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ABSTRACT

Chromosome segregation errors in female meiosis lead to
aneuploidy in the resulting egg and embryo, making them one of
the leading genetic causes of spontaneous abortions and
developmental disabilities in humans. It is known that aneuploi-
dy of meiotic origin increases dramatically as women age, and
current evidence suggests that most errors occur in meiosis I.
Several hypotheses regarding the cause of maternal age-related
aneuploidy have been proposed, including recombination errors
in early meiosis, a defective spindle assembly checkpoint in
meiosis I, and deterioration of sister chromatid cohesion with
age. This review discusses findings in each area, and focuses
especially on recent studies suggesting that deterioration of
cohesion with increasing maternal age is a leading cause of age-
related aneuploidy.
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INTRODUCTION

The relationship between Down syndrome and advanced
maternal age was first described more than 70 yr ago, well
before the association with trisomy 21 was observed [1, 2]. It is
now well established that aneuploidy dramatically increases as
women age: the incidence of trisomy in clinically recognized
pregnancies remains low in a woman in her 20s, around 2%–
3%, but dramatically increases to about 35% in a woman in her
40s [3]. All autosomal monosomies and most trisomies are
inviable, and the few viable trisomies (e.g., trisomies 13 and
21, sex chromosome trisomies) lead to severe mental and
health disabilities [4]. Aneuploidy of the egg is the leading
genetic cause of spontaneous abortions and developmental
disabilities, but the molecular basis for these chromosome
segregation errors has only recently become clearer.

Most human aneuploidies found in embryos originate from
the egg and not sperm [5–9], likely because of one critical
difference in the meiotic process between males and females.

Meiosis begins with an initial step of DNA replication followed
by two rounds of cell divisions to generate haploid gametes. In
prophase I, homologous chromosomes synapse and recombi-
nation occurs. These homologous chromosomes then separate
at the end of meiosis I (MI), whereas sister chromatids separate
in meiosis II (MII). In males this process initiates throughout
lifetime after puberty. In contrast, in females meiosis initiates
during fetal development, arrests at prophase I before birth, and
does not resume until prior to ovulation in adulthood, up to 50
yr later in humans. The long time interval between meiotic
arrest in the fetus and each ovulation cycle in the adult allows
maternal age to affect aneuploidy incidence. Furthermore,
standard in vitro fertilization procedures show that whereas an
older patient (acting as both donor and recipient) has more
difficulty reaching successful fertilization and embryo implan-
tation, an oocyte donated from a young woman to an older
recipient can restore implantation and pregnancy rates. Thus,
the aging oocyte, and not the uterus, is responsible for
problems associated with maternal age [10, 11].

To understand the origin of aneuploidy in oocytes, it is
important to know when chromosome segregation errors occur.
A recent report shows that even in phenotypically normal
fetuses, a proportion of ovarian cells, presumably oocytes, are
trisomic for chromosome 21 (oocyte mosaicism) [12]. This
finding led to a new hypothesis, the oocyte mosaicism selection
model, which suggests that mitotic errors occur before entry
into meiosis, leading to aneuploid oocytes in primordial
follicles that are preferentially recruited with increased
maternal age [13, 14]. However, whether there is preferential
recruitment of trisomy 21 oocytes remains to be tested. The rest
of this review will focus on the assumption that most errors
occur in meiosis, which is how the data have generally been
interpreted. Using pericentromeric markers, homozygosity or
heterozygosity of centromeres on the extra chromosome in a
trisomy can be used to determine whether a segregation error
occurred in MI or MII (Fig. 1) [7, 15, 16]. Homologous
chromosomes separate at the end of MI, so if centromeres in
the trisomic individual are heterozygous, then an error occurred
in MI where the homologous chromosomes failed to segregate
from each other (Fig. 1B). On the other hand, homozygous
centromere markers indicate that sister chromatids failed to
separate during MII (Fig. 1D). With this analysis, for example,
almost all trisomy 16 cases are assumed to result from MI
errors, and over 50% of trisomy 18 cases from MII errors [7,
17]. This categorization is problematic, however, because an
MI error can also produce homozygous centromere markers
(Fig. 1C). For example, if a bivalent fails to separate in MI,
reductional division may occur at MII instead so that sister
chromatids are pulled toward the same pole at MII. In this case,
the centromeres would be homozygous even though the initial
error occurred in MI. Regardless of potential misclassifications,
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most trisomies of maternal origin are due to errors in MI (e.g.,
trisomies 13, 15, 16, 21) [3, 6, 18–20].

