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Abstract

Genome function, replication, integrity, and propagation rely on the dy-
namic structural organization of chromosomes during the cell cycle. Genome
folding in interphase provides regulatory segmentation for appropriate tran-
scriptional control, facilitates ordered genome replication, and contributes
to genome integrity by limiting illegitimate recombination. Here, we review
recent high-resolution chromosome conformation capture and functional
studies that have informed models of the spatial and regulatory compart-
mentalization of mammalian genomes, and discuss mechanistic models for
how CTCF and cohesin control the functional architecture of mammalian
chromosomes.
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3C: chromosome
conformation capture

TAD: topologically
associating domain

LEVELS OF GENOME FOLDING

Eukaryotic genomes are partitioned into chromosomes that change their organization during the
cell cycle. Chromosome conformation capture (3C) experiments have revealed that chromosomes
swap their characteristic mitotic shape for an elaborate pattern of folds and loops when they de-
condense in the early part of GI phase (19, 24, 101). Genome folding in interphase has several
critical functions. First, folding maintains genome integrity by suppressing illegitimate recom-
bination between repetitive sequences (60, 92). Second, units of folding correspond to units of
DNA replication in S phase, indicating a role for genome folding in replication (109) (see sidebar
DNA Replication Domains). Third, gene regulatory elements and their targets can be separated
by large genomic distances that need to be bridged while maintaining the specificity of regulation.
Genome folding into spatial domains facilitates transcriptional regulation because promoters and
enhancers within the same domain preferentially interact with each other (29, 63, 137). Here, we
focus on the role of genome folding in transcriptional regulation.

Topologically Associating Domains and Contact Domains as Primary Units
of Genome Folding in Interphase

The primary units of interphase chromosome folding are submegabase-scale domains referred
to as topologically associating domains (TADs) (Figure 1), which are defined by preferential
interactions within them (26, 104). Quantitatively, Hi-C contact frequencies between loci in the
same TAD are approximately two to three times those of genomic regions outside of the TAD.
Mammalian TADs often have nested configurations (26) in which larger TADs encompass
smaller ones. Because of this hierarchical organization, the identification of TADs is highly de-
pendent on the resolution of the Hi-C data used and the scale at which the data are analyzed (38).
Operationally, TADs are defined as self-associating chromosome segments detected by 3C-based
methods. The highest-resolution Hi-C maps currently available show that the smallest mam-
malian TADs, also called contact domains at this scale, range in size from 40 kb to 3 Mb, with
a median size of 185 kb (110). High-resolution Hi-C has demonstrated that a sizable fraction
of contact domains (39%) are connected at their bases (110), suggesting that many TADs are
enclosed by a chromatin loop (with ~10,000 loops detected genome-wide at 1-kb resolution)
(Figure 2). Contact domains without loops are typically flanked by loop domains and may emerge

DNA REPLICATION DOMAINS

DNA replication in S phase is organized into domains that coincide with topologically associating domains (TADs)
(109). Analysis of Hi-C data from three mouse cell lines and four human cell types (26, 62, 110) indicated that
replication domains that show differences in replication timing in different cell types (developmental domains) are
significantly less compartmentalized than constitutive domains (24).

Whether genomic regions will be replicated early or late is determined long before S phase, in early G1 (24,
109). The point in G1 when replication timing is set (the replication timing decision point) coincides with the
completion of 3-D chromatin reorganization. The nuclear lamina-associated protein Rifl is a known regulator

of replication timing in mammalian cells (13), as recently shown by circular chromosome conformation capture

(4C) assays demonstrating that Rifl controls long-range interactions between replication timing domains in mouse
embryonic stem cells and fibroblasts (40). Rifl may therefore control replication timing by limiting interdomain

interactions (40).
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Figure 1

Levels of genome folding. (#) A linear map of a theoretical locus with one enhancer, one gene and its
promoter, and CTCF binding sites in either a forward (b/ue) or reverse (red) orientation. () Local 3-D
folding. This folding brings convergent pairs of CTCF sites into close spatial proximity through a loop,
fostering chromosomal contacts between the enhancer and the target promoter in the intervening domain.
() Segmental folding into topologically associating domains (TADs). This folding packages enhancers and
promoters from the same domain together while insulating them from the regulatory elements of
neighboring domains. TADs also contain inactive genes ( pink), which are not responsive to surrounding
enhancers. (d) Compartmentalization of the chromatin territory. The coalescence of TADs from the same
or different chromosomes defines two main compartments [A (blue-green) and B (light red)], which roughly
correspond to the transcriptionally active and inactive fractions of the genome. Compartments A and B can
be further subdivided into a total of six subcompartments (different shades of blue-green and red).
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Figure 2

Genomic distribution of loops, CT'CF, cohesin, and transcription. (#) High-resolution Hi-C data from the GM12878 human

lymphoblastoid cell line at the 7BXS locus. Topologically associating domains (TADs) appear as triangles of high signal on the Hi-C
heat map; loops appear as focal points. The image shows CT'CF and cohesin (Rad21 subunit) data from chromatin immunoprecipitation
combined with DNA sequencing (ChIP-Seq) as well as the orientation of CTCEF sites within ChIP-Seq peaks. Note that the CTCF
and cohesin peaks colocalize and that CTCF sites engaged in looping show higher ChIP-Seq signals than other sites. RNA sequencing

(RNA-Seq) data identify transcribed regions, and H3K27ac (acetylation of histone H3 on lysine 27) ChIP-Seq highlights active

enhancers and promoters, most of which do not overlap looping elements. (5) Overlap of Hi-C loops, CT'CF peaks, and H3K27ac
peaks, highlighting that, although most loops contain a CT'CF peak, the majority of CT'CF peaks and active regulatory elements are
not engaged in looping. Data are from Reference 110 and the Encyclopedia of DNA Elements (ENCODE) project, retrieved from the

UCSC Genome Browser (https://genome.ucsc.edu).
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from constraints exerted by neighboring loop domains (110). Although the available single-cell
Hi-C data are too sparse to reconstruct TADs, they do suggest that intradomain contacts are more
uniform between individual cells than contacts between domains (95).

