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1 |  INTRODUCTION

Mammalian oocytes are arrested at prophase of first meio-
sis for a long time until a preovulatory surge of LH induces 
meiosis resumption of fully grown oocytes, as indicated by 
germinal vesicle breakdown, followed by the first meiotic 

spindle formation, homologous chromosome alignment, and 
first polar body extrusion.1 Precise regulation of meiotic pro-
gression is important for the production of healthy oocytes.

Anaphase promoting complex/cyclosome (APC/C) is a 
large complex containing 11-13 subunit proteins. As a highly 
conserved E3 ubiquitin protein ligase, APC/C is reported to 
play critical functions in the regulation of metaphase/anaphase 
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Abstract
Precise regulation of chromosome segregation during oocyte meiosis is of vital 
importance to mammalian reproduction. Anaphase promoting complex/cyclosome 
(APC/C) is reported to play an important role in metaphase-to-anaphase transition. 
Here we report that cell division cycle 23 (Cdc23, also known as APC8) plays a 
critical role in regulating the oocyte chromosome separation. Cdc23 localized on 
the meiotic spindle, and microinjection of Cdc23 siRNA caused decreased ratios 
of metaphase-to-anaphase transition. Loss of Cdc23 resulted in abnormal spindles, 
misaligned chromosomes, errors of homologous chromosome segregation, and pro-
duction of aneuploid oocytes. Further study showed that inactivation of spindle as-
sembly checkpoint and degradation of Cyclin B1 and securin were disturbed after 
Cdc23 knockdown. Furthermore, we found that inhibiting spindle assembly check-
point protein Msp1 partly rescued the decreased polar body extrusion and reduced 
the accumulation of securin in Cdc23 knockdown oocytes. Taken together, our data 
demonstrate that Cdc23 is required for the chromosome segregation through regulat-
ing the spindle assembly checkpoint activity, and cyclin B1 and securin degradation 
in meiotic mouse oocytes.
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transition in different organisms.2-4 Before entering anaphase, 
cyclin B1 and securin are rapidly degraded, a process mediated 
by APC. APC is activated by Cdc20 at the anaphase onset, 
and it is activated by Cdh1 at the end of anaphase and G1/S 
stage.5-7 Cyclin B1 degradation leads to reduction of Cdk1 
activity and degradation of securin, which subsequently acti-
vates separase which cleaves cohesin to induce the separation 
of chromosomes in mitosis.8 However, in the process of first 
meiosis, activated separase hydrolyzes the phosphorylated 
Rec8 subunit on the chromosome arms of bivalents and re-
solves chiasmata in metaphase/anaphase transition, generating 
dyad chromosomes containing two chromatids, which contain 
centromeres tied together by separase-resistant cohesion.9 In 
the meiosis II stage, separase cleaves centromeric cohesin, 
leading to sister chromatids segregation, which resembles the 
process of mitosis.10 Taken together, APC/C regulates the ac-
curate chromosome segregation in both mitosis and meiosis. 
APC/C ensures the accuracy of the transition from metaphase 
to anaphase, by targeting specific mitotic regulators for prote-
olysis at distinct times during mitosis.11 Previous study identi-
fied 20 subunits of APC/C, and these subunits can be divided 
into four categories according to the structure: substrate rec-
ognition module including CDC20 and CDH1; tetratricopep-
tide repeat (TPR) subunits containing cell division cycle 23 
(Cdc23); catalytic module and the scaffold module.12,13 TPR 
proteins are reported to regulate cyclin B proteolysis in yeast,14 
and ablation of Cdc23 inactivates APC, causing significantly 
mitigated cyclin B degradation in mammalian cells.15

Cdc23 was identified as a conserved subunit of APC/C,16 
and researchers have found that it is required for the comple-
tion of nuclear division in Saccharomyces cerevisiae.17 Previous 
report showed that mutant Cdc23 S cerevisiae represented a 
metaphase-like arrest phenotype, with a large number of mi-
crotubules emanating from either pole and ending close to the 
center of the spindle.18 In addition, mutation of Cdc23 in yeast 
also showed defects in both entering and exiting anaphase,19 
suggesting that Cdc23 may play an important role in at least two 
stages of the cell cycle, metaphase-to-anaphase transition and 
telophase-to-G1 transition. Other researchers found that Cdc23 
participated in the process of DNA replication in cell prolifera-
tion, providing evidence for the diverse functions of Cdc23.20-22

In recent, AtAPC8, the homologous of Cdc23 in 
Arabidopsis, was reported to be required for male meiosis.23 
However, the role of Cdc23 during the mammalian oocyte 
meiosis remains unknown. Considering the gender differences 
in meiosis, whether and how Cdc23 regulates the female germ 
cell meiosis is worth studying. Therefore, we utilized the RNA 
interference to knockdown Cdc23 in mouse oocytes to study 
the function of Cdc23 during meiotic progression.

