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Simple Summary: The way DNA is packaged in the nucleus of a cell is important for when and how
genes are expressed. There are many levels of packaging, and new techniques have revealed that
long-range interactions are important for both promoting and restricting the transcription of genes.
Some long-range interactions are mediated by physical loops in the genome where, like a rubber
band, the ring-shaped cohesin complex loops sections of DNA bound by CCCTC-binding factor
(CTCF). Both cohesin and CTCF act on DNA, and increasing evidence indicates that their function is
inhibited by nucleosomes bound to the DNA. In this review, we summarize the current knowledge
of how individual chromatin remodelers, which utilize ATP to move nucleosomes on DNA, facilitate
or inhibit cohesin/CTCF-dependent looping interactions.

Abstract: In higher order organisms, the genome is assembled into a protein-dense structure called
chromatin. Chromatin is spatially organized in the nucleus through hierarchical folding, which is
tightly regulated both in cycling cells and quiescent cells. Assembly and folding are not one-time
events in a cell’s lifetime; rather, they are subject to dynamic shifts to allow changes in transcription,
DNA replication, or DNA damage repair. Chromatin is regulated at many levels, and recent tools
have permitted the elucidation of specific factors involved in the maintenance and regulation of
the three-dimensional (3D) genome organization. In this review/perspective, we aim to cover
the potential, but relatively unelucidated, crosstalk between 3D genome architecture and the ATP-
dependent chromatin remodelers with a specific focus on how the architectural proteins CTCF and
cohesin are regulated by chromatin remodeling.

Keywords: chromatin remodeler; SWI/SNF; INO80; ISWI; CHD; CTCF; cohesin; looping; 3D genome
architecture; gene regulation

1. Introduction
1.1. “Control Tower” of the Cell: Chromatin

From the zygote to fully differentiated adult cells, almost every cell in humans contains
the exact same DNA content. However, functionally and phenotypically, a dendritic
cell and a neuron are different, and their transcriptional response to external cues are
different. Basal and inducible gene expression is regulated in part by the way DNA is
organized in the nucleus. In higher order eukaryotic systems, DNA is packed into a
protein-dense structure called chromatin, the basic unit of which is called a nucleosome.
Nucleosomes consist of an octamer of four types of basic proteins called histones (two
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copies of each H2A, H2B, H3, and H4); and the ~146 bp of DNA wrapped around this
octamer. Another histone protein, H1 is not a part of the nucleosome; however, it plays
key roles in connecting nucleosomes and formation of 3D chromatin structure. Further
packing into denser structures, nucleosomes form chromatin fibrils and eventually a 3D
organization within the nucleus. It was initially thought that genome packaging is utilized
primarily as a way to fit the 2 meters of DNA into the limited space of the nucleus and
physically protect it from damage. With advances in molecular biology and molecular
genetics, the concept that chromatin is passive and protective has been replaced with the
more prominent concept that chromatin contributes to dynamic gene regulation.

1.2. Gene Expression Regulation at the Level of Chromatin Organization

Chromatin is a dynamic structure that responds to extrinsic and intrinsic cues by
facilitating the transcription of appropriate genes. Chromatin can be altered by various
processes [1], including DNA methylation, non-coding RNAs, histone variants, histone
post-translational modifications, and chromatin remodeling [2,3] (Figure 1). These pro-
cesses are interrelated; the crosstalk among these various factors coordinate the regulation
of the chromatin structure. In basic terms, the probability of genic and regulatory DNA
interacting with the transcriptional machinery determines whether a gene is expressed
or not. When a chromatin region is densely packed into heterochromatin, the DNA is
generally not accessible to the transcription machinery; therefore, it will have little or no
transcription. In contrast, when chromatin is more loosely packed into euchromatin, the
DNA is accessible to transcription machinery, leading to higher transcription. In normal
cells, certain chromatin regions do not change their packing density. For instance, consti-
tutive heterochromatin regions comprise centromeric or telomeric sequences or mobile
elements, which are kept silent in most of the normal cell types [4], while housekeeping
genes, the genes that are essential for basic cellular functions, tend to be constitutively
euchromatic. At other loci, the local chromatin state at specific loci can switch between
euchromatin and heterochromatin leading to induction or repression of gene expression.
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compartments (“B”) (Figure 2) [9]. Within these compartments are megabase-long topo-
logically associated domains (TADs) that remain mostly consistent across cell types, and 
can even be conserved between species [10]. Within TADs, genomic regions interact with 
one another at a higher frequency than with regions outside the TAD, and the mainte-
nance of TAD boundaries is important for restricting transcription to within the bound-
ary. The weakening of TAD boundaries results in pathological chromatin contacts that 
disrupt gene expression, and this has been associated with diseases such as developmen-
tal disorders [11], cancer [12], and other genetic diseases [13]. TADs contain additional 
levels of compartmentalization in the form of sub-TADs and loops, such as ones that link 
distal enhancers to promoters and recruit large complexes of proteins such as the mediator 
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transcription start sites [14]. Unlike TADs, enhancer-promoter loops vary significantly be-
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2. 3D Chromatin Organization

The existence of organelles facilitates specialized functions within the cell, much like
organs within the body. The compartmentalization within organelles is further used to
regulate the local concentrations of proteins, thereby coordinating the interaction between
enzymes and their substrates. In the nucleus, the spatial organization of the genome
controls the local concentration of transcriptional regulators at genes, which may be equally,
if not more, critical for localization than specificity for specific genomic elements.

The nucleus is organized into large compartments that can be visualized using mi-
croscopy, including the nucleolus, speckles, lamina-associated domains, polycomb bodies,
and condensates [5–8]. Advances in next generation sequencing technologies have con-
firmed these compartmental associations and further revealed that chromosomes tend
to cluster into transcriptionally active compartments (“A” compartments) and inactive
compartments (“B”) (Figure 2) [9]. Within these compartments are megabase-long topo-
logically associated domains (TADs) that remain mostly consistent across cell types, and
can even be conserved between species [10]. Within TADs, genomic regions interact with
one another at a higher frequency than with regions outside the TAD, and the maintenance
of TAD boundaries is important for restricting transcription to within the boundary. The
weakening of TAD boundaries results in pathological chromatin contacts that disrupt
gene expression, and this has been associated with diseases such as developmental dis-
orders [11], cancer [12], and other genetic diseases [13]. TADs contain additional levels
of compartmentalization in the form of sub-TADs and loops, such as ones that link dis-
tal enhancers to promoters and recruit large complexes of proteins such as the mediator
complex, preinitiation complex (PIC), and other cell-type specific transcription factors, to
transcription start sites [14]. Unlike TADs, enhancer-promoter loops vary significantly
between cell types [15], although they are restricted to interactions within TAD boundaries
(Figure 2).
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Figure 2. Levels of nuclear genome organization in interphase cells.

There are many proteins involved in directing genome organization, such as lamins,
which tether the genome to nuclear membranes [16], and polycomb group proteins, which
promote the formation of repressive condensates [17–19]; however, CTCF and cohesin are
the major architectural factors that define both TAD boundaries and sub-TAD loops [10].
CTCF is a ubiquitously expressed zinc finger protein that acts as an architectural protein
by binding at a subset of CCCTC consensus sites across the genome [20]. The majority of
long-range chromatin interactions contain consensus sequences for CTCF binding which
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are pointed toward each other in convergent orientation to allow for homodimerization
of CTCF [21,22]. Multiple CTCF motifs are enriched at the boundaries of TADs, which
restricts the access of cis-acting elements to regions within the TAD boundaries. It performs
this function by cooperating with cohesin, a ring-shaped protein complex that physically
restrains chromatin into loops at sites where CTCF homodimers are bound [23]. According
to the loop extrusion model, a well-accepted model that explains chromatin folding by
architectural proteins cohesin and CTCF, the cohesin complex binds the genome and moves
along the DNA, forming a growing knot/loop until it reaches CTCF homodimers bound
at convergent CTCF motifs [22,24,25]. Several aspects of this process require reposition-
ing of nucleosomes, such as CTCF binding, cohesin loading, cohesin translocation, and
cohesin/CTCF eviction (Figure 3). In this review, we focus on recent genome-wide and
mechanistic work investigating the roles for chromatin remodeling complexes in regulation
of CTCF/cohesin-mediated chromatin interactions.
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Figure 3. The steps involved in the establishment of CTCF/cohesin mediated looping interactions. (abb: NRL: Nucleosome
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3. ATP-Dependent Chromatin Remodelers

