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Introduction
Hypoxic environments in tumors due to decreased vascular 

supply and increased energy demand of cancer cells contributes 

Abstract
Hypoxic environments in tumors induce expression of hypoxia-
inducible factor (HIF). HIF contributes to the development of the 
malignant progression through the induction of various target genes. 
We previously reported that treatment with chemotherapeutic 
drugs and γ-rays enhances expression and nuclear translocation 
of HIF-1α under normoxic conditions; susceptibility of oral 
squamous cell carcinoma (OSCC) cells to the drugs and γ-rays 
is negatively correlated with expression of HIF-1α protein. In this 
study, we investigated the influence of a nitric oxide (NO) donor, 
DETA-NONOate, and nitroglycerin (glyceryl trinitrate, GTN) on 
susceptibility to 5-fluorouracil (5-FU) in OSCC cells under both 
normoxic and hypoxic conditions, as NO reportedly reduces HIF-
1α accumulation. Treatment with various doses of DETA-NONO 
ate suppressed expression of both HIF-1α and HIF-2α remarkably 
under hypoxic conditions. Although susceptibility toward 5-FU was 
attenuated under hypoxic conditions, the combination with DETA-
NONOate contradicted the suppressive effects of induced hypoxia 
by restraining HIF-1α and HIF-2α expression. Furthermore, growth 
rates of tumor xenografts implanted into nude mice were attenuated 
by treatment with a combination of 5-FU and GTN. These results 
suggest that the therapeutic application of NO donor to conventional 
chemotherapeutic agents may improve the response of OSCC.
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to development and progression of malignancies, and resistance 
to cancer therapy. The heterodimeric transcription factor Hypoxia 
inducible factor (HIF) is a master regulator that can adapt tumor cells 
to hypoxic conditions [1]. Overexpression of HIF has been observed 
in many different cancers, including head and neck squamous cell 
carcinomas, and is associated with increased patient mortality [2-4]. 
HIF consists of an oxygen-regulated α-subunit and a constitutively 
expressed β-subunit, also known as aryl hydrocarbon receptor 
nuclear translocator (ARNT). Hypoxic conditions within tumors 
promote stabilization of HIF-α by inhibition of the oxygen- and 
proline hydroxylase (PHD)-dependent enzymatic hydroxylation of 
proline residues and subsequent translocation to the nucleus. The 
two important HIF-α subunits, HIF-1α and HIF-2α, can transactivate 
overlapping numerous target genes involved in blood supply, energy 
production, growth/survival, and invasion/metastasis [5]. HIF 
also mediates resistance to anti-cancer drug through promotion of 
drug efflux, induction of autophagy, and inhibition of apoptosis, 
senescence, and DNA damage [6]. We have also previously shown 
that the endogenous level of HIF-1α in oral squamous cell carcinoma 
(OSCC) cells is inversely correlated with the susceptibility of OSCC 
cells to chemotherapeutic drugs and ionizing irradiation through the 
decrease of reactive oxygen species and promotion of drug efflux, 
and that the silencing of HIF-1α enhances the susceptibility of OSCC 
cells to chemotherapeutic agents [7]. HIF is thus recognized as an 
attractive target for the development of novel cancer therapies.

