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A B S T R A C T   

Genome stability depends on chromosome congression and alignment during cell division. Kinesin-7 CENP-E is 
critical for kinetochore-microtubule attachment and chromosome alignment, which contribute to genome sta
bility in mitosis. However, the functions and mechanisms of CENP-E in the meiotic division of male spermato
cytes remain largely unknown. In this study, by combining the use of chemical inhibitors, siRNA-mediated gene 
knockdown, immunohistochemistry, and high-resolution microscopy, we have found that CENP-E inhibition 
results in chromosome misalignment and metaphase arrest in dividing spermatocyte during meiosis. Strikingly, 
we have revealed that CENP-E regulates spindle organization in metaphase I spermatocytes and cultured GC-2 
spd cells. CENP-E depletion leads to spindle elongation, chromosome misalignment, and chromosome insta
bility in spermatocytes. Together, these findings indicate that CENP-E mediates the kinetochore recruitment of 
BubR1, spindle assembly checkpoint and chromosome alignment in dividing spermatocytes, which finally 
contribute to faithful chromosome segregation and chromosome stability in the male meiotic division.   

1. Introduction 

Error-free chromosome segregation is associated with chromosome 
congression at prometaphase and chromosome alignment at the spindle 
equator during metaphase. Defects in chromosome alignment result in 
aneuploidy, genome instability, and birth defects [1,2]. Centromere- 
associated protein E (CENP-E) is a large plus-end-directed kinesin 
motor that mediates kinetochore-microtubule attachment and chromo
some alignment during cell division [3–6]. CENP-E proteins accumulate 
at the outer corona of the kinetochore to regulate microtubule capture 
[7–9]. Furthermore, CENP-E transports monooriented chromosomes 
toward the spindle equator alongside kinetochore fibers [3,4,10]. Ge
netic deletion [11,12], gene ablation [13–15], or chemical inhibition of 
CENP-E's motor domain [16–18] of CENP-E results in chromosome 
misalignment, metaphase arrest, and mitotic delay during mitosis. 

During meiosis, CENP-E proteins localize at the homologous cen
tromeres in primary spermatocytes from late diakinesis to metaphase I 
[19] and then translocate from the kinetochores to the spindle midzone 

at anaphase onset [20]. The similar expression pattern of CENP-E pro
teins in the outer kinetochore plate and the fibrous corona in both 
mitosis and meiosis suggests a potentially conserved role of CENP-E in 
cell division [19,21]. CENP-E inhibition results in chromosome 
misalignment and missegregation in mouse spermatocytes during 
meiosis, which finally contribute to chromosomal instability and the 
formation of the aneuploidy cells [22]. However, detailed mechanisms 
of CENP-E in male meiotic division remain largely unknown. 

Kinetochore functions as a hub for spindle-microtubule interactions 
and spindle assembly checkpoint signaling [23]. CENP-E interacts with 
kinetochore-associated checkpoint kinase BubR1 to regulate 
kinetochore-microtubule attachment [24,25] and the establishment and 
maintenance of spindle assembly checkpoint [26–28]. Loss-of-function 
of CENP-E results in the activation or silence of the spindle assembly 
checkpoint, suggesting that CENP-E is a key component in the spindle 
assembly checkpoint during mitosis [26–28]. However, the roles of 
CENP-E in the spindle assembly checkpoint during meiosis remain 
obscure. 

* Corresponding author at: Department of Cell Biology and Genetics, The School of Basic Medical Sciences, Fujian Medical University, Fuzhou, Fujian 350122, 
China. 

E-mail address: zhenyushe@fjmu.edu.cn (Z.-Y. She).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

BBA - Molecular Cell Research 

journal homepage: www.elsevier.com/locate/bbamcr 

https://doi.org/10.1016/j.bbamcr.2022.119306 
Received 14 February 2022; Received in revised form 28 May 2022; Accepted 31 May 2022   

mailto:zhenyushe@fjmu.edu.cn
www.sciencedirect.com/science/journal/01674889
https://www.elsevier.com/locate/bbamcr
https://doi.org/10.1016/j.bbamcr.2022.119306
https://doi.org/10.1016/j.bbamcr.2022.119306
https://doi.org/10.1016/j.bbamcr.2022.119306
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamcr.2022.119306&domain=pdf


BBA - Molecular Cell Research 1869 (2022) 119306

2

GSK923295 is an allosteric inhibitor of CENP-E, which strongly 
suppresses the microtubule-stimulated ATPase activity of CENP-E 
[17,29]. Biochemical studies have demonstrated that GSK923295 
binds to the allosteric pocket near the ATP binding site and locks the 
motor domain in a rigor microtubule-bound site by blocking inorganic 
phosphate release in the ATPase cycle [17]. GSK923295 is a specific 
CENP-E inhibitor that was used in clinical trials as an anticancer mole
cule [30,31], which also serves as a powerful tool for the functional 
analyses of CENP-E in cellular and developmental processes 
[16,18,22,32,33]. 

In this study, we have revealed the expression patterns of CENP-E in 
mouse testes. We have shown that CENP-E inhibition led to prolonged 
metaphase in spermatocytes in seminiferous tubules. CENP-E is required 
for chromosome alignment and spindle assembly in dividing sper
matocytes both in vitro and in vivo. Furthermore, we found that CENP-E 
depletion results in spindle elongation, chromosome misalignment, and 
chromosome instability in spermatocytes. Taken together, our results 
suggest that CENP-E regulates chromosome alignment and spindle as
sembly in spermatocytes, which contribute to chromosome stability and 
integrity in meiosis. 

2. Materials and methods 

2.1. Animal experiments and ethics 

All animal experiments were reviewed and approved by the Insti
tutional Animal Care and Use Committee at Fujian Medical University, 
China (Protocol No. SYXK 2016–0007). All mouse experiments were 
performed according to the Guide for the Care and Use of Laboratory 
Animals of Fujian Medical University and the ARRIVE guidelines. All 
animal experiments were carried out in accordance with the U.K. Ani
mals (Scientific Procedures) Act, 1986 and associated guidelines, EU 
Directive 2010/63/EU for animal experiments. 

2.2. Reagents and antibodies 

Primary antibodies used in this study are listed as follows: rabbit 
anti-CENP-E polyclonal antibody (Proteintech group, Cat. 28,142–1- 
AP), mouse anti-CENP-E monoclonal antibody (Santa Cruz Biotech
nology, Cat. sc-376,685), rabbit anti-CENP-E polyclonal antibody 
(Sangon Biotech, Cat. D261553), mouse anti-α-tubulin monoclonal 
antibody (Abcam, Cat. ab7291), mouse anti-α-tubulin monoclonal 
antibody (Santa Cruz Biotechnology, Cat. sc-17,788), rabbit anti- 
TUBA4A polyclonal antibody (Sangon Biotech, Cat. D110022), mouse 
anti-SYCP3 monoclonal antibody (Santa Cruz Biotechnology, Cat. sc- 
74,569), rabbit anti-SYCP1 monoclonal antibody (Abcam, Cat. 
ab175191), rabbit anti-β-tubulin monoclonal antibody (Beyotime, Cat. 
AF1216), mouse anti-PRC1 monoclonal antibody (Santa Cruz Biotech
nology, Cat. sc-367,983), rabbit anti-DDX4/MVH monoclonal antibody 
(Abcam, Cat. ab270534), rabbit anti-γH2A.X (phospho S139) mono
clonal antibody (Abcam, Cat. ab-81,299), rabbit anti-Histone H3 
(phospho S10) monoclonal antibody (Abcam, Cat. ab267372), mouse 
anti-γ-tubulin monoclonal antibody (Santa Cruz Biotechnology, Cat. sc- 
17,788), and rabbit anti-BubR1 monoclonal antibody (Abcam, Cat. 
ab254326), rabbit anti-CDKN1A polyclonal antibody (Sangon Biotech, 
Cat. D120403), mouse anti-Aurora B monoclonal antibody (Santa Cruz 
Biotechnology, Cat. sc-374,669). The secondary antibodies used in this 
study are listed as follows: Alexa Fluor 488-conjugated goat anti-rabbit 
IgG (H + L) (Beyotime, Cat. A0423), Alexa Fluor 555-conjugated donkey 
anti-mouse IgG (H + L) (Beyotime, Cat. A0460), Alexa Fluor 488-conju
gated goat anti-mouse IgG (H + L) (Beyotime, Cat. A0428), Alexa Fluor 
555-conjugated donkey anti-rabbit IgG (H + L) (Beyotime, Cat. A0453). 