Higher-Order Genome Organization

TADs that share similar chromatin states tend to associate with each other in ¢zs (with TADs on
the same chromosome) and in #7ans (with TADs on other chromosomes) to form two genomic
compartments (20, 44) (Figure 1). Compartment A contains most of the transcriptionally active
regions, whereas compartment B contains mostly gene-poor and transcriptionally inactive regions
(78). These two compartments can be subdivided into smaller subcompartments (110) (Figure 1).
The driving forces behind compartmentalization are not fully understood, but chromatin com-
position and transcription may play a role. Mechanistically, the experimental recruitment of the
H3K9me3 (trimethylation of histone H3 on lysine 9) methyltransferase SUV39H]1 can induce a
TAD in compartment A to ectopically engage compartment B (149). Interestingly, the suscep-
tibility to nuclear repositioning varies between loci, suggesting the involvement of additional, as
yet uncharacterized determinants (149). Within compartments, specific loci tend to associate in
trans, as exemplified by clusters of Nanog/Oct4/Sox2-bound sites (17) or Polycomb-bound loci
in mouse embryonic stem cells (23). The segregation of active from inactive regions is reminis-
cent of observations by fluorescence in situ hybridization (FISH) microscopy that chromosomes
occupy characteristic nuclear territories that reflect gene density and activity, with preferential
localization of euchromatin toward the center and heterochromatin toward the periphery of the
nucleus and associated with the nuclear lamina (9, 14).

The familiar banding pattern of Drosophila polytene chromosomes reflects the organization
of TADs and directly links the visual and molecular organization of chromatin (32). Polytene
chromosomes are closely aligned with each other and form TADs but not compartments, sug-
gesting that distinct mechanisms underlie TADs and compartments (32). Finally, higher-order
chromatin organization reflects specific cellular functions: Segmented nuclei help granulocytes
squeeze through tightspaces, and a cell type—specific central position of heterochromatin optimizes
night vision in rodent photoreceptor cells (128). Sperm is an extreme case of chromatin structure
following function, and radical reorganization of nucleosome-based chromatin into protamin-
based chromatin allows extremely tight packing of the paternal genome. Surprisingly, however,
sperm chromatin appears to retain TADs as well as compartments A and B (3).

Chromosomal Organization Is Dynamic

Single-cell Hi-C provides a genome-wide glimpse of cell-to-cell variation in chromosome
organization (95). Although the position of TADs along chromosomes appears to be consistent
between cells, there are tremendous differences in chromosome folding in cis as well as in trans.
This is in agreement with the heterogeneity of chromosome territories observed by FISH
microscopy (47). Because imaging and single-cell Hi-C do not currently have the resolution to
robustly measure chromatin folding at the submegabase scale, it remains unclear how stable the
loops are that demarcate domains (Figure 3). This limits our understanding of the molecular
architecture of loops at the base of contact domains. Polymer modeling has been used extensively
to help fill this gap, providing simulations of single-folded chromatin fibers as well as average
configurations of chromosome ensembles that can be directly compared with population-based
assays such as Hi-C (for a review, see 62).

www.annualreviews.org © CTCF and Cobesin in Genome Regulation
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Figure 3

Cell-to-cell variability of chromatin architecture. (#) A linear map of a theoretical locus. (b) Different
conformations in different cells. As shown here, 3-D folding is not identical in all cells; rather, chromatin
adopts various conformations, from extended to compact, that can either enable or prevent enhancer-
promoter contact. Alternative usage of looping CTCF sites can also explain the nested appearance of TADs
observed in data from population-based Hi-C. Hi-C data from populations of cells do not directly capture
the cell-to-cell variability in chromatin architecture or its dynamics over time.
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Data-driven models use Hi-C data to derive values for biophysical parameters that, when
applied to ensembles of chromatin conformation and averaged, give rise to contact frequencies
similar to those shown by Hi-C. They are often used to generate spatial models (4). Other types
of polymer models start with defined biophysical parameters to create conformation ensembles
that are then compared with real Hi-C data (62). Both approaches generate predictions that can
be explored by orthogonal approaches such as imaging. Model-derived conformation ensembles
can be mined to assess the folding pattern of individual fibers in silico. By addressing how similar
single fibers are to the population average, this approach can yield insights into the variability of
folding patterns.

Data-driven modeling suggests that chromatin conformation within TADs is highly variable
from cell to cell and that contacts between looping elements are fluctuating rather than stable
(46) (Figure 3). High-resolution imaging indicates that TADs, and loop domains in particular,
are not static structures stably connected at their base (34, 46, 104, 141). Rather, the apparent
self-association of TADs and loop domains may emerge from the summation of many possible
structures across the cell population. In this scenario, loops are probabilistic (42). In agreement
with this view, FISH has shown that only a small subset of cells have a complete spatial overlap
between loop anchors (46, 104).

The boundaries of TADs and their associated chromosome loops as detected experimentally
appear to be relatively constant across cell types, and high-resolution Hi-C has shown that any
two cell types share 50-75% of loops (110). Long-range folding of TADs can change during dif-
ferentiation, often accompanying changes in transcriptional activity and chromatin state (9, 103).
Up to 25% of the genome switches compartments during the differentiation of human embryonic
stem cells (25).

Compartments and TADs are not a constitutive feature of chromosomes. In addition to mi-
totic chromosomes (24, 101), other examples of loss of compartmentalization are mammalian
X chromosomes subject to X inactivation, Hutchinson-Gilford progeria syndrome patient cells
that enter senescence (87), and Drosophila cells responding to heat shock (76). Patterns in chromatin
folding therefore arise from mechanisms that continuously instruct chromosome organization.