Chromatin remodeling is collectively categorized into three major activities: Assem-
bling the nucleosomes on DNA, altering the physical spacing between the nucleosomes by
moving them along DNA or evicting them, and exchanging histone variants [26–28]. All
activities require hydrolysis of ATP by the ATPase motor, which is utilized to sequentially
disrupt (while repositioning) or form (while assembling) histone-DNA contacts. There are
four classes of ATP-dependent chromatin remodelers that differ in their structures and
activities (Figure 4). Briefly, nucleosome assembly is mostly fulfilled by ISWI and CHD
remodelers that mediate random histone deposition and maturation of nucleosomes [26].
Biochemically, ISWI remodelers use a ruler function mechanism to promote nucleosome
spacing [29], while CHD remodelers (CHD1-9) help assemble or disassemble nucleosomes.
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Accessibility of naked DNA is mostly adjusted by SWI/SNF type of remodelers; they can
slide nucleosomes along DNA, as well as eject mature octamers or dimers from chromatin.
This combined function facilitates the generation of nucleosome-free DNA, which can
be recognized by factors that act directly on DNA, such as sequence-specific transcrip-
tion factors. INO80-type of remodelers are generally associated with incorporation and
eviction of histone variants such as H2A.Z whose dynamic exchange is critical during
both transcriptional activation and repression, as well as DNA damage repair [26,30]. The
direct roles of ATP-dependent chromatin remodelers in the regulation of three-dimensional
organization of chromatin have not been studied extensively; however, in recent years, the
in-depth analyses of architectural proteins such as CTCF and cohesin have begun to reveal
critical functions for ATP-dependent remodelers.
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4. The Interplay between Chromatin Remodelers and 3D Architectural Proteins
4.1. Nucleosome Positioning at CTCF Binding Sites

The nucleosomes around CTCF binding sites are highly positioned or phased, with up
to 20 highly organized nucleosomes flanking CTCF, and a nucleosome-depleted region 5′

upstream of the CTCF motif [31,32]. The nucleosome repeat length (NRL; average distance
between neighboring nucleosomes) is ~10 bp smaller near CTCF in mouse embryonic stem
cells (mESCs), compared to genome-wide average [33]. This difference in nucleosome
repeat length at CTCF sites is not due to nucleosome positioning sequencing of the DNA
itself, but instead a result of active remodeling [32]. A decreased repeat length is globally
observed at active “permissive” chromatin. While this seems counter-intuitive at first, it
reflects the removal of linker histones and the partial unraveling of compacted nucleo-
somes [32,34,35]. A number of ATPase remodelers including BRG1, EP400, CHD1/2/4/8,
AND SNF2H overlap with CTCF sites in mESCs and mammary epithelial cells [36]. At
CTCF binding sites, CHD1/2/8, EP400, and SNF2H binding sites correlate with decreased
NRL [32], although the strongest correlation is observed for SNF2H.

ISWI: The ISWI-type ATPase, SNF2H (SMARCA5) is the remodeler primarily respon-
sible for the nucleosomal phasing required for CTCF genome binding (Figure 5) [29,32,37].
In HeLa cells, SNF2H deletion leads to an increase in nucleosome occupancy and a decrease
in nucleosome phasing around CTCF sites [37]. Similarly, in ESCs, depletion of SNF2H,
but not BRG1, reduces CTCF binding [29], and reduces the phasing of nucleosomes, that
is, the nucleosome position relative to the associated sequence becomes less defined but
more fuzzy, and increases the nucleosome repeat length by ~ 9 bp. Further, Hi-C analysis
found a reduction in chromatin loops and TADs in the SNF2H knockout cells. Likewise,
SMC1A (a cohesin complex subunit) Hi-ChIP in SNF2H-depleted cells revealed a reduction
in cohesin-mediated loops, presumably as a result of decreased CTCF binding.
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CHD8: Similar to SNF2H, CHD8 binding at CTCF sites correlates with decreased
NRL [32]; however, unlike SNF2H, CHD8 is not required for CTCF binding, at least at
selected sites [38]. CHD8 directly associates with CTCF, and is dependent on CTCF for
localization to selected genomic sites [38], primarily CTCF-sites near transcription start
sites [39]. CHD8 is proposed to recruit methyltransferases that affect transcription [38,40];
however, it is not yet clear whether, or how, the ATPase function of CHD8 is involved.

INO80 subfamily INO80 and SWR1 (EP400): One ATPase in the INO80 subfamily is
E1A-interacting protein p400 (or EP400), which can be incorporated into complexes with
or without histone acetyltransferase TIP60 [41]. Similar to CHD8, EP400 binding correlates
with NRL around the CTCF binding sites [32]; however, the contribution of EP400 to
genome organization is not understood. The major activity of p400 is deposition of histone
variants H2A.Z and H3.3 into nucleosomes [42,43], making these variant nucleosomes less
stable. H2A.Z and H3.3 variants colocalize with CTCF binding sites [31,44,45], forming a
permissive chromatin environment for CTCF binding [46]. Additional roles of H2A.Z may
include balancing the levels of CTCF deposition and bookmarking the CTCF sites during
cell cycle-dependent removal and rebinding of CTCF [47]. Taken together, the evidence
suggests that EP400 remodelers may function to enable CTCF localization through H2A.Z
deposition (Figure 5). The paralogous remodeler in the subfamily, INO80, performs the
opposite reaction, that is, exchanging H2A.Z/H2B dimers with H2A/H2B in yeast [30]
or humans [48], in addition to its role in nucleosome sliding [49–51]. How that activity
may affect CTCF function is not clear. Acting primarily at promoter regions in yeast and
mammalian cells [52–54], one possible role of INO80 can be counteracting CTCF deposition
via H2A.Z removal in a spatio-temporal manner, possibly regulating promoter-enhancer
communication. In addition, it was also speculated that INO80 is incapable of cohesin
loading in yeast, unlike other types of chromatin remodelers [55], leading to the hypothesis
that INO80 may not have direct regulatory roles on architectural proteins.

SWI/SNF: The SWI/SNF ATPase BRG1 (SMARCA4) was first implicated in 3D genome
structure almost 20 years ago, when it was reported to facilitate looping at the alpha-globin
and beta-globin loci during erythroid differentiation [56–58]. These studies suggested that
BRG1 is required for accessibility at the locus control region (LCR), which utilizes looping to
coordinate the transcription of specific beta-globin genes. Transcriptional regulation by the
LCR is also dependent on CTCF [59] and cohesin [60], although a connection between BRG1
and CTCF/cohesin in the establishment of loops has not been explored. Recently, genome-
wide ChIP-seq has identified significant overlap between CTCF and BRG1 binding [61–63],
while proteomic analysis identifies BRG1 as a direct binding partner of CTCF [64,65]. This
implies a potential involvement of SWI/SNF in CTCF function; however, BRG1 binding
has little or no correlation to NRL around CTCF [32] and BRG1 deletion has minimal effect
on CTCF genomic binding or TAD organization in ESCs [29,32]. In human immortalized
mammary epithelial cell line MCF10A, BRG1 depletion resulted in a decrease in the
expression of a number of genes, but only a mild effect on TAD organization, as determined
with Hi-C. No loss of TADs was observed upon BRG1 knockdown; however, 14% of TAD
boundaries were altered such that inter-TAD interactions were increased, and cis and trans
interactions were enhanced at sub-telomeric regions [61]. Cross referencing ChIP-Seq data
to BRG1-mediated chromatin occupancy in mouse embryonic fibroblasts (MEFs) indicates
that nucleosome occupancy near CTCF sites is reduced upon BRG1 knockdown [61,62];
however, a mechanistic connection between SWI/SNF-mediated nucleosome remodeling
and CTCF/cohesin function has not yet been determined.
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Figure 5. Speculative model illustrating potential roles for remodelers in the establishment of CTCF/cohesin mediated
interactions. While the role for SNF2H in nucleosome spacing and CTCF binding is well established, the mechanism by
which other remodelers regulate CTCF or cohesin is more speculative. Potential roles based on knowledge of biochemical
mechanisms have been proposed, although the chromatin remodeling events may not necessarily involve the modes of
chromatin remodeling presented (spacing, variant incorporation, eviction, etc.).

