
Vol.:(0123456789)1 3

Chromosoma 
https://doi.org/10.1007/s00412-022-00772-5

ORIGINAL ARTICLE

Kinesin‑5 Eg5 mediates centrosome separation to control spindle 
assembly in spermatocytes

Zhen‑Yu She1,2   · Ning Zhong1,2 · Ya‑Lan Wei3,4

Received: 2 December 2021 / Revised: 12 March 2022 / Accepted: 8 April 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Timely and accurate centrosome separation is critical for bipolar spindle organization and faithful chromosome segregation 
during cell division. Kinesin-5 Eg5 is essential for centrosome separation and spindle organization in somatic cells; however, 
the detailed functions and mechanisms of Eg5 in spermatocytes remain unclear. In this study, we show that Eg5 proteins are 
located at spindle microtubules and centrosomes in spermatocytes both in vivo and in vitro. We reveal that the spermatocytes 
are arrested at metaphase I in seminiferous tubules after Eg5 inhibition. Eg5 ablation results in cell cycle arrest, the formation 
of monopolar spindle, and chromosome misalignment in cultured GC-2 spd cells. Importantly, we find that the long-term 
inhibition of Eg5 results in an increased number of centrosomes and chromosomal instability in spermatocytes. Our findings 
indicate that Eg5 mediates centrosome separation to control spindle assembly and chromosome alignment in spermatocytes, 
which finally contribute to chromosome stability and faithful cell division of the spermatocytes.
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Introduction

In eukaryotic cells, centrosomes are the key microtubule-
organizing centers, which are crucial for spindle assembly 
and chromosome segregation in cell division (Bornens 
2002). Centrosomes consist of a pair of centrioles and are 
separated to form the bipolar spindle at the G2/M transition 
(Agircan et al. 2014; Hashimoto et al. 2020). The collabora-
tions of microtubules, microtubule-associated proteins, and 
motor proteins are necessary for the assembly of the bipolar 

spindle during cell division (Yount et al. 2015; Yukawa et al. 
2019).

Kinesin-5 motor is a conserved plus-end–directed motor 
required for the formation of the bipolar spindle (Sawin et al. 
1992; Heck et al. 1993; Blangy et al. 1995; Mann and Wads-
worth 2019). Kinesin-5 motors crosslink antiparallel micro-
tubules, generate outward pushing force on centrosomes, and 
regulate centrosome separation (Kashina et al. 1996; Kapoor 
et al. 2000; Kapitein et al. 2005; Hentrich and Surrey 2010; 
Raaijmakers et al. 2012). In mammalian cells, kinesin-5 Eg5 
generates braking forces (Shimamoto et al. 2015), regulates 
spindle cohesion and kinetochore fiber stability (Ma et al. 
2011; Chen et al. 2018), and maintains spindle bipolarity 
(Gayek and Ohi 2014). Mutation or inhibition of Eg5 leads 
to defects in centrosome separation and the formation of 
the monopolar spindle in mitotic cells (Mayer et al. 1999; 
Ferenz et al. 2010).

The balances between kinesin-5 motors and the 
minus-end–directed motors, including dynein and kine-
sin-14 motors, are essential for bipolar spindle assembly 
(Cameron et  al. 2006; Ferenz et  al. 2010; Tanenbaum 
and Medema 2010; Gayek and Ohi 2014; van Heesbeen 
et al. 2014; Sturgill et al. 2016). Eg5 ablation results in 
mitotic spindle defects, the activation of spindle assembly 
checkpoint, and cell apoptosis (Mayer et al. 1999; Liu 
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et al. 2014). Moreover, homozygous deletion of Eg5 in 
mice leads to monopolar spindles, cell cycle arrest, and 
inhibited cell proliferation of early embryos prior to the 
implantation stage (Castillo and Justice 2007; Chauvière 
et al. 2008).

In meiosis, Eg5 is responsible for meiotic progression 
and spindle organization in porcine oocytes (Wan et al. 
2018; Xie et al. 2018). Furthermore, the increased level 
of Eg5 proteins on meiosis II spindles is associated with 
the maintenance of the bipolar spindle in mouse oocytes 
(Kovacovicova et al. 2016). During meiosis, Eg5 proteins 
are expressed in spermatocytes in seminiferous tubules 
(Hara-Yokoyama et al. 2019). In our previous studies, Eg5 
inhibition by specific inhibitors, including Monastrol, 
S-trityl-L-cysteine (STLC), and dimethylenastron, results 
in the defects in spindle bipolarity and chromosome mis-
alignment in spermatocytes (She et al. 2020). STLC binds 
to the pocket composed of loop L5 and helix α2 and α3 
in Eg5’s motor domain and inhibits the release of ADP 
(DeBonis et al. 2004; Skoufias et al. 2006; Kaan et al. 
2009). In mitotic cells, STLC-mediated Eg5 inactivation 
leads to the formation of monopolar spindles (Skoufias 
et al. 2006; Iwakiri et al. 2013; Novak et al. 2018). Despite 
the importance of Eg5 in meiosis, our understanding of the 
mechanisms of kinesin-5 Eg5 in dividing spermatocytes is 
still rudimentary. Therefore, it remains unclear how Eg5 
mediates spindle bipolarity to regulate faithful chromo-
some alignment in spermatocytes.

Here, to fill this knowledge gap, we combine the 
in vivo inhibition of Eg5 in mouse testes with cultured 
spermatocytes to investigate the functions and mecha-
nisms of Eg5 in the cell division of spermatocytes. The 
use of the GC-2 spd cells—the model cell widely used for 
studying spindle assembly of spermatocytes—allowed us 
to perform Eg5 knockdown/inhibition as well as immu-
nofluorescence to visualize the organization and dynam-
ics of spindle microtubules. We find that Eg5 inhibition 
results in cell cycle arrest of spermatocytes at metaphase I 
in seminiferous tubules. Furthermore, Eg5 ablation leads 
to the formation of the monopolar spindle, spindle dis-
organization, and chromosome misalignment in cultured 
spermatocytes. Furthermore, we demonstrate that Eg5 
is responsible for the separation of centrosomes and the 
maintenance of spindle bipolarity, which finally contrib-
utes to the formation of bipolar spindle and chromosomal 
stability. Strikingly, the long-term inhibition of Eg5 in 
cultured spermatocyte results in significantly increased 
numbers of centrosomes and genome instability. Our data 
suggest that kinesin-5 Eg5 mediates centrosome separa-
tion to regulate spindle bipolarity and chromosome stabil-
ity in spermatocytes.

Materials and methods

Mouse experiments and animal ethics

All animal experiments were reviewed and approved by 
the Institutional Animal Care and Use Committee at Fujian 
Medical University, China (Protocol No. SYXK2016-
0007). All mouse experiments were performed according 
to the guidelines of the Care and Use of Laboratory Ani-
mals of the National Institutes of Health (NIH publications 
No. 8023, revised 1978).

The 3-week-old male ICR mice were purchased from 
the Wu-Shi experimental animal center (Fuzhou, China). 
The mice were fed and housed in a pathogen-free facility 
at Fujian Medical University under the standard environ-
ments and exposed to a 12:12-h light/dark cycle with free 
access to water and food. For Eg5 inhibition, the mice 
were treated with 21.34 mg/kg STLC (Santa Cruz Bio-
technology, Cat. sc-202799) by intraperitoneal injection 
every 2 days for 2 weeks. The concentrations of STLC 
were selected according to previous studies (Brier et al. 
2004; DeBonis et al. 2004; Gartner et al. 2005; Shimizu 
et al. 2010; She et al. 2020).

Cell culture, treatment, and transfection

The GC-2 spd (ts) cell line (ATCC No. CRL-2196) was 
purchased from American Type Culture Collection. Cells 
were cultured in Dulbecco Modified Eagle’s Medium 
(DMEM)/high glucose, (HyClone, Cat. SH30022.01) sup-
plemented with 10% heat-inactivated fetal bovine serum 
(Every green, Cat. 11011–8611) and 1% penicillin/strepto-
mycin (MP Biomedicals, Cat. 1670249). Cells were incu-
bated in a humidified incubator (Heal Force, No. HF90/
HF240) at 37 ℃ with an atmosphere of 5% CO2. For cell 
passage, cells were digested using 0.25% trypsin–EDTA 
(Gibco, Cat. 25200056) and passaged every 3 days for 
further analyses.

