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Silencing Aurora-A with siRNA inhibits cell proliferation
in human lung adenocarcinoma cells
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Abstract. Aurora kinase A (AURKA) is an oncogenic serine/
threonine kinase, it plays important roles in tumorigenesis and
chemoresistance. In this study, we investigated the expression
of AURKA in lung adenocarcinoma tissues, the role of small
interference RNA targeting AURKA on growth, cell cycle,
and apoptosis of lung adenocarcinoma cell lines in vitro.
The AURKA is highly expressed in lung adenocarcinoma
tissues and human lung adenocarcinoma cell lines. Lentivirus-
mediated short hairpin RNA (shRNA) was used to knock
down AURKA expression in human lung adenocarcinoma cell
lines H1299 and A549. The results indicated that depletion of
AURKA could inhibit cell growth, cause cell cycle arrest and
apoptosis. The potential mechanisms of AURKA inhibition
induced cell cycle arrest and apoptosis are associated with
downregulated RAF-1, CCND2, CCND3, CDK4, PAK4,
EGFR and upregulated WEE1 expression. Furthermore,
AURKA knockdown cooperated with vincristine (VCR) to
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repress A549 cell proliferation. Therefore, AURKA plays
important roles in the proliferation of human lung adenocarci-
noma cells, which suggests that AURKA could be a promising
tool for lung adenocarcinoma therapy.

Introduction

Lung carcinoma, the most common type of tumor, is currently
the leading cause of tumor-related deaths world-wide. Lung
cancer is a bronchogenic carcinoma and histologically subdi-
vided into small cell lung cancer (SCLC) and non-small cell
lung cancers (NSCLC). Lung adenocarcinoma, the most
common subtype of NSCLC, is the most prevalent patho-
logical form of lung cancer (1-3). Although surgical therapy,
chemotherapy, radiation therapy and targeted therapy have
made significant progress in recent years, the prognosis of lung
adenocarcinoma is still poor (4). Thus, a more detailed under-
standing of the key biomarkers and molecular mechanisms
of initiation, development and progression of lung adenocar-
cinoma is extremely important for improving the diagnosis,
prevention and treatment of this disease (5,6).

The Aurora kinases family is comprised of three members:
AURK-A, -B and -C. These kinase members are key regulators
of mitosis and multiple signaling pathways. Human AURKA
gene maps to chromosome 20q13.2, and is more extensively
studied, especially in tumor fields (7). AURKA functions as
an oncogene and overexpressed in several kinds of cancer
including malignancies breast, and colon cancers, as well as in
neuroblastoma (7,8). Due to essential roles of AURKA in mitotic
entry, DNA damage checkpoint recovery and centrosome and
spindle maturation, the inhibition of AURKA expression is a
promising therapeutic for multiple cancers. With the devel-
opment of AURKA inhibitors, several clinical trials using
AURKA inhibitors in multiple tumor types have been applied,
especially Alisertib, a potent and selective inhibitor currently
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in phase III. The results of AURKA inhibitors from clinical
trials indicated the complexity of such treatment in cancers,
which depends on many factors. To select those patients that
better react to AURKA inhibitors, and test the cooperative
effect of AURKA inhibitors with different antitumoral drugs
should be explored in future studies (7,9,10). RNA interference
(RNALI), the process of sequence-specific post-transcriptional
gene silencing, is a revolutionary tool for the analysis of gene
function and gene therapy for cancer and other diseases (11).
To our knowledge, this is the first study associated with
the relationship between AURKA and lung adenocarcinoma.
We confirmed that AURKA is highly expressed in lung
adenocarcinoma tissues and human lung adenocarcinoma cell
lines. Furthermore, we found that knockdown of AURKA in
human lung adenocarcinoma could inhibit cell growth and
proliferation in vitro. Importantly, AURKA has cooperative
effects with VCR on suppressing human lung adenocarcinoma
proliferation. Therefore, our results provide novel insights into
AURKA as a therapeutic target for lung adenocarcinoma.