2.3. Establishment of CENP-E inhibition mouse models 

The 3-week-old male ICR mice were purchased from Shanghai SLAC 

Laboratory Animal CO. LTD (Shanghai, China). The GSK923295 inhib
itor was purchased from MedChemExpress (Cat. HY-10299), dissolved 
in DMSO at a final concentration of 10 mM, and stored at − 80 ◦C. In this 
study, the concentrations of GSK923295 (the final concentration at 10 
μM) were chosen according to previous studies [17,22] and dissolved in 
PBS, and then injected into mouse testis at a final concentration of 10 
μM. In previous studies, we have conducted a series of experiments with 
multiple concentrations of GSK923295, including 100 nM, 1, 2, 4, 12, 
and 48 μM, to validate the concentrations, dosages, and duration of 
GSK923295 inhibition [22,33]. GSK923295 was injected into 3-week- 
old male ICR mice every three days for a total of two times. Then the 
testes were harvested for subsequent analyses at the age of 4 weeks. 
Mice were housed in a pathogen-free facility at Fujian Medical Univer
sity under the standard environment and exposed to a 12: 12 h light: 
dark cycle with free access to water and food. 

2.4. Cell culture, transfection, and treatment 

The GC-2 spd cells (ATCC No. CRL-2196) were obtained from 
American Type Culture Collection. Cells were cultured in Dulbecco 
Modified Eagle's Medium/high glucose (Gibco, Cat. C11995500BT) 
containing 10 % fetal bovine serum (FBS, Every green, Cat. 1101–8611) 
and 1 % penicillin-streptomycin (Hyclone, Cat. SV30010). Cells were 
cultured in a humidified incubator (Heal Force, No. HF90/HF240) with 
5 % CO2 at 37 ◦C. 

siRNA transfection was performed with Lipofectamine RNAiMAX 
transfection reagent (Thermo Fisher Scientific, Cat. 13778150) accord
ing to the manufacturer's protocols. For gene knockdown, cells were 
seeded at a 24-well plate and cultured at 70–80 % confluent before 
siRNA transfection. Two siRNA oligonucleotides targeting Mus musculus 
CENP-E (GenBank accession number NM_173762.4) were synthesized, 
annealed, and purified according to the manufacturer's instructions 
(Sangon Biotech). The sequences of RNA oligonucleotides are listed as 
follows: negative control, 5’-UUCUCCGAACGUGUCACGUTT-3′; CENP-E 
siRNA-1, 5’-GGAAGAAAGUCAAGAGGAATT-3′ and CENP-E siRNA-2, 
5’-CUGCUGAACUGGAGAGAAATT-3′. For a 24-well plate, 1 μl Lip
ofectamine RNAiMAX reagent was diluted into a 25 μl serum-free 
DMEM medium. And 20 μl 20 μM siRNA was diluted into a 25 μl 
serum-free DMEM medium. The siRNA and Lipofectamine reagent were 
mixed and incubated at room temperature for 5 min. The siRNA-lipid 
complex was added into cells with a final concentration of 200 nM 
and then incubated at 37 ◦C for 36–48 h as indicated in each figure 
legend. The efficiency of siRNA knockdown was validated using quan
titative real-time PCR analysis and immunohistochemistry experiments. 

For the analysis of cell viability, the GC-2 spd cells were grown in a 
24-well plate at 50–60 % confluent for 24 h, and then treated with 
GSK923295 at a final concentration of 10 nM, 50 nM, 400 nM, 1 μM, 5 
μM, 12.5 μM, 25 μM and 62.5 μM, respectively. Cells were incubated 
with GSK923295 at 37 ◦C for 24 h and then digested with 0.25 % 
trypsin-EDTA (Gibco, Cat. 25200056) at 37 ◦C for 1 min. Cell viability 
was examined using a CellTiter96 aqueous one solution cell prolifera
tion assay (Promega, Cat. G3580) according to the manufacturer's in
structions. Luminescence was determined in a 96-well flat-bottom 
microplate (Corning, Cat. 3599) at A490nm using a microplate reader 
(BioTek, No. 180316F). 

2.5. Immunofluorescence and confocal microscopy 

For immunofluorescence of the tissues, the 5 μm-thick sections of 
mouse testes were prepared using an ultra-thin semiautomatic micro
tome (Leica, No. RM2016). Slides were incubated in xylene for 40 min 
and then rehydrated in 100 % ethanol for 5 min, in 95 % ethanol for 5 
min, in 80 % ethanol for 2 min, and in 70 % ethanol for 2 min. Slides 
were incubated in distilled water for 5 min and then in 0.1 M PBS for 5 
min. For antigen retrieval, the slides were immersed in 10 mM citrate 
buffer (pH 6.0) and boiled for 5 min using the standard high-pressure 
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repair method. Slides were incubated with distilled water two times and 
then with PBST for 5 min. For antigen blocking, slides were incubated 
with 3 % BSA/PBST at 37 ◦C for 1 h. Samples were incubated with 
primary antibodies at 37 ◦C for 1 h and then at 4 ◦C for 12 h. After 
washing with PBST three times, samples were incubated with secondary 
antibodies at 37 ◦C for 1 h. After washing with PBST five times, the 
samples were counterstained with 4′, 6-diamidino-2-phenylindole 
staining solution (DAPI, Beyotime, Cat. 1006) at room temperature for 
5 min. Slides were mounted with the anti-fade mounting medium 
(Beyotime, Cat. P0126). 

For immunofluorescence of cultured cells, cells were grown on 12 
mm glass coverslips (CITOGLAS) and then fixed in 4 % para
formaldehyde/PBS at room temperature for 10 min. Samples were 
washed three times with PBS and then incubated with 0.25 % Triton X- 
100/PBS at room temperature for 10 min. Samples were washed three 
times with PBS and then blocked with 1 % BSA/PBST at 37 ◦C for 1 h. 
Cells were incubated with primary antibodies at 4 ◦C for 12 h and then 
washed three times with PBS. Cells were incubated with secondary an
tibodies at 37 ◦C for 1 h and then washed five times with PBS. The nuclei 
were stained with DAPI staining solution (Beyotime, Cat. 1006). Slides 
were mounted with an anti-fade mounting medium (Beyotime, Cat. 
P0126). 

Images were acquired using a Nikon Ti–S2 microscope (Nikon No. 
Ti–S2) equipped with a Plan Fluor 40×/NA 0.75 objective; a Plan Fluor 
20×/NA 0.40 objective; a Plan Fluor 10×/NA 0.25 objective; a DS-Ri2 
camera (Nikon); and 488-nm, 561-nm, and 640-nm solid-state lasers 
(Nikon No. Intenslight C-HGI). Images were acquired by NIS-Elements 
imaging software (Nikon) and analyzed by the Image J software 
(NIH). For high-resolution imaging, images were acquired with a Leica 
scanning confocal microscope (Leica No. TCS SP8) equipped with an HC 
PL APO CS2 63×/NA 1.40 objective. 

2.6. Hematoxylin-eosin staining and the Giemsa staining 

For HE staining, mouse testes were harvested and fixed in 10 % 
formaldehyde at room temperature for 12 h. The samples were dehy
drated in 70 % ethanol for 1 h, in 85 % ethanol for 1 h, in 95 % ethanol 
for 1 h, and in 100 % ethanol for 1 h. The samples were incubated with 
xylene for 40 min and then in paraffin for 1 h at 60 ◦C. The 5 μm-thick 
sections were prepared using an ultra-thin semiautomatic microtome 
(Leica RM2016). The slides were incubated in xylene for 40 min, in 100 
% ethanol for 6 min, in 95 % ethanol for 2 min, in 90 % ethanol for 2 
min, in 80 % ethanol for 2 min, and in 70 % ethanol for 2 min. After 
washing with distilled water for 5 min, slides were stained with Mayer's 
hematoxylin solution for 6 min at room temperature. Slides were 
washed with tap water for 5 min and then incubated with distilled water 
for 2 min. Slides were incubated with 1 % ethanol hydrochloride for 3 s 
and then rinsed with tap water for 2 min. The cytoplasm was stained 
with 1 % eosin for 15 s and then incubate with 95 % ethanol for 5 s, with 
100 % ethanol for 2 min, and in xylene for 40 min. Slides were sealed 
with neutral gum for subsequent analyses. 

For the Giemsa staining, cells were fixed with 4 % paraformaldehyde 
at room temperature for 10 min. Cells were washed three times with PBS 
and then stained by the Giemsa staining solution supplemented with PBS 
(pH 6.8) at room temperature for 15 min. Cells were washed three times 
with distilled water and sealed with 10 % glycerol. 

For periodic acid Schiff (PAS) staining, the 5 μm-thick sections were 
dewaxed with xylene for 40 min, and incubated with gradient ethanol 
for 2 min, respectively. The slides were rinsed in distilled water for 2 
min, then in 1 % periodate aqueous solution for 2 min, and the Schiff 
reagent staining for 25 min. The slides were incubated with 0.5 % so
dium sulfite for 6 min and then rinsed in tap water for 5 min. After in
cubation with Mayer's hematoxylin solution for 2 min, the slides were 
washed with tap water and distilled water for 6 min, respectively. The 
slides were incubated with 95 % and 100 % ethanol for 2 min, respec
tively. The slides were incubated with xylene and then sealed with 

neutral gum. 

