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Abstract

Nuclear factor erythroid-2 related factor 2 (Nrf2), a redox-sensitive transcription factor, regulates the expression
of antioxidant enzymes and several anti-apoptotic proteins, which confer cytoprotection against oxidative stress
and apoptosis. Constitutive activation of Nrf2 in lung cancer cells promotes tumorigenicity and contributes to
chemoresistance by upregulation of glutathione, thioredoxin, and the drug efflux pathways involved in de-
toxification of electrophiles and broad spectrum of drugs. In this study, we show that RNAi-mediated lowering
of Nrf2 levels in non-small-cell lung cancer (NSCLC) cell lines (A549 and H460) led to a dramatic increase in
endogenous reactive oxygen species (ROS) levels. Similarly, g-irradiation-induced formation of protein carbonyls
were significantly higher in Nrf2-depleted lung cancer cells, suggesting increased lethality of ionizing radiation
in the absence of Nrf2. Radiation-induced protein oxidation in Nrf2shRNA cells correlated with reduced survival
as measured by clonogenic assay. Radiation-induced cell death was abrogated by pretreatment with antioxi-
dants such as N-acetyl-L-cysteine, glutathione, and vitamin-E, highlighting the importance of antioxidants in
conferring protection against radiation injury. Using genetically-modified gain and loss of function models of
Nrf2, in mouse embryonic fibroblasts, we establish that constitutive activation of Nrf2 protects against ionizing
radiation toxicity and confers radioresistance. Thus, targeting Nrf2 activity in radioresistant tumors could be a
promising strategy to circumvent radioresistance. Antioxid. Redox Signal. 13, 1627–1637.

Introduction

Radiotherapy combined with chemotherapy is rou-
tinely used for treatment of lung cancers with curative

intent in primary lesions, as well as palliative therapy of met-
astatic disease. However, intrinsic or acquired radioresistance
remains a major obstacle affecting the clinical outcome of ra-
diotherapy or combined radiochemotherapy for non-small-cell
lung cancer (NSCLC). Another major issue that limits the ef-
fectiveness of radiotherapy is radiation-induced toxicity to
normal tissues such as the lung and esophagus. The mecha-
nism of radioresistance in NSCLC remains unclear. Studies
have shown the potential involvement of either p53 mutations
(15), overexpression of prosurvival genes such as XIAP and
survivin (44), and activation of the Akt pathway (3). A recent
study by Diehn et al. reported that increased expression of free
radical scavenging enzymes results in low endogenous ROS
levels and contributes to tumor radioresistance (4).

Radiation therapy involves delivery of high-energy radia-
tion to kill cancer cells and shrink tumors. The cellular re-
sponses to ionizing radiation (IR) include activation of cell cycle

checkpoints that delay the progression of cell growth, as well
activation of apoptotic pathways. However, the exact mecha-
nism by which irradiation either activates the checkpoint in
surviving cells or induces apoptosis are not clear, although
generation of reactive oxygen species (ROS) seems to be a key
factor. Radiation induces ROS production within the cells, due
to radiolysis of water. These include formation of superoxide,
hydroxyl, and nitric oxide radicals. Inadequate removal of ROS
results in oxidative stress that leads to damage to biological
macromolecules; the products of lipid peroxidation can cause
DNA damage leading to cell death (7, 33). To protect against
ROS accumulation, cells are equipped with several nonenzy-
matic and enzymatic antioxidant systems (7, 33). Superoxide
catalyzes the dismutation of O2

�� into O2 and H2O2, and the
peroxide can be destroyed by glutathione peroxidase and
catalase. Upregulation of antioxidant enzyme expression or
addition of free radical scavengers has been reported to protect
cells from the cytotoxic effects of radiation (14, 42).

