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Abstract: NADPH oxidase 4 (NOX4) is one of the main sources of reactive oxygen species, and plays a crucial role in 
the occurrence and development of tumors. However, there is currently little evidence demonstrating that NOX4 ex-
pression is associated with gastric cancer. To establish whether NOX4 plays a role in gastric cancer progression and 
prognosis, we performed immunohistochemistry on gastric cancer tissues and paired adjacent normal tissues from 
90 gastric cancer patients to detect and compare NOX4 expression. Next, we analyzed the association between 
NOX4 expression and clinicopathological characteristics. Survival analysis was performed to explore the associa-
tion between NOX4 expression and the prognosis of gastric cancer patients. Furtherly, we investigated the effect 
of NOX4-knockdown using siRNA on gastric cancer progression in vitro and in vivo. Our results revealed that NOX4 
expression in gastric cancer tissues is higher than in paired adjacent normal tissues (P = 0.0009). NOX4 expression 
is significantly correlated with tumor size (P = 0.0321), lymphatic metastasis (P = 0.0125) and vascular invasion 
(P = 0.0017) and a poor prognosis (P = 0.0000) in gastric cancer patients. NOX4 depletion could significantly in-
hibit the invasion, proliferation, EMT and MMP7 expression of gastric cancer cells and suppress the progression of 
gastric cancer in vivo. In conclusion, NOX4 is related to gastric cancer development and predicts a poor prognosis. 
NOX4 may play an essential role in the progression of gastric cancer, and is a promising target for the prevention 
and treatment of gastric cancer.
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Introduction

Gastric cancer is one of the most common 
malignancies and the second most common 
cause of cancer-related deaths in China [1]. 
The incidence of gastric cancer and the mortal-
ity rate have increased over the years, with over 
679,000 new cases and 498,000 deaths in 
China in 2015 [1]. Treatment approaches for 
gastric cancer include surgery, radiotherapy, 
chemotherapy, gene therapy and immune ther-
apy. Despite these options, the prognosis of 
patients with gastric cancer remains poor [2]. 
Lymph node invasion and distant metastasis 
are the main factors contributing to a poor 
prognosis [3]. The identification of novel diag-
nostic and prognostic biomarkers could con-
tribute to improved outcomes in patients with 
gastric cancer.

The metastasis of cancer is a complex patho-
logical process involving a redox imbalance. In 
cancer, reactive oxygen species (ROS) lead to 
genomic instability and trigger several signaling 
cascades involved in proliferation, neovascular-
ization, migration, invasion and extravasation 
into distant sites [4-6].

NADPH oxidase 4 (NOX4) is one of the main 
sources of ROS. In fact, the only confirmed 
function of NOX4 is generating ROS [7]. NOX4 
has been reported to be involved in several dis-
eases, including cancer [7, 8]. For example, 
overexpression of NOX4 promotes cancer pro-
gression in colorectal cancer and is associated 
with a poor prognosis [9]. Additionally, NOX4 
promotes lung cancer progression through reg-
ulation of glycolysis [10]. NOX4 is involved in the 
induction of epithelial-mesenchymal transition 
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in breast cancer cells [11]. Furthermore, NOX4 
can induce renal tumorigenesis by accumulat-
ing hypoxia-inducible factor 2a (HIF2a) in the 
nucleus [12]. Currently, there is no evidence 
demonstrating that NOX4 expression is corre-
lated with gastric cancer progression. In this 
study, we detected and compared NOX4 expres-
sion in gastric cancer tissues and paired adja-
cent normal tissues from 90 patients using 
immunohistochemistry (IHC) analysis. We also 
investigated the correlation between NOX4 ex- 
pression and clinicopathological characteris-
tics and explored the value of NOX4 expression 
in predicting prognosis. What’s more, we inves-
tigated the effect of NOX4-knockdown on bio-
logical characteristics of gastric cancer cells. 
Furtherly, we explore the in vivo effect of NOX4 
on tumor progression.

