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ABSTRACT
The early embryonic development is important for the subsequent embryo implantation, and any 
defects in this process can lead to embryonic aneuploidy, which causes miscarriage and birth 
defects. Survivin is the member of inhibitor of apoptosis protein (IAP) family, and it is also an 
essential subunit of chromosomal passenger complex (CPC), which regulates both apoptosis and 
cell cycle control in many models. However, the roles of survivin in mouse early embryos remain 
unclear. In the present study, we showed that survivin activity was essential for mouse early 
embryo development. Our results showed that survivin mainly accumulated at chromosomes at 
metaphase stage and located at the spindle midzone at anaphase and telophase stages during 
the first cleavage. Loss of survivin activity led to the failure of cleavage in early mouse embryos. 
Further analysis indicated that survivin involved into spindle organization and chromosome 
alignment. Moreover, inhibition of survivin induced oxidative stress and DNA damage, showing 
with the increase of ROS level, the positive γH2A signal, and the increase of Rad51 level. We also 
observed the occurrence of autophagy and apoptosis in the survivin-inhibited embryos. In 
summary, our study suggested that survivin was a critical regulator for early embryo development 
through its regulation on spindle organization, chromosome alignment, and DNA damage.
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Introduction

The early embryo development begins with the zygote 
formation. After fertilization, the zygotes complete the 
first cleavage and enter the two-cell embryonic stage 
followed by the mitotic spindle formation and chro
mosome separation [1,2]. Subsequently, the embryos 
undergo successive mitosis and develop to morulae 
[3]. Next, unequal division leads to the formation of 
two different cell groups: the cells located inside the 
morulae form the ectoderm and endoderm, namely 
inner cell mass (ICM); while the cells outside of the 
morulae form the trophectoderm (TE) [4]. At about 
the 30-cell stage, the morulae develop into blastulas 
after coelomation [5]. Accurate DNA replication and 
chromosome segregation are important for the 
embryo to maintain integrity of genome [6]. And 
DNA damage could cause the blocking of cell cycle, 
which further affects the cleavage and embryo quality 
[7]. Therefore, during early embryonic development, 
any mistake in any link will cause the failure of 
embryo implantation and embryo death.

Survivin is known as a bifunctional protein that 
related with apoptosis and cell cycle control [8,9]. 
Apoptosis inhibition may be a general feature of neo
plasia, and the BIR domain (Baculovirus IAP Repeats) 
of survivin is supposed to be important for anti- 
apoptotic regulation [10]. As the member of inhibitor 
of apoptosis protein family (IAP), survivin could inhi
bit cell death by physically interacting with caspases. 
Thus, survivin is a potential target for apoptosis-based 
therapy in cancer [9,11,12]. Meanwhile, survivin is 
also identified as the composition of the chromosomal 
passenger complex (CPC). CPC contains four subu
nits: the inner centromere protein (INCENP), survi
vin, Aurora-B kinase, and Borealin/Dasra-B [13,14]. 
CPC participates in several key mitotic events, such as 
the correct attachment of chromosome-microtubule, 
activation of the spindle assembly checkpoint (SAC), 
and construction/regulation of the contractile appara
tus that drives cytokinesis [15]. SAC is important to 
guarantee precise chromosome segregation by inhibit
ing the activity of the anaphase-promoting complex/ 
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cyclosome (APC/C) [16]. In human cells, survivin is 
crucial to stable association of BubR1 to kinetochores 
and sustained SAC signaling [17]. During mouse and 
porcine oocytes meiosis, survivin is an important fac
tor to regulate SAC activity [18–20]. During embryo
nic development, survivin has been shown to be an 
essential inhibiting apoptotic factor. Moreover, it is 
shown that survivin is expressed in preimplantation 
embryos and could protect the embryos from apopto
sis by inhibiting an apoptotic pathway [21], and sur
vivin prevents insect midgut from cell death during 
postembryonic development [22].

