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Objective: Constitutively activated signal transducer and activator of transcription 3 
(STAT3) has been linked to cisplatin (DDP)-resistance in a wide range of cancers. Recent 
work has indicated that Rho GTPase-activating protein 6 (ARHGAP6) promotes cell cycle 
arrest and apoptosis in cervical and breast cancers. However, the role of ARHGAP6 in lung 
adenocarcinoma and DDP-resistance remains unknown.
Materials and Methods: Bioinformatic analysis, quantitative RT-PCR and IHC staining 
were used to explore ARHGAP6 expression patterns in The Cancer Genome Atlas (TCGA) 
dataset and patient samples. Statistical analysis was performed to establish the association of 
ARHGAP6 expression with the resistance to DDP-based chemotherapy in lung adenocarci
noma patients. Functional assays were then conducted to examine the effect of ARHGAP6 
on the apoptosis and glycolysis in DDP-resistant/sensitive A549/DPP cells in vitro. Finally, 
the effects of ARHGAP6 on the chemosensitivity of DDP were explored in vivo.
Results: We show that decreased ARHGAP6 levels are a reliable marker of lung adeno
carcinoma across published datasets, cell culture lines, and clinical samples. Low ARHGAP6 
expression was linked to decreased apoptosis and increased metabolic activity, which high
lights ARHGAP6’s role as a tumor suppressor. Furthermore, activated p-STAT3 levels 
increased dramatically in the absence of ARHGAP6, which suggests that ARHGAP6 can 
inhibit the STAT3 pathway. In agreement with previous studies that linked p-STAT3 levels to 
DDP-resistance, our in vitro and in vivo data indicate that tumors became more resistant to 
DDP-therapy with reduced ARHGAP6 levels and an associated increase in p-STAT3.
Conclusion: ARHGAP6 presents a novel study target for overcoming p-STAT3-associated 
DDP-resistance in lung adenocarcinoma and potentially other cancers.
Keywords: lung adenocarcinoma, ARHGAP6, STAT3, cisplatin, RhoA, cisplatin-resistance

Introduction
Despite an overall decline in the incidence and mortality, lung adenocarcinoma 
accounts for about 40% of all lung cancer and continues to be a leading cause of 
cancer mortality worldwide.1 Because the majority of lung adenocarcinomas are 
incurable and patients have a high risk of relapse after surgery, chemotherapy is 
often used. Despite significant advances in chemotherapy, patient survival remains 
poor. A major cause of this continued mortality is the development of resistance 
against established therapies. Cisplatin (DDP), for example, is one of the most 
common treatments for a wide range of cancers, yet acquired resistance to DPP- 
therapy continues to pose a significant challenge.2 Inhibitors of signal transducer 
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and activator of transcription-3 (STAT3), a transcription 
factor that promotes cell survival and proliferation, have 
been shown to improve the clinical effectiveness of 
DDP.3,4 This suggests that targeting the active, phosphory
lated form of STAT3, p-STAT3, is a potential strategy for 
overcoming resistance to DDP-therapy.4

In normal cells, STAT3 is transiently activated (p-STAT3) 
for half an hour up to several hours. However, in solid and 
hematological tumors, STAT3 is commonly overexpressed or 
constitutively activated,5 and this phenomenon has been 
associated with poor overall survival rates in patients with 
lung cancer.6,7 Aberrant STAT3 activation upregulates the 
expression of genes implicated in cell survival and prolifera
tion, such as c-Myc and survivin, which promotes cancer 
development and progression.8,9 c-Myc, responsible for the 
upregulation of glycolytic proteins such as hexokinase 2 
(HK2), is required to sustain the increased metabolic 
demands of a cancerous cell.10,11

The STAT3 signaling cascade, including its upstream 
regulators, harbors multiple promising therapeutic targets. 
Rho GTPase-activating protein 6 (ARHGAP6), a signaling 
molecule critical in controlling STAT3 activation, acts 
through the intermediary, RhoA. RhoA directly activates 
nuclear STAT3 through tyrosine phosphorylation.12–14 

ARHGAP6 inhibits RhoA and prevents the activation of 
STAT3 and subsequent cell survival pathways.13 

Accordingly, ARHGAP6 promotes cell cycle arrest and 
induces apoptosis in some cervical carcinomas.12,13,15 

Reduced levels of ARHGAP6 have also been seen in 
tumor tissue from patients with lung cancer.1 Furthermore, 
in vitro upregulation of ARHGAP6 inhibited the growth of 
A549 lung cancer cells and reduced p-STAT3 levels.16

In this study, we found that primary lung adenocarci
noma tissue shows a significant reduction in ARHGAP6 
mRNA expression as compared to that in normal adjacent 
tissue. In these tissue samples, low ARHGAP6 levels 
served as a robust biomarker for lung adenocarcinoma 
and correlated with a worse prognosis. Knockdown of 
ARHGAP6 inhibited apoptosis and resulted in an increase 
in glycolysis in DDP-sensitive A549 cells through STAT3- 
signaling, reminiscent of a cancerous phenotype. 
Conversely, overexpression of ARHGAP6 mRNA 
in vitro reduced survival and metabolism in DDP- 
resistant A549 cells. Increased levels of ARHGAP6 
enhanced the chemosensitivity of cells to DDP in vitro 
and in vivo. These results indicate that the upregulation of 
ARHGAP6 may be useful in the treatment of DDP- 
resistant lung adenocarcinomas.

