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ABSTRACT
NADPH oxidase 4 (NOX4) is deregulated in various cancers and involved in cancer 

proliferation and metastasis. However, what the role of NOX4 plays during malignant 
progression of non-small cell lung cancer (NSCLC) remains unknown. Our results show 
that NOX4 was upregulated in NSCLC cell lines and samples from patients, compared 
with controls; NOX4 protein levels were closely correlated with clinical disease stage 
and survival time. Overexpression of NOX4 in A549 and H460 NSCLC cells enhanced 
cell proliferation and invasion in vitro, and produced larger tumors, shorter survival 
time, and more lung metastasis in nude mice than control cells. On the contrary, 
NOX4 depletion inhibited NSCLC cell aggressiveness. Inhibition of PI3K/Akt pathway 
could sufficiently block the cellular effects of NOX4 overexpression in NSCLC cells 
both in vitro and in vivo. Specifically, we demonstrated that PI3K/Akt pathway also 
positively regulated NOX4 expression via NF-κB-mediated manner. Therefore, there 
existed a mutual positive regulation between NOX4 and PI3K/Akt signaling in NSCLC 
cells, and NOX4 was confirmed to functionally interplay with PI3K/Akt signaling to 
promote NSCLC cell proliferation and invasion. In conclusion, the positive feedback 
loop between NOX4 and PI3K/Akt signaling contributes to NSCLC progression. 

INTRODUCTION

Lung cancer is the most common cause of cancer 
death worldwide [1]. Non-small cell lung cancer (NSCLC) 
accounts for up to 80% of all lung cancer cases, and 
patients usually present advanced disease at initial 
diagnosis [2]. Although recent advances in conventional 
therapies have yielded modest improvements in NSCLC 
patient outcomes, the 5-year survival rate remains at 

15% [3]. Therefore, it is urgent to explore new and more 
effective targets against NSCLC malignant progression.

NADPH oxidases (nicotinamide adenine 
dinucleotide phosphate oxidase, NOXs) are a family 
of enzymes that have the primary function to generate 
superoxide or hydrogen peroxide. They consist of seven 
members, represented by different catalytic subunits: 
NADPH oxidase 1 (Nox1), Nox2 (gp91phox), Nox3, Nox4, 
Nox5, Duox1, and Duox2 [4]. NOXs have been confirmed 
to be correlated with progression of many diseases [5]. 
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Especially for NOX4, the relative specific inhibitors such 
as GKT136901 and its derivatives have been developed by 
GenKyoTex with high safety profiles [6]. One derivative 
compound of GKT136901, named GKT137831, has been 
undergoing clinical evaluation for the treatment of diabetic 
nephropathy. Therefore, NOX4 may be a promising target 
in clinical use against many diseases. 

Evidences in growing numbers have confirmed 
the close correlation of NOXs with cancer development 
and progression. Inhibition of some members of NOX 
families suppresses tumor growth and leads to cancer 
cell death [7,8]. In addition to regulation of cancer cell 
growth, NOXs also play important roles in cancer cell 
progression. For example, our previous study showed that 
inhibition of NOX activity significantly downregulates 
the expression of VEGF in NSCLC cell [9]. Liu et al. 
reported that ectopic expression of NOX1 enhances 
melanoma cell invasive ability through upregulation of 
MMP-2 expression and inducing epithelial-mesenchymal 
transition (EMT) [10]. Besides, inhibition of NOX 
activity was shown to suppress prostate cancer metastasis 
[11]. Especially for NOX4, it was the most frequently 
expressed NOX isoform in several tumor cell lines [4]. 
Many observations point to a critical role of NOX4 in 
apoptosis resistance and sustained tumor cell proliferation 
in various types of cancer cells including glioma cells [12] 
and pancreatic cancer cells [13]. Besides, NOX4 has been 
also shown to promote renal cell carcinoma cell invasion 
through hypoxia-induced interleukin 6-and 8-production 
[14]. In NSCLC cells, NOX4 has been also identified to 
be abundantly expressed [15]. However, what the role 
that NOX4 plays during NSCLC survival and progression 
remains to be elucidated.

In this study, to identify the potential role of 
NOX4 in NSCLC carcinogenesis, we first surveyed the 
expression of NOX4 in NSCLC patients and found a tight 
association of NOX4 expression with the poor clinical 
outcome of NSCLC patients. Such an association was 
further confirmed in NSCLC cell lines both in vitro and in 
vivo. Importantly, we find a positive feedback regulation 
between NOX4 and PI3K/Akt pathway, which promotes 
NSCLC cell aggressiveness. 

RESULTS

NOX4 upregulation is associated with progression 
and poor prognosis of human NSCLC

We first performed western blotting analyses to 
determine NOX4 expression phenotype in NSCLC 
cell lines and normal lung epithelial cells. The results 
revealed that NOX4 was markedly higher in NSCLC 
cell lines than that in normal lung epithelial cell lines 
(BEAS2B and NHBE cells). To determine the clinical 

significance of NOX4 expression in NSCLC patients, we 
analyzed samples from a cohort of 152 human patients 
with NSCLC using tissue microarray assay. The clinical 
patient information studied is summarized in Table 1. 
Immnohistochemical analysis showed that NOX4 was 
highly expressed in about 82% of NSCLC samples (125 
of 152) both of adenocarcinoma and squamous carcinoma, 
whereas the adjacent normal tissues of NSCLC had much 
lower levels of NOX4 expression (Fig. 1B). The results of 
the IHC analysis are summarized in Table 2.

