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Age-related aneuploidy through cohesion exhaustion
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The trend of women to become pregnant when older than in previ-
ous generations poses a paramount medical problem, for oocytes
are particularly prone to chromosome missegregation, and aneu-
ploidy increases with age. Recent data strongly suggest that as
oocyte age increases sister chromatid cohesion is weakened or
lost. Cohesin deterioration seems to contribute significantly to
age-dependent aneuploidy, as discussed in this review.
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As new life springs from germ cells, the stability of the germ
cell genome is crucial for a species to faithfully reproduce.
Nevertheless, errors occur and—at least in the oocytes of some
organisms—increase with advancing age.

Gametogenesis involves mitotic divisions of early germ cells—
such as primordial germ cells and gonocytes—followed by two
meiotic cell divisions to generate haploid gametes. Meiosis requires
highly specific chromosome structures and dynamics, necessary to
reduce the chromosome content of the germ cells from 4C immedi-
ately after premeiotic S phase, through 2C in meiosis | and finally to
1C in meiosis ll, to produce the haploid sperm or egg. Meiosis | and
I are particularly error prone, leading to chromosome missegrega-
tion and, thus, to aneuploidy. Of the seven leading autosomal triso-
mies >90% are of meiotic origin. Of those, about three-quarters stem
from errors in meiosis | and less than 25% occur in meiosis Il [1-4].
The origin of sex chromosome trisomies such as XXY or XXX shows
a similar distribution. The problem is mostly on the female side: the
maternal origin of aneuploidy accounts for more than 90% of human
trisomies, which is why the oocyte and its two meiotic divisions
became a focal point of germ cell and aneuploidy research [1-3].

Oocytes and aneuploidy
Spermatocyte and oocyte meiosis are, in many respects, similar as
they feature comparable chromosome structures and processes,
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but also differ in important aspects. Most notably, spermatogenesis
begins at puberty and, according to our understanding, continues for
the lifetime of the organism, with largely uninterrupted development
from the spermatogonium—a germ stem cell—to the mature sperm.
Oocytes, however, enter meiosis when already in the fetus, proceed
until the end of prophase I and then arrest in a stage known as dic-
tyate arrest. Thus, in a newborn girl oocytes are quiescent within
primordial follicles and only begin to reach full size from puberty
onwards, when within a mature follicle a cohort of oocytes is hormo-
nally stimulated every month. These oocytes then continue meiosis
I and develop until metaphase I, where one selected oocyte again
arrests until fertilized. Fertilization must happen within a few days or
the oocyte dies (for reviews on mammalian oogenesis, see [5-10]).
Oocytes therefore remain quiescent for up to more than four dec-
ades in humans, and a few years in mice. During this long period of
arrest, the physical linkage between oocyte sister chromatids must
be preserved to ensure subsequent proper chromosome segrega-
tion. With increasing age this seems to fail. The incidence of fetal tri-
somies increases markedly in women aged over 35 with more than
one-third of aneuploid embryos at this age; therefore this problem
is not a trifle. Trisomies such as Down syndrome—three copies of
chromosome 21—are the leading cause for mental retardation, and
have been diagnosed more frequently in recent years. For example,
between 1989 and 2008, the incidence of clinically recognized tri-
somy 21 increased by 71% in England and Wales [11]. Much more
intense prenatal screening and subsequent abortions, performed in
92% of diagnosed cases, prevented a similar rise in live births with
Down syndrome, but the increase of diagnosed trisomies correlates
strongly with the increasing age of pregnant women. Similar trends
were reported from other countries [12]. Aneuploidy is not only a
major cause for mental retardation but also for loss of pregnancies.
About one-third of spontaneous abortions are aneuploid, even in
young mothers. Twenty to twenty-five percent of oocytes in young
mothers are estimated to be aneuploid, and this proportion increas-
ing with age. Many of these oocytes will die or remain unfertilized,
but some will survive and might give rise to an aneuploid embryo.
What goes wrong during oocyte meiosis? Several recent stud-
ies provide compelling evidence that the deterioration of sister
chromatid cohesion—hereafter referred to as ‘cohesion’—is a cru-
cial reason for age-dependent aneuploidy, although certainly not
the only one. Failure of the spindle assembly checkpoint (SAC) in
ageing oocytes to respond properly to aberrant kinetochores and
microtubule attachments, caused for example by cohesion failure,

