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Abstract. Gastric adenocarcinoma remains a life‑threatening 
disease, emphasizing the importance of gaining an improved 
understanding of signaling pathways involved in this disease, 
which can lead to the development of novel therapeutic 
methods targeting common molecular pathways shared across 
different types of gastric adenocarcinoma. The present study 
revealed phosphatase and tensin homolog deleted on chro-
mosome 10  (PTEN) and aurora kinase A (AURKA) gene 
alterations, which were involved in changes in the phenotypes 
of gastric cancer cells, including increased proliferation by cell 
counting kit‑8 assay and invasion capacity by Transwell inva-
sion assay, and predicted survival rates by KM Plotter database 
in gastric cancer. The present study investigated the associa-
tion between PTEN and AURKA. Western blotting revealed 
that phosphorylated (p)-AURKA correlated with two target 
genes, PTEN and AURKA. The downregulation of PTEN 
by small interfering (si)RNA not only increased the expres-
sion of AURKA at the mRNA and protein levels by western 
blotting and by reverse transcription‑quantitative PCR, but 
also increased the expression of p‑AURKA by western blot-
ting and immunofluorescence analysis. In addition, western 

blotting and reverse transcription‑quantitative PCR revealed 
that the downregulation of AURKA affected the expression 
level of PTEN. Furthermore, PTEN suppressed the malig-
nant phenotypic changes of gastric adenocarcinoma cells by 
regulating the expression of AURKA inhibited by p‑AURKA, 
suggesting that p‑AURKA may be the key mediator of the 
PTEN‑associated activation of AURKA and may be key in 
maintaining the PTEN‑induced malignant state of gastric 
adenocarcinoma cells. This hypothesis was confirmed by 
western blotting, and changes were observed in the protein 
expression of p‑AURKA and AURKA under conditions in 
which cells were treated with either MLN8237 or si‑PTEN 
transfection only, or with si‑PTEN transfection and MLN8237. 
Knockdown of the expression of PTEN altered the expression 
of p‑AKT, p‑glycogen synthase kinase  3β and β‑catenin, 
which are genes that have been reported to be involved in the 
development of gastric adenocarcinoma. The present study 
confirmed that p‑AURKA is important in the development 
of gastric adenocarcinoma and revealed a novel functional 
link between PTEN, AURKA and p‑AURKA activation. The 
results also suggest a novel drug design strategy in targeting 
PTEN and AURKA for more specific gastric cancer cell death 
that spares normal cells.

Introduction

Globally and in high socio‑demographic index (SDI) coun-
tries, stomach cancer ranked fifth highest for cancer incidence 
and third highest for cancer‑associated mortality in 2015. 
In high‑middle, middle, low‑middle, and low SDI countries, 
stomach cancer incidence ranked third. For cancer‑associated 
mortality in high‑middle, middle, and low SDI countries, 
stomach cancer ranked as the third highest cause. For 
low‑middle SDI countries, stomach cancer was the second 
highest cause of cancer‑associated mortality (1). According 
to the National Cancer Institute's Surveillance, Epidemiology, 
and End Results program, ~26,370 new cases of gastric cancer 
were expected to be diagnosed in 2016, with an estimated 
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mortality rate of 10,730 and a low survival rate of 30.4% at 
5 years (2), indicating the need for novel therapeutic approaches 
and an understanding of the biological mechanisms of stomach 
cancer. In previous years, the treatment of stomach cancer has 
focused on its surgical resection. Surgical removal remains the 
optimal treatment in patients with resectable tumors, and the 
overall survival (OS) range is between 5 and 90% depending 
on disease staging at diagnosis (3). However, the recurrence 
rate of gastric cancer is ~20‑50% in all gastric resections (4). 
Improved prognosis has been achieved through the use of 
adjuvant chemoradiotherapy and perioperative chemotherapy. 
However, the majority of cases of gastric cancer are diagnosed 
in an advanced and unresectable stage; therefore, the optimal 
treatment for these patients includes chemotherapy, novel 
target therapies and supportive care (5). Although there are 
a large number of potential therapeutic targets, only a limited 
number are currently known. Therefore, the development of 
more specifically targeted and less toxic therapeutic methods, 
particularly those that target common molecular pathways 
associated with disease progression and maintenance, and 
those shared across a wide range of gastric cancer types, is 
crucial for patients with gastric cancer.

Aurora kinases (AURKs) are a family of conserved 
serine/threonine protein kinases, which are involved in several 
stages of mitosis (6); three of family members are AURKA, 
AURKB and AURKC. These members are expressed in 
mitotic and meiotic cells (7), and AURKA localizes to the 
duplicate centrosomes at the beginning of the S phase, shifts 
to the bipolar spindle microtubules during mitosis, and moves 
to perinuclear components of the daughter cell at the end of 
mitosis (8). AURKA is also important in tumorigenesis and 
tumor progression. The overexpression of AURKA has been 
found in several malignancies, including breast cancer, esoph-
ageal squamous cell carcinoma and bladder cancer  (9‑11), 
According to a previous study, the overexpression of AURKA 
was significantly increased in differentiated gastric carcinoma, 
suggesting that the high expression of AURKA is involved 
in the development and progression of differentiated gastric 
carcinoma (12).

Phosphatase and tensin homolog deleted on chromo-
some  10  (PTEN) is a tumor suppressor gene, which 
functions primarily as a cellular lipid phosphatase  (13). 
According to previous studies, the overexpression of PTEN 
is protective against cancer (14). PTEN can dephosphorylate 
phosphatidylinositol 3,4,5‑trisphosphate, transforming it into 
phosphatidylinositol‑4,5‑bisphosphate (15), and directly antag-
onizes the phosphoinositide 3‑kinase (PI3K)/Akt signaling 
pathway, which is involved in cell survival, cell proliferation, 
angiogenesis and anabolic metabolism (16). However, PTEN 
has been found to be frequently mutated in various types of 
human cancer (17‑19). Studies have shown that alterations of 
PTEN by inactivating mutations and/or chromosomal dele-
tions contribute to the progression of gastric cancer (20).

