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Chromosome errors, or aneuploidy, affect an exceptionally high number of human conceptions
causing pregnancy loss and congenital disorders. Here we have followed chromosome segregation
in human oocytes from females aged 9 to 43 years, and report that aneuploidy follows a U-curve.
Specific segregation error types show different age dependencies, providing a quantitative
explanation for the U-curve. Whole-chromosome nondisjunction events are preferentially
associated with increased aneuploidy in young girls, whereas centromeric and more extensive
cohesion loss limit fertility as women age. Our findings suggest that chromosomal errors
originating in oocytes determine the curve of natural fertility in humans.

Natural fertility in humans follows an inverse U-curve, where teenagers ( 213) and women of
advancing maternal age (AMA, mid 30s and above) show reduced rates (1). The curve
differs substantially from chimpanzees, where fertility rates remain steady throughout their
reproductive lifespan (fig S1A) (1). Reduced fertility towards both ends of the inverse U-
curve in humans is assumed to depend on selective forces that balance risks and evolutionary
fitness associated with childbearing (2-5). However, the mechanism(s) that shapes the
fertility curve are unclear. Since chromosome errors in female meiosis cause substantial
pregnancy loss due to aneuploid conceptions in women of advanced maternal age (fig. S1B)
(6, 7), we speculated that meiotic error rates throughout the entire reproductive lifespan may
shape natural fertility.

To address this, we used two sources of oocytes to determine aneuploidy rates that span
females aged 9 to 43 years (fig. S2A; table S1). We obtained small antral follicles directly
from ovarian tissue of unstimulated girls and women prior to chemotherapy for blood
disorders and a range of cancers, excluding ovarian cancer (ages 9.1-38.8 years; fig. S2A-C,
S3A; table S2; Methods). The age range overlapped with oocytes (mature and immature)
from women receiving gonadotrophin-stimulation in IVF clinics (20-43 years), allowing us
to validate findings in two independent patient cohorts (fig. 1A; fig. S2A-C; table S3, S4).
Meiotic progression was similar between immature oocytes from the two cohorts (fig. S2-
S7; table S2, S3, S5) and aneuploidy rates were not affected by maturation method (in vivo
or in vitro) (8, 9), cohort, or technology (fig. S7-10; table S6-S8). Maternal age was the only
significant factor that affected aneuploidy and the best-fit model was provided by a quadratic
equation, suggestive of a U-curve of aneuploidy (Xz—of—deviance, p<0.001; pseudo-
R20(,Cyte:0.10, pseudo- R promosome=0.12; fig. 1B-C). Both the slope from the mid-point
(25.3 years) towards the younger oocytes, as well as upwards towards AMAs, contributed to
the fit (Xz—of—deviance, p<0.05; pseudo-R2=0.137). A relatively modest rate of chromosome
errors (1.7-4.2%) affects a large proportion of oocytes (23.6-53.5%; fig. 1B-C) providing a
quantitative explanation for the suppression of fertility rates towards both ends of the U-
curve, since a majority of even single-chromosome aneuploidies cause implantation failure
or miscarriage. We conclude that the inverse U-curve of natural fertility is shaped by a
corresponding U-curve of aneuploidy in human eggs (fig. 1D).

We next tested the prediction that maternally inherited meiotic errors in preimplantation
embryos should also follow a U-curve. We leveraged a published dataset consisting of
36,786 preimplantation embryo biopsies obtained during 5,819 cases of genetic testing for
aneuploidy, where maternal and paternal haplotypes could be separated (10, 11). We found
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that a quadratic model provides a better fit than a linear model of maternal meiotic errors
resulting in a trisomic embryo (Xz—of-deviance, p<3x10743; pseudo-R2=0.240; fig. 1E).
Consistent with our observations in human oocytes, meiotic errors declined significantly
with female age within the lower age range (18-27.1 years; 5=-0.082, 95% CI [-0.157 to
0.059], p<0.035; fig. S12). Thus, the U-curve of aneuploidy in human preimplantation
embryos originates from female meiosis.

