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ABSTRACT
Zinc finger proteins are a massive, diverse family of proteins that serve a 

wide variety of biological functions. However, the roles of them during meiosis are 
not yet clearly defined. Here, we report that Zfp207 localizes at the kinetochores 
during mouse oocyte meiotic maturation. Depletion of Zfp207 leads to a significantly 
higher proportion of impaired spindle organization and misaligned chromosomes in 
oocytes. This is coupled with the defective kinetochore-microtubule attachments, and 
resultantly increasing incidence of aneuploid metaphase II eggs. The precocious polar 
body extrusion and escape of metaphase I arrest induced by nocodazole treatment 
in Zfp207-depleted oocytes indicates that Zfp207 is essential for activation of SAC 
(Spindle Assembly Checkpoint) activity. Notably, we find that Zfp207 binds to Bub3 to 
form a complex and maintains its protein level in oocytes, and that overexpression of 
Bub3 is able to partially rescue the occurrence of aneuploid eggs in Zfp207-depleted 
oocytes. Collectively, we identify Zfp207 as a novel Bub3 binding protein in oocytes 
which plays an important role in controlling meiotic chromosome alignment and SAC 
function. 

INTRODUCTION

High-fidelity chromosome segregation ensures 
proper distribution of genetic material during cell division 
in both mitosis and meiosis [1]. Segregation errors during 
mitosis in somatic cells contribute to the development 
and progression of cancer, and segregation errors during 
meiosis in germ cells lead directly to miscarriages, birth 
defects and genetic disorders [2, 3]. To achieve faithful 
chromosome segregation, eukaryotic cells develop a 
high-fidelity surveillance system referred to as SAC 
(spindle assembly checkpoint) to prevent chromosome 
missegregation and aneuploidy by delaying anaphase 
onset until all kinetochores are successfully attached to 
the spindle microtubules with the proper tension at the 
metaphase plate [4-8] . 

SAC is mainly composed of the members of Bub 
and Mad families. Among them Mad2, BubR1 and Bub3 
comprise the soluble Mitotic Checkpoint Complex (MCC) 

which inhibits the activation of anaphase-promoting 
complex/cyclosome (APC/C) by targeting APC/C’s 
cofactor Cdc20, and delays the metaphase-anaphase 
transition until correct kinetochore-microtubule attachment 
is established [3, 9, 10]. Once chromosome is properly 
aligned at metaphase plate with appropriate tension by the 
spindle, SAC pathway is shut down and Cdc20 is released 
to activate APC/C, which then ubiquitinates Securin and 
Cyclin B, leading to the activation of Separase to remove 
the Cohesin complex from chromosome and onset of 
anaphase [9, 11, 12] . 

Chromosome segregation during cell division is 
facilitated by the kinetochores. When microtubules are not 
bound, they prevent cell cycle progression by generating 
the SAC signal. The kinetochore, assembled from more 
than 90 proteins at the centromere, is a large multiprotein 
structure that is often divided up into three layers: 
inner, central, and outer [13, 14]. The inner proteins are 
associated with the DNA and are linked to the outer layer 
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by the central layer, and the outer kinetochore proteins 
are responsible for capturing microtubules and recruiting 
SAC components [7, 15-19]. Bub1, BubR1 and Bub3 
are three core SAC proteins that are required for correct 
chromosome alignment and kinetochore-microtubule 
attachment. They form two heterodimers ‘Bub1-Bub3’ and 
‘BubR1-Bub3’ at the kinetochores to exert the function [8, 
20]. Bub3 recruits Bub1 and BubR1 by directly binding 
to a highly conserved GLEBS domain in Bub1 or BubR1 
[8, 21, 22].

BuGZ (Bub3-interacting GLEBS-motif-containing 
ZNF207) /Znf207/Zfp207 is a zinc finger protein that 
also contains a GLEBS motif [16] . Recent studies have 
shown that BuGZ uses its GLEBS domain directly binds 
to and stabilizes Bub3 during interphase and mitosis 
[11, 14, 16]. As a Bub3-binding partner and chaperone, 
BuGZ promotes kinetochore-microtubule interaction, 
chromosome alignment, and mitotic progression in cancer 
cells [11] [14, 16]. Although it has been identified as a 
novel regulator of chromosome alignment in mitotic cells, 
its accurate role in meiosis has not yet been defined. 

In the present study we provide a body of evidence 
demonstrating that Zfp207 is required for normal spindle 
organization, correct chromosome alignment, proper 
kinetochore-microtubule attachment, and maintenance of 
euploidy during mouse oocyte meiotic maturation. We also 
find that Zfp207 is implicated in promoting these events 
through, at least partially, regulation of Bub3. 

RESULTS

Zfp207 localizes at the kinetochores in mouse 
oocytes

To examine the localization of Zfp207 during 
meiotic maturation in mouse oocytes, we tried several 
commercially available antibodies to perform the 
immunofluorescent analysis, but all of them were not 
working in oocytes. Therefore we made a construct to 
fuse the fluorescent tag mCherry to the C-terminus of 
Zfp207 and in vitro transcribed it into cRNA. The result of 
cRNA microinjection showed that Zfp207-mCherry was 
present at the end of chromosomes from GVBD till late 
metaphase I stage (Figure 1A). This localization pattern 
is quite similar to that of kinetochore proteins, thus we 
immunostained Zfp207-mCherry expressing oocytes with 
kinetochore marker Crest, and they indeed exhibited the 
overlapping fluorescent signals in the oocytes (Figure 1B), 
indicating that Zfp207 is localized at the kinetochores 
during meiosis. 

Zfp207 modulates meiotic spindle assembly and 
chromosome alignment in oocytes

The kinetochore localization of Zfp207 prompted us 
to examine its possible function in spindle organization 
and chromosome alignment. We then employed a 
morpholino-based gene-silencing approach to deplete 
Zfp207. Fully-grown GV oocytes were microinjected with 
control and Zfp207-specific morpholinos and arrested in 
medium supplemented with milrinone for 20 h, allowing 
enough time to deplete the endogenous Zfp207. Following 
arrest, the oocytes were washed in milrinone-free medium 
and cultured to metaphase I stage to analyze the spindle 
morphology and chromosome alignment. Oocytes were 
immunostained with anti-tubulin-FITC antibody to 
visualize the spindles and counterstained with PI for the 
chromosomes. The staining results showed that a large 
majority of oocytes exhibited a typical barrel-shape 
spindle and a well-aligned chromosome on the equatorial 
plate in the control MO-injected group (Figure 2A). 
In striking contrast, various types of aberrant spindle 
morphologies including elongated, shortened, multipolar 
and collapsed spindles as well as misaligned chromosomes 
were observed in Zfp207 MO-injected oocytes (Figure 
2A). More than 45% of oocytes displayed the disorganized 
spindles and about 40% of oocytes exhibited misaligned 
chromosomes compared to less than 10% of defects in 
controls which might be caused by physical damage of 
microinjection and milrinone toxicity (Figure 2B, 2C). To 
rule out the possibility that defective spindle assembly and 
chromosome alignment was due to the off-target effects 
of morpholinos, we expressed the Zfp207-mCherry in 
Zfp207-depleted oocytes by injecting Zfp207-mCherry 
cRNA, and then observed the morphology of spindles and 
chromosomes. As expected, in the rescue oocytes, the rates 
of defective spindles and chromosomes were decreased to 
the levels that were comparable to controls (Figure 2B, 
2C). Thus, the results suggest that Zfp207 is important 
for spindle assembly and chromosome alignment during 
mouse oocyte meiotic maturation. 

Then we asked whether misalignment of 
chromosomes would produce aneuploidy, an incorrect 
number of chromosomes in mouse eggs, which might lead 
to miscarriage, embryonic lethality or genetic disorders. 
For this purpose, we analyzed the karyotype of metaphase 
II oocytes by chromosome spreading. As shown in Figure 
3A, the number of single chromosomes (univalents) in 
the normal oocytes was 20, which is the prerequisite for 
genomic integrity. Whereas a much higher frequency 
of aneuploid eggs that had more or less 20 univalents 
occurred in Zfp207-depleted oocytes in comparison with 
control and rescue oocytes (Figure 3B). 

