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Abstract: Aurora kinases are key regulators of cell mitosis and have been implicated in the process of tumorigenesis.
In recent years, the Aurora kinases have attracted much interest as promising targets for cancer treatment. Here we
report on the roles of Aurora A and Aurora B kinases in clear cell renal cell carcinoma (ccRCC). Using genome-wide
expression array analysis of 174 patient samples of ccRCC, we found that expression levels of Aurora A and B were
significantly elevated in ccRCC compared to normal kidney samples. High expression levels of Aurora A and Aurora B
were significantly associated with advanced tumor stage and poor patient survival. Inhibition of Aurora kinase activity
with the drug VX680 (also referred to as MK-0457) inhibited ccRCC cell growth in vitro and led to ccRCC cell accumu-
lation in the G2/M phase and apoptosis. Growth of ccRCC xenograft tumors was also inhibited by VX680 treatment,
accompanied by a reduction of tumor microvessel density. Analysis of endothelial cell lines demonstrated that VX680
inhibits endothelial cell growth with effects similar to that seen in ccRCC cells. Our findings suggest that VX680 inhib-
its the growth of ccRCC tumors by targeting the proliferation of both ccRCC tumor cells and tumor-associated endo-
thelial cells. Aurora kinases and their downstream cell cycle proteins have an important role in ccRCC and may be
potent prognostic markers and therapy targets for this disease.
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Introduction

In 2009 in the United States, an estimated
57,760 people will be diagnosed with, and
12,980 deaths will be attributed to, cancers of
the kidney and renal pelvis [1]. The vast major-
ity of these cases will be clear cell renal cell
carcinoma (ccRCC) [2]. Although surgery offers
a chance to cure localized ccRCC, most patients
who experience recurrence after surgery, or who
have metastatic disease at the time of diagno-
sis, will ultimately die of their disease. New
agents targeting the tumor endothelium and

their supporting stromal elements (including
pericytes) have recently been approved by the
FDA for ccRCC therapy; however, it appears that
all patients eventually develop resistance to
these therapies [3, 4]. Thus, there remains a
critical need for effective and specific targets for
early diagnosis and treatment; new therapies
that target not only the c¢ccRCC tumor-
associated endothelium but also the tumor cells
may be particularly effective.

In recent years, Aurora kinases have attracted
much interest as promising targets for cancer
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treatment [5, 6]. The Aurora kinases are a fam-
ily of serine-threonine kinases that function as
conserved mitotic regulators. Mammals express
three members of this family: Aurora A, Aurora
B, and Aurora C. Aurora A and Aurora B are the
best characterized, and regulate distinct proc-
esses in mitosis. During mitosis, Aurora A local-
izes to the centrosomes and spindle poles, and
is thought to regulate centrosome maturation
and separation, and assembly of the mitotic
spindle. In contrast, Aurora B localizes to the
centromeres during the early stages of mitosis,
and plays an important role in the attachment
of chromosomes to microtubules, the spindle
checkpoint, and cytokinesis. Much less is
known about the function of Aurora C. Expres-
sion of Aurora C is restricted to germ cells,
where it is believed to regulate spermatogene-
sis. Recently, along with cyclins and cyclin-
dependent kinases, Aurora A has been reported
to link to the G2/M transition of the cell cycle.
Several reports have demonstrated that Aurora
kinases interact with and regulate the activities
of many important cellular proteins associated
with cell cycle and cell division, including p53,
cyclin B, and Cdc2 (also known as Cdk1) [5-7].

Aurora A is overexpressed in many human tu-
mors, including primary breast cancer, colorec-
tal cancer and ovarian cancer. Aurora B has
also been found to be overexpressed in a num-
ber of cancers [5, 6, 8]. Aurora kinase dysregu-
lation and overexpression are frequently found
correlated with chromosomal instability and
clinical aggressiveness in malignancies. High-
copy amplification of the gene for Aurora-A has
been detected in many tumor types, and poly-
morphisms in the Aurora-A gene have been as-
sociated with cancer risk and clinical outcome
[5]. A number of small molecule drug inhibitors
of Aurora kinases are currently under develop-
ment or testing for the treatment of cancer.
One of these, the pan-Aurora kinase inhibitor
VX680 (also referred to as MK-0457), has en-
tered clinical trials. However, the functional sig-
nificance and mechanism(s) of Aurora kinases
in ccRCC have not been fully investigated, and
whether Aurora kinases inhibitors have activity
against ccRCC has not been clarified.

