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S-Nitrosoglutathione (GSNO) reductase regulates cell signaling
pathways relevant to asthma and protects cells from nitrosative
stress. Recent evidence suggests that this enzyme may prevent
human hepatocellular carcinoma arising in the setting of chronic
hepatitis. We hypothesized that GSNO reductase may also protect
the lung against potentially carcinogenic reactions associated with
nitrosative stress. We report that wild-type Ras is S-nitrosylated and
activated by nitrosative stress and that it is denitrosylated by GSNO
reductase. In human lung cancer, the activity and expression of
GSNO reductase are decreased. Further, the distribution of the
enzyme(including its colocalizationwithwild-typeRas) is abnormal.
We conclude that decreased activity of GSNO reductase could leave
the human lung vulnerable to the oncogenic effects of nitrosative
stress, as is the case in the liver. This potential should be considered
when developing therapies that inhibit pulmonary GSNO reductase
to treat asthma and other conditions.
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ProteinS-nitrosylation, thepost-translationalmodificationof a cys-
teine by the attachment of an NO group, is a regulated pathway
that is responsible for a variety of signaling effects (1, 2).
S-nitrosylation, caused both by exposure to exogenous nitrogen
oxides and by the activity of nitric oxide synthase (NOS), is
involved in the regulation of gene expression, cell division,
and a spectrum of other processes in cell biology. For example,
the S-nitrosylation of wild-type Ras by endothelial NOS
(eNOS) is required for cell proliferation and tumor growth in
a common model of tumorigenesis (3). Specifically, oncogenic
K-Ras–GTP activates proteins to initiate human tumor growth.
Of these proteins, only the phosphatidylinositol 3 kinase (PI3
kinase)/Akt pathway is indispensable for tumor maintenance
(3). The essential Akt substrate for this process is eNOS. The
activation of NOS, in turn, S-nitrosylates and activates wild-type
(wt) H-Ras and N-Ras proteins at cysteine 118. Either the
knockdown of eNOS or the mutation of wt Ras cysteine 118
(the site of S-nitrosylation) prevents the activation of Ras and
the formation of tumors (3).

Although the activation of NOS leads to wt Ras S-nitrosylation,
the mechanism by which Ras can be denitrosylated is not known.
As with phosphorylation/dephosphorylation coupling, the addition
and removal of NO from cysteines are normally regulated in cell
biology, and several enzymes serve as denitrosylases (1, 2, 4, 5). In
the human airway, S-nitrosoglutathione (GSNO) reductase is an
important enzyme responsible for denitrosylation (1, 4, 6, 7). This

highly conserved enzyme is traditionally regarded as an aldehyde
dehydrogenase, although it is somewhat more efficient as GSNO
reductase (5, 8, 9). Its relative redox activities depend on substrate
concentration and the local nicotinamide adenine dinucleotide/
nicotinamide adenine dinucleotide reduced (NAD1/NADH) ratio.

Our evidence suggests that decreased activity of GSNO re-
ductase may be associated with human lung cancer. Recently,
mice deficient in GSNO reductase were found to exhibit an in-
creased risk for the development of hepatocellular carcinoma
(10). This risk is directly related to endogenous nitrosative
stress. If these mice are crossed with inducible NOS2/2 mice,
they no longer develop the cancer (10). The activity of GSNO
reductase is also decreased in human hepatocellular carcinoma,
possibly because of chromosome deletions and a loss of hetero-
zygosity (LOH) at or near 4q23, similar to the deletions and
LOH in human lung cancers (11–14). Here, we show that hu-
man lung cancers also exhibit abnormal expression of GSNO
reductase and decreased activity of GSNO reductase. Further,
we show that exposure to exogenous nitrosative stress can in-
crease wt Ras S-nitrosylation and activity and that GSNO re-
ductase serves as a Ras denitrosylase. Taken together, these
data suggest that (as in the case of hepatocellular carcinoma)
the decreased activity of GSNO reductase has the potential to
contribute to cancer risk in the human lung.

