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ABSTRACT

Sister chromatid cohesion, mediated by cohesin
complex and established by the acetyltransferases
Escol and Esco2, is essential for faithful chro-
mosome segregation. Mutations in Esco2 cause
Roberts syndrome, a developmental disease char-
acterized by severe prenatal retardation as well as
limb and facial abnormalities. However, its exact
roles during oocyte meiosis have not clearly de-
fined. Here, we report that Esco2 localizes to the
chromosomes during oocyte meiotic maturation. De-
pletion of Esco2 by morpholino microinjection leads
to the precocious polar body extrusion, the escape
of metaphase | arrest induced by nocodazole treat-
ment and the loss of BubR1 from kinetochores, in-
dicative of inactivated SAC. Furthermore, depletion
of Esco2 causes a severely impaired spindle as-
sembly and chromosome alignment, accompanied
by the remarkably elevated incidence of defective
kinetochore-microtubule attachments which conse-
quently lead to the generation of aneuploid eggs. No-
tably, we find that the involvement of Esco2 in SAC
and kinetochore functions is mediated by its bind-
ing to histone H4 and acetylation of H4K16 both in
vivo and in vitro. Thus, our data assign a novel mei-
otic function to Esco2 beyond its role in the cohesion
establishment during mouse oocyte meiosis.

INTRODUCTION

Cohesin is a multi-subunit protein complex which appears
to form a ring that can encircle DNA (1). This complex is
composed of four subunits: Smcl, Smc3, Rad21 and SA1 or
SA2 (2,3). Cohesin and its regulatory proteins function in
an essential pathway enabling proper cohesion, segregation
of sister chromatids, double-strand break repair and tran-
scriptional regulation (4). Cohesion is established in S phase

at which time sister chromatids are generated by DNA repli-
cation and remain linked until their separation in anaphase.
The establishment of cohesion is thought to be associated
with the acetylation of the Smc3 subunit (5-8). In yeast,
Smc3 acetylation is essential for viability and depends on
an evolutionary conserved acetyltransferase, Ecol (9,10).
Mammalian genomes encode two Ecol orthologs, Escol
and Esco2 (11), both of which have been shown to acety-
late Smc3 (12).

Mutations in Esco2 have been shown to cause Roberts
syndrome in humans (9) that is characterized phenotypi-
cally by symmetrical limb reduction, craniofacial anoma-
lies, growth retardation, mental retardation, cardiac and re-
nal abnormalities, as well as spontaneous abortions in fe-
males (13). Deficiency in Esco2 leads to the termination of
mouse embryogenesis in the pre-implantation period (14).
In addition, Esco2 has been identified as a candidate regula-
tor of meiosis by generating the transcripts with expression
profiles similar to that of Stra8 (9,15). Despite numerous
recent advances in the study of Esco2, its exact role during
oocyte meiosis has still remained elusive.

In the current study, we document that Esco? is required
for proper spindle assembly, chromosome alignment and K-
M attachment to ensure euploidy during mouse oocyte mei-
otic maturation. More importantly, we find that Esco2 is
implicated in Spindle Assembly Checkpoint (SAC) activity
by binding to histone H4 and regulating H4K 16 acetyla-
tion. Our findings indicate that Esco2 exerts a novel func-
tion beyond its role in cohesion establishment via a different
target during oocyte meiosis.

MATERIALS AND METHODS
Antibodies

Rabbit polyclonal anti-Esco2 antibody were purchased
from Bethyl Laboratories (Cat#: A301-689A-T); mouse
monoclonal anti-a-tubulin-FITC antibody was purchased
from Sigma (Cat#: F2168, T7451 and T6557); human
anti-centromere antibody was purchased from Antibod-
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ies Incorporated (Cat#: CA95617); Rabbit polyclonal anti-
histone H4 antibody and rabbit polyclonal anti-histone H4
(acetyl K16) antibody were purchased from Abcam (Cat#:
ab177840, ab109463). Rabbit polyclonal anti-acetyl-histone
H4 (Lys5) antibody was purchased from Cell Signaling
Technology (Cat#: 9672).

Oocyte collection and culture

All experiments were approved by the Animal Care and Use
Committee of Nanjing Agricultural University, China and
were performed in accordance with institutional guidelines.
Female ICR mice (4-6 weeks) were sacrificed by cervical
dislocation after intraperitoneal injections of 5 IU PMSG
for 46h. GV oocytes were collected from ovaries in M2
medium (Sigma) and then cultured further in M 16 medium
(Sigma) under liquid paraffin oil at 37°C in an atmosphere
of 5% CO2 incubator for in vitro maturation. At different
time points after culture, oocytes were collected for subse-
quent analysis.

cRNA construct and irn vitro transcription

Wild-type and mutant Esco2 or mutant H4 cDNA was sub-
cloned into pcDNA3.1 vector, respectively. Capped cRNA
was synthesized from linearized plasmid using T7 mMes-
sage mMachine kit (ThermoFisher), and purified with
MEGAclear kit (ThermoFisher). Typically, 10-12 pl of 0.5-
1.0 wg/pl cRNA was injected into oocytes and then ar-
rested at the GV stage in M16 medium containing 2.5 pM
milrinone for 6 h, allowing enough time for translation, fol-
lowed by releasing into milrinone-free M 16 medium for fur-
ther study.

Morpholino knockdown

Esco2-targeting ~ morpholino (5-TCTTGGAGTAC
AAGTTGCCATCATC-3) was obtained from Gene
Tools LLC, and then diluted to ImM as working con-
centration. For knockdown experiment, about 5-10
pl of morpholino was microinjected into the cyto-
plasm of GV oocytes. A non-targeting morpholino (5'-
CCTCTTACCTCAGTTACAATTTATA-3') was injected
as a control. In order to facilitate the morpholino-mediated
inhibition of mRNA translation, oocytes were arrested at
GV stage in M 16 medium containing 2.5 wM milrinone for
20 h and then cultured in milrinone-free M16 medium for
subsequent experiments.

Immunofluorescence and confocal microscopy

Oocytes were fixed in 4% paraformaldehyde in PBS (pH 7.4)
for 30 min and permeabilized in 0.5% Triton-X-100 for 20
min at room temperature. Then, oocytes were blocked with
1% BSA-supplemented PBS for 1 h and incubated with anti-
Esco2 (1:50), anti-a-tubulin-FITC (1:300), anti-centromere
(1:200) or anti-histone H4 (acetyl K16) (1:100) antibodies at
4°C overnight. After washing in Phosphate Buffered Saline
with Tween-20 (PBST), oocytes were incubated with an ap-
propriate secondary antibody for 1 h at room temperature.
Then oocytes were counterstained with PI or Hoechst for

10 min. Finally, oocytes were mounted on glass slides and
observed under a confocal microscope (Carl Zeiss 700).
For measurement of immunofluorescent intensity, the
signals from both control and experimental oocytes were
acquired by performing the same immunostaining proce-
dure and setting up the same parameters of confocal mi-
croscope. Data were analyzed by Image J software.

Immunoprecipitation and immunoblotting analysis

Immunoprecipitation was carried out using 800 oocytes ac-
cording to the Instructions for ProFound Mammalian Co-
Immunoprecipitation Kit (ThermoFisher).

For immunoblotting, oocytes was lysed in 4 x Lithium
Dodecyl Sulfate (LDS) sample buffer (ThermoFisher) con-
taining protease inhibitor, and then separated on 10% Bis-
Tris precast gels and transferred onto PVDF membranes.
The blots were blocked in TBST containing 5% low fat dry
milk for 1 h at room temperature and then incubated with
anti-Esco2 (1:1000), anti-histone H4 (acetyl K16) (1:500),
anti-histone-H4 (1:1000) or anti-Gapdh (1:5000) antibod-
ies overnight at 4°C. After wash in TBST, the blots were
incubated with HRP-conjugated secondary antibodies for
1 h at room temperature. Chemiluminescence was detected
with ECL Plus (GE Healthcare) and protein bands were vi-
sualized by Tanon-3900.

In vitro acetylation assay

Full-length Esco2 and mutant Esco2-W530G cDNAs were
sub-cloned into pcDNA3.1/Flag vector, respectively, and
then transfected into HEK 293 cells for expression, followed
by flag purification. Recombinant histone H4 was pur-
chased from NEB (Cat#: M2504S). For the in vitro acetyla-
tion assay, | pg of recombinant histone H4 was incubated
with 250 ng of purified Esco2-Flag or Esco2-W530G-Flag
in 50 pl of acetyltransferase assay buffer (50 mM Tris—-HCl
pHS.0, 10% glycerol, 10 mM butyric acid, 0.1 mM ethylene-
diaminetetraacetic acid, | mM Dithiothreitol (DTT) and
ImM Phenylmethylsulfonyl fluoride (PMSF) with or with-
out 10 pM Ac-CoA (Sigma) at 30°C for 1 h on a rotat-
ing platform. The reaction was then stopped by adding
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis loading buffer and analyzed by western blotting with
anti-H4K 16ac antibody.

Statistical analysis

All percentages from at least three repeated experiments
were expressed as mean + SEM, and the number of oocytes
observed was labeled in parenthesesas (n). Data were an-
alyzed by paired-samples #-test, which was provided by
GraphPad Prism5 statistical software. The level of signifi-
cance was accepted as P < 0.05.

RESULTS

Esco2 localizes to the chromosomes during mouse oocyte mei-
otic maturation

To examine the subcellular localization of Esco2 in vari-
ous developmental stages during oocyte meiotic matura-



tion, immunofluorescent staining coupled with confocal mi-
croscopy was performed. The result showed that Esco2 ap-
peared to accumulate on the chromosomes from GVBD
(germinal vesicle breakdown) to metaphase II stages (Fig-
ure 1A). The close observation revealed that Esco2 predom-
inantly distributed along the interstitial axes of chromo-
somes extending over centromere regions and arm regions
both proximal and distal to chiasmata (Figure 1B). In ad-
dition, another pool of Esco2 was found in the periphery
of sisters of homologs (Figure 1B). The chromosome arm
localization pattern of Esco2 is consistent with the cohesin
subunits such as Rec8 (16), but the periphery localization
pattern indicates that Esco2 might have a unique function
other than that in chromosome cohesion process.

In HeLa cells, Esco2 is absent in mitosis and reappears
when the cells enter S phase of the next cell cycle (17). In-
consistent with this expression pattern, we showed that the
protein level of Esco2 in oocyte meiosis was increasingly up-
regulated from prophase I to metaphase II stages (Figure
1C), which suggests that the role of Esco?2 is not restricted
to S phase in germ cells.

Esco2 is required for meiotic progression and activation of
SAC during oocyte meiosis

To clearly investigate the functional roles of Esco2 in
oocytes, loss-of-function experiments via gene-targeting
morpholino microinjection were carried out to deplete
Esco2 in oocytes. A significant decrease of Esco2 pro-
tein level was shown in Esco2-depleted oocytes com-
pared to controls by both western blot and immunoflu-
orescence analysis (Figure 2A and Supplementary Figure
S1), suggesting that Esco2 was successfully depleted by
morpholino-based silencing approach. To test if Esco2 is re-
quired for the meiotic progression, GVBD and PBE (polar
body extrusion), two critical developmental events during
oocyte maturation, were examined after knockdown. The
quantitative results showed that there were no distinguish-
able differences of GVBD rate between Esco2-depleted
oocytes and controls (71.78 £ 1.97%, n = 209 versus 76.78
4 2.35%, n = 222 control; Figure 2B). However, at the time
point of 6, 7 and 8 h post-GVBD, a significantly higher inci-
dence of PBE was observed in Esco2-depleted oocytes than
that in control oocytes (6.23 4 0.85%, n = 129 versus 0.67
4+ 0.67%, n =138 control, P < 0.05;27.18 4 3.45%,n =129
versus 12.18 + 1.26%, n = 138 control, P < 0.05; 50.52 +
3.83%, n =129 versus 30.77 & 3.40%, n = 138 control, P <
0.05; Figure 2C and D), suggesting that meiotic progression
was accelerated and SAC was inactivated in the absence of
Esco2. To rule out the possibility that premature PBE we
observed was due to the off-target effects of morpholino,
we expressed the exogenous Esco2 by injecting its cRNA in
Esco2-depleted oocytes to monitor the meiotic progression.
As expected, in the rescue oocytes, the rates of PBE at the
time point of 6, 7 and 8 h post-GVBD were decreased to the
control comparable levels (2.14 £ 0.01%, n = 140; 14.97 +
2.05%, n = 140; 33.52 + 4.15%, n = 140; Figure 2C and D).

To further confirm the SAC control by Esco2, we tested
whether oocytes depleted of Esco2 would override the
metaphase I arrest induced by nocodazole treatment, in-
dicative of SAC inactivation. The result showed that only
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Figure 1. Subcellular localization and expression of Esco2 during mouse
meiotic maturation. (A) Mouse oocytes at GVBD, prometaphase I,
metaphase I and metaphase 11 stages were immunolabeled with anti-Esco2
antibody and counterstained with PI. Scale bar, 2.5 pm. (B) The magni-
fied images from panel A. Scale bar, 0.5 pm. (C) Protein levels of Esco2 in
oocytes corresponding to GV (0 h), GVBD (4 h), MI (8 h), ATI (10 h) and
MII (12 h) stages were examined by western blot.
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Figure 2. Effects of Esco2 depletion on the meiotic progression and SAC activity in mouse oocytes. (A) Protein levels of Esco2 in control and Esco2-
KD oocytes at M I stage were examined by western blot. (B) Quantitative analysis of GVBD rate was shown in control and Esco2-KD oocytes. (C)
Representative images of first polar body extrusion(PBE) in control, Esco2-KD and Esco2-rescue oocytes at the time point of 8 h post-GVBD. Scale bar,
200 pm. (D) Quantitative analysis of PBE rate was shown in control, Esco2-KD and Esco2-rescue oocytes at consecutive time points of post-GVBD.
(E) Representative images of first PBE in control, Esco2-KD and Esco2-rescue oocytes treated with low dose of nocodazole. Scale bar, 200 pm. (F) The
proportion of overriding M I arrest was recorded in control, Esco2-KD and Esco2-rescue oocytes. (G) Localization of BubR 1 at prometaphase I stage in
control and Esco2-KD oocytes. Scale bar, 2.5 pm. Data of (B), (D) and (F) 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.



about 13% of control oocytes could abrogate MI arrest and
extrude the first polar body (Figure 2E and F). However,
Esco2-depleted oocytes displayed a remarkably increased
overriding incidence and around 31% of oocytes escaped
the MI arrest to reach the MII stage (31.49 + 1.44%, n =
101 versus 13.23 + 1.47%, n = 99 control, P < 0.05; Fig-
ure 2E and F). In the meantime, this increased rate of MI
escape in Esco2-depleted oocytes could be rescued to the
control indistinguishable level by expressing the exogenous
Esco2 (17.88 + 1.87%, n = 95 rescue; Figure 2E and F).

Finally, we examined the SAC activity by immunostain-
ing BubR1, an integral part of SAC complex, and its ab-
sence causes the loss of SAC control (18). As shown in
Figure 2G, BubR1 was localized to the unattached kine-
tochores at prometaphase I stage in control oocytes. How-
ever, BubR 1 was lost from most of kinetochores in Esco2-
depleted oocytes, indicating that Esco2 depletion impairs
the SAC complex and activity.

Taken together, the above results indicate that Esco?2 is
implicated in the activation of SAC during meiotic progres-
sion.

Esco2 is necessary for spindle assembly and chromosome
alignment during oocyte meiosis

We next examined the spindle assembly and chromosome
alignment in Esco2-depleted oocytes. To this end, mouse
oocytes from control and Esco2-depleted groups were im-
munolabeled with anti-a-tubulin antibody to visualize the
spindle morphologies and counterstained with PI to ob-
serve the chromosome alignment. We found a significant
increased percentage of spindle defects (76.60 + 4.51%, n
= 94 versus 18.97 + 1.83%, n = 95 control, P < 0.05; Fig-
ure 3A and B) and chromosome misalignment (76.67 +
2.46%, n = 94 versus 23.11 + 1.69%, n = 95 control, P <
0.05; Figure 3A and C) in Esco2-depleted oocytes, exhibit-
ing diverse malformed spindle morphologies with several
scattered or lagging chromosomes (Figure 3A). By striking
contrast, control oocytes at M I stage usually show a typical
barrel-shape spindle and well-aligned chromosomes at the
equator (Figure 3A). In addition, we measured the width
of chromosome plate at M I stage and found it remarkably
wider in Esco2-depleted oocytes than the controls (23.46 £+
0.51%, n = 94 versus 13.01 + 0.39%, n = 95 control, P <
0.05; Figure 3D). Consistent with the defective M 1 spin-
dle assembly, M II spindles also displayed a substantially
higher rate of abnormality after Esco2 depletion (74.44 +
4.84%, n = 90 versus 21.11 £ 2.94%, n = 84 control, P <
0.05; Supplementary Figure S2).

Esco2 maintains the stability of K-MT attachments and pre-
vents the incidence of aneuploidy in oocytes

The high percentage of spindle/chromosome abnormali-
ties predicts the compromised K-MT attachments in Esco2-
depleted oocytes. To test it, oocytes were exposed to cold
treatment for inducing depolymerization of microtubules
that are not attached to kinetochores and then immuno-
labeled with CREST to show kinetochores, with anti-a-
tubulin-FITC antibody to visualize microtubule fibers and
counterstained with Hoechst to observe chromosomes as
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Figure 3. Depletion of Esco2 causes spindle/chromosome abnormalities
in mouse oocytes. (A) Representative images of spindle morphologies and
chromosome alignment in control and Esco2-KD oocytes. Scale bar, 20
pm. (B) The proportion of abnormal spindles was recorded in control and
Esco2-KD oocytes. (C) The proportion of misaligned chromosomes was
recorded in control and Esco2-KD oocytes. (D) The width of M I plate
was measured in control and Esco2-KD oocytes. Data of (B-D) were pre-
sented as mean percentage (mean + SEM) of at least three independent
experiments. Asterisk denotes statistical difference at a P < 0.05 level of
significance.

described previously (19). We observed a prominently ele-
vated frequency of kinetochores with very few cold-stable
microtubules in Esco2-depleted oocytes (Figure 4A). By
performing quantitative analysis, it was shown that deple-
tion of Esco?2 substantially increased the proportion of im-
paired K-MT attachments compared to control oocytes to
78 from 29% (78.59 £ 1.81%, n = 70 versus 29.44 4 2.42%,
n = 64 control, P < 0.05; Figure 4B). These K-MT at-
tachment errors would inevitably result in the establishment
of unstable chromosome biorientation, which is consistent
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Figure 4. Depletion of Esco2 compromises K-M attachments and generates aneuploidy in mouse oocytes. (A) Representative images of kinetochore-
microtubule attachments in control and Esco2-KD oocytes. Oocytes were immunostained with anti-a-tubulin-FITC antibody to visualize spindles, with
CREST to visualize kinetochores and counterstained with Hoechst to visualize chromosomes. Scale bar, 5 wm. (B) The rate of defective kinetochore-
microtubule attachments was recorded in control and Esco2-KD oocytes. (C) Representative images of euploid and aneuploid MII eggs. Chromosome
spread was performed to count the number of chromosomes in control and Esco2-KD oocytes. Chromosomes were counterstained with Hoechst. Scale
bar, 2.5 pwm. (D) The rate of aneuploid eggs was recorded in control and Esco2-KD oocytes. Data of (B and D) 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.

with the above observation of aneuploidy in the absence of
Esco2.

To ask if the loss of Esco2 would generate aneuploidy
in oocytes, karyotypic analysis of MII eggs was performed
by chromosome spreading. We found that a large propor-
tion of control oocytes had correct number of univalents to
maintain the euploidy (Figure 4C). However, the incidence
of aneuploid eggs that had more or less 20 univalents in
Esco2-depleted oocytes increased about two fold compared
to that in controls (50.37 4+ 2.92%, n = 49 versus 24.13 +
1.56%, n = 50 control, P < 0.05, Figure 4D), suggesting that
Esco2 is required to protect oocytes from aneuploidy. Con-
sistently, in the rescue oocytes, the rate of aneuploidy was
reduced to the normal level that was comparable to controls
(29.78 £ 2.48%, n = 37; Figure 4D). Therefore, these obser-
vations reveal that loss of Esco2 inactivates SAC in oocytes,
consequently generating aneuploid eggs.

