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The epidermal growth factor receptor (EGFR) tyrosine kinase inhib-
itor (E-TKI) resistance has emerged as an important clinical issue.
To overcome this resistance, researchers have examined different
modalities, either for use as a monotherapy or in combination with
E-TKI therapy. In the present study, we investigated whether a
decrease in nitric oxide (NO) levels affects the radiosensitization of
non-small cell lung cancer (NSCLC) cell lines. A549 and H3255
NSCLC cells were examined. They were subjected to hypoxic condi-
tions and monotherapy, or combined therapy using radiation and
NG-monomethyl-L-arginine, monoacetate (LNMMA). Reductions in
nitric oxide levels enhanced the radiosensitivity of both cell lines
and significantly reduced the expression of both hypoxia-inducible
factor-1a (HIF-1a) and EGFR in H3255 cells compared to A549 cells.
Since NO is significantly associated with cell metabolism, we mea-
sured the levels of pyruvate dehydrogenase kinase-1 (PDK-1), reac-
tive oxygen species, and oxygen and observed that the expression
of PDK-1 was significantly reduced. This reduction was seen simul-
taneously after the silencing of HIF-1a; however, not following
LNMMA treatment. The oxygen concentration was significantly
increased in the treated cells, and their viability decreased in paral-
lel. Reactive oxygen species were decreased after LNMMA and
radiation treatment. Adding EGFR–TKI to cells with reduced NO
levels further suppressed cell viability when combined with radia-
tion. This study suggests that a reduction in the NO level might
substantially overcome the radioresistance of mutant NSCLC cells.
(Cancer Sci 2011; 102: 2150–2156)
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T he epidermal growth factor receptor (EGFR) signaling
pathway plays a major role in cell proliferation and sur-

vival. Therefore, the inhibition of the pathway represents a
promising cancer treatment strategy.(1) In addition, preclinical
and clinical studies have shown that treatment with EGFR tyro-
sine kinase inhibitor (E-TKI) therapy enhances the antitumor
effect of ionizing radiation.(2–4) However, several factors, such
as mutations and hypoxia, have presented as important issues
affecting treatment strategies targeting EGFR. Non-small cell
lung cancer (NSCLC) specimens with mutant EGFR have
been reported to exhibit mutations in multiple oncogenes and
tumor suppressors. Other studies with resected NSCLC tumor
specimens have showed that hypoxic tumors confer a worse
prognosis.(5,6)

Hypoxia-inducible factor-1a (HIF-1a) is a heterodimeric
basic helix–loop–helix structure composed of alpha and beta
subunits. Hypoxia-inducible factor-1a is well known for its
prominent expression in hypoxic cells,(7) and has been found to
regulate cell metabolism through the upregulation of pyruvate
dehydrogenase kinase-1 (PDK-1). Pyruvate dehydrogenase
kinase-1 phosphorylates and inactivates pyruvate dehydroge-
nase, a mitochondrial enzyme that catalyzes the conversion of
pyruvate to acetyl-CoA. In turn, acetyl-CoA depletion affects
mitochondrial respiration.(8,9)

Nitric oxide (NO) is an endogenous regulator involved in
numerous biological signaling pathways. Nitric oxide is synthe-
Cancer Sci | December 2011 | vol. 102 | no. 12 | 2150–2156
sized from L-arginine by nitric oxide synthase (NOS) isoen-
zymes. It is increasingly evident that NOS activity is associated
with human diseases, and contributes to cell death by affecting
apoptosis.(10,11) Moreover, ionizing radiation has been shown to
enhance the NOS expression level, thus increasing NO concen-
trations in irradiated cells.(12)

Similar to HIF-1a, NO regulates cellular oxygen consumption
via the reduction of mitochondrial enzyme activity, including
that of aconitase in the Krebs cycle, as well as complex I and
complex II of the mitochondrial electron transport chain, which
leads to a decrease in the utilization of oxygen by the cells.(13–17)

On the basis of these data, we investigated the role of NO in
two hypoxic lung cancer cell lines with different EGFR statuses
following radiation treatment. We hypothesized that NO levels
present in the culture media reflected the concentration in the
cancer cells. Therefore, we planned to inhibit NO by utilizing
the highly-selective NOS inhibitor NG-monomethyl-L-arginine,
monoacetate (LNMMA). We also evaluated the role of NO
in hypoxic cancer cells by evaluating their metabolism and
survival in response to treatment.

