
ONCOLOGY LETTERS  17:  1595-1602,  2019

Abstract. Nitric oxide synthase 1 (NOS1) has been reported to 
promote various cancer processes including chemoresistance. 
However, the role of NOS1 in chemoresistance has remained 
unclear. ATP‑binding cassette, subfamily G, member  2 
(ABCG2) has been identified as a molecular cause of multi-
drug resistance in a number of cancer types, including ovarian 
cancer. The present study observed that in ovarian cancer 
cells, the expression of ABCG2 was significantly upregulated 
in response to cis‑diamminedichloroplatinum (cisplatin/DDP) 
treatment, in addition the expression of NOS1 exhibited an 
increasing trend. Additionally, the levels of NOS1 and ABCG2 
in chemoresistant ovarian cancer profiles in Gene Expression 
Omnibus datasets (GSE26712 and GSE51373) were higher 
than in chemosensitive profiles. Furthermore, overexpression 
of NOS1 could upregulate ABCG2 expression, and expression 
of ABCG2 was inhibited by NOS1 selective inhibitor (N‑PLA). 
In assays of cell survival, NOS1 appeared to increase the 
potential for DDP resistance, and this effect was reversed by 
addition of ABCG2 inhibitor (verapamil). The present study 
indicated that NOS1‑induced chemoresistance was partly 
mediated by the upregulation of ABCG2 expression. This 

result suggests a link between the expression of NOS1 and the 
ABCG2‑associated chemoresistance in ovarian cancer.

Introduction

Epithelial ovarian cancer (EOC) is among the most common 
gynecological malignancies. Despite substantial improvements 
in surgery and chemotherapy, the survival rate of patients with 
EOC remains low, since the majority of patients with ovarian 
cancer relapse and/or become drug‑resistant following a period 
of chemotherapy (1). Thus, identifying the potential biomarkers 
of chemoresistance is of great significance for EOC.

Nitric oxide (NO) is a lipophilic, highly diffusible and 
short‑lived physiological messenger (2). Endogenous NO may 
be produced by different isoforms of NO synthase (NOS), 
including NOS1, 2 and 3, during arginine metabolism. Among 
the three types of NOS; NOS1 and 3, are constitutively 
expressed in cells and thus termed as cNOS, may produce a 
low level of NO transiently in a Ca2+‑dependent manner (3). 
Meanwhile, NOS2, which is induced by inflammatory factors 
and cytokines in a Ca2+‑independent manner, generates high 
and sustained concentrations of NO (4). At high concentrations 
(>500 nM), NO induces an inflammatory reaction, apoptosis 
and other process that inhibit tumor biological functions, 
whereas NO at lower, more physiological levels (<100 nM) 
typically exhibits the opposite effects, promoting tumor 
behaviors including metastasis, angiogenesis and chemore-
sistance (5,6). Previously, chemoresistant phenotypes of colon 
cancer, head and neck cancer and human breast carcinoma 
cells have been reported to be associated with different NOS 
isoforms (5,7,8). NOS2‑derived NO may induce apoptosis in 
cancer cells, while the lower concentration of NO typically 
generated by NOS1 may inhibit apoptosis and promote chemo-
resistance  (9). However, the mechanism underlying NOS1 
associated chemoresistance is unclear.

ATP‑binding cassette, subfamily G, member 2 (ABCG2), 
also known as breast cancer resistance protein, was originally 
cloned from multidrug‑resistant breast cancer cells, and its 
upregulation has been linked to chemoresistance in various 
cancer cells, including ovarian cancer (10). ABCG2 extrudes 
xenobiotics and certain drugs from cells, thereby mediating 
drug resistance and affecting the pharmacological behavior 
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of many compounds  (11). Additionally, ABCG2 has been 
revealed to be a transporter of glutathione, which is vital for 
the maintenance of cellular redox balance (12). It was also 
been documented that human ABCG2 could limit the uptake 
of pheophorbide‑A and many porphyrin derivatives, both of 
which can produce singlet oxygen, which causes DNA frag-
mentation and caspase‑3 dependent apoptosis (12). Therefore, 
ABCG2 may play an important role in chemotherapy resistance 
through its redox related function.