Materials and methods

Main reagents. Mouse anti-human AURKA polyclonal anti-
body was purchased from ProteinTech Group (Wuhan, Hubei,
China); mouse anti-human AURKA monoclonal antibody was
purchased from Abcam (Abcam, Cambridge, UK); Tag DNA
polymerase was obtained from Fermentas, Inc. (Waltham, MA,
USA); Lipofectamine 2000, Opti-MEM and the SuperScript I11
reverse transcriptase (RT) kit were purchased from Invitrogen
(Carlsbad, CA, USA); Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and bovine serum albumin were purchased
from Sigma Chemical Co. (St. Louis, MO, USA); VCR were
purchased from Shenzhen Wan Le Pharmaceutical Co., Ltd.
(Shenzhen, Guangdong, China); cell culture media, fetal
bovine serum (FBS) and other supplementary materials were
purchased from Gibco Co. (Grand Island, NY, USA).

Cell culture. Human lung adenocarcinoma H1299 cells and
AS549 cells were obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China) in 2013 and were
identified by STR (short tandem repeat) method in 2014. All
cells were cultured in DMEM (Dulbecco's modified Eagle's
medium) (Gibco Co.) supplemented with 10% fetal calf serum
(FCS) and grown in a humidified incubator at 37°C and 5%
CO,.

Tissue collection. From January 2005 to January 2010,
101 patients with lung adenocarcinoma underwent resection
in the Kunshan First People's Hospital affiliated to Jiangsu
University. All cases of lung adenocarcinoma were clini-
cally and pathologically proven. This study was approved by
the medical ethics committee of the Kunshan First People's
Hospital with the reference number: 10. All participants have
provided verbal informed consent to participate in this study.
We recorded participant consents through the telephone
communication. This consent procedure was approved by the
ethics committees.

Immunohistochemical detection of AURKA in lung adeno-
carcinoma tissues. Immunohistochemistry (IHC) studies
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were performed according to the manufacturer's instructions.
Briefly, 3 pm-thick sections was deparaffinized and rehy-
drated, then incubated in 3% hydrogen peroxide for 15 min
to block endogenous peroxidase activity. These tissue slides
were boiled in EDTA buffer (pH 9.0) for 10 min for antigen
retrieval. At room temperature, 10% normal rabbit serum was
introduced for blocking non-specific binding. At 4°C refriger-
ator, the slides was incubated with polyclonal antibody against
AURKA at a dilution of 1:100 in PBS for 1 h, rinsed five times
with PBS, they were incubated with goat anti-mouse IgG
conjugated with horseradish peroxidase for 30 min at room
temperature. The histologic sections were developed with
DAB (3,3'-diaminobenzidine-tetrahydrochloride-dihydrate)
and lightly counterstained with haematoxylin. The histologic
sections were read using light microscopy.

Each case was scored according to the percentage of posi-
tive cells to total cancer cells and the staining intensity of the
positive cells. Regarding cell counting under microscope, at
least 10 high-power fields were randomly selected. The area of
staining was divided into four levels as follows: no staining of
cells in any microscopic fields was scored 0; <30% of tissue
stained positive was scored 1; between 30 and 60% stained
positive was scored 2; >60% stained positive was scored 3. In
each slice, no staining, weak staining, moderate staining and
strong staining were scored as 0, 1, 2, and 3, respectively.

AURKA expression and prognosis. A total of 443 samples
from 4 institutions [Moffitt Cancer Center (HLM), University
of Michigan Cancer Center (UM), the Dana-Farber Cancer
Institute (DFCI) and Memorial Sloan-Kettering Cancer Center
(MSK)] were used to investigate the association of the AURKA
expression and prognosis in lung adenocarcinoma, as previ-
ously published (12). Patients were separated into high or low
AURKA expression groups based on the first quantile (25%)
of the AURKA expression values of total samples. Kaplan-
Meier survival analysis was used to estimate survival curves
and difference between curves was evaluated by log-rank
test. Multivariate Cox proportional hazards regression with
covariate age, gender, and stage was carried out to measure
the independent prognostic factors. All tests were two-tailed
and p<0.05 were considered significant.

RT-PCR (Reverse transcription PCR) analysis. The TRIzol
reagent (Invitrogen) following the protocol of the manufac-
turer (Invitrogen). RNA (1 ug) was subjected to reverse
transcription. The PCR primers used were as follows: for
AURKA: forward 5'-GCCCTGTCTTACTGTCATTCG-3'
and reverse 5'-AGGTCTCTTGGTATGTGTTTGC-3'; for
GAPDH: forward 5-TGACTTCAACAGCGACACCCA-3' and
reverse 5'-CACCCTGTTGCTGTAGCCAAA-3"; PCR prod-
ucts were separated by electrophoresis in 1% agarose gel,
visualized by staining with ethidium bromide and photo-
graphed under ultraviolet light.