Although survivin has been showed as an impor
tant inhibitor of apoptosis in early embryos; how
ever, it is still unclear whether survivin has other 
regulatory functions as the composition of CPC dur
ing embryonic development. In the present study, we 
used the survivin inhibitor YM-155 to investigate the 
functions of survivin during mouse early embryo 
development. Our results showed that survivin regu
lated spindle morphology, chromosome alignment, 
and DNA damage repair, which was essential for 
embryonic development.

Materials and methods

Antibodies and chemicals

The survivin inhibitor YM-155 was from Selleck 
(Shanghai). Rabbit monoclonal anti-survivin anti
body was from Cell Signaling Technology (Beverly, 
MA, USA), rabbit monoclonal anti-γ-H2A.X anti
body, rabbit monoclonal anti-MAP1LC3A antibody, 
and cytochalasin B were from Abcam (Cambridge, 
UK), rabbit polyclonal anti-RAD51 antibody was 
purchased from Proteintech (Proteintech, CHI, 
USA). Mouse monoclonal anti-α-tubulin-FITC anti
body and Hoechst 33,342 were from Sigma-Aldrich 
Corp (St. Louis, MO, USA). Alexa Fluor 488 goat 
anti-rabbit antibody and Alexa Fluor 594 goat anti- 
rabbit antibody were from Invitrogen (Carlsbad, CA, 
USA). EGTA was from Solarbio (Beijing). All other 
reagents not mentioned were from Sigma.

Parthenogenetic activation and embryo culture

We followed the guidelines of the Animal Research 
Institute Committee of Nanjing Agricultural 

University, and the animal facility had license 
authorized by the experimental animal committee 
of Jiangsu Province (SYXK-Su-20,170,007). Female 
mice (8 wk) were used to super-ovulated. After 48 h 
of intraperitoneal injection with 5 IU pregnant mare 
serum gonadotrophin (PMSG), the mice were then 
injected with 5 IU human chorionic gonadotrophin 
(HCG). Finally, after 14 h the cumulus-oocyte com
plexes (COCs) were collected from the ampullae of 
oviducts. To get the exposed MII oocytes, COCs were 
treated with 10 mg/mL hyaluronidase for 5 min. For 
production of parthenogenetic embryos, MII oocytes 
were activated by parthenogenetic activation med
ium, which includes 5 μg/mL cytochalasin B, 2 mM 
EGTA and 5 mM SrCl2 in M16 culture medium. 
Embryos were cultured in M16 culture medium, 
under mineral oil at 37°C in 5% CO2 atmosphere.

YM-155 treatment

YM-155 was dissolved in DMSO to 15 mM for 
reserve solution. We chose 15 nM and 20 nM 
(M16 diluted) working concentration for pre- 
experiment, and we chose 15 nM for the following 
experiments. The embryos were cultured in the 
M16 medium for different times and analyzed by 
immunofluorescence staining.

Immunofluorescence staining and confocal 
microscopy

Embryos were fixed 30 min in 4% paraformalde
hyde (in phosphate-buffered saline (PBS)), then 
permeabilized for 20 min with 0.5% Triton X-100 
in PBS, and blocked for 1 h in blocking buffer (1% 
BSA-supplemented PBS) at room temperature. For 
survivin, tubulin, γ-H2A.X and LC3A staining, the 
embryos were incubated with primary antibodies 
(survivin 1:200; α-tubulin-FITC 1:100; γ-H2A.X 
1:200; MAP1LC3A 1:200) at 4°C overnight, then 
embryos were washed 3 times (5 min each time) 
by wash buffer (0.1% Tween 20 and 0.01% Triton 
X-100 in PBS). For secondary antibody staining, 
Alexa Fluor 488 goat anti-rabbit or Alexa Fluor 
594 goat anti-rabbit antibody were incubated 
(1:200) for 1 h at room temperature. Finally, 
embryos were incubated with Hoechst 33,342 at 
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room temperature for 10–20 min. After staining, 
samples were mounted on glass slides and 
observed with a confocal laser-scanning micro
scope (Zeiss LSM 800 META, Germany).