EMBO reports 539


www.nature.com/doifinder/10.1038/embor.2012.54
mailto:rolf.jessberger@tu-dresden.de

Cohesin

. Centromer

Fig 1 | Cohesion, cohesin and chiasmata. (A) Proper cohesion mediated

by chromosome-wide distribution of cohesin rings prevents movement of
cross-over or chiasma. (B-D) Loss of much arm cohesion allows movement
of chiasma towards the centromere-distal end and eventually loss of chiasma
(D), that is ‘terminalization, whereby the two homologues (pairs of sister
chromatids) separate prematurely.

might contribute to the high frequency of aneuploidy in aged
oocytes [13-15]. For example, it has been shown that expres-
sion of certain components of the SAC decreases with increasing
oocyte age [16,17]. However, other studies question the role of
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Glossary

CDK1 cyclin-dependent kinase 1

ESCO establishment of cohesion

Esol essential for S-chromatin organization

Clr6 cryptic loci regulator 6

GDF9 growth differentiation factor 9
MDC1  mediator of DNA damage checkpoint
MEF mouse embryonic fibroblast

PDS5 precocious dissociation of sisters 5
PP2A protein phosphatase 2A

REC8 recombination (gene 8)

SA/STAG stromal antigen

SCC1 sister chromatid cohesion 1

Sgo2 shugoshin 2

SMC structural maintenance of chromosomes
SYCP3  synaptonemal complex protein 3

TEV tobacco etch virus (protease)

WAPL  wings apart-like

Zp3 zona pellucida 3

the SAC in age-dependent aneuploidy and suggest that it functions
equally well in old and young oocytes [18,19]. Whether impaired
meiotic recombination adds to age-dependent aneuploidy remains
questionable. Recombination in oocytes happens early in meiosis
before birth—that is, before the oocytes arrest—and thus recombi-
nation errors do not increase with advancing age. However, aber-
rant recombination might render chromosomes more susceptible
to later problems, and those might increase with age.

Mammalian meiosis and cohesin

Cohesion is adapted to fulfil the specific needs of meiosis, which
has been reviewed elsewhere [20-26]. The diploid set of chromo-
somes becomes duplicated during pre-meiotic S phase and two
sister chromatids are generated per chromosome, that is 2x2 sister
chromatids per pair of homologous chromosomes known as ‘homo-
logues’. Within each pair, the sister chromatids must be kept together
by cohesion. The cohesin complex, a ring-like protein structure,
embraces the two sister chromatids at their centromeres and along
the chromosome arms. In prophase |1, the two homologous pairs of
sister chromatids associate and synapse within the meiosis-specific
synaptonemal complex, a zipper-like protein-DNA structure.
During this process the chromosomes condense, form characteris-
tic axis—loop architecture and initiate meiotic DNA recombination.
In prophase |, one sister chromatid of one homologue undergoes
homologous recombination with one sister of the other homologue
within the synaptonemal complex, thereby forming a cross-like
structure called a ‘chiasma’. The chiasma links the two pairs of sis-
ter chromatids even after the synaptonemal complex dissolves in
late prophase | and metaphase | (Fig 1A). Chiasmata become eas-
ily visible in condensed metaphase | oocyte chromosomes, but the
precursor recombination structures exist earlier during oocyte dicty-
ate arrest—referred to as ‘chiasmata’ here for the sake of simplicity.
Cohesin is required to maintain chiasmata until they are resolved.
Resolution of chiasmata—and thus disjunction of homologues—
depends on cohesin cleavage [27,28], which occurs at the meta-
phase | to anaphase | transition. Formation of chiasmata not only
allows genetic exchange but maintains homologue association.
Therefore, the existence of at least one chiasma per pair of homo-
logues is essential to prevent their premature separation. Homologue
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Fig 2 | Meiotic errors in in Smclf”~ oocytes. (A) Incidence of centromere-distal sites of chiasmata in oocytes from one-month-old and two-month-old female mice.
Red columns: Smclf7~ oocytes, yellow column: control value in Smclf3** oocytes with low distal chiasmata even at seven months of age. (B) Distribution of
metaphase I univalent chromosomes, which measures the loss of linkage of homologues, in Smc1f~~ oocytes depending on the length of the chromosomes, which

are classified as short, medium or long. Short chromosomes suffer most loss of linkage, that is, loss of chiasmata. (C) Incidence of univalent chromosomes (red curve)

and of single chromatids (green curve) with increasing age of the SmcI”- oocytes. Initially, homologues separate prematurely and univalents accumulate, which are
later separated into single chromatids. In SmcIB** oocytes there are no univalents at six months of age. For details see the work of Hodges and colleagues [44]. Smc1,

structural maintenance of chromosomes.