We wanted to assess Aurora kinases as poten-
tial biomarkers and therapeutic targets in hu-
man ccRCC. Our microarray analysis of primary
kidney tumors revealed that Aurora A and B
were highly expressed in the majority of ccRCC
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cases tested, and that expression of both
Aurora A and B was correlated with poor patient
survival. We observed that Aurora A and B
kinases were active in both ccRCC cell lines and
endothelial cells, and that the proliferation of
these cells was directly inhibited by VX680 via
arrest of cells in the G2/M phase and apop-
tosis. Moreover, the growth of ccRCC xenografts
was inhibited by VX680, and this inhibition was
accompanied by significantly reduced tumor
microvessel density (MVD). Both in vitro and in
vivo studies showed that VX680 treatment re-
sulted in upregulation of p53 and decreased
expression of cyclin B/Cdc2 concomitant with
inhibition of Aurora kinases. Our results indicate
that simultaneously targeting ccRCC cells and
endothelial cells in tumors through Aurora
kinases inhibition may be an effective strategy
for the treatment of ccRCC.

Materials and methods
Tissue collection and gene expression profiling

MRNA expression from the Aurora A and Aurora
B genes was examined in 174 clear cell renal
tumors and 15 normal kidney samples. Tissue
samples were obtained and profiled using Affy-
metrix HGU133 Plus 2.0 microarrays, as de-
scribed [9]. Expression values were generated
by using Microarray Suite (MAS) v5.0 software
(Affymetrix). The probes were filtered according
to the study of Dai M et al [10]. The hybridiza-
tions were normalized by using the robust mul-
tichip averaging (rma) algorithm in Bioconductor
package affy (http://www.bioconductor.org/) to
obtain summary expression values for each
probe set [11-13]. This resulted in more than
17,000 genes, each of which then had one
number to represent its relative gene expres-
sion intensity in the sample.

Statistical analysis

For statistical analysis of patient survival and
gene expression levels, we used survival at five
years as the cutoff to separate patient progno-
sis as good or poor, e.g. patients surviving more
than five years following diagnosis were classi-
fied in the good prognosis group (C1) and pa-
tients surviving less than this were classified as
poor prognosis (C2). We used the mean gene
expression levels as the cutoff to group patients
into either high or low expressers for each gene.
The results were similar if the median gene ex-
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pression levels were used as a cutoff. Cox pro-
portional hazard regression models were fitted
to test whether the genes were significant pre-
dictors for cancer-specific survival.

For all statistical analysis, values were ex-
pressed as mean + SD. Values were compared
using Student’s t test. P < 0.05 was considered
significant.

Cell culture

A498, A704, Caki-1, Caki-2, ACHN, 786-0, and
769-P ccRCC cell lines were obtained from the
American Type Culture Collection (ATCC).
SN12C, U031, and TK10 cells were Kindly pro-
vided by Dr. George Vande Woude (Van Andel
Research Institute). SKRC39 cells were ob-
tained from Memorial Sloan-Kettering Cancer
Center. The cells were maintained in DMEM or
RPMI 1640 medium (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), 100
IU/mL penicillin, and 100 pg/mL streptomycin
(Invitrogen) in a humidified incubator containing
5% CO2 at 37°C. HUAEC, HUVEC, HMVEC and
HLMVEC human endothelial cells were obtained
from Clonetics and maintained in Clonetics EBM
-2 medium supplemented with EGM-2 single-
quots (Cambrex).

Cell-cycle analysis

Cells were incubated with either VX680 or di-
methyl sulfoxide (DMSO) (control) for 72 h.
Cells were collected and analyzed using a cellu-
lar DNA flow cytometric analysis kit (Roche).
Briefly, cells were collected after treatment and
stained with propidium iodide. DNA content was
analyzed by flow cytometric anlaysis.

Apoptosis analysis

Cells were incubated with either VX680 or
DMSO (control) for 72 h. Apoptotic cells were
measured using FITC Annexin V Apoptosis De-
tection Kit (BD Biosciences). Briefly, cells were
collected after treatment and stained with An-
nexin V-FITC and propidium iodide according to
the manufacturer’s protocol, then analyzed by
flow cytometry.

Cell synchronization

Cells were synchronized using nocodazole (200
nmol/L) for 16 h. Cells were released from the
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block in the presence of various concentrations
of VX680 or DMSO (control) and incubated for 6
h and 72 h; then proteins were extracted from
the collected cells.

