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ABSTRACT

SURVIVIN is an essential chromosomal passenger complex (CPC) subunit and participates in cell
division. In this study, we used porcine oocyte as a model to investigate the roles of Survivin
during porcine oocyte maturation. Survivin was highly expressed in germinal vesicle (GV) and
germinal vesicle breakdown (GVBD) stages oocytes, mainly localized in the GV at GV stage and on
the chromosomes after GVBD. We have used RNA interference to specifically deplete Survivin in
oocytes during in vitro maturation (IVM). Immunofluorescence assay showed that Survivin- I; spindle assembly
depleted oocytes failed to produce polar body in meiosisX (failed to complete cytokinesis), and checkpoint; chromosomes;
they were arrested in metaphaseXwith misaligned chromosomes. The homologous chromosomes pig

in Survivin-depleted oocytes could not be separated normally. Moreover, both the phosphoryla-

tion levels of Aurora B and the mRNA level of Mad2L1 related to spindle assembly checkpoint

(SAC) was decreased in Survivin-depleted oocytes, which thus inhibited the degradation of Cyclin

B1 (CCNBT) to complete meiosis. Taken together, we conclude that Survivin is an important

mediator of centromere and midbody docking of Aurora-B as well as its activity and regulates

SAC and MPF activity during meiosis in porcine oocytes.
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Introduction

The protein SURVIVIN has become valuable as its
extensive expression in various human cancers and
its potential as a target in cancer therapy [1]. As the
smallest member of the inhibitors of apoptosis pro-
tein (IAPs) family, Survivin has been identified as
part of the chromosomal passenger complex (CPC).
CPC contains three additional subunits: the Aurora-
B kinase, the inner centromere protein (INCENP),
and Borealin/Dasra-B (Borealin) [2,3]. As the func-
tional subunit, Aurora-B interacts with Survivin,
INCENP and Borealin during cell division [4], and
they show a typical chromosomal passenger localiza-
tion pattern during mitosis at the inner centromere
in (pro)metaphase, the central spindle during ana-
phase and the midbody during cytokinesis [5]. In
prophase, the CPC is localized on chromosome arms
and centromeres and regulates the chromosome
structure after histone H3 phosphorylation [6,7].

During pro-metaphase and metaphase, it localizes
exclusively to centromeres which is important for
correcting non-bipolar kinetochores attachment
and it also contributes to spindle formation and
stability [8-11]. After metaphase, CPC moves to
the spindle midzone, and then is located to the
equatorial cortex and finally to the midbody, these
processes are essential for the execution of cytokin-
esis [12]. Previous results indicated that knockdown
of Survivin, INCENP or Borealin respectively dis-
rupted Aurora-B localization and function, which
led to similar mitotic defects [11,13-18]. It has
been found that Aurora B bound to the C-terminal
domain of INCENP (the so-called IN-box) and then
targeted to centromeres by interacting with Survivin
[3,19-21]. Aurora-B is activated at the G2—M transi-
tion and sustains activating until mitotic exit [22].
Thus, it seems that the functions of Aurora-B are
mainly determined by its dynamic localization pat-
tern [7]. But the relationship between the activity of
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Aurora-B and its correct location to the central
spindle remained elusive during porcine oocyte
maturation.

During mitosis, in addition to bipolar chromo-
some attachment, proper chromosome segregation
also requires the alignment of every single chro-
mosome before anaphase is initiated. This check-
point mechanism inhibits the onset of anaphase
until all chromosomes are attached to the mitotic
spindle and properly aligned on the metaphase
plate [21]. Spindle assembly checkpoint (SAC) is
a mechanism which guarantees precise chromo-
some segregation by inhibiting the activity of the
anaphase promoting complex/cyclosome (APC/C)
in mitosis. The SAC involves various checkpoint
proteins including Bubl, BubR1l, Bub3, Madl,
Mad2, Mpsl and others. SAC prevents the transi-
tion of anaphase by inhibiting the anaphase pro-
moting  complex/cyclosome  (APC/C)  that
regulates the proteolysis of various mitotic target
protein, whose degradation is required for the
beginning of anaphase [23,24]. Ablation of CPC
proteins Aurora B and Survivin results in SAC
silencing, which implied that the CPC might be
part of the SAC [8,9,25,26]. Moreover, Aurora-B
also could activate the SAC indirectly by generat-
ing unattached kinetochores during the correction
process [27]. However, it is not clear whether
Aurora B and the CPC are directly or indirectly
involved in SAC activity.