association is important for the proper assembly and orientation
of the chromosomes on the metaphase plate, where the two sister
centromeres of one homologue mono-orient, that is, they attach to
the same side of the spindle. This allows the spindle apparatus to
separate the two pairs of sister chromatids in anaphase I, when the
chiasmata are finally resolved. The two sister chromatids within each
homologue remain linked because centromeric cohesion is pre-
served. Protection of centromeric cohesin in meiosis | is therefore
another key process that ensures proper chromosome segregation
and requires specific proteins such as Shugoshin and the phos-
phatase PP2A [29-31]. Centromeric cohesion is only resolved at the
metaphase Il to anaphase Il transition, where the sister chromatids are
separated and gametes containing single chromatids are generated.

The so-called ‘terminalization’ of chiasmata has been discussed
controversially since the early days of germ cell cytogenetics.
Terminalization, proposed originally by Darlington and Dark [32],
was suggested as the loss of chiasmata through their movement
towards the ends of chromosomes and the eventual slippage off
those ends [33-38]. Terminalization of chiasmata is therefore differ-
ent from chiasmata resolution, which happens quickly at the end of
metaphase | to allow anaphase I to proceed. Terminalization would
result in loss of linkage between homologues, failure to properly
localize the homologues together on the metaphase plate and there-
fore missegregation and aneuploidy. The maintenance of chiasmata
could require cohesion, as without cohesion they might move and
terminalize (Fig 1B-D). Cohesin might physically block chiasmata
movement and thus prevent terminalization. As cohesin cleavage
triggers the loss of chiasmata and is required for disjunction of the
homologues [28], cohesin seems necessary and sufficient for main-
taining chiasmata, although the existence of additional ‘chiasma
binders’ cannot be entirely ruled out.

The cohesin complex is comprised of two SMC proteins—SMCT1
and SMC3—which heterodimerize to form a large, V-shaped struc-
ture. The open side of the cohesin complex is closed by a member of
the kleisin protein family, such as RAD21 known as SCC1 or MDCT,
which thereby forms a tripartite ring (also reviewed in [39-42]). A
fourth protein, SA or STAG, associates with the kleisin and completes

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

the complex. In mitotic cells there is one type each of SMCI1
(SMCTa), SMC3, RAD21 and two SA proteins (SA1, SA2). Vertebrate
meiocytes contain additional variants, which include the SMC18,
two kleisins (REC8, RAD21L) and an additional SA protein, SA3/
STAGS3. The timing and level of expression of these proteins varies
throughout meiosis, but in principle 18 different cohesin complexes
could be formed and there is evidence for the existence of at least
six [43]. The specific roles of these complexes remain largely elusive.

Cohesin is required to prevent aneuploidy

Is cohesin important for avoiding aneuploidy in mammalian
oocytes? Evidence to support this came from the analysis of
oocytes from Smcif~- mice. After isolation and maturation
in vitro, they showed increased single homologues, that is pairs of
sister chromatids in metaphase I when the two homologues should
have remained associated through chiasmata (Fig 2; [44,45]). In
SmciB”~ mice the chiasmata were lost. Interestingly, the pres-
ence of separate homologues was increased in oocytes isolated
from older mice. A detailed analysis of the chromosomal position
of sites of chiasmata showed that, with increasing age, these sites
if present are localized more frequently at the centromere—distal
regions of chromosomes. This suggests movement of chiasmata
towards the non-centromeric end and slippage of the chiasmata
off the chromosomes, or in other words, terminalization. If cor-
rect, then naturally short mouse chromosomes should suffer loss
of chiasmata more frequently than long chromosomes. This pre-
diction was confirmed (Fig 2B); not only did the number of single
homologues increase with oocyte age, but the incidence of sin-
gle chromatids subsequently increased, implying that centromeric
cohesion between the two chromatids within one pair was lost
(Fig 2C). These findings suggested that cohesin SMC1 is a factor
in age-dependent aneuploidy. The Smc 1~ mouse was considered
the first mouse model that could reflect some aspects of human
age-dependent aneuploidy [46,47]. Strongly increased aneuploidy
was seen in other mouse mutants, such as those lacking the syn-
aptonemal complex component SYCP3 [48], but their aneuploidy
did not show such age dependence.
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Fig 3 | Cohesion-promoting and cohesion-weakening factors. Anti-cohesion
factors WAPL, HDAC and PDSS5 are circled in black, and pro-cohesion factors
are sororin and ESCO1/2. The hinge and head (amino/carboxy-terminal)
domains of SMC proteins are indicated. Sister chromatids are shown being