2.7. Quantitative real-time PCR, gene expression analysis, and Western 
blot 

Total RNAs were extracted using a UNIQ-10 column Trizol total RNA 
extraction kit (Sangon Biotech, Cat. B511321) according to the manu
facturer's protocols. RNA concentrations were determined using an ul
traviolet spectrophotometer (Thermo Fisher Scientific, No. NanoDrop 
2000c). cDNAs were synthesized using the PrimeScript RT Master Mix 
(Perfect Real Time) (TaKaRa, Cat. RR036A) according to the manufac
turer's protocols. The PCR programs for reverse transcription are listed 
as follows: 37 ◦C, 30 min; 85 ◦C, 5 s; and then at 4 ◦C, ∞. For gene 
amplification, the transcripts were amplified using an Ex Taq polymer
ase (TaKaRa, Cat. RR001B) according to the manufacturer's protocols. 
The PCR programs for gene amplification are listed as follows: 98 ◦C, 10 
s; 98 ◦C, 10 s, 55 ◦C, 30 s, 72 ◦C, 60 s for 32 cycles; 72 ◦C, 10 min; and 
then at 4 ◦C, ∞. The primers were listed as follows: CENP-E F1, 5’- 
GTGAAGGCCGAGCTTTCTCA-3′; CENP-E R1, 5’-GTCCTTACCACCAC
CAAGCA-3′ (M. musculus CENP-E GenBank accession No. 
NM_173762.4). β-Actin F1, 5’-CCCTGAACCCTAAGGCCA-3′; β-Actin R1, 
5’-CCACAGGATTCCATACCCAAG-3′ (M. musculus Actin GenBank 
accession No. NM_007393.5). The β-Actin gene served as a loading 
control. 

For quantitative real-time PCR, the mixture of template DNA, for
ward and reverse primers, and SYBR Green qPCR Mix (Beyotime, Cat. 
D7265) were prepared according to the manufacturer's protocols. The 
PCR programs for quantitative real-time PCR are listed as follows: 95 ◦C, 
2 min; 95 ◦C, 15 s, 60 ◦C, 30 s for 40 cycles; for the analysis of melting 
curve, 95 ◦C, 15 s, 60 ◦C, 15 s and 95 ◦C, 15 s. The PCR programs were 
performed using an AriaMx Real-Time PCR instrument (Agilent Tech
nologies, No. AriaMx G8830–64001). The results were acquired using a 
standard Aria software (Agilent software) and analyzed using the 
Microsoft Excel 2013 and GraphPad Prism version 6 software (GraphPad 
Software). ΔΔCt values were used to quantify relative expression levels 
of target genes. The specific primers were designed using the NCBI 
Primer-Blast software (www.ncbi.nlm.nih.gov/tools/primer-blast/) and 
were listed in Supplemental Table S1. 

For western blot, total proteins of the GC-2 spd cells were extracted 
with the RIPA lysis buffer. Proteins were separated by 8 % poly
acrylamide gels and were transferred onto polyvinylidene difluoride 
(PVDF) membranes (GE, Cat. 10,600,023) for 3 h. After being blocked 
for 2 h in QuickBlock blocking buffer (Beyotime, Cat. P0252FT), the 
PVDF membrane was washed with TBST two times and incubated with 
primary antibodies for 12 h at 4 ◦C. The membrane was washed with 
PBST and incubated for 2 h with HRP-conjugated goat anti-rabbit IgG 
(Sangon Biotech, Cat. D110058, 1:2000). The protein bands were visu
alized using the BeyoECL Moon kit (Beyotime, Cat. P0018FS), and were 
recorded using a ChemiDoc Touch Imaging System (Bio-Rad). 

2.8. TUNEL assay 

For cell apoptotic analyses, the samples were analyzed using the one- 
step TUNEL apoptosis assay (Beyotime, Cat. C1086) according to the 
manufacturer's protocol. Samples were treated with 20 ng/ml DNase- 
free proteinase K (Sangon Biotech, Cat. B600452) at 37 ◦C for 30 min. 
After washing four times with PBS, samples were stained with fluores
cein isothiocyanate (FITC)-conjugated dUTP using the TdT-mediated 
dUTP nick-end labeling method at 37 ◦C for 60 min. After washing 
with PBS four times, the nuclei were stained with the DAPI solution for 5 
min. The slides were mounted with the anti-fade mounting medium and 
observed using a Nikon Ti–S2 fluorescent microscope. 

2.9. Flow cytometry and cell cycle analysis 

For cell cycle analysis of mouse spermatogenic cells, the testes were 
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cut into pieces using surgical scissors and then digested using 0.25 % 
trypsin-EDTA at 37 ◦C for 20 min. For cell cycle analysis of the GC-2 spd 
cells, cells were harvested 0.25 % trypsin-EDTA at 37 ◦C for 1 min. 
Samples were centrifuged at 1000 ×g for 5 min. Samples were washed 
with PBS for 5 min and then centrifuged at 1000 ×g for 5 min. Samples 
were fixed in 70 % cold ethanol at 4 ◦C overnight. Samples were stained 
with propidium iodide (PI) staining solution (0.1 % Triton X-100/PBS, 
20 μg/ml RNase A and 50 μg/ml PI; Beyotime, Cat. C1052) at 37 ◦C for 1 
h. Cell cycle analysis was carried out using a flow cytometer (BD, 
FACSCantoTM II) and the Modfit LT32 software (Verity Software 
House). 

2.10. Statistical analysis 

All experiments were repeated at least three times. Data were shown 
as the mean ± SEM. The sample size was indicated in each figure legend. 
The stages of seminiferous tubules in mouse testes were defined by the 
groups of spermatogenic cells according to the standard guidelines 
[34–36]. Fluorescence intensities and the degree of colocalization were 
analyzed using line scan analyses of the Image J software (NIH). For 
comparisons of two groups, statistical significance was tested using the 
unpaired student's t-test using the GraphPad Prism version 6 (GraphPad 
Software). For comparisons of multiple groups (more than two groups), 
the ANOVA Dunnett's multiple comparisons test was applied using the 
GraphPad Prism software as indicated in figure legends. P values and the 
number of experiments used for the quantifications are indicated in each 
figure legend. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P <
0.001. The investigators were blinded to the group allocation during the 
experiment and/or when assessing the outcome. Simple randomization 
was applied in the sample analysis and mouse experiments. 

3. Results 

3.1. Expression patterns of CENP-E gene in the developing testes and the 
construction of the GSK923295-mediated CENP-E inhibition mouse model 

Firstly, we examined expression levels of the CENP-E gene in 
different tissues of 8-week-old mice using quantitative real-time PCR 
analyses, including the testis, caput epididymis, cauda epididymis, 
heart, liver, spleen, lung, kidney, brain, eye, gut and, stomach (Fig. 1A; 
Fig. S1A). Notably, we found that the CENP-E gene was highly expressed 
in mouse testes compared with other organs (Fig. 1A; Fig. S1A). In 
addition, the CENP-E gene was also highly expressed in the spleen tissue 
(Fig. 1A; Fig. S1A).To investigate expression patterns of the CENP-E gene 
at different stages of spermatogenesis, we performed quantitative real- 
time PCR to analyze expression levels of the CENP-E gene in mouse 
testes at the age of 10, 12, 14, 17, 21, 28, and 56 days, respectively 
(Fig. 1B; Fig. S1B). We found that the CENP-E gene was expressed 
throughout the process of mouse spermatogenesis from the age of 10–56 
days. CENP-E gene was expressed in mouse testes from 10 days to 21 
days after birth, significantly increased from 21 days after birth to 28 
days after birth, and remained at a relatively high level from 28 days to 

56 days (Fig. 1B; Fig. S1B). Our results have revealed the expression 
patterns of the CENP-E gene in mouse developing testes, which indicates 
a potential role of CENP-E in spermatogenesis. 

To further study the developmental roles of CENP-E proteins in 
testes, we constructed a CENP-E inhibition mouse model. We took 
advantage of the specific CENP-E inhibitor GSK923295, which binds 
CENP-E's motor domain, inhibits the ATPase activity, and locks CENP-E 
motors on microtubules [17,29]. The allosteric inhibitor GSK923295 
was injected into 3-week-old male ICR mice every three days two times. 
The testes were harvested for subsequent analyses at the age of 4 weeks 
(Fig. 1C). The morphology of mouse testes in the control and 
GSK923295 groups did not show obvious defects after GSK923295 in
jection (Fig. 1D). There was no significant difference between the 
weights of the testes in the control and GSK923295 groups (Fig. 1E; 
Fig. S1C). These results suggest that the injection of GSK923295 is 
suitable for the construction of the CENP-E inhibition mouse model. 