STLC was prepared as the 10 mM stock in DMSO and 
stored at − 20 ℃. For Eg5 inhibition, the GC-2 spd cells 
were treated with a series of concentrations of STLC for 
different periods as indicated in each figure and figure leg-
end. For Eg5 knockdown, the GC-2 spd cells were trans-
fected with negative control, FAM, siGAPDH, and the 
Eg5-specific siRNA oligonucleotides using lipofectamine 
RNAiMAX transfection reagents (Thermo Fisher Sci-
entific, Cat.13778030) according to the manufacturer’s 
instructions, respectively. Cells were then cultured for 24 
or 48 h as indicated in figure legends. The efficiency of 
Eg5 gene knockdown was validated using PCR analyses 
and Western blot analyses. The sequences of the siRNAs 
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were listed as follows: negative control, 5′-UUC​UCC​
GAA​CGU​GUC​ACG​UTT-3′; siEg5-1,5′-CCU​UGA​UGA​
AUG​CUU​ACU​CUATT-3′; siEg5-2, 5′-AGU​UGC​UUA​
ACA​CGG​UUA​AAGTT-3′; siEg5-3, 5′-AGC​UGA​GGU​
CUA​CUG​AUA​UAATT-3′ (Mus musculus Eg5, GenBank 
Accession No. NM_010615.2).

Immunofluorescence and confocal microscopy

For immunofluorescence, the testes were fixed in 10% for-
maldehyde at room temperature for 12 h and then incubated 
in 70% ethanol for 1 h, in 85% ethanol for 1 h, in 95% etha-
nol for 1 h, and in 100% ethanol for 1 h. After being incu-
bated with xylene for 40 min, the testes were incubated with 
paraffin at 65 ℃ for 1 h and then embedded in paraffin. The 
5-μm-thick slides were prepared using an ultramicrotome 
(Leica No. RM2235) and then incubated in an incubator 
at 37 ℃ for 12 h. The GC-2 spd cells were seeded on the 
12-mm coverslips and cultured in DMEM/high-glucose 
medium. For fixation, cells were fixed with 4% paraform-
aldehyde at room temperature for 10 min and then rinsed 
with PBS for 15 min.

The samples were permeabilized with 0.25% Triton 
X-100 in PBS at room temperature for 10 min and then 
rinsed with PBS for 15 min. For antigen blocking, the sam-
ples were blocked with 1% bovine serum albumin (BSA)/
PBST (0.1% Tween-20 in PBS) at room temperature for 1 h. 
The samples were incubated with the primary antibodies in 
1% BSA/PBST at 37 ℃ for 1 h and then at 4 ℃ overnight. 
After being rinsed with PBS for 15 min, the samples were 
incubated with the secondary antibodies in 1% BSA/PBST 
at room temperature for 2 h in the dark. The samples were 
rinsed in PBS for 15 min and then stained by the DAPI solu-
tion (4,6-diamino-2-phenyl indole, Beyotime, Cat. C1006). 
The samples were mounted with the anti-fade mounting 
medium (Beyotime, Cat. P0126). The images were visual-
ized by a Nikon Ti-S2 fluorescence microscope equipped 
with a Plan-Apochromat 40 × /0.75 NA objective and the 
405-, 488-, and 561-nm excitation laser. Images were cap-
tured by a Nikon DS-Ri2 camera and analyzed using the 
ImageJ software (NIH).

For immunofluorescence, the primary antibodies used 
in this study were listed as follows: rabbit anti-β-tubulin 
monoclonal antibody (Beyotime, Cat. AF1216, 1:250), 
mouse anti-tubulin monoclonal antibody (Beyotime, Cat. 
AT819, 1:500), mouse anti-Eg5 monoclonal antibody 
(Abcam, Cat. ab51976, 1:100), mouse anti-γ-tubulin mon-
oclonal antibody (D-10) (Santa Cruz Biotechnology, Cat. 
sc-17788, 1:100), mouse anti-PRC1 monoclonal antibody 
(C-1) (Santa Cruz Biotechnology, Cat. sc-376983, 1:100), 
rabbit anti-KIF4A polyclonal antibody (Sangon Biotech, 
Cat. D161832-0025, 1:100). The secondary antibodies 
were listed as follows: Alexa Fluor 488-conjugated goat 

anti-rabbit IgG (H + L) (Beyotime, Cat. A0423, 1:500), 
Alexa Fluor 488-conjugated goat anti-mouse IgG (H + L) 
(Beyotime, Cat. A0428, 1:500), Alexa Fluor 555-conju-
gated donkey anti-mouse IgG (H + L) (Beyotime, Cat. 
A0460, 1:500), Alexa Fluor 555-conjugated donkey anti-
rabbit IgG (H + L) (Beyotime, Cat. A0453, 1:500).

Hematoxylin–eosin staining and the Giemsa 
staining

For HE staining, 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 being rinsed in dis-
tilled water for 5 min, the slides were stained with Mayer’s 
hematoxylin solution for 6 min at room temperature and 
then washed with tap water for 5 min. After being incu-
bated with ethanol hydrochloride for 3 s, the samples were 
washed in tap water for 3 min. The samples were incubated 
with lithium chloride for 1 min and then were stained with 
1% eosin for 5 min. After being rinsed in 95% ethanol for 
10 s, the samples were incubated with 100% ethanol for 
2 min and in xylene for 5 min. The slides were sealed with 
neutral gum at room temperature for 2 h.

For the Giemsa staining, cells were fixed with 4% para-
formaldehyde for 10 min and then rinsed with distilled 
water for 5 min. The samples were stained by the Giemsa 
staining solution supplemented with phosphate buffer (pH 
6.8) at room temperature for 15 min. The samples were 
rinsed with distilled water for 10 min and then sealed with 
glycerol.

Cell growth curve and cell viability assay

For cell growth curve assay, the GC-2 spd cells were seeded 
in 24-well plates and incubated with STLC at a final concen-
tration of 1 μM for 6 days. Cells were harvested using 0.25% 
trypsin/EDTA every 24 h and were counted and recorded 
using a hemocytometer and a light microscope (Nikon, No. 
E100).

For cell viability assay, the GC-2 spd cells were seeded 
in the 12-well plates at approximately 50% confluence for 
24 h and then incubated with STLC at a final concentra-
tion of 1 μM. Cells were then cultured for 48 and 72 h and 
then harvested using 0.25% trypsin–EDTA (Gibco). Relative 
cell viability was measured using the CellTiter 96 aqueous 
one solution cell proliferation assay (Promega, Cat. G3580) 
according to the manufacturer’s protocols. Luminescence 
was measured in 96-well flat-bottom polystyrene microplates 
(Corning, Cat. 3599) at A590nm using a microplate reader 
(BioTek, No. 180316F).
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Colony formation assay

For colony formation assay, approximately 1000 GC-2 spd 
cells were seeded on each 6-well plate (Corning, Cat. 3516) 
for 24 h and then incubated with 1 μM STLC in DMEM/
high-glucose medium for 2 weeks. After fixing with 1% par-
aformaldehyde for 10 min, cell colonies were stained with 
0.1% crystal violet at room temperature for 15 min. The 
crystal violet was eluted with 10% acetic acid solution. The 
eluted solution was measured at A590nm using a microplate 
reader (BioTek, No. 180316F).

Scratch wound healing assay

The GC-2 spd cells were seeded in the 24-well plates at 
80–90% density and then cultured for 24 h to reach 100% 
density. Three parallel straight lines were generated across 
the monolayer cells and a fresh medium was used to slowly 
wash away the detached cells. The GC-2 spd cells were incu-
bated with 0.5, 1, 5, and 25 μM STLC, respectively. After 
being cultured for 12, 18, and 24 h, the gap of monolayer 
cells was recorded and analyzed using an inverted micro-
scope (Jiangnan, No.XD-202).

Flow cytometry

For cell cycle analysis, the GC-2 spd cells were dissociated 
by 0.25% trypsin–EDTA at 37 ℃ for 1 min and then cen-
trifuged at 1000 rpm/min for 5 min. After being rinsed in 
PBS for 2 min, cells were fixed in 70% cold ethanol at 4 ℃ 
for 12 h. Cells were incubated with the propidium iodide 
staining solution (0.1% Triton X-100/PBS, 20 μg/ml RNase 
A, and 50 μg/ml propidium iodide; Beyotime, Cat. C1052) 
at 37 ℃ for 1 h. The samples were analyzed at the excitation 
wavelength of 488 nm using a flow cytometer (BD, FACS-
Canto™ II). Cell DNA content and light scattering analyses 
were performed using the ModFit LT32 software (Verity 
Software House).

