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C E L L  B I O L O G Y

The cohesin release factor Wapl interacts with Bub3 
to govern SAC activity in female meiosis I
Changyin Zhou, Yilong Miao, Zhaokang Cui, Xiayan ShiYang, Yu Zhang, Bo Xiong*

During mitotic prophase, cohesins are removed from chromosome arms by Wapl to ensure faithful sister chroma-
tid separation. However, during female meiosis I, the resolution of chiasmata requires the proteolytic cleavage of 
cohesin subunit Rec8 along chromosome arms by Separase to separate homologs, and thus the role of Wapl remained 
unknown. Here, we report that Wapl functions as a regulator of spindle assembly checkpoint (SAC) to prevent 
aneuploidy in meiosis I. Depletion of Wapl accelerates meiotic progression, inactivates SAC, and causes meiotic 
defects such as aberrant spindle/chromosome structure and incorrect kinetochore- microtubule (K-MT) attach-
ment, consequently leading to aneuploid eggs. Notably, we identify Bub3 as a binding partner of Wapl by immuno-
precipitation and mass spectrometry analysis. We further determine that Wapl controls the SAC activity by 
maintaining Bub3 protein level and document that exogenous Bub3 restores the normal meiosis in Wapl-depleted 
oocytes. Together, our findings uncover unique, noncanonical roles for Wapl in mediating control of the SAC in 
female meiosis I.

INTRODUCTION
Sister chromatid cohesion, indispensable for a variety of biological 
processes that occur on chromosomes such as chromosome segrega-
tion, double-strand break repair, and gene expression, is mediated by 
a cohesin complex that is composed of four core components ar-
ranged in a ring-shaped structure (1–3). Two of the subunits are SMC 
(structural maintenance of chromosomes) proteins, Smc1 and Smc3; 
one is a kleisin subunit Mcd1 (Scc1/Rad21); and the fourth subunit is 
Scc3/stromal antigen (SA/STAG) (4). In addition, the association of 
the cohesin complex with chromatin is controlled by several regula-
tory factors over the cell cycle. In telophase (vertebrates), cohesin 
loads onto chromatin with the help of the Nipbl-Mau2 heterodimer 
(5). During S phase, the Smc3 subunit of cohesin is acetylated on by 
acetyltransferases Esco1 and Esco2 to establish sister chromatid cohesion 
(6). Sororin is then recruited to Pds5 to antagonize Wapl (wings apart- 
like protein) function and stabilize cohesin on sister chromatids (7). 
During prophase, binding of Wapl to Pds5 displaces phosphorylated 
Sororin and remove a bulk of cohesin complexes from chromosome 
arms (8). However, centromeric cohesin is protected from removal 
by Sgo1 (shugoshin 1) and Pp2A (protein phosphatase 2A) by antag-
onizing Sororin phosphorylation (9). At the onset of anaphase, the 
APC/C (anaphase-promoting complex/cyclosome) complex activates 
Separase to cleave the kleisin subunit, which releases centromeric co-
hesin and separates sister chromatids (10).

As a cohesin release factor, Wapl is indispensable for mitotic pro-
gression and depletion of Wapl delays early stages of the cell cycle 
(11, 12). Moreover, Wapl expression is required for mammalian em-
bryonic development and homozygous null mice are embryonic 
lethal (13). Meiosis, unlike mitosis, serves to generate haploid gam-
etes from diploid precursors, as the two successive divisions (known 
as meiosis I and meiosis II) occur with only one round of DNA repli-
cation. Meiosis I is unique in that homologous chromosomes (biva-
lents) separate from each other (14). The distinct roles of Wapl in 
regulating chromosome during meiosis have been recently reported 
in multiple organisms. In plants, Wapl removes cohesin before meta-

phase in both meiosis and mitosis (15), and in budding yeast, Wpl1 
(Wapl homolog) participates in synaptonemal complex formation, 
telomere dynamics, and meiotic recombination (16). In Caenorhabditis 
elegans, Wapl-1 regulates meiotic chromosome structure and a Wapl-
1–independent mechanism removes cohesin before metaphase I 
during oocyte maturation (17). In mammals, Wapl is present on the 
meiotic chromosome cores in both male and female germ cells 
(18, 19). In mouse spermatocytes, Nek1 phosphorylates Pp1, leading 
to the dephosphorylation of Wapl, which, in turn, results in its reten-
tion on chromosome cores to promote loss of cohesion at the end of 
prophase I (20). However, the exact function of Wapl during oocyte 
meiosis I in mammals has lacked clarity. We now report a non-
canonical role of Wapl in mediating the spindle assembly checkpoint 
(SAC) by interacting with Bub3 during female meiosis I.

RESULTS
Subcellular localization and expression of Wapl during 
oocyte meiosis
To investigate the potential role of Wapl during meiotic maturation, 
we first examined its subcellular localization in mouse oocytes. We 
microinjected Wapl–green fluorescent protein (GFP) mRNA into 
germinal vesicle (GV) oocytes and confirmed by immunoblot that 
the levels of Wapl-GFP protein were comparable to endogenous 
Wapl (fig. S1A). Fluorescent images showed that Wapl was primarily 
present in the GV (nucleus) at the GV stage of oocyte development. 
After GVBD (GV breakdown), Wapl was concentrated on chromo-
somes at prometaphase I, metaphase I, anaphase I/telophase I, and 
metaphase II stages (Fig. 1A). GFP mRNA, injected as a negative 
control, was evenly distributed in the cytoplasm (fig. S1B). The im-
munostaining of chromosome spreads with antibody revealed that 
endogenous Wapl was also localized on the chromosomes, but un-
anticipatedly displayed a strong accumulation staining at kinetochores 
(Fig. 1B). The localization of Wapl during meiosis differs from mitosis 
where it is detected in the nucleus during interphase and late telophase, 
but not present on chromosomes from prometaphase to anaphase 
in HeLa cells (12).

We next assessed protein accumulation of Wapl during oocyte 
meiosis. Oocytes collected from GV, prometaphase I, metaphase I, 
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and metaphase II stages were analyzed by immunoblots using Wapl 
antibody. These results documented that Wapl was robustly up-regulated 
from prophase I to metaphase II stages in oocytes (Fig. 1C and 
fig. S1C), whereas in marked contrast, the abundance of Wapl 
protein was relatively constant throughout the cell cycle in HeLa 
cells (12). Together, the differences noted in meiotic and mitotic 
cell cycle dynamics suggests that Wapl might have distinct functions 
in oocyte meiosis.

