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Abstract

Aneuploidy in human eggs is the leading cause of pregnancy loss and several genetic disorders

such as Down’s syndrome. Most aneuploidy results from chromosome segregation errors during
the meiotic divisions of an oocyte, the egg’s progenitor cell. The basis for particularly error-prone
chromosome segregation in human oocytes is not known. Here we analyzed meiosis in over 100
live human oocytes and identified an error-prone chromosome-mediated spindle assembly
mechanism as major contributor to chromosome segregation defects. Human oocytes assembled a
meiotic spindle independently of either centrosomes or other microtubule organizing centers.
Instead, spindle assembly was mediated by chromosomes and the small GTPase Ran in a process
requiring ~16 hours. This unusually long spindle assembly period was marked by intrinsic spindle
instability and abnormal kinetochore-microtubule attachments, which favor chromosome
segregation errors and provide a possible explanation for high rates of aneuploidy in human eggs.

Meiosis in human oocytes is more prone to chromosome segregation errors than mitosis (1,
2), meiosis during spermatogenesis (3, 4) and female meiosis in other organisms (3, 5).
Despite its importance for fertility and human development, meiosis in human eggs has
hardly been studied. Human oocytes are only available in small numbers, warranting single-
cell assays capable of extracting maximal information. While high resolution-live cell
microscopy is an ideal method, oocyte development in the ovary poses challenges to direct
imaging. We therefore established an experimental system (6) for ex vivo high resolution
fluorescence microscopy of human oocytes freshly harvested from women undergoing
gonadotropin-stimulated in vitro fertilization cycles. To establish the major stages of meiosis
in this system, we simultaneously monitored microtubules and chromosomes for ~24-48
hours (Fig. 1 and movie S1). Similar to the situation in situ (7), human oocytes matured into
fertilizable eggs over this time course as judged by the formation of a polar body. The
morphologically identifiable stages (Fig. 1A) at characteristic times after nuclear envelope
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breakdown (NEBD, set to 0 hours) provided a time-resolved framework for human oocyte
meiosis (Fig. 1B). This reference timeline post NEBD is used throughout this paper.

Before NEBD, chromosomes were highly condensed and clustered around the nucleolus.
Instead of rapidly nucleating microtubules upon NEBD, human oocytes first formed a
chromosome aggregate that was largely devoid of microtubules (Fig. 1A, movie S1 and fig.
S1, A and B). Microtubules were first observed at ~5 hours, when they started to form a
small aster within the chromosome aggregate. As the microtubule aster grew, the
chromosomes became individualized and oriented on the surface of the aster with their
kinetochores facing inwards. The microtubule aster then extended into an early bipolar
spindle that carried the chromosomes on its surface (Fig. 1A, movie S1 and fig. S1, C to E).
The chromosomes then entered the spindle but remained distributed throughout the entire
spindle volume. Chromosomes first congressed in the spindle center at ~13 hours but
continued to oscillate around the spindle equator. Stable chromosome alignment was
typically only achieved close to anaphase onset (Fig. 1A, movie S1). Unexpectedly, the
spindle volume increased over the entire course of meiosis, up until anaphase onset (Fig. 1,
C and D). The barrel-shaped spindle formed in this process consisted of loosely clustered
bundles of microtubules and lacked astral microtubules (movie S2 and fig. S2). At ~17
hours, the oocytes progressed into anaphase and eliminated half of the homologous
chromosomes in a polar body. Nearly a day after NEBD, the oocytes had formed a bipolar
metaphase Il spindle and matured into a fertilizable egg. The stages and timing of meiosis
were highly reproducible among oocytes (Fig. 1, A and B) and could also be observed in
fixed oocytes (fig. S1, A to I). Importantly, 78.95% of imaged human oocytes extruded a
polar body. This indicates that the imaging assays as well as the methods by which the
oocytes were obtained and processed did not have a prominent effect on meiotic
progression.

