sites and to reduced CTCF occupancy. As a result, the insulation
function of the TAD boundary is impaired, allowing ectopic interactions between a
constitutive enhancer and PDGFRA, an established glioma oncogene, to trigger the
upregulation of PDGFRA (Flavahan et al. 2016). Oncogene activation through disruption of
the TAD boundary is also observed in T cell acute lymphoblastic leukemia (T-ALL). In T-
ALL, two pathogenesis genes, 7ALZ and LMOZ, are located near impaired TAD boundaries,
and deletion of these two boundaries in HEK-293T cells resulted in the activation of both
genes (Hnisz et al. 2016b). In addition, CTCF binding sites are frequently mutated in
multiple cancer types, suggesting that TAD boundary disruption may be a common
mechanism for oncogene activation (Katainen et al. 2015, Ji et al. 2016).

Loss of TAD integrity has also been linked to congenital diseases, as illustrated by structural
variations that occur in the EPHA4, Sox9, and LMNBI loci (Franke et al. 2016, Giorgio et
al. 2015, Lupiafez et al. 2015). In these studies, the authors attempt to link the observed
pheno- types to structural variations. This proved to be a difficult task if only changes in
relevant gene dosages were considered. However, when the relative positions of the enhancer
and promoter were examined in the context of TAD, the underlying mechanisms became
apparent. One class of structural variations being investigated is deletion. When a TAD
boundary is deleted, certain genes can be ectopically activated by enhancers in the
neighboring TAD (Figure 54). At the LMNBI locus, a large deletion (~660 kb) upstream of
the LMNBI promoter eliminates a TAD boundary and allows for new chromatin interactions
between at least three enhancers and the LMNBI promoter, resulting in overexpression of
LMNBI and autosomal dominant adult-onset demyelinating leukodystrophy (Giorgio et al.
2015). Similarly, deletion of the centromeric or telomeric boundary of the £EPHA4 TAD
causes activation of /HH or PAX; leading to brachydactyly or polydactyly, respectively
(Lupiéfiez et al. 2015). By contrast, deletions that do not perturb the TAD boundary had no
effect on the expression level of neighboring genes (Lupiafiez et al. 2015, Symmons et al.
2016). Besides deletions, inversions encompassing a TAD boundary can also bring
enhancers and promoters from two different TADs into close proximity and trigger ectopic
gene expression (Figure 56). For example, F-syndrome can be caused by inversion of the
centromeric boundary of the EPHA4 TAD, which activates WNT76 (Lupiafiez et al. 2015).

Duplications may also have functional consequences, depending on the sizes and positions
of such duplications (Figure 5¢). When the duplication involves no regulatory elements and
is confined to one TAD (referred to as intra-TAD duplication), it generally has no major
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effect on the genes in the same TAD, because intra-TAD promoter-enhancer contact is robust
and independent of genomic distance (Symmons et al. 2016). In contrast, if intra-TAD
duplication covers an enhancer, the duplicated enhancer can introduce extra contacts with
the targeted gene, leading to its overexpression. For instance, SOX9 can be upregulated by
duplication of its regulatory region that contains a number of enhancers, causing sexual
reversal (Franke et al. 2016). Also around the SOX9locus, a larger duplication including
both SOX9enhancers and the adjacent TAD boundary results in no aberrant interactions or
phenotype, which can be explained by the formation of a new TAD that prohibits the
interaction between SOX9and the duplicated enhancers. Further extended duplication
encompassing the nearby KCNJ2 gene leads to a Sox9-like expression pattern of Kcnj2 and
Cooks syndrome as a result of the extra copy of KCNJ2being regulated by SOX9enhancers
(Franke et al. 2016).

Systematic computational analysis also confirms that considering TAD alterations is
necessary when one is interpreting the consequence of structural variations. From this
analysis, disruption of TAD boundary and subsequent enhancer misuse contribute to a
substantial portion of copy-number variation—associated phenotypes (Ibn-Salem et al. 2014).

PERSPECTIVE

Our understanding of 3D genome organization has rapidly evolved in recent years, thanks to
advances in C-technologies and imaging-based tools. We now appreciate that chromosome
folding follows several common rules and that changes in 3D genome structure not only are
a consequence of changes in gene expression but also could modulate gene expression.
Importantly, disruption of higher-order chromatin structure (e.g., TADS) is recognized as a
new mechanism of disease pathogenesis.