Several hypotheses regarding the causes of maternal age-
related aneuploidy have been proposed, including recombina-
tion errors in early meiosis, a defective spindle assembly
checkpoint (SAC) at MI, and deterioration of sister chromatid
cohesion with age. Perturbations made in animal models to test
each of these ideas reveal processes that may be susceptible to
age, and it is clear that many things can go wrong to increase
aneuploidy incidence. However, it is also important to
determine what occurs in the natural aging process, without
any experimental perturbations. The mouse is a good model for
studying age-related aneuploidy because, as in humans,
advanced maternal age is associated with an increase in
aneuploidy incidence in naturally aged mice, although such an
increase has not been observed in pig [21–24]. The
combination of genetically altered animals and natural aging

models helps us understand the age-dependent increase of
chromosome segregation errors in female meiosis.

MEIOTIC RECOMBINATION AND SYNAPSIS

Synapsis and recombination of homologous chromosomes
are two of the first critical steps of meiosis that occur in
prophase I during fetal development in female mammals.
Synapsis, the physical pairing of homologous chromosomes
mediated by the synaptonemal complex, is important for
recombination. Meiotic recombination results in the exchange
of genetic material between chromatids of homologous
chromosomes and allows for formation of bivalents. Cross-
overs form at sites of recombination so that cohesion between
the original sister chromatids, distal to chiasmata, holds
bivalents together (Fig. 2A) [25].

Studies of human trisomies suggest that different recombi-
nation patterns can lead to aneuploidy. Reduced recombination

FIG. 1. Analysis of centromeres to determine the origin of maternal errors in trisomies. Schematic of chromosome segregation in MI and MII.
Chromosomes are depicted as telocentric (as in mice) for simplicity, and centromeres of sister chromatids are colored alike (e.g., blue or pink). A) Normal
segregation at both MI and MII, with a euploid embryo. B) Example of an error at MI, where a pair of sister kinetochores erroneously biorients at
metaphase I and prematurely separates at anaphase I; the resulting chromatids in the embryo have heterozygous centromeres. Note that there are several
possible segregation errors that can occur at MI (e.g., because of failure of recombination or loss of cohesion), of which one example is shown, but
heterozygous centromeres in the embryo indicate that an MI error occurred. C) Example of an error at MI, where a bivalent fails to separate at anaphase I
and instead separates at anaphase II. Here the centromeres in the embryo are homozygous and would be problematically classified as a MII error, even
though the initial error occurred in MI. D) Example of an MII error, where sister chromatids fail to separate at anaphase II; the resulting chromatids in the
embryo are homozygous.
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along chromosome 21, estimated using DNA polymorphic
markers, is associated with trisomy 21 [19, 26]. Similar
reductions in recombination have also been found in maternally
MI-derived trisomies 15, 16, and 18, as well as sex-
chromosome trisomies [18, 20, 27, 28]. Furthermore, studies
of recombination positions show that exchanges too close to
either the telomere (distal) or the centromere (proximal) are
associated with trisomy 21 [15, 19, 29]. In mice deficient of the
synaptonemal complex component SYCP3, reduced recombi-
nation is associated with an elevated incidence of aneuploidy,
with significantly more single chromatids in MI and MII eggs
compared to wild-type controls [30, 31]. In addition, a mouse
model for reduced recombination was created by mating two
closely related species with an estimated sequence divergence
of ;1%. In these mice, the aneuploidy incidence increased
from less than 1% in control mice to about 10% in the crossed
progeny at 4 wk of age, and further increased to 20% by 8–11
mo of age [32]. Together, results from both mouse and human
studies suggest that recombination errors, either in the
frequency or positions of exchanges, affect aneuploidy
incidence.

To determine whether recombination problems contribute to
age-related aneuploidy, maps were created for chromosome 21
in individuals with mothers of varying ages. The long arm of
chromosome 21 was divided into different intervals to examine
recombination frequency in each interval. An increase of either
more proximal or distal recombination events was observed in
trisomic individuals with young mothers, but not in individuals
with older mothers [33, 34]. In another study of trisomy 21, the
presence of a single pericentromeric exchange correlated with
increasing maternal age [35]. Thus, whether different recom-
bination patterns contribute to age-related aneuploidy remains
unclear. Because recombination occurs at the onset of meiosis
and is not age dependent, it is not obvious how recombination
errors would lead to age-dependent aneuploidy. A possible
explanation is that reduced frequency or problematic recom-
bination positions make certain chromosomes more vulnerable
to an age-dependent deterioration of another process years later
[3, 19, 36].