The surprisingly slow and gradual build-up of the spindle over 16 hours (Fig. 1, C and D) is
in stark contrast to mitosis, where spindle assembly takes only around 30 minutes (8), or
meiosis in mouse oocytes, where it takes 3-5 hours (9-11). During mitosis, two centrosomes
ensure the rapid assembly of a spindle. In oocytes of many species, centrosomes are absent,
but functionally replaced by microtubule organizing centers (MTOCs) that lack centrioles
(9, 12). Human oocytes also lack centrosomes (13-15), but whether acentriolar MTOCs
participate in spindle assembly is unclear (16-19). We consistently detected pericentrin- and
y-tubulin-positive MTOCs at the spindle poles of mitotic cells and metaphase | and Il (Ml
and MII) mouse oocytes, but never at M1 or MII spindles in human oocytes (Fig. 2, A and B,
fig. S3). Thus, meiotic spindles in human oocytes lack detectable MTOCs.

In Xenopus egg extracts, chromosomes can serve as sites of microtubule nucleation if
centrosomes are absent (20). Also human oocytes initiated microtubule nucleation in the
region of the chromosome aggregate (78/78 live human oocytes). High-resolution imaging
of fixed human oocytes confirmed that microtubules were first nucleated on chromosomes,
emanating primarily from kinetochores (Fig. 2C, movie S3 and fig. S4). MTOC-nucleated
cytoplasmic asters, such as those seen in chromosomal proximity upon NEBD in mouse
oocytes (9), could not be detected. Thus, chromosomes, not MTOCS, serve as major sites of
microtubule nucleation in human oocytes.
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Chromatin-mediated spindle assembly is driven by the small GTPase Ran. GTP-bound Ran
is replenished around chromosomes by its chromatin-bound GTP exchange factor RCC1 and
locally releases spindle assembly factors from inhibitory binding to importins (21-23). To
test if Ran-GTP is required for spindle assembly in human oocytes, we blocked its function
with the GDP-locked mutant Ran T24N, which acts as a dominant-negative variant of Ran
(24, 25). Ran T24N severely delayed the onset of microtubule nucleation and impaired
spindle assembly (Fig. 2, D to F, and movie S4). In mouse and Drosophila oocytes, spindles
have defects but still assemble if Ran is inhibited (9, 26, 27). Thus, our data suggest that
spindle assembly in human oocytes is independent of MTOCS, but mediated by
chromosomes and dependent on Ran-GTP.

The period between chromosome-mediated microtubule nucleation (~5 hours) and
establishment of a bipolar spindle with aligned chromosomes (~16 hours) displayed
significant spindle instability. Although the microtubule aster transformed into a bipolar
spindle at ~7 hours, this spindle often failed to maintain bipolarity (Fig. 3A and movie S5).
In 44% of oocytes, the spindles rounded up and became apolar, which we classified as
moderate spindle instability. In 38% of oocytes, the spindles even progressed through a
prolonged multipolar stage, which we classified as severe spindle instability (Fig. 3, A and
B). Multipolar and apolar spindles were also observed in fixed oocytes that had not been
imaged (fig. S6). Although spindle instability lasted for an average of 7.5 + 3.1 hours (Fig.
3C), the vast majority of oocytes progressed into anaphase with bipolar spindles and
extruded a polar body (fig. S5). The apparent instability of the spindle in human oocytes is
in stark contrast to mitotic spindles and meiotic spindles in other species such as mouse
oocytes, which rarely become unstable upon establishment of a bipolar spindle (Fig. 3D).

Next, we investigated if spindle instability correlates with chromosome segregation errors.
Normal chromosome segregation is characterized by simultaneous separation of all
homologous chromosomes. Chromosomes that lag behind during anaphase increase the
possibility of aneuploidy due to inappropriate partitioning of chromosomes upon
cytokinesis. We thus scored our imaging dataset for the presence and degree of lagging
chromosomes and spindle instability. Oocytes with prominent chromosome bridges or
chromosomes that remained in the center of the spindle during anaphase were classified as
having persistent lagging chromosomes. Oocytes with a few chromosomes that segregated
more slowly than the rest of the chromosomes but did not remain in the center of the spindle
were classified as having transiently lagging chromosomes (Fig. 3E). Strikingly, 72% of
oocytes with severe spindle instability went on to have persistent lagging chromosomes
during anaphase (Fig. 3F). In contrast, oocytes with a stable spindle were never observed to
have persistent lagging chromosomes. Oocytes with unstable spindles were also
significantly more likely to have chromosome alignment defects (fig. S7).