Reactive oxygen species (ROS) detection

Reactive Oxygen Species Assay Kit (DCFH-DA, 
Beyotime Institute of Biotechnology, China) was 
used to analyze the ROS levels of in 2-cell 
embryos. The 2-cell-embryos were transferred 
from M16 to DCFH-DA (1:800, with M16 med
ium dilution) for 30 min at 37°C. Then, we washed 
the embryos with fresh M16 for three times. 
Confocal fluorescent microscope (OLYMPUS 
CKX53, Japan) was used to detect the ROS fluor
escent signals.

Real-time quantitative PCR analysis

Total RNA was extracted from 30 2-cell embryos 
using the Dynabeads mRNA DIRECT kit 
(Invitrogen Dynal AS, Norway). The first-strand 
cDNA was generated with PrimeScript RT Master 
Mix (Takara, Japan), under the following reaction 
conditions: 37°C for 15 min, 85°C for 5 s, hold at 
4°C. The following primers were used to amplify 
the full-length coding sequence of target genes by 
RT-PCR: Sod1-F: 5′-AAC CAG TTG TGT TGT 
CAG GAC-3′, Sod1-R: 5′- CCA CCA TGT TTC 
TTA GAG TGA GG-3′; Sod2-F: 5′-CAG ACC 
TGC CTT ACG ACT ATG G-3′, Sod2-R: 5′-CTC 
GGT GGC GTT GAG ATT GTT-3′ Rad51-F: 5′- 
AAG TTT TGG TCC ACA GCC TAT TT-3′, 
Rad51-R: 5′-CGG TGC ATA AGC AAC AGC 
C-3′; Rad54-F: 5′-GAC AGT AAC TCC TAA 
GAA ACG CA-3′, Rad54-R: 5′-GCC GGT TGA 
GTA GCT GAG TC-3′; P62-F: 5′-ATG TGG AAC 
ATG GAG GGA AGA-3′, P62-R: 5′-GGA GTT 
CAC CTG TAG ATG GGT-3′; Bax-F: 5′-TGA 
AGA CAG GGG CCT TTT TG-3′, Bax-R: 5′- 
AAT TCG CCG GAG ACA CTC G-3′; Bak-F: 5′- 
GTG ACC TGC TTT TTG GCT GAT-3′, Bak-R: 
5′-GGT CTC TAC GCA AAT TCA GGG-3′; 
mTOR-F: 5′- ACC GGC ACA CAT TTG AAG 
AAG −3′, mTOR-R: 5′- CTC GTT GAG GAT 
CAG CAA GG −3′; beclin-1-F: 5′- ATG GAG 

GGG TCT AAG GCG TC −3′, beclin-1-R: 5′- 
TCC TCT CCT GAG TTA GCC TCT −3′; 
gapdh-F: 5′- AGG TCG GTG TGA ACG GAT 
TTG −3′, gapdh-R: 5′- TGT AGA CCA TGT 
AGT TGA GGT CA −3′.

Real time-PCR reaction system (20 µL) was 
used: 10xFaste Universal SYBR Green Master 
(ROX) 10 µL; forward primer and reverse primer 
0.8 µL, respectively; cDNA template 2 µL; ddH20 
6.4 µL. Real time-PCR was conducted with a fast 
real-time PCR system (ABI Step One Plus). And 
the reaction conditions as following: Denaturation 
for 30 s at 95°C; 40 cycles of PCR for the quanti
tative analysis (95°C for 5 s and 60°C for 30 s), 
hold at 4°C. The relative expression of each gene 
was calculated using the 2−ΔΔCt method and per
formed three times per sample.