Statistical analyses revealed that NOX4 expression 
was strongly correlated with the clinical stage and tumor-
nodule-metastasis (TNM) classification in NSCLC 
patients both of adenocarcinoma and squamous carcinoma 
(Fig. 1C). Moreover, we found that patients with NSCLC 
with high NOX4 expression had shorter overall survival 
than those with low NOX4 expression (Fig. 1D). Taken 
together, these results indicate that NOX4 is positively 
correlated with poor prognosis in NSCLC patients and 
may be a potential predictive biomarker for disease 
outcome in NSCLC. 

NOX4 promotes the aggressiveness of NSCLC 
cells both in vitro and in vivo

To explore the effects of NOX4 on the proliferation 
and metastasis of NSCLC cells, A549 and H460 cells 
stably expressing ectopic NOX4 were established (Fig. 
2A, upper panel). NOX4-transduced NSCLC cells 
displayed higher growth rates (Fig. 2A, lower panel) 
and increased anchorage-dependent growth (Fig. 2B) 
compared with vector-control cells. NOX4 overexpression 
also promoted the invasive ability of these cells as 
assessed by Matrigel invasion assays (Fig. 2C). The 
capability of NOX4 overexpression to promote NSCLC 
aggressiveness was also examined using an in vivo tumor 
model. As shown in Fig. 2D, both A549 and H460 tumors 
formed by NOX4-transduced NSCLC cells grew faster 
than vector-control tumors. After 12 weeks, mice injected 
with NOX4-transduced A549 and H460 cells displayed a 
statistically more number of lung metastasis than those 
injected with vector-control cells (Fig. 2E). Furthermore, 
NOX4 overexpression could significantly shorten the 
survival time of A549 and H460 tumor-harbored mice 
(Fig. 2F). 

To further confirm the role of NOX4 in the 
aggressiveness of NSCLC cells, we transfected NOX4 
shRNA or control scrambles into A549 and H460 cells 
(Fig. 3A, upper panel). Depletion of NOX4 significantly 
decreased the growth (Fig. 3A, lower panel and Fig. 3B) 
and invasive capabilities (Fig. 3C) of NSCLC cells. The 
in vivo data showed that NOX4 shRNA-transfected A549 
and H460 cells produced smaller tumors (Fig. 3D) and 
displayed much lower number of lung metastasis than 
control cells (Fig. 3E). Besides, NOX4 depletion could 
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significantly prolong the survival time of tumor-harbored 
mice (Fig. 3F). 

Collectively, these results indicate that NOX4 is 
necessary for the development of the aggressive phenotype 
of NSCLC cells.

The involvement of PI3K/Akt pathway in NOX4-
mediated aggressiveness of NSCLC cells

PI3K/Akt pathway is the well documented 
downstream signaling of NOX [16,17]. Therefore, we 
sought to determine whether NOX4 -stimulated NSCLC 

aggressiveness is dependent on PI3K/Akt pathway. As 
shown in Fig. 4A, B and C, treatment of A549 and H460 
cells with a highly selective PI3K/Akt pathway inhibitor, 
LY294002 (30 μM), could block the enhancement effect of 
NOX4 on NSCLC cell growth and invasion. Comparable 
results were obtained from cells treated with another 
PI3K/Akt pathway inhibitor, wartmannin (10 μM). 
Furthermore, our results show that NOX4 significantly 
stimulated PI3K/Akt pathway as expressed by enhanced 
levels of phosphorylated Akt in A549 and H460 cells, 
while NOX4 depletion caused a reduction in PI3K/Akt 
activity (Fig. 4D). Moreover, the clinical correlation 
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Figure 1: NOX4 is positively correlated with stage, tumor status, lymph node status, invasion and poor prognosis of 
NSCLCs. (A) Western blotting analysis of NOX4 expression in normal lung epithelial cells and cultured NSCLC cell lines. (B-C) IHC 
staining indicating that NOX4 expression is upregulated in human NSCLCs (clinical stage I-III ) compared with adjacent normal lung 
tissues. Percentage of patients with high expression of NOX4 and low expression of NOX4 according to different clinical parameters as 
follows: tumor stage, tumor status, and lymph node status. (D) Kaplan-Meier curves of NSCLC patiens with low vs high expression of 
NOX4 (n=152; P<0.001, log-rank test).
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Figure 2: Effects of NOX4 overexpression on the aggressiveness of NSCLC cells both in vitro and in vivo. (A-B) A549 and 
H460 cells were stably transfected with control vector, NOX4 plasmid, respectively. Overexpression of NOX4 in A549 and H460 cell lines 
analyzed by western blotting. β-tubulin was used as a loading control. NOX4 promotes the tumor growth of A549 and H460 cells evaluated 
using MTT assay (A) and colony formation assay (B). Bars are mean ± SD from four independent experiments. *Significantly different 
from vector control, P<0.05. (C) Cells were starved for 12 h before cell invasion assays were performed in presence of Matrigel transwell 
filters. The invaded cells were stained and counted. Bars are mean ± SD from four independent experiments. *Significantly different 
from vector control, P<0.05. (D) A549 and H460 cells stably expressing NOX4 or its control vector were transplanted into athymic mice 
(n=10 per group). Tumor size was measured every 2 days for indicated period. The representative tumors and growth curves of tumor are 
shown. (E) Representative images and number of metastatic nodules on the surface of the lungs of mice were injected with A549 and H460 
stable transfectants (n=10 per group). Bars are mean ± SD. *Significantly different from vector control, P<0.05. (F) NOX4 regulates the 
survival rate of NSCLC tumor-bearing animals. Kaplan-Meier curves for illustration of the survival periods of A549 and H460 NOX4 
overexpressing tumors-beared mice and their respective control group (n=10 per group). 
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studies in 152 specimens showed that NOX4 levels were 
positively correlated with the expression of pAkt (Fig. 
4E). Because NOX can also mediate many cellular events 
via activation of the MEK/Erk pathway especially in 
vascular endothelial cells [18], we performed experiments 
to explore whether MEK/Erk pathway is also involved 
in NOX4-promoted aggressiveness of NSCLC cells. The 
results showed that inhibition of MEK/Erk pathway by its 
specific inhibitor PD98509 (30 μM) had little or minimal 
effects on NOX4-mediated effects on NSCLC cells (data 
not shown). Taken together, these findings suggest that 

stimulation of PI3K/Akt pathway is sufficient to account 
for NOX4-promoted NSCLC cell aggressiveness in vitro. 

