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RNAi-mediated silencing of NOX4 inhibited the invasion
of gastric cancer cells through JAK2/STAT3 signaling
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Abstract: NADPH oxidase 4 (NOX4) is a member of the NADPH oxidase (NOX) family of enzymes and has been
found abnormally expressed in human cancers. However, its role in gastric cancer (GC) is still unclear. In the cur-
rent study, we reported that NOX4 expression levels were significantly up-regulated in GC tissues compared to
normal tissues (P<0.0001). Higher NOX4 expression was significantly associated with poorer overall survival in GC
patients. Silencing NOX4 in two NOX4 high expression GC cell lines, MGC-803 and BGC-823 cells, did not affect cell
proliferation, while inhibited cell adhesion and cell invasion of GC cells. Furthermore, Gene set enrichment analysis
(GSEA) results indicated that NOX4 expression was strongly associated with cell migration, epithelial-mesenchymal
transition (EMT) and Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathways.
More interestingly, Interleukin-6 (IL-6) increased the invasion ability and activation of JAK2/STAT3 of MGC-803 and
BGC-823 cells. Such effects were attenuated by NOX4 silencing. Overexpression of NOX4 in one NOX4 low expres-
sion GC cell line, SGC-7901 cells, significantly promoted cell invasion, which was impaired by treatment of JAK2 in-
hibitor, AG490. AG490 inhibited STAT3 activation in SW1990 cells. NOX4 may exert its function through JAK2/STAT3
pathway. In summary, the findings of this study indicate that NOX4 may promote the development of GC, potentially
representing a novel prognostic marker for overall survival in GC.
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Introduction intracellular reactive oxygen species (ROS),
which have emerged as secondary messengers
in various signaling pathways [5]. ROS levels
have been linked to carcinogenesis because of
their involvement in many critical cellular pro-
cesses including proliferation, DNA damage
responses and angiogenesis [6, 7]. NOX4
expression is up-regulated in several human
tumors, such as pancreatic cancer [8], thyroid
carcinomas [9] and breast cancer [10], whereas
decreased expression of NOX4 was observed in
liver cancer [11]. Recent studies have demon-
strated that NOX4 promotes urothelial and mel-
anoma carcinogenesis via regulating cell cycle
progression [12, 13], but NOX4 exerts inhibitory
role in the growth of liver cancer cells and liver
cancer progression [11]. NOX4 has also been

Gastric cancer (GC) is the fourth most common
malignant tumor and the second leading cause
of cancer-related deaths in the world [1, 2].
Despite recent advances in diagnosis and
treatment, overall 5-year survival rate for GC is
still less than 30% [2]. Because there were no
obvious symptoms or only nonspecific symp-
toms at the early stages of GC, GC has often
progressed to advanced stages by the time of
diagnosis. At advanced stages, therapy can
only treat symptoms, but cannot completely
cure GC [3]. Therefore, it is urgent to identify
novel biomarkers and therapeutic targets to
improve the early diagnosis and treatment out-
comes of GC.

NADPH oxidase 4 (NOX4) belongs to the NADPH
oxidase (NOX) family of enzymes [4]. NOX family
was originally identified as the major source of

shown to contribute to cell migration of pancre-
atic cancer [8], breast cancer cells [14-16] and
colon cancer cells [17]. However, the expres-
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sion and functions of NOX4 in GC have not been
revealed before.

In the present study, we characterized the
expression of NOX4 in GC patients and investi-
gated its role in GC pathogenesis. We reported
the up-regulation of NOX4 expression in human
gastric cancer tissues. Elevated NOX4 mRNA
expression was strongly correlated with poor
overall survival of GC patients. Silencing NOX4
had no effects on GC cell proliferation, but
inhibited adhesion and invasive capacities of
GC cells. We also studied the involved possible
mechanism. Our study suggest that NOX4 may
be a valuable therapeutic target for GC.