MATERIALS AND METHODS

Cells and Tissues

Human lung adenocarcinoma cell lines (Calu-3, H1650, and A549) and
squamous-cell carcinoma cell lines (H157, Calu-1, and H226) were ac-
quired from the American Type Culture Collection (Manassas, VA).
Human bronchial epithelial cells (CFB41o2) were obtained from
Dr. D. Gruenert (15). A human lung cancer tissue array (73 triplicate
samples) also contained normal tissue (16). Normal human airway was
acquired from the Severe Asthma Research Program (17). Lung cancer
tissue blocks and unaffected margins were obtained from operative
lobectomies. The Human Investigation Committee of the University
of Virginia approved both protocols.

Biochemical Assays

H-Ras was immunoprecipitated from overexpressing cells, treated with
S-nitroso-N-acetyl cysteine (24), and washed three times with PBS.
It was assayed for denitrosylation in 2 mM glutathione (GSH) and
300 mM NADH (TRIS; pH 7.4), with or without GSNO reductase iso-
lated from CFBE412 cells (4, 5). S-nitrosothiols were assayed as de-
scribed elsewhere (18). The activity of Ras was assayed by ELISA
(catalogue number 17-497; Millipore, Jaffrey, NH) by Raf-1RBD bind-
ing, using Fluostar Omega (BMG, Offenburg, Germany) in the presence
of GSH (2 mM) and NADH (300 mM), with or without either preincu-
bation with S-nitrosocysteine (CSNO, 10 mM) or the GSNO reductase
inhibitor, 5-chloro-3{2-[4-ethoxyphenyl)(ethyl)amino]-2-oxoethyl}-1H-
indole-2-carboxylic acid (C2, 100 mM; gift of P. Sanghani [26]).

Real-Time PCR

The IQ SVBR Green Supermix (catalogue number 170–8882; Bio-Rad,
Hercules, CA) was used according to the supplier’s instructions (15) with
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the GSNO reductase primers 59-CGATGCCTATACCCTG- 39 and 39-
CACTGTGGGTGTAAAGTG-59.

Mice

GSNO reductase–deficient mice were gifts from Dr. S. Stamler and
Dr. L. Liu (4, 5, 10, 21, 24). Lungs were used with or without an intra-
tracheal pre-instillation of the S-nitrosylating agent, ethyl nitrite
(EtONO, 1 mM, 5 ml; 5 minutes) (31).

Transfection and Immunoprecipitation

In cells transfectedwith a hemagglutinin-tagged (HA)wtH-Ras construct
(from Dr. C.M. Counter) (3) using the Effectin Transfection reagent
(Qiagen, Valencia, CA), HA antibody–immunoprecipitated (1:250; Sigma
Chemical Co., St. Louis, MO) fractions (3) underwent immunoblotting
with an anti-Ras monoclonal antibody (1:1,000; ABCAM, Cambridge,
MA), or were incubated with 100 mM S-nitroso-N-acetylcysteine (24)
for 30 minutes, washed three times in PBS, and assayed for the activity
of GSNO reductase.

Biotin Substitution of S-Nitrosothiol Bonds

Biotin-substituted samples, prepared as described elsewhere (15), under-
went SDS gel electrophoresis and were blotted with anti-biotin antibod-
ies (1:500) and secondary AB-HRP conjugate (1:500), or with anti-Ras
(1:250; Santa Cruz Biotechnology, Santa Cruz, CA), anti-GSNO reduc-
tase (1:1,000; Protein Tech Group, Chicago, IL), anti-eNOS, anti-nNOS,
anti-iNOS, or anti-actin (1:1,000 each; BD Transductional Laboratories,
San Jose, CA).

Exposure to Nitric Oxide

Cells were exposed to NO (19) in a gas-tight chamber (378C) and
assayed for [NO] by chemiluminescence (18).

Immunohistochemistry

Deparaffinized tissues were incubated in anti-GSNO reductase rabbit
antibody (1:50; catalogue number 11051-1-AP; Protein Tech Group),
and then with ABC reagents (Vector Laboratories, Burlingame, CA).
Theywere analyzed for the expression ofGSNO reductase by two observ-
ers (N.V.M. and B.G.) who were blinded to tissue type and diagnosis.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 20 minutes, permeabilized
in 0.05% Triton-X for 5 minutes, rinsed, and incubated overnight with
primary antibodies to GSNO reductase (1:50; Protein TechGroup) or to
Ras (1:100; ABCAM). After rinsing, they were incubated with secondary
antibodies (Alexa Fluor 568, 1:100 dilution;Alexa Fluor 488, 1:500 dilution;
Invitrogen, Carlsbad, CA) and visualized with confocal microscopy.