One clue that may help is the recent finding that the overlap between CTCF and
BRG1 is mediated primarily through the newly characterized GBAF/ncBAF subcomplex,
which displays 20-50% overlap with CTCF [66–69]. CTCF motifs are mainly enriched at
GBAF binding sites, while canonical BAF (cBAF) and Polybromo BAF (PBAF) binding sites
overlap with other transcription factors [66,67]. Functional assays such as Hi-C or Hi-ChIP
focused on the dedicated GBAF subunit BRD9, instead of BRG1, might provide a better
picture of SWI/SNF contribution to both short-range and global chromatin interactions,
although it is still not clear whether GBAF even has the same remodeling activity in vivo as
SNF5-containing SWI/SNF complexes. The questions that remain unanswered are: (1) Does
GBAF perturbation cause differential chromatin accessibility or NRL changes? (2) If so,
do differentially accessibly regions overlap with CTCF/cohesin binding? Lastly, (3) Does
GBAF perturbation affect CTCF/cohesin localization and subsequent loop formation? It is
very likely that GBAF is more critical in maintaining the interaction between enhancers and
promoters in CTCF-defined transcriptional hubs rather than maintaining TAD boundaries
(Figure 5). This may be related to the specific interaction between the GBAF subcomplex
with BET proteins BRD2 and BRD4, which are also enriched at CTCF sites, implicated in
TAD strength but not boundary establishment [70], and specifically implicated in mediating
CTCF-defined promoter-enhancer interactions [71]. Further dissection of the interplay
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between these factors and cohesin will help resolve how SWI/SNF remodeling facilitates
3D chromatin looping.

4.2. Cohesin Loading

Cohesin is a four-subunit protein complex composed of SMC1, SMC3, RAD21, and
SCC3, which forms a ring-shaped structure around DNA. According to the loop extrusion
hypothesis, cohesin is loaded onto the genome and continues to extrude a longer and
longer loop of DNA until it encounters a convergently oriented CTCF homodimerization
site [22,72]. At these CTCF sites, cohesin is halted and restrains the chromatin in stable
loops, explaining the high overlap between CTCF and cohesin subunits in ChIP-Seq.
Recruitment of cohesin to genomic sites in vivo depends on NIPBL and its binding partner
MAU2 [73–77]; however, the presence of nucleosomes inhibits both cohesin loading and
cohesin diffusion [78], indicating a potential requirement for chromatin remodelers in both
processes.

In yeast, cohesin is first loaded to CEN sequences at centromeres. These regions are
characterized by high “nucleosome fuzziness”, where active nucleosome remodeling results
in less defined nucleosome positioning [25]. Yeast RSC chromatin remodeler interacts with
cohesin loading complex Scc2-Scc4 and facilitates cohesin deposition [55]. This suggests
that in yeast, the remodeling activity of RSC is critical to enable local nucleosome-depleted
regions for cohesin binding. In mammalian cells, the cohesin loader subunit NIPBL
colocalizes with the transcriptional mediator complex and RNA polymerase II at promoter
regions of expressed genes, supporting the idea that cohesin is loaded at nucleosome
depleted promoters of actively transcribed genes [79]. Supporting this, more than 50% of
NIPBL ChIP-seq peaks are associated with promoters. While SMC3 ChIP-seq peaks overlap
with NIPBL ChIP-seq peaks at promoters, a large number of SMC3 peaks are also found at
distal regions [80]. CTCF does not overlap with cohesin at the NIPBL binding sites, but
at these distal regions near transcribed genes, supporting both the loop extrusion model
and evidence that cohesin is loaded primarily at transcribed genes and halted at distal
CTCF sites [81]. Cohesin’s role in regulating gene expression at mediator-bound promoters
may in fact be through these looping interactions with distal CTCF sites [79,82–84]. While
specific chromatin remodelers required for cohesin loading in mammals has not been
studied extensively, the BRG1 ATPase subunit is required for calcium-induced recruitment
of NIPBL to the enhancer regions in activated neutrophils, suggesting a role for SWI/SNF
in cohesin loading during activation of immune cells [85].

4.3. Cohesin Translocation

Loop extrusion hypothesis dictates that energy is required to propel cohesin along the
loop. RNA polymerase II-mediated transcription is one potential energy source, as sug-
gested by the downstream movement of cohesin in response to transcriptional induction at
a number of investigated loci [86,87]. The motor for this movement might simply result
from transcription-induced supercoiling [78,88], passive diffusion coupled with transcrip-
tion [89], or other processive enzymes moving along the DNA during transcription [90].
While nucleosome-free regions are required for cohesin translocation [78], these may be
indirectly formed as a consequence of nucleosome remodeling for transcription. Despite
this established role for transcription in cohesin translocation, acute depletion of RNA
polymerase II only alters local short-range contacts, not large-scale genome architecture or
TAD structures in mESCs [91]. Therefore, cohesin establishment at TADs may require active
recruitment of nucleosome remodelers in a manner independent of the transcriptional
machinery.

4.4. Cohesin and CTCF Removal

WAPL opens the cohesin ring, resulting in its release from chromatin [92]. Deletion
of WAPL in non-replicating cells stabilizes cohesin on chromatin [93], increases average
loop size, increases TAD boundary strength, and increases cohesin accumulation at non-
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convergent CTCF sites [94]. In addition, the expression of many genes decreases, most
likely as an indirect effect of depleting the cohesin pool needed for transcription [95]
via promoter-enhancer interactions [96]. Single cell dynamics of cohesin binding [97]
estimates that >60% of cohesin is dynamic, supporting the notion that cohesin release, as
well as binding, is important for transcriptional activity. WAPL association with cohesin
is inhibited by cohesin acetylation [98] or cohesin binding with CTCF [99]. While cohesin
acetylation has no established relationship with nucleosomes, cohesin-CTCF association is
affected by nucleosome positioning. When nucleosomes prevent cohesin from translocating
and binding to CTCF, cohesin can be recognized by WAPL and rapidly unloaded from
chromatin.

CHD4: At CTCF sites co-bound with cohesin, the arrangement of nucleosomes is
more symmetrical than at sites without cohesin [32]; however, since the deletion of cohesin
subunit RAD21 has little effect on this nucleosome organization [37] this indicates that a
symmetrical arrangement of nucleosomes facilitates cohesin at CTCF sites, and not the
other way around. When nucleosomes are organized in an asymmetric manner at CTCF
binding sites, there is strong nucleosome occupancy at +105 bp and +165 bp downstream
of the motif [32]. Higher nucleosome occupancy, especially at +165, correlates with lower
cohesin and RNA polymerase II occupancy. The CHD4 remodeler has the highest genome-
wide overlap with CTCF motifs in mESCs [32], but, unlike SNF2H, deletion of CHD4 does
not alter the nucleosome repeat length around CTCF binding sites and does not affect CTCF
binding to the genome [37]. Instead, CHD4 binding at CTCF sites correlates with a more
asymmetric arrangement of nucleosomes, leading to the hypothesis that CHD4 occupancy
at CTCF sites promotes a nucleosomal arrangement that is non-conducive to cohesin
translocation. Supporting this, CHD4 is directly bound at the restrictive nucleosome
+165bp downstream of CTCF (Figure 5). Mechanistically, this explains how recruitment of
CHD4 by the transcription factor ETO2 blocks looping between the β-globin locus control
region (LCR) to repress γ-globin gene expression during erythroid maturation [100]. In
addition, this potential role for CHD4 in promoting cohesin removal through nucleosome
positioning is supported by a recent study in granule neurons of mouse cerebellum, which
suggests that CHD4 decreases chromatin accessibility, cohesin occupancy, and contacts
between enhancers and promoters [101].

