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Abstract. Lung cancer is a leading cause of cancer-related 
mortalities worldwide. In the present study, a comparison of 
To determine the roles of ARHGAP10 in the proliferation, 
migration and invasion of lung cancer cells expression levels 
between normal lung tissues and lung cancer tissues were 
compared using immunoblotting, and CCK-8 and Transwell 
assays. Lung cancer tissues had a decreased ARHGAP10 
mRNA expression level compared to the adjacent normal 
tissues. The ectopic expression of ARHGAP10 significantly 
suppressed the migration, invasion and proliferation of lung 
cancer cells. Gene set enrichment analysis revealed that 
metastasis and Wnt signaling pathways were negatively corre-
lated with ARHGAP10 expression. Immunoblotting analysis 
revealed that ARHGAP10 overexpression inhibited metastasis 
[matrix metalloproteinase (MMP)-2, MMP-9 and VEGF] and 
the expression of Wnt pathway-related proteins (β-catenin 
and c-Myc). Moreover, the stimulation effects of lithium 
chloride, a GSK3β inhibitor, on the accumulation of β-catenin 
were notably suppressed by ARHGAP10 overexpression. 
Collectively, ARHGAP10 acts to suppress tumor within lung 
cancer by affecting metastasis and Wnt signaling pathways. 
The results therefore suggest that ARHGAP10 is a potentially 
attractive target for the treatment of lung cancer.

Introduction

Lung cancer is a leading cause of cancer-related mortality 
worldwide. The most frequent type of lung cancer is non-small 
cell lung cancer (NSCLC) (1). Despite improvements in the 
therapeutic strategies of lung cancer, long-term survival is 
far from satisfactory for lung cancer patients mainly due to 

recurrence and metastasis (2). The molecular mechanisms of 
lung carcinogenesis have yet to be completely clarified (3-7).

ARHGAP10 belongs to the family of Rho GTPase activating 
proteins (RhoGAP), which catalyze the hydrolysis of the active 
Rho GTPases (GTP-bound) to the inactive form (GDP-bound), 
and thus impedes Rho GTPases-regulated biological proce-
dures, including migration, cytoskeleton organization, cell 
proliferation and gene transcription (8). It has been reported 
that ARHGAP10 acts as a RhoGAP for several Rho GTPases, 
including Cdc42  (9), RhoA and RhoC  (10). ARHGAP10 
contains a pleckstrin homology (PH) domain and a PSD95/
DglA/ZO-1-like (PDZ) domain. The two domains are essential 
for protein-protein interaction. A number of proteins, including 
α-catenin (11), ARF1 (9), FAK, PKC-ζ (12) and β-arrestin 1 (13), 
have been identified as ARHGAP10 interaction proteins. By 
binding with these proteins, ARHGAP10 actively participated 
in the regulation of the formation of cell junction and stress 
fiber, vesicular transport of Golgi membranes and influenza 
virus replication. Previous findings showed that ARHGAP10 
is associated with paediatric leukaemia (14), invasive breast 
cancer (15) and ovarian cancer (16). The present study aimed 
to investigate the biological functions and expression of 
ARHGAP10 in lung cancer.

In the present study, we compared ARHGAP10 expression 
level between normal lung tissues and lung cancer ones. The 
effects of ARHGAP10 overexpression on cell migration, inva-
sion and proliferation of lung cancer cell lines were investigated. 
Furthermore, gene set enrichment analysis (GSEA) and immu-
noblot analyses suggested the metastasis and Wnt signaling 
pathways were negatively correlated with ARHGAP10 expres-
sion. In conclusion, our data indicated that ARHGAP10 may 
be a tumor suppressor protein for lung cancer.

Materials and methods

Tissue samples. The study was approved by the Ethics 
Committee of the Second Affiliated Hospital of Soochow 
University (Shanghai, China). In total, 35 pathologically 
confirmed lung cancer patients who had received surgery at 
the Second Affiliated Hospital of Soochow University between 
January 2010 and December 2011 were enrolled in the present 
study after obtaining of their written informed consent. The 
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same patients provided lung cancer tissues along with adjacent 
normal ones. The paired tissues were stored at -80˚C after 
being snap-frozen.

Cell culture. We purchased the wild-type cancer cell lines 
of human lung (A549, NCI-1975 and NCI-H1299) from the 
Cell Bank of the Shanghai Institutes of Biological Sciences 
(Shanghai, China), which were maintained with 5%  CO2 
at 37̊C. RPMI-1640 medium (HyClone, Logan, UT, USA) 
was used to grow the cell lines with supplementation of 1% 
antibiotics and 10% fetal bovine serum (FBS; Gibco, Carlsbad, 
CA, USA).