Recombination lentivirus generation and cell infection. The
human AURKA-specific small interfering RNA (siRNA)
sequence is 5'-GAAAGCTCCACATCAATAA-3', designed
with an online software of Invitrogen using AURKA sequence
(GeneBank code: NM_003600) as a reference. The non-
silencing (NS) sequence (5-TTCTCCGAACGTGTCACGT-3")
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was used as scrambled control that has been widely used (13).
The short hairpin RNA (shRNA) cassette against AURKA is
5'-CCGGCAGAAAGCTCCACATCAATAATTCAAGAGA
TTATTGATGTGGAGCTTTCTGTTTTTG-3', with two
cohesive ends for ligation into the pGCSIL-GFP vector. The
double stranded shRNA oligonucleotide were ligated into
pGCSIL-GFP vector linearized by restriction enzyme EcoRI
and Agel.

Next, lentiviral vector that expressed the AURK A-specific
siRNA or negative control siRNA, together with pHelper 1.0
and pHelper 2.0 plasmids were co-transfected into HEK293T
cells with Lipofectamine 2000 for lentivirus generation,
according to the manufacturer's instructions (Invitrogen). After
48 h of transfection, the lentiviral particles were harvested and
purified with ultracentrifugation. Due to the produced lentivi-
ruses carrying green fluorescence protein (GFP), the viral titer
was determined by counting green cells with serial dilutions
under fluorescence microscopy at 5 days after infection. For
lentivirus infection, H1299 and A549 cells were grown in
6-well plates at 70-80% confluence and infected with AURKA-
specific siRNA lentivirus or control lentivirus at MOI of 20.
Five days after infection, cells expressing GFP protein were
observed using fluorescence microscopy to determine the
infection efficiency. There were two experimental groups for
each cell line: LV-AURKA infected cells (AURKA-siRNA)
and LV-NS infected cells (scr-siRNA).

Real-time PCR analysis. Total RNA was initially extracted
from cultured lung adenocarcinoma cells using TRIzol
(Invitrogen) and treated with RNase-free DNase 1. Standard
reverse transcription reaction was performed using a Promega
M-MLV cDNA synthesis kit following the manufacturer's
instructions. The real-time reverse transcription polymerase
chain reaction was performed using the SYBR Green One-Step
qRT-PCR kit (Invitrogen) according to the kit's procedure
manual. GAPDH was used as an internal control. The PCR
primers used were: AURKA: forward 5'-GCCCTGTCTTACT
GTCATTCG-3', AURKA: reverse 5-AGGTCTCTTGGTAT
GTGTTTGC-3"; GAPDH: forward 5-"TGACTTCAACAGC
GACACCCA-3', and GAPDH: reverse 5-CACCCTGTTGCT
GTAGCCAAA-3. The relative gene expression levels were
calculated using the 22T algorithm.

Cellomics to test inhibition of lung adenocarcinoma cell
proliferation following knockdown of AURKA. The monolayer
culture growth rate was determined by using a Cellomics
Arrayscan (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Briefly, after the lung adenocarcinoma H1299 cells
were infected with virus for 3 days, cells were seeded into
96-well plates and cultured in a humidified atmosphere of 5%
CO, at 37°C. The Cell viability was measured at 0, 1, 2, 3,
4 and 5 days with Cellomics Arrayscan to observe the cell
growth with GFP signal. Consequently, the statistical analysis
of the data collected was performed to create a growth curve
for the six days. Each experiment was performed in triplicate.

MTT assay. The effects of AURKA silence on proliferation
of A549 cells were analyzed by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (Sigma Chemical
Co.). The A549 cells were plated at a final concentration of
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Table I. Distribution of Aurora-A status in lung adenocarci-
noma according to clinicopathological characteristics.

Number of
Characteristics patients High Low  p-value
Gender
Male 56 28 28 0.742
Female 45 24 21
Age (years)
<60 41 17 24 0.317
=60 60 30 30
Differentiation
Well 24 9 13 0.122
Moderate-poor 77 43 34
Nodal status
NO 46 24 22 0.956
N1 55 29 26

5x10° cells/well in 96-well culture plates for different culture
times. MTT (10 ul) (5 mg/ml in PBS) was added to each well
and incubated for an additional 3 h at 37°C. The formazan
crystals were dissolved in 100 pl of DMSO, and the absorbance
was read at 490 nm by an ELISA reader (ELx808, Bio-Tek
Instruments, Winooski, VT, USA).