To further investigate the functions of CENP-E in mouse spermato
genesis, we used the DDX4/MVH (also referred to as mouse VASA ho
molog, MVH) antibody, an ATP-dependent RNA helicase required for 
spermatogenesis [37,38], for immunostaining of male germ cells. We 
found that DDX4/MVH-positive metaphase cells in seminiferous tubules 
were significantly increased after CENP-E inhibition (Fig. 1F, G). The 
results of immunostaining of β-tubulin or Histone H3 (phospho S10), a 
marker of condensed chromosomes during late G2 and metaphase, also 
showed an increased population of metaphase spermatocytes in the 
GSK923295 group (Fig. 1H; Fig. S1D). Gene expression analyses indi
cated that the expression level of Piwil1, a marker of prophase I of 
meiosis, was slightly decreased after CENP-E inhibition (Fig. 1I). There 
were no significant changes in the expression levels of Tdrd5 and Tdrd6 
in the control and GSK923295 groups (Fig. 1I). Furthermore, we 
observed that there were no significant differences between the control 
and GSK923295 groups in the expression levels of genes encoding syn
aptonemal complex protein 3 (Sycp3) [39], Rec8 meiotic recombination 
protein (Rec8) [40,41], DNA meiotic recombinase 1 (Dmc1) [42] and 
kinesin family member 11 (Eg5) [33], which are marker genes of early to 
mid-prophase I (Fig. S1E). Early round spermatids express genes 
encoding regulatory factor X, 2 (Rfx2) [2], cAMP responsive element 
modulator (Crem) [43], and SRY (sex determining region Y)-box 30 
(Sox30) [44] transcription factors, which are key genes involved in the 
processes of spermiogenesis. And there were no differences between the 
control and GSK923295 groups in the expression of Rfx2, Crem, and 
Sox30 genes (Fig. S1F). In addition, there was an increase in the 
expression level of Spermatid nuclear transition protein 1 (Tnp1) and 
Protamine-2 (Prm2) (Fig. S1F), which are key genes in the compaction of 
the haploid genome in late round spermatids [45,46]. 

3.2. CENP-E inhibition resulted in prolonged metaphase in spermatocytes 

To further study the roles of CENP-E in spermatogenesis, we per
formed HE staining to examine the phenotypes of seminiferous tubules 
after CENP-E inhibition by GSK923295 injection. We found that CENP-E 
inhibition resulted in the increase of dividing spermatocytes at stage XII 

Fig. 1. Construction of GSK923295-mediated CENP-E inhibition mouse model and gene expression patterns of CENP-E gene. (A) Quantitative real-time PCR analyses 
of expression levels of CENP-E in multiple tissues. From left to right, the testis, caput epididymis, cauda epididymis, heart, liver, spleen, lung, kidney, brain, eye and 
gut were shown. β-Actin was served as the loading control. (B) Quantitative real-time PCR analyses of expression levels of the CENP-E gene in the developing testes at 
different developmental stages, including the testes from the mice at the age of 10, 12, 14, 17, 21, 28, and 56 days. β-Actin was served as the loading control. (C) 
Construction of the CENP-E inhibition mouse model by testicular injection of GSK92325 at a final concentration of 10 μM. The inhibitor was injected into 3-week-old 
male ICR mouse testes every three days for two times. (D) Morphology of the testes in the control and GSK923295 groups. Scale bar, 5 mm. (E) Statistical analyses of 
testis weights in the control and GSK923295 groups were shown. Control, 0.792 ± 0.005 g; GSK923295, 0.837 ± 0.003 g. (F) Representative immunofluorescence 
images of DDX4/MVH and α-tubulin in the control and GSK923295 groups. α-tubulin, red; DDX4/MVH, green; DAPI, blue. Scale bar, 10 μm. (G) Ratios of DDX4/ 
MVH positive metaphase cells per seminiferous tubule were shown. Control, 15.52 ± 1.87 %; GSK923295, 29.54 ± 4.42 %, N = 1109, Group = 12. (H) Repre
sentative immunofluorescence images of spindle microtubules in metaphase I spermatocytes in the control and GSK923295 groups. The enlarged images were shown 
in the zoom. α-tubulin, green; DAPI, blue. Scale bar, 10 μm. (I) Quantitative real-time PCR analyses of expression levels of Piwil1, Tdrd5, and Tdrd6 genes in the testes 
of the control and GSK923295 groups. For all graphs, student's t-test. Error bars, mean ± SEM. ns, p > 0.05; *, p < 0.05; **, p < 0.01. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of seminiferous tubules (Fig. 2A). Statistical analyses suggested that the 
ratios of seminiferous tubules with dividing spermatocytes significantly 
increased from 5.66 % in the control group to 34.03 % in the 
GSK923295 group (Fig. 2B). Moreover, the ratios of metaphase sper
matocytes in total spermatocytes of each seminiferous tubule signifi
cantly increased to 42.70 % after CENP-E inhibition compared with 
14.21 % in the control group (Fig. 2C). In addition, we stained the 
seminiferous tubules using the PAS staining and classified the stages of 
each tubule according to the standard guidelines [34–36]. We found that 
the ratio of each stage of seminiferous tubules was not significantly 
influenced after CENP-E inhibition compared with the control group 
(Fig. S2A–D). These results indicate that CENP-E inhibition leads to cell 
cycle arrest of spermatocytes at metaphase in mouse testes. 

To validate these results, we performed immunofluorescence to stain 
Histone H3 (phospho S10) and α-tubulin (Fig. 2D). We observed that 
Histone H3-positive spermatocytes substantially increased after CENP-E 
inhibition (Fig. 2D). The ratios of Histone H3-positive seminiferous tu
bules increased to 15.32 % compared with 11.20 % in the control group 
(Fig. 2E). Furthermore, the number of Histone H3-positive metaphase 
cells significantly increased after CENP-E inhibition (Fig. 2F). These 
results indicate that CENP-E inhibition led to the G2/M arrest and pro
longed metaphase in spermatocytes. 

We then used a germ cell marker ATP-dependent RNA helicase DDX4 
to stain the germ cells. We found that CENP-E inhibition results in 
chromosome misalignment in primary spermatocytes (Fig. 2G). We next 
examined whether the cell cycle was elongated in prophase I using the 
immunostaining of γ-H2AX, a marker protein of double-strand DNA 
breaks and sex chromosomes (Fig. S3A). We found that the number of 
γ-H2AX in each seminiferous tubule increased after CENP-E inhibition 
(Fig. S3B), which indicating DNA double-strand breaks were formed but 
not completely repaired after CENP-E inhibition. 

To examine whether CENP-E inhibition led to cell cycle arrest and 
finally resulted in apoptosis, we performed the TUNEL staining to label 
the apoptotic cells in seminiferous tubules (Fig. S3C). We quantified the 
apoptotic cells in each seminiferous tubule and found that there were no 
significant differences between the control and GSK923295 groups 
(Fig. S3D). Furthermore, we performed flow cytometry using Annexin V 
and PI staining to examine the apoptosis in testicular cells of the control 
and GSK923295 groups (Fig. S3E–I). Consistent with the TUNEL ana
lyses, we observed that the ratios of Annexin V+/PI− cells, the apoptotic 
cells, did not increase after CENP-E inhibition (Fig. S3E–I). These re
sults indicate that GSK923295 mediated CENP-E inhibition did not 
result in obvious cell apoptosis in mouse testis. 

3.3. CENP-E inhibition led to spindle assembly defects and chromosome 
misalignment in primary spermatocytes 

To examine spindle microtubules in dividing primary spermatocytes, 
we performed immunostaining of tubulin alpha-4A chain (TUBA4A) and 
protein regulator of cytokinesis 1 (PRC1), a marker of antiparallel mi
crotubules in cell division (Fig. 3A). Notably, we found that the PRC1- 
labelled microtubules were organized in wild-type metaphase I sper
matocytes (Fig. 3A). However, the PRC1-labelled microtubules became 
less and disorganized after CENP-E inhibition (Fig. 3A). We then 

quantified the stretches of PRC1 in each spermatocyte and found that 
there was a decrease in the stretches of the PRC1-labelled spindle mi
crotubules in metaphase I spermatocytes (Fig. 3B). Line-scan analyses of 
fluorescent intensities of PRC1 and spindle microtubules also showed 
that the PRC1-labelled microtubules were disrupted after CENP-E inhi
bition (Fig. 3C, D). 

Furthermore, we performed immunofluorescence to label the cen
tromeres using the SYCP3 antibody, a component of the synaptonemal 
complexes required for centromere pairing in male germ cells during 
meiosis [47,48] (Fig. 3E). The centromeres in dividing primary sper
matocytes were not disrupted in the GSK923295 group compared with 
the control group (Fig. 3F-H). The quantifications of SYCP3 dots per 
metaphase cell showed that there were no significant changes in the 
SYCP3-labelled centromeres in metaphase I spermatocytes of the control 
and GSK923295 groups (Fig. 3H). 

