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NOSI1 expression promotes proliferation and invasion
and enhances chemoresistance in ovarian cancer
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Abstract. Nitric oxide (NO), an important chemical messenger,
serves a dual role in tumor progression. Nitric oxide synthase
isoform 1 (NOS1) was observed to be increasingly expressed
in various types of cancer, and its expression has been asso-
ciated with tumor progression. However, the level of NOS1
expression and the associated functions of NOSI in human
ovarian cancer remain undefined. Using gene expression
profiles of ovarian cancer from the Gene Expression Omnibus
(GEO) database, the present study revealed that NOS1 was
increasingly expressed in ovarian cancer tissues. The present
study investigated the level of NOS1 expression and its effects
on in vitro cell function, including proliferation, migration and
invasion as well as chemoresistance to cispatin (DDP) treat-
ment in OVCAR3 cells. Reverse transcription-quantitative
polymerase chain reaction demonstrated that the level of NOS1
mRNA expression varied in different ovarian cancer lines.
However, immunoblotting indicated that the level of NOS1
protein expression was constitutively high in ovarian cancer
cell lines. Treatment with NOS inhibitor NG-nitro-L-arginine
methyl ester or transfection with NOS1 short hairpin RNA
significantly inhibited cell proliferation, migration and inva-
sion compared with the control, whereas the sensitivity of
OVCAR3 cells to DDP treatment was increased. The results
of the present study indicated that NOS1 promoted the func-
tion of ovarian cancer cells, including proliferation, invasion
and chemoresistance, providing a potential target for ovarian
cancer therapeutic.
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Introduction

Nitric oxide (NO) is one of the most important messengers for
a number of physiological processes, including vasodilation,
smooth muscle relaxation, inhibition of platelet aggregation
and regulation of neurotransmission (1). Endogenous NO,
synthesized from L-arginine via a family of nitric oxide
synthases (NOSs), which comprises neuronal NOS (nNOS;
NOS1), inducible NOS (iNOS; NOS2) and endothelial NOS
(eNOS; NOS3). NOSI1 and NOS3 are constitutive and produce
short bursts of NO for signaling or messenger functions in a
calcium-dependent manner, whereas NOS2 is expressed in
response to immunological stimuli and is capable of sustained
release of NO in a calcium-independent manner (2).

The production of NO and expression of NOS are ubiq-
uitous in malignant tumors and possess both pro-tumor and
antitumor effects (3). One of the primary determinants that
account for the paradoxical behavior of NO in tumor biology
are its concentration in tumor milieu, exposure time and
cellular adaptation to NO. Generally, NO favors cell survival
and proliferation at lower NO concentrations (<100 nM). By
contrast at a higher level of NO (>300 nM), NO promotes
cell cycle arrest, apoptosis and senescence (4,5). Therefore,
higher concentrations produced by NOS2, a potential
cytostatic/cytotoxic factor in immune functions, mediate
antitumor activity, whereas chronic induction of NOS2 may
contribute to the initiation of cancer (6). Furthermore, low
concentrations of NO produced by NOS1 and NOS3 facilitated
tumor progression by modulating cancer-associated events,
including angiogenesis, apoptosis, cell cycle, invasion and
metastasis (7). Among the three NOSs, NOS1 was also observed
to be aberrantly expressed in human tumors, including the
brain (8), lung (9) and glioma (10). Despite the discrepancies
regarding the concentration of NO and its cellular effects, a
study by Kotake et al (11) has reported that low levels of NO
formed by NOSI, triggers cell proliferation primarily via the
soluble guanylate cyclase-cyclic guanosine monophosphate
(sGC-cGMP) dependent mechanism. Furthermore, NOSI
expression in melanoma mediated the dysfunction of response
to adoptive T cell therapy (12).



