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Sister Chromatid Cohesion and Aneuploidy

Erwan Watrin* and Claude Prigent*
Research Institute of Genetics and Development
Centre National de la Recherche Scientifique
University of Rennes I

France

1. Introduction

In all living organisms, cells arise from the division of a pre-existing cell and inherit one
copy of the genome identical to that of the mother cell. Any defect in chromosome
segregation can lead to aneuploidy via chromosome gain or loss, and consequently to
genetic instability, thereby paving the way for malignant growth and cancer. Thus, the
faithful distribution of one copy of each chromosome between the two daughter cells is
essential to maintain genome stability. Cells have evolved elaborate control mechanisms to
ensure that chromosome segregation occurs in an accurate manner. From yeast to human,
replicated DNA molecules are held together from their synthesis during S-phase until their
separation in mitosis. This sister chromatid cohesion is absolutely essential for faithful
transmission of replicated chromosomes during mitosis (for review, see Nasmyth, 2001).
Indeed, in early mitosis, cohesion between sister chromatids counteracts the pulling forces
exerted by the microtubule filaments emanating from the opposite poles of the mitotic
spindle, thereby allowing the proper alignment of chromosomes on the metaphase plate,
and their faithful segregation during the subsequent anaphase. In the case of a defective
cohesion, the sister chromatids would float around in the cellular space and, as a
consequence, would fail to be equally distributed between the two future daughter cells.
Cohesion between sister chromatid is not only required for the proper distribution of
replicated genomes during mitosis, but is also essential in postreplicative interphase cells for
the repair of DNA double-strand breaks by homologous recombination (Sjogren and
Nasmyth, 2001)(for review, see Strom and Sjogren, 2007; Watrin and Peters, 2006). The
homologous recombination pathway uses an identical copy of the damaged DNA fibre,
typically the sister chromatid, as a template to faithfully repair the altered DNA. For the
homologous recombination machinery to process chromosome breaks, the broken
chromatid and the sister chromatid that is used as a template have to be positioned and
maintained in close proximity. It is believed that sister chromatid cohesion provides this
spatial proximity between damaged and template chromatids. Consistently, proteins that
are required for sister chromatid cohesion are also required for the repair of DNA double-
strand breaks in postreplicative cells (for review, see Watrin and Peters, 2006). Therefore,
sister chromatid cohesion plays an essential role in restoring and maintaining the integrity
of the genome upon genotoxic stress.
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In all eukaryotes studied so far, sister chromatid cohesion depends on a multi-subunit
complex called cohesin (Losada et al., 1998; Strunnikov et al., 1993; Toth et al., 1999). This
complex forms a ring-like structure, and it has been proposed that cohesin entraps
replicated DNA molecules in this proteinaceous ring (Gruber et al., 2003; Haering et al.,
2002). In addition to its role in sister chromatid cohesion, the cohesin complex has also been
shown to be involved in other aspects of chromosome biology, which include the control of
gene expression and the regulation of the DNA damage checkpoint that will not be further
discussed here.

Over the last decade, we began to understand at the molecular level how cohesin functions in
sister chromatid cohesion and how the cohesion apparatus is regulated during the cell cycle. In
addition, accumulating evidence in human and animal models highlighted the importance of
the cohesion apparatus in protecting somatic cells from aneuploidy and cancer, and germ cells
from improper meiotic segregation that leads to aneuploid gametes and infertility. Here we
present an overview of the current knowledge on the sister chromatid cohesion apparatus, its
molecular actors and regulatory mechanisms in human. In addition we will discuss a defective
cohesion as a cause for aneuploidy in somatic and germinal cells, and its involvement in
human pathologies. Finally we will try to identify future directions that we need to explore to
better understand the basis of aneuploidy-driven genomic instability.

