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ABSTRACT
VX680 is a potent and selective inhibitor that targets the Aurora kinase family. The p38 mitogen-activated
protein kinase (MAPK) regulates a large number of cellular pathways and plays an important role in the
regulation of cell survival and apoptosis. This study aimed to evaluate the effect of VX680 on cervical cancer
cells and investigate whether the effects on apoptosis are enhanced by the ablation of p38 MAPK activation.
The results suggested that VX680 inhibited the proliferation of cervical cancer cells by causing G2/M phase
arrest and endoreduplication and that the apoptotic effect was attenuated by the activation of p38 MAPK.
However, the addition of BIRB796, which is an important p38 MAPK inhibitor, effectively eliminated the
expression of p-p38 and hence significantly enhanced the cell death induced by VX680 in vitro. Further
study demonstrated that BIRB796 cooperated with VX680 to suppress cervical cancer cell growth in a mouse
xenograft model. Taken together, our results demonstrated that VX680 induced cell cycle arrest and
endoreduplication in human cervical cancer cells. Combined treatment with VX680 and BIRB796
synergistically inhibited tumor growth both in vitro and in vivo. Dual blockade of Aurora kinases and p38
MAPK is therefore a promising strategy for cervical cancer treatment.
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Introduction

Cervical cancer is the second most common cancer and has a
high mortality rate among women in developing countries.1,2

The novel therapy strategy of concurrent chemoradiotherapy
(CCRT) effectively improves the prognoses of patients, especially
among patients with advanced stage (IB2 or greater) cervical
cancer.3 Neoadjuvant chemotherapy drugs, such as cisplatin and
paclitaxel, were designed to halt cell proliferation and destroy
tumor cells mainly by interfering with DNA replication, affecting
chromosome alignment and/or segregation and causing DNA
damage, which leads to cell cycle arrest and apoptosis.4

The Aurora kinase family participates in the regulation of the
cell cycle in an ordered process. The over-expressions of Aurora
A and B kinases have been observed in many types of human
cancer, including cervical cancer, ovarian cancer, breast cancer,
colorectal cancer, and gastric cancer.5-8 Aurora A kinase con-
trols centrosome maturation, mitotic spindle formation, chro-
mosomes segregation and the process of cytokinesis in
mammalian cells.9-11 Aurora A kinase affects DNA repair and
thus controls the radio- and chemosensitivities of cancer cells.12

The inhibition of Aurora A kinase causes DNA damage and ren-
ders cancer cells more sensitive to radiation.13-17 Cancer cells
responds to DNA damage by initiating the DNA-damage
response, which induces cell cycle delay, more prolonged growth
arrests and apoptosis of the lethally damaged cells. Gamma-
H2AX is involved in recruitment of DNA damage repair factors
to sites of double-strand breaks (DSB). In androgen-resistant
prostate cancer cells, inhibition of Aurora A leads to increased
g-H2AX and renders cells more sensitive to radiation.18 Aurora

B kinase is a chromosomal passenger protein that interacts with
inner centromere protein (INCENP), survivin and borealin to
form the chromosomal passenger complex.19 Aurora B kinase
coordinates with BUB1, BUB3, MAD2, MAD1 and BUBR1 to
form the spindle assembly checkpoint (SAC) complex and hence
regulates the G2/M transition during cell cycle progression.19

Aurora B kinase phosphorylates p53 at S183, T211, and S215 to
accelerate the degradation of p53 through the polyubiquitina-
tion-proteasome pathway, thus functionally suppressing the
expression of p53 target genes involved in cell cycle inhibition
and apoptosis.7 Inhibition of Aurora B kinase contributes to the
aneuploidy, loss of mitochondrial membrane potential, activa-
tion of caspase-9 followed by activation of caspase-3.20,21 In a
preclinical study, the inhibition of Aurora B kinase via
AZD1152 was found to inhibit the growth of colon, lung and
hematologic tumor xenografts in immunodeficient mice.22

VX680 inhibits the activities of both the Aurora A and B kin-
ases.23 VX680 has been reported to inhibit the growths of cancer
cells of various origins by causing cell cycle arrest and apoptosis.
In a phase I/II study, VX680 was proven to be active in patients
with refractory hematologic malignancies.24 In another report,
VX680 was found to inhibit the growth of hepatic carcinomas in
combination with cisplatin.25 However, the benefit of VX680
alone in the treatment of solid tumors in clinical trials has been
somewhat limited due to its dose-limiting toxicities and 3 of 5
clinical trials have been halted for this reason.26 Therefore, addi-
tional studies are required to identify a potential therapeutic
partner for VX680 to enhance its inhibitory effect on tumor cells.