Nuclear factor erythroid-2–related factor 2 (Nrf2), a cap ‘n’
collar basic leucine zipper transcription factor regulates a tran-
scriptional program that maintains cellular redox homeostasis
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and protects against toxic xenobiotics. Keap1 is a Nrf2 binding
protein that regulates Nrf2-dependent transcription by target-
ing Nrf2 for proteasomal degradation (8, 11, 45). Keap1 con-
stitutively suppresses Nrf2 activity in the absence of stress.
Oxidants, xenobiotics, and electrophiles hamper the Keap1-
mediated proteasomal degradation of Nrf2, which results in
increased nuclear accumulation and transcriptional induction
of target genes. The Nrf2-directed transcriptional program in-
cludes a battery of genes, including genes those encode
antioxidants (e.g., the glutathione system: g-glutamyl cyste-
ine synthetase catalytic subunit [GCLc] (29), g-glutamyl cysteine
synthetase modifier subunit [GCLm], glutathione reductase
[GSR], glutathione synthetase [GSS], glutathione peroxi-
dase [GPX], and cysteine=glutamate transporter [SLC7A11]);
the thioredoxin system: thioredoxin-1 [TXN], thioredoxin re-
ductase [TXNRD1], and peroxiredoxins [PRDX], xenobiotic
metabolism enzymes (e.g., NADP[H] quinone oxidoreductase
1 [NQO1], UDP-glucuronosyltransferase), and the members
of the glutathione-S-transferase family [GSTs]), (6, 9, 16, 19,
23, 24, 37, 40). Nrf2 also confers protection against apoptotic
cell death induced by oxidants and FAS ligand (12, 18, 23).
Thus, Nrf2 promotes survival against stress caused by expo-
sure to electrophiles and xenobiotics.

Recently, we and others have reported somatic mutations in
Keap1 gene in NSCLC cell lines and tumors (21, 30, 32). Similar
mutations in Keap1 gene have been reported in breast cancer
and gall bladder cancer (20, 26, 27, 32). Furthermore, we
showed that gain of Nrf2 function, resulting from the loss of
Keap1 activity, promotes tumor growth and confers che-
moresistance in cancer (29). Attenuation of Nrf2 expression by
stable expression of short hairpin RNA (shRNA) targeting
Nrf2 mRNA in lung cancer cells harboring Keap1 mutations-
induced generation of ROS, suppressed tumor growth and
resulted in enhanced sensitivity to chemotherapeutic drug-
induced cell death in vitro and in vivo (29). In this study, we
determined whether gain of Nrf2 function in human lung
cancer cells, A549 and H460, confers radioresistance by main-
taining cellular redox status. Our results show that inhibition of
Nrf2 activity in lung cancer cells lowers the expression of
electrophile detoxification enzymes and total cellular thiol
levels, leading to increased accumulation of ROS and thus
enhance the sensitivity to radiation-induced cytotoxicity.

Materials and Methods

Cell culture and reagents

A549 and H460 cells were purchased from American Type
Culture Collection (Manassas, VA) and cultured under re-
commended conditions. All transfections were carried out
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Wild-
type, Keap1-=-, Nrf2-=-, and Keap1-=-Nrf2-=- double knockout
mouse embryonic fibroblast cell lines were generated as de-
scribed previously (41). Cells were cultured in Iscove’s mod-
ified Dulbecco’s medium (Invitrogen) containing 10% fetal
bovine serum and 1% penicillin streptomycin.

Real time RT-PCR

Total RNA was extracted from lung tissues and or cells
using the RNeasy kit (Qiagen, Alameda, CA) and was quan-
tified by UV absorbance spectrophotometry. The reverse
transcription reaction was performed by using high capacity

cDNA synthesis kit (Applied Biosystems, Foster City, CA).
The reverse transcription reaction was performed by using the
Multiscribe first strand synthesis system (Applied Biosys-
tems) in a final volume of 20 ml containing 1mg of total RNA,
100 ng of random hexamers, 1X reverse transcription buffer,
1 mM dNTP, multiscribe reverse transcriptase, and nuclease
free water. Quantitative real time RT-PCR analyses of Nrf2,
GCLc, GCLm, GSR, G6PD, TXN, and TXNRD1 were per-
formed by using assay-on-demand primers and probe sets
from Applied Biosystems. Assays were performed by using
the ABI 7000 Taqman system (Applied Biosystems). b-actin
was used for normalization.

Western blot analysis

To obtain total protein lysates, cancer cells or tissues were
lysed in RIPA buffer containing Halt Protease Inhibitor Cock-
tail (Pierce, Rockford, IL) and centrifuged at 12,000 g for 15 min
at 48C. For immunoblot analysis, 100mg of total protein lysate
was resolved on 10% SDS-PAGE gels. Proteins were trans-
ferred onto PVDF membranes, and the following antibodies
were used for immunoblotting: anti-Nrf2, and anti-P53, anti-
p21, and anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz,
CA). All the primary antibodies were diluted in PBS-T con-
taining nonfat dry milk (5%) and incubated overnight at 48C.