We then used immunofluorescence to stain the transverse filament of 
synaptonemal complexes using the synaptonemal complex protein 1 
(SYCP1) antibody (Fig. S4A). We found that there were no significant 
changes in SYCP1 stretches per cell in the control and GSK923295 
groups (Fig. S4B). Furthermore, we found that SYCP3 stretches per cell 
were not influenced in the GSK923295 group compared with the control 
group (Fig. S4C-D). 

3.4. CENP-E is essential for the regulation of the spindle length in 
spermatocytes 

Quantifications of the distance of spindle poles in metaphase sper
matocytes revealed that the length of spindle microtubules was 9.71 ±
0.16 μm in the GSK923295 group compared with 8.48 ± 0.17 μm in the 
control group (Fig. 3I). Strikingly, we found that CENP-E inhibition 
resulted in the elongation of spindle microtubules compared with the 
regular spindle microtubules in the control group (Fig. 3E, I and Fig. 4A). 
We also examined the morphology of spindle microtubules in secondary 
spermatocytes using immunofluorescence of TUBA4A and SYCP3 
(Fig. 4A-D). The number of SYCP3-positive cells per seminiferous tu
bules was not influenced after CENP-E inhibition (Fig. 4A-D). 

To further study the mechanisms of CENP-E in dividing spermato
cytes, we selected the spermatogenic cell line GC-2 spd (ts), which was 
derived from 6-week-old mouse testes and transfected with the simian 
virus 40 large tumor antigen gene and a temperature-sensitive mutant of 
the p53 tumor suppressor gene [49,50]. The GC-2 spd cells can not 
differentiate and remain at a premeiotic stage, which provides a useful 
model cell line for cell division of dividing spermatocytes in vitro 
[49,52]. There is evidence that this cell line has some meiosis-like 
properties. The kinetic of microtubule assembly is conserved among 
the GC-2 spd cells and the spermatocytes in vivo [49– 51]. We synthe
sized two specific CENP-E siRNA and transfected the siRNA into the GC- 
2 spd cells for 48 h, respectively. The efficiency of CENP-E-specific 
siRNA knockdown was validated using the quantitative real-time PCR, 
immunofluorescence, and the rescue experiments (Figs. S5A, B, C; S6). 
CENP-E knockdown led to metaphase arrest in the GC-2 spd cells 
(Fig. S5B). We found that CENP-E knockdown also led to the elongation 
of spindle poles in the cultured GC-2 spd cells (Fig. 4E; Fig. S5C). 
Quantifications of the distances of spindle poles in spermatocytes 

Fig. 2. CENP-E inhibition led to the disruption of spermatogenic wave and metaphase arrest of dividing spermatocytes. (A) Representative images of HE staining of 
seminiferous tubules in the control and GSK923295 groups. Scale bar, 20 μm. The arrow indicates the metaphase-arrested spermatocytes. The enlarged image of the 
dashed box was shown in the zoom. In the zoom, scale bar, 10 μm. (B) Ratios of seminiferous tubules with dividing spermatocytes in the control and GSK923295 
groups. Control, 5.66 ± 0.98 %, N = 4; GSK923295, 34.03 ± 3.04 %, N = 4. (C) Ratios of metaphase spermatocytes in seminiferous tubules of the control and 
GSK923295 groups. Control, 14.21 ± 2.14 %, N = 4; GSK923295, 42.70 ± 3.45 %, N = 4. (D) Immunofluorescence images of Histone H3 and α-tubulin in the control 
and GSK923295 groups. α-tubulin, red; Histone H3, green; DAPI, blue. Scale bar, 10 μm. The enlarged box was shown in the zoom. The arrow indicates the metaphase 
I spermatocytes. (E) Ratios of Histone H3 positive seminiferous tubules in the control and GSK923295 groups. Control, 11.20 ± 0.72 %; GSK923295, 15.32 ± 1.03 %, 
N = 89; Group = 3. (F) Relative number of metaphase cells in each seminiferous tubule of the control and GSK923295 groups. Control, 14.00 ± 0.27, N = 555; Group 
= 29. GSK923295, 18.75 ± 1.80, N = 375; Group = 20. (G) Immunofluorescence images of DDX4/MVH and α-tubulin in the control and GSK923295 groups. 
α-tubulin, red; DDX4/MVH, green; DAPI, blue. Scale bar, 10 μm. For all graphs, student's t-test. Error bars, mean ± SEM. *, p < 0.05; ***, p < 0.001. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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indicated that the spindle length is 8.09 ± 0.27 μm in the control group, 
while the spindle length was significantly increased to 10.42 ± 0.43 μm 
in the siCENP-E-1 group and 9.41 ± 0.48 μm in the siCENP-E-2 group 
(Fig. 4F). Furthermore, we observed that a portion of chromosomes was 
misaligned and cannot locate at the equatorial plate in the GC-2 spd cells 
at metaphase (Fig. 4E). 

To further validate the roles of CENP-E in spindle length regulation, 
we treated the GC-2 spd cells with a series of concentrations of 
GSK923295, including 400 nM, 1 μM and 5 μM. We labelled spindle 
microtubules using immunofluorescence with the α-tubulin antibody. 
Consistent with the results in the siRNA knockdown group, we found 
that GSK923295 mediated CENP-E inhibition resulted in the increase of 
the distances of spindle poles in the GC-2 spd cells (Fig. 5A, B). The 
distances of spindle poles increased into 10.48 ± 0.23 μm in the pres
ence of 400 nM GSK923295, and significantly increased to 11.61 ± 0.23 
μm in the presence of 5 μM GSK923295 compared with 9.60 ± 0.32 μm 
in the control group (Fig. 5B). These results suggest that GSK923295- 
mediated CENP-E inhibition also results in the elongation of spindle 
length and shows a pattern that the spindle pole distances increase with 
the increase of the inhibition degree. 

3.5. CENP-E depletion resulted in chromosome misalignment, multinuclei, 
and micronuclei in spermatocytes 

We found that CENP-E knockdown led to chromosome misalignment 
in the GC-2 spd cells. In the GSK923295 group, a portion of chromo
somes failed to align at the metaphase plate (Fig. 5C). The GC-2 spd cells 
with misaligned chromosomes increased to 67.88 % in the siCENP-E-1 
group and 50.55 % in the siCENP-E-2 group, compared with 11.93 % 
in the control group (Fig. 5D). Meanwhile, the cells with multinuclei also 
slightly increased after CENP-E ablation (Fig. 5E). The cells with 
abnormal nuclei and micronuclei also slightly increased in the absence 
of CENP-E (Fig. 5F, G). 

Consistent with the results in cultured GC-2 spd cells, we also 
observed that homologous chromosomes were misaligned in seminif
erous tubules after CENP-E inhibition in mouse testes (Fig. 6A). The 
spindle organization in metaphase I spermatocytes was also disrupted 
after CENP-E inhibition (Fig. 6A). In the GC-2 spd cells, siRNA-mediated 
CENP-E depletion led to spindle disorganization and multipolar spindles 
(Fig. 6B). The ratios of disorganized spindles were significantly 
increased after CENP-E knockdown (Fig. 6C). Similarly, GSK923295- 
mediated CENP-E inhibition also led to defects in chromosome align
ment and spindle organization (Fig. 6D). Furthermore, the cells with 
abnormal spindles were increased after CENP-E inhibition (Fig. 6E). 
Loss-of-function of CENP-E is associated with chromosome misalign
ment, abnormal spindle, and multipolar spindle in spermatocytes 
(Fig. 6F). 

We found that CENP-E inhibition caused metaphase arrest in the GC- 
2 spd cells (Fig. S7A). CENP-E inhibition also led to the decreased cell 
viability in the GC-2 spd cells, especially in the presence of GSK923295 
from the concentrations at 5 to 62.5 μM (Fig. S7B). The Giemsa staining 
showed that relative cell numbers were decreased and the metaphase- 
arrested cells significantly increased after CENP-E inhibition (Fig. S7C- 
E). Cell colony assays showed that the formation of cell colony was not 

affected in the 400 nM GSK923295 group, while was significantly sup
pressed in the 2 μM and 10 μM GSK923295 groups (Fig. S7F, G). 
Furthermore, we observed that the GC-2 spd cells grew slower compared 
with the wild-type cells (Fig. S7H), while in the 400 nM group, the GC-2 
spd cells grew slightly faster than the wild-type cells, and in the 6 μM 
group (Fig. S7I). 