Esco2 binds to histone H4 and is required for maintaining the
acetylation status of H4K16 in oocytes

The involvement of Esco2 in activation of SAC and kine-

tochore functions prompted us to further explore the un-
derlying mechanisms. On the other hand, it has been re-
cently reported that H4K 16 acetylation plays an important
role in establishment of functional kinetochore in mouse
oocytes (20,21), we thus hypothesized that Esco2 might par-
ticipate in the SAC and kinetochore functions by maintain-
ing the status of H4K 16 acetylation during oocyte meiosis.
To verify this possibility, we first examined the acetylation
level of H4K16 by immunostaining analysis. The quanti-
tative result of fluorescence intensity showed that signals
of H4K16 acetylation were remarkably reduced in Esco2-
depleted oocytes in comparison with controls (17.32 +2.07,
n = 51 versus 35.30 + 3.31, n = 51 control, P < 0.05; Fig-
ure SA and B), but restored to the level indistinguishable
from controls following the expression of exogenous Esco2
cRNA (30.04 + 3.22, n = 45; Figure 5A and B). How-
ever, the acetylation level of H4K 16 could not be restored
in Esco2-depleted oocytes exogenously expressing Esco2-
W530G mutant cRNA (16.71 + 2.23, n = 42; Figure 5A
and B), which corresponds to its conserved mutation Esco2-
W539G in human cells that has been found to result in
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Figure 5. Esco2 binds to histone H4 to regulate the acetylation level of
H4K16. (A) Representative images of acetylated H4K 16 in control, Esco2-
KD, Esco2-rescue and Esco2-WS530G oocytes. Scale bar, 5 wm. (B) The
immunofluorescence intensity of acetylated H4K 16 was recorded in con-
trol, Esco2-KD, Esco2-rescue and Esco2-W530G oocytes. Data were pre-
sented as mean percentage (mean + SEM) of at least three independent
experiments. Asterisk denotes statistical difference at a P < 0.05 level of
significance. (C) Acetylation levels of H4K 16 in control, Esco2-KD, Esco2-
rescue and Esco2-W530G oocytes were examined by western blotting. (D)
IP was performed with the Esco2 antibody, and the blots of IP eluate were
probed with anti-Esco2 and anti-histone H4 antibodies, respectively. (E)
IP was performed with the histone H4 antibody, and the blots of IP eluate
were probed with anti-Esco2 and anti-histone H4 antibodies, respectively.

loss of acetyltransferase activity (22,23). These observations
were further confirmed by the western blotting analysis
(Figure 5C), implying that H4K 16 is the potential substrate
of Esco2 in oocytes. We also detected the acetylation level of
H4KS5 by western blotting and found it unaffected in Esco2-
depleted oocytes, suggesting that Esco2 specifically targets
H4K 16 (Supplementary Figure S3). Moreover, we carried
out Co-IP to determine the interaction between Esco2 and
histone H4. Immunoprecipitation was first performed with
Esco2 antibody. The blot of IP eluate probed by Esco2
antibody showed that Esco2 was specifically present in
the antibody group instead of IgG control group (Figure
5D), suggesting that the complex containing Esco2 was
pulled down in the eluate. Meanwhile, the blot probed by
H4 antibody also showed the exclusive presence of H4 in
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Figure 6. H4K16Q rescues the defect of K-M attachments in Esco2-
depleted oocytes. (A) Representative images of kinetochore-microtubule
attachments in control, Esco2-KD, Esco2-KD+H4K16R and Esco2-
KD+H4K16Q oocytes. Scale bar, 5 wm. (B) The rate of defective
kinetochore-microtubule attachments was recorded in control, Esco2-KD,
Esco2-KD+H4K16R and Esco2-KD+H4K16Q oocytes. Data were pre-
sented as mean percentage (mean + SEM) of at least three independent
experiments. Asterisk denotes statistical difference at a P < 0.05 level of
significance.

the antibody group (Figure 5D). Reciprocally, Esco2 was
specifically present in the IP eluate which was pulled down
by H4 antibody (Figure 5E), indicating that Esco2 asso-
ciates with H4 in oocytes. Additionally, we tested whether
acetylation status of H4K 16 would affect the kinetochore-
microtubule attachments in Esco2-depleted oocytes. The re-
sult showed that H4K16Q acetylmimic mutation but not
H4K16R non-acetylatable mutation restored the impaired
the kinetochore-microtubule attachments in the Esco2-
depleted oocytes (Control: 22.22 + 2.22% n = 45, Esco2-
KD: 77.56 £ 3.09% n = 40, Esco2-KD + H4K16R: 72.84
+ 4.36% n = 48, Esco2-KD + H4K16Q: 43.73 + 3.16%
n = 50; Figure 6A and B). Collectively, the alteration of
H4K16 acetylation in Esco2-depleted oocytes may per-
turb the chromatin conformation and kinetochore function,
contributing, at least in part, to the spindle defects, chromo-
some misalignment and SAC activity during meiosis. Cer-
tainly we cannot rule out the possibility that Esco2 acts on
other targets in this process. Future investigations will be
required to uncover these details.
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Figure 7. Esco?2 acetylates histone H4 at Lys16 in vitro. (A) Flag purification of Esco2. Esco2 and enzymatically mutant Esco2-W530G were expressed
in HEK293 cells and then purified according to the Flag purification procedure. Purified Esco2-Flag and Esco2-W530G-Flag were detected with sodium
dodecyl sulphate-polyacrylamide gel electrophoresis followed by both coomassie staining and western blotting with anti-Esco2 antibody. (B) Commercially
obtained recombinant histone H4 was identified by both coomassie staining and western blotting with anti-H4 antibody. (C) In vitro acetylation assay with
Esco2-Flag. Recombinant histone H4 was incubated with or without purified Esco2-Flag and Ac-CoA in the acetyltransferase assay buffer at 30°C for
1 h. The reactions were analyzed by western blotting with anti-histone H4 (acetyl K16) antibody for acetylation levels of H4K16 and anti-histone H4
antibody as a loading control. (D) In vitro acetylation assay with Esco2-W530G-Flag. Recombinant histone H4 was incubated with or without purified
Esco2-W530G-Flag and Ac-CoA in the acetyltransferase assay buffer at 30°C for 1 h. The reactions were analyzed by western blotting with anti-histone
H4 (acetyl K16) antibody for acetylation levels of H4K 16 and anti-histone H4 antibody as a loading control.

Esco2 acetylates histone H4 at Lys16 in vitro

To determine whether Esco2 can directly acetylate H4 at
Lysl16, both Esco2-Flag and enzymatically dead Esco2-
W530G-Flag were purified from HEK293 cells by flag pu-
rification. In the coomassie stained gel, the bands in Esco2-
Flag and Esco2-W530G-Flag lanes were specifically present
in the same position which were further confirmed by west-
ern blotting with anti-Esco2 antibody (Figure 7A). Recom-
binant histone H4 was purified from E. coli and also iden-
tified by coomassie staining and western blotting analysis
(Figure 7B).

We next performed in vitro acetylation assay using the pu-
rified proteins. We found that recombinant histone H4 was
acetylated at Lys16 in the presence of both Esco2-Flag and
Ac-CoA in an in vitro assay system (Figure 7C). By con-
trast, under the same conditions Esco2-W530G-Flag had
no acetyltransferase activity toward the recombinant his-
tone H4 (Figure 7D). Thus, this observation provides the
direct evidence that Esco?2 targets histone H4 at Lys16.

DISCUSSION

The well-known role of Esco2 is mediating the acetylation
of cohesin subunit Smc3 to establish the chromosome co-
hesion in S phase, ensuring the proper chromosome seg-
regation to maintain the genome stability. In mammalian

females, chromosome cohesion is established when meiotic
DNA replication and recombination occur in fetal oocytes.
After birth, oocytes arrest at the prolonged prophase I stage
until recruited to grow into mature oocytes that divide at
ovulation, but bivalent cohesion is maintained without de-
tectable turnover (24,25). Thus, during the developmental
window of oocyte meiotic maturation, chromosome cohe-
sion does not require Esco2 to exert any function as the
establishment factor. Because of the nature of acetyltrans-
ferase, Esco2 must have several unknown substrates that
function in other biological processes. In the present study,
we have determined a distinctive role of Esco2 during mouse
oocyte meiotic maturation instead of a cohesion establish-
ment factor.

Ecol in budding yeast localizes to chromosomes
throughout the cell cycle (26). In both HeLa cells and
293T cells, ~70% of the endogenous Esco2 associates
with chromosomes and the rest are found in the soluble
fractions that are contributed by the cytoplasmic Esco2
fractions (17). During meiosis Esco2 is reported to localize
to the XY body in spermatocytes and accumulate to
chromatin regions containing double-stranded breaks in
the embryonic ovary (27). Our findings showed that Esco2
has two pools of localization patterns on the chromosomes
during oocyte meiotic maturation. The localization along
the interstitial axes of chromosomes is the same as the



cohesin subunits. The periphery of sisters of homologs
localization which covers the region that the kinetochore
localizes at the chromosome indicates that Esco2 might be
involved in other biological events such as the regulation of
kinetochore functions. In addition, the protein expression
of Esco2 during oocyte meiosis is different from that in
mitosis. Esco2 degrades in the remainder of cell cycle
after S phase in mitotic cells (17). However, we found that
the protein level of Esco2 increases from prophase I to
metaphase II stages in mouse oocytes, which predicts that
the Esco2 has the additional functions beyond S phase
during oocyte meiosis.

To ask whether Esco2 has a distinctive role during oocyte
maturation, we depleted Esco2 by the morpholino-based
gene silencing in oocytes. We found that Esco?2 is not indis-
pensable for the meiotic progression but is required for SAC
activation as depletion of Esco2 caused the premature PBE,
the escape of M I arrest induced by nocodazole and the loss
of BubR 1 from kinetochores. These observations are in line
with the previous studies in mouse oocytes that loss of SAC
components leads to the strong acceleration of meiosis [ and
severe chromosome missegregations (18,28,29). Also, com-
pared with mitosis, SAC is not very efficient in meiosis, and
the presence of one or few incorrectly attached kinetochores
with reduced K-MT tension escapes checkpoint detection
in mouse oocytes (30-32). Since SAC inactivation is usually
accompanied by the defects of spindle/chromosome abnor-
malities, we thus examined the spindle assembly and chro-
mosome alignment in the absence of Esco2. The findings
revealed that Esco2 plays a critical role in the maintenance
of normal spindle formation, chromosome alignment and
kinetochore-microtubule attachment, thereby ensuring eu-
ploidy during oocyte meiosis. It has been reported that SAC
activity is dependent on the cohesin in the oocyte but not
in zygote, suggesting that this dependence is a feature spe-
cific to the oocyte (33,34). Our data further demonstrates
that cohesin regulator Esco2 is also involved in the regula-
tion of SAC in the oocyte. Then another question is raised:
what is the downstream effector of Esco2 that mediates this
process? Because acetylation of H4K 16 has been shown to
participate in the establishment of functional kinetochores
in mouse oocytes (20,21), we then tested whether Esco2
acts as a SAC regulator via maintaining the acetylation
level of H4K16. Our findings manifested that Esco2 asso-
ciates with histone H4 and is required for H4K16 acety-
lation. WT but not catalytically dead mutation of Esco2
could rescue the reduced acetylation level of H4K 16 in de-
pletion of Esco2. Also, H4K16Q acetylmimic mutation but
not H4K16R non-acetylatable mutation restored the com-
promised the kinetochore-microtubule attachment in the
Esco2-depleted oocytes. More importantly, we performed
the in vitro acetylation assay using the purified proteins to
show that Esco2 can directly acetylate histone H4 at Lys16.
Therefore, we demonstrate that Esco2 maintains the acety-
lation status of H4K 16 to take part in the kinetochore func-
tions.

Collectively, we provide a body of evidence that Esco2
plays an important role in the kinetochore functions for
SAC activity to ensure the euploidy via binding to histone
H4 to regulate H4K 16 acetylation status in mouse oocytes.

Nucleic Acids Research, 2017 9

These observations uncover a novel meiotic function to
Esco2 beyond its role in chromosome cohesion.
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1 | INTRODUCTION

| Bo Xiong

Abstract

Bisphenol A (BPA) has been reported to adversely affect the mammalian reproduc-
tive system in both sexes. However, the underlying mechanisms regarding how BPA
disrupts the mammalian oocyte quality and how to prevent it have not been fully
defined. Here, we document that BPA weakens oocyte quality by impairing both
oocyte meiotic maturation and fertilization ability. We find that oral administration
of BPA (100 pg/kg body weight per day for 7 days) compromises the first polar body
extrusion (78.0% vs 57.0%, P<.05) by disrupting normal spindle assembly, chromo-
some alignment, and kinetochore-microtubule attachment. This defect could be re-
markably ameliorated (76.7%, P<.05) by concurrent oral administration of melatonin
(30 mg/kg body weight per day for 7 days). In addition, BPA administration signifi-
cantly decreases the fertilization rate of oocytes (87.2% vs 41.1%, P<.05) by reduc-
ing the number of sperm binding to the zona pellucida, which is consistent with the
premature cleavage of ZP2 as well as the mis-localization and decreased protein
level of ovastacin. Also, the localization and protein level of Juno, the sperm receptor
on the egg membrane, are strikingly impaired in BPA-administered oocytes. Finally,
we show that melatonin administration substantially elevates the in vitro fertilization
rate (63.0%, P<.05) by restoring above defects of fertilization proteins and events,
which might be mediated by the improvement of oocyte quality via reduction of ROS
levels and inhibition of apoptosis. Collectively, our data reveal that melatonin has a

protective action against BPA-induced deterioration of oocyte quality in mice.

KEYWORDS

Bisphenol A, fertilization, Juno, melatonin, oocyte maturation, ovastacin, spindle assembly

food and beverage containers, especially when heated’ or
cleaned with harsh detergents or when they contain acidic,

Bisphenol A (BPA), a widely used chemical in the production
of polycarbonate plastics and epoxy resins, is found exten-
sively in food containers, adhesives, and dental sealants 1-4
and has been detected in food and water consumed by ani-
mals and humans.” BPA has been demonstrated to be carcino-
genic for causing aneuploidy in both cell culture and animal
models.*® Human exposure to BPA through the food chain
is widespread and continuous,9 because BPA is released by

and it can accumulate in the body fat.' Accumulating ex-
perimental evidence has shown that BPA has adverse effects
on the female reproductive system. It has been reported that
BPA is an ovarian toxicant that is likely to act through multi-
ple pathways including lipid peroxidation and generation of
free radicals causing oxidative stress and apoptosis.'’ Low
dose of BPA exposure during the pre-implantation period
significantly reduces the pregnancy rate in the mouse.'> BPA
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also alters oviduct morphology and gene expression, which
might impair development and transport of the conceptus
from the oviduct to the uterus. Furthermore, BPA affects
uterine morphology and function and may transmit these
changes for several generations through mechanisms that in-
volve cell proliferation and receptivity. 14,15

Melatonin (5-methoxy-N-acetyltryptamine) is a natu-
ral hormone that is primarily released by the pineal gland
to the circulation.'® It participates in the circadian and cir-
cannual rhythms such as the sleep/wake cycle and regulates
seasonal reproductive activity.”"19 In addition, numerous
studies have revealed that melatonin and its derivatives exert
various biological activities such as antioxidative,”* anti-
i11flammatory,24'27 and anti-apoptotic effects,”® " as well as
the regulation of cytoskeletal organization.31 As a robust
antioxidant, melatonin readily scavenges the most toxic free
radical, hydroxyl radical, peroxyl radical, peroxynitrite anion,
nitric oxide, and singlet oxygen to prevent the deterioration
of cellular membranes and reduce the lipid peroxidation.3 236
Notably, melatonin also plays an important role in regula-
tion of follicle development and ovarian function in differ-
ent mammalian spe(:ies.m’zz’”'40 In fact, melatonin has been
found in the human follicle fluid and may be produced from
the ovary and granulosa cells.* It is necessary to maintain
high concentrations of melatonin in large pre-ovulatory fol-
licles to protect oocytes from oxidative stress that accom-

panies ovulation, a process known to generate free oxygen
42-44
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radicals.

Despite a number of studies that have reported the po-
tential toxic effects of BPA and potential protective effects
of melatonin on the female reproductive system in the past
years, whether melatonin is able to protect the oocytes
against BPA-induced damage is still unknown. Therefore,
in this study, we evaluated the oocyte quality from control,
BPA-exposed, and “BPA+melatonin”-administered groups
by investigating their oocyte meiotic maturation and fertiliza-
tion ability. We examined the critical events during meiotic
maturation including germinal vesicle breakdown, first polar
body extrusion, spindle assembly, chromosome alignment,
and kinetochore-microtubule attachment. We also tested two
key regulators ovastacin and Juno during fertilization. Based
on these investigations, we revealed that melatonin has a pro-
tective role in preventing the BPA-induced deterioration of
oocyte quality.

2 | MATERIALS AND METHODS

21 |

All mice were handled in accordance with the Animal
Research Institute Committee guidelines of Nanjing
Agricultural University, China. The ICR mice were kept
at controlled condition of temperature (20-23°C) and

Animals and feeding treatment

illumination (12 hours light-dark cycle) and had free access
to food and water throughout the period of the study. Male
mice were used for sperm collection, and female mice were
used for oocyte collection.

22 |

Fully grown 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% CO, in-
cubator for in vitro maturation. At different time points after
culture, oocytes were collected for subsequent analysis.

Oocyte collection and culture

23 |

Female ICR mice (4-6 week old) were randomly assigned to
three or four groups: a control group, a BPA-exposed group,
and one or two “BPA+melatonin” groups. No “melatonin
without BPA” group was included. On average, mice re-
ceived BPA of daily oral doses of 100 pg/kg body weight
and/or melatonin of daily oral doses of 15 or 30 mg/kg body
weight in a corn oil carrier at 9:00 am everyday for 7 days
preceding oocyte collection and analysis. The data analysts
were blind to the experimental treatments.

BPA and melatonin treatment

2.4 | Immunofluorescence and
confocal microscopy

Mouse oocytes were fixed in 4% paraformaldehyde in PBS
(pH 7.4) for 30 minutes and permeabilized in 0.5% Triton
X-100 for 20 minutes at room temperature. Then, oocytes
were blocked with 1% BSA-supplemented PBS for 1 hour and
incubated at 4°C overnight or at room temperature for 4 hours
with anti-a-tubulin-FITC antibody (1:200, Sigma), anticen-
tromere CREST antibody (1:50, Antibodies Incorporated,
CA, USA), rat monoclonal anti-mouse Folr4-FITC antibody
(1:100, BioLegend, CA, USA), or rabbit polyclonal anti-
mouse ovastacin antibody (1:100, obtained from Dr. Jurrien
Dean). After washing four times (5 minutes each) in PBS
containing 1% Tween-20 and 0.01% Triton X-100, oocytes
were incubated with an appropriate secondary antibody for
I hours at room temperature. After washing three times,
oocytes were counterstained with Hoechst 33342 (10 pg/ml)
for 10 minutes. Finally, oocytes were mounted on glass slides
and viewed under a confocal laser scanning microscope (Carl
Zeiss LSM 700 META).

2.5 |

Oocytes were exposed to Tyrode’s buffer (pH 2.5) for about
30 seconds at 37°C to remove zona pellucida. After recovery

Chromosome spread
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in M2 medium for 10 minutes, 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.

2.6 |

Caudae epididymides from 12-week-old male mice were
lanced in a dish of human tubal fluid (HTF) medium under
mineral oil (EMD Millipore, Billerica, MA, USA) to release
sperm, followed by being capacitated for 1 hour (37°C, 5%
CO2), and added to ovulated oocytes at a concentration of
4x10°/mL sperm in 100 yL. HTF for 5 hour at 37°C, 5%
CO,. The presence of two pronuclei was scored as successful
fertilization.

In vitro fertilization

2.7 |

Caudae epididymal sperm were isolated from wild-type ICR
mice and placed under oil (Sigma) in HTF medium previ-
ously equilibrated with 5% CO2 and capacitated by an ad-
ditional 1 hour of incubation at 37°C. Sperm binding to
ovulated oocytes or two-cell embryos isolated from control,
BPA-exposed, and melatonin-treated mice was observed
using capacitated sperm and control two-cell embryos as a
negative wash control. Samples were fixed in 4% PFA for
30 minutes, stained with Hoechst 33342. Bound sperm were
quantified from z projections acquired by confocal micros-
copy, and results reflect the mean+SEM from at least three
independently obtained samples, each containing 10-12
mouse oocytes/embryos.

Sperm binding assay

2.8 |

Mouse eggs or two-cell embryos were lysed in 4xXLDS
sample buffer with 10x reducing reagent (ThermoFisher,
Waltham, MA, USA) and heated at 95°C for 5 minutes.
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 hour at room temperature, and
then probed with 1:500 dilution of M2c.2 antibody (ob-
tained from Dr. Jurrien Dean), rat monoclonal anti-mouse
Folr4 antibody (1:1000, BioLegend, CA, USA), or rabbit
polyclonal anti-mouse ovastacin antibody (1:1000) at 4°C
overnight. After washing three times in TBST (10 minutes
each), blots were incubated for 1 hour with a 1:5000
dilution of HRP (horseradish peroxidase) conjugated
goat anti-rat or goat anti-rabbit IgG secondary antibod-
ies (Santa Cruz, TX, USA). Chemiluminescence was per-
formed with ECL Plus (Pierce), and signals were acquired
by Tanon-3900.

Western blot analysis
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To determine the levels of intracellular ROS produc-
tion, cumulus-denuded oocytes were incubated with the
oxidation-sensitive florescent probe dichlorodihydrofluores-
cein (DCFH) for 30 minutes at 37°C in D-PBS that contained
10 pmol/L DCFH diacetate (DCFH-DA) (Beyotime Institute
of Biotechnology, China). Then, oocytes were washed three
times in D-PBS containing 0.1% BSA and then placed on
glass slides. The measurement of the fluorescent intensity in
each oocyte was carried out by a Zeiss LSM 700 META con-
focal system with the same scanning settings.

210 |

According to the manufacturer’s instruction (Beyotime Institute
of Biotechnology, Hangzhou, China), mouse oocytes were
stained with the Annexin-V staining kit. After washing twice in
PBS, the viable oocytes were stained for 30 minutes in the dark
with 90 pL of binding buffer containing 10 pL. of Annexin-V-
FITC. Fluorescent signals were measured by the confocal micro-
scope with the same scanning settings (Zeiss LSM 700 META).

Annexin-V staining

211 |

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<.05.

Statistical analysis

3 | RESULTS
3.1 | Melatonin promotes the meiotic
progression in BPA-exposed oocytes

We first examined the meiotic progression in oocytes follow-
ing BPA administration. The rates of germinal vesicle break-
down (GVBD) and polar body extrusion (PBE), two critical
developmental events during meiosis, were calculated. The
quantitative results showed that BPA exposure did not affect
GVBD (81.7+1.5%, n=112 vs 80.7+0.9%, n=109, P<.05;
Figure 1A,B) but markedly decreased the PBE rate compared
to controls (78.0+2.0%, n=98 vs 57.0+4.9%, n=119, P<.05;
Figure 1C,D), suggesting that BPA causes the meiotic arrest
during maturation. To ask whether melatonin has the protec-
tive effect against BPA-induced meiotic arrest, we admin-
istered BPA-exposed mice with a low dose (15 mg/kg) or a
high dose (30 mg/kg) of melatonin. Expectedly, melatonin
significantly increased the proportion of PBE in BPA-exposed
oocytes to the control comparable level, especially in the
high-dose group (76.7+2.6%, n=121, P<.05; Figure 1C,D).
Thus, the high-dose administration of melatonin was used in
the subsequent study.
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3.2 | Melatonin restores the spindle

defects and chromosome misalignment in BPA-
exposed oocytes

As meiotic arrest is largely due to the defective spindle or-
ganization, we then observed the formation of spindle ap-
paratus in BPA-exposed oocytes. To this end, oocytes were
immunostained with anti-a-tubulin-FITC antibody to observe
the spindle morphologies and counterstained with Hoechst to
visualize the chromosome alignment. The results showed that
most of control oocytes exhibited a typical barrel-shape spindle
apparatus with a well-aligned chromosome on the equatorial
plate (Figure 2A). In striking contrast, a majority of disorgan-
ized spindle morphologies and misaligned chromosomes was
observed in BPA-exposed oocytes (Figure 2A). Statistically,
more than 70% of oocytes displayed the disrupted spindles
and about 80% of oocytes exhibited misaligned chromosomes,
and melatonin administration reduced the abnormal rates to
a level indistinguishable from controls (spindle: 11.8+1.0%,
n=132 vs 77.8+3.2%, n=96 vs 22.6+2.1%, n=101, P<.05;
chromosome: 13.5+1.4%, n=127 vs 80.6+6.5%, n=89 vs
29.04+2.0%, n=97, P<.05; Figure 2B-D).