CTCF, COHESIN, AND THE MOLECULAR TIES OF LOCAL
GENOME FOLDING

The boundaries of compartments, TADs, and loop domains all are enriched for the bind-
ing of CTCF, an 1l-zinc-finger, sequence-specific DNA-binding protein (26, 110, 143)
(Figures 1, 2, and 44). CTCF is conserved in most bilaterian metazoa (57, 69), broadly ex-
pressed, and essential for both cellular function (11, 36) and embryonic development (125, 129,
145). CTCF is the only known insulator protein in vertebrates (6), and it can block enhancer func-
tion in reporter plasmids (45, 108) and in its native chromatin context (8, 18, 29, 52, 53, 82, 97,
115, 122). In addition to compartment, TAD, and loop domain boundaries, CTCF is enriched at
transitions between distinct chromatin states (15) and interactions with the nuclear lamina (142),
which also align with TAD boundaries. CTCF enrichment at boundaries points to an impor-
tant role for CT'CF in boundary formation, although many CTCEF sites do not appear to engage
in looping or chromatin folding (Figure 2). At a small subset of sites (~1.5%), CTCF binding
is sensitive to the methylation status of DNA (8, 37, 54, 146). In this way, CTCF binding can
be epigenetically regulated to control imprinted gene expression (5, 56, 66). Similarly, disrupted
DNA methylation (e.g., in cancers with metabolic deregulation) can interfere with CTCF binding
(39). CTCEF can also interact with RNA, and the underlying biological implications remain to be
explored (70, 114).

www.annualreviews.org © CTCF and Cobesin in Genome Regulation
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The Functional Relationship Between CT'CF and Cohesin

A functional link between CTCF (a high-affinity DNA-binding protein) and cohesin (a key com-
ponent of chromatin) was provided by the finding that CTCF and cohesin co-occupy tens of
thousands of binding sites across the genome (106, 113, 134, 146) (Figure 2). Cohesin is a ring-
like multiprotein complex (Figure 4b) that provides cohesion between sister chromatids from the
time of DNA replication in S phase until cell division (99). This function of cohesin is essential
and enables postreplicative DNA repair and proper chromosome segregation through mitosis
and meiosis, ensuring the integrity of genomic information passed on from mother to daughter
cells and from one generation of multicellular organisms to the next (99). Cohesin and the highly
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related condensin and Sme5/6 complexes are built around heterodimers of structural maintenance
of chromosomes (SMC) proteins. In contrast to cohesin, condensin complexes are not enriched
at CT'CF binding sites (29). In cohesin, a V-shaped Smc1-Smc3 heterodimer is complemented by
Rad21/Sccl and Scc3/SA1/SA2 subunits to form a structure large enough to topologically enclose
two chromatin fibers (99) (Figure 4b). In higher eukaryotes, cohesin is a major component of
chromatin in cycling, noncycling, and even postmitotic cells.

Although strong cohesin sites usually coincide with the binding of CT'CF (106, 113, 134, 146)
(Figure 2), weaker cohesin sites often map to active promoters and enhancers (35, 65, 118, 154).
Here, cohesin apparently colocalizes with its loading factor Nipbl, Mediator components, and
tissue-specific transcription factors (35, 65, 118, 154).

Depletion of CTCF reduces the enrichment of cohesin at CT'CF binding sites, as measured
by chromatin immunoprecipitation (ChIP), but does not disrupt the presence of cohesin on chro-
matin (106, 146). CTCF therefore affects the distribution of cohesin on chromosomes, rather
than its loading or association with chromosomes per se. Depletion of cohesin subunits does not
substantially alter the binding pattern of CT'CF, suggesting that CTCF is upstream of cohesin in
positioning cohesin to its target sites. The SA1 and SA2 cohesin subunits can physically interact
with the C terminus of CTCEF in vitro (151). Upon SAl knockout, the SMC1 and SMC3 co-
hesin subunits redistribute and show reduced association with some CTCF sites, suggesting that
SA1 may provide a physical link between CTCF and cohesin (111). The deletion of the putative
SA1/2-binding domain in CTCF reduces cohesin binding and transcriptional insulation in re-
porter transgenes (151), but its impact on cohesin enrichment at endogenous CTCF sites in vivo
remains to be tested.

Depletion of CTCEF affects looping between CTCF sites (131) and disrupts insulation be-
tween neighboring TADs (160). However, compartments are unaffected by the loss of CTCF,
even when the protein is almost completely degraded using inducible strategies (E.P. Nora &
J. Dekker, unpublished data). Cohesin depletion abrogates looping between CTCF sites and re-
duces interactions within TADs but does not affect compartmentalization (54, 120, 121, 126, 160).
Chromosome folding beyond the megabase scale is disrupted only by depletion of both CTCF
and cohesin, which results in general chromatin compaction (139).

Figure 4

How CTCEF and cohesin contribute to genome folding. (#) CTCF and its motif. In subsequent panels, the
forward motif is abbreviated as “GGG>” (shown in blue), and the reverse motif is abbreviated as “<CCC”
(shown in 7ed). The central zinc fingers of CTCF engage the CTCF core motif, and the C-terminal fingers
are oriented toward the 5’ end of the motf (96). (b)) The cohesin complex, showing the core subunits SMCI,
SMC3, Rad21, and SA1 or -2. The internal diameter of the ring-like structure is ~40 nm, large enough to
accommodate chromatin fibers. (¢) Loops form preferentially between convergent CTCF binding sites,
suggesting that CTCF-CTCEF interactions are established not by 3-D diffusion but rather by a process that
tracks the chromatin fiber. (4) Extrusion may form chromatin loops. Extrusion stops when two occupied
convergent CTCF sites are reached. (¢) When a boundary element is lost (indicated by the “xxx”), extrusion
continues to form a larger topologically associating domain (TAD). Red and green fluorescence in situ
hybridization (FISH) probes mark the original boundary elements. (f) Simultaneous extrusion of loops from
both boundaries generates two loops (see also the related sidebar Where Does Loop Extrusion Initiate?,
below). (g) A single ring embracing a chromatin fiber moves freely without extruding a loop (see also the
related sidebar The Topology of Loop Extrusion, below). (5) Loop extrusion could be mediated by two
cohesin rings that embrace the chromatin fiber and are linked to each other either topologically (/ef?) or by
complex formation (center). Extrusion could also be mediated by a single cohesin ring sliding over the top of
a preformed chromatin loop (right) (see also the related sidebar The Topology of Loop Extrusion, below).

www.annualreviews.org © CTCF and Cobesin in Genome Regulation
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How Does CTCF Mediate Chromatin Looping?