Materials and Methods
Bioinformatic Analysis
The mRNA RNAseq data related to ARHGAP6 of patients 
with lung adenocarcinoma, including 515 cancerous and 
59 normal adjacent lung tissues, and other cancers were 
collected from The Cancer Genome Atlas (TCGA) dataset. 
Kaplan–Meier analysis of overall survival in patients with 
lung adenocarcinoma was obtained from the GSE31210 
dataset.

Clinical Samples
Tumor samples were collected from 120 treatment-naïve 
patients, with lung adenocarcinomas and no co- 
malignancies, undergoing radical surgery at the Liaoning 
Cancer Hospital and Institute between January 2010 and 
July 2013. Ninety-seven patients received either chemo- or 
radiotherapy in the post-operative period. Among those 
patients receiving adjuvant therapy, 75 underwent three 
or more rounds of DDP chemotherapy. All patients signed 
an informed consent form before participation. The study 
was approved by the Ethics Committee of the Liaoning 
Cancer Hospital and Institute. Tissue was flash-frozen in 
liquid nitrogen before long-term storage at −80°C. 
Progression-free survival refers to the time of diagnosis 
to disease progression, relapse, or death. Overall survival 
refers to the time of diagnosis to death. Death may be the 
result of any cause.

Immunohistochemistry (IHC)
Lung adenocarcinoma (n=120) and the normal adjacent 
lung (n=35) tissues were embedded in paraffin and used 
for IHC studies. Samples were incubated in primary anti
body anti-ARHGAP6 (PA5-57812; Thermofisher; 1:100 
dilution) or p-STAT3 (ab76315; Abcam; 1:100 dilution), 
followed by incubation in secondary antibody (D-3004; 
Shanghai Long Island Biotec. Co., Ltd). Two pathologists, 
without prior knowledge of each sample’s origin, quanti
fied the stained samples.

Cell Culture
A549 and the cisplatin-resistant (A549/DDP) cell lines 
(JRDUN Biotech., Shanghai, China) were grown in 
RPMI 1640 medium (Hyclone, Logan, UT, USA) whereas 
16HBE cells were cultured in DMEM medium 
(Invitrogen, Gaithersburg, MD, USA) supplemented with 
10% FBS serum (Gibco, Carlsbad, CA, USA) at 37 °C and 
5% CO2.
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RNA Interference and Gene 
Overexpression
To create the overexpression line, the coding sequence of 
ARHGAP6 was inserted into a pLVX-Puro plasmid 
(Clontech, USA). For the knockdown lines, the following 
RNA interference sequences targeting ARHGAP6 were 
designed and inserted into linearized pLKO.1 plasmids 
(Addgen, USA): ARHGAP6 (shRNA-1, position 
1957–1975, 5ʹ-GCGAATGACAGGGCCTATA-3ʹ; shRNA- 
2, position 2607–2625, 5ʹ-GCTCCTCATATACCTTCTA-3ʹ; 
shRNA-3, position 2787–2805, 5ʹ-GCAGAAGTCATCAG 
ACAAA-3ʹ). Complete plasmids (1000 ng) were then co- 
transfected with the packaging plasmids psPAX2 (900 ng) 
and pMD2-G (100 ng) into HEK-293T cells in serum-free 
medium using Lipofectamine-2000 (Invitrogen) in accor
dance with the manufacturer’s protocol. After 4–6 hours 
transfection, the medium was replaced with a fresh com
plete medium. After 48 hours incubation, A549 and A549/ 
DDP cells were transduced with the recombinant lentiviral 
vectors units at an MOI of 20 in the presence of 8 μg/mL 
polybrene (Sigma-Aldrich, St. Louis, MO, USA). Cells 
transduced with pLKO.1-scramble shRNA (shNC) or 
blank pLVX-Puro (vector) were used as negative controls.

CCK-8 Assay
A549 and A549/DDP cell proliferation assay was based on 
the Cell Counting Kit (CCK-8; Dojindo, Kumamoto, 
Japan) method. Cells were seeded in a 96-well plate at 
a density of 3 × 103 cells/well for 12 h. Cells were 
transduced with indicated vectors in the absence or pre
sence of 10 μM DDP and allowed to grow for 0, 24, 48 
and 72 h. At the end of the experiment, CCK-8 reagent 
was added to each well and cultured for 1 h at 37°C and 
5% CO2. The absorbance of each well was determined at 
450 nm.