3.6. Chromosome stability and genome integrity were mediated by CENP- 
E 

We further analyzed chromosome stability in the GC-2 spd cells using 
a series of concentrations of GSK923295, including 400 nM, 1 μM, 5 μM, 
and 12.5 μM (Fig. S8). We observed that metaphase-arrested GC-2 spd 
cells significantly increased in the GSK923295 group (Fig. S8A-B). We 
found that CENP-E inhibition resulted in the increase of multinucleated 
cells into 8.64–15.77 % compared with 3.16 % in the control group 
(Fig. S8C). Moreover, there was a significant increase in the abnormal 
nucleus and micronucleus after CENP-E inhibition (Fig. S8D, E). Flow 
cytometry analyses revealed that there was a significant increase in the 
G2-M phase cells after CENP-E inhibition for 24 or 48 h in cultured GC-2 
spd cells (Fig. S8F-K). Meanwhile, there is a decrease in the G0-G1 phase 
cells after CENP-E inhibition in cultured GC-2 spd cells (Fig. S8G). The 
populations of subdiploid cells and multiploid cells were increased after 
CENP-E inhibition (Fig. S8J, K). 

To examine the consequences of CENP-E inhibition in spermatogenic 
cells in vivo, we performed flow cytometry to examine the populations of 
spermatogenic cells in mouse testes (Fig. 7A). We found that the ratios of 
the haploid cells were not significantly influenced in the GSK923295 
group compared with the control group (Fig. 7B). Notably, we found 
that the diploid cells significantly decreased to 18.22 ± 0.63 % in the 
GSK923295 groups compared with 24.58 ± 1.90 % in the control group 
(Fig. 7C). Furthermore, the tetraploid cells increased from 28.14 ± 1.76 
% in the GSK923295 groups compared with 16.42 ± 1.33 % in the 
control group (Fig. 7D). The ratio of aneuploid cells increased from 
13.07 ± 0.75 % to 19.32 ± 0.92 % after CENP-E inhibition (Fig. 7E). 
These results indicate that CENP-E inhibition causes a decrease in 
diploid cell populations and an increase in aneuploid and tetraploid cell 
populations in seminiferous tubules. 

Furthermore, we examined the expression patterns of cell cycle- 
related genes in the control and GSK923295 groups. Quantitative real- 
time PCR analyses have revealed that expression levels of Cdk1, Mad1, 
Mad2, Cdkn1a, Aurora A, and Plk1 were significantly increased in mouse 
testes after CENP-E inhibition (Fig. 7F, G). Moreover, the expression 
level of BubR1, Bub1, and Incenp were significantly decreased in mouse 
testes after CENP-E inhibition (Fig. 7F, G). The expression level of 
Cdc20, Cdc25a, Cdc25c, Wee1, and Apc1 genes were not influenced in 
the testes of the control and GSK923295 groups (Fig. 7 F, G). 

To further investigate the functions of CENP-E in the spindle as
sembly checkpoint during meiosis I, we stained the metaphase I sper
matocytes with the anti-BubR1 antibody. We found that GSK923295- 
mediated CENP-E inhibition resulted in the decreased localization of 
BubR1 proteins at the kinetochores (Fig. 8A). In the control group, 
BubR1 proteins were accumulated at the kinetochores of aligned chro
mosomes in the primary spermatocyte during metaphase I. However, a 

Fig. 3. CENP-E inhibition results in the increase of metaphase I spermatocytes and the disorganization of spindle microtubules. (A) Immunofluorescence images of 
PRC1 and TUBA4A in the control and GSK923295 groups. PRC1, red; TUBA4A, green; DAPI, blue. Scale bar, 10 μm. The enlarged box was shown in the zoom. (B) The 
number of the stretches of PRC1-labelled spindle microtubules per cell. Control, 6.46 ± 0.14, N = 35; GSK923295, 5.67 ± 0.33, N = 16. (C, D) Line-scan analyses of 
fluorescent intensities of TUBA4A and PRC1 in metaphase I spermatocytes of the control group (C) and the GSK923295 group (D). PRC1, red; TUBA4A, green. The X 
axis indicates relative distance. The Y axis indicates fluorescent intensities. (E) Immunofluorescence images of SYCP3 and TUBA4A in the control and GSK923295 
groups. SYCP3, red; TUBA4A, green; DAPI, blue. Scale bar, 10 μm. (F, G) Line-scan analyses of fluorescent intensities of SYCP3 and TUBA4A in metaphase I 
spermatocytes of the control group (F) and the GSK923295 group (G). SYCP3, red; TUBA4A, green; DAPI, blue. (H) The analysis of SYCP3 dots per metaphase I 
spermatocyte in the control and GSK923295 groups. Control, 1.22 ± 0.86, N = 9; GSK923295, 10.50 ± 0.59, N = 18. (I) The analysis of the distance of spindle poles 
in metaphase I spermatocytes in the control and GSK923295 groups. Control, 8.48 ± 0.17 μm, N = 73; GSK923295, 9.71 ± 0.16 μm, N = 96. For all graphs, student's 
t-test. Error bars, mean ± SEM. ns, p > 0.05; *, p < 0.05; ****, p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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Fig. 4. CENP-E ablation resulted in the elongation of spindle poles and spindle disorganization in dividing spermatocytes. (A) Immunofluorescence images of 
TUBA4A and SYCP3 in the control and GSK923295 groups. SYCP3, red; TUBA4A, green; DAPI, blue. Scale bar, 10 μm. The indicated spermatocytes were shown in the 
zoom. (B) The analysis of SYCP3 positive cells per seminiferous tubule in the control and GSK923295 groups. Control, 46.78 ± 3.07, N = 23; GSK923295, 43.10 ±
1.35, N = 29. In this graph, student's t-test. (C, D) Line-scan analyses of fluorescent intensities of TUBA4A and SYCP3 in metaphase I spermatocytes of the control 
group (C) and the GSK923295 group (D). SYCP3, red; TUBA4A, green; DAPI, blue. (E) siRNA-mediated CENP-E knockdown resulted in the elongation of spindle poles 
in cultured GC-2 spd cells after treatment with siRNA for 48 h. A non-specific negative control siRNA served as the control group. γ-tubulin, red; α-tubulin, green; 
DAPI, blue. Scale bar, 5 μm. (F) The analysis of the distance of spindle poles in cultured GC-2 spd cells in the control, siCENP-E-1, and siCENP-E-2 groups. Control, 
8.09 ± 0.27 μm; siCENP-E-1, 10.42 ± 0.43 μm; siCENP-E-2, 9.41 ± 0.48 μm. n = 10, 9, 8. Student's t-test. For all graphs, error bars, mean ± SEM. ns, p > 0.05; *, p <
0.05; ***, p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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large portion of BubR1 proteins disassociated from the kinetochores and 
showed an abnormal localization pattern (Fig. 8A-C). In addition, the 
localization of CDKN1A proteins was also slightly influenced after 
CENP-E inhibition in the dividing spermatocytes (Fig. 8D, E). Taken 
together, these results indicate that CENP-E inhibition influences the 
critical regulators of the spindle assembly checkpoint in meiosis I, which 
contributes to the disruption of the meiotic spindle assembly checkpoint 
in primary spermatocytes. 

4. Discussion 

4.1. Expression patterns of CENP-E in mouse developing testes 

In this study, we have revealed that the CENP-E gene was highly 
expressed from 21 days to 28 days after birth, which suggests that CENP- 
E is essential for the meiosis of spermatocytes. We have found that the 
high expression level of the CENP-E gene remained from 28 to 56 days 
after birth. Previous studies have revealed that CENP-E proteins initially 
locate at the centromeres at late diakinesis/early prometaphase I sper
matocytes, then localize at the outer kinetochore plate and the fibrous 
corona of homologous chromosomes at metaphase I spermatocytes, and 
finally translocate to spindle midzone at anaphase I onset [19,20]. 

The pattern of the localization of CENP-E in dividing spermatocytes 
is similar to its localization pattern in mitotic cells, which suggests a 
potentially conserved role of CENP-E in mitosis and meiosis [20,52,53]. 
CENP-E proteins were widely expressed in the spermatogonia, the 
spermatocytes, and the spermatids [22]. The increased intensities of 
CENP-E at the kinetochores of unaligned bivalents during prometaphase 
I, and unaligned kinetochores at prometaphase II, suggest that CENP-E 
might play a role in facilitating kinetochore-microtubule attachment 
during meiosis [19]. Taken together, these results indicate that CENP-E 
might play a role in kinetochore-microtubule attachment during the 
meiotic division of primary spermatocytes. 

4.2. CENP-E is essential for kinetochore-microtubule attachment and 
chromosome alignment in spermatocytes 

Due to the essential roles of CENP-E in cell division, CENP-E gene 
knockout results in early embryonic lethality in mice [11], which is an 
obstacle in the studies of CENP-E in development. The allosteric inhib
itor GSK923295 inhibits ATPase activity of the motor domain of CENP-E 
[17] and mediates a rapid and acute inactivation of CENP-E in cells [54]. 
Taking advantage of GSK923295, previous studies have demonstrated 
that CENP-E is essential for end-on kinetochore-microtubule attachment 
and chromosome congression [55,56]. Thus, in this study, we have 
established a CENP-E inhibition mouse model using the specific inhibi
tor GSK923295. 