The p38 mitogen-activated protein kinase (MAPK) is a
stress-activated protein with a primary function of extracellular
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signal transduction.27-29 Once activated, p38 proteins translo-
cate from the cytosol to the nucleus where they phosphorylate
the serine/threonine residues of their many substrates. The rela-
tionship between p38 MAPK and cancer is complex. The consti-
tutive activation of the p38 MAPK pathway has been observed
in malignant tumors, and the down-regulation of p38 MAPK
elicits anti-tumor effects.30-32 On the other hand, p38 MAPK
inhibits the tumor initiation induced by oncogenes that produce
reactive oxygen species (ROS).33 Additionally, p38MAPK is piv-
otal in the apoptosis induced by chemotherapy drugs.34-36 In
recent studies, the activation of p38 MAPK has been suggested
to be induced by Aurora B kinase inhibition.37,38 However, the
role of p38MAPK in VX680-induced effects remains unclear.

In the current study, we examined the effects of VX680 on cer-
vical cancer cells and observed p38 MAPK activation following
VX680 treatment. We further used the agent BIRB796, which is a
novel p38 MAPK inhibitor, to examine whether the ablation of
p38 MAPK activation could facilitate the apoptosis induced by
VX680. The results revealed that combined treatment with VX680
and BIRB796 synergistically inhibited cervical cancer growth both
in vitro and in vivo. These data suggest that the combined inhibi-
tion of Aurora kinases and p38 MAPK may represent a remark-
able strategy for pharmacological interventions in cervical cancer.

Results

VX680-induced growth inhibition in cervical cancer cells

To study the effects of VX680 on cervical cancer cells, we treated
SiHa, HeLa and Caski cells in 96-well plates with various con-
centrations of VX680 (0.1–10 mM) for as long as 72 h. VX680
was found to inhibit the growth of cervical cancer cells in a time-
and dose-dependent manner (Fig. 1A-C). Compared with the
SiHa cells, the HeLa and Caski cells were much more sensitive to
treatment with VX680. Seventy-two-hour treatments with
0.5 mM VX680 resulted in growth inhibition rates of 33.6% and
40.5% in the HeLa and Caski cells, respectively, whereas a
growth inhibition rate of only 25.8% was observed in the SiHa
cells. To explore the mechanisms of growth inhibition induced
by VX680 in the cervical cancer cell lines, we analyzed the cell
cycle profiles using flow cytometry and found that VX680 prom-
inently induced G2/M arrest in HeLa and SiHa cells (Fig. 1D, E).
Additionally, endoreduplication induced by VX680 was also
detected in the HeLa and SiHa cells after the longer treatment.
The percentages of cells with 8N DNA content accumulations
increased from »10% to above 50% when the time of treatment
was extended from 24 h to 72 h (Fig. 1F, G). As illustrated in
Fig. 1H, the nuclei changed into forms with larger volumes and
a more irregular shapes following VX680 treatment compared
with the control and paclitaxel groups.

Tumor cells escaped from apoptosis induced by VX680 via
the activation of the p38 MAPK signal pathway

In a pre-clinical study, MLN8237 treatment markedly slowed
the growth of >75% of patient-derived metastatic melanoma
tumors, but the apoptotic effect of MLN8237 was not obvious.39