Depletion of Wapl accelerates meiotic progression 
and inactivates the SAC
To explore the role of Wapl in oocyte meiosis, loss-of-function 
experiments with gene-targeting morpholinos were performed in 
oocytes. More than 70% of the targeted protein was down-regulated 
in Wapl-depleted oocytes as judged by immunoblot (Fig. 2A and 
fig. S2A). This decrease of Wapl abundance in the morpholino- 
based silencing approach was comparable to that of small interfering 
RNA (siRNA)–mediated gene silencing (fig. S2B) and confirmed 
by the immunostaining analysis, showing that Wapl signals at 
both chromosomes and kinetochores were remarkably reduced in 
Wapl-depleted oocytes (fig. S2C). To assess the effect of Wapl 
depletion on meiotic progression, we recorded the frequency of 
GVBD and PBE (polar body extrusion), two critical developmental 
events during oocyte meiosis. We found that depletion of Wapl did 
not significantly affect GVBD (Fig. 2B), but unexpectedly, there was 
a considerably higher incidence of PBE observed in Wapl-depleted 

oocytes than in control oocytes at the time point of 6 and 7 hours 
after GVBD (Fig. 2, C and D). The final rate of PBE at 10 hours after 
GVBD was comparable between the two groups (Fig. 2D), indicating 
that meiotic progression was accelerated in the absence of Wapl. 
To rule out the possibility that premature PBE was due to off-target 
effects of the morpholinos, we expressed exogenous Wapl in Wapl- 
depleted oocytes to monitor meiotic progression. The recovery of Wapl 
protein level in Wapl-rescue oocytes was confirmed by immunoblot 
(fig. S2D). As anticipated in the rescued oocytes, the frequency of PBE at 
6 and 7 hours after GVBD was reduced to a level indistinguishable 
from controls (Fig. 2D). This PBE kinetics was recapitulated by 
knocking down Wapl with siRNA and rescuing with siRNA-resistant 
Wapl mRNA (fig. S2E).

The precocious PBE implies that the SAC activity might be 
compromised. We observed similar kinetics of accelerated PBE when 
the SAC was inhibited with Mps1 inhibitor reversine (fig. S2F), 
although the timing of PBE was even earlier than observed with 
Wapl depletion. This observation was further validated by the 
change of Securin protein levels at different time points during 
meiotic progression (fig. S2G). Another line of evidence to substantiate 
impaired SAC function in Wapl-depleted oocytes is that they were 
able to override the M I arrest induced by nocodazole, unlike 
control and Wapl-rescue oocytes (Fig. 2E). In addition, BubR1, a 
crucial part of the SAC complex, was immunostained in oocytes as 
an indicator (21, 22). As shown in Fig. 2 (F to H) and fig. S2 (H to J), 
BubR1 was recruited to the unattached kinetochores at prometaphase I 

Fig. 1. Meiotic dynamics of Wapl in mouse oocytes. (A) Representative images of Wapl-GFP localization during mouse oocyte meiosis. Mouse oocytes were microinjected 
with Wapl-GFP mRNA at GV stage, maintained for 2 hours in 2.5 M milrinone before being washed into milrinone-free medium to allow development to GVBD, Pro-M I, 
M I, AT I, and M II stages, followed by DNA staining with propidium iodide (PI). Scale bar, 20 m. (B) Representative images of the localization of endogenous Wapl in 
oocytes. Oocytes were immunostained for Wapl following chromosome spreading. Scale bar, 5 m. (C) Protein levels of Wapl during oocyte meiosis corresponding to GV 
(0 hour), GVBD (4 hours), M I (8 hours), and M II (12 hours) stages were examined by immunoblot. The blots were probed with anti-Wapl antibody and anti-Gapdh 
antibody. The band intensity of Wapl was normalized with that of Gapdh. Data were presented as mean value (mean ± SEM) of three independent experiments.
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stage in control oocytes. However, about 50% of BubR1 was lost 
from kinetochores in Wapl-depleted oocytes, indicating that Wapl 
depletion impairs the SAC complex and activity.

Collectively, our findings suggest that Wapl is implicated in 
control of the SAC activity and orchestrates meiotic progression 
that differs from observations in mitosis in which depletion of Wapl 
causes prometaphase delay but does not affect progression from 
prometaphase through anaphase (12).

Depletion of Wapl causes meiotic spindle defects, 
chromosome misalignment, and aneuploidy
Given its participation in the SAC control during oocyte meiosis, 
we hypothesized that Wapl might play a regulatory role in spindle 
assembly and chromosome alignment. After staining, more than 
80% of control oocytes displayed a typical barrel-shaped spindle with 
well-aligned chromosomes on the metaphase plate (Fig. 3, A, B, and D). 
Depletion of Wapl frequently resulted in spindle assembly defects 

Fig. 2. Effect of Wapl depletion on meiotic progression and the SAC activity in mouse oocytes. (A) Knockdown efficiency of Wapl by injection of morpholino was 
tested in control and Wapl-MO (morpholino) oocytes by immunoblots. GV oocytes were injected with control or Wapl-specific morpholinos, maintained for 20 hours in 
2.5 M milrinone to inhibit mRNA translation. Then, 200 oocytes for each group were collected and immunoblotted for Wapl and Gapdh. The band intensity of Wapl was 
normalized with that of Gapdh. (B) Wapl depletion has no effect on the occurrence of GVBD. Quantitative analysis of GVBD rate was shown in control (n = 165) and Wapl-
MO (n = 152) oocytes, accompanied by the representative images of meiotic resumption in Wapl-MO oocytes. Scale bar, 100 m. (C) Representative images of PBE in 
control, Wapl-MO, and Wapl-rescue oocytes at 7 hours after GVBD. Scale bar, 100 m. (D) Quantitative analysis of PBE rate was shown in control (n = 135), Wapl-MO 
(n = 128), and Wapl-rescue (n = 148) oocytes at consecutive time points after GVBD. For the rescue experiments, GV oocytes were injected with Wapl-specific morpholino 
and maintained for 20 hours in 2.5 M milrinone before being injected with morpholino-resistant Wapl mRNA and maintained for a further 2 hours in 2.5 M milrinone to 
allow time for Wapl translation. Oocytes were then washed into milrinone-free medium to allow resumption of meiosis. (E) The proportion of oocytes overriding 
metaphase I arrest by nocodazole treatment was recorded in control (n = 98), Wapl-MO (n = 95), and Wapl-rescue (n = 92) oocytes. Oocytes injected with the indicated 
morpholino and/or mRNA were cultured with 400 nM nocodazole from 4 hours after GVBD, and the PBE rate was scored at 10 hours after GVBD. (F) SAC activity was 
indicated by the localization of BubR1 at prometaphase I stage in control, Wapl-MO, and Wapl-rescue oocytes. At 3 hours after GVBD, oocytes were fixed and immunostained 
for BubR1, CREST, and DNA (Hoechst). Scale bar, 10 m. (G) The relative fluorescence intensity of BubR1 to CREST was measured in control (n = 182), Wapl-MO (n = 191), 
and Wapl-rescue (n = 188) oocytes. The signal intensity of BubR1 was normalized with that of CREST. (H) The fluorescence intensity of BubR1 was measured in control 
(n = 182), Wapl-MO (n = 191), and Wapl-rescue (n = 188) oocytes. Data of (B), (D), (E), (G), and (H) were presented as mean percentage or value (mean ± SEM) of at least 
three independent experiments. **P < 0.01, ***P < 0.001. ns, not significant.
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(Fig. 3, A and B) and failed chromosome alignment (Fig. 3, A and D). 
These defects include a variety of apolar, elongated, and multipolar 
spindles with one or several scattered or lagging chromosomes, which 
did not realign even at anaphase I stage (Fig. 3, A and C, and fig. S3, 
A and B). Notably, spindle defects in Wapl-depleted oocytes could 
be rescued by expression of exogenous Wapl (fig. S3, C and D). 
Furthermore, the width of the chromosome plate at M I stage 
was considerably wider in Wapl-depleted than in control oocytes 
(Fig. 3, E and F). A similar phenotype with altered spindle length 
and M I chromosome plate width was observed when the SAC was 
inactivated with Mps1 inhibitor reversine (fig. S3, E to G).