3.3 | Melatonin restores the defective
kinetochore-microtubule attachment to
maintain the euploidy in BPA-exposed oocytes

Aberrant spindle formation and incorrect chromosome
alignment are highly correlated with the defective interac-
tion between kinetochores and microtubules; thus, we next

GVBD
FIGURE 1
the meiotic progression in BPA-exposed

Effect of melatonin on

oocytes. A, Representative images of
oocytes which had undergone GVBD
(germinal vesicle breakdown) in control and
BPA-exposed groups. Scale bar, 100 pm.
B, GVBD rates were recorded in control,
BPA-exposed, low dose of melatonin-treated
B =~ and high dose of melatonin-treated oocytes.
The concentrations of low dose and high
dose of melatonin are 15 and 30 mg/kg,
respectively. C, Representative images of
oocytes which extruded the first polar body
(PB1) in control and BPA-exposed groups.
Scale bar, 200 pm. D, PBE (polar body
extrusion) rates were recorded in control,
BPA-exposed, low dose of melatonin-treated
and high dose of melatonin-treated oocytes.
Data were presented as mean percentage
é@ (mean+SEM) of at least three independent
experiments. Asterisk denotes statistical
difference at a P<.05.

td kd
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tested the stability of kinetochore-microtubule attachments
following BPA administration. For this purpose, metaphase
I oocytes were briefly chilled to induce the depolymeriza-
tion of microtubules that are not attached to kinetochores
and then immunostained with CREST to detect kineto-
chores, with anti-a-tubulin-FITC antibody to visualize the
microtubules and counterstained with Hoechst to observe
the chromosomes. It was shown that in a variety of control
oocytes, kinetochores were fully attached by microtubules
and chromosomes were well-aligned (Figure 3A). However,
a prominently increased frequency of kinetochores without
attachment by microtubules was observed in BPA-exposed
oocytes, whereas the melatonin administration significantly
reduced the abnormalities (19.7+1.8%, n=92 vs 76.1+6.1%,
n=99 vs 30.8+10.5%, n=123, P<.05; Figure 3A,B).

As impaired kinetochore-microtubule attachment is often
coupled with the aneuploidy, we then analyzed the karyotype
of metaphase II oocytes by chromosome spreading. Normally,
the number of single chromosomes (univalents) is 20, which is
a prerequisite for genomic integrity. However, a significantly
higher frequency of aneuploid oocytes that had more or less than
20 univalents was found in BPA-exposed oocytes compared to
controls, and melatonin administration, expectedly, decreased
the aneuploidy rate induced by BPA (3.743.7%, n=82 vs
42.6+1.8%,n=94 vs 22.7+5.3%, n=111, P<.05; Figure 3C,D).

Taken together, these observations suggest that mela-
tonin is able to, at least partially, restore the BPA-induced
defects of spindle assembly, chromosome alignment, and
kinetochore-microtubule attachment to maintain the euploidy
during mouse oocyte meiotic progression.
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FIGURE 2 Effect of melatonin on the spindle assembly and chromosome alignment in BPA-exposed oocytes. A, Representative images of
spindle morphologies and chromosome alignment in control, BPA-exposed, and melatonin-treated oocytes. Oocytes were immunostained with
a-tubulin-FITC antibody to visualize the spindles and counterstained with Hoechst to visualize the chromosomes. Scale bar, 10 pm. B, The rates of
aberrant spindles were recorded in control, BPA-exposed, and melatonin-treated oocytes. C, The rates of misaligned chromosomes were recorded

in control, BPA-exposed, and melatonin-treated oocytes. Data were presented as mean percentage (mean+SEM) of at least three independent
experiments. Asterisk denotes statistical difference at a P<.05 level of significance.

3.4 | Melatonin improves fertilization reduced fertilization rates (87.2+0.9%, n=72 vs 41.1+1.5%,
ability of BPA- expose d mouse e ggs n=65, P<.05; Figure 4A,B). To further determine the effect
of melatonin on the fertilization of BPA-exposed eggs, a low
dose and a high dose of melatonin (15 and 30 mg/kg) were
administered, respectively. As expected, in the groups of
melatonin-administered eggs, the rates of fertilization were
increased. In particular, a high dose of melatonin significantly

We next asked whether BPA administration would impair the
fertilization potential of mouse eggs. As shown in Figure 4A,
most of control eggs were able to be fertilized and develop
to 2-cell embryos, while BPA-exposed eggs had significantly
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FIGURE 3 Effect of melatonin on the kinetochore-microtubule attachment and euploidy in BPA-exposed oocytes. A, Representative images
of kinetochore-microtubule attachment in control, BPA-exposed, and melatonin-treated oocytes. Oocytes were immunostained with a-tubulin-FITC
antibody to visualize the spindles, with Crest to visualize the kinetochores, and counterstained with Hoechst to visualize the chromosomes. Scale
bar, 5 pm. B, The rates of defective kinetochore-microtubule attachments were recorded in control, BPA-exposed, and melatonin-treated oocytes.
C, 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, 2.5 pm. D, The rates of aneuploid eggs were recorded in control, BPA-exposed, and
melatonin-treated oocytes. Data were presented as mean percentage (mean+SEM) of at least three independent experiments. Asterisk denotes

statistical difference at a P<.05 level of significance.

increased the fertilization rate from 41% in BPA-exposed
group to 63% (63.0+£2.6%, n=80, P<.05; Figure 4B).
Collectively, these results indicate that melatonin is able to
improve the fertilization capability of BPA-exposed eggs.

3.5 | Melatonin elevates the sperm binding
ability of BPA-exposed eggs

Successful fertilization depends on a series of sperm-egg
interaction events. First of all, sperm should bind to zona
pellucida surrounding oocytes; thus, we tested whether fer-
tilization failure in BPA-exposed eggs is due to the defects
in this process. We stained the sperm head with Hoechst to
count the number of sperm binding to the zona pellucida. In
control unfertilized eggs, zona pellucida supported numer-
ous sperm binding, and in 2-cell embryos, due to the loss of

sperm binding site, zona pellucida no longer supported any
sperm binding (Figure 5A). However, in BPA-exposed eggs,
the number of sperm binding to the zona pellucida remark-
ably reduced compared to the control eggs (Figure 5A,B), but
significantly increased in the melatonin-administered group
(128.3+6.7, n=32 vs 34.2+5.3, n=32 vs 91.3+5.0, n=32,
P<.05; Figure 5A,B). Taken together, the above results
imply that melatonin is able to rescue the disrupted sperm
binding ability of BPA-exposed eggs.

3.6 | Melatonin relieves ZP2 cleavage level
in BPA-exposed eggs

Because sperm binding to zona pellucida is determined by the
cleavage status of N-terminus of ZP2, the sperm binding site,
we used the antibody M2c.2 that recognizes the C-terminus
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FIGURE 4 Effect of melatonin on the in vitro fertilization
of BPA-exposed eggs. A, Representative images of fertilized eggs
in control and BPA-exposed groups. Scale bar, 200 pm. B, In vitro
fertilization rates were recorded in control, BPA-exposed, low dose
of melatonin-treated, and high dose of melatonin-treated eggs. The
concentrations of low dose and high dose of melatonin are 15 and
30 mg/kg, respectively. Data were presented as mean percentage
(mean+SEM) of at least three independent experiments. Asterisk
denotes statistical difference at a P<.05.

of mouse ZP2 to detect the cleavage by Western blotting.
In controls, ZP2 remained intact around 120kD in unferti-
lized eggs and became cleaved about 90kD in 2-cell embryos
(Figure 5C). Strikingly, cleaved ZP2 was present even in
unfertilized eggs in BPA-administered group (Figure 5C),
which indicates that BPA exposure renders eggs lose the
sperm binding sites. Also, this observation is consistent with
the above sperm binding assay showing that BPA-exposed
eggs have less sperm binding to the zona pellucida. As me-
latonin is able to partially restore the sperm binding capa-
bility of BPA-exposed eggs, theoretically it can also restore

the ZP2 cleavage level. As expected, although ZP2 was also
cleaved in melatonin-administered group, the cleavage level
was lower compared to BPA-exposed eggs (Figure 5C).

3.7 | Melatonin rescues localization and
protein level of ovastacin in BPA-exposed eggs

To further explore the possible reason causing the failure
of sperm binding to the zona pellucida surrounding BPA-
exposed eggs, we examined the localization and protein level
of ovastacin, an oocyte-specific metalloprotease in the cortical
granules which is responsible for postfertilization cleavage of
N-terminus of ZP2. Immunostaining results showed that ov-
astacin was localized under the oocyte subcortical region and
excluded in cortical granule free domain (CGFD) in controls
(Figure 6A). By striking contrast, various types of abnormal
localization of ovastacin were observed in BPA-exposed
eggs, and these abnormalities could be rescued by melatonin
(Figure 6A). Statistically, the frequency of abnormal ov-
astacin in BPA-exposed eggs was significantly higher than
that in controls, but was markedly reduced in the melatonin-
administered group (22.5+0.7%, n=99 vs 82.5+3.2%, n=97
vs 52.8+6.7%, n=99, P<.05; Figure 6B). We then examined
the protein level of ovastacin by Western blotting. The data
showed that the protein amount of ovastacin indeed substan-
tially decreased in BPA-exposed eggs (Figure 6C), suggest-
ing that a part of ovastacin has been prematurely exocytosed
to the extracellular matrix to cleave ZP2 prior to fertiliza-
tion. However, the melatonin administration restored the
protein level indistinguishable from controls (Figure 6C).
Collectively, these data indicate that BPA exposure of eggs
would result in the mis-localization and premature exocytosis
of ovastacin, which might be one of the critical factors lead-
ing to the sperm binding defect and fertilization failure.

3.8 | Melatonin rescues the protein level of
Juno on the membrane in BPA-exposed eggs

After sperm bind to and penetrate zona pellucida, sperm
should fuse with egg membrane to complete the fertilization.
Juno is a recently found receptor on the egg membrane which
binds to Izumol in the sperm head to mediate the sperm-egg
fusion; thus, we further examined the behavior of Juno on
the egg membrane. We performed the immunostaining of
Juno to observe its localization. As shown in Figure 7A, Juno
evenly distributed on the egg membranes in controls, but
partly or entirely lost its localization in BPA-exposed eggs
(Abnormal rates: 23.0+7.4%, n=84 vs 76.2+3.1%, n=109,
P<.05; Figure 7B). These mis-localization patterns of Juno
in BPA-exposed eggs could be rescued by the melatonin
administration (39.3+10.3%, n=92, P<.05; Figure 7B). We
then measured the immunofluorescent intensity of Juno, and
the result showed that signals in BPA-exposed eggs were
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FIGURE 5 Effect of melatonin on sperm binding to the zona pellucida of BPA-exposed eggs. A, Eggs and two-cell embryos from control,

BPA-exposed, and melatonin-treated groups were incubated with capacitated sperm for 1 h. 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, 20 pm. B, The number of sperm binding to the surface of zona pellucida surrounding eggs from control, BPA-exposed, and melatonin-

treated groups was record. Data were presented as mean percentage (mean+SEM) of at least three independent experiments. Asterisk denotes

statistical difference at a P<.05. C, Western blot of ZP2 cleavage status was performed in eggs and/or two-cell embryos from control, BPA-exposed,

and melatonin-treated groups using M2c.2 antibody that recognizes the C-terminus of cleaved ZP2. The size of intact ZP2 is 120 kD; the size of the

cleaved C-terminal fragment of ZP2 is 90 kD.

prominently decreased compared to control eggs (Figure 7C).
Meanwhile, melatonin administration to some extent restored
the signals of Juno on the egg membrane (40.0+2.0, n=84
vs 16.5+1.1, n=109 vs 35.3+2.2, n=92, P<.05; Figure 7C).
Therefore, the reduced amount of Juno on the egg membrane
might be one of the important causes leading to the compro-
mised fertilization ability of mouse BPA-exposed eggs.

3.9 | Melatonin decreases ROS level
and suppresses early apoptosis in BPA-
exposed oocytes

To determine how melatonin acts as an antioxidant to influ-
ence the oocyte meiotic progression and fertilization, we
hypothesized that BPA exposure would induce the oxidative

stress which accelerates the apoptosis of mouse oocytes
and thereby leads to the deterioration of critical regulators
and events during oocyte meiotic progression and fertiliza-
tion. Then, we assessed the ROS level and apoptosis in dif-
ferent groups. In BPA-exposed oocytes, the fluorescence
intensity of ROS was apparently increased compared to
controls (153.8 +£7.7, n=138 vs 70.9+3.1, n=96, P<.05;
Figure 8A,B). Notably, melatonin administration was able to
reduce the level of ROS comparable to controls (73.4 +12.7,
n=51, P<.05; Figure 8A,B).

Next, we examined the early apoptosis by Annexin-V
staining. The result showed that green fluorescent signals
were hardly detected in control oocytes, but clearly found on
the membrane in BPA-exposed oocytes (Figure 8C). The rate
of apoptotic oocytes was dramatically higher in BPA-exposed
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Western blot in control, BPA-exposed, and
melatonin-treated eggs.
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FIGURE 7 Effect of melatonin on the localization and protein level of Juno in BPA-exposed eggs. A, Representative images of Juno in control,
BPA-exposed, and melatonin-treated eggs. Juno was immunostained with rat monoclonal anti-mouse Folr4 antibody and examined by confocal
microscopy. Scale bar, 20 pm. B, Abnormal rates of Juno localization in control, BPA-exposed, and melatonin-treated eggs. Data were presented

as mean percentage (mean+SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P<.05 level of significance.

C, The immunofluorescence intensity of Juno signals was recorded in control, BPA-exposed, and melatonin-treated eggs. Data were presented as
mean percentage (mean+SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P<.05 level of significance.
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in control, BPA-exposed, and melatonin-treated oocytes. Scale bar, 20 pm. B, Fluorescence intensities of ROS in control, BPA-exposed and

melatonin-treated oocytes were measured by confocal microscopy using identical settings and parameters. C, Representative images of apoptotic

oocytes in control, BPA-exposed, and melatonin-treated groups. Oocytes were immunostained with Annexin-V-FITC. Scale bar, 20 pm. D, The rate

of early apoptosis was recorded in control, BPA-exposed, and melatonin-treated oocytes. Data in (B) and (D) were presented as mean percentage

(mean+SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P<.05 level of significance.

group than that in controls, but reduced in melatonin-
administered group (29.6 +3.7%, n=94 vs 78.2+2.6%, n=82
vs 34.1+5.6%, n=111, P<.05; Figure 8D).

4 | DISCUSSION

Increasing evidence has shown that BPA adversely impacts
the mammalian reproductive system by generation of free

radicals**® and that melatonin is able to scavenge the most

toxic free radical as a robust antioxidant.”® We thus propose
that melatonin could ameliorate BPA-induced oocyte dete-
rioration. To test this, we examined the mouse oocyte mei-
otic progression, one key indicator of high-quality oocytes,
as well as the spindle assembly and chromosome alignment
following BPA administration in mice. In agreement with
previous studies,”® BPA exposure caused the oocyte meiotic
arrest by damaging spindle organization and chromosome
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alignment. As expected, melatonin treatment via oral admin-
istration substantially restored the spindle/chromosome struc-
tural defects to promote the meiotic progression, suggesting
that melatonin indeed has the potential to ameliorate the oo-
cyte quality. Because kinetochore attaches chromosomes to
spindle microtubules and maintains the attachment to grow-
ing or disassembling microtubules to drive chromosome seg-
regation,”*" spindle/chromosome abnormalities are always
accompanied by the errors of kinetochore-microtubule at-
tachments.'”*? We further determined the effect of mela-
tonin on the stability of kinetochore-microtubule attachments
in BPA-exposed oocytes. Our findings showed that mela-
tonin significantly elevated proportion of stable kinetochore-
microtubule attachments in BPA-exposed oocytes. As a result
of chromosome misalignment, aneuploidy, an abnormal num-
ber of chromosomes, occurred frequently in BPA-exposed
oocytes and was recovered by melatonin administration.

Fertilization is a unique and multistep event that initiates
the onset of development.”>>* Fertilization ability is another
key indicator of high-quality oocytes. Our findings revealed
that melatonin restored the declined fertilization potential
resulted from BPA exposure, and we also discovered the
underlying mechanisms. During mammalian fertilization, ca-
pacitated 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 oocytes.55
Thus, sperm-egg interaction begins with the sperm binding to
the zona pellucida surrounding oocytes. We found that BPA
exposure dramatically reduced the number of sperm binding
to the zona pellucida, which perturbed the fertilization capa-
bility at the first step. 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 to oocytes but not
two-cell embryos is determined by the only documented bio-
chemical change which is ZP2 cleavage status.>**7 In un-
fertilized oocytes, ZP2 remains intact to be ready for sperm
binding. However, once the fertilization occurs, ovastacin in
the CGs is released to the extracellular space to cleave ZP2
at the N-terminus for block to polyspermy, and the zona pel-
lucida surrounding fertilized oocytes and embryos no longer
support the sperm binding. Based on the fact that less sperm
binding was observed in BPA-exposed oocytes, we then in-
vestigated the ZP2 cleavage status to determine the loss of
sperm binding ability. In agreement with sperm binding
assay, even in the unfertilized oocytes in BPA-administered
group, ZP2 was partially cleaved, suggesting that a part of
sperm binding sites had been removed.

Ovastacin, as a first identified component of mamma-
lian cortical granules, is responsible for the postfertilization
cleavage of ZP2 to prevent polyspermy.5 8 However, if a large
amount of ovastacin is exocytosed before fertilization, ZP2
will be prematurely cleaved, leading to less or no sperm bind-
ing and the fertilization failure. Thus, we further examined

Biological, Physiological and

the localization and protein amount of ovastacin in the oo-
cytes following postovulatory aging. Our data showed that
ovastacin was mislocalized and precociously released before
fertilization, which were consistent with the previous obser-
vations that ZP2 was prematurely cleaved and sperm binding
was lost in unfertilized BPA-exposed oocytes.

Egg membrane sits interior to the ZP and fuses with the
ZP-penetrated sperm to complete sperm-egg interaction. It
has been shown that Juno, an egg membrane protein, is essen-
tial for fertilization due to its interaction with Izumo1 which is
the fusion protein on the sperm head.> Mice lack either Juno
or Izumo1 exhibit sex-specific sterility because their gametes
cannot fuse to their wild-type partner’s cells.”®% To ascertain
whether the fertilization failure caused by BPA exposure to
some extent results from the impairment of fusion process, we
examined the localization and the amount of Juno on the egg
membrane. The data revealed that the localization of Juno on
the plasma membrane was compromised and the amount was
reduced in BPA-exposed oocytes. More importantly, we found
that melatonin could, at least partially, restore all the defects
related to the fertilization failure caused by the BPA exposure
via stabilizing ovastacin and Juno. Collectively, we provide
a body of evidence demonstrating that melatonin improves
the quality of oocyte exposed to BPA by promoting meiotic
progression and maintaining the fertilization ability through
inhibiting BPA-induced oxidative stress and apoptosis.

In human clinical studies, the use of 3 mg melatonin has
been demonstrated to improve the oocyte maturation, the
fertilization rate, the quality of embryos and the pregnancy
outcomes without any obvious physiologic side effects.®! In
our study, the dose of 30 mg/kg body weight of melatonin
used in mice is equal to 2.5 mg for human use according to
the dose conversion between mouse and human.%? Therefore,
our findings provide an implication that melatonin has a po-
tential role in preventing the deterioration of human oocytes
exposed to BPA when supplied concurrently, but whether it
can reverse the adverse effects of BPA that have already accu-
mulated in oocytes needs the future investigations.
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Abstract

Monospermic fertilization is mediated by the extracellular zona pellucida composed of ZP1,
ZP2 and ZP3. Sperm bind to the N-terminus of ZP2 which is cleaved after fertilization by
ovastacin (encoded by Astl) exocytosed from egg cortical granules to prevent sperm bind-
ing. Ast/“" mice lack the post-fertilization block to sperm binding and the ability to rescue
this phenotype with Ast/™“"®™ transgenic mice confirms the role of ovastacin in providing a
definitive block to polyspermy. During oogenesis, endogenous ovastacin traffics through the
endomembrane system prior to storage in peripherally located cortical granules. Deletion
mutants of ovastacin™“"®"™ expressed in growing oocytes define a unique 7 amino acid
motif near its N-terminus that is necessary and sufficient for cortical granule localization.
Deletion of the 7 amino acids by CRISPR/Cas9 at the endogenous locus (Astl) prevents
cortical granule localization of ovastacin. The misdirected enzyme is present within the
endomembrane system and ZP2 is prematurely cleaved. Sperm bind poorly to the zona pel-
lucida of Ast™ mice with partially cleaved ZP2 and female mice are sub-fertile.

Author Summary

Monospermic fertilization is essential for the onset of development. Egg cortical granules
exocytose their contents after fertilization to prevent polyspermy by modifying the extra-
cellular zona pellucida (ZP1, ZP2, ZP3). Little is known about the biology of these subcel-
lular organelles which are unique to oocytes. Ovastacin, a zinc metalloendoprotease that
cleaves ZP2 to prevent sperm binding, is a pioneer marker of mammalian cortical gran-
ules. ZP2 remains uncleaved in transgenic mice lacking ovastacin and sperm bind to the
zona matrix independent of fertilization and cortical granule exocytosis. After document-
ing the rescue of the null phenotype with transgenic mice expressing fluorescently-tagged
ovastacin, we defined a unique, well conserved, cortical granule localization motif using
cRNA deletion mutants microinjected into mouse oocytes. The importance of the motif
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for localization to cortical granules was confirmed in vivo by deleting DNA encoding 7
amino acids of the endogenous locus with CRISPR/Cas9. Unexpectedly, mutant female
mice were sub-fertile due to partial cleavage of ZP2 in the zona pellucida which prevented
sperm from binding to ovulated eggs in vitro and in vivo. These observations offer unique
insight into the molecular basis for translocation of proteins to cortical granules which is
needed for successful, monospermic fertilization.

Introduction

In mammals, gamete recognition initiates fertilization and the onset of development. Although
an overwhelming number of sperm are deposited in the lower female reproductive tract at coi-
tus, a limited number progress to encounter the one, or relatively few, ovulated eggs. For fertil-
ization, sperm must bind and penetrate the extracellular zona pellucida to fuse with eggs in the
ampulla of the oviduct. Equally important are mechanisms that limit fertilization to a single
sperm to avoid polyspermy which is embryonic lethal. Following fertilization, there is an
immediate block to gamete fusion at the egg plasma membrane [1, 2] that is independent of
cortical granule exocytosis [3, 4]. Subsequent cortical granule exocytosis [5] blocks sperm
binding to the zona pellucida [6], but the underlying molecular mechanisms remain obscure
and we have little understanding of these subcellular organelles in mice.

Mammalian cortical granules, first described in hamster [7], are detected in mice starting in
unilaminar follicles where immature oocytes are surrounded by a single layer of cuboidal gran-
ulosa cells. During oocyte-growth, cortical granules continuously arise from the Golgi appara-
tus [8] and require microfilaments to migrate to the periphery [9]. Concomitant with oocyte
growth, the number of cortical granules increases to 6,000-8,000 and are uniformly distributed
in the subcortex of full-grown, 80 pm oocytes [10]. However, cortical granule exocytosis is not
yet enabled in these germinal vesicle (GV, nucleus) intact oocytes [11]. During meiosis I, a
substantial cortical granule free domain appears in mice (25-40% of surface area), the first
polar body is extruded and cortical granules decrease to ~4,000 [12]. Rather than early exocy-
tosis, this cortical granule free domain reflects a redistribution of granules that is triggered by
the peripheral migration of chromatin during meiosis I and formation of an actin cap [13].
Cortical granules become fully competent for exocytosis after completion of the first meiotic
division in MII eggs [11, 14].