Colony-formation assay. H1299 cells in all experimental
groups were trypsinized and resuspended in complete medium.
Two groups (scr-siRNA, AURKA-siRNA) of H1299 cells were
plated in 96-well plates at the rate of 500 cells per perforation.
Three compound perforations were set in each experimental
group. The medium was changed and cells were monitored
every 3 days. After 2 weeks of culture, the cells were washed
with PBS. These perforations were scanned and photographed
with Cellomics ArrayScan, the number and size of clones
within the perforations were analyzed.

Flow cytometry analysis. The infected cells were synchro-
nized by exposure to serum-free medium for 24 h to induce
starvation. Then adherent cells were harvested by trypsiniza-
tion, washed twice with ice-cold PBS, fixed in 70% ethanol and
incubated for 30 min at 4°C. After the ethanol was discarded
by centrifugation, the fixed cells suspended in PI/RNase/
PBS (100 pg/ml propidium iodide and 10 pg/ml RNase A) for
45 min at room temperature in the dark. After the suspension
was filtered through a 50-¢m nylon mesh, the DNA content of
the stained nuclei was analyzed by a flow cytometer to deter-
mine the percentage of cells for each phase of the cell cycle.
Each experiment was performed in triplicate.

A total of 1.0x10° cells were collected and washed with
ice-cold PBS for twice. Cells were resuspended in 100 ul
of Annexin V binding buffer, incubated with APC labeled
Annexin V at room temperature for 15 min. Apoptotic cells
were detected by a flow cytometer. Each experiment was
performed in triplicate.
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Figure 1. Analysis for expression of AURKA. (A) Expressions of AURKA protein in normal and lung adenocarcinoma tissue. (a) Lung adenocarcinoma (x400);
(b) normal tissue (x400). (B) Relationship between AURKA expression and overall survival in lung adenocarcinoma by Kaplan-Meier analysis; (C) RT-PCR

analysis for AURKA mRNA levels in NSCLC cells.

Western blot analysis. The cell pellets were lysed in lysis
buffer that was supplemented with protease and phosphatase
inhibitor cocktails. Total protein (50 pg) was separated by
SDS-PAGE and electroblotted onto nitrocellulose membranes
after protein quantitation using Coomassie brilliant blue
assay. Membranes were blocked by 5% non-fat dry milk and
incubated for 1 h with mouse monoclonal antibodies against
Aurora-A, WEEI1, CDK4, EGFR, PAK4, RAF-1, CCND2,
CCND3. After incubation with the secondary antibodies
(peroxidase-conjugated anti-mouse IgG) for 1 h, protein
bands were visualized by enhanced chemiluminescence.
GAPDH was used as an internal positive control.

BrdU incorporation assay. The A549 cells infected with
control lentivirus or AURKA-siRNA lentivirus were cultured
for 72 h at 37°C in a humidified incubator with 5% CO,. Then
cells were trypsinized, resuspended, spread onto 96-well plates
and VCR was added after 12 h. The treated cells were cultured
for 24 and 96 h, respectively, and incubated with BrdU for 4 h.
Subsequently, the cells were fixed, washed and incubated with

mouse anti-BrdU antibody for 1 h and horseradish peroxi-
dase-conjugated secondary antibodies for 30 min following
the manufacturer's protocol (Chemicon International Inc.,
Temecula, CA, USA). The immune complexes were detected
by the subsequent 3,3',5,5'-Tetramethyl-benzidine (TMB)
substrate reaction, and the levels of BrdU incorporated into
cells were quantified by measuring the absorbance at 490 nm
using a microplate reader (Bio-Rad 680, Bio-Rad, Hercules,
CA,USA).

Chemotherapy and apoptosis assay. To investigate whether
the transfection with lentivirus encoding a AURKA siRNA
increases the chemosensitivity of lung adenocarcinoma cells,
A549 cells were treated with VCR at 50, 100 nM for 48 h after
transfection with AURKA-siRNA and scr-siRNA, respectively.