Cell Apoptosis Assay
A549 and A549/DDP cells were seeded at 3 × 105 cells/ 
well in six-well plates and allowed to grow to 50% con
fluence. Cells were transduced with the relevant vector in 
the absence or presence of AG490 (10 μM) or DDP 
(10 μM), and 48 hours later, apoptosis rates were assessed. 
Briefly, 5 μL Annexin V-FITC was added to cells, and the 
cells were incubated in the dark for 15 minutes at 4°C, 
followed by 5 μL of propidium iodide (PI) for 15 minutes 
at 4°C before proceeding to flow cytometry.

Measurement of Glucose Uptake
A549 and A549/DDP cells were seeded at 5 × 105 cells/ 
well in six-well plates and grown for one day at 37°C and 
5% CO2. Cells were transduced with the relevant vector in 
the absence or presence of AG490 (10 μM), and 48 hours 
later, media was replaced with low-glucose DMEM for 3 
hours. Cells were then washed with Krebs-Ringer 
Bicarbonate Buffer with 2% BSA and incubated in glu
cose-free DMEM containing 100 μM of 2-NBDG 
(Cayman Chemical, Ann Arbor, Michigan, USA) for 45 
min. Flow cytometry was used to measure the uptake of 
glucose by cells.

Metabolic Assays
A549 and A549/DDP cells were seeded at 5 × 105 cells/well 
in six-well plates and grown for one day at 37°C and 5% 
CO2. Cells were transduced with the relevant vector in the 
absence or presence of AG490 (10 μM), and 48 hours later, 
a lactic acid assay kit (Nanjing Jiancheng Bioengineering 
Institute, China) was used to determine lactate production. 
The manufacturer’s instructions were followed.

Quantitative RT-PCR
16HBE, A549 and A549/DDP cells were seeded at 5 × 105 

cells/well in six-well plates and grown for one day at 37°C 
and 5% CO2. Cells were transduced with or without the 
relevant vector, and 48 hours later, total RNA from these 
cell lines was extracted using TRIzol reagent (Life 
Technologies, Inc., Waltham, MA, USA) according to the 
manufacturer’s instruction. Similarly, TRIzol reagent was 
also used to extract total RNA from the lung adenocarci
nomas tissues as mentioned above. Following the manu
facturer’s protocol, the PrimeScript kit (Takara 
Biotechnology, Dalian, China) was used to synthesize 
cDNA. qPCR was performed in an ABI 9700 real-time 
PCR system (Applied Biosystem) using SYBR green PCR 
master mix (Applied Biosystems, Foster, CA, USA). The 
primers used are as follows: ARHGAP6-F: 5ʹ-GAATTT 
GACCGTGGGATTG-3ʹ, ARHGAP6-R: 5ʹ-CAGGGAGG 
TAGAAGGTATATG-3ʹ; GAPDH-F: 5ʹ-AATCCCATCAC 
CATCTTC-3ʹ, GAPDH-R: 5ʹ-AGGCTGTTGTCATACT 
TC-3ʹ. The fold changes of mRNA were determined by 
the 2−ΔΔCT method.

Western Blot Analysis
16HBE, A549 and A549/DDP cells were seeded at 5 × 105 

cells/well in six-well plates and grown for one day at 37°C 
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and 5% CO2. Cells were transduced with or without the 
relevant vector in the absence or presence of AG490 (10 
μM), and 6 hour (measurement for STAT3 and p-STAT3 
level) and 48 hours (measurement for other protein levels) 
later, RIPA lysis buffer, freshly supplemented with pro
tease inhibitor (Sigma, St. Louis, MO, USA), was used to 
lyse these cells. Similarly, lung adenocarcinomas tissues 
were also lysed as mentioned above. Proteins were then 
separated by SDS-PAGE gel and transferred onto 
a nitrocellulose membrane (Millipore, Bedford, USA). 
Membranes were blocked with 5% skim milk and incu
bated with antibodies against ARHGAP6 (PA5-57812; 
Invitrogen), c-Myc (ab32072; Abcam), PFKL (ab181064; 
Abcam), HK2 (227198; Abcam), Survivin (#2802; CST, 
Danvers, MA, USA), STAT3 (ab19352; Abcam), p-STAT3 
(phospho Y705) (ab76315; Abcam), GAPDH (5174; 
CST), and HRP-conjugated secondary antibodies 
(A0208; Beyotime, Shanghai, China). An enhanced che
miluminescence system (Bio-Rad, Richmond, CA, USA) 
was used to visualize the resulting signal.

