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In most organisms, genome haploidization requires reciprocal DNA exchanges (crossovers)
between replicated parental homologs to form bivalent chromosomes. These are resolved to
their fourconstituent chromatids during twomeiotic divisions. In femalemammals, bivalents
are formed during fetal life and remain intact until shortly before ovulation. Extending this
period beyond≏35 years greatly increases the riskof aneuploidy in humanoocytes, resulting
in a dramatic increase in infertility, miscarriage, and birth defects, most notably trisomy 21.
Bivalent chromosomes are stabilized by cohesion between sister chromatids, which is me-
diated by the cohesin complex. In mouse oocytes, cohesin becomes depleted from chromo-
somes during female aging. Consistent with this, premature loss of centromeric cohesion is a
major source of aneuploidy in oocytes from older women. Here, we propose a mechanistic
framework to reconcile data from genetic studies on human trisomy and oocytes with recent
advances in our understanding of the molecular mechanisms of chromosome segregation
during meiosis in model organisms.

H
uman female fertility declines markedly

during the fourth decade of life, resulting

in an extended postreproductive lifespan. Ac-
cording to our current understanding, female

reproductive lifespan is curtailed by two forces.

First, the stock of germ cells (oocytes) present
in the ovary at birth (approximately one mil-

lion) becomes depleted throughout life. This

culminates in the menopause when the popu-
lation of oocytes dwindles to ≏1000 and the

hormonal triggers controlling the reproductive

cycle cease to function, resulting in cessation
of ovulation (te Velde et al. 1998; Broekmans

et al. 2007; Adhikari and Liu 2009). Meno-

pause typically occurs around the age of 50

yr and is remarkably consistent among diverse

populations (Lambalk et al. 2009; Kirkwood
and Shanley 2010). However, menopause is

preceded by a sharp increase in the incidence

of infertility, miscarriage, and birth defects
(notably Down’s syndrome, trisomy 21) from

the mid-30s onward (Hassold and Hunt 2001;

Nagaoka et al. 2012). This has major implica-
tions for human reproductive health, especially

in developed economies in which there is an

increasing trend for women to delay childbear-
ing until after the age of 35 (Schmidt et al.

2012).
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The formation of a diploid embryo requires

that sperm and egg contribute exactly one
copy of each chromosome. This necessitates a

specialized cell division known as meiosis, in

which haploid gametes are generated from dip-
loid precursors. The vast majority of meiotic

errors detected in human pregnancies result

from errors in female meiosis, whereas ,5%
are a result of errors in male meiosis (Hassold

and Hunt 2001). Although all autosomal chro-

mosomes are susceptible tomissegregation dur-
ing female meiosis (Handyside 2012; Fragouli

et al. 2013), most errors are not compatible

with development of embryos beyond the ear-
liest stages. These manifest clinically as failed

implantation, resulting in infertility. Some seg-

regation errors, notably those resulting in tri-
somy 13, 15, 16, 18, or 21, can develop to later

stages. Data from these cases indicate that all

except trisomy 16 (the most common chromo-
somal cause of miscarriage) occur at very low

frequency (,5%) up until the age of ≏35 yr

and then increase to varying extents thereafter
(Nagaoka et al. 2012). Such pregnancies either

abort spontaneously or, in rare cases, develop to

term giving rise to birth defects, such as Down’s
syndrome (trisomy 21), Patau’s syndrome (tri-

somy 13), or Edward’s syndrome (trisomy 18).

Of these, trisomy 21 is the most common, and
the incidence of trisomy 21 pregnancy has in-

creased dramatically in recent decades (Morris

and Alberman 2009; Loane et al. 2013).
The association between female age and the

incidence of Down’s syndrome was first docu-

mented in the 1930s (Penrose 1933), yet the
improbability of pregnancy in older women

was already acknowledged in biblical times. In-

fertility is now estimated to affect 15% of all
couples, and female age is considered to be the

major etiological factor (Sharma et al. 2013).

Despite the sustained increase in human life-
span, there is no convincing evidence of an up-

ward trend in the age at which female reproduc-

tive function declines (Ellison 2010). Because of
the widespread use of contraception and the

many social and economic factors influencing

human fertility rates, it is difficult to establish
the precise correlation between female age and

infertility in the general population. Data ob-

tained from the Hutterite community, who are

opposed to the use of birth control, indicate that
female fertility declines progressively from the

age of 20, andmore sharply from themid- to late

30s (Eaton andMayer 1953;Nonaka et al. 1994).
To address the possible confounding factor of

reduced frequency of sexual intercourse with

advancing age, a later study investigated the
probability of pregnancy in women aged 19–

39 yr in which the timing of intercourse was

known (Dunson et al. 2002). Although all age
groups had a fertile window of 6 d around the

time of ovulation, the probability of pregnancy

wastwiceashighforwomenaged19–26 yrcom-
pared with those aged 35–39 yr (Dunson et al.

2002). Data obtained from women undergoing

in vitro fertilization (IVF) treatment also show
a marked age-related decline in the chance of

pregnancy (Templeton et al. 1996; Sauer 1998).

Two lines of evidence from clinical infertil-
ity treatments provide definitive proof that the

oocyte lies at the heart of the female reproduc-

tive aging problem. First, the age-related decline
in female fertility is rescued by using oocytes

donated by younger women (Sauer 1998). Sec-

ond, evidence from clinical programs, in which
euploid oocytes were selected for use in treat-

ment on the basis of genome-wide analysis,

indicates that oocytes from older women have
an equivalent implantation potential to those

obtained from younger women (Geraedts et

al. 2011). Thus, defective chromosome segre-
gation during meiosis is sufficient to explain

the decline in reproductive function in premen-

opausal women. A key challenge, therefore, is
to understand what goes wrong during the mei-

otic divisions of oocytes ovulated toward the

end of the reproductive lifespan.

MEIOSIS IN THE CONTEXT OF
MAMMALIAN OOGENESIS

The inheritance of exactly one copy of each

chromosome during gametogenesis requires
two rounds of chromosome segregation follow-

ing a single round of DNA replication. This

contrasts with mitotic cell division, in which
daughter cells inherit two copies of each chro-

mosome by undergoing alternate rounds of
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DNA replication and chromosome segregation.

The first round ofmeiotic segregation (meiosis I
[MI]) is a reductional division involving dis-

junction of homologous chromosomes. This

is followed by equational segregation of sister
chromatids during meiosis II (MII).