At the molecular level, we have performed quantitative real-time 
PCR analyses and found that there is no significant difference in the 
maker genes of early to mid-prophase I, including Sycp3, Rec8, Dmc1, 
and Eg5, between the control and GSK923295 groups. Furthermore, the 
markers of prophase I Piwil1 and CENP-E were slightly influenced after 
CENP-E inhibition. In addition, gene transcription levels of Rfx2, Crem, 

and Sox30 genes were not significantly influenced after CENP-E inhi
bition. However, Tnp1 and Protamine-2 were significantly increased 
after CENP-E inhibition. Taken together, these results suggest that 
CENP-E inhibition influences the expression patterns of Piwil1, CENP-E, 
Tnp1, and Protamine-2 genes in mouse testes, which may be a conse
quence of the changes in the populations of spermatogenic cells. 

CENP-E is essential for metaphase-to-anaphase transition in mitosis 
[5]. In mouse oocytes, CENP-E inhibition by antibody injection also 
results in cell cycle arrest in metaphase I [57]. In this study, we have 
found that CENP-E inhibition results in prolonged metaphase in primary 
spermatocytes. GSK923295-mediated CENP-E inhibition leads to a sig
nificant increase of dividing spermatocytes I in mouse testes. The His
tone H3 (Ser10)-positive spermatocytes in the GSK923295 group 
suggest prolonged metaphase I and the G2/M arrest of spermatocytes 
during meiosis after CENP-E inhibition. 

CENP-E transports chromosomes along microtubules in a way inde
pendent of microtubule pulling forces [3]. CENP-E and dynein drive the 
congression of peripheral chromosomes through the balance with arm- 
ejection forces by chromokinesins [16]. CENP-E controls the stable in
teractions between depolymerizing microtubule ends and kinetochores 
[56]. Furthermore, CENP-E converts from a lateral transporter into a 
microtubule-tip tracker via its motor and tail domain, which is essential 
for end-on microtubule attachment [56]. Our data suggest that CENP-E 
mediates homologous chromosome alignment and segregation in the 
male meiotic division. CENP-E inhibition results in chromosome 
misalignment, multipolar spindle, and multinuclei in dividing sper
matocytes I (Fig. 8F). Taken together, these results indicate that CENP-E 
is responsible for chromosome alignment and segregation in 
spermatocytes. 

4.3. CENP-E regulates spindle assembly checkpoint and genome stability 
of spermatocytes 

In mitosis, the components of the spindle assembly checkpoint, 
including Mad1, Mad2, Bub1, BubR1, Bub3, and Mps1 proteins, form a 
“wait anaphase signal”, which inhibits the activation of APC/C 
(anaphase-promoting complex/cyclosome) and the metaphase-to- 
anaphase transition [58]. BubR1, a key effector of mitotic checkpoint 
signaling, associates with Bub3, Mad2, and Cdc20 to form the mitotic 
checkpoint complex, which suppresses APC/C [59]. BubR1 recruits 
CENP-E to kinetochores, and the interactions between BubR1 and CENP- 
E are critical for chromosome alignment [27,28]. Furthermore, CENP-E 
and BubR1 form a stoichiometric complex, which regulates the status of 
CENP-E-dependent BubR1 autophosphorylation and the kinase activity 
of BubR1 [12,28,60]. Taken together, these results indicate that CENP-E 
functions as a crucial receptor for the silencing of spindle assembly 
checkpoint after kinetochore-microtubule attachment. 

In female meiosis I, CENP-E depletion results in unstable 
kinetochore-microtubule attachment and the presence of Mad2 at ki
netochores, which indicates the activation of spindle assembly check
point in mouse oocytes [61]. Meanwhile, CENP-E regulates chromosome 
bi-orientation and mediates the stability of BubR1 to control metaphase 
I progression [61]. Our data have shown that CENP-E inhibition results 

Fig. 5. GSK923295-mediated CENP-E inhibition resulted in increased distances between two spindle poles in cultured GC-2 spd cells. (A) Immunofluorescence 
images of the spindle microtubules of the GC-2 spd cells in the control and GSK923295 groups. DAPI, blue; α-tubulin, green. Scale bar, 5 μm. (B) Distances of two 
spindle poles of the GC-2 spd cells in the control and GSK923295 groups. Control, 9.60 ± 0.32 μm; 400 nM, 10.48 ± 0.23 μm; 1 μM, 10.84 ± 0.23 μm; 5 μM, 11.61 ±
0.23 μm. n = 19, 32, 21, 19, 34. (C) Representative immunofluorescence images of GC-2 spd cells in the control, siCENP-E-1 and siCENP-E-2 groups. The GC-2 spd 
cells were transfected with the specific siRNA targeting CENP-E for 48 h. DAPI, blue; α-tubulin, green. Scale bar, 10 μm. (D) Ratios of the cells with chromosome 
misalignment in the control, siCENP-E-1 and siCENP-E-2 groups. Control, 11.93 ± 2.32 %; siCENP-E-1, 67.88 ± 1.52 %; and siCENP-E-2, 50.55 ± 8.34 %. (E) Ratios 
of the cells with multinuclei in the control, siCENP-E-1 and siCENP-E-2 groups. Control, 3.13 ± 0.46 %; siCENP-E-1, 8.02 ± 0.71 %; and siCENP-E-2, 4.56 ± 0.63 %. 
(F) Ratios of the cells with abnormal nucleus, including multinuclei, micronuclei and abnormal nuclear morphology, in the control, siCENP-E-1 and siCENP-E-2 
groups. Control, 2.32 ± 0.37 %; siCENP-E-1, 7.83 ± 0.77 % and siCENP-E-2, 5.69 ± 0.42 %. (G) Ratios of the cells with micronuclei in the control, siCENP-E-1 
and siCENP-E-2 groups. Control, 4.89 ± 0.62 %; siCENP-E-1, 10.32 ± 1.07 % and siCENP-E-2, 6.82 ± 1.61 %. For all graphs, control, n = 1557; siCENP-E-1, n 
= 1622; siCENP-E-2, n = 912. Group = 4. For all graphs, ANOVA Dunnett's multiple comparisons test. Error bars, mean ± SEM. ns, p > 0.05; *, p < 0.05; **, p < 0.01; 
***, p < 0.001; ****, p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in the increased expression level of Cdk1, Mad1, Mad2, and Plk1 genes, 
which suggests the activation of spindle assembly checkpoint in the male 
meiotic division. CENP-E inhibition results in the decreased localization 
of BubR1 proteins at the kinetochores, which indicates CENP-E is 

required for the recruitment of BubR1 to the kinetochores and the 
function of spindle assembly checkpoint during meiosis I. These results 
demonstrate that loss-of-function of CENP-E in mouse testes activates 
spindle assembly checkpoint, and then triggers metaphase arrest of 

Fig. 6. CENP-E ablation resulted in chromosome misalignment and spindle defects in dividing spermatocytes both in vivo and in vitro. (A) Immunofluorescence 
images of spindle microtubules of metaphase I spermatocytes in the control and GSK923295 groups. α-tubulin, green; DAPI, blue. Scale bar, 10 μm. (B) Repre
sentative images of the GC-2 spd cells in the control, siCENP-E-1 and siCENP-E-2 groups. SiRNA-mediated CENP-E knockdown resulted in the formation of disor
ganized spindle and multipolar spindle in the GC-2 spd cells. DAPI, blue; α-tubulin, green. Scale bar, 10 μm. (C) Ratios of spindle disorganization in the GC-2 spd cells 
in the control, siCENP-E-1 and siCENP-E-2 groups. Control, 7.19 ± 2.18 %; siCENP-E-1, 64.01 ± 3.70 % and siCENP-E-2, 48.27 ± 4.78 %. For all graphs, control, n =
1557; siCENP-E-1, n = 1622; siCENP-E-2, n = 912. Group = 4. (D) Immunofluorescence images of spindle microtubules in the GC-2 spd cells. Cells were incubated 
with 400 nM, 1 μM, 5 μM and 12.5 μM GSK923295 for 48 h, respectively. DAPI, blue; α-tubulin, green. Scale bar, 5 μm. (E) Ratios of abnormal spindles in cells of the 
control and GSK923295 groups. Control, 26.61 ± 9.90 %, n = 51, group = 4; 400 nM, 57.53 ± 4.01 %, n = 139, group = 6; 1 μM, 42.98 ± 5.24 %, n = 130, group =
5. (F) Schematic models of the functions and mechanisms of CENP-E in cultured spermatocytes. CENP-E depletion results in chromosome misalignment, multipolar 
spindle and abnormal spindle in cultured GC-2 spd cells. For all graphs, ANOVA Dunnett's multiple comparisons test. Error bars, mean ± SEM. **, p < 0.01; ****, p <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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spermatocyte I. 
During prometaphase, the recruitment of CENP-E to unattached ki

netochores is mediated by Bub1-Bub3 and BubR1-Bub3 complexes 
[23,62]. In addition, Mad1 recruits CENP-E to the kinetochores for 
chromosome alignment [63]. Microtubule capture by CENP-E reduces 
Aurora B-mediated Ndc80 phosphorylation in a tension-independent 
mechanism [64]. Heterozygous reduction of CENP-E in mice results in 
the missegregation of a few chromosomes, reduced expression of Mad2, 
and a low rate of chromosomal instability [11,65,66]. In this study, 
CENP-E inhibition resulted in defects in the spindle assembly 

checkpoint, which is correlated with the increase of aneuploidy cells 
during meiosis. However, the interactions between CENP-E and spindle 
assembly checkpoint proteins may be conserved in the meiotic division, 
which remains to be clarified in future. 