It has been reported that NO endogenously produced 
by NOS enzymes promotes the transcriptional activity 
of antioxidant‑related transcription factors, including 
hypoxia‑inducible factor (HIF)‑1α and nuclear factor 
erythroid  2‑related factor 2 (Nrf2); these then induce 
transcription of antioxidant factors including superoxide 
dismutase and thioredoxin reductase 1, thereby increasing 
the ability of cancer cells to resist chemotherapy‑induced 
reactive oxygen species stress, and thus decreasing 
sensitivity to chemotherapy‑induced apoptosis  (13‑16). 
Cis‑diamminedichloroplat inum (cisplat in /DDP), a 
chemotherapy drug, destroyed tumor cells by binding to DNA 
strands, interfering with DNA replication. DDP has been one of 
first lines of defense against tumors, especially those of ovary, 
lung and testes (17). However to date, it has remained to be 
investigated whether NOS1/N‑related chemotherapy resistance 
is associated with the multidrug resistance‑associated gene 
ABCG2 in the regulation of redox balance.

In the present study, the plausible mechanisms of NOS1 
contribution to DDP resistance via ABCG2 in EOC were inves-
tigated. In order to detect the expression changes of NOS1 and 
ABCG2 prior to and following DDP incubation, western blot 
analysis was performed to detect the protein expression level. 
Additionally, the levels of NOS1 and ABCG2 in chemoresistant 
and chemosensitive ovarian cancer profiles were detected by 
GEO database analysis. In addition, protein levels of ABCG2 
were detected by western blot and immunohistochemistry 
(IHC) staining, in order to investigate the impact of NOS1 on 
ABCG2, MTT and flow cytometry analysis were used to detect 
cell viability and apoptosis. The present results may provide a 
basis for chemotherapeutic improvement via NOS1 inhibition.

Materials and methods

Reagents and plasmids. The following chemicals and plasmids 
were used: 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazo-
lium bromide (MTT), dimethyl sulfoxide (DMSO), ABCG2 
inhibitor verapamil hydrochloride (20  µM; used in the 
MTT assay), specific NOS1 inhibitor Nω‑propyl‑L‑arginine 
hydrochloride (N‑PLA), specific NOS2 inhibitor 1400W dihy-
drochloride and general NOS inhibitor Nω‑nitro‑L‑arginine 
methyl ester hydrochloride (L‑NAME) (all Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany); DETA‑NONOate was 
purchased from Cayman Chemical Company (Ann Arbor, 
MI, USA); FastQuant RT kit and SYBR‑Green PCR kit 
(Takara Bio, Inc., Otsu, Japan); rabbit monoclonal anti‑NOS1 
antibody (ab76067) and mouse monoclonal anti‑ABCG2 
antibody (ab3380; Abcam, Cambridge, MA, USA); mouse 
monoclonal anti‑GAPDH antibody (ZSGB‑BIO, Beijing, 
China); a fluorescein isothiocyanate‑Annexin V apoptosis 
detection kit (BD Biosciences, San Jose, CA, USA); TRIzol 

reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA); lentiviral plasmid GV375‑NOS1, negative 
control GV375‑NC, enhanced infection solution and poly-
brene (Shanghai GeneChem Co., Ltd., Shanghai, China); 
small interfering (si)RNAs for NOS1 and negative control 
siRNA (Guangzhou Ribobio Co., Ltd., Guangzhou, China); 
Lipofectamine 2000 reagent (Thermo Fisher Scientific, Inc.); 
and an IHC universal SP test kit (ZSGB‑BIO).

GEO database assays analysis. Gene expression profiles from 
the Gene Expression Omnibus database (www.ncbi.nlm.nih.
gov/geo; GSE26712 and GSE51373) were downloaded. The 
data in GSE26712 included 185 advanced ovarian cancer cases, 
and in GSE51373 were 28 high‑grade serous ovarian cancer 
cases. Serous ovarian carcinoma is divided into high‑grade 
serous (HGSOC) and low‑grade serous ovarian carcinoma 
(LGSOC). The two‑tier system based on nuclear atypia was 
introduced in 2004 by the University of Texas M.D. Anderson 
Cancer Center (MDACC) (18). Despite large amount of gene 
expression data in the assays, we only analyzed the expres-
sion data of ABCG2 and NOS1. The correlation of expression 
of NOS1 and ABCG2 was analyzed by Pearson correlation 
coefficient analysis. In addition, the expression differences 
of NOS1 and ABCG2 were detected in DDP‑sensitive and 
DDP‑resistant patients.