Our findings in oocytes and embryos suggest that the inverse U-curve of natural fertility is
shaped by a chromosome-based mechanism (aneuploidy) that limits fertility in young and
AMA. It was unclear, however, how the U-curve of aneuploidy rates emerges. To understand
this, we inferred chromosome segregation at meiosis I and found the U-curve of aneuploidy
to be a composite of three different error types (fig. 2A-C; fig. S13C). Meiosis I
nondisjunction (MI NDJ), the gain or loss of a whole chromosome, decreased with female
age (exact test, p<0.025; fig. 2B-C). In contrast, precocious separation of sister chromatids
(PSSC) or predivision (12, 13), in which sister chromatids of one homolog separate in
meiosis I, increased linearly with female age (Boocyres=0-96 and Bepromosomes=0-78, p<0.001;
fig. 2B-C). Reverse segregation (RS), when both homologous chromosomes split their two
sister chromatids already at meiosis I (fig. S13) (14, 15), increased between the mid- and
AMA groups (exact test, p<0.001; fig. 2B-C; table S9). Thus, this combination of distinct
age-dependent error types shape the U-curve of aneuploidy in human oocytes.

The aneuploidy curve is an average of all chromosomes. To understand how specific
chromosomes respond to female age and contribute to the U-curve, we assessed segregation
on a chromosomal level (fig. S14). Some chromosomes such as chromosome 13 followed
the chromosome-averaged curve both in terms of the age response and the type of errors (fig.
2D). In contrast, the largest chromosomes were vulnerable to MI NDJ in the younger female
group (fig. 2E) and the acrocentric chromosomes contributed disproportionately to PSSC
and RS in the AMA group (fig. 2F). These observations suggest that chromosome-specific
responses to maternal age underlie the U-curve of aneuploidy in human oocytes.

Current hypotheses of aneuploidy formation in human oocytes suggest that vulnerable
crossover configurations (centromere-proximal, telomeric, or missing crossovers) and
progressive weakening of sister chromatid cohesion during dictyate arrest disrupt the
“bivalent” structure needed for accurate segregation in meiosis I (fig. S2A) (16—18).
Cohesion weakening has been reported in human oocytes (19-22), but it is unclear how this
translates to specific chromosome segregation outcomes, since cohesion weakening could
give rise to all three meiosis I error types (fig. S2A). Previously centromeric cohesion was
shown to weaken with advancing age (19-22). Our findings suggest this occurs in a linear
fashion starting as young as 15 years of age (R>=0.24, p<0.001) and correlates with an
elevation in PSSC (fig. 3A). We demonstrate that centromeric cohesion remained robust in
teenagers, ruling out age-dependent effects that may act via cohesion perturbation to drive
the elevated aneuploidy levels in teenagers. In contrast to centromeric cohesion weakening,
more extensive cohesion loss, i.e., fully-inverted and deteriorated bivalents (univalents),
where both sets of sister kinetochores form bipolar attachments in meiosis I (20, 23, 24),
were correlated with the pronounced elevation in RS in AMAs (fig. 3B). The latter explains
why RS is not a simple function of two independent PSSC events (15) and is mediated
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predominantly by acrocentric chromosomes (exact test, p< 104 fig. 2F; fig. S14; table S9).
Thus, cohesion weakening may act as a “molecular clock” that limits reproductive capacity
as women age by predisposing specific chromosomes to errors, without causing genome-
wide missegregation (fig. S11, S14).

Although human oocytes are prone to aneuploidy, 94% of chromosomes segregate
accurately despite decades of arrest that progressively weaken cohesion (fig. S13C). In fact,
correct segregation outcomes are seen in human oocytes even when chromosomes would be
expected to mis-segregate, such as the second meiotic division in RS. As sister-chromatid
linkage during meiosis II is thought to be mediated by centromeric cohesion (25), the RS
pattern, which results in premature loss of centromeric cohesion but a euploid MII egg,
should generate two independent chromatids that segregate randomly at anaphase II. Yet,
78% of non-sisters segregate accurately (fig. S13B).

To understand how chromosomal architecture may contribute to faithful chromosome
segregation despite pronounced cohesion weakening, we conducted high resolution imaging
of intact metaphase II spindles. Twenty seven percent of MII eggs exhibited at least one
chromosome where two sister chromatids were separated by a prominent gap with no DNA
mass between them (fig. 4A-B). Although the average chromatid separation in our egg
cohort was 1.7um, ~5% of chromosomes had two chromatids separated by a pronounced gap
ranging between 2.5 and 6.6um (fig. 4C). Despite this pronounced cohesion weakening, the
two chromatids remained correctly aligned at the spindle equator, suggesting that they still
act as a single, functional pair.