Taken together, these findings suggest that loss of 
Zfp207 in oocytes are unable to properly assemble the 
spindles and align the chromosomes and thus prone to 
produce aneuploid eggs. 
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Figure 1: Localization of Zfp207 during mouse meiotic maturation. A. cRNA of Zfp207-mCherry was microinjected into 
GV oocytes which were then cultured to various developmental stages. mCherry signals were acquired under the confocal microscope at 
594 nm laser. Chromosomes were counterstained with Hoechst. GVBD, oocytes at germinal vesicle breakdown stage; Pro-MI, oocytes at 
first prometaphase stage; Late-MI, oocytes at late stage of first metaphase. Scale bar, 20μm. B. Zfp207-mCherry expressing oocytes were 
immunostained with kinetochore marker Crest and then counterstained with Hoechst. Scale bar, 5μm.
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Zfp207 regulates kinetochore-microtubule 
attachment in oocytes

To determine whether the misalignment of 
chromosomes upon depletion of Zfp207 was caused 
by the defective interaction between kinetochores and 
microtubules, we assessed the stability of kinetochore-
microtubule attachment by using cold treatment to 
depolymerize unstable microtubules that are not attached 
to kinetochores. To this end, metaphase I oocytes were 
briefly chilled at 4°C to induce depolymerization of 
unstable microtubules, and then immunostained with Crest 
to detect kinetochores, with anti-tubulin-FITC antibody to 
visualize the spindles and counterstained with Hoechst 
33342 for chromosomes. We found that kinetochores 
became fully attached, chromosomes were well-aligned, 

and spindles persisted after cold treatment in most of 
control MO-injected oocytes (Figure 4A, 4B). By contrast, 
in Zfp207-depleted oocytes, a significantly increased rate 
of kinetochores with very few cold-stable microtubules 
was observed compared to controls (Figure 4A, 4B). 
Whereas in the rescue oocytes expressing Zfp207-
mCherry after depletion, the frequency of disrupted 
kinetochore-microtubule attachment was reduced to the 
rate comparable to controls (Figure 4B). Collectively, 
kinetochore-microtubule attachment forms less stably after 
depletion of Zfp207, which might contribute to the failure 
of chromosome alignment.

Figure 2: Depletion of Zfp207 impairs spindle formation and chromosome alignment in mouse oocytes. A. Representative 
images of normal and abnormal spindle morphologies and chromosome alignment in mouse oocytes. Oocytes were immnunostained with 
α-tubulin-FITC antibody to visualize spindle and counterstained with PI to visualize chromosome. Scale bar, 20μm. B. The rate of aberrant 
spindles was recorded in the control, Zfp207-KD and rescue oocytes. C. The rate of misaligned chromosomes was recorded in the control, 
Zfp207-KD and rescue oocytes. Data were presented as mean percentage (mean ± SEM) of at least three independent experiments. Asterisk 
denotes statistical difference at a p < 0.05 level of significance.
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Depletion of Zfp207 leads to premature polar 
body extrusion

Because we have already observed the defective 
spindle organization, chromosome alignment and 
kinetochore-microtubule attachment when depleted of 
Zfp207, we further investigated its possible effects on the 
oocyte meiotic progression. After culture of GV oocytes 
to the specific time points, the rates of GVBD and polar 
body extrusion were calculated in the control, Zfp207-
depledted and Zfp207-rescue oocytes, respectively. We 
found that loss of Zfp207 did not affect either germinal 
vesicle breakdown or extrusion of first polar body (Figure 
5A, 5B), two critical developmental events during oocyte 
maturation. However, at the time point of 7 h post-GVBD, 

a higher incidence of PBE was observed in Zfp207-
depleted oocytes compared to control and rescue oocytes 
(Figure 5C), suggesting that PBE occurred earlier in the 
absence of Zfp207. 

The precocious PBE implied that SAC activity was 
compromised in Zfp207-depleted oocytes. To further 
confirm this possibility, we tested whether oocytes 
depleted of Zfp207 would abrogate the metaphase I arrest 
induced by nocodazole treatment, indicative of SAC 
inactivation. To this end, GV oocytes were cultured in 
medium supplemented with 0.04 µg/ml of nocodazole 
for 12 h to observe the polar body extrusion. The result 
showed that only about 8% of control and 12% of rescue 
oocytes could override MI arrest and extrude the first polar 
body after 12 h of culture. While Zfp207-depleted oocytes 
displayed a remarkably increased overriding incidence 

Figure 3: Depletion of Zfp207 generates aneuploid eggs. A. Representative images of euploid and aneuploid MII eggs. Chromosome 
spread was performed to calculate the number of chromosomes. Chromosomes were counterstained with PI. Scale bar, 5μm. B. The rate of 
aneuploid eggs was recorded in the control, Zfp207-KD and rescue oocytes. Data were presented as mean percentage (mean ± SEM) of at 
least three independent experiments. Asterisk denotes statistical difference at a p < 0.05 level of significance.
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Figure 4: Depletion of Zfp207 disrupts kinetochore-microtubule attachment in mouse oocytes. A. Representative images 
of normal and abnormal kinetochore-microtubule attachment in mouse oocytes. Oocytes were immnunostained with α-tubulin-FITC 
antibody to visualize spindle, with Crest to visualize kinetochore, and counterstained with Hoechst to visualize chromosome. Scale bar, 
10μm. B. The rate of defective kinetochore-microtubule attachment was recorded in the control, Zfp207-KD and rescue oocytes. Data were 
presented as mean percentage (mean ± SEM) of at least three independent experiments. Asterisk denotes statistical difference at a p < 0.05 
level of significance.
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and around 48% of oocytes escaped the MI arrest to reach 
the MII stage. Taken together, the above results imply that 
Zfp207 is required for SAC activation and might regulate 
SAC proteins during meiosis. 

Zfp207 forms a complex with Bub3 and affects its 
protein level in oocytes

Since Zfp207 is probably involved in the regulation 
of SAC function during mouse oocyte meiotic maturation, 
we next examined the protein levels of several important 
SAC proteins in Zfp207 MO-injected oocytes by western 
blotting. The result showed that depletion of Zfp207 did 
not affect the protein levels of Mad2, Bub1 and BubR1, 
three vital components of SAC in meiosis, but indeed 
obviously reduced the protein level of Bub3 (Figure 6A), 
suggesting that Bub3 might be the downstream molecule 
that mediates the role Zfp207 in chromosome alignment. 

Given that Zfp207 regulates Bub3 in oocytes, we 
then asked whether Zfp207 interacts with Bub3 as a 
complex. To address this question, we first performed 
the cRNA microinjection to detect the localization 
relationship between Zfp207-mCherry and Bub3-GFP. 
The overlapping signals of mCherry and GFP revealed 
that Zfp207 colocalizes with Bub3 at kinetochores (Figure 
6B). Moreover, we carried out Co-IP using oocyte lysates 
with Bub3 antibody. The blot of IP eluate probed by Bub3 
antibody showed that Bub3 was specifically present in 
the antibody group instead of IgG control group (Figure 
6C), suggesting that the complex containing Bub3 was 
pulled down in the eluate. Meanwhile, the blot probed by 
Zfp207 antibody also showed that Zfp207 appeared only 
in antibody group (Figure 6C), indicating that Zfp207 
form a complex with Bub3 in oocytes. 

The higher frequency of aneuploid eggs and 
decreased protein level of Bub3 in Zfp207-depleted 
oocytes prompted us to examine their correlation. To this 

Figure 5: Meiotic progression and SAC activation in Zfp207-depleted oocytes. A. The rate of germinal vesicle breakdown was 
recorded in the control, Zfp207-KD and rescue oocytes. B. The rate of polar body extrusion was recorded in the control, Zfp207-KD and 
rescue oocytes. C. The rate of precocious polar body extrusion was recorded in the control, Zfp207-KD and rescue oocytes. D. The rate of 
overriding MI arrest was recorded in the control, Zfp207-KD and rescue oocytes. Data were presented as mean percentage (mean ± SEM) 
of at least three independent experiments. Asterisk denotes statistical difference at a p < 0.05 level of significance.
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end, we co-expressed Bub3-GFP in Zfp207-MO injected 
oocytes and then observed the occurrence of aneuploidy. 
As shown in Figure 6D, overexpression of Bub3 could to 
a large extent rescue the phenotype of aneuploidy when 
depleted of Zfp207, confirming the fact that Bub3 works 
downstream of Zfp207. 

DISCUSSION

The highly conserved spindle assembly checkpoint 
mechanisms and components have been widely studied 
in mitosis, whereas the functional roles and components 
of SAC in meiosis are still not fully clear. Accumulated 
recent studies have shown that the SAC mechanism indeed 
operates in meiosis, and that many of its components 
are conserved between mitosis and meiosis [23, 24]. 
However, we currently do not know much about the 

conserved differences between mitosis and meiosis, and 
even between the male and female meiosis in regulation 
of SAC [25].