Materials and methods
Patients and gastric tissue specimens

This study was approved by the Ethics Co-
mmittee of Fudan University. Written informed
consent was obtained from all participants. A
total of 120 GC tissues were collected from GC
patients who underwent surgery at Cancer
Hospital of Fudan University between January
2004 and December 2009. Additionally, 43
matched non-tumorous tissues were taken
more than 5 cm distance from tumor tissues.
Immediately after resection, all tissue speci-
mens were snap-frozen and stored at -80°C
until experimental use. None of the participants
received chemotherapy or radiation therapy
prior to surgery. Follow-up information was
obtained until December 2014. Overall survival
(0S) was calculated from the date of initial sur-
gery to the date of death or the date of the last
follow-up.

RNA isolation and real-time PCR

Total RNA was isolated from human gastric tis-
sues and gastric cancer cells with TRIzol
reagent (Invitrogen, USA) following the manu-
facturer’s instruction. First strand cDNA was
synthesized using Reverse Transcription Re-
agents (Promega, Madison, WI, USA). Real-time
PCR was carried out in ABI Prism 7300 (Applied
Biosystems, Foster City, CA, USA) using SYBR
Green | Master Mix (Applied Biosystems) with
GAPDH as an internal control. The sequences
of primers were as follows: NOX4, 5-GACTT-
GGCTTTGGATTTCTG-3’ (sense) and 5-TCTGA-
GGGATGACTTATGAC-3’ (anti-sense); GAPDH,
5-CACCCACTCCTCCACCTTTG-3’ (sense) and
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5-CCACCACCCTGTTGCTGTAG-3" (anti-sense).
The relative mRNA expression of NOX4 was
estimated by AACt and normalized to GAPDH
[18].

Bioinformatics analysis

We collected gene expression data of 250
stomach adenocarcinoma (STAD) and 32 nor-
mal tissues from The Cancer Genome Atlas
website (TCGA, https://tcga-data.nci.nih.gov/
tcga/). To investigate the biological pathways
strongly associated with GC pathogenesis
through NOX4, Gene Set Enrichment Analysis
(GSEA) [19] was performed using the GSEA
desktop software [20]. Enriched gene sets
between NOX4 higher expression and lower
expression were identified using 1000 permu-
tations of the phenotype labels.

Cell culture

Six human gastric cancer cell lines (MKN-45,
SGC-7901, MGC-803, BGC-823, MKN-28 and
AGS) obtained from American Type Culture
Collection (Rockville, MD, USA) were cultured in
Dulbecco’s Modified Eagle’s (DMEM) or RPMI
1640 medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum
(FBS, HyClone, Logan, UT, USA) and 100 mg/ml
of penicillin-streptomycin. All cells were grown
at 37°C under a humidified atmosphere of 5%
CO, and 95% air.

siRNA-mediated gene knock-down and ectopic
expression

NOX4 specific siRNAs (siRNA1 and siRNA2) and
nonsense SiRNA (NC) were prepared by XX
(Shanghai, China). The coding strand of human
NOX4 siRNA1 was 5-AGCCAGUCACCAUCA-
UUUCUU-3’, and that of NOX4 siRNA2 was
5-GCACUCCAGGCAAAUAUAUUU-3'. siRNAs we-
re introduced into cells using Lipofectamine
2000 (Invitrogen) according to the manufactur-
er’s protocol.

Human NOX4 CDNA was cloned into eukaryotic
expression vector pcDNA3 (Invitrogen, Carls-
bad, CA, USA) by Genewiz Company (Shanghai,
China). The construct was confirmed by
sequencing. Plasmid transfection in SGC-7901
cells was performed with Lipofectamine 2000
(Invitrogen). pcDNA3 vector was served as a
negative control (NC).
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Preparation of cell lysates and western blot
analysis