4.5. Dynamic Regulation of Local Chromatin Interactions upon Stimuli

At TAD boundaries, CTCF binds to more highly conserved consensus sequences [102],
binds with greater affinity [32], and maintains binding during differentiation. In contrast,
CTCF binding sites at sub-TAD regions and chromatin loops are weaker and more likely to
vary between cell types, representing more dynamic chromatin interactions. CTCF sites
that are lost during differentiation have shifted nucleosome occupancy patterns, potentially
implying that nucleosome remodelers facilitate these changes [32]. Similarly, proinflam-
matory stimuli can rapidly induce nucleosome remodeling, removal of CTCF/cohesin,
and gene expression changes at select loci [103,104], indicating that nucleosome remod-
elers are required for rapid changes in nucleosome dynamics during the transcriptional
response to stimuli. Similar to the finding that cohesin deletion has larger effects on
inducible inflammatory gene expression than steady-state gene expression [105], some
chromatin remodelers may be more critical in establishing new, or disrupting pre-existing,
3D contacts rather than maintaining them. To our knowledge, there are few investigations
of the collaboration between remodelers and architectural proteins in differentiation or
acute gene induction models. Individual reports suggest changes in chromatin structure
during CTCF binding or relocalization [106–109] cohesin binding [105,110] or chromatin
remodeling [111–115] in response to stimuli, but coordination between these processes and
the individual remodelers involved is unexplored.
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5. Conclusions/Future Directions/Perspective

There is emerging evidence suggesting that various types of ATP-dependent chromatin
remodeling complexes facilitate both long-range and short-distance chromatin interactions
through regulating the appropriate nucleosome organization for CTCF and cohesin com-
plexes (Figure 5). In some organisms, remodelers have very direct roles, such as in the
recruitment of cohesin loading machinery, while in mammalian systems, direct mechanistic
roles are less clear. Better understanding of how remodelers directly affect 3D structure will
likely require time-resolved studies using directed experimental approaches and tools, such
as acute depletion/inhibition of individual remodelers or CRISPR-mediated contact se-
quence modifications with high-resolution ChIA-PET or Hi-ChIP. Additionally, performing
such experiments during stimuli will give insight into the function of remodelers during
the assembly/disassembly of loops instead of steady-state maintenance of loops.
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7. Van Koningsbruggen, S.; Gierliński, M.; Schofield, P.; Martin, D.; Barton, G.J.; Ariyurek, Y. High-resolution whole-genome
sequencing reveals that specific chromatin domains from most human chromosomes associate with nucleoli. Mol. Biol. Cell. 2010,
21, 3735–3748. [CrossRef] [PubMed]

8. Pirrotta, V.; Li, H.-B. A view of nuclear Polycomb bodies. Curr. Opin. Genet. Dev. 2012, 22, 101–109. [CrossRef]
9. Lieberman-Aiden, E.; Van Berkum, N.L.; Williams, L.; Imakaev, M.; Ragoczy, T.; Telling, A.; Amit, I.; Lajoie, B.R.; Sabo, P.J.;

Dorschner, M.O.; et al. Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome.
Science 2009, 326, 289–293. [CrossRef] [PubMed]

10. Dixon, J.R.; Selvaraj, S.; Yue, F.; Kim, A.; Li, Y.; Shen, Y. Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature 2012, 485, 376–380. [CrossRef] [PubMed]

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

12. Akdemir, K.C.; Le, V.T.; Chandran, S.; Li, Y.; Verhaak, R.G.; Beroukhim, R.; Campbell, P.J.; Chin, L.; Dixon, J.R.; Futreal, P.A.; et al.
Disruption of chromatin folding domains by somatic genomic rearrangements in human cancer. Nat. Genet. 2020, 52, 294–305.
[CrossRef]

13. Sun, J.H.; Zhou, L.; Emerson, D.J.; Phyo, S.A.; Titus, K.R.; Gong, W.; Gilgenast, T.G.; Beagan, J.A.; Davidson, B.L.; Tassone, F.;
et al. Disease-Associated Short Tandem Repeats Co-localize with Chromatin Domain Boundaries. Cell 2018, 175, 224–238.e15.
[CrossRef] [PubMed]

BioRender.com
http://doi.org/10.1038/nature09231
http://www.ncbi.nlm.nih.gov/pubmed/20535202
http://doi.org/10.1038/s41576-019-0105-7
http://www.ncbi.nlm.nih.gov/pubmed/30886348
http://doi.org/10.1242/jcs.02291
http://doi.org/10.1016/S0960-9822(01)00632-7
http://doi.org/10.1038/nature06947
http://www.ncbi.nlm.nih.gov/pubmed/18463634
http://doi.org/10.1091/mbc.e10-06-0508
http://www.ncbi.nlm.nih.gov/pubmed/20826608
http://doi.org/10.1016/j.gde.2011.11.004
http://doi.org/10.1126/science.1181369
http://www.ncbi.nlm.nih.gov/pubmed/19815776
http://doi.org/10.1038/nature11082
http://www.ncbi.nlm.nih.gov/pubmed/22495300
http://doi.org/10.1016/j.tig.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26862051
http://doi.org/10.1038/s41588-019-0564-y
http://doi.org/10.1016/j.cell.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30173918


Biology 2021, 10, 272 11 of 15

14. Liu, Z.; Merkurjev, D.; Yang, F.; Li, W.; Oh, S.; Friedman, M.J.; Song, X.; Zhang, F.; Ma, Q.; Ohgi, K.A.; et al. Enhancer Activation
Requires trans-Recruitment of a Mega Transcription Factor Complex. Cell 2014, 159, 358–373. [CrossRef] [PubMed]

15. Dixon, J.R.; Jung, I.; Selvaraj, S.; Shen, Y.; Antosiewicz-Bourget, J.E.; Lee, A.Y. Chromatin architecture reorganization during stem
cell differentiation. Nature 2015, 518, 331–336. [CrossRef] [PubMed]

16. Dittmer, T.; Misteli, T. The lamin protein family. Genome Biol. 2011, 12, 1–4. [CrossRef] [PubMed]
17. Sexton, T.; Yaffe, E.; Kenigsberg, E.; Bantignies, F.; Leblanc, B.; Hoichman, M.; Parrinello, H.; Tanay, A.; Cavalli, G. Three-

Dimensional Folding and Functional Organization Principles of the Drosophila Genome. Cell 2012, 148, 458–472. [CrossRef]
18. Hou, C.; Li, L.; Qin, Z.S.; Corces, V.G. Gene Density, Transcription, and Insulators Contribute to the Partition of the Drosophila

Genome into Physical Domains. Mol. Cell 2012, 48, 471–484. [CrossRef] [PubMed]
19. Wani, A.H.; Boettiger, A.N.; Schorderet, P.; Ergun, A.; Münger, C.; Sadreyev, R.I.; Zhuang, X.; Kingston, R.E.; Francis, N.J.

Chromatin topology is coupled to Polycomb group protein subnuclear organization. Nat. Commun. 2016, 7, 10291. [CrossRef]
20. Farrell, C.M.; West, A.G.; Felsenfeld, G. Conserved CTCF Insulator Elements Flank the Mouse and Human β-Globin Loci. Mol.

Cell. Biol. 2002, 22, 3820–3831. [CrossRef]
21. Heger, P.; Marin, B.; Bartkuhn, M.; Schierenberg, E.; Wiehe, T. The chromatin insulator CTCF and the emergence of metazoan

diversity. Proc. Natl. Acad. Sci. USA 2012, 109, 17507–17512. [CrossRef] [PubMed]
22. Nora, E.P.; Caccianini, L.; Fudenberg, G.; So, K.; Kameswaran, V.; Nagle, A.; Uebersohn, A.; Hajj, B.; Le Saux, A.; Coulon, A.; et al.

Molecular basis of CTCF binding polarity in genome folding. Nat. Commun. 2020, 11, 1–13. [CrossRef]
23. Parelho, V.; Hadjur, S.; Spivakov, M.; Leleu, M.; Sauer, S.; Gregson, H.C.; Jarmuz, A.; Canzonetta, C.; Webster, Z.; Nesterova, T.;

et al. Cohesins Functionally Associate with CTCF on Mammalian Chromosome Arms. Cell 2008, 132, 422–433. [CrossRef]
24. Fudenberg, G.; Imakaev, M.; Lu, C.; Goloborodko, A.; Abdennur, N.; Mirny, L.A. Formation of Chromosomal Domains by Loop

Extrusion. Cell Rep. 2016, 15, 2038–2049. [CrossRef] [PubMed]
25. Garcia-Luis, J.; Lazar-Stefanita, L.; Gutierrez-Escribano, P.; Thierry, A.; Cournac, A.; García, A.; González, S.; Sánchez, M.; Jarmuz,

A.; Montoya, A.; et al. FACT mediates cohesin function on chromatin. Nat. Struct. Mol. Biol. 2019, 26, 970–979. [CrossRef]
[PubMed]

26. Clapier, C.R.; Iwasa, J.; Cairns, C.R.C.B.R.; Peterson, C.L. Mechanisms of action and regulation of ATP-dependent chromatin-
remodelling complexes. Nat. Rev. Mol. Cell Biol. 2017, 18, 407–422. [CrossRef] [PubMed]

27. Hota, S.K.; Bruneau, B.G. ATP-dependent chromatin remodeling during mammalian development. Development 2016, 143,
2882–2897. [CrossRef] [PubMed]

28. Valencia, A.M.; Kadoch, C. Chromatin regulatory mechanisms and therapeutic opportunities in cancer. Nat. Cell Biol. 2019, 21,
152–161. [CrossRef] [PubMed]