The remarkably higher occurrence of misaligned chromosomes 
in Wapl-depleted oocytes suggested impairment of kinetochore- 
microtubule (K-MT) attachments. Therefore, oocytes were cold- 
treated to induce depolymerization of microtubules that are not 
attached to kinetochores. In control oocytes, we observed that 
microtubules mostly captured the kinetochores on the aligned 
bivalents at the equator (Fig. 3, G and H). Conversely, we detected 
a higher frequency of unattached kinetochores with few cold-stable 
microtubules in Wapl-depleted oocytes (Fig. 3, G and H). These 
observations suggest that Wapl is required for proper K-MT attachments 
in meiosis.

Incorrect or unstable K-MT attachments contribute to bivalent 
misalignment and discordant divisions, which cause aneuploidy in 
mammalian eggs (23, 24). In karyotyping control oocytes, we found 
that a large majority were euploid and had the correct number of 
univalents (Fig. 3I). However, the incidence of hyperploidy (>20 
univalents) in Wapl-depleted oocytes increased from ~3% in control 
oocytes to 15% and decreased to roughly 5% after expressing exogenous 
Wapl (Fig. 3, I and J). Similar defects in spindle/chromosome structure 
resulting in aneuploidy were observed in oocytes after depletion of 
Wapl by siRNA (fig. S4).

Depletion of Wapl does not affect chromosome cohesion 
during oocyte meiosis I
To determine whether the chromosome defects and aneuploidy in 
Wapl-depleted oocytes was due to the compromised chromosome 
cohesion, we assessed the binding of cohesin to chromosomes by 
immunostaining for two subunits of cohesion, Rec8 and Smc3 
(Fig. 4, A and C). The fluorescence intensity was indistinguishable 
from controls (Fig. 4, B and D), indicating that Wapl depletion does 
not affect cohesin binding. This was further confirmed by immunoblots 
that the abundance of Rec8 and Smc3 proteins was not altered in 
Wapl-depleted oocytes (Fig. 4, E and F). In addition, Wapl depletion 
did not influence the morphology of bivalents and the distance 
separating the two sister kinetochore pairs within a bivalent (Fig. 4, 
G and H). These observations suggest that Wapl is essential for 
maintenance of euploidy by modulating spindle and chromosome 
dynamics independent of chromosome cohesion during oocyte 
meiosis I.

Wapl interacts with Bub3 and is required for its  
protein levels
To gain insight into the molecular function of Wapl in the control 
of SAC activity, we used immunoprecipitation and mass spectrometry 
(MS) to identify its potential downstream effectors. Among the 
candidates, we found that Bub3, a conserved SAC component in 
both mitosis and meiosis (25), is a binding partner of Wapl (Fig. 5A 
and data S1). We verified the interaction between Wapl and 

Bub3 by performing co-immunoprecipitation (co-IP) experiments 
in oocytes and human embryonic kidney (HEK) 293 cells (Fig. 5, 
B to D). In addition, we costained Wapl and Bub3 in oocytes and 
observed that Bub3 colocalized with Wapl at kinetochore regions 
(Fig. 5E).

To determine whether Bub3 is a downstream effector of Wapl in 
the SAC control, we examined the localization and expression of 
Bub3 in Wapl-depleted oocytes. Immunostaining documented that 
Wapl depletion by targeted morpholino or siRNA did not change 
the localization of Bub3 at kinetochores. However, the fluorescent 
signal was remarkably reduced (Fig. 5, F to H, and fig. S5, A to F), 
and immunoblotting confirmed that the protein level of Bub3 was 
significantly decreased in Wapl-depleted oocytes (Fig. 5I and fig. S5, 
G and H). As expected, reduced levels of Bub3 could be restored by 
expressing exogenous Wapl in Wapl-depleted oocytes as judged by 
immunostaining and immunoblots (Fig. 5, F to I, and fig. S5). Using 
similar approaches, we assessed the localization and expression of 
Knl1, Bub1, and Mad2. No significant change in the abundance of 
Knl1 at kinetochores was observed in Wapl-depleted oocytes (fig. S6, 
A to C), and although the total levels of Bub1 and Mad2 were not 
affected by Wapl depletion, the abundance of both was decreased at 
kinetochores (fig. S6, D to J).

To precisely dissect Wapl interactions with Bub3, we purified 
recombinant full-length Bub3 and fragments of Wapl for in vitro 
binding assay (Fig. 5J). Bub3 could be pulled down by Wapl1–300 
but not the three other fragments (Wapl301–600, Wapl601–900, and 
Wapl901–1200) (Fig. 5K). This assay was further refined to document 
that Wapl1–50, but not Wapl51–300, bound to Bub3 (Fig. 5, L and M). 
Previous studies reported that the YSR motif in the N terminus of 
Wapl was required to mediate its binding to Pds5B or Haspin (26, 27). 
Our co-IP data also showed that mutation of YSR motif to ASE 
(Y9A/R11E) in Wapl impaired its interaction with Bub3 (Fig. 5N) 
and that mutant Wapl cannot restore Bub3 and the accelerated mei-
otic progression caused by Wapl depletion (Fig. 5, O and P). Thus, 
it indicates that the interaction between Wapl and Bub3 is required 
for the maintenance of Bub3 protein level and SAC activity in oo-
cyte meiosis.