Future efforts should address several key questions. First, the molecular mechanisms that
drive and maintain the hierarchical 3D genome structure have not been fully elucidated.
Although CTCF-CTCF loops and the Cohesin complex have generally been accepted as a
mechanism in TAD formation, this model cannot explain all experimental observations.
Whether additional factors are involved in genome folding will require further investigation.
Second, whether the principles of chromatin organization derived from populations of cells
apply to single cells is still unclear. For example, the existence of compartment A/B in
individual cells has been confirmed by FISH (Wang et al. 2016), and finer structures such as
TADs were also observed in single-cell Hi-C data (Nagano et al. 2013). However, both
imaging-based analysis and single-cell Hi-C studies have illustrated significant cell-to-cell
variabilities in terms of 3D genome organization (Flyamer et al. 2017; Nagano et al. 2013,
2017; Ramani et al. 2017; Stevens et al. 2017), and it is unclear how such variabilities relate
to gene regulation at the single-cell level. Furthermore, analysis of single-cell Hi-C data sets
is challenging, given the sparsity of coverage (Flyamer et al. 2017; Nagano et al. 2013,
2017; Ramani et al. 2017; Stevens et al. 2017).

Because lineage-specific alteration of 3D structure often occurs within TADs or sub-TADs,
acquiring maps of chromatin interactions at high resolution (ideally at a level capable of
distinguishing individual regulatory elements) for a wide range of tissues or cells is
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necessary to delineate the influence of the 3D genome on lineage-specific gene regulation.
Acquisition of such detailed maps for a wide spectrum of samples has been possible using
relatively cost-effective targeted C-technologies such as Capture-C/Hi-C and PLAC-seq/
HiChlIP (Javierre et al. 2016; M. Yu, R. Fang, I. Juric, R. Hu, S. Preissl, M. Hu & B. Ren,
unpublished results). We anticipate that high-resolution chromatin interaction maps from a
wider range of tissues and cells will be generated in the near future.

Given the complexity of 3D genome organization as well as of gene regulation networks,
there is no doubt that fully decoding their relationships will require multidisciplinary
approaches. The 4D Nucleome project is one such effort with the goal of developing novel
tools to map 3D genome organization and to generate reference maps of 3D genome
architecture for different cell types and tissues (Dekker et al. 2017). One of the central goals
of the consortium is to establish experimental guidelines and data standards for imaging and
omics technologies. To achieve this goal, the consortium will study the chromatin
organization of a panel of common cell lines by using a diverse array of omics- and
imaging-based technologies. Systematic comparisons of different assays will be carried out
to learn how different chromatin architectural features such as loops and TADs present
themselves when examined using different methodologies. In particular, the integration of
imaging- and omics-based data sets will lead to exciting new principles of chromatin
organization. Results from this collaborative project are expected to greatly improve our
understanding of nuclear organization and dynamics in mammalian cells and to provide
important guidelines for expanding such studies to additional cell types and biological
contexts.
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by different colors. Only three chromosomes are shown. (Middle) Compartments A and B
are indicated by a yellow and pink background, respectively. Compartment B is correlated
with nuclear lamina. TADs are represented by large indigo circles, whereas the inner sub-
TADs are shown as smaller green circles. (Right) Two types of long-range interactions are
shown: One interaction is a CTCF-CTCF loop mediated by the Cohesin complex, whereas
the other is between the promoter and the enhancer that often involves the Mediator (Med)
complex, the Cohesin complex, and lineage-specific transcription factors.
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Figure 3.
Hi-C data reveal two types of compartments in each chromosome. (&) A plaid pattern

emerges after transforming the Hi-C contact matrix (/ef?) to the observed/expected matrix
(right), suggesting the presence of two compartments. Contacts within the same
compartment are enriched, whereas contacts between different compartments are depleted.
The Hi-C data are from mouse embryonic stem cells (Fang et al. 2016) and are visualized
with Juicebox (Durand et al. 2016). (6) Principal-component analysis (PCA) on the
observed/expected matrix partitions each chromosome into two compartments, A and B,
based on the first principal component (PC1).
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a Contact matrix of 500-kb resolution versus 25-kb resolution
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Figure 4.
Identification and characterization of topologically associating domains (TADs). (&) (Léef)

Cis-contact matrix for chromosome 12 from human embryonic stem cells at 500-kb
resolution. (Right) A detailed contact matrix of an ~2.8-Mb region at 25-kb resolution
reveals TAD organization as triangles. TAD1-3 are manually annotated and indicated by
solid lines. The Hi-C data are taken from Dixon et al. (2012) and are visualized with
Juicebox (Durand et al. 2016). (6) The position of TAD boundaries is largely conserved
between different cell types, but TADs may transit between different compartments. (¢) TAD
formation by loop extrusion. The Cohesin complex forms a ring structure and travels along
the DNA fiber, extruding a progressively larger loop until it is stalled by bound CTCF with
convergent orientation (red arrows).
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Figure5.

Dysregulation of gene expression by alteration of topologically associating domain (TAD)
boundaries. (&) Deletion or inactivation of a TAD boundary can cause the merger of two
neighborhood TADs, allowing the enhancer to activate new genes. (6) Similarly, inversion
may also bring the enhancer and an irrelevant gene into the same TAD, leading to the gene’s
activation. (¢) The effect of duplication depends on its size and position, as exemplified
around the Sox9locus (Franke et al. 2016). WT denotes wild type.
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