SAC is activated by both unoccupied kinetochores
and kinetochores with incorrect microtubule attach-
ment tension. Aurora-B is required for phosphoryla-
tion of histone H3 on serine 10 [28,29] and for
targeting of condensing to chromosomes [30], and
these subunits are essential for chromosomes to
achieve a stable metaphase orientation [29,31],
which is possibly done by regulating the interaction
of kinetochores with microtubules [31-33]. Ipl-1p
(Aurora kinase in the budding yeast) is essential for
the tension-sensitive arm of the spindle assembly
checkpoint [34]. Studies using dominant-negative
mutants and antibody injection have built
a relationship between mammalian Survivin and
Aurora-B in the spindle assembly checkpoint [35-
37]. Survivin may contribute to the regulation of
microtubule dynamics [38] and has been reported
to be involved in spindle assembly [39,40]. In
C. Elegans, Aurora-B/AIR-2 is also required for

CELL CYCLE (&) 2437

separation of homologous chromosomes in meiosis
I [41]. To confirm the role of the CPC in SAC
activity, it has been found that the kinetochore loca-
lization of Bubl and BubR1 was dependent on
Aurora B [15,25,26,37,42]. Interestingly, Aurora-B
becomes essential for a nocodazole induced mitotic
delay in the absence of Bubl, which implied that
Bubl and Aurora-B might collaborate to maintain
the SAC [43,44].In the end, Survivin and Aurora-B
are required for the execution of cytokinesis
[38,45,46]. Above all, these results suggest that the
CPC might play a direct role in SAC function, but
the contribution of the individual CPC subunit pro-
tein for proper SAC mechanism remains unclear. In
this study, we have used siRNA to deplete Survivin
expression in porcine oocytes to study the roles of
Survivin during porcine oocyte maturation.

Materials and methods
Porcine oocytes collection and culture

Porcine ovaries were obtained from a standard
slaughterhouse, then transported to the laboratory
in an insulated containers with saline at 38.5 X in
1-2 h. Follicular fluid from 3-6 mm antral follicles
was aspirated with an 10 ml injection syringe.
COCs were selected and culture as reported [47].
The oocytes obtained from COCs were used for
subsequent experiments.

Microinjection

For Survivin knockdown or overexpression experi-
ment, 5-10 pL of Survivin siRNA (50 pM) or
1.0 pg/uL Survivin mRNA and control siRNA or
ultrapure water was microinjected into the cyto-
plasm of GV oocytes with granulosa cell layers.
A 1 pL drop of siRNA was placed in the dish to
fill the micropipette, and injections were per-
formed using an Ti-S inverted microscope (Ti-S,
Nikon, Japan) equipped with micromanipulation
equipment (Nikon, Japan) with 38.5K. COCs were
injected by femtojet 4i ° (Eppendorf, Germany)
and injection pipette which had an inner diameter
about 0.5 pm. After injection, oocytes were kept at
room temperature (RT) for 10 min and then
moved into the incubator for following experi-
ment. The COCs with Survivin depletion were
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cultured in the medium supplied with 2 mM
dbcAMP for 20 h [48] and then matured in vitro.
Furthermore, the COCs with Survivin overexpres-
sion were cultured with 2 mM dbcAMP for 2 h
and then matured in vitro.

For CCNBI expression, we mixed 0.5 mg/mL
CCNBI-eGFP mRNA and 50 pM survivin siRNA,
and then injected the mixture into the cytoplasm
of GV oocytes; in the control group, 0.5 mg/mL
CCNBI-eGFP mRNA was injected into the cyto-
plasm. The microinjection operation was finished
within 30 min. After injection, COCs were cul-
tured in the medium supplied with 2 mM
dbcAMP for 20 h [48] and then matured in vitro.