held together by a cohesin ring, that is, after cohesin has been loaded onto sister
chromatids. The loading factors SCC2 and SCC4 are therefore not shown. Yellow
circles within the cohesin head domains represent ATP, which needs to be bound
and hydrolysed for stable cohesion. The relationship between ATP binding/
hydrolysis and the action of pro- or anti-cohesion factors is unknown. The ring
can open at the hinge domains, as postulated in the dual gate hypothesis [39],

but is not depicted here as its regulation remains largely elusive. Other models

of cohesin association with sister chromatids have been proposed, such as

a ‘handcuff’ model comprising two cohesin rings that interact with each

other [79]. AC, acetylation; ATP, adenosine triphosphate; ESCO, establishment
of cohesion; HDAG, histone deacetylase; PDS5, precocious dissociation of
sisters 5; SA, stromal antigen; SCC2/SCC4, sister chromatid cohesion 2/4;
SMC1/3, structural maintenance of chromosomes; WAPL, wings apart-like.

Deficiency of the meiosis-specific kleisin REC8 caused a more
striking phenotype in mouse oocytes, which were absent already
shortly after birth [49,50]. Thus, no age effect could be studied in this
mouse model. The meiosis-specific kleisin RAD2 1L does not appear
to be involved in cohesin-associated age-dependent aneuploidy,
although its absence causes a female age-dependent sterility
phenotype, as RAD21L does not seem to function in oocyte meiotic
cohesion [51].

There are probably not many humans that lack SMC1p or other
cohesins—mitotic cohesins are essential—and thus the question
emerged about the properties and fate of cohesin during the long
oocyte arrest. Is the cohesin that is formed and loaded onto chromo-
somes on entry into meiosis stable for years and decades? Is there
continuous expression and loading of fresh cohesin onto chromo-
somes in quiescent oocytes? Is there refurbishing of cohesion when
an oocyte is activated to resume meiosis? What happens in aged
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oocytes to proteins that are known to protect kleisins from degrada-
tion such as Shugoshin? Several studies published recently address
these and related questions.

Two groups asked whether in rapidly ageing mouse strains or
very old mice of commonly used strains, which are not deficient in
any cohesin gene, sister chromatid cohesion in oocytes shows signs
of fatigue. Indeed, oocytes from such old mice produce aneuploid
eggs at higher frequencies than oocytes from young animals [19,52].
In addition, these studies found an age-dependent loss of REC8 from
the centromeres of old oocytes, in agreement with an earlier report
describing reduced meiotic cohesins REC8, STAG3 and SMC1p [53].
When the loss of REC8 is greater than 90% compared with that in
young adults, the frequency of chromosome missegregation in acti-
vated oocytes increases significantly [52]. Loosening of centromeric
cohesion in metaphase | and metaphase Il oocytes was observed in
mice up to 19 months old, in which the interkinetochore distance
was increased significantly, which is indicative of weakened cohe-
sion. This increase correlated with loss of cohesin. Furthermore,
mono-orientation of the sister kinetochores in meiosis I, known to
depend on cohesin, would be compromised if cohesin is largely
lost. Indeed, mitosis-like bi-orientation was suggested for some
of the chromosome segregation defects seen in old oocytes [52].
Shugoshin, which protects kleisins in centromeric cohesin from
separase-catalysed cleavage [54,55], is present in oocytes but dimin-
ishes with increasing age [19], which could leave REC8 unprotected
and thereby lead to loss of cohesion. Why shugoshin is gradually lost
is unknown, as is whether this is a cause or consequence of loss of
cohesin. However, there is less Sgo2 in Smc 17~ oocytes, suggesting
that cohesin depletion is linked to loss of Sgo2 [19].