Here we found that mouse Cdc23 plays critical roles in oo-
cyte meiotic maturation. Loss of Cdc23 causes reduced first 
polar body extrusion by inducing abnormal spindles and mis-
alignment of chromosomes. Further analyses showed delayed 
SAC inactivation, failed cyclin B1 and securin degradation, 

and disturbed chromosome segregation in oocytes lack-
ing Cdc23. Further, inhibition of Mps1, a spindle assembly 
checkpoint kinase, not only increased the ratio of first polar 
body extrusion, but also reduced the expression level of se-
curin in Cdc23 siRNA injected oocytes. These results suggest 
a critical role for Cdc23 in the regulation of mammalian oo-
cyte meiotic maturation.

2 |  MATERIALS AND METHODS

2.1 | Ethics statement

All experiments and methods referred to in this study 
were conducted under the guidelines of the Ethics and 
Experimental Animal Committee of the Institute of Zoology, 
Chinese Academy of Sciences, China.

2.2 | Oocyte collection, microinjection,  
and culture

The GV oocytes were collected from 8-week-old female ICR 
mice. Female mice were intraperitoneally injected with 5  IU 
PMSG to promote follicular maturation, and 48  hours later, 
mice were sacrificed for oocyte collection. The ovaries were 
dissected and then chopped with a razor blade. Tissue fragments 
were suspended with prewarmed (37°C) M2 medium (Sigma) 
supplemented with 200 μM IBMX to prevent GVBD. The GV 
oocytes were pick out using a prefabricated glass tube. In order 
to collect oocytes at different meiotic stages, the GV oocytes 
were washed three times in IBMX-free M2 medium, and trans-
ferred into pre-warmed microdrops containing M16 medium in 
a condition of 37°C, 5% CO2. At 0, 4, 8, and 12 hours after 
the incubation, oocytes at the GV, GVBD, MI, and MII stages 
were collected. siRNAs were synthesized by the Gene Pharms 
(Suzhou, China). A concentration of 10 mM siRNA was injected 
into the GV oocyte cytoplasm in M2 medium containing IBMX. 
Control siRNA (5′-UUUUCCGAACGUGUCACGUTT-3′; 
5′-ACGUGACACGUUCGGAGAATT-3′) was used as nega-
tive control. Cdc23 siRNA (5′-CAUGCUGUGUAAUUG 
GCAATT-3′; 5′-GGCCUACUUUGAUGUUAAATT-3′) was 
used to knock down the Cdc23. During the culture process, 
oocytes were transferred in pre-balanced M16 medium micro-
drops at 37°C in an atmosphere of 5% CO2 for specific time 
periods during further culture.

2.3 | mRNA extraction and quantitative real 
time-PCR

Total oocyte RNA was extracted from oocytes using RNeasy 
Mini Kit (Qiagen, Hilden, Germany) following the manu-
facturer's instructions. The mRNA level of each gene was 
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validated by quantitative real-time PCR (qRT-PCR) analysis 
on Light Cycler® 480 (Roche, Switzerland) according to the 
manufacturer's instructions.

2.4 | Immunofluorescence and confocal  
microscopy

Oocytes were fixed in 4% paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS, pH 7.4) for 30 minutes at 37°C. 
After being permeabilized with 0.5% Triton X-100 for 30 min-
utes at room temperature, oocytes were blocked in 1% bovine 
serum albumin (BSA)—supplemented with PBS (pH 7.4) at 
room temperature for 1 hour and incubated overnight at 4°C 
with 1:1000 diluted primary antibody. After three washes in 
wash buffer (PBS containing 0.1% Tween-20 and 0.01% Triton 
X-100), the oocytes were incubated with corresponding F594 or 
F488-conjugated secondary antibody at room temperature for 
1 hour. Oocytes were stained with 1:10 000 diluted 4′,6-diami-
dino-2-phenylindole (DAPI, 10 μg/mL in PBS) for 20 minutes. 
Then, the oocytes were mounted on glass slides and examined 
with a confocal laser scanning microscope (Zeiss LSM 780, 
Carl Zeiss AG, Germany). Images were processed using ZEN 
imaging software (Blue edition) and quantified using ImageJ 
software. To minimize the batch effect, all images were taken 
in the same environment using the same parameters.