Reports that CT'CF forms dimers or multimers have spurred the development of models in which
chromosomal contacts between CTCF-bound sites are directly mediated by CTCF-DNA and
CTCF-CTCEF interactions (105). This model has been invoked to account for the association in
trans of a subset of loci bound by CTCF and for the disruption of this colocalization by CTCF
knockdown or deletion of the underlying CTCF binding sites (79, 153, 157-159). In contrast
to trans interactions between loci bound by pluripotency factors in mouse embryonic stem cells,
putative trans interactions between CTCF sites are not visible above the background in Hi-C data
(78). Chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) experiments have
confirmed that most CTCF-mediated interactions are local and involve loci less than 1 Mb apart
(55, 138). Importantly, the CTCF-multimerization models fall short of explaining why not all
CTCEF sites interact with each other and, in particular, why most pairs of interacting CTCF sites
detected by Hi-C are in a convergent orientation (110, 143).

Long-Range Interactions Preferentially Occur Between CTCEF Sites
with Convergent CTCF DNA Motifs

Interestingly, the probability and strength of interactions between CTCEF sites are dictated by
the orientation of CTCF motifs. In mammalian cells, high-resolution Hi-C data have shown that
the vast majority of CT'CF-based long-range interactions occur between convergent sites (110)
(Figure 4c¢). This finding suggests that CTCF proteins that are bound to the DNA at the base of
loops align with each other in a head-to-head configuration. Pairs of divergent CTCF sites are
enriched at TAD boundaries (48).

Recent CTCF ChIA-PET data suggest that approximately one-third of CTCF-CTCF inter-
actions form between CTCF motifs in a tandem orientation (138). This apparent discrepancy may
result from how interactions are defined: Hi-C uses a local background (110), whereas ChIA-PET
applies a uniform threshold genome-wide. As CTCF binding within TADs inherently produces
a higher interaction signal, the ability of tandem CTCEF sites to specifically engage in looping
remains to be explored quantitatively. Circular chromosome conformation capture (4C) data con-
firmed that most CTCF-CTCEF interactions are between convergent motifs but also found a
substantial frequency of interactions between tandem motifs, which the authors attributed to dif-
ficulties in assigning interactions to specific CTCF sites in cases where these sites are in clusters
of motifs with both orientations (18) (Figure 2).

CTCF Motif Orientation Directs Long-Range Interactions

Inverting one site of a convergent looping pair disrupts the loop (18, 53), suggesting that con-
vergent orientation is central for interactivity between remote pairs of CTCF sites. The experi-
mental inversion of clustered CTCF sites in the Pedb protocadherin and -globin loci disrupted
local chromatin folding and allowed the inverted CTCF cluster to access previously insulated
regions downstream of the CTCF site (53). The inversion of individual CT'CF motifs engaged in
looping abrogated loop formation but—in contrast to the inversion of clustered CTCF sites—was
insufficient to disrupt local chromatin folding or to redirect long-range interactions (18). Altering
clusters of CT'CF binding sites may therefore have more profound effects than altering single sites.
Because loops form between pairs of convergent CTCEF sites, the outcome of altering one site

Merkenschlager « Nora



TRACKING

Tracking could account for the directionality of CTCF-CTCF interactions and for other orientation-dependent
phenomena within TADs, such as the orientation-dependent use of recombination signal sequences in legitimate
and illegitimate V(D)] recombination (60) and immunoglobulin class switch recombination (27). The site-specific
bacterial T3 resolvase provides a cautionary tale, however; numerous lines of evidence suggested that this resolvase
performs tracking, but careful theoretical and experimental dissection concluded otherwise (133). Site-specific
recombination by the T3 resolvase in vitro requires a pair of 7es sites. Akin to loop formation between CTCF motifs
(110), RAG-dependent use of recombination signal sequences (60), and immunoglobulin class switch recombination
(27), recombination by the T3 resolvase prefers particular orientations of res sites over alternative orientations.
This preference has now been explained by a two-step synapsis model in which 7es sites can initially come together
regardless of orientation, but subsequent topological steps selectively retain certain 7es site orientations, while others
are lost owing to topological strain (133). Pairing of CT'CF in a convergent orientation may involve additional layers
of molecular choreography that discriminate between appropriate and inappropriate orientations.

depends on the arrangement of surrounding CTCEF sites and is therefore highly locus dependent
(115).

The Case for Tracking and Extrusion Models of Genome Folding

The finding of a preferred motif orientation suggests that the mechanisms that position DINA-
bound CTCEF proteins relative to each other are not based on simple 3-D diffusion. Instead, the
dependence on CTCF motif orientation invokes images of linear tracking, because tracking can

read the directionality of DNA sequences, either directly (by DNA sequence) or indirectly (via

the direction of proteins bound to the DNA sequence) (Figure 4c; for a more detailed discussion,
see sidebar Tracking).

CTCF motif orientation has revived speculative models that SMC protein complexes may

extrude DNA into loops (98). An exciting proposal is that DNA loops and 3-D chromatin domains

could emerge from molecular processes that operate in 1-D by linear tracking (1, 41, 102, 115). In

this scenario, cohesin acts as a loop-extruding factor by binding DNA, initiating loop formation,

and translocating on the chromatin fiber (Figure 4d). Loop extrusion stops either when cohesin
dissociates from the chromatin template or when it encounters a CTCF boundary element. Once
halted at CT'CF binding sites, the loop extrusion complex joins the boundaries of a chromatin
domain by a loop (Figure 4d). To account for the convergent orientation of CTCF sites at loop

anchors, the extrusion model posits that CTCF can halt cohesin tracking only when encountered
from the 3’ end of its consensus motif.

The model can potentially explain interesting features of chromatin folding, notably why do-

mains fuse when a boundary is lost (extrusion would simply continue up to the next boundary; see
Figure 4¢) and why interaction frequencies between specific loci are not intrinsic to these loci, but

rather are dependent on the position of these loci relative to boundaries (41, 115). Loop extrusion

also predicts that loss of the extrusion complex will alter interactions within domains and perhaps

abrogate domain formation altogether, whereas loss of boundary elements will increase interac-
tions between domains. Hi-C data from partially cohesin-depleted cells are broadly consistent
with altered interactions within TADs (63, 120, 126, 160), whereas partial depletion of CTCF

www.annualreviews.org o CTCF and Cobesin in Genome Regulation 27



weakens TAD boundaries (160; E.P. Nora, unpublished data). Deletion and inversion of CTCF
sites at domain boundaries resulted in the loss of existing interactions and the formation of new
interactions, with good agreement between experimental Hi-C data and modeling predictions
(115). A loop extrusion mechanism can also account for the nested appearance of many TADs in
Hi-C data from populations of cells (Figure 2). If a given CTCF site is not occupied all the time,
loop extrusion factors can proceed across the site until they encounter the next CT'CF site in a
convergent orientation. These permeable boundaries would correspond to CTCF binding sites of
lower occupancy [as shown by chromatin immunoprecipitation combined with DNA sequencing
(ChIP-Seq)] that are not continually occupied across the cell population (Figure 3).