THE SAC

Aneuploidy is the direct result of chromosome segregation
errors. Because most errors originate from MI, many studies
have focused on this first cell division—including spindle
assembly, microtubule-kinetochore interactions, and the SAC.

In the first 4 h after germinal vesicle breakdown, the bipolar
spindle forms and bivalents congress at the metaphase plate
[37, 38]. The SAC functions in MI as in mitosis, delaying
anaphase until proper kinetochore-microtubule attachments are
formed. In the presence of nocodazole, which depolymerizes
microtubules, oocytes arrest at MI, which depends on known
SAC proteins such as MAD2L1, BUB1B, and TTK (also
known as MAD2, BUBR1, and MPS1, respectively) [39–43].
All of these SAC proteins localize to unattached kinetochores
in MI, and come off once kinetochore-microtubule attachments
form [39, 40, 42]. Disrupting MAD2L1, BUB1, BUB1B, or
TTK in mice results in both an earlier anaphase and an
increased aneuploidy frequency [39, 41, 44, 45]. Despite these
similarities, the SAC may be less effective in MI than in
mitosis. Although a single unattached kinetochore in mitosis
can effectively delay anaphase, oocytes from XO mice with an
unaligned X univalent go through MI with similar timing as
control oocytes [46, 47]. In addition, oocytes lacking functional
MLH1—a protein involved in recombination—have multiple
univalent chromosomes, but can exit MI before all chromo-
somes align at the metaphase plate [48]. Together, these results
suggest that the SAC in oocytes might be more permissive of
errors or may deteriorate with age, leading to increased
aneuploidy. Consistent with this hypothesis, disrupted spindles,
misaligned chromosomes, and a decreased expression of SAC
components Mad2l1 and Bub1 have all been observed in aged
human oocytes [49–51]. Similarly, in naturally aged mice,
several SAC genes are misexpressed in old oocytes compared
to young counterparts [21].

The idea that the SAC deteriorates with age has been
investigated in the CBA/Ca mouse and the senescence-
accelerated mouse (SAM), two engineered strains that exhibit
a premature decline in fertility [52, 53]. In both strains,
problems in chromosome congression and premature exit from
MI correlate with increasing age, suggesting that errors in SAC
function contribute to age-related aneuploidy. However, these
mice may not be suitable reproductive aging models because
the SAM phenotype is due to mitochondrial dysfunction and
oxidative damage, and the origin of the fertility phenotypes in
CBA/Ca mice is not known. It remains unclear whether these
events contribute to meiotic defects during natural aging.

To address what occurs during the natural aging process,
SAC function has been tested in oocytes from old mice.
Because early anaphase onset is a hallmark of a disrupted SAC,
the duration of MI was used as a readout for SAC function. In
two different strains of mice, no significant differences were

FIG. 2. The effects of reduced chromo-
some cohesion in MI. A–C) Chromosome
arm cohesion distal to crossover sites holds
bivalents together in MI (A). Loss of arm
cohesion leads to a shift of chiasmata
toward the distal end of chromosomes (B),
and complete loss of arm cohesion results in
premature complete separation of a bivalent
(C). D–E) Centromere cohesion holds sister
kinetochores together to facilitate mono-
orientation (D), and a reduction of centro-
mere cohesion promotes sister kinetochores
to erroneously biorient at MI (E).
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found in MI duration between oocytes from young and old
mice (young and old oocytes), suggesting that SAC function is
intact [54, 55]. Most importantly, there was no correlation
between early anaphase onset and aneuploidy in individual
cells [54], which suggests that aneuploid MII eggs are not
results of a defective SAC. Furthermore, when oocytes were
treated with nocodazole as another way to assess SAC
function, both young and old oocytes had an equally robust
metaphase arrest [54, 55]. Taken together, the results suggest
that the SAC is similarly functional in young and old oocytes,
and there appears to be no gross perturbation in the SAC with
increasing age.