2. Composition and architecture of the cohesin complex
2.1 The cohesin core complex

The cohesin core complex consists of four subunits (Figure 1). The two core subunits Smcl
and Smc3 belong to the structural maintenance of chromosome (SMC) protein family. SMC
proteins fold back on themselves creating a long intramolecular anti-parallel coiled-coil that
separates a “hinge” domain and a globular ATPase head which is formed by the reunion of
the C- and N-terminal regions (Melby et al., 1998; Michaelis et al., 1997; Strunnikov et al.,
1993). Within the cohesin complex, Smcl and Smc3 bind tightly to each other via their hinge
domain, and form a V-shaped heterodimer. In somatic cells, the ATPase domains of Smcl
and Smc3 are physically linked to each other by the kleisin subunit Sccl (also called Rad21
or Mcd1). Sccl subunit associates by its N- and C-termini to the ATPase heads of Smc3 and
Smcl, respectively (Haering et al., 2002; Haering et al., 2004). The reunion of the Smc1/Smc3
heterodimer together with the Sccl protein forms a tripartite molecular ring with an inner
diameter of 40 nm (Figure 1) (Haering et al., 2002). This ring structure has been observed by
electron microscopy imaging of cohesin complexes isolated from human cells as well as
from Xenopus laevis interphase egg extract (Anderson et al., 2002). The cohesin ring is large
enough to accommodate two 10-nanometer DNA fibres, and it has been proposed that
cohesin maintains the cohesion between replicated chromatids by embracing them within its
ring (Gruber et al., 2003; Haering et al., 2002). According to the widely accepted ring model
(Figure 1), cohesin complex mediates cohesion between replicated DNA fibres simply by
topological links. Alternative ring-based models have also been proposed for cohesin-
mediated sister chromatid cohesion, like the “handcuff” model, where each sister chromatid
of a pair would be encircled within distinct cohesin complexes that would interact with each
others and may thereby physically connect sister chromatids (Zhang et al., 2008b). Also, it
has been proposed that two cohesin complexes would oligomerise into a larger ring around
DNA (Huang et al., 2005). Besides interacting with Smc1 and Smc3, Sccl protein also binds
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to the fourth cohesin subunit called Scc3 in yeast, of which two orthologs exist in
vertebrates, called stromalin antigen 1 and 2 (SA1 and SA2). Within the cohesin complex,
SA1 and SA2 interact with Sccl in a mutually exclusive manner (Losada et al., 2000; Sumara
et al., 2000), implying that two cohesin core complexes, referred to as cohesinsAl and
cohesin$A2, coexist in vertebrates somatic cells. It has recently been suggested that cohesin
complexes containing SA1 or SA2 have specialised function in sister chromatid cohesion at
telomeres and at centromeres, respectively (Canudas and Smith, 2009).

Smcl Smc3

“~ Sister
chromatids

’ /
N CcC
<L

SA1/2
The vertebrate cohesin core complex consists of the four subunits Smc1, Smc3, Sccl and SA1 or SA2.
The association of Smc1, Smc3 and Sccl forms a tripartite molecular ring. According to the ring model
(Gruber et al., 2003; Haering et al., 2002), cohesin maintains sister chromatid cohesion by embracing the
replicated chromatids within its ring. Cohesion is therefore mediated solely by physical, topological
linkages.

Fig. 1. Composition and architecture of the cohesin core complex and the ring model

2.2 Cohesin associated factors

Besides the four core cohesin subunits, additional proteins have also been shown to be part
of the cohesin complex. These evolutionary conserved proteins are named Pds5, Wapl and
Sororin. In vertebrates, two homologs of Pds5 exist, called Pds5A and Pds5B, which are both
able to associate with either cohesinSAl or cohesinSA2 (Losada et al., 2000; Sumara et al., 2000).
Therefore four distinct cohesin complexes are present in vertebrates cells. From yeast to fly,
Pds5 is essential for the proper cohesion between sister chromatids (Dorsett et al., 2005;
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Hartman et al., 2000; Panizza et al., 2000; Tanaka et al., 2001; Wang et al., 2002. In vertebrate
cells, however, depletion of PdsSA or Pds5B does not result in strong sister chromatid
cohesion defects (Losada, 2005). Quite the opposite, it has recently been shown that depletion
of both Pds5A and Pds5B from Xenopus laevis egg extract does not impair sister chromatid
cohesion, but instead, severely affects cohesin dissociation and cohesion loss from
chromosome arms in mitosis (Shintomi and Hirano, 2009), suggesting that Pds5A and Pds5B
function in the dissociation of cohesin complexes from chromosome arms and thereby in the
resolution, i.e. the physical separation, of the sister chromatids in early mitosis (see below).

Vertebrate cohesin also binds to Wapl (Gandhi et al., 2006; Kueng et al., 2006), a protein that
was first identified in Drosophila, where it has been involved in the establishment of
heterochromatin (Verni et al., 2000). Wapl homologs also exist in yeasts (called Rad61 or
Wpll) where it also associates with the cohesin complex (Rolef Ben-Shahar et al., 2008). It
has been shown in human that the interaction of Wapl with cohesin depends on the
SA1/SA2 and Sccl subunits (Kueng et al., 2006). Furthermore, Wapl interacts with Pds5
proteins (Shintomi and Hirano, 2009) through a conserved motif that consists of the triplet
sequence phenylalanine-glycin-phenylalanine residues (called the FGF motif). In
vertebrates, Wapl is dispensable for sister chromatid cohesion, but plays an essential role in
the removal of cohesin complexes from chromosome arms during early mitosis, similarly to
Pds5 proteins (see below).