To further elucidate the underlying mechanisms by which Wapl 
regulates Bub3, we evaluated mRNA levels of Bub3 upon Wapl 
depletion and found that Wapl did not affect the transcription of 
Bub3 (fig. S7A). We next explored the possibility that Wapl binding 
masks posttranslational modifications of Bub3, such as ubiquitination 
or sumoylation, to prevent its degradation. However, when we treated 
Wapl-depleted oocytes with the proteasome inhibitor MG132 or 
the sumoylation inhibitor ginkgolic acid, there was no significant 
increase of Bub3 (fig. S7B). In addition, overexpression of Wapl in 
oocytes did not increase the abundance of Bub3 (fig. S7C), suggesting 
that endogenous Wapl is sufficient to maintain Bub3 levels. Thus, 
Wapl regulates Bub3 through an unknown way that requires further 
investigation.

Elevation of Bub3 protein levels restores Wapl depletion–
induced meiotic defects and aneuploidy
If reduced levels of Bub3 caused by depletion of Wapl cause meiotic 
defects and aneuploidy, then introduction of exogenous Bub3 into 
Wapl-depleted oocytes should reverse the phenotype. To test this 
hypothesis, we examined meiotic progression after microinjection 
of Bub3-HA mRNA into the Wapl-depleted oocytes (Bub3-rescue 
oocytes). Fluorescent imaging documented that Bub3-HA was correctly 
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Fig. 3. Effect of Wapl depletion on the spindle assembly, chromosome alignment, K-MT attachment, and euploidy in mouse oocytes. (A) Representative images 
of spindle morphologies and chromosome alignment in control and Wapl-MO oocytes. GV oocytes were injected with control or Wapl-specific morpholinos, maintained 
for 20 hours in 2.5 M milrinone before being washed into milrinone-free medium to allow resumption of meiosis. At 6 hours after GVBD, oocytes were fixed and 
immunostained for -tubulin and DNA (Hoechst). Arrowheads indicate nonaligned bivalents. Scale bar, 20 m. (B) The rate of abnormal spindles was recorded in control 
(n = 102) and Wapl-MO (n = 108) oocytes. (C) The rate of apolar, elongated, multipolar, and short spindles was recorded in control (n = 102) and Wapl-MO (n = 108) 
oocytes. (D) The rate of misaligned chromosomes was recorded in control (n = 102) and Wapl-MO (n = 108) oocytes. (E) Representative images of the width of M I plate in 
control and Wapl-MO oocytes. At 6 hours after GVBD, oocytes were fixed and immunostained for -tubulin and DNA (PI). Scale bar, 10 m. (F) The width of M I plate was 
measured in control (n = 38) and Wapl-MO (n = 40) oocytes. (G) Representative images of K-MT attachment in control and Wapl-MO oocytes. At 6 hours after GVBD, 
oocytes were incubated in M2 medium at 4°C for 10 min to induce the depolymerization of unstable microtubules and then immediately fixed and immunostained for 
-tubulin, CREST, and DNA (Hoechst). White, yellow, and green arrows indicate nonconnected kinetochores, polar kinetochores, and stretched bivalents, respectively. 
Scale bar, 5 m. (H) The number of unattached kinetochores was recorded in control (n = 26) and Wapl-MO (n = 27) oocytes. (I) Representative images of euploid and 
aneuploid M II eggs. Chromosome spreading was performed to count the number of chromosomes in control, Wapl-MO, and Wapl-rescue oocytes at 10 hours after 
GVBD. Scale bar, 5 m. (J) The rate of hyperploid eggs was recorded in control (n = 60), Wapl-MO (n = 60), and Wapl-rescue (n = 61) oocytes. Data of (B) to (D) and (J) were 
presented as mean percentage (mean ± SEM) of at least three independent experiments. Data of (F) and (H) were presented as mean value (mean ± SD) of at least three 
independent experiments. **P < 0.01, ***P < 0.001.
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located at kinetochores and immunoblot confirmed that levels of 
Bub3 were comparable to controls in Bub3-rescue oocytes (fig. S8, 
A and B). The accelerated PB1 extrusion at 6 and 7 hours after GVBD 
observed in Wapl-depleted oocytes reverted in Bub3-rescued oocytes 
to that of control oocytes (Fig. 6A). However, the Bub3QE (E213Q/
K216E/K217E/K218E) mutant (28) that does not localize to the 
kinetochores was not able to correct the accelerated meiotic progression 
after expression in Wapl-depleted oocytes, although the protein level 
was normal (fig. S8, C to E). We also expressed exogenous Mad2, 
another core SAC component, in Wapl-depleted oocytes but did not 
observe the recovery of accelerated PB1 extrusion (fig. S8, F and G). 
In addition, the higher frequency of abnormal spindles, misaligned 
chromosomes, and incorrect K-MT attachments observed in Wapl- 
depleted oocytes was reduced to a level indistinguishable from 
controls in Bub3-rescue oocytes (Fig. 6, B, C, F, and G). In addition, 
the defective spindle length and width of chromosome plate at M I 
stage was restored in Bub3-rescue oocytes (Fig. 6, B, D, and E). Last, 
expression of exogenous Bub3 rescued the high incidence of aneuploidy 
exhibited in Wapl-depleted oocytes to comparable levels of control 
oocytes (Fig. 6, H and I). Collectively, these results indicate that 
recovery of Bub3 levels functionally rescues the defects caused 
by Wapl depletion, and the involvement of Wapl in the meiotic 
progression and control of the SAC is mediated by Bub3.

DISCUSSION
In eukaryotic cells, most cohesin complexes are stripped from 
chromosome arms during mitotic prophase and prometaphase in 
the “prophase pathway” mediated by Wapl (29). However, during 
meiosis, chromosome cohesion is established when DNA replication 
and recombination occur in fetal oocytes. After birth, during meiotic 
prophase, the homologous chromosomes become paired and joined 
by the process of homologous recombination to form a bivalent 
(30). Then, during meiosis I, cohesin complexes adhere to bivalents 
until the onset of anaphase I when the distal cohesin of bivalent 
arms is removed by cleavage of Rec8 by Separase (23, 31–33). It is 
not known whether Wapl functions as a cohesin release factor to 
facilitate resolution of chiasmata by Separase, which prompted us to 
investigate its role during oocyte meiosis I.

Localization and expression patterns of Wapl differ during somatic 
cell mitosis and germ cell meiosis. In mitotic cells, Wapl is expressed 
throughout the cell cycle, but not present on chromosomes from 
prometaphase to anaphase (12). In sharp contrast, we observed 
up-regulation of Wapl expression during meiosis and accumulation 
on chromosomes, which suggested distinct functions. Unexpectedly, 
Wapl depletion accelerates meiotic progression in mouse oocytes as 
evidenced by premature extrusion of the first polar body. In contrast, 
depletion of Wapl delays the progression through the early stages of 
mitosis and more cells are arrested in prophase and prometaphase 
stages (11). Previous studies indicated that precocious PBE in oocytes 
is highly correlated with SAC dysfunction (22, 34, 35). In our studies, 
we find that the SAC activity is impaired and accompanied by various 
meiotic defects in Wapl-depleted oocytes including aberrant spindle 
assembly, improper chromosome alignment, and incorrect K-MT 
attachments that lead to aneuploidy. From these observations, we 
conclude that Wapl is required for SAC control and meiotic progression 
during meiosis I. These defects are not caused by the compromised 
cohesion because Wapl depletion does not affect the cohesin binding 
and bivalent resolution.