The egg is activated at fertilization and cortical granule exocytosis is triggered by release of
Ca™ from proximate, peripherally located stores in the endoplasmic reticulum [15]. Although
precise details remain under investigation, cortical granule fusion with the egg plasma mem-
brane involves SNARE-protein mediated pathways [16, 17]. Unlike regulated secretory gran-
ules in somatic cells (e.g., synaptic vesicles of neurons, zymogen granules of pancreatic acinar
cells), cortical granules in oocytes are not renewed after exocytosis. Cortical granules contain a
discrete set of proteins, albeit varying by report [18-20], including trypsin-like proteases [21-
23], ovoperoxidase [24], N-acetylglycosaminidase [25], a 75 kD protein of unknown function
[26] and, most recently, an astacin-like metalloendoprotease encoded by Astl [27]. The only
documented function ascribed to cortical granules is the post-fertilization zona block to poly-
spermy that prevents sperm binding and penetration through the zona pellucida [22, 28].

The zona pellucida, composed of three (mouse) or four (human) glycoproteins (ZP1-4),
surrounds growing oocytes, ovulated eggs and pre-implantation embryos [29, 30]. The N-
terminus of ZP2°'"'*’ has been defined as the zona ligand for sperm binding based on gain-
and loss-of-function assays in transgenic mice [31, 32]. Ovastacin (435 amino acids) is an
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oocyte-specific member of the astacin-like family of Zn*> metalloendoproteases that is syn-
thesized as a zymogen with a signal peptide (1-23 aa) to direct it into the endomembrane sys-
tem for ultimate storage in cortical granules. For enzymatic activity, astacins require removal
of an N-terminal prosegment (24-85 aa) that runs in opposite direction to the future protein
substrate [33]. The enzymatic active site of ovastacin is formed by glutamate and a single
zinc atom complexed to three adjacent histidine residues (underlined,

" HELMHVLGFWH'*?). Following fertilization, ovastacin is exocytosed from egg cortical
granules and cleaves ZP2 at '**LA'DE"®’ after which sperm no longer bind. Ablation of Ast
that encodes ovastacin, or mutation of the ZP2 cleavage site (Zp2"“), prevents post-fertiliza-
tion cleavage of ZP2 and sperm bind to the surface of the zona pellucida of 2-cell embryos
despite fertilization and cortical granule exocytosis [27, 34].

Using mouse transgenesis, we rescue the Astl™*" phenotype by ectopic expression of
Astl™ "™ and define a 7 amino acid motif required for ovastacin trafficking to cortical gran-
ules. Deletion of the cortical granule localization signal at the endogenous locus with
CRISPR/Cas9 unexpectedly leads to premature modification of the egg’s zona pellucida and
female sub-fertility.

Results and Discussion

AstI™“"®"™ transgenic mice provide an authentic biological marker for
cortical granules

The zona pellucida and ovastacin proteins transverse the endomembrane system during
oogenesis during which passage ZP2 remains intact [27]. Secreted ZP2 is incorporated into the
extracellular zona pellucida surrounding ovulated eggs and is cleaved in the zona matrix sur-
rounding 2-cell embryos [28]. In addition to a rapid, cortical-granule independent, post-fertili-
zation block to gamete fusion [1, 2], ZP2 cleavage provides a definitive block to polyspermy in
that sperm that do not bind cannot penetrate the zona matrix nor fuse with the egg plasma
membrane [34].

The single copy Astl gene encodes ovastacin (435 aa), an oocyte-specific metalloendopro-
tease [35] that has been located by immunohistochemistry in cortical granules at the periphery
of growing oocytes and ovulated eggs. In Ast/™*' mice that lack ovastacin, ZP2 remains intact
in the zona surrounding 2-cell embryos [27]. To confirm that these observations reflect the
absence of ovastacin, we established Ast!™ """ transgenic mice expressing ovastacin tagged
with fluorescent mCherry at the C-terminus (Fig 1a, Sla and S1b Fig) and documented ovary-
specific expression by RT-PCR (S1c Fig). The biological authenticity of the Ast" "™ trans-
gene in vivo was investigated by crossing Ast/™"*™ with AstI™*! mice to generate a ‘rescue’
mouse line. The null phenotype was reversed in mice expressing the Ast/™“"*""” transgene in
the Ast™" background and ZP2 was cleaved in the zona pellucida surrounding 2-cell embryos
(Fig 1b).

Sperm bind to the zona pellucida if ZP2 is uncleaved, independent of fertilization and corti-
cal granule exocytosis [27, 34]. Thus, sperm did not bind to the zona matrix surrounding wild-
type embryos (Fig 1c), but did bind to Ast™" derived embryos (Fig 1d) in which ZP2 remains
intact. However, sperm did not bind to 2-cell embryos derived from ‘rescue’ female mice (Fig
le) in which ZP2 was cleaved (Fig 1b). The ability of Ast/™"*™ transgene to rescue the Ast™"
phenotype is consistent with ovastacin acting as the cortical granule protease responsible for
the post-fertilization cleavage of ZP2 that prevents sperm binding and provides a block to
polyspermy. The AstI™ """ mice also offer a useful platform for live-imaging that should pro-
vide additional insights into cortical granule biology.
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Fig 1. AstI™C"eY rescues the Asti™" phenotype. (a) Schematic of the Ast/"°"™ transgene. (b)
Immunoblot of eggs (E) and 2-cell embryos (2C) from wild-type (Ctrl), Ast™" (Null) and AstNU: Astmchery
(Rescue) mice (10—15 eggs or embryos per lane). Primary antibody (M2c.2) binds to the C-terminus of ZP2
and detected intact (upper arrow) and cleaved (lower arrow) protein. Molecular mass (kD) on left. (c-e) Mouse
sperm binding to eggs and two-cell embryos from: (c), wild-type; (d), Ast™"- and (e), Ast!™"®™ rescue mice.

Confocal projections (upper) and DIC (lower) images were obtained after fixation and staining with Hoechst.
Scale bar, 20 um.

doi:10.1371/journal.pgen.1006580.9001

Localization of cortical granules before and after fertilization

Prior to germinal vesicle (nucleus) breakdown (GVBD), cortical granules are uniformly pres-
ent in the subcortex of fully grown oocytes [27]. To validate the intracellular trafficking of
ovastacin to the cortex in vivo, intraovarian oocytes (up to 70 pm diameter) were isolated
from Astl™"*"™ transgenic mice and placed in an environmental chamber where confocal
microscopy was used to obtain live images during GVBD. Most of the fluorescent signal was
detected in peripherally located cortical granules. However, by increasing the sensitivity,
ovastacin™ "™ was detected throughout the first 2 hr of culture in the peri-nuclear region
where the endoplasmic reticulum (ER) is located (Fig 2a, left panel). Subsequently, during
the early phases of GVBD, ovastacin™ "™ was present in close proximity to the dissolving
nuclear membrane (Fig 2a, middle panel), but by 4 hr it was primarily located in the subcor-
tex in the periphery of oocytes (Fig 2a, right panel). These observations were complemented
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Fig 2. Localization of AstI™c"®"™ to cortical granules in transgenic mice. (a) Oocytes (70-75 um) were
isolated from Ast/™©"®" transgenic mice and imaged in an environmental chamber (37°C, 5% CO5) by
confocal microscopy during germinal vesicle (nucleus) breakdown (GVBD). (b) GV-intact oocytes (upper),
ovulated metaphase Il (MIl) eggs (middle) and one cell (1C) embryos (lower) from Ast/™"®™ transgenic mice
were permeabilized, stained with antibody to ovastacin and with LCA-FITC to localize cortical granules and
imaged with confocal and DIC microscopy. CG, cortical granule; PB, polar body. Scale bar, 20 ym. (¢c) GV-
intact oocytes from Ast/™“"®"™ transgenic mice were injected with cRNA encoding UtrCH®™" (calponin
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homology domain of utrophin) to localize the actin cap associated with formation of the cortical granule free
region during meiotic maturation. Live-images were obtained over time (4 hr) using confocal and DIC
microscopy. Scale bars, 20 um.

doi:10.1371/journal.pgen.1006580.9002
in fixed samples in which ovastacin™“"*"™ partially co-localized with markers for the endo-
plasmic reticulum (GP73) and the Golgi apparatus (calregulin) in 70-75 um growing oocytes
(S2a Fig) which confirmed its presence in the endomembrane system. The absence of co-
localization with the endosome pathway marker (EEA1) indicates little diversion into degra-
dation pathways. Thus, we conclude that ovastacin follows the normal progression from the
endoplasmic reticulum to the Golgi apparatus and is then sequestered in peripheral cortical
granules.

Ovastacin , not present in wild-type GV-intact oocytes, co-localized with anti-ovasta-
cin antibody staining and LCA consistent with the localization of endogenous ovastacin and

mCherry

ovastacin™ "™ in peripheral cortical granules (Fig 2b). During meiotic maturation, chromo-
somes move to the cortex at metaphase I where a cortical granule free domain (CGFD) develops
(Fig 2b). The biological significance of CGFD is not understood, although it has been reported
that sperm do not fuse with the egg plasma membrane in this region to protect the maternal
genetic material [36]. However, whether cortical granules in this region are released or redis-
tributed has not been fully resolved, although the latter has become the favored model [13].

To confirm that the presence of an actin cap correlated with the absence of cortical granules
from the CGFD in the transgenic mice, cCRNA encoding UtrCH-GFP, a green fluorescent pro-
tein tagged actin binding protein, was injected into oocytes from Astl™ " mice. Live imaging
for 4 hr during meiotic maturation documented that the appearance of the actin cap and
CGFD formation temporally coincided with complementary formation of the GFP (actin) and
mCherry (ovastacin within cortical granules) signals (Fig 2c). To determine if formation of the
CGFD was reversible, ovulated eggs from Ast!™"*"™ mice were incubated with CK-666 to sta-
bilize the inactive form of the arp2/3 complex and depolymerize the actin cytoskeleton [37].
Within 3 hr, the cortical granules became uniformly distributed in the Ast" "™ eggs and the
metaphase plate migrates back towards the center of the cell (S2b Fig). Thus, we conclude that
formation of the actin cap excludes cortical granules and results in a cortical granule free
domain which has been reported to be physiologically induced by chromatin signaling [13].

Following fertilization and cortical granule exocytosis, ovastacin™“*™ was no longer
detected in one-cell zygotes in fixed samples (Fig 2b). To detail this process, cortical granules
were live-imaged with confocal microscopy during the 5 hr following fertilization. Sperm
fused to eggs and cortical granules released ovastacin™“™™ 90-120 min after insemination.
This process was complete by 150 min by which time the egg had extruded a second polar
body (2™ PB) to complete meiosis II. The sperm nucleus then decondensed (180 min) leading
to formation of male and female pronuclei within 5 hr of insemination which was indicative of
successful fertilization (S2¢ Fig). These observations are consistent with ovastacin being
directed into the endomembrane system via its signal peptide and being transported to cortical
granules in the periphery of growing oocytes. Ovastacin is rapidly released from cortical gran-
ules following fertilization and formation of the 1 cell zygote. However, the molecular basis for
localization of ovastacin in cortical granules was unclear.

Identification of a cortical granule localization motif

To search a motif for cortical granule localization, cCRNA encoding full-length ovastacin (1-
435 aa) fused at the C-terminus with mCherry was injected into the cytoplasm of growing
oocytes and transiently expressed for 6 hr as a positive control (Fig 3a). Subsequently, cRNA
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doi:10.1371/journal.pgen.1006580.g003

cortical granule localization signal is indicated by asterisks. (g) Same as (a) after injection of cRNA encoding ovastacin 1-28;
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encoding deleted portions of ovastacin that retained the signal peptide, were injected into
oocytes. Constructs encoding 1-89 aa, but not 82-435 aa (Fig 3b), localized to cortical granules
as did constructs encoding 1-64 aa, but not 61-435 aa (Fig 3c). This initial delineation of a 41
aa motif (23-64 aa) was further refined by the observation that constructs with 52-64 aa, but
not 1-51 aa, were sufficient for cortical granule localization (Fig 3d). Thus, *?DKDIPAINQ-
GLIS* is necessary and sufficient for the in vitro localization of a reporter protein to cortical
granules (Fig 3e). Although well conserved among mammalian ovastacins (Fig 3f), the 13
amino acid motif was not identified in other proteins after a BLAST search of mouse
databases.

Deletion mutation of the cortical granule localizing motif of endogenous
Astl

The 13 aa cortical granule localizing motif is encoded by exons 2 and 3 of the endogenous Astl
gene. To avoid disruption of RNA splicing, we elected to delete the first 7 aa (*>DKDIPAI’®)
encoded entirely by exon 2 with a protospacer adjacent motif (PAM) sequence targeted by
CRISPR/Cas9 (Fig 4a). To confirm the validity of this approach, cRNA encoding the signal
peptide and ovastacin®*~® fused to mCherry were injected into oocytes. The localization of
mCherry confirmed the sufficiency of the 7 aa to direct proteins to peripheral cortical granules
(Fig 3g). To delete DNA encoding *’DKDIPAI*® at the endogenous Astl locus, Cas9 cRNA,
sgRNA and HDR (homology directed repair) oligonucleotides (S3a and S3b Fig) were injected
into zygotes, cultured to blastocysts, and transferred to uteri of pseudopregnant foster mothers.
Of 7 pups screened by PCR (S3c Fig), two had bi-allelic mutations that were confirmed by
DNA sequence (S3d and S3e Fig). In each line, the CRISPR/Cas9 mutation had been modified
by homology directed repair to produce the desired deletion on one of the two endogenous
alleles. Each line was crossed to wild-type mice to remove the non-desired mutant allele (either
a single base pair insertion or deletion) and bred to homozygosity. Each expressed Astl alleles
that encoded ovastacin lacking 52-58 aa (Fig 4a, ovastacin®>*~>%).

Using a monospecific antibody to the C-terminal region of the metalloendoprotease [27],
ovastacin (accumulated during oocyte growth) was detected in cortical granules defined by
staining with the LCA lectin in the periphery of wild-type GV oocytes (Fig 4b). In contrast,
ovastacin was detected as punctate loci throughout the endomembrane system of oocytes and
eggs (upper two rows of panels) from Ast*? female mice (F ig 4c) which could reflect either an
inability to correctly traffic to cortical granules for storage or retrograde transport after reach-
ing cortical granules. These results confirmed the in vitro transient assays in growing oocytes
in which expression of mutant mCherry-tagged proteins was below the detection level of the
antibody (Fig 3) and defined the 7 aa motif (ovastacin®>?®) as important for the correct intra-
cellular trafficking of ovastacin. Following fertilization, cortical granule exocytosis was docu-
mented by the loss of LCA staining, but ovastacin remained diffusely present throughout the
endomembrane system of zygotes and 2-cell embryos (Fig 4c, lower two rows of panels).

In oocytes and eggs from Astl"”* mice, ovastacin was present both in the endomembrane
system and at the periphery, where it partially co-localized with LCA in cortical granules (Fig
4d). To determine if the Ast/” allele was co-dominant, the Ast/*“ mice were crossed with
AstI™ "™ transgenic mice to produce Astl™4; AstI™""™ transgenic mice. In these mice,
ovastacin™“"*™™ Jacks the deletion mutation and provides a proxy for the wild-type allele.
Ovastacin™*™ was detected in cortical granules located in the subcortex of oocytes and
eggs (Fig 4e). Taken together, these observations define the ovastacin®>*~>® protein as co-
dominant with the wild-type protein and the absence of the cortical granule localization
motif results in persistence of the mutant protein in the endomembrane system.
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Fig 4. Ovastacin is not present in cortical granules after partial deletion of the localization motif. (a) Schematic representation of the
CRISPR/Cas9 deletion mutation in Ast/exon 2 that encodes ovastacin®®2-%8, (b) Wild-type GV-intact oocytes were fixed, permeabilized and
stained with antibodies to ovastacin, LCA-FITC and imaged by confocal and DIC microscopy. (c) Same as (b) with GV-intact oocytes, ovulated Ml
eggs, 1-cell zygotes and 2-cell embryos from Ast2 mice. (d) Same as (b) with GV-intact oocytes and ovulated MIl eggs from Ast*2 mice. (e) GV-
intact oocytes and ovulated Ml eggs from Ast**; Ast/"C"®"™ and Ast*; Astl™"*™ mice were fixed, permeabilized and imaged by confocal and
DIC microscopy. Scale bars, 20 pm.

doi:10.1371/journal.pgen.1006580.9004

Premature cleavage of ZP2 in AstF”* mice decreases female fertility

Zonae pellucidae isolated from eggs ovulated by wild-type, Astl"* and Astl"’* female mice as
well as from 2-cell embryos after mating wild-type mice were analyzed by immunoblot. As
expected, ZP2 was uncleaved in wild-type eggs and completely cleaved in wild-type 2-cell
embryos (Fig 5a). The partial cleavage of ZP2 observed in Astl** eggs became more pro-
nounced in Ast** eggs and is similar to the ‘hardening’ reaction observed during in vitro fer-
tilization in the absence of serum proteins [38].

Normally, sperm bind to the zona matrix surrounding eggs, but not 2-cell embryos. Com-
pared to wild-type eggs, many fewer sperm bound in vitro to Astl"’* eggs (18.9 + 1.7 vs.
47.2 +3.0) and virtually no sperm (3.9 + 0.7) bound to the zona pellucida surrounding Ast***
eggs (Fig 5b and 5¢). In vivo fertilization of wild-type, Ast”“ and Ast** mice reflected these
in vitro observations. After natural mating, eggs/embryos were recovered from the oviduct of
female mice: 87.7 + 2.3% of wild-type, 22.5 + 4.0% of AstI"*, but only 0.8 + 0.8% of Ast}"*
eggs were fertilized (S1 Table).
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Fig 5. Premature cleavage of ZP2 affects fertility of Ast/ mutant mice. (a) Immunoblot of zonae pellucidae from
wild-type (Ctrl), Astr? and AstP” ovulated eggs as well as wild-type 2C embryos (Ctrl) stained with a monoclonal
antibody (M2c.2) that binds to the C-terminus of ZP2 and detected intact (upper arrow) and cleaved (lower arrow)
protein. Molecular mass (kD) on left. (b) Sperm binding to wild-type eggs, 2C embryos, Ast*2 and Ast*” eggs.
Confocal projections (upper) and DIC (lower) images were obtained after fixation and staining nuclei with Hoechst.
Arrows, nuclei; PB, polar body. Scale bar, 20 um. (¢) Average (+ s.e.m) number of sperm bound to wild-type eggs
(Ctrl), 2C embryos (Ctrl), Ast”2 and Ast2 eggs imaged in (b). N = 30 in each case. (d) /n vitro fertilization with wild-
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doi:10.1371/journal.pgen.1006580.9005

To confirm that the block to fertilization was based on partially cleaved ZP2, fertility was
assessed in the presence and absence of zonae pellucidae. After in vitro insemination with
capacitated sperm, zona-intact AstI" eggs had ~50% reduction in fertility compared to wild-
type eggs and no Astl"’* eggs were fertilized in these experiments. However, after removal of
the zona pellucida matrix, the fertilization rates of zona-free Astl"* and Astl** eggs were com-
parable (Fig 5d). Thus, we concluded that the partially cleaved ZP2 in the zona pellucida
adversely affected fertilization.

The homozygous Astl allele had a profound effect on the fecundity of female mice. In vivo
fertility of ovastacin®>>~® was assessed by co-caging wild-type, Ast/""* and Astl* females with
male mice proven to be fertile. The number of litters from AstI"* was decreased compared to
wild-type female mice (9 vs. 13) and the number of pups/litter produced by Astl*’* was signifi-
cantly lower than wild-type female mice (2.5 + 0.8 vs. 9.2 £ 2.5). A single litter of 2 pups was
obtained from eight Ast/*** female mice (Fig 5e and S1 Table). Taken together, we conclude
that ovastacin®*>~® does not properly traffic to cortical granules leading to premature cleavage
of ZP2 which prevents sperm binding to the zona pellucida and decreases female fertility.
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Conclusions

ZP2 is a major component of the zona pellucida to which sperm bind prior to penetrating the
zona matrix and fusing with the egg. Following fertilization and cortical granule exocytosis,
ZP2 is cleaved by ovastacin after which sperm do not bind to the zona pellucida. Zp2"" and
AstN! mice documented that sperm binding to the surface of the zona pellucida is dependent
on the cleavage status of ZP2, independent of fertilization and cortical granule exocytosis [27,
34]. In each of these mutant lines, ZP2 is uncleaved in the zona pellucida surrounding ovulated
eggs which can be fertilized in vitro and in vivo. After fertilization and cortical granule exocyto-
sis, ZP2 remains uncleaved and sperm can bind de novo to the zona matrix surrounding
zygotes derived from Zp2"™ and AstI™" female mice. Although at risk, the additional post-fer-
tilization block to sperm fusing with the egg plasma membrane [1, 2] and the relatively few
sperm (<10 sperm/egg) that reach the egg in the ampulla of the oviduct [39, 40] help protect
Zp2"" and Ast™*" females from polyspermy.

The observed partial cleavage of ZP2 in the Astl** is puzzling and could reflect a contin-
uous release of low concentrations of constitutively secreted ovastacin during oocyte growth
rather than the abrupt release of higher concentrations of the enzyme thought to accom-
pany cortical granule exocytosis at fertilization. This formulation is consistent with earlier
observations in which incubation of ovulated eggs in the absence of serum proteins caused a
‘hardening’ reaction that prevented sperm binding to the zona pellucida and fertilization
[41]. The molecular basis of this phenomenon has recently been ascribed to fetuin-B, a
member of the cystatin superfamily of protease inhibitors that are secreted by the liver and
circulate as serum proteins. Fetuin was reported to inhibit premature cleavage of ZP2 [38]
and this activity has been attributed more precisely to fetuin-B which is present at low levels
in follicular fluid [42]. It has been proposed that a minimal amount of fetuin-B is sufficient
to inhibit the small amount of secreted ovastacin that escapes sequestration in cortical gran-
ules and prevent premature cleavage of ZP2. However, the ovastacin released from cortical
granule exocytosis would overwhelm this fragile defense and cleave ZP2 to prevent post-fer-
tilization sperm binding [43]. Similar to Astl*”* mice, ZP2 is only partially cleaved in the

b™ mice and yet female mice are sub-

zona matrix surrounding ovulated eggs from Fetu
fertile.