Zinc finger proteins are among the most abundant 
proteins in eukaryotic genomes and participate in diverse 
biological eventsas interaction modules that bind DNA, 
RNA, proteins, or other small molecules [26, 27]. 
Recent studies in cancer cells have shown that BuGZ is 
a novel SAC component that is required for chromosome 
alignment via stabilizing Bub3 [11, 14, 16]. However, this 
mechanism does not work in normal somatic cells. The 
molecular basis of this selectivity is still an open question. 
Here, we report that Zfp207 plays a pivotal role in 
homologous chromosome segregation in mouse oocytes. 
Although we still cannot address the question why Zfp207 
selectively exerts its functions in different cell lines, but 
our data provide first evidence showing that the function 

Figure 6: Interaction between Zfp207 and Bub3 in mouse oocytes. A. Protein levels of SAC components in Zfp207-knockdown 
oocytes were determined by western blotting. The blots of control and Zfp207-MO injected oocytes were probed with anti-Zfp207, anti-
Bub3, anti-BubR1, anti-Bub1, anti-Mad2, and anti-β-actin antibodies, respectively. B. Colocalization of Zfp207-mCherry and Bub3-GFP. 
GV oocytes were co-injected with cRNAs of Zfp207-mCherry and Bub3-GFP, and then cultured to Pro-MI stage. Signals of mCherry and 
GFP were acquired under confocal microscope at 594nm and 488nm laser, respectively. Chromosomes were counterstained with Hoechst. 
Scale bar, 5μm. C. Zfp207 associates with Bub3 in oocytes. Co-IP was performed to determine the interaction between Zfp207 and Bub3. 
Oocyte lysates were incubated with IgG and anti-Bub3 antibody, respectively, followed by incubation with protein G beads. The blots of 
IP eluates were probed with anti-Zfp207 and anti-Bub3 antibodies, respectively. D. Quantitative analysis of aneuploid eggs in the control, 
Zfp207-KD and Bub3-rescue oocytes. Data were presented as mean percentage (mean ± SEM) of at least three independent experiments. 
Asterisk denotes statistical difference at a p < 0.05 level of significance.
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of Zfp207 in regulation of chromosome dynamics is 
conserved between mitosis and meiosis. 

Consistent with the findings in cancer cells, our 
analyses show that Zfp207 localizes at kinetochores in 
oocytes after resumption of meiosis, and that depletion 
of Zfp207 by morpholino injection results in a higher 
incidence of aberrant spindle morphologies and misaligned 
chromosomes. These phenotypes are specific to the loss of 
Zfp207, because it can be rescued by the overexpression 
of Zfp207-mCherry. A large majority of incorrect 
chromosome alignment is usually caused by the impaired 
kinetochore-microtubule attachment, which is also 
exhibited in Zfp207-depleted oocytes. Our findings show 
that a significantly increased proportion of kinetochores 
are unattached by microtubules upon cool treatment which 
could depolymerize unattached microtubules. Since high-
fidelity chromosome segregation prevents aneuploidy and 
maintains genome stability, our data also reveal that loss 
of Zfp207 produces a higher frequency of aneuploid eggs 
which are highly correlated with miscarriage, birth defects 
and genetic disorders. 

Kinetochore-bound SAC proteins such as Mad1, 
Mad2, Bub1, BubR1, Bub3, and Mps1 generate the wait 
signal to give cells the time to align all chromosomes to 
the metaphase plate for equal chromosome segregation [9, 
28, 29] [30]. Upon proper alignment of all chromosomes, 
the SAC signal has to be silenced for metaphase to 
anaphase transition. Our findings show that depletion of 
Zfp207 leads to the precocious poly body extrusion and 
escape of MI arrest induced by nocodazole treatment, 
two important features indicative of inactivation of SAC 
activity which have already been characterized in previous 
studies on SAC components such as Bub1, Bub3, BubR1 
and Mad2 in mouse oocytes [3, 31-33]. The protein levels 
of these SAC components in the absence of Zfp207 have 
also been detected to figure out how Zfp207 affects SAC 
activity. In agreement with the observations in cancer 
cells, we find that protein level of Bub3 is markedly 
reduced upon knockdown of Zfp207, rather than that of 
Bub1, BubR1 and Mad2. This suggests that either Zfp207 
regulates the protein expression of Bub3 or maintains the 
stability of Bub3 to ensure proper chromosome alignment 
in oocytes. Additionally, the colocalization and Co-IP 
analyses in our study show that Zfp207 binds to Bub3 to 
form a complex, which further confirms the interaction 
between Zfp207 and Bub3. Finally, overexpression of 
Bub3 is able to rescue the aneuploid phenotype of Zfp207-
depleted oocytes, suggesting that the role of Zfp207 in 
regulation of chromosome alignment is, at least, partially 
mediated by Bub3. 

Although several lines of evidence have been 
provided to demonstrate that Zfp207 is involved 
in chromosome alignment and activation of SAC 
during meiosis, many open questions still remain. For 
example, how does Zfp207 regulate Bub3’s protein 
level in oocytes, through gene expression regulation or 

protect it from degradation? Is there any other substrate 
working downstream of Zfp207? Is Zfp207 involved in 
chromosome segregation in early embryo development? 
A subsequent research needs to be done to clarify them.

MATERIALS AND METHODS

Antibodies

Rabbit polyclonal anti-Zfp207 antibody, sheep 
polyclonal anti-BubR1 antibody and mouse monoclonal 
anti-actin antibody were purchased from Abcam 
(Cambridge, MA, USA; Cat#: ab84802, ab28193 and 
ab3280); rabbit polyclonal anti-Bub3 antibody was 
purchased from Santa Cruz Biotechnology (Dallas, TA, 
USA; Cat#: sc-28258); mouse monoclonal anti-α-tubulin-
fluorescein isothiocyanate (FITC) antibody and rabbit 
polyclonal anti-Bub1 antibody were purchased from 
Sigma (St. Louis, MO, USA; Cat#: F2168 and B3437); 
rabbit polyclonal anti-Mad2 antibody was purchased from 
Covance (Princeton, NJ, USA; Cat#: PRB-452C); Human 
anti-centromere CREST antibody was purchased from 
Antibodies Incorporated (Davis, CA, USA; Cat#: 15-234).

Oocyte collection and culture

Animal care and use were conducted in accordance 
with the Animal Research Committee guidelines of 
Nanjing Agricultural University, China.

Female ICR mice (4-6 weeks) were sacrificed by 
cervical dislocation after intraperitoneal injections of 5 IU 
pregnant mare serum gonadotropin (PMSG) for 46 hours. 
Immature oocytes arrested at prophase of meiosis I were 
collected from ovaries in M2 medium (Sigma, St. Louis, 
MO, USA). Only those immature oocytes displaying 
a germinal vesicle (GV) were cultured further in M16 
medium under liquid paraffin oil at 37°C in an atmosphere 
of 5% CO2 in air. At different time points after culture, 
oocytes were collected for subsequent analysis.

Morpholino knockdown and cRNA constructs

Fully grown GV-intact oocytes were microinjected 
with 5-10 pl of non-targeting or Zfp207-targeting 
morpholinos (Gene tools, Philomath, OR, USA) in M2 
medium containing 2.5 μM milrinone. The working 
concentration of morpholinos was 1 mM. To facilitate 
the inhibition of mRNA translation by morpholinos, 
microinjected oocytes were arrested at GV stage in M16 
medium containing 2.5 μM milrinone for 20 h, and then 
transferred to milrinone-free M16 medium to resume 
the meiosis for further experiments. Zfp207 morpholino 
sequence: 5’-CTTCTTCTTGCGACCCATA ACTGCG-3’.
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Full-length of Zfp207 and Bub3 cDNAs were 
inserted into the pcDNA-3-EGFP vector (Addgene, 
Cambridge, MA, USA). Capped cRNAs were synthesized 
from linearized plasmid using T7 mMessage mMachine 
kit (ThermoFisher, Waltham, MA, USA), and purified with 
MEGAclear kit (ThermoFisher, Waltham, MA, USA). 
Typically, 10-12 pl (4% of the oocyte volume) of 0.5-1.0 
ug/ul cRNA was injected into oocytes.

Immunofluorescent and confocal microscopy

Oocytes were fixed in 4% paraformaldehyde in 
PBS (pH 7.4) for 30 minutes and permeabilized in 0.5% 
Triton-X-100 for 20 min at room temperature. Then, 
oocytes were blocked with 1% BSA-supplemented PBS 
for 1 h and incubated with 1:50-1:100 dilution of primary 
antibodies at 4°C overnight. After washing four times (5 
min each) in PBS containing 1% Tween 20 and 0.01% 
Triton-X 100, oocytes were incubated with an appropriate 
secondary antibody for 1 h at room temperature. After 
washing three times, oocytes were counterstained with 
PI or Hoechst 33342 (10 µg/ml) for 10 min. Finally, 
oocytes were mounted on glass slides and observed under 
a confocal laser scanning microscope (Carl Zeiss 700). 

Immunoprecipitation and immunoblotting 
analysis

Immunoprecipitation was carried out with 
rabbit polyclonal anti-Bub3 antibody according 
to the Instructions for ProFound Mammalian Co-
Immunoprecipitation Kit (Pierce, Rockford, IL, USA).

For immunoblotting, oocytes were lysed in 4× 
LDS sample buffer (ThermoFisher, Waltham, MA, USA) 
containing protease inhibitor and heated at 95°C for 5 
min. Proteins were separated on 12% Bis-Tris precast 
gels, transferred to PVDF membranes, blocked in 5% 
nonfat milk in TBS (Tris buffered saline, pH 7.4) with 
0.1% Tween 20 (TBST) for 1 h at room temperature, and 
then probed with 1:500 or 1:1000 dilution of primary 
antibodies at 4°C overnight. After washing three times 
in TBST (10 min each), blots were incubated 1 h with 
a 1:10,000 dilution of HRP (Horse Radish Peroxidase) 
conjugated secondary antibodies. Chemiluminescence was 
detected with ECL Plus (Pierce, Rockford, IL, USA) and 
signals were acquired by Tanon-3900.