Then A549 cells in each group were harvested and
cells stained with the Annexin V apoptosis kit (Invitrogen)
according to the manufacturer's instructions. Analysis of
apoptosis were performed using a FACScan flow cytometer
(Becton-Dickinson).
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Figure 2. Lentivirus infection in lung adenocarcinoma cells. (A) Green fluorescence indicates the successful delivery of siRNA into H1299 and A549 cells,
respectively. (B) The AURKA gene silencing in cells. AURKA mRNA expression levels of AURKA-silenced and -non-silenced cells measured by real-time
PCR. (C) AURKA protein expression levels of AURK A-silenced and nonsilenced H1299 and A549 cells analyzed by western blotting. “p<0.01, in comparison

with scr-siRNA group.

Statistical analysis. All quantitative data are represented as
mean + SD in this study. Statistical analysis was performed
by Student's t-test and one-way ANOVA using GraphPad
Prism 5.0 software. p<0.05 was considered to be statistically
significant.

Results

The relationship between AURKA expression, pathological
characteristics and survival of lung adenocarcinoma
patients. Clinical characteristics of the 101 lung adenocarci-
noma patients including age, gender, tumor differentiation,
lymph node status, are summarized in Table I. There were
56 males and 45 females, aged from 30 to 80 years, with a
median age of 62 years. Of the patients, 46 demonstrated no
lymph node metastasis (NO), whereas 55 were identified with
lymph node involvement (N+). The grades of differentiation

were 24 with grade I (well differentiated) and 77 with grade 11
or IIT (moderately to poorly differentiated). No significant
association was found between AURKA overexpression and
clinicopathological features such as age, gender, tumor differ-
entiation, lymph node status in our study.

Finally, the AURKA expression and prognosis in lung
adenocarcinoma was tested. AURKA was highly expressed
in lung adenocarcinoma tissue (Fig. 1A). Patients with high
AURKA expression had shorter overall survival than low
expression group (p=0.0016, log-rank test). The adjusted
hazard ratio is 1.55 (95% CI=1.11-2.17, p=0.011) of AURKA
expression. It indicated that AURKA expression was an
independent prognostic factor after adjusted the effects of age,
gender, and stage (Fig. 1B).

To determine the expression of AURKA in lung carcinoma
cells, RT-PCR assay was performed. As showed in Fig. 1C,
AURKA was highly expressed in lung adenocarcinoma cell
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Figure 3. Effect of AURKA silencing on the proliferation of lung adenocarcinoma cells. (A) Cellomics arrayscan assay. AURKA-siRNA depressed the growth
curves of H1299 cells as compared with the scr-siRNA as determined using a Cellomics arrayscan with time-dependent relation. (B) Colony formation assay.
Colony formation assay showed that AURKA siRNA decreased the clone numbers of H1299 cells as compared with the scr-siRNA group. (C) MTT assay. The
proliferation levels were measured by MTT assay in AURKA-silenced and -non-silenced A549 cells. AURKA-siRNA depressed the growth curves of H1299
cells as compared with the scr-siRNA group. “p<0.01, in comparison with the scr-siRNA group.

lines H-125, H1299, LTEP-A-2, SPC-A-1 and human small
cell lung cancer NCL-H446 cells. These results suggests a
correlation between the overexpression of AURKA and the
occurrence of NSCLC.

Lentivirus-mediated RNAi can efficiently block expression
of AURKA. To further illuminate the role of AURKA in lung
adenocarcinoma, we constructed the lentivirus-delivered
AURKA-specific siRNA vector (AURKA-siRNA) and
scramble-siRNA vector (scr-siRNA). Fluorescent microscope
was used to investigate the lentiviral infection efficiency. The
results showed that >90% of the cells exhibited the green fluo-
rescence indicative of infection after the transfection (Fig. 2A).
To determine the silencing efficiency, the expression levels of

AURKA mRNA and protein were detected by real-time PCR
and western blotting. The results indicated that the levels of
RNA (Fig. 2B) and protein (Fig. 2C) expression of AURKA
were dramatically decreased in both H1299 and A549 cells
compared to scr-siRNA treatment groups. Thus, these results
confirmed that the AURKA-siRNA could downregulate the
AURKA expression effectively.