Establishment of Stable Cell Lines and 
Xenograft Study
To establish the patient-derived xenograft (PDX) model, 
tumor tissue samples were collected at the time of inter
ventional surgery at Liaoning Cancer Hospital and 
Institute from lung adenocarcinoma patients who had 
not received chemotherapy. The patient samples were 
divided into two groups. One group was fixed for detec
tion of ARHGAP6 expression in Quantitative RT-PCR, 
and the remaining fresh tumor tissues were cut into 
pieces and subcutaneously transplanted into 6-8-week- 
old nude mice (5×5×3 mm3 per mouse) within 1 h of 
surgical excision from patients. DDP (5 mg/kg; every 
week) chemotherapy was initiated at day 12 after injec
tion (n=5 per group). At day 33 after injection, mice were 
sacrificed and tumor size was measured. The xenografts 
were subjected to TUNEL (Terminal deoxynucleotidyl 
transferase dUTP Nick-End Labeling) analyses (Roche, 
Indianapolis, IN, USA). Animal ethics guidelines and 
approved protocols of Liaoning Cancer Hospital and 
Institute were followed for all experiments on animals 
(2015PS152K).

Statistical Analysis
All experiments were performed in triplicate, and the 
results are expressed as mean ± SD. GraphPad Prism 7.0 

(GraphPad Software, San Diego, CA, USA) was used for 
all statistical analyses. ANOVA followed by Tukey’s post- 
multiple test was used to compare different experimental 
groups. Kaplan–Meier method and Cox’s proportional 
hazards regression model were used to calculate overall 
survival and progression-free survival. Differences were 
analyzed by a Log rank test. A P value of less than 0.05 
was considered to statistically significant.

Results
Reduced ARHGAP6 mRNA Expression is 
a Biomarker for Adenocarcinoma in Lung 
Tissue and Correlates with a Worse 
Prognosis
Screening of The Cancer Genome Atlas (TCGA) dataset, 
including 20,000 malignant and normal samples across 33 
cancer types, revealed a reduction in ARHGAP6 mRNA 
expression across a range of cancers (Figure 1A). Among 
those, 515 lung adenocarcinoma tissue samples showed 
significantly lower ARHGAP6 mRNA expression levels 
compared to that in 59 normal adjacent tissue samples 
(P<0.001). Immunohistochemical staining also shows the 
lower expression of ARHGAP6 protein in tumor tissue 
(P<0.01) (Figure 1B).

The diagnostic value of ARHGAP6 mRNA expression 
was determined by receiver operating characteristics 
(ROC) curve analysis (Figure 1C). With an area under 
the curve of 0.8681 (P<0.001), ARHGAP6 mRNA is 
a useful biomarker for identifying patients with lung ade
nocarcinoma. Based on the ROC curve, ARHGAP6 
expression level at the value of 0.58 was selected as the 
cut-off value to define ARHGAP6low and ARHGAP6high 

expression. Using the defined high and low ranges of 
ARHGAP6 mRNA expression, a variety of clinicopatho
logical features were analyzed (Table 1). In those patients 
with reduced levels of ARHGAP6 mRNA, there was 
a worsening in tumor size, metastasis to lymph nodes 
and disease stage. However, age, gender, smoker status, 
and tumor grade did not correlate with the level of 
ARHGAP6 mRNA present.

Survival rates of each group were then measured for 
patients in the “gene expression data for pathological stage 
I–II lung adenocarcinomas” (GSE31210) dataset using two 
probe sets, 206,167 and 208,085 (Figure 1D, right and 
left), respectively. ARHGAP6low expression levels, mea
sured with two separate probe sets, correlated with 
reduced survival in patients with lung adenocarcinoma. 
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Figure 1 Reduced ARHGAP6 mRNA expression is a biomarker for adenocarcinoma in lung tissue and correlates with a worsened prognosis. (A) The mRNA level of ARHGAP6 in 
24 different tumor types from TCGA, including BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PAAD, PRAD, PCPG, READ, 
SARC, SKCM, THCA, THYM, STAD, and UCEC. (B) Typical images of immunohistochemistry (IHC) in 120 lung adenocarcinoma and 35 normal tissues from tissue microarrays 
showing the protein expression of ARHGAP6. Scale bar: 100 μm. (C) Receiver operating characteristics (ROC) curve analysis using ARHGAP6 to differentiate between lung 
adenocarcinoma tissues from nontumorous tissues. (D) Survival probability of patients with lung adenocarcinoma from the GSE31210 dataset. (E) Kaplan–Meier biochemical 
overall survival and (F) progression-free survival curves for lung adenocarcinoma patients based on ARHGAP6 level according to the ROC curve. **P<0.01. 
Abbreviations: BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon 
adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney 
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell 
carcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; READ, rectum adenocarcinoma; SARC, 
sarcoma; SKCM, skin cutaneous melanoma; THCA, thyroid carcinoma; THYM, thymoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.
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Similar results were seen in clinical samples: low 
ARHGAP6 mRNA levels correlated with worse overall 
and progression-free survival (Figure 1E-F). We next per
formed a univariate analysis of prognostic factors for over
all survival with the Cox regression model (Table 2). 
ARHGAP6 expression (p=0.016, hazard ratio [HR]=1.20, 
95% confidence interval [CI]=1.04–1.41) and lymph node 
metastasis (p=0.012, HR=0.82, 95% CI=0.71–0.95) were 
independent prognostic indicators of lung adenocarcino
mas patients. We then performed a multivariate analysis 
with the Cox regression model (Table 2). ARHGAP6 
expression (p=0.004, HR=0.79, 95% CI=0.68–0.92) was 
an independent prognostic factor in multivariate analysis. 