Materials and methods

Clinical tissue samples 

This study was approved by the ethics commit-
tee of Nanjing Drum Tower Hospital, and all 
patients provided written informed consent. All 
gastric cancer tissues and paired adjacent nor-
mal tissues were obtained from patients who 
underwent surgery at the Nanjing Drum Tower 
Hospital (Nanjing, Jiangsu, China) beginning in 
2016. None of the patients received chemo-
therapy, radiotherapy or any other anti-tumor 
therapy before surgery. None of the patients 
had any other cancer diagnosis beyond gastric 
cancer.

IHC staining 

Formalin-fixed and paraffin-embedded sam-
ples were cut into sections then de-paraffinized 
and rehydrated. The primary antibodies used 
were monoclonal antibodies against NOX4 
(1:200 dilution; Abcam, USA). All sections were 
heated at 98°C in 10 mM citrate buffer for 25 
min and then cooled to room temperature for 
antigen retrieval. Sections were incubated in 
0.3% H2O2 for 25 min for the inactivation of 
endogenous peroxidases. After blocking with 
5% goat serum dissolved in phosphate buff-
ered saline for 30-60 min, the sections were 
incubated with primary antibody against NOX4 
overnight at 4°C, then stained with diamino-
benzidine solution and counter-stained with 
hematoxylin. Two senior pathologists indepen-

dently evaluated and recorded the IHC results 
in a blinded manner. Scoring was comprehen-
sively conducted according to the percentage 
of positively stained cells (0 = 0%-5% of cells, 1 
= 6%-25% of cells, 2 = 26%-50% of cells, 3 = 
51-75% of cells and 4 = 76%-100% of cells) and 
staining intensity (0 = no staining, 1 = weak 
staining, 2 = moderate staining and 3 = strong 
staining). The final NOX4 score was calculated 
as the product of both grades.

Cell culture

The human normal gastric epithelial cell line 
GES, GC cell line MKN-45 and AGS were pur-
chased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells 
were all maintained in RPMI 1640 medium 
(Gibco, Waltham, MA, USA) containing 10% 
FBS, penicillin (100 μg/mL) and streptomycin 
(100 μg/mL). All cells were incubated at 37°C 
in a humidified incubator with 5% CO2. Medium 
was renewed every 3 days and cells were pas-
saged upon reaching 70-90% confluence.

siRNA transfection assay

Gastric cancer cells were transfected with 100 
nM normal control siRNA or NOX4-siRNA from 
Shanghai Genomeditech Co., Ltd (Shanghai, 
China) using Lipofectamine 3000 reagent 
(Thermo Fisher Scientific, Waltham, USA) 
according to the manufacturer’s instructions. 
The knockdown efficiency was examined by 
RT-qPCR and Western blot. Gastric cancer cells 
were collected after 48 h post-transfection for 
qRT-PCR, Western blot and detection of ROS.

Lentiviral transduction

The control lentiviral vector encoding scram-
bled shRNA and a lentiviral vector containing 
gene-specific shRNAs against NOX4 were pur-
chased from Shanghai Genomeditech (Sh- 
anghai, China). Human GC cells were trans-
duced with the lentiviral particles along with 
polybrene and were selected by puromycin (2 
μg/μL) (Thermo Fisher Scientific, Waltham, 
USA) for 10 days. The knockdown efficiency 
was verified by Western blot.

Cell proliferation

For edu assays, all performances were accord-
ing to manufacturer’s instructions. Edu kit 
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(KGA331-100) were purchased from Key-GENE 
BioTECH (Nanjing, China).

Cells were seeded in 96-well plates, 5×103 per 
well and cultured for 48 h. Then, cells were 
incubated in 50 μM EDU solutions for 8-10 h at 
37°C and cells were fixed using 4% paraformal-
dehyde at 37°C for 30 min. After washed, cells 
were permeabilized using PBS containing 0.5% 
Triton X-100 for 15 min. Then cells were incu-
bated with Apollo staining solution for 20 min. 
At last, the cells were washed using NaCl/Pi for 
3 times, and then incubated with DAPI (KeyGEN 
BioTECH, Nanjing, Jiangsu, China). 