2.5 | Chromosome spread

Oocytes were incubated in Tyrode's solution (Sigma, T1788) 
for 1  minute to remove the zona pellucida. After washing 
for three times in M2 medium, oocytes were transferred to 
the glass slide for breaking and fixing. A 0.5 cm × 0.5 cm 
rectangle frame was drawn on the glass slide with a hydro-
phobic pen. The breaking and fixing buffer was prepared as 
methanol: glacial acetic acid (3:1). After adding 20 μL break-
ing and fixing buffer, oocytes were moved into the liquid 
drop, and incubated overnight at 4°C. The following steps 
are the same as immunofluorescent staining. Bub3 and Mad2 
antibody (1:1000) were incubated overnight at 4°C. Hoechst 
33342 or PI was used to stain the chromosomes.

2.6 | Cdc23 and Cyclin B1 expression 
plasmid construction and mRNA 
microinjection

Total RNA extracted from mouse GV oocytes were uti-
lized to synthesize the first strand cDNA using the cDNA 
synthesize kit (Abm, G490). The CDS region was amplified 
by PCR and cloned to pcDNA3.1(+)-Venus plasmid using 
Hieff clone one step cloning kit (Yeasen, 10905ES25). The 

linearized fusion plasmid was utilized as template for the 
production of capped mRNA by mMESSAGE mMACHINE 
Sp6 kit (Ambion). Poly (A) tail was synthesized by Poly 
(A) Polymerase Tailing Kit (Lucigen). Finally, mRNA was 
purified by RNeasy cleanup kit (Qiagen) for microinjection 
and further immunofluorescence staining. Cyclin B1-EGFP 
mRNA was produced in the same way.

2.7 | Time-lapse live-cell imaging

The GV oocytes were injected with 10 pL of 20 ng/µL Cyclin 
B1-EGFP mRNA in M2 medium containing 200 µM IBMX 
and cultured for 2-3 hours to allow Cyclin B1-EGFP expres-
sion. Oocytes were cultured in IBMX-free M16 medium in 
a European Molecular Biology Laboratory microscope incu-
bator (GP106) during imaging. Time-lapse live-cell imaging 
was performed using Zeiss LSM510 META confocal micro-
scope with an exposure time ranging from 200-500 ms de-
pending on the fluorescence level. The acquisition of images 
was controlled by Volocity software.

2.8 | Western blotting

For western blot analysis, 200 oocytes were used for each 
group. The antibodies used were anti-CCNB1 (ab181593, 
abcam, 1:2000), anti-Securin (ab26273, abcam, 1:2000), 
anti-CDC23 (AF2716, Beyotime, 1:2000), anti-β-actin anti-
body (TA-09, Zhongshanjinqiao, 1:2000). Signals were cap-
tured with the ChemiDoc Imaging Systems (BioRad).

2.9 | Statistical analysis

Statistical analysis and significance, and n value are reported 
in the figure legends. Statistical analysis was conducted using 
Prism 7 (GraphPad). Differences between two groups were 
compared using Student's t test unless specified. A value of 
P <  .05 was considered to be significant, and P >  .05 was 
considered to be not significant.

3 |  RESULTS

3.1 | Expression and subcellular localization 
of Cdc23 during mouse oocyte meiotic 
maturation

To investigate the function of Cdc23 during mouse oocyte 
meiotic progression, we examined the Cdc23 expression. 
Oocytes at different meiotic stages were harvested for western 
blot analysis. As shown in Figure 1A, Cdc23 was expressed 
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during all stages of meiotic maturation, including GV, GVBD, 
MI, and MII stages, and the intensity of Cdc23 expression 
level was stable (Figure  1B). To study the subcellular spe-
cific distribution of Cdc23, we constructed pCdc23-Venus 
plasmid to synthesize Cdc23-Venus mRNA, and the in vitro 
transcribed mRNA was microinjected into the cytoplasm of 
mouse oocytes. As shown in Figure 1C, Venus-tagged Cdc23 
did not show clear subcellular localization during the GV and 
GVBD stages. However, in MI and MII stage oocytes, Cdc23 
was mainly localized at the spindle region, with a strong co-lo-
calization signal with alpha-tubulin. In addition, Cdc23-venus 
also located at MTOCs (microtubule organizing center), as in-
dicated by the intense localization signal at spindle poles.