SISTER CHROMATID COHESION

A leading hypothesis to explain maternal age-related
aneuploidy is a deterioration of sister chromatid cohesion.
Experiments in yeast show that sister chromatids can only be
effectively held together when the mitotic cohesin protein
SCC1 is expressed before S phase, indicating that cohesion is
established in S phase [56]. Chromosome cohesion is lost at
anaphase onset when the protease separase cleaves SCC1. A
mutant form of SCC1, which cannot be cleaved by separase,
blocked chromosome segregation only when expressed before
S phase [57]. In mammalian cells expressing GFP-tagged
cohesin proteins, results of fluorescence recovery after photo-
bleaching experiments showed that chromatin-bound cohesins
are stable from S phase until anaphase [58]. Together these
results show that mitotic cohesion is established in S phase, and
once loaded, cohesin proteins remain stably bound to
chromosomes until cleavage by separase at anaphase. Meiotic
cohesion is similarly established in S phase in yeast [59, 60].
Because cohesion must remain functional for up to 50 yr until
meiosis resumes in human oocytes, cohesion is a good
candidate for a process that might fail with maternal age and
lead to increased aneuploidy.

Cohesion along chromosome arms keeps bivalents intact in
MI (Fig. 2A), and centromere cohesion holds sister chromatids
together in MII (Fig. 2D). A defect in cohesion distal to
crossover sites may result in a shift of chiasmata placement
(chiasmata slippage; Fig. 2B) or even premature bivalent
separation in MI (Fig. 2C), whereas reduced centromere
cohesion may result in premature separation of sister

chromatids in MII. The relationship between premature
chromosome separation, different positions of chiasmata, and
maternal age was first documented in mice in 1968 [61]. The
distal movement of chiasmata is now recognized as chiasmata
slippage, suggesting that loss of cohesion occurs with age. In
mice and Drosophila deficient in the meiotic cohesin protein
SMC1B, chiasmata slippage and premature chromosome
separation in oocytes were also observed. In both cases, the
loss of cohesion phenotype worsened with maternal age [62,
63], consistent with the idea that cohesion defects may
contribute to age-related aneuploidy.

Transgenic mice have been engineered to test two critical
parts of the cohesion hypothesis: 1) whether new cohesion can
be established after S phase, and 2) the stability of cohesins
with age. To address the first question, cleavage sites specific
for TEV protease were inserted into the endogenous locus of
REC8, the meiotic counterpart of SCC1 [64]. The engineered
sites allow TEV protease to mimic separase by cleaving REC8
and releasing cohesion. Microinjection of TEV protease into
these oocytes thus triggers chromosome separation in the
absence of endogenous wild-type REC8. To determine when
cohesion can be established, an additional transgene encoding
wild-type REC8 was conditionally activated. Wild-type REC8
expression in the fetus, before the onset of meiosis, prevented
TEV-mediated chromosome separation (Fig. 3). In contrast,
when wild-type REC8 expression was driven after birth,
exposure to TEV protease led to prematurely separated
chromosomes. These results show that cohesion can only be
established in S phase before birth, and once loaded, cohesin
proteins do not exchange after birth. The second part of the
hypothesis—stability of cohesin proteins—was tested in mice
by conditionally deleting the Smc1b gene [65]. When Smc1b
inactivation occurred shortly after birth, the initial amount of
SMC1B was sufficient to hold bivalents together and maintain
chiasmata placement for at least 8 mo in aging mice [65].
Together, these results suggest that cohesins load onto
chromosomes and establish cohesion only during fetal
development, and the cohesin complexes, once loaded, remain
functional until meiosis resumes.

Results from genetically perturbed models are consistent
with the cohesion hypothesis, but do not address what occurs
during the natural aging process. Staining for either SMC1B or
REC8 in naturally aged oocytes showed an age-dependent

FIG. 3. Schematic of experiments to test
when functional chromosome cohesion is
established. Transgenic mice with cleavage
sites specific for TEV protease on REC8 were
engineered [64]. A) Microinjecting TEV
protease into oocytes where bivalents were
held together by TEV-cleavable REC8 re-
sulted in complete bivalent and chromatid
separation. B) When a transgene encoding
Myc-tagged wild-type REC8 (WT REC8) was
expressed after birth, the introduction of
TEV protease also led to complete chro-
mosome separation. C) When WT REC8
was expressed in oocytes before birth,
bivalents remained intact even after micro-
injection of TEV protease.

CHIANG ET AL.