Western blotting

The GC-2 spd cells were lysed in 3% SDS lysis buffer on the 
ice and incubated on ice for 10 min. The samples were incu-
bated at 100 ℃ for 10 min. The proteins were separated on 
5% and 10% polyacrylamide gels and transferred onto PVDF 
membranes (GE, Cat. 10600023). Membranes were washed 
three times with PBST and then blocked with 3% BSA/PBST 
for 1 h. The membranes were incubated with diluted pri-
mary antibodies in 3% BSA/PBST at 4 ℃ overnight. The 
membranes were washed by PBST for 15 min and incubated 
with the diluted secondary antibodies in 3% BSA/PBST 
at room temperature for 2 h and then washed with PBST 
for 15 min. Immunoblots were imaged on a ChemiDoc™ 

Touch Imaging System (Bio-Rad). The quantifications were 
measured and analyzed by the ImageJ software (NIH). The 
antibodies used in western blot were listed as follows: rab-
bit monoclonal anti-Eg5 antibody (Abcam, Cat. ab254298, 
1:1000), HRP-conjugated goat anti-rabbit IgG (Sangon Bio-
tech, Cat. D110058-0100, 1:1000), and anti-GAPDH-HRP 
antibody (GNI, Cat. GNI4310-GH-S, 1:5000).

Statistical analysis

All experiments were replicated independently at least three 
times or more on separate days. All sample sizes were indi-
cated in each figure legend. No statistical methods were 
used to predetermine the sample size. The investigators 
were not blinded to allocation during experiments and out-
come assessment. The stages of seminiferous tubules were 
clarified according to the standard guidelines (Leblond and 
Clermont 1952a, b; Russell et al. 1990). Immunofluores-
cence images were analyzed by the Image J software (NIH) 
to compare fluorescence intensities. For all bar graphs, 
mean ± SEM were shown. Statistical significances between 
groups were determined by the unpaired two-tailed student’s 
t test and then computed by the GraphPad Prism 6.0 software 
(GraphPad). P values less than 0.05 were considered signifi-
cant. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001.

Results

Kinesin‑5 Eg5 plays an essential role in mouse 
spermatocytes in vivo and in vitro

Firstly, we performed the immunofluorescence assay to 
study the localization of Eg5 proteins in spermatogenic 
cells. We found that Eg5 proteins were expressed in the 
spermatocytes and mainly enriched at spindle microtubules 
in dividing spermatocytes of 3-week-old male mouse tes-
tes (Fig. 1a). A portion of Eg5 proteins accumulated at the 
spindle proximal to the spindle poles and co-localized with 
microtubules (Fig. 1a).

To further investigate the functions of Eg5 proteins in 
spermatogenesis, we constructed a mouse model through 
intraperitoneal injection of Eg5-specific inhibitor STLC 
at a final concentration of 1 μM STLC every 2 days for 
2 weeks (Fig. 1b–e). We observed an increased number 
of metaphase-arrested spermatocytes in the STLC-treated 
testes (Fig. 1b, c). In seminiferous tubules, the distribution 
of spermatogenic cells was regular in control while sper-
matogenic cells were disorderly arranged in the STLC group 
(Fig. S1a). Furthermore, the immunofluorescence results 
revealed that the spermatocytes with monopolar spindles 
significantly increased after Eg5 inhibition (Fig.1d–f). 
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Fig. 1   Eg5 inhibition resulted in metaphase arrest of spermatocytes. 
a Immunofluorescence images of the seminiferous tubule of the 
untreated 3-week-old male mouse. Eg5 (red), β-tubulin (green), and 
DAPI (blue). White arrows indicate the spermatocytes during meta-
phase. Scale bar, 10 μm and 5 μm (Zoom). b HE staining of semi-
niferous tubules (stage X) in the control and 1  μM STLC groups. 
Eg5 inhibition led to metaphase-arrested spermatocytes. Scale 
bar, 50  μm. The magnified images from dashed boxes were shown. 
White arrows indicate the spermatocytes. Scale bar, 10 μm. c Ratio 
of metaphase I spermatocytes at stage XII in the control and STLC 
groups were shown. Control, 16.6 ± 2.25%; STLC, 48.66 ± 7.82%. 
Group = 6. d–e Immunofluorescence images of seminiferous tubules 
(stage X) in the control and 1 μM STLC groups. Eg5 inhibition con-
tributed to the metaphase-arrested spermatocytes and monoastral 

spindles. β-tubulin (green) and DAPI (blue). White arrows indi-
cate metaphase-arrested spermatocytes. Scale bar, 10  μm and 2  μm 
(Zoom). f Ratio of metaphase I spermatocytes in seminiferous tubules 
in the control and STLC groups were shown. Control, 14.94 ± 2.08%; 
STLC, 62.12 ± 3.52%. Group = 4. g Representative immunofluores-
cence images of Eg5 proteins in the GC-2 spd cells. Eg5 proteins 
mainly located at the centrosomes and the spindle microtubules 
from prophase to metaphase. Eg5 (green), β-tubulin (red), and DAPI 
(blue). Scale bar, 10 μm. h The co-localization patterns of Eg5 and 
β-tubulin were analyzed by the ImageJ software. Eg5 (green) and 
β-tubulin (red). The X axis indicates the relative distance and the Y 
axis indicates fluorescence intensities. Student’s t test. Error bars, 
mean ± SEM. **, P < 0.01; ****, P < 0.0001
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Together, these results show that Eg5 inhibition leads to a 
significant increase of metaphase-arrested spermatocytes 
and monopolar spindles, indicating Eg5 proteins are criti-
cal for the meiosis of spermatocytes in vivo.

In order to study the functions of Eg5 in cell division of 
spermatocytes, we used the GC-2 spd cell line as our model 
cell line which was established by stable transfection of the 
SV40 large T antigen gene and the p53 gene (Hofmann et al. 
1994, 1995; Chimento et al. 2012). The GC-2 spd cell is an 

immortalized mouse pachytene spermatocyte-derived cell 
line, which is a useful tool for the studies of spermatocytes 
in vitro (Chen et al. 2012; Chimento et al. 2012; Zhang et al. 
2018; She et al. 2020). We performed the immunofluores-
cence assay to explore the localization of Eg5 proteins in 
cultured GC-2 spd cells. Eg5 proteins were distributed in the 
cytoplasm at interphase and then co-localized with spindle 
microtubules at prophase (Fig. 1g). In prometaphase and 
metaphase, Eg5 proteins mainly accumulated at the spindle 
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microtubules (Fig. 1h). We revealed the co-localization 
between Eg5 and β-tubulin on spindle microtubules from 
prophase to metaphase (Fig. 1h). Eg5 proteins remained at 
the spindle poles at anaphase A and gradually translocated 
to the central spindle at anaphase B (Fig. S1b). During telo-
phase, Eg5 proteins accumulated in the midbody and showed 
co-localization with β-tubulin (Fig.S1b, c). Taken together, 
these results elucidate expression patterns of Eg5 proteins 
in cell division of spermatocytes both in vivo and in vitro.

Eg5 is crucial for the proliferation, colony formation, 
and migration of the GC‑2 spd cells

The cell growth curve experiment showed that cell prolif-
eration of the GC-2 spd cells was significantly suppressed 
after Eg5 inhibition in the 1 μM STLC group compared with 
the control group. In control, the GC-2 spd cells prolifer-
ate faster after 4 days and reached the exponential growth 
period. However, the GC-2 spd cells proliferate slowly in 
the STLC group (Fig. 2a). Next, we selected STLC with a 
series of concentration gradients, including 0.1, 0.25, 0.5, 
and 1 μM, for the inhibition of Eg5 proteins (Fig. S2a). We 
observed that after incubation with STLC for 12 h, the ratios 
of dividing cells increased to 3.09% in the 0.1 μM group, 
significantly increased to 3.35% in the 0.25 μM group, 
6.39% in the 0.5 μM group, and 21.25% in the 1 μM group, 
compared with 1.87% in the control group (Fig. S2b). These 
results indicate that Eg5 is required for cell proliferation of 
the GC-2 spd cells.

We then used 1 μM STLC to inhibit Eg5 for 48 and 72 h 
to observe cell morphology. The cell viability assay dem-
onstrated that the relative cell viability was significantly 
decreased by 30.21% at 48 h and 26.83% at 72 h (Fig.2b, 
c). Eg5 inhibition resulted in a significant increase of met-
aphase-arrested cells among the GC-2 spd cells (Fig.2d–f). 
These results suggest that Eg5 inhibition leads to the 
decrease of cell viability and cell cycle arrest of the GC-2 
spd cells.