The chromosome segregation defects could be due to progression into anaphase with
abnormal kinetochore-microtubule attachments. To test this hypothesis, we fixed oocytes
using a cold treatment assay that preferentially preserves kinetochore-associated
microtubules. During early spindle assembly, the kinetochores were already associated with
microtubules, but a prominent spindle axis was absent. The kinetochore fibres were instead
randomly oriented relative to each other and only partially focused into several small poles
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distributed throughout the chromosome-microtubule assembly. Oocytes fixed close to
anaphase onset had formed a bipolar spindle, in which most bivalent chromosomes were bi-
oriented (Fig. 4A, and movie S6). But unexpectedly, only around 80% of kinetochores were
correctly attached to microtubules, being linked to a single spindle pole (amphitelic
attachment). By contrast, 20% of kinetochores remained attached to both spindle poles
(merotelic attachment) (Fig. 4, B and C, fig. S8). These data suggest that human oocytes are
less efficient in correcting kinetochore-microtubule attachments than mitotic cells (28) and
mouse oocytes (29). Our observation that persistent lagging chromosomes are most likely to
occur in oocytes with severe spindle instability suggests that these oocytes are particularly
likely to progress into anaphase with abnormal kinetochore-microtubule attachments.

This study allows us to draw several conclusions with implications for the causes of egg
aneuploidy. The single most striking feature of human oocyte meiosis is an unusually
dynamic and slowly assembling meiotic spindle. This feature could be the consequence of
absent centrosomes or other MTOC:s, either of which could more rapidly generate a bipolar
spindle. Instead, chromosomes and Ran-GTP are employed for spindle assembly. The
spindles assembled by this mechanism display a high proportion of abnormal kinetochore-
microtubule attachments. The spindles are also intrinsically unstable, and the degree of
spindle instability correlates with the degree of chromosome segregation errors. Spindle
instability could hinder the establishment of accurate kinetochore-microtubule attachments
and thereby promote chromosome segregation errors. Alternatively, spindle instability may
reflect attempts of the chromosomes to establish stable bipolar microtubule attachments,
which could be more challenging in human oocytes, possibly due structural features of their
chromosomes. Progression into anaphase with these abnormal attachments would put the
oocyte at risk of chromosome segregation errors (fig. S9), providing at least one mechanism
for the relatively frequent aneuploidy of eggs, even in young women (3, 30). Our findings
may also explain why human oocytes are more prone to aneuploidy than oocytes from
mouse or other organisms, where the presence of MTOCs may render spindle assembly and
chromosome segregation more efficient.
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Fig. 1. Stages of meiosisin live human oocytes

(A) Stages of meiosis in human oocytes determined from live human oocytes expressing
EGFP-MAP4 (microtubules) and H2B-mRFP1 (chromosomes). A schematic representation
of each stage (scheme; microtubules in green; chromosomes in magenta) and stage-specific
time-lapse images (z-projections, 4 sections, every 5 um) merged with differential
interference contrast [DIC] are shown (bottom row). Outlined regions are magnified above
(middle row). Scale bar, 20 um. Time displayed in hours: minutes.
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(B) Quantification of timing of meiotic progression from live oocytes expressing EGFP-
MAP4 (microtubules) and H2B-mRFP1 (chromosomes) as shown in (A). The box plot
shows median (line), mean (small square), and 25th and 75th (boxes), 5th and 95th
percentile (whiskers) of time after NEBD. The number of oocytes is specified in italics.
Only oocytes in which the whole maturation process was recorded (from before NEBD to
bipolar MII spindle formation) were included.

(C and D) The spindle volume was quantified in live human oocytes expressing EGFP-
MAP4 (microtubules) as shown in (A). Averaged data from 20 oocytes (C) and examples of
individual curves up until anaphase onset (D) are shown.
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Fig. 2. Chromosomes mediate spindle assembly in human oocytes
(A) Immunofluorescence staining of pericentrin and chromosomes (Hoechst) in somatic

cells, mouse and human MI and MII oocytes. Scale bars, 10 um.