Fig. 4. Effect of Wapl depletion on cohesin binding. (A) Representative images 
of localization of Rec8 on the chromosomes in control and Wapl-MO oocytes. GV 
oocytes were injected with control or Wapl-specific morpholinos, maintained for 
20 hours in 2.5 M milrinone before being washed into milrinone-free medium to 
allow resumption of meiosis. At 6 hours after GVBD, oocytes immunostained for Rec8 and 
DNA (Hoechst) following chromosome spreading. Scale bar, 10 m. (B) The fluorescence 
intensity of Rec8 was measured in control (n = 200, bivalents) and Wapl-MO (n = 200, 
bivalents) oocytes. (C) Representative images of localization of Smc3 on the chromosomes 
in control and Wapl-MO oocytes. GV oocytes were injected with control or Wapl- 
specific morpholinos, maintained for 20 hours in 2.5 M milrinone before being washed 
into milrinone-free medium to allow resumption of meiosis. At 6 hours after GVBD, 
oocytes were immunostained for Smc3 and DNA (Hoechst) following chromosome 
spreading. Scale bar, 10 m. (D) The fluorescence intensity of Smc3 was measured 
in control (n = 200, bivalents) and Wapl-MO (n = 200, bivalents) oocytes. (E) The protein 
levels of Rec8 were assessed by immunoblotting in control and Wapl-MO oocytes. 
Two hundred oocytes at 6 hours after GVBD for each group were collected and 
immunoblotted for Wapl, Rec8, and Gapdh. (F) The protein levels of Smc3 were 
assessed by immunoblotting in control and Wapl-MO oocytes. Two hundred oocytes 
at 6 hours after GVBD for each group were collected and immunoblotted for Wapl, 
Smc3, and Gapdh. (G) Representative images of bivalents and kinetochores in control 
and Wapl-MO oocytes. GV oocytes were injected with control or Wapl-specific 
morpholinos, maintained for 20 hours in 2.5 M milrinone before being washed 
into milrinone-free medium to allow resumption of meiosis. At 6 hours after GVBD, 
oocytes were immunostained for CREST and DNA (Hoechst) following chromosome 
spreading. Scale bar, 10 m. (H) The distance between kinetochore pairs within a 
bivalent was measured in control (n = 200, kinetochore pairs) and Wapl-MO (n = 200, 
kinetochore pairs) oocytes. Data of (B), (D), and (H) were presented as mean value 
(mean ± SEM) of at least three independent experiments.
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Fig. 5. The interaction between Wapl and Bub3. (A) Identification of binding partners of Wapl by immunoprecipitation and MS. The protein coverage, the number of 
peptides, and the molecular weight were shown for each molecule. (B) Co-IP was performed to determine the interaction between Wapl and Bub3. Oocytes were collected 
at 3 hours after GVBD (prometaphase I stage). Oocyte lysates were incubated with immunoglobulin G (IgG) and anti-Wapl antibody, respectively, followed by incubation 
with protein G beads. The blots of 5% of input and IP eluates were probed with anti-Bub3 and anti-Wapl antibodies, respectively. IP eluates were immunoblotted for 
histone H3 as a negative control. (C) Reciprocal co-IP was performed with IgG and anti-Bub3 antibody, respectively. The blots of 5% of input and IP eluates were probed 
with anti-Wapl and anti-Bub3 antibodies, respectively. (D) HEK293 cells were cotransfected with Wapl-Flag and Bub3-HA plasmids and subjected to co-IP using anti-Flag 
antibody. The interaction between Wapl-Flag and Bub3-HA was shown by the presence of Bub3-HA in the IP eluate pulled down by anti-Flag antibody. Five percent of 
input was used for immunoblotting. (E) Colocalization of Wapl with Bub3. At 3 hours after GVBD, oocytes were costained for Wapl and Bub3 following chromosome 
spreading. Scale bar, 5 m. (F) Localization of Bub3 at prometaphase I stage in control, Wapl-MO, and Wapl-rescue oocytes. GV oocytes were injected with control or 
Wapl-specific morpholinos, maintained for 20 hours in 2.5 M milrinone before being washed into milrinone-free medium to allow resumption of meiosis. For the rescue 
experiment, GV oocytes were injected with Wapl-specific morpholinos and maintained for 20 hours in 2.5 M milrinone before being injected with Wapl mRNA and 
maintained for a further 2 hours in 2.5 M milrinone to allow time for Wapl translation. Oocytes were then washed into milrinone-free medium to allow resumption of 
meiosis. At 3 hours after GVBD, oocytes were fixed and immunostained for Bub3, CREST, and DNA (Hoechst). Scale bar, 10 m. (G) The relative fluorescence intensity of 
Bub3 to CREST was measured in control (n = 189), Wapl-MO (n = 183), and Wapl-rescue (n = 171) oocytes. The signal intensity of Bub3 was normalized with that of CREST. 
(H) The fluorescence intensity of Bub3 was measured in control (n = 189), Wapl-MO (n = 183), and Wapl-rescue (n = 171) oocytes. (I) The protein levels of Bub3 were detected 
by immunoblots of control, Wapl-MO, and Wapl-rescue oocytes. Two hundred oocytes at 3 hours after GVBD for each group were collected and immunoblotted for Wapl, 
Bub3, and -tubulin. (J) Coomassie-stained SDS-polyacrylamide gel electrophoresis (PAGE) gel of the purified recombinant Wapl fragments and full-length Bub3. 1–300, 
Wapl1–300; 301–600, Wapl301–600; 601–900, Wapl601–900; 901–1200, Wapl901–1200. (K) Coomassie-stained SDS-PAGE gel of the recombinant Bub3 bound to the recombinant 
Wapl1–300 fragment following glutathione S-transferase (GST) pull down. (L) Coomassie-stained SDS-PAGE gel of the purified recombinant Wapl fragments. 1–50, Wapl1–50; 