Furthermore, we performed colony formation assays 
to investigate the long-term Eg5 inhibition effects on the 
GC-2 spd cells (Fig.2g–1). In the STLC group, we found 
the number of cell colonies was markedly reduced and the 
sizes of cell colonies were decreased in parallel with control 
(Fig.2g, h). Compared with the control, the crystal violet 
(A590nm) was significantly reduced by 77.57% (Fig. 2i) and 
the number of cell colonies was dramatically decreased by 
83.08% (Fig. 2j). Moreover, cell numbers in each clone were 
decreased by 98.34% (Fig. 2k), and the diameter of each 
clone was markedly decreased by 61.76% (Fig. 2l). Consist-
ent with the cell viability assays, these results indicate that 
Eg5 inhibition severely suppresses the proliferation capacity 
and the colony formation of the GC-2 spd cells.

We next performed the scratch wound healing assays to 
measure the migration of the GC-2 spd cells after treatment 
with a series of STLC for 12, 18, and 24 h. Eg5 inhibition 
led to longer wound distances and slower wound healing 
rates. The wound distance was significantly increased in dif-
ferent concentrations of STLC groups compared with the 
control group (Fig.S2d–f). Particularly, in 24 h, the wound 
distance showed an increase of direct proportion with incre-
mental concentrations of STLC (Fig. S2d). Compared with 
the low-dose groups (1 μM STLC), the high-dose groups 
(25 μM STLC) were increased by 7.89% in 12 h, 13.11% 
in 18 h, and 40.00% in 24 h (Fig. S2d–f). The cell viability 
of the GC-2 spd cells was markedly decreased after Eg5 
inhibition for 48 h (Fig. S2g). Together, Eg5 proteins are 
responsible for cell proliferation, colony formation, and cell 
migration of the GC-2 spd cells.

Eg5 inhibition leads to metaphase arrest, 
abnormal nuclei, and spindle disorganization 
in spermatocytes

We used flow cytometry to study the cell cycle of the GC-2 
spd cells, including the G0/G1 phase, the S phase, and the 
G2/M phase (Fig. 3). The GC-2 spd cells were incubated 
by 1 μM STLC for 48 h. In the 48-h STLC group, the ratio 
of the G0/G1 phase cells significantly reduced to 22.97% 
compared with 44.94% in control (Fig.  3a, b), the ratio of 
the S phase cells markedly decreased to 34.53% compared 
with 42.71% in control (Fig. 3c), and the ratio of the G2/M 
phase cells dramatically increased to 42.50% compared with 

Fig. 2   Eg5 inhibition led to the significant decreases in cell numbers, 
cell viability, and cell colonies of the GC-2 spd cells. a The growth 
curve analysis of the GC-2 spd cells in the control and 1 μM STLC 
groups. The X axis indicates the time of treatment (day), and the Y 
axis indicates the cumulative cell number (× 103). b–c Relative cell 
viability (A590nm) of the control and 1  μM STLC groups after Eg5 
inhibition for 48 and 72 h, respectively (48 h, 0.96 ± 0.03 in control 
and 0.67 ± 0.01 in STLC; 72 h, 1.64 ± 0.02 in control and 1.20 ± 0.02 
in STLC). n = 8 per group. d Representative images of the GC-2 
spd cells incubated with 1 μM STLC for 48 and 72 h, respectively. 
White arrows indicate the dividing cells. Scale bar, 50  μm. e Ratio 
of dividing cells in the control and 1 μM STLC groups (48 h). Con-
trol, 1.50 ± 1.08%; STLC, 16.43 ± 1.07%. Control, n = 2690. STLC, 
n = 1660. Group = 8. f Ratio of dividing cells in the control and 1 μM 
STLC groups (72  h). Control, 2.72 ± 0.34%; STLC, 8.38 ± 0.70%. 
Control, n = 699. STLC, n = 1435. Group = 8. g Colony formation 
analysis of the control and 1  μM STLC groups after treatment for 
14 days. Scale bar, 3.1 mm. h Representative images of the colony in 
the control and 1 μM STLC groups. Scale bar, 50 μm. i Crystal violet 
(A590nm) was measured in the control and 1 μM STLC groups (con-
trol, 2.14 ± 0.01; STLC, 0.48 ± 0.01). n = 16 per group. j The colony 
numbers were measured in the control and 1 μM STLC groups (con-
trol, 48.75 ± 3.57; STLC, 8.25 ± 0.25). n = 4 per group. k Cell num-
bers in each colony were measured in the control and 1  μM STLC 
groups (control, 8667 ± 2146; STLC, 144.1 ± 44.62). n = 6, 12. l The 
diameters of each colony were measured in the control and 1  μM 
STLC groups (control, 0.34 ± 0.02; STLC, 0.13 ± 0.01). n = 42, 44. 
Student’s t test. Error bars, mean ± SEM. ****, P < 0.0001
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Fig. 3   Eg5 inhibition caused metaphase arrest and spindle disorgani-
zation of the GC-2 spd cells. a Flow cytometry analysis of the GC-2 
spd cells in the control and 1  μM STLC groups (48  h). n = 30,000 
were analyzed in each group. Group = 4. b–d The ratios of the G0/
G1 cells, the S-phase cells, and the G2/M cells. G0/G1, 44.94 ± 0.65% 
in control and 22.97 ± 1.54% in STLC; S-phase, 42.71 ± 0.84% in 
control and 34.53 ± 2.35% in STLC; G2/M, 12.35 ± 0.38% in control 
and 42.50 ± 3.88% in STLC. n = 4 per group. e The control cells in 
prometaphase (1) and metaphase (2) were shown. Eg5 inhibition by 
1 μM STLC for 24 h resulted in spindle disorganization in metaphase, 
including the abnormal spindle in metaphase (3), the asymmetric 
spindle (4), the monoastral spindle (5), and the multipolar spindle 
(6). β-tubulin (green) and DAPI (blue). Scale bar, 5 μm. f The ratios 
of metaphase cells with monoastral spindle or asymmetric spindle in 
the control, 6 h STLC and 24 h STLC groups. g The ratios of meta-
phase cells in the control, 6 h STLC and 24 h STLC groups. h The 
ratios of abnormal metaphase cells in the control, 6 h STLC and 24 h 

STLC groups. i The ratios of abnormal spindles in prometaphase in 
the control, 6 h STLC and 24 h STLC groups. j The ratios of asym-
metric spindles in the control, 6 h STLC and 24 h STLC groups. k 
The ratios of monoastral spindles in the control, 6 h STLC and 24 h 
STLC groups. l The ratios of multipolar spindles in the control, 6 h 
STLC and 24  h STLC groups. n = 6 per group. m Western blotting 
analysis of the GC-2 spd cells transfected with the siRNAs for 30 h. 
Eg5 proteins were significantly attenuated in Eg5-specific siRNA 
transfected cells. n Relative expression levels of Eg5/GAPDH in 
the control, siEg5-1, siEg5-2 and siEg5-3 groups were shown (con-
trol, 6.91 ± 0.85; SiEg5-1, 1.27 ± 0.18; siEg5-2, 0.66 ± 0.08; siEg5-
3, 1.70 ± 0.12). n = 4 per group. o–q Flow cytometry analyses of the 
GC-2 spd cells in the control and siEg5-1 groups (32 h). The ratios 
of the G0/G1 phase cells, the S-phase cells and the G2/M phase cells 
were shown. Group = 3. n = 30,000 were analyzed in each group. Stu-
dent’s t test. Error bars, mean ± SEM. ns, P > 0.05; *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; ****, P < 0.0001
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12.35% in control (Fig. 3d). These results reveal that Eg5 
inhibition leads to the reduction of the G0/G1 phase and the 
increase of the G2/M phase cells, indicating Eg5 suppression 
contributes to cell cycle arrest at the G2/M phase.