The in vitro data were confirmed by the in vivo 
results. Treatment with LY294002 (25 mg/kg, every four 
days, i. p.) reduced the tumor volume of NOX4-transduced 
tumor-harbored mice to the level comparable to that of 
vector-control group (Fig. 5A). Besides, inhibition of 
PI3K/Akt pathway could also reverse the effect of NOX4 
on lung metastases (Fig. 5B) and survival time (Fig. 5C) 
in vivo. 

Figure 3: Silencing NOX4 inhibits the malignant properties of NSCLC cells both in vitro and in vivo. (A-B) A549 and 
H460 cells were stably transfected with scramble shRNA, NOX4 shRNA, respectively. Knockdown of NOX4 in A549 and H460 cell lines 
was analyzed by western blotting. Knockdown of NOX4 inhibits the tumor growth of A549 and H460 cells evaluated using MTT assay 
(A) and colony formation assay (B). Bars are mean ± SD from four independent experiments. *Significantly different from vector control, 
P<0.05. (C) Cells were starved for 12 h before cell invasion assays were performed in presence of Matrigel transwell filters. The invaded 
cells were stained and counted. Bars are mean ± SD from four independent experiments. *Significantly different from vector control, 
P<0.05. (D) A549 and H460 cells stably transfecting NOX4 shRNA or its scramble shRNA were transplanted into athymic mice (n=10 
per group). Tumor size was measured every 2 days for indicated period. The growth curves of tumor are shown. (E) Number of metastatic 
nodules on the surface of the lungs of mice were injected with A549 and H460 stable transfectants (n=10 per group). Bars are mean ± SD. 
*Significantly different from vector control, P<0.05. (F) NOX4 shRNA suppresses the survival rate of NSCLC tumor-bearing animals. 
Kaplan-Meier curves for illustration of the survival periods of A549 and H460 NOX4-depleting tumors-beared animal and their respective 
control group (n=10 per group).
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Figure 4: NOX4 promotes NSCLC progression through activating PI3K/Akt pathway in vitro. (A-C) Stably NOX4 
overexpressing A549 and H460 cells were treated with 30 μM of LY294002 or 10 μM of Wortmannin and control solvent. The proliferation 
of cells was evaluated using MTT assay (A) and colony formation assay (B). The invasion of cells was evaluated using Matrigel transwell 
assay (C). (D) NOX4 overexpressing or silencing led to increase or decrease in Akt activation in A549 and H460 cells measured by western 
blotting. Akt activity was represented as the levels of phosphorylated or total forms of Akt. Bars are mean ± SD from four independent 
experiments. *Significantly different from vector control, P<0.05. (D) NOX4 expression associated with pAkt expression in 152 primary 
human NSCLC specimens. Representative specimens with low and high levels of NOX4 are shown. * P<0.05.
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Reciprocal activation between NOX4 and PI3K/
Akt pathway is critical for aggressiveness of 
NSCLC cells

PI3K/Akt pathway is constitutively activated in 
many malignances including NSCLC [19,20]. To dissect 
whether Akt activation stimulates NOX4 expression as 
well, we first examined NOX4 expression after inhibition 
of PI3K/Akt pathway using LY294002 (30 μM) and 
wartmannin (10 μM) for 48 hours. As shown in Fig. 
6A, treatment with LY294002 or wartmannin led to a 
significant decrease in NOX4 expression in A549 and 
H460 cells. To further confirm the role of PI3K/Akt 
pathway in regulation of NOX4 expression, A549 and 

H460 cells were transfected with pcDNA3.1-Akt plasmid. 
The transfection efficiency was confirmed by western 
blotting (Fig. 6B). Fig. 6C showed that Akt overexpression 
could substantially stimulate NOX4 expression in 
NSCLC cells. These data combined with that NOX4 can 
significantly stimulated PI3K/Akt pathway in NSCLC 
cells (Fig. 4D) demonstrate that there exists a reciprocal 
activation between NOX4 and PI3K/Akt pathway in 
NSCLC cells.

As NF-κB is the well-known downstream 
transcription factor, we sought to examine whether NF-
κB is involved in Akt-stimulated NOX4 expression in 
NSCLC cells. As shown in Fig. 6D, BAY 11-7082 (10 
μM) treatment efficiently blocked the enhancement effect 

Figure 5: NOX4 promotes NSCLC progression through activating PI3K/Akt pathway in vivo. (A-C) NOX4 overexpressing 
A549 and H460 tumors-bearing animals were treated with LY294002 (25 mg/kg, every four days, i.p.).The growth curves of tumor (A), 
number of metastatic nodules on the surface of the lungs of mice (B), and Kaplan-Meier curves for illustration of the survival periods (C) 
were respectively shown. Bars are mean ± SD. *Significantly different from vector control, P<0.05.
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of Akt overexpression on NOX4 expression in A549 and 
H460 cells determined by western blotting. Furthermore, 
the results of ChIP assays indicated that NF-κB directly 
bound the NOX4 promoter (Fig. 6E) and inhibition 
of PI3K/Akt signaling by LY294002 or wartmannin 
treatment significantly reduced the binding of NF-κB to 
the NOX4 promoter (Fig. 6F). 