Recently, various anticancer agents that target HIF-1 inhibition, 
including heat shock protein 90 inhibitor, topoisomerase inhibitor, 
mTOR inhibitor, thioredoxin-1 inhibitor, histone deacetylase 
inhibitor, tyrosine kinase inhibitor and others have been reported 
[8-10]. Some of these inhibitors have been subjected to preclinical 
and clinical trials to estimate their usefulness in anti-cancer therapy. 
However, although these agents can lead to reduced HIF-1α mRNA 
or protein levels, HIF-1 DNA-binding activity or HIF-1-mediated 
transactivation of target genes, they do not act on HIF-1 specifically, 
and this lack of specificity increases the difficulty in attributing 
any anti-tumorigenic effects specifically to inhibition of HIF-1α. 
Furthermore, anti-tumor effects of HIF-1 inhibitors are sometimes 
very different between in vitro and in vivo and significant therapeutic 
effects are not expected.
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Previous studies demonstrated that nitric oxide (NO) has 
anti-tumor effects and can reverse resistance toward various 
chemotherapeutic drugs in cancer cell lines induced by hypoxia 
[11-13]. NO reportedly acts as an inhibitor of HIF-1α by decreasing 
intratumor hypoxia and reducing HIF-1α accumulation. This 
was related to sustained PHD activity in the presence of NO, due 
to inhibition of intracellular oxygen consumption by inhibiting 
mitochondrial respiration, and subsequently increasing intracellular 
oxygen redistribution and oxygen availability in the cytoplasm [14-
16]. Furthermore, NO donors such as nitroglycerin (glyceryl trinitrate, 
GTN) have been demonstrated to improve the effects of cancer 
therapy by inhibiting HIF-1α in solid cancers [17-19]. Therefore, we 
explored whether NO can show anti-tumor effects through inhibition 
of HIF signaling under both normoxic and hypoxic conditions in 
OSCC cells. We show here that NO donor contradicts the resistance 
toward 5-FU of OSCC cells induced by hypoxia through down-
regulation of HIF-1α and HIF-2α expression.

Materials and methods
Drugs

DETA-NONOate was provided by Calbiochem (La Jolla, CA). 
Nitroglycerin (glyceryl trinitrate, GTN) was kindly supplied by 
Nippon-kayaku Co. (Tokyo, Japan). 5-fluorouracil (5-FU) was 
provided by Sigma-Aldrich, Inc. (Saint Louis, MO). Details of 
treatments are given in the legends of the figures.

Cell culture and treatments
OSCC cell lines (OSC-2, -4, -5 and -6 cells) were established in 

our laboratory from patients with OSCC and have been described 
previously [20]. OSCC cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Nissui Pharmaceutical Co. Ltd., Tokyo, 
Japan) supplemented with 10%(v/v) fetal bovine serum, 10mM 
glutamine, 100units/mL of penicillin, and 100μg/mL of streptomycin 
(Invitrogen Co., Carlsbad, CA). Under normoxic conditions (20% 
oxygen), OSCC cells were cultured at 37°C in a humidified 5% 
CO2/95% air atmosphere. Hypoxic conditions (1% oxygen) were 
produced in chambers filled with certified 1% O2, 5% CO2, and 94% 
N2 at 37°C.

Preparation of total cellular extracts and Western blot 
analysis

Cells were solubilized with ice-cold lysis buffer containing 1 %(v/v) 
Triton X-100, 50mM NaCl, 25mM Hepes (pH 7.4), 1mM EDTA, 
1mM EGTA, 1mM phenylmethylsulfonyl fluoride (PMSF), 20µg/ml 
aprotinin, 10 µg/ml leupeptin and 1µg/ml pepstatin. To isolate the 
total cellular fraction, the lysates were centrifuged at 12,500×g for 15 
min at 4°C and the clarified supernatants were used as total cellular 
extracts. Protein concentrations were determined using a BCA 
protein assay kit (Pierce Biotechnology Inc., Rockford, IL). Extracted 
proteins (50µg/lane) were separated by SDS-polyacrylamide gel 
electrophoresis, and transferred onto an Immobilon-P membrane 
(Immobilon, Millipore Corporation, Bedford, MA). Blocking was 
performed in Tris-buffered saline containing 5% (w/v) skim milk 
powder and 0.1 %(v/v) Tween-20. The membranes were probed with 
the following diluted antibodies (Abs): anti-HIF-1α monoclonal 
Ab (Transduction Laboratories, Lexington, KY) at 1:500, anti-HIF-
2α polyclonal Ab (R&D Systems, Minneapolis, MN) at 1:200, and 
anti-β-actin monoclonal Ab (Santa Cruz Biotechnology, Inc.) at 
1:1000. Detection was performed with an ECL system (Amersham, 
Piscataway, NJ).