Cell culture and transfection. The human ovarian cancer lines 
OVCAR‑3 and SKOV‑3, purchased from the Chinese Academy 
of Sciences (Shanghai, China), were grown in Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (BI, Salt 
Lake City, UT, USA; www.bioind.com/worldwide/), 100 U/ml 
penicillin and 100 µg/ml streptomycin, and incubated at 37˚C 
in a humidified chamber supplemented with 5% CO2.

The lentiviral plasmid GV375‑NOS1 and negative control 
GV375‑NC were individually transfected into OVCAR‑3 
cells, and the enhanced infection solution and polybrene were 
used to concentrate the lentiviral supernatant. Briefly, 3x104 
OVCAR‑3 cells were plated in 24‑well culture plates. When 
the confluence reached 20‑30%, lentiviral supernatant was 
added to the wells (5 µl/well, 1x108 transducing units/ml). 
Puromycin (5 µg/ml) was used to select for positive clones. The 
transfected OVCAR‑3 cells (hereafter termed GV375‑NOS1 
ov‑3 and GV375‑NC ov‑3) were used in further experiments.

The sequence of the NOS1 siRNA was: Forward, 5'‑GGU​
CUA​UCC​AAU​GUC​CAC​AdT​dT‑3' and reverse, 3'‑dTd​TCC​
AGA​UAG​GUU​ACA​GGU​GU‑5'. The target sequence was: 
GGT​CTA​TCC​AAT​GTC​CAC​A. The siRNAs for NOS1 and 
the negative control (si‑NC) were designed and synthesized by 
Guangzhou Ribobio Co., Ltd. The NOS1‑specific and nega-
tive control siRNAs (100 nM, Transfection efficiency: >80%) 
were transfected into SKOV‑3 cells using Lipofectamine 2000 
reagent according to the manufacturer's protocol. Cells were 
then incubated at 37˚C for 48‑72 h and collected to assess 
transfection efficiency by western blotting and real time PCR, 
and were then used in further experiments.

Flow cytometry analysis. Cultured cells were trypsinized and 
resuspended in phosphate‑buffered saline (PBS). To examine 
whether NOS is involved in promoting platinum‑based 
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chemotherapy resistance, apoptosis induction was detected by 
flow cytometric analysis using a FACS Aria II (BD Biosciences). 
For this, a fluorescein isothiocyanate‑Annexin V apoptosis 
detection kit was used according to the manufacturer's instruc-
tions. Cells were incubated with 2 µM DDP only or 2 µM DDP 
plus either 1 mM L‑NAME, 100 µM N‑PLA, 100 µM 1400W 
or 20 µM DETA‑NONOate at 37˚C for 48 h without changing 
the medium. The ratios of apoptotic cells in the treated 
and untreated groups were analyzed with FlowJo software 
(version 7.6.1; Tree Star, Inc., Ashland, OR, USA).

Assessment of cell viability. OVCAR‑3 and SKOV‑3 cell 
viabilities were determined by MTT assay following trans-
fection or treatment with different drugs (2 µM DDP, 20 µM 
verapamil, 1  mM L‑NAME, 100  µM N‑PLA, 100  µM 
1400W or 20 µM DETA‑NONOate) for 48 h. Briefly, cells 
were seeded in 96‑well tissue culture plates (100 µl/well) 
at a density of 5x103  cells/well. After the cell monolayer 
reached 50‑60% confluence, the culture medium of each well 
was refreshed with 100 µl medium combined with drugs as 
described above. After 48 h, the cells were incubated with 
MTT solution (2  mg/ml) for 4  h. Subsequently, the MTT 
solution was removed and DMSO (150 µl/well) was added. 
A Multiskan Spectrum spectrophotometer (Thermo Fisher 
Scientific, Inc.) was used for measuring absorbance at 490 nm. 
The half maximal inhibitory concentration (IC50) was calcu-
lated using the following equation: IC50=(mean OD of specific 
treatment group)/(mean OD of negative control group)%.