Statistical Analysis

The nonparametric rank-sum test, t test, and Fisher exact test for pro-
portions were used as appropriate. The relationship of GSNO reduc-
tase score to risk factors was studied with multiple logistic regressions.
Analyses were performed using SAS 9.2 (SAS Institute, Inc., Cary, NC).

RESULTS

The Activity and Expression of GSNO Reductase

Are Decreased in Human Squamous-Cell Lung Carcinoma

The activity of GSNO reductase was decreased in squamous-cell
carcinoma lung specimens relative to adjacent normal lung tissue
(Figure 1A; n ¼ 5 each; P , 0.05), and in the squamous-cell lung
carcinoma cell line H226 (n ¼ 3) relative to nonmalignant airway
epithelial cells in culture (CFBE41o2; n ¼ 4; P , 0.05; Figure
1B). Furthermore, the frequency of positive GSNO reductase
immunostaining was decreased in all non–small cell lung carci-
noma surgical specimens in our array (20 out of 65), relative both

to 100% positive expression in human spleen (n ¼ 4), liver (n
¼ 3), and kidney (n ¼ 3) and to 100% positive expression in
normal, nonsmoking human endobronchial biopsies from the
Severe Asthma Research Program (SARP) (n ¼ 6; P ¼ 0.0016;
Figures 2A, 2G, and 2H and Table 1). The antibody stained wt
murine lungs (Figure 2B), but not those from GSNO reduc-
tase2/2 mice (Figure 2C). Note that among the NSCLC tumors
studied, GSNO reductase expression did not vary significantly
with histological diagnosis (Table 1); nor did expression vary
with age, sex, or smoking history (Table 2). However, by mul-
tiple linear regression analysis, GSNO reductase expression
was less in tumors in which the patient was clinical Stage III
and above (n ¼ 10) than in Stage IA (n ¼ 25; odds ratio, 0.088;
P ¼ 0.04).

Vascular endothelial cells and macrophages immunostained
positively for GSNO reductase and provided positive internal
controls within each tumor (Figures 2E and 2F). Normal human
bronchial epithelial cells also immunostained apically for
GSNO reductase in the SARP biopsies (Figure 2A), as did
the murine epithelium (Figure 2B). We did not have normal
alveolar cells to evaluate. The expression of GSNO reductase
mRNA did not differ between H226 cancer cells (n ¼ 2; 30.9
and 31.2) and nonmalignant CFBE41o2 cells (n ¼ 2; 27.6 and
29.9; P ¼ NS), implying that the reduction in GSNO protein
expression may be attributable to post-translational events. Mu-
tant GSNO reductase primers (negative controls) did not am-
plify by PCR.

GSNO Reductase Cellular Distribution Is Abnormal in Lung

Cancer Cells

By confocal microscopy, GSNO reductase exhibited a diffuse,
punctate staining pattern, and colocalized with cytosolic structures
in cultured, nonmalignant airway epithelial cells. It also localized
to mitotic spindles during anaphase and telaphase of mitosis

Figure 1. Decreased activity of S-nitrosoglutathione (GSNO) reductase

in non–small cell lung carcinoma. (A) Squamous-cell lung-cancer tissue
homogenates were compared with homogenates of adjacent normal

lung parenchyma for the activity of GSNO reductase ex vivo. (B) Cul-

tured squamous-cell lung carcinoma cells (H226) were compared with

nonmalignant human airway cell cultures (CFBE41o2) for the activity of
GSNO reductase. *P , 0.05.
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(Figures 3A and 3C), an effect abrogated by treatment with col-
chicine, which inhibits microtubule polymerization (Figure 3B).
In contrast, in the cancer cell line H226, localization was primar-
ily perinuclear, and no association with mitotic spindles was ev-
ident (Figures 3D–3F). Taken together, these data suggest that
the expression level of GSNO reductase, its activity, and its dy-
namic pattern of localization during mitosis are altered in human
lung cancer.

