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Deterioration without replenishment—the
misery of oocyte cohesin
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Humans suffer a steep increase in aneuploidies when oo-
cytes age, and deterioration of cohesin was suggested re-
cently as a prominent cause. In the November 15, 2010,
issue of Genes & Development, Tachibana-Konwalski and
colleagues (pp. 2505-2516) answered a question central to
this hypothesis: Can cohesin be reloaded onto mouse oo-
cyte chromosomes long after birth? They found that it can-
not, or at least not with an efficiency adequate to rescue
cohesin deficiency. With no chance for sufficient replen-
ishment, age-related loss of sister chromatid cohesion
seems unavoidable.

In humans, many oocytes survive and wait for several
decades to no avail: If called into action, a large fraction
of oocytes fails to properly segregate their chromosomes
and either dies or, rarely, survives with the potential to be
fertilized and give rise to an aneuploid embryo. Several
studies in recent years lend considerable support to the
hypothesis of cohesin deterioration as a leading cause for
chromosome missegregation in aging oocytes.

However, slow weakening or even disappearance of
sister chromatid cohesion, which is facilitated by cohe-
sin, would probably be prevented if cohesion could be re-
established by the reloading of cohesin onto chromosomes.
In the November 15, 2010, issue of Genes & Development,
Kim Nasmyth and coworkers (Tachibana-Konwalski et al.
2010) addressed this key question of oocyte biology: Can
cohesin be replenished and cohesion thereby be rescued?
They showed that it cannot, or only insufficiently. Why is
this lack of turnover of chromatid-associated cohesin so
problematic and potentially very unfortunate for human
beings?

The cohesin complex, which is essential for sister
chromatid cohesion, consists of four subunits (for re-
views, see Nasmyth 2005; Hirano 2006; Onn et al. 2008;
Nasmyth and Haering 2009; Wood et al. 2010). Two of
those proteins belong to the SMC (structural mainte-
nance of chromosomes) family—SMC1 and SMC3 - and
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form a V-shaped heterodimer. Somatic cells and meio-
cytes (cells that proceed through meiosis) differ in the
composition of their cohesin complexes. In somatic cells
as well as in early stage meiocytes, the two SMC proteins
SMCla and SMC3 associate with the kleisin RAD21/
SCC1/MDCI, such that the “V” is closed to form a ring.
That ring—Dbe it as a singular ring or as a more complex
multiring module, such as a handcuff-like structure—
encircles the two sister chromatids and keeps them
together until the metaphase-to-anaphase transition. To
allow segregation of the sister chromatids, cleavage of the
RAD21 subunit opens the ring, and the chromatids are
released to move toward the opposite cell poles. The
fourth cohesin protein is one of the SCC3-type proteins
(either SA1 or SA2), which associate with RAD21 and may
support sister chromatid cohesion, particularly at the
telomeres and centromeres, respectively (Canudas and
Smith 2009). SCC3 proteins may also be involved in the
proposed association of two cohesin rings (Zhang et al.
2008). However, the functions of SCC3 proteins are not
yet fully understood.

In vertebrate meiocytes, cohesin complexes are more
varied than they are in somatic cells. Meiosis-specific
cohesin proteins can replace the canonical ones: The
meiotic kleisin REC8 can substitute for RAD21, STAG3
replaces SA1/SA2, and SMCI replaces SMCla. It appears
as if SMCla and SMCI1 each form several different com-
plexes with SMC3 and different non-SMC subunits. At the
initial stages of meiosis, the SMCla-containing cohesin
complex is still associated with the chromosomes and
coimmunoprecipitates with either RAD21 or REC8. Sim-
ilarly, SMC1B coimmunoprecipitates from testis nuclear
extracts with REC8 or RAD21(Eijpe et al. 2000; Revenkova
et al. 2004). The functional specialization of these distinct
complexes in meiocytes are not known. Unlike the SMCla-
based cohesin complex, SMC1B-based cohesin is present
in mouse spermatocytes and oocytes throughout meiosis
up to the metaphase/anaphase II transition (Revenkova
et al. 2001, 2004; Prieto et al. 2004). Like RAD21, the
kleisin REC8 needs to be cleaved to allow meiotic chro-
mosome segregation. Male mice expressing a noncleavable
or cleavage-reduced variant of RECS, called REC8-N, are
sterile. Their prophase I spermatocytes are normal, but
instead of generating haploid spermatocytes II and sper-
matids, they were tetraploid. However, in oocytes, REC8-N
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is cleaved and the cells proceed through anaphase I, albeit
with a delay (Kudo et al. 2009) .