Chromosome spread

Oocytes were exposed to Tyrode’s buffer (pH 2.5) 
for about 30 s at 37 °C to remove zona pellucidae. After 
recovery in M2 medium for 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 under a laser 
scanning confocal microscope.

Statistical analysis

The data were expressed as mean ± SEM and 
analyzed by one-way ANOVA, followed by LSD’s post 
hoc test, which was provided by SPSS16.0 statistical 
software. The level of significance was accepted as p < 
0.05.
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Abstract
Melamine is an organic nitrogenous compound widely used as an industrial chemical, and it

has been recently reported by us that melamine has a toxic effect on the female reproduc-

tive system in mice, and renders females subfertile; the molecular basis, however, has not

been adequately assessed. In the present study, we explore the underlying mechanism

regarding how melamine compromises fertility in the mouse. The data showed that mela-

mine exposure significantly impaired the fertilization capability of the egg during in vitro fer-

tilization. To further figure out the cause, we analyzed ovastacin localization and protein

level, the sperm binding ability of zona pellucida, and ZP2 cleavage status in unfertilized

eggs from melamine fed mice, and no obvious differences were found between control and

treatment groups. However, the protein level of Juno on the egg plasma membrane in the

high-dose feeding group indeed significantly decreased compared to the control group.

Thus, these data suggest that melamine compromises female fertility via suppressing Juno

protein level on the egg membrane.

Introduction
Melamine (1,3,5-triazine–2,4,6-triamine, or C3H6N6) is a nitrogen heterocyclic triazine com-
pound [1, 2] which has been widely used as an industrial chemical in many plastics, adhesives,
glues, and laminated products such as plywood, cement, cleansers, fireretardant paint, and
more [2, 3]. Melamine developed as a chemical in the 1830s, and had varied and widespread
legitimate uses. A food safety incident outbroke in China in 2008 which was involved milk and
infant formula along with other food materials and components being adulterated with mela-
mine had attracted much attention to the limited usage of melamine [2]. Accumulating evi-
dence has revealed that long-term exposure to melamine could damage the reproductive
systems in mammals, and lead to male infertility and fetal toxicity in the rat [4]. Also, previous
report by us has shown that melamine feeding renders female mice subfertile [5].

Fertilization is a culminating event in mammals, involved in two haploid cells, the egg and
the sperm. They meet in the female reproductive tract, interact, and finally fuse to become a
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new, genetically distinct, diploid cell [6, 7]. Accomplishment of fertilization needs several
sequential steps of gamete interaction: Capacitated sperm bind to the zona pellucida surround-
ing eggs, and then release acrosomal contents by exocytosis and penetrate the ZP. After that,
acrosome-reacted sperm reach, bind to and fuse with the egg membrane to form fertilized egg
[8]. ZP is a glycoproteinaceous translucent matrix that surrounds the mammalian eggs and
embryos, and plays important roles during oogenesis, sperm-egg binding, fertilization and
implantation [9–11]. This matrix of human is composed of four glycoproteins ZP1, ZP2, ZP3,
and ZP4, whereas mouse ZP is composed of ZP1, ZP2 and ZP3 (ZP4 being a pseudogene) [9,
12]. In the supramolecular structure model, sperm-binding site is an N-terminal domain of
ZP2 that depends on the cleavage status of ZP2 [9, 13]. Subsequent to sperm membrane fusion
with oolema, cleavage of ZP2 helps in prevention of polyspermy [14].

Ovastacin is a pioneer component of mammalian cortical granules which belongs to a mem-
ber of the large astacin family of metalloendoproteases [15, 16]. This oocyte-specific protein is
exocytosed from cortical granules triggered by fertilization and is responsible for post-fertiliza-
tion ZP2 cleavage to block sperm binding and polyspermy. Thus, in ovastacin-deficient mice,
albeit fertilization, sperm are still able to bind to zona pellucida surrounding embryos because
ZP2 remains intact, which accordingly, renders ovastacin-deficient females subfertile due to
the polyspermy [14]. In addition, fetuin-B has been recently identified as the inhibitor of ovas-
tacin, and genetic ablation of fetuin-B causes premature ZP hardening and, consequently,
female infertility [17, 18]. This result shows that premature cleavage of ZP2 can result in infer-
tility in mice.

Glycophosphatidylinositol (GPI)-anchored receptors on the egg surface are essential for fer-
tilization because sperm lacking them render eggs infertile [19, 20]. A breakthrough was made
in 2014 when Gavin J. Wright’s group identified folate receptor 4 (Folr4) as the Izumo1 recep-
tor, displayed on the surface of egg they named this protein “Juno” after the Roman goddess of
fertility and marriage [7]. Juno is expressed on the surface of oocyte, a GPI-anchored protein
that is essential for female fertility. Juno-deficient mice are infertile because eggs lacking Juno
cannot fuse with normal acrosome reacted sperm [6, 7].

Our most recent report indicates that melamine negatively affects female fertility in mice
[5]. Here, we further explore the possible molecular basis at several levels during fertilization,
and our data provide the evidence showing that melamine compromises female fertility via reg-
ulating the protein level of Juno, rendering eggs non-fusible with sperm.

Materials and Methods

Ethic statement
Our study was approved by the Animal Research Institute Committee of Nanjing Agricultural
University, China, and all mice were handled in accordance with the Committee guidelines.
Mice were housed in a temperature-controlled room with proper darkness-light cycles, fed
with a regular diet, and maintained under the care of the Laboratory Animal Unit, Nanjing
Agricultural University, China. The mice were euthanized by cervical dislocation.

Animals and feeding treatment
The female 4-week-old ICR mice were housed in separate cages at controlled condition of tem-
perature (20–23°C) and illumination (12h light-dark cycle), and had free access to food and
water throughout the period of the study. After 1 week acclimation to the laboratory environ-
ment, mice were randomly assigned to 3 groups (n = 40), with an average body weight of 18 g
and were each orally given 0, 10 or 50mg/kg/d of melamine dissolved in water for 8 weeks. The
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animals were observed each three days, and there were no one ill or dead during
administration.

In vitro fertility
Cauda epididymides were lanced in a dish of human tubal fluid (HTF) medium (EMDMilli-
pore, Billerica, MA) to release sperm, followed by being capacitated for 1 hr (37°C, 5% CO2)
and added to ovulated eggs at a concentration of 4 x 105/ml sperm in 100μl HTF for 5 hr at
37°C, 5% CO2. The presence of two pronuclei was scored as successful fertilization.

Immunofluorescent and confocal microscopy
Ovulated eggs were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 minutes and permea-
bilized in 0.5% Triton-X-100 for 20 min at room temperature. Then, oocytes were blocked
with 1% BSA-supplemented PBS for 1 h and incubated at 4°C overnight or at room tempera-
ture for 4 h with rat monoclonal anti-mouse folr4 antibody (1:100, BioLegend, CA) or rabbit
polyclonal anti-mouse ovastacin antibody (1:100, obtained from Dr. Jurrien Dean). After wash-
ing four times (5 min each) in PBS containing 1% Tween 20 and 0.01% Triton-X 100, eggs
were incubated with an appropriate secondary antibody for 1 h at room temperature. Alexa
Fluor 555 donkey anti-rabbit IgG (H+L) was obtained from Invitrogen (Carlsbad, CA). After
washing three times, eggs were stained with PI or Hoechst 33342 (10 μg/ml) for 10 min. Finally,
eggs were mounted on glass slides and viewed under a confocal laser scanning microscope
(Carl Zeiss 700).

Western blot analysis
Ovulated eggs or two-cell embryos were lysed in 4× LDS sample buffer with 10× reducing
reagent (Life Technologies-Invitrogen) and heated at 100°C for 5 min. Proteins were separated
on 12% Bis-Tris precast gels, transferred to PVDF membranes, blocked in 5% nonfat milk in
TBS (Tris buffered saline, pH 7.4) with 0.1% Tween 20 (TBST) for 1 hr at room temperature,
and then probed with 1:500 dilution of M2c.2 antibody (obtained from Dr. Jurrien Dean) at
4°C overnight. After washing three times in TBST (10 min each), blots were incubated 1 hr
with a 1:10,000 dilution of HRP (Horse Radish Peroxidase) conjugated goat anti-rabbit IgG
(Santa cruz, Texas). Chemiluminescence was performed with ECL Plus (Piercenet) and signals
were acquired by Tanon-3900.