Cell invasion assay

The invasive ability of GC cells was evaluated  
by 24-well transwell system (8-μm pore; BD 
Biosciences). GC cells were transfected with 
siRNA-control or siRNA-NOX4. Transwell cham-
bers with a polycarbonate membrane insert 
were pre-covered with 0.2% Matrigel. The lower 
chamber was filled with 600 μL RPMI 1640 
medium contained 5% FBS as a chemoattrac-
tant. A 200 μL suspension of GC cells (5×104 
cells) were seeded in the upper chamber and 
incubated at 37°C in 5% CO2 for 24 h. Non-
migrating cells were gently removed with cotton 
swabs. Next, the wells were fixed in methanol 
for 20 min and stained with crystal violet 
(KeyGEN BioTECH, Nanjing, Jiangsu, China) for 
30 min. The number of invaded cells was count-
ed in five different fields with a microscope.

Colony-forming assay

The human GC cells were plated at a low den-
sity (5000 cells/100-mm plate) and incubated 
at 37°C in 5% CO2 for 10 days until cells in con-
trol-well formed colonies with suitable size (≥ 
50 cells per colony). Remove medium and wash 
cells using PBS, followed by fixation using 4% 
paraformaldehyde at 37°C for 10 min. Then 
cells were stained with 0.5% crystal violet  
(KeyGEN BioTECH, Nanjing, Jiangsu, China) at 
37°C for 15 min. Remove crystal violet and 
wash the wells using PBS for several times. The 
morphology of colonies was analyzed after air-
dry. The results were showed as the number of 
scattered or compact colonies. 

Detection of ROS

For measurements of intracellular ROS, gastric 
cancer cell lines and normal gastric epithelial 
cell line were incubated with 30 mM of H2DCFDA 

(Sigma, St. Louis, USA) for 20-30 min at 37°C, 
collected, and analyzed by FCM on a flow 
cytometer (Becton Dickinson Bioscience, CA, 
USA).

Western blot analysis

Cells were lysed in lysis buffer on ice and 
lysates were centrifuged by centrifugation (10 
min, 12000×g, 4°C). Then, total protein was 
resolved by 8%-12% SDS-PAGE and samples 
were electro-transferred onto an Amersham 
Hybond™-P (PVDF) membrane (GE Healthcare, 
Pittsburgh, USA) in a transfer buffer. PVDF 
membrane was blocked with 5% skimmed milk 
at 37°C for 2 h and target bands were incubat-
ed at 4°C overnight with anti-NOX4 (1:2000, 
Abcam), anti-MMP-2 (1:1000, Abcam), anti-
MMP-7 (1:2000, Abcam), anti-MMP-9 (1:1000, 
CST), anti-MMP-13 (1:2000, Abcam), anti-
Nanog (1:1000, Abcam), anti-Bmi-1 (1:10000, 
Abcam), anti-Notch3 (1:1000, Abcam), anti-
Vimentin (1:2000, Abcam), anti-ZO-1 (1:1000, 
Abcam), anti-N-Cadherin (1:1000, Abcam), anti-
E-Cadherin (1:1000, Santa Cruz) and anti-GAP-
DH (1:2000, Abcam) antibodies, respectively. 
Then, the bands were incubated with HRP con-
jugated goat anti-rabbit IgG (Sigma, A6154) at 
37°C for 2 h. The Bands were visualized using 
the Amersham™ ECL Detection System (GE 
Healthcare, Pittsburgh, USA).

Reverse transcription quantitative real-time 
polymerase chain reaction (RT-qPCR)

