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Abstract.
Cohesin defines the topology of chromosomes in mitosis and meiosis by holding sister chromatids
together, more recently a role for cohesin in chromatin organization and gene expression in

interphase has emerged

Overview.

Cohesin belongs to an ancient family of protein complexes that are dedicated to chromosome
biology. Aptly named 'SMC' proteins for 'structural maintenance of chromosomes' cohesin,
condensin and Smc5/6 complexes maintain the integrity of genetic information by enabling post-
replicative DNA repair, shaping chromosomes in preparation for cell division, and holding sister
chromatids together to ensure that daughter cells receive a full complement of chromosomes.
Cohesin is essential for DNA repair and chromosome segregation [1,2]. Heterozygous cohesin
mutations are the cause of multi-systems developmental disorder such as Cornelia de Lange
syndrome [3-5], and cohesin mutations have also been reported in cancer [6—8]. However, it has
been difficult to disentangle cell cycle-related cohesin functions in DNA repair and chromosome
segregation from a potential role in interphase. Here we discuss recent progress towards
understanding the role of cohesin in chromatin organisation and gene regulation. In particular,
cohesin is recruited to specific sites on mammalian chromosome arms by mechanisms that include
binding to the insulator protein CTCF [9-11], tissue-specific transcription factors [12] or the
mediator complex [13], which bridges tissue-specific transcription factors with RNA polymerase.
Once positioned, cohesin facilitates long-range chromosomal interactions between its binding sites
[13—18]. Finally, cohesin is required for correct gene expression in non-dividing cells in Drosophila
[19-21] and in mammalian cells, as illustrated by the impact of cohesin deletion on T lymphocyte
differentiation [16].

The cohesin complex.

Cohesin is a multi-subunit complex formed of a heterodimer of SMC proteins, SMC1 and SMC3,



and two non-SMC proteins Rad21 (also known as Sccl) and STAG (also known as Scc3). The
SMC proteins each consist of a large coiled-coil domain flanked by a hinge domain that mediates
SMC dimer formation and ATPase ‘head’ that contacts Rad21 to form a topologically closed
tripartite structure - commonly referred to as the cohesin ring. STAG interacts with Rad21 and is
essential for the functional integrity of the complex (Figure 1). In mammalian cells cohesin is
loaded onto chromosomes at the end of mitosis by a separate complex consisting of Nipbl (also
known as Nipped-B or Scc2) and Mau-2 (also known as Scc4) [22—-26]. Although there are
dissenting views, cohesin is thought to associate with chromosomes by ‘topological embrace’ [1]
or, more prosaically, by trapping chromosomes inside its ring-like structure. The stability of cohesin
binding is regulated by additional proteins in a cell cycle-dependent manner. In the G1 phase of the
cell cycle, cohesin is in a dynamic equilibrium of association and dissociation with a half-life of
approximately 25 minutes [27]. This turnover requires the cohesin-interacting proteins Wapl and
Pds5, which unload cohesin from chromatin. During S-phase this equilibrium shifts towards
chromatin-association, and the half-life of cohesin binding increases considerably [27]. Stable
cohesin binding requires the acetylation of Smc3 by the acetyltransferases Escol and -2 (also
known as Ecol and -2) and helps to establish cohesion between sister chromatids as they are
formed in S-phase [28-31]. Mechanistically, Smc3 acetylation allows the Sororin protein to
counteract the chromatin-dissociation activity of Wapl and Pds5 throughout S-phase and G2 [32].
Once established, sister chromatid cohesion assists the repair of any DNA double strand breaks
that occur during DNA replication: additional cohesin is loaded to the break sites and genome-wide
[33-35]. Just like the establishment of S-phase cohesion, cohesin association with DNA double
strand breaks requires Esco, but current evidence suggests that distinct modifications mark
cohesin complexes that mediate sister chromatid cohesion in S-phase and cohesin complexes that
facilitate post-replicative DNA repair [36,37]. At the beginning of mitosis, vertebrate Sororin is
phosphorylated, which allows Wapl and Pds5 to evict the majority of cohesin from chromosome
arms. This coincides with the increased binding of another SMC complex, condensin, which
promotes the packaging of chromatin into the highly condensed mitotic chromatids. A limited
amount of cohesin persists at the centromeres under the protection of Shugoshin-PP2A [38—41].
These residual cohesin complexes are critical for holding sister chromatids together at their
centromeres, giving mitotic chromosomes their iconic shape. At anaphase the ubiquitin-ligase
anaphase-promoting complex (APC) induces the degradation of Securin, an inhibitor of the
protease Separase, which in turn cleaves the Rad21 subunit of cohesin [42—44]. Sister chromatids
are now free to follow the pull of the mitotic spindles and to segregate towards the newly forming
daughter cells. This spells the end of mitosis, telophase, and the re-loading of cohesin onto
chromosomes in preparation for a new cell cycle. While it has been clear for some time that
cohesin orchestrates proper chromosome segregation and facilitates post-replicative DNA repair
by constraining the topology of sister chromatids, recent work has shed light on the contribution of