RNA extraction and real‑time PCR. Total RNA from 
L‑NAME‑treated and untreated OVCAR‑3 cells was 
extracted with TRIzol Reagent following the manufacturer's 
protocol. First strand cDNA synthesis and amplification were 
performed using a FastQuant RT kit. The cDNA was used to 
amplify ABCG2 and endogenous control GAPDH via PCR. 
SYBR‑Green was used for quantitative PCR. The PCR cycles 
were as follows: 95˚C for 15 min, followed by 40 cycles of 
95˚C for 10 sec and 60˚C for 32 sec, performed in a Mx3005 
Sequence Detection system (Stratagene, La Jolla, CA, USA). 
The comparative Cq (ΔΔCq) method (19) was used to determine 
the expression fold change. The primer sequences used were 
as follows: For GAPDH forward, 5'‑GAA​GGT​GAA​GGT​CGG​
AGT​C‑3' and reverse, 5'‑GAA​GAT​GGT​GAT​GGG​ATT​TC‑3'; 
and for ABCG2, forward, 5'‑ACG​AAC​GGA​TTA​ACA​GGG​
TCA‑3' and reverse, 5'‑CTC​CAG​ACA​CAC​CAC​GGA​T‑3'.

Western blot analysis. OVCAR‑3 cells following transfection 
or treatment with different drugs (DDP, L‑NAME, N‑PLA or 
1400W) for 48 h and negative control cells were lysed in a 
radioimmunoprecipitation assay lysis buffer (Thermo Fisher 
Scientific, Inc.) containing 1 mM phenylmethylsulfonyl fluo-
ride. The proteins were separated by 10% SDS denaturing 
polyacrylamide gel and then transferred onto polyvinylidene 
difluoride membranes. The membranes were blocked in 
5% bovine serum albumin (BI, Salt Lake City, UT, USA) at 
room temperature for 2 h, and blotted with the mouse antihuman 
antibody against ABCG2 and the rabbit anti‑human antibody 
against NOS1 at their respective recommended dilution 
(1:1,000) overnight at 4˚C, and then incubated with the appro-
priate secondary antibody (FD0128; FD0142; 1:5,000; Fude 

Biological Technology Co. Ltd. China) at room temperature for 
1 h. Following a wash with tris‑buffered saline with Tween‑20, 
visualization of the secondary antibody was performed using 
a chemiluminescence detection assay (ChemiDoc XRS+ 
Imaging System; Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) according to the manufacturer's protocol. Image Lab 
software (version 3.0.1 Bio‑Rad Laboratories, Inc.) was used 
to quantify band intensities. GAPDH (1:1,000) was used as a 
loading control.

Animal experiments. Animal experiments were approved 
by the Ethical Committee of Southern Medical University 
(Guangzhou, China). A total of 12 mice were randomly 
assigned to two groups (n=6/group) of BALB/c‑nu female mice 
(4‑6 weeks old; 18‑20 g) were housed in specific pathogen‑free 
facilities under 12‑h light/dark cycles. The feeding environ-
ment temperature was 18‑29˚C and the humidity was 40‑70%. 
Animals' foods were sterile and highly nutritional and water 
was clean filtered, access to food and water was ad libitum. A 
total of 5x106 GV375‑NOS1 ov‑3 or GV375‑NC ov‑3 cells were 
pelleted (450 x g for 5 min at room temperature), resuspended 
in 100 ml Matrigel (BD Biosciences) and injected into the 
right flank of nude mice. The tumor volumes were calculated 
with the formula: Volume (mm3)=width x width x length x0.5. 
Mice were sacrificed when tumors reached 50 mm3, and the 
tumor tissues were excised and weighed.

