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Abstract

Beyond its originally discovered role tethering replicated sister chromatids, cohesin has emerged
as a master regulator of gene expression. Recent advances in chromatin topology resolution and
single cell studies have revealed that cohesin plays a pivotal role regulating highly dynamic
chromatin interactions linked to transcription control. The dynamic association of cohesin with
chromatin and its capacity to perform loop-extrusion contributes to the heterogeneity of chromatin
contacts. Additionally, different cohesin subcomplexes, with specific properties and regulation,
controls gene expression across the cell cycle and during developmental cell commitment. Here
we discuss the most recent literature in the field to highlight the role of cohesin in gene expression
regulation during transcriptional shifts and its relation with human diseases.
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Cohesin and gene expression: more than 20 years of relationship

Cohesin is a highly conserved, ring-shaped complex with the ability of encircling chromatin
[1]. It comprises two SMC proteins (See Glossary), the kleisin subunit Rad21 and one
copy of either STAG1 or STAG2 (Figure 1A). Cohesin loading onto DNA is positively
regulated by Nipbl/Mau2 while Wapl and PDS5, in contrast, promote its removal (Figure
1A) [1]. The originally discovered function of cohesin is holding sister chromatids together
following DNA replication until chromosomes segregate in mitosis, but it is not the only
one. Cohesin also plays a fundamental role in DNA repair, chromatin organization, and gene
expression regulation [2,3]. A role for cohesin in gene expression was first inferred in 1999
by connecting Drosophila Nipped-B, a cohesin-associated factor contributing to its DNA
loading and loop extrusion activity [4-6], with enhancer-promoter interactions [7]. Further
studies have revealed two different-interconnected mechanisms of cohesin action on gene
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expression. First, at transcriptionally active genes cohesin locally influences RNA Pol 11-
mediated transcription initiation, elongation and termination [8-11]. Second, in association
with CTCF, cohesin has an architectural role in folding chromatin, generating CTCF loop
domains and bringing cis-acting elements like enhancers to the vicinity of gene promoters
[12]. A complete picture of how cohesin exerts both local and architectural effects on

gene expression is not fully understood. Moreover, how cohesin coordinates its dynamic,
cell-cycle-regulated association with chromosomes with the role on transcription during
cell cycle and fate transitions in development is not completely known. In this review we
evaluate our current understanding of these fascinating aspects of cohesin biology and the
connection with human disease.

A CLOSER LOOK INTO LOOP DOMAINS

The 3D organization of eukaryotic genomes is a highly regulated process linked to several
functional aspects of DNA metabolism, such as replication and transcription. Eukaryotic
genomes are organized on multiple scales. Two compartments are defined based on

the transcriptional status. Compartment “A” represents areas with high-gene density and
transcriptionally active chromatin, while compartment “B” is defined by transcriptionally
repressed regions of heterochromatin [13,14]. Compartments can vary in size and tend to
self-associate (i.e. A with A, B with B). In parallel, chromatin is folded and organized

into topological associated domains (TADs) spanning hundreds of kilobases [12,15,16]
(Figure 1B). Their presence in different species suggests a conserved role for TADs in
genome organization and their potential role in evolution has been thoroughly discussed

in a recent review [17]. In vertebrates, TAD boundaries preferentially form at convergent
CTCF sites where CTCF stalls cohesin to prompt TAD boundary formation by loop
extrusion [18,19] (Figure 1C). It is worth noting that TADs can form in the absence of
cohesin and CTCF: Drosophila has cohesin-independent TADs, and C. efegans, which lacks
CTCF, also forms TADs [17]. Our review will focus on loop domains defined by CTCF
and cohesin in vertebrates, which we will refer to as CTCF loop domains. Consistent

with this model, deletion of CTCF sites, CTCF, or cohesin subunits weakens CTCF loop
boundaries [12,15,16,20-22]. Since the acute elimination of CTCF loops through cohesin
or CTCF depletion results in very modest changes in transcript levels [12,20,23], their
role and relevance on gene expression regulation remain unclear. Whether CTCF loops
have a prominent role in gene expression regulation during cell stage transitions or during
cell fate determination events in development requires further investigation. An immediate
consequence of CTCF loop formation is the isolation of the DNA contained inside the
loop by preventing inter-loop interactions, a concept referred as loop (TAD) insulation.