Assay for oxidative protein damage

For assessing carbonyl modification of proteins after irra-
diation, we used an Oxyblot Protein Oxidation Detection Kit
(S7150) from Chemicon International (Temecula, CA) as per
the manufacturer’s instructions. The carbonyl groups in the
protein side chains were derivatized to 2,4-dinitrophenylhy-
drazone by reaction with 2,4-dinitrophenylhydrazine
(DNPH) for 15 min in 3% (w=v) SDS. Western blotting: the
DNP-derivatized protein samples were separated by poly-
acrylamide denaturing gel electrophoresis and the proteins
were transferred to nitrocellulose membrane (BioRad, Her-
cules, CA). The membranes were incubated with primary
antibody, specific to the DNP moiety of the proteins. This step
was followed by incubation with a horseradish peroxidase-
antibody conjugate directed against the primary antibody
(secondary antibody: goat anti-rabbit IgG). The membranes
were then treated with chemiluminescent substrate (GE
Healthcare, Piscataway, NJ) and imaged by exposure to light
sensitive films (Kodak, Rochester, NY).

Clonogenic assays

Exponentially growing cells were counted, diluted, and
seeded in triplicate at 1000 cells per culture dish (100 mm).
Cells were incubated for 24 h in a humidified CO2 incubator at
378C, exposed to high dose rate (0.68 Gy=min) radiation using
a Gamma Cell-40 137Cs irradiator (Atomic Energy of Canada,
Ltd). To assess clonogenic survival following radiation expo-
sure, cell cultures were incubated in complete growth medium
at 378C for 14 days and then stained with 50% methanol-
crystal violet solution. Only colonies with more than 50 cells
were counted, and the surviving fraction was calculated and
compared with the control. Before radiation exposure, cells
were pretreated with antioxidants N-acetyl cysteine (NAC;
10–20 mM), glutathione (GSH) ester (5 mM) (25), and vitamin
E analogue Trolox (1 mM) for 1 h, followed by exposure to
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ionizing radiation. After the exposure, cells were incubated
with the same medium containing antioxidants supplements
for additional 6 h. The medium was replaced with complete
growth medium, and cells were incubated at 378C for 14 days.

Measurement of ROS levels

To measure endogenous ROS levels, cells were incubated
with 10mM 7’-dichlorodihydrofluorescein diacetate (c-
H2DCFDA) (Molecular Probes, Invitrogen, Carlsbad, CA) for
30 min at 378C, and ROS-mediated oxidation of the fluores-
cent compound c-H2DCF was measured. Fluorescence of
oxidized c-H2DCF was measured at an excitation wavelength
of 480 nM and an emission wavelength of 525 nM using a FAC
Scan flow cytometer (Becton Dickinson, San Jose, CA).

Cell proliferation assay

Cellular proliferation was analyzed using the colorimetric
MTS assay kit (Promega Corp., Madison, WI). Briefly, MEF
cells (1000 cells per well) were plated in 96-well plates, and the
growth rate was measured.

Statistical analysis

Statistical comparisons were performed by Student’s t test.
A value of p< 0.05 was considered statistically significant.

Results

Generation of non-small-cell lung cancer cell lines
stably expressing Nrf2shRNA

To inhibit the expression of Nrf2 in lung cancer cells, we
generated stable A549 and H460 cell lines constitutively ex-

pressing the shRNA targeting the 3’ end of the Nrf2 transcript,
as described in our previous reports (30, 31). The shRNA
targeting luciferase gene was used as control. Stable cell
clones with reduced Nrf2 expression were screened. We se-
lected two independent clones of A549 cells expressing Nrf2
shRNA, which demonstrated approximately 85% down-
regulation of Nrf2 mRNA (Fig. 1A). A single clone expressing
Nrf2 shRNA derived from H460 cells demonstrated 70% in-
hibition of Nrf2 mRNA (Fig. 1B). Detection of Nrf2 protein
by immunoblotting showed similar decrease in protein lev-
els (Fig. 1C). The expression of Nrf2 did not change between
the control cells transfected with luciferase shRNA and the
untransfected cancer cells.

In NSCLC cells, Nrf2 is constitutively activated and upre-
gulates the expression of antioxidants, electrophile and drug
detoxification enzymes, and efflux proteins. We measured the
expression of genes involved in the glutathione biosynthesis
and thioredoxin pathway in Nrf2-depleted A549 and H460
cells constitutively expressing Nrf2shRNA by real time RT-
PCR (23, 36, 37). Cells expressing nontargeting luciferase
shRNA were used as controls. Lowering of Nrf2 levels led to a
decline in the expression of electrophile detoxification genes
(Fig. 1D and 1E).