Finally, a small protein called Sororin also interacts with cohesin complexes (Rankin et al.,
2005; Schmitz et al., 2007). Like the core cohesin complex, Sororin has been shown to be
essential for cohesion between sister chromatids in vertebrates (Rankin et al., 2005; Schmitz
et al., 2007), but is dispensable for cohesin’s ability to associate with chromatin (Schmitz et
al., 2007). Recent work has shown that the function of Sororin in sister chromatid cohesin
depends on its ability to compete with Wapl for its binding to Pds5 proteins via its
FGF motif (Nishiyama et al., 2010), strongly suggesting that Sororin acts in cohesion
by antagonising Wapl's capacity to dissociate cohesin complexes from the chromatin
(see below).

2.3 Composition of cohesin in meiosis

Similar to mitosis, faithful segregation of homologous chromosomes and sister chromatids
during meiosis also depends on sister chromatid cohesion and on cohesin complexes (see
below). However, the composition of the cohesin complex in meiotic cells slightly differs
from that of somatic cells (for review, see Petronczki et al.,, 2003). The subunit Sccl is
replaced by a meiosis-specific variant called Rec8, and the Smc1p isoform can substitute for
the canonical Smc1 (also referred to as Smcla). Finally, SA1 and SA2 proteins can both be
replaced by the meiotic form STAG3. Therefore, meiotic cells contain different forms of
cohesin complexes, specific functions of which are still largely unknown.

3. Regulating cohesin and sister chromatid cohesion

In vertebrate cells, cohesin is loaded onto chromatin from telophase to early G1 phase.
During S phase, sister chromatid cohesion is established, and maintained throughout G2
phase. Finally, cohesin complexes are removed from chromosomes during mitosis to allow
physical separation of sister chromatids and faithful segregation of replicated chromosomes
during anaphase (Figure 2).
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Cohesin loading onto chromatin occurs from telophase to early G1 and depends on the loading
complex Scc2/Scc4. In addition, this process also requires that pre-RC complexes have assembled on
chromatin. During S phase, cohesion between duplicated sister chromatids is established. This process
depends on the activity of the two acetyltransferases Escol and Esco2. The protein sororin is also
essential for cohesion establishment. Sister chromatid cohesion is maintained during G2, although it is
still unclear whether cohesion maintenance requires specific factors. Cohesin is removed from
chromosomes during early mitosis in a two-step manner. During prophase, cohesin complexes
dissociate from chromosome arms in a process that depends on the activity of the mitotic kinases Plk1
and Aurora B, the association of condensin I with chromosomes, as well as on Wapl and Pds5
proteins. Centromeric cohesin is protected from removal by the prophase pathway by Sgol and PP2A.
At the metaphase-to-anaphase transition, the protease separase is activated and cleaves centromeric
cohesin complexes. Complete removal of cohesin from chromosomes allows segregation of sister
chromatids.

Fig. 2. Regulation of sister chromatid cohesion during cell cycle in human

3.1 Loading of cohesin onto chromatin

In all eukaryotes studied so far, loading of cohesin onto chromatin depends on an additional
complex formed by two proteins, called Scc2 and Scc4 (Bernard et al., 2006; Ciosk et al.,
2000; Furuya et al., 1998; Gillespie and Hirano, 2004; Rollins et al., 2004; Takahashi et al.,
2004; Watrin et al., 2006). Furthermore, cohesin loading onto chromatin in Xenopus egg
extract also requires that the pre-replication complex (pre-RC) assembles on chromatin
during the exit from mitosis (Gillespie and Hirano, 2004; Takahashi et al., 2004). It has also
been show that the ATPase activity of the Smc1/Smc3 heterodimer is essential for cohesin to
bind to chromatin (Arumugam et al., 2003; Weitzer et al., 2003). How the chromatin fibre
can enter the cohesin ring has been a long-lasting question in the field. Biochemical
approaches combined with genetics studies have provided insights into molecular events
that govern this process, which have been reviewed elsewhere (for review, see Nasmyth and
Haering, 2009; Peters et al., 2008). Therefore, we will present here only an overview of key
findings. The cohesin ring must be opened to allow the entry of the DNA therein. It has been
proposed that Smcl and Smc3 transiently dissociate at the hinge domain, thereby allowing
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DNA to enter into the cohesin ring (Gruber et al., 2006; Milutinovich et al., 2007). Given that
in S. cerevisiae, the hinge domain of Smc1/Smc3 is able to interact with their ATPase heads
(Mc Intyre et al., 2007), one can envision that ATP hydrolysis by Smc1/Smc3 ATPase heads
triggers a conformational change of the cohesin complex, which would in fine result in the
transient opening of the hinge and in the entry of DNA into the cohesin ring.