Sister chromatid cohesion is supported by chromosome entan-
glements through catenation that is introduced during replication
or by topoisomerase Il. Topoisomerase Il, which can introduce
and remove catenation, removes these catenanes during the S and
G2 phases, and does so in certain circumstances, for example if
spindle tension increases [56]. Catenation was shown recently to
depend on cohesin, at least in yeast, thereby preventing decatena-
tion by Topo Il and possibly even supporting catenation of closely
apposed sister chromatids [57]. Thus, if cohesin deteriorates slowly,
the activity to Topo Il might be shifted towards decatenation, which
would accelerate the loss of cohesion.

The increasing loss of cohesin in ageing wild-type oocytes
suggests that there is insufficient expression and loading of new
cohesin to maintain its initial levels at centromeres. Is cohesin
expression required after the oocytes have entered dictyate arrest?
Or is the cohesin that was produced during early prophase suffi-
cient to provide cohesion long after birth, at least throughout most
of the reproductive life of mice? Revenkova and colleagues used an
inducible SMC1p deficiency to answer this question [58]. A strain
carrying a floxed Smc1f locus was bred with the GDF9-Cre trans-
genic strain, which expresses Cre in the primordial follicles right
after birth. The floxed gene was excised in four days after birth and
thus SMC1f was not expressed from then on. Yet, these mice—
unlike constitutive Smc1p-deficient mice—remained fully fertile
for at least 14 months after birth as compared with non-excised
controls. The ovaries and oocytes of the Smc1p-excised animals
looked wild-type, and both the localization of their chiasmata
and their homologue cohesion appeared unaffected. These find-
ings indicate that there is no need for Smc1 gene expression after
mouse oocytes have entered dictyate arrest. The cohesin produced
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before prophase I is sufficient—at least until the above described
effects of cohesin fatigue emerge in very old animals.

Nevertheless, if cohesin were expressed during oocyte quies-
cence, it could perhaps be loaded onto chromosomes, although not
in sufficient levels to compensate the cohesin loss seen in very old
wild-type mice. Single-oocyte real-time PCR indeed showed Smc1p
mRNA present in dictyate-arrested mouse oocytes at least up to six
months of age, although mRNA levels were only about 10% of the
high levels seen in pachytene oocytes [44].

This notable expression of Smc1f in dictyate-arrested oocytes
would at least allow for reloading of some newly synthesized
cohesin onto chromosomes. However, cohesin reloading was
shown either not to occur or to happen very inefficiently [59].
The authors used mouse strains expressing TEV-cleavable REC8 or
SCC1, and thus microinjection of TEV into Rec8"/"t or Scc 1™/
oocytes destroyed REC8- or SCC1-cohesin. Even in the presence
of the separase inhibitor securin, the TEV-mediated loss of REC8
cohesin resulted in loss of chiasmata. In addition, sister chromatids
became separated when TEV mRNA was injected into Rec8™/V
germinal vesicle oocytes—an oocyte stage before nuclear envelope
breakdown that happens on entering metaphase I. Scc77EMye/TEVMyc
oocytes, however, were not similarly affected by TEV. Furthermore,
TEV expression in oocytes that were arrested in meiosis Il led to
disjunction of sister centromeres in Rec8™/™® oocytes, but did
not affect cohesion between sister centromeres in Scc7TEVMye/TEVMye
oocytes. Thus, REC8-type cohesin is necessary and sufficient for arm
and centromere cohesion in oocytes. Expression of a non-cleav-
able variant of REC8 prevented loss of cohesion and chiasmata if
expressed early in meiosis, but did not rescue this loss if expressed
in growing oocytes. This shows that newly expressed REC8-type
cohesin is either insufficiently loaded in growing oocytes, or not
loaded at all, and cannot compensate for a sudden loss of the same
type of cohesin. However, expression of the non-cleavable REC8
in growing oocytes was achieved using Cre-mediated removal of a
stop cassette and Cre was expressed relatively late from the Zp3 pro-
moter. Therefore too little REC8 expression might have been induced
too late for rescue.