Downregulation of Nrf2 causes radiosensitization

We determined whether inhibition of Nrf2 expression,
which causes a decrease in the electrophile detoxification
system, could also alter cellular responses to ionizing radia-
tion. A549 and H460 cells stably expressing Nrf2 shRNA and
control nontargeting shRNA transfectants were exposed to
ionizing radiation, and then assayed for in vitro cell clonogenic
survival. As expected, clonogenic survival in all cell lines

FIG. 1. Attenuated expression of Nrf2 and its downstream target genes in lung cancer cells constitutively expressing
short hairpin RNA against Nrf2 mRNA. (A, B) Real time RT-PCR analysis of Nrf2 expression in A549 and H460 cells stably
expressing Nrf2 shRNA. b-actin was used as normalization control. (C) Immunoblot showing reduced levels of Nrf2 protein
in A549 and H460 cells stably transfected with shRNAs targeting Nrf2. (D, E) Real time RT-PCR-based analysis of NQO1,
GCLc, GCLm, GSR, TXN, and TXNRD1 in PCR in A549 and H460 cells stably expressing Nrf2 shRNA. Cells stably ex-
pressing nontargeting luciferase shRNA (Luc-shRNA) were used as baseline control to calculate the fold change. *p� 0.01
relative to the cells expressing luciferase shRNA.
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decreased as the radiation dose increased. The Nrf2 shRNA
transfectants showed a markedly increased radiosensitivity
that was more pronounced at higher doses compared with
cells transfected with the nontargeting control shRNA. Thus,
attenuation of Nrf2 activity by shRNA enhanced radiosensi-
tivity in both A549 and H460 cells (Figs. 2A and 2B). At a dose
of 6 Gy, the surviving fraction of the A549-Nrf2 knockdown
cells was approximately 2%–3%, compared with 27% for the
A549 control cells. Similarly, a dose of 4 Gy to H460-
Nrf2shRNA cells reduced the survival to approximately 0.7%
relative to 20% for the H460-Luc shRNA cells. There was no
noticeable difference in radiosensitivity between the control
nontargeting shRNA-transfected and the parental lung cancer
cell lines (data not shown).

Enhanced production of ROS in cells stably
transfected with Nrf2 shRNA

To determine the degree of overall increase in oxidative
stress as a result of exposure to iononizing radiation, intra-
cellular ROS levels were monitored using c-H2DCFDA and
flow cytometry. Exponentially growing cultures of control
lung cancer cells (A549–LucshRNA and H460–Luc shRNA)
and lung cancer cells constitutively expressing Nrf2shRNA

(A549–Nrf2shRNA and H460–Nrf2shRNA) were irradiated,
and ROS levels were measured 24 h post irradiation. Fluor-
escence of oxidized c-H2DCF was measured by flow cytom-
etry, and the mean fluorescence intensity (MFI) was
calculated after correcting for autofluorescence. The level of
fluorescence was high in both H460 and A549 cells expressing
Nrf2 shRNA (Figs. 3A and 3B). Untreated (0 Gy) A549-Nrf2
shRNA cells demonstrated an increase in ROS level as com-
pared to untreated A549 LucshRNA cells. Similarly, untreated
(0 Gy) H460-Nrf2shRNA cells demonstrated a modest (3-fold)
increase in ROS levels as compared to control H460-LucshR-
NA cells. Exposure to ionizing radiation further enhanced the
ROS production and increased the MFI in the cells expressing
Nrf2 shRNA and control cells. These results suggest that the
generation of ROS at a steady state is relatively increased in
Nrf2 shRNA transfectants compared to control cells and may
be responsible for enhanced radiation sensitivity of
Nrf2shRNA expressing A549 and H460 cells.

Oxidative stress=ROS may cause direct damage to proteins
or the chemical modification of amino acids in proteins (22).
This can give rise to protein carbonyls, which may serve as
biomarkers for general oxidative stress (22). To determine
whether Nrf2 activation in lung cancer cells conferred pro-
tection against radiation-induced protein damage, we per-

FIG. 2. Inhibition of Nrf2 activity confers sensitivity to ionizing radiation. (A) Clonogenic survival of A549 cells stably
expressing Nrf2 shRNA or control luciferase shRNA and exposed to various doses of ionizing radiation. Surviving fractions
were calculated as the plating efficiency of treated cells divided by plating efficiency of untreated cells. (B) Clonogenic
survival of H460 cells constitutively expressing Nrf2 shRNA or control luciferase shRNA cells. These cells were treated with
different doses of ionizing radiation and surviving fraction was calculated. *p� 0.01 relative to the Luc-shRNA cells.