29. Barisic, D.; Stadler, M.B.; Iurlaro, M.; Schübeler, D. Mammalian ISWI and SWI/SNF selectively mediate binding of distinct
transcription factors. Nat. Cell Biol. 2019, 569, 136–140. [CrossRef]

30. Brahma, S.; Udugama, M.I.; Kim, J.; Hada, A.; Bhardwaj, S.K.; Hailu, S.G.; Lee, T.-H.; Bartholomew, B. INO80 exchanges H2A.Z
for H2A by translocating on DNA proximal to histone dimers. Nat. Commun. 2017, 8, 15616. [CrossRef] [PubMed]

31. Fu, Y.; Sinha, M.; Peterson, C.L.; Weng, Z. The Insulator Binding Protein CTCF Positions 20 Nucleosomes around Its Binding Sites
across the Human Genome. PLoS Genet. 2008, 4, e1000138. [CrossRef] [PubMed]

32. Clarkson, C.T.; Deeks, E.A.; Samarista, R.; Mamayusupova, H.; Zhurkin, V.B.; Teif, V.B. CTCF-dependent chromatin boundaries
formed by asymmetric nucleosome arrays with decreased linker length. Nucleic Acids Res. 2019, 47, 11181–11196. [CrossRef]
[PubMed]

33. Teif, V.B.; Vainshtein, Y.; Caudron-Herger, M.; Mallm, J.-P.; Marth, C.; Höfer, T.; Rippe, K. Genome-wide nucleosome positioning
during embryonic stem cell development. Nat. Struct. Mol. Biol. 2012, 19, 1185–1192. [CrossRef] [PubMed]

34. Baldi, S.; Krebs, S.; Blum, H.; Becker, P.B. Genome-wide measurement of local nucleosome array regularity and spacing by
nanopore sequencing. Nat. Struct. Mol. Biol. 2018, 25, 894–901. [CrossRef] [PubMed]

35. Chereji, R.V.; Ramachandran, S.; Bryson, T.D.; Henikoff, S. Precise genome-wide mapping of single nucleosomes and linkers
in vivo. Genome Biol. 2018, 19, 1–20. [CrossRef] [PubMed]

36. Morris, S.A.; Baek, S.; Sung, M.-H.; John, S.; Wiench, M.; Johnson, T.A.; Schiltz, R.L.; Hager, G.L. Overlapping chromatin-
remodeling systems collaborate genome wide at dynamic chromatin transitions. Nat. Struct. Mol. Biol. 2014, 21, 73–81. [CrossRef]
[PubMed]

37. Wiechens, N.; Singh, V.; Gkikopoulos, T.; Schofield, P.; Rocha, S.; Owen-Hughes, T. The Chromatin Remodelling Enzymes SNF2H
and SNF2L Position Nucleosomes adjacent to CTCF and Other Transcription Factors. PLoS Genet. 2016, 12, e1005940. [CrossRef]
[PubMed]

38. Ishihara, K.; Oshimura, M.; Nakao, M. CTCF-Dependent Chromatin Insulator Is Linked to Epigenetic Remodeling. Mol. Cell 2006,
23, 733–742. [CrossRef]

39. Cotney, J.; Muhle, R.A.; Sanders, S.J.; Liu, L.; Willsey, A.J.; Niu, W.; Liu, W.; Klei, L.; Lei, J.; Yin, J.; et al. The autism-associated
chromatin modifier CHD8 regulates other autism risk genes during human neurodevelopment. Nat. Commun. 2015, 6, 6404.
[CrossRef] [PubMed]

40. Zhao, C.; Dong, C.; Frah, M.; Deng, Y.; Marie, C.; Zhang, F.; Xu, L.; Ma, Z.; Dong, X.; Lin, Y.; et al. Dual Requirement of CHD8 for
Chromatin Landscape Establishment and Histone Methyltransferase Recruitment to Promote CNS Myelination and Repair. Dev.
Cell 2018, 45, 753–768.e8. [CrossRef]

http://doi.org/10.1016/j.cell.2014.08.027
http://www.ncbi.nlm.nih.gov/pubmed/25303530
http://doi.org/10.1038/nature14222
http://www.ncbi.nlm.nih.gov/pubmed/25693564
http://doi.org/10.1186/gb-2011-12-5-222
http://www.ncbi.nlm.nih.gov/pubmed/21639948
http://doi.org/10.1016/j.cell.2012.01.010
http://doi.org/10.1016/j.molcel.2012.08.031
http://www.ncbi.nlm.nih.gov/pubmed/23041285
http://doi.org/10.1038/ncomms10291
http://doi.org/10.1128/MCB.22.11.3820-3831.2002
http://doi.org/10.1073/pnas.1111941109
http://www.ncbi.nlm.nih.gov/pubmed/23045651
http://doi.org/10.1038/s41467-020-19283-x
http://doi.org/10.1016/j.cell.2008.01.011
http://doi.org/10.1016/j.celrep.2016.04.085
http://www.ncbi.nlm.nih.gov/pubmed/27210764
http://doi.org/10.1038/s41594-019-0307-x
http://www.ncbi.nlm.nih.gov/pubmed/31582854
http://doi.org/10.1038/nrm.2017.26
http://www.ncbi.nlm.nih.gov/pubmed/28512350
http://doi.org/10.1242/dev.128892
http://www.ncbi.nlm.nih.gov/pubmed/27531948
http://doi.org/10.1038/s41556-018-0258-1
http://www.ncbi.nlm.nih.gov/pubmed/30602726
http://doi.org/10.1038/s41586-019-1115-5
http://doi.org/10.1038/ncomms15616
http://www.ncbi.nlm.nih.gov/pubmed/28604691
http://doi.org/10.1371/journal.pgen.1000138
http://www.ncbi.nlm.nih.gov/pubmed/18654629
http://doi.org/10.1093/nar/gkz908
http://www.ncbi.nlm.nih.gov/pubmed/31665434
http://doi.org/10.1038/nsmb.2419
http://www.ncbi.nlm.nih.gov/pubmed/23085715
http://doi.org/10.1038/s41594-018-0110-0
http://www.ncbi.nlm.nih.gov/pubmed/30127356
http://doi.org/10.1186/s13059-018-1398-0
http://www.ncbi.nlm.nih.gov/pubmed/29426353
http://doi.org/10.1038/nsmb.2718
http://www.ncbi.nlm.nih.gov/pubmed/24317492
http://doi.org/10.1371/journal.pgen.1005940
http://www.ncbi.nlm.nih.gov/pubmed/27019336
http://doi.org/10.1016/j.molcel.2006.08.008
http://doi.org/10.1038/ncomms7404
http://www.ncbi.nlm.nih.gov/pubmed/25752243
http://doi.org/10.1016/j.devcel.2018.05.022


Biology 2021, 10, 272 12 of 15

41. Park, J.H.; Sun, X.-J.; Roeder, R.G. The SANT Domain of p400 ATPase Represses Acetyltransferase Activity and Coactivator
Function of TIP60 in Basal p21 Gene Expression. Mol. Cell. Biol. 2010, 30, 2750–2761. [CrossRef]

42. Lashgari, A.; Millau, J.-F.; Jacques, P.-É.; Gaudreau, L. Global inhibition of transcription causes an increase in histone H2A.Z
incorporation within gene bodies. Nucleic Acids Res. 2017, 45, 12715–12722. [CrossRef] [PubMed]

43. Pradhan, S.K.; Su, T.; Yen, L.; Jacquet, K.; Huang, C.; Côté, J.; Kurdistani, S.K.; Carey, M.F. EP400 Deposits H3.3 into Promoters
and Enhancers during Gene Activation. Mol. Cell 2016, 61, 27–38. [CrossRef] [PubMed]

44. Jin, C.; Zang, C.; Wei, G.; Cui, K.; Peng, W.; Zhao, K.; Felsenfeld, G. H3.3/H2A.Z double variant–containing nucleosomes mark
’nucleosome-free regions’ of active promoters and other regulatory regions. Nat. Genet. 2009, 41, 941–945. [CrossRef] [PubMed]

45. Nekrasov, M.; Amrichová, J.; Parker, B.J.; Soboleva, T.A.; Jack, C.; Williams, R.; Huttley, G.A.; Tremethick, D.J. Histone H2A.Z
inheritance during the cell cycle and its impact on promoter organization and dynamics. Nat. Struct. Mol. Biol. 2012, 19,
1076–1083. [CrossRef] [PubMed]

46. Wen, Z.; Zhang, L.; Ruan, H.; Li, G. Histone variant H2A.Z regulates nucleosome unwrapping and CTCF binding in mouse ES
cells. Nucleic Acids Res. 2020, 48, 5939–5952. [CrossRef] [PubMed]