Despite their explanatory potential, current loop extrusion models remain highly speculative.
In particular, it is unclear whether extrusion would initiate in the interior or at the boundaries of
a domain (see sidebar Where Does Loop Extrusion Initiate?), what would drive the processivity
of the loop extrusion complex (see sidebar What Drives Loop Extrusion?), what topological
requirements would have to be met for cohesin to function as a loop extrusion complex (see
sidebar The Topology of Loop Extrusion), and how the extrusion complex would bypass CTCF
sites in one orientation but not the other (see sidebar How Is CTCF Motif Orientation Read

Out?).

WHERE DOES LOOP EXTRUSION INITIATE?

An unresolved mechanistic question is whether loop extrusion initiates within the prospective loop domain or at the
domain boundaries. If extrusion initiates at a single site within the prospective loop domain and progresses toward
the domain boundaries, then it forms a single loop (Figure 44). Initiation at more than one site may form a series
of nested domains or subdomains (26, 110). Models in which extrusion starts within the prospective loop domain
explain how cohesin colocalizes with CTCEF even though CTCEF does not itself load cohesin onto chromosomes
(Figure 44).

Alternative models envisage that loop extrusion initiates from CTCF-bound cohesin at the prospective domain
boundaries (102, 152). This requires colocalization of cohesin with CTCF prior to loop extrusion. Simultaneous
extrusion of loops from both boundaries would generate two loops that would then collide and be resolved to form

a domain (Figure 4f).

WHAT DRIVES LOOP EXTRUSION?

In prokaryotes, DNA extrusion drives genome partitioning between daughter cells (50, 150). DNA extruders,
such as the FtsK and SpollIE proteins, form channels or pores through which they actively pump DNA (50). It
is unclear how the force for cohesin-mediated loop extrusion would be generated. One suggestion is that ATP
hydrolysis by the SMC ATPase domains may be channeled into mechanical force. ATP hydrolysis controls the
formation and resolution of contacts within SMC complexes (99), which may drive conformational changes (94,
127) and could trigger movement of SMC complexes along the DNA (74). Alternatively, external processes such as
transcription could drive extrusion. In Saccharomyces cerevisiae and Schizosaccharonzyces pombe, cohesin is cleared from
gene bodies by transcription and accumulates between convergent genes (51, 73). Although this provides precedent
for a link between transcription and cohesin movement, it is unclear whether transcription actually translocates
SMC complexes along the chromatin fiber in living cells.
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THE TOPOLOGY OF LOOP EXTRUSION

Whether cohesin acts as a single ring or as a pair of rings held together has been a subject of lively debate (99,
124, 156). Notably, a single topologically bound ring would not extrude a loop; instead, it would freely translocate
along the chromatin fiber (Figure 4g). Tethering is therefore necessary to enable loop extrusion by a topologically
bound ring. In models in which loop extrusion initiates within the prospective loop domain, tethering could be
provided by the coupling of two topologically bound rings. Cohesin rings could link to each other topologically
(Figure 4b, left side) or by complex formation (Figure 4h, center). A single cohesin ring could initiate loop
extrusion by sliding over a preformed loop (Figure 4h, right side). This would avoid the question of whether
cohesin rings dimerize but would be inconsistent with topological embrace models of the cohesin interaction with
DNA. In a hybrid model, CTCF-associated cohesin initially forms a topological embrace but then lets go and slides
over the extruding loop (102, 152). Although not inconceivable, such a topological transition would need to be
explained.

HOW IS CTCF MOTIF ORIENTATION READ OUT?

To explain convergent orientation of CTCF sites at loop anchors, CTCF motif orientation could be read as DNA
sequence, by protein orientation, or as secondary structure. Sequence-based mechanisms such as transcription or
replication operate at 0.5-3 kb/min, whereas extrusion of 1-Mb TADs or 200-kb contact domains would require
considerably higher speeds to complete within ~10 min, the lifetime of chromatin-bound cohesin in G1 cells (43).
Sequence-based mechanisms would allow loop formation between unoccupied CTCEF sites. ChIP-Seq data map
cohesin to the loop interior (35, 115, 138), but to read the sequence, the extrusion complex would have to traverse
the CTCF motif, positioning it toward the exterior of the loop. An asymmetric interaction between CTCF and
cohesin protein is a simpler scenario. However, the 3’ end of the CTCF motif is occupied by the N-terminal CTCF
zinc fingers (96), and cohesin appears to bind the CTCF C terminus (151). Finally, CT'CF may form local secondary
DNA structures (83), which have been invoked to account for the directionality of loop formation between CTCF
binding sites (102).

GENOME FOLDING AND REGULATORY SEGMENTATION:
CTCF AND COHESIN LINK WITH GENE REGULATION
THROUGH GENOME FOLDING

Why Regulatory Segmentation?

Metazoan cell types contain more than 10,000 active promoters and distal gene regulatory ele-

ments, which are not hardwired to each other. Given the opportunity, enhancers can work with

many target genes, as illustrated by recurrent translocations that bring oncogenes under the control

of strong enhancer elements and contribute to malignancies (112, 140). Experimentally enforced

interactions between the (3-globin promoter and enhancers over 40 kb away can trigger transcrip-

tion (21), providing a causal link between spatial interactions and gene expression. The challenge

for gene regulation is therefore to coordinate interactions between promoters and appropriate
distal regulatory elements.
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Spatial Segmentation Gives Rise to Regulatory Segmentation

As detailed above, spatial chromatin domains are defined by increased interaction probabilities
within domains and reduced interaction probabilities between domains. Applied to gene regulatory
elements, spatial segmentation effortlessly translates into functional regulatory segmentation of
the genome.

