SCIENTIFIC REPLIRTS

Sirt6 depletion causes spindle

defects and chromosome

misalignment during meiosis of
Acceptezej;:;;:iyr iZii mouse oocyte

Published: 20 October 2015

Longsen Han**, Juan Ge“", Liang Zhang*?, Rujun Ma3, Xiaojing Hou?, Bin Li4, Kelle Moley5
& Qiang Wang*

Sirt6, a member of the sirtuin family of NAD-dependent protein deacetylases, has been implicated
in multiple biological processes. However, the roles of Sirt6 in meiosis have not been addressed. In
the present study, by employing knockdown analysis in mouse oocytes, we evaluated the effects of
Sirt6 on meiotic apparatus. We found that specific depletion of Sirt6 results in disruption of spindle
morphology and chromosome alignment in oocytes. Consistent with this observation, incidence of
aneuploidy is also markedly increased in Sirt6-depleted oocytes. Furthermore, confocal scanning
showed that kinetochore-microtubule interaction, an important mechanism controlling chromosome
segregation, is severely impaired in metaphase oocytes following Sirt6 knockdown. Unexpectedly,
we discovered that Sirté modulates the acetylation status of histone H4K16 as their knockdown
specifically induces the hyperacetylation of H;4K16 in oocytes, which may be associated with the
defective phenotypes described above via altering kinetochore function. Altogether, our data reveal a
novel function of Sirté during oocyte meiosis and indicate a pathway regulating meiotic apparatus.

In mammals, fully grown oocytes have the competence to undergo cytoplasmic and nuclear maturation,
producing a haploid gamete and endowing the ability to fertilize and prepare for subsequently embryonic
development'. In this process, the two-fold reduction of genetic materials is accomplished by a special
cell division program termed meiosis. The reductional division, that occurs in meiosis I (MI), generates
two pairs of sister chromatids, one of which ends up in the first polar body. The second meiotic division
(MII) resembles the mitosis of somatic cells, sister chromatids segregating from each other?®. The spin-
dle is necessary to equally divide the chromosomes in a parental cell into two daughter cells. Deficient
structure of spindle and unfaithful segregation of chromosome in meiosis could result in aneuploidy.
Fertilization of these aneuploid eggs is a leading cause of spontaneous abortions or subsequently embry-
onic development defects if survive to term*°. Though numerous efforts have been focus on the mech-
anisms involved in spindle/chromosome organization in oocytes, the underlying molecules controlling
the meiotic apparatus remain to be explored.

Yeast Sir2, as a heterochromatin factor, functions in genes silence and longevity®. In mammals, seven
members of Sir2 homolog (Sirtuin 1-7) have been identified, varying in tissue specificity, subcellular
localization, enzymatic activity and targets’. Substantial studies have shown that Sirtuins are involved in
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Figure 1. Cellular localization of Sirt6 during meiosis. Mouse oocytes at GV, pre-metaphase I, and
metaphase II stages were immunolabeled with Sirt6 antibody (green) and counterstained with PI for nuclear
staining (red). Arrowheads indicate Sirt6 signal. Scale bar, 25pum.