Cells were harvested and total RNA was ex- 
tracted using the RNA extraction kit (Tiangen, 
Beijing, China) following the manufacturer’s 
instructions. cDNA was synthesized using the 
Reverse Transcriptase System (Takara, Kyoto, 
Japan). All the primers were designed and syn-
thesized by Genomeditech (Shanghai, China). 
The sequences were NOX4 forward, AGGA- 
GAACCAGGAGATTGTTG and reverse, GGGAT- 
GACTTATGACCGAAAT; GAPDH forward, AGCC- 
ACATCGCTCAGACAC and reverse, GCCCAAT- 
ACGACCAAATC. Next, the target cDNAs were 
amplified via quantitative real-time RCR with 
SYBR on a RT-PCR instrument (ABI 7500). 
Cycling conditions were as follow: 95°C for 30 s 
(1 cycle); 95°C for 10 s, 60°C for 30 s (40 
cycles); 95°C for 15 s, 60°C for 60 s, and 95°C 
for 15 s (1 cycle). Human GAPDH served as the 
internal standard. Relative mRNA expression 
was calculated using the 2-ΔΔCt method.
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In vivo model

Human GC cells MKN-45 and MKN-45 with 
NOX4 knockdown (dissolved in PBS, 5×106/100 
μl, 100 μM/per nude mouse) were injected sub-
cutaneously in the right flank of BALB/c nude 
mice. 12 tumor-bearing mice were divided into 

two groups (control group, NOX4-KD 
group). Seven days later, Tumor volumes 
(length × width2/2) were measured every 
three days. On 28th day, Mice were sacri-
ficed and tumors were harvested. The ani-
mal care and experimental protocols were 
carried out according to the guidelines 
established by National Institutes of He- 
alth. The protocol was approved by the 
Animal Use and Care Committee of the 
Nanjing Drum Tower Hospital.

In silico analysis 

To investigate the relationship between 
NOX4 expression and survival rate in  
gastric cancer, we generated Kaplan- 
Meier plots (https://http://kmplot.com/
analysis/). 

Statistical analysis

Data was analyzed using SPSS version 
22.0 (SPSS Inc., Chicago, IL, USA) and 
GraphPad Prism 7 (San Diego, CA, USA) 
software. A paired t-test was used to com-
pare NOX4 expression in gastric cancer 
tissue and the paired adjacent normal  
tissue. The chi squared test, chi squared 
test with continuity correction and Fisher’s 
exact probability method were used to 
analyze the connection between NOX4 ex- 
pression and clinicopathological charac-
teristics in the 90 patients with gastric 
cancer. All tests were two-tailed, and the 
differences were statistically significant 
when P < 0.05.

Results

Baseline patient characteristics

Detailed clinicopathological characteris-
tics of the 90 gastric cancer patients are 
presented in Table 1. The median age at 
surgery was 57.8 years (range: 39-82 
years), and the ratio of male to female was 
2.75:1. A total of 12 cases were well dif-
ferentiated, 54 were moderately differen- 
tiated, and 24 were poorly differentiated. 

Table 1. Summary of NOX4 expression and clinico-
pathologic features of gastric cancer patients

Variable Cases 
(n)

NOX4 expression
p value

Low High
Age
    ≤ 60 28 12 16 0.4128
    > 60 62 21 41
Gender
    Male 66 24 42 0.9212
    Female 24 9 15
Tumor size (cm)
    < 3.5 36 18 18 0.0321*

    ≥ 3.5 54 15 39
AJCC Stage
    I + II 39 17 22 0.2333
    III + IV 51 16 35
Depth of invasion
    Mucosa/Submucosa 15 7 8 0.3786
    Muscularis/Serosa 75 26 49
T Stage
    T1 + T2 28 12 16 0.306
    T3 + T4 62 19 41
N Stage
    N0 + N1 34 18 16 0.0125*

    N2 + N3 56 15 41
M Stage
    Negative 87 33 54 0.2955
    Positive 3 0 3
Venous invasion
    Absence 33 19 14 0.0017**

    Presence 57 14 43
Nerve invasion
    Absence 31 14 17 0.2254
    Presence 59 19 40
Lauren Classification
    Intestinal 36 16 20 0.8445
    Diffuse 32 12 20
    Mixed 12 5 7
Histologic grade
    WD 12 5 7 0.9106
    MD 54 19 35
    PD 24 9 15
*P < 0.05, **P < 0.01.