51–300, Wapl51–300. (M) Coomassie-stained SDS-PAGE gel of the recombinant Bub3 bound to the recombinant Wapl1–50 fragment following GST pull down. (N) HEK293 
cells were cotransfected with wild-type (WT) or mutant (YSR>ASE) Wapl-Flag and Bub3-HA plasmids and then subjected to co-IP experiment using anti-Flag antibody. The 
interaction between Wapl-Flag and Bub3-HA was shown by the presence of Bub3-HA in the IP eluate pulled down by anti-Flag antibody. Ten percent of input was used 
for immunoblotting. (O) The protein levels of Bub3 were detected by immunoblotting in control, Wapl-MO, and mutant (YSR>ASE) Wapl-rescue oocytes. Two hundred 
oocytes at 3 hours after GVBD for each group were collected and immunoblotted for Wapl, Bub3, and -tubulin. (P) Meiotic progression in control (n = 113), Wapl-MO 
(n = 110), and mutant (YSR>ASE) Wapl-rescue (n = 108) oocytes was shown by recording the rate of first PBE from 5 to 10 hours after GVBD. GV oocytes were injected with 
control or Wapl-specific morpholinos, maintained for 20 hours in 2.5 M milrinone before being washed into milrinone-free medium to allow resumption of meiosis. For 
the rescue experiments, GV oocytes were injected with Wapl-specific morpholinos and maintained for 20 hours in 2.5 M milrinone before being injected with mutant 
(YSR>ASE) Wapl mRNA and maintained for a further 2 hours in 2.5 M milrinone to allow time for mutant Wapl translation. Oocytes were then washed into milrinone-free 
medium to allow resumption of meiosis. Data of (G), (H), and (P) were presented as mean value (mean ± SEM) of at least three independent experiments. ***P < 0.001.
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Fig. 6. Meiotic defects in Wapl-depleted oocytes could be restored by expression of exogenous Bub3. (A) Meiotic progression in control (n = 135), Wapl-MO 
(n = 124), and Bub3-rescue (n = 115) oocytes was determined by recording the rate of first PBE from 5 to 10 hours after GVBD. GV oocytes were injected with control or 
Wapl-specific morpholinos, maintained for 20 hours in 2.5 M milrinone before being washed into milrinone-free medium to allow resumption of meiosis. For the rescue 
experiment, GV oocytes were injected with Wapl-specific morpholino and maintained for 20 hours in 2.5 M milrinone before being injected with Bub3 mRNA and 
maintained for a further 2 hours in 2.5 M milrinone to allow time for Bub3 translation. Oocytes were then washed into milrinone-free medium to allow resumption of 
meiosis. (B) Representative images of spindle morphologies and chromosome alignment in control, Wapl-MO, and Bub3-rescue oocytes. At 6 hours after GVBD, oocytes 
were fixed and immunostained for -tubulin and DNA (PI). Scale bar, 20 m. (C) Abnormal spindles with misaligned chromosomes were quantified in control (n = 75), 
Wapl-MO (n = 82), and Bub3-rescue (n = 87) oocytes. (D) The spindle length was measured in control (n = 37), Wapl-MO (n = 33), and Bub3-rescue (n = 38) oocytes at M I 
stage. (E) The width of M I plate was measured in control (n = 36), Wapl-MO (n = 38), and Bub3-rescue (n = 35) oocytes. (F) Representative images of K-MT attachment in 
control, Wapl-MO, and Bub3-rescued oocytes. At 6 hours after GVBD, oocytes were fixed and immunostained for -tubulin, CREST, and DNA (Hoechst). White and yellow 
arrows indicate nonconnected kinetochores and polar kinetochores, respectively. Scale bar, 5 m. (G) The rate of unattached kinetochores was recorded in control 
(n = 25), Wapl-MO (n = 27), and Bub3-rescue (n = 22) oocytes. (H) Representative images of euploid and aneuploid M II eggs. Chromosome spreading was performed to 
count the number of chromosomes in control, Wapl-MO, and Bub3-rescued oocytes at 10 hours after GVBD. Scale bar, 5 m. (I) The rate of hyperploid eggs was recorded 
in control (n = 66), Wapl-MO (n = 61), and Bub3-rescue (n = 59) oocytes. Data of (A), (C), and (I) were presented as mean percentage (mean ± SEM) of at least three independent 
experiments. Data of (D), (E), and (G) were presented as mean value (mean ± SD) of at least three independent experiments. **P < 0.01, ***P < 0.001. (J) Working model of 
how Wapl functions in control of the SAC during meiosis I. In normal oocytes, Wapl binds to and stabilizes Bub3 to maintain the SAC function, consequently ensuring 
euploid eggs. However, in oocytes depleted of Wapl, the SAC function is compromised due to the degradation of Bub3, resulting in aneuploid eggs.
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The SAC certifies correct attachment of spindle microtubules to 
kinetochores and licenses cells to progress into anaphase to ensure 
accurate chromosome segregation (25). It was initially suggested 
that mammalian oocytes may not have a functional SAC because 
they can proceed through meiosis despite misaligned chromosomes, 
which results in higher rates of aneuploidy compared to somatic 
cells (36). Subsequent investigations documented that depletion of 
each SAC protein (Mps1, Bub1, BubR1, Bub3, Mad1, and Mad2) by 
knockdown or knockout unexceptionally resulted in an accelerated 
progression of meiosis I and an increased frequency of aneuploidy 
in mature oocytes (22, 34, 37–40), demonstrating that SAC is both 
present and functional in female germ cells. Our current findings 
document that Wapl participates in the SAC control to orchestrate 
meiotic progression and prevent aneuploidy in oocytes.