regulating cellular metabolism, aging, and apoptosis’. For example, Sirtl physically interacts with p53
and attenuates p53-mediated DNA damage-induced apoptotic response®. Sirt3 modulates mitochondrial
intermediary metabolism and fatty-acid use in liver during fasting through deacetylating long-chain
acyl coenzyme A dehydrogenase (LCAD)®. Compared with Sirtl and Sirt3, not much is known about
the physiology of the other Sirtuins’. Sirt6, the distant mammalian Sir2 homolog, was initially charac-
terized as a nuclear ADP-ribosyltransferase!®. Furthermore, Mostoslavsky et al. found that Sirt6 was a
chromatin-associated protein, promoting resistance to DNA damage and suppressing genomic instability
in mouse cells'. Recently, Sirt6 has been demonstrated to be a NAD-dependent histone deacetylase.
Through deacetylating histone H3 lysine 9 (H3K9), Sirt6 participates in the regulation of telomeric chro-
matin and cellular senescence in human U20 cells'?. Histone H3 lysine 56 (H3K56) was also indicated as
an enzymatic substrate of Sirt6 in other cell types'>'. Sirt6-mediated deacetylation of H3K56 decreases
chromatin accessibility for transcription factors such as NF-kB, Foxo3, and HIFla to their respective
target promoters, thereby inhibiting the expression of their target genes'. In addition, under stress con-
ditions, Sirt6 is involved in maintenance of P granules and survival of C. elegans by its deacetylase activ-
ity's. However, the potential roles for Sirt6 in meiotic oocyte have not been addressed yet. In this study,
by employing morpholino knockdown, we found that Sirt6 depletion adversely impacts the maturational
progression, spindle organization, and chromosome alignment in mouse oocytes.

Results

Cellular localization of Sirt6 during oocyte meiosis. We first examined Sirt6 localization during
mouse oocyte maturation by immunofluorescent staining coupled with confocal microscopy. As show
in Fig. 1, Sirt6 predominantly accumulates in the nucleus at GV stage. Accompany with the meiotic
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Figure 2. Effects of Sirt6 knockdown on oocyte maturation. Fully grown oocytes microinjected with
Sirt6-MO were cultured in medium with milrinone for 20 hours to repress mRNA translation and then
matured in vitro. A sham MO was injected as control. (A) The efficiency of Sirt6-MO was verified by
Western blot. Band intensity was calculated using Image ] software, and the ratio of Sirt6/actin expression
was normalized. (B,C) Quantitative analysis of GVBD and Pb1 extrusion in control (n=130) and Sirt6-MO
(n=125) oocytes. Bars represent means=+ SD of results obtained in 3 independent experiments. *p <0.05 vs.
controls.

resumption, Sirt6 resides in the entire oocytes, and many of them appear to be colocalized with the
chromosomes at the pre-metaphase to metaphase stages (arrowheads). The results indicate that Sirt6 may
be a chromatin-associated protein in mouse oocytes, which is consistent with the data in somatic cells''.
Such a distribution pattern prompted us to explore the potential roles of Sirt6 during oocyte maturation.

Sirt6 depletion affects maturational progression in mouse oocytes. To investigate the func-
tion of Sirt6 in oocyte meiosis, we injected the Sirt6-targeting morpholino (Sirt6-MO) into fully grown
oocytes. After injections, oocytes were arrested at the GV stage in medium with milrinone for 20 hours
in order to block endogenous Sirt6 mRNA translation. A significant reduction of Sirt6 protein level
in oocytes was confirmed by western blot (Fig. 2A). During maturation, oocytes experience germinal
vesicle breakdown (GVBD), spindle assembly and chromosomes alignment at the metaphase plate (MI),
first polar body (Pbl) extrusion, and then arrest at metaphase II (MII) waiting for fertilization. Our
results showed that Sirt6 knockdown had no effect on meiotic resumption, as evidenced by the similar
GVBD rate after 3 hours culture (75.6 £4.2% vs. 86.5+ 5.5% control, p > 0.05; Fig. 2B). In contrast, the
ratio of Pbl extrusion was significantly decreased in Sirt6-MO oocytes after 14 hours in vitro-maturation
(51.7£6.2% vs. 86.2+4.3% control, p<0.05; Fig. 2C), implying the involvement of Sirt6 in oocyte
maturation.