47. Oomen, M.E.; Hansen, A.S.; Liu, Y.; Darzacq, X.; Dekker, J. CTCF sites display cell cycle–dependent dynamics in factor binding
and nucleosome positioning. Genome Res. 2019, 29, 236–249. [CrossRef] [PubMed]

48. Alatwi, H.E.; Downs, J.A. Removal of H2A.Z by INO 80 promotes homologous recombination. EMBO Rep. 2015, 16, 986–994.
[CrossRef]

49. Udugama, M.; Sabri, A.; Bartholomew, B. The INO80 ATP-Dependent Chromatin Remodeling Complex Is a Nucleosome Spacing
Factor. Mol. Cell. Biol. 2010, 31, 662–673. [CrossRef]

50. Brahma, S.; Ngubo, M.; Paul, S.; Udugama, M.; Bartholomew, B. The Arp8 and Arp4 module acts as a DNA sensor controlling
INO80 chromatin remodeling. Nat. Commun. 2018, 9, 1–10. [CrossRef]

51. Ayala, R.; Willhoft, O.; Aramayo, R.J.; Wilkinson, M.; McCormack, E.A.; Ocloo, L.; Wigley, D.B.; Zhang, X. Structure and regulation
of the human INO80–nucleosome complex. Nat. Cell Biol. 2018, 556, 391–395. [CrossRef]

52. Wang, L.; Du, Y.; Ward, J.M.; Shimbo, T.; Lackford, B.; Zheng, X.; Miao, Y.-L.; Zhou, B.; Han, L.; Fargo, D.C.; et al. INO80 Facilitates
Pluripotency Gene Activation in Embryonic Stem Cell Self-Renewal, Reprogramming, and Blastocyst Development. Cell Stem
Cell 2014, 14, 575–591. [CrossRef]

53. Papamichos-Chronakis, M.; Watanabe, S.; Rando, O.J.; Peterson, C.L. Global Regulation of H2A.Z Localization by the INO80
Chromatin-Remodeling Enzyme Is Essential for Genome Integrity. Cell 2011, 144, 200–213. [CrossRef] [PubMed]

54. Runge, J.S.; Raab, J.R.; Magnuson, T. Identification of two distinct classes of the human INO80 complex genome-wide. G3 Genes
Genomes Genet 2018, 8, 1095–1102. [CrossRef]

55. Muñoz, S.; Minamino, M.; Casas-Delucchi, C.S.; Patel, H.; Uhlmann, F. A Role for Chromatin Remodeling in Cohesin Loading
onto Chromosomes. Mol. Cell 2019, 74, 664–673.e5. [CrossRef]

56. Kim, S.I.; Bultman, S.J.; Kiefer, C.M.; Dean, A.; Bresnick, E.H. BRG1 requirement for long-range interaction of a locus control
region with a downstream promoter. Proc. Natl. Acad. Sci. USA 2009, 106, 2259–2264. [CrossRef] [PubMed]

57. Kim, S.-I.; Bultman, S.J.; Jing, H.; Blobel, G.A.; Bresnick, E.H. Dissecting Molecular Steps in Chromatin Domain Activation during
Hematopoietic Differentiation. Mol. Cell. Biol. 2007, 27, 4551–4565. [CrossRef]

58. Kim, S.I.; Bresnick, E.H.; Bultman, S.J. BRG1 directly regulates nucleosome structure and chromatin looping of the α globin locus
to activate transcription. Nucleic Acids Res. 2009, 37, 6019–6027. [CrossRef]

59. Splinter, E.; Heath, H.; Kooren, J.; Palstra, R.J.; Klous, P.; Grosveld, F. CTCF mediates long-range chromatin looping and local
histone modification in the β-globin locus. Genes Dev. 2006, 20, 2349–2354. [CrossRef] [PubMed]

60. Chien, R.; Zeng, W.; Kawauchi, S.; Bender, M.A.; Santos, R.; Gregson, H.C.; Schmiesing, J.A.; Newkirk, D.A.; Kong, X.; Ball, A.R.,
Jr.; et al. Cohesin Mediates Chromatin Interactions That Regulate Mammalian β-globin Expression. J. Biol. Chem. 2011, 286,
17870–17878. [CrossRef] [PubMed]

61. Barutcu, A.R.; Lajoie, B.R.; Fritz, A.J.; Mccord, R.P.; Nickerson, J.A.; Van Wijnen, A.J.; Lian, J.B.; Stein, J.L.; Dekker, J.; Stein, G.S.;
et al. SMARCA4 regulates gene expression and higher-order chromatin structure in proliferating mammary epithelial cells.
Genome Res. 2016, 26, 1188–1201. [CrossRef] [PubMed]

62. Barutcu, A.R.; Lian, J.B.; Stein, J.L.; Stein, G.S.; Imbalzano, A.N. The connection between BRG1, CTCF and topoisomerases at TAD
boundaries. Nucleus 2017, 8, 150–155. [CrossRef] [PubMed]

63. Fang, C.; Wang, Z.; Han, C.; Safgren, S.L.; Helmin, K.A.; Adelman, E.R.; Serafin, V.; Basso, G.; Eagen, K.P.; Gaspar-Maia, A.;
et al. Cancer-specific CTCF binding facilitates oncogenic transcriptional dysregulation. Genome Biol. 2020, 21, 1–30. [CrossRef]
[PubMed]

64. Marino, M.M.; Rega, C.; Russo, R.; Valletta, M.; Gentile, M.T.; Esposito, S.; Baglivo, I.; De Feis, I.; Angelini, C.; Xiao, T.; et al.
Interactome mapping defines BRG1, a component of the SWI/SNF chromatin remodeling complex, as a new partner of the
transcriptional regulator CTCF. J. Biol. Chem. 2019, 294, 861–873. [CrossRef] [PubMed]

65. Valletta, M.; Russo, R.; Baglivo, I.; Russo, V.; Ragucci, S.; Sandomenico, A.; Iaccarino, E.; Ruvo, M.; De Feis, I.; Angelini, C.; et al.
Exploring the Interaction between the SWI/SNF Chromatin Remodeling Complex and the Zinc Finger Factor CTCF. Int. J. Mol.
Sci. 2020, 21, 8950. [CrossRef] [PubMed]

http://doi.org/10.1128/MCB.00804-09
http://doi.org/10.1093/nar/gkx879
http://www.ncbi.nlm.nih.gov/pubmed/29036442
http://doi.org/10.1016/j.molcel.2015.10.039
http://www.ncbi.nlm.nih.gov/pubmed/26669263
http://doi.org/10.1038/ng.409
http://www.ncbi.nlm.nih.gov/pubmed/19633671
http://doi.org/10.1038/nsmb.2424
http://www.ncbi.nlm.nih.gov/pubmed/23085713
http://doi.org/10.1093/nar/gkaa360
http://www.ncbi.nlm.nih.gov/pubmed/32392318
http://doi.org/10.1101/gr.241547.118
http://www.ncbi.nlm.nih.gov/pubmed/30655336
http://doi.org/10.15252/embr.201540330
http://doi.org/10.1128/MCB.01035-10
http://doi.org/10.1038/s41467-018-05710-7
http://doi.org/10.1038/s41586-018-0021-6
http://doi.org/10.1016/j.stem.2014.02.013
http://doi.org/10.1016/j.cell.2010.12.021
http://www.ncbi.nlm.nih.gov/pubmed/21241891
http://doi.org/10.1534/g3.117.300504
http://doi.org/10.1016/j.molcel.2019.02.027
http://doi.org/10.1073/pnas.0806420106
http://www.ncbi.nlm.nih.gov/pubmed/19171905
http://doi.org/10.1128/MCB.00235-07
http://doi.org/10.1093/nar/gkp677
http://doi.org/10.1101/gad.399506
http://www.ncbi.nlm.nih.gov/pubmed/16951251
http://doi.org/10.1074/jbc.M110.207365
http://www.ncbi.nlm.nih.gov/pubmed/21454523
http://doi.org/10.1101/gr.201624.115
http://www.ncbi.nlm.nih.gov/pubmed/27435934
http://doi.org/10.1080/19491034.2016.1276145
http://www.ncbi.nlm.nih.gov/pubmed/28060558
http://doi.org/10.1186/s13059-020-02152-7
http://www.ncbi.nlm.nih.gov/pubmed/32933554
http://doi.org/10.1074/jbc.RA118.004882
http://www.ncbi.nlm.nih.gov/pubmed/30459231
http://doi.org/10.3390/ijms21238950
http://www.ncbi.nlm.nih.gov/pubmed/33255744