The present study showed for the first time, to the best of 
our knowledge, that PTEN downregulated the expression of 
phosphorylated (p)-AURKA and further affected the activa-
tion of AURKA. In addition, the knockdown of the expression 
AURKA led to decreased expression of p‑AURKA, which 
further increased the expression of PTEN, similar to the 
results using the AURKA inhibitor alisertib (MLN8237). 

Additionally, the aberrant expression of PTEN and AURKA 
induced malignant changes in the phenotype of gastric cancer 
cells. The downregulation of PTEN and use of AURKA 
inhibitor MLN8237 decreased the expression of p‑AURKA in 
MGC‑803 and SGC‑7901 cells. Knockdown of the expression 
of PTEN led to significant changes in the expression levels 
of several other important genes of the PI3K/AKT/glycogen 
synthase kinase 3β (GSK3β)/β‑catenin signaling pathway, 
which are associated with the development of gastric cancer, 
including p‑AKT, p‑GSK3β and β‑catenin. The present study 
showed that p‑AURKA is crucial in gastric cancer and is the 
first to discuss how p‑AURKA acts as a key molecule in the 
activation of PTEN‑associated regulation of AURKA.

Materials and methods

Cell lines and culture. The MGC803 and SGC7901 human 
gastric cancer cell lines were purchased from China Academia 
Sinica Cell Repository (Shanghai, China) and cultured in 
RPMI‑1640 medium supplemented with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The GES‑I cells were purchased from China Academia 
Sinica Cell Repository (Shanghai, China) and cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.). The cells were cultivated under in 5% CO2 at 37˚C. 

Antibodies and other reagents. Primary antibodies mouse 
anti‑AURKA (cat. no. ab13824; 1:1,000), rabbit anti‑AKT1 
(cat.no.  ab32505; 1:5,000), rabbit anti‑p‑AKT1 (s473; cat.
no. ab81283; 1:5,000), rabbit anti‑GSK3β (cat. no. ab93926; 
1:2,000), rabbit anti‑p‑GSK3β (s9; cat. no. ab75814; 1:10,000) 
and rabbit anti‑β‑catenin (cat. no.  ab32572; 1:5,000) were 
purchased from Abcam (Cambridge, UK). Primary antibodies 
rabbit anti‑p‑AURKA (Thr288; cat. no. 3079; 1:1,000), rabbit 
anti‑PTEN (cat. no. 9188; 1:1,000) and rabbit anti‑p‑β‑catenin 
(Ser675; cat. no. 4176; 1:1,000) were purchased from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Mouse 
anti‑GAPDH (cat. no.  TA309157; 1:1,000) antibody was 
purchased from Zhongshan Golden Bridge Biotechnology 
(Beijing, China). Secondary antibodies included anti‑rabbit 
(cat. no. ZB‑2301; 1:5,000) and anti‑mouse (cat. no. ZB‑2305; 
1:5,000) purchased from Zhongshan Golden Bridge 
Biotechnology (Beijing, China). The AURK inhibitor alisertib 
was purchased from Selleck Chemicals (Houston, TX, USA).

Immunocytochemistry. All tissue samples were gathered 
from the isolated specimens of surgical patients of the Tianjin 
Medical University General Hospital (Tianjin, China) between 
December 2016 and May 2017, and the tissue type includes 
the normal gastric mucosa and the gastric carcinoma tissues. 
These patients are diagnosed with gastric adenocarcinoma. 
The tumor tissue is from the gastric antrum, cardia and 
gastric corpus. Formalin‑fixed tissue samples were prepared 
as paraffin‑embedded sections, and immunostaining was 
performed on the sections using the avidin‑biotin‑complex 
method. The tissue sections were incubated with the indicated 
primary antibodies (anti‑AURKA antibody, anti‑PTEN anti-
body, anti‑AKT antibody, anti‑p‑AKT antibody, anti‑GSK3β 
antibody, anti‑p‑GSK3β antibody, and anti‑β‑catenin 
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antibody) overnight at 4˚C. The tissues were incubated with 
secondary antibodies at a dilution of 1:100 for 1 h at 37˚C, 
washed with PBS, incubated with the avidin‑biotin complex 
(ABC)‑peroxidase for 1 h, and washed with PBS again. The 
tissues were counterstained with diaminobenzidine buffer, 
hematoxylin and 0.1% TRIS and were then dehydrated in 
alcohol, and visualized under an Olympus light microscope 
(magnification, x200) (Olympus Corporation, Tokyo, Japan).

Immunofluorescence analysis. Cells (3x104/500 µl/well) trans-
fected with si‑AURKA and si‑PTEN were seeded in 24‑well 
plates chamber for 24 h at 37˚C, washed three times with PBS 
and fixed with 4% paraformaldehyde in PBS. The cells were 
then washed three times with PBS, followed by blocking with 
5% bovine serum albumin (BSA; Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China) for 30 min. The cells 
were incubated with specific primary antibodies against 
p‑AURKA (1:1,600) overnight at 4˚C, following which the 
cells were washed three times with PBS and hybridized with 
fluorescently conjugated secondary antibody (TRITC; 1:200) 
for 2 h at room temperature. The nuclei were stained with 
DAPI for 15 min at room temperature and visualized under 
an Olympus fluorescence microscope (magnification, x400). 
(Olympus Corporation).