The reductional division requires the estab-

lishment of physical linkages between paternal
and maternal homologs to form a unique biva-

lent (or tetrad) chromosome structure. In most

organisms, this is accomplished by reciprocal
exchange of DNA between homologous chro-

mosomes to generate crossovers (Neale and

Keeney 2006; Baudat et al. 2013). Maintenance
of the bivalent chromosome structure requires

that chiasmata (the cytological manifestation of

crossovers) are stabilized by arm cohesion distal
to the sites of crossover formation (Moore and

Orr-Weaver 1998; Petronczki et al. 2003). Dis-

solution of arm cohesion during anaphase I
converts bivalents to dyad chromosomes con-

sisting of two sisters linked by cohesion between

centromeres. Accurate segregation during MI
depends on sister centromeres adopting a uni-

fied, side-by-side configuration, which pro-

motes binding of their kinetochores to micro-
tubules emanating from the same spindle pole

(Hauf and Watanabe 2004). The resulting mo-

nopolar kinetochore–microtubule attachments
are unique to MI and are essential for the re-

ductional division. In contrast, sister centro-

meres biorient duringMII and establish bipolar
kinetochore–microtubule attachments (Hauf

and Watanabe 2004). On dissolution of centro-

meric cohesion during anaphase II, sisters seg-
regate to opposite poles (Fig. 1A).

Although the mechanics of meiosis are

broadly conserved between all sexually repro-
ducing organisms, meiosis in female mammals

is characterized by a number of distinctive fea-

tures. Strikingly, although regulated by geneti-
cally separable pathways (Dokshin et al. 2013),

female meiosis is coordinated with the protract-

ed process of oogenesis. Commencing during
fetal life, it is not completed until after the ma-

ture oocyte is fertilized. Thus, in stark contrast

to sperm, whose journey from diploid precur-
sor to haploid gamete commences just weeks

before fertilization, decades can elapse between

the formation and resolution of bivalent chro-

mosomes in oocytes. In addition, whereas male
meiosis results in the production of four sperm

atazoa, a single oocyte is the sole viable product

of female meiosis. Half of the chromosomes
from each of the twomeiotic divisions are eject-

ed in nonviable structures known as the first and

second polar bodies (Fig. 1B). This enables the
oocyte to retain the cytoplasmic resources to

support subsequent embryonic development.

Female meiosis is preceded by multiple
rounds of mitotic division, giving rise to several

million oogonia, which enter into meiotic pro-

phase I and undergo meiotic recombination,
following a round of premeiotic DNA replica-

tion. The resulting oocytes arrest in meiotic

prophase I, with their bivalent chromosomes
contained in a large nucleus, known as the

germinal vesicle (GV), surrounded by a small

amount of cytoplasm. A layer of flattened pre-
granulosa cells surrounds the oocyte to form

the primordial follicle. Primordial follicles are

recruited for growth throughout life. However,
growing follicles cannot develop to the pre-

ovulatory stage until after puberty. In sexually

mature females, follicle-stimulating hormone
(FSH) promotes granulosa cell proliferation

and production of estradiol, which triggers a

preovulatory surge of luteinizing hormone
(LH) (Fig. 1C) (McGee and Hsueh 2000; Edson

et al. 2009). The LH surge induces breakdownof

the intercellular junctions between the oocyte
and its surrounding granulosa cells, causing a

decline in oocyte levels of cAMP and activation

of the M-phase kinase Cdk1 (Mehlmann 2005;
Jaffe and Norris 2010; Von Stetina and Orr-

Weaver 2011). This drives the transition from

prophase arrest to M phase of MI, which is
marked by breakdown of the GV membrane

and assembly of the MI spindle. The MI spindle

then migrates to the oocyte cortex by an actin-
dependent mechanism to facilitate polar body

formation (Azoury et al. 2008; Schuh and Ellen-

berg 2008).
Anaphase I occurs at the oocyte cortex fol-

lowing dissolution of arm cohesion by the pro-

tease separase. Bivalents are converted to dyads,
and those that segregate to the outermost spin-

dle pole are lost to the first polar body, whereas
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Figure 1. Meiotic divisions and mammalian oogenesis. (A) Bivalent chromosome consisting of replicated
maternal and paternal homologs linked by a crossover (chiasma). Accurate segregation of homologs during
meiosis I (MI) depends on biorientation of bivalents, which necessitates monopolar attachment of sister
kinetochores. Dissolution of cohesion from chromosome arms during anaphase I (anaI) converts bivalents
to dyads. Dissolution of centromeric cohesion results in segregation of chromatids during anaphase II. (B,C)
Following the formation of bivalent chromosomes, oocytes arrest in prophase of MI surrounded by a layer
of pregranulosa cells to form primordial follicles. Primordial follicles are recruited for growth on an ongoing
basis. (Legend continues on following page.)
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those remaining in the oocyte biorient their sis-

ter centromeres and align on the MII spindle.
The oocyte is ovulated at this stage (≏36–38 h

after the LH surge in humans) and remains ar-

rested in MII by an activity known as cytostatic
factor (CSF). The fertilizing sperm induces

a calcium-signaling cascade, which inactivates

CSF, triggering completion of MII (Schmidt
et al. 2006; Swann and Lai 2012). Dissolution

of centromeric cohesion during anaphase II is

followed by segregation of sister chromatids (at
least one of which has recombined with its non-

sister homolog). Half of these are lost to the

second polar body. The oocyte’s haploid mater-
nal and paternal genomes are then separately

packaged in the male and female pronuclei of

the fertilized egg (1 cell zygote), in which they
undergo DNA replication in preparation for the

first zygotic division.

According to our current understanding,
oocytes ovulated throughout reproductive life

are derived from the pool of primordial folli-

cles established during fetal life. This is dramat-
ically reduced before birth and is, then, further

depleted throughout life. It is estimated that of

the approximately sevenmillion oocytes formed
during fetal life, one million remain at birth,

reducing to ≏400,000–600,000 by the time of

puberty and to ≏1000 by menopause (te Velde
et al. 1998; Broekmans et al. 2007; Adhikari and

Liu 2009). The vast majority of ovarian follicles

are lost by apoptotic cell death known as follic-
ular atresia (McGee and Hsueh 2000), and de-

pletion of the oocyte pool during reproductive

life is generally referred to as ovarian aging.
Ovarian aging occurs in parallel with the in-

creased incidence of meiotic segregation errors.

In summary, bivalent chromosomes estab-
lished by homologous recombination during

meiotic prophase are resolved to their four con-

stituent chromatids by stepwise loss of cohe-

sion during two successive meiotic divisions.

In female mammals, bivalents are formed in
utero, but are not resolved to dyads until short-

ly before ovulation. Dyads are not resolved to

chromatids until anaphase II is triggered by the
fertilizing sperm. Oocytes ovulated late in re-

productive life are derived from a depleted ovar-

ian pool and differ from their earlier counter-
parts in the duration of prophase I arrest. The

genetic evidence from oocytes and cases of tri-

somy (Nagaoka et al. 2012) indicate that ex-
tending this period beyond 35 yr results in a

dramatically increased incidence of segregation

errors during the meiotic divisions.