Materials and Methods

NG-monomethyl-L-arginine, monoacetate was purchased from
Calbiochem (Darmstadt, Germany). All culture media and FBS
were purchased from Life Technologies (Grand Island, NY,
USA). The V-FITC apoptosis detection kit was acquired from In-
vitrogen (Minato-ku, Tokyo, Japan). The primary antibodies were
specific for the following proteins: HIF-1a, inducible nitric oxide
synthases (iNOS) (BD Transduction Laboratories, San Jose,
CA, USA), phosphorylated epidermal growth factor receptor
(pEGFR) (Cell Signaling, Danvers, MA, USA), and b-actin
(Chemicon International, Temecula, CA, USA). The ECL chemi-
luminescent reagents were purchased from GE Healthcare (Buck-
inghamshire, UK), and ChemiStage CC16mini was acquired
from WealTec (Meadowvale Way Sparks, NV, USA). Gefitinib
was purchased from Tocris Bioscience (Ellisville, MO, USA).

Cell culture. Two NSCLC cell lines were used in the present
study: A549 cells expressing wild-type EGFR, and H3255 cells
with somatic mutations in the tyrosine kinase domain of the
EGFR (L858R [Leu fi Arg]). All culture media (except for that
used for the transfected cells) were supplemented with 10%
FBS, penicillin (100 U ⁄ mL) and streptomycin (100 lg ⁄ mL).
Cultures were maintained in a humidified atmosphere containing
5% CO2 at 37�C. A total of 5 · 105 cells from each cell line
were plated per 6-cm dish, and were transfected with 2 lg of
pCEP4 ⁄ HIF-1a (ATCC, Manassas, VA, USA) using LipofectA-
MINE-Plus, according to the manufacturer’s instructions (QIA-
GEN, Valencia, CA, USA). Both cultured cell lines were
doi: 10.1111/j.1349-7006.2011.02095.x
ªª 2011 Japanese Cancer Association



subjected to either no treatment, treatment with 5 Gy radiation
alone, or treatment with LNMMA + radiation.

Hypoxic chamber. The cells were incubated in a hypoxic
chamber that was flushed with 5% CO2 and 95% nitrogen (N).
The hypoxic conditions were kept between 1 and 3 mmHg
(0.14–1% oxygen, v ⁄ v; hypoxic conditions). The oxygen con-
centration was assessed by using an oxygen electrode (POG-
203-S1; Unique Medical, Osaka, Japan).

Nitric oxide measurement. We evaluated NO concentrations
by measuring the accumulated concentration of nitrite in the cul-
ture media 24 h after treating the cells. We used Griess reagent,
as recommended by BioVision (Palo Alto, CA, USA). Briefly,
100 lL of the culture supernatant was reacted with 100 lL of
Griess reagent for 10 min at room temperature. The concentra-
tion of nitrite was measured in triplicate by measuring the absor-
bance at 540 nm (Bio-Rad microplate reader; Bio-Rad,
Hercules, CA, USA), and was calculated from a standard curve
for sodium nitrite.

Detection of reactive oxygen species. To assess reactive oxy-
gen species (ROS), a quantitative estimation of the intracellular
ROS level was done utilizing the Image-iT live green reactive
oxygen species detection kit (Invitrogen, Eugene, OR, USA),
which uses 5-(and-6)-carboxy-2¢,7¢-dichlorodihydrofluorescein
diacetate as fluorogenic markers for ROS in live cells. The assay
was performed according to the manufacturer’s instructions.
The stained cells were photographed using Keyence BZ-9000,
and analyzed using a Keyence BZ-Analyzer (Keyence, Osaka,
Japan).

siRNA duplexes and transfection. An siRNA was designed to
target HIF-1a nucleotides (5¢-AGAGGUGGAUAUGUGUG-
GG), and its effects were subsequently evaluated using the
HiPerformance Design Algorithm (Dharmacon, Waltham, MA,
USA). A negative control siRNA (5¢-AATTCTCCGAACGTG-
TCACGT) was used to monitor the transfection efficiency. The
cells were transfected with siRNA duplexes using the HiPerfect
transfection reagent (DharmaFECT; Dharmacon), according to
the manufacturer’s instructions.