Antibodies, immunofluorescence and confocal
microscopy

Antibodies used in the experiments were purchased
from the following companies: rabbit monoclonal
anti-Survivin (Cell Signaling Technology, Beverly,
MA, USA); mouse monoclonal anti-a-tubulin
(Sigma), anti-GAPDH (Invitrogen, Carlsbad, CA,
USA); Secondary antibodies were purchased from
ZhongShan Golden Bridge Biotechnology Co., Ltd
(Beijing, China). Oocytes for immunofluorescent
staining were fixed in 4% paraformaldehyde in PBS
for 60 min at RT. Then, they were transferred to
membrane permeabilization solution (0.5% Triton
X-100) for 20 min and blocking buffer (1% BSA-
supplemented PBS) for 1 h. At last, oocytes were
incubated overnight at 4X with antibodies described
above in appropriate dilutions. Then, the oocytes
were mounted on glass slides and examined with
a laser scanning confocal microscope (Zeiss LSM
510, Oberkochen, Germany).

cDNA cloning, mRNA synthesis and
microinjection

Total RNA of each sample was isolated from 50
porcine oocytes using an Arcturus Pico Pure kit
(Life Technologies, Grand Island, NY). Enhanced
GFP (eGFP) cRNA was transcribed in vitro from
pIVT-eGFP [49]. And 1 ng was added to each
sample prior to RNA isolation as an internal control.
The cDNA of each sample was obtained using a Fast
Quant RT kit (Tiangen). Quantitative RT-PCR was
performed according to the instruction in Super

Real PreMix Plus kit (Tiangen), using cDNA of
each sample. Relative gene expressions were calcu-
lated using the ACq method [50] with eGFP expres-
sion for normalization. The primers were listed as
follows: GFP (F: GAACGGCATCAAGGTGAACT;
R: TGCTCAGGTAGTGGTTGTCG); Survivin (F:
CCTGGCAGCTCTACCTCAAG; R: GAAAGCAC
AACCGGATGAAT); Mad2ll (F: CCAAGATGA
AATCCGGTCA; R: TCAGAATTGGTTATGAAC
TGTGG); Mad2l2 (F: CAGACGAGCAGGATGTC
CAG; R: GCTCGCTCTTCCACGTACAG); Cdc20
(F: TGTGCTCCATTCTCTGGTCTC; R: GGATG
CCTTGGTGGATGA); Cdkl (F: GGGTCAGCT
CGCTACTCAAC; R: AGTTTTTGACGTGGGA
TGC); Ndc (F: CCTCTCCATGCAGGAGTTAA
GA; R: GGTCTCGGGTCCTTGATTTTCT).

Vector construction and transcription in vitro

The ¢cDNA of porcine oocytes, as the templates of
Survivin and CCNBI genes cloning, were obtained
with the method of RNA isolation and reverse
transcription as previously mentioned. Survivin
and CCNBI genes were cloned with DNA poly-
merase (Takara, Prime STAR Mix, DP214-02).
The products were used for A-tailing and TA
cloning with DNA A-Tailing kit (Takara, 6109),
then transformed into competent Escherichia coli
cells. Positive colonies were selected and plasmids
were extracted with plasmid extraction kit
(AxyGen, AP-MN-P-50). Survivin and CCNBI
were inserted into the pIVT vector and the
pIVT-C-eGFP vector. After linearization, these
vectors were used for in vitro transcription and
tailing with mMESSAGE mMACHINE T7 kit
(Thermo, AM1344). The mRNA was purified
with RNAeasy kit (Tiangen) and stored at —80KX.

Western blot

A total of 300 porcine oocytes per sample were
mixed with SDS sample buffer and boiled for
5 min at 98X for SDS-PAGE. Western blotting
was performed as described previously [48],
using the antibody dilution anti-Survivin (1:
2000); anti-GAPDH (1: 2000); anti-B-actin (1:
5000); anti-Aurora B (1: 1000); anti — phosphory-
lated Aurora B (1: 1000); anti-Mad2 (1: 1000).



