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Volasertib suppresses tumor growth and potentiates the 
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Abstract: Volasertib (BI 6727), a highly selective and potent inhibitor of PLK1, has shown broad antitumor activities 
in the preclinical and clinical studies for the treatment of several types of cancers. However, the anticancer effect 
of volasertib on cervical cancer cells is still unknown. In the present study, we show that volasertib can markedly 
induce cell growth inhibition, cell cycle arrest at G2/M phase and apoptosis with the decreased protein expressions 
of PLK1 substrates survivin and wee1 in human cervical cancer cells. Furthermore, volasertib also enhances the 
intracellular reactive oxidative species (ROS) levels, and pretreated with ROS scavenger N-acety-L-cysteine totally 
blocks ROS generation but partly reverses volasertib-induced apoptosis. In addition, volasertib significantly potenti-
ates the activity of cisplatin to inhibit the growth of cervical cancer in vitro and in vivo. In brief, volasertib suppresses 
tumor growth and potentiates the activity of cisplatin in cervical cancer, suggesting the combination of volasertib 
and cisplatin may be a promising strategy for the treatment of patients with cervical cancer.
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Introduction

Cervical cancer is the third most common and 
fourth lethal gynecologic cancer with more 
than 500,000 new case in the worldwide [1]. 
Human papillomavirus infection is involved in 
the development of over 90% of cases [2]. 
Treatment of cervical cancer includes the com-
bination of surgery, chemotherapy or radiother-
apy. However, patients with metastatic or recur-
rent cancers after platinum-based chemother-
apy are still lack of effective therapeutic agents 
[3]. Therefore, development of new therapeutic 
drugs against cervical cancer is an urgent 
necessity. 

Volasertib (BI 6727) is a highly selective and 
potent small molecule inhibitor of the polo-like 
kinase 1 (PLK1) with IC50 of 0.87 nM. It shows 
6- and 65-fold greater selectivity against two 
closely related kinases PLK2 and PLK3 [4]. 
PLK1 proteins are located in the nuclei of cells 

and play key role in controlling multiple stages 
of cell cycle, including mitotic entry, centrosome 
maturation, maintenance of the bipolar spindle 
and mitotic exit [5, 6]. Overexpression of PLK1 
is found in up to 80% of malignancies, where it 
has been associated with poorer prognosis 
[6-8]. Therefore, PLK1 may be an important tar-
get for cancer treatment. Preclinical data have 
demonstrated that volasertib shows broad anti-
tumor activity in multiple cancer models by 
inducing cell cycle arrest and apoptosis [4, 
9-11]. In a phase I clinical study including 65 
patients with progressive advanced or meta-
static solid tumors received a single 1-h infu-
sion of volasertib at doses of 12-450 mg every 
3 weeks, volasertib shows a favorable pharma-
cokinetic profile and encouraging preliminary 
antitumour activity with manageable toxicities 
such as anaemia, neutropenia, fatigue and 
thrombocytopenia [12]. The results of another 
phase I clinical trial enrolled 59 Asian patients 
with advanced solid tumors has shown that 
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volasertib is generally well tolerated with a 
promising pharmacokinetic properties with 
dose-limiting toxicities including thrombocyto-
penia, neutropenia and febrile neutropenia 
[13]. The phase II trial in 50 patients with locally 
advanced or metastatic urothelial cancer has 
concluded that volasertib has an acceptable 
safety profile but insufficient antitumor activity 
as a monotherapy [14]. Furthermore, evalua-
tion of volasertib alone or combined with other 
chemotherapeutical drugs for the treatment of 
multiple cancers currently is ongoing. In this 
study, we investigate the antitumor effects of 
volasertib alone or in combination with cisplat-
in in cervical cancer.

Material and methods

Cell lines, cell culture, and reagents

The human cervical cell lines Caski and HeLa 
were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), penicillin (100 U/ml) and 
streptomycin (100 ng/ml) in a humidified incu-
bator at 37°C with 5% CO2. Volasertib and cis-
platin were ordered from ApexBio and Qilu 
Pharmaceutical, respectively. N-acetly-L-cys- 
teine (NAC) and dihydroethidium (DHE) were 
purchased from Sigma-Aldrich. Anti-PARP 
(9542) and Anti-Survivin (2808) antibodies 
were from Cell Signaling Technologies. Anti-
Wee1 (SC-5285) antibodies were from Santa 
Cruz Biotechnology. Anti-GAPDH (LK9002T) 
antibodies were from Tianjin Sungene Biotech.