Transwell invasion assay. The Matrigel matrix was diluted 
with serum‑free (DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) and layered into the upper well of a Transwell chamber. 
Following incubation for 30 min at 37˚C, the Matrigel solidified 
and served as an extracellular matrix for tumor cell invasion 
analysis. Cells (5x104/500 µl/well) were seeded in the upper 
chamber of the 24‑well Transwell plate and incubated for 48 h 
at 37˚C in 5% CO2. The cells were fixed with paraformal-
dehyde for 15 min and stained with crystal violet for 10 sec. 
The chambers were detected under an Olympus microscope 
at 200x magnification, using three randomly selected fields to 
count the number of cells.

Cell proliferation measurement using a CCK‑8 assay. The 
tumor cells were transfected with si‑AURKA and si‑PTEN, 
and seeded into 96‑well plates (2,000 cells/well), with three 
wells included for each group. The cells were incubated for 
4 days at 37˚C in an environment with 5% CO2. Subsequently, 
10 µl of CCK‑8 solution was added to each well, followed by 
additional incubation for 1 h. The absorbance values were 
measured on a spectrophotometer at a wavelength of 450 nm.

Transient transfection. The sequences of si‑AURKA and 
si‑PTEN were designed by Shanghai GenePharma Co., Ltd. 
(Shanghai, China). The targeted sequences were as follows: 
Negative control, forward 5'‑UUC​UCC​GAA​CGU​GUC​AGU​
TT‑3' and reverse 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'; 
si‑AURKA, forward 5'‑GAA​GAG​AGU​UAU​UCA​UAG​Adt​
dt‑3' and reverse 5'‑TdT​CUU​CUC​UCA​AUA​AGU​AUC​U‑3'; 
and si‑PTEN, forward 5'‑GCG​UAU​ACA​GGA​ACA​AUA​TT‑3' 
and reverse 5'‑UAU​UGU​UCC​UGU​AUA​CGC​CTT‑3'. Prior to 
transfection, cells (25x104/2 ml/well) were cultured for 24 h at 
37˚C in an environment containing 5% CO2. X‑tremeGENE 
siRNA transfection reagent (5 µl) was added with a combina-
tion of 50 µl serum‑free DMEM and 5 µl siRNA. Transfection 

of the MGC803 and SGC7901 cells was performed using the 
above prepared reagent in 6‑well plates. Following incubation 
for 48 h, the cells were used in subsequent experiments.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from the 
prepared cells using TRIzol reagent. The RNA (1 µg) was 
then reverse transcribed into cDNA using a Promega Reverse 
Transcription kit (Promega Corporation, Madison, WI, USA). 
The RT‑PCR sample contained 1 ng cDNA,10 µl SYBR‑Green 
PCR Master Mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) and 2 µM primers, and was analyzed using the 
ABI StepOne Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The PCR conditions were as 
follows: 40 cycles of 95˚C for 10 min, 95˚C for 15 sec, 55˚C for 
40 sec. The primer sequences used were as follows: GAPDH, 
forward, 5'‑GGA​GCC​AGA​TCC​CTC​CAA​AAT‑3' and reverse, 
5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3'; PTEN‑001, 
forward, 5'‑AAAGACTTGAAGGCGTATACAGGAA‑3' 
and reverse, 5'‑ATG​TCT​TTC​AGC​ACA​AAG​ATT​GTA‑3'; 
PTEN‑002, forward, 5'‑ACA​TTA​TTG​CTA​TGG​GAT​TTC​
CTG​C‑3' and reverse, 5'‑ATG​TCT​TTC​AGC​CAA​AGA​TTG​
TA‑3'; PTEN‑003, forward, 5'‑TGA​AGG​CGT​ATA​CAG​GAA​
CAA​TA‑3' and reverse, 5'‑ATG​TCT​TTC​AGC​ACA​AAG​
ATT​GTA​T‑3'; AURKA‑001, forward, 5'‑TCC​CAC​CTT​CGG​
CAT​CCT​A‑3' and reverse, 5'‑CGA​ATG​ACA​GTA​AGA​CAG​
GGC‑3', AURKA‑002, forward, 5'‑TAC​AGT​CCC​ACC​TTC​
GGC​AT‑3' and reverse, 5'‑CAG​GGC​ATT​TGC​CAA​TTC​
TG‑3'; and AURKA‑003, forward, 5'‑TAC​AGT​CCC​ACC​
TTC​GGC​A‑3' and reverse, 5'‑GAC​AGG​GCA​TTT​GCC​AAT​
TCT​G‑3'. The results of PCR were analyzed using the 2‑ΔΔCT 
method (21).

Western blot analysis. Following incubation for 48  h 
post‑transfection, the MGC803 and SGC7901 cells were 
trypsinized and washed three times with cold PBS, and were 
then lysed on ice for 30 min with RIPA buffer. The lysate was 
collected and centrifuged at 12,000 x g at 4˚C for 15 min. The 
protein concentrations were measured using a BCA protein 
assay kit. A total of 20 mg proteins were separated using 10% 
SDS‑PAGE, followed by transfer onto polyvinylidene difluo-
ride membranes (EMD Millipore, Billerica, MA, USA). The 
membranes were blocked for 1 h in BSA, and then incubated 
with the appropriate antibodies at 4˚C overnight. The primary 
antibodies against PTEN, AURKA, p‑AURKA, AKT1, 
p‑AKT1, GSK3β, p‑GSK3β and β‑catenin were diluted with 
BSA to a suitable concentration (1:1,000). Secondary anti-
bodies were added for incubation for 1 h at room temperature 
(1:4,000 dilution).