Ras S-Nitrosylation and Activation

Ras S-nitrosylation was increased relative to Ras expression in
most cancer cell lines, although the overall expression of wt Ras
was lower in the cancer cell lines (Figure 4). The antibody
immunostained murine GSNO reductase weakly in immuno-
blots of murine wt lung homogenates, but did not stain lung

homogenates from GSNO reductase2/2 mice (Figure 4D).
Two days of exposure to NO did not further increase Ras
S-nitrosylation relative to the expression of Ras in H226
or A549 cells in vitro, possibly reflecting a lower exposure to
nitrosative stress (Figure 4A). NOS isoforms were not
expressed in these cancer cell lines, and the NOS inhibitor,
L-N-monomethyl arginine (100 mM), did not significantly in-
hibit Ras S-nitrosylation (Figures 4B and 4C). Exposure to
NO for 5 days did not affect the expression of GSNO reduc-
tase. However, wt Ras S-nitrosylation was increased by 5 days
of exposure to exogenous NO (z 30 ppm in the gas phase; Figure
5) in CFBE41o2 cells, as it also was by the activation of eNOS
in cells that contain eNOS and by exogenous GSNO (3). The S-
nitrosylating agent, ethyl nitrite, increased Ras S-nitrosylation
in murine lungs in vivo; and the S-nitrosylating agent CSNO
increased the activity of Ras in vitro (Figure 6).

Figure 2. Decreased GSNO reduc-

tase immunoreactivity in lung-
cancer specimens. (A) Airway tis-

sue from healthy, nonsmoking

adults expresses epithelial GSNO

reductase (brown stain; 320). (B
and C) Wild-type (wt) mice (B),

but not GSNO reductase2/2 mice

(C), express pulmonary GSNO re-
ductase in their lungs. (D) A rep-

resentative neutrophil is GSNO

reductase–negative. (E) A repre-

sentative macrophage is GSNO
reductase–positive. (F) Inflamma-

tory cells that immunostain posi-

tively serve as a positive internal

control in lung-cancer specimens
(in this case, squamous-cell carci-

noma). (G) Examples of squa-

mous-cell carcinoma specimens

with reduced GSNO reductase
immunoreactivity. (H ) This de-

creased GSNO reductase expres-

sion is true for a range of cancers,
including squamous-cell carcinoma,

adenocarcinoma and large-cell (un-

differentiated) carcinoma (top,340;

bottom, 310).
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S-Nitrosylated Ras Is a Denitrosylation Target

for Denitrosylation and Inactivation by GSNO Reductase

In the presence of GSH, GSNO reductase from CFBE41o2

cells denitrosylated SNO-Ras, whereas GSH alone was inactive
(Figures 6A–6D). Wild-type Ras was immunoprecipitated from
cystic fibrosis pancreatic adenocarcinoma cell 1 (CFPAC1)
cells in which it was overexpressed, treated with 100 mM
S-nitroso-N-acetyl cysteine, and washed three times in PBS.
GSNO reductase was colocalized with H-Ras in nonmalignant

airway epithelial cells in culture, but not in a primary squamous-
cell carcinoma cell line (Figures 3C and 3F). The S-nitrosylation
of Ras relative to the total expression of Ras was increased in
the lungs of GSNO reductase2/2 mice, and was also increased
in wt mice by treatment with EtONO (Figures 6E and 6F).
Consistent with a previous report (3), CSNO increased the ac-
tivity of Ras (Figure 6G). In the H1650 cancer cell line, this
increase tended to be augmented by the GSNO reductase in-
hibitor C3 (26), although this change did not reach significance
(Figure 6G). The weak effect of C3 may reflect the decreased
expression and activity of GSNO reductase in cancer cells at
baseline (Figures 1, 2, and 4).

DISCUSSION

Lung cancer remains the leading cause of cancer death for both
men and women and is the most preventable form of cancer death
(19). The expected 5-year survival rate for all patients with lung
cancer is less than 15%, compared with 65% for colon cancer and
89% for breast cancer. According to the American Cancer Soci-
ety, tobacco use is associated with the development of lung can-
cer, and it accounts for 87% of lung cancer deaths. Among
smokers, squamous-cell lung carcinoma accounts for the plural-
ity (42%) of non–small cell cancer (19, 20). Nitrogen oxides
(particularly NO, NO2, and N2O3) in tobacco smoke can be
anticipated to contribute to enhanced protein nitrosylation
(S-nitrosylation), a key post-translation modification that frequently

TABLE 1. GSNO REDUCTASE EXPRESSION IN LUNG CANCER

Normal Lung

(Asthma Study)

Lung Cancer

(Surgical Specimens) P Value

Positive staining

6 20

Tumor histology

SCC 9

AD* 11

Large cell 0

Negative staining

0 45

Tumor histology

SCC 21

AD* 20

Large cell 4

Total

6 65

Percentage of positive

specimens

100 31 P ¼ 0.00

Definition of abbreviations: AD, adenocarcinoma; SCC, squamous cell carcin-

moma.