3.2 | Cdc23 depletion does not affect GVBD, 
but causes reduced PB1 extrusion

To gain insight into the role of Cdc23 in regulating mouse 
oocyte maturation, we inhibited the synthesis of Cdc23 by 
knocking down mouse Cdc23 through RNA interference. 
Cdc23-specific siRNA or scrambled siRNA was microin-
jected in the cytoplasm of GV stage oocytes. After inhibition 
in M2 medium containing 200 µM IBMX for 24 hours, the 
oocytes were collected for knockdown efficiency detection. 
Compared with control groups, the mRNA level of cdc23 in 

siRNA- injected oocytes was significantly reduced, as ex-
amined by quantitative real-time PCR (Supplementary in-
formation, Figure S1A). As shown in Figure 2, deletion of 
Cdc23 with siRNA treatment apparently led to the mouse 
oocyte meiotic failure by exhibiting the first polar body 
extrusion (Figure  2A). The quantification analysis showed 
that the Cdc23 siRNA-injected oocytes went through the 
GVBD stage, without significant difference compared with 
the control (84.67 ± 2.404, n = 3 vs 87.67 ± 1.453, n = 3, 
P >  .05, Figure 2B). However, they hardly completed first 
meiosis. The extrusion of PB1 in the Cdc23 siRNA-injected 
oocytes at 13  hours was considerably lower than that in 
the control group (multiple t tests, 41.56 ± 4.422, n = 3 vs 
94.52 ± 0.6007, n = 3, P < .001, Figure 2C).

3.3 | Loss of Cdc23 causes spindle  
abnormality, chromosome misalignment,  
and aneuploidy

Given that Cdc23 colocalizes with spindles at MI and MII 
stages, we, therefore, depleted Cdc23 in oocytes and stained 
MI oocytes with an alpha-tubulin antibody and DAPI. We 
measured the MI plate width and found that it was wider in 
Cdc23-depleted oocytes compared to the control group. At 
the metaphase I stage the bivalents were aligned along the 

F I G U R E  1  Expression and subcellular localization of Cdc23 during mouse oocyte meiotic maturation. A, Expression level of Cdc23 
identified by Western blotting. A total of 200 GV oocytes were collected after culture for 0, 4, 8, and 12 hours in IBMX-free M16 medium, 
corresponding to meiotic stages of germinal vesicle (GV), germinal vesicle breakdown (GVBD), metaphase I (MI) and metaphase II (MII), 
respectively. B, Relative expression of Cdc23 during oocyte meiotic maturation. C, Subcellular localization of Cdc23 as revealed by CDC23-Venus 
mRNA injection and confocal microscopy imaging. Oocytes were microinjected with 100 ng/µL in vitro-transcribed Cdc23-Venus mRNA and 
cultured in M16 medium containing 200 µM IBMX for 4 hours, and released in IBMX-free M16 medium for further culture. At the corresponding 
meiotic maturation stages, oocytes were fixed and stained with Hoechst 33342 to visualize DNA (blue). Scale bar = 50 μm
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equator in control oocytes, but were distributed disorderly 
in Cdc23 siRNA-injected oocytes (Figure  3A). The MI 
plate width was significantly increased in Cdc23 siRNA-
injected oocytes compared with the control (Figure  3B). 
Likewise, we found that the ratio of abnormal spindles 
was significantly increased in Cdc23 siRNA-microin-
jected stage oocytes (Figure  3C,D). Chromosome spread 
assay of oocytes cultured for 11 hours confirmed that the 
homologous chromosome segregation did not occur after 
Cdc23 knockdown, while in the control oocytes, homolo-
gous chromosomes were separated (Figure 3E). The ratio 
of tetrads was analyzed and Cdc23 siRNA injected group 
showed a significantly higher ratio than the control group 
(Figure 3F). To determine whether the misaligned chromo-
somes and abnormal spindles in siCdc23 oocytes may gen-
erate oocytes with aneuploidy, we conducted chromosome 
spreading assay in MII oocytes to examine the karyotype. 
We found that the siCdc23 group displayed a higher ane-
uploidy rate compared to the control group (Figure 3G,H), 
providing convincing evidence for aneuploidy induction. 