Flow cytometric analysis of apoptosis. We examined apopto-
sis in both cell lines. Single-cell suspensions of 1 · 106 cells
were plated in 35-mm culture dishes. After approximately 24 h,
the cells were treated as described earlier. Thereafter, the cells
were incubated for another 24 h, followed by trypsinization.
Annexin V binding was then assayed using the V-FITC apopto-
sis detection kit according to the manufacturer’s instructions.
The cells were then analyzed by a FACS (Nippon Becton-Dick-
inson, Tokyo, Japan).

Survival assay. A549 cells from a stock culture were trypsi-
nized, diluted to the appropriate number of cells (1000 cells),
and seeded into 60-mm culture dishes. After treatment, the
cells were incubated for 24 h, and the medium in each culture
dish was replaced with fresh medium. The cells were then left
for 14 days. After fixation and Giemsa staining, colonies con-
taining at least 50 cells were counted. The surviving fraction
of cells was calculated according to the following equation:
(no. colonies formed ⁄ [number of cells plated · plating effi-
ciency]).
Table 1. PCR primers used in this study

Gene Forward primer

HIF-1a 5¢-TGCTTGGTGCTGATTTGTGA-3¢
PDK-1 5-CCG CTC TCC ATG AAG CAG TT-3¢
iNOS 5¢-CCCTTCCGAAGTTTCTGGCAGCAGC

EGFR 5¢-GCCACTTGAGGATATTAAAGGA-3¢
GAPDH 5¢-GAAGGTGAAGGTCGGAGTC-3¢

EGFR, epidermal growth factor receptor; HIF-1a, hypoxia-inducible factor-1
dehydrogenase kinase-1.
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Cell proliferation assay. H3255 and A549 cells were plated at
1 · 104 ⁄ well in 96-well plates. After the cells had attached, they
were treated as described earlier. Thereafter, 20 lL of 4-(3-
[4-iodophenyl]-2-[4-nitrophenyl]-2H-5-tetrazolio)-1,3-benzenedi-
sulfonate (WST-1) was added to each well, followed by a 4 h of
incubation, according to the manufacturer’s recommendations
(Roche Diagnostics GmbH; Mannheim, Germany). In this assay,
the amount of WST-1 formazan produced by mitochondrial
dehydrogenases was an indicator of the number of viable cells.

Western blotting analysis. Equal amounts of lysate protein
(50 lg) from the treated cells were resolved using an SDS-
PAGE slab gel (7.5%), and separated proteins were then trans-
ferred to SDS membranes (Bio-Rad). The membranes were
blocked using 5% non-fat, dry milk diluted in 50 mM Tris at pH
7.5, 0.9% NaCl. and 0.1% Tween 20. The primary antibodies
were specific for the following proteins: HIF-1a, iNOS, PDK-1,
EGFR and b-actin. The Western blots were visualized using
ECL chemiluminescent reagents and ChemiStage CC16mini.

Real-time PCR. We used a quantitative RT-PCR assay to mea-
sure the mRNA levels of HIF-1a, PDK-1, iNOS, and EGFR,
utilizing a CYBR Green Cells-to-Ct kit following the manufac-
turer’s instructions (Applied Biosystems, Foster City, CA,
USA). The primers used for the real-time PCR are shown in
Table 1. For each primer pair, a melting curve analysis was used
to confirm the presence of a single amplicon. The samples were
evaluated using 1 mM of each primer and 4 lL of the cDNA
product, in a total volume of 20 lL. The values for the relative
quantitation were calculated using the cycle threshold values for
each sample, tested in triplicate.