We further evaluated the biological significance 
of the reciprocal regulation between NOX4 and PI3K/
Akt pathway in the growth and invasion of NSCLC cells. 
As shown in Fig. 7A, B and C, Akt overexpression alone 
could also resulted in elevated growth and invasion of 
A549 and H460 cells. Moreover, NOX4 overexpression 
could further enhance Akt-promoted cell growth and 
invasion, whereas NOX4 knockdown rendered impaired 
Akt-mediated effects in these cells. Collectively, these 
results indicate that NOX4 and PI3K/Akt pathway are 
functionally interdependent in promoting NSCLC cell 
aggressiveness. 

DISCUSSION

The present study indicates that NOX4 is markedly 
upregulated in human NSCLC cells and tissues compared 
with normal cells and tissues. Statistical analysis of IHC 
staining reveals that NOX4 expression is positively 
correlated with clinical progression of NSCLC. NOX4 
promotes NSCLC cell malignant progression both in vitro 
and in vivo, probably through activation of PI3K/Akt 
pathway. Specifically, we find that there is a reciprocal 
positive regulation between NOX4 and PI3K/Akt 
signaling in NSCLC cells, which functionally interplays 
to enhance aggressiveness of NSCLC cells.

The overall 5-year survival rate of NSCLC 
patients remains poor, which is largely due to the high 
rates of extensive local invasion and mediastinal nodal 
metastasis [21]. NSCLC patients develop mediastinal 
nodal metastasis at the early stage, and mediastinal nodal 
metastasis has been identified as the most important 
predictor of prognosis in NSCLC [22,23]. Herein, we 
found that NOX4 expression is strongly correlated with 
N and M classification, and NSCLC with high NOX4 
expression has shorter overall survival than those with 
low NOX4 expression. These data suggest that NOX4 is 
associated with NSCLC metastasis and may be a potential 
predictive biomarker for disease outcome in NSCLC. 

NOX4 has been confirmed to promote cell 
aggressiveness of various types of cancer. For example, 
NOX4 has been shown to protect pancreatic cancer 
cells from apoptosis [13] and mediate proliferation and 
survival of pancreatic cancer cells [24]. Besides, NOX4 
is also involved in renal cell carcinoma cell invasion 
and metastasis through hypoxia-induced interleukin 
6- and 8- production [14]. Nevertheless, what role of 
NOX4 in NSCLC cell aggressiveness and the underlying 
mechanisms remain unknown. In the present study, we 

found that overexpression of NOX4 increases NSCLC 
cell growth and invasion in vitro, as well as metastasis in 
vivo. Previous studies reported that inhibition of NOX4 is 
sufficient to activate apoptosis via PI3K/Akt pathway in 
pancreatic cancer PANC-1 cells [17], and NOX4 mediates 
many cellular effects in various types of normal cells 
[25,26]. Therefore, whether NOX4-stimulated NSCLC 
aggressiveness is dependent on PI3K/Akt pathway was 
determined. We found that inhibition of PI3K/Akt pathway 
reverses the effect of NOX4 on NSCLC growth and 
metastasis. Besides, NOX4 overexpression significantly 
stimulates PI3K/Akt pathway in NSCLC cells. MEK/
Erk pathway is another important downstream signaling, 
however, we found that inhibition of MEK/Erk pathway 
has little or minimal effects on NOX4-mediated effects on 

Figure 6: PI3K/Akt pathway regulates NOX4 
expression in NSCLC cells through NF-κB. NOX4 
interplays with PI3K/Akt pathway to regulate NSCLC 
progression. (A) Western blotting analysis of NOX4 expression 
in A549 and H460 cells treated with 30 μM LY294002 or 10 μM 
Wortmannin and control solvent for 24 hour. (B) Overexpression 
of Akt in A549 and H460 cells. Akt activity was represented 
as the levels of phosphorylated forms of Akt evaluated by 
western blotting. (C) NOX4 expression was evaluated in Akt 
overexpressing A549 and H460 cells using western blotting. 
(D) Western blotting analysis of NOX4 expression in AKT-
overexpressing A549 and H460 cells after treated with 10 
μM NF-κB inhibitor (Bay11-7082). (E) The ChIP assay was 
performed using the chromatin prepared from A549 and H460 
cells. IgG served as the negative control. (F) 30 μM LY294002 
and 10 μM Wortmannin inhibited the direct binding of NF-κB to 
the promoter region of NOX4 and NOX4 expression measured 
by ChIP assay in A549 and H460 cells.
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NSCLC cells. These results indicate that NOX4 promotes 
NSCLC cell aggressiveness mainly through activation of 
PI3K/Akt pathway. 

The mechanisms by which NOX4 stimulates PI3K/
Akt pathway in NSCLC cells have not been explored. 
In many types of cells, NOX4-derived ROS can directly 
stimulate PI3K/Akt signaling [27,28]. NOX4-derived 
ROS can also inactivate PTEN [16,29], which is a well-
known negative regulator of PI3K/Akt activity. Besides, 
NOX4 has been shown to promote the phosphorylation 
of EGFR [30,31], whose activation results in stimulation 
of PI3K/Akt pathway, and this effect may be, at least 
partly dependent on redox regulation of PTP1B [32]. 
These findings suggest that the mechanisms for NOX4-
stimulated PI3K/Akt pathway are complicated and there 
may be crosstalk with other signals, like EGFR signaling, 
to further activate PI3K/Akt signaling. 