2990

Previous studies suggested that NOS isoforms were highly
expressed in ovarian cancer (13,14). The function of NOS
isoforms on ovarian tumor development is highly complex,
with both tumor-promoting and inhibiting actions having
been described (15). It has also been demonstrated that the
level of NOS2 expression was associated with differential
status, whereas NOS1 and NOS3 were mainly expressed in
poorly differential samples (14). Previously, it was reported
that NOS expression was associated with responsiveness of
DDP treatment. The level of NOSI expression was associated
with DDP-resistance, whereas NOS2 was highly expressed in
sensitive ovarian cancer cell lines (16). These results indicated
that the expression of NOS isoforms serve a critical role in
the progression of ovarian cancer and have an effect on the
sensitivity of chemotherapy. However, the functional role of
individual NOSs, particularly NOSI1, on the biological behav-
iors of ovarian cancer remains unclear.

The present study analyzed the gene expression profiles
of ovarian cancer downloaded from the Gene Expression
Omnibus (GEO) database and revealed that there was
a higher expression of NOSI in ovarian cancer tissues
compared with normal ovarian tissues. Using the NOS inhib-
itor NG-nitro-L-arginine methyl ester (L-NAME) or NOS1
knockdown by short hairpin (sh)RNA, the present study veri-
fied that NOS1 serves multiple functions in the promotion
of tumor development, including proliferation, migration
and invasion, as well as drug resistance in OVCAR3 cells.
The results of the present study provide a suggestion for the
improvement of ovarian cancer therapy.

Materials and methods

Chemicals and reagents. Unless otherwise stated, all chemi-
cals were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

GEO database. Analysis of gene expression profiles of NOS
isoforms in ovarian cancer tissues. Expression data was down-
loaded from GEO (accession no. GSE14407).

Cell culture and transfection. Ovarian cancer cells lines of
OVCAR3, SKOV3 and ES-2 were obtained from Southern
Medical University Cancer Institute (Guangzhou, China).
Cells were grown in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The cells were incubated at 37°C
in a 95% air-5% CO, gas mixture. The medium was replaced
every 2 days. OVCAR3 Sh-NOSI cells were transfected with
NOSI shRNA (GeneCopoeia, Guangzhou, China). A nonspe-
cific control was used as non-targeting shRNAs. Transfections
were performed using Lipofectamine 2000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) using 1-2 mg of expression
vector/ml serum-free medium as described by the manufac-
turer. The transfected cells were incubated at 37°C for 24 h and
harvested for reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and western blot analysis.

RT-gPCR. Total cellular RNA from cells was extracted
using TRIzol® reagent (Life Technologies; Thermo Fisher
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Scientific, Inc.), according to the manufacturers' protocol.
cDNA was synthesized from 1 pg total RNA using the
RNeasy mini kit (Qiagen GmbH, Hilden, Germany). cDNA
was amplified using the KAPA SYBR Fast universal gPCR
kit (Tiangen Biotec Co., Ltd., Beijing, China) using the
following primers: Human NOSI forward, 5'-CAGAGG
ATGGCAGTCTGTTTC-3' and reverse, 5'-CTCAAGAGC
ACTGGATCTCAG-3"; human GAPDH forward, 5'-TGT
GGGCATCAATGGATTTGG-3' and reverse, 5'-ACACCA
TGTATTCCGGGTCTTA-3'". The reaction time was as
follows: 2 min at 95°C for initial denaturation, 30 sec at
95°C and 32 sec at 60°C for 40 cycles. Gene expression
levels were normalized to those of GAPDH. RT-qPCR was
performed using the Mx3005p system (Stratagene; Agilent
Technologies, Inc., Santa Clara, CA, USA). Relative quanti-
fication of mMRNA was determined by the 2-22“method (17).
The experiments were done at least thrice independently
and all samples were in triplicate.