Cell viability assay

Cells were firstly seeded into a 96-well plate at 
a density of 5000 cells per well, and incubated 
with drugs in three parallel wells for 72 hr. Then 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium bromide (MTT) was added to each well 
at a final concentration of 0.5 mg/ml. After 
incubation for 4 hr, formazan crystals were dis-
solved in 100 ml of DMSO, and absorbance at 
570 nm was measured by plate reader. The 
concentrations required to inhibit growth by 
50% (IC50) were calculated from survival curves 
using the Bliss method [15-17]. For drug combi-
national experiments, cells were treated with 
the indicated concentrations of volasertib com-
bined with cisplatin for 72 h.

Cell cycle analysis

Cells were harvested and washed twice with 
cold phosphate-buffered saline (PBS), then 

fixed with ice-cold 70% ethanol for 30 min at 
4°C. After centrifugation at 200 × g for 10 min, 
cells were washed twice with PBS and resus-
pended with 0.5 ml PBS containing PI (50 μg/
ml), 0.1% Triton X-100, 0.1% sodium citrate, 
and DNase-free RNase (100 μg/ml), and 
detected by FCM after 15 min incubation at 
room temperature in the dark. Fluorescence 
was measured at an excitation wavelength of 
480 nm through a FL-2filter (585 nm). Data 
were analyzed using ModFit LT 3.0 software 
(Becton Dickinson) [18, 19].

Apoptosis assay

Cell apoptosis was evaluated with flow cytome-
try (FCM) assay. Briefly, cells were harvested 
and washed twice with PBS, stained with 
Annexin V-FITC and propidium iodide (PI) in the 
binding buffer, and detected by FACS Calibur 
FCM (BD, CA, USA) after 15 min incubation at 
room temperature in the dark. Fluorescence 
was measured at an excitation wave length of 
480 nm through FL-1 (530 nm) and FL-2 filters 
(585 nm). The early apoptotic cells (Annexin V 
positive only) and late apoptotic cells (Annexin 
V and PI positive) were quantified [20, 21]. 

Reactive oxygen species (ROS) assay

Cells were incubated with 10 µM of DHE for 30 
min at 37°C, washed twice with PBS and imme-
diately photographed under fluorescent micro-
scope (Olympus, Japan). For each well, 5 fields 
were taken randomly [22, 23].

Western blot analysis

Cells were harvested and washed twice with 
cold PBS, then resuspended and lysed in RIPA 
buffer (1% NP-40, 0.5% sodium deoxycholate, 
0.1% SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 
μM sodium orthovanadate) at 4°C for 30 min. 
Lysates were centrifuged for 10 min at 14,000 
× g and supernatants were stored at -80°C as 
whole cell extracts. Total protein concentra-
tions were determined with Bradford assay. 
Proteins were separated on 12% SDS-PAGE 
gels and transferred to polyvinylidene difluoride 
membranes. Membranes were blocked with 5% 
BSA and incubated with the indicated primary 
antibodies. Corresponding horseradish peroxi-
dase-conjugated secondary antibodies were 
used against each primary antibody. Proteins 
were detected using the chemiluminescent 
detection reagents and films [24, 25].
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Nude mice xenograft tumor assay

Balb/c nude mice were obtained from the 
Guangdong Medical Laboratory Animal Center 
and maintained with sterilized food and  
water. Six female nude mice with 5 weeks old 
and 20 g weight were used for each group. 
Each mouse was injected subcutaneously  
with Caski cells (2 × 106 in 200 μl of medium) 
under the shoulder. When the subcutaneous 
tumors were approximately 0.3 × 0.3 cm2  
(two perpendicular diameters) in size, mice 
were randomized into four groups, and were 
injected intraperitoneally with vehicle alone 

(20% hydroxypropyl-β-cyclodextrin), volasertib 
alone (15 mg/kg), cisplatin alone (2 mg/kg), 
and a combination of volasertib with cisplatin  
every two days. The body weights of mice  
and the two perpendicular diameters (A and  
B) of tumors were recorded. The tumor volu- 
me (V) was caculated according to the 
formula. 

V 6 2
A B 3

= +r ` j

The mice were anaesthetized after experiment, 
and tumor tissue was excised from the mice 

Figure 1. Volasertib inhibits the growth of cervical cancer cells in vitro. A. Chemical structure of volasertib. B. Sum-
mary of IC50 of volasertib and cisplatin in the indicated cervical cancer cells is shown. Cells were grown in 96-well 
plates for 24 hr and treated with the indicated concentrations of volasertib or cisplatin for 72 hr, and cell survival 
was determined by MTT assay. C. The representative growth curves of cells treated with dinaciclib and cisplatin are 
shown. Data are mean ±SD of three independent experiments.