MOLECULAR MECHANISMS OF MEIOSIS
AND ANEUPLOIDY: CHROMOSOME
STRUCTURE

The establishment of physical linkages between

maternal and paternal homologs through recip-
rocal exchange of DNA is essential for genome

haploidization during mammalian gametogen-

esis. Meiotic recombination occurs during mei-
otic prophase I, which is classically divided into

distinct stages defined by chromosome cytology

(Fig. 2A). Recombination is initiated at DNA
double-strand breaks (DSBs) and it culminates

in the formation of double Holliday junctions

(dHJs), which, in humans, are resolved to form
crossovers. DSBs are created by the nuclease

Spo11 (Keeney and Neale 2006), which is tar-

geted to a subset of .25,000 recombination
hotpots, by the sequence-specific DNA-bind-

ing capacity of the histone methyltransferase,

PRDM9. Recombination between sex chromo-
somes is confined to a small region of homolo-

gy, called the pseudoautosomal region and, at

least in mouse, appears to be PRDM9 indepen-
dent (Baudat et al. 2013). Recombination be-

tween homologs, rather than sisters, is promot-

Figure 1. (Continued) Growing follicles do not develop to the preovulatory stage until after puberty when they
become responsive to follicle-stimulating hormone (FSH). Fully grown oocytes enterM phase following a surge
of luteinizing hormone (LH). During anaphase I, the outermost dyads are ejected in the first polar body (PB1).
The dyads remaining in the oocyte realign on the meiosis II (MII) spindle. The oocyte is then ovulated and
remains arrested at metaphase of MII until sperm entry triggers anaphase II when half of the chromatids are
ejected in the second polar body (PB2). Fertilization ismarked by formation of pronuclei, inwhich thematernal
and paternal haploid genomes are separately packaged.
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ed by rod-like, proteinaceous structures called

axial elements, which run along the length of

chromosomes and consist of cohesin, conden-
sin, and meiosis-specific proteins. In late pro-

phase (pachytene), the axial elements of homo-

logs become linked in a zipper-like manner by
transverse filaments to form the synaptonemal

complex (SC) inwhich recombination interme-

diates are processed to form dHJs (Page and

Hawley 2004).

DSB repair between homologs results in
two outcomes: crossovers and noncrossovers.

In humans andmice, noncrossovers outnumber

crossovers by an order of magnitude (Baudat
et al. 2013). Although crossover formation in-

volves reciprocal exchange of large chromosome
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Figure 2.Molecular regulation of meiotic chromosome structure. (A) Replicated maternal and paternal homo-
logs undergo meiotic recombination following entry into prophase I. The process is initiated by Spo11-medi-
ated double-strand break (DSB) formation. Axial elements support DSB formation and DNA repair from the
homolog. The synaptonemal complex (SC) promotes formation of doubleHolliday junctions (dHJs), which are
resolved to crossovers. Crossovers become visible as chiasmata in diplotene and oocytes then enter dictyate
(prophase I arrest). (B) Bivalent chromosomes are stabilized by arm cohesin distal to the chiasma. The cohesin
ring shown contains meiosis-specific subunits: the a-kleisin Rec8, Smc1b, forms a heterodimer with Smc3 and
Stag3, which regulates stability of Rec8-containing complexes. During anaphase I, separase cleaves phosphor-
ylated Rec8 on the chromosome arms. Cohesin at the centromere is protected by the phosphatase PP2A, which is
recruited there by Sgo12. Dyad chromosomes align on the meiosis II (MII) spindle and cohesin at the centro-
mere is cleaved during anaphase II. (C) Schematic summarizing themain elements of the “cohesin deterioration
hypothesis,” based on findings in mouse oocytes. Cohesin loaded in early oogenesis becomes depleted during
prolonged arrest in prophase I. This results in loss of bivalent structure, which, in mice, manifests as distally
associated homologs. Sister centromeres also lose their unified structure and frequently undergo premature
resolution followed by equational (shown) or reductional segregation.
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intervals that link homologs, noncrossovers re-

sult in very local nonreciprocal gene conversion
and do not connect homologs. Specification

of crossovers involves stabilization of recom-

bination proteins on selected DSB sites (Rey-
nolds et al. 2013; Qiao et al. 2014). Progression

through prophase I is regulated by the recom-

bination checkpoint, which monitors DSB re-
pair and chromosome synapsis by an ATR-de-

pendent mechanism (Hochwagen and Amon

2006) involving Hormad proteins in mammals
(Daniel et al. 2011). Crossover sites are tran-

siently marked by the DNA mismatch repair

complex Mlh1-Mlh3, and, following SC disas-
sembly, crossovers become visible as chiasmata

(Svetlanov and Cohen 2004). Oocytes then en-

ter a state of arrest in meiotic prophase I, also
known as dictyate (Fig. 2A).

Accurate segregation during MI requires at

least one crossover per pair of homologs. The
distribution of crossovers is determined in part

by PRDM9, a rapidly evolving protein, of which

40 allelic variants have been identified in hu-
mans (Baudat et al. 2013). In general, oocytes

formmore crossovers than sperm. Nevertheless,

the regulation of crossing over is thought to be
less rigorous in oocytes, and achiasmate homo-

logs, which fail to form the obligatory crossover

required for efficient disjunction, have been ob-
served in 10% of oocytes (Nagaoka et al. 2012).

These segregate as two univalent chromosomes

during anaphase I and account for a significant
fraction of aneuploidy in humans. Evidence

from cases of human trisomy indicates that

single chiasmate bivalents are also prone tomis-
segregation depending on the site of crossover

formation (Lamb et al. 1996). However, popu-

lation studies indicate that the relationship
between the chiasmate configurations and risk

of trisomy changes during female aging (Ro-

binson et al. 1998; Lamb et al. 2005; Oliver et
al. 2008; Ghosh et al. 2009), suggesting an in-

teraction with defects acquired subsequent to

crossover formation.
As a consequence of crossover formation

during meiotic recombination, cohesion be-

tween sister chromatids is essential for the sta-
bility of bivalent chromosomes. In mitosis and

meiosis, sister chromatid cohesion is mediated

by the evolutionarily conserved cohesin com-

plex (Nasmyth and Haering 2009). This com-
plex forms a large tripartite ring consisting of

a V-shaped heterodimer of Smc1 and Smc3,

which is closed by an a-kleisin subunit. The
cohesin ring topologically entraps replicated

DNA molecules and holds sister chromatids

together until the onset of anaphase (Nasmyth
and Haering 2009; Nasmyth 2011; Peters and