Western blot analysis

One hundred mice 2-cell embryos were placed in 
Laemmli sample buffer and heated at 100°C for 
10 min. Proteins were separated by SDS-PAGE at 
165 V for 80 min and then electrophoretically 
transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA) at 
20 V for 75 min. After transfer, the membranes 
were then blocked with TBST (TBS containing 
0.1% Tween 20) containing 5% nonfat milk at 
room temperature for 1 h. After blocking, the 
membranes were incubated with rabbit monoclo
nal anti-γ-H2A.X antibody (1:500), rabbit polyclo
nal anti-RAD51 antibody (1:500), and rabbit 
monoclonal anti-tubulin antibody (1:2000) at 4°C 
overnight. After washing 5 times in TBST (5 min 
each time), membranes were incubated for 1 h at 
room temperature with HRP-conjugated Pierce 
Goat anti-Rabbit IgG (1:5000). After washing for 
5 times, the membranes were visualized using che
miluminescence reagent (Millipore, Billerica, MA). 
The experiment was repeated 3 times with differ
ent samples.

Statistical analysis

At least three biological replicates were performed 
for each analysis. Means ± SEM were used to 
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express the results of group. All analyses were 
performed using GraphPad Prism7.00 software 
(GraphPad, CA, USA). Results of P < 0.05 were 
considered statistically significant (differences 
P < 0.05 denoted by *, P < 0.01 denoted by **, 
differences P < 0.001 denoted by *** and 
P < 0.00001 denoted by ****).

Results

Localization of survivin during mouse embryonic 
development

We first examined subcellular localization of survivin 
at different stages of embryo first cleavage by immu
nofluorescent staining. Our results showed that survi
vin was mainly accumulated at chromosomes after 
nuclear membrane breakdown (NEBD) and at meta
phase stages; when chromosomes segregated and the 
zygote entered anaphase and telophase stages, survi
vin was mainly located at the midzone and midbody 
(Figure 1a). We also co-stained survivin with micro
tubules, as shown in Figure 1b, survivin accumulated 
at the central spindle at the anaphase in the zygotes. 
The localization pattern of survivin indicated that 
survivin might interact with chromosomes-related 
functions during embryonic development.

Inhibition of survivin activity affects the first 
cleavage of mouse early embryonic development

To investigate the function of survivin, we used 
survivin inhibitor YM-155 to discover the prospec
tive role during embryonic development. We treated 
embryos with 15 nM concentration of YM-155 for 
subsequent experiments. After treated the embryos 
with YM-155, the specific localization of survivin 
disappeared (Figure 2a). The cleavage rate of control 
group and DMSO group showed no significant dif
ference (the rate of 2-cell: control group vs DMSO 
group: 86.00 ± 6.51%, n = 284 vs. 87.23 ± 6.53%, 
n = 158, p > 0.05; the rate of 4-cell: control group vs 
DMSO group: 79.84 ± 6.11%, n = 203 vs. 
76.20 ± 7.24%, n = 132, p > 0.05. Figure 2c); we 
then compared control group and YM-155 treat
ment group in the following experiments. Our 
results showed that after the YM-155 treatment, 
most embryos could not complete first cleavage 

and failed to form the 2-cell embryos; moreover, 
almost all embryos were unable to develop to 
4-cell embryos (Figure 2b). Statistical analysis data 
also confirmed this result (the rate of 2-cell: control 
group vs YM-155 group: 86.00 ± 6.51%, n = 284 vs. 
62.67 ± 3.84%, n = 257, p < 0.05; the rate of 4-cell: 
control group vs YM-155 group: 79.84 ± 6.11%, 
n = 203 vs. 1.55 ± 0.78%, n = 179, p < 0.001) 
(Figure 2c). Moreover, we analyzed the 2-cell rate 
at different time points to check the cell cycle pro
gression, and the results showed that at the starting 
of the embryos cleavage, there was a higher rate of 
2-cell embryos in YM-155 treatment group; how
ever, after 16 h culture, the 2-cell rate was signifi
cantly lower compared with the control group 
(Figure 2d). Our results indicated that inhibition of 
survivin might result in precocious anaphase and 
induce the decrease of cleavage rate.