On the basis of the seventh edition of the AJCC 
staging criteria, the number of phase I, II, III and 
IV cases were 18, 21, 36 and 15 respectively. 
According to the TNM staging criteria, 56 cases 
exhibited N2 or N3 lymph node metastasis, 
while 34 cases exhibited N0 or N1 lymph no- 
de metastasis. Three cases exhibited distant 
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metastasis, while the remaining 87 cases did 
not.

NOX4 expression in gastric cancer tissues and 
normal peritumoral tissues

We detected and graded NOX4 expression in 
gastric cancer tissues and paired normal peri-
tumoral tissues. Representative IHC staining of 
two groups is shown in Figure 1A and 1B. High 
NOX4 expression was detected in gastric can-
cer tissues in 63.3% (57/90) of cases and in 
normal peritumoral tissues in only 23.3% 
(21/90) of cases. Compared with paired nor-
mal peritumoral tissues, 71.1% (64/90) of gas-
tric cancer cases had higher NOX4 expression 
scoring, 13.3% (12/90) of cases had equal 
NOX4 expression scoring, and 15.5% cases 
had lower NOX4 expression scoring (Table 1). 
Therefore, NOX4 expression in gastric cancer 
tissues was higher than in paired normal peritu-
moral tissues (P < 0.001; Figure 1C).

Association of clinicopathological characteris-
tics and NOX4 expression in gastric cancer

NOX4 expression levels were associated with 
tumor size, lymph node status and nerve inva-
sion (P < 0.05; Table 1). No significant associa-
tion between NOX4 expression levels and other 
clinicopathological characteristics was demon-

strated (P > 0.05; Table 1). The percentage of 
samples with high NOX4 expression was incre- 
ased in patients with N2 or N3 lymph node 
metastasis (73.2%, 41/56) compared to those 
with N0 or N1 lymph node metastasis (47.1%, 
16/34; P < 0.05). The percentage of tissue 
samples showing high NOX4 expression was 
also increased in patients with venous invas- 
ion (75.4%, 43/57) compared to those without 
(42.42%, 14/33; P < 0.01) and in patients with 
large tumor sizes (72.2%, 39/54) compared 
with those with small tumors (50%, 18/36; P < 
0.05). Although not significant, high NOX4 ex- 
pression was also observed patients with ad- 
vanced AJCC stages (68.6%, 35/51), advanced 
T stages (66.1%, 41/62), distant metastasis 
(100%, 3/3), nerve invasion (67.8%, 40/59), 
and deeper invasion (65.3%, 49/75) compared 
with patients with primary AJCC stages (56.4%, 
22/39; P > 0.05), primary T stages (57.1%, 
16/28; P > 0.05), no distant metastasis (62.1%, 
54/87; P > 0.05), no nerve invasion (54.8%, 
17/31; P > 0.05), and shallower invasion 
(53.3%, 8/15; P > 0.05), respectively. 

In silico analysis of survival

To evaluate the association between NOX4 
expression levels and prognosis in human gas-
tric cancer, we performed survival analysis 
using Kaplan-Meier curves. The total number of 

Figure 1. NOX4 expression in gastric cancer tissues and 
normal peritumoral tissues. A. Representative expres-
sion of NOX4 in gastric cancer tissues (magnification 
×200). B. Representative expression of NOX4 in adja-200). B. Representative expression of NOX4 in adja-
cent normal tissues (magnification ×200). C. Compari-
son of NOX4 expression in gastric cancer tissues and 
paired adjacent normal tissues. ***P < 0.001.
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gastric cancer patients included in the analysis 
was 876. The median overall survival time in 
high NOX4 expressing patients (n = 401, 23.2 
months; Table 2) was significantly decreased 
as compared to low NOX4 expressing patients 
(n = 475, 39.7 months; Table 2). Overall surviv-
al was significantly decreased in high NOX4 
expressing patients compared with low NOX4 
expression cases (P = 0.000; Figure 2A). 
Analysis of 641 gastric cancer patients for pro-
gression-free survival showed significantly 
decreased median progression-free survival in 
high NOX4 expressing patients (n = 466, 14.5 
months; Table 2) compared with low NOX4 
expressing patients (n = 175, 93.2 months; 
Table 2). Progression-free survival was also sig-
nificantly decreased in high NOX4 expressing 
patients compared with low NOX4 expression 
cases (P = 0; Figure 2B). Overall, high NOX4 
expression was positively correlated with a 
poor prognosis in gastric cancer.