Mouse strains deficient for REC8 and SMCI1B were
generated some years ago. Both deficiencies resulted in
sterility of male and female mice, but caused quite distinct
phenotypes. Besides displaying a deficiency in sister chro-
matid cohesion, Rec8 /™ spermatocytes also showed ab-
normal synapsis, or pairing, between the sister chromatids,
rather than between the pairs of sister chromatids, in the
pachytene stage of prophase I. Rec8/~ mice also suffered
rapid loss of oocytes: They are almost completely absent
by embryonic day 18.5 (i.e., approximately late pachytene)
(Bannister et al. 2004; Xu et al. 2005), which precluded
studies of oocyte aging in the REC8-deficient strain.

Such studies, however, were possible in Smc18 ™/~ mice.
While there is a progressive age-related loss of oocytes,
cultured Smc1B~/~ oocytes can be matured in vitro until
the metaphase II/anaphase II transition, when all cohesion
is lost and the cells die (Revenkova et al. 2004; Hodges
et al. 2005). Beyond 8 mo of age, it is nearly impossible
to detect oocytes in the SmcIB ™/~ strain, but analysis of
younger oocytes revealed important age-dependent phe-
notypes. Metaphase I chromosomes show a dramatic age-
dependent increase in the loss of bivalents; i.e., the two
pairs of sister chromatids held together by chiasmata
(Hodges et al. 2005). Loss of bivalents in Smc1B~/~ oocytes
strongly correlates with an increasingly distal localization
and loss of chiasmata on metaphase I chromosomes. This
suggested that, without SMC1B-mediated sister chroma-
tid cohesion, chiasmata cannot be held in place and cannot
be prevented from terminalization—the falling off the
edges of chromosomes and thus getting lost. Consistent
with these observations, the shortest mouse chromosomes
show the highest frequency of chiasmata loss. In meta-
phase II, SMCI1B deficiency causes a complete loss of
oocyte sister chromatid cohesion, illustrating that SMC13
is essential for continued meiotic sister chromatid co-
hesion. The endogenous SMCla complex, which is ini-
tially present in meiocytes, appears to suffice only for
initial prophase I cohesion, as it cannot rescue the later
cohesion deficiency in Smc1B~/~ oocytes. The Smci1B "/~
mouse was considered to reflect—albeit to a limited
extent—the age-dependent increase in aneuploidies that is
seen in humans (Bickel 2005; Gilliland and Hawley 2005;
Hunt and Hassold 2010). This oocyte aging study was
facilitated by the removal of one key cohesin in the
presence of SMCla, which provided for initial meiotic
cohesion. But how do cohesins behave in mice that are not
deficient in a cohesin?

In an aging-accelerated wild-type mouse strain, a lesser
amount of REC8, STAG3, and SMC1 proteins was found
on older oocyte chromosomes, which correlated with the
premature separation of sister chromatids (Liu and Keefe
2008). As reported recently by the Lambson and Schultz
groups (Chiang et al. 2010), the distance between sister
chromatid centromeres increased up to 50% in aging wild-
type mice. Metaphase I and metaphase II sister kinetochores
in mouse oocytes of up to 19 mo of age were analyzed. The
amount of chromosome-associated, but not of total,
RECS gradually decreased, while the incidence of aneu-
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ploidies increased in aging oocytes. Upon reduction of
RECS8 to <10% of the levels observed in 3-mo-old mice,
live imaging of oocytes progressing through anaphase I
revealed a rapid increase of segregation errors. These
data support the hypothetical link between weakening
cohesion and increasing aneuploidies.

Similarly, the Herbert group (Lister et al. 2010) used a
long-lived mouse strain to document an increase in inter-
kinetochore distance in older oocytes. REC8 and chias-
mata are increasingly lost from metaphase I chromosomes
in these aging wild-type mice. Lister et al. (2010) also
examined colocalization of REC8 and DNA in germinal
vesicle stage oocytes, which is before nuclear envelope
breakdown and progression through meiosis, and con-
cluded that cohesion loss occurs while oocytes age when
they are arrested in prophase I. Interestingly, an examina-
tion of the cohesin protector protein Sgo2 showed that it
also progressively vanishes with increasing age.