Statistical analysis. Statistical significance was estimated
using Student’s t-test for unpaired observations. In the Western
blot analysis, a linear correlation between the increasing amounts
of input protein and signal intensity was observed (correlation
coefficients were higher than 0.84). The data shown are the mean-
s ± SEM. A value of P < 0.05 was considered to be significant.

Results

Effect of NO level on the accumulation ⁄ de-accumulation of
HIF-1a. To investigate the effect of NO on HIF-1a accumula-
tion, the hypoxic cells were treated with 100 lM of LNMMA,
5 Gy X-rays (radiation), or LNMMA + 5 Gy. Untreated cells
were handled simultaneously with the treated groups. The PCR
(Fig. 1a) and Western blot analysis (Fig. 1b) data showed that
the addition of LNMMA downregulated HIF-1a expression in
both cell lines. This was obvious when cells with reduced NO
levels and exposure to radiation (0.45 ± 0.02 and 0.29 ± 0.0,
respectively) were compared to cells exposed to radiation only
(0.59 ± 0.01 and 1.29 ± 0.34, respectively; P = 0.03 and
P = 0.01 in A549 and H3255 cells, respectively).

The iNOS expression level was measured to confirm the effi-
cacy of LNMMA by utilizing PCR (Fig. 1c) and the Western
blot analysis (Fig. 1d). Both cell lines showed comparable
responses after exposure to LNMMA. To confirm the reduction
in NO, we measured the concentration of nitrite, a metabolite
of NO, in the culture medium (Fig. 1e) of all groups. The
Reverse primer

5¢-GGTCAGATGATCAGAGTCCA-3¢
5¢- TTG CCG CAG AAA CAT AAA-3¢

-3¢ 5¢-GGCTGTCAGAGCCTCGTGGCTTTGG-3¢
5¢-GATTTTCACTTTCTCGCCTTCTG-3¢
5¢-GAAGATGGTGATGGGATTTC-3¢

a; iNOS; inducible nitric oxide synthases, PDK-1, pyruvate

Cancer Sci | December 2011 | vol. 102 | no. 12 | 2151
ªª 2011 Japanese Cancer Association



(a)

(b)

(c)

(d)

(e)

Fig. 1. Hypoxia-inducible factor-1a (HIF-1a) is affected by nitric oxide
(NO) reduction in hypoxic lung cancer cells. Expression of HIF-1a was
reduced with combined treatment in H3255 (*P = 0.01) and A549
(**P = 0.08) cells (a,b). Inducible nitric oxide synthases (iNOS) level
was confirmed following the treatment with NG-monomethyl-L-
arginine, monoacetate (LNMMA) in both cell lines (P = 0.03 and
P = 0.06, in A549 and H3255, respectively) (c,d). Consequently, more
than 98% reduction in nitrate concentration in the culture media was
detected (e). Values are expressed as the means ± SEM of three
independent sets of data.

(a)

(b)

Fig. 2. Reactive oxygen species (ROS). By employing an Image-iT live
green reactive oxygen species detection assay and three cultures sets
showed increased ROS levels when the cells were exposed to radiation
(a,b) compared to those that were untreated (b). However,
florescence was dramatically reduced following exposure to combined
treatment (a,b) *P = 0.03). Values are expressed as the means ± SEM
of three independent sets of data. LNMMA, NG-monomethyl-L-
arginine, monoacetate.

2152
concentration of nitrite was reduced by up to 98% compared to
the untreated groups.