RNA extraction, cDNA synthesis and reverse transcrip‑
tion‑quantitative PCR. RNA isolated by TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) was treated with DNase and 
then subjected to reverse transcription reaction employing 
reverse transcriptase M-MLV and oligo(dT) (21-mer) (Takara, 
Dalian, China). RT-qPCR was conducted to quantify the  
mRNA level of ARHGAP10 using a SYBR® Green Master 
kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 
an ABI 7300 instrument (Applied Biosystems, Foster City, 
CA, USA) based on the manufacturer's protocols. The PCR 
program used was: 95˚C for 10 min, followed by 40 cycles of 
95˚C for 15 sec and 60˚C for 45 sec. The primer sequences 
used in the present study have been previously described (16). 
mRNA values of ARHGAP10 were normalized to the internal 
control GAPDH. Each sample was run in triplicate and 
confirmed by at least three replicates.

Immunoblotting assay. Total cell lysates isolated using RIPA 
buffer containing protease inhibiting agent and phosphatase 
inhibitor (Beyotime, Shanghai, China) were separated by 10% 
SDS-PAGE, and then transferred onto nitrocellulose membranes 
(Millipore, Bredford, MA, USA), which were blocked in skim 
milk at room temperature for 1 h. The membranes were then 
probed with primary antibodies against ARHGAP10 (1:150; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), matrix 
metalloproteinase  (MMP)-2 (1:1,000), MMP-9 (1:1,000), 
VEGF (1:1,000), β-catenin (1:1,000), c-Myc (1:1,000), p21 
(1:1,000) (all from Abcam, Cambridge, MA, USA) or GAPDH 
(1:1,500; Cell Signaling Technology, Inc., Danvers, MA, USA) 
overnight in gentle shaking at  4˚C. The membranes were 
then incubated for 1 h at room temperature with the corre-
sponding HRP-conjugated secondary antibodies (Beyotime). 
An enhanced chemiluminescence kit (Millipore) was used to 
visualize signals while ImageJ software quantified the band 
density, which was normalized to GAPDH.

Cell proliferation analysis. The Cell Counting Kit-8 (CCK-8) 
assay kit (Beyotime) was used to measure the cell proliferation 
rate. Cells were cultured in 6-well plates under normal culture 
conditions. The cells were infected with ARHGAP10 expres-
sion virus or control vector virus. After 24 h, the cells were 
trypsinized and then plated in 96-well plates (2x103 cells/well). 
After incubation with CCK-8 solution at room temperature 
for 1 h at the indicated time points (0, 24, 48 and 72 h), the 
optical density (OD) was measured at a wavelength of 450 nm 
according to the manufacturer's instructions. Each experiment 
was repeated three times.

Transwell assay. Cell invasion and migration were evaluated 
using Transwell assays performed in the Boyden chamber with 
and without Matrigel coating (BD Biosciences, Franklin Lakes, 
NJ, USA), respectively. Cells were cultured in 6-well plates, 
which were then infected with ARHGAP10 expression virus 
or control vector virus. The cells were trypsinized, suspended 
in RPMI-1640 medium containing 0.1% FBS and plated on the 
upper chambers (1.0x105 cells) after 24 h. RPMI-1640 medium 
with 10% FBS was contained in the lower chambers. The cells 
adhering to the upper chambers were carefully scrubbed off 
after incubation for 24 h. After fixation with 10% formalin and 
staining with 1% gentian violet, the cells migrating onto the lower 
surface were counted under an inverted microscope (AZ100; 
Nikon, Tokyo, Japan). Each experiment was run in triplicate.

GSEA. We downloaded the dataset of TCGA lung cancer from 
The Cancer Genome Atlas project (TCGA, https://tcga-data.
nci.nih.gov/tcga/) and analyzed this dataset using the software 
GSEA v2.2.2 (www.broadinstitute.org/gsea), as previously 
described (17). In the present study, the samples were classified 
as ARHGAP10 low and ARHGAP10 high to annotate pheno-
type. The gene sets used to conduct GSEA were obtained from 
the Molecular Signatures Database (http://www.broad.mit.
edu/gsea/msigdb/index.jsp).

Lithium chloride (LiCl) treatment. A549 cells were plated 
in 6-well plates and infected with ARHGAP10 expression 
virus or control vector virus. After 24 h, the cells were treated 
with or without 10 mM LiCl for 24 h, and then collected for 
immunoblotting analysis for β-catenin expression.