All of these data demonstrate that ARHGAP6 is 
a prognostic factor and may act as a tumor suppressor to 
prevent the progression of lung adenocarcinoma.

ARHGAP6 mRNA Expression Levels 
Correlate with the Responsiveness of 
Lung Adenocarcinoma Tissue to 
DDP-Therapy
Among patients receiving adjuvant therapy, 75 patients 
with lung adenocarcinoma underwent three or more 
rounds of DDP chemotherapy (Table 3) were separated 
into a DDP-sensitive (n=48) and a DDP-resistant group 
(n=27).17 Twenty-two of the DDP-resistant tumors 
(81.5%) showed ARHGAP6low mRNA expression levels 
(P<0.01). However, only five of the 48 DDP-sensitive 
tumors (10.4%) showed ARHGAP6low mRNA levels 
(P<0.01). These results suggest that the role of 
ARHGAP6 in lung adenocarcinoma and responsiveness 
to DDP-therapy is of great clinical and scientific 
interest.

Table 1 Association of ARHGAP6 Expression with Clinical 
Characteristics of 120 Patients with Lung Adenocarcinoma

Characteristics Patients 
(n=120)

ARHGAP6 mRNA 
Level

P

High 
(n=51)

Low 
(n=69)

Age 0.801

<60 51 (42.5) 21 (41.1) 30 (43.5)
>60 69 (57.5) 30 (58.9) 39 (56.5)

Gender 0.658
Male 49 (40.8) 22 (43.1) 27 (39.1)

Female 71 (59.2) 29 (56.9) 42 (60.9)

Tumor size (cm) 0.019

<4 58 (44.2) 31 (58.8) 27 (33.3)

>4 62 (55.8) 20 (41.2) 42 (66.7)

Smoking status 0.239

Never 40 (33.3) 20 (39.2) 20 (29.0)
Former and 

current smokers

80 (66.7) 31 (60.8) 49 (71.0)

Tumor grade 0.200

Well and 

moderately 
differentiated

72 (60.0) 34 (66.7) 38 (55.1)

Poorly 
differentiated

48 (40.0) 17 (33.3) 31 (44.9)

Lymph node 
metastasis

0.009

Positive 75 (62.5) 25 (49.0) 50 (72.5)

Negative 45 (37.5) 26 (51.0) 19 (27.5)

Disease stage 0.010

I 28 (23.3) 18 (35.7) 10 (16.7)
II 62 (51.7) 19 (46.4) 43 (56.4)

III 30 (25.0) 14 (17.9) 16 (26.9)

Note: Differences between groups were done by the Chi-square test.

Table 2 Univariate and Multivariate Analysis of Overall Survival 
in Patients with Lung Adenocarcinoma

Variables Univariate Analysis Multivariate Analysis

HR (95% CI) P HR (95% CI) P

Age 0.88 (0.74–1.02) 0.080 1.13 (0.96–1.31) 0.127

Gender 1.14 (0.98–1.34) 0.081 1.46 (0.79–2.71) 0.226

Tumor size 1.16 (0.99–1.37) 0.058 1.11 (0.95–1.32) 0.167

Smoking status 1.04 (0.87–1.21) 0.588 1.61 (0.36–7.24) 0.538

Tumor grade 0.91 (0.78–1.08) 0.251 1.22 (0.70–2.13) 0.473

Lymph node 

metastasis

0.82 (0.71–0.95) 0.012 0.93 (0.79–1.10) 0.355

Disease stage 1.03 (0.88–1.30) 0.768 0.46 (0.16–1.34) 0.154

ARHGAP6 level 1.20 (1.04–1.41) 0.016 0.79 (0.68–0.92) 0.004

Table 3 The Therapeutic Status for Patients with Lung 
Adenocarcinoma After Surgery

Stage Number Therapy After Surgery Radiotherapy

No 
Therapy

Chemotherapy

1–2 
Cycles

>3 
Cycles

I 28 23 0 0 5

II 62 0 12 45 28

III 30 0 0 30 25

Total 120 23 12 75 58
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Overexpression of ARHGAP6 Enhances 
Apoptosis and Reduces Glycolysis in 
DDP-Resistant A549/DDP Cells
We began investigating ARHGAP6’s role in lung adenocar
cinoma by measuring the relative amount of ARHGAP6 
across several lung cell lines. ARHGAP6 mRNA and pro
tein expression levels were reduced in the lung adenocarci
noma cell line, A549, compared to those in the healthy 
human bronchial epithelial cell line 16HBE (P<0.001). 
A549/DPP cells, the A549 cells that were resistant to DDP- 
therapy, showed a further reduction in ARHGAP6 mRNA 
and protein expression (P<0.001) (Figure 2A). We devel
oped an overexpression system using these lowest expres
sing, treatment-resistant cells for further experiments.