IHC staining. The tumor tissues were fixed by 10% neutral 
buffered formalin (Wexis, Guangzhou, China) at room 
temperature for 24 h. The slides (5 mm sections) of xenografted 
tumors were deparaffinized using xylene and dehydrated 
using ethanol, then washed in PBS. For antigen unmasking, 
slides were placed in a container, covered with citrate 
buffer (pH 6.0) and heated in a steamer for 5 min at 100˚C. 
The slides were then washed and blocked with 5% normal 
goat serum (BioLab, Beijing, China; http://www.hbzhan.
com/st161595/erlist_692382.html) for 30 min, then incubated 
with primary antibody (anti‑ABCG2, 1:100) overnight at 4˚C, 
and subsequently stained with horseradish peroxidase‑coupled 
secondary antibodies (FD0128; 1:200; FD Science, Hangzhou, 
China) at room temperature for 30  min. The slides were 
then visualized using an upright light microscope (Nikon 
Corporation, Tokyo, Japan).

Statistical analysis. Statistical analyses were performed in SPSS 
version 19.0 software for Windows (IBM, Corp., Armonk, NY, 
USA). All experiments were performed at least in triplicate. The 
expression levels of NOS1 and ABCG2 were compared between 
two groups by Student t‑tests. Multiple comparisons were 
performed by a one‑way analysis of variance followed by a least 
significant difference post‑hoc test. Pearson's correlation analysis 
was used to assess the association between the mRNA levels of 
NOS1 and ABCG2. Data are presented as the mean ± standard 
deviation. Significance was determined at P<0.05.

Results

Expression of NOS1 and ABCG2 is increased following 
treatment with DDP. To determine the association between 
the expression of NOS1 and ABCG2 and the chemoresistant 
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phenotype in EOC, the mRNA levels of NOS1 and ABCG2 and 
their potential correlation was investigated in gene expression 
profiles from the Gene Expression Omnibus database (www.
ncbi.nlm.nih.gov/geo; GSE26712 and GSE51373; Fig. 1). It was 
identified that the mRNA levels of NOS1 and ABCG2 were 
significantly correlated in EOC (Fig. 1A; r=0.2115; P<0.01). 
Furthermore, the expression of the ABCG2 gene was higher 
in chemoresistant EOC tissues compared with that in chemo-
sensitive tissues represented in GSE26712 and GSE51373, but 
no significant difference was observed in the mRNA levels of 
NOS1 (Fig. 1C and D). This phenomenon was verified in vitro by 
evaluating alteration of the protein levels of NOS1 and ABCG2 in 
EOC cell lines following DDP treatment. It was observed that the 
treatment with DDP (2 µM, 48 h) increased the protein levels of 
ABCG2 and NOS1 when assessed by immunoblotting. Notably, 
this enhanced expression of both genes by DDP treatment could 
be reduced by the non‑selective NOS inhibitor L‑NAME or the 
NOS1 selective inhibitor N‑PLA (Fig. 1B; P<0.05), suggesting 
that NOS1 may regulate the expression of ABCG2.

NOS1 upregulates the expression of ABCG2. It has been 
demonstrated that NOS1 may promote the transcription of 
numerous genes by activating transcription factors (15,20). 
The change of ABCG2 expression in OVCAR‑3 cells was 
analyzed in response to functional modulation of NOS by 
L‑NAME treatment. As depicted in Fig. 2A, the mRNA and 
protein levels of ABCG2 were decreased following L‑NAME 
treatment detected by real‑time PCR (0.36‑fold; P<0.05) and 

western blot analysis (t=44.43, P<0.05). The experiments were 
repeated 3 times. Subsequently, the different contributions 
of NOS isoforms to ABCG2 regulation was analyzed using 
NOS selective inhibitors. The expression of ABCG2 was 
downregulated by N‑PLA in comparison with that in control 
cells (Fig. 2B, P<0.05). By contrast, L‑NAME and the NOS2 
specific inhibitor 1400W did not induce a change in ABCG2 
expression (P>0.05). The impact of NOS1 gene overexpres-
sion on the expression of ABCG2 was next investigated by 
comparing the expression levels of ABCG2 in OVCAR‑3 cells 
constitutively overexpressing NOS1 (GV375‑NOS1 ov‑3) and 
the negative controls (GV375‑NC ov‑3). It was observed that 
the overexpression of NOS1 upregulated ABCG2 expression 
when compared with in the negative control group (Fig. 2C; 
NOS1:t=5.006, P<0.05; ABCG2:t=17.89, P<0.05). The 
experiments were repeated 3 times.