Cells were lysed in RIPA lysis buffer (Solarbio,
Beijing, China), sonicated and centrifuged at
12,000 rpm for 20 min. The concentration of
total protein in cell lysates was assessed by
the BCA method (Thermo Fisher Scientific,
Rockford, IL, USA). Equal amount of proteins
(35 mg/well) were resolved in sodium dodecyl
sulfate (SDS)-polyacrylamide gels and electro-
transferred onto polyvinylidene difluoride mem-
branes (Millipore, Bredford, MA, USA). After
blocked in 5% skim milk at room temperature
for 1 h, the membranes were incubated with
the indicated primary antibody at 4°C overnight
and then with horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit 1gG (Beyotime,
Shanghai, China). Signals were detected on
X-ray films by using Enhanced Chemilumines-
cence (ECL) detection system (Millipore). GA-
PDH was served as a loading control. The pri-
mary antibodies were: anti-NOX4, anti-Vimen-
tin, anti-Fibronectin, anti-MMP-2, anti-Twist1,
anti-Snail2, anti-p-JAK2, anti-JAK2, anti-p-ST-
AT3 and anti-STAT3 from Abcam (Cambridge,
MA, USA); anti-E-cadherin, anti-B-catenin and
anti-GAPDH from Cell Signaling (Danvers, MA,
USA); anti-ZEB1 from Santa Cruz (Santa Cruz,
CA, USA).

Cell proliferation assay

Cell proliferation was assessed by the Cell
Counting Kit-8 (CCK-8) according to manufac-
turer’'s instructions (Beyotime). Briefly, MGC-
803 and BGC-823 cells plated in 96-well cul-
ture plates (3x10° per well) in triplicates. One
day post plating, the cells were transfected with
NOX4 siRNA1 or control siRNA (NC). At O h, 24
h, 48 h and 72 h after siRNA transfection,
CCK-8 solution was subsequently added to
each well. After 1 h of additional incubation, the
absorbance was measured on a microplate
reader at a wavelength of 450 nm.

Cell-matrix adhesion assay

MGC-803 and BGC-823 cells were seeded onto
6-well plates and transfected with NOX4
siRNA1 or control siRNA (NC). Two days post
transfection, cells were trypsinized and plated
in fibronectin-precoated 12-well plates at a
density of 1x10° cells per well. After incubated
at 37°C for 1 h, cells that did not adherent to

4442

the plates were washed off with PBS. Adherent
cells were fixed in 4% paraformaldehyde,
stained with 0.2% crystal violet, and counted at
5 random fields under an inverted microscope.

Matrigel cell invasion assay

MGC-803 and BGC-823 cells were seeded and
transfected as described above. One day after
the transfection, cells were trypsinized, sus-
pended in DMEM medium without FBS and
added to upper Transwell chambers coated
with Matrigel (BD Biosciences, Franklin Lakes,
NJ, USA). For interleukin-6 (IL-6) treatment,
cells were cultured in medium containing 100
ng/mL IL-6 (Sigma, St Louis, MO, USA). DMEM
medium with 10% FBS were added to the lower
chamber. After 24 h of incubation, cells remain-
ing in the upper membrane were completely
scraped away and invaded cells were stained
with 0.2% crystal violet. Invaded cells were
counted at 5 random fields in each well under
an inverted microscope.

SGC-7901 cells were seeded and transfected
with NOX4 expression plasmid or NC. One day
after the transfection, cells were collected and
seeded to upper Transwell chambers as
described above. DMSO or 20 yM AG490 (dis-
solved in DMSO; Sigma) was added to the upper
chamber as indicated, and Matrigel cell inva-
sion assay was performed.

Statistics analysis

All in vitro data were obtained from at least
three independent experiments and presented
as mean * standard deviation (SD). Statistical
analysis was conducted using GraphPad Prism
version 6.0 (GraphPad, San Diego, CA, USA).
The overall survival (OS) curve was calculated
with the Kaplan-Meier method and analyzed
with the log-rank test. Two-tailed student’s
t-test was used to compare the difference
between two groups. Data were considered sig-
nificant if P<0.05.