Nishiyama 2012). The a-kleisin subunit re-

cruits Pds5 and Scc3 (SA1/SA2), which regulate
release and stabilization of cohesin. Only the

cohesin complexes loaded during DNA repli-

cation confer cohesion capable of withstand-
ing the splitting forces exerted by bipolar kinet-

ochore–microtubule attachments (Nasmyth

2011; Peters and Nishiyama 2012). In accor-
dance with this, evidence from mouse oocytes

indicates that the cohesin complexes loaded ear-

ly in oogenesis are sufficient to maintain biva-
lent stabilityuntil cohesin is removed fromchro-

mosome arms during anaphase I (Revenkova

et al. 2010; Tachibana-Konwalski et al. 2010).
A number of meiosis-specific cohesin sub-

units have been identified (Fig. 2B). These in-

clude the conserved a-kleisin subunit Rec8,
which is a paralog of the mitotic a-kleisin

Rad21/Scc1. Mammalian meiocytes also con-

tain Smc1b, a meiosis-specific ortholog of the
mitotic Smc1 (Smc1a), and a paralog of SA1/2,
known as STAG3 (McNicoll et al. 2013). An

additional meiosis-specific a-kleisin subunit,
called Rad21L, has recently been identified in

mammals and is present primarily during early

prophase (Gutierrez-Caballero et al. 2011; Ishi-
guro et al. 2011; Lee andHirano 2011).Meiosis-

specific cohesin subunits, together with mitotic

subunits, form up to six different cohesin com-
plexes in mammalian meiosis (Lee and Hirano

2011;McNicoll et al. 2013).However, onlyRec8-

containing complexes confer cohesion inmouse
oocytes (Tachibana-Konwalski et al. 2010).

The properties and functions of Rec8 are

ideally tailored to support genome haploidiza-
tion. First, Rec8 is important for a normal level

and distribution of DSBs, and facilitates recom-

bination between homologs rather than sisters
(Kugou et al. 2009; Kim et al. 2010). Second,

Rec8 enables centromeric cohesion to be pro-
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tected from separase during anaphase I. Unlike

Scc1, cleavage of Rec8 by separase depends on
its phosphorylation, which, in budding and fis-

sion yeast, is mediated by Casein kinase 1d and

Cdc7-Dbf4 (Ishiguro et al. 2010; Katis et al.
2010). Centromeric Rec8 is dephosphorylated

by PP2A and is, consequently, protected from

separase during anaphase I. Protection of cen-
tromeric cohesion is essential for bipolar attach-

ment and accurate segregation of sisters during

anaphase II. PP2A is recruited to centromeres
by orthologs of the Drosophila Mei-S332 pro-

tein, known as Shugoshin (Sgo) proteins (Gu-

tierrez-Caballero et al. 2012;Watanabe 2012). In
mouse oocytes, protection of centromeric co-

hesion is mediated by Sgol2 (Shugoshin-like

protein 2), one of twomembers of the Sgo fam-
ily expressed in mammals (Fig. 2B) (Lee et al.

2008; Llano et al. 2008).

Monopolar attachment of sister kineto-
chores on the MI spindle is essential for bi-

orientation of bivalents and, hence, accurate

segregation of homologs. In budding yeast, mo-
nopolar attachment is mediated by the monop-

olin complex (Toth et al. 2000) and, in fission

yeast, by Moa1 and Rec8 at the core centromere
(Watanabe 2012). Recently, a meiosis-specific

kinetochore protein (Meiken) has been report-

ed to facilitate monopolar attachment in mouse
oocytes (Kim et al. 2014). Monopolar attach-

ment in fission yeast is also promoted by chias-

mata (Hirose et al. 2011; Sakuno et al. 2011).
Consistent with this, sister kinetochores of uni-

valent chromosomes frequently establishmicro-

tubule attachments with both poles of the MI
spindle inmouseoocytes (LeMaire-Adkins et al.

1997; Kouznetsova et al. 2007; Nagaoka et al.

2011) and yeast (Sakuno et al. 2011). Indeed,
recent findings indicate that cleavage of Rec8

specifically at centromeres promotes biorienta-

tion of univalent chromosomes in mouse oo-
cytes (Tachibana-Konwalski et al. 2013). This

suggests that, as in fission yeast, centromeric

Rec8 is important formono-orientationof sister
kinetochores in mammalian oocytes.

Insight into the importance of cohesin in

stabilizing bivalent chromosomes during the
protracted period of prophase arrest in mam-

malian oocytes came from the Smc1b2/2

mouse. It was found that Smc1b2/2 oocytes,

fixed during prometaphase I, show premature
resolution of chiasmata and separation of sister

centromeres. Crucially, the prevalence and se-

verity of these defects increased during an ex-
tended period of prophase arrest (Hodges et al.

2005). Subsequently, studies in wild-type mice

indicated that Rec8-containing cohesin com-
plexes become depleted from oocyte chromo-

somes during female aging (Liu and Keefe 2008;

Chiang et al. 2010; Lister et al. 2010). Oocytes
with reduced chromosomal cohesin showed an

increased incidence of homologous pairs with-

out visible chiasmata, which, instead, remained
associated at the telomeres (Fig. 2C). This was

accompanied by a reduction in the proportion

of single-chiasmate bivalents (Lister et al. 2010),
suggesting that single chiasmate bivalents are

particularly susceptible to destabilization dur-

ing female aging.
Although destabilization of chiasmata is

likely to be an effect of depletion of Rec8-con-

taining complexes from chromosome arms,
Rec8 at centromeres was also dramatically re-

duced. This was associated with an increased

distance between sister centromeres, such that
the majority of sister pairs appeared as twowell-

separated foci (Chiang et al. 2010; Lister et al.

2010). In addition, recruitment of the centro-
meric cohesin protector Sgol2 was reduced in

wild-type oocytes from aged females and in

Smc1b2/2 oocytes from young females (Lister
et al. 2010). These data suggest that depletion of

centromeric Rec8 is associated with disruption

of the unified structure of sister centromeres
and reduced recruitment of its own protector.

Consistent with the latter, prematurely separat-

ed sisters are prevalent in MII-arrested oocytes
from aged females (Chiang et al. 2010; Lister

et al. 2010; Yun et al. 2014).

Cohesin complexes identified in the mouse
also mediate chromosome cohesion in human

oocytes. It was initially reported that chromo-

some-associated cohesin in human oocytes
showed no marked reduction in the age range

18–34 yr (Garcia-Cruz et al. 2010a). More re-

cently, however, immunofluorescence labeling
of human ovarian sections indicated a signifi-

cant reduction in the levels of Rec8 and Smc1b
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during female aging (Tsutsumi et al. 2014). Al-

though significant, the magnitude of the effect
was quite modest, possibly caused by the pres-

ence of soluble cohesin (not associated with

chromosome axes), which, in mouse oocytes,
does not appear to decline during female

aging (Chiang et al. 2010). Further support

for a cohesin defect in human oocytes comes
from the growing body of evidence indicating

that premature resolution of centromeric cohe-

sion is a major route to aneuploidy in oocytes
of older women (Pellestor et al. 2006; Handy-

side 2012).