Taken together, these findings demonstrate that loss of 
Cdc23 could lead to non-segregation of homologous chro-
mosomes and failure of oocyte maturation or production of 
aneuploid oocytes.

3.4 | Loss of Cdc23 impairs CyclinB1 and 
Securin degradation

We next investigated the degradation of Cyclin B1 and se-
curin after Cdc23 knockdown. After 24 hours siRNA treat-
ment, oocytes were cultured in IBMX-free M16 medium. 
Two hours later, oocytes that went through GVBD were 
selected for further culture. Eight hours after GVBD, oo-
cytes were collected. Western blot analysis showed that 
Cdc23 was effectively deleted by siRNA, and the expression 
levels of Cyclin B1 and Securin were significantly higher 
in the Cdc23 knockdown group compared to the control 
group (Figure 4A-D). To further trace the dynamic expres-
sion of Cyclin B1 during meiosis progression, we injected 

F I G U R E  2  Depletion of Cdc23 impairs the first polar body extrusion in mouse oocytes. A, Representative images of control and Cdc23 
knockdown oocytes cultured in vitro for 14 hours. Red arrow represents oocyte at GV stage. Blue arrow represents oocytes that did not extrude 
polar body. Scale bar = 100 μm. B, The rates of germinal vesicle breakdown (GVBD) were recorded in control and Cdc23 siRNA-treated oocytes 
(84.67 ± 2.404 vs 87.67 ± 1.453, n = 3, P > .05, t test). C, The rates of polar body extrusion were recorded in control and Cdc23 knockdown 
oocytes. (n = 3, *P < .05 **P < .01, ***P < .001, multiple t test)
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Ccnb1-EGFP mRNA into GV oocyte cytoplasm. The green 
fluorescence remained at a high level in Cdc23 knockdown 
oocytes during meiosis I progression, while it declined sig-
nificantly in the control oocytes with the PB1 extrusion pro-
cess (Figure 5A,B). Taken together, these data suggest that 
Cdc23 is required for the degradation of Cyclin B1 and se-
curin during oocyte meiosis I.

3.5 | Loss of Cdc23 prolongs MI stage with 
activated SAC

Having found that PB1 extrusion rate was reduced in siCdc23 
oocytes, we speculated that the prolonged MI stage in Cdc23 
oocytes was caused by activated SAC. To test our specula-
tion, we detected SAC components BUB3 and MAD1 locali-
zation at 8 hours after GVBD. As expected, BUB3 was still 
localized at the kinetochores of the chromosomes in siCdc23 
oocytes, while almost invisible in that control group. The 
relative fluorescence intensity of BUB3 was shown in the 
right panel (1.069 ± 0.05537 vs 0.0332 ± 0.007425, n = 10, 
P < .001, t test). (Figure 6A). Likewise, MAD1 also showed 
a strong localization in siCdc23 oocytes, while in the control 
group, Bub3 signal was weak. The relative fluorescence inten-
sity of MAD1 was shown in the right panel (1.088 ± 0.06546 
vs 0.0572 ± 0.01413, n = 10, P < .001, t test). (Figure 6B). 
These results demonstrate that the normal SAC inactivation 
was inhibited or delayed after Cdc23 deletion.

3.6 | Inhibition of Mps1 rescued the polar 
body extrusion in Cdc23 knockdown oocytes

Due to the sustained SAC activity in Cdc23 knockdown 
oocytes, we proceeded to inhibit Mps1 to test whether the 
inhibition of SAC could rescue the phenotype. Previous 
study has identified AZ3146 as a potent and selective in-
hibitor of Mps1.24 Compared to the method of Mps1 siRNA 
microinjection, AZ3146 treatment is more optimal in com-
promising the function of Mps1. Oocytes were incubated in 
M16 media containing 2 μM AZ3146 after Cdc23 knock-
down. As shown in Figure  7A, AZ3146-treated oocytes 
successfully extruded the first polar body, and the ratio of 
PBE was significantly increased after AZ3146 treatment 
(Figure 7B).