In contrast, contacts between internal sites of the loop are favored. These two topological
features of chromatin loops can be visualized in Hi-C maps, a proximity-based ligation
method designed to reveal chromatin contacts by DNA sequencing [13] (Figure 1B).
Although widely considered stable domains conserved across cell types and species in cell
population-based studies [15,16], emerging work have challenged this idea and define CTCF
loops as surprisingly dynamic entities. In fact, super resolution imaging methods and single
cell approaches are revealing large cell to cell variation that was initially buried in Hi-C
studies using cell populations [24-28].
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High CTCF loop border plasticity

The intensity of loop insulation, measured by the lack of contacts across the boundaries

of neighboring loops, is weaker than initially thought [24-28]. This is supported by recent
high-resolution Hi-C data and super-resolution imaging that shows evident overlap between
CTCF loop boundaries and stochasticity in loop formation between individual cells (Figure
1D) [24-28]. In fact, the analysis of chromatin contacts in single cells unveiled a higher
level of heterogeneity that was initially underappreciated when considering cell populations
[24-28]. What is the molecular mechanism behind CTCF loop promiscuity? By single-
molecule imaging in live mouse embryonic stem cells (mES), Hansen and col. demonstrate
a highly dynamic interaction of CTCF with chromatin and suggest a continuous assembly-
disassembly cycle for chromatin loops [29]. A more recent study proposed that Nipbl and
cohesin are triggers of inter- CTCF loop contacts that are required for proper RNA Pol 11
frequency burst and expression of genes located at boundary regions [30]. In contrast, CTCF
and Wapl inhibit the formation of inter-loop interactions, suggesting that promiscuous CTCF
loop borders depend on the dynamic loading and preservation of cohesin into chromatin
[30]. This is consistent with the proposed loop-extrusion model, where cohesin action
generates multiple contacts as loops extend until encountering a stable CTCF binding site
or until undergoing Wapl-mediated release from chromatin (Figure 1D) (Box 1) [4-6].
Thus, the nature of the loop extrusion process might underly the variation on chromatin
contacts behind the CTCF loop border heterogeneity observed in single cells. One of the
most remarkable implications of dynamic CTCF loop borders is the formation of stripe
domains, a sub-class of architectural domains showing asymmetric contact intensity between
its two boundaries leading to a band/linear appearance in Hi-C maps [31,32] (Figure

1E). At the anchored border, ChIP-seq data shows enrichment of CTCF, Nipbl, cohesin

and TFs that decreases along the stripes. This asymmetry, likely defined by differential
CTCEF distribution, might represent an enhancer-scanning mechanism between a strongly
anchored CTCF-binding site and weak convergent CTCF sites distributed along the stripe
domain in an alternative view of the two fixed borders of canonical CTCF loops [31-33].
Again, the loop extrusion activity of cohesin pulling the chromatin from the anchored
border might favor the formation of stripes (Figure 1E). Stripe domains mostly locate at
super enhancer regions in several cell types from different species and experience higher
levels of reorganization during cell commitment in development compared to canonical
CTCF loops [31,32]. Although the precise position of RNA Pol 11 along stripes is still
unexplored, RNAseq data suggest that neither transcription nor its direction influence the
polarity of these domains [31]. The disruption of the anchored site impairs gene expression
of neighborhood genes by weakening DNA-DNA interactions [31,32], suggesting that the
architectural role of cohesin on transcription regulation at stripe domains is prominent.

Internal organization of chromatin loops

Several recent studies have provided insight into the internal organization of TADs. High
resolution Hi-C data and super-resolution microscopy chromatin tracing revealed the
existence of intra- or sub-loops that retain the key features of CTCF loops [26,34-36].

These loop structures insulate chromatin interactions, are highly dynamic and especially
sensitive to cohesin loss and can bring long-distance enhancers to promoters to regulate
gene expression [35,37]. However, simultaneous analysis of promoter-enhancer contacts and
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transcription activity by 3D-FISH or time-lapse microscopy has challenged the traditional
view of stable proximity between these elements [38,39]. Surprisingly, increased separation
was observed between promoters and enhancers during transcriptional activation suggesting
the existence of alternative modes of action for enhancers to the traditional looping model
[38,39]. In addition to sub-CTCF loops, the recently developed Micro-C approach provides a
higher, nucleosome-resolution contact map (200bp) and revealed the presence of finer-scale
structures named dots and Enhancer-Promoter or Promoter-Promoter stripes inside CTCF
loops [40,41] (Figure 1F). TFs and co-activators together with RNA Pol Il activity prompted
the formation of stripes explaining the link between these fine-scale chromatin structures
and active histone marks at compartment “A” [40]. The “stirring model” proposes a role

for transcription activity in the encounter of enhancers with its target promoters inside
CTCF loops by triggering the mobility of this cis-acting elements [42]. Indeed, studies

in Drosophila showed a large reorganization of internal loop contacts upon transcriptional
activation [43] and, at a locus resolution, that cohesin and elongating RNA Pol Il are key
factors in the formation of intragenic loops [44]. Overall, while current advances evidence
cohesin and CTCF dynamics as key determinants for CTCF loop morphology and inter-loop
connectivity at boundaries, at the intra-CTCF loop level cohesin seems to coordinate its role
with TFs and RNA Pol I1-mediated transcription likely in a CTCF-independent manner. The
simultaneous analysis of DNA topology and RNA Pol Il phosphovariants will improve our
understanding of the crosstalk between cohesin and transcription at intra-CTCF loops.