Figure 1. The localization of survivin during mouse early 
embryonic development. (a) Subcellular localization of survivin 
during mouse first cleavage of embryos. Survivin was enriched 
at the chromosomes (NEBD and metaphase stages) and spindle 
midzone (anaphase and telophase stages). Green, survivin; blue, 
DNA. Bar = 20 μm. (b) Co-stain of survivin and tubulin during 
mouse first cleavage of embryos. Survivin was enriched at the 
chromosomes (metaphase stage) and spindle midzone (ana
phase stage). Red, survivin; green: tubulin; blue, DNA. 
Bar = 20 μm.
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Inhibition of survivin affects spindle morphology 
and chromosome alignment at the first cleavage 
of mouse embryos

To clarify the causes of survivin on the cleavage of 
mouse embryos, based on the localization of survivin 
we examined the spindle morphology and chromo
some alignment at metaphase of first cleavage 
embryos. As shown in Figure 3a, in the control 
group, 1-cell embryos exhibited complete barrel- 
shaped spindles, with the well-arranged chromo
somes at the equatorial plate of spindle. By contrast, 
after the YM-155 treatment, the spindles of the 
embryos showed a variety of defects, such as the 

multipolar and nonpolar spindle, and the chromo
somes in embryos of the YM-155 treatment group 
were severely misaligned. This could be supported by 
the statistical analysis data (the rate of abnormal spin
dle: control group vs YM-155 group: 20.86 ± 3.72%, 
n = 151 vs. 48.46 ± 7.88%, n = 139, p < 0.01) (Figure 
3b); (the rate of chromosome misalignment: control 
group vs YM-155 group: 20.86 ± 3.72%, n = 151 vs. 
44.06 ± 5.92%, n = 139, p < 0.01) (Figure 3c). 
Moreover, we measured the width of chromosome 
plate (C) and the spindle (S) at metaphase stage, we 
calculated the C/S and found that it was remarkably 

Figure 3. Survivin inhibition affects spindle morphology and 
chromosome alignment during mouse early embryonic devel
opment. (a) Representative images of spindle morphology in 
the control group and YM-155 treatment group. Compared 
with the control group, the spindles morphology of the 
embryos in YM-155 treatment group showed a variety of 
defects, and chromosomes were severely misaligned. Green: 
tubulin; magenta, DNA. Bar = 20 μm. (b) The proportion of 
abnormal spindle morphology in the control group and YM-155 
treatment group. **Significant difference (p < 0.01) (Control 
group: n = 151; YM-155 group: n = 139). (c) The proportion of 
chromosome misalignment in the control group and YM-155 
treatment group. *Significant difference (p < 0.05) (Control 
group: n = 151; YM-155 group: n = 139) (d) Representative 
images and statistic of chromosomes width/spindle (C/S). 
***Significant difference (p < 0.001). Green: tubulin; magenta, 
DNA. Bar = 20 μm.

Figure 2. Disrupting survivin activity inhibits cleavage during 
mouse early embryonic development. (a) Subcellular localiza
tion of survivin after YM-155 treatment. The specific localization 
of survivin was disappeared. Red, survivin; blue, DNA. 
Bar = 20 μm. (b) DIC images of 2-cell and 4-cell cleavage rate 
of control group and YM-155 treatment group. Bar = 100 μm. 
(c) The rate of 2-cell and 4-cell for early embryos of control 
group, DMSO group and YM-155 treatment group. There was 
no difference between control group and DMSO group during 
embryonic development (Control group: n = 284; DMSO group: 
n = 158). The rate of 2-cell and 4-cell was decreased in YM-155 
group compared with control group (2-cell: Control group: 
n = 284; YM-155 group: n = 257); (4-cell: Control group: 
n = 203; YM-155 group: n = 179). *Significant difference 
(p < 0.05); ***Significant difference (p < 0.001). (d) Statistical 
data for 2-cell rate at different time points. **Significant differ
ence (p < 0.01) (Control group: n = 195; YM-155 group: 
n = 201).
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lower in control group compared with the YM-155 
treatment group (0.24 ± 0.02, n = 16 vs. 0.41 ± 0.04, 
n = 13, p < 0.001. Figure 3d). These results indicated 
that survivin regulated the development of mouse 
embryos by affecting spindle morphology and chro
mosome alignment at metaphase of first cleavage.