How about the function of SCC1, which is abundant in oocytes?
TEV-mediated destruction of SCCT1, not of REC8, in zygotes caused
loss of sister chromatid cohesion in metaphase of the first embryonic
division. This indicates that meiotic REC8-dependent and SCC1-
independent cohesion in oocytes is replaced by REC8-independent
and SCC1-dependent cohesion in the zygote. This switch and the
rapid initial embryonic cell divisions require substantial somatic
cohesin, which might explain the reappearance and accumulation
of SmcTa mRNA in growing oocytes.

In wild-type mice and in humans rapid loss of all cohesin dur-
ing dictyate arrest is unlikely. Cohesin probably disappears rather
slowly. Slow, inefficient re-loading of cohesin—if it exists—might
prevent loss of cohesion in young mammals, but eventually can-
not compensate for cohesin deterioration. This and the above-
mentioned threshold of less than 10% remaining cohesin for
maintenance of cohesion indicate that cohesin dosage is important.
Heterozygous human carriers of cohesin mutations might therefore
be at higher risk of generating aneuploid oocytes if there is hap-
loinsufficiency. A study by the Hunt, Hassold and Jessberger labs
indicates that this might indeed be the case, as heterozygous cohesin
mouse mutants have increased chromosomal abnormalities in
metaphase | and Il (unpublished results).
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Sidebar A | In need of answers

(i)  Doesleaky separase expression in young oocytes contribute to
age-dependent aneuploidy?

(i)  Why are cohesin-protecting proteins lost with increasing oocyte age?

(iii) What s the contribution of distinct cohesin complexes to cohesion
in oocytes?

(iv) How and when is cohesin initially loaded onto meiotic chromosomes?

(v)  Isthere low-level of cohesin reloading onto chromosomes after
prophase I?

(vi) Whatis the role of cohesin releasins, acetylases and deactetylases in
age-dependent aneuploidy?

(vii) Does opening of the cohesin ring at the hinge domains contribute to
loss of cohesion in ageing oocytes?

How is cohesin lost in ageing oocytes?

Evidence for cohesin decay as a leading cause for age-dependent
aneuploidy is accumulating, but how is cohesin lost? Conversely,
how can cohesin complexes provide sister chromatid cohesion for
many years, in humans perhaps for a remarkable 30 or 40 years?
Cleavage or spontaneous hydrolysis of one single peptide bond at
any site within the large cohesin ring could open it and therefore
eliminate the topological linkage of two sister chromatids.

Separase cleaves the kleisin subunit of cohesin to allow chro-
mosome segregation [60]. This protease must be tightly controlled
to prevent early loss of cohesion and premature segregation. Over
many years, even very low separase activity in dormant oocytes
might cause significant loss of cohesin. The effects of increasing
separase activity were analysed using two independent approaches
in mouse oocytes, either knockdown of securin or expression of a
separase mutant that is non-phosphorylatable and thus cannot be
inhibited by CDK1 [61]. In six-week-old oocytes, both pathways of
separase inhibition, that is, securin expression and separase phos-
phorylation, must be prevented to cause premature loss of cohe-
sion. Oocytes from 19-month-old mice showed significantly more
prematurely separated bivalents and chromatids after separase
activation although low doses of the activators were used. Thus,
cohesion is reduced in old oocytes and increased separase activity
particularly affects them. Whether leaky separase activation starting
after birth until old age would accelerate cohesion loss in mouse
oocytes, and whether low levels of separase activity contribute to
loss of cohesion in ageing human oocytes remains to be shown.

Other, more unspecific processes might contribute to slow
cohesin deterioration such as oxidative damage or spontaneous
hydrolysis of peptide bonds, but little is known about these mech-
anisms. Similarly, it is unknown whether and how many distinct
cohesin complexes contribute to arm and centromeric cohesion in
oocytes. The details of the initial loading of the various cohesins and
their complexes onto spermatocyte or oocyte chromosomes remain
to be determined.