Next, we performed the Giemsa staining assay and the 
immunofluorescence assay to analyze the nuclear morphol-
ogy of the GC-2 spd cells after Eg5 inhibition. The GC-2 spd 
cells were incubated with 0.1, 0.5, 1, 5, and 10 μM STLC for 
24 h, respectively (Fig. S3). The ratios of metaphase cells 
increased to 3.35–17.59% compared with 3.33% in control, 
indicating Eg5 inhibition led to gradually increased met-
aphase-arrested cells with the increased concentrations of 
STLC (Fig. S3c). There were different abnormalities in inter-
phase cells, including heteromorphic nuclear cells, small 
nuclear cells, binuclear cells, and multinucleate cells with 
two or more nuclei (Fig. S3b, d). The ratios of interphase 
cells with the irregular nucleus increased to 6.31–15.88% 
compared with 4.43% in control (Fig. S3e). The ratios of het-
eromorphic nuclear cells increased to 2.49–8.40% compared 
with 1.96% in control (Fig. S3f). The ratios of small nuclear 
cells increased to 0.53–3.12% compared with 0.18% in con-
trol (Fig. S3g). These results indicate that Eg5 inhibition 
leads to various deformities in the nucleus. In addition, com-
pared with 1.61% in control, the ratio of total apoptotic cells 
was significantly increased to 4.22% in the 10 μM STLC 
group (Fig. S3h). Together, Eg5 inhibition contributes to the 
increased number of metaphase-arrested cells and diverse 
nuclear abnormalities in interphase cells.

Then, we used the immunofluorescence assay to study 
spindle organization and chromosome alignment in the 
GC-2 spd cells after Eg5 inhibition (Fig. 3e–f). These cells 
were cultured with 1 μM STLC for 6 and 24 h, respectively. 
The ratios of metaphase cells significantly increased to 
4.65–5.54% compared with 1.47% in control (Fig. 3g), indi-
cating Eg5 inhibition led to metaphase arrest of GC-2 cells. 
In metaphase cells, the ratios of abnormal cells dramatically 
increased to 4.35–4.93% compared with 0.20% in control 
(Fig. 3h). The ratios of metaphase cells with monoastral 
spindle or asymmetric spindle increased in the 24-h-treated 
group compared with the 6-h-treated group (Fig. 3i). After 
incubating with STLC for 24 h, we found four kinds of spin-
dle deformities during prometaphase and metaphase, includ-
ing the abnormal spindle in prometaphase, the asymmetric 
spindle, the monoastral spindle, and the multipolar spindle 
(Fig. 3i–1). The chromosome misalignment was related to 
impaired spindle microtubules, causing deformities of both 
monopolar spindles and bipolar spindles. The monoastral 
spindle was the major type among abnormal metaphase 
cells, and the ratios of monoastral spindles significantly 
increased to 3.20–4.73% compared with 0.14% in control 
(Fig. 3k). The ratios of asymmetric spindles increased to 
0.19–0.43% compared with 0.06% in control (Fig. 3j). In 
the 24-h-treated group, the ratio of abnormal spindles in 

prometaphase increased to 0.56% compared with 0.00% in 
control (Fig. 3i), and the ratio of multipolar spindles signifi-
cantly increased to 0.15% compared with 0.00% in control 
(Fig. 3l). In conclusion, Eg5 inhibition leads to the formation 
of monopolar spindles, the malformation of bipolar spindles, 
and the misalignment of chromosomes.

Eg5 knockdown results in spindle disorganization 
and chromosome misalignment in dividing 
spermatocytes

To further study functions and mechanisms of Eg5 deple-
tion in the GC-2 spd cells, we used the siRNAs to transfect 
these cells (Fig. 3m, n; Fig. 4; Fig. S4, S5). Western blotting 
analyses revealed siRNA transfection significantly reduced 
the expression level of Eg5 proteins and the relative expres-
sion levels of Eg5/GAPDH decreased by 75.40–90.45%, 
indicating Eg5 was effectively knockdown by Eg5-specific 
siRNA (Fig. 3m, n). Consistent with these results, the fluo-
rescent intensities of Eg5 proteins dramatically reduced 
after siRNA transfection (Fig. S4a). After Eg5 depletion for 
24 h, the ratios of dividing cells significantly increased to 
10.84–29.89% compared with 5.15% in control (Fig. S4b, 
c). Together, these results suggest that siRNA transfection 
efficiently reduces the expression of Eg5 proteins.

Flow cytometry analyses indicated cell cycle alteration 
of the GC-2 spd cells after Eg5-specific siRNA transfection 
for 32 h (Fig. 3o–q). The ratio of G0/G1 phase cells mark-
edly decreased to 16.83% compared with 45.44% in control 
(Fig. 3o), the ratio of S phase cells dramatically decreased to 
24.76% compared with 39.38% in control (Fig. 3p), and the 
ratio of G2/M phase cells significantly increased to 58.41% 
compared with 15.18% in control (Fig. 3q). Taken together, 
Eg5 depletion contributes to the increase of dividing cells 
and the cell arrest at the G2/M phase.

We performed the immunofluorescence assay to study 
the spindle organization of the GC-2 spd cells during met-
aphase after Eg5 knockdown for 24 h (Fig. 4; Fig. S5a). 
The ratios of metaphase cells dramatically increased to 
4.93–16.06% compared with 2.36% in control (Fig. 4c), 
indicating Eg5 knockdown contributed to metaphase 
arrest of GC-2 spd cells. Consistent with the STLC-medi-
ated Eg5 inhibition, the results showed four abnormal 
spindles, including abnormal spindles in prometaphase, 
asymmetric spindles, monoastral spindles, and multipolar 
spindles (Fig. 4a; Fig. S5a). Compared with 0.14% in con-
trol, the ratios of abnormal metaphase cells significantly 
increased to 4.46–15.70% (Fig. 4d). The monoastral spin-
dle was the major type of the siRNA-transfected groups 
(Fig. 4b), and the ratios of monoastral spindles mark-
edly increased to 3.29–15.70% compared with 0.00% in 
control (Fig. 4e). Taken together, siRNA-mediated Eg5 
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knockdown results in spindle disorganization and defects 
in spindle pole separation in cultured spermatocytes 
(Fig. 5g).

The Giemsa staining results illustrated that the nuclear 
morphology of the GC-2 spd cells was disrupted during 
interphase after Eg5 knockdown for 24 h (Fig. S5b–g). 
Consistent with the STLC-mediated Eg5 inhibition, we 
observed three kinds of deformities including heteromor-
phic nuclear cells, small nuclear cells, and multinuclear 
cells with two or more nuclei (Fig. S5b, c). The ratios 
of interphase cells with the irregular nucleus increased 
to 15.04–28.83% compared with 10.48% in control 
(Fig. S5d). The ratios of heteromorphic nuclear cells 
increased to 5.84–13.63% compared with 5.09% in control 
(Fig. S5e). The ratios of small nuclear cells increased to 
4.99–15.11% compared with 3.98% in control (Fig. S5f). 
The ratios of multinucleate cells significantly increased to 
4.37–7.35% compared with 1.42% in control (Fig. S5g). 
In conclusion, siRNA-mediated Eg5 knockdown disrupts 
bipolar spindle formation, spindle organization, and chro-
mosome alignment in the GC-2 spd cells (Fig. 4g).

Eg5 regulates centrosome separation and spindle 
assembly in the GC‑2 spd cells

To further investigate the mechanisms of Eg5 in spindle 
assembly, we incubated the GC-2 spd cells with STLC for 
24 h and stained the centrosomes using the immunofluores-
cence of anti-γ-tubulin antibody (Fig. 5, 6). We observed 
that spindle microtubules were disorganized and the relative 
distances of centrosomes markedly decreased by 38.86% in 
prometaphase (Fig. 5b). Moreover, we found that the dis-
tance of centrosomes in metaphase significantly decreased 
by 91.20% in metaphase (Fig. 5d). The results showed that 
the separation of centrosomes was blocked and the distance 
of two spindle poles was reduced after Eg5 inhibition. In 
most metaphase-arrested GC-2 spd cells, the centrosomes 
were clustered together to form a single spindle pole and 
finally resulted in the formation of the monopolar spin-
dle (Fig. 5c). In addition, 0.15% GC-2 spd cells presented 
multipolar spindles after Eg5 inhibition (Fig. 5c). These 
results indicate Eg5 inhibition leads to the defects in the 
separation of the centrosomes during prometaphase and 
metaphase.

To study the long-term effects of Eg5 inhibition on the 
GC-2 spd cells, we treated the cells with 0.1, 0.5, and 1 μM 
STLC for 5 days and examined the number of centrosomes 
and microtubule using immunofluorescence (Fig. 6). In the 
control group, 70.74% of the GC-2 spd cells contain 2 centri-
oles located on the side of the nucleus (Fig. 6a, c). However, 
in the experimental groups, we found that more than two 
centrioles were scattered around the nucleus (Fig. 6a, b). As 
concentrations of STLC increased, the number of centrioles 
gradually increased in the interphase cells (Fig. 6b). Taken 
together, the long-term of Eg5 inhibition leads to increasing 
numbers of centrioles, which is a result of cell cycle arrest.