Acquisition and analysis of the database. The clinical features 
and survival data of patients with pancreatic cancer were 
obtained from The Cancer Genome Atlas (TCGA) database 
(http://cancergenome.nih.gov/). The cBioPortal for Cancer 
Genomics provided visualization, analysis, and the ability to 
download large‑scale cancer genomics data sets (http://cbio-
portal.org). The data necessary to analyze PTEN and AURKA 
gene alterations, gene co‑expression, and gene enrichment 
in the cBioPortal for Cancer Genomics was obtained from 
TCGA. To evaluate the association between the presence of 
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different genes and patient clinical outcome, the KM Plotter 
online tool (http://www.kmplot.com) was used for different 
gastric cancer subtypes.

Statistical analysis. GraphPad Prism 7.0 software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used for statistical 
analysis. Data in each experimental group are presented as the 
mean ± standard deviation and the difference between groups 
was analyzed by one‑way analysis of variance or a two‑tailed 
Student's t‑test. Kaplan‑Meier analysis was applied to analyze 
the effect of PTEN and AURKA on the survival rates of 
patients with gastric cancer. P<0.05 was considered to indicate 
a statistically significant difference.

Results 

PTEN and AURKA gene alterations in 478 studies using the 
cBioPortal online resource. The data of 478 patients were 
collected from TCGA, and the PTEN and AURKA gene alter-
ations were analyzed in the cBioPortal for Cancer Genomics. 
As shown in Fig. 1, PTEN alterations, including amplifications, 
deep deletions, truncating mutations and missense mutations, 
were observed in 50 patients and accounted for 10% of the total 
mutations in all patients. In addition, two alterations (ampli-
fication and missense mutations) of AURKA were detected 
and visualized in 33 patients, accounting for 7% of the total 
mutations in all patients (Fig. 1A and B). AURKA and PTEN 
gene alterations have been found in mucinous stomach adeno-
carcinoma, tubular adenocarcinoma of the stomach, signet 
ring cell carcinoma of the stomach, stomach adenocarcinoma 
and diffuse‑type stomach adenocarcinoma. PTEN deletions 
accounted for the majority of alterations, with the highest 
percentage of mutated cases within one cancer type being 
25% and the percentage of mutated cases for all pathologies 
being >38%. However, there were few PTEN amplifications in 
the 478 samples on examination using cBioPortal, accounting 
for 1.4% of the mutated cases (Fig. 1C). AURKA amplifica-
tions accounted for the majority of alterations in mucinous 
stomach adenocarcinoma, with 18.2% of tumors carrying this 
alteration (TCGA, provisional data). Furthermore, AURKA 
amplification was common in the three specific pathological 
types of stomach adenocarcinoma (Fig. 1D).

PTEN and AURKA are aberrantly expressed in gastric 
cancer cells. AURKA has been reported to be involved in the 
formation of several types of gastrointestinal cancer (22‑25). 
However, the mechanism of interaction between AURKA and 
PTEN in gastric cancer has not been addressed. To investi-
gate this, the present study first examined expression levels 
of PTEN and AURKA through RT‑qPCR, western blot and 
immunocytochemical analyses in gastric carcinoma and 
normal mucosa samples. The immunocytochemistry showed 
that the expression of AURKA in gastric carcinoma was 
higher, compared with that in normal gastric mucosa, whereas 
the expression of PTEN in the normal gastric mucosa was 
higher, compared with that in gastric carcinoma (Fig. 2A). 
Furthermore, The immunocytochemistry reveals that the 
expression levels of p‑AKT, p‑GSK3β, AKT and β‑catenin 
in normal gastric mucosa and gastric carcinoma also differed 
(Fig. 2A). In addition, it was found that the expression of 

AURKA was elevated in the MGC803 and SGC7901 cells 
at the mRNA and protein levels, compared with the normal 
GES‑I cells (P<0.05; Fig. 2B‑D), indicating that AURKA may 
be a key molecule in the pathogenesis of gastric cancer, as in 
other malignant tumors.

Studies have shown that PTEN and AURKA share certain 
common signaling pathways in malignant tumors  (26‑31). 
Therefore, the present study analyzed the expression of PTEN 
in MGC803 and SGC7901 cells. A decreased mRNA level 
of PTEN was observed, and the opposite mRNA expression 
pattern was observed for AURKA, as determined by RT‑qPCR 
analysis (P<0.05; Fig. 2B and C). The protein levels of PTEN 
were also decreased in the MGC803 and SGC7901 cells 
(Fig. 2D), suggesting a potential functional association between 
PTEN and AURKA. Therefore, MGC803 and SGC7901 cells 
were used in subsequent loss‑ and gain‑of‑function experi-
ments to further investigate the correlation between PTEN 
and AURKA. 

PTEN and AURKA maintain malignant phenotypes and 
predict survival rate in gastric cancer. To examine the effect 
of PTEN and AURKA on the malignant phenotype of gastric 
cancer cells, MGC803 and SGC7901 cells were transfected 
with PTEN siRNA or AURKA siRNA, and the cells were 
monitored for malignant phenotype changes. As shown 
in Fig. 3A and B, compared with the control vector‑transfected 
cells, transient transfection with si‑PTEN led to a marked 
increase in proliferation in the two gastric cancer cell lines, 
whereas the knockdown of AURKA resulted in decreased 
proliferation, compared with that in the untreated group. 
In addition, the Transwell invasion assays showed that the 
reduction in the expression of PTEN following transfection 
with si‑PTEN led to an increase in the invasion capacity of 
MGC803 and SGC7901 cells, whereas the knockdown of 
AURKA led to significant changes in the invasion capacity 
of the two cell types (Fig. 3C). 