Sirt6 is essential for spindle organization and chromosome alignment in oocytes. Given
the positioning of Sirt6 to chromosomes and its effects on maturational progression, we asked whether
Sirt6 functions in the assembly of meiotic apparatus in oocytes. To gain insight into this issue, mouse
oocytes from control and Sirt6-MO groups were immunolabeled with anti-tubulin antibody for spin-
dle and counterstained with propidium iodide (PI) for chromosomes. We found a high percentage of
spindle defects and chromosome congression failure in Sirt6-MO oocytes, (26.5+4.8% vs. 8.1£2.2%
control, p < 0.05; Fig. 3A,B), displaying diverse malformed spindles (Fig. 3A, c,d, arrows) with one or
several scattered chromosomes (Fig. 3A, c-d, arrowheads). In particularly, another noticeable phenotype
of Sirt6-MO oocytes was spindle elongation, with average 40% longer than controls (Fig. 3A,C, arrows).
By striking contrast, control oocytes at metaphase stage usually show a typical barrel-shape spindle and
well-aligned chromosomes at the equator (Fig. 3A, a).

Increased incidence of aneuploidy in Sirt6-MO oocytes. We postulated that spindle/chromo-
some anomalies in Sirt6-MO oocytes would lead to the generation of aneuploid eggs. To address this
possibility, we performed the karyotypic analysis of MII oocytes by chromosome spreading combined
with kinetochore labeling. As shown in Fig. 4, Sirt6 knockdown resulted in about 3-fold increase in
incidence of aneuploidy eggs compared to controls (Fig. 4A shows representative images of euploidy and
hyperploidy). In addition to the numerical abnormalities, we readily observed the premature separation
of sister chromatids in Sirt6-MO oocytes, where the two chromatids of the chromosomes have prema-
turely separated before rather than during anaphase II (Fig. 4A, c, yellow arrowhead). Taking together,
these observations suggest that Sirt6 knockdown disrupts the spindle assembly and chromosome move-
ment in oocytes, consequently elevating the incidence of aneuploid eggs.

SCIENTIFIC REPORTS | 5:15366 | DOI: 10.1038/srep15366 3



Control Sirt6-MO

Ke1oAQ

M Spindle

spuirdg

Q
=3
B
]
=]
]
1
<]
8
o

Y =

S 404 404

[2]

& *

3 —

% 304 ¥ 5 30 T

© £

(0]

E (@)

g 204 3 204 T

£ 2

9 =

§ 104 % 104

o)

- 0

£ A

%) AN
& &S
& (&) &

Figure 3. Effects of Sirt6 knockdown on spindle assembly and chromosome alignment in oocyte
meiosis. (A) Control and Sirt6-MO oocytes were stained with a-tubulin antibody to visualize spindle
(green) and counterstained with PI to visualize chromosomes (red). Control oocytes present a bipolar
barrel-shaped spindle and well-aligned chromosomes on the metaphase equator (a), whereas spindle defects
(arrows) and chromosomes misalignment (arrowheads) were frequently observed in Sirt6-MO oocytes
(b-d). Representative confocal sections are shown. Scale bar, 25pm. (B) Quantification of control and
Sirt6-MO oocytes with abnormal spindle and chromosomes. (C) Quantitative analysis of spindle length in
control and Sirt6-MO oocytes. Data are expressed as mean £ SD from 3 independent experiments in which
at least 100 oocytes were analyzed. *p < 0.05 vs. controls.
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Figure 4. Increased incidence of aneuploidy in oocytes depleted of Sirt6. (A) Chromosome spread of
control and Sirt6-MO MII oocytes. Chromosomes were stained with Hoechst 33342 (blue) and kinetochores
were labeled with CREST (purple). Representative confocal images indicate (a) control oocytes with a
normal haploid complement of 20 chromosomes, (b-c) Sirt6-MO oocytes with 21 chromosomes and
premature separation of sister chromatids (yellow arrowhead). (B) Histogram showing the incidence of
aneuploidy in control and Sirt6-MO oocytes. 50 control oocytes and 52 Sirt6-MO oocytes were analyzed
respectively. Error bars indicate £ SD. *p < 0.05 vs. controls.