ROLE OF COHESIN ON TOPOLOGY AND GENE EXPRESSION CHANGES
DURING CELL DIFFERENTIATION

Analysis of genome organization during cell commitment

In the last few years, the remarkable progress on the methods for chromatin architecture
analysis have improved our knowledge about genome topology remodeling during cell
differentiation. Compartments show a high degree of plasticity in mammalian cells with

a general trend of expansion of the compartment “B” size and an increase in internal
chromatin interactions [45,46]. At compartment “A”, both expansion and reduction in size
have been observed using different model organisms with a tendency of decreasing the
number of DNA contacts inside this compartment in the course of lineage commitment
[45,46]. Importantly, switching between compartments frequently occurs and mostly
involves transition from “A” to “B” compartment [32]. Comparative analysis of CTCF
loops in cell populations from mice and human differentiation models showed low variation
of these domains between different cell-types. In contrast, changes in intra-CTCF loop
contacts account for most of the cell-specific variation on genome organization [32,45-48].
The same trend was observed in cell populations during somatic mouse cell reprogramming
into pluripotent cells with 75% of CTCF loops showing no variation [49]. CTCF loop
boundaries show little change in genomic position, but the potential insulation is highly
dynamic showing a consistent increase across mouse neural differentiation [46]. In line
with this observation, the analysis of cohesin-mediated loops in 24 different human cell
lines revealed a significant percentage of shared non-variable loops with higher association
to CTCF loop boundaries than variable cell-specific loops [48], reinforcing the idea of
boundary strength gaining upon cell differentiation [45,46,48]. Stripe domains represent an
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exception to this general trend with more stripes forming from loops in the transition of
mMES to neural stem cells (NSC) than vice versa [32]. The fact that NSC still preserves a
high level of pluripotency might explain this particular behavior. In conclusion, the topology
of chromatin changes in response to cell differentiation mostly affecting CTCF loop border
insulation and intra loop architecture and, widely correlates with gene expression changes
underlying cell specification [32,34,45-48,50].

Two rings to coordinate genome topology changes during cell differentiation

How does cohesin contribute to genome topology dynamics associated with cell
differentiation? Cohesin plays a key role in pluripotency maintenance by ensuring a proper
network of contacts around loci encoding pluripotency master regulators [51-54]. As a
consequence, disruption of cohesin function causes pluripotency loss and premature cell
differentiation [51,53-55]. In addition, cohesin is also required to preserve cell-type specific
gene expression programs and recent advances have begun to elucidate its role during the
differentiation process. A thrilling result is the recent discovery of two distinct cohesin
subcomplexes acting differently at CTCF loop borders and at intra-CTCF loop regions
[47,56,57] (Figure 2A, Key Figure). STAG1-cohesin preferentially localizes at CTCF loop
borders, colocalizes with CTCEF, is involved in preserving loop boundaries and shows
lower genomic distribution change during differentiation (Figure 2B). Whether it has a
prominent contribution to the establishment of anchored borders of stripe domains is
unknown. In addition to localizing to CTCF loop borders, STAG2-cohesin mediates short-
range interactions at the intra-CTCF loop level influencing TF occupancy and chromatin
insulation, promotes the recruitment of PRC1 and the formation of super-enhancers that,
collectively, participate in the establishment of cell-type specific expression programs
[35,47,56-58] (Figure 2B). In line with this division of functions, specific depletion of
STAG2 compromises hematopoietic differentiation and mouse embryonic development but
has moderate effects on adult tissues [47,59]. These results anticipate the existence of
differential properties and regulation of STAG1- and STAG2-containing complexes in the
course of cell differentiation. In fact, STAGZ1-cohesin shows lower affinity for Wapl, the
key factor in cohesin release from chromatin (Figure 2B). Moreover, STAG1-cohesin is
specifically stabilized through the acetylation of the Smc3 subunit by Escol that may
account for the differences between the more stable STAG1-cohesin at CTCF loop borders
and the more dynamic STAG2-cohesin enriched at intra-CTCF loop [56,57,60] (Figure
2B). The fact that Wapl and PDS5 protein levels decrease during neural differentiation
might stabilize the STAG2-cohesin to ensure cell-type specific programs and suggest a
developmental-mediated regulation of cohesin subcomplexes [46]. Recently, a combination
of Hi-C and ChlP-seq data from HCT116 cells have revealed a poor correlation of STAG2
specific binding sites with loop anchors, but enrichment on active promoters [61]. In
addition, unique STAG2-binding sites mostly match with transcription start sites in human
cells [56]. Taken together, these results suggest that STAG1-cohesin mediates cohesin
architectural roles while STAG2-cohesin controls local cohesin functions. An exciting
future direction will dissect the molecular mechanisms driving the differential assembly
and loading of cohesin subcomplexes into chromatin and the determinants of its diverse
coordinated function.
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ROLE OF COHESIN ON GENOME ARCHITECTURAL CHANGES ACROSS
THE CELL CYCLE