NOX4 promotes the invasion and proliferation 
of gastric cancer cells.

To investigate the role that NOX4 played in the 
regulation of biological characteristics of gas-

tric cancer cells, NOX4 was depleted by siRNA 
transfection. The knockdown efficiency was 
verified at the levels of transcription and trans-
lation (Figure 3A, 3B). Knockdown of NOX4 sig-
nificantly inhibited the invasion of gastric can-
cer cells (Figure 3C, 3D). What’s more, 
Knockdown of NOX4 effectively reduce the per-
centage of EDU positive gastric cancer cells 
(Figure 3E, 3F) and obviously suppress the col-
ony formation of gastric cancer cells (Figure 
3G), indicating that NOX4 could promote prolif-
eration of gastric cancer cells. In conclusion, 
NOX4 promotes the invasion and proliferation 
of gastric cancer cells.

Knockdown of NOX4 inhibits ROS generation, 
epithelial mesenchymal transition and MMP7 
expression of gastric cancer cells

In cancer, reactive oxygen species (ROS) lead 
to genomic instability and trigger several signal-
ing cascades involved in proliferation, neovas-
cularization, migration, invasion and extravasa-
tion into distant sites [4-6]. And NADPH oxidase 
4 (NOX4) is one of the main sources of ROS [7]. 
ROS levels in gastric cancer cells increased 
compared with that in the normal gastric epi-

Table 2. Summary of overall survival and progression-free survival analyses
Analysis category NOX4 Expression Median survival (months) p value HR 95% CI for HR
Overall survival High (n = 401) 23.2 0.000 1.59 1.35-1.89

Low (n = 475) 39.7
Progression-free survival High (n = 466) 14.5 0.000 1.98 1.54-2.55
CI, confidence interval; HR, hazard ratio.

Figure 2. In silico analysis of overall survival and progression-free survival. A. Kaplan-Meier analysis of the overall 
survival rate of patients expressing NOX4 (P = 0.000). B. Kaplan-Meier analysis of the progression-free survival rate 
of patients expressing NOX4 (P = 0.000). 
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Figure 3. NOX4 promotes the invasion and proliferation of gastric cancer cells. MKN-45 and AGS cells were trans-
fected with siRNA-Negative Control or siRNA-NOX4 for 24 h. A. Relative mRNA expression of NOX4 were measured 
by RT-qPCR. **P < 0.01. B. The expression of NOX4 was detected by western blot with the indicated antibodies. C. 
Invasion of gastric cancer cells and gastric cancer cells with NOX4 knockdown were assessed by a Matrigel inva-
sion assay system (magnification ×100). D. The average number of invaded cells in each field was measured. **P 
< 0.01, ***P < 0.001. E. Proliferation of gastric cancer cells and gastric cancer cells with NOX4 knockdown were 
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assessed by EDU incorporation (magnification ×100). F. The average EDU/DAPI ratio of cells in each field was measured. 
***P < 0.001. G. Colony-formation of gastric cancer cells and gastric cancer cells with NOX4 knockdown were assessed 
by colony-forming assay. All experiments were performed three independent times.

thelial cell line, GES-1 (Figure 4A). What’s more, 
knockdown of NOX4 significantly decreased 
ROS generation of gastric cancer cells (Figure 
4B).