We next tested the apoptotic effect of VX680 via flow cytometry
with an Annexin V-FITC/PI kit. The fraction of Annexin V C

was defined as apoptotic cells. The apoptosis rates were 32% and
18% with the treatment of 0.5 mM VX680 in the HeLa cells and
SiHa cells, respectively (Fig. 2A, B). To improve the treatment
efficiency, we sought to identify a potential therapeutic partner
for this Aurora kinase inhibitor. We treated HeLa cells with vari-
ous concentrations of VX680 for 48 h and then performed west-
ern blot analyses to explore the potential molecular targets
(Fig. 2C). We found that the expression of p-Aurora A kinase
was dramatically inhibited following exposure to 0.1 mMVX680
for 48 h. Moreover, the expression of g-H2AX, which is an
important marker of DNA damage, was enhanced after VX680
treatment. Additionally, the phosphorylation of histone H3 (at
Ser10), which is a substrate of Aurora B kinase, was severely sup-
pressed. These results indicated that VX680 effectively inhibited
both the Aurora A and B kinases. In the HeLa cells, the expres-
sion of cleaved PARP increased after treatment, whereas the
mitochondrial apoptosis associated protein Bcl2 was not
affected. Interestingly, the expressions of p-p38 and p-ERK were
up-regulated after VX680 treatment while the total proteins of
p38 and ERK were not affected. The same changes were detected
after VX680 treatments for different periods of time (Fig. 2D).
Based on all of these results, we assumed that the increased
expression of p38MAPKmight be involved in the survival signal
pathway by which cancer cells resist VX680 treatment.

Inhibition of p38 by BIRB796 sensitized the cervical cancer
cells to VX680-induced cytotoxicity

To verify our hypothesis, we first examined the baseline expres-
sions of p-p38 and p-ERK in the 3 cell lines. As illustrated in
Fig. 3A, the SiHa cells showed the highest expression level of p-
p38 and p-ERK. No obvious differences were observed in the
expressions of total p38 and ERK in these cell lines. Next, we
explored the effects of BIRB796 on tumor cells proliferation.
CCK8 results showed moderate inhibition of proliferation fol-
lowing BIRB796 treatment for 72 h (Fig. 3B). As shown in
Fig. 3C, BIRB796 effectively inhibited the phosphorylation of
p38 MAPK. A sublethal dose (10 mM BIRB796) that induced
less than 20% cell death was chosen for the combination treat-
ment. The results of a CCK8 assay indicated that the additional
treatment with 10 mM BIRB796 reduced the viability of the
HeLa cells by 40% compared with 0.5 mM VX680 alone
(Fig. 3D, left panel). Similar results were observed in the SiHa
cells (Fig. 3D, right panel). The combination index of 0.5 mM
VX680 and 10 mM BIRB796 was 0.102 (implies synergistic
effect) calculated with the Calcusyn software (Fig. 3E). To study
the long-term effects of the combination of BIRB796 and
VX680 on cervical cancer cells, we performed colony formation
assays with SiHa and HeLa cells (Fig. 3F, G). The group of cells
exposed to the combined treatment exhibited reduced colony
formation compared with the single agent group. These find-
ings suggested that BIRB796 significantly enhanced the growth
inhibition effects of VX680 via the inhibition of p38 MAPK.

BIRB796 enhanced the apoptosis induced by VX680 in
cervical cancer cells

To further study the effects of combination therapy, we exam-
ined the apoptotic effect of VX680 in combination with
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BIRB796. As illustrated in Fig. 4A, following exposure to 10 mM
BIRB796 for 48 hours, no obvious inhibition of proliferation was
observed in the HeLa cells. Regarding the VX680 group, only
moderate apoptosis was induced after treatment. However,
much more apparent apoptosis was observed following com-
bined treatment with BIRB796 and VX680 for the same period
of time. This finding is consistent with the results of the CCK8
assay illustrated in Fig. 3. Additionally, the synergistic apoptosis-
inducing effect of the combination of BIRB796 and VX680 was
confirmed via flow cytometry results (Fig. 4B, C). In the SiHa
cells, apoptosis ratio of the BIRB796 group was 16%. A 2.1 §
0.12-fold increase (P < 0.05) in apoptosis induced by the com-
bined treatment (42%) compared with the VX680 (19%) alone
was observed. Similar results were observed in the HeLa cells.
The protein gel blot results confirmed that BIRB796 enhanced
the expressions of cleaved PARP and g-H2AX than were
induced by VX680 through the inhibition of p38 MAPK activa-
tion (Fig. 4D). These results implied that the DNA damage
responses were involved in apoptosis induced by combination

treatment. The same results were observed based on immunoflu-
orescence staining for g-H2AX expression in the HeLa cells fol-
lowing treatment with the drugs (Fig. 4E). The combined
treatment group was associated with more g-H2AX-positive cells
than the single-agent treatment group. These findings indicated
that inhibition of p-p38 by BIRB796 enhanced VX680-induced
DNA damage and cell death in cervical cancer cells.