Analysis of cell proliferation and viability

Cells were seeded at densities ranging from
1,000 to 3,000 on 96-well plates in DMEM or
RPMI 1640 medium supplemented with 10%
fetal bovine serum. Cells were treated with
DMSO or VX680 for 96 h, and then cell viability
was measured by an MTT assay. Briefly, after
treatment cells were incubated with fresh media
containing MTT solution at 37°C for 2 hours
and then cell viability was determined by meas-
urement of absorbance at 540 nm. Percentage
of cell viability was calculated as the absorb-
ance of VX680 treated cells divied by DMSO
controls.

Tumor implantation and growth in a ccRCC
xenograft model

All animal studies were in compliance with VARI
Institutional Animal Care and Use Committee
policies. Six-week-old male or female BALB/c
nu/nu nude mice (Charles River) were used.
Ten million Caki-1 cells or five million SN12C
cells were subcutaneously implanted in the right
flank. Tumor size was measured 2-3 times per
week using digital calipers (Mitutoyo, Kawasaki,
Japan) that have an accuracy of £0.02 mm, and
tumor volume was calculated as length x width
x height x 0.5. Tumor volumes are presented
as mean + SD.

When tumors had grown to an average volume
of 100 to 150 mm3, tumor-bearing mice were
separated into two groups of 9-10 animals. One
group received intraperitoneal injections of 50%
PEG300 as a vehicle control; one group re-
ceived intraperitoneal injections of VX680 at 80
mg/kg every day. Mice were euthanized at the
end of the treatment period (day 21 in Caki-1
xenograft model and day 30 in SN12C xenograft
model). Tumors were removed, cleaned from
adjacent tissues, fixed in 4% paraformaldehyde,
and paraffin-embedded, and then 4-um-thick
sections were prepared. All sections were
stained with hematoxylin and eosin and were
used for subsequent immunohistochemical
analysis. Parts of all sections were stored at -
80°C for Western blotting analysis.
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Immunofluorescence of cultured cells

Cell lines were grown on coverslips (Nunc® Lab-
Tek® Il Chamber Slide™ system) with VX680
diluted in DMSO (0.8 ymol/L) for 72 h. For im-
munofluorescent staining, the cells were
stained with combinations of anti-Aurora A
pT288 rabbit antibody (1:50, Cell Signaling) and
anti-phosphorylated histone H3 (Ser10, Cell
Signaling) mouse monoclonal antibody (1:100,
Santa Cruz), followed by addition of a FITC-
conjugated (1:100) or TRITC-conjugated (1:300)
antibody to rabbit and mouse IgG. DAPI (300
nM) was used to highlight DNA. Fluorescently
labeled cells were visualized using a microscope
(Zeiss 510 Meta).

Immunohistochemistry

Immunohistochemical staining was done on 4-
pum  formalin-fixed, paraffin-embedded tissue
sections. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide. Antigen
retrieval was carried out in citrate buffer (10
mmol/L, pH 6) for 15 min at 100°C in a micro-
wave oven. The slides were incubated with a
primary rabbit anti-human Aurora A, rabbit anti-
human Aurora B, rabbit anti-phosphorylated
human Aurora A (Thr288), rabbit anti-
phosphorylated histone H3 (Ser10), rabbit anti-
human PCNA, and rabbit anti-mCD34 overnight
at 4°C. Sections were then incubated with sec-
ondary anti-rabbit 1gG (Vector) for 30 min. After
washing with 1xTTBS, sections were incubated
with Vectastain ABC reagent (Vector). The im-
mune complex was visualized using DAB sub-
strate solution (Vector). For the quantitation of
PCNA p-Aurora A, p-histone H3, and CD34, see
the description in Huang D et al [9].

Cell lysate and Western blotting analysis

Cell lysates were prepared by washing cells with
PBS and then following the methods described
[9]. For Western blotting, samples transferred
to a nitrocellulose membrane by semi-wet elec-
trophoresis (Invitrogen), were incubated with
primary antibody (rabbit anti-Aurora A, rabbit
anti-Aurora B, rabbit anti-phosphorylated Aurora
A (Thr288), mouse anti-phosphorylated histone
H3 (Ser10), mouse anti-p53, mouse anti-Cdc2,
mouse anti-cyclin B1) overnight at 4°C, detected
with horseradish peroxidase-conjugated anti-
rabbit or anti-mouse 1gG (Santa Cruz), and de-
veloped using an ECL Western blotting detec-
tion and analysis system (Amersham). Mem-
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branes were tested for equal loading by probing
for actin.