RNA extraction and real-time quantitative RT-PCR analysis

Total cellular RNA was extracted using an RNeasy total RNA 
isolation system (Qiagen Inc., Valentia, CA), and was quantitated 
by measuring optical density at 260 nm. The extracted RNA (1μg) 
was added to 20μl reverse transcription buffer (50 mM Tris-HCl, pH 
8.3, 50 mM KCl, 10mM MgCl2, 1 mMEDTA, 10μg/ml bovine serum 
albumin and 1mM DTT) with 10mM dNTP, 50 U RNase inhibitor, 
μg oligo dT primer, and 50U of avian myeloblastosis virus reverse 

transcriptase (all from Takara Biomedicals, Kyoto, Japan). This 
mixture was incubated at 42°C for 40 min and heated at 99°C for 5 
min.

PCR used a master mix based on TaqMan universal PCR master 
mix and run on the ABI PRISM 7000 sequence detection system 
(Applied Biosystems, Foster City, CA). Primers and the TaqMan 
probe for HIF-1α, HIF-2α, vascular endothelial growth factor-A 
(VEGF-A), glucose transporter-1 (GLUT-1), and β-actin were 
obtained from Applied Biosystems.

Cell proliferation assays and cell death assays

Cell proliferation was estimated by a BrdU incorporation assay 
kit (Roche, Mannheim, Germany). Cell death was quantitatively 
evaluated by double staining with Annexin V and propidium 
iodide (PI) (Sigma-Aldrich Inc.) according to the manufacturer’s 
instructions. The cells were then analyzed on a FACScan cytometer 
using CELLQUEST software (Becton Dickinson, San Jose, CA).

Xenograft tumor model

Cells (2 × 105/0.05mL) were injected into the backs of 6-week-
old male BALB/c nude mice subcutaneously (Japan Clea, Osaka, 
Japan); 28 days after the injection, mice were surgically implanted 
subcutaneously in the intrascapular area with mini-osmotic pumps 
(Alzet, Cupertino, CA) filled under sterile conditions in accordance 
with manufacturer’s instructions, with either 200μl of GTN or isotonic 
saline. Pumps had a mean flow rate of 0.25μl/hr. Tumor size was 
measured with calipers and calculated volume as (length × width2) × 
0.5. Mice were administered 10 mg/kg 5-FU intraperitoneally every 
three days and then sacrificed at day 21.

Immunohistochemical analysis

Tumor samples from mice were fixed in 10% buffered formalin 
and embedded in a paraffin block. Paraffin sections of 4μm thickness 
were obtained, deparaffinized, and dehydrated using a graded ethanol 
series. For immunostaining, sections were transferred to a 10-mmol/L 
citrate buffer solution (pH 6.0) and heated twice in a microwave oven 
for 10 minutes. Endogenous peroxidase activity was quenched by 
exposure of the sections to 0.3%  H2O2 in methanol for 5 minutes. 
The sections were incubated overnight at room temperature with 
primary antibodies to HIF-1α (1:100, NB100-105; Novus Biologicals, 
Littleton, CO, USA), HIF-2α (1:100, NB100-122; Novus Biologicals), 
VEGF-A (1:100, JH121; Thermo Fisher Scientific, CA, USA), GLUT-1 
(1:100, ab14683; Abcam, Cambridge, MA), and PECAM-1 (1:10000, 
M-20; Santa Cruz Biotechnology, Santa Cruz, CA). Thereafter, the 
sections were incubated with EnVision horseradish peroxidase-
labeled polymer (Dako, Glostrup, Denmark) for 30 minutes, followed 
by development with diaminobenzidine + chromogen (Dako) for 
5 minutes. Sections were then counterstained with hematoxylin 
staining solution and examined under a light microscope.