BIRB796 enhanced the apoptosis induced by VX680
in a xenograft model

The HeLa cell xenograft model was used to probe whether
BIRB796 could enhance the tumor growth inhibition induced
by VX680 in vivo. HeLa cells resuspended in 100 ml PBS were
subcutaneously injected into the right axillary areas of nude
mice. When the tumors reached volumes of 150–200 mm3, the
mice were divided randomly into 4 groups (n D 6 per group)
and treated either with vehicle, 25 mg/kg of VX680, 10 mg/kg
of BIRB796, or a combination of VX680 and BIRB796. The

Figure 1. VX680-induced growth inhibition and cell cycle arrest in cervical cancer cell lines. (A, B, C) VX680 induced cell growth inhibition in dose- and time- dependent
manners in cervical cancer cell lines. Cell viability was measured using the Cell Count Kit-8 (CCK8) assay following VX680 treatment. The results are presented as the per-
centages of viable cells in the VX680 treatment group compared with the DMSO treatment group. The graphs illustrate the means § the SDs of triplicate results. (D, E)
Cell cycle distributions of the HeLa (D) and SiHa (E) cells after 24-h exposures to various concentrations of VX680 (0.1–10 mM). (F) A time-course study of the effects of
VX680 on cell cycle progression. Polyploidy was induced after a 48-h treatment with VX680. (G) Quantification of the polyploidy induced by VX680. The cells were treated
with 500 nM for 24, 48 or 72 h, and the DNA contents were measured by flow cytometry. (H) VX680 treatment caused abnormal cytokinesis. HeLa cells were treated with
DMSO, VX680 (500 nM), or paclitaxel (1 mM) for 48 h and were then stained with Hoechst-33342 and the membrane probe Dil to visualize the nuclei (blue) and mem-
branes (orange red), respectively. Abnormal cytokinesis was identified by the multinuclearity (red arrows). Scale bar, 20 mm.
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mice were sacrificed 3 d after the final administration of
VX680. As illustrated in Fig. 5A and B, VX680 effectively inhib-
ited tumor growth in vivo, and BIRB796 obviously enhanced
this effect. In the VX680 treatment group, the mean tumor vol-
umes were reduced by 43% (P < 0.05) compared with the con-
trol group. The combination of BIRB796 and VX680 treatment
reduced tumor volume by 62% (P < 0.01) compared with the
control group. HE staining indicated swelling of the nuclei and
nuclear fragmentation in the combined treatment group
(Fig. 5C). The immunohistochemistry (IHC) results revealed
an obvious reduction in H3 phosphorylation after VX680 treat-
ment, indicating the inhibition of Aurora B kinase activity in
vivo. Increased cleaved-caspase-3 expression in the tumor tis-
sues of the combined treatment group compared with the con-
trol was observed (Fig. 5C, D). Western blot results from the
samples from the tumor tissues indicated that p-p38 and
p-ERK were effectively inhibited by BIRB796 in vivo. Com-
pared with the VX680 alone group, the expressions of DNA
damage marker g-H2AX and cleaved PARP (an indicator of
enhanced apoptosis) were upregulated in the VX680 and
BIRB796 combination treatment group (Fig. 5E).