Western blot analysis. The harvested cells were lysed with lysis
buffer containing 50 mM Tris/HCI (pH 8.0), 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
NaF, 1 mM Na;VO, and protease inhibitor (Hangzhou Fude
Biological Technology Co., Ltd., Hangzhou, China). Protein
concentrations in the cell lysates were quantified using the
BCA Protein Assay kit (Beyotime Institute of Biotechnology,
Haimen, China). Proteins (50 ug) were separated on 10%
SDS-PAGE gels and transferred to a nitrocellulose membrane
(EMD Millipore, Billerica, CA, USA). Following blocking
with 5% bovine serum albumin in TBS supplemented with 1%
Tween-20 at 28°C for 1 h, the membranes were incubated with
the appropriate primary antibodies: NOS1 (cat. no. ab76067;
1:1,000; Abcam, Cambridge, UK), NOS2 (cat. no. ab15323;
1:1,000; Abcam), NOS3 (cat. no. ab76198; 1:1,000; Abcam)
and GAPDH (cat. no. G9545; 1:5,000; Sigma Aldrich; Merck
KGaA), at 4 °C overnight, followed by 2 h incubations at room
temperature with horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody (cat. no. FD0128; 1:5,000;
Hangzhou Fude Biological Technology Co., Ltd.) and goat
anti-mouse IgG secondary antibody (cat. no. FDM007; 1:5,000;
Hangzhou Fude Biological Technology Co., Ltd.). The protein
bands were visualized using an Enhanced Chemiluminescence
Western Blot Detection system.

Griess assay. OVCAR3 cells were treated with NOS exten-
sive inhibitor [NG-nitro-L-arginine methyl ester (L-NAME)]
(1 mM) and NO donor [DETA-NONOate, (DETA-NO)]
(50 uM) for 24 h. Accumulation of NO in cultured media
samples was analyzed by Griess assay-through measuring
levels of nitrite expression using a nitrate/nitrite colorimetric
assay kit. Briefly, OVCA3 cells were seeded in 96-well plates
at a density of 5,000 cells/well, and then supernatant of the
cultured cells was collected following the indicated time. The
culture supernatant (20 ul) was mixed with 60 ul assay buffer,
10 ul enzyme cofactor and 10 ul nitrate reductase. Following
incubation for 10 min at room temperature, 10 ul DAN and
20 ul NaOH was added to each well and the fluorescence was
determined at an excitation wavelength of 365 nm and an
emission wavelength of 430 nm. The amount of nitrite was
evaluated using a NaNO, standard curve.
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Figure 1. Analysis of gene expression profiles of NOS isoforms in ovarian cancer tissues. Expression data was downloaded from Gene Expression Omnibus
(accession no. GSE14407). The relative expression level of mRNA of three NOS isoforms was higher in ovarian cancer tissues compared with normal ovarian
tissues. However, only the alteration of NOSI expression was statistically significant (P<0.05). NOS, nitric oxide synthase.

Cell proliferation assay. The cells were seeded into 96-well
plates at a density of 5,000 cells/well and then incubated at
37°C with 5% CO,. Following 24 h, 10 1 MTT (5 mg/ml)
was added to each well and the cells were further incubated
at 37°C for 4 h. Subsequently, all supernatant was discarded,
100 ul DMSO was added to each well and 96-well plates were
agitated for 15 min at room temperature. The absorbance of
cells was analyzed at 490 nm using a microplate reader.

Colony formation assay. The cells were trypsinized, counted
and plated in 6-well plates at a density of 500 cells per well.
Following two weeks, the cells were washed with PBS, fixed
in 10% methanol for 15 min and stained with Giemsa for
10 min at room temperature. The colonies were then imaged
and counted with a light microscope. All experiments were
performed in triplicate.

Scratch-wound assay. The cells at a density of 5x10° cells/well
were seeded into a six-well plate and cultured to 80% conflu-
ence in medium supplemented with 10% FBS at 37°C. Cell
monolayers were scratched using a plastic tip (1 mm) and
incubated in serum-containing medium (2% serum) for 24 h
at 37°C. The migration distance of the cells was determined at
three sites using Photoshop (Adobe Systems, Inc., San Hose,
CA, USA).

Invasion assay. The invasive potential of the cancer cells
was assessed in vitro using Transwell chambers (Corning
Incorporated, Corning, NY, USA). The upper chambers were
coated with Matrigel (BD Biosciences, Franklin Lakes, NJ,
USA). Subsequently 1x10° cells in serum-free medium were
added to the upper chambers and 10% FBS was added to
the bottom chambers. Cells were incubated for 24 h at 37°C.
The cells on the lower side of the filter were fixed with 75%
methyl alcohol for 15 min at room temperature and where then
stained with hematoxylin for 10 min at room temperature, and
counted under a fluorescence microscope in 5 different fields
(x400 magnification). Equal amounts of PBS were used as the
control.