Erroneous kinetochore-microtubule attachments in Sirt6-MO oocytes. The faithful chromo-
some segregation requires correct interaction between microtubules and kinetochores!”. Harnessing
the energy provided by microtubules and converting it into directional and processive chromosome
movement, kinetochore plays a central role in chromosome congression and separation'®. The high
percentage of spindle/chromosome abnormalities in Sirt6-MO oocytes indicated the compromised
kinetochore-microtubule (K-MT) attachments. To directly visualize the K-MT interaction, we immu-
nostained kinetochores with CREST and microtubules with anti-tubulin antibody as described pre-
viously”. By confocal scanning we observed five types of K-MT attachments, including ampbhitelic
attachment (Fig. 5B, chromosomes 1 and 2), merotelic attachment (Fig. 5B, chromosomes 3 and 4),
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Figure 5. Sirt6 knockdown disrupts kinetochore-microtubule attachments in meiotic oocytes.

(A) Control and Sirt6-MO oocytes were stained with anti-Tubulin antibody for microtubules (green),
CREST for kinetochores (purple), and Hoechst 33342 for chromosomes (blue). Representative images are
shown. (B) Magnified views for the kinetochore-microtubule attachments in the oocytes shown in (A).
Chromosome 1 and 2 represent amphitelic attachment, chromosome 3 and 4 represent merotelic attachment,
chromosome 5 and 6 represent monotelic attachment, chromosome 7 and 8 represent loss attachment, and
chromosome 9 represents mixed/undefined attachment. (C) Quantitative analysis of K-MT attachments

in oocytes as indicated. Kinetochores in regions where fibers were not easily visualized were not included

in the analysis. 12 control oocytes and 10 Sirt6-MO oocytes were analyzed respectively. Scale bars, 10 pm.

*p < 0.05 vs. controls.

monotelic attachment (Fig. 5B, chromosomes 5 and 6), attachment loss (Fig. 5B, chromosomes 7 and
8), as well as mix/undefined attachment (Fig. 5B, chromosomes 9). The sister kinetochores attach to
microtubules emanating from opposite spindle poles, which is termed amphitelic attachment. A single
kinetochore attaches to microtubules from opposite poles, giving rise to merotelic attachments'®. When
only one kinetochore attaches to one pole, the other unattached, they are called monotelic attachments®.
Amphitelic attachment is the predominant pattern in normal cell that generate equal tension across the
two kinetochores and lead to chromosomes align at the metaphase plate. While merotelic and mono-
telic attachments, as well as attachment loss, are the major contributors for chromosome missegrega-
tion and aneuploid®*?2. By performing quantitative analysis (Fig. 5C) we found that the proportion
of loss/merotelic/monotelic attachment in Sirt6-MO oocytes was increased in comparison to control
oocytes (merotelic: 17.14 5.0 vs. 6.8 2.2% control, p < 0.05; monotelic: 13.02.4 vs. 5.7+ 1.5% con-
trol, p < 0.05; loss: 16.5 £ 3.3 vs. 5.0 = 0.9% control, p < 0.05; undefined: 7.2+ 1.4 vs. 3.6+ 1.0% control,
p < 0.05), whereas the percentage of amphitelic attachment was accordingly reduced after Sirt6 knock-
down (46.2+5.7 vs. 78.94+4.3% control, p < 0.05). These K-MT attachment errors would inevitably
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Figure 6. Effects of Sirt6 knockdown on the lysine acetylation of histones in mouse oocytes. Control
and Sirt6-MO oocytes at GV and metaphase II stages were immunostained with an array of antibodies
specifically against different acetylated histones (green), and co-stained with PI for chromosomes (red).
Representative confocal images of (A) acetylated H3K9 (H3K9ac), (C) acetylated H3K56 (H3K56ac),

(E) acetylated H3K14 (H3K14ac), (G) acetylated H4K12 (H4K12ac), and (I) acetylated H4K16 (H4K16ac)
in control and Sirt6-MO oocytes. (B,D,F,H,J) Quantification of the data shown in panel (A,C,E,G,I),
respectively. At least 35 oocytes for each group were analyzed, and the experiments were repeated 3 times.
Error bars indicate + SD. *p < 0.05 vs. controls.

result in the establishment of unstable chromosome biorientation, which is probably associated with the
meiotic defects observed in Sirt6-ablated oocytes.