cohesin to chromatin organisation and gene regulation from the time of its loading in G1 until



cohesion establishment in S-phase.

Cohesin and transcription — friend or foe?

The relationship between cohesin and transcription is of interest because cohesin complexes
occupy chromosome arms throughout the G1 phase of the cell cycle, when gene expression is in
full swing. This raises the question how RNA polymerases get on with these large, ring-shaped
objects. At first sight, the relationship between transcription and cohesin appears diametrically
opposite in different organisms. However, as explained below, emerging data begin to explain
these differences and suggest that the loading of cohesin onto chromatin generally occurs at sites
of active transcription, while differences between species may be due to the redistribution of
cohesin subsequent to loading.

In Drosophila, for example, cohesin is enriched at actively transcribed genes together with RNA
polymerase Il [45], the polymerase responsible for the transcription of most protein-coding genes
and many non-coding RNAs. Cohesin is largely excluded from repressed regions of the Drosophila
genome that are marked by Polycomb protein binding and trimethylation of lysine 27 of histone H3
(H3K27me3) [46]. In stark contrast to Drosophila, yeast cohesin is excluded from actively
transcribed genes and instead accumulates between convergently transcribed genes [47,48]. In
the fission yeast S. Pombe, cohesin even functions as a terminator of RNA polymerase
progression, and is recruited to sites of convergent transcription by the RNA interference (RNAI)
transcriptional gene-silencing pathway [49]. In mammalian cells, cohesin accumulates at the
binding sites of CTCF, a Zn-finger DNA-binding protein and transcriptional regulator [9-11]. CTCF
can function as an insulator (by blocking enhancer-promoter interactions) and as a boundary
element (by marking the transition between active and repressive chromatin modifications), and at
least some of these functions may be mediated by cohesin [11]. The relationship between cohesin
and CTCF appears to be vertebrate-specific: Drosophila CTCF does not bind or co-localise with
cohesin, and CTCF is not conserved in yeast. Vertebrate cohesin directly interacts with CTCF via
its STAG subunit [10,50] interestingly the same subunit that mediates the interaction with the gene-
silencing factor Swi6 in S. pombe [51].

Cohesin recruitment to non-CTCF sites has been reported at tissue-specific genes in human MCF-
7 breast cancer cells and in liver cells [12]. A role for CTCF in recruiting cohesin to these sites is
unlikely, since CTCF consensus motifs were absent. A contribution of tissue-specific transcription
factors to the recruitment of cohesin to these sites has been suggested [12], but no mechanism
has been defined.

Recent genome-wide mapping studies in mouse ES cells show that the mammalian cohesin-
loading factor Nipbl co-localises genome-wide with mediator, a complex that bridges between cell
type-specific transcription factors and RNA Polymerase Il at active promoters and enhancers [13].
In yeast, the cohesin-loading factors Scc2 and Scc4 are enriched at sites of active transcription not
only by RNA Pol Il, but also RNA Pol | (which transcribes rDNA genes) and RNA Pol Il (which



transcribes tRNA genes) [52]. So why do we find cohesin loading factors but not cohesin itself at
sites of active transcription in yeast? A possible solution to this conundrum comes from studies with
ATPase-deficient cohesin, which binds chromosomes only very transiently. Due to its instability,
only trace amounts of ATPase-deficient cohesin are present on chromosomes. Interestingly,
however, these short-lived cohesin complexes are found close to Scc2 at active genes [52],
perhaps because they have no time to re-distribute before they dissociate from chromatin.
Similarly, it is likely that mammalian cohesin is loaded at active promoters and enhancers and
subsequently relocated to CTCF sites, consistent with the observation that knockdown of CTCF
affects the distribution of cohesin, but not its association with chromatin or the ability to support
sister chromatid cohesion [9,11].