Sildenafil suppresses cervical cancer growth

3551 Am J Cancer Res 2015;5(12):3548-3559

and weighted. The rate of inhibition (IR) was cal-
culated according to the formula [26, 27]. 

IR 1
Mean tumor weight of control group

Mean tumor weight of experimental group
100%= - #

Statistical analysis

All results are expressed as mean ± standard 
deviation (SD). Statistical analysis of the differ-
ences between two groups is performed with 
Student’s t-test. Values of P<0.05 are consid-
ered as significant differences.

Result

Volasertib inhibits the growth of cervical can-
cer cells in vitro

To evaluate the single agent effect of volasertib 
on cervical cancer cells, two cervical cancer 
cell lines Caski and HeLa were treated with 

either vehicle control or increasing concentra-
tions of volasertib range from 0.03 μM to 30 
μM for 72 hr. As shown in Figure 1B, the surviv-
als of two cervical cancer cell lines are 
decreased in a dose-dependent manner after 
volasertib treatment. The IC50 values of vo- 
lasertib in HeLa and Caski cells are 0.02 μM 
and 2.02 μM, respectively. In addition, cisplatin 
also dose-dependently inhibits the growth of 
HeLa and Caski cells with IC50 values of 8.18 
μM and 10.44 μM, respectively. 

Volasertib induces cell cycle arrest at G2/M 
phase in cervical cancer cells

To assess whether the growth inhibition of vola-
sertib in cervical cancer cells is due to induc-
tion of cell cycle arrest, both Caski and HeLa 
cells were treated with volasertib at 0.01 μM 
and 0.03 μM for 24 hr and 48 hr, stained with 
PI and detected by FCM. The cell cycle distribu-
tion was analyzed with ModFit LT 3.0 software. 

Figure 2. Volasertib induces cell cycle arrest at G2/M Phase in cervical cancer cells. Caski (A) and HeLa (B) were 
treated with volasertib at the indicated concentrations and times. The distribution of cell cycle was detected by 
FCM with PI staining. The percentages of subG1, G1/G0 and G2/M phases were calculated by ModFit LT 3.0 soft-
ware. The representative charts and quantified results of three independent experiments are shown. VO: volasertib. 
*P<0.05 and **P<0.01 vs. corresponding control.
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As shown in Figure 2A and 2B, treatment with 
volasertib at 0.03 μM for 24 hr and 48 hr 
increases the distribution of cells at G2/M 

phase in both Caski and HeLa cells, suggesting 
that volasertib can induce cell cycle arrest at 
G2/M phase in cervical cancer cells. 

Figure 3. Volasertib induces apoptosis in cervical cancer cells. Caski (A) and HeLa (B) cells were treated with vola-
sertib at the indicated concentrations. The apoptosis was calculated by FCM Annexin V/PI staining. The proportion 
of Annexin V+/PI- and Annexin V+/PI+ cells indicated the early and late stage of apoptosis. The protein expression 
was examined by western blot, and GAPDH was used as loading control. The representative charts, quantified re-
sults and Western blot results (C) of three independent experiments are shown. VO: volasertib. Statistical analysis 
of the difference between two groups is performed with Student’s t-test. *P<0.05 and **P<0.01 vs. corresponding 
control.
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Volasertib induces apoptosis in cervical cancer 
cells.

To further investigate whether volasertib is able 
to induce apoptosis in cervical cancer cells, 
both Caski and HeLa cells were treated with 
volasertib at different concentrations for 48 hr, 
stained with AnnexinV/PI and analyzed by FCM. 
As shown in Figure 3A and 3B, volasertib dose-
dependently induces apoptosis in both Caski 
and HeLa cells. Additionally, the protein levels 
of cleaved PARP which is a molecular marker of 
apoptosis are increased in a dose-dependent 
manner after volasertib treatment (Figure 3C). 
PLK1 phosphorylates survivin and wee1 pro-
teins to enhance their stabilities, and inhibition 
of PLK1 results in the decrease of survivin and 
wee1 proteins levels [28, 29]. Indeed, volaser-
tib dose-dependently suppresses the expres-
sion of survivin and wee1 proteins in both Caski 
and HeLa cells (Figure 3C). 

Volasertib induces ROS accumulation in cervi-
cal cancer cells

It has been demonstrated that the intracellular 
level of ROS plays key role in cancer treatment 
with anticancer drugs, which usually induce 
cancer cell death with the elevated intracellular 
ROS [30, 31]. We used the common ROS fluo-
rescent probe DHE to stain cervical cancer 
cells treated with volasertib. As shown in Figure 
4A and 4B, volasertib augmented the fluores-
cent intensity of DHE in both Caski and HeLa 
cells in a dose- and time-dependent manner, 
suggesting volasertib can increase the intracel-
lular ROS level in cervical cancer cells. 