FIG. 3. Nrf2-induced radioresistance correlates with lower endogenous levels of ROS in A549 and H460 cells. (A, B) The
A549 and H460 stable cells constitutively expressing control Luc-shRNA or Nrf2shRNA were exposed to ionizing radiation
and ROS levels were determined 24 h post irradiation. A549 and H460 cells were exposed to a radiation dose of 10 Gy and
ROS levels were measured by c-H2DCFDA staining and flow cytometry. *p� 0.01 relative to the cells untreated Luc-shRNA
cells; **p< 0.01 relative to the 0 Gy exposed untreated cells.

1630 SINGH ET AL.



formed carbonyl content measurements of protein oxidation
after cellular exposure to ionizing radiation. In 0 Gy-exposed
Nrf2-depleted A549 and H460 cells, we detected higher pro-
tein carbonyl content as measured by dinitrophenylhydrazine
derivatization of the protein, followed by immunodetection.
Exposure to ionizing radiation led to an increase in protein
oxidation as measured by total protein carbonyl content in
both A549 and H460 cells with Nrf2 deficient A549 and H460
cells having increased protein carbonyls as compared to their
respective control cells (A549–LucshRNA and H460–
Nrf2shRNA) (Fig. 4).

P53=P21 expression after irradiation
in Nrf2shRNA transfectants

Ionizing radiation induces double-strand breaks in DNA.
One of the key components in damaged DNA recognition and
signaling after irradiation is the tumor suppressor protein p53
(34). The cell lines H460 and A549 contain a wild-type p53
sequence and are functional with respect to radiation-induced
expression of p53 and p21WAF1=CIP1 proteins. To determine
whether Nrf2 suppression had any effect on p53 expression or
p53-dependent p21 expression in response to g-irradiation, we
exposed the lung cancer cells constitutively expressing control

shRNA or Nrf2shRNA to ionizing radiation and determined
the level of p53 and p21 at 6 h and 24 h by immunoblotting. As
shown in Figure 5, there was a slight increase in P53 and
marked increase in the expression of p21 protein in both H460
and A549 cells. However, the radiation-induced expression of
P53 and P21 protein did not differ dramatically between
control cells expressing LucshRNA and radiosensitive
Nrf2shRNA cells.

Antioxidant supplementation protects Nrf2-depleted
lung cancer cells against ionizing radiation-induced
cytotoxicity

We further examined whether lowering endogenous ROS
levels in cells expressing Nrf2 shRNA by antioxidant treat-
ment could abrogate the increased sensitivity to ionizing ra-
diation (Figs. 6A and 6B). We used three antioxidants in this
study: GSH ester, NAC, and Trolox. Glutathione (L-gamma-
glutamyl-L-cysteinylglycine) is the predominant antioxidant
in the aqueous cytoplasm of cells. Glutathione can scavenge
peroxynitrite and hydroxyl radicals and convert hydrogen
peroxide to water. NAC is an aminothiol and synthetic
precursor of intracellular cysteine and GSH. NAC also acts
a powerful direct antioxidant. Trolox is a water-soluble

FIG. 4. Ionizing radiation induces increased protein oxidation in Nrf2-depleted lung cancer cells. Exponentially growing
A549 and H460 cells were exposed to ionizing radiation, and protein carbonyl content was analyzed 24 h post irradiation.
A549 cells were exposed to a radiation dose of 0 Gy, 10 Gy, and 20 Gy. H460 cells were exposed to a dose of 0 Gy, 5 Gy, and
10 Gy. (A) Increase in protein carbonyl content in A549 Nrf2shRNA and H460-Nrf2shRNA cells in response to radiation
exposure was detected by immunoblotting. (B) Densitometric quantification of relative protein carbonyls in control and
radiation exposed A549 and H460 cells. The values in 0 Gy exposed Luc-shRNA cells was arbitrarily set to 1 (arbitrary units
[A.U.]). Band intensities were quantified using Image-J software (National Institutes of Health, Bethesda, MD).
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derivative of vitamin E. It is an antioxidant, like vitamin E,
and is used in biological or biochemical applications to reduce
oxidative stress or damage. A549 and H460 control cells
(A549–LucshRNA and H460–LucshRNA) and Nrf2 shRNA
expressing (A549–Nrf2shRNA and H460–Nrf2shRNA) were
pretreated with GSH (5 mM), NAC (10 mM for H460 cells and
20 mM for A549 cells) and Trolox (1 mM), followed by g-
irradiation. The cell clonogenic survival assay showed that
restoring the cellular redox status in Nrf2shRNA cells by
antioxidant supplementation prior to radiation exposure at-
tenuated endogenous ROS levels, rescued cell death as dem-
onstrated by increase in the number of colonies in the
clonogenic assay (Figs. 6A and 6B). Of the three antioxidant
agents tested, NAC pretreatment produced the maximum
radioprotective effect in Nrf2-depleted H460–Nrf2shRNA
cells. In A549–Nrf2shRNA cells, NAC and GSH supplemen-
tation conferred a similar level of protection against radiation-
induced lethality. As anticipated, the treatment of control
luciferase shRNA expressing A549 and H460 cells with anti-