3.2 Establishment of sister chromatid cohesion

The establishment of cohesion between sister chromatids takes place while DNA is
replicated during S phase (Uhlmann and Nasmyth, 1998) and depends on the activity of an
acetyltransferase called Ecol/Ctf7 in yeast (Skibbens et al., 1999; Toth et al., 1999). Ecol
becomes dispensable once replication has been achieved, indicating that the cohesion can
only be established during replication, i.e. when sister chromatids are synthesised.
However, it has to be noticed that cohesion can be established de novo in postreplicative
cells, but only upon DNA double-strand break (Kim et al., ; Strom et al., 2007; Unal et al.,
2007). It has recently been shown that in yeast, Ecol acetylates two lysine residues in the
ATPase region of Smc3, and that these acetylations are essential for the establishment of
sister chromatid cohesion (Rolef Ben-Shahar et al.,, 2008; Unal et al., 2008; Zhang et al.,
2008a). In vertebrate cells, two orthologs of Ecol exist, called Escol and Esco2 (Hou and
Zou, 2005). Similar to the situation in yeast, Smc3 becomes acetylated during replication at
two evolutionary conserved lysine residues, at position 105 and 106 (Zhang et al., 2008a).
Simultaneous inactivation in human cells of Escol and Esco2 impairs the acetylation of
Smc3 whereas depletion of either Escol or Esco2 has little impact, if any, on Smc3
acetylation (Nishiyama et al., 2010; Zhang et al., 2008a), indicating that these two
acetyltransferases are at least partly redundant for their function in Smc3 acetylation.
Interestingly, acetylation of Smc3 becomes dispensable for sister chromatid cohesion when
either Wapl or Pds5 are inactivated (Feytout et al., 2011; Rowland et al., 2009; Sutani et al.,
2009). This is consistent with the function of Wapl and Pdsb5 in destabilising sister chromatid
cohesion. Recently, it has further been shown that the acetylation of Smc3 triggers a
rearrangement in cohesin subunit interactions (Nishiyama et al., 2010). Indeed, Smc3
acetylation promotes binding of Sororin to cohesin, where Sororin displaces Wapl from its
interaction with Pds5 proteins. The authors further showed that Sororin also contains an
FGF motif that competes with that of Wapl for its binding to Pds5. Therefore the
establishment of sister chromatid cohesion depends on the protein Sororin that might
counteracts Wapl’s ability to dissociate cohesin complexes from chromatin (Nishiyama et al.,
2010). In human cultured cells, fluorescence recovery after photobleaching (FRAP)
experiments have shown that the binding of cohesin complexes to chromatin is very
dynamic in G1 phase cells, and that the binding of half of chromatin-bound cohesin pool
becomes very stably associated with DNA in G2 phase cells (Gerlich et al., 2006). It has been
proposed that this stably-bound pool of cohesin is responsible for sister chromatid cohesion
(Gerlich et al., 2006). Consistent with this possibility, the inactivation of Sororin results in the
reduction of the stably-bound pool of cohesin (Schmitz et al., 2007). Conversely, inactivating
Wapl induces an increase in the stable pool of chromatin-bound cohesin (Kueng et al., 2006).

Altogether, these data are in favour of a model, in which the acetylation of Smc3 during
replication triggers the recruitment of Sororin, the consequent displacement of the cohesion-
destabilising protein Wapl, ultimately leading to the creation of a cohesive state of cohesin
complexes and to the establishment of sister chromatid cohesion.
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3.3 Removal of cohesin from chromosomes during mitosis

Cohesion between sister chromatid is maintained during G2 until mitosis, when it must be
dissolved to allow the physical separation of the two sets of replicated chromosomes. Unlike
in yeasts, vertebrate cohesin is removed from chromosomes in a two-step manner from the
onset of mitosis until the metaphase-to-anaphase transition (Figure 2).