In conclusion, the age-related deterioration
of bivalent structure in Smc1b2/2 oocytes, to-

gether with depletion of chromosomal cohe-

sin in wild-type oocytes, gave ground to the
“cohesin deterioration hypothesis.” According

to this idea, depletion of cohesin below a certain

threshold results in destabilization of chiasmata
and separation of sister centromeres, which,

in turn, compromises monopolar attachment

during MI and bipolar attachment during MII
(Fig. 2C). Although this hypothesis provides

a plausible molecular link between female aging

and missegregation during the meiotic divi-
sions, the primary causes and mechanisms un-

derlying cohesin depletion remain to be eluci-

dated. As mentioned above, overall Rec8 level
does not decline during female aging (Chiang

et al. 2010), which implies that depletion of

oocyte chromosomal cohesin is a problem of
cohesin retention rather than replenishment.

Whether this is a consequence of incomplete

inhibition of separase, accumulation of dam-
age to cohesion subunits, or age-related changes

in chromatin structure remains to be estab-

lished.

MECHANISMS OF MEIOSIS AND
ANEUPLOIDY: CHROMOSOME
SEGREGATION

As discussed above, accurate segregation of bi-
valents requires that they establish stable bipolar

attachments on the MI spindle, which depends

on mono-orientation of sister kinetochores
(Fig. 2B). In mouse oocytes, bivalent–spindle

attachments undergo multiple rounds of error

correction before anaphase onset (Kitajima

et al. 2011). This is inhibited by an Aurora B/
C kinase inhibitor (Kitajima et al. 2011). Con-

sistent with this, Aurora B promotesmonopolar

attachment in budding (Monje-Casas et al.
2007) and fission yeast (Hauf et al. 2007), and

is required to correct aberrant attachments dur-

ing MI (Sakuno et al. 2011).
In addition to its role as a protector of cen-

tromeric cohesin, Sgol2 serves multiple func-

tions at the kinetochore, including interactions
with Aurora B and its kinase targets (Gutierrez-

Caballero et al. 2012). Consistent with this,

recent evidence indicates that Sgol2 promotes
biorientation of bivalents in mouse oocyte. Oo-

cytes lacking Sgol2 fail to form end-on kineto-

chore–microtubule attachments. Instead, they
show lateral attachments (Rattani et al. 2013),

which are typically observed during early pro-

metaphase (Kitajima et al. 2011). A recent re-
port indicates that lateral attachments are also

prevalent in mouse oocytes from older females

(Shomper et al. 2014). Taken together, these
findings raise the possibility that, in addition

to increasing the risk of cohesin cleavage at cen-

tromeres, defects in Sgol2 localization (Lister
et al. 2010) may impede correction of aberrant

kinetochore–microtubule attachments before

the onset of anaphase I in oocytes from older
females.

In mouse oocytes (Kudo et al. 2006), as in

other meiotic systems (Petronczki et al. 2003),
cleavage of Rec8 by the protease separase con-

verts bivalents to dyads during anaphase I. In

mitotic cells, the onset of anaphase is coordi-
nated with the establishment of stable bipolar

attachments by the spindle assembly check-

point (SAC). In the presence of unattached ki-
netochores, active SAC components inhibit

anaphase-promoting complex (APC/C)–me-

diated proteolysis of the separase inhibitors se-
curin and cyclin B (Musacchio and Salmon

2007; Lara-Gonzalez et al. 2012). Degradation

of cyclin B and securin is also required for ana-
phase onset in mouse oocytes (Herbert et al.

2003; Touati et al. 2012) and, as in mitosis, the

SAC regulates the timing of this (Homer et al.
2005; Niault et al. 2007; McGuinness et al.

2009). In addition, mouse oocytes arrest in MI
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when exposed to the microtubule-depolymer-

izing drug nocodazole, which generates unat-
tached kinetochores (Wassmann et al. 2003).

Although mammalian oocytes appear to

be equipped with a functional SAC, its ability
to detect aberrant kinetochore–microtubule

attachments during MI appears to be limited.

For example, univalent chromosomes, which
are a major source of aneuploidy in human

oocytes, would be expected to activate the SAC

because of the absence of tension. Consistent
with this, oocytes of some mouse strains arrest

in MI when a majority of chromosomes exist as

univalents (Woods et al. 1999).Moreover, in fis-
sion yeast (Sakuno et al. 2011), anaphase onset

is delayed in the presence of univalent chromo-

somes, and this delay is proportionate to the
number of univalents present. However, univa-

lents eventually satisfy the SAC through biorien-

tation of sister centromeres in yeast (Sakuno
et al. 2011) and mouse oocytes (Le Maire-Ad-

kins et al. 1997; Kouznetsova et al. 2007; Na-

gaoka et al. 2011).
Consistent with the idea that the oocyte SAC

may not be very sensitive, oocytes from women

of all ages show aneuploidy as a result of loss or
gain of dyads during anaphase I (Pellestor et al.

2006). This presumably arises because of the

failure to detect univalent chromosomes or fail-
ure of bivalents to biorient correctly before ana-

phase I. Although it has been proposed that

defects in SAC function might explain the age-
related increase in oocyte aneuploidy, oocytes

from aged mice do not show accelerated onset

of anaphase and they arrest in MI in response to
nocodazole (Duncan et al. 2009; Lister et al.

2010; Sebestova et al. 2012). Furthermore, pre-

mature separation of sister centromeres, which
cannot be detected by the SAC, is the major

source of aneuploidy in oocytes from older

women (see below) (Fig. 3B) (Pellestor et al.
2003).

In conclusion, although current evidence

suggests that the SAC in mammalian oocytes
may not be very sensitive, it does not support a

major role for the SAC in thematernal age effect.

However, it is possible that aging is associated
with deterioration of the mechanisms responsi-

ble for activating the SAC through destabiliza-

tion of erroneous kinetochore–microtubule at-

tachments. This may be linked to structural
changes at thekinetochores arising fromcohesin

depletion and reduced recruitment of Sgol2.

TOWARD A MECHANISTIC FRAMEWORK
FOR UNDERSTANDING THE MATERNAL
AGE EFFECT

Our current understanding of the pathways
leading to female meiotic errors is based on

genetic studies on trisomy cases and chromo-

somal analyses of oocytes from clinical IVF pro-
grams. As mentioned above, the trisomy data

provide information on the risk of missegrega-

tion associated with the position and number
of crossovers formed during fetal development.