Furthermore, GV375‑NOS1 ov‑3 and GV375‑NC ov‑3 cells 
were injected into the backs of nude mice. The expression of 
ABCG2 was detected in the xenograft cell model by IHC 
staining, and it was found that the overexpression of NOS1 
increased the expression of ABCG2 in the resulting tumor 
tissues of nude mice (Fig. 2D). These results suggested that 
NOS1 expressed by ovarian cancer cells could increase the 
expression of ABCG2 in vitro and in vivo.

NOS1 contributes to DDP resistance in ovarian cancer 
cell lines. Two ovarian cancer cell lines with differing DDP 
resistance, OVCAR‑3 and SKOV‑3, were examined by MTT 

Figure 1. Expression levels of NOS1 and ABCG2 were increased following treatment with DDP. (A) NOS1 expression was significantly positively corre-
lated with ABCG2 expression. *P<0.05. (B) DDP treatment increased NOS1 and ABCG2 protein levels, and L‑NAME and N‑PLA reversed this effect. 
*P<0.05. (C and D) mRNA levels of NOS1 and ABCG2 were higher in DDP‑resistant than DPP‑sensitive ovarian cancer tissues. *P<0.05. NOS1, nitric oxide 
synthase 1; ABCG2, ATP‑binding cassette, subfamily G, member 2; DPP, cisplatin/cis‑diamminedichloroplatinum; L‑NAME, Nω‑nitro‑L‑arginine methyl 
ester hydrochloride; N‑PLA, Nω‑propyl‑L‑arginine hydrochloride.
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assay to investigate whether NOS1 expression was associated 
with DDP resistance. Consistent with published findings that 
SKOV‑3 is more chemoresistant than OVCAR‑3  (21), the 
present study observed that the IC50 of SKOV‑3 and OVCAR‑3 
cells for cisplatin was 11.3193±0.192 and 6.5093±1.902 µM, 
respectively (Fig. 3A). Subsequently, NOS1 was overexpressed 
in OVCAR‑3 cells and it was revealed that DDP resistance was 
enhanced in the cells following the overexpression, compared 
with controls (Fig. 3B). Meanwhile, knockdown of NOS1 by 

using RNA interference in SKOV‑3 cells somewhat reduced 
the DDP resistance at higher concentrations (8‑32 µM) of DPP 
(Fig. 3C). These results indicated that NOS1 expression may 
partially promote DDP resistance in ovarian carcinoma.

NOS1‑induced DDP resistance is reversed by ABCG2 
inhibition. In order to detect whether ABCG2 serves a role 
in NOS1‑induced chemoresistance, the ABCG2 inhibitor 
verapamil was used. GV375‑NOS1 ov‑3 and negative control 

Figure 2. NOS1 upregulated the expression of ABCG2. (A) L‑NAME treatment reduced ABCG2 mRNA and protein levels. *P<0.05. (B) N‑PLA reduced 
ABCG2 expression. *P<0.05. (C) ABCG2 was expressed to a higher level in NOS1 overexpressing cells compared with in control cells. *P<0.05. (D) The 
expression of ABCG2 in NOS1‑overexpressing tissues was higher than in the control. Magnification, x400; scale bar, 20 µm. *P<0.05. NOS1, nitric oxide 
synthase 1; ABCG2, ATP‑binding cassette, subfamily G, member 2; L‑NAME, Nω‑nitro‑L‑arginine methyl ester hydrochloride; N‑PLA, Nω‑propyl‑L‑arginine 
hydrochloride; Con, control.

Figure 3. NOS1 contributed to DDP‑resistance in ovarian cancer cell lines. (A) SKOV‑3 cells exhibited greater resistance to DDP than OVCAR‑3 cells. 
(B) OVCAR‑3 cells constitutively overexpressing NOS1 were more resistant to DDP than negative controls. (C) Following transfection with si‑NOS1, DDP 
resistance of SKOV‑3 cells tended to be lower than that of negative controls. Values are presented as ratios compared with untreated cells, and are the 
means ± SD of 8‑10 wells. NOS1, nitric oxide synthase 1; DPP, cisplatin/cis‑diamminedichloroplatinum; si, small interfering RNA; ‑NC, negative control.
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cells were incubated with DDP only or DDP plus verapamil, 
a calcium antagonist used as an ABCG2 inhibitor, for 48 h 
and the ratios of viable cells were measured via MTT assay. 
The cell viability of GV375‑NOS1 ov‑3 cells was higher 
(0.841±0.038) than that of the negative controls (0.641±0.021; 
P<0.05), and this effect was significantly reversed by vera-
pamil (0.639±0.025; P<0.05; Fig. 4). These results indicated 
that the function of ABCG2 contributed to NOS1‑related 
chemoresistance.