Statistical analysis. GraphPad Prism 6.0 software (GraphPad, 
San Diego, CA, USA) was employed to perform statistical 
analyses. The paired t-test was used to analyze differences in 
ARHGAP10 expression of lung cancer tissues from adjacent 
normal ones. Analysis was conducted by one-way analysis of 
variance (ANOVA) for in vitro cell experiments. P<0.05 was 
considered to indicate a statistically significant difference.

Results

ARHGP10 is downregulated in lung cancer tissues. First, we 
evaluated ARHGAP10 mRNA levels in lung cancer tissues 
as well as paired adjacent normal tissues of 35 patients by 
RT-qPCR. The mRNA levels of ARHGAP10 were more 
downregulated in tumor tissues than that in adjacent normal 
tissues  (Fig. 1A). Moreover, a publically available dataset 
from TCGA demonstrated that lung cancer tissues had a lower 
ARHGAP10 expression level than that of normal tissues, 
which was consistent with our findings (Fig. 1B).

Ectopic expression of ARHGAP10 in lung cancer cells. We 
analyzed the ARHGAP10 expression within the four lung 
cancer cells. The protein and mRNA levels of ARHGAP10 in 
NCI-H460 and A549 cells were relatively lower (Fig. 2A and B) 
and selected for further overexpression experiments.

ARHGAP10-expressing lentiviral plasmid was constructed 
and lentivirus was produced to infect A549 and NCI-H460 
cells. ARHGAP10 expression in these cell lines was quan-
tified using RT-qPCR and immunoblotting. As shown 
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in Fig. 2C and D, control vector lentiviral infection (Vector) 
had no effects on ARHGAP10 expression as compared to the 
wild‑type (WT) cells. ARHGAP10-expressing lentiviral infe
ction significantly enhanced ARHGAP10 expression of the 
protein and mRNA levels in contrast to WT cells and cells 
infected with vector virus.

Ectopic ARHGAP10 expression inhibits lung cancer cell prolif‑
eration. CCK-8 assay was employed to measure the effects of 
ARHGAP10 on cell multiplication. As shown in Fig. 3, the 
cell multiplication rate of NCI-H460 and A549 cells overex-
pressing ARHGAP10 was significantly higher than the WT 
cells and cells infected with vector virus.

Figure 1. ARHGAP10 expression is downregulated in cancer tissues of human lung. (A) ARHGAP10 mRNA levels of 35 lung cancer tissues and paired normal 
ones. (B) mRNA levels in ARHGAP10 of normal lung tissues and lung cancer tissues from the TCGA dataset.

Figure 2. Ectopic expression of ARHGAP10 within lung cancer cell lines. (A and B) RT-qPCR and immunoblot analyses of ARHGAP10 protein and mRNA 
levels within lung cancer cell lines (A549, NCI-H1975, NCI-H1299 and NCI-H460). GAPDH served as an internal inhibition. (C and D) ARHGAP10 protein 
and mRNA levels in NCI-H460 and A549 cells infected with ARHGAP10-expressing virus or control vector virus. ***P<0.001.
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ARHGAP10 suppresses the invasion and migration of lung 
cancer cells. The effects that ARHGAP10 produced on the 
invasion and migration of lung cancer cells were assessed 
using Transwell assays (Fig. 4). ARHGAP10 overexpression 
in NCI-H460 and A549 cells significantly reduced the inva-
sion and migration capacity as compared to control cells (WT 
and vector).

GSEA for ARHGAP10 expression in lung cancer. GSEA 
was performed to investigate pathways that were associated 
with the different ARHGAP10 expression levels (Fig. 5A). 
Metastasis and Wnt signaling pathways were negatively corre-
lated with ARHGAP10 expression.

The effects of ARHGAP10 overexpression on the expres-
sion of key proteins of metastasis (MMP-2, MMP-9 and VEGF) 
and Wnt signaling pathways (β-catenin, c-Myc and p21) were 
then assessed in A549 and NCI-H460 cells. In contrast to the 
control cells, the mRNA and proteins levels of MMP-9, MMP-2, 
β-catenin as well as c-Myc were significantly increased in lung 
cancer cells with ARHGAP10 overexpression, while those of 
p21 were notably decreased (Fig. 5B and C). These data vali-
dated the results of GSEA.

LiCl, a GSK3β inhibitor, is able to enhance the activation 
of Wnt canonical signaling (18). To further explore the effects 
of ARHGAP10 on Wnt signaling, A549 cells were infected 
with ARHGAP10-expressing lentivirus or vector lentivirus, 

Figure 3. Overexpression of ARHGAP10 inhibits the proliferation of lung cancer cells. CCK-8 assay of cell proliferation in (B) NCI-H460 and (A) A549 cells 
at 24, 48 and 72 h. *P<0.05, **P<0.01, ***P<0.001.