Results

Overexpression of Aurora A and B were
associated with the clinical outcome of
ccRCC patients

Microarray gene expression profiling was used
to examine expression levels of Aurora A and
Aurora B in 174 cases of human ccRCC and 15
normal kidney samples. High expression of
Aurora A and B was detected in clinical speci-
mens of ccRCC relative to normal control sam-
ples. Advanced-stage tumors tended to have
higher mRNA levels for Aurora A and B than
early-stage tumors (P < 0.01) (Figure 1A, left
panel). Moreover, patients with high expression
of Aurora kinases (A and B) were more likely to
have poor prognosis (P < 0.001) (Figure 1A, left
panel). Plotted survival curves showed that
patients with high expression of Aurora A and
Aurora B had decreased survival times com-
pared to patients with low expression of Aurora
kinases (Figure 1A, right panel). Based on
these results, we hypothesized that both Aurora
A and Aurora B play an important role in the
development of ccRCC and that inhibition of
Aurora kinase activity would inhibit the growth
of ccRCC tumors.

Aurora kinase expression in ccRCC cell lines

To test our hypothesis, we first confirmed the
expression of Aurora kinases in 11 RCC cell
lines (A498, A704, Caki-1, Caki-2, ACHN, 786-0,
769-P, SKRC39, SN12C, TK10, and UO31) by
Western blotting. Two of the cell lines tested,
Caki-2 and SKRC39, were papillary RCC, while
the rest were ccRCC lines. We found that most
of the RCC cell lines expressed Aurora A and
Aurora B at the protein level (Figure 2). Next,
we confirmed the activation of Aurora kinases
by examining the phosphorylation status of both
Aurora A and histone H3, a direct downstream
target of Aurora kinases [14]. Our results
showed that the majority of the cell lines ex-
pressed pThr288-Aurora A and pSer10-histone
H3, indicating that Aurora kinases were acti-
vated in those cell lines (Figure 2).

VX680 directly reduced the viability of human
cCRCC cells in vitro

Subsequently, we tested a small-molecule
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Figure 1. Expression of Aurora kinases in human ccRCC and growth inhibition by VX680. A, Left panel, Aurora A and
Aurora B mRNA expression levels in primary ccRCC classified by T stage and extent of malignancy. C1, patients with
good prognosis; C2, patients with poor prognosis. Right panel, survival analyses indicate association between high
expression of Aurora A and Aurora B and poor patient survival. The patients were divided into high and low expres-
sion groups using as a cut-off value the mean of the mRNA expression level for each gene. Error bars show standard
deviation. *P <0.05, **P <0.02, ***P< 0.01 . B, Effect of VX680 on the viability of human ccRCC cell lines. Cells
were incubated with different concentrations of VX680 for 96 h, and viability was quantified by an MTT assay. [Cso
values for inhibition of proliferation were determined for each cell line and are depicted. Error bars represent stan-
dard deviation. C, Growth inhibition curves. A498 and Caki-1 cells were incubated with VX680 for 96 h at the con-
centrations indicated, and viability was quantified by MTT assay. D, VX680 inhibits Aurora kinase signaling in A498
and Caki-1 cells. Cells were treated with nocodazole for 16 h to induce mitotic arrest (synchronization). Synchro-
nized A498 and Caki-1 cells were released from nocadozole block and treated with indicated concentrations of
VX680 for 6 h. “Con” refers to untreated control samples. Separate samples were also treated with DMSO for vehi-
cle control. Synchronized Hela cells were taken for positive control. Whole-cell lysates were subjected to Western
blotting with antibodies against the indicated proteins; Western blotting for actin was used to show equal loading of
samples.
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Aurora kinase inhibitor, VX680, which has inhi-
bition constants (Ki) of 0.6, 18, and 46 nM for
Aurora A, B, and C, respectively [15]. To deter-
mine whether VX680 had a direct antitumor
effect on RCC cells in vitro, we treated the 11
RCC cell lines with control media (DMSO) or
media containing various concentrations of
VX680 for 96 h. The antiproliferation effect was
evaluated by examining cell viability using an
MTT assay. The proliferation of all 11 RCC lines
was significantly attenuated by VX680 in a dose
-dependent manner. Most of the half-maximal
inhibitory concentration (ICso) values were be-
tween 0.1 to 10 ymol/. Only one of the 11
lines, A704, had an ICso greater than 10 umol/L
(Figure 1B). In light of this, it is worth noting
that activation of Aurora kinases is barely de-
tectable in A704 cells by Western blotting
(Figure 2). A498 and Caki-1 were two of the
ccRCC cell lines most sensitive to VX680 (ICso
was 0.367 + 0.140 ymol/L and 0.482 + 0.166
pumol/L respectively); for the subsequent stud-
ies, the growth curves of these two cells in re-
sponse to VX680 treatment were tested and
plotted (Figure 1C). Based on the results of
these growth curves and VX680 ICsovalues, we
selected VX680 concentrations of 0.05 ymol/L,
0.2 ymol/L, 0.8 umol/L, or 2.0 ymol/L for fur-
ther experiments.