Thus, the timing of ZP2 cleavage by ovastacin is a critical determinant of whether or not
sperm bind and fertilize eggs encased in the surrounding zona pellucida. Premature ZP2 cleav-
age (Astl"* or Fetub™*") prevents sperm binding and fertility, whereas delayed or absent ZP2
cleavage runs the risk of post-fertilization polyspermy. Eggs from Ast!™* females do not accu-
mulate ovastacin in their cortical granules and are unable to cleave ZP2 following fertilization
and cortical granule exocytosis. The ability of AstI™ "™ to rescue this phenotype and restore
fertility confirms the role of ovastacin in the post-fertilization cleavage of ZP2 and provides a
marker for future investigations into the biology of cortical granules. The cortical granule
localization motif defined in vitro and confirmed in vivo by deletion of a 7 amino acids in the
endogenous gene locus is highly conserved among mammals. Identification of binding part-
ners to ovastacin should provide further insight into the molecular basis for the translocation
of ovastacin to these unique subcellular organelles of female germ cells.

Materials and Methods
Establishment of Ast/"“"™ transgenic mice

All mice were handled in compliance with the guidelines of the Animal Care and Use Com-
mittee of the National Institutes of Health under the Division of Intramural Research, National
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Institute of Diabetes and Digestive and Kidney Diseases approved animal study protocols. A
summary of the transgenic mice used in these investigations is provided in S2 Table.

To construct the transgene, bacterial artificial chromosome (BAC) DNA (Life Technolo-
gies) that included mouse Astl (BMQ56H22) was transformed into SW102 bacterial cells
containing the A prophage recombineering system [44]. A PCR fragment (1331 bp) contain-
ing the galK operon flanked by 50 bp homologous to the Astl gene that would insert the
galK gene at the stop codon in the 3’ region of the gene was amplified using Long Amp Taq
Polymerase (New England Biolabs, Ipswich, MA). After digestion with Dpnl and overnight
gel purification (0.7% agarose, 15V, 16 hr), the PCR fragment was electroporated into
SW102 cells containing the BAC, and recombinants were selected by growth on minimal
media with galactose. Using a clone from this first step, the galK cassette was replaced by
recombineering with a second PCR fragment (880 bp) encoding mCherry with 50 bp
homology arms. Clones were selected on minimal media with 2-deoxy-galactose and con-
firmed by DNA sequence. Finally, a NotI fragment containing the AstI" "™ transgene was
retrieved from the BAC with pl253, and the fidelity of coding regions was confirmed by
DNA sequence.

After gel purification, the Astl™ "™ transgene was injected into the male pronucleus of
>200 one-cell zygotes which were transferred to pseudopregnant female mice. Offspring were
genotyped (S1b Fig) using tail DNA and Astl exon 9 oligonucleotides (S3 Table) that distin-
guished between the normal allele (268 bp) and the Ast/™""™ transgene (967 bp). From 30
pups, 6 founders were identified that passed the transgene through the germline. Three lines
were maintained and the analysis of FVB/N-Tg(Astl-mCherry)1Dean is described herein. Tis-
sue-specific expression of AstI" """ was determined by RT-PCR using total RNA from vari-
ous tissues to make cDNA with SuperScript™ IIT First-Strand Synthesis System (Life
Technologies). PCR analysis of cDNA was performed using primers (S3 Table) designed to
span an exon-intron boundary.

Establishment of Ast”2 mice by CRISPR/Cas9

pMLM3613 (Addgene, Cambridge, MA #42251) expressing Cas9 was linearized by Pmel
(New England Biolabs), purified with a PCR clean-up kit (Clontech Laboratories, Mountain
View, CA) and in vitro transcribed with mMESSAGE mMACHINE T7 ULTRA (Life Technol-
ogies-Ambion, Carlsbad, CA). Double-stranded synthetic DNA targeting exon 2 of Astl (5’
GGACATCCCCGCAATTAACCAAGG-3’) was cloned into the pair of Bsal sites of pDR274
(Addgene, #42250) expressing sgRNA. After linearization by digestion with Dral, the plasmid
was purified with the PCR clean-up kit and in vitro transcribed using MEGAshortscript T7
(Life Technologies-Ambion). After transcription, the Cas9 cRNA and the sgRNA were puri-
fied with MEGAclear kit (Life Technologies-Ambion) according to the manufacturer’s
instruction and eluted in RNase-free water.

For zygote injection, B6D2g; (C57BL/6 x DBA2) female mice were hormonally stimulated
to ovulate (see below) and mated with B6D2g; males. One-cell embryos were collected and
injected with Cas9 cRNA (50 ng/pl), sgRNA (20 ng/ul) and donor oligo (20 ng/ul). The
injected embryos were cultured in KSOM (Zenith Biotech, Guilford, CT) until the blastocyst
stage and transferred into pseudopregnant CD1 female mice. The sequence of injected oligo-
nucleotide was: 5-TCTGGAGTCTGCAGTACCAGTGTTCCAGAAGGCTTCACTCCTGA
GGGAAGCCCGGTATTTCAGAACCAAGGTGAGAACACGGGGCCACACTCCAAAGC
CATGCTGAATGTGGACATGCGGAAAAGA-3’. The genotype of the Astl" allele was ini-
tially determined by DNA sequence of tail DNA and subsequently by PCR using an oligonu-
cleotide primer that bridged the deleted sequence (53 Table).
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Oocyte, egg and embryo collection and culture

GV-intact oocytes from 4-6-wk-old female mice were collected by puncturing ovarian follicles
in M2 medium (Sigma-Aldrich, St. Louis, MO) at 48 hr post-injection of 5 IU of equine gonad-
otropin hormone (eCG). Ovulated eggs and embryos from 4-6-wk-old female mice were col-
lected before and after mating, respectively, in M2 medium after injection of 5 IU of eCG
followed by 5 IU of human chorionic gonadotropin (hCG) 46-48 hr later. Embryos were sub-
sequently cultured in KSOM (Zenith Biotech) at 37°C in 5% CO, to obtain 1- and 2-cell
embryos. To inhibit actin polymerization, the medium was supplemented with 100 uM CK-
666 (Sigma-Aldrich), a cell permeable inhibitor of arp2/3. For individual experiments, 20-30
cells were used from 3 different animals and representative images were included in figures.

Antibodies

A rabbit polyclonal antibody that binds a C-terminal peptide of ovastacin and monoclo-
nal antibody M2c.2 that binds to the C-terminal region of ZP2 have been characterized previ-
ously [32][45]. The following antibodies and lectins were obtained commercially: LCA-FITC
(Sigma-Aldrich); antibodies to GP73, calregulin and EEA1, Alex Fluor 488 goat anti-rabbit
IgG (H+L)(Life Technologies-Invitrogen, Carlsbad, CA); Alexa Fluor 555 donkey anti-rabbit
IgG (H+L) (Life Technologies-Invitrogen); DyLight 649 goat anti-rabbit IgG (H+L) (Life
Technologies-Invitrogen); and goat anti-rat IgG-HRP (Santa Cruz).

395-408

Plasmid construction, cRNA in vitro transcription and microinjection

pCS2+/UtrCH-EGFP (Addgene, #26737) was linearized with Nsil and in vitro transcribed
using SP6 mMESSAGE mMACHINE (Life Technologies-Ambion, AM1340). cRNA was
purified by MEGAclear (Life Technologies-Ambion). Full-length and truncated ovastacin
open reading frames were inserted into the pmCherry-N1 vector (Clontech Laboratories).
Capped cRNAs were synthesized from PCR templates using T7 mMessage mMachine (Life
Technologies-Ambion), and purified with MEGAclear (Life Technologies-Ambion). Micro-
injection was performed in M2 medium (Zenith Biotech) using a TransferMan NK2 micro-
manipulator (Eppendorf, Hauppauge, NY). Typically, 10-12 pl (4% of the oocyte volume)
of 0.5-1.0 pg/pl cRNA was injected into oocytes. For each cRNA construct, 20-30 GV-intact
oocytes from 3 mice were injected, incubated in M2 media (37°C, 5% CO,) for 6 hr prior

to fixation and imaging by confocal microcopy. Variations in the intensity of the mCherry
signal were noted among oocytes injected with the same construct and those with the stron-
gest signals were selected for fixation and imaging by confocal microscopy using similar
settings.

Immunofluorescence and confocal microscopy

GV-intact oocytes, ovulated eggs or embryos (20-30) were fixed in 4% paraformaldehyde
(PFA) for 30 min, permeabilized in 0.5% Triton X-100 for 20 min, and blocked in SuperBlock
(Piercenet, Thermo-Fisher Scientific, Rockford, IL) for 1 hr at room temperature. Samples
were incubated with primary antibody (1:100) for 1 hr at room temperature or 4°C overnight.
After three washes in 0.3% PVP/PBS containing 0.1% Tween 20 and 0.01% Triton X-100 for 5
min each, oocytes or embryos were incubated with secondary antibody (1:200) for 1 hr at
room temperature. For LCA staining, eggs or embryos were stained with LCA-FITC (1:100)
for 1 hr at room temperature. After three washes in 0.3% PVP/PBS containing 0.1% Tween 20
and 0.01% Triton X-100 for 5 min each, samples were mounted in PBS containing Hoechst
33342 (1pg/ml). Confocal laser-scanning images were obtained using similar settings within
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experiments on an LSM 510 confocal microscope (Carl Zeiss AG, Jena, Germany), with a 63 x
1/2 W objective and exported as full-resolution TIF files and processed in Photoshop (Adobe
Systems, San Jose, CA) to adjust brightness and contrast.

Time-lapse imaging

Time-lapse imaging was obtained with the LSM 510 confocal microscope equipped with a
Plan Apochromat 40x, 1.2 NA water immersion objective. mCherry was excited with a
561-nm laser line and detected with a 575-615-nm band pass. Ovulated eggs (10-20 from 3
animals) were collected, followed by removal of zonae pellucidae (see below), and placed in
HTF medium supplemented with 5 ng/ml Hoechst 33342 (Life Technologies-Molecular
Probes, Eugene, OR) on a gridded cover glass bottom dish (MatTek, Ashland, MA Cat. No.
P35G-1.5-7-C-grid). The dish was placed in a humidified chamber (5% CO,, 37°C) attached to
the microscope and inseminated with 1 x 10* ml™ capacitated sperm.

Immunoblot analysis

GV-intact oocytes, ovulated eggs and two-cell embryos (10-15) were lysed in 4x LDS (lithium
dodecyl sulfate) sample buffer with 10x reducing reagent (Life Technologies-Invitrogen), sepa-
rated on 12% Bis-Tris precast gels, transferred to nitrocellulose membranes (Life Technolo-
gies-Invitrogen), 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 1:500-1:1,000 dilution
of primary antibodies at 4°C overnight. On the following day, blots were incubated with a
1:10,000 dilution of secondary antibodies conjugated to HRP (horse radish peroxidase).
Chemiluminescence was performed with ECL Plus (Piercenet) and signals were acquired by a
Luminescent Image Analyzer LAS-3000 (Fujifilm, Valhalla, NY) or with BioMax XAR film
(Kodak, Rochester, NY).

Sperm binding assay

Caudal epididymal sperm were isolated from wild-type ICR mice and placed under oil (EMD
Millipore, Billerica, MA) in human tubal fluid (HTF) medium (Zenith Biotech) previously
equilibrated with 90% N,, 5% O,, 5% CO, and capacitated by an additional 1 hr of incubation
at 37°C. Sperm binding to ovulated eggs or two-cell embryos isolated from wild-type, Astt™*/,
AstIRee, Astl™ and Astl* mice was observed using capacitated sperm and wild-type 2-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 confocal micros-
copy [46], and results reflect the mean + s.e.m. from at least three independently obtained sam-
ples, each containing 6-12 mouse eggs/embryos. Statistical differences were determined by the
2-tailed Student’s T-test.

In vitro fertilization

The zona pellucida of eggs was removed after 5 min incubation in 100 pl of acid Tyrode’s solu-
tion (Sigma) and then washed 3 times in fresh M2 medium. Cauda epididymides were lanced
in a dish of HTF to release sperm that were capacitated for 1 hr (37°C with 90% N,, 5% O,, 5%
CO,) and added to zona-intact or zona-free eggs (30 from 3 different animals) at a concentra-
tion of 4 x 10° ml™" sperm in 100 pl HTF for 5 hr at 37°C, 5% CO,. The presence of two pronu-
clei was scored as successful fertilization. Statistical differences were determined by the
2-tailed Student’s T-test.
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Supporting Information

S1 Fig. AstI"“"*™™ transgenic mice. (a) Annotated representation of the Ast/™ "™ transgene
(upper) and the AstN*! allele (lower) with the endogenous Astl allele. (b) PCR genotyping of
tail DNA isolated from wild-type (Ctrl), Ast™“ (Null), AstI™ "™, and AstI™ "™, AstI™!
(Rescue) mice using primer pairs (1), (2) and (3) in (a). Molecular mass (kB) on left. (c) Total
RNA was extracted from brain (Br), heart (H), kidney (K), liver (Li), lung (Lu), spleen (S),
uterus (U), ovary (O) and testis (T), and analyzed by RT-PCR with primers (S3 Table) to detect
normal and AstI™ "™ transcripts. GAPDH was used to as a load control and to ensure integ-
rity of RNA. C, water control. Molecular mass (kB) on left.

(TIF)

S2 Fig. Localization of ovastacin in growing oocytes, ovulated eggs and zygotes from
AstI"™he™ mice. (a) Growing Astl™Chery oocytes (50-70 um) were fixed and stained with anti-
bodies specific to the endoplasmic reticulum (GP73), the Golgi apparatus (calregulin) and
endosomes (EEA1) prior to imaging by confocal and DIC microscopy. Arrows, co-localization
of marker and ovastacin. Scale bar, 20 um. (b) Reversal of cortical granule free domain
(CGFD) by inhibition of actin nucleation and cap formation. Ovulated eggs from Astl™ "™
mice were incubated for 3 hr with (lower panels) or without (upper panels) CK666 to inhibit
Arp2/3. Eggs were stained with Hoechst prior to confocal and DIC microscopy. Scale bar,

20 um. (c) Time-lapse images of cortical granule exocytosis after insemination of zona-free
AstI™ "™ eggs (0 min) with capacitated sperm until formation of pronuclei in 1C zygotes
(300 min). Eggs/embryos were imaged by confocal and DIC microscopy at the designated
times after fixation and staining with Hoechst. PB, polar body. Scale bar, 20 yum.

(TIF)

$3 Fig. Deletion mutation of Astl using CRISPR/Cas9. (a) Schematic representation of Cas9
targeted with single-stranded guide RNA (ssRNA) to exon 2 of Astl 5 of the PAM (protospacer
adjacent motif) to cut the double-stranded DNA with the RuvC and HNH sites. (b) Schematic
representation of double-stranded donor DNA (126 bp) with a 21 bp (encodes ovastacin®> %)
deletion used for homology directed DNA repair of the Cas9 induced DNA cleavage in exon 2
of Astl. (c) Genotype of tail DNA from 7 pups (AS1-7) derived from 1C zygotes injected with
single-stranded guide RNA (20 ng/ul), RNA encoding Cas9 (50 ng/ul) and HDR oligonucleo-
tide (20 ng/ul). The lower band in AS3 (d, left) and AS6 (e, left) were sequenced to confirm the
21 bp deletion. The middle band contained a single cytosine deletion in AS3 (d, right) and a
single adenosine insertion in AS6 (e, right). The upper bands in AS3 and AS6 represent a het-
eroduplex of the two alleles migrating at a slower mobility. A ¢/t polymorphism is present in
intron 2 of Astl.

(TIF)

S1 Table. Fertility of Astl mutant female mice.
(DOCX)

$2 Table. Mouse alleles and proteins.
(DOCX)

S3 Table. Primers.
(DOCX)
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STUDY QUESTION: What are the underlying mechanisms of the decline in the fertilization ability of post-ovulatory aged oocytes?

SUMMARY ANSWER: Melatonin improves the fertilization ability of post-ovulatory aged oocytes by reducing aging-induced reactive oxy-
gen species (ROS) levels and inhibiting apoptosis and by maintaining the levels and localization of the fertilization proteins, ovastacin and Juno.
WHAT IS KNOWN ALREADY: Following ovulation, the quality of mammalian metaphase |l oocytes irreversibly deteriorates over time
with a concomitant loss of fertilization ability. Melatonin has been found to prevent post-ovulatory oocyte aging and extend the window for
optimal fertilization in mice.

STUDY DESIGN, SIZE, DURATION: Mouse oocytes were randomly assigned to three groups and aged in vitro for 0, 6, 12 and 24 h,
respectively. Increasing concentrations of melatonin (107 M, 107" M, 107> M and 107> M) were added to the 24 h aging group.
PARTICIPANTS/MATERIALS, SETTING, METHODS: Sperm binding assays, in-vitro fertilization, immunofluorescent staining and
western blotting were performed to investigate key regulators and events during fertilization of post-ovulatory aged mouse oocytes.

MAIN RESULTS AND THE ROLE OF CHANCE: We found that the actin cap which promotes a cortical granule (CG) free domain is
disrupted with a re-distribution of CGs in the subcortex of aged oocytes. Ovastacin, a CG metalloendoprotease, is mis-located and prema-
turely exocytosed in aged oocytes with subsequent cleavage of the zona pellucida protein ZP2. This disrupts the sperm recognition domain
and dramatically reduces the number of sperm binding to the zona pellucida. The abundance of Juno, the sperm receptor on the oocyte
membrane, also is reduced in aged oocytes. Exposure of aged oocytes to melatonin significantly elevates in-vitro fertilization rates potentially
by rescuing the above age-associated defects of fertilization, and reducing ROS and inhibiting apoptosis.

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: We explored the mechanisms of the decline in fertilization ability decline in aged mouse
oocyetes, in vitro but not in vivo.
WIDER IMPLICATIONS OF THE FINDINGS: Our findings may contribute to the development a more efficient method, involving

melatonin, for improving IVF success rates.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by the National Natural Science Foundation (3157 1545)
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Introduction

Ovulated mouse oocytes are surrounded by an extracellular zona pel-
lucida composed of ZPI, ZP2 and ZP3. For successful fertilization, a
single capacitated sperm binds to the N-terminal domain of ZP2,
penetrates the zona matrix and binds to the oocyte via interactions
between Izumol on the sperm head and Juno on the oocyte mem-
brane. Fusion of the oocyte with a second sperm results in polyspermy
and this is protected against by postfertilization modifications of both
the zona matrix and the oocyte plasma membrane. Dysregulation of
these protective measures results in loss of reproductive fitness.

The postfertilization modification of the zona pellucida is mediated
by cortical granule (CG) exocytosis. CGs are subcellular organelles
unique to oocytes that originate from the Golgi apparatus at the onset
of follicular growth and migrate to the cortex to form a continuous
layer under the oolemma (Zamboni, 1970; Ducibella et al., 1994;
Hoodbhoy and Talbot, 1994; Liu et al., 2005). In mammals, CG distri-
bution is polarized because of exclusion from an actin cap which forms
a CG-free domain (CGFD) overlying the second meiotic spindle
(Szollosi, 1967; Nicosia et al., 1977; Longo and Chen, 1985; Okada
et al., 1986). After fertilization, the CGs fuse with the oocyte plasma
membrane and exocytose their contents into the extracellular space. A
mammalian component of CGs is ovastacin, an oocyte-specific metal-
loendoprotease that cleaves ZP2 ('®*LA'DE'®") after fertilization
(Quesada et al., 2004; Burkart et al., 2012). Genetic mutation of the
ZP2 cleavage site or ablation of ovastacin leaves ZP2 unmodified which
supports sperm binding to the zona pellucida despite fertilization and
CG exocytosis (Gahlay et al., 2010; Burkart et al., 2012).

After successful navigation of the zona pellucida, only acrosome-
reacted sperm are present in the perivitelline space and available for
fusion with the oocyte. lzumol on the surface of sperm head interacts
with Juno (formerly Folr4) in the oocyte membrane to promote gamete
fusion (Inoue et al., 2005; Bianchi et al., 2014; Grayson, 2015). Juno is a
glycophosphatidylinositol-anchored protein that is uniquely present in
oocytes and rapidly disappears following fertilization (Bianchi et al., 2014).
Genetic ablation of either lzumo! or Juno prevents gamete fusion and
leads to gender-specific infertility (Inoue et al., 2005; Bianchi et al., 2014).

In mammals, timely fertilization of oocytes following ovulation is crucial
for successful reproduction (Lord et al., 2015). However, many mamma-
lian species restrict sexual activity to distinct estrous periods and ovula-
tion and fertilization may not be synchronized (Tarin et al., 2002). With
increasing time following ovulation, oocytes deteriorate in vivo and in vitro
in a process known as post-ovulatory aging (Tarin et al., 1999; Lord and
Aitken, 2013; Zhang et al., 2016). Numerous studies have shown that
post-ovulatory aging of mammalian oocytes in vitro is inherently linked
with oxidative stress (Lord and Aitken, 2013; Lord et al., 2013), a result
of the imbalance between the production and consumption of reactive
oxygen species (ROS) (Tamura et al., 2008; Galano et al., 201 1).

ROS can damage the cell membrane and induce the apoptosis, which
thereby harms the fertilization potential of oocytes by perturbing
fertilization-related regulators and events (Zhao et al., 2016). Melatonin
(N-acetyl-5-methoxytrypt amine) is a major pineal secretory product
(Gao et al., 2012) that mediates circadian rhythms and regulates sea-
sonal reproductive activity (Lincoln et al., 2006). Melatonin is especially
effective as an antioxidant because it exhibits a wide variety of means to
reduce oxidative stress (Garcia et al., 2014; Manchester et al., 2015;
Reiter et al, 2016), and its metabolites are potent free radical
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Figure | Effect of melatonin on in-itro fertilization of post-
ovulatory aged oocytes. (A) Representative images of fertilized
oocytes in control and aged groups. Scale bar, 200 pm. (B) In-vitro fer-
tilization rates of oocytes aged in-vitro for 0, 6, 12 and 24 h, respect-
ively. (C) In-vitro fertilization rates of aged oocytes exposed to
different concentrations of melatonin. Data in (B) and (C) are pre-
sented as mean percentage (mean + SEM) of at least three independ-
ent experiments. Asterisk denotes statistical difference ata P < 0.05.

scavengers and antioxidants (Chen et al, 2006; Manda et al., 2007;
Bonnefont-Rousselot et al., 201 1; Galano et al, 2011; Zhang and
Zhang, 2014). Recent studies have shown that supplementation of
melatonin during oocyte culture increases the rate of fertilization and
promotes early embryonic development in mice (Ishizuka et al., 2000;
Wang et al.,, 2013). However, the underlying mechanisms regarding
how melatonin improves the quality and fertilization potential of the
post-ovulatory aged oocytes are still not fully defined.
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We now report that post-ovulatory aging compromises the fertiliza-
tion ability of mouse oocytes by inducing precocious exocytosis of
ovastacin that causes premature cleavage of the sperm binding domain
of ZP2 and loss of sperm binding to the zona pellucida. Post-ovulatory
aging also disrupts the abundance of Juno, the sperm receptor on the
oocyte membrane, which affects gamete fusion. These post-ovulatory
aging defects appear in line with the generation of ROS and can be
ameliorated by media supplementation with melatonin.