In addition, we also found that Eg5 inhibition slightly dis-
rupted the spindle organization in the midzone (Fig. S6a–d). 
The distribution of the marker proteins, including PRC1 
and KIF4A, was slightly influenced after Eg5 inhibition 
(Fig. S6a, c). Meanwhile, the fluorescence intensities of 
PRC1 and KIF4A were weaker compared with the control 
(Fig. S6b, d). In the GC-2 spd cells, the midbodies were 
disrupted after Eg5 inhibition (Fig. S6e–h). The localization 
of KIF4A and PRC1 was attenuated in the midbodies in the 
STLC group (Fig. S6e, g). These results indicate that Eg5 
also plays a minor role in the assembly of the central spindle 
and the midbody during cytokinesis.

The short‑term inhibition of Eg5 slightly influences 
the separation of centrosomes during metaphase

We used the immunofluorescence assays to study how Eg5 
influences centrosome separation and spindle formation in 
GC-2 spd cells after the short-term inhibition of Eg5 (Fig. 7; 

Fig. 4   Eg5 depletion led to metaphase arrest and spindle disor-
ganization of the GC-2 spd cells. a Immunofluorescence images of 
the GC-2 spd cells in the control and siEg5-2 groups. The control 
cells were shown during prometaphase (1) and metaphase (2). Eg5 
knockdown by siRNA transfection for 24 h led to spindle abnormali-
ties in metaphase, including the abnormal spindle in prometaphase 
(3), the asymmetric spindle (4), the monoastral spindle (5), and the 
multipolar spindle (6). β-tubulin (green), DAPI (blue) and γ-tubulin 
(red). Scale bar, 5 μm. b The ratios of abnormal metaphase cells in 
the control, siEg5-1, siEg5-2, and siEg5-3 groups (control, 0.14%; 
siEg5-1, 15.70%; siEg5-2, 4.46%; siEg5-3, 13.54%). n = 4 per group. 
c The ratios of metaphase cells in the control, siEg5-1, SiEg5-2, 
and SiEg5-3 groups were shown (control, 2.36 ± 0.47%; SiEg5-1, 
16.06 ± 1.50%; SiEg5-2, 4.93 ± 0.90%; SiEg5-3, 13.78 ± 1.79%). 
n = 4 per group. d The ratios of abnormal metaphase cells in the 
control, SiEg5-1, SiEg5-2 and SiEg5-3 groups were shown (con-
trol, 0.14 ± 0.14%; siEg5-1, 15.70 ± 1.44%; siEg5-2, 4.46 ± 0.75%; 
siEg5-3, 13.54 ± 1.76%). n = 4 per group. e The ratios of mono-
astral spindles in the control, siEg5-1, siEg5-2, and siEg5-3 groups 
were shown (control, 0.00 ± 0.00%; siEg5-1, 15.70 ± 1.44%; siEg5-
2, 3.29 ± 0.54%; siEg5-3, 12.92 ± 1.93%). n = 4 per group. Stu-
dent’s t-test. Error bars, mean ± SEM. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ****, P < 0.0001. f Representative model of the GC-2 spd 
cell in metaphase. The centrosomes, microtubules, and chromosomes 
were shown. g Graphical model of Eg5’s functions in the GC-2 spd 
cells during prometaphase and metaphase. In wild-type cells, two 
centrosomes were nearly located with radial microtubules at pro-
metaphase, and the chromosomes were neatly arranged on the spin-
dle equator at metaphase. After Eg5 inhibition or knockdown, four 
different types of spindle disorganization were shown. In the abnor-
mal spindle during prometaphase, two centrosomes were proximally 
positioned with connected microtubules. In the asymmetric spindle, 
the spindle microtubules showed asymmetric morphology. In the 
monoastral spindle, the centrosome was surrounded by chromosomes. 
In the multipolar spindle, the chromosomes were misaligned around 
three centrosomes
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Fig. S7). The GC-2 spd cells were incubated with 0.1, 1, and 
5 μM STLC for 5 min, 30 min, 1 h, and 5 h, respectively. 
We observed that the distance of spindle poles was slightly 
reduced after Eg5 inhibition, suggesting that centrosome 
separation was suppressed after short-term inhibition of 
Eg5 (Fig. 7a).

In addition, the ratios of cells in prometaphase and meta-
phase increased to 1.41–1.77% in the 5 min group compared 
with 1.10% in control (Fig. 7e), 1.18–1.83% in the 30-min 
group compared with 0.73% in control (Fig. 7g), 0.80–2.52% 
in the 1-h group compared with 0.78% in control (Fig. S7b), 
and 1.56–2.24% in the 5-h group compared with 0.46% in 
control (Fig. 7b). The ratios of cells in anaphase and telo-
phase reduced to 0.00–1.80% in the STLC group compared 
with 2.24% in control (Fig. 7c). Taken together, the short-
term inhibition of Eg5 slightly impairs the transition from 
metaphase to anaphase.

Consistent with the results of long-term inhibition, we 
found three types of abnormalities during metaphase, includ-
ing the abnormal spindle in prometaphase, the asymmetric 

spindle, and the monoastral spindle (Fig. 7a, Fig. S7a). 
The ratios of abnormal cells dramatically increased 
to 0.80–1.51% in 1  h compared with 0.00% in control 
(Fig. S7d) and increased to 1.03–1.93% in the 5-h group 
compared with 0.00% in control (Fig. 7d). Compared with 
long-term inhibition of Eg5, the short-term inhibition results 
in slighter effects of metaphase-arrested cells and fewer 
abnormalities of spindle microtubules during metaphase.

Discussion

The distribution pattern of Eg5 proteins on spindle 
microtubules in dividing spermatocytes

In this study, we have presented the expression pattern 
of Eg5 proteins in mouse spermatogenic cells using 
immunofluorescence. We have found that Eg5 proteins 
mainly accumulated at the spindle poles in spermatocytes 
during prometaphase and gradually enriched at spindle 

Fig. 5   Eg5 inhibition resulted 
in abnormal distribution of 
centrosomes during prometa-
phase and metaphase. a Repre-
sentative immunofluorescence 
images of prometaphase cells. 
Abnormalities in centrosomes, 
including the abnormal spindle 
in prometaphase (1) and the 
asymmetric spindle (2), were 
shown. The GC-2 spd cells 
were treated with 1 μM STLC 
for 24 h. β-tubulin (red), 
γ-tubulin (green), and DAPI 
(blue). Scale bar, 5 μm. b 
Distances of two centrosomes 
in prometaphase were shown 
(control, 8.93 ± 1.70 μm; STLC, 
5.46 ± 0.30 μm). n = 6, 10. c 
Representative immunofluo-
rescence images of metaphase 
cells. The abnormalities in 
centrosomes, including the 
monoastral spindle (1) and the 
multipolar spindle (2), were 
shown. The GC-2 spd cells were 
cultured with 1 μM STLC for 
24 h. β-tubulin (red), γ-tubulin 
(green), and DAPI (blue). 
Scale bar, 5 μm. d Distances of 
centrosomes in metaphase were 
shown (control, 8.52 ± 0.18 μm; 
STLC, 0.75 ± 0.29 μm). n = 12, 
31. Student’s t test. Error bars, 
mean ± SEM. *, P < 0.05; ****, 
P < 0.0001
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microtubules in spermatocytes during metaphase. Eg5 
proteins were reported to be expressed in premeiotic 
germ cells, including the spermatogonia and spermato-
cytes (Hara-Yokoyama et al. 2019). We have shown that 
Eg5 proteins mainly localized at spindle microtubules in 
dividing spermatocytes at metaphase I. Taken together, 
these results indicate that Eg5 proteins might play a role 
in the cell division of spermatocytes.

The localization of Eg5 is corresponding to its func-
tions in cells. We have found that Eg5 proteins were 
accumulated at the spindle poles in prophase and then 
distributed along spindle microtubules in cultured GC-2 
spd cells. In Xenopus eggs, Eg5 proteins are localized at 
spindle microtubules and mainly enriched near spindle 
poles (Sawin et al. 1992). The localization of Eg5 proteins 
at spindle microtubules is important for the crosslink-
ing and sliding of the antiparallel microtubules (Kapitein 
et al. 2005). Furthermore, in yeast, the enrichment of 
kinesin-5 Cin8 motors at microtubule minus ends is found 
to be required for the switch to plus-end-directed motility 
(Roostalu et al. 2011; Shapira et al. 2017). Bidirectional 
behaviors of kinesin-5 motors are critical for bipolar spin-
dle formation (Blackwell et al. 2017; Singh et al. 2018). 
Therefore, the dynamics of evolutionarily conserved Eg5 
proteins suggest the different functions of Eg5 proteins 
in prophase and metaphase during the cell division of 
spermatocytes.