Biology 2021, 10, 272 13 of 15

66. Gatchalian, J.; Malik, S.; Ho, J.; Lee, D.-S.; Kelso, T.W.R.; Shokhirev, M.N.; Dixon, J.R.; Hargreaves, D.C. A non-canonical
BRD9-containing BAF chromatin remodeling complex regulates naive pluripotency in mouse embryonic stem cells. Nat. Commun.
2018, 9, 1–16. [CrossRef]

67. Michel, B.C.; D’Avino, A.R.; Cassel, S.H.; Mashtalir, N.; McKenzie, Z.M.; McBride, M.J.; Valencia, A.M.; Zhou, Q.; Bocker,
M.; Soares, L.M.M.; et al. A non-canonical SWI/SNF complex is a synthetic lethal target in cancers driven by BAF complex
perturbation. Nat. Cell Biol. 2018, 20, 1410–1420. [CrossRef] [PubMed]

68. Inoue, D.; Chew, G.-L.; Liu, B.; Michel, B.C.; Pangallo, J.; D’Avino, A.R.; Hitchman, T.; North, K.; Lee, S.C.-W.; Bitner, L.; et al.
Spliceosomal disruption of the non-canonical BAF complex in cancer. Nat. Cell Biol. 2019, 574, 432–436. [CrossRef] [PubMed]

69. Alpsoy, A.; Utturkar, S.M.; Carter, B.C.; Dhiman, A.; Torregrosa-Allen, S.E.; Currie, M.P.; Elzey, B.D.; Dykhuizen, E.C. BRD9 Is a
Critical Regulator of Androgen Receptor Signaling and Prostate Cancer Progression. Cancer Res. 2021, 81, 820–833. [CrossRef]

70. Hsu, S.C.; Gilgenast, T.G.; Bartman, C.R.; Edwards, C.R.; Stonestrom, A.J.; Huang, P.; Emerson, D.J.; Evans, P.; Werner, M.T.;
Keller, C.A.; et al. The BET Protein BRD2 Cooperates with CTCF to Enforce Transcriptional and Architectural Boundaries. Mol.
Cell 2017, 66, 102–116.e7. [CrossRef]

71. Cheung, K.L.; Zhang, F.; Jaganathan, A.; Sharma, R.; Zhang, Q.; Konuma, T.; Shen, T.; Lee, J.-Y.; Ren, C.; Chen, C.-H.; et al. Distinct
Roles of Brd2 and Brd4 in Potentiating the Transcriptional Program for Th17 Cell Differentiation. Mol. Cell 2017, 65, 1068–1080.e5.
[CrossRef] [PubMed]

72. Bailey, M.L.; Surovtsev, I.; Williams, J.; Yan, H.; Mochrie, S.; King, M. Nucleosome-constrained loop extrusion model for the origin
of topologically associating domains. bioRxiv 2020, 969683. [CrossRef]

73. Ciosk, R.; Shirayama, M.; Shevchenko, A.; Tanaka, T.; Toth, A.; Shevchenko, A.; Nasmyth, K. Cohesin’s Binding to Chromosomes
Depends on a Separate Complex Consisting of Scc2 and Scc4 Proteins. Mol. Cell 2000, 5, 243–254. [CrossRef]

74. Watrin, E.; Schleiffer, A.; Tanaka, K.; Eisenhaber, F.; Nasmyth, K.; Peters, J.-M. Human Scc4 Is Required for Cohesin Binding to
Chromatin, Sister-Chromatid Cohesion, and Mitotic Progression. Curr. Biol. 2006, 16, 863–874. [CrossRef] [PubMed]

75. Schwarzer, W.; Abdennur, N.; Goloborodko, A.; Pekowska, A.; Fudenberg, G.; Loe-Mie, Y.; Fonseca, N.A.; Huber, W.; Haering,
C.H.; Mirny, L.; et al. Two independent modes of chromatin organization revealed by cohesin removal. Nat. Cell Biol. 2017, 551,
51–56. [CrossRef] [PubMed]

76. Gillespie, P.J.; Hirano, T. Scc2 Couples Replication Licensing to Sister Chromatid Cohesion in Xenopus Egg Extracts. Curr. Biol.
2004, 14, 1598–1603. [CrossRef] [PubMed]

77. Takahashi, T.S.; Yiu, P.; Chou, M.F.; Gygi, S.; Walter, J.C. Recruitment of Xenopus Scc2 and cohesin to chromatin requires the
pre-replication complex. Nat. Cell Biol. 2004, 6, 991–996. [CrossRef]

78. Stigler, J.; Çamdere, G.Ö.; Koshland, D.E.; Greene, E.C. Single-Molecule Imaging Reveals a Collapsed Conformational State for
DNA-Bound Cohesin. Cell Rep. 2016, 15, 988–998. [CrossRef] [PubMed]

79. Kagey, M.H.; Newman, J.J.; Bilodeau, S.; Zhan, Y.; Orlando, D.A.; Van Berkum, N.L.; Ebmeier, C.C.; Goossens, J.; Rahl, P.B.;
Levine, S.S.; et al. Mediator and cohesin connect gene expression and chromatin architecture. Nat. Cell Biol. 2010, 467, 430–435.
[CrossRef]

80. Parenti, I.; Diab, F.; Gil, S.R.; Mulugeta, E.; Casa, V.; Berutti, R. MAU2 and NIPBL variants impair the heterodimerization of the
cohesin loader subunits and cause Cornelia de Lange syndrome. Cell Rep. 2020, 31, 107647. [CrossRef]

81. Wendt, K.S.; Yoshida, K.; Itoh, T.; Bando, M.; Koch, B.; Schirghuber, E.; Tsutsumi, S.; Nagae, G.; Ishihara, K.; Mishiro, T.; et al.
Cohesin mediates transcriptional insulation by CCCTC-binding factor. Nat. Cell Biol. 2008, 451, 796–801. [CrossRef] [PubMed]

82. Hadjur, S.; Williams, L.M.; Ryan, N.K.; Cobb, B.S.; Sexton, T.; Fraser, P.; Fisher, A.G.; Merkenschlager, M. Cohesins form
chromosomal cis-interactions at the developmentally regulated IFNG locus. Nat. Cell Biol. 2009, 460, 410–413. [CrossRef]
[PubMed]

83. Nativio, R.; Wendt, K.S.; Ito, Y.; Huddleston, J.E.; Uribe-Lewis, S.; Woodfine, K.; Krueger, C.; Reik, W.; Peters, J.-M.; Murrell, A.
Cohesin Is Required for Higher-Order Chromatin Conformation at the Imprinted IGF2-H19 Locus. PLoS Genet. 2009, 5, e1000739.
[CrossRef]

84. Schmidt, D.; Schwalie, P.C.; Ross-Innes, C.S.; Hurtado, A.; Brown, G.D.; Carroll, J.S.; Flicek, P.; Odom, D.T. A CTCF-independent
role for cohesin in tissue-specific transcription. Genome Res. 2010, 20, 578–588. [CrossRef]

85. Zhu, Y.; Denholtz, M.; Lu, H.; Murre, C. Calcium signaling instructs NIPBL recruitment at active enhancers and promoters via
distinct mechanisms to reconstruct genome compartmentalization. Genes Dev. 2021, 35, 65–81. [CrossRef] [PubMed]

86. Glynn, E.F.; Megee, P.C.; Yu, H.-G.; Mistrot, C.; Unal, E.; Koshland, D.E.; De Risi, J.L.; Gerton, J.L. Genome-Wide Mapping of the
Cohesin Complex in the Yeast Saccharomyces cerevisiae. PLoS Biol. 2004, 2, e259. [CrossRef]

87. Lengronne, A.; Katou, Y.; Mori, S.; Yokobayashi, S.; Kelly, G.P.; Itoh, T.; Watanabe, Y.; Shirahige, K.; Uhlmann, F. Cohesin relocation
from sites of chromosomal loading to places of convergent transcription. Nat. Cell Biol. 2004, 430, 573–578. [CrossRef] [PubMed]

88. Racko, D.; Benedetti, F.; Dorier, J.; Stasiak, A. Transcription-induced supercoiling as the driving force of chromatin loop extrusion
during formation of TADs in interphase chromosomes. Nucleic Acids Res. 2018, 46, 1648–1660. [CrossRef] [PubMed]