Materials and Methods

Animals and feeding

All mice were handled in accordance with the Animal Research Institute
Committee guidelines of Nanjing Agricultural University, China. The female
4-week-old ICR (Institute of Cancer Research) mice were kept under controlled
conditions with a constant temperature (20-23°C) and a |2-h light/dark cycle,
and had free access to food and water throughout the period of the study.

In-vitro fertilization

Cauda epididymides were lanced in a dish of human tubal fluid (HTF)
medium (EMD Millipore, Billerica, MA, USA) to release sperm that were

A Control

Aging

capacitated for | h (37°C, 5% CO,) and added to ovulated oocytes at a
concentration of 4x10°/ml sperm in 100 pl HTF for 5 h at 37°C, 5% CO».
The presence of two pronuclei was scored as successful fertilization.

Sperm binding assay

Caudal epididymal sperm were isolated from 12-week-old ICR male mice
and placed under oil (Sigma-Aldrich, MO, USA) in HTF medium previously
equilibrated with 5% CO, and capacitated by an additional | h of incuba-
tion at 37°C. Sperm binding to control, aged and melatonin-treated aged
oocytes or two-cell embryos was observed using capacitated sperm and
control two-cell embryos as a negative wash control. Samples were fixed
in 4% PFA for 30 min and stained with Hoechst 33342. Bound sperm were
quantified from z projections acquired by confocal microscopy, and the
results reflect the mean + SEM from at least three independently obtained
samples, each containing 10—12 mouse oocytes or embryos.

Immunofluorescence and confocal
microscopy

Mouse oocytes were fixed in 4% paraformaldehyde in PBS (pH 7.4) for
30 min and permeabilized in 0.5% Triton-X-100 for 20 min at room tem-
perature. Then, oocytes were blocked with 1% BSA (bovine serum albu-
min)-supplemented PBS for | h and incubated at 4°C overnight or at room
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Figure 2 Effect of melatonin on sperm binding to the zona pellucida of post-ovulatory aged oocytes. (A) Oocytes and two-cell embryos from con-
trol and aged groups were incubated with capacitated sperm for | h. After washing with a wide-bore pipette, which removes all but two to six sperm
on normal two-cell embryos (negative control), oocytes and embryos with sperm were fixed and stained with Hoechst 33342. Scale bar, 20 um. (B)
The number of sperm binding to the surface of zona pellucida surrounding oocytes from control, aged and melatonin-supplemented groups. Data are

presented as mean percentage (mean + SEM) of at least three independent experiments. Asterisk denotes statistical difference ata P < 0.05.
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Figure 3 Effect of melatonin on ZP2 cleavage level in post-
ovulatory aged oocytes. (A) Western blot of ZP2 cleavage status in
oocytes and two-cell embryos using M2c.2 antibody that recognizes
the C-terminus of cleaved ZP2. The size of intact ZP2 is 120 kD; the
size of the cleaved C-terminal fragment of ZP2 is 90 kD. (B) The ratio
of cleaved ZP2 to intact ZP2 in control, aged and melatonin-
supplemented oocytes. Data are presented as mean percentage
(mean = SEM) of at least three independent experiments. Asterisk
denotes statistical difference at a P < 0.05 level of significance.

temperature for 4 h with rat monoclonal anti-mouse Folr4-FITC antibody
(1:100, BioLegend, CA, USA) or rabbit polyclonal anti-mouse ovastacin
antibody (1:100, obtained from Dr Jurrien Dean). 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 | h at
room temperature. Alexa Fluor 488 donkey anti-rabbit IgG (H+L) was
obtained from Invitrogen (Carlsbad, CA, USA). After washing three times,
oocytes were counterstained with Hoechst 33342 (10 ug/ml) for 10 min.
Finally, oocytes were mounted on glass slides and viewed under a confocal
laser scanning microscope (Carl Zeiss LSM 700 META).

Western blot analysis

For ZP2 cleavage experiments, 12 mouse oocytes or two-cell embryos
were lysed in 4x LDS sample buffer with 10X reducing reagent (Life
Technologies) and heated at 95°C for 5 min. For Juno and ovastacin detec-
tion, 400 mouse oocytes were lysed in 4x LDS sample buffer 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 | h at room tem-
perature, and then probed with 1:500 dilution of M2c.2 antibody (obtained
from Dr Jurrien Dean), rat monoclonal anti-mouse Folr4 antibody (1:1000,
BioLegend, CA, USA) or rabbit polyclonal anti-mouse ovastacin antibody
(1:1000) at 4°C overnight. After washing three times in TBST (10 min
each), blots were incubated for | h with a 1:5000 dilution of Horse Radish
Peroxidase conjugated goat anti-rat or goat anti-rabbit IgG secondary anti-
bodies (Santa Cruz, TX, USA). Chemiluminescence was performed with
ECL Plus (Piercenet) and signals were acquired by Tanon-3900.

Determination of ROS generation

To determine the levels of intracellular ROS production, cumulus-denuded
mouse oocytes were incubated with the oxidation-sensitive fluorescent
probe [dichlorofluorescein (DCFH)] for 30 min at 37°C in DPBS (Dulbecco’s
Phosphate Buffered Saline) that contained |0 pM DCFH diacetate (DCFHDA)
(Beyotime Institute of Biotechnology, China). Oocytes were then washed
three times in DPBS containing 0.1% BSA and placed on glass slides. The
fluorescent intensity in each oocyte was measured by Zeiss LSM 700 META
confocal system with the same scanning settings.

Annexin-V staining

As per the manufacturer’s instruction (Beyotime Institute of Biotechnology,
Hangzhou, China), mouse oocytes were stained with the Annexin-V staining
kit. After washing twice in PBS, the viable oocytes were stained for 30 min in
the dark with 90 ul of binding buffer containing 10 ul of Annexin-V-FITC.
Fluorescent signals were measured by the confocal microscope with the
same scanning settings (Zeiss LSM 700 META).

Statistical analysis

The data from at least three repeated experiments 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.

Results

Melatonin improves the fertilization
potential of post-ovulatory aged mouse
oocytes

To examine whether post-ovulatory aging impairs fertilization, we com-
pared in-vitro fertilization rates of mouse oocytes aged in vitro for 0, 6, 12
and 24 h. Most control oocytes could be fertilized and could develop to
two-cell embryos, while aged oocytes had varying degrees of reduced
fertilization ability (Fig. 1A, B). Oocytes aged for 24 h had significantly
lower fertilization rate compared to controls (88.6 + 2.9%, n = 110 vs.
35.6 + 2.2%, n = 83) and this time point was chosen for subsequent
investigations (Fig. |B). To determine the effect of melatonin on the fer-
tilization of aged oocytes, we cultured oocytes for 24 h with increasing
concentrations of melatonin (IO_9 M, 1077 M, [0">Mand 1073 M) and
then performed in-vitro fertilization. As expected, the rate of fertilization
increased in the melatonin-treated aged oocytes and supplementation
with 107> M melatonin significantly increased the fertilization rate com-
pared to control aged oocytes to 64.2 + 1.3% (n = 92) from 43.7 +
2.5% (n = 87) (Fig. 1C). Due to limited solubility, 107> M was the max-
imum concentration that we tested and this was used for subsequent
investigations. Collectively, these results indicate that melatonin can
improve the fertilization ability of aged mouse oocytes.

Melatonin elevates the sperm binding ability
of post-ovulatory aged oocytes

To determine the number of sperm binding to the extracellular zona pel-
lucida, gamete nuclei were stained with Hoechst and imaged by confocal
microscopy. The zona pellucida surrounding control, unfertilized oocytes
robustly supported sperm binding and the postfertilization cleavage of
ZP2 prevented sperm binding to the zona matrix surrounding two-cell
embryos. However, in aged oocytes, the number of sperm binding to the
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Figure 4 Effect of melatonin on the localization and protein level of ovastacin in post-ovulatory aged oocytes. (A) Representative images of ovastacin
in control and aged oocytes. Ovastacin was immunostained with rabbit polyclonal anti-mouse ovastacin antibody and examined by confocal micros-
copy. Scale bar, 20 um. (B) Abnormal rates of ovastacin localization in control, aged and melatonin-supplemented oocytes. Data are presented as
mean percentage (mean + SEM) of at least three independent experiments. Asterisk denotes statistical difference at a P < 0.05 level of significance.

(€) Protein levels of ovastacin examined by western blot in control, aged and melatonin-supplemented oocytes.

zona pellucida was substantially reduced compared with the control
oocytes (58.3 +9.0,n=42vs. | 1.5 + 0.7, n = 35) (Fig. 2A, B). In con-
trast, after treatment with melatonin, the number of sperm binding to
unfertilized aged oocytes was significantly increased compared with
untreated aged oocytes (I 1.5 + 0.7, n = 35 vs. 30.0 0.6, n = 33)
(Fig. 2A, B). Taken together, these results indicate that melatonin can
restore the ability of sperm to bind to aged oocytes.

Melatonin reduces ZP2 cleavage
in post-ovulatory aged oocytes

Sperm binding to zona pellucida is determined by the cleavage status
of N-terminus of ZP2, independent of fertilization and CG exocytosis
(Gahlay et al., 2010). Using M2c.2 antibody which has been previously
used to detect the cleavage of ZP2 by western blot (Gahlay et dl.,
2010; Burkart et al., 2012), we observed that ZP2 was intact (120 kD)
in unfertilized oocytes and cleaved (90kD) in two-cell embryos
(Fig. 3A). Unexpectedly, partially cleaved ZP2 was observed in unfertil-
ized oocytes in the aged group (Fig. 3A, B) suggesting that aged
oocytes lose ZP2 sperm binding sites. These observations are consist-
ent with the above sperm binding assay in which fewer sperm bound
to the zona pellucida surrounding aged oocytes. Since melatonin can
partially restore the sperm binding of aged oocytes, we investigated

the cleavage status of ZP2 in the zona pellucida in the presence of
melatonin. As expected, although ZP2 was also partially cleaved in the
melatonin-supplemented aged group, the cleavage level was lower
compared to that in the aged oocytes (Fig. 3A, B).

Melatonin rescues the localization and
abundance of ovastacin in post-ovulatory
aged oocytes

To further investigate the inability of sperm to bind the zona pellucida of
aged oocytes, we determined the localization and protein level of ovasta-
cin, an oocyte, CG-specific metalloprotease responsible for the postferti-
lization cleavage of ZP2. Immunofluorescent analysis detected ovastacin
in the subcortex of ovulated control oocytes with exclusion from the
CGFD. In striking contrast, ovastacin was abnormally located in aged
oocytes and these spatial anomalies could be rescued by treatment with
melatonin (Fig. 4A). The frequency of abnormally located ovastacin in
aged oocytes was significantly higher than that in controls (85.4 + 1.5%,
n=98vs. 18.] +3.6%, n=87) and was markedly reduced by treatment
with melatonin (85.4 + 1.5%, n =98 vs. 50.0 & 8.1%, n = 90) (Fig. 4B). In
addition, the abundance of ovastacin protein was substantially decreased
in aged oocytes (Fig. 4C), suggesting that a portion of ovastacin had been
prematurely exocytosed which could account for the partial cleavage of
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Figure 5 Effect of melatonin on the actin cap formation in post-
ovulatory aged oocytes. (A) Representative images of actin caps in con-
trol and aged oocytes. Actin was immunostained with phalloidin-FITC
and observed by the confocal microscopy. Scale bar, 20 pm. (B) The
rates of aberrant of actin cap formation in control, aged and melatonin-
supplemented oocytes. Data are presented as mean percentage (mean
+ SEM) of at least three independent experiments. Asterisk denotes
statistical difference ata P < 0.05 level of significance.

ZP2 in the extracellular zona matrix. However, treatment with melatonin
partially restored the protein levels of ovastacin (Fig. 4C). Collectively,
these data indicate that post-ovulatory aging of oocytes results in the mis-
localization and premature exocytosis of ovastacin which leads to defects
in sperm binding and failed fertilization.

Melatonin restores formation of the actin cap
in post-ovulatory aged oocytes

During meiotic maturation, chromosomes move to the oocyte cortex
and stimulate formation of a CGFD in which actin polymerizes to form
an actin cap. The biological significance of the CGFD is not fully clear,
but it is thought that sperm are less likely to fuse at this region to pro-
tect the maternal genetic material. Based on the above observation
that ovastacin in the CGs is mislocalized in aged oocytes, we hypothe-
sized that formation of the actin cap also would be impaired during
aging process. In control oocytes, the actin caps formed normally in
the CGFD region with few exceptions (Fig. 5A). However, in aged
oocytes, the rate of aberrant actin cap formation was increased com-
pared to control oocytes (53.5 + 4.7%, n = 69 vs. 14.8 +3.1%, n =
73), but could be reduced by treatment with melatonin (27.2 + 7.1%,
n=77vs.53.5+47%,n=69) (Fig. 5B).

Melatonin restores Juno in the membrane
of post-ovulatory aged oocytes

After sperm bind and penetrate the zona pellucida, they fuse with the
oocyte membrane via Juno’s interaction with Izumol, a sperm surface

Aging
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Figure 6 Effect of melatonin on the localization and protein level of
Juno in post-ovulatory aged oocytes. (A) Representative images of
Juno in control and aged oocytes. Juno was immunostained with rat
monoclonal anti-mouse Folr4 antibody and examined by confocal
microscopy. Scale bar, 20 pm. (B) Abnormal rates of Juno localization
in control, aged and melatonin-supplemented oocytes. Data are pre-
sented as mean percentage (mean + SEM) of at least three independ-
ent experiments. Asterisk denotes statistical difference at a P < 0.05
level of significance. (C) Protein levels of Juno examined by western
blot in control, aged and melatonin-supplemented oocytes.

receptor. In control oocytes, Juno was evenly distributed on the
oocyte membranes, but it was partly or entirely absent in aged oocytes
(Fig. 6A)). Based on immunofluorescent intensity, the abundance of Juno
was significantly decreased in aged oocytes compared to control oocytes
(16.6 = 1.7, n =78 vs. 41.1 + 2.7, n = 69) (Fig. 6B). Incubation with
melatonin during aging partially restored the Juno signal on the oocyte
membrane (24.2 + 2.0, n =72 vs. 16.6 + 1.7, n = 78) (Fig. 6B) which
was confirmed by western blot (Fig. 6C). We conclude that the reduced
abundance of Juno in the oocyte membrane is likely to play an important
role in the decreased fertilization ability of aged mouse oocytes.

Melatonin decreases ROS and suppresses
early apoptosis in post-ovulatory aged
oocytes

We hypothesized that aging induces oxidative stress which accelerates
apoptosis and leads to degradation of ovastacin and Juno which are
critical regulators of fertilization. To investigate potential antioxidant
effects of melatonin, we assessed ROS levels and apoptosis. In aged
oocytes, the fluorescent intensity of ROS was increased compared to
controls (153.6 + 10.8,n =45 vs. 78.8 + 5.1, n = 40) and supplemen-
tation with melatonin during aging reduced ROS levels (153.6 + 10.8,
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Figure 7 Effect of melatonin on reactive oxygen species (ROS) levels and early apoptosis in post-ovulatory aged oocytes. (A) Representative images
of ROS levels in control and aged oocytes. The ROS signals were increased in aged oocytes compared to controls. Scale bar, 20 pm. (B) Fluorescence
intensities of ROS in control, aged and melatonin-supplemented oocytes were measured by confocal microscopy using identical settings and para-
meters. (C) Representative images of apoptosis in control and aged oocytes. Oocytes were immunostained with Annexin-V-FITC. Scale bar, 20 pm.
(D) The rate of early apoptosis was recorded in control, aged and melatonin-supplemented oocytes. Data in (B) and (D) are presented as mean per-
centage (mean + SEM) of at least three independent experiments. Asterisk denotes statistical difference ata P < 0.05 level of significance.

n=45vs. 97.8 + 5.9, n = 50) (Fig. 7A, B). We also investigated apop-
tosis by staining for Annexin-V to detect the translocation of phospha-
tidylserine from the inner to the outer leaflet of the cell membrane.
The green fluorescent signal was detected faintly in control oocytes,
but clearly observed on the membrane of aged oocytes (Fig. 7C). The
proportion of apoptotic oocytes was dramatically higher in aged group
than in controls (74.3 + 0.7%, n = 34 vs. 30.3 + 3.0%, n = 35) but was
rescued in melatonin-supplemented group (74.3 + 0.7%, n = 34 vs.
54.9 + 1.6%, n = 30) (Fig. 7D).

Collectively, these results provide a body of evidence documenting
that melatonin improves the fertilization potential of post-ovulatory
aged oocytes by maintaining the localization and protein level of two
critical fertilization participants, ovastacin and Juno, and by reducing
aging-induced ROS levels and by inhibiting apoptosis (Fig. 8).

Discussion

The application of melatonin in human clinics to improve success rates
of IVF traces a long historic road of scientific discovery. Melatonin,
now known to be a robust antioxidant (Reiter et al., 2016), was first
reported in human preovulatory follicular fluid almost 30 years ago
(Brzezinski et al., 1987) and was subsequently shown to increase IVF
rates and early embryo development in mice (Ishizuka et al., 2000) and
to increase IVF rates in humans (Tamura et al., 2008). More recently,
melatonin has been found to prevent post-ovulatory oocyte aging and
extend the window for optimal fertilization in mice (Lord and Aitken,

2013). However, the underlying molecular basis for these observations
has remained unknown.

Recent advances based on molecular cell biology and mouse genet-
ics have proposed a model of gamete recognition in which capacitated
sperm bind to the N-terminus of ZP2 in the extracellular zona pellu-
cida, penetrate through the zona matrix and fuse to Juno in the oocyte
membrane to effect fertilization (Gahlay et al., 2010; Baibakov et dl.,
2012; Avella et al., 2014; Bianchi et al., 2014). After fertilization, Juno is
lost from the oocyte plasma membrane (Bianchi et al., 2014) and exo-
cytosis of ovastacin from CGs modifies ZP2 so that sperm cannot bind
to the zona pellucida (Burkart et al., 2012).

In our current results, we document that post-ovulatory aging dra-
matically reduced the number of sperm binding to the zona pellucida
concomitant with mislocalized CGs. The subsequent partial cleavage
of ZP2 most likely results from premature exocytosis of ovastacin
and is the hallmark of the zona hardening reaction (Burkart et al.,
2012), which effectively blocks sperm binding to the surface of the
zona matrix. In addition, we observed a decrease in the abundance
of Juno on the membrane of aged oocytes which would prevent
interactions with Izumo| on the sperm surface and decreased rates
of fertilization.

Most importantly, we found that the defects caused by the post-
owulatory aging could be restored, at least partially, by supplementation
with melatonin during the aging process in vitro. It has been shown by us
and others that post-ovulatory aged oocytes suffer from oxidative stress
with increased level of ROS which induces apoptosis. The deleterious
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Figure 8 Working model of melatonin-mediated improvement of
fertilization in post-ovulatory aged mouse oocytes. Post-ovulatory
aging induces high level of ROS and early apoptosis which may dam-
age two critical regulators of fertilization, ovastacin and Juno.
Consequently, premature exocytosis of ovastacin causes the cleavage
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concomitant loss of Juno on the oocyte membrane compromised
gamete fusion, and combined, these two defects result in decrease
fertilization rates of post-ovulatory aged oocytes. Melatonin restores
the fertilization ability possibly by inhibiting the ROS and apoptosis
and maintaining the functions of ovastacin and Juno. Dash lines denote
that post-ovulatory aging might disrupt ovastacin and Juno via add-
itional, yet to be described, mechanisms.

effect on the developmental potential of oocytes adversely affects fertil-
ization rates (Simon et al., 2000; Gao et al., 2012; Zhao et al., 2016).

Taken together, our findings provide a clinical implication in that
supplementation with melatonin has the potential to prolong in vitro
culture periods of retrieved oocytes for IVF cycle and elevate the IVF
rate in human ART. Although re-insemination of aged unfertilized
oocytes failing in IVF cycles could be achieved with ICSI via bypassing
impaired sperm binding and fusion, the deteriorated oocyte quality
would impede the subsequent development potential.
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ABSTRACT

Smc18 is a meiosis-specific cohesin subunit that is essential for sister chromatid cohesion and DNA
recombination. Previous studies have shown that Smc1 g-deficient mice in both sexes are sterile. Ablation
of Smc18 during male meiosis leads to the blockage of spermatogenesis in pachytene stage, and ablation
of Smc18 during female meiosis generates a highly error-prone oocyte although it could develop to
metaphase Il stage. However, the underlying mechanisms regarding how Smc18 maintains the correct
meiotic progression in mouse oocytes have not been clearly defined. Here, we find that GFP-fused Smc1p
is expressed and localized to the chromosomes from GV to MIl stages during mouse oocyte meiotic
maturation. Knockdown of Smc18 by microinjection of gene-specific morpholino causes the impaired
spindle apparatus and chromosome alignment which are highly correlated with the defective
kinetochore-microtubule attachments, consequently resulting in a prominently higher incidence of
aneuploid eggs. In addition, the premature extrusion of polar bodies and escape of metaphase | arrest
induced by low dose of nocodazole treatment in Smc1p-depleted oocytes indicates that Smci1pg is
essential for activation of spindle assembly checkpoint (SAC) activity. Collectively, we identify a novel
function of Smc18 as a SAC participant beyond its role in chromosome cohesion during mouse oocyte
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meiosis.