VX680 targeted Aurora kinases in ccRCC cells

To confirm that VX680 targets Aurora kinases in
ccRCC cells, we examined the phosphorylation
status of Aurora A and histone H3 in VX680-
treated cells. Consistent with previous reports,
we found that basal expression of pThr288
Aurora A and pSerl10 histone H3 was relatively
weak in asynchronous cell populations, but in-
creased when cells were blocked in G2/M
phase with nocodazole treatment (Figure 1D).
Six hours of treatment with VX680 was suffi-
cient to inhibit Aurora kinase activity in nocada-
zole-synchronized A498 and Caki-1 cells (Figure
1D). Under these treatment conditions, VX680
did not affect overall protein levels of Aurora A
or Aurora B. Although basal activity of Aurora
kinases is more difficult to detect in asynchro-
nous cell populations, we were also able to
show VX680-mediated inhibition of Aurora
kinase activity in asynchronous populations of
A498 and Caki-1 cells after 72 hours of VX680
treatment (Figure 3A). Interestingly, we noted
that extended VX680 treatment of cells for 72
hours resulted in decreased expression of total
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Aurora A and Aurora B protein, as well as de-
creased phosphorylation of Aurora kinase sub-
strates (Figure 3B).

VX680 induced arrest of cells in G2/M phase
and apoptotic death

Aurora kinases are essential for proper progres-
sion through the cell cycle. We therefore tested
the effects of VX680 on cell cycle progression in
ccRCC cells. A498 and Caki-1 cells were incu-
bated with VX680 for 72 hours. Analysis by flow
cytometry showed that VX680 treatment in-
duced cell cycle arrest at the G2/M phase and
polyploidy in A498 and Caki-1 cells (Figure 4A
and 4B). Because an important consequence
of prolonged G2/M arrest is apoptosis, we also
looked at the effects of VX680-treatment on
apoptotic cell death. As shown in Figure 4C,
VX680-treatment led to increased apoptosis of
both A-498 and Caki-1 cells. Our results are
consistent with the effects of VX680 in other
cell lines and the known functions of Aurora
kinases in the cell cycle and apoptosis [6, 15].
We conclude that VX680 inhibits proliferation of
cCcRCC cells through inhibition of Aurora kinases
and resulting cell cycle arrest and apoptotic
death.

VX680 injection inhibited the growth of Caki-1
tumor xenografts in nude mice

We next evaluated the effects of VX680 on
ccRCC tumor growth in vivo in an established
Caki-1 xenograft model. VX680 treatment led
toa 75.7% (P < 0.001) decrease in Caki-1 xeno-
graft tumor volume (Figure 5A). Treatment with
VX680 did not alter animal body weight, periph-
eral blood counts, or other biological parame-
ters (Figure 6 and data not shown). These re-
sults imply that the effect of VX680 on the xeno-
graft model was not due to system toxicity.
Three VX680-treated xenograft tumors and four
control tumors were selected at random and
further analyzed. We found that cell prolifera-
tion within VX680-treated tumors was markedly
reduced, as assessed by both Western blotting
and immunohistochemical staining for PCNA
(Figure 5B and 5C). We also evaluated the ef-
fect of VX680 on a second ccRCC xenograft
model, using SN12C cells. We found that
VX680 also inhibited growth of SN12C tumors,
with a 33.8% decrease in the size of treated
SN12C tumors compared to controls (p < 0.05)
(data not shown).
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Figure 3. Effects of extended VX680 treatment on the expression of Aurora kinases and cell cycle related proteins in
A498 and Caki-1 cell lines. A, 72 hour VX680 treatment of asynchronous cells. Asynchronous A498 or Caki-1 cells
were incubated with increasing concentrations of VX680 for 72 hours. “Con” refers to untreated control samples.
Separate samples were also treated with DMSO for vehicle control. Synchronized Hela cells were taken for positive
control. Whole-cell lysates were subjected to Western blotting with antibodies against the indicated proteins; blotting
for actin was used to show equal loading of samples. B, 72 hour VX680 treatment of nocodazole-blocked ccRCC
cells. A498 and Caki-1 cells were treated with nocodazole for 16 h to induce mitotic arrest. Cells were then released
from the mitotic block, followed by the addition of DMSO or indicated concentrations of VX680 for 72 h. “Con” refers
to untreated control samples; synchronized HelLa cells were taken for positive Western blot control. Sample lysates
of asynchronous cells were also run for comparison.