Eg5 is essential for cell cycle progression 
and centrosome separation in the spermatocytes

In this study, we have shown that Eg5 inhibition resulted in 
cell cycle arrest of spermatocytes in metaphase I in vivo. 
We have revealed that Eg5 inhibition also led to metaphase 
arrest of the cultured GC-2 spd cells in vitro. Consistent with 
previous studies, in HeLa cells, STLC treatment results in 
the specific block in mitotic progression and cell cycle arrest 
at metaphase (Skoufias et al. 2006). In porcine oocytes, Eg5 
inhibition leads to meiotic arrest and cell cycle arrest (Wan 
et al. 2018). Inhibition or mutation of kinesin-5 leads to the 
defects in spindle pole separation, spindle collapse, and the 
formation of the monopolar spindle (Saunders and Hoyt 
1992; Sawin et al. 1992; Sharp et al. 1999; Kapoor et al. 
2000). Our cell cycle analyses indicate that the spermato-
cytes are arrested at the G2/M phase after Eg5 inhibition, 
which suggests cell cycle progression of the spermatocytes 
are regulated by kinesin-5 Eg5. Taken together, these find-
ings reveal that kinesin-5 Eg5 is essential for the cell cycle 
progression of both mitotic and meiotic cells.

Previous studies have established that kinesin-5 motors 
crosslink antiparallel microtubules and mediate bipolar 
spindle assembly in mitotic cells (Kapitein et  al. 2005; 
Ferenz et al. 2010). Inhibition of Eg5, by either mutation, 
siRNA knockdown, or small molecule inhibitors, leads to 
the failures in spindle pole separation and the formation of 

Fig. 6   Eg5 inhibition caused the 
increased number of centri-
oles of the GC-2 spd cells. a 
Immunofluorescence images of 
interphase cells in the con-
trol, 0.1, 0.5, and 1 μM STLC 
groups for 5 days. β-tubulin 
(red), γ-tubulin (green), and 
DAPI (blue). Scale bar, 5 μm. 
b Total number of the centri-
oles per cell in each group was 
shown (control, 1.83 ± 0.02; 
0.1 μM, 1.78 ± 0.04; 0.5 μM, 
2.29 ± 0.06; 1 μM, 2.95 ± 0.14). 
n = 598 per group. c Ratios of 
cells with different number of 
centrioles in the control, 0.1, 
0.5, and 1 μM STLC groups. 
n = 598 per group. Student’s t 
test. Error bars, mean ± SEM. 
ns, P > 0.05; ****, P < 0.0001
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Fig. 7   Short-term inhibition of Eg5 proteins resulted in slight abnor-
malities during prometaphase and metaphase. a Representative 
images of GC-2 cells after incubating with STLC for 5 h. The con-
trol cells in prometaphase (1) and metaphase (2) were shown. There 
were three main deformities including the abnormal spindle in pro-
metaphase (3), the asymmetric spindle (4), and the monoastral spin-
dle (5). γ-tubulin (red), β-tubulin (green), and DAPI (blue). Scale 
bar, 5  μm. b The ratios of cells in prometaphase and metaphase in 
the control and 5 h STLC groups were shown (control, 0.46 ± 0.23%; 
0.1  μM, 1.56 ± 0.47%; 1  μM, 1.67 ± 0.13%; 5  μM, 2.24 ± 0.28%). 
n = 3 per group. c The ratios of cells in anaphase and telophase in 
the control and 5 h STLC groups were shown (control, 2.24 ± 0.26%; 
0.1  μM, 1.80 ± 0.29%; 1  μM, 1.08 ± 0.18%; 5  μM, 0.00 ± 0.00%). 
n = 3 per group. d The ratios of abnormal metaphase in the control 
and 5  h STLC groups were shown (control, 0.00 ± 0.00%; 0.1  μM, 
1.03 ± 0.27%; 1  μM, 1.37 ± 0.24%; 5  μM, 1.93 ± 0.07%). n = 3 per 
group. e The ratios of cells in prometaphase and metaphase in the 

control and 5 min STLC groups were shown (control, 1.10 ± 0.57%; 
0.1  μM, 1.41 ± 0.62%; 1  μM, 1.59 ± 0.46%; 5  μM, 1.77 ± 0.43%). 
n = 3 per group. f The ratios of cells in anaphase and telophase in the 
control and 5 min STLC groups were shown (control, 2.50 ± 0.35%; 
0.1  μM, 2.34 ± 0.47%; 1  μM, 1.56 ± 0.42%; 5  μM, 1.47 ± 0.24%). 
n = 3 per group. g The ratios of cells in prometaphase and meta-
phase in the control and 30 min STLC groups were shown (control, 
0.73 ± 0.41%; 0.1  μM, 1.18 ± 0.10%; 1  μM, 1.41 ± 0.12%; 5  μM, 
1.83 ± 0.31%). n = 3 per group. h The ratio of cells in anaphase and 
telophase in the control and 30-min STLC groups was shown (con-
trol, 2.79 ± 0.60%; 0.1 μM, 2.09 ± 0.42%; 1 μM, 1.63 ± 0.21%; 5 μM, 
1.29 ± 0.24%). n = 3 per group. I The ratios of abnormal meta-
phase in the control and 30 min STLC groups were shown (control, 
0.00 ± 0.00%; 0.1  μM, 0.54 ± 0.30%; 1  μM, 0.43 ± 0.21%; 5  μM, 
1.05 ± 0.29%). n = 3 per group. Error bars, mean ± SEM. ns, P > 0.05; 
*, P < 0.05; **, P < 0.01; ****, P < 0.0001
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monopolar spindles (Mayer et al. 1999; Sharp et al. 1999; 
Kapoor et al. 2000; Mann and Wadsworth 2019). Our previ-
ous results have shown that Eg5 is essential for spindle bipo-
larity and the maintenance of meiotic spindles in the male 
meiotic division (She et al. 2020). Our present study further 
explores the specific processes and molecular mechanisms 
of Eg5 participating in centrosome separation. In this study, 
we have demonstrated that Eg5 is essential for centrosome 
separation in dividing spermatocytes. We performed both 
the short-term and long-term inhibition of Eg5 in the sper-
matocytes. Eg5 inhibition results in spindle collapse and the 
significantly increased monopolar spindle in the GC-2 spd 
cells, as well as in spermatocytes in vivo. Our present study 
has demonstrated that Eg5 is the principal force generator in 
centrosome separation in dividing spermatocytes.

Enrichment of Eg5 proteins at the centrosomes is the 
initial step of the centrosome separation processes. Eg5 
proteins act as bipolar homotetramers with the motors at 
the opposite ends, which is required for the crosslink of 
adjacent microtubules (Kashina et al. 1997; Scholey et al. 
2014). Eg5 tetramers crosslink and slide antiparallel micro-
tubules to regulate bipolar spindle assembly (Sawin et al. 
1992; Kapitein et al. 2005). Moreover, the accumulation of 
Eg5 proteins at microtubules minus ends may be critical for 
spindle pole separation through the increased interactions 
between antiparallel microtubules (Mann and Wadsworth 
2019). Our data indicate the separation of centrosomes in 
spermatocytes and the formation of the bipolar spindle is 
mainly regulated by Eg5 proteins. Overall, whether and how 
Eg5 interacts with other centrosome-associated proteins to 
regulate centrosome separation and spindle organization 
around spindle poles is an outstanding issue that needs to 
be addressed in the future.

Eg5 contributes to the maintenance of centrosome 
numbers in spermatocytes

Compared with our previous findings (She et al. 2020), our 
surprising observations made in this study were the signifi-
cantly increased numbers of the centrosomes in the GC-2 
spd cells by long-term inhibition of Eg5 for 5 days. In most 
animal cells, the centrosome is the main microtubule organi-
zation center (Agircan et al. 2014). Kinesin-5 motors are 
demonstrated to be the main regulators in the separation of 
two centrosomes at the onset of cell division (Sawin et al. 
1992; Kapoor et al. 2000; Stiff et al. 2020). Centrosome 
numbers are restricted to one at the G1/S phase and amplified 
to two in the G2/M phase (Godinho 2014).