Architectural genome reorganization during the cell cycle

The genome architecture experiences a massive reorganization as the cell cycle progress,
with the most striking example represented by the chromosome compaction in mitosis [62].
In the last few years, the application of novel technologies has improved our understanding
of how genomes reorganize during different stages of the cycle. Single-cell Hi-C in mice
found that different levels of chromosome organization follow distinct cell-cycle dynamics
[63]. Compartments “A” and “B” are absent in compacted mitotic chromosomes, faint in
G1, and rise in parallel with DNA replication in S phase with a maximum in G2 before
dissociating again upon mitotic entry [63,64]. CTCF loop border positions are invariable, but
the strength of insulation varies across the different stages of the cycle [26, 63]. CTCF loop
insulation is weakest in mitotic chromosomes but peaks early in G1 before decreasing in S
phase during DNA replication [63]. Studies with synchronous HeLa cells reported similar
dynamics in humans with a rapid formation of CTCF loops early in G1 [65,66] when Escol
mediates STAG1-cohesin stablilization [60,67] (Figure 2B). Supporting this conclusion, 4D
imaging of protein dynamics upon mitotic entry and exit found a rapid nuclear re-entry of
CTCF, STAG1 and Rad21 proteins in late telophase/early G1. In contrast, Wapl and STAG2
show slower nuclear re-entry speed, suggesting that CTCF/STAG1-mediated establishment
of CTCF loop boundaries that precede the formation of intra-loop cell-type specific loops
dominated by STAG2 complexes [68] (Figure 2B). Whether STAG1- or STAG2-containing
complexes have a prominent role in transcription re-start in G1 requires further investigation.

During interphase cohesin contributes to two distinct levels of genome organization: 1)
cohesin forms chromatin loops in chromosomes in ¢/sand 2) following DNA replication
cohesin complexes link newly replicated sister chromatids until chromosome segregation
in anaphase. Separating cisand frans chromosome interactions in the S-G2 stage of the
cell cycle has been a significant challenge. Stanyte and col. addressed this question using
dCAS9-directed labelling of several loci and live-cell imaging in human cells [69]. Results
indicate sister loci separate immediately after replication, which is influenced by the
nuclear position and transcriptional state [69]. More recently, a sister-chromatid sensitive
Hi-C technology provided a higher resolution analysis of the entire replicated genome
topology [70]. The use of nascent DNA-labelling allows the differentiation between cis
(intra-chromatid) and trans (inter-chromatid) interactions in Hi-C maps from synchronized
HelLa cells that reveal largely separated chromatids in G2 linked at CTCF loop boundaries
and the existence of two classes of replicated loop domains: paired-CTCF loops, fully
covered by #rans interactions, and unpaired-CTCF loops, lacking these types of contacts
(Figure 3). While paired CTCF loops mostly correlate with heterochromatin genomic
regions of polycomb-repressed genes, the maintenance of unpaired CTCF loops requires
dynamic cohesin loading and/or continuous DNA-loop extrusion [70] (Figure 3B). Whether
active transcription is also required for replicated CTCF loop unpairing is unknown.
Remarkably, two distinct pools of cohesin mediate sister chromatid organization in G2.
Sororin-/Esco2-stabilized cohesin pool ensures sister chromatid cohesion while a second
dynamic pool mediates loop extrusion and sister chromatid separation [67,70] (Figure 3B).
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Whether the presence of either STAG1 or STAG2 subunits in the complex define these two
G2-associated cohesin pools is not known.

The diversity of cohesin complexes and functions during the cell cycle opens a

plethora of questions about the composition, stoichiometry and regulation of the different
subcomplexes. Recent studies have estimated the absolute number of cohesin complexes
per cell in mESCs and in HeLa cells at different stages of the cell cycle [71,72].