Sperm binding assay
Caudal epididymal sperm were isolated from wild-type ICR mice and placed under oil (Sigma-
Aldrich, MO) in HTF medium previously equilibrated with 5% CO2 and capacitated by an
additional 1 hr of incubation at 37°C. Sperm binding to ovulated eggs or two-cell embryos iso-
lated from control and melamine-treated mice was observed using capacitated sperm and con-
trol two-cell embryos as a negative wash control. Samples were fixed in 4% PFA for 30 min,
stained with Hoechst 33342. Bound sperm were quantified from z projections acquired by con-
focal microscopy, and results reflect the mean ± S.E.M. from at least three independently
obtained samples, each containing 10–12 mouse eggs/embryos.

Statistical analysis
The data were expressed as mean ± SEM and analyzed by one-way ANOVA, followed by LSD’s
post hoc test, which was provided by SPSS16.0 statistical software. The level of significance was
accepted as p<0.05.
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Results

Melamine exposure compromises the in vitro fertilization
Melamine feeding model was set up by eight-week diet, and was classified into control (0mg/kg/d),
low-dose (10mg/kg/d) and high-dose (50mg/kg/d) groups. To confirm the in vivo fertility result
reported previously, eggs from three groups were collected and used for in vitro fertilization,
respectively. As shown in Fig 1, the fertilization rate of low-dose group is comparable to that of
control group (85.0 ± 2.2% VS 81.9 ± 1.4%), but the rate of how-dose group is significantly lower
than and low dose (50mg/kg/d) group, the high dose (50mg/kg/d) group was significantly
decreased (P< 0.01). Because there was no obvious defect on the fertilization in low-dose group,
we only compared control and high-dose groups in below experiments.

Melamine does not result in mislocalization and premature exocytosis of
ovastacin in eggs
To determine the possible reason causing the failure of fertilization, we first examined the
localization and protein level of ovastacin, an oocyte-specific metalloprotease in the cortical

Fig 1. In vitro fertilization of ovulated eggs frommelamine fed mice. (A) Representative images of fertilized eggs in control and melamine-treated mice.
Most of eggs were not fertilized in high-dose treatment group. Scale bar, 40μm. (B) In vitro fertilization rates, control oocytes (n = 91), low group (n = 112), and
high group (n = 124). Fertilization was determined by the presence of 2 pronuclei 12 hr after insemination. Data were presented as mean percentage
(mean ± SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P < 0.05 level of significance.

doi:10.1371/journal.pone.0144248.g001
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granules which is responsible for post-fertilization cleavage of N-terminus of ZP2, the sperm
binding site in the zona pellucida, to block polyspermy, because mislocalization and premature
release of ovastacin before fertilization in unfertilized eggs would lead to zona hardening so
that compromise the fertilization. To validate this, we performed the immunostaining of ovas-
tacin under the same condition in control and melamine fed groups, and measured the immu-
nofluorescent intensity. As shown in Fig 2, ovastacin was localized under the oocyte
subcortical region and excluded in cortical granule free domain, and both localization and sig-
nal intensity of ovastacin were comparable between control and high-dose groups (11.1 ± 0.6%
VS 9.9 ± 0.4%), indicating that melamine would not lead to the mislocalization and premature
exocytosis of ovastacin, which might be one of the factors leading to the fertilization failure.

Melamine does not affect sperm binding ability on eggs
Next, we tested if melamine has effect on the sperm–zona pellucida binding in vitro. Based on
the fact that sperm bind to the N-terminus of ZP2 in unfertilized eggs but not 2-cell embryos
in which has been cleaved by ovastacin released by cortical granules, we set up 2-cell embryos
as the negative control for the sperm binding assay. The immunofluorescent analysis showed
that the number of sperm binding to the surface of zona pellucida surrounding eggs from both
control and high-dose groups is comparable (94.0 ± 3.5% VS 95.8 ± 4.3%) (Fig 3A, 3B and 3C),
suggesting that impairment of the fertilization capability of eggs by melamine does not result
from the zona binding defect. Because sperm binding to zona is determined by the cleavage sta-
tus of ZP2, we also performed the western blot using the antibody M2c.2 which recognizes the
C-terminus of mouse ZP2. In the control group, ZP2 remained intact in unfertilized eggs and

Fig 2. Effect of melamine feeding on the ovastacin localization and protein level in ovulated eggs. (A) Ovastacin was stained with rabbit polyclonal
anti-mouse ovastacin antibody and examined by confocal microscopy. Scale bar, 20μm. (B) Measurement of fluorescent intensity of ovastacin signals. There
was no significant difference of ovastacin signals between control (n = 15) and treatment (n = 15) groups. Data were presented as mean percentage
(mean ± SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P < 0.05 level of significance.

doi:10.1371/journal.pone.0144248.g002
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cleaved in 2-cell embryos as expected (Fig 3D). In high-dose group, there was no ZP2 cleavage
detected in unfertilized eggs, consistent with the above result that sperm binding ability is nor-
mal in melamine-treated eggs.

Fig 3. Sperm binding capability and ZP2 cleavage status. (A, B) Eggs and two-cell embryos from control and melamine fed mice were incubated with
capacitated sperm for 1 hr. After washing with a wide-bore pipette to remove all but two to six sperm on normal two-cell embryos (negative control), eggs and
embryos with sperm were fixed and stained with Hoechst 33342. Scale bar, 20μm. (C) The number of sperm binding to the surface of zona pellucida
surrounding eggs. There was no significant difference between control (n = 10) and high-dose (n = 8) groups. (D) Western blot analysis of ZP2 cleavage
status in eggs and two-cell embryos using M2c.2 antibody that recognizes the C-terminal domain of ZP2. The size of intact ZP2 is 120 kD, and the size of
cleaved C-terminal fragment of ZP2 is 90 kD.

doi:10.1371/journal.pone.0144248.g003
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Melamine exposure reduces Juno protein level on the egg membrane
Since we have already ruled out the defect on the zona pellucida, we further explored the possi-
ble candidates on the egg membrane. Juno is a recently-found receptor on the egg membrane
which binds to Izumo1 in the sperm head to mediate the sperm-egg fusion. We performed
the immunostaining of Juno, and found that it was evenly distributed on the egg membranes
(Fig 4A). Furthermore, we measured the immunofluorescent intensity of egg membranes in
control and high-dose groups, and the result showed that the protein level of Juno in the high-
dose group was remarkably lower than that in control group (11.6 ± 0.3 VS 24.2 ± 0.6,
P< 0.01, Fig 4B). Thus, the subfertility phenotype induced by melamine is probably caused by
the decreased level of Juno on the egg membrane.

Fig 4. Effect of melamine feeding on the protein level of Juno in ovulated eggs. (A) Juno was stained
with rat monoclonal anti-mouse folr4 antibody and examined by confocal microscopy. Scale bar, 20μm. (B)
Measurement of fluorescent intensity of Juno signals. The protein level of Juno in egg membrane was
significantly reduced in high-dose group (n = 15) compared to control group (n = 25). Data were presented as
mean percentage (mean ± SEM) of at least three independent experiments. Asterisk denotes statistical
difference at a P < 0.05 level of significance.

doi:10.1371/journal.pone.0144248.g004
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Discussion
Melamine (2, 4, 6-triamino-1, 3, 5-triazine), a chemical material, is a widely used industrial
chemical that is not considered acutely toxic with a high LD50 in animals, and the oral LD50

ranges from 3.2 g/kg to 7.0 g/kg in mice [21]. However, long-term exposure to melamine could
lead to infertility in rat males [4]. Also, our most recent report indicates that melamine nega-
tively affects female fertility in mice [5].

In the present study, we further investigated the possible molecular mechanism regarding
the effect of melamine on the fertility of female mice. We found that feeding mice with the mel-
amine-contained diet had no effects on the ovastacin localization and exocytosis, as well as the
sperm-zona pellucida binding, but indeed compromised the Juno protein level on the egg
membrane, which might be the major cause leading to the female subfertility.

Fertilization is a unique and multi-step event that initiates the onset of development. Dur-
ing mammalian fertilization, capacitated sperm must bind to and penetrate the specialized
extracellular matrix of the egg, known as zona pellucida, and then fuse with the oolemma to
become the fertilized eggs [8]. The mouse genetic studies have defined the N-terminal
domain of ZP2 as the sperm binding site in the zona pellucida, and the sperm binding is
determined by the ZP2 cleavage status independent of fertilization [9]. Following fertiliza-
tion, ZP2 undergoes proteolytic cleavage by an oocyte-specific astacin-like metalloendopro-
tease, first reported as ovastacin (citation), released from the cortical granules, and sperm no
longer bind to mouse embryos [22]. However, if ovastacin is exocytosed during oogenesis or
oocyte maturation before fertilization, it will prematurely cleave the N-terminus of ZP2 and
result in less or no sperm binding, leading to the fertilization failure. Based on these under-
standings, we examined the possible reasons that would cause the melamine-induced female
subfertility in mice one after another. Normal localization and protein level of ovastacin in
melamine exposed eggs indicated that impairment of fertility is not due to the defect of ovas-
tacin. Next, we tested the sperm binding to zona pellucida. Both sperm binding assay and
western blot analysis of ZP2 cleavage revealed that melamine does not result in the zona
defect.