Statistical analysis

All experiments were repeated at least three times.
Statistical analysis was performed using SPSS 22.0
statistical software. Data were expressed as mean
+ SEM. P<0.05 was considered as statistically
significant and P <0.01 was considered as great
significant.

Result

Expression and distribution of survivin during
porcine oocyte maturation in vitro

To investigate the role of Survivin in meiosis, we
detected the expression of Survivin in the tran-
scription and protein level, as well as the subcel-
lular location of Survivin in porcine oocytes during
maturation. Porcine cumulus oocyte complexes
(COCs) were cultured for 0 h, 24 h, 28 h or 44 h,
respectively, which were corresponded to GV,
GVBD, MI and MII stage of meiosis. To determine
the expression and distribution of Survivin,
oocytes were denuded at each stage and harvest
for quantificational real-time polymerase chain
reaction (qRT-PCR), western blot and immuno-
fluorescence staining. The qQRT-PCR result showed

Survivin
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that Survivin was highly expressed at GV and
GVBD stage and decreased rapidly in MI stage
(Figure 1(a)). The western blot results revealed
that Survivin was maintained in GV stage and
reduced in GVBD to MII (Figure 1(c,d)).
Immunofluorescence results showed that Survivin
was mainly co-localized with chromatins in GV
and chromosomes in GVBD, MI and MIL
Meanwhile there were small quantity of Survivin
dispersed in the cytoplasm from GV to MI and
disappeared in MII (Figure 1(b)), which suggested
that survivin might take effects by affecting chro-
mosome arrangement during porcine oocytes
maturation.

Survivin depletion disturbed the behavior of
meiotic chromosomes

To investigate the role of Survivin in meiosis, we
used RNA interference (RNAi) to deplete the
expression of Survivin in porcine oocytes during
maturation. It was shown that Survivin-depleted
oocytes failed to release polar body in meios
(failed to complete cytokinesis) (Figure 2(a,b)).
qRT-PCR result showed that Survivin were fully
diminished after Survivin RNAi (Figure 2(c)).

DNA Survivin

Merge

Figure 1. Expression and subcellular localization of Survivin during porcine oocytes meiotic maturation. (a) Relative expression of
Survivin mRNA in GV, GVBD, MI and MIl stages; (b) Subcellular localization of Survivin during porcine oocytes maturation. N-Ctr:
negative control; Bar = 25 um. (c) The protein level of Survivin in in GV, GVBD, MI and MII stages. Proteins derived from a total of 300

oocytes were loaded for each sample.
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Figure 2. Survivin depletion led to oocytes arrested at the Ml stage and impaired chromosome alignment. (a) Representative DIC
images of oocytes and oocyte maturation percentage in the control and Survivin knockdown groups. Bar = 25 pm. ** P < 0.01 (b)
Relative expression of Survivin mRNA in the control and Survivin knockdown groups after 24 h and 68 h siRNA injection. * P < 0.05,
** P < 0.01 (c) Expression of SURVIVIN protein in the siRNA-injected oocytes and relative levels of SURVIVIN protein between control
and Survivin knockdown groups. Porcine COCs were injected with siRNA and incubated with dbcAMP for 20 h, followed by Western
blotting. (d) Images of SURVIVIN (red) and chromosome (blue) in control and Survivin knockdown groups. Oocytes were stained with
Survivin antibody to visualize the protein and co-stained with DAPI for chromosomes. Bar = 25 pm.

Immunoblot analysis showed that Survivin was
substantially repressed (Figure 2(d,e)). These
results suggested that segregation of chromosomes
had been disturbed in Survivin-depleted porcine

oocytes. We also found that depletion of Survivin
compromized the ability of oocyte to align meta-
phaselchromosomes (Figure 3(a)), which was con-
sistent with previous results. About 70% of



anaphase and telophase cells displayed abnormal-
ities in chromosome segregation (Figure 3(b)). We
concluded that Survivin was apparently essential
for accurate segregation of homologous
chromosomes.