Although the overall incidence of gastric cancer has 
been decreasing, it remains one of the most common types 
of malignancy and is the leading cause of cancer‑associated 
mortality worldwide. To investigate whether the gene expres-
sion of PTEN and AURKA can predict survival rates of 
patients with gastric cancer, the present study analyzed the 
gene expression of PTEN and AURKA in patients with gastric 
cancer using the KM Plotter. The KM Plotter is a public 
database containing information from 1,065 patients with 
gastric cancer to permit the investigation of gene associations 
with OS. The samples were segregated into high and low 
expression groups. It was observed that patients with a high 
expression of PTEN were predicted to have improved OS 
(log-rank P=2.5e‑09). The median survival time of the PTEN 
high‑expressing group was 123.6 months, whereas that of the 
low expression group was 24.9 months (Fig. 3D). However, 
patients with gastric cancer with a high expression of AURKA 
had poor OS, compared with patients with a low expression of 
AURKA (log-rank P=0.0028). The median survival time of 
the AURKA high‑expressing group was 29.5 months, and that 
of the low‑expressing group was 27.4 months (Fig. 3E). These 
results revealed that PTEN and AURKA are crucial in the 
maintenance of malignant phenotypes in gastric cancer cells. 
The expression levels of PTEN and AURKA can determine 
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the clinical progression and outcome of patients with gastric 
cancer.

Functional link between AURKA and PTEN in gastric cancer. 
In the present study, data were collected from TCGA to 
confirm the connection between PTEN and AURKA by using 
cBioPortal. Pearson's correlation analysis was performed to 
investigate the correlations between the expression of PTEN 
and AURKA. The results revealed that the expression of PTEN 
was significantly negatively correlated with the expression of 

AURKA (Fig. 4A). It was also observed that the mRNA expres-
sion of PTEN was enriched in the AURKA‑unaltered group, 
and that the mRNA expression of AURKA was enriched in the 
PTEN‑altered group (Fig. 4B).

The outcomes of the above experiments on the expres-
sion of PTEN and AURKA in gastric cancer cell lines also 
suggested a close association between the overexpression 
of PTEN and AURKA in gastric cancer cells. To further 
examine the interaction mechanism of PTEN and AURKA, 
the present study analyzed the gene and protein expression 

Figure 1. Analysis of PTEN and AURKA gene alterations by cBioPortal Cancer Genomics. Genetic alterations in (A) PTEN and (B) AURKA. Red represents 
amplification, blue represents a deep deletion, black represents a truncating mutation, dark green represents a missense mutation, and light green represents 
missense mutation. Genomic alteration frequency of (C) PTEN and (D) AURKA in 478 cancer patients. Dark green represents a mutation, blue represents a 
deletion, red represents an amplification, and gray represents multiple alterations. Data were obtained from the cBioPortal for Cancer Genomics. PTEN, phos-
phatase and tensin homolog deleted on chromosome 10; AURKA, aurora kinase A.
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levels of PTEN and AURKA in MGC803 and SGC7901 cells 
following transfection by si‑PTEN and si‑AURKA. As shown 
in Fig. 4C and D, the results showed that the expression of 
AURKA was markedly higher in the si‑PTEN‑treated cells 
than that in control cells at the mRNA level in the gastric 
cancer cell lines (P<0.0001). By contrast, compared with the 
control vector‑transfected gastric cancer cells, the expression 
of PTEN in the si‑AURKA‑transfected cells was increased 
(P<0.0001). In addition, transient transfection with si‑AURKA 
led to an increase in the expression of PTEN at the protein 
level. It was also found that a reduction in PTEN resulted in 
the overexpression of AURKA in MGC803 and SGC7901 cells 
(Fig. 4E and F). These results supported the hypothesis that 

PTEN may regulate the expression or function of AURKA, 
and that changes in the expression or function of AURKA, in 
turn, may affect the activity of PTEN.

PTEN mediates the AURKA‑associated maintenance of a 
malignant state by activating p‑AURKA. Previous studies 
have shown that the autophosphorylation of AURKA is a 
key regulatory mechanism in centrosomes in the early stages 
of mitosis, and that the autophosphorylation of p‑AURKA 
creates an activation loop, which increases the catalytic 
activity of AURKA (32). The present study hypothesized that 
PTEN can inhibit the activation of AURKA by suppressing 
the formation of p‑AURKA. Therefore, a potential regulatory 

Figure 2. PTEN and AURKA are overexpressed in gastric cancer cell lines. (A) Immunocytochemical analysis of the expression of PTEN, AURKA, p‑AKT, 
AKT, p‑GSK3β, GSK3β and β‑catenin in patients with gastric cancer (magnification, x200). Analysis of expression levels of (B) PTEN and (C) AURKA in 
MGC803 and SGC7901 cells, determined using reverse transcription‑quantitative polymerase chain reaction analysis (***P<0.001). (D) Western blot analysis 
of protein expression of PTEN and AURKA in MGC803 and SGC7901 cells. PTEN, phosphatase and tensin homolog deleted on chromosome 10; AURKA, 
aurora kinase A; GSK3β, glycogen synthase kinase 3β; p‑, phosphorylated.
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association among these three proteins was investigated. First, 
the protein expression of p‑AURKA was investigated in condi-
tions of siRNA‑induced knockdown of PTEN and knockdown 
of AURKA in MGC803 and SGC7901 cells. The knockdown 
of PTEN caused a marked elevation in expression levels of 
p‑AURKA and AURKA in the gastric cancer cell lines. When 
AURKA was inhibited by transient siRNA transfection in the 
MGC803 and SGC7901 cells, the protein level of p‑AURKA 
decreased (Fig. 4E and F). The immunofluorescence analysis 
suggested that si‑PTEN treatment in the MGC803 and 

SGC7901 cell lines resulted in the increased expression of 
p‑AURKA in the nucleus, whereas the expression level of 
p‑AURKA in the nucleus decreased when the gastric cancer 
cells were treated with si‑AURKA (Fig.  5A). Based on 
these observations, it was hypothesized that p‑AURKA is a 
downstream target of PTEN. Of note, these outcomes also 
demonstrated a novel role of p‑AURKA in mediating the 
PTEN‑induced activation of AURKA.