In contrast, we have found that a portion of the GC-2 spd 
cells contained excessive centrioles in one single cell. Thus, 
these results suggest that cell cycle progression is inhibited 
after Eg5 inhibition, but centrosome amplification was not 
suppressed in the GC-2 spd cells. Our previous studies have 

shown that Eg5 inhibition results in monopolar spindles 
and spindle abnormality in cultured GC-2 spd cells (She 
et al. 2020). In this study, we further explore the detailed 
processes and specific mechanisms of centrosome separa-
tion regulated by Eg5 in spermatocytes. Interestingly, we 
observed that there is a significant amplification in the num-
bers of the centrosomes in cultured spermatocytes, which 
finally leads to the disorganization of spindle microtubules 
in these polyploidy cells. Furthermore, the cultured sper-
matocytes showed large nuclei, multiple nuclei, and cell 
cycle arrested in interphase after long-term inhibition of 
Eg5, which indicates the remarkable chromosomal instabil-
ity and the increase of polyploidy cells.

Previous studies have indicated that Eg5 inhibition 
results in mitotic arrest and then mitotic apoptosis (Mayer 
et al. 1999; Ferenz et al. 2010; Shu et al. 2019). However, 
a portion of cells can undergo mitotic slippage to the next 
G1 phase and proceed through the cell cycle as aneuploid 
or polyploid cells (Ganem et al. 2007; Asraf et al. 2015; 
Ohashi 2015). In this study, we have shown that cultured 
spermatocytes showed large nuclei and multiple nuclei in 
interphase after long-term inhibition of Eg5, which suggests 
chromosomal instability and the increase of polyploidy cells. 
Cells with large nuclei and multiple centrosomes in inter-
phase indicate that a portion of the spermatocytes proceeds 
through the cell cycle by mitotic slippage after Eg5 inhibi-
tion. The monopolar spindle formation results in the poly-
ploid cells through the failure in cytokinesis, which might 
contribute to cell survival and large nuclei (Ohashi 2015).

Eg5 regulates bipolar spindle assembly 
and chromosome alignment in spermatocytes

Furthermore, our results suggest that Eg5 inhibition sig-
nificantly reduces the relative distances between the spindle 
poles in the cultured spermatocytes. Thus, we have demon-
strated that Eg5 is required for the control of spindle length 
in mouse spermatocytes. Kinesin-5 motors generate the out-
ward pushing forces to antagonize the inward pulling forces 
mediated by kinesin-14 motors or dynein (Kashina et al. 
1996; Kapitein et al. 2005; Rincon et al. 2017). Force bal-
ances between kinesin-5 and kinesin-14 motors are respon-
sible for bipolar spindle organization and the regulation of 
spindle length (Fink et al. 2009; Hentrich and Surrey 2010; 
She and Yang 2017).

In Drosophila oocytes, kinesin-5 Klp61F is essential for 
the maintenance of the bipolar spindle during metaphase 
I arrest (Wilson et al. 2004; Costa and Ohkura 2019). The 
changes of kinesin-5’s localization from the spindle poles 
to the equators indicate the distinct functions of kinesin-5 
motors at different stages (Costa and Ohkura 2019), which 
is similar to our observations in mouse spermatocytes. A 
recent study suggests that kinesin-5 and dynein regulate 
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the rigid filament assembly and mechanical heterogeneity 
of the spindle (Takagi et al. 2019), which is correspond-
ing to its localization and the ability to crosslink parallel 
microtubules (Kapitein et al. 2005; Shimamoto et al. 2015; 
Tan et al. 2018).

Kinesin-5 motors are important for the maintenance of 
spindle bipolarity in budding yeast, Drosophila and Xenopus 
eggs (Kapoor et al. 2000; Saunders and Hoyt 1992; Sharp 
et al. 1999). However, in mammalian cells, the metaphase 
spindles remain bipolar following Eg5 inhibition (Cameron 
et al. 2006; Ferenz et al. 2009). The resistance to spindle 
collapse is fulfilled by the functions of kinesin-12 KIF15 
(Tanenbaum et al. 2009; Vanneste et al. 2009; Sturgill and 
Ohi 2013; Sturgill et al. 2016). In addition, Eg5 inhibition 
also reduces chromosome oscillations in metaphase, which 
can be rescued by the co-depletion of KIF15 (Vladimirou 
et al. 2013). Our data indicate that Eg5 is indispensable 
for the maintenance of bipolar spindle in mouse spermato-
cytes. However, whether Eg5 and KIF15 function redun-
dantly in the cell division of spermatocytes requires further 
investigations.

In this study, we demonstrate that Eg5 is responsible for 
the accurate alignment of chromosomes around the spindle 
equator in spermatocytes. Eg5 inhibition results in chro-
mosome misalignment in the GC-2 spd cells and finally 
contributes to chromosomal instability and the increase 
of polyploidy cells. In yeast, kinesin-5 regulates chromo-
some congression at the spindle equator (Gardner et al. 
2008; McCoy et al. 2015). In Drosophila S2 cells, kinesin-5 
Klp61F knockdown results in longer kinetochore microtu-
bules, less congressed chromosome, and asymmetric chro-
mosome segregation (Tubman et al. 2018). Compared with 
these organisms, in mammalian cells, the functions of Eg5 
in chromosome congression are difficult to observe due to 
spindle collapse and the formation of monoastral spindles 
after Eg5 inhibition. Future experiments that solve the prob-
lem of inhibiting Eg5 while reducing spindle collapse would 
define specific mechanisms and molecular networks in chro-
mosome congression of higher eukaryotes.

Eg5 plays a minor role in the organization 
of the central spindle and midbody 
in spermatocytes

Eg5 proteins located at the spindle midzone in mitosis 
(Sharp et al. 1999). We also find that Eg5 proteins are 
located at the central spindle and gradually accumulate at 
the midbody in the GC-2 spd cells. In the cultured GC-2 
spd cells, STLC-mediated inhibition of Eg5 resulted in 
the disorganization of the central spindle at anaphase. Eg5 
inhibition also disrupted the organization of the midbody 
and the localization of KIF4A and PRC1 proteins. Our 
results emphasize the roles of Eg5 in spindle assembly at 

the late stage of cell division. Eg5 inhibition in anaphase 
and telophase could lead to mistakes in chromosome seg-
regation, the formation of polyploidy cells, and genome 
instability in the spermatocytes.

During anaphase, kinesin-5 motors play a role in 
spindle elongation, but the contributions of kinesin-5 at 
anaphase are opposite in diverse organisms. In budding 
yeast, kinesin-5 Cin8 and Kip1 mediate antiparallel micro-
tubule sliding (Movshovich et al. 2008; Gerson-Gurwitz 
et al. 2009; Roostalu et al. 2011; Fridman et al. 2013). 
In D. melanogaster, kinesin-5 Klp61F regulates spindle 
pole separation through the sliding forces (Brust-Mascher 
et al. 2009; Scholey et al. 2016). In contrast, in other sys-
tems, kinesin-5 motors generate forces to restrict antiparal-
lel spindle elongation (Collins et al. 2014; Scholey et al. 
2016). Inhibition of kinesin-5 motors results in a faster rate 
of spindle elongation (Saunders et al. 2007; Rozelle et al. 
2011; Shimamoto et al. 2015), indicating that kinesin-5 
motors function as a molecular brake between antiparallel 
microtubules. For example, mutations of kinesin-5 in C. 
elegans (Saunders et al. 2007), in Dictyostelium discoi-
deum (Tikhonenko et al. 2008), in mammalian LLC-Pk1 
cells (Collins et al. 2014) lead to faster spindle elongation. 
Our results indicate that the crosslinking ability of Eg5 
proteins among midzone microtubules might be responsi-
ble for the control of spindle elongation.

Conclusion

We have shown that Eg5 locates at spindle poles at prophase 
and distributes along spindle microtubules at metaphase in 
dividing spermatocytes. Eg5 proteins are required for cell 
cycle progression, bipolar spindle assembly, and chromo-
some alignment in cultured GC-2 spd cells. We have dem-
onstrated that Eg5 inhibition results in spindle collapse, the 
formation of monopolar spindle, and spindle disorganization 
in spermatocytes. Furthermore, Eg5 regulates the separation 
of centrosomes in the early prophase and also mediates the 
distances of the spindle poles, which finally contribute to 
the organization of bipolar spindle and chromosome align-
ment. Strikingly, we have revealed that there is a significant 
increase in centrosome numbers after long-term inhibition 
of Eg5 in spermatocytes. In addition, our results suggest that 
Eg5 plays a minor role in microtubule organization in the 
central spindle and midbody at the late stage of cell division. 
In conclusion, our results highlight how kinesin-5 Eg5 func-
tions to mediate centrosome separation and regulate spindle 
assembly in dividing spermatocytes.
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