Because of its prevalence and compatibility with

life, trisomy 21 had been the focus of popula-
tion studies to unravel the relationship between

maternal age and risks associated with specific

chiasmate configurations (Oliver et al. 2008;
Ghosh et al. 2009). In contrast to the trisomy

data, which are based on clinically recognized

pregnancies, oocyte analyses provide informa-
tion on meiotic missegregation, irrespective of

the potential for implantation. However, exog-

enous gonadotropins, which are used to stim-
ulate growth of multiple ovarian follicles, may

induce chromosome missegregation (Roberts

et al. 2005; Baart et al. 2007). Despite this, all
large-scale studies indicate that the incidence

of oocyte aneuploidy increases from the age of

≏35 yr, and dramatically from the age of ≏38
yr. In addition to the increase in the overall pro-

portion of aneuploid oocytes, women .38 yr

show a 10-fold increase in aneuploidy involving
multiple chromosomes (Pellestor et al. 2006;

Handyside et al. 2012; Fragouli et al. 2013).

Although early studies were based on cyto-
genetic analysis of oocytes obtained fromwom-

en undergoing IVF treatment, more recent

studies involve whole genome amplification
combined with array-based comparative ge-

nome hybridization (CGH), or sequencing. Re-

markably, despite the technical challenges, anal-
ysis of polar body DNA by array CGH shows

high concordance (.90%)with the female pro-
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Figure 3. Chromosome structure and missegregation in human oocytes and maternal trisomy. (A) Schematic
showing the types of aneuploidy involving premature separation of sister centromeres described in human
oocytes. (B) Graph showing the proportions of whole chromosome and chromatid errors reported from
cytogenetic analysis of meiosis II (MII)-arrested human oocytes (n ¼ 1397) from women of different ages.
(Calculated from data in Pellestor et al. 2003.) (C) Graph showing the incidence of segregation errors occurring
during each of the meiotic divisions in oocytes from younger and older women thought to be at high risk of
meiotic aneuploidy. Based on array-comparative genome hybridization (CGH) analysis of both polar bodies
from human oocytes/zygotes (n ¼ 420) (Fragouli et al. 2013). (D) Schematic showing meiosis I (MI)- and
meiosis II (MII)-type trisomy based on pericentromeric markers in the two maternally inherited copies. Graph
shows the number of crossovers observed in MI- and MII-type trisomy 21 children across three maternal age
groups (Oliver et al. 2008). (E)Model showing the predicted effect of a progressive depletion of arm cohesion on
the structure of univalents and single chiasmate bivalents. Depletion of arm cohesion distal to the chiasma is
predicted to induce its premature resolution. (Legend continues on following page.)
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nucleus (Geraedts et al. 2011; Handyside 2013).

However, because these techniques are generally
used to identify euploid zygotes for women

known to be at high risk of meiotic errors, the

incidence of aneuploidy is increased compared
with the earlier cytogenetic studies. Reassur-

ingly, although all chromosomes are susceptible

to missegregation, the combined data from a
number of studies indicate that the highest fre-

quency of missegregation is observed for chro-

mosomes 15, 16, 21, and 22 (Fragouli et al.
2011, 2013; Handyside et al. 2012), all of which

have been identified in trisomic pregnancies

(Risch et al. 1986).
A growing body of evidence indicates that

aneuploidy in human oocytes is predominantly

caused by premature separation of sister cen-
tromeres, resulting in loss of the dyad structure

required for accurate segregation during MII

(Fig. 3B). This was first reported by Roslyn An-
gell (1991) and was subsequently found to be

strongly correlated with female age (Pellestor

et al. 2003, 2006). Cytogenetic analysis of large
series of MII-arrested oocytes indicated that the

majority of aneuploid oocytes from younger

women (,30 yr) had errors involving whole
chromosomes (dyads). However, missegrega-

tion of chromatids was the predominant cause

of aneuploidy in oocytes of older women
(Fig. 3B) (Pellestor et al. 2003). The prevalence

of separated sisters has also been confirmed in

molecular genetic studies (Gabriel et al. 2011;
Handyside et al. 2012; Fragouli et al. 2013),

ruling out the possibility that single chroma-

tids were an artifact of chromosome-spreading
techniques. The majority of MI errors from

older women involve loss or gain of a single

chromatid (Pellestor et al. 2006; Handyside
2012), indicating that separated sisters segregate

equationally during MI (Fig. 3A1,A2). Howev-

er, the presence of a pair of separated sisters in

MII-arrested oocytes has also been reported in
humans (Angell 1997; Sandalinas et al. 2002)

and mice (Chiang et al. 2010). These findings

indicate that premature resolution of centro-
meric cohesion is not always accompanied by

equational segregation. Although reductional

segregation accompanied by centromere sepa-
ration does not cause aneuploidy in the MII-

arrested oocyte, the presence of two free chro-

matids is a potent precursor of missegregation
during anaphase II (Fig. 3A).

Given the prevalence of premature sister

centromere separation, it is not surprising that
oocytes of older women show an increased in-

cidence of segregation errors during anaphase II

(Fig. 3C) (Kuliev et al. 2011; Handyside et al.
2012; Fragouli et al. 2013). Although stochastic

segregation of prematurely separated chroma-

tids can result in the restoration of euploidy
during anaphase II, the presence of multiple

free chromatids inMII-arrested oocytes of older

women greatly reduces the likelihood of this
(Handyside et al. 2012; Fragouli et al. 2013).

Moreover, widespread loss of centromeric cohe-

sion may cause spindle instability, which has
been reported in MII-arrested oocytes from

older women (Battaglia et al. 1996; Volarcik

et al. 1998; Coticchio et al. 2013). This would
contribute to missegregation of intact dyads, as

well as prematurely separated sisters. Spindle

instability could also arise as a result of difficulty
in biorienting sisters whose centromeres are not

completely separated, but are distant from each

other, as reported in MII oocytes from older
mice (Chiang et al. 2010; Yun et al. 2014) and

women (Duncan et al. 2012).

In conclusion, the evidence from chromo-
somal analyses indicates that oocytes from older

women violate two cardinal rules of meiosis:

Figure 3. (Continued) The threshold level of cohesin required to maintain bivalent stability depends on the
distance between the chiasma and the telomere. Bivalents with pericentromeric chiasma are, therefore, predicted
to bemore stable than those with amore distally posited chiasma. The predicted segregation patterns duringMI
are based on (1) evidence that premature separation of sister centromeres is the major cause of aneuploidy in
human oocytes, (2) data from genetic analyses of trisomy 21 showing the incidence of MI- and MII-type errors
associated with each of the chiasmate configurations stratified by maternal age (Oliver et al. 2008), and (3) find-
ings in yeastmeiosis (Sakuno et al. 2011) andmouse oocytes (Kouznetsova et al. 2007) that sister kinetochores of
univalent chromosomes establish bipolar attachments on the MI spindle.
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(1) they fail to reliably protect centromeric

cohesion until the onset of anaphase II, and
(2) they do not reliably establish monopolar

kinetochore–microtubule attachments during

MI. This is consistent with findings in mouse
oocytes (Chiang et al. 2010; Lister et al. 2010)

and indicates that cohesin at centromeres, and

the mechanisms responsible for its protection,
become compromised during female aging.