Inhibition of cell growth of lung adenocarcinoma cells
by depletion of AURKA. We tested the effect of AURKA-
siRNA on the cell viability of H1299 and A549 cells
in vitro. Cellomics analysis showed that AURKA knock-
down significantly inhibited cell growth of H1299 cells
comparing with scr-siRNA treatment, and the difference
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Figure 4. The effects of AURKA siRNA on the cell cycle distribution of lung adenocarcinoma cells as determined by flow cytometric analysis. (A) The
flow cytometric histogram and the number of cells under each phase of the cell cycle in AURKA-silenced and -non-silenced H1299 and A549 cells. (B) The
numerical representation of the cells under each phase of the cell cycle in AURKA-silenced and -non-silenced H1299 and A549 cells.

was more pronounced with time-dependent manner (p<0.01)
(Fig. 3A). The results of the colony formation assay show
that the number of colonies in the AURKA-siRNA group
(4.67+£2.08) was significantly less than that in the scr-siRNA
group (19.33+2.52) in H1299 cells (p<0.01) (Fig. 3B). These
results demonstrate that the reduction in AURKA expression
decreases the ability of H1299 cells to form colonies.

MTT assay was performed to study the effect of AURKA-
siRNA on A549 cell growth. As shown in Fig. 3C, A549 cells
show a significant (p<0.01) reduction in cell viability 5 days
after infection. The results suggests that silencing of AURKA
gene inhibits the proliferation of lung adenocarcinoma cells.

Knockdown of AURKA leads to alterations in cell cycle of
lung adenocarcinoma cells. In order to study the mecha-
nisms underlying RNAi-mediated proliferation inhibition,
the changes in the cell cycle was detected by flow cytometric
analysis of the DNA content. As shown in Fig. 4A and B,
treatment with AURKA-siRNA results in an increase in
the percentage of H1299 cells in the G2/M phase from
7.40£1.57% to 25.28+2.18% (p<0.01). In accordance with
this increase in the percentage of cells in the G2/M phase,
there was a significant decrease in the percentage of cells
in the GO/G1 phase from 60.94+3.14% to 45.82+2.75%

(p<0.01), but no significant change in the percentage of cells
in the S phase from 31.66+4.69% to 28.90+3.04% (p>0.05).
Treatment with AURKA-siRNA also results in an decrease
in the percentage of A549 cells in the G2/M phase from
10.57+£0.53% to 6.27+0.57% (p<0.01). Again, there was also
a significant increase in the percentage of cells in the S phase
from 31.77+0.61% to 37.74+1.01% (p<0.01), but no significant
change in the percentage of cells in the GO/G1 phase from
58.63+1.30% to 55.99+0.67% (p>0.05).

These results suggest that depletion of AURKA inhibits
the cellular proliferation of lung adenocarcinoma cells via
G2/M and S phase arrest of the cell cycle in H1299 and A549
cells, respectively. The inconsistent results of cell cycling
may derive from the endogenous differences in cell cycle in
different cell types.

Induction of apoptosis in lung adenocarcinoma cells by
AURKA knockdown. To determine whether knockdown of
AURKA could induce cell apoptosis, flow cytometry was
used to analyze the apoptosis of lung adenocarcinoma cells
after infection with AURKA-siRNA for 72 h. As shown in
Fig. 5A and B, the percentage of apoptotic H1299 cells was
4.14+0.46% in scr-siRNA group and the percentage of apop-
totic cells increased to 18.04+2.69% in AURKA-siRNA
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Figure 5. The effects of AURKA siRNA on the cell apoptosis of lung adenocarcinoma cells as determined by flow cytometric analysis. (A) Flow cytometry
analysis shows that knockdown of AURKA expression via AURKA siRNA increased cell apoptosis in H1299 cells. (B) Flow cytometry analysis showed that
knockdown of AURKA expression via AURKA siRNA increased cell apoptosis in A549 cells. “p<0.01, in comparison with scr-diRNA group.

group (p<0.01) (Fig. 5A). The percentage of apoptotic A549
cells was 0.98+0.02% in scr-siRNA group cells and increased
to 8.27+0.61% in AURKA-siRNA group (p<0.01) (Fig. 5B).
These data suggest that the depletion of AURKA specifically
induced apoptosis of the lung adenocarcinoma cells.