Depletion of survivin decreased the
phosphorylation of Aurora B

Our results indicates that chromosomes arrange-
ment has anomalies in MI, and previous studies
have demonstrated that Aurora B kinase activity
was regulated by both Survivin binding and cell
cycle-dependent phosphorylation [51]. Thus, we
speculated that the activity of Aurora B kinase
had been related to abnormal meiosis. To test
this hypothesis, we detected the effect of Survivin
depletion on Aurora B activity. We found that
Survivin-depletion oocytes elicited a sustained
decrease of phosphorylated Aurora B (Figure 3
(c,e)), the key function subunit of CPC, which
were associated with SAC activation. We next
overexpressed Survivin by microinjecting synthe-
sized Survivin mRNA to study its effect on the
Aurora B kinase activity. Immunoblot analysis
showed that Survivin level was increased, but
there were no influence on phosphorylated
Aurora B level (Figure 3(d,f)), which suggested
that Aurora B was independent of the Survivin
level.

Depletion of survivin induced the decreased
expression of SAC related genes

It was proved that CCNB1 regulated MPF activity
and the activation of SAC. We found that CCNB1,
which affected the activity of MPF critical for
metaphase-anaphase transition, elicited
a sustained existence in Survivin-depletion oocyte
(Figure 4(a,b)). We concluded that the chromo-
somes arrangement anomalies caused by survivin
depletion had characteristics of the activation of
a phosphorylated Aurora B-dependent response.
SAC and anaphase promoting complex/cyclosome
(APC/C) are very important in meiosis. So we
determined the expression of SAC and APC/C
associated genes. The result showed that the
expression of Mad2L1 and Cdkl were decreased
in Survivin-depletion oocytes. Meanwhile the
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other genes (Cdc25b, Cdc20 and Mad2L2) expres-
sion had no significant changes (Figure 4(c)).

Discussion

In this study, we used porcine oocytes as a model
to investigate the roles of SURVIVIN during por-
cine oocyte maturation. Our results demonstrated
that Survivin regulated the phosphorylation levels
of Aurora B and affected MPF activity to regulate
SAC, which ensured that all chromosomes were
accurately arrangement during meiosis in porcine
oocytes (Figure 4(d)). These findings were consis-
tent with the studies that Survivin-depleted HeLa
cells and U20S cells entirely lacked sister-
chromatid segregation in mitosis [15,52]. Our
observation was important to indicate the
mechanism of chromosomes separation during
porcine meiotic maturation.

The Aurora-B kinase was reported to promote
bipolar kinetochore attachments by destabilizing
kinetochore attachments [32,53]. Thus we propose
that Survivin ensures the bipolar attachment of
kinetochores by being essential for assembly of
the CPC at centromeres in meiosis, and Survivin
depletion leads to Aurora-B failing to assemble at
centromeres in pro-metaphase in Survivin-
depletion cells. Although INCENP owns a highly
conserved centromere targeting domain in its
N-terminus [54], the mechanism by which domain
mediates centromeric localization remains contro-
versial. Because INCENP interacts with Survivin
by means of this N-terminal domain [3], and it is
proved that Survivin mediates meiotic localization
of the CPC [3]. And Aurora B enzymatic activity
relies on accurate localization, so we suggested that
Survivin regulated Aurora B activity by its loca-
tion. In our experiments, Survivin-depletion
oocytes elicited a sustained decrease of phosphory-
lated Aurora B; overexpressed Survivin did not
increase the phosphorylated Aurora B, which
implied that Survivin is associated with activated
Aurora B by recruiting it to kinetochores.