VX680 inhibited Aurora kinase activity in vivo the decreased Aurora A and Aurora B expres-
sion observed in ccRCC cells in vitro after ex-

Activity of Aurora kinases was significantly inhib- tended VX680 treatment (Figure 3A).

ited in VX680-treated tumors. Both Western

blotting and immunohistochemical staining VX680 treatment upregulated p53 expression

showed levels of pThr288 Aurora A and pSer10 and downregulated cyclin B1/Cdc2 expression

histone H3 were decreased in VX680-treated in xenograft tumors

tumors (Figure 5B and 5C). Interestingly, we

also saw decreases in overall protein expression To further characterize mechanisms of VX680

of Aurora A and Aurora B after in vivo VX680 action in ccRCC tumors, we examined VX680-

treatment (Figure 5B). This is consistent with treated xenografts for changes in expression of
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Figure 4. VX680 induces arrest of ccRCC cells in G2/M phase and apoptosis. A, B. VX680 induced cell cycle arrest at
G2/M and polyploidy. Cells were incubated with VX680 for 72 h, stained with propidium iodide (PI) and analyzed by
flow cytometry. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. C, VX680 treatment
induced apoptosis of ccRCC cells. Cells were incubated with VX680 for 72 h, stained with Annexin V-FITC, and ana-
lyzed by flow cytometry. Error bars indicate standard deviation. *P < 0.05, **P < 0.01.

cell-cycle regulator proteins. Aurora kinases
have been shown to regulate the stability and
action of p53, a critical regulator of cell cycle
arrest and apoptosis [16, 17]. We found that
inhibition of Aurora kinases with VX680 led to a
marked accumulation of p53 in vivo (Figure 5B).
p53 has been previously implicated in cell cycle
arrest mediated by Aurora kinase inhibitors [6].
We also looked at the expression of cyclin B1
and Cdc2 (also known as Cdk1), proteins critical
for cell cycle progression through G2/M phase.
We found that both cyclin B1 and Cdc2 expres-
sion is decreased in VX680-treated tumors com-
pared to control tumors (Figure 5B). We ob-
served similar results in vitro after 72 hours
VX680 treatment of Caki-1 cells (Figure 3B).

VX680 reduced tumor microvessel density

Tumor MVD is considered an indicator of tumor
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angiogenesis. The mean MVD in tumors can be
evaluated by quantifying the CD34-positive cells
using immunohistochemical staining. Tumors
harvested from mice treated with VX680
showed a striking reduction in CD34-positive
cells (Figure 5C). Quantification of CD34-
positive cells in the tumors showed VX680-
treated tumors displayed a 66% decrease in
MVD compared to control tumors (Figure 5D).
Notably, we also saw a similar decrease in mi-
crovessel density in VX680-treated SN12C xeno-
grafts (data not shown).

Aurora kinase expression in endothelial cells

Our in vivo study indicated that VX680 affected
the development of blood vessels in tumors. To
further elucidate the role of Aurora kinases in
endothelial cells, the expression levels of Aurora
kinases were examined in four types of human
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Figure 5. VX680 treatment inhibits ccRCC tumor growth and inhibits Aurora kinase signaling in vivo A, Ten million
Caki-1 cells were subcutaneous injected into the right flank of each mouse to initiate ectopic tumors. Intraperitoneal
injection of 50% PEG300 or VX680 (80 mg/kg) started on day 3 after tumor cell inoculation and continued daily to
day 21. The final average tumor volumes (mms3) were measured. Tumor growth curves were plotted for Caki-1 xeno-
grafts with intraperitoneal injection of 80 mg/kg VX680 or 50% PEG300 (n = 9-10 mice per group). Error bars repre-
sent standard deviation. ***P < 0.001. B, A portion of three or four randomly selected tumors from each group
were homogenized for lysate preparation and analyzed by Western blotting for protein expression. C, Immunohisto-
chemical staining for p-Aurora A, p-Histone H3, PCNA, and CD34 in Caki-1 xenograft tumors after treatment with
VX680 or 50% PEG300. D, Quantification of a proliferation index (PCNA), p-Aurora A staining, and p-Histone H3 stain-
ing in the viable rim of Caki-1 xenograft tumors, and quantification of MVD of Caki-1 xenograft tumors treated with
VX680 or 50% PEG300. Error bars represented standard deviation. ***P < 0.001.
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Figure 7. Expression of Aurora kinases in endothelial cells and the effects of VX680 on proliferation and cell cycle
arrest in HUAEC cells. A, Western blotting for the expression of Aurora kinases in endothelial cells. B, Growth inhibi-
tion curves. Endothelial cells were incubated with VX680 for 96 h at the concentrations indicated, and viability was
quantified by MTT assay. C, HUAEC cells were treated with 0.06 or 0.3 pmol/L of VX680 and Caki-1 cells were
treated with 0.3 pmol/L VX680 for 72 h. Whole-cell lysates were subjected to Western blotting for detection of
Aurora kinase activity and cell cycle proteins; actin was used as a loading control. D, VX680-induced cell cycle arrest
at G2/M. HUAEC cells were exposed to VX680 for 72 h and then stained with PI; cell cycle arrest was analyzed by