Discussion

An important hallmark of malignant tumors is uncontrolled
rapid growth caused by genetic abnormities. Cancer cells bene-
fit from compromised cell cycle check points and disrupted cell

cycle kinetics and thus obtain proliferative and survival advan-
tages compared with normal cells.40,41 Chemotherapy drugs
targeting the mitotic phase of cell cycle have achieved great suc-
cess in improving the prognoses of cancer patients. The Aurora
kinases belong to the serine/threonine family and regulate
many steps in the mitotic phase, including the formation of the
mitotic spindle, chromosome organization and alignment, and
the exit from mitosis.42-45 A large body of literature has proven
that the overexpression of Aurora kinases causes the override
of mitotic checkpoints in human cancers.12,46-49 Given the
Aurora kinases’ pivotal roles in the mitotic process during cell
cycle, their over-expressions in malignancies and their cross-
talk with tumor suppressors and oncogenic signaling pathways,
small molecules targeting the Aurora kinases have attracted
intense attention in the field of tumor therapy. 19,50

VX680 is a potent and selective inhibitor that targets both
the Aurora A and B kinases and has demonstrated significant
potential as an anti-cancer agent. Regarding cervical cancer
cells, VX680 induced cell cycle arrest and inhibited cell prolifer-
ation in time- and dose-dependent manners (Fig. 1A-E).
VX680 exhibited strong inhibition activity against Aurora A
kinase at the concentration of 0.1 mM. With the treatment of
VX680 at the higher concentration of 0.5 mM, the activities of
Aurora A and B kinases could be blocked at the same time
(Fig. 2C). Thus inhibition of both the Aurora A and B kinases
could be contributing to the effects of cell cycle arrest and
DNA content accumulation (Fig. 1D-G) caused by VX680 in
cervical cancer cells. In a recent study, dual inhibition of

Figure 2. p38-MAPK activation led to the evasion of apoptosis induced by VX680. (A) HeLa cells were treated with various concentrations of VX680 for 72 h, and apoptosis
was then analyzed by flow cytometry. Annexin V C was identified as apoptosis. (B) Results of Annexin V assays for apoptosis detection. The graphs illustrate the means§
the SDs of triplicate results. (C) HeLa cells were treated with various concentrations of VX680 for 48 h. The expressions of related proteins were determined by immuno-
blotting. (D) HeLa cells were treated with various concentrations of VX680 and cultured for 24, 48, or 72 h. The expressions of p38-related proteins were determined by
immunoblotting. GAPDH served as a loading control.
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Aurora A and B kinases showed impressive anti-tumor activity
against Triple-Negative breast cancer by causing tetraploid
accumulation followed by apoptosis, senescence or surviving
octaploid (8N) cells.51 8N cells caused by KW-2450 did not
undergo apoptosis or senescence. Elimination of the surviving
octaploid (8N) cells enhanced apoptosis induced by KW-
2450.51 To improve apoptotic effects and avoid drug resistance,

combined treatment is needed for VX680. In previous studies,
combinations of VX680 with other drugs, such as paclitaxel,
cis-platinum, TSA and nutlin-3, have been proven to produce
synergistic effects in malignant tumors.25,52-54

In the present study, we sought to identify a potential thera-
peutic partner for VX680 with a targeted and complimentary
anti-cancer mechanism. We found that p-p38 and p-ERK were

Figure 3. The inhibition of p38 with BIRB796 sensitized the cervical cancer cells to VX680 cytotoxicity. (A) The baseline expressions of p38 and ERK in HeLa, SiHa and Caski
cells. (B) SiHa and HeLa cells were treated with various concentrations of BIRB796 for 72 h and then subjected to CCK-8 assays for cell viability analyses. The results are
presented as percentages of viable cells in the BIRB796 treatment group compared with the DMSO treatment group. (C) The expression of p-P38 was tested via protein
gel blot after the cells were treated with BIRB796. (D) HeLa and SiHa cells were treated with VX680 alone or in combination with 10 mM BIRB796 for 72 h and then sub-
jected to CCK-8 assays for cell viability analyses. The combined treatment with the 2 agents resulted in reduced cell viability compared with the VX680 alone treatment (�

P < 0.05). (E) Chou-talalay analyses for CCK8 results of the HeLa cells (Fig. 3D) using Calcusyn software. (F, G) The numbers of colonies formed in (H) were counted. The
histogram data indicate the means § the SDs of triplicate results. � P < 0.05 for the combined treatment group versus the VX680 group, �� P < 0.01 for the combined
treatment group vs. the BIRB796 group. (H) Representative images from the colony formation assay. The black-stained dots in the culture dishes represent surviving
colonies.
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up-regulated after VX680 treatment, whereas the expression of
Bcl-2 was not affected. In a previous study, Sun et al have found
downregulation of p-ERK after overexpression of Aurora A
kinase in the SiHa cells. They have also found a negative corre-
lation between AURKA and p-ERK in cervical cancer tissues
from clinical patients.52 The up-regulation of p-ERK might be
induced by Aurora A kinase inhibition via VX680. A study sug-
gested that phosphorylation of p38 MAPK was induced by ROS
following by ZM447439 (a selective inhibitor of Aurora B
kinase) treatment, while no change in expression of g-H2AX
could be detected.20 Inhibition of Aurora A induced DNA dam-
age and increased the accumulation of g-H2AX in cancer
cells.18 In this study, treatment of VX680 induced apoptosis

and activated H2AX in a dose dependent manner. This implied
that DNA damage and g-H2AX accumulation caused by
Aurora A inhibition might be involved in the apoptotic effect
of VX680. Gamma-H2AX is usually used as a marker of DNA
damage response. It is also a target of p-p38 in the ROS/p-p38
MAPK/g-H2AX signal pathway. This signal pathway is usually
activated by chemotherapy drugs and leads to apoptosis.

Tumor cell growth might be regulated by the coordination of
cell proliferation and apoptosis signals. P38 MAPK plays dual
roles in the regulation of tumor cell growth; i.e., p38 can mediate
survival and cell death signals at the same time. P38 MAPK has
been proven to be protective with respect to the initiation of can-
cer.33 However, cancer cells with high tumorigenicity can bypass

Figure 4. BIRB796 enhanced the apoptosis effect induced by VX680 in vitro. (A-C) HeLa cells were plated in 6-well plates and treated with DMSO as a control, 10 mM
BIRB796, 500 nM VX680, or both drugs for 48 h. (A,B) Morphologic changes were captured using a Nikon inverted microscope (magnification: 40X), and the apoptotic
effects were analyzed by flow cytometry using an Annexin V-FITC/PI kit. (C) The apoptosis results are presented as the means § the SDs of 3 independent experiments. �

P < 0.05 for the BRB796 group versus the combined group or the VX680 group vs. the combine group. (D) After combined treatment with BIRB796 and VX680, the
expressions of cleaved PARP and g-H2AX as well as components of the p38 signal pathway were tested via western blot. GAPDH served as a loading control. Representa-
tive images of 3 independent experiments are shown. (E) HeLa cells were treated as in Fig. 4A and then stained with anti-g-H2AX (green) and Hoechst 33342 (chromo-
somes; blue). The fluorescence images were captured using a Leica microscope (magnification: 100X).
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Figure 5. BIRB796 enhanced the anti-tumor effects of VX680 in vivo. Nude mice bearing HeLa tumor xenografts were administered vehicle,BIRB796, VX680, or BIRB796
combined with VX680 as described in the Materials and Methods. (A) Growth curves of the tumor xenografts in the nude mice. The data points represent the averages §
the SDs for each group. Tumor growth was significantly inhibited in the combined BIRB796 and VX680 treatment group (��P < 0.01, the combined group versus the
BIRB796 group; �P < 0.05, the combined group vs. the VX680 group). (B) Photograph of tumor xenografts isolated from the nude mice. (C) Representative images of H&E
staining (the upper panel) and immunohistochemical staining for p-H3 (the middle panel) and cleaved-caspase-3 in the tumor tissues from each group. Magnification:
200X (D) Left panels: p-H3-positive cells were counted under high magnification in 10 casual fields and the mean was calculated. �P < 0.05 the control group versus the
VX680 group or the control group vs. the combined group. Right panels: cleaved-caspase-3-positive cells were calculated in the same manner. �P < 0.05 the BIRB796
group versus the combined group or the VX680 group vs. the combined group (E) Western blot analyses of expressions of related proteins in the samples obtained from
the xenograft tumors. GAPDH was used as a loading control.
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the apoptotic effects induced by p38 activation following ROS
generation. The inability of malignant cells to respond to p38
MAPK signaling with a shift toward apoptosis could possibly be
due to alterations in the regulators of apoptosis that help in cell
survival.55 The ultimate effect of p38 MAPK activation depends
on the type of stimulus in a cell-type-specific manner.56-58