To confirm the above hypothesis, a double variable experi-
ment was performed to analyze the effect of PTEN on the 

Figure 3. PTEN and AURKA maintain a malignant state in gastric cancer cells and predict survival in patients with gastric cancer. Cell proliferation in 
si‑AURKA‑ and si‑PTEN‑transfected (A) MGC803 and (B) SGC7901 cells. The gastric cancer cell growth curves were determined using a CCK‑8 assay. 
(C) Transwell assays for the invasion of si‑AURKA‑ and si‑PTEN‑transfected MGC803 and SGC7901 cells. The reduction in the expression of PTEN led to 
increased invasion capacity of gastric cancer cells, whereas AURKA knockdown resulted in decrease invasion capacity of gastric cancer cells (magnifica-
tion, x200). Comparison of overall survival in (D) PTEN and (E) AURKA high‑expressing and low‑expressing groups of gastric cancer using the KM Plotter 
online tool. ****P<0.0001 vs. control. PTEN, phosphatase and tensin homolog deleted on chromosome 10; AURKA, aurora kinase A; si‑, small interfering RNA.
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expression of p‑AURKA and thus the activity of AURKA. 
Alisertib (MLN8237) is known to selectively inhibit AURKA, 
markedly inhibit the phosphorylation of AURKA, and lead to 
a reduction in the level of p‑AURKA; however, in the present 
study, there was a significant increase in the level of AURKA 
when treated with ALS  (33). As shown in Fig. 5B and C, 
the MGC803 and SGC7901 cells were treated with either 
MLN8237 or si‑PTEN, or with si‑PTEN and MLN8237 
(10 µM), and the protein expression levels of p‑AURKA and 
AURKA were examined in these different conditions. It was 
observed that the expression of AURKA increased in cells 

treated with MLN8237 and with si‑PTEN transfection plus 
MLN8237 (10 µM) treatment. The expression of AURKA 
increased more markedly in cells transfected with si‑PTEN 
plus MLN8237 (10 µM) treatment, compared with the other 
groups. However, under conditions of si‑PTEN transfection 
plus MLN8237 treatment, the opposite effect was observed 
on the protein levels of p‑AURKA (Fig. 5B and C) in the 
MGC803 and SGC7901 cells. In addition, the expression of 
p‑AURKA was increased in gastric cancer cells transfected 
with si‑PTEN only, compared with the cells transfected with 
si‑PTEN and treated with MLN8237. These results confirmed 

Figure 4. Functional association between AURKA and PTEN in gastric cancer. (A) Correlation between PTEN and AURKA. Pearson's correlation analysis 
revealed that the expression of AURKA was significantly correlated with the expression of PTEN (r=‑0.30, P=0.05; from the cBioPortal for Cancer Genomics). 
(B) Enrichment in mRNA expression levels of PTEN and AURKA (P<0.05; from the cBioPortal for Cancer Genomics). mRNA expression levels of (C) PTEN 
and (D) AURKA in MGC803 and SGC7901 cells transfected with si‑AURKA and si‑PTEN (P<0.05). Analysis of the expression of PTEN, AURKA and 
p‑AURKA by western blot analysis in (E) MGC803 and (F) SGC7901 cells transfected with si‑AURKA and si‑PTEN. ***P<0.001 and ****P<0.0001 vs. 
control, si‑AURKA and si‑PTEN. PTEN, phosphatase and tensin homolog deleted on chromosome 10; AURKA, aurora kinase A; si‑, small interfering RNA; 
p‑, phosphorylated.
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that the upregulation of p‑AURKA by the downregulation of 
PTEN resulted in the overexpression of AURKA.

Suppression of PTEN affects several signal pathways involved 
in the development of gastric cancer. According to the present 
study, PTEN inhibited tumorigenesis by interacting with genes 
or modulating multiple signal transduction pathways (34‑36). 
To further examine the effects of the reduced expression of 
PTEN on other intracellular signaling pathways in gastric 
cancer cells, the expression of key molecules in the signaling 
pathways of MGC803 and SGC7901 cells were investigated. 
The MGC803 and SGC7901 cells were transfected with 
si‑PTEN or a control DNA vector, and then analyzed for protein 
levels of p‑AKT, p‑GSK3β, AKT, GSK3β and β‑catenin. The 
knockdown of PTEN by si‑PTEN transfection resulted in 

increases in the expression of p‑AKT and p‑GSK3β, compared 
with that in the control cells, whereas the levels of AKT and 
GSKβ did not alter markedly (Fig. 6A). Furthermore, gastric 
cancer cells showed increased total protein expression levels 
of β‑catenin and p‑β‑catenin (Ser675) following transfection 
with si‑PTEN (Fig. 6B). The cellular distributions of β‑catenin 
and p‑β‑catenin (Ser675) were also detected in the gastric 
cancer cells with downregulated PTEN. The downregulation 
of PTEN led to increases in the protein levels of β‑catenin 
and p‑β‑catenin (Ser675) in the nucleus and cytoplasm of 
gastric cancer cells (Fig. 6C and D). The immunofluorescence 
results also revealed that the expression levels of β‑catenin 
and p‑β‑catenin (Ser675) in the nucleus and cytoplasm were 
increased following PTEN knockdown (Fig. 6E and F). These 
results showed that the knockdown of PTEN resulted in 