(B) Spindles of somatic cells as well as metaphase | (MI) and metaphase 1l (MII) spindles in
mouse and human oocytes as shown in (A) were scored for the presence of pericentrin-
positive MTOCs. The number of cells is specified in italics.
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(C) Immunofluorescence staining (z-projections of 6 sections, every 0.3 pm) of kinetochores
(CREST), microtubules (a-tubulin) and chromosomes (Hoechst) in human oocytes fixed at
different times shortly after NEBD. Scale bar, 10 um.

(D) Live human oocytes expressing H2B-mRFP1 (chromosomes) and EGFP-MAP4
(microtubules) upon microinjection with Ran T24N (lower panel) or BSA (top panel). z-
projections of 4 sections, every 5 pm. Scale bar, 10 ym.

(E) Onset of microtubule nucleation in live human oocytes expressing EGFP-MAP4 upon
microinjection with either Ran T24N or BSA. Box plot as in Fig. 1B. The number of oocytes
is specified in italic. ***P<10714 (t-test). Two Ran T24N-injected oocytes never nucleated
microtubules.

(F) The spindle volume was quantified in live human oocytes expressing EGFP-MAP4 upon
microinjection with either Ran T24N or BSA. The number of oocytes is specified in italics.
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(A) Live human oocytes expressing EGFP-MAP4 (microtubules). z-projections of 4-5
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sections, every 3-4 um. Arrows highlight defined spindle poles; dashed lines mark undefined
spindle poles. Scale bar, 10 pm. Polar body extrusion in these cells is shown in fig. S5B.

(B) Live human oocytes expressing EGFP-MAP4 as shown in (A) were scored for the

presence and degree of spindle instability. n specifies number of oocytes.
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(C) The duration of spindle instability was measured in live human oocytes expressing
EGFP-MAP4 as shown in (A). Box plot as in Fig. 1B. The number of oocytes is specified in
italics.

(D) Live human and mouse oocytes expressing EGFP-MAP4 (microtubules) were scored for
the presence of spindle instability. The number of oocytes is specified in italic.

(E) Hlustration of classes of lagging chromosomes in live human oocytes expressing H2B-
mRFP1 (chromosomes) and EGFP-MAP4 (microtubules). z-projections of 3-5 sections,
every 3-5 pm. Scale bar, 10 um.

(F) Live human oocytes expressing H2B-mRFP1 (chromosomes) and EGFP-MAP4
(microtubules) as shown in (E) were scored for the presence of transiently lagging or
persistent lagging chromosomes. The number of oocytes is specified in italics. *P<0.05,
***P<]1076 (Fisher’s exact test).
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Fig. 4. Correction of kinetochore-microtubule attachmentsisincomplete close to anaphase
(A) Immunofluorescence staining (z-projections of 13 sections, every 0.3 um) of

kinetochores (CREST) and microtubules (a-tubulin) in cold-treated human oocytes fixed
during early or late spindle assembly. Chromosomes labelled with Hoechst. Scale bar
overview, 5 pum. High resolution images of 6 individual chromosome bivalents from
overview are shown on the right (z-projections of 2 sections, every 0.3 um). Scale bar
details, 1 um.

(B) Hlustration of amphitelic and merotelic kinetochore-microtubule attachments.
Immunofluorescence staining (z-projections of 3 sections, every 0.3 um) of kinetochores
(CREST) and microtubules (a-tubulin) in cold-treated human oocytes fixed close to
anaphase onset. Chromosomes labelled with Hoechst. The outlined regions are magnified on
the right. Arrowheads highlight merotelically attached microtubules. Scale bar, 5 um. (A and
B) All images were deconvolved. Background signal outside of the spindle area was masked
in kinetochore channel (magenta).

(C) 10 cold-treated oocytes fixed close to anaphase onset (as shown in B) were scored for
amphitelic, merotelic or syntelic kinetochore-microtubule attachments. In one case, the
bivalent’s kinetochores were attached to the same instead of opposite poles (syntelic
attachment).
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