* Includes bronchoalveolar adenocarcinoma.
yOne-tailed Fisher exact test.

TABLE 2. PATIENT CHARACTERISTICS

Clinical Parameters Number (%) of Patients

Age

<65 yr 34 (52.3)

.65 yr 31 (47.7)

Sex

Men 36 (55.4)

Women 29 (44.6)

Smoking history

Yes 57 (87.7)

No 5 (7.7)

Unknown 3 (4.6)

Received neoadjuvant chemoradiation

Yes 6 (9.2)

No 59 (90.8)

Histology

Adenocarcinoma 29 (44.6)

Squamous 30 (46.2)

Bronchoalveolar carcinoma 2 (3)

Large cell 4 (6.2)

IASLC Stage

IA 24 (36.9)

IB 15 (23.1)

IIA 13 (20)

IIB 3 (4.6)

III 7 (10.8)

IV 3 (4.6)

Lymph node metastasis

Yes 15 (23.1)

No 48 (73.8)

Inadequate sampling 2 (3.1)

Definition of abbreviation: IASLC, International Association for the Study of Lung

Cancer.

Figure 3. Confocal imaging shows altered distribution of GSNO reduc-

tase in squamous-cell lung carcinoma cells. (A) GSNO reductase is

localized in punctate cytoplasmic structures and in mitotic spindles in
nonmalignant bronchoepithelial cells (CFBE41o2). (B) GSNO reductase

colocalization with mitotic spindles is inhibited by colchicine. (C )

GSNO reductase (red) is colocalized with wt Ras (green) in CFBE41o2

cells, but not (F ) in squamous-cell carcinoma cells (H226). (D) The

localization of GSNO reductase is perinuclear in primary squamous-cell

lung carcinoma cells. (E) Background fluorescence (negative control).

66 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012



targets apoptotic and prosurvival proteins such as Ras, caspases,
and IKKb (1, 2). Cigarette smoke also contains oxidants (includ-
ing formaldehyde) that are implicated in carcinogenesis (33, 34).

In this study, we found that the activity and expression ofGSNO
reductase (also known asADHIII, or glutathione-dependent form-
aldehyde dehydrogenase) is decreased in lung cancer specimens
compared with normal lung tissue. Furthermore, we found that
GSNO reductase denitrosylates Ras both in vitro and in a murine
model in vivo, and that Ras S-nitrosylation is increased in lung-
cancer cell lines. These data suggest that GSNO reductase reg-
ulates the state of Ras S-nitrosylation and that the decreased
activity of GSNO reductase may favor the increased activity of
wt Ras that promotes tumor-cell survival in lung cancer. We fo-
cused on the denitrosylase activity of the enzyme, which, depend-
ing on substrate concentration, also functions in antioxidant
defense. In particular, GSNO reductase may protect the airway
from the carcinogenic effects of formaldehyde. Thus, although we
focused on the role of GSNO reductase as a denitrosylase, its
decreased activity may leave the airway more vulnerable to the
carcinogenic effects of other components of cigarette smoke.

Recently, the decreased expression of GSNO reductase was
observed in human and murine hepatocellular carcinomas (10).
Specifically, GSNO reductase knockout mice are more suscep-
tible to chemically induced hepatocellular carcinoma (10). As
in viral hepatitis–associated hepatocellular carcinoma, chronic
nitrosative stress promotes lung tumorigenesis. In the case of
lung cancer, the unique source of the nitrosative stress is nor-
mally cigarette smoke (19, 20). Interestingly, LOH and structural
chromosomal abnormalities in the GSNO reductase gene locus,
4q23, were reported in both lung cancers and hepatocellular

carcinomas (11–14). We thus hypothesized that decreased
protection from nitrosative stress by the activity of GSNO re-
ductase may contribute to lung carcinogenesis, as seen in the