Thus, evidence accumulates to support the cohesin
deterioration hypothesis, as there indeed appears to be
a loss of cohesin, and thus cohesion, with increasing age,
and this strongly correlates with an increasing incidence
of aneuploidies. However, can cohesin be reloaded onto
chromosomes in aging oocytes? Would we, perhaps, suffer
from much higher rates of aneuploidies if such reloading
did not exist? Could one even wildly speculate about ther-
apeutically reloading cohesin onto chromosomes in aging
oocytes—a task quite likely to be highly dangerous and
ethically questionable even if reloading is feasible? Or does
this presumptive reloading process become inefficient in
old oocytes, and thus its decline is responsible for the
increased aneuploidies? Unless there exists a reserve of
stable, unused, or recycled cohesin within the cell to be
used years later, reloading would very likely require de
novo cohesin synthesis during prophase arrest. Therefore,
one question to ask is whether or not continuous cohesin
expression is required to maintain cohesion in oocytes.

This question was answered by the removal of a critical
cohesin gene right after birth: A conditional Smc1p”
allele (Revenkova et al. 2010) was excised within a few
days after birth by a Gdf9 promoter-driven Cre recombi-
nase. Although these Smclp? GDF9-Cre mice lack any
source of newly synthesized SMC1B from dictyate arrest
onward, they remain fully fertile well into old age, and their
oocytes do not show any impairment of sister chromatid
cohesion or chiasma maintenance and positioning up to 8
mo of age. In fact, cohesins were still present on metaphase
I chromosomes many months after birth. All progeny of the
Smclp™® GDF9-Cre mice constitutively lacked SmciB
expression, were sterile, and were phenotypically identical
to the regular Smc1f~/~ mice. While it became clear
through this study that no newly synthesized cohesin is
required in aging dictyate-arrested oocytes, the question
for reloading of existing cohesin was not answered.

The cohesin decay hypothesis predicts that there
would only be insufficient ways for the cell to re-establish
cohesion with advancing age or, perhaps, no such mech-
anism at all. That prediction was tested in the recent
study by Tachibana-Konwalski et al. (2010) in Genes &
Development.



Nasmyth and colleagues (Tachibana-Konwalski et al.
2010) engineered mouse strains that express RECS8
or SCC1 harboring target sites for the tobacco etch
virus (TEV) protease. Microinjection of Rec8TEV/TEV or
Scc1TEVITEV gocytes with TEV mRNA induces cleav-
age and the efficient elimination of REC8- or SCC1-type
cohesins. TEV-mediated cleavage of REC8 in Rec8"FV/TFV
oocytes was sufficient for chiasma resolution even when
separase was inhibited through the overexpression of
MAD?2 and subsequent suppression of securin degradation.
Microinjection of TEV mRNA into Rec87F"/TFV germinal
vesicle oocytes caused the complete separation of sister
chromatids (i.e., loss of cohesion and bivalents), demon-
strating both the efficiency and functional consequences
of TEV cleavage. The bivalent structure—that is, the syn-
apsis of the two pairs of sister chromatids—was not af-
fected by TEV expression in Sccl EVMye/TEVMyCe qocytes.
TEV expression in metaphase Il-arrested Rec87E"/TEV oo-
cytes caused disjunction of sister centromeres. There was
no effect on centromeric sister chromatid cohesion if
Scc1TEVMye/TEVMye qqcytes were treated, demonstrating
the importance and specificity of REC8 in oocytes. Why,
however, is SCC1 abundantly expressed in oocytes? If
SCC1TEVMYS/TEVMye i ¢leaved by TEV in zygotes, the first
embryonic cell division is severely affected: Loss of sister
chromatid cohesion is seen in metaphase. However,
cleavage of REC8TEV/TEV had no effect on embryonic cell
division. This suggests that a rapid switch occurs: When
embryonic life commences, REC8-dependent and SCCI-
independent cohesion switches to RECS8-independent,
SCCl-dependent cohesion. The requirement for the ca-
nonical, somatic cohesin to be ready for use in the
emerging embryo may also explain the presence of Smcla
transcripts in growing oocytes (R Jessberger, unpubl.).
Tachibana-Konwalski et al. (2010) thus showed that
RECS8-type cohesin is necessary and sufficient for both
arm and centromere cohesion in oocytes. But what about
the putative reloading of cohesin?