Figure 5. PTEN regulates AURKA by activating p‑AURKA. (A) Immunofluorescence analysis of p‑AURKA levels showed a significant increase in MGC803 
and SGC7901 cells transfected with si‑PTEN (magnification, x400). Protein expression levels of AURKA and p‑AURKA in (B) MGC803 and (C) SGC7901 
cells in MLN8237‑/si‑PTEN‑, MLN8237+/si‑PTEN‑, MLN8237‑/si‑PTEN+, or MLN8237+/si‑PTEN+ treatment groups. PTEN, phosphatase and tensin homolog 
deleted on chromosome 10; AURKA, aurora kinase A; si‑, small interfering RNA; p‑, phosphorylated.
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increased expression of certain target, intracellular signaling 
pathway‑associated molecules to promote the development of 
gastric cancer.

Discussion

Due to the lack of typical symptoms, patients are often 
diagnosed at an advanced stage of gastric cancer. Although 
there have been increases in the efficiency of early diagnosis 

and in the appearance of novel effective chemotherapeutic 
regimens, the 5‑year‑survival rate of advanced gastric cancer 
remains low at <20%), and the majority of patients with 
advanced‑stage or metastatic disease only survive <1 year (37). 
The poor prognosis of patients with gastric cancer indicates 
that current comprehension of the molecular mechanisms 
involved in gastric carcinogenesis is lacking. The present study 
revealed a novel molecular mechanism by which aberrant 
expression of p‑AURKA in gastric cancer cells was crucial 

Figure 6. Downregulation of PTEN affects several signaling pathways in gastric cancer. (A) Western blots of protein expression of p‑AKT, AKT, p‑GSK3β and 
GSK3β in MGC803 and SGC7901 cells transfected with si‑PTEN. (B) Total protein was used to detect protein levels of β‑catenin and p‑β‑catenin in MGC803 
and SGC7901 cells transfected with si‑PTEN. Cytoplasmic and nuclear proteins were extracted, and the levels of β‑catenin and p‑β‑catenin were detected in 
(C) MGC803 and (D) SGC7901 cells transfected with si‑PTEN. An immunofluorescence assay was used to detect the levels of β‑catenin and p‑β‑catenin and 
cellular distribution in (E) MGC803 and (F) SGC7901 cells transfected with si‑PTEN (magnification, x400). PTEN, phosphatase and tensin homolog deleted 
on chromosome 10; si‑, small interfering RNA; GSK3β, glycogen synthase kinase 3β; p‑, phosphorylated.
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in the progression of gastric cancer through affecting the 
PTEN‑regulated activity of AURKA. Therefore, p‑AURKA 
represents a drug target warranting further investigation for 
gastric cancer. In addition, the present study found that knock-
down of the expression of PTEN resulted in the upregulation 
of protein expression levels of p‑AKT and p‑GSK3β, and an 
increase in protein levels of β‑catenin, which may enhance the 
carcinogenic properties of gastric cancer cells.

p‑AURKA is the product of autophosphorylation of 
AURKA on the T288 residue in the activation or T‑loop, and 
a number of proteins, including TPX2, NEDD9 and Ajuba, 
directly associate with AURKA to regulate this process (38). 
p‑AURKA is important in mitosis, phosphorylating BRCA1 
protein to reduce G2/M checkpoint controls (39) and phosphory-
lating the RAS family protein RALA to regulate mitochondrial 
fusion, which is critical for the equal post‑mitotic segrega-
tion of mitochondria between daughter cells (40). AURKA 
can be autophosphorylated into p‑AURKA to promote the 
progression of gastric cancer. A previous study showed that 
AURKA directly interacts with important oncogenes and 
tumor suppressor genes; it phosphorylates Src, stabilizes 
N‑myc, and phosphorylates and downregulates the major 
tumor suppressor p53 (38). However, the mechanism by which 
PTEN regulates AURKA remains to be fully elucidated. The 
present study aimed to examine the regulatory mechanism of 
PTEN on AURKA. Data were collected from TCGA, and the 
common PTEN and AURKA gene alterations were analyzed 
in the cBioPortal for Cancer Genomics, which revealed 
that PTEN and AURKA had various types of alterations in 
gastric cancer (Fig. 1). In addition, the expression of PTEN 
and AURKA were determined in normal gastric mucosa and 
gastric carcinoma tissues, and their expression in MGC‑803, 
SGC‑7901 and GES‑I cells were determined at the mRNA 
and protein levels (Fig. 2). Subsequently, gastric cancer cells 
were transfected by control vector, si‑AURKA and si‑PTEN, 
and it was found that PTEN knockdown using a PTEN siRNA 
expression vector in MGC‑803 and SGC‑7901 cells resulted 
in a significant increase in cell proliferation (Fig. 3A and B). 
Transwell assays also showed an increase in invasion of 
si‑PTEN‑transfected cells and a decrease in invasion of 
si‑AURKA‑transfected cells (Fig. 3C). In addition, a high 
expression of PTEN predicted improved outcomes in patients 
with gastric cancer, whereas patients with gastric cancer with 
a high expression of AURKA had poor OS (Fig. 3D and E). 
Therefore, these results indicated that there is a close associa-
tion between PTEN and AURKA in carcinogenesis and in the 
maintenance of malignant phenotypes in gastric cancer cells. 
In addition, KaplanMeyer analysis indicated that the mRNA 
expression of PTEN and AURKA may affect the prognosis of 
stomach adenocarcinoma.