Diversity Within a Shared Framework

Given the diversity of nuclear morphology and the extensive differences in genome usage between
different cell types, it was surprising when genome-wide studies suggested that the organization
of interphase chromatin is largely conserved between cell types (e.g., 78, 107, 117). Just as the
majority of CTCF binding events are invariant between cell types, so too are the positions of
TAD boundaries. Despite the conservation of boundaries, however, chromatin states, gene ex-
pression, and interactions within TADs can vary significantly between cell types (110). Because the
aggregation of TADs into compartments reflects chromatin state and gene expression, the com-
position of compartments can change accordingly (20, 44). Although rapid or transient changes
in transcriptional activity do not trigger immediate reorganization of compartments (64, 72),
stable differences in transcriptional state can drive transitions between compartments in which
differentially expressed loci switch between compartments A and B (25).

Contact Domains in 3-D Correspond (Loosely) to Functional
Regulatory Domains

Regulatory segmentation has been directly observed in functional experiments (137). In this study,
regulatory sensors (enhancer-less reporter genes packaged as transposons) introduced into the
mouse genome mapped the functional range of endogenous enhancers. Enhancers interacted with
reporter insertions in multiple locations, demonstrating that enhancer activity can be broadly dis-
tributed rather than gene centric. Importantly, the enhancer activity was restricted to genomic
regions that broadly corresponded to TADs (137). Processes constrained by TADs include interac-
tions between gene regulatory elements (19, 61, 89, 119, 137), association with the nuclear lamina
(26, 104), the spreading of histone modifications (103), noncoding transcription (2), DNA replica-
tion (24, 109), recombination between repeat sequences in yeast (92), and recombination-activating
gene (RAG)-mediated recombination in vertebrates (60) (see sidebar DNA Recombination and
TAD Boundaries).

Contact Domains as Scaffolds for Transcriptional Regulation

Studies using 3C, chromosome conformation capture carbon copy (5C), capture Hi-C, and high-
resolution Hi-C all show specific (or private) enhancer-promoter interactions (61, 64, 89, 110,
117). In GM 12878 cells, for example, 30% of observed loops (2,854 out of 9,448) linked annotated
promoters with known enhancers, compared with 7% expected by chance (110). For comparison,
the fraction of loops involving domain boundaries was ~38% (110). Most promoter-genome in-
teractions detected by capture Hi-C occur within individual TADs. These data are consistent with
the concept of TADs as discrete regulatory domains but also show that a significant fraction (up to
12%) of promoters, especially active promoters, interact with sites outside their own TADs (119).
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DNA RECOMBINATION AND TAD BOUNDARIES

The RAG recombinase initiates V(D)] recombination in developing lymphocytes by generating DNA double-strand
breaks. Within immunoglobulin and T cell receptor loci, these breaks are directed on-target by matched pairs of
recombination signal sequences. The choice of recombination signal sequences is determined by their accessibility
within the chromatin landscape (132) and histone modifications (84), which reflect cell lineage and developmental
stage. In addition to these on-target breaks, RAG can initiate off-target breaks, often at DNA sequences that resem-
ble recombination signal sequences. Off-target breaks can result in chromosomal rearrangements and neoplastic
transformation (112, 140).

Interestingly, RAG recombinase activity has recently been linked to TADs. In a model system in which RAG was
experimentally directed to chromosomal domains, off-target breaks were confined by TAD boundaries, and deletion
of convergent CTCF binding sites extended the range of RAG activity (60). Mechanistically, confinement of RAG
recombinase to loop domains requires the DNA repair protein ataxia telangiectasia mutated (ATM), pointing to the
involvement of cofactors that restrict RAG activity to TADs. In contrast to RAG recombinase activity, the activity
of Cas9 was not confined to TADs, demonstrating that domain boundaries are not physical or mechanical; rather,
they are actively read by some chromatin proteins and ignored by others.

Enhancer Sharing and Coregulation of Genes in the Same
Interaction Domain

Enhancer-promoter interactions are rarely exclusive (one to one), and instead tend to be promis-

cuous. Studies using 5C have indicated that an average of approximately four enhancers con-
tact an active gene (109). Similarly, RNA polymerase II ChIA-PET (111-113), Hi-C (105), and
capture Hi-C all show that most promoters contact more than one enhancer (108). Extended

super-enhancers in murine embryonic stem cells interacted not only with a subset of genes (142
out of 210 genes) they had been tentatively assigned to (148), but also with 361 more distal
genes (119).

Genes within the same TAD showed more similar regulation than genes in different TADs

during embryonic stem cell differentiation (104). Similarly, in response to progesterone treatment
of T47D breast cancer cells, a subset of TADs behaved as discrete regulatory units within which
chromatin states and gene expression were regulated in a coordinated fashion (104). The TAD-
wide correlation for coregulated gene expression was significant but nevertheless modest (R <

0.5), which may change based on the more precise definition of TADs afforded by high-resolution
Hi-C data.

CTCF-Based Interactions as a Scaffold for Cell Type-Specific Factors

As recently reviewed in depth (16), enhancer-promoter contacts can be preformed (predate gene

expression) or inducible (reflect gene expression), or can include both preformed and inducible

components. The T cell receptor alpha (Tcra) locus provides an example of a CT'CF-based local loop

that promotes interactions between T cell-specific promoter and enhancer elements (121). The

molecular separation between architectural players such as CT'CF and the transcription machinery

itself may allow for additional layers of gene expression control.
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Domain-Wide Interactions Between Gene Regulatory Elements

A surprising result from large-scale 5C analysis (117), capture Hi-C (119), and high-resolution
Hi-C (64, 110) was that—despite the evidence for private enhancer-promoter interactions dis-
cussed above—most enhancers and promoters do not appear to engage in specific loops. Most
domain-wide contacts that promoters make are in fact not with other regulatory regions, such as
enhancers, promoters, or CTCF sites. Similarly, most enhancers do not specifically contact pro-
moters, but rather participate in domain-wide contacts. This suggests that many gene regulatory
elements may not preferentially engage with each other and instead scan their local interaction
domain, in line with the idea that the functional activity of enhancers is constrained by genome
folding. In support of this notion, disruption of a TAD boundary causes ectopic chromosomal
contacts and long-range transcriptional deregulation (104).