3.3.1 The prophase pathway

In vertebrates, the bulk of cohesin complexes (~ 90 - 95 %) is removed from the chromosome
arms during prophase and prometaphase (Sumara et al., 2000; Waizenegger et al., 2000),
whereas some cohesin complexes remain bound to chromosomes at centromeric regions
(Waizenegger et al., 2000). This first wave of cohesin removal from chromosomes is referred
to as the prophase pathway, which depends on several factors that include the mitotic
kinases Aurora B (Dai et al., 2006; Losada et al., 2002) and P1k1 (Lenart et al., 2007; Losada et
al., 2002; Sumara et al., 2002) and the proteins Wapl (Gandhi et al., 2006; Kueng et al., 2006)
and Pds5 (Shintomi and Hirano, 2009). PIkl is thought to promote cohesin release from
chromatin by phosphorylating the SA2 subunit (Losada et al., 2002; Sumara et al., 2002).
Consistent with this possibility, the expression of a mutated version of SA2 that can no
longer be phosphorylated in mitosis triggers a persistent binding of cohesin complexes on
chromosome arms in prometaphase (Hauf et al., 2005). This strongly suggests that Plk1
participates in the dissociation of cohesin from the chromosomes by directly
phosphorylating the SA2 subunit. In addition, it has also been shown that the cohesin-
related complex Condensin I is required for cohesin removal from chromosome arms
(Hirota et al., 2004), although the role of Condensin I in the prophase pathway remains
unclear.

Central actors to the removal of cohesin by the prophase pathway are Wapl and Pds5
proteins (Gandhi et al., 2006; Kueng et al., 2006; Shintomi and Hirano, 2009). Consistently,
inactivation of either Wapl or Pds5 results in the persistence of cohesin complexes along
the chromosome arms, which leads to unresolved sister chromatids in prometaphase
(Gandhi et al., 2006; Kueng et al., 2006; Shintomi and Hirano, 2009). Recently, it was shown
that sororin, which promotes sister chromatid cohesion by counteracting cohesin-
destabilising activity of Wapl (see above), is phosphorylated in mitosis (Nishiyama et al.,
2010). Sororin phosphorylation correlates with the loss of its ability to displace Wapl from
Pds5 in vitro. Therefore, it has been proposed that the mitotic phosphorylation of Sororin
inactivates its ability to displace Wapl from binding to Pds5, which in turn leads to the
association of Wapl to Pds5 and the dissociation of cohesin complexes from chromosomes
(Nishiyama et al., 2010).

Whereas most of cohesin complexes are removed from the chromosome arms during
prophase, the cohesin complexes located at centromeric regions are protected from the
prophase pathway. This protection of centromeric cohesion is essential to maintain sister
chromatid cohesion until anaphase onset, and allows the proper bipolar attachment of
mitotic chromosomes on the metaphase plate. At this stage of mitosis, sister chromatids are
held together only at centromeres, giving rise to the classical X-shaped mitotic
chromosomes. Cohesin protection at centromeres depends on a protein called Shugoshin
(guardian spirit in Japanese) also known as Sgol (Kitajima et al., 2004; McGuinness et al.,
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2005; Salic et al., 2004). Sgol interacts with the protein phosphatase PP2A and both proteins
are enriched at centromeres in early mitosis. It is believed that Sgol recruits PP2A to the
centromeres, where PP2A dephosphorylates the cohesin subunit SA2, thereby counteracting
the dissociation activity of the kinase Plk1 (Kitajima et al., 2006). The inhibition of the kinase
Aurora B has been shown to trigger abnormal localisation of Sgol along chromosome arms
(Dai et al., 2006). This indicates that Aurora B is required for the proper enrichment of Sgol
at centromeres, and might account for its role in the prophase pathway. Finally other factors
have also been shown to be important for the protection of cohesin complexes at
centromeres, including the mitotic kinases Haspin (Dai et al., 2006) and Bubl (Tang et al.,
2004). Recently, it has been shown that Bubl kinase is required for the phosphorylation of
the centromeric histone H2A at threonine 120 (T120), for Sgol enrichment at centromeres
and for sister chromatid cohesion (Kawashima et al., 2010), suggesting that Bubl-mediated
phosphorylation of H2A-T120 recruits Sgol and thereby participates in the protection of
centromeric cohesion. Additional experimental works will be required to substantiate this
view, and, more importantly, to obtain an integrated view of the molecular actors and
mechanisms involved in the protection of sister chromatid cohesion at centromeres.

3.3.2 Cleavage of cohesin by separase

During early mitosis, sister chromatids remain tightly associated at centromeric regions
until all the chromosomes have been properly bi-oriented on the mitotic spindle
(Waizenegger et al., 2000). As long as all chromosomes have not been correctly aligned on
the metaphase plate, a surveillance mechanism, called the spindle assembly checkpoint
(SAC), inhibits the activity of the anaphase promoting complex, or cyclosome, (APC/c)
thereby preventing the activation of separase and the inactivation of cyclin-dependent
kinase 1 (Cdk1). Once all chromosomes have been bi-oriented on the mitotic spindle, the
SAC is satisfied and, consequently, the inhibition of the APC/c is relieved. Activated APC/c
can then ubiquitinate the separase inhibitory protein securin as well as the Cdkl activator
cyclin B, leading to their degradation by the 26S proteasome (reviewed in Peters, 2002).
Once it has been activated, separase cleaves the cohesin subunit Sccl, which triggers
opening of the cohesin ring, dissociation of cohesin complexes from chromosomes,
dissolution of sister chromatid cohesion and separation of the two sets of replicated
chromosomes to the opposite poles of the mitotic spindle (Tomonaga et al., 2000; Uhlmann
et al., 1999; Waizenegger et al., 2000). The concomitant degradation of cyclin B inactivates
Cdk1, which leads to cell’s exit from mitosis and to the formation of the two daughter cells.