Another mechanism for removal of cohesion is through anti-
establishment factors known as releasins and perhaps by cohesin
deacetylases (Fig 3; reviewed in [39]). SMC3 requires acetylation
at two adjacent lysine residues in its amino-terminal domain
to establish and maintain cohesion after the cohesin complex
has been loaded onto chromatids during replication [62-64].
Acetylation of SMC3 in mitotic cells or extracts happens only if
SMC3 is chromatin-bound, and is required to establish cohesion.
Two acetyl transferases, ESCO1 and ESCO2, exist in mammals [65],
which acetylate the two conserved lysines in SMC3. The distinct
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functions of ESCO1 and ESCO2 are not yet understood in great
detail. ESCO?2 is essential in mice as its disruption causes prenatal
death probably by affecting cohesion at pericentric heterochroma-
tin [66], whereas ESCO2 mutations in humans cause the non-lethal
Roberts syndrome [67,68]. Disparities in chromosome architec-
ture and centromere location between mice and men, and putative
alternative splicing in human cells, have been alluded to as possible
explanations for this difference.

Mammalian histone deacetylase HDAC8 has been suggested
to deacetylate SMC3 [39] and might be required for cohesin dis-
sociation from chromosomes [69]. Whether deacetylation is a
cause or consequence of cohesin dissociation, and the mecha-
nism by which this dissociation would be promoted in mammals
by deacetylation, has not been described. It is not clear whether
HDACS is the only deacetylase that functions in this process. The
Schizosaccharomyces pombe acetylase Eso1, which is antagonized
by deacetylase Clr6, ensures not only stable cohesion but also
mono-orientation of the kinetochores in meiosis | [70]. Failure to
mono-orient the two kinetochores of one homologue might lead to
missegregation and therefore aneuploidy.

The roles of these acetyl transferases and their counteracting
deacetylase(s) in oocytes have not been reported, but a shift in bal-
ance between these activities could contribute to loss of cohesion,
perhaps even in an age-dependent manner. WAPL is a releasin that
interacts with the kleisin and with SA1 in human mitotic cells [71].
It associates with PDS5, of which two variants exist in mammals—
PDS5A and PDS5B [71-73]. WAPL and PDS5 together provide
anti-cohesion-establishment and releasin activities. These two
functions might occur through the same biochemical mechanism.
The expression and function of releasins in mammalian oocytes
remains to be explored.

Releasins are antagonized by the protein Sororin, which promotes
the maintenance of cohesion [74,75]. Sororin and WAPL compete
for binding to PDS5 and, in the absence of WAPL, Sororin is no
longer required. SMC3 acetylation is necessary for Sororin associa-
tion, but might have additional functions. Sororin seems to associate
primarily with acetylated SMC3—but perhaps not exclusively—in a
replication-dependent manner, as evidenced by experiments using
inhibitors in Hela cells and Xenopus laevis extracts [76]. MEFs
from mice lacking ESCO2 have an approximately 50% reduction
in SMC3 acetylation and similarly impaired recruitment of Sororin,
most strongly affected at the pericentric heterochromatin [66]. On
entering mitotic M phase, Sororin becomes phosphorylated and
dissociates from chromatin. This is thought to allow the removal of
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cohesin in mitotic prophase, which depends on phosphorylation.
CDKT1 has been recently implicated in Sororin phosphorylation [77],
which allows interaction with and recruitment of Polo-like kinase
to cohesin to phosphorylate SA2 and trigger the mitotic prophase |
cohesin removal pathway [78]. Whether this is coordinated with
separase inhibition by CDK1 in prophase I remains to be seen.

Although a detailed picture of the processes that maintain cohe-
sion in mitotic cells is starting to emerge (Fig 3), little is known about
the contribution of this intricate network of antagonistic factors
(Fig 3) to the maintenance of cohesion in dictyate-arrested oocytes
or in meiosis in general (Sidebar A). It is not far-fetched to assume,
however, that disturbances in the balance between pro- and anti-
cohesion forces will significantly affect long-term cohesion in
oocytes and thus the occurrence of aneuploidy. Furthermore, addi-
tional factors that regulate the association of cohesin with chro-
matin will probably be identified, such as proteins that affect the
dimerization of the hinge domain.

Thus, although cohesins were identified as key to avoid aneu-
ploidy and cohesin deterioration has been characterized as a main
cause of age-dependent aneuploidy, many additional factors and
mechanisms—some directly related to cohesin biology and bio-
chemistry—need to be explored to achieve a satisfactory under-
standing of this phenomenon, which is of utmost importance for
human health.
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