flow cytometry. Error bars represent standard deviation. *P < 0.05, **P < 0.01.

endothelial cells (HUAEC, HUVEC, HLMVEC, and
HMVEC). Our results revealed that Aurora A and
Aurora B were highly expressed in endothelial
cells at the protein level (Figure 7A). Activation
of Aurora kinases were also detected in these
cell lines (Figure 7A).

VX680 decreased viability of endothelial cells in
vitro through inhibition of Aurora kinases

To verify whether VX680 could inhibit the
growth of endothelial cells in vitro, we treated
all four endothelial cell lines with control media
(DMSO) or media containing various doses of
VX680 for 4 days, followed by an MTT assay. As
shown in Figure 7B, VX680 significantly inhib-
ited the viability of HUAEC and HLMVEC cells
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with 1Cso values of 0.04 umol/L and 0.46 ymol/
L respectively. We selected the most sensitive
cell line, HUAEC, for an investigation of the
mechanism of VX680 in endothelial cells. West-
ern blotting analysis revealed that treatment
with VX680 inhibited activation of Aurora
kinases in HUAEC cells, and affected the expres-
sion of the downstream target proteins, p53,
cyclin B1 and Cdc2 (Figure 7C). The effects of
VX680 treatment on endothelial HUAEC cells
were similar to that on ccRCC Caki-1 cells
(Figure 7C).

VX680 induced G2/M arrest in HUAEC cells

In Figure 7D, the percentages of different cell
cycle subpopulations of HUAEC—G1, S, and G2/
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M—are shown for controls or for VX680 treated
cells. After exposure to VX680 at 0.06 umol/L
or 0.3 uymol/L for 72 h, 18.3% and 54.0% of
HUAEC cells, respectively, were arrested in G2/
M phase (Figure 7D). Thus, VX680 treatment
induces cell cycle arrest in HUAEC cells, simi-
larly as in ccRCC cells. Our results suggest that
VX680 targets endothelial cells in a way similar
to its targeting of ccRCC cells. Thus, VX680 may
inhibit tumor growth through direct targeting of
both tumor and surrounding endothelial cells.

Discussion

In this study, we report on the roles of Aurora A
and Aurora B in human ccRCC. Analysis of pri-
mary kidney tumors using Affymetrix microar-
rays indicated that the mRNA of Aurora A and B
were highly expressed in the majority of ccRCC
cases. High-level expression of Aurora A and B
was correlated with cancer stage and poor prog-
nosis. Inhibition of Aurora kinases by VX680
inhibited ccRCC cell growth in vitro, and led to
cell cycle arrest in the G2/M phase and apop-
tosis. These findings were corroborated by in
vivo experiments showing that VX680 treatment
inhibits growth of ccRCC xenograft tumors. Inhi-
bition of tumor growth was accompanied by
significant decreases in MVD, suggesting that
VX680 may also target growth of endothelial
cells. We showed that Aurora kinases are active
in endothelial cell lines, and that inhibition of
Aurora kinases results in endothelial cell cycle
arrest, similar to that seen in ccRCC cells. Our
findings suggest that Aurora kinases play an
important role in the development of ccRCC and
that VX680 may inhibit ccRCC growth by target-
ing of both tumor and endothelial cells.