To further explore the role of p38 activation in response to
VX680 treatment, we treated cells with BIRB796. BIRB796 is a
novel p38 MAPK inhibitor that inhibits all p38 MAPK isoforms
in vitro and vivo.59 It also shows weak inhibitory activity to c-
Raf, IKK2 and ERK2, et al.59 BIRB796 reverses ATP-binding-
cassette family (ABCB1)-mediated multidrug resistance in
malignant cells.60 The addition of BIRB796 eliminated p38 and
ERK activation induced by VX680. Specifically, apoptosis was
apparently enhanced in cervical cancer cells accompanied with
the upregulation of g-H2AX after combined treatment. Based
on our results, we assumed that the activation of p38 MAPK
might be involved in the survival-signal pathway by which can-
cer cells resist VX680 treatment. The significance of p38 activa-
tion following VX680 treatment differs from that in the ROS/
p-p38 MAPK/g-H2AX signal pathway. And further study is
still needed to explore the modulator of p38 activation.

In conclusion, our studies demonstrated that BIRB796 syn-
ergized with VX680, which resulted in the inhibition of the
growth of cervical cancer cells and the activation of death path-
ways. These findings may aid the design of novel targeted ther-
apeutic regimens to achieve effective cancer treatments and
help to overcome Aurora kinase inhibitor resistance that is
likely to develop during the course of long-term therapy.

Materials and methods

Cell lines and culture

HeLa, Caski and SiHa cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cul-
tured in DMEM (Gibco) containing 10% fetal bovine serum
(Gibco), 100 units/ml penicillin, and 100 mg/ml streptomycin.
Cells were maintained at 37�C in a humidified atmosphere
with 5% CO2.

CCK8 assay for cell growth inhibition

Cells (4 £ 103 in 200 ml culture media per well) were seeded in
96-well plates and maintained for 24 h. Then culture medium
was changed for fresh medium containing drugs. Cells were
maintained at 37�C in a humidified atmosphere with 5% CO2

for another 24, 48 or 72 h. The cell counting kit-8 (CCK-8)
(Dojindo, Mashikimachi, Japan) assay was performed following
the manufacturer’s instructions. OD values of each sample were
measured at 450 nm and 620 nm (as the reference wavelength)
by automatic enzyme-linked immunosorbent assay readers.

Cell cycle and apoptosis analysis

For cell cycle analyses, cells were harvested and fixed in ice-cold
70% ethanol overnight at ¡20�C. Samples were then washed
with phosphate-buffered saline (PBS) and stained with buffer
containing propidiumiodide (PtdIns: 50 mg/mL) and RNaseA

(50 mg/mL) for 30 minutes in the dark at room temperature.
The PI fluorescence of individual nuclei was measured with
flow cytometers (BD FACS Calibur, Becton Dickinson, USA).
The cell cycle profiles were analyzed with Cell Quest Pro V
3.2.1 software. For apoptosis detection, cells were assayed with
an Annexin V-FITC/PtdIns apoptosis kit (MultiSciences Bio-
tech Co., Ltd. Nanjing, China) and analyzed by flow cytometry.

Colony formation assay

Cells were tripsinized and planted in a 6-cm dish at a density of
1000 cells per dish. After 24 h, cultured supernatants were
changed for fresh completed culture medium containing
0.5mM VX680, 10 mM BIRB796, or both. Culture media were
then changed every 3 d. After a treatment of 14 d with drugs,
colonies were fixed with 4% paraformaldehyde, stained with
0.5% crystal violet and counted.

Immuofluorescence staining

Cells were implanted on glass chamber slides and allowed for
16–24 h attachment. After treatment of VX680 for 48 h, they
were fixed with 4% paraformaldehyde and permeablized with
0.2% Triton X-100. After being blocked with 5% BSA at room
temperature for 15 minutes, the cells were incubated with pri-
mary antibody at 4�C overnight. Next day, the cells were
washed by PBS and incubated with FITC-conjugated secondary
antibody at 37�C for 1 h. Cells were then washed and incubated
with Hoechst 33342 at a dilution of 1:2000 (Beyontime Biotech-
nilogy, Nantong, China) for nucleus staining. Images were cap-
tured with a fluorescent microscope (Nikon ECLIPSE Ti-S,
Japan).