Interestingly, in this study, we found that inhibition 
of PI3K/Akt pathway results in reduced NOX4 expression, 
and Akt overexpression can substantially increase NOX4 
expression in NSCLC cells. These results combined with 
that NOX4 overexpression stimulates PI3K/Akt pathway 
demonstrate that there exists a positive feedback regulation 

between NOX4 expression and PI3K/Akt pathway in 
NSCLC cells. In-depth study, we found that inhibition of 
NF-κB by its specific inhibitor BAY 11-7082 sufficiently 
blocked the enhancement effect of Akt overexpression on 
NOX4 expression, and the results of ChIP assays showed 
that NF-κB directly bound the NOX4 promoter and 
inhibition of PI3K/Akt signaling significantly reduced the 
binding of NF-κB to the NOX4 promoter. These findings 
indicate that PI3K/Akt signaling positively regulates 
NOX4 expression via the NF-κB-mediated manner, which 
is not an ‘off-target’ effect. 

PI3K/Akt pathway is constitutively activated in 
NSCLC [20]. Though amplification of the PIK3CA gene 
and loss-of-function mutations in PI3K/Akt pathway 
inhibitory genes, such as PTEN have been shown to 
account partly for constitutive activation of PI3K/Akt 
pathway [33], the comprehensive mechanisms remain 
largely unknown. In this study, our results that NOX4 
is upregulated during NSCLC progression and NOX4 
can stimulate PI3K/Akt pathway in a positive-feedback 
manner strongly suggest that NOX4 overexpression 
accounts for a novel mechanism of persistent PI3K/Akt 
activation in NSCLC cells.

Figure 7: NOX4 interplays with PI3K/Akt pathway to regulate NSCLC cell proliferation and invasion. A549 and H460 
cells were transfected with Akt alone, or in the presence of NOX4 or NOX4 shRNA respectively. The proliferation of cells was evaluated 
using MTT assay (A) and colony formation assay (B). The invasion of cells was evaluated using Matrigel transwell assay (C). Bars are 
mean ± SD from four independent experiments. *Significantly different from vector control, P<0.05.
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Our study shows that NOX4 or Akt overexpression 
alone results in enhanced growth and invasion of NSCLC 
cells. Moreover, NOX4 overexpression further enhances 
Akt-promoted cell growth and invasion, whereas NOX4 
knockdown renders impaired Akt-mediated effects in these 
cells. These results indicate that dysfunction of either Akt 
or NOX4 contributes NSCLC cell aggressiveness, and 
more importantly, the reciprocal activation between NOX4 
and PI3K/Akt pathway may represent a positive regulatory 
loop that mutually reinforces the NOX4 expression and 
PI3K/Akt activity, further augmenting NSCLC cell 
aggressiveness.

Our work has some limitations. It remains to be 
investigated the comprehensive mechanisms by which 
NOX4 stimulates PI3K/Akt pathway in NSCLC cells. 
Furthermore, we did not confirm the functional interplay 
of NOX4 and PI3K/Akt pathway to promote NSCLC cell 
aggressiveness in vivo due to the very complex in vivo 
experimental systems. Notwithstanding these limitations, 
our study does demonstrate that NOX4 and PI3K/Akt 
pathway can reciprocally positively regulate each other, 
leading to enhanced NSCLC cell growth and invasion. 
Therefore, NOX4 may be a promising target against 
malignant progression of NSCLC. 

MATERIAL AND METHODS

Materials

Wartmannin and LY294002 (PI3K inhibitors) and 
PD98059 (MEK inhibitor) were obtained from Merck. 
BAY 11-7082 (NF-κB inhibitor) was purchased from 
Sigma Aldrich (St. Louis, MO). Cell culture reagents were 
obtained from Invitrogen. All other reagents were from 
Sigmaunless stated otherwise.

Retrospective analysis

Patients at the initial diagnosis of NSCLC at Xiyuan 
hospital (Beijing, China) between March 12, 2001 and 
October 15, 2004 were included in this study. Inclusion 
criteria were patients with primary NSCLC, having tumor 
stages I A to III A, having received surgery as initial 
treatment modality, and having complete clinicopathologic 
data. Clinicopathologic data included age, sex, smoking 
history, histopathologic diagnosis and pathologic tumor 
stages. Histologic diagnosis was assigned in accordance 
with the WHO criteria for lung and pleural tumors, and 
pathologic stage was according to the revised international 
system. Prior patient consent and approval from the Ethics 
Committee of Xiyuan hospital were obtained for the use of 
clinical specimens and information for research purposes. 

Specimen preparation and immunohistochemical 
analysis

The surgical NSCLC specimens and matched non-
tumor adjacent tissues were fixed in buffered formalin 
(10% vol/formalin in water, PH 7.4) and embedded 
in paraffin wax. The archived specimens underwent 
immunohistochemical staining for analysis of protein 
expression. The primary NOX4 and p-Akt antibodies 
were applied to the slides and incubated at 4 °C overnight. 
The slides were washed and then stained with the 
secondary antibody and DAB disclosure. The degree of 
immunostaining of paraffin-embedded sections was scored 
independently by two observers, based on the intensity 
index of staining. The proportion of tumor cells was scored 
as follows:, 1 (< 10% postitve tumor cells ), 2 (10%-50% 
positive tumor cells), and 3 (> 50% positive tumor cells). 
The intensity of staining was graded according to the 
following criteria: - (no staining); + (weak staining = light 
yellow), ++ (moderate staining = yellow brown), and +++ 
(strong staining = brown). 

Cell lines, plasmids, and transfection

Human NSCLC cell lines and normal lung epithelial 
cells (originally purchased from ATCC) were used. Cells 
were maintained at 37°C and 5% CO2 in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (Gibco) and penicillin 100 (U/
ml)/streptomycin (100 μg/ml). Stable cell lines expressing 
the NOX4 or shNOX4 were generated by transfection of 
pCMV-NOX4 or pRS-shNOX4 into A549 and H460 cells 
and screened for 10 days with 400 μg/ml G418 or 0.5 μg/
ml puromycin 48h after transfection, respectively. For Akt 
plasmid transient transfection, A549 and H460 cell (60% 
confluence, approximately 5× 106 cells) were tranfected 
with 2 µg of pcDNA3.1-Akt (Guangzhou Ribobio Co.) 
or pcDNA3.1 using lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s 
instructions.