Having shown that Mps1 inhibition in Cdc23 knock-
down oocytes accelerated the polar body extrusion in a rate 
similar to that observed in control oocytes, we collected 
oocytes at 8 hours after GVBD to test whether Mps1 in-
hibition can also recapitulate the decrease of securin in 
Cdc23 knockdown oocytes. The western blot data show 
that siCdc23-injected oocytes treated with Mps1-inhibitor 
AZ3146 do indeed have a reduction in the expression level 

of securin (Figure 7C,D). Thus, manipulating the SAC ac-
tivity is sufficient to mimic the effect of Cdc23 deletion on 
the level of securin in oocytes.

4 |  DISCUSSION

The findings presented here demonstrate a role of Cdc23 in 
the progression of mouse oocyte meiotic maturation. Our 
study has shown that Cdc23 locates to the spindle region and 
has an intense signal at the spindle poles, and it functions 
as an important regulator of meiotic spindle assembly and 
chromosome segregation. Knocking down of Cdc23 causes a 
reduced polar body extrusion ratio by causing aberrant spin-
dle and SAC activation, and subsequent failed Cyclin B1 and 
securin degradation during first oocyte meiosis, and produc-
tion of aneuploid MII oocytes.

In our study, Cdc23 shows different characteristics in 
mouse meiotic oocytes compared to previous studies. Cdc23 
was reported to be an essential DNA replication protein play-
ing a role in the initiation of DNA replication.20,21 Cdc23 was 
reported to localize to the mitotic nucleus and to move on 
to the spindle in the anaphase mitotic cells.25 Some studies 
reported that the localization pattern of Cdc23 resembled 
kinetochore components.25-27 However, due to the technical 
limitations, the authors cannot rule out the possibility that 
the nuclear spot localization of Cdc23 actually represents the 
microtubule ends. Combining this information with our ob-
servation, we speculate that cdc23 may function in spindle 
organization due to its broad distribution on the meiotic spin-
dle (Figure 1C).

To examine the effects of Cdc23 knockdown on spin-
dle morphology and chromosome behavior, we analyzed 
the MI plate width and abnormal spindle ratio in MI stage 
oocytes. To synchronize the periods, we collected GV oo-
cytes in M2 medium containing IBMX, and released them 
into IBMX-free M2 medium after washed for three times. 
After cultured for 8 hours, oocytes were collected for fixa-
tion and immunofluorescent staining. In control oocytes, the 
spindle morphology and chromosome alignment were sig-
nificantly perturbed (Figure 3A-D). Besides, Cdc23 knock-
down resulted in increased ratio of tetrads in oocytes cultured 
for 11 hours (Figure 3E,F). Furthermore, due to the limited 
number of MII oocytes, we performed chi-square test to an-
alyze the aneuploidy ratio. Compared with control group, 
Cdc23 knockdown oocytes showed higher aneuploidy ratio 
(Figure 3G,H). The subcellular localization of CDC23 is lo-
calized to a domain that distributed in a extended region of 
the spindle and formed prominent spherical protrusions at 
MI stage, which is similar to the newly discovered class of 
proteins the liquid-like meiotic spindle domain (LISD),28 we 
thus speculate that the underlying mechanism of CDC23 may 
be related to LISD proteins.28 However, the exact mechanism 
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F I G U R E  3  Depletion of Cdc23 increases abnormal spindles, misaligned chromosomes, non-segregation of homologous chromosomes, 
and aneuploidy in mouse oocytes. A, Representative images of chromosome alignment in control and Cdc23 knockdown oocytes. Oocytes were 
immunostained with anti-α-tubulin-F488 fluorescent antibody to visualize the spindles, and were counterstained with Hoechst 33342 to visualize 
the chromosomes. Scale bar = 50 μm. B, Statistical data of MI plate width in control and Cdc23 siRNA injected oocytes after cultured for 8 hours in 
M16 medium (10.51 ± 0.3527 vs 20.01 ± 1.914 μm, n = 21, P < .001, t test). C, Representative images of normal and abnormal spindle in MI stage 
oocytes. D, The rate of aberrant spindles was recorded in control and Cdc23 knockdown oocytes (81.2 ± 1.576% vs 17.71 ± 2.271%, n = 3, P < .001, 
t test). E, Representative chromosome spreading images of oocytes cultured for 11 hours in control and Cdc23 siRNA injected group. F, The ratio 
of tetrads in oocytes cultured for 11 hours after siRNA treatment (62.4 ± 3.152% vs 21.73 ± 1.81%, n = 3, P < .001, t test). G, Representative 
chromosome spreading images of MII oocytes in control and Cdc23 siRNA injected oocytes. H, The rate of aneuploidy was recorded in control and 
Cdc23-deleted MII oocytes. (Control 11.54% (6/52) vs siCDC23 78.26% (36/46), P < .001, Chi-square analysis). Data in B, D,F were presented 
as mean percentage (mean ± SEM) of at least three independent experiments. Due to the low polar body extrusion rate in siCdc23 oocytes, the 
aneuploidy rate was analyzed using the total number of MII oocyte in each group. The n value in H was shown above the bar plot
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remains unclear. Overall, the above results suggest that Cdc23 
plays a critical role in spindle organization and chromosome 
alignment.