Statistical analysis. All experiments were repeated at least
three times. The results are presented as the mean + standard
deviation. The statistical significance of differences was deter-
mined by Student's t-test when comparing two groups, and
one-way analysis of variance was used to compare multiple

groups. P<0.05 was considered to indicate a statistically
significant difference. All data were analyzed using SPSS
version 13.0 software (SPSS, Inc., Chicago, IL, USA).

Results

Expression of NOSI in ovarian cancer. In order to evaluate
the effect of NOSI on ovarian cancer progression, the present
study first analyzed the expression level of NOS isoforms,
NOSI1, NOS2 and NOS3, in gene expression profiles including
12 pairs of ovarian cancer tissues and normal ovarian tissues
downloaded from the GEO database (http://www.ncbi.nlm.
nih.gov/geo/, accession no. GSE14407). Expression levels
of NOS isoforms mRNA were revealed to be increased in
ovarian cancer tissues compared with normal ovarian tissues.
However, only the alteration of NOS1 expression level was
statistically significant (Fig. 1). The level of NOSI expression
was also increased in the DDP-resistant group compared with
the DDP-sensitive group (data not shown). These results indi-
cated that NOSI may serve an important role in ovarian cancer
progression.

Production of NO by NOSI in ovarian cancer cells. To verify
the role of NOSI in ovarian cancer, the present study evalu-
ated the expression levels of three NOS enzymes in a human
ovarian cancer line by RT-qPCR and western blot analysis. The
mRNA expression levels of the three NOSs were detectable
in all analyzed ovarian cancer cell lines: SKOV3, OVCAR3
and ES-2 (Fig. 2A). Protein expression of three NOSs was also
detected in SKOV3 and OVCAR3 (Fig. 2B). Subsequently,
the present study treated OVCAR3 cells with NOS extensive
inhibitor [NG-nitro-L-arginine methyl ester (L-NAME)] and
NO donor [DETA-NONOate, (DETA-NO)] for 24 h, and
examined nitrates (NOx) in the culture medium by Griess
assay. The concentration of NO released by OVCAR3 was
relatively low and the value of was ~24 nM compared with
the concentration released by NO donor DETA-NO 50 M.
The cells treated with 50 uM DETA-NO released 50 nM
NO (Fig. 20C).

NOSI promotes proliferation of OVCAR3 cells. In order to
investigate the role of NOSI in cell proliferation, the present
study first investigated the effect of NOSs inhibitor L-NAME on
cell proliferation using MTT and colony formation assays. The
results revealed that cells treated with L-NAME demonstrated a
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Figure 2. Analysis of mRNA and protein expression of NOS isoforms, and NO production in ovarian cancer cell lines. (A) mRNA expression of NOS isoforms
were analyzed by reverse transcription-quantitate polymerase chain reaction, and expression varied in OVCAR3, SKOV3 and ES-2 cells. The levels of NOS
mRNA expression were normalized to GAPDH expression. (B) The proteins of the three NOS isoforms were all detected by western blotting in SKOV3
and OVCARS3 cells. (C) The levels of NO expression in the culture medium of OVCAR3 cells was determined by Griess assay and was less than half of the
concentration released by cells treated with 50 M DETA-NONOate (50 nM NO). Error bars represent the mean + standard deviation of triplicate experiments.
“P<0.05 and “"P<0.001. All compared with control. CON, control; DETA, DETA-NONOate; L-NAME, NG-nitro-L-arginine methyl ester; NOS, nitric oxide
synthase; NO, nitric oxide.
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Figure 3. NOSI expression promotes proliferation in OVCAR3 cells. L-NAME inhibited proliferation of OVCAR3 cells as determined by (A) MTT and
(B) colony formation assays. "P<0.05 vs. control. The sShRNA assay revealed that the levels of mRNA (C and D) protein expression of NOS1 were markedly
decreased compared with the corresponding control in OVCAR3 cells. "P<0.05. NOS1 knockdown inhibited proliferation of OVCAR3 cells as determined by
(E) MTT and (F) colony formation assays. Bars represent the mean + standard deviation of three independent tests. "P<0.05. sh, short hairpin; CON, control;
NOS, nitric oxide synthase; OD, optical density; L-NAME, NG-nitro-L-arginine methyl ester.