Data revealed a stable 1:1:1:1 stoichiometry of cohesin subunits across the cell cycle
(Rad21:Smcla:Smc3:STAG1/STAG2) and a higher abundance of STAG2- versus STAG1-
containing complexes. The maximum difference between STAG2- and STAG1-cohesin
pools peaks in G2 when, surprisingly, the dynamic cohesin fraction is lower than in G1
[72]. This presumably unexpected result might be a consequence of the special topology

of replicated genomes where cohesive cohesin could constrain the dynamic pool of looping
cohesin [70]. A relevant and controversial open question is whether cohesin functions as

a single ring as a dimer/oligomer. The differential labelling of a specific cohesin subunit
followed by protein-protein interaction analysis have revealed the existence of a moderate
but significant percentage of cohesin dimers/oligomers in yeast, mouse and human cells
[71,72]. Although the functional relevance of these conformations remains unknown, the
increase in cohesin dimer/oligomer levels during DNA replication in S phase suggests

a cohesive role on holding sister chromatids in yeast [73]. Future studies will help to
elucidate the participation of cohesin dimers/oligomers on the variety of cohesin functions in
mammalian cells.

Cohesin regulation of gene expression changes during the cell cycle

Gene expression changes across the distinct stages of cell cycle. At low resolution,
transcription is mostly silenced in mitotic chromosomes, re-starts early in G1 and continues
until the end of G2. This pattern correlates with the dynamic association of RNA Pol

I1 with chromatin. An immediate question arises: are cohesin dynamics and its different
subcomplexes involved in cell-cycle associated gene expression changes? The first wave of
cohesin loading onto chromatin occurs at the end of mitosis, in telophase, and correlates
with RNA Pol 1l reassociation with chromatin [65,66]. This process might be favored by the
rapid nuclear re-entry of the cohesin subunits Rad21 and STAGL1 [68] that coordinate the
rapid formation of CTCF loops even before cells enter into G1 [65,66]. In a potential model,
cohesin-STAG1 might regulate early G1 gene expression by defining CTCF loop borders,
that associate with active transcription and genes with ubiquitous expression (Figure 2B)
[35,57,60,74,75]. STAG2-cohesin would next establish cell specific gene expression patterns
acting at intra-loop regions (Figure 2B). Remarkably, reduced Rad21 levels compromise
nascent RNA expression early in G1 linking cohesin with RNA Pol 11 activity [10].
Elucidating whether cohesin primarily influences RNA Pol Il by its architectural or/and
local effect on transcription and the specific contribution of the different subcomplexes in
the G1 expression program constitute an important future direction.

A second window of massive cohesin loading into chromatin occurs in S phase following
DNA replication. Interestingly, cohesin binds to open chromatin near the origins of DNA
replication [76,77]. Recent studies in Drosophila demonstrated cohesin binding to both
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replication origins and active enhancers, raising the possibility that active enhancers
determine where in the genome replication starts and/or that replication might contribute
to the establishment of promoter-enhancer interactions [78].

Early in mitosis, as chromatin condenses, transcription is silenced except at centromere
regions where actively elongating RNA Pol 11 persists [79]. This pattern resembles the
removal of cohesin from chromatin by the prophase pathway, where Wapl mediates the
release of cohesin from chromosome arms but not from centromeres. Depletion of Wapl in
Xenopus egg extracts and HeLa cells caused chromatin retention of cohesin and actively
elongating RNA Pol I, which in turns impairs gene expression reprograming in the transit
through mitosis [10]. In conclusion, large-scale cohesin loading and removal play a key role
on gene expression changes across the cell cycle with special relevance as cells transition
through mitosis.

A NEW VIEW OF CORNELIA DE LANGE SYNDROME ETIOLOGY

Cohesinopathies represent a family of developmental diseases caused by mutations in
cohesin subunits or regulatory-associated factors. The most well-characterized example is
Cornelia de Lange Syndrome (CdLS), a malformation disorder with an estimated prevalence
of 1 in 10,000 where heterozygous mutations in AMipb/accounts for around 70% of cases
[80]. Mutations in genes encoding cohesin subunits as Smcla, Smc3 or Rad21, or regulators
such as HDACS, have also been linked to CdLS but only in a low proportion of patients

[80] (Figure 4A). Interestingly, while chromatid cohesion is not affected, CdLS-associated
mutations cause aberrant gene expression patterns associated with developmental defects,
indicating the specific impairment of the cohesin role on gene expression regulation [81-84].
In support of this idea BRD4 and ANKRD11, two factors with a direct role in transcription,
have also been associated with the CdLS etiology [85,86]. However, a holistic view of how
all these factors operate in transcription regulation during development is missing. In light of
recent discoveries, we propose a hypothesis that could explain the role of cohesin mutations
in CdLS (Figure 4B). The fact that hemizygous mutations in Aipb/ cause most CdLS cases
indicates that the role of cohesin regulating gene expression depends on precise control

of cohesin loading and loop extrusion . Studies with mouse cells derived from Nipbl +/-
mice showed a global decrease in cohesin binding linked to gene expression defects [87]. In
addition, quantification of Nijpb/transcripts in cells derived from CdLS patients evidenced

a correlation between the level of reduction and the severity of the symptoms [88]. Proper
Nipbl levels may be particularly critical during the two main waves of cohesin loading in the
cell cycle: during mitotic exit and following DNA replication in S phase. It is tempting to
speculate that Nipbl might be a limiting factor in late telophase since daughter cells receive
only half of recycled protein levels inherited from the mother cell. The same principle would
apply for the recycling of cohesin subunits showing nuclear re-entry as mitosis ends [68].