Sirt6 depletion results in the hyperacetylation of histone H4K16 in oocytes. The effect of
Sirt6 knockdown on meiotic structures prompted us to search for the underlying mechanisms that would
explain these phenotypes. Sirt6 was shown to possess NAD*-dependent histone deacetylase activity for
H3K9 and H3K56. Of note, Sirt6 functions in telomere replication via deacetylating H3K9 or K56, ulti-
mately modulating genomic stability, chromosomal end-to-end fusions, and premature cellular senes-
cence!*!. On the other hand, the dramatic changes in histone acetylation have been observed during
mammalian oocyte maturation®>*. On the basis of these findings, we hypothesized that Sirt6 depletion
might alter the status of histone acetylation in oocyte meiosis. To test this hypothesis, we first examined
the global acetylation levels of H3K9 and H3K56 in Sirt6-MO oocytes. Unexpectedly, immunostaining
with antibodies against specific histone residues showed that H3K9 and H3K56 acetylation remained
unchanged in Sirt6-MO oocytes at both GV and metaphase stages when compared with their controls
(Fig. 6A-D). Next, we further evaluate the effects of Sirt6 on the acetylation status of several other
lysines on histone H3 and H4 (H3K14, H4K12, and H4K16) in oocytes. Remarkably, a specific and
drastic increase in H4K16 acetylation was detected in Sirt6-MO oocytes, particularly at metaphase stage
(Fig. 6L]). By contrast, oocytes depleted of Sirt6 had little effects on both H3K14 and H4K12 acetylation
(Fig. 6E-H). It is worth noting that hypoacetylation of H4K16 is essential for the establishment of func-
tional kinetochore in both mitotic cells and meiotic oocytes?>-?". Collectively, Sirt6 knockdown induced
hyperacetylation of H4K16 in mouse oocytes, which may in turn perturb the chromatin conformation
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and kinetochore function, contributing to, at least in part, the spindle defects and chromosome misalign-
ment during meiosis.

Discussion

Sirt6 is a chromatin-associated protein that possesses the activity of ADP-ribosylase and NAD*-dependent
deacetylase?®, modulating chromatin accessibility and gene expression'®. In the present study, we showed
that Sirt6 was predominantly distributed in nucleus of immature oocytes, and then accumulated on chro-
mosomes accompanying with meiotic resumption (Fig. 1), which is consistent with the previous findings
in somatic cells'. Furthermore, Sirt6 knockdown in oocyte disrupted spindle formation and chromo-
some movement, consequently inducing the high frequency of aneuploidy (Figs 3 and 4). Faithful chro-
mosome segregation is ensured by the bi-oriented interaction of chromosomes to the spindle through
the end-on attachment of microtubules to kinetochores®. The kinetochore is composed of more than
100 different proteins that assembled on centromeric DNA, including inner kinetochore protein, outer
kinetochore protein, and regulatory protein as well®. Through these multiprotein structures, kinetochore
attaches chromosomes to spindle microtubules and couples power generated from microtubule polym-
erization and depolymerization to drive chromosomes congression®*2. Hence, those K-MT attachment
errors must be corrected in normal cells because they would cause chromosome missegregation if they
persisted until anaphase?. Here we found that Sirt6 depletion markedly disrupted the K-MT attachments
during oocyte meiosis (Fig. 5). Based on these data, we propose that, in Sirt6-MO oocytes, reduction in
the K-MT stability and the pulling forces across kinetochores, which could, at least in part, contribute
to the chromosome alignment failure observed in our experiments. In addition, another interesting phe-
notype of Sirt6-depleted oocytes is the elongated spindle (Fig. 3). To date, the mechanism controlling
spindle length in mammalian oocytes remains elusive!>**, Nonetheless, increasing evidence suggests that
there are multiple kinetochore proteins that directly control microtubule dynamics and influence the
microtubule polymerization status in mitosis****. How Sirt6 regulates spindle formation and its length
in meiotic oocytes needs to be further investigated in the future.