Moreover, It was demonstrated that epithe- 
lial mesenchymal transition (EMT), enhanced 
stemness and overexpression of matrix metal-
loproteinase (MMP) are associated with various 
tumor functions, such as tumor initiation, tumor 
cell migration and metastasis [13-15]. To 
explore the mechanism behind which NOX4 
promotes the invasion and proliferation of gas-
tric cancer cells, we detect expression of EMT 
phenotypes, stemness associated protein and 
MMPs in ordinary GC cells and GC cells with 
NOX4 knockdown. The knockdown efficiency 
was verified at the levels of transcription and 
translation (Figure 4C). Knockdown of NOX4 
had little effects on the stemness associated 
protein levels including Bmi-1, Notch3 and 
Nanog as well as MMP2/9/13 expression 
(Figure 4C). However, Knockdown of NOX4 
could decrease MMP7 expression, which is 
involved in malignant biological characteri- 
stics of several cancers [16-18] (Figure 4A). 
Intriguingly, knockdown of NOX4 enhanced epi-
thelial phenotype associated protein expres-
sion including ZO-1 and E-cadherin, but 
decreased mesenchymal phenotype-associat-
ed protein expression, indicating that knock-
down of NOX4 inhibited epithelial mesenchy-
mal transition (Figure 4C). Hence, NOX4 might 
be involed in the EMT of gastric cancer cells, 
which is related to carcinogenic and metastatic 
features of cancer [19].

NOX4 promotes progression of gastric cancer 
cells in vivo

To investigate the in vivo effect of NOX4 on 
tumor progression, a xenograft model was 
established. MKN-45 cells were infected with 
lentivirus expressing shRNA-NC or shRNA-
NOX4. The infection efficiency was validated by 
fluorescence (Figure 5A). The Efficiency of 
knockdown was verified at the level of transla-
tion (Figure 5B). A total of 5×106 MKN-45  
or MKN-45NOX4-KD cells were subcutaneously 
injected in the BALB/C nude mice. Volumes of 
tumor were measured every three days. 28 
days after subcutaneous injection, all mice 

were sacrificed and the volumes and weight of 
tumors were measured. The volume, weight 
and growth rate of tumors in the MKN-45NOX4-KD 
group were much lower than the MKN-45 group 
(Figure 5C-E). In conclusion, NOX4 promotes 
progression of gastric cancer cells in vivo.

Discussion

Tumor progression is a complicated process, 
involving multiple factors and steps. ROS play a 
crucial role in cancer cell proliferation, resis-
tance to anoikis, neovascularization, migration, 
invasion, and extravasation to distant sites [20, 
21]. As one of the main sources of ROS, NOX4 
is overexpressed in various malignant tumors, 
promoting the malignant behavior of tumor 
cells through various pathways and mecha-
nisms [22, 23]. Currently, there is little evidence 
indicating a correlation between NOX4 expres-
sion and gastric cancer. Our study found that 
NOX4 expression in gastric cancer tissues is 
clearly higher than in paired adjacent normal 
tissues and is significantly correlated with 
lymph node metastasis, tumor size, venous 
invasion and poor survival. NOX4 expression is, 
therefore, a promising prognostic biomarker for 
gastric cancer. 

NOX4 is a member of the NOX family, whose 
only validated function is generating ROS [7]. 
NOX family-derived ROS can triggered oxidative 
stress, leading to tumor initiation and progres-
sion [24]. Unlike other NOX members, NOX4 
interacts with p22phox without the assistance 
of other proteins; therefore, it is constitutively 
active and is regulated at the transcriptional 
level [25-27]. NOX4-derived ROS can induce 
mitochondrial DNA damage, mitochondrial dys-
function and genomic instability, potentially 
leading to tumorigenesis [28, 29]. Moreover, 
NOX4-derived-ROS induced by Bcr-Abl promote 
the transduction of survival signals through 
inhibiting PP1 in chronic myeloid leukemia [30]. 
In renal cell carcinoma, NOX4-mediated pro-
duction of interleukin-6 and -8 is related to 
inflammation-induced metastasis [31]. P53-
induced NOX4 activation promotes cell migra-
tion and epithelial-mesenchymal transition in 
lung epithelial cells [11, 32]. NOX4-derived ROS 
decrease the generation of monocyte chemoat-
tractant protein-1, which is important for tumor 
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formation [33]. Furthermore, in ovarian cancer 
cells, NOX4-derived ROS are essential for regu-
lation of VEGF and tumor-induced angiogenesis 
through HIF-1α induction [34]. In this study, 
NOX4 is involved in regulation of malignant bio-
logical characteristics of gastric cancer cells. 
NOX4 could significantly promote the prolifera-
tion and invasion of gastric cancer cells. Also, 
ROS levels in gastric cancer cells increased 
compared with that in the normal gastric epi-
thelial cell line, GES-1 and knockdown of NOX4 
significantly decreased ROS generation of gas-
tric cancer cells. What’s more, NOX4 is associ-
ated with EMT and MMP7 expression which are 