Statistical analysis

Results are expressed as the mean ± SEM. Differences were 
compared using Mann-Whitney’s U-test. P < 0.05 was considered 
statistically significant.

Results
Influence of DETA-NONOate on HIF-1α and HIF-2α 
expression in OSCC cells under normoxic and hypoxic 
conditions

To examine the concentration-dependent effects of NO on 
expression of HIF-1α and HIF-2α, we treated four OSCC cells 
(OSC-2, -4, -5 and -6 cells) with DETA-NONOate, a slow (T1/2=20h) 
NO releaser; the relative expression of HIF-1α and HIF-2α was 
determined at increasing concentrations of the NO donor. OSC-
2 and -4 cells expressed low levels of HIF-1α protein, and OSC-5 
and -6 cells expressed high levels, under normoxic conditions. On 
the other hand, HIF-2α protein level was low or hardly detectable in 
all examined cells under normoxic conditions. Hypoxic treatments 
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induced expression of both HIF-1α and HIF-2α remarkably in almost 
examined OSCC cells except for OSC-5 cells. Under normoxic 
conditions, treatments with DETA-NONOate have biphasic effects 
on the expression of HIF-1α. Protein levels of HIF-1α increased 
at low concentrations of DETA-NONOate (50–100μM) followed 
by a decrease at high concentrations (500μM). However, DETA-
NONOate did not influence expression of HIF-2α. Under hypoxic 
conditions, all examined concentrations of DETA-NONOate 
decreased both HIF-1α and HIF-2α expression dose-dependently 
(Figure 1A). Expression of HIF target genes, including VEGF and 
GLUT-1, were induced under hypoxic conditions; treatment with 
DETA-NONOate decreased VEGF and GLUT-1 mRNA levels under 
both normoxic and hypoxic conditions. The suppressive effects were 

remarkable, especially under hypoxic conditions (Figure 1B). These 
results suggest that exogenous NO decreases HIF-1α, HIF-2α, and 
expression of their target genes, especially under hypoxic conditions.

Effects of the combination 5-FU and DETA-NONOate 
on HIF-1α and HIF-2α expression in OSCC cells under 
normoxic and hypoxic conditions

Because we previously reported that treatment with 
chemotherapeutic reagents including γ-rays, CDDP (cis-
diamminedichloroplatinum), and 5-FU (5-fluorouracil) induced 
HIF-1α protein expression and nuclear translocation under normoxic 
conditions in OSCC cell lines, we next examined whether DETA-
NONOate can contradict induction of HIF-1α by treatment with 

Figure 1: Effects of DETA-NONOate on HIF-1α, HIF-2α and expression of their target genes in OSCC cells under normoxic and hypoxic conditions. 

(A) OSCC cells were incubated with increasing concentrations (50–500μM) of DETA-NONOate for 16 h. Total cell extract were prepared and processed by SDS-
PAGE and western blot as described in Materials and Methods, using primary antibodies against: HIF-1α, HIF-2α, and β-actin. (B) OSCC cells were incubated 
with 500μM DETA-NONOate for 16 h. Expression of VEGF and GLUT-1 was assessed by quantitative RT-PCR. *: p<0.05 against control cells under normoxic 
conditions, †: p<0.05 against cells without DETA-NONOate, by Mann-Whitney’s U-test.
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5-FU in OSCC cells. Under normoxic conditions, expression of HIF-
1α was induced by treatment with 5-FU (Figure 2). Conversely, the 
obvious inductive effects of 5-FU on expression of HIF-2α was not 
observed. On the other hands, treatments with 5-FU did not influence 
or rather decreased HIF-1α and HIF-2α protein levels slightly under 
hypoxic conditions. In either condition, expression of HIF-1α and 
HIF-2α were abolished completely by DETA-NONOate. These results 
suggest that NO inhibits HIF-1α expression induced by 5-FU under 
normoxic conditions, and DETA-NONOate can suppress HIF-1α 
and HIF-2α expression under hypoxic conditions potently.