Introduction

Cohesin complex is well known as its roles in mediating
chromosome cohesion and segregation in both mitosis and
meiosis." To ensure correct meiotic chromosome segrega-
tion, sister chromatid cohesion (SCC) needs to be main-
tained from its establishment in prophase I oocytes before
birth until continuation of meiosis into metaphase II upon
oocyte maturation in the adult.”> At anaphase II cohesin is
cleaved by separase between sister chromatids, allowing
them segregated to generate haploid gametes.'® Aging
human oocytes suffer a steep increase in chromosome mis-
segregation and aneuploidy, which may be caused by loss of
SCC through slow deterioration of cohesin.””” This hypothe-
sis assumes that cohesin expression in embryonic oocytes is
sufficient to provide adequate long-term SCC. With increas-
ing age, mouse oocytes deficient in the meiosis-specific
cohesin Smc1B massively lose SCC and chiasmata.”'® Spe-
cific inactivation of mouse SmcIB gene at the primordial
follicle stage shortly after birth when oocytes had just
entered meiosis I dictyate arrest has normal chiasma posi-
tions and SCC in the adult, suggesting that Smclf cohesin
needs only be expressed during prophase I before the pri-
mordial follicle stage to ensure SCC up to advanced age of
mice.”®

Beyond its well-known role in SCC, Smc1g also exerts other
functions in various biologic events. Smclf determines meiotic
chromatin loop organization and proper axes/loop structure of

axial elements (AEs) and synaptonemal complexes (SCs). In
the absence of Smclp, AEs and SCs are greatly shortened to
about half length of those in wild-type mice.'"'* In addition,
Smclf serves a specific role at telomeres independent of its role
in determining AE/SC length and loop extension. In Smcl8~/~
meiocytes, one fifth of their telomeres fail to attach to the
nuclear envelope.'? Telomeres in Smc18 ™/~ spermatocytes and
oocytes lose their structural integrity and suffer a range of
abnormalities, suggesting that a telomere structure protected
from DNA rearrangements depends on Smclf. Smclg-defi-
cient mice in both sexes are sterile. Ablation of Smclg during
male meiosis leads to the blockage of spermatogenesis in
pachytene stage, and ablation of Smclp during female meiosis
generates a highly error-prone oocyte although it could develop
to metaphase II stage.'' Loss of Smclf affects spermatocytes
more dramatically than oocytes, for spermatocytes arrest in
mid-pachytene with a failure to complete synapsis, Smcl g-defi-
cient spermatocytes die in midpachytene.'' Despite accumulat-
ing previous research, the functional roles of Smclf during
oocyte meiotic maturation remain elusive.

Here, we report that Smclp localizes at chromosomes dur-
ing mouse oocyte meiosis and is required for normal spindle
assembly, proper chromosome alignment and correct kineto-
chore-microtubule attachments. Notably, Smc1g is involved in
the activation of SAC function to maintain the euploidy during
mouse oocyte maturation.
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Results

Smc1p localizes to the chromosomes during mouse oocyte
meiosis

To examine the localization of Smclf during meiotic matura-
tion in mouse oocytes, a construct fused with a fluorescent tag
GFP to the C-terminus of SmclB was made and in vitro tran-
scribed into cRNA. Following microinjection with cRNA,
oocytes were arrested at GV stage for another 6 h to allow
cRNA to be fully translated to protein, and then cultured to
specific time points to observe SmclB-GFP under the confocal
microscope. The result showed that Smclp exhibited a co-
localization with chromosome staining by Hoechst from GV to
MII stages (Fig. 1), indicating that Smclp is localized to chro-
mosomes during oocyte meiosis.

Depletion of Smc1p impairs spindle assembly
and chromosome alignment during mouse oocyte meiosis

To clearly define the role of Smclf during meiotic matura-
tion, a morpholino-based gene-silencing approach was
applied to deplete Smclf. Fully-grown GV oocytes were
microinjected with non-targeting or Smclf-targeting mor-
pholinos and arrested in medium supplemented with milri-
none for 20 h, allowing sufficient time to inhibit mRNA
translation. As shown in Fig. 2A, the protein level of
Smclp in Smclp-Kp oocytes was pronouncedly decreased
compared with control oocytes, confirming the knockdown
effect through morpholino injection. Then oocytes were
immunostained with anti-a-tubulin-FITC antibody and
counterstained with Hoechst to observe the spindle mor-
phologies as well as the chromosome alignment. The stain-
ing result showed that a great mass of control oocytes
displayed a typical barrel-shape spindle apparatus with a
well-aligned chromosome on the equatorial plate (Fig. 2B).
However, a diversity of disorganized spindle apparatuses
with scattered chromosomes was present in SmclS-Kp
oocytes (Fig. 2B). Quantitatively, almost 80% of oocytes dis-
played the aberrant spindle morphologies (78.3% =+ 2.1%,
n = 142) and more than 80% of oocytes exhibited mis-
aligned chromosomes (81% =+ 1.0%, n = 140) compared
with approximately 20% of defects in controls (20% =+
1.0%, n = 121; 17.5% £ 0.5%, n = 127; p < 0.05; Fig. 2C,
D). Thus, our data reveal that Smclf participates in the
regulation of spindle assembly and chromosome alignment
during mouse oocyte meiotic maturation.

Depletion of Smc1 compromises kinetochore-microtubule
attachments during mouse oocyte meiosis

Impaired spindle formation and incorrect chromosome align-
ment predicts that the interaction between kinetochores and
microtubules might be defective. To test this possibility, we
assessed the stability of kinetochore-microtubule attachments
by using cold treatment to depolymerize unstable microtubules
upon depletion of Smclp. To this end, MI oocytes were briefly
chilled to induce depolymerization of microtubules that are not
attached to kinetochores, and then immunostained with
CREST to detect kinetochores, with anti-o-tubulin-FITC
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antibody to visualize the microtubules and counterstained with
Hoechst to observe chromosomes. The staining result showed
that kinetochores were fully attached by microtubules and
chromosomes were well-aligned after cold treatment in most of
control oocytes (13.2% =+ 1.4%, n = 98; Fig. 3A, B). By contrast,
a prominently increased rate of kinetochores with very few
cold-stable microtubules was observed in Smclp-Kp oocytes
(74.7% £ 2.3%, n = 101, p < 0.05; Fig. 3A, B). Collectively, this
observation suggests that kinetochore-microtubule attachments
are less stable after depletion of Smclpg, which might lead to
the failure of spindle assembly and chromosome alignment.

Smc1p is required for prevention of aneuploidy in mouse
oocytes

Since chromosome misalignment is highly correlated with the
generation of aneuploidy, an abnormal number of chromo-
somes which might lead to miscarriage, embryonic lethality or
genetic disorders in mouse eggs, we then performed the karyo-
typing analysis of MII eggs by chromosome spreading. As
shown in Fig. 4A, the number of single chromosomes (univa-
lents) in the normal eggs was 20, which is the prerequisite for
genomic integrity in the mouse. However, a remarkably higher
incidence of aneuploid eggs that had more or less 20 univalents
was found in SmclB-Kp oocytes compared with controls
(13.9% £ 1.4%, n = 59 VS 83.8% = 0.8%, n = 61, p < 0.05;
Fig. 4B), indicating that oocytes are unable to correctly assem-
ble the spindles and properly align the chromosomes to gener-
ate euploid eggs in the absence of Smclf.

Smc1p is necessary for activation of SAC during oocyte
meiosis

We next examined the effect of Smc18 knockdown on the mei-
otic progression. After culture of GV oocytes to the specific
time points, the rates of GVBD and polar body extrusion were
counted in the control and Smclp-Kp oocytes, respectively.
The result showed that loss of Smc18 did not affect either ger-
minal vesicle breakdown or extrusion of first polar body (72.2%
+ 3.4%, n = 143 VS 75.6% £ 1.5%, n = 178; 69.8% £ 1.7%,
n =130 VS 67.2% =+ 2.2%, n = 166; Fig. 5A, B), 2 critical devel-
opmental events during oocyte maturation. However, at the
time point of 7 h post-GVBD, a higher percentage of PBE was
observed in SmclB-Kp, oocytes than that in controls (13.6% =+
1.1%, n = 137 VS 32.5% £ 0.9%, n = 170, p < 0.05; Fig. 5C),
suggesting that polar bodies were precociously extruded in the
absence of Smclg.

The premature PBE indicates that SAC activity is com-
promised in SmclB-Kp, oocytes. To further verify this possi-
bility, we tested whether oocytes depleted of Smclp would
override the MI arrest induced by low dose of nocodazole
treatment, indicative of SAC inactivation. For this purpose,
GV oocytes were cultured to 4 h post-GVBD and then
transferred to the medium supplemented with 0.04 pg/ml
of nocodazole for 6 h to observe the polar body extrusion.
The result showed that only about 8% of control oocytes
could abrogate MI arrest and extrude the first polar body in
the presence of low dose of nocodazole. Whereas Smclg-
Kp oocytes showed a prominent increase in the overriding
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rate and around 30% of oocytes finally reached the MII
stage (10.5% =+ 0.6%, n = 161 VS 30.5% =+ 2.6%, n = 187,
p < 0.05; Fig. 5D). Therefore, the above observations reveal
that Smclp is required for SAC activation and might regu-
late SAC proteins during meiosis.

Figure 1. Subcellular localization of Smc18 during mouse oocyte meiotic maturation. Mouse oocytes were microinjected with Smc18-GFP cRNA at GV stage, and then cul-
tured to GVBD, Pro-MI, MI, ATl and MII stages, respectively, followed by nuclear staining with Hoechst (blue). GV, oocytes at germinal vesicle stage; GVBD, oocytes at ger-
minal vesicle breakdown stage; Pro-MI, oocytes at first prometaphase stage; MI, oocytes at first metaphase stage; ATI, oocytes at first anaphase/telophase stage; MIl,
oocytes at second metaphase stage. Scale bar, 20 pm.

Discussion

The cohesin complex and its accessory factors contribute in many
ways to genomic organization and stability. Proteins in this net-
work have been shown to execute functions in chromosome
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Figure 2. Knockdown of Smc1p causes spindle/chromosome abnormalities in mouse oocytes. (A) Protein levels of Smc18 in control and Smc18-MO (morpholino injected)
oocytes. The blots were probed with anti-Smc18 antibody and anti-GAPDH antibody, respectively. (B) Representative images of spindle morphologies and chromosome
alignment in control and Smc18-MO oocytes. Oocytes were immunostained with anti-a-tubulin-FITC antibody to visualize spindles and counterstained with Hoechst to
visualize chromosomes. Scale bar, 20.4m. (C) The proportion of abnormal spindles was recorded in control and Smc1-MO oocytes. Data were presented as mean percent-
age (mean £ SEM) of at least 3 independent experiments. Asterisk denotes statistical difference at a p < 0.05 level of significance. (D) The proportion of misaligned chro-
mosomes was recorded in control and Smc18-MO oocytes. Data were presented as mean percentage (mean £ SEM) of at least 3 independent experiments. Asterisk

denotes statistical difference at a p < 0.05 level of significance.

segregation, gene regulation, DSB repair and chromosome mor-
phology.' In meiosis, the generation of mammalian gametes com-
prises 2 subsequent cell divisions (meiosis I and II) during their
development to reduce the ploidy.”'® Any errors in these processes
generating aneuploidy would lead to the miscarriage, age-related
infertility, and high incidence of genetic disorders such as Down
syndrome in humans."*"”

Meiotic cohesin complexes are composed of 4 essential sub-
units, including a meiosis-specific Smcl subunit (Smclp), 2
additional «-kleisins (Rad21L and Rec8) and another stromal
antigen protein (Stag3).'"®'? Previous studies have investigated

the functions of Smclp in determining the axis-loop structure
of synaptonemal complexes, in providing sister chromatid
cohesion in metaphase I and thereafter, in protecting telomere
structure, and in synapsis.'> However, litter is known about the
roles of Smclp during the development window of oocyte mei-
otic maturation.

Prevention of generating aneuploid cells is very important
for the health of offspring during meiotic divisions and aneu-
ploid embryos usually perish in utero, and even when they sur-
vive to term, they suffer from severe congenital birth defects.*
Loss of sister chromatid cohesion during meiosis has been
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Figure 3. Knockdown of Smc1p8 leads to the disrupted kinetochore-microtubule attachment in mouse oocytes. (A) Representative images of kinetochore-microtubule
attachments in control and Smc18-MO oocytes. Oocytes were immunostained with anti-a-tubulin-FITC antibody to visualize spindles, with CREST to visualize kineto-
chores, and counterstained with Hoechst to visualize chromosomes. Scale bar, 5 um. (B) The proportion of defective kinetochore-microtubule attachments was recorded
in control and Smc18-MO oocytes. Data were presented as mean percentage (mean £ SEM) of at least 3 independent experiments. Asterisk denotes statistical difference

atap < 0.05 level of significance.

postulated as a key factor in age-related non-disjunction in
human oocytes.”' *> Notably, a recent research has shown that
the integrity of the spindle checkpoint response depends on the
centromeric cohesin in mammalian oocytes.*®

In this study, we found that Smclp accumulated on the
chromosomes during mouse oocyte meiotic maturation.
This localization pattern is consistent with the typical chro-
matin distribution of cohesin subunits in mitosis. Also, it is
in line with Smclp localization on chromosome axes in
early meiosis.'"*”*® To clearly define its role during meiotic
maturation, loss-of-function experiments were performed by
gene-targeting morpholino microinjection in GV oocytes. In
mammalian females, cohesin complex has been loaded and
locked on chromosomes in fetal oocytes, and would not
undergo turnover after birth during arrest at the prolonged
dictyate stage.”*** Thus, during the window of oocyte mei-
otic maturation, cohesin complex no longer needs Smclp,
suggesting that another pool of Smclg8 might play a particu-
lar role in this process. As expected, our data showed that
spindle assembly was disrupted in SmclB-Kp oocytes.
Accompanied by this defect, scattered and lagging chromo-
somes were also observed in the absence of Smclp.

The observation of spindle/chromosome abnormalities
further prompted us to examine the kinetochore-microtu-
bule attachment following knockdown of Smc1p. The kinet-
ochore contains approximately 100 different proteins that

clustered in several different complexes on centromeric
DNA, including inner kinetochore proteins, outer kineto-
chore proteins, as well as regulatory proteins.’’*> Through
these multiprotein structures, kinetochore attaches chromo-
somes to spindle microtubules and maintain the attachment
to growing or disassembling microtubule to drive chromo-
somes segregation.’*>® Therefore, if errors of kinetochore-
microtubule attachment could not be corrected until ana-
phase, they would cause chromosome misalignment and
missegregation.””*® We thus propose that Smclp is involved
in the maintenance of the attachment between kinetochores
and microtubules during mouse oocyte meiosis. Consistent
with our expectation, the quantitative data showed that an
apparently increased rate of kinetochores was unattached by
microtubules upon cool treatment which is able to depoly-
merize unattached microtubules. As a result, loss of Smclp
generated an elevated incidence of aneuploid eggs which are
highly correlated with miscarriage, birth defects and genetic
disorders.

Finally, we tested the effect of SmclB on the meiotic
progression. Knockdown of Smclp did not affect GVBD
and PBE, 2 key events occurring during meiotic maturation.
However, it did cause the precocious PBE at anaphase
phase, indicating that SAC activity is compromised in
depletion of SmclfB. Another line of evidence to prove that
SAC function is impaired in SmclpB-depleted oocytes is that
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oocytes were able to override the MI arrest induced by
nocodazole in the absence of SmclpB. These observations are
coincident with the recent proposed concept that the spin-
dle checkpoint response depends on centromeric cohesin in
mammalian oocytes.*®

In summary, our study presents several lines of evidence
revealing that Smclp is a SAC regulator that maintains normal
spindle assembly, proper chromosome alignment and correct
kinetochore-microtubule attachment to prevent generation of
aneuploid eggs, discovering a new molecular determinant con-
trolling oocyte development.

Materials and methods
Antibodies

Rabbit polyclonal anti-Smclg antibody was purchased from
Abcam (Cambridge, MA, USA; Cat#: EP2879Y); mouse
monoclonal anti-a-tubulin-fluorescein isothiocyanate
(FITC) antibody was purchased from Sigma (St. Louis, MO,
USA; Cat#: F2168); human anti-centromere antibody was
purchased from Antibodies Inc. (Davis, CA, USA; Cat#: 15—
234); Alexa Fluor 555 conjugated goat anti-Human IgG
(H'L) was purchased from ThermoFisher (Waltham, MA,
USA; Cat#: A-21433).

Oocyte collection and culture

All experiments were approved by the Animal Care and Use Com-
mittee of Nanjing Agricultural University, China and were per-
formed in accordance with institutional guidelines. Female ICR
mice (4-6 weeks) were killed by cervical dislocation after intraperi-
toneal injections of 5 IU pregnant mare serum gonadotropin
(PMSG) for 46 h. Fully-grown oocytes arrested at prophase of meio-
sis I were collected from ovaries in M2 medium (Sigma, St. Louis,
MO, USA). Only those immature oocytes displaying a germinal ves-
icle (GV) were cultured further in M16 medium (Sigma, St. Louis,
MO, USA) under liquid paraffin oil at 37°C in an atmosphere of 5%
CO2 incubator for in vitro maturation. At different time points after
culture, oocytes were collected for subsequent analysis.

cRNA construct and in vitro transcription

For in vitro transcription, full-length Smc18 ¢cDNA was sub-
cloned into pcDNA3-EGFP vector. Capped cRNA was synthe-
sized from linearized plasmid using T7 mMessage mMachine
kit (ThermoFisher, Waltham, MA, USA), and purified with
MEGAclear kit (ThermoFisher, Waltham, MA, USA). Typi-
cally, 10-12 pl (4% of the oocyte volume) of 0.5-1.0 ug/ul
cRNA was injected into oocytes. The oocytes were then arrested
at the GV stage in M16 medium containing 2.5 M milrinone
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Figure 5. Effects of Smc18 Knockdown on the meiotic progression and SAC activity in mouse oocytes. (A) The proportion of germinal vesicle breakdown was recorded in
control and Smc18-MO oocytes. (B) The proportion of polar body extrusion was recorded in control and Smc18-MO oocytes at the time point of 12 h post-GVBD. (C) The
proportion of precocious polar body extrusion was recorded in control and Smc18-MO oocytes at the time point of 7 h post-GVBD. (D) The proportion of overriding Mi
arrest was recorded in control and Smc18-MO oocytes by low dose of nocodazole treatment. Data were presented as mean percentage (mean £ SEM) of at least 3 inde-
pendent experiments. Asterisk denotes statistical difference at a p < 0.05 level of significance.

for 6 h, allowing enough time for translation, and then released
into milrinone-free M16 medium for further study.

Morpholino knockdown

SmclB-targeting morpholino (5-GAGCAGCAGCTCAAGGT
GCCCCAT-3") was obtained from Gene Tools LLC (Philomath,
OR, USA), and then diluted to 1uM as working concentration. For
knockdown experiment, about 5-10 pl of morpholino was microin-
jected into the cytoplasm of fully grown GV oocytes using a Narish-
ige microinjector (Tokyo, Japan). A non-targeting morpholino was
injected as a control. To facilitate the morpholino-mediated inhibi-
tion of mRNA translation, oocytes were arrested at GV stage in
M16 medium containing 2.5 ;M milrinone for 20 h, and then cul-
tured in milrinone-free M16 medium for subsequent experiments.

Immunofluorescence 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 anti-
a-tubulin-FITC (1:200) or anti-centromere (1:200) antibodies
at 4°C overnight. After washing 4 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 3 times, oocytes were coun-
terstained with PI (Propidium Iodide) or Hoechst 33342
(10 pg/ml) for 10 min. Finally, oocytes were mounted on glass
slides and observed under a confocal laser scanning microscope
(Carl Zeiss 700).

Western blotting

A pool of 300 oocytes was lysed in 4 x LDS sample buffer
(ThermoFisher, Waltham, MA, USA) containing protease
inhibitor, and then separated on 10% Bis-Tris precast gels and
transferred onto PVDF membranes. The blots were blocked in
TBST (Tris-buftred saline containing 0.1% Tween 20) contain-
ing 5% low fat dry milk for 1 h at room temperature and then



incubated with anti-Smc18 antibody (1:1000) overnight at 4°C.
After 3 times of washes in TBST, the blots were incubated with
1:10,000 dilution of HRP (Horse Radish Peroxidase) conju-
gated secondary antibodies for 1 h at room temperature.
Chemiluminescence was detected with ECL Plus Western Blot-
ting Detection System (GE, Piscataway, NJ, USA) and protein
bands were visualized by Tanon-3900. The blots were then
stripped and reblotted with anti-B-actin antibody (1:5000) for
loading control.

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% parafor-
maldehyde with 0.15% Triton X-100 on a glass slide. After air
drying, chromosomes were counterstained with PtdIns 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 pro-
vided by SPSS16.0 statistical software. The level of significance
was accepted as p < 0.05.
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The Cullin9 gene encodes a putative E3 ligase that serves a wide variety of biological functions in mitosis, whereas
its roles in meiosis have not yet clearly defined. Here, we report that Cullin9 accumulates on the spindle
apparatus and colocalizes with the microtubule fibers during mouse oocyte meiotic maturation. Depletion of
Cullin9 by morpholino microinjection results in a remarkably higher rate of disorganized spindles and misaligned
chromosomes in oocytes, which is coupled with the impaired kinetochore-microtubule attachments. Resultantly,
the incidence of aneuploid eggs significantly increases in Cullin9-depleted oocytes. Moreover, we show that
Cullin9 controls Survivin's protein level during meiotic maturation, and thus regulates microtubule stability in
oocytes. Thus, our study assigns a new meiotic function to Cullin9 and reveals that it prevents mouse eggs
from aneuploidy by regulating microtubule dynamics via Survivin.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Accurate chromosome segregation ensures proper distribution of
genetic material during mitosis and meiosis [1]. In mammals, an oocyte
undergoes two rounds of asymmetric division called meiosis I and
meiosis II to generate a haploid gamete. During meiosis I, homologous
chromosomes are pulled apart by microtubules emanating from oppo-
site spindle poles that attach to kinetochores, a large protein-based
structure that are assembled onto the centromere of each chromosome.
Subsequently, during meiosis II, the sister chromatids are separated
through proper kinetochore-microtubule attachments [2]. Any errors
in this consecutive process will lead to aneuploid eggs which in turn
lead to miscarriages, birth defects and genetic disorders [3-5].

In both mitosis and meiosis, microtubules, as the essential cytoskel-
etal polymers, are composed of a-tubulin and pB-tubulin dimers that
exhibit a highly dynamic state, making alternate between periods of
rapid growth and shrinkage [2,6-8]. Defects in microtubule dynamics
impair diverse cellular processes such as maintenance of cell structure,
protein trafficking, intracellular transport of vesicles and organelles,
chromosome segregation, and cell division. The speedy reorganization
of dynamic microtubule fibers is responsible for establishing a highly
elegant bipolar apparatus called the spindle which functions to

* Corresponding author at: College of Animal Science and Technology, Nanjing
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accurately and precisely segregate the replicated chromosomes into
two daughter cells during cell division [9]. Moreover, a surveillance mech-
anism, spindle assembly checkpoint (SAC), exists to inhibit the anaphase-
promoting complex (APC) until all kinetochores are correctly bound to
microtubules and chromosomes align on the metaphase plate [10,11],
ensuring the euploidy and genome integrity in the cells.

Cullin9 (formerly PARC) is a member of evolutionarily conserved
Cullin family proteins that function as scaffold proteins in the assembly
of E3 ubiquitin ligases by binding to the small RING finger protein ROC1
(RBX1) [6,12]. Cullin9 contains multiple functional domains and has
been shown to act as a tumor suppressor. Cullin9 knockout cells showed
an remarkable increase in aneuploidy in hepatocytes and thymocytes
[13], and genetic ablation of Cullin9 in mice promoted spontaneous
tumor development via p53-dependent apoptosis [6,12]. In addition,
a recent report has demonstrated that Cullin9 is a key regulator in
the maintenance of microtubule dynamics and genome integrity by
ubiquitinating and degrading Survivin (BIRC5) [7].