Detection of ROS. Reactive oxygen species production was
detected by employing the Image-iT live green reactive oxygen
species detection kit. Reactive oxygen species were detected in
live cells that had been subjected to the same treatments as those
described earlier. As expected, the ROS level increased more in
the irradiated cells (58 ± 12% and 35 ± 5% in A549 and H3255
cells, respectively) than in the non-irradiated cells (26 ± 3% and
16 ± 5% in A549 and H3255 cells, respectively; Fig. 2a,b).
However, the expression levels dramatically decreased in both
cell lines when the NO level was reduced in the irradiated hyp-
oxic cells, although this effect was more obvious in H3255 cells
doi: 10.1111/j.1349-7006.2011.02095.x
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(a)

(b)

(c)

Fig. 3. Pyruvate dehydrogenase kinase-1 (PDK-1) expression after
combined treatment. Expression of PDK-1 following exposure to
combined treatment was decreased by 22% in A549 cells, and by 40%
in H3255 cells. *P = 0.04 (a,b). Oxygen concentration increased
significantly during the first 24 h, up 9.8% and 7% in A549 and
H3225 cells, respectively after combined treatment (c). Values are
expressed as the means ± SEM of three independent sets of data.
LNMMA, NG-monomethyl-L-arginine, monoacetate.

(a)

(b)

(c)

Fig. 4. Pyruvate dehydrogenase kinase-1 (PDK-1) level following
hypoxia-inducible factor-1a (HIF-1a) silencing. There was a
considerable reduction in both the mRNA (a) and protein level (b) of
PDK-1 in the treated cells compared to the untreated cells. *P = 0.03.
Decrease in HIF-1a protein expression was confirmed simultaneously
(c). Values are expressed as the means ± SEM of three independent
sets of data.
(21 ± 6% and 7 ± 3% in A549 and H3255 cells, respectively,
P = 0.03).

Effects of NO level on cell metabolism. We examined the
PDK-1 level with regard to the NO level. In hypoxic A549 cells,
there was an almost 22% reduction in PDK-1 expression after
exposure to radiation in cells treated with LNMMA
(0.79 ± 0.06) compared to the group treated with radiation alone
(1.01 ± 0.08, P = 0.06) at both the mRNA (Fig. 3a) and protein
(Fig. 3b) levels. Similarly, H3255 cells showed an almost 40%
reduction in PDK-1 expression after combination treatment
(0.58 ± 0.02) compared to the group treated with only radiation
(0.96 ± 0.11, P = 0.04) (Fig. 3a,b).

Oxygen distribution in the cultured cells. The oxygen level
was assessed by using an oxygen electrode. Twenty-four hours
after exposing the hypoxic cells to LNMMA and radiation, the
oxygen levels were increased by 9.8% and 7% in A549 and
H3255 cells, respectively, compared to 1–2% increases in both
the untreated and the radiation-only group (Fig. 3c).

Expression of NO and PDK-1. Since HIF-1a is considered to
be the main PDK-1 regulator during hypoxia, we subsequently
performed experiments to test whether reductions in NO levels
would directly affect PDK-1 downstream signaling. The treat-
ment of cells with HIF-1a siRNA was associated with an almost
70% reduction in PDK-1 at both the mRNA (Fig. 4a) and
protein (Fig. 4b) levels. The HIF-1a expression level was
Saleem et al.
confirmed to be downregulated (Fig. 4c). However, adding
LNMMA to the HIF-1a-silenced cells resulted in no further
reductions in PDK-1 expression (data not shown).

Survival of cells with a low NO level. The radiosensitivity of
A549 cells was enhanced when they were treated with LNMMA
and radiation. Apoptosis increased by 40% compared to the
untreated group, and by 32% compared to the cells exposed to
radiation alone (Fig. 5a). This enhancement was similar in the
H3255 cells, although apoptosis was lower compared to the
A549 cells (Fig. 5b). Moreover, apoptosis increased by 21% in
these cells when LNMMA was given with radiation compared
to the untreated cells, whereas it increased by 16% compared to
cells exposed to radiation alone (Fig. 5a,b). Nonetheless, with a
plating efficiency of more than 87%, the surviving fraction of
the A549 cells was reduced by radiation alone (0.27 ± 0.02,
P < 0.01), but no additional effect was observed after combined
treatment (0.30 ± 0.01; Fig. 6a). Following the addition of gefi-
tinib to the combined treatment, the number of colonies
appeared to be affected, although the effect was not significant
(P = 0.1). In contrast, the cell proliferation assay showed a
reduction in the proliferation of H3255 cells with combined
treatment. Further significant reductions in the proliferation of
both cell lines were detected when gefitinib was added to
LNMMA and radiation treatment (P < 0.01; Fig. 6b). However,
Cancer Sci | December 2011 | vol. 102 | no. 12 | 2153
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(a)

(b)

Fig. 5. Induction of apoptosis was detected by flow cytometry.
Apoptotic percentage was higher in the combined treatment group
compared to the group exposed to radiation alone (a), and also the
untreated group (b) in both cell lines. Values are expressed as the
means ± SEM of three independent sets of data. LNMMA, NG-
monomethyl-L-arginine, monoacetate.