89. Davidson, I.F.; Goetz, D.; Zaczek, M.P.; Molodtsov, M.I.; Huis in’t Veld, P.J.; Weissmann, F.; Litos, G.; Cisneros, D.A.; Ocampo-
Hafalla, M.; Ladurner, R.; et al. Rapid movement and transcriptional re-localization of human cohesin on DNA. EMBO J. 2016, 35,
2671–2685. [CrossRef] [PubMed]

90. Busslinger, G.A.; Stocsits, R.R.; Van Der Lelij, P.; Axelsson, E.; Tedeschi, A.; Galjart, N.; Peters, J.-M. Cohesin is positioned in
mammalian genomes by transcription, CTCF and Wapl. Nat. Cell Biol. 2017, 544, 503–507. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-018-07528-9
http://doi.org/10.1038/s41556-018-0221-1
http://www.ncbi.nlm.nih.gov/pubmed/30397315
http://doi.org/10.1038/s41586-019-1646-9
http://www.ncbi.nlm.nih.gov/pubmed/31597964
http://doi.org/10.1158/0008-5472.CAN-20-1417
http://doi.org/10.1016/j.molcel.2017.02.027
http://doi.org/10.1016/j.molcel.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28262505
http://doi.org/10.1101/2020.02.29.969683
http://doi.org/10.1016/S1097-2765(00)80420-7
http://doi.org/10.1016/j.cub.2006.03.049
http://www.ncbi.nlm.nih.gov/pubmed/16682347
http://doi.org/10.1038/nature24281
http://www.ncbi.nlm.nih.gov/pubmed/29094699
http://doi.org/10.1016/j.cub.2004.07.053
http://www.ncbi.nlm.nih.gov/pubmed/15341749
http://doi.org/10.1038/ncb1177
http://doi.org/10.1016/j.celrep.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27117417
http://doi.org/10.1038/nature09380
http://doi.org/10.1016/j.celrep.2020.107647
http://doi.org/10.1038/nature06634
http://www.ncbi.nlm.nih.gov/pubmed/18235444
http://doi.org/10.1038/nature08079
http://www.ncbi.nlm.nih.gov/pubmed/19458616
http://doi.org/10.1371/journal.pgen.1000739
http://doi.org/10.1101/gr.100479.109
http://doi.org/10.1101/gad.343475.120
http://www.ncbi.nlm.nih.gov/pubmed/33334824
http://doi.org/10.1371/journal.pbio.0020259
http://doi.org/10.1038/nature02742
http://www.ncbi.nlm.nih.gov/pubmed/15229615
http://doi.org/10.1093/nar/gkx1123
http://www.ncbi.nlm.nih.gov/pubmed/29140466
http://doi.org/10.15252/embj.201695402
http://www.ncbi.nlm.nih.gov/pubmed/27799150
http://doi.org/10.1038/nature22063
http://www.ncbi.nlm.nih.gov/pubmed/28424523


Biology 2021, 10, 272 14 of 15

91. Jiang, Y.; Huang, J.; Lun, K.; Li, B.; Zheng, H.; Li, Y.; Zhou, R.; Duan, W.; Wang, C.; Feng, Y.; et al. Genome-wide analyses of
chromatin interactions after the loss of Pol I, Pol II, and Pol III. Genome Biol. 2020, 21, 1–28. [CrossRef] [PubMed]

92. Kueng, S.; Hegemann, B.; Peters, B.H.; Lipp, J.J.; Schleiffer, A.; Mechtler, K.; Peters, J.-M. Wapl Controls the Dynamic Association
of Cohesin with Chromatin. Cell 2006, 127, 955–967. [CrossRef] [PubMed]

93. Tedeschi, A.; Wutz, G.; Huet, S.; Jaritz, M.; Wuensche, A.; Schirghuber, E.; Davidson, I.F.; Tang, W.; Cisneros, D.A.; Bhaskara,
V.; et al. Wapl is an essential regulator of chromatin structure and chromosome segregation. Nat. Cell Biol. 2013, 501, 564–568.
[CrossRef] [PubMed]

94. Haarhuis, J.H.; Van Der Weide, R.H.; Blomen, V.A.; Yáñez-Cuna, J.O.; Amendola, M.; Van Ruiten, M.S.; Krijger, P.H.; Teunissen,
H.; Medema, R.H.; Van Steensel, B.; et al. The Cohesin Release Factor WAPL Restricts Chromatin Loop Extension. Cell 2017, 169,
693–707.e14. [CrossRef]

95. Liu, N.Q.; Maresca, M.; Brand, T.V.D.; Braccioli, L.; Schijns, M.M.G.A.; Teunissen, H.; Bruneau, B.G.; Nora, E.P.; De Wit, E. WAPL
maintains a cohesin loading cycle to preserve cell-type-specific distal gene regulation. Nat. Genet. 2021, 53, 100–109. [CrossRef]

96. Thiecke, M.J.; Wutz, G.; Muhar, M.; Tang, W.; Bevan, S.; Malysheva, V.; Stocsits, R.; Neumann, T.; Zuber, J.; Fraser, P.; et al.
Cohesin-Dependent and -Independent Mechanisms Mediate Chromosomal Contacts between Promoters and Enhancers. Cell Rep.
2020, 32, 107929. [CrossRef] [PubMed]

97. Holzmann, J.; Politi, A.Z.; Nagasaka, K.; Hantsche-Grininger, M.; Walther, N.; Koch, B.; Fuchs, J.; Dürnberger, G.; Tang, W.;
Ladurner, R.; et al. Absolute quantification of cohesin, CTCF and their regulators in human cells. eLife 2019, 8, 1–31. [CrossRef]

98. Beckouët, F.; Srinivasan, M.; Roig, M.B.; Chan, K.-L.; Scheinost, J.C.; Batty, P.; Hu, B.; Petela, N.; Gligoris, T.; Smith, A.C.; et al.
Releasing Activity Disengages Cohesin’s Smc3/Scc1 Interface in a Process Blocked by Acetylation. Mol. Cell 2016, 61, 563–574.
[CrossRef] [PubMed]

99. Wutz, G.; Ladurner, R.; Hilaire, B.G.S.; Stocsits, R.R.; Nagasaka, K.; Pignard, B.; Sanborn, A.; Tang, W.; Várnai, C.; Ivanov, M.P.;
et al. ESCO1 and CTCF enable formation of long chromatin loops by protecting cohesinSTAG1 from WAPL. eLife 2020, 9, 1–33.
[CrossRef]

100. Guo, X.; Plank-Bazinet, J.; Krivega, I.; Dale, R.K.; Dean, A. Embryonic erythropoiesis and hemoglobin switching require
transcriptional repressor ETO2 to modulate chromatin organization. Nucleic Acids Res. 2020, 48, 10226–10240. [CrossRef]
[PubMed]

101. Goodman, J.V.; Yamada, T.; Yang, Y.; Kong, L.; Wu, D.Y.; Zhao, G. The chromatin remodeling enzyme Chd4 regulates genome
architecture in the mouse brain. Nat. Commun. 2020, 11, 1–14. [CrossRef]

102. Chen, H.; Tian, Y.; Shu, W.; Bo, X.; Wang, S. Comprehensive Identification and Annotation of Cell Type-Specific and Ubiquitous
CTCF-Binding Sites in the Human Genome. PLoS ONE 2012, 7, e41374. [CrossRef] [PubMed]

103. Lefevre, P.; Witham, J.; Lacroix, C.E.; Cockerill, P.N.; Bonifer, C. The LPS-Induced Transcriptional Upregulation of the Chicken
Lysozyme Locus Involves CTCF Eviction and Noncoding RNA Transcription. Mol. Cell 2008, 32, 129–139. [CrossRef] [PubMed]

104. Bediaga, N.G.; Coughlan, H.D.; Johanson, T.M.; Garnham, A.L.; Naselli, G.; Schröder, J.; Fearnley, L.G.; Bandala-Sanchez, E.;
Allan, R.S.; Smyth, G.K.; et al. Multi-level remodelling of chromatin underlying activation of human T cells. Sci. Rep. 2021, 11,
1–16. [CrossRef] [PubMed]

105. Cuartero, S.; Weiss, F.D.; Dharmalingam, G.; Guo, Y.; Ing-Simmons, E.; Masella, S.; Robles-Rebollo, I.; Xiao, X.; Wang, Y.-F.;
Barozzi, I.; et al. Control of inducible gene expression links cohesin to hematopoietic progenitor self-renewal and differentiation.
Nat. Immunol. 2018, 19, 932–941. [CrossRef]
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