Inhibition of survivin affects oxidative stress and 
DNA damage during mouse embryo development

Previous studies showed that survivin was related 
with DNA damage response, and the oxidative 

stress could lead to DNA damage. In order to 
further explore the potential regulatory mechan
ism of survivin during embryo development, we 
explored the levels of ROS in control group and 
YM-155 treatment group in 2-cell embryos. Our 
results showed that YM-155 treatment caused the 
increased ROS level compared with the control 
group (Figure 4a), which was also supported by 
the statistical analysis (the ROS signal fluorescence 
intensity: control group vs YM-155 group: 
19.89 ± 1.61, n = 30 vs. 53.54 ± 2.87, n = 30, 
p < 0.0001) (Figure 4b). The mRNA level of sod1 
also significantly increased in YM-155 treatment 
group: Control group vs YM-155 group: 1 vs. 
1.43 ± 0.10, p < 0.05 (Figure 4c). These results 
suggested that survivin induced oxidative stress 
in mouse early embryos. Next, we employed γ- 
H2A.X staining to detect the DNA damage in 
2-cell embryos. As shown in Figure 4d, the γ- 
H2A.X signal fluorescence intensity was highly 
increased in the YM-155 treatment group 
embryos. This also could be supported by the 
statistical analysis (the γ-H2A.X signal fluores
cence intensity: control group vs YM-155 group: 
64.66 ± 5.22, n = 31 vs. 151.9 ± 10.08, n = 33, 

Figure 4. Survivin inhibition affects oxidative stress and DNA 
damage during mouse early embryonic development. (a) 
Representative images of ROS fluorescence intensity in the 
control group and YM-155 treatment group. Green: ROS. 
Bar = 100 μm. (b) The fluorescent intensities of ROS in the 
control group and YM-155 treatment group. ****Significant 
difference (p < 0.0001). (c) The mRNA expression of Sod1 and 
Sod2 in the control group and YM-155 treatment group. Sod1 
expression was significant increased, *Significant difference 
(p < 0.05). (d) Representative images of γ-H2A.X fluorescence 
intensity in the control group and YM-155 treatment group. 
Red: γ-H2A.X; blue, DNA. Bar = 20 μm. (e) The fluorescent 
intensities of γ-H2A.X in the control group and YM-155 treat
ment group. ****Significant difference (p < 0.0001). (f) Western 
blot analysis for γ-H2A.X expression in the YM-155 group and 
control group. Relative intensities of γ-H2A.X and tubulin were 
assessed by densitometry. *, significant difference (p < 0.05). (g) 
The mRNA expression of Rad51 and Rad54 in the control group 
and YM-155 treatment group. *Significant difference (p < 0.05); 
***Significant difference (p < 0.001). (h) Western blot analysis 
for Rad51 expression in the YM-155 group and control group. 
Relative intensities of Rad51 and tubulin were assessed by 
densitometry. *, significant difference (p < 0.05).