Hence, it appears that a link between the cohesin loading machinery and the transcriptional
machinery is well conserved, while the subsequent distribution of cohesin has significantly
diverged during evolution. An important remaining question concerns the mechanisms that re-
position cohesin from its loading sites to its final destination [53]. Transcription appears to drive
cohesin repositioning in the budding yeast S. cerevisiae, since cohesin is only excluded from
genes as long as they are transcribed. This led to the suggestion that the transcription machinery
might clear cohesin complexes that stand in its way. However, the positive correlation between
cohesin and RNA polymerase in Drosophila suggests that cohesin and RNA polymerase

progression are fundamentally compatible.

Cohesin and DNA replication

As discussed in the previous paragraph, the relationship between RNA polymerases and cohesin
plays out differently in various organisms, but transcription is of course not the only occasion where
a processive enzyme has to deal with a chromatin substrate populated with SMC complexes. DNA
polymerases also face cohesin complexes as they work to replicate the genome in S-phase. In
contrast to RNA polymerases in species such as yeast (see above), DNA polymerases may not
have the option of banishing cohesin complexes - after all the mission is to establish cohesion
between the newly replicated sister chromatids.

In Xenopus egg extracts, cohesin is loaded at pre-replication complexes [54,55] and enrichment of
mammalian cohesin at replication origins has also been reported [56]. Replication origins showed
larger than usual spacing in cohesin-depleted mammalian cells [56]. The replication factor RFC-
CTF18 promotes the acetylation of the SMC3 cohesin subunit and therefore the establishment of
cohesion during S-phase. Interestingly, cohesin acetylation in turn facilitates the processivity of the

replication fork [57].

A role for cohesin in gene expression and development: Disentangling cohesin functions in
cell division from cohesin functions in interphase.

As discussed above, transcription shapes the landscape of chromatin-bound cohesin, but does



cohesin in return influence gene expression during its residence on chromosomes in G1? Previous
evidence for such a role came from studies in model organisms [5,23,45,58] and cells from
patients with cohesin mutations [3,4,59]. However, these systems were based on dividing cells and
it therefore remained possible that defective development and gene expression could have been
triggered by inefficient DNA repair, chromosome segregation defects or prolonged checkpoint
activation. Premature sister chromatid separation occurs in Roberts syndrome and DNA double
strand breaks are frequent in Nijmegen breakage syndrome, no clear evidence for overt
chromosome segregation defects was found in cells from Cornelia de Lange Syndrome patients
[60] and in some of the animal models [5,23,58,61]. While it is likely that different cellular functions
require different amounts of cohesin (evidence for this idea has recently been provided in yeast
[62]), it is difficult to test whether the amounts of cohesin available in Cornelia de Lange Syndrome
and related animal models are sufficient for post-replicative DNA repair and chromosome
segregation at all stages of development.

The difficulties in attributing cell division-independent functions to cohesin are illustrated by its
proposed involvement in embryonic stem cell self-renewal and pluripotency (the ability to
differentiate into multiple lineages). Several genome-wide RNAI screens have identified factors
required for self-renewal, and cohesin and condensin have shown up time and time again [13,63—
66]. Since self-renewal implies proliferation, these screens will identify a large fraction of genes
required for DNA replication, repair and cell division. It is therefore important to experimentally
separate mitotic and interphase functions of cohesin. This was initially achieved in Drosophila
where inactivation of cohesin in post-mitotic cells caused abnormal gene expression together with
developmental defects in axonal pruning of gamma neurons from the mushroom body due to
reduced expression of ecdysone receptor [19,21]. However, cohesin is recruited to specific sites by
different mechanisms in flies and mammals (see above), so it was critical to experimentally test
whether cohesin regulates gene expression in mammalian cells. This was achieved recently by
selectively inactivating cohesin in a sub-population of non-dividing thymocytes that are arrested in
G1 as part of their normal developmental program. Defective transcription of the T cell receptor
alpha chain locus led to inefficient T cell receptor rearrangement, which in turn impaired the
differentiation of cohesin-deficient thymocytes [16]. This provides an example for a role of cohesin
in the differentiation of mammalian cells and at the same time establishes the developing
thymocytes as a system for studying the mammalian-specific mechanisms by which cohesin
regulates gene expression in interphase. Similar studies are certain to follow in other

developmental systems.