ARHGAP6 levels were increased in the A549/DDP 
cells that were transduced with an ARHGAP6 overexpres
sing lentivirus (Figure 2B). Flow cytometric analysis of 
the transduced cells showed a significant increase in apop
totic activity (Figure 2C) and a reduction in glucose uptake 
by the cells (Figure 2D). The reduction in metabolic 

activity was also confirmed by decreased lactate produc
tion by ARHGAP6-overexpressing cells (Figure 2E). 
Together, these results indicate that ARHGAP6 serves as 
a tumor suppressor to counter the pro-survival signaling in 
lung adenocarcinoma cells.

The Knockdown of ARHGAP6 Inhibits 
Apoptosis and Promotes Glycolysis in 
DDP-Sensitive A549 Cells
Next, we replicated the ARHGAP6low environment by 
establishing an in vitro knockdown model. DDP-therapy 
sensitive A549 cells were transduced with one of three 
targeted short hairpin RNAs (shARHGAP6-1, −2, and −3) 
or scrambled control (shNC). ARHGAP6 mRNA and pro
tein expression were both significantly reduced in A549 
cells transduced with shARHGAP6-1, −2, and −3, espe
cially in A549 cells transduced with shARHGAP6-1 and 
−2; the control showed no effect (P<0.001) (Figure 3A).

Flow cytometric analysis of cells transduced with 
shARHGAP6-1 or −2 revealed that decreased expression 

Figure 2 Overexpression of ARHGAP6 enhances apoptosis and reduces glycolysis in DDP-resistant A549/DDP cells. (A) mRNA and protein expression of ARHGAP6 in 
16HBE, A549 and A549/DDP cells. (B) mRNA and protein expression of ARHGAP6 in A549/DDP cells transduced with ARHGAP6 overexpressing lentivirus 
(oeARHGAP6) or blank lentivirus (vector). After A549/DDP cells were transduced with oeARHGAP6 or vector, flow cytometry was performed to assess (C) cell 
apoptosis and (D) glucose uptake, and (E) lactate release was measured by biochemical analysis. ***P<0.001 compared with 16HBE or vector group. ###P<0.001 compared 
with A549 cells.
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of ARHGAP6 reduced cell death (Figure 3B) and 
increased glucose uptake by cells (Figure 3C) compared 
to those transduced with shNC (P<0.001). Lactate produc
tion was also increased following a reduction in 
ARHGAP6 expression, which indicates an increased meta
bolic demand (Figure 3D). In the absence of normal 
ARHGAP6 levels, cells showed greater survival rates 
and metabolic demands. These results support 
ARHGAP6’s role in suppressing uncontrolled cell growth 
and survival.

ARHGAP6 Regulates Apoptosis and 
Glycolysis Through the STAT3 Signaling 
Pathway
We then investigated how ARHGAP6 affects cell survival 
and metabolism. Western blot analysis of the ARHGAP6- 
knockdown model revealed an increase in p-STAT3 pro
tein levels (Figure 4A). Conversely, the overexpression 
model showed decreased p-STAT3 protein expression 
and those of downstream effectors, c-Myc and survivin 

Figure 3 The knockdown of ARHGAP6 inhibits apoptosis and promotes glycolysis in DDP-sensitive A549 cells. (A) mRNA and protein expression of ARHGAP6 in A549 
cells transduced with ARHGAP6 shRNAs (shARHGAP6-1, shARHGAP6-2, and shARHGAP6-3) or control scrambled shRNA (shNC). After A549 cells were transduced 
with shARHGAP6-1, shARHGAP6-2 or shNC, flow cytometry was performed to assess (B) cell apoptosis and (C) glucose uptake, and (D) lactate release was measured by 
biochemical analysis. ***P<0.001 compared with shNC group.
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Figure 4 ARHGAP6 regulates apoptosis and glycolysis through the STAT3 signaling pathway. (A) STAT3 and p-STAT3 in ARHGAP6-knockdown lines and (B) STAT3 and 
downstream protein expression levels in the ARHGAP6-overexpression cell lines were measured by Western blot. (C) STAT3 and downstream protein expression levels 
following the addition of 10 μM AG490 were measured by Western blot. Flow cytometry was performed to assess (D) apoptosis and (E) glucose uptake. (F) Lactate release 
was measured by biochemical analysis and (G, H) protein expression of glycolytic proteins PFK and HK2 were measured by Western blot. *P<0.05, **P<0.01, ***P<0.001.
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(Figure 4B). The change in ARHGAP6 did not appear to 
influence the level of STAT3; it only affected the level of 
activation.