However, it remains to be established whether

human oocytes show an age-related decline in
levels of cohesin and its protectors Sgol2/PP2A,
specifically at centromeres.

Although the defect in centromeric cohe-
sion in oocytes of older women is likely to be a

major cause ofmissegregation during bothmei-

otic divisions, data from studies on human tri-
somy indicate that the risk of missegregation is

also influenced by the chiasmate configurations

created during fetal life. In these studies, the po-
sition and number of crossovers is inferred from

the twomaternally inherited copies (Lamb et al.

1997). Furthermore, the origin of the two ma-
ternally inherited copies can be inferred from

analysis of pericentromeric markers. Heterozy-

gosity implies that homologs failed to segregate
reductionally, and these are referred to as MI-

type trisomy. Homozygosity, on the other hand,

is indicative of failure to accurately segregate sis-
ters during anaphase II, and these are referred to

as MII-type trisomy (Fig. 3D). Importantly, the

categorization of trisomy cases into MI- and
MII-type errors does not necessarily correspond

to the meiotic division in which the rules of

meiosis were violated or, indeed, to the division
inwhich a copy number error would be detected

by chromosomal analysis of oocytes or polar

bodies (for example, see Fig. 3E).
Chiasmate configurations inferred from

cases of trisomy21 include no crossover (achias-

mate), 1 crossover (single chiasmate), andmore
than 1 crossover (Fig. 3D) (Lamb et al. 1997).

The proportion of achiasmate cases is highest

for young mothers (,29 yr); this declines
sharply for mothers aged 29–34 yr, but increas-

es again thereafter (Lamb et al. 2005;Oliver et al.

2008; Ghosh et al. 2009). The nonlinear decline
prompted the suggestion of an interaction with

a defect acquired during maternal aging (Oliver

et al. 2008). The proportion of single chiasmate

bivalents increases with maternal age (Fig. 3D),
and this is accompanied by a dramatic shift in

the risk associated with the site at which the

single crossover is formed. The vast majority
of single chiasmate cases born to younger wom-

en show a crossover in the subtelomeric region

(most distal 6.5 Mb) (Lamb et al. 2005). As
women get older, the proportion of trisomic

childrenwithmedially positioned crossovers in-

creases (Lamb et al. 2005; Oliver et al. 2008;
Ghosh et al. 2009). Furthermore, single pericen-

tromeric crossover, positioned in themost prox-

imal 3.5 Mb (Lamb et al. 2005), emerge as a risk
factor for trisomy 21 as women get older (Fig.

3D) (Oliver et al. 2008; Ghosh et al. 2009). Thus,

the data indicate that absence of crossovers and
a single crossover positioned close to the telo-

mere are the most susceptible to missegregation

in oocytes of younger women. Although achias-
mate homologs persist as a significant risk in

older women, bivalents with more medially po-

sitioned crossovers and those with single peri-
centromeric crossovers become susceptible dur-

ing female aging (Fig. 3D).

As with chromosome 18 (Bugge et al. 1998),
segregation of chromosome 21 univalents is

always associated with MI-type errors (Lamb

et al. 1996; Oliver et al. 2008). Similarly, biva-
lents with a single distal chiasma are associated

with MI-type trisomy 21 (Lamb et al. 1996; Ol-

iver et al. 2008) and 16 (Nagaoka et al. 2012).
In general, medial crossovers positioned to-

ward the telomere appear to be prone to MI-

type errors, whereas those that are closer to the
centromere are prone to MII-type errors. Nota-

bly, bivalents with single pericentromeric cross-

overs observed among trisomy 21 children born
to older mothers are associated exclusively with

MII-type errors (Oliver et al. 2008; Ghosh et al.

2009).
It could be argued that the shift in risk as-

sociated with the various chiasmate configura-

tions described above simply reflects differences
between oocytes ovulated early and late in re-

productive life. For example, according to the

“production line hypothesis,” oocytes formed
later in gestation have fewer crossovers and are

the last to be ovulated (Edwards 1970). How-
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ever, a recent analysis of human fetal ovaries

indicates that there is no such gradient in the
number of crossovers formed during human

development (Rowsey et al. 2014). Therefore,

the more plausible explanation is that the shift
in susceptibility of specific chiasmate configu-

rations is a consequence of defects in chromo-

some structure acquired during an extended pe-
riod of prophase arrest.

In relation to the persistence of univalent

chromosomes as a risk factor for trisomy 21 in
oocytes of older women, it is likely that compro-

mised centromeric cohesion is a contributing

factor. Assuming that, as in the mouse (Kouz-
netsova et al. 2007), univalent chromosomes

evade the SAC by biorienting sisters, the com-

bined effect of biorientation and loss of centro-
meric cohesionwould greatly increase the riskof

equational segregation of both sets of sisters

during anaphase I. As a consequence, the MII-
arrested oocytes would contain two free chro-

matids with a high risk of both being retained in

the oocyte during anaphase II, resulting in an
MI-type error (Fig. 3E). In contrast, the more

robust protection of centromeric cohesion in

oocytes of young women is likely to increase
the probability of both univalents remaining

intact, presumably resulting in their random

segregation during anaphase I. Interestingly,
oocytes of Sycp32/2 mice, which contain 1–4

univalent chromosomes, most commonly re-

tain one intact univalent and one chromatid
during MI in young females (Kouznetsova

et al. 2007). This implies that one univalent

stochastically loses centromeric cohesion and
segregates equationally during MI (Fig. 3E). In

this event, the chance of restoring euploidy dur-

ing anaphase II would be increased compared
with oocytes containing two free chromatids.

In relation to the risk of trisomy 21 aris-

ing from single chiasmate bivalents, the shift
from subtelomeric to more centrally positioned

crossovers during maternal aging is consistent

with a progressive depletion of arm cohesin.
In the case of a single subtelomeric chiasma,

bivalent stability depends on the relatively short

stretch of arm cohesion between the site of
crossover formation and the telomere. This con-

figuration, therefore, has a low threshold for

cohesin loss and the chiasma becomes vulnera-

ble to premature resolution even in youngwom-
en. As predicted by the cohesin deterioration

hypothesis, the more extensive depletion of co-

hesin during prolonged prophase arrest is likely
to render more medially positioned chiasmata

vulnerable to premature resolution in oocytes

of older women. In both cases, the segregation
pattern of prematurely disjoined homologs dur-

ing anaphase I is predicted to be similar to that

of univalent chromosomes, resulting in an in-
creased risk of an MI type error (Fig. 3E). In

support of the idea that chiasmata become pre-

maturely resolved in human oocytes, studies on
chromosome 16 indicate that the incidence of

unpaired homologs in fully grownMI oocytes is

more than double that observed in fetal oocytes
(Garcia-Cruz et al. 2010b).