4 Article 3



decrease of chromosome-associated cohesins [55, 66, 67]. For
example, chromosome-associated REC8 levels gradually
decreased with age, by at least 90% by 12 mo of age [67].
Interestingly, aneuploidy incidence remained low at 12 mo old,
but increased dramatically by 15 mo. These results suggest that
cohesins are originally loaded in excess, and aneuploidy occurs
only when REC8 levels fall below a threshold. In addition,
total REC8 protein was similar between young and old oocytes,
further supporting the idea that once REC8 is lost from
chromosomes, it cannot be effectively reloaded. Although a
shift of chiasmata toward the distal end was also observed in
old oocytes when compared to their young counterparts,
complete separation of bivalents at MI was rare, suggesting that
the observed aneuploidies are not due to complete loss of
cohesins from chromosome arms [55, 67].

Centromere cohesion, on the other hand, has an important
function at MI: to physically link sister kinetochores to
promote attachment to one pole, or mono-orientation, so
reductional segregation of homologous chromosomes can take
place [59, 68]. Loss of cohesion at the core centromere in
fission yeast led to increased separation of sister kinetochores
and thus promoted erroneous biorientation in MI (Fig. 2B)
[68]. Similarly, in plants centromere cohesion is required for
mono-orientation, and increased separation of sister kineto-
chores resulted in lagging chromosomes and chromosome
segregation errors at anaphase [69, 70]. In mouse, an increased
separation of sister kinetochores at MI in old oocytes suggests
that centromere cohesion is indeed weakened with maternal
age. In addition, live imaging of individual young and old
oocytes through anaphase I showed a higher incidence of
lagging chromosomes in old oocytes, consistent with erroneous
MI attachments. Chromosome counts in the resulting eggs at
metaphase II often contained aneuploidies of single chroma-
tids, indicating a premature loss of centromere cohesion [55,
67].

Although the results in natural aging models are consistent
with the cohesion hypothesis, whether chromosome cohesion is
actually reduced in naturally aged oocytes was not directly
tested by any experimental perturbation. To directly target
cohesion, separase was prematurely activated by depleting
securin and preventing separase phosphorylation by CDK1 at
S1121 and T1342 [71–73]. Chromosome cohesion in old
oocytes was more susceptible to premature separase activation
compared to chromosome cohesion in young oocytes, as
shown by premature chromosome separation, demonstrating
that cohesion is indeed reduced with natural aging [74].
Together, all of these results in naturally aged mice indicate
that a deterioration of cohesion, especially at the centromere,
occurs with increasing age and leads to increased aneuploidy.

In humans, there are also clues that cohesion becomes
defective with age. When aneuploidy types were characterized
in oocytes from women of different ages by cytogenetic
approaches, aneuploidies due to single chromatids generally
exceeded whole chromosome aneuploidies [75–79]. This result
argues that defective cohesion must make a major contribution
to age-related aneuploidy. A recent study of human oocytes
found Smc1b mRNA levels to be similar between young and
old oocytes, but it is unclear whether SMC1B protein is made
in the mature oocyte [80]. Studies in mouse oocytes suggest
that cohesin proteins can load onto chromosomes only during S
phase, but what occurs in human oocytes remains unknown.

CONCLUSIONS

It is clear that a gradual loss of cohesin proteins from
chromosomes is a major factor in maternal age-related

aneuploidy in mouse models. Mouse is currently the
established animal model for studying age-related aneuploidy,
but we do not know how closely it mimics humans.
Deterioration of cohesion is likely a contributing factor in
humans because it is a highly conserved process, and the
prevalence of prematurely separated sister chromatids in
human oocytes suggests that cohesion is weakened or lost in
aged women. Other factors may also contribute to maternal
age-related aneuploidy in humans [3]. For example, the
chances of segregation errors seem to vary for different
chromosomes, so there may be chromosome-specific causes
that have not been thoroughly investigated [81]. Furthermore,
the timescales for the two organisms are very different:
whereas mouse cohesin proteins may be stable in complex and
maintained for up to 2 yr, can the same be true in humans,
where the proteins would then need to be stable for over 40 yr?
What mechanisms are in place to maintain cohesin complexes
and what determines the timescale (e.g., 2 yr in mice vs. 40 yr
in humans) are still open questions. Intriguingly, when adult
mice are put on moderate calorie-restrictive diets, female
reproductive lifespan is significantly extended, fertility and
offspring survival are improved even at very advanced ages
(over 20 mo old), and aneuploidy is reduced [24, 82]. Given
the recent findings linking cohesion loss to maternal age, diet
may affect the timescale of this important process.
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