Effects of DETA-NONOate on susceptibility of OSCC cell 
lines to 5-FU

We first examined the effects of various doses of DETA-
NONOate on cell proliferation. Low concentration DETA-NONOate 
(50μM) had no affect; intermediate concentration (100μM) inhibited 
it slightly. High concentration DETA-NONOate (500μM) suppressed 
proliferation of all cells about 40–50 % intensively under both 
normoxic and hypoxic conditions (Figure 3A). Although OSCC cells 
acquired resistance toward various doses of 5-FU under hypoxic 
conditions, cells treated with combined 5-FU and DETA-NONOate 
contradicted these effects. Furthermore, compared with normoxic 
conditions, the combination induced more obvious inhibitory effects 
on proliferation of OSC-2 and OSC-4 cells under hypoxic conditions 
(Figure 3B).

Effects of combination of 5-FU and DETA-NONOate on cell 
death in OSCC cell lines

We next examined the effects of DETA-NONOate on cell death in 
OSCC cells. Under normoxic conditions, low concentration DETA-
NONOate (50–100μM) induced cell death slightly or had no influence, 
but high concentration DETA-NONOate (500μM) induced cell 
death strongly (Figure 4A). Conversely, under hypoxic conditions, 
the remarkable inductive effects on cell death were observed by 
treatments with all examined concentrations of DETA-NONOate. 
Although the number of dead OSCC cells decreased in various doses 
of 5-FU under hypoxic conditions, cells treated with combined 5-FU 
and DETA-NONOate contradicted these effects. Furthermore, as 
compared with normoxic conditions, the combination induced more 
obvious effects of cell death in all examined OSCC cells under hypoxic 
conditions (Figure 4B).

Effects of GTN on tumor growth in xenograft models

To verify the antitumor effect of GTN in vivo, we constructed 
an endogenous animal model of OSCC cells by injecting OSC-4 
cells into the back skin of nude mice. The treatment with GTN and 
5-FU independently decreased the volume of both tumors. The 
combination of GTN and 5-FU showed the most prominent effects 
(Figure 5). Immunohistochemical analyses showed positive staining 
of HIF-1α, HIF-2α, VEGF and GLUT1 in control tumor cells. Their 

Figure 2: Effects of the combination of 5-FU and DETA-NONOate on HIF-1α and HIF-2α expression in OSCC cells under normoxic and hypoxic conditions. 

OSCC cells were treated with 100μM 5-FU, 500μM DETA-NONOate, or their combinations and incubated under normoxic and hypoxic conditions. after 16 h, 
total cell extract were prepared and processed by SDS-PAGE and western blot as described in Materials and Methods, using primary antibodies against: HIF-1α, 
HIF-2α, and β-actin. 
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stains in the GTN-, 5-FU-, or combination-treated tumor cells were 
almost negative, but the peripheral tumor necrotic regions showed 
positive staining (Figure 6A). We also examined mRNA levels in the 
dissected tumors. Treatment with 5-FU and GTN independently 
decreased the mRNA levels of HIF-1α, HIF-2α and their target genes 
including VEGF and GLUT-1. However, the additive or synergistic 
effects were not shown in Figure 6B. Mean blood vessel density was 
also decreased by these treatments (Figure 6C).

Discussion
Hypoxia-induced HIF-1α and HIF-2α expression has been 

implicated in the induction of drug resistance to cancer cells [6]. NO 
is a ubiquitous molecule with diverse biological effects that depend on 
the source, concentration, latency, cell type and phenotype. A number 
of recent studies have provided evidence that NO plays an important 
role as a novel therapeutic to overcome tumor cell resistance toward 
chemotherapy and irradiation by activation of p53, induction of cytostasis 
and cell-cycle arrest through cyclin D1, and inhibition of drug efflux 
through multidrug resistance associated protein 3 [21-24]. Some NO 
donors, including nitroglycerin, sodium nitroprusside, and isosorbide 
dinitrate, were reported to inhibit HIF-1α accumulation and activation 
in hypoxic malignant cells, and to suppress growth of tumor cells [17,18]. 
In the present study, OSCC cells acquired resistance toward 5-FU under 
hypoxic conditions, but treatment with NO donors inhibited expression 
of HIF-1α and HIF-2α, especially under hypoxic conditions. Growth by 
OSCC cells was suppressed partially by inhibition of proliferation and 