Inhibition of ROS partially rescues volasertib-
induces apoptosis in cervical cancer cells

To further certify the relationship between cell 
apoptosis and ROS generation elicited by vola-
sertib, both cells were treated with volasertib 

Figure 4. Volasertib induces ROS accumulation in cervical cancer cells. Caski (A) and HeLa (B) cells were treated 
with volasertib at the indicated times and concentrations, stained with DHE and photographed under florescent 
microscope. The representative micrographs and quantified results of three independent experiments are shown. 
VO: volasertib. Statistical analysis of the difference between two groups is performed with Student’s t-test. *P<0.05 
and **P<0.01 vs. corresponding control.
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Figure 5. Inhibition of ROS partially rescues volasertib-induces apoptosis in cervical cancer cells. Caski (A, C) and 
HeLa (B, D) cells were treated with volasertib at 1 μM and 0.01 μM respectively for 48 hr in the presence or absence 
of 5 mM NAC pretreatment for 1 hr, stained with DHE and photographed under fluorescent microscope. The apop-
tosis was detected by FCM with Annexin V/PI staining. The proportions of Annexin V+/PI- and Annexin V+/PI+ cells 
indicated the early and late stage of apoptosis. The representative micrographs, charts and quantified results of 
three independent experiments are shown. VO: volasertib. Statistical analysis of the difference between two groups 
is performed with Student’s t-test. *P<0.05 and **P<0.01 vs. corresponding group.
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for 48 h with or without the antioxidative agent 
NAC pretreated for 1 hr and stained with DHE. 
As shown in Figure 5A and 5B, the volasertib-
induced DHE fluorescent signals were totally 
reversed by NAC in both cells. Furthermore, cell 
apoptosis was analyzed by FCM with Annexin V/
PI staining. The volasertib-induced cell apopto-
sis were partly reversed by NAC (Figure 5C and 
5D). These results suggest volasertib can trig-
ger both ROS dependent and independent 
apoptosis in cervical cancer cells. 

Volasertib potentiates the activity of cisplatin 
to inhibit the growth of cervical cancer cells in 
vitro

Cisplatin currently is one of the main chemo-
therapeutic drugs for cervical cancer in clinic. 
To examine the combined effects of of volaser-
tib and cisplatin on cervical cancer cells, the 
inhibition of cell growth was detected by MTT 
assay. As shown in Figure 6, the inhibition of 
cell growth in the combined treatment with 
volasertib and cisplatin was significantly 
enhanced in comparison with volasertib or cis-
platin alone treatment in both Caski and HeLa 
cells, suggesting the combination of volasertib 
and cisplatin may synergistically inhibit the 
growth of cervical cancer cells.

Volasertib potentiates the activity of cisplatin 
to inhibit xenograft tumor growth of cervical 
cancer cells in nude mice

To further estimate the combined antitumor 
effects of volasertib and cisplatin in vivo, we 

generated the subcutaneous xenograft tumor 
models by transplanting Caski cells into nude 
mice. The original tumors were showed in the 
Figure 7A, combination of volasertib and cispl-
atin apparently inhibited the tumors growth by 
reducing the volume and weight of Caski tumors 
Figure 7B and 7C. The inhibition rates of tumor 
growth in the combined group was 78%, which 
was significantly higher than those in volasertib 
(15.6%) and cisplatin (24.5%) alone (Figure 7E). 
In addition, the weight of nude mice did not 
exhibit the statistical difference during experi-
ments, which suggests volasertib or cisplatin 
alone and combination at the indicated dose 
did not cause toxicities in mice (Figure 7D). 

Discussion

In the present study, our data show that volas-
ertib can markedly induce cell growth inhibi-
tion, cell cycle arrest at G2/M phase and apop-
tosis with the decreased protein expressions of 
PLK1 substrates survivin and wee1 in human 
cervical cancer cells, which are consistent with 
previous reports that have demonstrated vola-
sertib can induce mitotic arrest and promote 
apoptosis by targeting PLK in multiple cancer 
models [4, 9]. In addition, volasertib also 
enhances the intracellular ROS levels, and pre-
treated with ROS scavenger NAC totally blocks 
ROS generation but partly reverses volasertib-
induced apoptosis. The intracellular ROS plays 
a critical role in multiple cell physiological pro-
cesses, and cancer cells usually are suscepti-