Due to the severely affected spindle morphology and chro-
mosome alignment in Cdc23 knockdown oocytes, the ho-
mologous chromosomes failed to separate in time, therefore, 
leading to the failure of first polar body emission. Classic the-
ory presumes that the degradation of cyclin B1 at the meta-
phase I to anaphase I transition is caused by APC/C-Cdc20 
activation, which leads to a rapid decline in CDK1 activity, 
causing the exit of metaphase. As an inhibitory chaperone 
of separase, securin is involved in the process of the meta-
phase-anaphase transition regulation. The destruction of se-
curin promotes separase cleavage of cohesin complexes, which 
allows homologous chromosome separation. Previous studies 
reported the endogenous expression level of securin and cy-
clin B1 during meiotic maturation, and both were significantly 

degraded at 8 hours after GV oocyte were released from mil-
rinone.5,29 Overexpression or stable expression of cyclin B1 
level in oocytes during meiotic maturation delays polar body 
formation, suggesting that cyclin B1 needs to be efficiently 
degraded in oocytes for meiosis progression.30,31 Degradation 
of securin is also required for separation of homologs, and 
non-degradable securin prevents the first PB extrusion and ho-
molog disjunction.32 We find that Cdc23 knockdown oocytes 
have an increased level of cyclin B1 and securin compared to 
control oocytes 8 hours after GVBD, providing solid evidence 
that these oocytes are arrested at the metaphase I stage. Taken 
together, we propose that the defect of Cdc23 caused an im-
paired degradation of cyclin B1 and that this aberrant accumu-
lation of Cyclin B1 and securin leads to failure of MI-to-MII 
transition and first polar body extrusion.

Spindle assembly checkpoint (SAC) proteins play es-
sential roles in both mitosis and meiosis. In mouse oocyte, 

F I G U R E  4  Cdc23 knockdown causes increase of cyclin B1 and securin level in mouse oocytes. A, Western blot images of control and Cdc23 
knockdown oocytes 8 hours after GVBD. B, The Cdc23 siRNA effectively decreased the expression of Cdc23 (Con 0.9367 ± 0.04485 vs siCdc23 
0.1133 ± 0.02028, n = 3, P < .001, t test). C, Higher cyclin B1 level in Cdc23 knockdown oocytes (0.1558 ± 0.02542, n = 3 vs 0.4076 ± 0.04456, 
n = 3, P < .01, t test). D, Higher securin level in Cdc23 knockdown oocytes (0.2867 ± 0.02333 vs 0.8633 ± 0.06119, n = 3, P < .001, t test)
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the SAC involves the MAD (mitotic arrest deficient) pro-
teins MPS1, MAD1, MAD2, BUBR1 (MAD3), BUB1, and 
BUB3.33-37 SAC is activated when chromosomes are not 
properly attached to kinetochores. The activation of SAC 
inhibits APC/C activity through the accumulation of SAC 
proteins at kinetochores. The absence of SAC proteins af-
fects meiotic division of oocytes, resulting in impaired sister 
chromosome separation and decreased oocyte developmen-
tal potential.38 Previous studies by us and others reported 
that Mad1 may act as a negative sensor for tension or micro-
tubule attachment. Once spindle disruption occurs, Mad1 re-
locates to the kinetochores.37 During meiosis, loss of Mad1 
caused misaligned chromosomes and accelerated entry into 

anaphase I.36,39 The role of Bub3 in mouse oocytes has also 
been well-studied in our previous study. Bub3 is required for 
microtubule-kinetochore attachment during meiosis. Loss 
of Bub3 in mouse oocyte causes chromosome misalignment 
and abnormal polar body extrusion.34 In our study, Bub3 
and Mad1 signals were detected on kinetochores 8  hours 
after GVBD in Cdc23 knockdown oocytes, suggesting that 
the MI arrest in the Cdc23 knockdown group was due to 
the sustained SAC activity caused by abnormal spindle mor-
phology and misaligned chromosomes.