In line with this idea, defects on HDACS8 impairs the recycling of cohesin after its removal
from chromatin through the prophase pathway [82]. In fact, cohesin retention on metaphase
chromosomes due to Wapl depletion showed reduced levels of chromatin-associated cohesin
in G1 and aberrant gene expression [10]. During mitosis, Separase degrades ectopic,
chromatin-retained cohesin, thus reducing cohesin recycling [89]. BRD4 has a critical role
in bookmarking and transcriptional reactivation in G1 by promoting the recruitment of
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P-TEFb to chromatin [90-93]. Mutations in BRD4 associated with CdLS disrupt its binding
to chromatin regions containing H3K27ac marks but have no effect on the interaction with
Nipbl [86], which in turn may sequester this factor and compromise cohesin loading early
in G1. ANKRD11 mediates histone acetylation required for gene expression during neural
development [94]. Although ANKRD11 levels peak in mitosis [95], whether its activity is
required for the acetylation of H3K27 is so far unknown. More recently, mutations in TAF6,
component of the TFIID complex, have been associated with CdLS [80], indicating that
disruption of general regulators of the transcriptional machinery is linked to the origin of
this disease. Mutations in EP300, a transcriptional co-activator, and AFF4, subunit of the
P-TEFb complex, has been identified in distinct syndromes with overlapping features to
CdLS [9,96]. In conclusion, we propose that cohesin loading late in mitosis represent a key
step for cohesin function on gene expression regulation. However, other models could also
explain the role of cohesin mutations in CdLS. As many developmental transitions require
passage through mitosis, the proposed role might be critical during cell differentiation in
embryogenesis and a potential molecular framework of the etiology of CdLS and other
related syndromes (Figure 4B).

Concluding remarks

Our summary highlights the key role of cohesin regulation of gene expression as cells
transition through the cell cycle and during the course of developmental programs.
Although significant progress has been made, there are still many unresolved questions
(see Outstanding Questions).

The analysis of genome topology at the nucleosome and single cell resolution level

have uncovered a high dynamism of chromatin contacts. For example, recent single cell
studies revealed the surprisingly cell-to-cell variability of CTCF loops, border plasticity
and the existence of an intricate network of inter- and intra-CTCF loop connections.
Although the dynamic of chromatin contacts is functionally linked to transcription by its
influence on RNA Pol Il activity, the removal of CTCF loops causes minimal disruption
on gene expression. Simultaneous analysis of CTCF loops and gene expression changes
in single cells transitioning through different stages of the cell cycle and during cell fate
determination events would help to define the precise contribution of these domains to
gene expression. A significant fraction of the variability of chromatin contacts rely on the
capacity of cohesin to extrude DNA, its dynamic chromatin loading and removal and the
existence of distinct subcomplexes showing differential regulation and chromatin binding
properties. Although the cohesin loop-extrusion capacity has been thoroughly demonstrated
in vitro, the characterization of this process and the determinants of its regulation /n vivo
constitutes an immediate direction required to advance the field.

Cell differentiation relies on the adjustments of gene expression program and correlates
with changes in chromosome organization. Cohesin plays a pivotal role ensuring both,
pluripotent and differentiated transcriptional programs and mediates this function though
two subcomplexes defined by the presence of STAG1 or STAG2 subunits. These complexes
show different dynamics and regulation, genome distribution, chromatin binding properties
and, more importantly, distinct roles in gene expression regulation. Deciphering the
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molecular determinants of the differential loading, genomic distribution and function of
STAG1-and STAG2-cohesin will provide a better understanding of cohesin role during
development.

Many developmental transitions require the passage of cells through mitosis, a stage defined
by the general silencing of gene expression and by the absence of cohesin on chromatin.
Whether cohesin is recycled after mitosis and its potential contribution in development

by promoting transcription re-start in G1 is unknown. Shedding light on this process may
ultimately help to understand the etiology of CdLS, a cohesinopathy associated to aberrant
gene expression.
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Glossary

AFF4 AF4/FMR2 family member 4, key component of the Super
Elongation Complex (SEC) involved in RNA Pol I release
from a promoter-paused state.

ANKRD11 Ankyrin Repeat Domain 11, involved in histone acetylation
and gene expression.

BRD4 bromodomain-containing 4, epigenetic reader of acetylated
lysine residues.