(a) (i)

(ii)

(b)

Fig. 6. Clonogenic assay. Plate efficiency (PE)-labeled fraction in the
untreated group was over 87% of the A549 cells (a), and following
radiation, the surviving fraction was significantly reduced (P < 0.01).
Nevertheless, combining both NG-monomethyl-L-arginine, mono-
acetate (LNMMA) and gefitinib with irradiation led to an obvious
reduction in cell survival (a) and proliferation (*P < 0.01) (b). Values
are expressed as the means ± SEM of three independent sets of data.
LNMMA, NG-monomethyl-L-arginine, monoacetate.
neither LNMMA nor gefitinib reduced cell proliferation further
when combined with radiation (data not shown).

Epidermal growth factor receptor status and the influence of
NO. Finally, we investigated the differences in the expression
of pEGFR in both cancer cell lines. Both the PCR (Fig. 7a) and
Western blot analysis (Fig. 7b) data showed that the irradiated
hypoxic H3255 cells highly expressed pEGFR (1.24 ± 0.38).
The level of pEGFR was significantly lower in cells receiving
combined treatment (0.32 ± 0.02, P = 0.01) than in cells receiv-
ing radiation alone. In contrast, in the hypoxic A549 cells, the
pEGFR expression level (0.817 ± 0.02) was affected by radia-
tion alone (0.431 ± 0.017), and was further reduced when the
cells were exposed to the combination treatment (0.347 ± 0.02),
although this increase was not significant (P = 0.1).

Discussion

It has been reported that the exposure of lung cancer cells to
hypoxia induces EGFR expression(18,19) via early growth
response factor-1.(19) Nitric oxide appears to play a role in mod-
ulating the hypoxic EGFR response, and we found that a
reduced NO level affected the expression of HIF-1a and pEGFR
in two different lung cancer cell lines. The reduced NO level
simultaneously affected both the HIF-1a and EGFR levels, par-
ticularly in the irradiated hypoxic cells. Signal transducer and
activator of transcription 3 (STAT-3) seems to link nuclear
2154
EGFR and iNOS activation, because the promoter of the gene
encoding STAT-3 contains regulatory elements for both these
molecules. Thus, when NO is suppressed, it has a major role in
cell viability and stability.(20) Even a low concentration of NO
has the capacity to inhibit HIF-1a accumulation, because of its
ability to inhibit mitochondrial respiration, and leads to an
increased oxygen concentration. Oxygen in turn re-activates
prolyl hydroxylases (PHD) that target HIF-1a for proteolysis via
the von Hippel–Lindau protein.(14,21,22)

Because HIF-1a and NO play major roles in cell metabo-
lism,(10–16) it was not surprising that a reduction in NO indi-
rectly downregulated PDK-1. The knockdown of HIF-1a
indicated that the PDK-1 reduction was directly related to the
reduction in HIF-1a expression. Moreover, the addition of
LNMMA, either with or without radiation, did not further
reduce the expression of PDK-1 (data not shown). Hypoxia-
induced mitochondrial ROS production has been shown to be
controlled by HIF-1a via its effect on PDK-1 expression.(23)

This step is important to prevent the overproduction of ROS,
thereby preventing cell toxicity.(12,24) However, other studies
have shown that the production of mitochondrial ROS is essen-
tial in promoting the activation of HIF-1a.(24–26) In the present
study, it was expected that reductions in the HIF-1a and PDK-1
levels would promote ROS production following treatment with
LNMMA. However, our study showed that there was a reduc-
tion in the ROS level when the NO concentration was reduced.
doi: 10.1111/j.1349-7006.2011.02095.x
ªª 2011 Japanese Cancer Association