involved in carcinogenesis and metastasis of 
gastric cancer [17, 35]. Interestingly, ROS 
derived by NOX could mediate epithelial-mes-
enchymal transition and metastasis of hepato-
ma cells [36]. ROS that derived by NOX could 
induce epithelial-to-mesenchymal transition in 
glioma [37]. Also, TGF-β-SMAD3-induced NOX4 
activation promotes epithelial-mesenchymal 
transition in breast epithelial cells [11]. 
Moreover, it was demonstrated that oxidative 
stress could induce MMP7 expression [38, 39]. 
H2O2 could promote SW620 cell invasion via 
JNK/C-Jun and ERK/C-Fos activation-mediated 
MMP-7 expression [38]. ROS-ERK pathway 

Figure 5. NOX4 promotes progression of gastric cancer cells in vivo. Human GC cells MKN-45 and MKN-45 with 
NOX4 knockdown (dissolved in PBS, 5×106/100 μl, 100 μM/per nude mouse) were injected subcutaneously in the 
right flank of BALB/c nude mice. A. Verifying of infection efficiency by fluorescence (magnification ×100). B. Valida-
tion of knockdown efficiency of shRNA-NOX4 using Western blot. C. Image of tumors of mice in group-MKN-45-NC 
shRNA and group-MKN-45-NOX4 shRNA. D. Volume of tumor of mice in group-MKN-45-NC shRNA and group-MKN-
45-NOX4 shRNA at indicated time. E. Weight of tumor of mice in group-MKN-45-NC shRNA and group-MKN-45-NOX4 
shRNA on 28th days. ***P < 0.001.

Figure 4. Knockdown of NOX4 inhibits ROS generation, epithelial mesenchymal transition and MMP7 expression 
of gastric cancer cells. MKN-45 and AGS cells were transfected with siRNA-Negative Control or siRNA-NOX4 for 24 
h. A. ROS generation by normal gastric epithelial cell line, GES-1, gastric cancer cell line, MKN-45 and AGS cells as 
measured by flow cytometry using H2DCFDA. B. ROS generation by gastric cancer cells and gastric cancer cells with 
NOX4 knockdown as measured by flow cytometry using H2DCFDA. C. The expression of NOX4, MMP-2, MMP-7, MMP-
9, MMP-13, Nanog, Bmi-1, Notch3, Vimentin, ZO-1, N-Cadherin and E-Cadherin in GC cells and GC cells with NOX4 
knockdown was measured by immunoblotting with the indicated antibodies. GAPDH served as a loading control.
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could regulate MMP7 and 9 and uPA levels in 
colon epithelial cells [39]. Based on these find-
ings and our current study, we conjecture that 
NOX4 is a key factor that generates ROS 
involved in the malignant biology of gastric  
cancer cells. What’s more, NOX4 was highly 
expressed in gastric cancer tissues compared 
with paired adjacent normal tissues and high 
NOX4 expression in gastric cancer tissues was 
correlated with tumor size, lymphatic metasta-
sis, vascular invasion and a poor prognosis. 
Interestingly, although not statistically signifi-
cant, all patients with distant metastasis dis-
played high NOX4 expression. Survival analysis 
showed that high NOX4 expression was associ-
ated with a poor prognosis. In vivo, NOX4 deple-
tion dramatically inhibit gastric cancer progres-
sion. Together, these results indicate that NOX4 
may be a crucial regulatory factor in gastric 
cancer and may be closely associated with the 
occurrence and development of gastric cancer. 
NOX4 may become a promising prognostic bio-
marker for gastric cancer. Targeting of NOX4 
activity is a promising strategy for gastric can-
cer therapy to prolong the survival of gastric 
cancer patients.
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