Juno is an essential cell-surface protein as the receptor for Izumo1 on the plasma membrane
of mouse eggs [7]. Juno and Izumo1 play crucial role in sperm-egg fusion in mice [7, 23, 24]. In
other words, both Juno-deficient females and Izumo1-deficient males are infertile because their
gametes cannot fuse to their wild-type partner’s cells. Therefore, we aimed Juno as our next
candidate. Our immunostaining and signal measurement results showed that high-dose
(50mg/kg/d) feeding of melamine to female mice led to significant decrease of Juno protein
level on the plasma membrane of unfertilized eggs. This finding consistently interprets the sub-
fertility phenotype, because the small amount of remaining Juno renders some melamine-
exposed eggs still fertilizable.

Taken together, we present data here to demonstrate that melamine negatively affects
female fertility through suppressing Juno protein level in mice. As for how melamine regulates
its protein expression or degradation, it needs the more in-depth investigation in the future.
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国家自然科学基金委员会资助项目计划书填报说明

一、项目负责人收到《关于国家自然科学基金资助项目批准及有关事项的通知》（以下简

称《批准通知》）后，请认真阅读本填报说明，参照国家自然科学基金相关项目管理

办法及《国家自然科学基金资助项目资金管理办法》（请查阅国家自然科学基金委员

会官方网站首页“政策法规”-“管理办法”栏目），按《批准通知》的要求认真填写

和提交《国家自然科学基金委员会资助项目计划书》（以下简称《计划书》）。

二、填写《计划书》时要求科学严谨、实事求是、表述清晰、准确。《计划书》经国家自

然科学基金委员会相关项目管理部门审核批准后，将作为项目研究计划执行和检查、

验收的依据。

三、《计划书》各部分填写要求如下：

（一）简表：由系统自动生成。

（二）摘要及关键词：各类获资助项目都必须填写中、英文摘要及关键词。

（三）项目组主要成员：计划书中列出姓名的项目组主要成员由系统自动生成，与申

请书原成员保持一致，不可随意调整。如果批准通知中“项目评审意见及修改

意见表”中“对研究方案的修改意见”栏目有调整项目组成员相关要求的，待

项目开始执行后，按照项目成员变更程序另行办理。

（四）资金预算表：按批准资助的直接费用填报资金预算表和预算说明书，其中的劳

务费、专家咨询费金额不应高于申请书中相应金额；间接费用及项目总经费由

系统自动生成。国家重大科研仪器研制项目还应按照预算评审后批复的直接费

用各科目金额填报资金预算表、预算说明书及相应的预算明细表。

（五）正文：

1. 面上项目、青年科学基金项目、地区科学基金项目：如果《批准通知》中没有

修改要求的，只需选择“研究内容和研究目标按照申请书执行”即可；如果《

批准通知》中“项目评审意见及修改意见表”中“对研究方案的修改意见”栏

目明确要求调整研究期限和研究内容等的，须选择“根据研究方案修改意见更

改”并填报相关修改内容。

2. 重点项目、重点国际（地区）合作研究项目、重大项目、国家重大科研仪器研

制项目：须选择“根据研究方案修改意见更改”，根据《批准通知》的要求填

写研究（研制）内容，不得自行降低、更改研究目标（或仪器研制的技术性能

与主要技术指标以及验收技术指标）或缩减研究（研制）内容。此外，还要突

出以下几点：

（1）研究的难点和在实施过程中可能遇到的问题（或仪器研制风险），拟采用

的研究（研制）方案和技术路线；

（2）项目主要参与者分工，合作研究单位之间的关系与分工，重大项目还需说

明课题之间的关联；

（3）详细的年度研究（研制）计划。
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3. 国家杰出青年科学基金、优秀青年科学基金和海外及港澳学者合作研究基金项

目：须选择“根据研究方案修改意见更改”，按下列提纲撰写：

（1）研究方向；

（2）结合国内外研究现状，说明研究工作的学术思想和科学意义（限两个页面

）；

（3）研究内容、研究方案及预期目标（限两个页面）；

（4）年度研究计划；

（5）研究队伍的组成情况。

4. 对于其他类型项目，参照面上项目的方式进行选择和填写。
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简表

申
请
者
信
息

姓      名 熊波 性 别 男
出生
年月

1980年05月 民 族 汉族

学      位 博士 职称 教授

电      话 025-84399605 电子邮件 xiongbo@njau.edu.cn

传      真 个人网页

工 作 单 位 南京农业大学

所 在 院 系 所 动物科技学院

依
托
单
位
信
息

名      称 南京农业大学 代码
21009508A16
49

联  系  人 张红霞 电子邮件 kjcxmk@njau.edu.cn

电      话 025-84395725 网站地址 http://www.njau.edu.cn

合
作
单
位
信
息

单   位   名   称 代   码

项
目
基
本
信
息

项  目  名  称
利用Ovastacin-mCherry转基因小鼠研究哺乳动物皮质颗粒的动态转
运及调控机理

资  助  类  别 面上项目 亚 类 说 明

附  注  说  明 常规面上项目

申  请  代  码 C120202:卵巢功能与卵子成熟

基  地  类  别 23269002.动物生理生化实验室

执  行  年  限 2016.01-2019.12

直  接  费  用 60万元 间 接 费 用 11.6万元

项  目  资  金 71.6万元
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项目摘要

中文摘要(500字以内)：
多精受精是指超过一个精子进入卵子形成多个原核的异常受精形式，最终会导致早期

胚胎死亡。卵子防止多精受精的机制主要与一种被称为皮质颗粒的特殊细胞器有关，它是
存在于未受精卵母细胞皮质区的一层分泌囊泡。受精后，皮质颗粒释放其内容物至卵周隙
，修饰细胞外基质以阻止多精受精。目前有关皮质颗粒成分和功能的认识主要来自于海胆
等无脊椎动物，对哺乳动物的皮质颗粒知之甚少。最近，在小鼠中Ovastacin首次被鉴定
为哺乳动物的皮质颗粒成分，负责受精后切割卵透明带中的精子受体ZP2来防止多精受精
。本项目将利用Ovastacin作为皮质颗粒的标识物，构建Ovastacin-mCherry转基因小鼠，
探索皮质颗粒在卵子成熟和受精中的转运及调控机制，阐明皮质颗粒转运和释放异常导致
受精失败和引起多精受精的根本原因，并分离鉴定皮质颗粒的其它未知成分和功能，为全
面了解哺乳动物皮质颗粒在生殖生物学和生殖医学中的意义提供研究基础。

小鼠；卵母细胞；卵子成熟；减数分裂；卵子质量关键词：

Abstract(limited to 4000 words)：
Polyspermy, an abnormal fertilization, forms multiple pronuclei by allowing
more than one sperm entry into the eggs, which would cause early embryonic
lethality. The block to polyspermy is related to a unique organelle called
cortical granules located in the cortex of unfertilized oocytes. Following
fertilization, cortical granules undergo exocytosis to release their contents
into the perivitelline space, and then modify the extracellular matrix to
prevent polyspermy. The previous studies on the cortical granules mainly
originate from invertebrates such as sea urchin, little is known about
contents and functions of mammalian cortical granules. Not till recently,
Ovastacin has been firstly identified as one of the components of cortical
granules in the mouse. Thus, the present project will establish an
Ovastacin-mCherry transgenic mouse model, taking advantage of Ovastacin as the
marker of cortical granules to investigate its dynamic trafficking and
regulatory mechanisms during mouse oocyte maturation and fertilization,
explicating the molecular basis regarding the fertilization failure and
polyspermy caused by the aberrant translocation and exocytosis of cortical
granules. Also, density gradient centrifugation coupled with
fluorescence-activated cell sorting will be used to isolate and identify more
contents of cortical granules to discover their extra functions in the
reproduction, providing fundamental basis to learn the significance of
mammalian cortical granules in the reproductive biology and medicine.