Survivin belongs to the inhibitor of apoptosis protein (IAP) family and
is also a component of the chromosomal passenger complex (CPC)
functioning in bipolar spindle formation, kinetochore-microtubule at-
tachments, and cytokinesis to maintain the genome stability [ 14]. Reduc-
tion or loss of Survivin markedly increases the occurrence of abnormal
centrosomes [15], aberrant spindle assembly [16], inactivation of spindle
assembly checkpoints [17], and cytokinesis failure [15] in mammalian
cells. In meiosis, both depletion and overexpression of Survivin leads to
the defects in kinetochore-microtubule attachments and chromosome
alignment [18].
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Although Cullin9 plays important roles in multiple critical biological
processes in mitosis, its functions in oocyte meiosis have not yet been
explored. In the present study, we provide the data showing that Cullin9
localizes on the microtubule fibers to control the microtubule stability,
and thereby regulates spindle assembly and chromosome alignment
to prevent aneuploidy during mouse oocyte meiotic maturation.
Also, Survivin might act as a downstream effector of Cullin9 to mediate
these events.

2. Materials and methods
2.1. Antibodies

Rabbit polyclonal anti-PARC/H7-AP1(Cullin9) antibody was
purchased from Bethyl Laboratories (Montgomery, TX, USA; Cat#:
A300-098A-T); mouse monoclonal anti-Survivin antibody was
purchased from Cell Signaling Technology (Beverly, MA, USA; Cat#:
2808p); mouse monoclonal anti-a-tubulin-fluorescein isothiocyanate
(FITC) antibody and mouse monoclonal anti-acetyl-tubulin (Lys-40)
antibody were purchased from Sigma (St. Louis, MO, USA; Cat#:
F2168 and T7451); human anti-centromere antibody was purchased
from Antibodies Incorporated (Davis, CA, USA; Cat#: 15-234); FITC-
conjugated goat anti-rabbit IgG (H + L), TRITC-conjugated goat anti-
rabbit IgG (H + L) and TRITC-conjugated goat anti-mouse IgG (H + L)
were purchased from Zhongshan Golden Bridge Biotechnology Co.,
LTD (Beijing, China).

2.2. Oocyte collection and culture

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

Female mice (4-6 weeks) were sacrificed by cervical dislocation.
Oocytes were harvested from ovaries, and only those oocytes
displaying a germinal vesicle (GV) were cultured further in M16 medium
covered with liquid paraffin oil at 37 °C in an atmosphere of 5% CO, in
air. At different time points after culture, oocytes were collected for
subsequent analysis.

2.3. Morpholino knockdown and cRNA construct

For knockdown experiments, GV oocytes were microinjected with 5-
10 pl of non-targeting or Cullin9-targeting morpholinos (Gene tools,
Philomath, OR, USA) in M2 medium containing 2.5 M milrinone. Cullin9
morpholino sequence: 5'-ACGCCGTTCCCCTACCATCCTGATC-3’ (Gene
Tools, Philomath, OR, USA). 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 UM milrinone for 20 h, followed by washing 4
times in milrinone-free M2 medium, and then transferred to milrinone-
free M16 medium to resume the meiosis for further experiments.

For overexpression experiments, full-length of Cullin9 cDNAs were
inserted into the pcDNA3.1 vector (Addgene, Cambridge, MA, USA).
Capped cRNAs were synthesized from linearized plasmid using T7
mMessage mMachine kit (ThermoFisher, Waltham, MA, USA), and
purified with RNA purification kit (Tiangen Biotech, Beijing, China).
Typically, 10-12 pl (4% of the oocyte volume) of 1 pg/ul cRNA was
injected into oocytes.

2.4. Immunofluorescent analysis and confocal microscopy

Oocytes were fixed in 4% paraformaldehyde in PBS (pH 7.4) for
30 min and permeabilized in 0.5% Triton-X-100 for 20 min at room tem-
perature. Then, oocytes were blocked with 1% BSA-supplemented PBS
for 1 h and incubated overnight at 4 °C or for 4 h at room temperature
with anti-Cullin9 (1:50), anti-acetyl-tubulin (Lys-40) (1:100), anti-o-

tubulin-FITC (1:300), or anti-centromere (1:200) antibodies. 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 four
times, oocytes were counterstained with PI (Propidium lodide) or
Hoechst 33342 (10 pg/ml) for 10 min. Finally, oocytes were mounted
on glass slides and observed under a confocal laser scanning microscope
(Carl Zeiss 700).

For measurement of immunofluorescent intensity, the signals from
both control and experimental oocytes were acquired by performing
the same immunostaining procedure and setting up the same parameters
of confocal microscope. Data were analyzed by Image ] software.

2.5. Chromosome spread

MIl eggs were treated with 1% sodium citrate for 20 min, individually
transferred to a glass slide, and then fixed with several drops of 3 parts
methanol to 1 part acetic acid. After air drying, chromosomes were
counterstained with PI and examined under a laser scanning confocal
microscope.

2.6. Nocodazole treatment of oocytes

For nocodazole treatment, 10 mM nocodazole in DMSO stock was
diluted in M2 medium to give a final concentration of 10 uM. Oocytes
at Ml stage were transferred to the medium containing nocodazole for
10 min, followed by washing 3 times in nocodazole-free medium, and
then used for immunofluorescent analysis. In controls, oocytes were
cultured in M2 medium containing the same concentration of DMSO
for 10 min and then washed 3 times in nocodazole-free medium,
followed by immunofluorescent analysis.

2.7. Western blotting

A pool of 250 oocytes was lysed in 4x LDS sample buffer
(ThermoFisher, Waltham, MA, USA) containing protease inhibitor and
heated at 95 °C for 5 min. Proteins were separated on 10% Bis-Tris
precast gels and transferred to PVDF membranes. The blots were
blocked in TBST (TBS containing 0.1% Tween 20) containing 5% nonfat
milk for 1 h at room temperature, followed by incubation overnight at
4 °C with the rabbit anti-Cullin9 antibody (1:1000), mouse anti-
Survivin antibody (1:1000), or mouse anti-tubulin antibody (1:1000).
After washing 3 times in TBST, the blots were incubated with a
1:10,000 dilution of HRP (Horse Radish Peroxidase) conjugated
secondary antibodies for 1 h at room temperature. Chemiluminescence
was detected with ECL Plus (Pierce, Rockford, IL, USA) and signals were
acquired by Tanon-3900.

2.8. Statistical analysis

The data were given as mean + SEM and analyzed by one-way
ANOVA followed by Duncan's multiple comparisons test. A value of
p < 0.05 was considered as significance.

3. Results

3.1. Cullin9 localizes on the spindle fibers during mouse oocyte meiotic
maturation

We firstly examined the subcellular localization of Cullin9 at
different developmental stages of mouse oocytes by immunofluores-
cent staining. As shown in Fig. 1A, Cullin9 was mainly concentrated in
the germinal vesicle in GV oocytes. After GVBD, Cullin9 distributed
around the chromosomes at prometaphase I stage and then exhibited
spindle-like localization at metaphase [ and metaphase II stages. At
anaphase I/telophase I stage it accumulated to the midzone of the
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Fig. 1. Subcellular localization of Cullin9 during mouse oocyte meiotic maturation. (A) Mouse oocytes at various developmental stages were immunostained with anti-Cullin9 antibody and
counterstained with PI for chromosomes. GV, oocytes at germinal vesicle stage; GVBD, oocytes at germinal vesicle breakdown stage. Scale bar, 20 um. (B) Double staining of Cullin9 and
microtubules in metaphase I oocytes. Red, Cullin9; Green, a-tubulin; Blue, chromosomes. Scale bar, 20 um.

spindle. These spindle-like localization patterns of Cullin9 prompted us
to further determine its relationship with spindles, we thus co-stained
Cullin9 with microtubule component a-tubulin in metaphase I oocytes.
Double staining result showed that the signals of Cullin9 and a-tubulin
were completely overlapped (Fig. 1B), confirming the localization of
Cullin9 on spindle fibers.

3.2. Cullin9 is required for normal spindle assembly and proper
chromosome alignment in oocytes

The spindle localization of Cullin9 predicts its possible function in
spindle organization and chromosome alignment. We then employed
the microinjection of gene-targeting morpholino (Cullin9 MO) to carry
out the loss-of-function experiment. After microinjection, oocytes were
arrested at the GV stage for 20 h to allow enough time to deplete the en-
dogenous Cullin9, and then oocytes were cultured to the metaphase I
stage to analyze the spindle morphology and chromosome alignment.
Immunofluorescent staining results showed that most of control oocytes
exhibited a normal barrel-shape spindle with a well-aligned chromosome
on the equatorial plate (Fig. 2A). By contrast, various types of abnormal
spindle morphologies including elongated, multipolar and nonpolar spin-
dles with misaligned chromosomes were observed in Cullin9-depleted
oocytes (Fig. 2A). In control oocytes, the rates of aberrant spindles and
misaligned chromosomes were 17.94% + 1.91% and 19.24% 4 2.56%
(n = 109), respectively, whereas increased to 47.13% + 3.42% and
51.99% £ 0.75% (n = 118), respectively, in Cullin9-depleted oocytes
(p < 0.05; Fig. 2B, C).

3.3. Cullin9 is required for correct kinetochore-microtubule attachments in
oocytes

The disrupted spindle assembly and chromosome alignment are
always related to the impaired interaction between kinetochores and
microtubules. To assess the stability of kinetochore-microtubule
attachments, we employed cold treatment to depolymerize the unsta-
ble microtubules that are not attached to kinetochores. Metaphase I
oocytes were briefly chilled to induce depolymerization of unstable
microtubules, and then immunolabeled with CREST to detect kineto-
chores, with anti-tubulin-FITC antibody to visualize the spindles and
counterstained with Hoechst for chromosomes. Immunofluorescent
analysis showed that in most of control oocytes kinetochores at the
well-aligned chromosome remained fully attached by the spindle fibers
after cold treatment, and the rate of defective kinetochore-microtubule
attachments was quite low (10.42% 4+ 2.09%, n = 45; Fig. 3A, B).
However, in Cullin9-depleted oocytes, a significantly increased propor-
tion of scattered kinetochores with very few cold-stable microtubules
was observed (27.25% + 0.93%, n = 37; Fig. 3A, B). Therefore, these
data suggest that Cullin9 contributes to the stable formation of
kinetochore-microtubule attachments during oocyte meiosis.

3.4. Cullin9 is required for maintenance of euploidy in oocytes
We next tested whether chromosome misalignment in Cullin9-

depleted oocytes would produce aneuploid eggs. We then analyzed
the karyotype of MII eggs by chromosome spreading. As shown in
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Fig. 2. Depletion of Cullin9 impairs Spindle assembly and chromosome alignment in mouse oocytes. (A) Representative images of spindle morphologies and chromosome alignment in
control and Cullin9-KD (Cullin9-MO injected) oocytes. Green, tubulin; Red, DNA. Scale bar, 10 um. (B) The rate of aberrant spindles in control and Cullin9-KD oocytes was recorded.
Data were presented as mean percentage (mean 4+ SEM) of at least three independent experiments. Asterisk denotes significant difference (p < 0.05). (C) The rate of misaligned
chromosomes in control and Cullin9-KD oocytes was recorded. Data were presented as mean percentage (mean 4+ SEM) of at least three independent experiments. Asterisk denotes

significant difference (p < 0.05).

Fig. 4A, a large majority of control oocytes had 20 univalents to maintain
the euploidy. In striking contrast, the incidence of aneuploid eggs that
had more or less 20 univalents in Cullin9-depleted oocytes (42.78% +
3.08%, n = 42) was much higher than that in controls (14.39% +
3.08%, n = 35, p < 0.05), suggesting that Cullin9 is required to prevent
aneuploidy in oocytes (Fig. 4B). To rule out the possibility that the oc-
currence of aneuploidy was caused by the off-target effects of
morpholinos, we injected Cullin9 cRNA in Cullin9-depleted oocytes to
observe the rescue phenotype. As expected, the karyotyping result
showed that the rate of aneuploidy in rescue oocytes (16.24% + 1.95%,
n = 29) was reduced to the normal level comparable to controls
(Fig. 4B).

3.5. Cullin9 maintains acetylation level of a-tubulin and microtubule
stability via Survivin in oocytes

Because Cullin9 is an E3 ligase that promotes the ubiquitylation and
degradation of Survivin in somatic cells, we attempted to determine
whether this is conserved in oocyte meiosis. We then examined the pro-
tein level of Survivin in Cullin9-depleted oocytes by Western blotting.
The result showed that depletion of Cullin9 in oocytes substantially in-
creased the protein level of Survivin (Fig. 5A). To rule out the possibility

that the above observation was not caused by the off-target effect of
morpholinos, we microinjected Cullin9 cRNA which was transcribed
in vitro to the Cullin9-depledted oocytes. The result that exogenous
Cullin9 was able to reduce the increased protein level of Survivin
indicates that Survivin is indeed the downstream effector of Cullin9
(Fig. 5B). In addition, knockdown of Survivin in Cullin9-depleted
oocytes could restored the Survivin's protein level comparable to con-
trols (Fig. 5B), suggesting that Cullin9 could at least suppress Survivin's
protein level, although we did not have direct evidence showing that
Cullin9 is able to ubiquitinate and degrade Survivin in mouse oocytes.
Survivin has been reported to regulate microtubule dynamics in
both mitosis and meiosis, we thus reasoned that Cullin9 would be also
involved in this event in oocytes. We first examined the state of
acetylated a-tubulin, a post-translationally modified tubulin found in
stabilized microtubules, using anti-acetylated a-tubulin antibody. The
Cullin9-depleted oocytes showed a significant increase in the fluores-
cence intensity of acetylated tubulin compared to control oocytes
(87.67 £ 3.93, n = 46 VS 71.69 + 4.69, n = 54, p < 0.05; Fig. 6A, B),
suggesting that the microtubule is over-stabilized in the absence of
Cullin9. Whereas knockdown of Survivin in Cullin9-depleted oocytes
restored the acetylation level of a-tubulin comparable to controls
(68.45 4+ 3.99, n = 45; Fig. 6A, B), indicating that Survivin is the



2938 X. Dai et al. / Biochimica et Biophysica Acta 1863 (2016) 2934-2941

Control

Cul9-KD

B

Defective K-M attachment

30~ *
X 201
[)
(o))
i)
| =
[0
o
[l
o 104
0-
Control  Cul9-KD

Fig. 3. Depletion of Cullin9 compromises kinetochore-microtubule attachments in mouse oocytes. (A) Representative images of normal and abnormal kinetochore-microtubule
attachments in control and Cullin9-KD oocytes. Metaphase I oocytes were chilled at 4 °C for 15 min to depolymerize the unstable microtubules and then immnunostained with a-
tubulin-FITC antibody to visualize spindles (green), with CREST to detect kinetochores (red) and counterstained with Hoechst 33342 to observe chromosomes (blue). Scale bar, 10 pum.
(B) The rate of defective kinetochore-microtubule attachments was recorded in control and Cullin9-KD oocytes. Data were presented as mean percentage (mean + SEM) of at least

three independent experiments. Asterisk denotes significant difference (p < 0.05).

downstream molecule that mediates the function of Cullin9 in this
process. Collectively, the hyperacetylation of a-tubulin when depleted
of Cullin9 shows the over-stabilization of microtubules, which thereby
would disrupt microtubule dynamics, spindle organization and chro-
mosome segregation.
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Fig. 4. Depletion of Cullin9 generates aneuploidy in mouse oocytes. (A) Representative
images of euploid and aneuploid eggs in control, Cullin9-KD and Cullin9-rescue oocytes.
Chromosome spreading was performed to count the number of chromosomes.
Chromosomes were counterstained with PI. Scale bar, 5 um. (B) The rate of aneuploid eggs
was recorded in control, Cullin9-KD and Cullin9-rescue oocytes. Data were presented as
mean percentage (mean 4 SEM) of at least three independent experiments. Asterisk
denotes significant difference (p < 0.05).

To further confirm the role of Cullin9 in regulation of microtubule
stability, the resistance of microtubules in oocytes to the microtubule
depolymerizing drug nocodazole was tested. In controls, 10 min after
nocodazole treatment, spindle apparatus was collapsed and microtu-
bules were completely depolymerized (Fig. 6C). By contrast, although
spindle was not observed, microtubules persisted at this time in
Cullin9-depleted oocytes, showing the enhanced microtubule stability
in these oocytes (Fig. 6C). Moreover, when co-depleted of Cullin9 and
Survivin, the resistance of microtubules to nocodazole restored to the
normal level as controls (Fig. 6C). Finally, we assessed the incidence
of aneuploid eggs when knockdown of Survivin in Cullin9-depleted
oocytes, and the rate of aneuploidy also restored to control levels
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Fig. 5. Protein levels of Cullin9 and Survivin in Cullin9 and/or Survivin knockdown oocytes.
(A) Protein levels of Cullin9, Survivin and tubulin in control and Cullin9-KD oocytes were
determined by Western blotting. (B) Protein levels of Cullin9, Survivin and tubulin in
control, Cullin9-rescue and Cullin9/Survivin-KD (Cullin9-MO/Survivin siRNA co-
injected) oocytes were determined by Western blotting. The blots were probed with
anti-Cullin9, anti-Survivin and anti-tubulin antibodies, respectively. The molecular
weights of Cullin9, Survivin and tubulin are 282 kDa, 16 kDa and 55 kDa, respectively.
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Fig. 6. Depletion of Cullin9 over-stabilizes microtubules. (A) Representative images of acetylated-tubulin in control, Cullin9-KD and Cullin9/Survivin-KD oocytes. Oocytes were
immunolabeled with anti-acetylated a-tubulin antibody (green) and counterstained with Hoechst 33342 (blue). Scale bar, 20 um. (B) Quantitative analysis of acetylated c-tubulin
fluorescence intensity in control, Cullin9-KD and Cullin9/Survivin-KD oocytes. Data were presented as mean percentage (mean #+ SEM) of at least three independent experiments.
Asterisk denotes significant difference (p < 0.05). (C) The resistance of microtubules to the microtubule depolymerizing drug in mouse oocytes. After treatment in medium containing
nocodazole for 10 min, control, Cullin9-KD and Cullin9/Survivin-KD MI oocytes were immnunostained with a-tubulin-FITC antibody to visualize microtubules (green) and
counterstained with Hoechst 33342 to observe chromosomes (blue). Scar bar, 10 pm. (D) The rate of aneuploid eggs was recorded in control and Cullin9/Survivin-KD oocytes. Data
were presented as mean percentage (mean + SEM) of at least three independent experiments.
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(14.39% + 3.08%, n = 35 VS 18.70% £ 1.31%, n = 38, Fig. 6D). Taken
together, these results demonstrate that Survivin acts as a downstream
effector of Cullin9 to regulate the microtubule stability and ensure
euploidy during mouse oocyte meiosis.

4. Discussion

Previous studies in mitotic cells have shown that Cullin9 binds with
p53 and is ubiquitously localized in the cytoplasm [12]. In our data, the
immunofluorescent results show that Cullin9 is concentrated on the
spindle and colocalized with microtubule fibers during oocyte meiosis,
which predicts that Cullin9 might play a unique role in regulation of
microtubule dynamics and spindle organization. This prediction is
consistent with a recent report showing that Cullin9 is a critical down-
stream effector of the 3 M complex in the maintenance of microtubule
and genome integrity in mitosis. Thus, to examine the specific functions
of Cullin9 during mouse oocyte meiotic maturation, we employed
morpholino-based gene-silencing approach to perturb Cullin9 expres-
sion in the protein level. As expected, depletion of Cullin9 resulted in a
higher incidence of severely aberrant spindles and misaligned chromo-
somes with unattached kinetochores in MI oocytes, resultantly leading
to aneuploidy in MII eggs.

The regulation of Cullin9 in the spindle assembly further prompted
us to test its possible roles in microtubule dynamics. Tubulin acetylation
is a post-translational modification that occurs on Lys-40 of the a-
tubulin subunit [19,20]. Acetylated a-tubulin is abundant in stable
microtubules but is absent in dynamic subcellular structures [21].
Recent studies have shown that acetylation of a-tubulin is involved in
microtubule organization in nematode touch receptor neurons [22,23]
and in the regulation of microtubule stability [20,24]. Also, acetylated
a-tubulin is found in stabilized microtubules in mouse oocytes [25,
26]. Thus we detected acetylated a-tubulin as the indicator of microtu-
bule stability in Cullin9-depleted oocytes. As our results revealed that
the acetylation level of a-tubulin is significantly increased when
depleted of Cullin9, indicating that microtubules are over-stabilized
and lose the dynamics in this case, which might be the leading cause
resulting in the defective spindle assembly we observed before. Another
line of evidence we presented to confirm that microtubules are over-
stabilized in Cullin9-depleted oocytes is their notably elevated
resistance ability of microtubules to microtubule depolymerizing drug
nocodazole. The microtubule fibers still persist in Cullin9-depleted
oocytes following period of treatment with nocodazole, while they
completely disappear in controls. Collectively, we demonstrate from
different aspects that Cullin9 plays an important role in maintaining
microtubule stability to ensure the normal spindle organization.

A recent report has proposed a 3 M-Cullin9-Survivin pathway in
maintaining microtubule and genome integrity and verified that Cullin9
is an E3 ligase of Survivin for its ubiquitination [7]. Survivin shows
multiple functions in various biological processes including inhibition
of apoptosis and regulation of chromosome segregation, spindle forma-
tion, spindle checkpoint and cell division [27,28]. More importantly,
Survivin has been reported to modulate microtubule dynamics and
nucleation to exert microtubule-based functions [29]. In human RPE-1
cells depleted of Survivin, the decreased level of acetylated tubulin
reveals the role of Survivin in regulation of microtubule stability [29].
To confirm whether Survivin is a downstream effector to mediate the
functions of Cullin9 in meiotic cells, we detected the protein level of
Survivin in Cullin9-depleted oocytes. In agreement with the findings
in mitotic cells, Survivin protein level increases a lot in the absence of
Cullin9. Additionally, inhibition of Survivin in Cullin9-depleted oocytes
is able to, at least partially, rescue the phenotypes of over-stabilized
microtubules and aneuploidy, suggesting that the relationship of
Cullin9 and Survivin in regulation of microtubule dynamics is conserved
between mitosis and meiosis.

In the present study, we investigate the localization and potential
functions of Cullin9 during mouse oocyte meiotic maturation. We find

that Cullin9 is required for normal spindle assembly and proper
chromosome alignment by controlling microtubule stability to maintain
the euploidy in mouse eggs. Moreover, we discover that Cullin9
promotes these events by suppressing the protein level of Survivin in
oocytes.
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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.

Keywords: Mouse; Oocyte; Oocyte maturation; Meiosis; Oocyte quality
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