NOS1 inhibitor increases DDP‑induced apoptosis and cell 
death. As an effect of NOS1 on DDP‑resistance was observed 
in ovarian cancer cells, it was next investigated whether NOS1 
inhibition could enhance the apoptosis and cell death induced 
by DDP treatment. For this, an Annexin‑V/PI apoptosis assay 
was performed to investigate the levels of non‑apoptotic cell 
death and apoptosis in OVCAR‑3 cells following DPP expo-
sure (Fig. 5). In this experiment, 5 treatment groups were 
investigated: DDP alone or with either L‑NAME, N‑PLA, 
1400W or DETA. Fig. 5B presents the flow cytometry scatter 
plots of the 5 treatment groups and negative control. In all 
scatter plots, the X axis presented fluorescence intensity of 
FITC Annexin‑V, meanwhile Y axis presented fluorescence 
intensity of PI. In each single plot, cells in the first quadrant 
(Q1) were FITC‑/PI+. Cells in the second quadrant (Q2) were 
FITC+/PI+(non‑apoptotic death cells). Cells in the third 
quadrant (Q3) were FITC+/PI‑(apoptotic cells). Cells in the 
fourth quadrant (Q4) were FITC‑/PI‑(viable cells). As depicted 
in Fig. 5C and D, addition of N‑PLA, the NOS1 selective 
inhibitor, significantly increased the levels of apoptosis and 
non‑apoptotic cell death induced by DDP in OVCAR‑3 cells as 
compared with DDP alone (P<0.05). By contrast, combination 
of DPP with the NOS2 selective inhibitor 1400W appeared 
to somewhat decrease the DDP‑induced apoptosis of cells 
(Fig. 5C), while the change of non‑apoptotic cell death was not 
apparent (Fig. 5D). L‑NAME, as a general inhibitor of all NOS 
isoforms, exhibited a mixed effect through NOS1 and 2 inhibi-
tion (Fig. 5C and D). In general, these data appear to suggest 
that NOS1 promoted the survival of ovarian cancer cells.

The NO donor DETA‑NONOate may mimic paradoxical 
functions of the three types of NOS by releasing different 
concentrations of NO (22,23). In the current experiments, a 
low concentration of NO was maintained by the addition of 
a low dosage of DETA‑NONOate (20 µM) in order to simu-
late the effect of NOS1. It was observed that the low dose of 
DETA‑NONOate had a mildly reducing effect on DDP‑induced 
apoptosis, but no effect on DDP‑induced non‑apoptosis cell 
death (Fig. 5C and D). These data indicated that the low dosage 
of DETA‑NONOate may have simulated a NOS1 effect in 
protecting ovarian cancer cells from DDP‑mediated cytotoxicity.

To investigate whether NOS1 inhibition could improve 
sensitivity to DDP chemotherapy, OVCAR‑3 cells were incu-
bated with DDP only or DDP plus L‑NAME or N‑PLA for 
48 h, and the percentage of viable cells was assessed by MTT 
assay. The cells incubated with L‑NAME or N‑PLA exhibited 
enhanced sensitivity to DDP (Fig. 5A; P<0.05).

Collectively, these data indicated that NOS1 had a func-
tion of reducing the rate of cell apoptosis and cell death under 
DDP treatment, thereby enhancing chemoresistance to DDP in 
ovarian cancer cells.