Cell proliferation/viability assay

The protocols used for MTT assay (detection of cell 
proliferation/viability) were all according to our previous 
study with minor modifications [34]. 5×104 cells in 100 
µL of serum-free DMEM were seeded in 96-well and 
incubated for 48 hours. Then, MTT was added to each well 
(with a final concentration of 0.5 mg/ml). After incubation 
at 37°C for 4 h, the plates were centrifuged at 450 ×g for 
5 mins. Untransformed MTT was removed by aspiration, 
and formazan crystals were dissolved in dimethyl suloxide 
(150 μl /well) quantified spectrophotometrically at 563 
nm.
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Colony formation assay

Cells were plated in 6-well plates (5×102 cells per 
plate) and cultured for 14 days. The colonies were stained 
with 1% crystal violet for 10 mins after fixation with 10% 
formaldehyde for 5 mins. 

Cell invasion assay

Cell invasion assay was performed according to our 
previous study [34]. The invasiveness of NSCLC cells 
was determined using Boyden chambers consisting of 
Transwell (Corning Costar Corp, Cambridge, MA) with 
8 µm pore size polycarbonate membrane filters precoated 
with 50 µL of Matrigel (1.25 mg/mL). During MTT 
assay, equal NSCLC cells (5×104 cells) of the second 
group suspended in the serum-free DMEM of 100 µL 
were seeded onto the upper chamber of Matrigel-coated 
filter inserts. Serum-containing DMEM (500 µL) was 
added to the lower chamber. After 48-hour incubation, 
filter inserts were removed from the wells and the cells 
on the upper surface of the filter were wiped with a cotton 
swab. Filters were fixed 4% paraformaldehyde for 30 mins 
and stained with 0.1% crystal violet for another 30 mins. 
Then cell invasion was determined as eight high-power 
fields of cells were counted in each well under an inverted 
microscope at 200× magnification. Cell invasion was 
presented as the relative invasive score of treated group 
(invaded cell number/total cell number assayed by MTT 
represented by OD570) divided by that of control group. 

Western blotting 

Western blotting protocol was according to our 
previous reports [9,34]. Cells were first seeded at a 
concentration of 1×106 cells per 100-mm dish (Corning), 
incubated at 37 °c for certain days according to each 
experiment. For Western blotting analysis of NOX4, anti-
NOX4 rabbit polyclonal antibody (ab154244; Abcam, 
Cambridge, MA, USA) was used. For analysis of Akt and 
p-Akt, blots were probed with their specific antibodies 
(diluted with 5% BSA to 1: 1000; all antibodies from Cell 
Signaling). Membranes were probed with horseradish 
peroxidase (HRP)–labeled anti-rabbit secondary antibody 
(diluted with 5% BSA to 1: 1000; all antibodies from Cell 
Signaling). Antibody binding was detected by enhanced 
enhanced chemiluminescence detection kit (ECL) (UK 
Amersham International plc).

Xenograft studies 

Animal handling and procedures were approved by 
the Guangdong pharmaceutical university Institutional 
Animal Care and Use Committee. A549 and H460 

cells (approximately 1x106 cells) were subcutaneously 
inoculated into the right flank of 6-week-old female 
nude mice. Seven days later, LY294002 (25 mg/kg) was 
intraperitoneally injected into the nude mice every four 
days. Tumor sizes were calculated with the formula: (mm3) 
= (LxW2) x0.5. The tumor volume was measured every 
other day. The metastatic ability of A549 and H460 cells 
(2 × 106 cells per cell line) was determined following cell 
injection intravenously into the tail vein (n=10 per group). 
After 12 weeks, the mice were sacrificed and the number 
of metastatic nodules on the lung surface was counted. 
Survival was recorded daily. The survival in a cycle was 
approximately 60 days.

Chromatin Immunoprecipitation 

ChIP assay was performed strictly according 
to the manufacturer’s instructions (Cell Signaling 
Technology). Briefly, 1× 107 cells were treated with 
1% formaldehyde for 15 mins, harvested, suspended in 
SDS-lysis buffer, sonicated. Following centrifugation, 
supernatants were collected, diluted, and precleared 
with salmon spermsaturated protein A (Zymed, San 
Francisco, CA) to remove nonspecific immunoglobulins. 
Immunoprecipitation was performed by adding 10 μg 
NF-κB antibody (Sigma, St. Louis, MO) or nonimmune 
IgG (negative control) per reaction. Complexes were 
washed with low and high salt buffers, and the DNA was 
extracted and precipitated. The primers used for putative 
NF-κB binding element on the NOX4 promoter were 
forward 5’-gcttt agttt gggag tggga-3’ and reverse 5’-gaaat 
ttgag ccggaaacag-3’. Nonimmunoprecipitated chromatin 
fragments were used as an input control.

Statistical analysis

Statistical analysis was evaluated by Student’s 
test for simple comparisons between two groups and 
one-way ANOVA for comparisons among multiple 
groups using JMP7.0 software (SAS Institute Inc, Cary, 
US). The relationship between NOX4 expression and 
clinicopathologic characteristic was analyzed using 
the chi-square test. Survival curves were plotted by the 
Kaplan-Meier method and compared using the log-rank 
test. Survival data were evaluated by using univariate 
and multivariate Cox regression analyses. All data 
are expressed as mean ± S.D. P value of < 0.05 was 
considered statistically significant.