Suppression of AURKA alters the expression levels of cell
cycle-related genes. To test the possible mechanisms under-
lying the lung adenocarcinoma cell proliferation inhibition
and apoptosis after AURKA knockdown, we checked cell
cycle-related gene expression. Our results reveals that the
knockdown of AURKA downregulated RAF-1, CCND?2,
CCND3, CDK4, PAK4, EGFR and upregulated WEEI1
expression in H1299 cells. These results indicate that the
heightened apoptosis associated with AURKA downregula-
tion may be partly mediated by cell cycle-related proteins in
H1299 cells (Fig. 6A).

Knockdown of AURKA enhances chemotherapy sensitivity to
VCR in human lung carcinoma A549 cells. The cooperative
effects of AURKA knockdown and VCR on repressing lung
adenocarcinoma cell proliferation were investigated in this
study. AURKA knockdown cooperated with VCR to inhibit
A549 cell proliferation. As showed in Fig. 6B, at both low

(50 nM) and high concentration (100 nM) of VCR, AURKA
depletion could cooperatively inhibit A549 cell growth in vitro.

The number of apoptotic cells was determined by
Annexin V staining. A549 cells were transfected with
scr-siRNA or AURKA-siRNA, and then treated with VCR for
48 h. As shown in Fig. 6C, the percentage of apoptotic A549
cells was 9.79+0.18% in scr-siRNA + VCR (50 nM) group and
the percentage of apoptotic cells increased to 38.81+0.88% in
AURKA-siRNA + VCR (50nM) group (p<0.01). The percentage
of apoptotic A549 cells was 16.30+0.11% in scr-siRNA + VCR
(100 nM) group cells and increased to 48.58+0.63% in
AURKA-siRNA + VCR (100 nM) group (p<0.01). These data
suggest that the depletion of AURKA cooperatively induces
apoptosis of the lung adenocarcinoma cells.

Discussion

AURKA functions as an oncogene in several malignancies
and its overexpression is associated with a higher grade
of tumor and a poor prognosis. Aneuploidy is associated
with a poor outcome and a marker of metastasis in gastric
carcinoma, a correlation between aneuploidy and AURKA
overexpression exists in gastric cancer, clinical samples with
gene amplification and overexpression of AURKA showed
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Figure 6. Western blotting, BrdU incorporation and flow cytometry analysis. (A) AURKA silencing downregulated RAF-1, CCND2, CCND3, CDK4, PAK4,
EGFR and upregulated WEEI expression in H1299 cells. (B) The DNA synthesis rate was analyzed by BrdU incorporation assay on the 1st and 4th days.
Downregulated AURKA in human lung cancer A549 cells displayed changes in DNA synthesis. Silencing AURKA gene expression by siRNA can signifi-
cantly enhance chemotherapy sensitivity effect by combining VCR in lung cancer A549 cells. (C) Apoptosis sensitivity of A549 cells towards VCR after
downregulation of AURKA. The rate of apoptosis of A549 cells was significantly higher in A549 cells were treated with VCR after transfection with AURKA-
siRNA than those treated with VCR after transfection with scr-siRNA. “p<0.01, in comparison with control.

aneuploidy and poor prognosis (7,14). In this study, we also
observed that AURKA is highly expressed in lung adeno-
carcinoma tissue and its overexpression is associated with
shorter overall survival, which indicates that AURKA plays
important roles in the development of lung adenocarcinoma.

AURKA promotes cell cycle progression by regulating
important mitotic events including spindle assembly, chro-
mosome maturation and mitotic entry (9,10). Depletion of
AURKA caused cell cycle arrest in G2/M and S phases in
H1229 and A549 cells, respectively. In addition, knockdown of

AURKA in such cells could induce apoptosis. Our results are
similar as other studies, which suggest that AURKA inhibition
is potential therapeutic for lung adenocarcinoma. This is first
study that ties AURKA with lung adenocarcinoma in tumor
development and treatment.

To elucidate the mechanisms of cell cycle arrest and
apoptosis after knockdown of AURKA, we checked the
expression of several cell cycle related genes. D-type cyclins
(D1, D2, and D3) are a family of key cell cycle regulators, as
they can promote cell cycle progression by binding to and acti-
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vating cyclin-dependent kinase 4 (cdk4)/cdk6. The activated
cyclin D-cdk4/cdk6 complex can then phosphorylate and deac-
tivate the tumor suppressor protein pRB, this phosphorylation
in turn leads to the release and upregulation of transcription
factor E2F that promote progression from the Gl to S phase of
the cell cycle (15,16). Aberrant expression of CCND2 can lead
to unrestricted cell proliferation. Its aberrant expression has
been observed in various cancers. Many studies have found
that CCND?2 is overexpressed or amplified in many human
cancers, such as CaP prostate cancer, gastric cancer, ovarian
and testicular tumors (17-19). Cyclin D3 has been suggested
to have a role in certain cancers. Moreover, overexpression of
cyclin D3 has been found in several human cancers, such as
renal cell carcinoma, pancreatic adenocarcinoma and breast
carcinoma (20-22).