Western blot analysis

Cells were harvested and lysed on ice in RIPA (Beyotime, Nan-
tong) buffer containing protease inhibitor cocktail. For xenograft
models, the tissues near the surface of tumor were chosen for
western blot analyses. Tumor tissues were preserved at ¡80�C
and thawed on ice. Then they were grinded in glass homogenizer
in RIPA buffer. After ultrasound pyrolysis processing, samples
were centrifuged at 12000 rpm for 20 minutes. The supernatants
were kept for next step. Cell lysates (50 mg) were resolved on an
SDS polyacrylamide gel by electrophoresis and transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore, MA).
After being blocked in 5% non-fat milk in TBS buffer for half an
hour, the membranes were incubated with primary antibody
overnight at 4�C. On the next day, they were incubated with the
appropriate secondary antibodies for 1 h at room temperature
and washed twice before immunoblotting analysis was per-
formed with the Enhanced Chemiluminescence (ECL) Western
Blotting Detection reagents (Pierce, USA).

Chemicals and reagents

VX680 and BIRB796 were purchased from Selleck Chemicals.
A 10 mM stock solution of VX680, the same as BIRB796, was
dissolved in dimethyl sulfoxide (DMSO) (Sigma–Aldrich, St.
Louis, MO, USA), and stored at ¡80�C, and diluted in fresh
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medium before use. Antibodies specific for phosphor-Aurora A
kinase (Thr 288) (#2914), g-H2AX (Ser139) (#9718), phospho-
p38 MAPK (Thr180/Tyr182) (#4511), phospho-ERK (Thr202/
Tyr204) (#4370), cleaved-caspase-3 (Asp175) (#9661) and
cleaved poly (ADP-ribose) polymerase (PARP1; 89 KD)
(#5625) were purchased from Cell Signaling Technology. The
primary antibody against p-H3 (Ser10) was purchased from
abcam (ab5176). ERK1/2 (mab1576) was purchased from
R&D. GAPDH (10494-1-AP), MAPK14 (14064-1-AP) and
Bcl-2 (12789-1-AP) were purchased from Proteintech.

Antitumor study of human tumor xenografts in nude mice

Nude mice aged 4–5 weeks were purchased from Huafukang
(Beijing, China). Animals were maintained and treated pur-
suant to the Hubei Province animal experiment regulations. 4
£ 106 HeLa cells resuspended in 100 ml PBS were subcutane-
ously injected to the right axillary areas of nude mice. After
tumors reached 150–200 mm3, the mice were divided into 4
groups. Each group (n D 6) received either PBS, VX680,
BIRB796, or combined of the 2 agents for treatment. For
VX680 treatment, drugs (25 mg/kg) were administered intra-
peritoneally (i.p.) twice a day for 14 d.11 BIRB796 (10 mg/kg)
was administrated orally the next day of VX680 treatment for
the first time, and then it was applied every 3 d.61 The tumor
sizes were estimated with a caliper. A standard formula (width2
£length £ 0.52) was used for calculating the volumes of
tumors. The curves of tumor growth were drawn according to
tumor volume and time of drugs administration. Mice were
sacrificed and executed to death 3 d after the final treatment of
VX680. Tumors were surgically removed and tumor tissues
were fixed in formalin, embedded in paraffin, sectioned and
stained with hematoxylin and eosin (HE) for histological analy-
sis. For immunohistochemical inspection, tissue sections were
stained with phosphorylated histone H3 and cleaved-caspase-3
according to the manufactures’ protocol. Sections observation
and images collection were performed using a Zeiss KS400
image analysis system (Jena, Germany). Ten randomized fields
of each section were selected for quantitative analysis.

Statistical analysis

All major dependent variables in this study were continuous
measurements, and thus they were expressed as means § stan-
dard deviation (SD). Statistical analyses were performed with
SPSS software (version 9.1.3, SAS Institute Inc., Cary, NC,
USA). Student’s t-tests were used to compare groups. �P < 0.05
was considered statistically significant, ��P < 0.01.
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