Mouse; Oocyte; Oocyte maturation; Meiosis; Oocyte qualityKeywords: 
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项目组主要成员

编号 姓名 出生年月 性别 职称 学位 单位名称 电话 证件号码 项目分工
每年工
作时间
（月）

1 熊波 1980.05 男 教授 博士 南京农业大学 025-84399605
36010219800529
5810

项目负责人 10

2 侯艳君 1985.10 女 博士后 博士 南京农业大学 025-84399605
41060319851012
1529

皮质颗粒的分离与
鉴定

10

3 代小新 1988.01 女 博士生 硕士 南京农业大学 025-84399605
37292319880101
2921

显微注射、小鼠模
型构建等

10

4 张冕群 1991.02 女 硕士生 学士 南京农业大学 025-84399605
34100219910212
9429

载体构建、活细胞
观察等

10

总人数 高级 中级 初级 博士后 博士生 硕士生

4 1 1 1 1
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国家自然科学基金项目资金预算表（定额补助）
项目名称： 利用Ovastacin-mCherry转基因小鼠研究哺乳动物皮质颗粒的动态转运及调控机理

项目负责人：熊波 金额单位：万元     

序号
科目名称 金额 备注

(1) (2) (3)

1 一、 项目资金支出 71.6000 /

2 (一) 直接费用 60.0000

3 1、 设备费 2.0000

4 (1)设备购置费 2.0000
购买一台计算机和一台小型离

心机

5 (2)设备试制费 0.0000

6 (3)设备改造与租赁费 0.0000

7 2、 材料费 34.0000
生化试剂、抗体、实验动物、

培养试剂等

8 3、 测试化验加工费 4.0000
激光共聚焦、活细胞工作站等

设备使用费

9 4、 燃料动力费 0.0000

10  5、 差旅费 3.0000
参加国内学术会议注册费、差

旅费

11 6、 会议费 0.0000

12  7、 国际合作与交流费 4.0000 参加国际学术会议费用

13 8、 出版/文献/信息传播/知识产权事务费 3.0000 发表SCI论文版面费、彩图费

14 9、 劳务费 10.0000 直接参加项目的研究生劳务费

15 10、 专家咨询费 0.0000

16 11、 其他支出 0.0000

17 (二) 间接费用 11.6000 管理费、绩效支出等

18 其中：绩效支出 2.9000 绩效支出

19 二、 自筹资金 0.0000
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预算说明书 

（请对各项支出的主要用途和测算理由及合作研究外拨资金等内容进行详细说明，可根据需要另加附页。） 

 

1）设备费2万元，购买一台计算机约5000元用于数据分析，一台小型离心机约15000元供分子生物学

实验用。 

2) 材料费34万元，包括：实验小鼠的繁殖和饲养费用4年约为100000元（学校收费为每只每日1元，

按平均100只算），利用Crispr/Cas9制作小鼠模型约80000元（小鼠模型制作成本高），小鼠基因型鉴定

所需试剂和试剂盒20000元（小鼠尾巴裂解液，Tag酶，DNA提取试剂盒等），4年所需抗体约10支30000

元（不同目的蛋白抗体以及各种marker级抗体），制作用于显微注射的mRNA和sgRNA所需的载体、

限制性内切酶等分子克隆试剂和各种试剂盒约40000元，4年所需基因测序和引物合成费用20000元，

小鼠卵母细胞培养试剂和一次性消耗器材如培养皿等约50000元。 

3) 测试费、差旅费共7万元，包括：大型公用仪器如激光共聚焦显微镜、活细胞工作站等使用费（学

校内部使用费40元，由于活细胞工作站需要长时间连续观察，每年大约需要使用250小时，4年费用为

40X250X4=40000元）。带领一至两名学生参加三次国内会议，所需注册费10000元、差旅费20000元，

共30000元。 

4）国际合作费、出版费共7万元。发表3篇SCI论文所需的彩图费和版面费约30000元（每篇SCI论文

版面和彩图费平均约为1500美元）。国际交流合作费约4万元，包括参加两次国际学术会议展示研究成

果：一次美国生殖生物学年会SSR，一次亚洲繁殖生物技术大会ARBS，两次合计40000元。 

5）剩余费用为支付劳务费10万元（3名研究生4年每个月800元补助，3X4X10X800≈100000元）和自

动生成的间接费用11.6万元。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

项目负责人签字：         科研部门公章：       财务部门公章： 
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报告正文

研究内容和研究目标按照申请书执行。
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国家自然科学基金项目计划书



年度 总额 第一年 第二年 第三年 第四年 第五年

金额

国家自然科学基金资助项目签批审核表

    我接受国家自然科学基金的资助，将按照申请书

、项目批准意见和计划书负责实施本项目（批准号：3

1571545），严格遵守国家自然科学基金委员会关于资

助项目管理、财务等各项规定，切实保证研究工作时

间，认真开展研究工作，按时报送有关材料，及时报

告重大情况变动，对资助项目发表的论著和取得的研

究成果按规定进行标注。 

 项目负责人（签章）：

年    月    日

    我单位同意承担上述国家自然科学基金项目，将

保证项目负责人及其研究队伍的稳定和研究项目实施

所需的条件，严格遵守国家自然科学基金委员会有关

资助项目管理、财务等各项规定，并督促实施。 

 依托单位（公章）

年    月    日

本

栏

目

由

基

金

委

填

写

科学处审查意见： 

建议年度拨款计划（本栏目为自动生成，单位：万元）：

 负责人（签章）： 

      年    月    日

科学部审查意见： 

负责人（签章）： 

   年    月    日

本

栏

目

主

要

用

于

重

大

项

目

等

相关局室审核意见： 

负责人（签章）： 

   年    月    日

委领导审批意见： 

委领导（签章）： 

   年    月    日

国家自然科学基金项目计划书



 

 

 

江  苏  省  科  技  项  目  合  同  
 

 

 

计 划 类 别  基础研究计划（自然科学基金）--青年基金项目      

项 目 编 号  BK20150677  

项 目 名 称  哺乳动物皮质颗粒动态转运影响受精的机制研究                                               

项 目 类 别                                                      

起 止 年 限   2015   年    7   月 至   2018     年    6    月   

项目负责人    熊波    电话及手机  15850502046  025-84399605                

      电话及手机                  

承担单位  南京农业大学                                     

单位地址  南京市玄武区卫岗 1 号   邮政编码  210095         

项目主管部门   南京农业大学                                               

 

江 苏 省 科 学 技 术 厅 

二〇一五年 



 

委托单位（甲方）： 江苏省科学技术厅 

法定代表人： 王秦 

地址： 南京市北京东路 39 号 

邮政编码：210008 

 

承担单位（乙方）： 

承担单位： 南京农业大学  

法定代表人： 周光宏  

地址： 南京市玄武区卫岗 1号   邮政编码： 210095   

项目负责人： 熊波   

电话： 15850502046     传真：     

电子邮件： kjcxmk@njau.edu.cn   

 

保证单位（丙方、项目主管部门）： 南京农业大学   

法定代表人（科技局局长）：     

地址：    邮政编码：    

    甲方批准由乙方承担省科技计划 《哺乳动物皮质颗粒动态转运影

响受精的机制研究》  项目的研究开发或建设任务。依据《中华人民

共和国合同法》的规定，为明确甲、乙、丙三方的权利和责任，保证

项目的顺利实施和科研经费的合理使用，签订本合同。 



 

一、项目的目标和主要研究内容 

要解决的主要技术难题和问题，项目研究的创新点和内容等。 

 

1、利用微丝和微管的解聚剂，以及微丝成核因子和微管动力蛋白的抑制剂处理

Ovastacin-mCherry 转基因小鼠的卵母细胞，观察卵母细胞成熟过程中 mCherry 从胞

质向皮质区的转运。  

 

2、采用荧光漂白恢复术淬灭 Ovastacin-mCherry 在皮质区的荧光信号，实时记录信

号的恢复情况，确定皮质颗粒在皮质区的定位是否是动态变化的。  

 

3、利用细胞骨架解聚剂研究无皮质颗粒区的形成机制。  

 

4、实时观察卵子受精后排放皮质颗粒的过程，确定皮质颗粒排放与卵子质膜及透明

带对精子接受性的时空关系，以及实时记录卵子老化过程中皮质颗粒的动态变化，确

定老化卵子中皮质颗粒提前释放与受精率下降的关系。  



 

二、项目验收内容和考核指标 

包括 1、主要技术指标：如形成的专利、新技术、新产品、新装置、论文专著等数

量、指标及其水平等；2、主要经济指标：如技术及产品所形成的市场规模、效益等；3、

项目实施中形成的示范基地、中试线、生产线及其规模等；4、其他应考核的指标。 

 

利用微丝和微管的解聚剂，以及微丝成核因子和微管动力蛋白的抑制剂处理

Ovastacin-mCherry 转基因小鼠的卵母细胞，观察卵母细胞成熟过程中 mCherry 从胞

质向皮质区的转运。采用荧光漂白恢复术淬灭 Ovastacin-mCherry 在皮质区的荧光信

号，实时记录信号的恢复情况，确定皮质颗粒在皮质区的定位是否是动态变化的。利

用细胞骨架解聚剂研究无皮质颗粒区的形成机制。实时观察卵子受精后排放皮质颗粒

的过程，确定皮质颗粒排放与卵子质膜及透明带对精子接受性的时空关系，以及实时

记录卵子老化过程中皮质颗粒的动态变化，确定老化卵子中皮质颗粒提前释放与受精

率下降的关系。1、明确哺乳动物皮质颗粒在保证成功受精和防止多精受精中的具体

作用和调控机理。2、利用皮质颗粒作为衡量卵子质量的标准，设计和开发卵子质量

评估试剂盒。3、在生殖生物学领域的国际知名期刊发表 SCI 学术论文 2-3 篇。4、推

动和改善体外受精技术以及冷冻卵子技术。5、参加国际会议展示相关研究成果。6、

培养研究生 2-3 名。 

 



 