Multiple correction process at kinetochores
might be required until the bipolar attachment is
finally achieved. Bipolar attachment generates ten-
sion by sister kinetochores and separates the CPC/
Aurora B from the kinetochore targets spatially,
which leads to the stabilization of correct
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Figure 3. Survivin depletion led to chromosome misaligned and decrease of phosphorylated Auroa B. (a) Images of Spindle
morphologies (green) and chromosome (blue) in control and Survivin knockdown groups. Oocytes were stained with a-tubulin-
FITC antibody to visualize the spindles and co-stained with DAPI for chromosomes. Bar = 10 um. (b) The percentage of spindle/
chromosome defects in oocytes from the control and Survivin knockdown groups. (c) The protein level of Survivin, Aurora B,
phosphorylated Aurora B and Mad2 examined by western blot in the control and Survivin knockdown groups in MI stage. And the
relative level of each protein analysis was showed in (d). * P < 0.05, ** P < 0.01. (e) The protein level of Survivin, Aurora B, and
phosphorylated Aurora B examined by western blot in the control and Survivin overexpression groups in MI stage. And the relative
level of each protein analysis was showed in (f). * P < 0.05, ** P < 0.01.

attachments. Inhibition [55], depletion [3] or, as
we have shown here, displacement of the CPC via
Survivin-depletion from centromeres is associated
with the generation of attached kinetochores,
which silencesAurora B and induces chromosome
misalignment. Cyclin B1 is a subunit in MPF and
its degradation by active APC/C once oocytes
enter into Al stage [56]. Meiosis will arrest at MI
when Cyclin Bl accumulates, which were rely
relied on MPF and APC activity. Survivin-
depletion induced overriding of SAC may be

associated with a mis-localization of the CPC
from centromeres onto chromosome arms. This
activity of mislocalization appears to be not related
to DNA damage, but rather to its ability to MPF
activity. So we assessed exogenous Cyclin B1-GFP
degradation in survivin-depletion oocytes in MI
oocytes. Survivin-depletion induced the sustaining
of exogenous Cyclin B1 in MI oocytes which may
extend AI stage.

In MI oocytes, sister kinetochores become
attached to microtubules emanating from the
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Figure 4. Survivin depletion inhibited Cyclin B1 degradation in oocytes at MI-Al. (a) Images of cyclin B1-GFP (green) in the control
and Survivin knockdown groups. Cyclin B1 was immunolabled with GFP and examined by confocal microscopy. Bar = 25 um (b) The
average fluorescence intensity of Cyclin B1-GFP in the control and Survivin knockdown groups. (c) Relative expression of SAC or APC/
C associated genes which were Cdc25b, Cdc20, Cdk1, Mad2L1 and Mad2L2. * P < 0.05. (d) Schematic illustrating function of Survivin

during porcine oocytes maturation.

spindle poles. If both kinetochores are attached in an
end-on manner from opposite poles, the force bal-
ance leads to stable biorientation, which leads to all
chromosomes uniformly arranged in the equatorial
plane [57]. Once this process is finished, SAC is
inactivated and oocytes start to enter into Al stage
[58]. In our studies, we found the oocytes with
Survivin depletion were arrested at MI stage and
chromosomes were misaligned. Mad2 is the key
submit of SAC, which is localized at kinetochores
and combines with other functional groups to active
SAC [59]. In addition, it can combine with Cdc20,
and they together recruit other proteins to form
meiosis checkpoint compounds (MCC) [60], which
is the key factor in inhibition of the APC/C activity
[58]. NDC80 is a component of kinetochore proteins
which establish a connection between chromosomal
centromeres and microtubes of spindle. NDC80
bridge is involved with the reductional division in
meiosis I [61]. Related studies have reported that
Aurora B kinase could interact with SAC [57], so

we detected the expression of Mad2L1, Mad21.2, and
Ndc80 in Survivin depleted oocytes. Our results
showed that Survivin depletion decreased the expres-
sion of Mad2L1, which was consistent with the pre-
vious studies.

Taken together, our studies demonstrated that
Survivin took critical roles in homologous chro-
mosomes segregation during porcine oocyte meio-
tic maturation (Figure 4(d)). Both the
phosphorylation levels of Aurora B and the
expression of Mad2L1 related to spindle assembly
checkpoint (SAC) were decreased in Survivin-
depleted oocytes. Porcine oocytes could not com-
plete the first meiotic division without SURVIVIN
to release the first polar body. Our data provided
important information that could potentially be
used to culture porcine oocytes in vitro and pro-
vide more oocytes with high quality for research or
embryo production.
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