CTCF CCCTC-binding factor with a key role on chromatin
architecture and insulation.

EP300 E1A-associated cellular p300 transcriptional co-activator
protein. Histone acetyltransferase involved in chromatin
remodeling and transcription activation.

Escol/Esco2 Establishment of cohesin 1 and 2; N-acetyltransferase
enzymes with a role in the stabilization of chromatin-bound
cohesin.

HDACS Histone deacetylase 8, involved in transcriptional

regulation and cell cycle progression.

Hi-C an extension method of 3C (chromosome conformation
capture) developed to study the 3D architecture of the
genomes.

Nipbl/MAU2 Nipped-B-like protein and MAU2 chromatid cohesion

factor homolog; form a heterodimeric complex contributing
to the DNA loading and loop extrusion capacity of
cohesion.
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P-TEFb positive transcription elongation factor, multiprotein
complex regulating RNA Pol Il activity.

Rad21 a-Kleisin subunit of the human cohesin complex, also
known as double-strand break repair protein Rad21
homolog.

Separase protease required for mitotic progression. At the

metaphase-anaphase transition separase degrade cohesive
cohesin at centromere regions facilitating sister chromatid
segregation.

Smcla and Smc3 structural maintenance of chromosomes (SMC); protein
subunits that form a heterodimer that constitute an essential
part of the cohesin complex.

Sororin stabilizes cohesin complex association with chromatin
antagonizing the action of Wapl/PDS5 complex.

STAG1 and STAG2 stromal antigen 1 and 2, subunits of the human cohesin
complex.
TAF6/TFIID TATA Box Binding Protein (TBP)-Associated Factor 6

(TAF6), component of the transcription factor 11D (TFIID)
that regulate the initiation of RNA Pol Il-mediated
transcription.

Wapl/PDS5 Wings apart-like protein homolog and Precocious
dissociation of sisters 5 homolog; form a heterodimer
involved in the dissociation of cohesin from DNA.
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Box 1.
Loop extrusion as a source of dynamic chromatin interactions

The capacity of extruding DNA by the cohesin complex has been proposed as a
mechanism to regulate chromatin structure, gene expression and gene recombination

by the generation of DNA loops. In 2019, two independent studies provided evidence

of this cohesin activity /n vitro[4, 5]. By single-molecule imaging and biochemical
reconstitution of the complex, both works evidence a bidirectional capacity of cohesin to
extrude naked or nucleosome-organized chromatin, which ended with the generation of
DNA loops. In addition to ATP, the process requires the presence of Nipbl and MAU2,
two key components contributing to cohesin loading into DNA. Interestingly, the process
does not require the opening of the cohesin ring neither the topological entrapment of
DNA. In a more recent study, Golfier et al., demonstrated the extrusion capacity of
cohesin using cell extracts from Xenopus oocytes [6]. Elucidating whether this activity is
conserved /n vivo constitute an immediate future direction.

The increase on the chromatin motility induced by loop extrusion allows the dynamic
formation of DNA contacts and is secured by Nipbl/MAU2-mediated loading of cohesin.
In contrast, extrusion capacity is constrained by the stabilization of cohesin, when
encounters CTCF, or by cohesin removal through the action of the Wapl/Psd5 complex.
In summary, cohesin loop extrusion activity and its regulation constitute a fundamental
aspect of genome organization and a source of chromatin contacts with important
implications on gene expression regulation.
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Outstanding question box

Which are the functional consequences of the cell-to-cell differences observed in CTCF
loop formation and properties? Are they linked to differences during the cell cycle?

Is cohesin loop extrusion activity operating /77 vivo?1s this capacity modulated across the
cell cycle and/or during cell commitment in development?

How are different RNA Pol Il states/phosphovariants distributed along the stripe
domains? How do these domains change during the course of the cell cycle?

Are cohesin dimers/oligomers functionally relevant? How is regulated the assembly-
disassembly of cohesin dimers/oligomers?

Which are the molecular determinants defining the differential chromatin loading and
genome distribution of cohesin STAG1- and STAG2-containing complexes? How are
these complexes assembled and why are STAG2-complexes more abundant?

Is recycled cohesin functionally linked to transcription re-start in G1? Is cohesin
recycling connected to bookmarking and transcriptional memory? Are STAG1- or
STAG2-complexes preferentially recycled and loaded upon mitotic exit?