三、项目进度及考核指标 

时 间 考核指标 

2015 年 7 月 至 2016 年 6 月 

繁殖 Ovastacin-mCherry 转基因小鼠，确定

Ovastacin-mCherry 转基因的功能性；以活细胞

成像平台为基础，利用细胞骨架抑制剂深入探究

皮质颗粒的转运和释放过程及机制，以及对受精

或多精受精的影响； 

2016 年 7 月 至 2017 年 6 月 

采用荧光漂白恢复术确定皮质颗粒在皮质区的

动态变化。利用微丝、微管解聚剂，以及脂类运

动抑制剂确认影响其动态定位的因素；利用显微

注射结合活细胞成像探明无皮质颗粒区形成的

分子基础以及在受精过程中所起的作用。 

2017 年 7 月 至 2018 年 6 月 

实时观察卵子受精后排放皮质颗粒的过程，确定

皮质颗粒排放与卵子质膜及透明带对精子接受

性的时空关系。同时观察皮质颗粒排放被抑制后

卵子质膜及透明带对精子的接受性；实时记录卵

子老化过程中皮质颗粒的动态变化，确定老化卵

子中皮质颗粒提前释放与受精率下降的关系；撰

写论文并投稿。 



 

四、项目承担单位、参加单位及主要研究开发人员 

项目承担单位： 南京农业大学 

项目参加单位： 

境外合作单位: 
国家或 

地区 
  

项目负责人： 

姓名 
性

别 

年

龄 

职

称 
职务 

从事专

业 

为本项目

工作时间

（%） 

所在单位 

熊波 男 35 
正

高 
  

生殖 生

物学 
75 南京农业大学 

         

主要研究开发人员（不超过 15 人）： 

代 小

新 
女 27 

其

他 
  

生殖 生

物学 
75 南京农业大学 

张 冕

群 
女 24 

其

他 
  

生殖 生

物学 
100 南京农业大学 

卢 亚

娟 
女 22 

其

他 
  

生殖 生

物学 
100 南京农业大学 

         

         

         

         

         

         

         

         

         

         

         

         



 

五、项目经费预算 

   

（一）项目经费来源预算                                   经费单位：万元 

 

 
合计 2015 年 2016 年 2017 年 备注 

合计 20         

1、省拨款 20 20 0     

2、部门、地方配套 0         

3、承担单位自筹 0         

4、其他来源 0         

（二）项目经费支出预算                                  经费单位：万元 

 预算数 其中:省拨款 备注 

（一）直接费用 17 17   

  1、设备费  1 1   

  （1）购置设备费  1 1 
购买一台计算机和一台

数码相机 

  （2）试制设备费  0 0   

  （3）设备改造与租赁费  0 0   

  2、材料费  8 8 
生化试剂、抗体、实验动

物、培养试剂等 

  3、测试化验加工费  2 2 
激光共聚焦、活细胞工作

站等设备使用费 

  4、燃料动力费  0 0   

  5、差旅费  2 2 
参加国内学术会议注册

费、差旅费 

  6、会议费  0 0   

  7、国际合作与交流费  0 0   

  8、出版/文献/信息传播/

知识产权事务费  
2 2 

发表 SCI 论文版面费、彩

图费 

  9、劳务费  2 2 
直接参与项目的研究生

劳务费 



 

  10、专家咨询费  0 0   

  11、其他支出 0 0   

  （二）间接费用 3 3 管理费、绩效支出等 

    其中：绩效支出  0.8 0.8 绩效支出 

        合计 20 20   

 

 

六、其他条款 

  

（一）缔约各方的权利、义务 

  

第一条  缔约各方均应共同遵守国家、省有关科技计划与经费管理的规定，严格遵

守并认真履行本合同的各项条款。 

甲方应按合同约定的金额提供项目研究开发经费，有权监督、检查合同履行情况。

合同履行期间，甲方有权直接组织或委托丙方检查、监督乙方对本合同的履行情况。乙

方完成项目研究开发任务后，由甲方负责进行验收。 

乙方应严格履行合同义务，为项目实施提供承诺的技术与条件保障，以及财务管

理、成果管理、科技档案管理服务等合同约定的其他义务。项目申请验收前乙方应按照

规定提交科技报告，未提交科技报告的项目不予验收。乙方应加强项目实施成果的转化，

自项目验收后一年内未实施转化的项目，甲方有权责成乙方将成果交省内技术产权交易

机构挂牌转让。 

丙方应按合同约定的金额提供项目配套经费，并进行相关的协调和监督。 

第二条  甲方有权根据乙方项目计划进度完成情况决定是否拨付后续经费。乙方使

用项目经费应按照合同约定的支出范围执行，保证专款专用，并实行单独核算，严禁弄

虚作假、截留和挪用项目经费等违反财经纪律的行为。 

第三条  甲、乙、丙各方对项目合同及其他技术资料负有保密责任。 

  

（二）违约责任 

  

第四条  甲方未能按合同约定的经费数提供经费，导致乙方研究开发工作延误的，

应允许合同规定的研究开发工作完成期限相应顺延。 

第五条  因乙方原因，导致研究开发工作未能达到合同约定指标的，乙方应采取措

施尽快使项目达到合同预定要求，并承担由此而增加的费用。 

第六条  乙方无正当原因未履行合同时，甲方有权停拨、追缴部分或全部省拨经费，

由此造成的经济损失由乙方承担。对乙方在申报和实施项目中的失信行为，甲方将根据

省科技信用管理的有关规定记入不良信用记录，并报送至省公共信用信息平台，列入乙

方的社会信用记录。 



 

第七条  乙方违反经费使用规定或经甲方检查确认计划进度不符合合同约定的，甲

方有权减拨或停拨后续经费；情节严重的，甲方有权终止合同，乙方应返还甲方已拨付

的全部经费。 

第八条  乙方因不可抗力不能履行合同义务时，可以免除违约责任，但应及时通知

甲、丙方，并在合理的期限内出具因不可抗力导致合同不能履行的证明。 

第九条  在履行本合同过程中，确因在现有水平和条件下难以克服的技术困难，导

致研究开发部分或全部失败造成损失的，经甲方确认风险责任后，甲方在其拨款额度范

围内承担损失。 

  

（三）合同的变更、解除和争议解决 

  

第十条  合同的变更或解除，须经缔约各方协商一致，并签署书面文件。 

第十一条  发生下列情况之一的，缔约方应当协商变更或解除合同： 

  （1）由于不可抗力或意外事故导致合同无法履行或部分无法履行； 

  （2）由于项目目标已被他人先行实现，有关成果已被申请专利或公开，继续履

行合同已无必要； 

  （3）由于乙方未按合同要求履行合同，或是由于其他原因，导致项目在检查或

评估中被淘汰的。 

第十二条  合同一方发生合并、分立或更名时，由变更后的单位继受或分别继受变

更一方在合同中的权利义务。 

第十三条  合同在履行过程中发生争议的，缔约各方应通过友好协商的方式解决。

如协商不成时，缔约各方有权向人民法院起诉或仲裁机构申请仲裁，但在有关司法、仲

裁结果生效之前，乙方有义务按照甲方要求继续履行或终止履行本合同。 

  

（四）附  则 

  

第十四条  项目任务书、可行性论证报告作为合同附件。项目如涉及多家（包含两

家）单位参加，乙方应在签订本合同前与有关单位就合作任务和知识产权分配等问题签

订有关合同或协议（仅委托其他单位进行常规试验、提供社会化科技服务和少量辅助科

研工作的情况除外），同时作为本合同的附件。 

第十五条  有关合同的未尽事宜，按照国家、省有关科技计划与经费管理的规定执

行。 

第十六条  本合同正本一式六份（甲、乙、丙方各执 2份），自缔约各方签章后生

效。 

第十七条  本合同的解释权归甲方享有。 

 

 

七、附加条款 

第十八条  省自然科学基金青年基金项目负责人在申报该类项目前，必须是未主持

承担过省级或国家级科技计划项目（含国家自然科学基金项目）。否则，一经发现，按

弄虚作假处理，取消该项目立项，并追究项目负责人、承担单位和科技主管部门责任。 

  

 



 



 

八、签订合同各方 

 

甲方： 

   法定代表人或委托代理人（签字） 

 

   项目主管处室负责人（签字） 

 

   项目主管处室经办人（签字）                  公   章 

                                       年    月    日 

 

 

乙方： 

   承担单位法定代表人或委托代理人（签字） 

                

   项目负责人（签字）                     

                                          公   章 

开户银行、帐号                           年    月    日 

 

 

丙方： 

   法定代表人或委托代理人（签字）               

 

                               公   章 

                                        年    月    日 



 

说明： 

1、本合同适用于省基础研究、科技支撑、科技基础设施、苏北发展、

国际科技合作、软科学研究等计划。 

2、合同条款中所有空项都需如实填写，确无此项的，请在该栏中打

“/”或在空白处写“无”。 

3、乙方盖章必须是单位公章，部门章无效。 
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