CDK4 belongs to the cyclin dependent kinases family, it
has been found to promote cell proliferation by driving cell
cycle progression (23-25). Overexpression of CDK4 protein has
been described in many tumors, including oral squamous cell
carcinoma, pancreatic neuroendocrine tumor (NET), and lung
cancer (26-28). Patients with lung cancer with higher CDK4
expression levels had a markedly shorter overall survival time
than those with low CDK4 expression (28).

PAK4 (P21-activated kinase 4), a subfamily of serine/
threonine protein kinases involved in cytoskeletal dynamics
and cell motility, plays a crucial role in oncogenic signaling
pathways. PAK4 is thought to regulate cancer cell progression
involving the c-Src/EGFR/cyclin D1 pathway (29,30). PAK4
upregulation has been identified in many kinds of human
cancer cell lines and amplification of the chromosome region
containing PAK4 has been frequently observed in colorectal,
pancreatic, and ovarian cancer (31-34).

Epidermal growth factor receptor (EGFR), a receptor
tyrosine kinase (TK), is the expression product of oncogene
c-erbBl1 and plays essential roles in cell differentiation, prolif-
eration, development and maintenance in both cancerous and
normal physiological conditions. Expression of EGFR strongly
affects the outcomes of cancer patients in many cancer types.
It has been found to act as a powerful indicator with tumor
progression and poor survival (35,36). EGFR is frequently
aberrantly activated in NSCLC (37-39).

V-raf-1 murine leukemia viral oncogene homolog 1 (Raf-1)
is a multifunctional protein with serine and threonine kinase
activity. It is a critical target of many growth factors in various
cell types. Raf-1 is at the apex of the mitogen activated protein
kinase (MEK)-ERK pathway, which controls a variety of
fundamental cellular including cell proliferation, survival and
migration including cell proliferation, migration, survival, and
transformation (40-42). In the present study, we found that
the knockdown of AURKA downregulated RAF-1, CCND2,
CCND3, CDK4, PAK4, EGFR, which indicates the potential
mechanisms of AURKA depletion-induced cell cycle arrest
and apoptosis in NSCLC cell lines.

WEE], a tyrosine kinase regulator of the cell cycle, has
been associated with survival in several cancer types, including
malignant melanoma, breast cancer and glioblastoma. WEE1
was reported to be a safeguard against mitotic catastrophe in
instances of sensitive cell division. Its overexpression causes
G2 arrest by promoting the inhibitory phosphorylation of
cyclin-dependent kinase (43-45). Our results show that
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upregulated expression of WEE1 in H1299 cells after AURKA
knockdown, suggesting other mechanisms of AURKA inhibi-
tion in treatment of lung adenocarcinoma.

VCR has been extensively used in clinic and its anticancer
mechanisms are through acting on tubulin, inhibiting the cell
mitosis and arresting cell cycling and proliferation, which
are similar with those of AURKA depletion. Therefore, we
speculats that silencing of AURKA gene may enhance VCR
sensitivity and reduce drug resistance. To further confirm
that AURKA inhibition has cooperative effects on repressing
lung adenocarcinoma cell proliferation, we treated A549
cells with different doses of VCR combined with AURKA
knockdown. The results are very interesting; the AURKA
knockdown enhanced the repressing effects of VCR on A549
cell proliferation. This is direct evidence that AURKA deple-
tion could combine with traditional chemotherapy drug for
treating lung adenocarcinoma.

In summary, this study firstly demonstrats that AURKA
is a therapeutic target for treatment of lung adenocarcinoma.
AURKA depletion could induce cell cycle arrest and apop-
tosis in lung adenocarcinoma cells. Cooperative effects with
VCR provided direct evidence that AURKA is a target for
lung adenocarcinoma therapy. The detailed mechanisms
should be elucidated and clinical trials performed in the
future.
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