ACKNOWLEDGEMENTS

This work was supported by the National Natural 
Science Foundation of China (No.81201622) and the 
National Science & Technology Major Project of China 
(Grant Nos.2012ZX09103201-049; 2012zx09301002-004-



Oncotarget4404www.impactjournals.com/oncotarget

002).

Competing financial interests

The authors declare that they have no conflict of 
interest.

REFERENCES

1. Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 
2011: the impact of eliminating socioeconomic and racial 
disparities on premature cancer deaths. CA Cancer J Clin. 
2011; 61: 212-236.

2. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. 
Non-small cell lung cancer: epidemiology, risk factors, 
treatment, and survivorship. Mayo Clin Proc. 2008; 83: 
584-594.

3. Schiller JH, Harrington D, Belani CP, Langer C, Sandler 
A, Krook J, Zhu J, Johnson DH. Comparison of four 
chemotherapy regimens for advanced non-small-cell lung 
cancer. N Engl J Med. 2002; 346: 92-98.

4. Cheng G, Cao Z, Xu X, van Meir EG, Lambeth JD. 
Homologs of gp91phox: cloning and tissue expression of 
Nox3, Nox4, and Nox5. Gene. 2001; 269: 131-140.

5. Altenhofer S, Kleikers PW, Radermacher KA, Scheurer P, 
Rob Hermans JJ, Schiffers P, Ho H, Wingler K, Schmidt 
HH. The NOX toolbox: validating the role of NADPH 
oxidases in physiology and disease. Cell Mol Life Sci. 
2012; 69: 2327-2343.

6. Gaggini F, Laleu B, Orchard M, Fioraso-Cartier L, Cagnon 
L, Houngninou-Molango S, Gradia A, Duboux G, Merlot 
C, Heitz F, Szyndralewiez C, Page P. Design, synthesis and 
biological activity of original pyrazolo-pyrido-diazepine, 
-pyrazine and -oxazine dione derivatives as novel dual 
Nox4/Nox1 inhibitors. Bioorg Med Chem. 2011; 19: 6989-
6999.

7. Bhandarkar SS, Jaconi M, Fried LE, Bonner MY, Lefkove 
B, Govindarajan B, Perry BN, Parhar R, Mackelfresh J, 
Sohn A, Stouffs M, Knaus U, Yancopoulos G,Reiss Y, 
Benest AV, Augustin HG, et al. Fulvene-5 potently inhibits 
NADPH oxidase 4 and blocks the growth of endothelial 
tumors in mice. J Clin Invest. 2009; 119: 2359-2365.

8. Brar SS, Corbin Z, Kennedy TP, Hemendinger R, Thornton 
L, Bommarius B, Arnold RS, Whorton AR, Sturrock 
AB, Huecksteadt TP, Quinn MT, Krenitsky K,Ardie KG, 
Lambeth JD, Hoidal JR. NOX5 NAD(P)H oxidase regulates 
growth and apoptosis in DU 145 prostate cancer cells. Am J 
Physiol Cell Physiol. 2003; 285: C353-369.

9. Chen J, Liu B, Yuan J, Yang J, Zhang J, An Y, Tie L, Pan 
Y, Li X. Atorvastatin reduces vascular endothelial growth 
factor (VEGF) expression in human non-small cell lung 
carcinomas (NSCLCs) via inhibition of reactive oxygen 
species (ROS) production. Mol Oncol. 2012; 6: 62-72.

10. Liu F, Gomez Garcia AM, Meyskens FL Jr. NADPH 

oxidase 1 overexpression enhances invasion via matrix 
metalloproteinase-2 and epithelial-mesenchymal transition 
in melanoma cells. J Invest Dermatol. 2012; 132: 2033-
2041.

11. Jajoo S, Mukherjea D, Watabe K, Ramkumar V. Adenosine 
A(3) receptor suppresses prostate cancer metastasis by 
inhibiting NADPH oxidase activity. Neoplasia. 2009; 11: 
1132-1145.

12. Shono T, Yokoyama N, Uesaka T, Kuroda J, Takeya R,  
Yamasaki T, Amano T, Mizoguchi M, Suzuki SO, Niiro H, 
Miyamoto K, Akashi K, Iwaki T, Sumimoto H,Sasaki T. 
Enhanced expression of NADPH oxidase Nox4 in human 
gliomas and its roles in cell proliferation and survival. Int J 
Cancer. 2008; 123: 787-792.

13. Vaquero EC, Edderkaoui M, Pandol SJ, Gukovsky I, 
Gukovskaya AS. Reactive oxygen species produced by 
NAD(P)H oxidase inhibit apoptosis in pancreatic cancer 
cells. J Biol Chem. 2004; 279: 34643-34654.

14. Fitzgerald JP, Nayak B, Shanmugasundaram K, Friedrichs 
W, Sudarshan S,  Eid AA, DeNapoli T, Parekh DJ, Gorin Y, 
Block K. Nox4 mediates renal cell carcinoma cell invasion 
through hypoxia-induced interleukin 6- and 8- production. 
PLoS One. 2012; 7: e30712.

15. Goyal P, Weissmann N, Rose F, Grimminger F, Schafers 
HJ, Seeger W, Hänze J. Identification of novel Nox4 splice 
variants with impact on ROS levels in A549 cells. Biochem 
Biophys Res Commun. 2005; 329: 32-39.

16. Le Belle JE, Orozco NM, Paucar AA, Saxe JP, Mottahedeh 
J, Pyle AD, Wu H, Kornblum HI. Proliferative neural stem 
cells have high endogenous ROS levels that regulate self-
renewal and neurogenesis in a PI3K/Akt-dependant manner. 
Cell Stem Cell. 2011; 8: 59-71.