Results

Overexpression of NOX4 in GC tissues

We first examined NOX4 mRNA expression by
real-time PCR on GC tissues and non-tumorous

tissues. Notably, as shown in Figure 1A, NOX4
MRNA expression was significantly elevated in
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Figure 1. Overexpression of NOX4 in GC. A. The mRNA level of NOX4 in GC (n=120) and normal tissues (n=43) was
detected by real-time PCR. NOX4 mRNA was significantly elevated in GC tissues as compared with non-tumorous
tissues (P<0.0001). B. NOX4 expression was significantly increased in GC tissues (n=250) when compared with
normal tissues (n=32) from TCGA STAD dataset (P<0.0001). C. Overall survival analysis showed that patients with
NOX4 higher expression tumors have a shorter overall survival time than those with NOX4 lower expression tumors
(P<0.05). (*P<0.05, **P<0.01, ***P<0.001).
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Figure 2. Knockdown of NOX4 in GC cells by siRNA transfection. A. mRNA and protein levels of NOX4 were deter-
mined in 6 human GC cell lines using real-time RT-PCR method (upper panel) and Western blot (middle and lower
panels), respectively. Representative Western blot (middle panel) and quantitative results (lower panel) were shown.
B, C. Expression of NOX4 in MGC-803 and BGC-823 cells was analyzed by real-time RT-PCR method (upper panel)
and Western blot (middle and lower panels). NC: nonsense siRNA-transfected cells; siRNA1 and siRNA2: NOX4-
siRNA1 or NOX4-siRNA2 transfected cells (*P<0.05, **P<0.01 and ***P<0.001 Vs NC.).

GC tissues (n=120) compared with that in non- sequencing data of TCGA STAD dataset and
tumorous tissues (n=43, P<0.0001). Western also found a remarkable increase of NOX4
blot analysis also revealed that NOX4 protein expression in GC tissues (Figure 1B, P<0.0001).
expression was elevated in GC tissues (Figure Furthermore, Kaplan-Meier analysis was con-
S1). We then re-analyzed high throughput RNA- ducted to investigate the correlation of NOX4
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Figure 3. Effects of NOX4 knockdown on the proliferation, adhesion and invasion of GC cells. A. Cell proliferation of
MGC-803 and BGC-823 cells was detected by CCK-8 assay as described in Materials and Methods. B. Cell adherent
ability of MGC-803 and BGC-823 cells treated with NOX4 siRNAZ1 or control siRNA (NC) was assessed using cell-
matrix adhesion assay. C. Invasive capacity of MGC-803 and BGC-823 cells treated with NOX4 siRNA1 or control
siRNA (NC) was checked by using Matrigel-coated transwell chamber. Magnification, x200. WT: wild type cells; NC:
nonsense siRNA-transfected cells; siRNA1: NOX4-siRNA1 transfected cells (***P<0.001 Vs NC).

expression and prognosis of GC. As shown in
Figure 1C, the overall survival time of patients
with NOX4 higher expression tumors was nota-
bly shorter than those with NOX4 lower expres-
sion tumors (P<0.01). Our data demonstrated
that NOX4 mRNA was overexpressed in GC tis-
sues, which was strongly associated with poor
survival of patients with GC.

Effects of NOX4 knockdown on cell growth,
adhesion and invasion of GC cells in vitro

We chose GC cell lines MGC-803 and BGC-823
for NOX4 knockdown because of the high
mRNA and protein levels of NOX4 in these two
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cell lines as indicated in Figure 2A. NOX4 spe-
cific siRNAs (siRNA1 and siRNA2) significantly
reduced the mRNA and protein expression lev-
els of NOX4 in both cell lines compared with
cells transfected with nonsense siRNA (NC),
while its expression was comparable in NC
cells and cells without transfection (Figure 2B
and 2C). siRNA1, which had a higher knock-
down efficiency than siRNA2, was then used in
the following assays.

We next determined the effects of NOX4 knock-
down on cell growth in MGC-803 and BGC-823
in vitro. The results of the CCK-8 proliferation
assay showed that NOX4 knockdown had no

Am J Transl Res 2017;9(10):4440-4449
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Figure 4. GESA on TCGA STAD dataset identified cell migration (A), EMT (B) and JAK/STAT (C) pathways as regulatory

targets of NOX4.

effects on the proliferation rate of GC cells
(P>0.05; Figure 3A).

To investigate the effects of NOX4 on the adhe-
sion and invasion of GC cells, we carried out
cell-matrix adhesion and Matrigel invasion
assays. As indicated in Figure 3B, MGC-803
and BGC-823 cells adhering to fibronectin slow-
er and had less ability to invade through the
Matrigel-coated membranes when NOX4 ex-
pression was repressed. Taken together, the
results mentioned above suggest that NOX4
may be involved in the metastasis of GC, and
more in vivo investigation is still needed.