oxidants prior to radiation exposure had no effect on their
survival. These results clearly indicate that downregulation of
Nrf2 causes radiosensitization in a ROS-dependent manner.

Keap1-=- MEF cells with constitutive activation
of Nrf2 are radioresistant

To further establish the role of Nrf2 in radioprotection, we
used genetic knockout models such as Nrf2-=- MEFs to de-
termine the effect of loss of Nrf2 expression, Keap1-=- MEFs,
which have increased Nrf2 expression and Keap1-=- ;Nrf2-=-

double knockout MEFs (28, 41). Expression of Nrf2-dependent
antioxidant genes were significantly upregulated in Keap1-=-

cells as measured by real time RT-PCR (Fig. 7A). Next, we
measured the intracellular ROS levels in these four MEF
cell lines using c-H2DCFDA staining and flow cytometry. As
anticipated, Keap1-=- cells demonstrated dramatically lower
(*100 fold) H2DCFDA fluorescence, suggesting dramati-
cally lower intracellular ROS levels. The endogenouos ROS

FIG. 5. Nrf2-dependent radioresistance was not P53 dependent in A549 and H460 lung cancer cells. (A, B) A549 and
H460 cells constitutively expressing control luciferase shRNA or Nrf2 shRNA were exposed to ionizing radiation, and the
expression of p53 and p21 were analyzed at 6 h and 24 h post irradiation. GAPDH was used as loading control. (C, D)
Densitometric quantization of p53 and p21 relative protein expression in radiation exposed A549 (10 Gy and 20 Gy) and H460
(5 Gy and 10 Gy) cells as compared to 0 Gy exposed control A549 and H460 cells (arbitrary units [A.U.]). Protein band
intensities were quantified using Image-J software (National Institutes of Health).
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FIG. 6. Pretreatment with antioxidants before radiation treatment restores the redox balance and rescues colony for-
mation defect in the Nrf2-depleted lung cancer cells. (A, B) A549 and H460 stable cells were pretreated with three different
antioxidants (NAC, GSH, and Trolox). Cells were incubated with growth medium containing NAC (10–20 mM), GSH (5 mM),
and Trolox (1 mM) for 1 h prior to radiation treatment. Antioxidant containing medium was replaced 6 h post irradiation. At
the end of Day 14, surviving fractions were calculated. *p� 0.01 relative to the 0 Gy exposed Luc-shRNA and Nrf2shRNA
cells; *{p< 0.05 relative to the radiation exposed cells (6 Gy for A549 and 4 Gy for H460) cells.

FIG. 7. Keap1-=- mouse embryonic fibroblast cells with constitutive activation of Nrf2 express high levels of antioxidant
genes correspond to a lower endogenous ROS level and are radioresistant. (A) Real time RT-PCR-based analysis of Gclc,
Gclm, Gsr, G6PD, Txn, and Txnrd1, in Keap1-=-, wild-type, Nrf2-=-, and Keap1-=-Nrf2-=- double knockout MEF cells. Gene
expression values in wild-type cells were used as baseline to calculate the fold change. b-Actin was used as normalization
control. *p� 0.01 relative to the WT and Keap1-=- cells; *{p< 0.01, relative to the WT, Nrf2-=-, and Keap1-=-Nrf2-=- cells. (B)
Reduced endogenous ROS levels in Keap1-=- MEF cells as compared to wild-type, Nrf2-=-, and Keap1-=-Nrf2-=- MEF cells. (C)
Clonogenic survival of Keap1-=-, wild-type, Nrf2-=-, and Keap1-=-Nrf2-=- double knockout MEF cells exposed to different doses
(2 Gy, 4 Gy, and 6 Gy) of ionizing radiation. Surviving fractions were calculated as the plating efficiency of treated cells
divided by the plating efficiency of untreated cells. *p� 0.01 relative to the radiation exposed WT, Nrf2-=-, and Keap1-=-Nrf2-=-