To further explore the molecular biology of Wapl in SAC control, 
we performed the immunoprecipitation of Wapl followed by MS to 
identify binding partners. A key member of the SAC complex, Bub3, 
was detected, and co-IP and in vitro binding experiments verified 
interaction between the two proteins. In oocyte meiosis I, the similar 
localization pattern of Wapl and Bub3 provides the prerequisite for 
their interaction. However, in mitotic cells, inhibitory factors might exist 
to prevent their binding. Thus, we hypothesized that Bub3 might be a 
downstream effector that mediates the participation of Wapl in the SAC 
control in oocytes. Bub3 protein is substantially reduced in Wapl- 
depleted oocytes, and expression of exogenous Bub3 restores the 
meiotic defects caused by Wapl depletion. These observations demonstrate 
that the involvement of Wapl in SAC control is mediated by Bub3.

This raises the key question of how Wapl affects the abundance 
of Bub3. We have ruled out Wapl regulation of Bub3 transcription 
and showed that inhibition of ubiquitination or sumoylation did 
not affect degradation of Bub3. It remains possible that Wapl 
acts as a molecular chaperone to facilitate Bub3 folding into a final 
compact and stable confirmation resistant to destruction (41). 
Increasing evidence has shown that cohesin subunits and regulators 
are implicated in biological processes in addition to chromosome 
cohesion. Our previous studies reported that cohesin establishment 
factors, Esco1 and Esco2, regulate distinct functions during oocyte 
meiosis. Esco1 acetylates -tubulin to ensure microtubule stability 
to promote spindle assembly (42). Esco2 maintains H4K16 acetylation 
to participate in kinetochore functions for the SAC activity (43). In 
the current study, we find that cohesin release factor Wapl interacts 
with Bub3 to mediate the SAC function in oocyte meiosis I, which 
enriches our mechanistic understanding of the formation of aneuploid 
eggs (Fig. 6J). We demonstrate that, as two crucial regulators of cell 
cycle, cohesin and the SAC share common regulators to coordinate 
faithful chromosome segregation and orchestrate meiotic progression. 
One limitation of our present work is that we only assessed a short-term 
effect of Wapl depletion on the oocyte meiosis by knockdown 
approaches, and future studies will be conducted to evaluate the 
long-term effects of Wapl ablation on the oogenesis and oocyte 
development using a knockout mouse model.

MATERIALS AND METHODS
Animals
Four- to 6-week-old female ICR mice were used in all experiments, 
which were approved by the Animal Care and Use Committee of 
Nanjing Agricultural University, China and were performed in 
accordance with institutional guidelines.

Antibodies
Rabbit polyclonal anti-Wapl antibody was purchased from Bethyl 
Laboratories (Montgomery, TX, USA; catalog no. A300-268A-T); 
goat polyclonal anti-BubR1 antibody, rabbit polyclonal anti-Rec8 
antibody, rabbit monoclonal anti-Smc3 antibody, rabbit monoclonal 
anti-Bub3 antibody, rabbit monoclonal anti-H3 antibody, rabbit 
polyclonal anti-Knl1 antibody, rabbit monoclonal anti-Bub1 antibody, 
rabbit monoclonal anti-Securin antibody, horseradish peroxidase 
(HRP)–conjugated goat anti-mouse immunoglobulin G (IgG) (H+L), 
and HRP-conjugated goat anti-rabbit IgG (H+L) were purchased 
from Abcam (Cambridge, MA, USA; catalog nos. ab28193, ab38372, 
ab128919, ab133699, ab176842, ab97023, ab70537, ab195268, ab79546, 
and ab97051); mouse monoclonal anti–-tubulin–fluorescein 
isothiocyanate (FITC) antibody was purchased from Sigma (St. Louis, 
MO, USA; catalog no. F2168); human anti-centromere antibody 
was purchased from Antibodies Incorporated (Davis, CA, USA; 
catalog no. CA95617); mouse monoclonal anti-hemagglutinin (HA) 
antibody and Alexa Fluor 555–conjugated goat anti-human IgG 
(H+L) were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA; catalog nos. 26183 and A-21433); rabbit monoclonal anti-Flag 
antibody and rabbit monoclonal anti-Gapdh (glyceraldehyde-3- 
phosphate dehydrogenase) antibody were purchased from Cell 
Signaling Technology (Danvers, MA, USA; catalog nos. 14793 and 
2118); mouse monoclonal anti–-tubulin antibody was purchased 
from Santa Cruz Biotechnology (Dallas, TA, USA; catalog no. sc-5286); 
and rabbit polyclonal anti-Mad2 antibody was purchased from 
Proteintech (Rosemont, IL, USA; catalog no. 10337-1-AP). Tetramethyl 
rhodamine isothiocyanate (TRITC)–conjugated goat anti-rabbit IgG 
(H+L) was purchased from Zhongshan Golden Bridge Biotechnology 
Co. Ltd. (Beijing, China).

Oocyte collection and culture
Female ICR mice were sacrificed by cervical dislocation. Fully grown 
oocytes arrested at prophase of meiosis I were collected from ovaries 
in M2 medium. Only those immature oocytes displaying a GV were 
cultured further in M16 medium under liquid paraffin oil at 37°C in 
an atmosphere of 5% CO2 incubator for in vitro maturation. At different 
time points after culture, oocytes were collected for subsequent analysis.

Morpholino knockdown
Wapl-targeting morpholino antisense oligo (Gene Tools, Philomath, 
OR, USA; 5′-TCTGGATGTCATTTTGACACCTGTT-3′) was diluted 
with water to provide a working concentration of 1 mM, and then 
approximately 5 to 10 pl of oligo were microinjected into the cytoplasm 
of fully grown GV oocytes using a Narishige microinjector (Tokyo, 
Japan). A nontargeting morpholino oligo (5′-CCTCTTACCTCAGT-
TACAATTTATA-3′) was injected as a control. To facilitate the 
morpholino-mediated inhibition of mRNA translation, oocytes were 
arrested at GV stage in M16 medium containing 2.5 M milrinone 
for 20 hours and then cultured in milrinone-free M16 medium for 
subsequent experiments.

siRNA knockdown
Wapl-targeting siRNA oligo (GenePharma, Shanghai, China; antisense 
sequence: 5′-UUCUUUGCCUGAUUCAGGCTT-3′) was diluted with 
water to provide a working concentration of 25 M, and then 
approximately 5 to 10 pl of oligo were microinjected into the 
cytoplasm of fully grown GV oocytes using a Narishige microinjector 
(Tokyo, Japan). A nontargeting siRNA oligo (antisense sequence: 
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5′-ACGUGACACGUUCGGAGAATT-3′) was injected as a control. 
To facilitate the degradation of mRNA by siRNA, oocytes were 
arrested at GV stage in M16 medium containing 2.5 M milrinone 
for 24 hours and then transferred to milrinone-free M16 medium to 
resume the meiosis for subsequent experiments.

mRNA construct and in vitro transcription
Mouse wild-type (WT) Wapl complementary DNA (cDNA) was 
subcloned into pcDNA3.1/GFP or pcDNA3.1/Flag vectors. Mutant Wapl 
with four silent third-codon point mutations in the sequence targeted by 
the morpholino provided a MO-resistant construct. Mutant Wapl with 
three silent third-codon point mutations in the sequence targeted by the 
seed region of siRNA antisense strand provided a siRNA-resistant 
construct. Y9A/R11E mutations in Wapl were created for YSR>ASE 
mutant. All point mutations were introduced with the GeneArt Site- 
Directed Mutagenesis PLUS System (Thermo Fisher Scientific, Waltham, 
MA, USA). WT mouse Bub3 cDNA was subcloned into pcDNA3.1/HA 
vector. E213Q/K216E/K217E/K218E mutations in Bub3 were created 
for Bub3QE mutant. Capped mRNA was synthesized from linearized 
plasmid using a T7 mMessage mMachine kit (Thermo Fisher Scientific, 
Waltham, MA, USA) and purified with a MEGAclear kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Typically, 10 to 12 pl of mRNA 
(0.5 to 1.0 g/l) were injected into oocytes and then arrested at the 
GV stage in M16 medium containing 2.5 M milrinone for 2 hours, 
allowing enough time for translation, followed by releasing into 
milrinone-free M16 medium for further study.