In eukaryotes, the fundamental unit of chromatin is the nucleosome, which is composed of 147 base
pairs of DNA and an octamer of the four core histones. A striking feature of histones, and particularly
of their tails, is the large number and type of modified residues they possess, such as acetylation, phos-
phorylation, and methylation®. Among them, histone acetylation has been widely reported to participate
in diverse biological events such as gene transcription, DNA replication, and chromatin condensation®.
During maturation, oocytes display the stage-dependent and lysine residue-specific patterns of histone
acetylation®>. Moreover, inadequate histone deacetylation causes chromosome missegregation and ane-
uploidy in eggs, which is responsible for the subsequent embryonic development defects®. Specifically,
hyperacetylation of H4K16 in mouse oocyte was recently demonstrated to compromise kinetochore
function, generating the defective meiotic apparatus®-?’. Worthy of noting, by screening the acetylation
state of multiple lysine residues, we identified that Sirt6 had unique effects on the H4K16 acetylation in
oocytes (Fig. 6). A plausible hypothesis is that Sirt6 knockdown induces the hyperacetylation of H4K16,
which further alters K-MT connection, thereby contributing to the spindle/chromosome phenotypes we
observed in oocytes. Interestingly, although Sirt6 was characterized as a NAD*-dependent deacetylase
of histone H3K9 and H3K56 in somatic cells!>4, it seems to have little effects on their acetylation sta-
tus in mouse oocytes. Instead, our results indicate that H4K16 might be a major substrate of Sirt6 in
mammalian germ cells. However, owe to the limitation of oocyte number and technical reason, we have
not yet been able to directly analyze the enzymatic activity of oocyte Sirt6. We also cannot rule out that
Sirt6 may act on other targets in its function during oocyte maturation. Additional experiments will be
required to uncover these details.

In conclusion, proper assembly of meiotic structure is crucial for maintaining oocyte quality. This
study reveals that Sirt6 as a cytoskeletal regulator that is required for this process, providing a new
molecular pathway controlling oocyte development and impacting women reproduction.

Materials and Methods

All chemicals and reagents were obtained from Sigma unless otherwise stated. ICR mice were used in
this study. All experiments were approved by the Animal Care and Use Committee of Nanjing Medical
University and were performed in accordance with institutional guidelines.

Antibodies. Rabbit polyclonal anti-Sirt6 (Cat#: S4197), mouse monoclonal anti-tubulin-FITC
(Cat#:T6074) antibody were purchased from Sigma. Human anti-centromere CREST antibody
(Cat#:15-234) was purchased from Antibodies Incorporated (Davis, CA, USA). Cy5-conjugated donkey
anti-human IgG (Cat#: 709-605-149) was purchased from Jackson ImmunoResearch Laboratory (West
Grove, PA, USA). FITC-conjugated goat anti-rabbit IgG was purchased from Thermo Fisher Scientific
(Rockford, IL, USA). Rabbit monoclonal H4K16ac (Cat#: ab109463), rabbit monoclonal H3K56ac (Cat#:
ab76307) antibodies were purchased from Abcam (Cambridge, MA, USA). Rabbit polyclonal H3K9ac
(Cat#: 9671) and H4K12ac (Cat#: 06-1352) antibodies were purchased from EMD Millipore (MA, USA).
And rabbit polyclonal H3K14ac (Cat#: A-4023-050) antibody was purchased from Epigentek Group Inc
(Brooklyn, NY, USA).
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Oocyte collection and culture. Oocytes were retrieved from 6-8 week-old female ICR mice.
48hours after pregnant mare serum gonadotropin (PMSG) injection, cumulus-oocyte complexes were
collected by manual rupturing of antral ovarian follicles. To obtain fully grown GV oocytes, cumulus cells
were removed by repeatedly pipetting. For in vitro maturation, GV oocytes were cultured in M2 medium
under mineral oil at 37°C in a 5% CO, incubator.