Once SAC is inactivated, Cdc20 is released from MCC 
and binds to APC/C to initiate cyclin B1 and securin ubiq-
uitination and degradation. To further determine the role of 

F I G U R E  5  Time-lapse fluorescent imaging of Ccnb1- EGFP. A, Time-lapse fluorescent imaging of Ccnb1- EGFP 4-10 hours after 
GVBD. B, The fluorescent intensity of Ccnb1-EGFP were measured, background subtracted, and normalized to the initial-intensity value of 
GVBD oocytes. GV stage oocytes were microinjected with 10 pL 20 ng/µL Ccnb1-EGFP mRNA, incubated in M2 medium containing IBMX for 
2-3 hours, and oocytes were transferred to IBMX-free M16 medium to resume meiosis. Error bars represent mean ± SEM. ***P < .001 (Student's  
t test)
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SAC in causing the accumulation of cyclin B1 and securin in 
knockdown oocytes, we asked whether inhibition of SAC is 
sufficient to rescue the effect of Cdc23 deletion. If SAC is the 
responsible factor, its inhibition would be predicted to lead to 
decreased securin expression level and increase in the ratio 
of first polar body extrusion in the Cdc23 knockdown group. 
Here we utilized AZ3146 to inhibit Mps1, and the results 
confirm the hypothesis that SAC is the responsible factor for 
the decreased polar body extrusion ratio after Cdc23 knock-
down (Figure 7A-D).

It is not surprising that the deletion of Cdc23 could lead to 
the impaired degradation of cyclin B1 and securin, since Cdc23 
is a TPR protein, which was reported to be required for cyclin B 
proteolysis in mitotic cells. Similar function can be found with 
other TPR proteins, such as Cdc16, Cdc27, and Cse1 as previ-
ous studies reported.14,16,40,41 However, it is interesting to find 
that SAC is activated in Cdc23 knockdown oocytes, suggesting 
that Cdc23 is not merely a component of APC/C, but that it is 
also a regulator of kinetochore-microtubule attachment.

Although SAC is recognized as an essential mecha-
nism for the faithful chromosome segregation, researchers 
also reported that multiple unaligned kinetochores and se-
vere congression defects are tolerated at the metaphase to 
anaphase transition in mouse oocytes, thus contributing to 
aneuploidy.42 In addition, the strength of SAC is dependent 
on the amount of the Mad1-C-Mad2 heterotetramer at kine-
tochores.43 Therefore, we speculate that the increased ratio 
of aneuploidy in Cdc23 knockdown MII oocytes might be 
due to the failure of mechanisms correcting chromosome 
attachment errors and recruiting insufficient quantity of 
MAD2 in some oocytes with misaligned chromosomes, thus 
delaying instead of completely inhibiting the metaphase-to-
anaphase transition, although the precise mechanism is still 
unclear.

In summary, our study provides evidence that Cdc23 is a 
critical regulator in spindle assembly and chromosome seg-
regation during mouse oocyte meiosis, suggesting a distinct 
role of Cdc23 in meiotic oocytes.

F I G U R E  6  Cdc23 knockdown causes sustained activation of SAC in MI-arrested oocytes. After Cdc23 siRNA or control siRNA injection, 
the oocytes were inhibited in M16 containing 200uM IBMX for 24 hours, then washed thoroughly and transferred into IBMX-free M16 medium 
for further culture. Chromosome spread experiment was conducted 8 hours after GVBD, and stained with Bub3 (A) or Mad1 (B) antibody. Hoechst 
33 342 (blue) was used to stain chromosomes. A, Bub3 (red) was localized at the kinetochores in the Cdc23 knockdown oocytes, while dissociated 
from kinetochores of separating homologous chromosomes in control oocytes. Right panel shows the relative fluorescence intensity of BUB3 
(1.069 ± 0.05537 vs 0.0332 ± 0.007425, n = 10, P < .001, t test). B, Mad1 (red) was activated in Cdc23 knockdown oocytes, while inactivated in 
the control oocytes. Right panel shows the relative fluorescence intensity of MAD1 (1.088 ± 0.06546 vs 0.0572 ± 0.01413, n = 10, P < .001, t test)
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