The failure in proper chromosome-spindle capture activates the 
spindle assembly checkpoint, and finally induces mitotic arrest and cell 
death [17]. Loss-of-function of CENP-E in mitotic cells leads to abnormal 
metaphase-to-anaphase transition and chromosome missegregation 
during mitosis [67]. In mammalian cells, CENP-E depletion results in 
mitotic arrest [25,26]. CENP-E inhibition results in p53-mediated post- 

Fig. 7. CENP-E inhibition resulted in the disruption of spermatogenesis and the increase of tetraploid cells. (A) Flow cytometry analyses of the spermatogenic cells in 
the control and GSK92325 groups. GSK923295 was injected into mouse testes two times every three days at a final concentration of 10 μM. Analyzed cell numbers: 
Control, N = 20,000; GSK923295, N = 20,000. (B) Ratios of the haploid cells in the control and GSK923295 groups. Control, 39.32 ± 2.64 %; GSK923295, 39.98 ±
1.81 %. N = 5. (C) Ratios of the diploid cells in the control and GSK923295 group. Control, 24.58 ± 1.90 %; GSK923295, 18.22 ± 0.63 %. N = 5. (D) Ratios of the 
tetraploid cells in the control and GSK923295 groups. Control, 16.42 ± 1.33 %; GSK923295, 28.14 ± 1.76 %. N = 5. (E) Ratios of the aneuploid cells in the control 
and GSK923295 groups. Control, 13.07 ± 0.75 %; GSK923295, 19.32 ± 0.92 %. The ratios of aneuploid cells / diploid cells were shown. N = 5. (F) Quantitative real- 
time PCR analyses of expression levels of Cdk1, Cdc20, Cdc25a, Cdc25c, BubR1, Mad1, and Bub1 genes in the testes of the control and GSK923295 groups. (G) 
Quantitative real-time PCR analyses of expression levels of Mad2, Cdkn1a, Apc1, Aurora A, Incenp, Plk1, and Wee1 genes in the testes of the control and GSK923295 
groups. Student's t-test. Error bars, mean ± SEM. ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Fig. 8. CENP-E inhibition results in the disruption of the spindle assembly checkpoint in meiosis. (A) Representative immunofluorescence images of BubR1 and 
α-tubulin in the control and GSK923295 groups. α-tubulin, red; BubR1, green; DAPI, blue. Scale bar, 10 μm. (B) Line-scan analyses of fluorescent intensities of 
α-tubulin and BubR1 in metaphase I spermatocytes of the control group and the GSK923295 group. (C) The ratios of metaphase cells with abnormal BubR1 
localization in the control and GSK923295 groups. Control, 10.42 ± 6.25 %, N = 4; GSK923295, 56.59 ± 4.29 %, N = 10. (D) Representative immunofluorescence 
images of CDKN1A and Aurora B in the control and GSK923295 groups. (E) The ratios of metaphase cells with abnormal CDKN1A localization in the control and 
GSK923295 group. Control, 4.51 ± 1.67 %, N = 11; GSK923295, 25.56 ± 5.97 %, N = 10. For all graphs, student's t-test. Error bars, mean ± SEM. **, p < 0.01; ****, 
p < 0.0001. (F) Schematic models of the functions of CENP-E in the dividing spermatocytes. CENP-E is required for chromosome alignment and spindle assembly in 
meiosis. Loss-of-function of CENP-E results in chromosome misalignment, spindle disorganization, and elongated spindle microtubules. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Z.-Y. She et al.                                                                                                                                                                                                                                  



BBA - Molecular Cell Research 1869 (2022) 119306

16

mitotic apoptosis and aneuploidy-associated DNA damage response 
induced by chromosome missegregation [68]. Furthermore, spindle 
malfunctioning leads to prolonged mitotic arrest and cell death [69]. 
However, we found that CENP-E inhibition did not result in obvious cell 
apoptosis in mouse testes, which may be caused by the complex internal 
environment in the testes or the shedding of dead cells into the 
epididymis. 

4.4. CENP-E regulates spindle length and organization in meiosis 

In different cell types, the mitotic metaphase spindle remains at a 
steady-state length, which is regulated by microtubule dynamics, mo
lecular forces, and motor proteins [70–75]. It is well known that kinesin- 
14 and kinesin-5 are key regulators in the maintenance of the length and 
structure of the mitotic spindle through the push and pull mechanism 
[75–78]. However, the roles of kinesin-7 CENP-E in spindle assembly 
remain largely unknown. In this study, we have found that the length of 
spindle microtubules was 9.71 ± 0.16 μm in the GSK923295 group 
compared with 8.48 ± 0.17 μm in the control group in metaphase 
spermatocytes. Our results have shown that the spindle length was 
increased after CENP-E inhibition in metaphase I spermatocytes. 
Inconsistent with this result, CENP-E inhibition also results in the 
elongation of the mitotic spindle in cultured GC-2 spd cells. Meanwhile, 
spindle length is positively correlated with the degree of CENP-E 
inhibition. 

CENP-E is a slow microtubule plus-end-direct motor, which pro
motes microtubule plus-end elongation in vitro [79]. In Hec1 and CENP- 
E co-depleted cells, the kinetochore to spindle pole distance becomes 
longer compared with Hec1-depleted cells [80], which suggests that 
CENP-E suppresses chromosome motion toward the spindle equator. A 
recent study suggests that CENP-E is the predominant driver of micro
tubule flux from prometaphase to metaphase [81]. The motor activity of 
CENP-E is essential for microtubule flux before the kinetochore- 
microtubule attachment. The localization of CENP-E at kinetochore fi
bers during metaphase [3–5] and antiparallel microtubule of midzone 
during anaphase [5] indicates its roles in kinetochore-microtubule 
attachment. Furthermore, the localization of CENP-E at interpolar mi
crotubules suggests that CENP-E interacts with antiparallel interpolar 
microtubules and mediates microtubule sliding [81]. CENP-E cooperates 
with kinesin-5 Eg5 and KIF15 to regulate microtubule flux and spindle 
length by counteracting kinesin-13 MCAK-dependent microtubule 
depolymerization [81]. Taken together, CENP-E is an emerging regu
lator of spindle length and spindle organization in both mitosis and 
meiosis. 

CENP-E depletion results in a 50 % reduction in microtubule 
numbers on congressed chromosomes in mitotic cells [11,82]. In addi
tion, CENP-E deletion led to pericentriolar material fragmentation, 
centrosome destabilization, shorten astral microtubules, and oblique 
cell division [83]. In this study, we have shown that there is a significant 
decrease in PRC1-labelled microtubules in metaphase I spermatocytes. 
Our results indicate that CENP-E is responsible for the organization of 
the meiotic spindle in dividing spermatocytes in vivo. Previous studies 
have suggested that CENP-E contains a microtubule-binding site at the 
motor domain and an ATP-independent microtubule-binding site at the 
tail domain, which is required for the crosslinking of parallel or anti
parallel microtubules in cells [84]. The microtubule crosslinking ability 
of CENP-E might play a role in spindle assembly during cell division, 
which requires further investigation in future. 

5. Conclusions 

In conclusion, we have revealed that CENP-E inhibition results in 
chromosome misalignment and metaphase arrest in dividing sper
matocytes during meiosis. CENP-E inhibition activates the spindle as
sembly checkpoint in meiosis, which contributes to the cell cycle arrest 
of spermatocytes at metaphase I. Furthermore, CENP-E depletion leads 

to chromosome missegregation in spermatocytes and the increase of 
tetraploid cells in seminiferous tubules. In addition, we have found that 
CENP-E inhibition results in spindle elongation of spermatocytes in 
metaphase I, which suggests the essential roles of CENP-E in spindle 
assembly in meiosis. Taken together, our data indicate that CENP-E 
regulates spindle assembly and chromosome alignment in dividing 
spermatocytes during male meiotic division. 
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