To determine whether STAT3 activation accounts for the 
effect of ARHGAP6 on cell apoptosis and glycolysis, we 
added AG490, a specific Jak2/STAT3 inhibitor, to DDP- 
sensitive A549 cells, with and without ARHGAP6 knock
down. As expected, knockdown of ARHGAP6 markedly 
elevated p-STAT3 protein levels. Strikingly, the increase in 
p-STAT3 protein expression induced by ARHGAP6 knock
down was inhibited by the addition of AG490 (Figure 4C), 
indicating a functional relationship among ARHGAP6 and 
p-STAT3 in DPP-sensitive A549 cells. Moreover, the treat
ment with AG490 also reversed the effect of ARHGAP6 on 
cell apoptosis and glycolysis. As shown in Figure 4D–F, 
knockdown of ARHGAP6 significantly decreased cell apop
tosis but increased glucose uptake and lactose production, 
but these effects were abolished upon the treatment with 

AG490. Furthermore, glycolytic proteins, such as liver- 
type phosphofructokinase (PFKL) and hexokinase-2 
(HK2), exhibited a modest decrease in the ARHGAP6 over
expression model (Figure 4G), but they showed a modest 
increase upon ARHGAP6 knockdown (Figure 4H). 
However, the increase in PFKL and HK2 protein expression 
induced by ARHGAP6 knockdown was abolished by the 
addition of AG490 (Figure 4H). These results collectively 
support the hypothesis that ARHGAP6 regulates the apop
tosis and glycolysis via the STAT3 signaling pathways.

ARHGAP6 Influences DDP-Induced 
Apoptosis in vitro
Since we found that STAT3 inhibitors could improve the 
effectiveness of DDP-therapy, we administered DDP to the 
overexpression and knockdown model cell lines. When 
ARHGAP6 was overexpressed in DDP-resistant and DDP- 
sensitive cells, the response to DDP was improved, 

Figure 5 ARHGAP6 influences the chemosensitivity of DDP in vitro. A549/DDP cells were transduced with oeARHGAP6 or vector in the absence or presence of 10 μM 
DDP, while A549 cells were transduced with oeARHGAP6, vector, shARHGAP6-1, shARHGAP6-2 or shNC in the absence or presence of 10 μM DDP. (A, B,C) CCK-8 
was performed to assess cell proliferation. (D, E, F) Flow cytometry was performed to assess cell apoptosis. *P<0.05, **P<0.01, ***P<0.001.
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evidenced by decreased cell proliferation (Figure 5A and B) 
and increased cell apoptosis (Figure 5C and D). In contrast, 
DDP-sensitive cells that had ARHGAP6 knocked down had 
a reduced response to DDP (Figure 5E and F), which indi
cates that ARHGAP6 played a role in the initial sensitivity.

Higher ARHGAP6 Levels Enhanced the 
Chemosensitivity of DDP in vivo
Finally, we determined if ARHGAP6’s impact on DDP- 
sensitivity was reproducible in a mouse model. Tissue 
samples were collected from patients with lung adenocar
cinoma, fixed for detection of ARHGAP6 expression in 
Quantitative RT-PCR and characterized as ARHGAP6 
high or ARHGAP6 low groups (median value used as cut- 
off) (Figure 6A). Tumors with low levels of ARHGAP6 
showed larger tumor volume, as well as a reduced 
response to DDP-therapy (Figure 6B). ARHGAP6high 

expression tumors had a smaller volume, and tumor 
growth was markedly more sensitive to DDP-therapy.

On day 33, mice were sacrificed, and final tumor size and 
weight were measured. Again, the ARHGAP6high tumors 
were smaller after excision and showed a significantly 
reduced weight following DDP-therapy (Figure 6C). The 
tumors were then analyzed by the TUNEL assay to detect 
DNA breaks indicative of the final stages of apoptosis. 
ARHGAP6high tumors displayed a higher percentage of 

apoptotic cells and a more dramatic increase in apoptotic 
cells following DDP-therapy (Figure 6D). Taken together, 
these results suggest that higher expression of ARHGAP6 
enhances the sensitivity of lung adenocarcinoma cells to 
DDP chemotherapy.

Correlation Analyses in Lung 
Adenocarcinoma Tissues
Immunohistochemical staining showed the expression of 
ARHGAP6 and p-STAT3 expression in tumor tissue (Figure 
7A). Interestingly, the samples with ARHGAP6 higher 
expression displayed low levels for p-STAT3. In addition, 
samples with low expression of ARHGAP6 appeared 
strongly staining of p-STAT3. Statistically, ARHGAP6 
expression was negatively correlated with p-STAT3 expres
sion in lung adenocarcinoma tissues (Figure 7B).