Figure 6. Volasertib potentiates the activity of cisplatin to inhibit the growth of cervical cancer cells in vitro. Caski 
and HeLa cells were treated with volasertib at 1 μM and 0.01 μM respectively and cisplatin at 3 μM for 72 hr, and 
cell survival was detected by MTT assay. The inhibition rates of three independent experiments are shown. VO: vola-
sertib; DDP: cisplatin. Statistical analysis of the difference between two groups is performed with Student’s t-test. 
*P<0.05 and **P<0.01 vs. corresponding group.
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ble to anticancer drugs that enhancing ROS 
generation due to their increased basal levels 

of intrinsic oxidative stress [32-34]. Therefore, 
our results suggest volasertib can prompt both 

Figure 7. Volasertib potentiates the activity of cisplatin to inhibit xenograft tumor growth of cervical cancer cells 
in nude mice. Each mouse was injected subcutaneously with Caski cells (2 × 106 in 100 μl of medium) under the 
shoulder. When the tumors developed into 0.3 × 0.3 cm2 (two perpendicular diameters) in size, mice were random-
ized into four groups, and were injected intraperitoneally with vehicle alone (20% hydroxypropyl-β-cyclodextrin), 
volasertib alone (15 mg/kg), cisplatin alone (2 mg/kg), and the combination of volasertib with cisplatin every two 
days. The body weights of mice and the two perpendicular diameters of the tumor were recorded. The mice were 
anaesthetized after experiment, and tumor tissue was excised from the mice and weigthed. The original tumors (A), 
tumor volume (B), tumor weight (C), body weight (D) and summary data (E) are shown. The values presented are the 
means ± SD for each group. VO: volasertib; DDP: cisplatin. Statistical analysis of the difference between two groups 
is performed with Student’s t-test. *P<0.05 and **P<0.01 vs. corresponding group.
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ROS dependent and independent apoptosis in 
cervical cancer cells. 

Combination therapy currently is the main 
mode of cancer chemotherapy due to its 
remarkable advantages such as less drug 
resistance and more treatment success [35]. 
Several groups have investigated the combined 
anticancer effects of volasertib and other 
agents in the preclinical and clinical studies. 
Combination of volasertib with sepantronium 
potently inhibits the growth of various non-
small cell lung cancer cell lines than either drug 
alone in vitro [31]. Moreover, volasertib is highly 
efficacious as a single agent and in combina-
tion with cytarabine, decitabine, azacitidine 
and quizartinib in multiple preclinical models of 
acute myeloid leukemia [36]. In a phase I study 
of 57 patients with advanced solid tumors, 
volasertib combined with afatinib has manage-
able adverse effects and limited antitumor 
activity without clearly pharmacokinetic inter-
ference [37]. The results of another phase I 
study of 30 patients with advanced solid 
tumors has demonstrated that volasertib in 
combination with nintedanib also has manage-
able safety profile and antitumor activity with-
out obviously pharmacokinetic disturbance 
[38]. In a phase II trial of 87 patients with acute 
myeloid leukemia, the combination of volasert-
ib and cytarabine significantly prolongs median 
event-free survival and median overall survival 
with an increased frequency of adverse events 
compared with cytarabine alone [39]. Another 
phase II trial in patients with advanced non-
small-cell lung cancer has showed that the 
combination of volasertib with pemetrexed 
does not improve efficacy without increasing 
toxicity and drug-drug interactions compared 
with pemetrexed alone [40]. In our study, volas-
ertib significantly potentiates the activity of cis-
platin to inhibit the growth of cervical cancer in 
vitro and in vivo. This is consistent with a previ-
ous report which has shown volasertib alone 
significantly inhibits the growth and invasion of 
bladder cancer cells, and combinations with 
cisplatin or methotrexate shows auspicious 
results but combinations with doxorubicin 
shows mostly antagonistic effects [41]. 
Furthermore, a recent phase I study in solid 
tumors has concluded that volasertib plus cis-
platin or carboplatin has manageable safety 
and antitumor activity without pharmacokinet-
ics affection of each drug [42]. Accordingly, the 
combination of volasertib with cisplatin for the 

treatment of cervical cancer and other cancers 
may be worth to further evaluate in the future 
clinical trials.

In summary, our study provided strong evi-
dence to demonstrate that volasertib not only 
significantly suppresses the growth of cervical 
cancer cells by induction of cell cycle arrest and 
apoptosis as single agent, but also potentiates 
the activity of cisplatin in vitro and in vivo. The 
combination of volasertib and cisplatin may be 
a promising strategy for the treatment of 
patients with cervical cancer.
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