Figure 4. Ras S-nitrosylation is increased in most lung-cancer cell lines, but is minimally affected by nitric oxide synthase inhibition or 2 days of

exposure to NO. (A) The immunoprecipate (IP) of Ras was biotin-substituted from cell lines exposed with or without NO (30 ppm) for 2 days or to
L-N-monomethyl arginine (L-NMMA) (100 mM). The biotin-substituted IP and—on a separate gel—total cell extract underwent immunoblotting for

Ras and for actin (loading control). Densitometry revealed an increased SNO-Ras/Ras ratio in tumor cell lines (lanes 4–7) relative to nonmalignant

cells (lanes 1–3), with a minimal effect of 3 days of NO or L-NMMA. Note that the molecular weight marker ran between lanes 6 and 7, but all bands

are from the same gel. (B) The experiments in A were repeated without exposure to NO; again, SNO-Ras/Ras is increased in the cancer cells. (C)
Lung-cancer cell lines in culture do not express NOS isoforms and express less GSNO reductase than nonmalignant CFBE41o2 cells, with the

exception of Calu-1 cells. (D) Our polyclonal antibody was highly reactive against human GSNO reductase, but much less so against the murine

enzyme, and not at all against the GSNO reductase2/2 mouse lung homogenates.

Figure 5. Exposure to nitrosative stress for 5 days increases Ras S-nitrosylation,

but does not alter the expression of S-nitrosoglutathione reductase

(GSNOR). (A) In a sealed NO cell-exposure chamber, a steady concen-

tration of NO at 30 ppm (400 nM in the gas phase) was measured
using serial 0.2-ml gas samples from the chamber and was analyzed by

chemiluminescence. A representative chemiluminescent signal is

shown. (B) Nonmalignant epithelial cells (CFBE41o2) were incubated
for 5 days in this chamber, and exhibited no change in the expression

of GSNOR, but did exhibit increased Ras S-nitrosylation.
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development of experimentally induced hepatocellular carci-
noma. We found that the activity of GSNO reductase was de-
creased both in human lung carcinoma specimens in situ and in
cultured lung-cancer cell lines. In lung-cancer cell lines, GSNO
reductase was found to exhibit abnormal cytosolic distribution
and altered dynamic distribution during mitosis, compared with
cultured, noncancerous bronchial epithelium. We speculate that
the trafficking of GSNO reductase to mitotic spindles may play
a role in the regulation of mitosis. However, little is known
about the functional significance of the subcellular localization
of the enzyme.

Malignant and benign cultured airway epithelial cells did not
differ with regard to concentrations of GSNO reductase mRNA.
Thus, the abnormal levels of protein expression and activity of
GSNO reductase are likely attributable to post-transcriptional
regulation or compartmental sequestration. The post-transcrip-
tional regulation of GSNO reductase is poorly understood. Ab-
normal sequestration of GSNO reductase to the perinuclear

region of the tumor cell may hinder its activity and perhaps
make this protein difficult to identify by immunohistochemistry.
Interestingly, more advanced tumors were less likely to demon-
strate evidence of GSNO reductase by immunohistochemistry,
reflecting either decreased expression or increased sequestration
in advanced tumors.

Nitrosative and oxidative stress may be pro-oncogenic through
several mechanisms. Here, we focused on nitrosative stress. Nitrogen
oxides can directly modify DNA, leading in particular to cytidine to
thymidine mutations (22). Nitrogen oxides can also modify c-Src
tyrosine kinase (23), protein von Hippel Lindau (24), nuclear Cl2

intracellular channel 4 (30), and alkyl guanine-DNA alkyl transfer-
ase (10), altering the activities of these proteins and potentially
permitting malignant transformation. GSNO reductase may protect
against these effects in airway epithelial cells exposed to nitrosative
stress. We studied wt Ras because its activation by eNOS through
S-nitrosylation was clearly demonstrated to be an effect downstream
of the K-Ras–mediated activation of PI3 kinase/Akt (3), and of