Discussion
In this study, we have shown that ARHGAP6 acts as a tumor 
suppressor and can serve as a biomarker for lung adenocar
cinoma. Screening of TCGA revealed that ARHGAP6 
expression in lung adenocarcinoma tissue was markedly 
lower than that in normal adjacent tissue. These results are 
in line with recent studies that showed a reduction in 
ARHGAP6 levels in breast, cervical, and lung cancer 
tissue.15,16,18 The relationship between reduced expression 

Figure 6 Higher ARHGAP6 levels enhanced the chemosensitivity of DDP in vivo. (A) Primary tumor tissue samples, collected from patients with lung adenocarcinoma, 
were subcutaneously transplanted into nude mice to establish the patient-derived xenograft (PDX) model (n=5 per group). After 12 days, the mice were intraperitoneally 
administered with DDP (5 mg/kg) every week for 3 weeks. At day 33, (B) tumor volume and (C) weight were measured before (D) quantification of apoptosis by TUNEL 
staining. Scale bar: 100 μm. *P<0.05, **P<0.01, ***P<0.001.
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and tumor phenotype held true for both cell culture lines and 
novel patient samples. Using ROC curve analysis, we were 
able to define ARHGAP6high and ARHGAP6low mRNA 
expression levels as a reliable biomarker of lung adenocarci
noma. ARHGAP6low levels correlated with a number of poor 
clinicopathological outcomes, including resistance to DDP- 
therapy and poor overall survival. Consistent with our 
results, breast cancer patients with ARHGAP6low mRNA 
expression also showed similar low overall survival rates.18

ARHGAP6 regulates the survival, metabolism, and pro
liferation of lung cancer cells. Recent work has shown that 
ARHGAP6 regulates the proliferation of lung cancer cells, in 
part, by reducing the levels of p-STAT3.16 Activated STAT3 

serves as a transcription factor that is responsible for the 
activation of numerous pro-proliferative and survival genes. 
One such gene is c-Myc, a well-studied oncogene.19 Here, 
we show that reduction of ARHGAP6 led to increased levels 
of p-STAT3, as well as downstream targets like c-Myc and 
survivin. To our knowledge, ARHGAP6 has not previously 
been linked to these more distant oncogenes. Reduced levels 
of ARHGAP6 also resulted in unregulated metabolism. 
Consistent with STAT3-overactivation, ARHGAP6 suppres
sion led to a dramatic increase in glycolytic enzymes PFKL 
and HK2, which was measured by lactate production, and 
ultimately contribute to anaerobic respiration. Further 
exploration into the link between ARHGAP6, the 

Figure 7 Correlation analyses in lung adenocarcinoma tissues. (A) Typical images of immunohistochemistry (IHC) in lung adenocarcinoma tissues from tissue microarrays 
showing the protein expression of ARHGAP6 and p-STAT3. Scale bar: 100 μm. (B) Correlation study of ARHGAP6 and p-STAT3 in lung adenocarcinoma tissues (n=120). 
Statistical analyses were performed with the Chi-square test. (C) Schematic representation of the regulation of lung adenocarcinoma apoptosis, glycolysis and chemore
sistance by ARHGAP6/STAT3/Survivin and c-Myc signaling axis.
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downstream targets of STAT3, and metabolic demands 
would be of great clinical importance in cancer research.

ARHGAP6’s action as a STAT3-inhibitor has great cri
tical importance because STAT3 is credited for causing the 
bulk of acquired drug-resistance clinically. A great deal of 
research has focused on identifying functional inhibitors of 
STAT3 for clinical use.4 In this study, we focused on resis
tance to DDP, a common treatment for lung adenocarci
noma. As expected, there was a direct correlation between 
ARHGAP6 expression and DDP-sensitivity. Interestingly, 
freshly collected patient tissue showed that increased levels 
of ARHGAP6 led to an improved response to DDP- 
treatment. This exciting result has major implications for 
the treatment of lung adenocarcinoma.

The mechanism by which ARHGAP6 inhibits the 
STAT3 pathway remains unclear. However, ARHGAP6 is 
known to inactivate the tyrosine kinase RhoA, a molecule 
responsible for the phosphorylation and activation of 
nuclear STAT3.7,12 This prevents the transcription factor, 
p-STAT3, from targeting several genes implicated in 
tumorigenesis. We hypothesize that ARHGAP6 is indir
ectly inhibiting the activation of STAT3 by inhibiting 
RhoA. c-Myc is a cell cycle regulator that also works in 
concert with STAT3 to regulate the transcription of proto- 
oncogene Cdc25A.20,21 As a Ras Regulator, Cdc25A could 
be involved in a potential feedback mechanism and war
rants further research, alongside ARHGAP6.22 The full 
mechanism by which ARHGAP6 regulates STAT3 is of 
critical importance for future research. Taken together, the 
results of this study suggest ARHGAP6 negatively regu
lates the STAT3 pathway, a known cause of acquired 
DDP-resistance in lung adenocarcinoma.

Conclusion
Our study highlights the importance of ARHGAP6 in 
maintaining DDP-sensitivity in lung adenocarcinoma 
cells and identifies it as a potential biomarker for lung 
adenocarcinoma. We show that that activation of the 
STAT3 pathway is a critical component in the interaction 
between ARHGAP6 and DDP-resistance (Figure 7C). 
ARHGAP6 presents a novel research target for overcom
ing p-STAT3-associated DDP-resistance in lung adenocar
cinoma and potentially other cancers.
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relation to this work.
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