cells; *{p< 0.05 relative to the radiation exposed Nrf2-=- and Keap1-=-Nrf2-=- cells. (D) Comparison of in vitro cellular pro-
liferation rate of WT, Nrf2-=-, and Keap1-=- MEF cells. *p� 0.01 relative to the WT and Nrf2-=- MEF cells. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline
.com=ars).
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levels in wild-type, Nrf2-=-, and Keap1-=-;Nrf2-=- double
knockout MEFs were similar (Fig. 7B). To assess the affect of
g-irradiation on survival of MEF cells, we exposed Keap1-=-,
wild-type, Nrf2-=-, and keap1-=-;Nrf2-=- double knockout cells to
different doses of ionizing radiation and determined clono-
genic cell survival. At a dose of 2 Gy, the surviving fraction
of the Keap1-=- cells was approximately 75% as compared
with 50% for wild-type, Nrf2-=-, and Keap1-=-;Nrf2-=- double
knockout cells. Similarly, at a dose of 4 Gy, the survival frac-
tion of the Keap1-=- cells was reduced to approximately 50%
compared to 25% for the wild-type and less than 15% for
Nrf2-=- and Keap1-=-;Nrf2-=- double knockout cells (Fig. 7C).
Keap1-=- cells showed significant ( p< 0.001) radioresistance
at all doses compared to wild-type, Nrf2-=-, and double
knockout Keap1-=-;Nrf2-=- cells.

To further demonstrate that gain of Nrf2 function in
Keap1-=- MEF cells confers growth advantage, we compared
the in vitro cellular proliferation rate of Keap1-=-, wild-type,
and Nrf2-=- MEFs. We plated 1000 cells=well in 96-well plates
and measured the cellular proliferation over a period of
72 h. As shown in Figure 7D, Keap1-=- cells with high Nrf2
grew faster than wild-type and Nrf2-=- cells. Similar obser-
vations were made in lung cancer cells, where constitutive
activation of Nrf2 promotes in vitro and in vivo cellular pro-
liferation (29). In summary, the results of the current study
demonstrate that gain of function confers radioresistance and
facilitates cell growth.

Discussion

Nrf2, a redox sensitive bZIP transcription factor, activates
cytoprotective pathways against oxidative injury, inflamma-
tion, apoptosis, and carcinogenesis through transcriptional
induction of a broad spectrum of genes involved in electro-
phile=drug detoxification and antioxidant protection (8, 23,
36). Keap1 mediates proteasomal degradation of Nrf2 and
thus negatively regulates Nrf2 activity. We and others have
shown that Nrf2 is constitutively activated in NSCLC cells
due to somatic mutations in Keap1 gene (21, 30, 32). Loss of
Keap1 activity leading to gain of Nrf2 function in lung cancer
cells upregulates the expression of cytoprotective antioxi-
dants and anti-apoptotic proteins (21, 30). Recently, somatic
activating mutations in Nrf2 gene leading to constitutive ac-
tivation of Nrf2 were reported in squamous carcinoma of lung
(27). This study demonstrates that constitutive activation of
Nrf2-dependent signaling in lung cancer cells promotes
radioresistance. The most important finding is that shRNA-
mediated reduction of Nrf2 expression induces ROS genera-
tion and increases protein oxidation resulting in enhanced
sensitivity to radiation-induced cell death.

Increased ROS is common in cancer cells and is believed to
be attributable at least in part to high metabolism and hy-
peractive glycolytic metabolism driven by oncogenic prolif-
erative signals (38). The intrinsic ROS associated with
oncogenic transformation renders the cancer cells highly de-
pendent on antioxidant systems to maintain redox balance.
ROS must be neutralized by antioxidants to avoid potential
damage to cellular DNA, protein, and lipids. Glutathione and
thioredoxin systems constitute the major thiol-based antioxi-
dant and repair systems, and Nrf2 regulates the expression of
majority of these genes. Enzymes involved in GSH synthesis
(GCLc and GCLm), members of the glutathione reductase and