Relational investigations have shown that overexpression of 
Aurora‑A promotes the protein expression of nuclear inhibitor 
of nuclear factor (NF)‑κB and enhances the activity of NF‑κB, 
thus promoting the transcription of microRNA‑21, which 
negatively regulates PTEN (41). According to a previous study 
in mouse embryonic fibroblasts and mouse keratinocyte cell 
lines, Fbxw7 and PTEN tumor suppressor pathways, which 
control the levels of the oncoprotein AURKA, and the loss 
of PTEN attenuates the degradation of Aurora‑A by Fbxw7 
through the AKT/GSK3β pathway (42). In the present study, 

the data of 478 patients from TCGA indicated that the expres-
sion of PTEN was significantly negatively correlated with the 
expression of AURKA (Fig. 4A). These results showed that 
AURKA and PTEN interacted with each other. However, 
there are no reports on the way in which PTEN affects the 
expression of AURKA by affecting p‑AURKA, which is 
important for the development of gastric cancer. In the present 
study, it was observed that AURKA was overexpressed in 
gastric carcinoma and gastric cancer cell lines at the mRNA 
and protein levels (Fig. 2). Experiments showed that a low 
expression of PTEN resulted in a significant decrease in the 
mRNA and protein expression of AURKA in MGC‑803 
and SGC‑7901 cells (Fig 4C‑F). In addition, PTNE knock-
down led to elevation in the expression levels of p‑AURKA 
and AURKA in gastric cancer cell lines, whereas AURKA 
knockdown lead to a reduction in the expression of p‑AURKA 
(Fig. 4E and F). si‑PTEN transfection also led to an increase 
in p‑AURKA in the nucleus of MGC803 and SGC7901 cell 
lines (Fig. 5A). These results suggested that p‑AURKA may 
be one of the downstream targets of PTEN, and the role of 
p‑AURKA in mediating the regulation of AURKA by PTEN 
requires further clarification. PTEN may downregulate the 
formation of p‑AURKA to affect the function of AURKA. As 
shown in Fig. 5B and C, PTEN knockdown with MLN8237 
treatment led to an increase in the protein levels of AURKA 
in MGC‑803 and SGC‑7901 cells, whereas p‑AURKA 
increased more markedly in cells transfected with si‑PTEN 
than in other groups. These results not only further confirmed 
that p‑AURKA is a downstream regulator of PTEN, but also 
confirmed the close association between PTEN and AURKA. 

Based on the above findings, it was confirmed that 
p‑AURKA is important in mediating the PTEN‑associated 
regulation of AURKA, thus indicating its involvement in 
carcinogenesis and in maintaining the malignant phenotypes 
of gastric cancer cells. When p‑AURKA was inhibited in 
MGC‑803 and SGC‑7901 cells by transient transfection 
with si‑AURKA, the protein level of PTEN increased and 
malignant phenotypes, including increased cell prolifera-
tion and invasion, were observed in the gastric cancer cells. 
Transfection of the gastric cancer cells with si‑PTEN led to 
the increased expression levels of AURKA and p‑AURKA, 
and the overexpression of AURKA has been shown result in 
the chemoresistance of several malignant tumor cells (43‑45) 
with poorer patient outcomes. These results suggested that 
p‑AURKA induced the malignant phenotype of tumor cells, 
which revealed that p‑AURKA may be a novel target of anti-
tumor drugs. In addition, it was found that the knockdown 
of PTEN affected several signaling pathways to promote the 
development of gastric cancer.

Although the incidence and mortality rates of gastric cancer 
have been in gradual decline globally over the last 30 years, 
gastric cancer remains a major threat to the health of patients 
across the world. In previous years, several methods have 
emerged for the treatment of gastric cancer, including radical 
surgery, radiotherapy and chemoradiotherapy, and novel 
technologies have emerged, including laparoscopic gastrec-
tomy (46) and robotic gastrectomy (47). Unlike the favorable 
prognosis of early gastric cancer, a substantial number patients 
with advanced gastric cancer experience tumor recurrence 
during their lifetime, even following radical surgery. Therefore, 
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additional strategies are required to improve the survival rate 
of patients with advanced gastric cancer. However, numerous 
trials have failed to show an added benefit of chemotherapy to 
surgery (48). Combination chemotherapeutic regimens produce 
higher response rates and longer survival rates, compared with 
single agents, however, therapeutic options remain limited, and 
the overall prognosis remains poor (5). Based on these findings, 
as patients with gastric cancer have a high mortality rate, novel 
therapeutic strategies, useful biomarkers and personalized treat-
ments are required to improve the outcomes of patients with 
gastric cancer. Therefore, patients with gastric cancer require 
DNA testing to screen out those with a high expression of 
AURKA. According to the present study, PTEN downregulated 
the expression of p‑AURKA and further affected the activation 
of AURKA, and p‑AURKA induced the malignant phenotype 
of tumor cells. A combination of PTEN‑ and AURKA‑targeted 
therapies may be used for patients who benefit from specific 
targeted treatments and improve the survival rate of patients. 
Although several candidate biomarkers and therapeutic targets 
have been reported, few are used in clinical practice. Therefore, 
in the future, improvements in next‑generation sequencing 
technology are required to improve the therapy and prognosis 
of patients with gastric cancer.

In conclusion, the present study presented the novel finding 
that PTEN inhibited the expression of AURKA by suppressing 
the activity of p‑AURKA and thus regulated the malignant 
phenotype of gastric cancer cells. These results provide a 
novel approach, in which the combined targeting of PTEN and 
AURKA may potentially serve as a therapeutic treatment for 
gastric cancer, which may enable more accurate gastric cancer 
cell death that spares normal cells. 
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