Discussion

The impact of NO on malignant biological properties is 
complex, and NO production depends partly on the NOS 
isoform (6). NOS1 and NOS3 are constitutively expressed in 
cells, and both produce low levels of NO. In contrast, NOS2 
becomes increasingly expressed in response to inflammation 
and produces high levels of NO in a Ca2+‑independent 
manner (3). Enhanced expression of NOS isoforms has been 
determined in a range of cancers  (24). The 3 isoforms of 
NOS produce endogenous NO during arginine metabolism. 
The protumor effects of NO occur at low concentrations, 
while at higher concentrations anti‑tumor effects are 
typically induced (4). Previously, it has been reported that 
NOS1 could produce transient, low levels of NO, compared 
with the higher and more sustained concentrations of NO 
generated by NOS2  (25). A previous study has revealed 
that the 3 types of NOS were differentially regulated in 
chemosensitive and chemoresistant cells, and DDP resistance 
was associated with low NOS2 content and a high level of 
NOS1 in DDP‑unresponsive cells (9). Thus, NOS1 appears 
to have a tendency to promote tumor chemoresistance. 
The present findings suggested that NOS1 promotes DDP 
chemotherapeutic resistance in ovarian cancer cell lines. 
By using NOS1‑selective inhibitor, NOS1 was indicated 
to increase DDP‑induced cell apoptosis and non‑apoptotic 
cell death. To investigate the mechanism of NOS1 in 
promoting DDP resistance, the expression of the multidrug 
resistance associated gene ABCG2 was detected, and it was 
confirmed that suppression of ABCG2 function could reverse 
DDP‑resistance induced by NOS1 expression.

However, the exact mechanism underlying the upregu-
lation of ABCG2 expression via NOS1 remains unclear. 
Several transcription factors, including nuclear factor‑κB 
(NF‑κB), HIFs and Nrf2 have been demonstrated to bind 
to their response elements in the promoter/enhancer region 
to activate the transcription of ABCG2 (26‑28). Disruption 
of Nrf2 expression in lung cancer and prostate cancer cells 

Figure 4. NOS1 induced DDP‑resistance was reversed by ABCG2 inhibitor. 
Under DDP treatment, NOS1 overexpressing cells exhibited greater cell 
viability than control cells. When combined with verapamil, this effect 
was significantly reversed. Values are presented as ratios compared with 
untreated cells, and are the means ± SD of 8‑10 wells. *P<0.05. NOS1, nitric 
oxide synthase 1; DPP, cisplatin/cis‑diamminedichloroplatinum; ABCG2, 
ATP‑binding cassette, subfamily G, member 2; ‑NC, negative control.
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by small hairpin RNA attenuated the expression of the 
ABCG2 transcript and protein in Nrf2‑depleted cancer 
cells (27). Furthermore, depleted levels of ABCG2 in these 
Nrf2‑knockdown cells caused sensitization to mitoxantrone 
and topotecan, two chemotherapy drugs detoxified mainly by 
ABCG2. In addition, it has been reported that ABCG2 expres-
sion may be activated by NF‑κB through direct DNA binding 
and downregulated by wt‑p53 through a decrease in NF‑κB 
activity in MCF‑7 cells (26). Another study has revealed a 
cytoprotective functional role of ABCG2 in response to 
oxidative stress, occurring downstream of HIF‑2α. It also 
found a dose‑dependent activation of ABCG2 expression 
by HIF‑2α (28). As mentioned, NOS1, which produces low 
levels of NO, may act as an environmental stimulus to activate 
oxidative stress‑related transcription factors. Thus, it may be 
assumed that this is one potential mechanism by which NOS1 
upregulates ABCG2 expression. This is a current area of 
focus and the intended subject of prospective studies by our 
group. Overall, it may be concluded that the NOS1‑induced 

enhancement of DDP chemotherapeutic resistance in ovarian 
cancer cells is mediated by increased expression of ABCG2.

Among the greatest issues compromising the successful 
treatment of ovarian cancer is chemoresistance (29). It has 
been reported that NOS and its product NO serves roles 
in chemoresistance  (7,30,31). However, understanding of 
the potential mechanisms involved is still limited. The 
present study demonstrated that NOS1 regulated the expres-
sion level of ABCG2 and contributed to DDP‑induced 
chemoresistance in an ABCG2‑dependent manner. In 
summary, the current data support NOS1 as a valid tumor 
therapeutic target and suggest that NOS1 inhibitor used 
in conjunction with first‑line chemotherapy may be a 
useful therapeutic strategy in the treatment of patients 
with EOC.
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