The emergence of bivalents with single peri-

centromeric crossovers as a risk factor in oo-
cytes of older women, resulting exclusively in

MII-type trisomy 21 (Oliver et al. 2008; Ghosh

et al. 2009), suggests that, unlike other single
chiasmate configurations, they undergo normal

reductional segregation duringMI. It is possible

that the long stretch of distal arm cohesion
makes pericentromeric chiasmata more resis-

tant to the effects of arm cohesin depletion dur-

ing prolonged prophase arrest. The persistence
of a chiasma close to the centromere may, there-

fore, promote mono-orientation of sister cen-

tromeres and reductional segregation during
anaphase I. This, coupled with loss of centro-

meric cohesion, would result in a pair of single

sisters from the same homolog, which would
culminate in an MII-type error if both are re-

tained in the oocyte during anaphase II (Fig.

3E). Whether the presence of a crossover close
to the centromeremight render centromeric co-

hesion particularly vulnerable to premature dis-

solution is currently unknown.
A surprisingly high proportion of trisomy

21 cases show multiple crossovers across all ma-

ternal ages (Fig. 3D). A recent study of trisomy
cases inferred to have two crossovers indicates

that the risk of MI-type trisomy is increased

when they are positioned close together on the
long armof chromosome 21 (Oliver et al. 2012).

Assuming that the stability of both chiasmata
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depends on the maintenance of arm cohesion

between them, it could be postulated that the
risk associated with shorter intercrossover dis-

tances is analogous to a single subtelomeric

crossover as discussed above. In addition, it was
reported that bivalents with two chiasmata are

at risk of MII-type errors if one is positioned in

the pericentromeric region (Oliver et al. 2012).
Consistent with findings for single chiasmate

pericentromeric bivalents, the proximity of the

crossover to the centromere is positively cor-
related with the risk of missegregation in older

women (Oliver et al. 2012). Together, these data

imply that the proposed protective effect of
an increased number of crossovers (Kong et al.

2004) does not apply to all chromosomes. In the

case of small chromosomes, the data from triso-
my 21 cases indicate that the risk of missegre-

gation is increased if two crossovers are located

in close proximity or in which one of a pair of
crossovers is located too close to the centromere.

The pathways to missegregation proposed

above (Fig. 3E) reconcile age-related premature
loss of centromeric cohesion with evidence

from population-based studies on trisomy 21.

However, it is worth noting that the correla-
tion between the risk of trisomy 21 and specific

chiasmate configurations in older women is

complicated by the fact that oocytes from older
women are frequently aneuploid for multiple

chromosomes (Handyside et al. 2012; Fragouli

et al. 2013; Franasiak et al. 2014), which is as-
sociated with early developmental arrest. Thus,

reduced prevalence of some chiasmate con-

figurations may reflect early embryonic loss,
rather than a real age-related shift in the risk

of missegregation. The ongoing development

of robust technologies for DNA sequencing of
oocytes and polar bodies has the potential to

provide a more comprehensive picture of the

relationships among chiasmate configurations,
female age, and the risk of missegregation.

CONCLUDING REMARKS

Advances in our understanding of the mecha-

nisms responsible for regulating chromosome
structure and movement during meiosis have

set the scene for formulating and testing hy-

potheses relating to the molecular mechanisms

underlying aneuploidy in oocytes ovulated late
in life. A growing body of evidence indicating

thatmouse oocytes showan age-related increase

in chromosome missegregation (Chiang et al.
2010; Lister et al. 2010; Sebestova et al. 2012)

also represents a significant advance. These re-

cent findings challenge the long-held view
that mice show only a very minor age-related

increase in oocyte aneuploidy (Brook et al.

1984). The disparity may be linked to the use
of live-cell imaging to monitor chromosome

movements during anaphase and/or the use of
older females (.12 mo) in more recent studies.
In any case, the findings imply that themouse is

a useful model for female reproductive aging,

which, together with increasingly powerful ge-
netic techniques, opens up a new era in which it

is possible for hypothesis-driven research to un-

ravel the molecular mechanisms and primary
causes of chromosome missegregation during

female reproductive aging. However, experi-

ments involving agedmice require special atten-
tion to control for variables, such as diet, envi-

ronment, reproductive history, and obesity.

In parallel with advances in our understand-
ing of the molecular mechanisms underlying

chromosome segregation errors during repro-

ductive aging, a number of emerging clinical
options may help improve reproductive out-

come for older women. Without the use of do-

nated oocytes, conventional IVF treatments can
do little to increase the chance of pregnancy for

older women. Although the outcome of IVF

treatmentmay be improved by selecting euploid
oocytes (Geraedts et al. 2011), whether any in-

terventions can be designed to rescue fertility

in women who produce no euploid oocytes re-
mains controversial. Procedures, such as oocyte

cytoplasmic donation or mitochondrial aug-

mentation of MII-arrested oocytes (Chappel
2013), have been proposed as a means of boost-

ing fertility in older women. However, given the

growing body of evidence that defects in centro-
meric cohesion are a major cause of aneuploidy

in human oocytes from older women, it is diffi-

cult to envisage how interventions, such as mi-
tochondrial augmentation, could prevent these

from segregating randomly during anaphase II.

Human Aneuploidy, Infertility, and Maternal Age

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a017970 15

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


The possibility of developing effective in-

terventions at an earlier stage of oogenesis was
raised by a recent report that fertility of post-

menopausalwomen could be restored byex vivo

pharmacological activation of Akt to induce
activation of primordial follicles remaining in

the ovary aftermenopause. Remarkably, regraft-

ing of the treated ovarian tissue resulted in preg-
nancy, but only in young women who had un-

dergone premature ovarian failure (Kawamura

et al. 2013). The efficacy of this approach in
restoring fertility in older women may depend

on the extent to which the resting pool of oo-

cytes is susceptible to depletion of chromosom-
al cohesin.

Whatever the promise of scientific and tech-

nological developments, the trend toward de-
layingmotherhood is ultimately a lifestyle issue.

Beyond the personal tragedy of involuntary

childlessness, this problem has major implica-
tions for health economics. These include costs

associated with prenatal testing, together with

the medical costs of spontaneous and induced
abortions. Moreover, older women who carry a

pregnancy to term are at an increased risk of a

variety of complications, including preterm de-
livery, fetal death, and stillbirths (Schmidt et al.

2012). There are also broader social and eco-

nomic implications related to the demographic
structure in developed economies. Despite these

societal challenges, the issue of female repro-

ductive aging receives little or no attention in
the public health forum. Given the increasing

dimensions of the problem, there is a pressing

need for a more holistic approach to family
planning, inwhich the current emphasis on pre-

venting pregnancy is accompanied by informa-

tion and education on the risks associated with
delaying it. Real progress in combating this

growing problem in reproductive health will

also require that policymakers identify and ad-
dress the socioeconomic barriers facing younger

women who wish to start a family.
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