Sirté knockdown experiment. Sirt6-targeting morpholino (5'-CCCTGCTGCATAATTCACCGA
CATC-3") was purchased from Gene Tools LLC (Philomath, OR, USA), and then diluted to 1uM as
working concentration. For knockdown experiment, about 2.5 pl morpholino were injected into the cyto-
plasm of fully grown GV oocytes using a Narishige (Tokyo, Japan) microinjector. A non-targeting MO
was injected as a control. In order to facilitate the morpholino-mediated knockdown of Sirt6 mRNA
translation, oocytes were arrested at GV stage in M2 medium containing 2.5 M milrinone for 20hours,
and then cultured in milrinone-free M2 medium for further experiments.

Western blotting. About 100 oocytes were lysed in Laemmli sample buffer containing protease
inhibitor and heated for 5min at 100°C. The proteins were separated by 10% SDS-PAGE and elec-
trically transferred to PVDF membrane by constant current 200mA. Membranes were blocked in 5%
low-fat dry milk diluted by PBST for 1h and then incubated with primary antibodies: rabbit anti-Sirt6
antibody (1:250). After washing three times in PBST, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1h. Following three times washes, the membrane was
detected by an ECL Plus Western Blotting Detection System (GE Healthcare, Piscataway, NJ, USA) to
visualize the protein bands. The membrane was then washed in stripping buffer and reblotted with
anti-actin (1:5,000) for loading control.

Immunofluorescence and confocal microscopy. Oocytes were fixed with 4% paraformaldehyde
for 30 min and then treated in 0.5% Triton X-100 for 20 min. After being blocked in 1% BSA in PBS for
1 h, samples were incubated overnight at 4°C with primary antibodies: anti-Sirt6 antibody, anti-H3K9ac
antibody, anti-H3K14ac antibody, anti-H3K56ac antibody, anti-H4K12ac antibody, anti-H4K16 antibody,
or anti-tubulin antibody. To detect kinetochores, oocytes were immunolabeled with CREST as previous
described”. After three washes for 5minutes each, the oocytes were labeled with secondary FITC-or
Cy5-conjugated antibody for 1 hour at room temperature. Nuclear status was stained with propidium
iodide (red) or Hoechst 33342 (blue) for 10 min. After briefly washed in PBS, oocytes were mounted on
glass slides in a drop of antifade medium (Vectashield, Burlingame, CA, USA), and then examined with
a laser scanning confocal microscope (LSM 700; Zeiss, Oberkochen, Germany). Image J software (U.S.
National Institutes of Health, Bethesda, MD, USA) was used to quantify the intensity of fluorescence, as
stated previously®.

Chromosome spread. Chromosome spreading was performed as previously described®. In brief,
oocytes were exposed to Tyrode’s buffer (pH 2.5) for about 30s at 37°C to remove zona pellucidae. After
recovery in M2 medium for 10mins, oocytes were fixed in a drop of 1% paraformaldehyde with 0.15%
Triton X-100 on a glass slide. After air drying, oocytes were incubated with CREST (1:500) overnight
at 4°C and then Cy5-conjugated secondary antibody for 1h for kinetochore labeling. Chromosomes
were stained with Hoechst 33342, and samples were examined under a laser scanning confocal
microscope.

Statistical analysis. Data are presented as means= SD, unless otherwise stated. Statistical com-
parisons were made with Students test and ANOVA when appropriate. P < 0.05 was considered to be
significant.
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