Figure 5. Inhibition of survivin induces autophagy and apopto
sis during mouse early embryonic development. (a) The mRNA 
expression of mTOR, beclin-1 and P62 in the control group and 
YM-155 treatment group. mTOR and beclin-1, *Significant dif
ference (p < 0.05); P62, **Significant difference (p < 0.01). (b) 
Representative images of LC3 fluorescence intensity in the 
control group and YM-155 treatment group. Green: LC3; blue, 
DNA. Bar = 20 μm. (c) The fluorescent intensities of LC3 in the 
control group and YM-155 treatment group. ****Significant 
difference (p < 0.0001). (d) The mRNA expression of Bax and 
Bak in the control group and YM-155 treatment group. 
*Significant difference (p < 0.05); **Significant difference 
(p < 0.01).
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p < 0.0001) (Figure 4e). A significant increase of γ- 
H2A.X level was shown in YM-155 treatment 
group compared to control group by western blot
ting (1.98 ± 0.40 vs.1, p < 0.05, figure 4f). 
Furthermore, the expression of DNA repaired- 
related genes Rad51 and Rad54 were increased 
after YM-155 treatment (Rad51: 1 vs. 1.34 ± 0.11, 
p < 0.05; Rad54: 1 vs. 1.37 ± 0.03, p < 0.001, Figure 
4g). A significant increase of Rad51 level was 
shown in YM-155 treatment group compared to 
control group by western blotting (1.56 ± 0.18 vs.1, 
p < 0.05, Figure 4h). These results showed that loss 
of survivin activity induced DNA damage during 
embryonic development.

Inhibition of survivin affects autophagy level 
during mouse embryo development

The abnormal levels of oxidative stress could 
further induce autophagy and apoptosis. Next, we 
examined the autophagy level in the control group 
and YM-155 treatment group. We examined the 
autophagy relative genes mTOR, Beclin-1 and P62 
mRNA level after YM-155 treatment. The results 
showed that mTOR, Beclin-1 and P62 mRNA level 
changed in YM-155 treatment group. As shown in 
Figure 5a, the mTOR and P62 mRNA expression 
significantly decreased in YM-155 treatment 
group: mTOR: 1 vs. 0.809 ± 0.04, p < 0.01; P62: 1 
vs. 0.72 ± 0.04, p < 0.05. The Beclin-1 mRNA 
expression significantly increased in YM-155 treat
ment group: 1 vs. 1.35 ± 0.12, p < 0.05. Moreover, 
by immunofluorescence staining of LC3 at 2-cell 
embryos, we found that more dots of LC3 signals 
in the YM-155 treatment group (Figure 5b). 
Statistical analysis showed that the LC3 signal 
fluorescence intensity significantly increased in 
the YM-155 treatment group (control group vs 
YM-155 group: 15.31 ± 0.40, n = 32 vs. 
23.52 ± 0.96, n = 31, p < 0.0001, Figure 5c). 
Since survivin is an important apoptosis-related 
protein, we examined the apoptosis-relative genes 
Bax and Bak mRNA level after YM-155 treatment. 
The results showed that Bax and Bak mRNA level 
expression significantly increased in YM-155 treat
ment group. As shown in Figure 5d: Bax: 1 vs. 
1.23 ± 0.04, p < 0.05; Bak: 1 vs. 1.47 ± 0.16, 

p < 0.01. These results indicated that survivin 
induced autophagy and apoptosis during mouse 
embryonic development.

Discussion

This study was designed to explore the functions 
of survivin during mouse early embryonic devel
opment. Our results indicated that survivin regu
lated spindle morphology and chromosome 
alignment in the metaphase stage of first cleavage 
in mouse embryos. Moreover, inhibition of survi
vin also induced oxidative stress, which further led 
to DNA damage, and caused autophagy and apop
tosis. Our results provided evidence that survivin 
played critical roles for mouse early embryonic 
development.

Survivin, also known as BIRC5, is reported to be 
essential for cell division and can inhibit cell death, 
which is a well-known cancer therapeutic target 
gene [23,24]. During embryonic development, sur
vivin has been shown to be an essential inhibiting 
apoptotic factor [21,22]. However, it is unclear 
whether survivin has other regulatory functions 
during embryonic development. In this study, we 
showed that survivin expressed in mouse zygotes 
and it mainly accumulated at chromosomes after 
NEBD and at metaphase stage, when chromosomes 
segregated and the embryo entered anaphase and 
telophase stages, survivin was located at the mid
zone of the spindle. This localization pattern is 
similar to its localization in proliferating cells [25– 
27]. In porcine oocytes, survivin was mainly co- 
localized with chromosomes after germinal vesicle 
breakdown (GVBD) and at the metaphase stage 
[19]. During mouse oocyte meiotic maturation, 
our previous study also showed that survivin was 
mainly associated with centromeres in metaphase 
stage, and distributed at the midbody of spindle in 
anaphase and telophase stages [20].