Further analysis revealed prominent chromatin threads between paired chromatids in 46% of
MII eggs (fig. 4D-E; fig. S15; movie S1). The chromatin threads consisted of B-DNA and
frequently bridged not only the peri-centromeric regions, but also the distal portions of the
chromosome arms (fig. 4D; fig. S15C) Consistent with extensive cohesion weakening from
the mid- to AMA age groups (fig. 3A), the proportion of eggs that contained prominent
chromatin bridges increased as well (fig. 4E). Chromatin threads consisting of B-DNA have
been reported to connect and mediate segregation in Drosophila (26) and Luzula meiosis
(27). The presence of chromatid threads in eggs implies a role of threads in linking
chromatids in human meiosis II. This role may become more prominent once cohesin
complexes are lost, such as after degradation of arm cohesin at anaphase I (28, 29) and may
be particularly important if cohesion deteriorates as women age (fig. S15C, right panels).
Chromatid threads in human oocytes may represent unresolved recombination intermediates,
catenanes, or sites where residual cohesin rings selectively persist despite oocyte ageing.
Thus, they may contribute to chromatid linkage throughout the two meiotic divisions, and
thereby promote correct chromosome alignment and segregation in ageing females when
centromeric cohesion is weakened.

In summary, we provide evidence that localized centromeric and more systemic (univalent
formation) cohesion weakening drive the elevation in PSSC and RS as women age, whereas
a separate, and currently unclear, mechanism causes elevated rates of MI NDJ in young
females. Together, these two forces combined generate a chromosome-based system that
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uses the U-curve of aneuploidy, thereby shaping the distinct natural fertility curve in

humans.
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chromosome (n=5,014) analysed by NGS (n=90), chromosome spread (n=55), or SNP array

(n=73) (table S1). Fitted curves in red. Error bars: standard error of a proportion.

(D) Oocyte euploid rate (1-aneuploidy rate; from fig. 1B) (red) with standard errors (grey),

compared to age-specific fertility rates (ref. 1) in human (black) and chimpanzee (blue

dotted line).

(E) Observed per-case proportions of embryos with one or more maternal meiotic

chromosome gains (points). Lines indicate fitted values (dark) and standard errors across

maternal age (pale). Sample type pink: day-3 blastomeres; blue: day-5 trophectoderm (TE)

biopsies. (Top) A quadratic model fit to the full dataset (Xz-of—deviance, p<Ix1

043, pseudo-

R2=0.240). (Bottom) A linear model fit to patients younger than 27.1 years (dotted line; fig.

S12), revealing a negative relationship with maternal age (p=-0.082, 95% CI [-0.157,

5.88x1073], p=0.034).
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(A) Sister kinetochore distances (mean and st. dev.) of MII oocytes. Inset: spread

chromosome (gray: DAPI; magenta: centromeres marked by CREST serum) and iKT
measurement (white bar). Quadratic fit to iKT distances in grey (top) compared to a linear
regression to PSSC rates from fig. 2C in orange (bottom).

(B) Combined rate of univalents (dark grey) and fully-inverted bivalents (light grey; data
from ref. 20), compared RS rate from MII oocytes in fig. 2C (yellow). Red: microtubules.
Error bars: standard error of a proportion.
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(A) MII chromosomes with prominent gaps aligned correctly on the spindle. Arrow points to
a prominent gap between sister chromatids (gray: DNA, magenta: centromeres marked by
CREST serum, green: microtubules). Scale bars: 4um (overview) and 2um (inset).

(B and C) Proportion of oocytes having at least one chromosome with a pronounced gap (B)
and quantitative analysis of separation of the two chromatids across the entire oocyte cohort
©).

(D) Chromatin threads between chromatids with weakened centromeric cohesion. All
chromosomes captured prior to anaphase onset. Scale bars: 2um (overview) and 0.5pum
(insets).

(E) Proportion of MII oocytes with chromatin threads by donor age grouped into above and
below our AMAs cut-off. Exact test: p<0.05 (¥). All analysis performed on intact spindles.
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