(a)

(b)

Fig. 7. Phosphorylated epidermal growth factor receptor (pEGFR)
was affected by the nitric oxide level. After the combined treatment,
H3255 cells showed a significant reduction in the pEGFR expression
(*P = 0.01), which was also observed to a lesser extent in A549 cells
(P = 0.1) in comparison to the irradiated group (a,b). Values are
expressed as the means ± SEM of three independent sets of data.
LNMMA, NG-monomethyl-L-arginine, monoacetate.
This could result from the ability of LNMMA to inhibit the pro-
duction of ROS through the inhibition of iNOS.(27) Additionally,
the mitochondrial production of ROS has been linked to the
translocation of NF-jB to the nucleus as a hypoxic stress sig-
naling response.(28) The activation of NF-jB could be also be
attenuated by treatment with LNMMA.(29) Thus, ROS produc-
tion appears to be affected by multiple pathways.

At very low concentrations of NO, that activate soluble guany-
lyl cyclase (sGC), NO can bind to cytochrome c oxidase (com-
plex IV) in competition with oxygen in a reversible manner.(30,31)

Interestingly, we observed that the oxygen concentration
increased in the treated culture cells within 2 h of treatment. This
concentration did not increase more than sevenfold to 10-fold
above that of the untreated group during the 24-h period. Thus, a
very low concentration of NO still has the ability to preserve a
certain amount of intracellular oxygen, which will destabilize
HIF-1a. This might in turn enhance cell death via the caspase
cascade(32,33) or by blocking NOS-1 or NOS-2.(34,35) In the cur-
rent study, a colony assay showed no additive effect in A549
Saleem et al.
cells. Because plating densities lower than 1200 cells ⁄ mL are not
clonogenic for H3255 cells, we did not evaluate its clonogenicity.
However, apoptosis and cell proliferation were affected in
H3255 cells. Although the colony formation assay is generally
considered to be a reliable method of measuring overall cell kill-
ing,(36) this method might not always be accurate for assessing
cell sensitivity to various treatments, especially as it does not dis-
tinguish between apoptosis and cell cycle arrest.(37) In addition,
variations in the cell density during treatment in each assay might
affect the outcome.(38)

Radiation, as a treatment option, might enhance the expres-
sion of certain protein kinases that lead to radioresistance pro-
gression.(39,40) In the present study, irradiated cells consistently
overexpressed HIF-1a and EGFR. In such cases, combined ther-
apy would be a superior modality and should be considered. It
becomes obvious that therapy resistance in hypoxic mutant cells
might be related to the dominant expression of HIF-1a and
EGFR.(18,41) Moreover, the approaches used to target EGFR face
many challenges, despite the rapid advances in E-TKI therapy.
For instance, a substantial number of cancer patients do not
respond to the EGFR inhibitor therapy, which implies the pres-
ence of underlying resistance.(42,43) Even in those patients who
do achieve a clear tumor response to E-TKI, many will eventu-
ally manifest disease progression.

In the present study, gefitinib was promising in combination
treatment, although the effect was only evaluated by assessing
cell viability. Moreover, we did not evaluate the EGFR down-
stream signaling pathways, such as the Ras–Raf–MAPK(43) and
PI3K ⁄ Akt pathways.(44,45) In addition, there are many known
mutated EGFR cell lines, such as PC9, H1975, and H820. These
will need to be investigated to confirm the overall concept
concerning the effects of a reduced level of NO with or without
E-TKI on EGFR wild-type and mutant cells.

In conclusion, a reduction of NO in hypoxic lung cancer cells
enhanced their radiosensitivity by destabilizing major proteins,
such HIF-1a and EGFR. Nitric oxide synthase inhibitors might
play a substantial role in countering EGFR tyrosine kinase
inhibitor resistance and exhibit a positive effect when combined
with E-TKI therapy. However, these findings need further
confirmation.
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