induction of cell death. These results suggest that NO donors can down-
regulate HIF expression and overcome chemoresistance induced by 
hypoxic environments in the tumor.

Several studies have implied that NO shows opposite effects on 
HIF-1α expression under normoxia or hypoxia; i.e., NO increased 
HIF-1α protein levels and HIF activity under normoxia and 
decreased them under hypoxia. Under normoxia, NO can inhibit 
PHD and factor inhibiting HIF (FIH) activity by interacting with 
enzyme-bound Fe2+, preventing hydroxylation of HIF-1α proline 
and asparagine residues that target HIF-1α for degradation and block 
interaction with the transcriptional co-activator p300-CBP [25-27]. 
Kasuno et al. reported that NO induced HIF-1 activation depending 
on MAPK and phosphatidylinositol 3-kinase signaling under 
normoxic conditions [28]. Conversely, during hypoxic conditions, 
competitive binding of NO to mitochondrial cytochrome c oxidase 
results in re-distribution of O2 to restore PHD activity [28]. NO 
can also inhibit HIF-1 activity by promoting cellular free iron and 
restoring PHD activity [29-31]. In the present study, under normoxia, 
low doses (50 and 100μM) DETA-NONOate stabilized HIF-1α and 
high doses (500μM) of DETA-NONOate suppressed HIF expression. 
However, all examined concentrations of DETA-NONOate inhibited 
HIF-1α and HIF-2α expression under hypoxic conditions. These 
results imply that regulation of HIF by NO depends on local O2 
availability, NO concentration, NO metabolites or bioactive forms; 
and that hypoxia-induced HIF expression in tumor cells is always 
suppressed by treatment with NO donor.

Figure 3: Effects of the combination of 5-FU and DETA-NONOate on cell proliferation. 

(A) OSCC cells were incubated with increasing concentrations (50–500μM) of DETA-NONOate under normoxic and hypoxic conditions for 16 h. *P < 0.05 
against control cells by Mann-Whitney’s U-test. (B) OSCC cells were incubated with increasing concentrations (100–1000μM) of 5-FU in the presence of 500μM 
of DETA-NONOate under normoxic and hypoxic conditions for 16 h. Cell proliferation was estimated by a BrdU incorporation assay. Data represent mean ± 
SEM from three separate experiments. *: p<0.05 against 5-FU treated cells under normoxic conditions, †: p<0.05 against 5-FU treated cells under hypoxic 
conditions, by Mann-Whitney’s U-test.
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Figure 4: Effects of the combination of 5-FU and DETA-NONOate on cell death. 

OSCC cells were incubated with 100μM 5-FU, increasing concentrations (50–500μM) of DETA-NONOate, or 100μM 5-FU plus 500μM DETA-NONOate under 
normoxic and hypoxic conditions for 16 h. Cell death was quantitatively evaluated by staining with Annexin V and PI. The cells were then analyzed on a FACScan 
cytometer using CELLQUEST software (Becton Dickinson, San Jose, CA). Data represent mean ± SEM from three separate experiments. *: p<0.05 against 5-FU 
treated cells under normoxic conditions, †: p<0.05 against 5-FU treated cells under hypoxic conditions, by Mann-Whitney’s U-test.

Figure 5: Effects of 5-FU, GTN, or its combination on tumor growth in xenograft models. 