Immunofluorescence and confocal microscopy
Oocytes were fixed in 4% paraformaldehyde in phosphate-buffered 
saline (PBS) (pH 7.4) for 30 min and permeabilized in 0.5% Triton 
X-100 for 20 min at room temperature. Then, oocytes were blocked 
with 1% bovine serum albumin (BSA)–supplemented PBS for 1 hour 
and incubated with anti-Wapl (1:100), anti-Rec8 (1:100), anti-Smc3 
(1:100), anti-Bub3 (1:200), anti-BubR1 (1:100), anti-Knl1 (1:100), 
anti-Bub1 (1:100), anti-Mad2 (1:50), anti–-tubulin-FITC (1:300), 
or anti-centromere (1:200) antibodies at 4°C overnight. After washing in 
phosphate-buffered saline with Tween 20 (PBST), oocytes were incu-
bated with an appropriate secondary antibody for 1 hour at room tem-
perature. Then, oocytes were counterstained with propidium iodide (PI) 
or Hoechst for 10 min. Last, oocytes were mounted on glass slides 
and observed under a confocal microscope (Carl Zeiss 700).

For measurement of fluorescence intensity, the signals from both 
control and treatment oocytes were acquired by performing the 
same immunostaining procedure and setting up the same parameters 
for confocal microscopy. The average fluorescence intensity per 
unit area within the region of interest was applied to quantify the 
fluorescence of each oocyte images. Fluorescence intensity was 
randomly measured by plot profiling using ImageJ software (National 
Institutes of Health, USA). Fluorescence intensity on kinetochores 
was quantified by drawing a circle of the dot-like CREST staining 
that includes SAC protein staining. The intensity of SAC proteins 
was normalized against the CREST fluorescence intensity.

Immunoprecipitation and immunoblots
Immunoprecipitation was carried out using 20 ovaries or 800 
oocytes according to the instructions for ProFound Mammalian 
Co-Immunoprecipitation Kit (Thermo Fisher Scientific, Waltham, 
MA, USA). For immunoblots, 200 oocytes were lysed in 4× lithium 
dodecyl sulfate (LDS) sample buffer (Thermo Fisher Scientific, 

Waltham, MA, USA) containing protease inhibitor and then sepa-
rated on 10% bis-tris precast gels and transferred onto polyvinylidene 
difluoride membranes. The blots were blocked in tris-buffered saline 
with Tween 20 (TBST) containing 5% low-fat dry milk for 1 hour at 
room temperature and then incubated with anti-Wapl (1:1000), anti- 
Bub3 (1:1000), anti-Rec8 (1:1000), anti-Smc3 (1:1000), anti-Flag 
(1:1000), anti-HA (1:1000), anti-Securin (1:2000), anti-BubR1 (1:500), 
anti-Bub1 (1:1000), anti-Mad2 (1:500), anti–-tubulin (1:5000), or 
anti-Gapdh (1:5000) antibodies overnight at 4°C. After washing in 
TBST, the blots were incubated with HRP-conjugated secondary 
antibodies for 1 hour at room temperature. Chemiluminescence 
was detected with ECL Plus (GE, Piscataway, NJ, USA), and protein 
bands were acquired using the Tanon 3900 Chemiluminescence 
Imaging System. Images with different exposure times for each blot 
were acquired, and one without underexposure as well as overexposure 
was selected as the final data. Band intensities were quantified using 
ImageJ software and normalized to loading controls. The original 
blots were shown in the Supplementary Materials (figs. S9 and S10).

Liquid chromatography–MS/MS and data analysis
The peptide samples were dissolved in 2% acetonitrile/0.1% formic 
acid and analyzed using TripleTOF 5600+ MS coupled with the 
Eksigent nanoLC System (SCIEX, USA). Peptide was loaded onto a 
C18 trap column (5 m, 100 m × 20 mm), and eluted at 300 nl/min 
onto a C18 analytical column (3 m, 75 m × 150 mm) over a 60-min 
gradient. The two mobile phases were buffer A (2% acetonitrile/0.1% 
formic acid/98% H2O) and buffer B (98% acetonitrile/0.1% formic 
acid/2% H2O). For IDA (information-dependent acquisition), survey 
scans were acquired in 250 ms, and 40 product ion scans were 
collected in 50 ms/per scan. MS1 spectra were collected in the range 
of 350 to 1500 mass/charge ratio (m/z), and MS2 spectra were 
collected in the range of 100 to 1500 m/z. Precursor ions were excluded 
from reselection for 15 s.

Protein identification was achieved by searching the obtained 
MS spectra files using software ProteinPilot 4.5 Software (July 2012; 
AB Sciex) against a database from UniProt mouse protein sequencing 
data. All identified proteins had an Unused Protscore of >1.3 (which 
corresponds to proteins identified with >95% confidence), and proteins 
with one unique peptide were considered confidently identified.

In vitro binding assay
Various truncation fragments of mouse Wapl were constructed 
with the PGEX-4T-1 vector to produce glutathione S-transferase 
(GST) fusion proteins, which were expressed in Escherichia coli and 
purified with Glutathione Sepharose High Performance resin (GE, 
Piscataway, NJ, USA). Full-length mouse Bub3 was constructed 
with the pCzn1 vector to produce His-tagged fusion protein, which 
was expressed in E. coli and purified with the Ni Sepharose High 
Performance affinity resin (GE, Piscataway, NJ, USA). Standard 
GST pull-down assays were used to assess the binding of Wapl 
fragments to Bub3 in vitro. Briefly, purified GST-Wapl fragments and 
His-Bub3 were mixed and incubated at 4°C for 2 hours. Glutathione resin 
was then added to the mixture with end-over-end rotation at 4°C for 
2 hours. Eluates from the resin were analyzed by SDS–polyacrylamide 
gel electrophoresis (PAGE) and Coomassie blue staining.

Chromosome spreading
Oocytes were incubated in Tyrode’s buffer (pH 2.5) for about 30 s at 
37°C to remove zona pellucidae. After recovery in M2 medium for 
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10 min, oocytes were fixed in a drop of 1% paraformaldehyde with 
0.15% Triton X-100 on a glass slide. After air drying, chromosomes 
were counterstained with PI and examined by confocal microscopy.

Statistical analysis
All percentages or values from at least three repeated experiments 
were expressed as mean ± SEM or mean ± SD, and the number 
of oocytes observed was labeled in parentheses as (n). Data were 
analyzed by paired-samples t test, provided by GraphPad Prism5 
statistical software. The level of significance was accepted as P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/15/eaax3969/DC1

View/request a protocol for this paper from Bio-protocol.
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