Figure 4. ARHGAP10 inhibits lung cancer cell invasion and migration. Transwell assays were performed in Boyden chamber without (A) or with (B) Matrigel 
coating to analyze the impacts of ARHGAP10 on the invasion and migration of lung cancer cells. The number of cells migrating onto the lower surfaces is 
shown. ***P<0.001, and **P<0.01.
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and then stimulated with 10 mM LiCl (Fig. 5D). LiCl stimu
lation led to the accumulation of β-catenin, which was 
significantly rescued by ARHGAP10 overexpression. These 
results suggested that ARHGAP10 significantly inhibited 
Wnt/β-catenin signaling.

Discussion

Recent studies have suggested the association between 
ARHGAP10 and various types of cancer (10,14-16,19,20). For 
example, Wong et al reported the methylation of ARHGAP10 
in paediatric leukaemia  (14). Azzato  et  al performed 
a genome‑wide study in breast cancer and described 
single‑nucleotide polymorphism located in ARHGAP10 (15). 
Luo  et  al identified a decreased ARHGAP10 expression 
within ovarian cancer and suggested that ARHGAP10 may 
serve as a biomarker for the prognosis of ovarian cancer (16). 
The present study demonstrated that ARHGAP10 expression 
was decreased within the tumor tissue of patients with lung 
cancer as compared to normal lung tissues from the same 
patients. These results were confirmed by the analysis on 
the TCGA dataset. Our study suggests that ARHGAP10 may 
serve as a useful biomarker of lung cancer.

The effects of ARHGAP10 on the biological behaviors 
of lung cancer were examined by increasing its expression in 

the two cell lines. We found that ARHGAP10 overexpression 
significantly suppressed cell proliferation, and inhibited cell 
invasion and migration. Similar functions of ARHGAP10 
have been observed in ovarian cancer cells (16). Our data and 
this previous study demonstrated the tumor suppressor role of 
ARHGAP10 in various types of cancer.

GSEA, a powerful computer-based program was applied to 
identify the exact pathways that ARHGAP10 may regulate in 
lung cancer. We found that metastasis and Wnt signaling path-
ways were negatively associated with ARHGAP10 expression.

Cell metastasis and invasion are two main characteristics of 
cancer. MMP-2 and MMP-9 belong to MMPs, which degrade 
the extracellular matrix components and are essential for 
tumor metastasis by promoting cell invasion (21). VEGF is a 
key target of tumor cell invasion and metastasis (22). Increased 
expression of MMP-2, MMP-9 and VEGF is frequently 
observed in the most aggressive tumors (23,24). ARHGAP10 
overexpression significantly decreased the expression of 
VEGF, MMP-9 and MMP-2, which may explain its inhibitory 
effects on lung cancer cell invasion and migration.

The Wnt pathway plays diverse roles in the progression, 
metastasis and initiation of various types of cancer  (25). 
c-Myc, a target gene of Wnt/β-catenin signaling suppresses 
the accumulation of p21, a cyclin-dependent kinase (CDK) 
inhibitor (26). In the present study, ARHGAP10 overexpression 

Figure 5. (A) The GSEA results showing the correlation of ARHGAP10 levels and metastasis and Wnt signaling pathways. (B and C) Immunoblot analysis for 
key regulators of metastasis and Wnt signaling pathways in (B) A549 and (C) NCI-H460 cells infected with ARHGAP10-expressing virus or control vector 
virus for 48 h. **P<0.01, ***P<0.001. (D) Immunoblot analysis for β-catenin expression in A549 cells infected with ARHGAP10-expressing virus or control 
vector virus and then treated with 10 mM LiCl. ***P<0.001 vs. vector; ###P<0.001 vs. ARHGAP10 overexpression; +++P<0.001 vs. LiCl + vector. GSEA, gene 
set enrichment analysis; LiCl, lithium chloride; NES, normalized enrichment score.
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caused a significant decrease in β-catenin and c-Myc, and an 
arresting reduction of p21. Moreover, the stimulation effects 
of LiCl, a GSK3β inhibitor, on the accumulation of β-catenin 
were notably suppressed by ARHGAP10 overexpression. Our 
data suggest that ARHGAP10 has a critical role in regulating 
the Wnt/β-catenin pathway.

To conclude, our study shows that ARHGAP10 is down-
regulated in lung cancer specimens. Ectopic expression of 
ARHGAP10 suppresses the migration, invasion and prolif-
eration produced by lung cancer cells. ARHGAP10 affects 
the metastasis and Wnt signaling pathways in lung cancer. 
ARHGAP10 may therefore be a novel target for the treatment 
of lung cancer.
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