Aurora kinases are key regulators of cell mito-
sis, and interact with multiple cell cycle proteins
to regulate progression through the G2/M
phase. In our studies, we noted that extended
inhibition of Aurora kinase activity with VX680
induced changes in expression of the cell cycle
proteins cyclin B1, Cdc2 and p53. These obser-
vations are consistent with the known biological
activities of the Aurora kinases. Aurora A has
been demonstrated to control centrosomal acti-
vation of the cyclin B1/Cdc2 complex at the
start of mitosis [6]. Recently, it was reported
that Aurora-A may interact directly with cyclin B1
to promote its stability. Overexpression of
Aurora-A was shown to upregulate cyclin B1
expression through enhancement of its stability,
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while RNAi-mediated knockdown of Aurora-A
was shown to reduce cyclin B1 expression [18].
These reported effects were suggested to be
dependent upon the kinase activity of Aurora-A,
consistent with our finding that inhibition of
Aurora kinase activity results in decreased ex-
pression of cyclin B1 (Figure 3B, 5B, and 7C).
In addition to downregulation of cyclin B1 and
Cdc2, we noted that extended VX680 treatment
also led to induction of p53 expression in both
ccRCC and endothelial cells (Figure 3B, 5B, and
7C). There is a tight functional relationship be-
tween Aurora-A and p53, and they have been
proposed to act together to regulate cell cycle
arrest [6]. Aurora-A has been shown to directly
phosphorylate p53, resulting in destabilization
and loss of p53 activity [16, 17]. It is therefore
unsurprising that inhibition of Aurora-A kinase
activity with VX680 should result in increased
expression of pb53 in our studies. Indeed,
Aurora kinase inhibitors have been shown to
induce p53 expression in a variety of cell lines
[19, 20].

Interestingly, in addition to expected effects on
the stability of cell cycle proteins, we found that
extended VX680 treatment also led to down-
regulation of Aurora A and Aurora B proteins
themselves. To our knowledge, this effect has
not been previously reported. Because this ef-
fect was only seen upon extended 72-hour
VX680 treatment, it may have been missed by
other groups studying VX680 treatment at
shorter time points. The mechanisms behind
this downregulation of Aurora A and Aurora B
protein expression are currently unknown. Like
many cell cycle regulatory proteins, the expres-
sion levels of Aurora kinases rise and fall during
cell cycle progression in a ubiquitin and protea-
some-dependent manner [8]. We speculate
that sustained VX680 treatment and subse-
quent alterations to the cell cycle may result in
decreased stability of Aurora kinase proteins. It
is possible that this decreased expression of
Aurora kinases represents an additional mecha-
nism (in addition to the direct inhibition of
Aurora kinase activity) by which VX680 and re-
lated compounds may inhibit Aurora kinase
function.

Aurora kinases are overexpressed in a number
of different cancers, including breast cancer,
colorectal cancer, ovarian cancer and gliomas
[5, 8]. The established involvement of Aurora
kinases in cellular mitosis, along with strong
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circumstantial evidence suggesting a role for
Aurora kinases in tumorigenesis, has led to the
development of small-molecule inhibitors of
these kinases for the treatment of cancer.
VX680 is one of a class of pan-Aurora kinase
inhibitors now in clinical testing. VX680 has
been shown to suppress tumor growth in a vari-
ety of xenograft models, including xenograft
models of ovarian cancer, colorectal cancer and
leukemia [15, 21]. However, the effects of
VX680 or related Aurora kinase inhibitors have
not previously been shown for ccRCC. In our
study, we demonstrate for the first time that
pharmacological inhibition of Aurora kinases
significantly inhibits growth of ccRCC xenograft
tumors in vivo[22]. Moreover, our study sug-
gests that VX680 may inhibit tumor growth by
targeting of both tumor cells and surrounding
endothelial cells. Hardwicke et al. recently re-
ported that a novel Aurora kinase inhibitor
GSK1070916, suppresses growth of endothe-
lial HUVEC cells in vitro. Our work extends Har-
wicke’s in vitro results to multiple endothelial
cell lines and a distinct Aurora kinase inhibitor.
Moreover, ours is the first demonstration that
Aurora kinase inhibitors may have anti-
angiogenic effects, as well as direct effects on
tumor cells. Our results suggest that Aurora
kinase inhibitors may have clinical efficacy in
the treatment of ccRCC. In light of this, it is
worth noting a recent report that the histone
deacetylase inhibitor LBH589 induces degrada-
tion of Aurora A and Aurora B proteins in ccRCC
cells, and also suppresses growth of ccRCC
xenograft tumors [23]. Inhibition of Aurora
kinases (through either inhibition of kinase ac-
tivity, suppression of protein expression, or a
combination of both approaches) may represent
a novel approach toward the treatment of kid-
ney cancer.
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