Is cohesin loading especially sensitive to Nipbl levels during the telophase/G1 transition?
Is cohesin misfunction during this timeframe of the cell cycle relevant to CdLS etiology?
How is the genome organization and its dynamic affected in a CdLS context?
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Highlights
Analysis of chromatin contacts in single cells and at nucleosome resolution evidence a

highly dynamic genome topology

Cohesin is key for genome dynamism through the capacity of extruding DNA, its
dynamic chromatin loading and removal, and the existence of distinct subcomplexes
with differential properties and regulation

STAG1- and STAG2-containing complexes connect cohesin functions in chromosome
organization and gene expression regulation in the frame of cell differentiation

Massive cohesin removal and loading as cell transition through mitosis influence gene
expression reprogramming across the cell cycle

Cohesin recycling during the telophase/G1 transition might participate in transcription
re-start and contribute to cell fate determination during development
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Figure 1. Cohesin and transcription underlies a highly dynamic genome topology.
(A) Schematic representation of a cohesin ring including the main components and the

factors involved in its loading or removal from DNA. (B) Genome wide analysis of
chromatin interactions evidenced the existence of loop domains termed as CTCF loops (Hi-
C map picture from Rao et al. 2017 [12]). (C) Schematic model representing the coordinated
action of cohesin loop extrusion activity and oppositely oriented CTCF (red and blue)

in the generation of loop domains. (D) Current and previous view of loop domains. Our
current vision shows highly diffuse boundaries and inter-CTCF loop interactions prompted
by cohesin loading and limited by cohesin retention on chromatin by CTCF or by Wapl-
mediated release. (E) In addition to CTCF loops, asymmetrical loading of cohesin mediates
the formation of stripe domains highlighted with arrows and rectangles (Hi-C map picture
from Vian et al, 2018 [31]) that might represent an enhancer scanning mechanism prompted
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by cohesin-mediated loop extrusion. (F) Micro-C development provides a nucleosome
resolution map that reveals a high complexity of chromatin interactions and the existence of
domains, dots and stripes associated with transcription factors and co-activators (Hi-C map
picture from Hsieh et al, 2020 [40]).
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Key Figure 2. Two cohesin subcomplexes link chromosome topology and gene expression
regulation during cell differentiation and across the cell cycle.

(A) Schematic representation of STAG1- and STAG2- cohesin showing different properties
and regulations. (B) Proposed model for the coordinated action of STAG1- and STAG2-
cohesin complexes. In the telophase-G1 transition, STAG1-cohesin is loaded into chromatin
leading to the formation of CTCF loop boundaries and the expression of housekeeping
genes. The Escol-mediated acetylation of Smc3 and a higher tolerance to Wapl removal

are two independent mechanisms underlaying the strength of STAG1-cohesin pool binding
to chromatin. STAG2-cohesin, more abundant and dynamic, are sequentially loaded
preferentially at intra-CTCF loop regions to regulate internal topology and tissue-specific
gene expression.
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Figure 3. The topology of replicated genome.
(A) By the specific labelling of Watson (W) or Crick(C) strands during DNA replication

in S phase, sister-chromatid-sensitive Hi-C approach (scsHi-C) allowed the resolution of
chromatin contacts between sister chromatids at S and G2 stages of the cell cycle. (B) Two
classes of CTCF loops emerged. Paired CTCF loops, with high level of trans interactions
between sister chromatids that correspond to polycomb-repressed heterochromatin (PRH).
In contrast, unpaired CTCF loops show abundant c¢is interactions and poor inter-chromatid
connection that correlate with active transcription. In both cases, Sororin and Esco2
stabilizes replicative cohesin showing enrichment at CTCF loop boundaries.
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(A)

Gene  %ofcases Localization Function CdLS type
NipbL 70% Autosomal Cohesin loading and loop extrusion Classic CdLS
SmciA 5% X-linked Cohesin subunit Non-classic CdLS
Smc3 1% Autosomal Cohesin subunit Non-classic CdLS
Rad21 1-2% Autosomal Cohesin subunit Non-classic CdLS
HDAC8 5% X-linked Smc3 deacetylase, cohesin recycling Classic & non-classic CdLS
BRD4 <1% Autosomal Epigenetics memory and transcriptional regulation Non-classic CdLS
ANKRD11 <1% Autosomal Histone acetylase and gene expression regulation Non-classic CdLS
TAF6 <1% Autosomal Component of TFIID-transcription regulation Overlap with CdLS
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Figure 4. Disruption of cohesin-driven re-start of transcription in G1 as a potential mechanism
contributing to CdLS etiology.

(A) Several cohesin subunits and related regulatory factors underlies the etiology of CdLS.
The disease shows a spectrum in the phenotype of patients including classic (or Typical)
cases characterized by specific craniofacial appearance and growth pattern together with
defects on limb formation, and a non-classic phenotype. (B) Schematic representation

of cohesin dynamic events as cell transition through mitosis showing when each CdLS-
associated factor might have a potential role. The telophase/G1 transition emerges as

a critical window where cohesin recycling might influence transcription re-start with
important implications in cell differentiation during development.
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