Cohesin decay without relief in oocytes

The Nasmyth group (Tachibana-Konwalski et al. 2010)
further developed their experimental system by adding
a stage-specific REC8 expression cassette in which a stop
codon can be removed through the Cre-mediated cleav-
age of loxP sites. Either the Sox2 promoter or the Zp3
promoter drives the expression of Cre, which induces
expression of a myc-tagged RECS8 either in premeiotic
germ cells or 2-3 wk after birth (in the growing oocyte),
respectively. This allowed Tachibana-Konwalski et al.
(2010) to test whether expression of REC8-myc com-
plements the TEV-induced RECS8 deficiency, which
would require loading onto chromosomes. However,
expression of REC8-myc prevented the loss of cohesion
only if it was expressed before entry into meiosis; i.e., if
REC8-myc was present when cohesion was established at
the entry into meiosis. This also proved functionality of
the REC8-myc protein. Expression of REC8-myc in grow-
ing oocytes a few weeks after the birth of the female mice
did not compensate for the loss of REC8TEV/TEV, Thus,
there is either none or an insufficient reloading of func-
tional REC8-cohesin in this system. These important
results strongly support the hypothesis of cohesin de-
terioration, which calls for no or too little replenishment
of cohesin on oocyte chromosomes.

Although it has thus been shown that cohesin produced
before birth is sufficient for cohesion even in aging oocytes
(Revenkova et al. 2010), and while there is little or no
cohesin reloading (Tachibana-Konwalski et al. 2010), one
cannot yet exclude the possibility of a low rate of reloading
from a pool of mRNA or protein that exists since before
birth. However, whether such a pooled reserve of cohesin
can survive for more than a year in mice is questionable.
Since a low level of SmclB mRNA has been observed in
postnatal mouse oocytes (Hodges et al. 2005) and other
cohesin genes may also be lowly transcribed, it is possible
that limited cohesin protein synthesis may take place.
However, the new data suggest that whatever synthesis
occurs is likely insufficient and may never be loaded onto
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chromosomes. That insufficiency also became apparent
in the above-described studies on aging wild-type mice
(Chiang et al. 2010; Lister et al. 2010). Complete absence
of, or too little, cohesin loading after birth prevents
the cell from properly counteracting the slow degrada-
tion of cohesin, and thus from counteracting the rise in
aneuploidies.

The jury is still out as to the physiological relevance
of this mouse data to humans. How do cohesins behave
in human oocytes? The scarcity of differently aged ma-
terial and the inability to manipulate these oocytes have
hampered such studies. Recently, the abundance and
localization of some cohesin proteins—including RECS,
STAG3, and SMCIB, as well as SMC3—together with
components of the synaptonemal complex, were investi-
gated in human oocytes representing several stages of
meiosis (Garcia-Cruz et al. 2010). In agreement with data
from mouse studies, these cohesins localize to centromeres,
along chromosome arms, and at each side of chiasmata
of metaphase I chromosomes. As expected from mouse
data, the cohesins only localized to the centromeres from
anaphase I to metaphase II, and disappeared thereafter.
Garcia-Cruz et al. (2010) quantified Smc1g transcripts from
germinal vesicle-stage oocytes from women 19-43 yr of age,
but high variability between samples precluded a clear
conclusion with respect to a correlation with age. Real-
time PCR measurements of Smc1B mRNA revealed that
the transcripts remain in mouse oocytes at least up to 6 mo
of age, but at levels that are <10% of those found in
embryonic day 18 oocytes (Hodges et al. 2005). Ultimately,
whether in humans or in mice, if there is no cohesin
reloading, transcription would not help. “Why, then, tran-
scribe at all?” is an open question.

While the evidence in support of cohesin deterioration
as a leading cause of age-related aneuploidies has became
considerably stronger through this year’s studies, many
questions remain to be addressed (Fig. 1). Would massive,
simultaneous expression of all cohesin subunits force
loading of new cohesin onto chromosomes, and would
this be sufficient to complement cohesin deterioration?
How many cohesin rings are required to keep sister
chromatids together, at least at their centromeres, or to
keep chiasma in place to maintain bivalents? Is there
indeed a critical threshold level of cohesin per chromo-
some that is required for proper cohesion, as some of the
very recent studies suggest? The exponential increase of
aneuploidies seen in mouse oocytes beyond a certain age,
and in human embryos with advancing age of the mother,
seems to suggest a rapid deterioration of cohesion, once
cohesin numbers have fallen below some minimum.
Perhaps most importantly, however, is the question as
to why cohesin deteriorates. The disappearance of Sgo2,
as important as this observation is, is not a satisfying
answer, as it triggers the question of why that happens to
Sgo2. In fact, it is unknown whether the decrease in Sgo2
is a cause or consequence of losing cohesin at centro-
meres, since degradation may happen anywhere in the
ring. Furthermore, how stable can a chromosome-associ-
ated, multisubunit protein complex be? How stable must
it be to survive up to five decades unharmed? If one single
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break in the ring is sufficient to destroy sister chromatid
cohesion, then it is not unlikely that even spontaneous
hydrolysis of one of the cohesin proteins may be at the
root of the problem.
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