4. Meiosis

Meiosis is a specialised form of cell division that produces gametes, which contain either the
maternal or the parental copy of each chromosome. Nonetheless, meiosis shares common
features with mitosis as well as specific mechanisms. Meiosis involves a single S phase
followed by two successive rounds of chromosome segregation without intervening DNA
replication, and produces haploid germinal cells. Similar to mitosis, replication of DNA
prior meiotic division gives rise to replicated sister chromatids that are linked to each other
along their entire length by meiotic cohesin complexes (Figure 3). During prophase I,
homologous paternal and maternal chromosomes become attached to each other through a
mechanism called homolog pairing or synapsis. This pairing depends on a large protein
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complex called the synaptonemal complex. These homologs pairs (also called tetrads or
bivalents) undergo exchanges of DNA segments between paternal and maternal non-sister
chromatids by homologous recombination, which give rise to crossover. Once homologous
recombination has occurred in late prophase I, the synaptonemal complex is dissolved.
Therefore, homologous chromosomes are held together solely by cohesion between sister
chromatids distal to the site of recombination. At metaphase I, bivalents are aligned on the
meiotic microtubule spindle in a monopolar fashion, that is, with the two kinetochores of
each sister chromatid pair facing toward the same spindle pole. At the metaphase I-to-
anaphase I transition, the meiotic cohesin subunit Rec8 located on the arms of chromosomes
is cleaved by separase, allowing the segregation of homologous chromosomes to opposite
poles during anaphase I. Thus, the meiosis I gives rise to two cells that only contains either
the maternal or the paternal copy of each chromosome, eventually recombined. Due to this
peculiarity, meiosis I is also referred to as the reductional division. Central to meiosis is the
protection of Rec8 cleavage from separase at centromeric regions by a mechanism that is
conserved throughout evolution and that depends on Shugoshin. Unlike in budding yeast
and in fruit fly where only one shugoshin protein is found, two shugoshin-like proteins exist
in other eukaryotes, and are called Sgol and Sgo2. In all eukaryotes cohesin is protected
from cleavage by separase in meiosis I, whereas it is protected from non-proteolytic removal
in mitosis (Katis et al., 2004; Kitajima et al., 2004; Kitajima et al., 2006; Rabitsch et al., 2004;
Riedel et al., 2006). Recent data indicate that Shugoshin-PP2A complex protects Rec8 from
cleavage by separase by counteracting its phosphorylation, thereby rendering Rec8 a poor
substrate for separase (Katis et al., 2010). In mouse oocyte, although both Sgol and Sgo2 are

One
diploid cell
Meiotic Prophase I Metaphase [ Anaphase [ Metaphase IT

S phase,

Cohesin removal Cohesin removal
from chromosome arms from centromeres
by separase by separase

Four
haploid cells

aansseasihosn

Meiotic cohesin  Synaptonemal  Crossover
complex complex

After completion of the meiotic S phase, sister chromatids are held together by meiotic cohesin
complexes along their entire length. During prophase I, homologous chromosomes pair and remain
associated to each other by the synaptonemal complex, and homologous recombination occurs and
results in crossover. Once the synaptonemal complex has been dissolved late in prophase I,
homologues remain associated only by cohesin located at distal position from the site of
recombination. At metaphase I, homologues are bi-oriented on the first meiotic spindle, with both
kinetochores from the same pair of sister chromatids facing the same spindle pole. Active separase
cleaves Rec8 from chromosome arms, while cohesin complexes present at centromeres are protected
by Shugoshin from cleavage by separase, thereby allowing proper bipolar attachment of sister
chromatids on the microtubule spindle at metaphase II. Centromeric Rec8 is then cleaved by separase,
allowing sister chromatid segregation. Once meiosis has been completed, four haploid cells are
formed.