Cohesin shapes interphase chromatin by forming long-range interactions between distant
chromosomal locations
High-resolution chromatin conformation studies have revealed that cohesin forms long-range

interactions between its binding sites (Figure 2) [13-18,67—-70]. Current models support the idea



that cohesin controls gene expression by contributing to the organisation of higher-order chromatin
structure. Communication between gene regulatory elements is believed to be a major mechanism
for transcriptional control [71] and it is conceivable that interactions between cohesin binding sites
that involve gene regulatory elements such as enhancers, promoters or insulators, would favour or
inhibit gene expression [12-18,67—69]. These studies only survey a tiny proportion of the genome
(Figure 2), and attempts to visualise cohesin effects on global chromatin organisation have to date
been at low resolution. For example, hypotonic lysis of cohesin-depleted cells show chromatin
loops that appear to be larger than in control cells, consistent with a change in the spacing of
replication origins discussed above [56]. When introduced into budding yeast, human cohesin
molecules isolated from patients with cohesin mutations cause the dispersal of normally clustered
tRNA genes and alter the nuclear position and the activity of specific genes [72]. Elegant
experiments from the lab of Jan-Michael Peters show that the loss of Wapl from non-dividing cells
reduces cohesin turnover, increases the association of cohesin with chromatin, and dramatically
alters the organisation of interphase chromatin (J-M Peters, personal communication).
Technologies are now available to combine a global approach with high resolution, as recently

demonstrated for an interaction network based on the cohesn-interacting factor CTCF [73].

Outlook

Even though cohesin may facilitate long-range interactions, vexing questions remain about how
these interactions are regulated, and how they contribute to regulating gene expression.

First, as discussed above, the two canonical functions of cohesin, the establishment of sister
chromatid cohesion and DSB-induced DNA repair involve different modifications of cohesin
complexes [36,37]. This raises the question whether cohesin complexes engaged in the regulation
of gene expression have specific modifications or a specific composition.

Second, the idea that cohesin facilitates long-range interactions in G1 phase of the cell cycle,
including in non-dividing cells, is attractive due to cohesin’s proven ability to constrain the topology
of chromosomes during DNA repair and in preparation for cell division. But how can it be
reconciled with the dynamic nature of cohesin's association with the chromatin at this phase of the
cell cycle [27]? As discussed above, sister chromatid cohesion and DNA repair functions involve
specific mechanisms that stabilise the binding of cohesin complexes to chromosomes. Does this
imply that cohesin-mediated long-range interactions in G1 are short-lived, maintained by the
simultaneous presence of multiple cohesin complexes, or does it suggest an involvement of
additional factors or modifications? Interestingly, the extended residence time of cohesin in Wapl-
deficient fibroblasts mentioned above distorts both chromatin organization and gene expression (J-
M Peters, personal communication), indicating that the dynamic nature of cohesin association in
interphase cells is essential. Finally, cohesin's association with mediator components of the basal
transcriptional machinery and its loading on the chromatin at active promoters and enhancers

might indicate that -in addition to long-range interactions - cohesin could have additional functions
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in the regulation of gene expression.

Figure 1. Structure and regulation of the cohesin complex.

A. Cohesin structure and topology. Smcl and Smc3 heterodimerise via their hinge domains and
their ATPase heads associate with the kleisin subunit Rad21 to form a tripartite ring structure. The
STAG subunit interacts with Rad21. Key sites in the complex are numbered (1-5), and their
involvement in cohesin's functions during the cell cycle is summarised on the left. B. The cohesin
cycle: dynamics and regulatory factors. The association of cohesin with chromatin is closely linked
to cell cycle progression (stages indicated at the bottom) and is regulated by multiple factors (listed
above and below the transition arrows). In G1, cohesin binds to chromatin in a dynamic equilibrium
of association and dissociation. During S-phase sister chromatid cohesion is established, and
cohesive complexes (represented in bold) become more stably bound to chromosomes. Cohesion
is maintained genome-wide throughout G2 when it assists DNA double-strand break repair. During
prophase, cohesin is unloaded from chromosome arms, the chromosomes condense, and
cohesion is only maintained at the cetromeres until it is cleaved at anaphase, which allows

chromosome segregation to take place.

Figure 2. Cohesin contributes to the architecture of interphase chromatin by mediating
long-range interactions. High-resolution chromatin conformation studies have revealed that
cohesin contributes to long-range interactions between genomic sites. Although these assays can
track cohesin-mediated loops that span hundreds of kilobases, they capture only a minute fraction
of the entire genome, which is measured in millions of kilobases. A genome-wide approach will be

required to define cohesin's global contribution to chromatin architecture in interphase.
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