NOX4 knockdown inhibits multiple signaling
pathways associated with tumor progression

To identify NOX4-associated pathways in GC,
gene set enrichment analysis (GESA) was con-
ducted with data from TCGA STAD dataset. As
illustrated in Figure 4, NOX4 expression was
strongly associated with cell migration, epitheli-
al-mesenchymal transition (EMT) and Janus
kinase/signal transducer and activator of tran-
scription (JAK/STAT) signaling pathways.

Then, we analyzed the expression of above
mentioned signaling pathways-related proteins
in MGC-803 and BGC-823 cells at 48 h after
siRNA transfection by Western blot. As shown
in Figure 5, NOX4 siRNA treatment resulted in a
significant decrease in the expression of cell
migration-related factors (Fibronectinl, Vime-
ntin, matrix metalloproteinase-2 [MMP-2]), EMT
markers (Twistl, Snail2, ZEB1 and (-catenin)
and a main activator of JAK/STAT signaling (IL-6
[241]), whereas a notable increase in the expres-
sion of the main factor of EMT (E-cadherin).
These results further validated the results of
GSEA.
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To confirm the involvement of JAK/STAT signal-
ing, MGC-803 and BGC-823 cells transfected
with NOX4-siRNA or NC were treated with IL-6
(Figure 6A-D). Cell invasion of GC cells was sig-
nificantly promoted by IL-6 stimulation.
Additionally, the promotion effects of IL-6 on
cell invasion of GC cells was impaired by NOX4
knockdown. Meanwhile, although western blot
did not suggested an effect on the total JAK2
and STAT3, NOX4 knockdown led to a signifi-
cant reduction of active phosphorylated pro-
teins in MGC-803 (Figure 6B) and BGC-823
cells (Figure 6D). IL-6 exposure significantly
activated JAK2 and STAT3, and such effects
were attenuated by NOX4 knockdown. Further,
SGC-7901 cells with a lower expression of
NOX4 was overexpressed with NOX4 (Figure
S2) and treated with JAK2 inhibitor (AG490). As
shown in Figure 6E, cell invasion of GC cells
was remarkably promoted by overexpression of
NOX4, but notably inhibited by treated with
JAK2 inhibitor. Additionally, the inhibitory
effects of AG490 on cell invasion was weak-
ened by ectopic expression of NOX4. Moreover,
AG490 significantly inhibited the levels of
p-JAK2 and p-STAT3, and such effects were
attenuated by NOX4 overexpression. These
data indicated that NOX4 may promote cell
invasion partially by activating JAK2/STAT3
pathway.

Discussion

In our present study, we demonstrated that
NOX4 was up-regulated in gastric cancer tis-
sues. The expression level of NOX4 mRNA was
significantly correlated with reduced survival
time of GC patients. Our study suggests that
NOX4 might be a novel marker for the progno-
sis of GC. Furthermore, silencing expression of

Am J Transl Res 2017;9(10):4440-4449
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Figure 5. NOX4 expression affected cell migration, EMT and JAK/STAT signaling pathways. Protein levels of the
above three pathway related gene were evaluated by Western blotting in MGC-803 (A) and BGC-823 cells (B) at 48 h
after transfected with NOX4 siRNA-1 or control siRNA. NC: nonsense siRNA-transfected cells; sSiRNAL: NOX4-siRNA1
transfected cells (*P<0.05, **P<0.01 and ***P<0.001 Vs NC).

NOX4 inhibited adhesion and invasion of GC
cells. In addition, we found that NOX4 is
involved in the cell invasion by regulating the
JAK2/STAT3 signaling pathway.

Previous studies have demonstrated that NOX4
plays an important role in the proliferation of
melanoma cells, urothelial carcinoma cells or
liver cancer cells via regulating cell cycle pro-
gression [11-13]. However, our study showed
that silencing of NOX4 did not affect the prolif-
eration of GC cells (Figure 3A). The inconsis-
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tency of our results and previous studies may
due to different types of cells.