17. Mochizuki T, Furuta S, Mitsushita J, Shang WH, Ito M, 
Yokoo Y, Yamaura M, Ishizone S, Nakayama J, Konagai 
A, Hirose K, Kiyosawa K, Kamata T. Inhibition of NADPH 
oxidase 4 activates apoptosis via the AKT/apoptosis signal-
regulating kinase 1 pathway in pancreatic cancer PANC-1 
cells. Oncogene. 2006; 25: 3699-3707.

18. Wu RF, Ma Z, Liu Z, Terada LS. Nox4-derived H2O2 
mediates endoplasmic reticulum signaling through local 
Ras activation. Mol Cell Biol. 2010; 30: 3553-3568.

19. Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-
Iniesta C, González-Barón M. PI3K/Akt signalling pathway 
and cancer. Cancer Treat Rev. 2004; 30: 193-204.

20. Cappuzzo F, Magrini E, Ceresoli GL, Bartolini S, Rossi 
E, Ludovini V, Gregorc V, Ligorio C, Cancellieri A, 
Damiani S, Spreafico A, Paties CT, Lombardo L, Calandri 
C, Bellezza G, Tonato M, et al. Akt phosphorylation and 
gefitinib efficacy in patients with advanced non-small-cell 
lung cancer. J Natl Cancer Inst. 2004; 96: 1133-1141.

21. Dwamena BA, Sonnad SS, Angobaldo JO, Wahl RL. 
Metastases from non-small cell lung cancer: mediastinal 
staging in the 1990s--meta-analytic comparison of PET and 
CT. Radiology. 1999; 213: 530-536.



Oncotarget4405www.impactjournals.com/oncotarget

22. Birim O, Kappetein AP, Stijnen T, Bogers AJ. Meta-
analysis of positron emission tomographic and computed 
tomographic imaging in detecting mediastinal lymph node 
metastases in nonsmall cell lung cancer. Ann Thorac Surg. 
2005; 79: 375-382.

23. Kim YK, Lee KS, Kim BT, Choi JY, Kim H, Kwon OJ, 
Shim YM, Yi CA, Kim HY, Chung MJ. Mediastinal nodal 
staging of nonsmall cell lung cancer using integrated 
18F-FDG PET/CT in a tuberculosis-endemic country: 
diagnostic efficacy in 674 patients. Cancer. 2007; 109: 
1068-1077.

24. Lee JK, Edderkaoui M, Truong P, Ohno I, Jang KT, 
Berti A, Pandol SJ, Gukovskaya AS. NADPH oxidase 
promotes pancreatic cancer cell survival via inhibiting 
JAK2 dephosphorylation by tyrosine phosphatases. 
Gastroenterology. 2007; 133: 1637-1648.

25. Gorin Y, Ricono JM, Kim NH, Bhandari B, Choudhury 
GG, Abboud HE. Nox4 mediates angiotensin II-induced 
activation of Akt/protein kinase B in mesangial cells. Am J 
Physiol Renal Physiol. 2003; 285: F219-229.

26. New DD, Block K, Bhandhari B, Gorin Y, Abboud HE. 
IGF-I increases the expression of fibronectin by Nox4-
dependent Akt phosphorylation in renal tubular epithelial 
cells. Am J Physiol Cell Physiol. 2012; 302: C122-130.

27. Ngkelo A, Meja K, Yeadon M, Adcock I, Kirkham PA. LPS 
induced inflammatory responses in human peripheral blood 
mononuclear cells is mediated through NOX4 and Gialpha 
dependent PI-3kinase signalling. J Inflamm (Lond). 2012; 
9: 1.

28. Pattillo CB, Pardue S, Shen X, Fang K, Langston W, 
Jourd’heuil D, Kavanagh TJ, Patel RP, Kevil CG. ICAM-1 
cytoplasmic tail regulates endothelial glutathione synthesis 
through a NOX4/PI3-kinase-dependent pathway. Free 
Radic Biol Med. 2010; 49: 1119-1128.

29. Wu KL, Wu CA, Wu CW, Chan SH, Chang AY, Chan JY. 
Redox-sensitive oxidation and phosphorylation of PTEN 
contribute to enhanced activation of PI3K/Akt signaling in 
rostral ventrolateral medulla and neurogenic hypertension 
in spontaneously hypertensive rats. Antioxid Redox Signal. 
2013; 18: 36-50.

30. Zeng SY, Chen X, Chen SR, Li Q, Wang YH, Zou J, Cao 
WW, Luo JN, Gao H, Liu PQ. Upregulation of Nox4 
promotes angiotensin II-induced epidermal growth factor 
receptor activation and subsequent cardiac hypertrophy by 
increasing ADAM17 expression. Can J Cardiol. 2013; 29: 
1310-1319.

31. Hilenski LL, Clempus RE, Quinn MT, Lambeth JD, 
Griendling KK. Distinct subcellular localizations of Nox1 
and Nox4 in vascular smooth muscle cells. Arterioscler 
Thromb Vasc Biol. 2004; 24: 677-683.

32. Chen K, Kirber MT, Xiao H, Yang Y, Keaney JF Jr. 
Regulation of ROS signal transduction by NADPH oxidase 
4 localization. J Cell Biol. 2008; 181: 1129-1139.

33. Engelman JA. Targeting PI3K signalling in cancer: 

opportunities, challenges and limitations. Nat Rev Cancer. 
2009; 9: 550-562.

34. Liu B, Wang G, Yang J, Pan X, Yang Z, Zang L. Berberine 
inhibits human hepatoma cell invasion without cytotoxicity 
in healthy hepatocytes. PLoS One. 2011; 6: e21416.