significantly lower proliferation rate compared with the control
cells (Fig. 3A and B). Subsequently, the present study examined
the effect of shRNA-mediated NOS1 knockdown on cell prolif-
eration. OVCAR3 cells were either transfected with nonspecific
shRNA (scramble) or NOS1 shRNA (Sh-NOSI). Following trans-
fection for 24 h, RT-qPCR and western blotting were performed
to analyze the levels of NOS1 mRNA and protein expression. As

presented in Fig. 3C and D, the expression of NOS1 mRNA and
protein was markedly decreased in NOS1 shRNA-transfected
cells compared with the control shRNA-transfected cells
(P<0.01). The results of the MTT and colony formation assays
demonstrated that NOS1 shRNA-transfected cells revealed a
significantly lower proliferation rate compared with the control
shRNA-transfected cells (Fig. 3E and F).
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Figure 4. NOSI1 promotes invasion and migration of OVCAR3 cells. (A) The migratory ability of OVCAR3 cells was inhibited by L-NAME (I mM; 24 h) as
determined by scratch wound assay. (B) L-NAME (1 mM) inhibited invasive ability of OVCARS3 cells as determined by invasion assays. NOSI knockdown
inhibited (C) migratory and (D) invasive abilities of OVCAR3 cells as determined by scratch-wound assay and invasion assays, respectively. Data is presented
as the mean + standard deviation of three independent tests (x40 magnification). "P<0.05 and “P<0.01. CON, control; L-NAME, NG-nitro-L-arginine methyl
ester; NOS, nitric oxide synthase.
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Figure 5. NOSI activity inhibition or shRNA-mediated NOSI knockdown increases the sensitivity of OVCAR3 cells to DDP treatment. (A) Cytotoxic curve, as
determined by MTT assay, indicated the ICy, of cisplatin for OVCAR3 cells was 5 yuM. (B) MTT assay indicated that the cytotoxicity of OVCAR3 cells to DDP
treatment was increased by treatment with NOS inhibitors. (C) MTT assay demonstrated that NOS1 knockdown also decreased the viability of OVCAR3 cells
in response to DDP treatment. Data is presented as the mean + standard deviation of three independent tests. "P<0.05 and “P<0.01. DDP, cisplatin; shRNA,
short hairpin RNA; L-NAME, NG-nitro-L-arginine methyl ester; NOS, nitric oxide synthase.

NOSI promotes invasion and migration of OVCAR3 cells. The
present study assessed the effect of NOS1 on tumor cell metas-
tasis. Cellular migration was analyzed by scratch-wound assay
and invasion was analyzed by Transwell assay. The results of
scratch-wound assay demonstrated that NOSs inhibitor exhib-
ited a significant decrease in cellular migration compared with
the control (P<0.05; Fig. 4A). In the in vitro invasion assays,
the number of cells invaded through the Transwell membrane

in the L-NAME-treated group was significantly lower
compared with the control (P<0.05; Fig. 4B). Subsequently, the
present study determined the effect of sShRNA-mediated NOS1
knockdown on cell invasion ability in OVCAR3, respectively.
The results of the scratch-wound assay demonstrated a signifi-
cant reduction in motility of NOS1 shRNA-transfected cells
compared with the control (P<0.01; Fig. 4C). In the in vitro
invasion assays, the number of cells invaded through the
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Transwell membrane in NOS1 shRNA-transfected group
was significantly lower compared with the control (P<0.01;
Fig. 4D).