Fig. 3. Overview of meiosis
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present in meiotic cells, Sgo2 appears to be the main protector of Rec8 cleavage (Lee et al.,
2008; Llano et al., 2008). During meiosis II, also referred to as equational division, sister
chromatids align on the second meiotic spindle in a bipolar manner, similar to the situation
in mitosis. Once all chromosomes have been properly bi-oriented, separase cleaves
centromeric Rec8 and sister chromatids are segregated between the two future haploid cells.
How the function of Sgo2 in protecting Rec8 from its cleavage by separase is alleviated is
still unknown. Once meiosis has been completed, four haploid cells are formed. It has to be
noted that during spermatogenesis, four gametes arise from one meiotic division, whereas
during oogenesis meiotic divisions are asymmetric and produce only one gamete.
Furthermore, vertebrate oocytes are arrested at the metaphase stage of the second meiotic
division and the completion of oocyte meiosis is triggered by fertilisation that induces the
metaphase II-to-anaphase II transition.

5. Defective cohesion and aneuploidy

The sister chromatid cohesion is absolutely essential for the accurate distribution of the
replicated genomes during mitosis and meiosis, and therefore, for the faithful transmission
of genetic information from one generation of cells or organisms to the next. As a
consequence, cohesion defects in somatic cells would lead to unequal distribution of
chromosomes that leads to genomic instability and would thereby participate in the
appearance of cancers. Similarly, during gametogenesis, defects in cohesion could lead to
aneuploid gametes and infertility.

5.1 Mitosis

For more than a century, it is well known that genome instability and chromosomal
aberrations are associated with cancer. Already in the early 20th century Theodor Boveri
proposed that chromosomal instability contributes to cancer development. However, the
causal link between aneuploidy and carcinogenesis has remained difficult to be
experimentally addressed. Recently, it has been reported that, in yeast cells, aneuploidy
induces an increase in DNA recombination and a decrease in DNA damage repair efficiency
(Sheltzer et al., 2011), which are two frequent forms of genomic instability that are found in
cancer cells. This clearly demonstrates that aneuploidy per se is able to induce chromosomal
instability. Thus, defective sister chromatid cohesion can result in chromosome
missegregation (Figure 4) that leads to aneuploidy and chromosomal instability, which in
fine promotes tumourigenesis. Consistent with the association between an altered sister
chromatid cohesion apparatus and tumourigenesis, both mutations and abnormal
expression of genes encoding cohesin subunits have been found in various human cancers
(for review see Mannini and Musio, 2011; (Xu et al., 2011). For instance, the core cohesin
subunits Sccl and Smc3 are overexpressed in breast and prostate cancers, and in colon
carcinomas, respectively. Also, separase is found overexpressed in a variety of cancers
including breast cancers (70 %) and osteosarcomas (for review see Mannini and Musio).
More importantly, somatic mutations of Smcla, Smc3 and STAG3 genes have been found in
colorectal cancers (4, 1 and 1 of 130, respectively) (Barber et al., 2008) and mutation of Sccl,
SA2, STAG3 were found in lung carcinomas (1, 1 and 1 of 12, respectively) (Xu et al., 2011)
and references therein). Furthermore, genes encoding proteins involved in the regulation of
cohesin are also found mutated in different types of cancer. In particular, Scc2 gene was
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Schematic representation of chromosome missegregation as a cause of aneuploidy in somatic cells.
During early mitosis, the spindle microtubule forces align condensed chromosomes on the
metaphase plate. At the anaphase, one copy of each chromosome is pulled to one spindle pole. If the
cohesin release from chromosomes is altered, sister chromatids would fail to separate and the two
sister chromatids would be inherited by one daughter cell. Similarly, the deficient sister chromatid
cohesion would lead in the premature separation of sister chromatids. Separated sisters would fail to
align on the metaphase plate, which could eventually lead to their co-segregation into one daughter
cell.