Such domain-wide—or public—interactions may account for observations that many (re-
ported as ~50% in Reference 119 and as ~46% in Reference 64) or most (reported as >50% in
Reference 110) promoters do not detectably engage in specific contacts with enhancers. Some
of these are promoters of housekeeping genes, which may not always rely on distal regulatory
elements. Other enhancer interactions may not have been detected because these promoters do
not interact with enhancers more often than they do with other constituent elements of their
contact domain (110). Domain-wide or public promoter-enhancer contacts are likely transient
and invisible above the local interaction background. Transient promoter-enhancer interactions
may support the expression of genes with a burst-like pattern of transcription (135, 136) and in
this way form a probabilistic mechanism for the regulation of gene expression.

X Chromosome Inactivation as a Paradigm for the Connection Between
Chromosome Structure and Transcriptional Activity

The inactivation of one of the two X chromosomes in female cells highlights that the relationship
between genome folding and genome function is reciprocal and context dependent. X chromosome
inactivation is initiated following the upregulation of X inactive specific transcript (Xist) from one of
the two X chromosomes in female cells. Xist physically coats the future inactive X chromosome (Xi)
by exploiting the 3-D configuration of the chromosome. Here, chromosome structure instructs
transcriptional dynamics: TADs from compartment A that are positioned close to the Xist locus
are readily exposed to Xist RNA and silenced first (33). As silencing progresses, chromosome
structure is reconfigured: TADs are effaced, and the entire Xi switches to the same compartment
(104, 131). Loci on the Xi lack preferential long-range partners, and the entire Xi has an overall
random organization, with the exception of a handful of peculiar regions that exhibit Xi-specific
CTCF binding and participate in setting up multimegabase loops that generate two superdomains
(22,90, 110).

These observations could suggest that the loss of loops, TADs, and compartments is a con-
sequence of transcriptional silencing, and that structure simply follows activity. However, this
is not the case: Deletion of Xist after X inactivation is established restores Xi loops, TADs, and
compartments but not transcriptional activity (90, 130). This highlights that Xist RNA directly or
indirectly disrupts chromosome folding through mechanisms that can be decoupled from tran-
scriptional repression.

How does Xist RNA wipe out TADs and compartments? One hypothesis is that Xisz interferes
with the control of chromosome architecture by CT'CF and cohesin. Although the binding pattern
of CTCF is similar between the active X chromosome and the Xi (12, 155), cohesin enrichment
at CTCF sites is reduced on the Xi (90). Deletion of Xist restores cohesin enrichment at CTCF
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sites, which suggests that Xist RNA may disconnect cohesin from CTCF on the Xi. An intriguing
hypothesis is that Xist interferes with the CT CF-cohesin interaction through its ability to interact
physically with these proteins (90). Importantly, additional key players, such as the SMC domain—
containing SMCHDI protein, are recruited to the Xi and contribute to its unusual structure and
transcriptional silencing (10).

WHEN SPATIAL SEGMENTATION BREAKS DOWN

CTCEF Binding Site Mutations and Disruption of Boundary Elements
Compromise Regulatory Segmentation

In addition to the CTCF site deletion and inversion experiments discussed above (18, 53, 115),
ablation of individual CT'CF binding sites identified by cohesin ChIA-PET disrupted the expres-
sion of selected nearby genes (30), and the deletion of CTCEF sites altered spatial interactions
and transcriptional regulation in the mouse HoxA gene cluster (97). CT'CF binding site muta-
tions can disrupt the binding of CTCF and cohesin and are common in colorectal cancer (67),
acute T cell leukemia (59), and other types of cancer. When boundary elements are lost, either
experimentally or as a result of natural mutations, new interdomain contacts can be formed, and
genes located in the affected domains can become deregulated. Human limb malformations are
caused by deletions, inversions, or duplications that alter the structure of the TAD-spanning
WNT6/IHH/EPHA4/PAX3 locus, and analogous mutations have been engineered in mice (82).
Loss of boundary elements that included CTCEF sites and other sequence motifs was linked to
ectopic interactions between gene regulatory elements and deregulated gene expression (82).
Similarly, inversions on chromosome 3 in acute myeloid leukemia disrupt TAD boundaries. The
resulting TAD fusions allow a distal GATA2 enhancer to ectopically activate the EVI1 oncogene
and at the same time reduce endogenous GATA2 expression. A causal link was established by ge-
netic excision of the ectopic enhancer, which restored EVI1I silencing and led to growth inhibition
and differentiation of acute myeloid leukemia cells (49).

Aberrant DNA Methylation Can Interfere with Regulatory Segmentation

CTCEF binding is sensitive to DNA methylation at a small subset (1.5%) of genomic sites (37,
85, 146). In this way, CT'CF binding can be epigenetically regulated to control imprinted gene
expression (5, 56, 66). IDH mutations are common in tumors and can result in the production
of the onco-metabolite 2-hydroxyglutarate, which interferes with iron-dependent hydroxylases,
including the TET family of 5'-methylcytosine hydroxylases. TET enzymes catalyze the active
removal of DNA methylation, and /DH mutant gliomas display increased methylation of CpG
islands and, crucially, a subset of CTCF binding sites. A recent study described both loss and
gain of CTCF binding in IDH mutant gliomas (39). Interestingly, altered CTCF binding was
linked to an increase in the correlation of gene expression across TAD boundaries in /DH mutant
gliomas. In one critical example, loss of CTCF binding at a domain boundary allowed a constitutive
enhancer to interact aberrantly with the receptor tyrosine kinase gene PDGFRA, a prominent
glioma oncogene (39).