NOSI inhibition increases sensitivity of OVCAR3 to
DDP-induced cell death. The present study investigated the
role of NOSI in chemoresistance in ovarian cancer. Primarily,
the cytotoxic effect of DDP on ovarian cancer cells (OVCAR3)
analyzed by MTT assay demonstrated cytotoxic activity with
an IC,, value of 5 ymol/l (Fig. 5A). Next, the effect of NOSs
inhibitor combined with DDP (2 ymol/l) on cell proliferation
was evaluated by analyzing cell viability. The results revealed
that the combination of L-NAME treatment and DDP-mediated
knockdown effectively promoted cell death of OVCAR3 cells
compared with treatment with DDP alone (Fig. 5B). Similarly,
NOS1 knockdown significantly reduced cell viability
compared with treatment with DDP alone (Fig. 5C).

Discussion

Epithelial ovarian cancer has the highest mortality rate
of all gynecological malignancies and is the fifth leading
cause of cancer mortality in females (18,19). Current thera-
peutic approaches for ovarian cancer are relatively effective
for early-stage disease with 5-year survival rates of 84%
for stage I and 66% for stage II disease, whereas the 5-year
survival rates for stage III or IV disease are <30% (20,21).
More than two-thirds of females with advanced-stage epithe-
lial ovarian cancer experience recurrence despite achieving
clinical remission following completion of initial treat-
ment (22). Chemoresistance to standard treatment is crucial
for recurrence of ovarian cancer. Therefore, understanding the
molecular mechanism underlying ovarian cancer development
and providing effective predictive markers for recurrence
or chemoresistance are urgently required for more effective
management and for developing ovarian cancer therapies. The
present study analyzed the gene expression profiles of ovarian
cancer downloaded from the GEO database and revealed that
NOSI expression level was higher in ovarian cancer compared
with paired normal ovarian tissues. The in vitro experiment
verified that NOS1 promoted proliferation, invasion and
migration, as well as chemoresistance in ovarian cancer cells.
The present study provides a candidate marker for prognosis
of ovarian cancer and an implication for improvements in
ovarian cancer therapy.

Endogenous NO is produced in mammalian cells by the
three NOSs (NOS1, NOS2 and NOS3). Typically, NOSI and
NOS3 produce NO at low or physiological levels. By contrast,
NOS?2 produces high levels of NO with a toxicity effect. Three
isoforms of NOS were expressed increasingly in tumors and
serve a dual role in tumor development as the effects of NO
are strictly concentration-dependent (4). A study has demon-
strated that low/intermediate concentrations of NO that slight
higher than physiological dose was able to promote primary
tumor growth and stimulate metastasis, whereas other studies
revealed that metastasis was suppressed by higher levels of
NO (4,23). The present study demonstrated that NOS1 protein
and mRNA were highly expressed in OVCARS3 cells. Griess
assay revealed that the NO formed by NOSs was relatively low
when compared with NOS1 with a concentration of ~24 nM in
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OVCARS3 cell (5), therefore NOSs might serve a promoting role
on a number of cellular functions, including cell proliferation,
migration and invasion. However, the underlying molecular
mechanism by which NOS1 promotes cell functions remains
unclear and requires further study.

Chemotherapies are the most common treatments in
advanced and recurrent ovarian cancer (24). The clinical
response to cisplatin (DDP), one of first-line chemotherapeutic
agents, is ~80% in patients with ovarian cancer, but most
patients with advanced disease will eventually relapse and
succumb to the disease due to acquired drug resistance (25).
A previous study demonstrated that combination therapies of
DDP with other drugs were benefit to overcome drug-resistance
and reduce toxicity (26). The present study identified that
NOSI expression contributed to DDP resistance in OVCAR3
cells, and inhibition of NOSI1 by chemical inhibitor or NOS1
shRNA increased the sensitivity of cells to DDP-induced
cell death, suggesting that therapeutic targeting of NOSI in
combination with conventional chemo-therapeutic agents may
increase the efficacy of ovarian cancer therapy. In summary,
the results of the present study suggested that NOSI expres-
sion may be an indicator of response to chemotherapy. NOSI
may be an appropriate target for reducing chemoresistance to
ovarian cancer therapy.
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