Fig. 4. Misregulation of sister chromatid cohesion leads to aneuploidy

shown to carry mutations in breast (1 of 48), lung (2 of 11) and kidney (1 of 101) carcinomas
as well as in colorectal cancers (4 of 130), whereas mutations in separase gene were
identified in kidney (1 of 101) and lung (1 of 12) carcinomas (Xu et al., 2011). Altogether,
these observations underline the strong association that exists between altered sister
chromatid cohesion apparatus and cancers. The direct implication of cohesin mutations in
aneuploidy and chromosomal instability has been directly addressed recently (Solomon et
al., 2011). The authors used single-nucleotide polymorphism analysis to characterise
chromosomal rearrangements in human glioblastoma cell lines and thereby identified a
genomic deletion of the X chromosome that contains the cohesin subunit SA2 gene.
Accordingly, no expression of SA2 could be observed in these cell lines. Absence of
functional SA2 protein expression was extended to others genomic rearrangement (frame-
shift insertions and deletions, mutations of splicing regulatory elements) in other cancer cell
lines (Solomon et al.,, 2011). Then, the authors addressed whether SA2 gene mutations
induce genomic instability and aneuploidy by correcting endogenous locus using gene
targeting in glioblastoma cell lines. Non-corrected cell lines exhibited premature separation
of sister chromatids similar to the phenotype observed when cohesin is inactivated. Quite
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remarkably, the correction of SA2 was sufficient to rescue the loss-of-cohesion phenotype in
this cancer cell line, demonstrating that SA2 mutation were the cause of the observed defective
cohesion. Furthermore, the authors showed that the correction of SA2 not only rescues sister
chromatid cohesion, but also reduces the number of defective mitotic divisions and the
chromosome missegregation at anaphase. Finally, restoring SA2 expression also triggered a
reduction in the variability in chromosome numbers between independent cells, indicative of
an increase in genome stability. Altogether these works demonstrate that alteration of sister
chromatid cohesion apparatus leads to missegregation of chromosomes and to aneuploidy and
chromosome instability. This indicates that the function of the cohesin complex in maintaining
the sister chromatid cohesion acts as an important barrier against tumorigenesis. Whether
other known functions of cohesin, i.e. in the DNA damage response or in gene expression, also
participate in carcinogenesis still needs to be uncovered.

5.2 Meiosis

The proper segregation of chromosomes during meiosis is of crucial importance in all living
organisms, as aneuploidy leads to embryonic death and severe disorders, such as infertility
and Down syndrome. Recent efforts from the scientific community have highlighted the
importance of cohesin in preventing aneuploidy during meiosis in mammals. In human,
oocytes wait up to several decades until they finally resume the first meiotic division, and it
is well established that oocyte aneuploidy increases with age. Accordingly, age-related
aneuploidy in oocyte correlates with a dramatic increase of trisomic pregnancy. Aneuploidy
commonly arises from segregation errors during oocyte meiosis I, and relates to the long
arrest of oocytes in preceding stages of meiosis. In these oocytes, the cohesion between
chromosomes must be maintained for an extraordinary long period of time (up to ~ fifty
years in human), and depends on cohesin complexes. Recent studies in mouse have
suggested that the loss of sister chromatid cohesion is a leading cause of aneuploidy in
oocyte, and is due to a progressive deterioration of cohesin itself. Indeed, these studies have
reported that the meiotic cohesin subunit Rec8 (Chiang et al., 2010; Lister et al., 2010) and
the protein Sgo2 that protects centromeric cohesin in meiosis I (Lister et al., 2010) decrease
on meiotic chromosomes with age. The degradation of cohesin correlates with an increased
distance between sister kinetochores and with the loss of sister chromatid cohesion (Chiang
et al., 2010; Lister et al., 2010). Altogether, these data indicate that cohesin is essential to
maintain sister chromatid cohesion in arrested oocytes, and highlight the importance of the
cohesin function in preventing aneuploidy and infertility in mammalian oocytes.
Determining how cohesin gets degraded, if and how it can be prevented would be of great
interest in the future.

6. Conclusion

The sister chromatid cohesion apparatus protects somatic and germinal cells from unequal
chromosome segregation and aneuploidy. Recent advances in the field have pointed to the
misregulation of cohesion factors, mainly cohesin, as a cause for aneuploidy-based human
disorders from cancer to trisomies and infertility. In the future, we will have to decipher the
molecular mechanisms of both normal and defective sister chromatid cohesion, as well as its
links with human pathologies, including cancers. Furthermore, it will be interesting to
address whether one could take advantage of our knowledge on the molecular function of
cohesin to develop new approaches to treat cancer cells. Finally, it is of great importance to
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determine if, and to which extent, the other known functions of cohesin and its associated
factors, namely regulation of gene expression and the DNA damage response, also
participate in tumourigenesis.

7. Further reading

In this chapter, we aimed at presenting the basic current knowledge about the sister
chromatid cohesion apparatus, its role and regulation in the segregation of replicated
chromosomes during mitosis and meiosis, and how cohesion defects lead to aneuploidy. For
those colleagues who wish to learn more about particular aspects of cohesin in chromosome
biology, there are some dedicated reviews that we shall recommend: cohesin mechanistic
and its regulation (Nasmyth and Haering, 2009; Onn et al., 2008; Peters et al., 2008), cohesin
in gene regulation (Dorsett, 2007; Wendt and Peters, 2009), DNA damage response (Strom
and Sjogren, 2007, Watrin and Peters, 2006), meiosis and gametogenesis (Jessberger, 2003;
Petronczki et al., 2003), aneuploidy and cancer (Barbero, 2011; Nicholson and Cimini, 2011).
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