CTCF Mutations

Mice with heterozygous Ctcf deletion have been employed in an attempt to rationalize the frequent
occurrence of human CTCF mutations in cancer (68). Interestingly, Ctcf hemizygous mice showed
increased variability in DNA methylation and were susceptible to a range of cancers (68).
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Germline and Somatically Acquired Cohesin Mutations

Germline mutations in genes encoding cohesin subunits or the cohesin-loading protein NIPBL
are rare (1/10,000-1/20,000) and cause Cornelia de Lange syndrome. Somatic cohesin mutations
are much more common. Recurrent mutations of cohesin subunits are present in many types of
cancer. Initially, somatic cohesin mutations were suspected to lead to genomic instability, but it
is now recognized that cohesin mutations often occur early in the development of cancer, before
genomic instability (81). Cohesin mutations have been identified in preleukemic hematopoietic
stem cells and during the early development of acute myeloid leukemia and other myeloid ma-
lignancies. Reduced cohesin expression has been modeled by heterozygosity in SMC3 (144) and
inducible RNA interference-mediated cohesin knockdown (93) in mice, and results in altered
hematopoietic stem cell homeostasis with increased proliferation of myeloid progenitor cells and
increased susceptibility to myeloproliferative disease. Enforced expression of mutant cohesin pro-
teins can block the differentiation of human hematopoietic stem and progenitor cells in vitro and
in mouse xenograft models (86). This finding has been attributed to increased chromatin acces-
sibility, promoting the binding of the transcription factors GATA2 and RUNX1. Knockdown of
these transcription factors rescued the differentiation block, suggesting that mutant cohesin pro-
teins impair hematopoietic progenitor cell differentiation by controlling chromatin accessibility
and transcription factor activity (86).

The Impact of CTCF and Cohesin Deletion

Both CTCF and cohesin are essential factors in cycling cells, and experimental deletion can give
misleading results in which phenotypes related to stress and DNA damage can obscure direct effects
of CTCF and cohesin on gene expression or genome folding. Controlled short-term deletion of
cohesin and deletion of cohesin from noncycling cells (63, 71, 120, 121, 126) combined with
Hi-C and gene expression profiling have been useful in disentangling direct from indirect effects
of cohesin deletion. Complex loci (88, 121) and enhancer-proximal genes (63) were particularly
susceptible to the loss of cohesin.

CTCF and Cohesin Can Separate or Connect Genomic Elements

The punctuation of chromatin into domains by CTCF and cohesin is often represented by
schematic drawings in which the image of neatly laid out loops raises the question of why placement
in different chromatin loops would prevent spatial and functional interactions between genomic
loci. Parallel loops could provide ample opportunities for side-by-side interactions, but insulation
may occur if loops crumple, contract, or collapse into self-interacting domains with a sequestered
interior. Chromatin loops may shorten the spatial distance between genomic features or align
sequences for preferential interactions (31, 63). In this sense, the punctuation of the genome by
CTCF- and cohesin-based interactions may serve both to bring genomic sites together and to keep
them isolated from each other. Such interactions are illustrated by complex genomic loci, includ-
ing lymphocyte receptor loci, clustered protocadherin loci, the 3-globin locus, and many other
developmentally regulated genes where one or more transcription units are subject to multiple
regulatory inputs (88).

At clustered protocadherin loci, for example, CTCF sites are located upstream of the startsite of
each transcription unit. The motif orientation of these CTCF sites is in the sense of transcription
and points to a cluster of CTCEF sites with reverse orientation at the protocadherin enhancer.
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Inversion of this cluster disrupts interactions across the locus and interferes with protocadherin
promoter choice and expression (53).

A similar arrangement of CTCF sites is found at the immunoglobulin heavy chain (IgH) locus,
where multiple transcription units are associated with CTCF sites oriented toward a cluster of
CTCEF sites with inverse orientation at the IgH constant region. This arrangement is thought to
anchor long-range interactions with multiple IgH gene segments, equalizing their opportunity to
contribute to the somatic recombination process (7). Major promoter and enhancer elements at
the 3’ end of the Tera locus are marked by prominent CTCEF sites. Analysis of high-resolution
Hi-C data from CHI12 pre-B cells indicated that the 3" part of Ttra forms a local loop braced
by CTCF (110). 3C data show that this interaction is at least partly cohesin dependent and is
further strengthened when 7¢ra becomes transcriptionally active in developing thymocytes (121).
Tera transcription and the associated histone modifications recruit the RAG recombinases and
thereby promote somatic recombination. Long-range interactions between CTCF-decorated en-
hancer and promoter elements are reduced in cohesin-deficient thymocytes, which impairs 7cra
transcription and rearrangement (121). Despite this, the 3" end of 7t is not insular, but rather
interacts with variable gene segments throughout the locus to promote the rearrangement of func-
tional T cell receptors. These and other examples suggest that sequences marked by appropriately
oriented CTCEF sites will not necessarily be spatially and functionally insulated from each other.

CTCF and Cohesin Functions Beyond Spatial Partitioning

Early evidence that CT'CF (6, 147) and cohesin (106, 147) can prevent productive interactions
between promoters and enhancers comes from reporter plasmids that are presumably too small
to fold into spatially isolated domains. This phenomenon is hard to explain using the framework
of interaction domains and may point to the mechanisms that actively interfere with enhancer-
promoter interactions. In addition to the role of CTCF and cohesin in genome folding and
regulatory segmentation, the literature contains numerous examples of these proteins affecting
gene expression by modulating chromatin accessibility (80), transcription factor binding (35, 154),
transcriptional elongation (28), alternative splicing (123), interactions with noncoding RNAs (77),
and a range of other functions (reviewed in 28, 88).

FUTURE ISSUES
1. What is the structure of CTCF and cohesin bound to DNA?

2. To what extent are CT'CF and cohesin required for chromatin architecture, and what
levels of genome folding do they control?

3. What are the molecular connections between CTCF and cohesin in vivo, and how does
CTCEF binding lead to cohesin enrichment at CT'CF sites?

4. What are the topological details of cohesin-mediated chromosomal interactions, and
what are their dynamics over time?

5. How does CTCF motif orientation determine loop formation, is it the sole determinant,
and are there additional layers of regulation?

6. Does CTCF-based, cohesin-mediated loop extrusion account for local genome folding?
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10.

11

12.

13.

. Where is cohesin loaded, where does loop formation initiate, and how stable are loops

over time?

. What is the force driving extrusion?

. Is genome folding set once after mitosis and then lasts for the remaining interphase, or

is it continuously shaped during interphase?

What is the link between the dynamics of chromosome folding and transcription?

. Whatis the functional impact of polymorphisms in the human genome thataffect CTCF

occupancy?

To what extent has the evolution of chromosomes been constrained by how CTCF and
cohesin control their regulatory architecture?

Could the disruption of specific CT'CF binding sites have allowed the sudden emergence
of mammalian traits by rewiring enhancer-promoter communication?
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