BALB/c nude mice were treated as described in Materials and Methods. Tumor volume of OSC-4 cells xenografted to back of mice was estimated every three 
days for 21 days. *P<0.05 against control tumor by Mann-Whitney’s U-test.
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Under normoxic conditions, we previously reported that 
chemotherapeutic drugs enhanced expression of HIF-1α, and these 
effects were abolished with treatment with the antioxidant N-acetyl-
L-cysteine [7]. Chemotherapeutic drugs generate ROS in cancer 
cells, which impair proteins, lipids, and nucleic acids via strong 
oxidative activities [32-35]. Furthermore, we demonstrated that 

intracellular ROS produced by knockdown of Mn-SOD enhance 
HIF-1α expression by inhibiting degradation, and enhancing the 
transcription and translation, of HIF-1α [36]. These results suggested 
that chemotherapeutic drugs induced HIF-1α expression partially 
through the production of ROS under normoxia. In the present 
study, treating OSCC cells with 5-FU induced HIF-1α expression 

Figure 6: Effects of 5-FU, GTN, or its combination on HIF-1α, HIF-2α and expression of their target genes in xenograft models. 

(A) Immunohistochemical appearance of OSC-4 tumor xenografted to BALB/c nude mice. Serial sections were stained with antibodies as described in Materials 
and Methods. (B) On day 21, each tumor was collected and total RNA was purified. Expression of HIF-1α, HIF-2α, VEGF and GLUT-1 was assessed by quantitative 
RT-PCR. (C) Serial sections were stained with anti-PECAM-1 antibody as described in Materials and Methods. Mean blood vessel density was determined by 
estimating number of blood vessels per area. Data represent mean ± SEM from eight separate tumors. *P<0.05 against control tumor by Mann-Whitney’s U-test.
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profoundly, whereas the expression was abolished in the presence 
of DETA-NONOate under normoxic conditions. Peroxynitrite 
(ONOO-) formed during interactions between NO and mitochondria 
derived ROS led the release of iron and 2-oxoglutarate (2-OG) from 
cellular compartment and caused a reduction of HIF-1α by increasing 
PHD activity [31]. The interaction of NO and ROS with PHDs may 
be relevant for the suppression of HIF expression. However, under 
hypoxic conditions, treatments with 5-FU decreased HIF-1α and 
HIF-2α expression in vitro and in vivo. Combination treatment with 
5-FU and NO donor showed additive suppressive effects on HIF-1α 
and HIF-2α expression induced by hypoxia. These results suggest that 
the addition of NO donor to conventional OSC chemotherapies can 
improve the therapeutic effects regardless of normoxia or hypoxia.

HIF-1α and HIF-2α activate the expression of genes involved 
in proliferation, metabolism, angiogenesis, and metastasis. While 
highly homologous, HIF-1α and HIF-2α have been shown to have 
different roles in tumorigenesis, depending on specific tumor 
microenvironment. HIF-2α contributes to aggressive tumor 
phenotypes by activating hypoxia-inducible genes involved in tumor 
cell proliferation, angiogenesis, metastasis, and differentiation, 
promotion of EGFR translation, and crosstalk with c-myc [8,37]. 
In the present studies, HIF-2α expression was almost undetectable 
in OSCC cells under normoxia, but hypoxia increased its protein 
levels dramatically. Knockdown of HIF-2α by siRNA transfection 
inhibited cell proliferation under both normoxia and hypoxia (data 
not shown). Inhibitory effects on HIF-2α expression by an NO donor 
may contribute to tumor growth in addition to HIF-1α suppression.

Conclusions
In conclusion, the present study demonstrated that NO donor 

have antitumor effects even under hypoxic conditions and overcome 
hypoxia-induced chemoresistance in OSCC cells by modifying 
expression of HIF-1α and HIF-2α. It is important to develop novel 
therapeutic approaches using NO donors that target hypoxic tumor 
environments expressing abundant HIF-1α and HIF-2α. Therefore, 
it is necessary to further explore the details of NO-decreased HIF-1α 
and HIF-2α signaling in cancer cells.
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