In this study, silencing of NOX4 in GC cells sig-
nificantly inhibited cell invasion (Figure 3C),
which was consistent with the previous findings
on breast cancer cells [14-16] and colon cancer
cells [17]. Complementary results were ob-
served in GC cells overexpressed NOX4 (Figure
6E). In order to explore the molecular mecha-
nism how NOX4 exerted its functions on GC, we
performed GSEA analysis on TCGA STAD data-

Am J Transl Res 2017;9(10):4440-4449
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Figure 6. Effects of NOX4 on JAK2/STAT3 signaling. Effects of IL-6 (100 ng/mL) on invasive capacity of MGC-803 (A)
and BGC-823 cells (C) treated with NOX4 siRNA1 or control siRNA (NC) and IL-6. Phosphorylation of JAK2 and STAT3
was evaluated by immunoblotting (B, D). NC: nonsense siRNA-transfected cells; sSiRNAL: NOX4-siRNA1 transfected
cells; NC+IL-6: nonsense siRNA and IL-6 treated cells; siRNA1+IL-6: NOX4-siRNA1 and IL-6 treated cells (*P<0.05,
**P<0.01 and ***P<0.001 Vs NC; ##P<0.01 and ###P<0.001 Vs siRNA1). (E, F) SGC-7901 cells was transfected
with control Vector or expression plasmid encoding NOX4. Invasion assay (E) were performed in a Matrigel-coated
transwell chamber containing either DMSO or 20 uM JAK2 inhibitor, AG490. Scale bar: 100 mm. Phosphorylation
of JAK2 and STAT3 was evaluated by immunoblotting (F). Vector: control plasmid-transfected cells; NOX4: NOX4
expression plasmid transfected cells; Vector+AG490: control plasmid and AG490 treated cells; NOX4+AG490:
NOX4 expression plasmid and AG490 treated cells (***P<0.001 Vs Vector; ###P<0.001 Vs Vector+AG490).

set. We observed that many cancer-related
genesets, including cell migration, EMT and
JAK/STAT pathways, were positively correlated
with NOX4 expression (Figure 4). The GSEA
results were further validated by immunoblot-
ting (Figure 5). Thus, these findings indicate an
important role of NOX4 in the development of
GC.

JAK2/STAT3 signaling is activated in a variety
of humor tumors including GC and implicated in
tumor formation and metastatic progression
[22]. The pleiotropic cytokine IL-6 is a major
activator of JAK2/STAT3 signaling. STAT3 acti-
vated by IL-6 contributes to migration and inva-
sion of GC cell lines through regulation of
E-cadherin expression [23]. Here, as expected,
IL-6 treatment of GC cells significantly promot-
ed cell invasion and JAK2/STAT3 signaling
(Figure 6). It is worth noting that the promotion
effects of IL-6 on cell invasion and JAK2/STAT3
signaling was impaired by NOX4 knockdown.
Further, the inhibitory effects of JAK2 inhibitor,
AG490 on cell invasion of GC cells was weak-
ened by NOX4 overexpression (Figure 6), which
suggested NOX4 might promote cell invasion
partially by activating JAK2/STAT3 pathway. It
has been reported that ROS can activate JAK/
STAT signaling [24]. NOX4 is a key enzyme for
ROS generation and its activity is determined
only by its mRNA/protein levels [25]. Further
studies will be necessary to explore whether
NOX4 regulated JAK/STAT signaling via ROS
generation.

In conclusion, this study demonstrated that
NOX4 was overexpressed in GC tissues and
NOX4 expression influenced the invasive capac-
ity of GC cells via JAK2/STAT3 pathway. Our
findings suggest that NOX4-targeting therapies
might be a novel treatment strategy for GC
patients although further investigation is
needed.
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Figure S1. Western blot of NOX4 in GC specimens and paired noncancerous tissues. A: Representative Western blot

images. B: Quantification of the western blot of 4 pairs of GC samples. NOX4 expression was normalized to GAPDH
level.
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Figure S2. Expression of NOX4 in SGC-7901 cells was analyzed by Western blot. SGC-7901 cells were transfected
with pcDNA3 (Vector) or pcDNA3-NOX4.