Previous studies indicate that survivin could 
also affect mitotic spindle assembly by dampening 
microtubule dynamics and help to ensure chromo
somes alignment [28,29]. In Xenopus egg extracts, 
survivin is important for spindle assembly and it is 
a necessary component of the mitotic spindle [30]. 
Meanwhile, survivin is reported to regulate spindle 
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organization and chromosome segregation during 
rat oocyte meiosis [31]. Based on the specific loca
lization of survivin and the previous studies, we 
wondered whether the function of survivin in 
embryos was similar with other cells. We used 
survivin inhibitor YM-155 to explore the roles of 
survivin in mouse embryos. Our results showed 
that after the treatment of YM-155, the cleavage of 
the embryos was disturbed. It is shown that survi
vin-depleted oocytes failed to complete cytokinesis 
[19]. Our results also showed that inhibition of 
survivin caused abnormal of spindle morphology 
and chromosomes arrangement at metaphase in 
mouse early embryos. These results were consis
tent with previous reports, revealing the conserved 
function of survivin in different cells and species.

In human breast tumors, survivin shows close rela
tionship with oxidative stress [32]. Similarly, our results 
showed that inhibition of survivin caused the increase 
of reactive oxygen species (ROS) level; therefore, high 
levels of ROS might be one of the causes that contribute 
to early embryonic dysplasia after inhibition of survivin 
activity. It is well known that ROS could induce DNA 
damage and consequently, a DNA damage response 
(DDR) [33,34]. ROS could induce double-strand DNA 
breaks (DSBs) and oxidative clustered DNA lesions 
(OCDLs) [35]. During the repair process, OCDLs 
could convert to DSBs such as active the base excision 
repair pathway, and the DSBs are one of the most 
serious DNA damage [36]. Previous studies also 
showed that survivin inhibition could induce DNA 
damage [37,38], in cancer cell survivin-ΔEx3 could be 
phosphorylated by the checkpoint kinase Chk2 during 
DNA damage [39]; In Bcl-xL silenced glioma cell lines, 
YM-155 treatment led to the mitochondrial dysfunc
tion and DNA damage [38]. To verify whether survivin 
has the similar functions during embryonic develop
ment, we analyzed the DNA damage and DNA repair 
factors. Our results showed that inhibition of survivin 
caused the increase of DNA damage and DNA repair in 
early mouse early embryonic development. Therefore, 
the inhibition of survivin could lead to the oxidative 
stress, the increase of ROS, and DNA damage during 
the embryonic development.

It is widely known that survivin is an anti-apoptosis 
protein, and survivin expresses in preimplantation 
embryos and could protect the embryos from apoptosis 

by inhibiting an apoptotic pathway [21]. Autophagy 
can constitute the stress adaptation to avoid apoptosis, 
whereas sometimes it leads to apoptosis and cell death 
[40]. Furthermore, autophagy could be activated by 
DNA damage and oxidative stress [41]. Our results 
showed that inhibition of survivin increased the autop
hagy and apoptosis level during mouse early embryonic 
development. Similarly, survivin is shown to have 
a novel role in cancer cells to directly regulate autop
hagy [42]. In prostate cancer cells, YM155-induced 
autophagy plays a pro-apoptotic role [43]. Therefore, 
we suggested that survivin activated autophagy due to 
its effects on DNA damage, and further led to apoptosis 
during early embryonic development.

In conclusion, our results indicate that survivin is 
essential for mouse early embryo development through 
its regulation on spindle organization, chromosome 
alignment, and DNA damage.
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