Figure 6. The Ras denitrosylase function of GSNO reductase. (A–D) Immunoprecipitated H-Ras was S-nitrosylated with 100 mM S-nitroso-N-acetyl

cysteine, and washed three times in PBS. SNO–H-Ras was exposed to glutathione (GSH) and nicotinamide adenine dinucleotide reduced (NADH),

with (A and B) or without (C and D) GSNO reductase. SNO–H-Ras was measured by reduction chemoluminescence at 0 minutes (A and C) and

10 minutes (B and D). B and D represent identical conditions, except that GSNO reductase is present in B. The GSNO formed by transnitrosation
from SNO-Ras requires GSNO reductase for its breakdown. (E) GSNOR2/2 mice (lanes 1 and 2) had higher concentrations of SNO-Ras relative to

total Ras than did background wt (lane 3) when wild-type mouse lungs were pretreated with 1 mM ethyl nitrite (EtONO; 5 ml). However,

concentrations of SNO-Ras increased (lane 4). (F) Concentrations in E were quantitated by densitometry (background subtracted). (G) The activity

of Ras was increased by S-nitrosocysteine (CSNO, 10 mM; hatched and solid bars) relative to baseline (open bars) in the presence of GSH and NADH
in two non–small cell lung carcinoma cell lines. This effect tended to be augmented by the GSNO reductase inhibitor, C3 (solid bars; 100 mM; 26), in

H226 cells, but the effect was not significant, consistent with the decreased activity of baseline GSNO reductase. HeLa cells stimulated with epidermal

growth factor (gray bar) served as positive internal controls for the ELISA assay. *n ¼ 3 each; P , 0.03, relative to baseline, according to ANOVA.
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potential relevance to lung cancer (25). We found that GSNO re-
ductase denitrosylates wt Ras in the presence of cellular concentra-
tions of GSH and NADH; that wild-type Ras S-nitrosylation is
increased in airway epithelial cells exposed to nitrosative stress; that
nitrosative stress activates Ras in lung cancer cells, particularly in the
absence of GSNO reductase activity; and that Ras S-nitrosylation,
relative to Ras expression, is increased in several lung cancer cell
lines. Thus, we propose that one mechanism by which the decreased
activity of GSNO reductase may be permissive for lung carcinogen-
esis is through the failure to denitrosylate wild-type Ras.

Importantly, a deficiency of GSNO reductase may also protect
against cancer by detoxifying formaldehyde (33) and protecting
against oxidative stress (34). Clearly, exogenous/inhalational ox-
idative and nitrosative stress (rather than endogenous produc-
tion) is normally required for the initiation of lung and airway
cancer. The increased expression of NOS and maintenance of
normal levels of nitrogen oxides may actually disfavor the pro-
gression of non–small cell lung carcinoma (35), consistent with
the paradoxical effects of NOS and high concentrations of nitro-
gen oxides observed in other contexts (1).

Many issues remain to be resolved. (1) The differences in
agent, dose, and time-course with regard to Ras S-nitrosylation
in airway epithelial cells will need extensive study. These may
reflect both cell permeability and the relative electropositivity
of the NO moiety (i.e., EtONO, as EtO2–NO1 [31], appears to
be more effective than NO itself). (2) The reasons for the loss of
wt Ras in lung-cancer cell lines will need to be identified. We
suspect that Ras S-nitrosylation, in addition to activating the
enzyme, could target the protein for degradation or inhibit its
translation, as is the case with other proteins (15, 24, 27). (3)
The source of nitrogen oxides remains to be defined in these
NOS-deficient cancer cell lines, although environmental nitrogen
oxides promote S-nitrosylation, and certain cellular S-nitrosylated
proteins are sequestered and quite stable after S-nitrosylation (1,
32). (4) Much work remains to be done on the human genetics and
biology of GSNO reductase in the airway epithelium. (5) Finally,
our data suggest that a long-term study of the oncogenic potential
of exposure to cigarette smoke in GSNO reductase2/2 mice would
be worthwhile.

To our knowledge, these are the first data identifying a role
for GSNO reductase as a denitrosylase with the potential to pro-
tect against lung cancer in the context of nitrosative stress. Inhib-
itors of GSNO reductase are in development (as are nitrogen
oxide donors) for the treatment of asthma and cystic fibrosis
(15, 26–29). Our data suggest that decreasing the activity of
GSNO reductase may change airway biology to favor the de-
velopment of lung cancer, particularly in the context of expo-
sure to smoke.
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