peroxidase families (GSR, GPx2, and GPx3), and genes that
constitute the thioredoxin system (TXN, TXNRD1, and Prx1)
have been shown to be the transcriptional targets of Nrf2 (8, 9,
23, 35, 36). The members of these redox systems interact with
various transducer and effector molecules, leading to antiox-
idant-specific responses. The regeneration of reduced TXN
and GSH by TXNRD1 and GSR, respectively, utilizes NADPH
as a reducing equivalent generated by glucose-6-phosphate
dehydrogenase and malic enzyme, which have been shown to
be expressed in an Nrf2-dependent manner (8, 23, 36). In-
creased formation of NADPH may prove beneficial for the cell
survival because it is involved in the reductive biosynthesis,
maintenance of redox state, and it also acts as a potent anti-
oxidant (10). The coordinated expression of all of these genes
involved in electrophile detoxification and antioxidant status
suggest an important role for Nrf2 in regulating cellular de-
fenses against cytotoxic and genotoxic agents by increasing
the reductive capacity of the cell (36). Inhibition of Nrf2 ex-
pression by shRNA approach attenuated the expression of
antioxidants, several electrophile, and xenobiotic drug de-
toxification proteins (29). Blocking of Nrf2-dependent gene
expression by shRNA dramatically enhanced the steady-state
ROS levels in lung cancer cells, making them vulnerable to
death induced by cytotoxic agents. Treatment with a non-
specific free radical scavenger NAC significantly reduced the
endogenous ROS levels (29).

Ionizing radiation triggers the formation of free radicals,
which interact among themselves and critical biological tar-
gets with the formation of a plethora of newer free radicals
(43). Some of these free radicals damage genomic DNA (13,
42, 43). ROS damages cellular DNA through oxidative stress-
induced destruction of pyrimidine and purine bases, single-
and double- strand DNA breaks, and oxidation of protein
thiols and lipids (5). Nonenzymatic antioxidants (glutathione
and thioredoxin) and several antioxidant enzymes such as
glutathione-S-transferases, aldehyde dehydrogenases, gluta-
thione peroxidases, thioredoxin, and peroxiredoxins consti-
tute the electrophile detoxification system that scavenges the
radiation-induced electrophiles, thereby causing cellular re-
sistance. Radioprotective effects by modification of antioxi-
dant enzyme expression or by addition of free radical
scavengers have been reported (2, 14, 39, 42, 43). Protective
effects of Bcl2 (17) and HSP25 (1) against irradiation have been
demonstrated to be mediated by GSH. Conversely, thiol de-
pletion can result in a higher incidence of radiation-induced
apoptosis (17).

In this study, we found that alteration of redox status by
Nrf2 inhibition enhanced the sensitivity of lung cancer cells to
ionizing radiation through depletion of antioxidants and
electrophile detoxification enzymes. Pretreatment with anti-
oxidants, glutathione ester, N-acetyl-L-cysteine, or a vitamin
E analogue, Trolox, followed by radiation exposure signifi-
cantly increased the survival of Nrf2-depleted cells but had no
effect on colony-forming ability of control Nrf2-proficient
wild-type cells. It is observed that antioxidants rescue the
radiation-induced damage in cancer cells expressing Nrf2
shRNA, which indicates that the global decrement in the ex-
pression of electrophile detoxification systems has led to in-
creased sensitivity to ROS in cancer cells. To demonstrate that
Nrf2-mediated radioresistance is applicable to other cell
types, we used MEF cells with gain of Nrf2 function (Keap1-=-)
as well loss of Nrf2 function (Nrf2-=-). As expected, Keap1-=-
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MEF cells with high antioxidant capacity and low endogenous
ROS levels were found to be resistant to ionizing radiation-
induced cell death. Lower expression of antioxidant genes
coupled with higher endogenous ROS levels in Nrf2-=- MEF
cells as well as double knockout Keap1-=-;Nrf2-=- cells wild-type
cells resulted in enhanced sensitivity to g-irradiation, leading to
decreased survival. Overall, the results from cancer cells and
nontumorigenic MEF cells unequivocally establish that high
levels of Nrf2 confer resistance to radiotherapy.

In conclusion, we have identified Nrf2 as a novel radio-
resistance factor. Ionizing radiation is one of the most com-
monly employed modalities of cancer treatment; cancer cells
increasingly become resistant to consecutive administration
of radiation. Our findings suggest that targeting Nrf2 by
combining RNAi and=or small-molecule inhibitors approach
will enhance the susceptibility to ionizing radiation-induced
cell death by altering cellular redox status and will likely have
significance in treatment of radioresistant tumors. Due to the
additive efficacy of Nrf2 gene knockdown and ionizing ra-
diation on cell death in NSCLC, this combined treatment
modality has the potential to improve the anticancer efficacy
and thus reduce radiation dose to attenuate collateral damage
to normal tissues. Furthermore, the fact that Nrf2 promotes
resistance to both chemotherapy and irradiation suggests that
Nrf2 activity might have predictive value for response to
chemotherapy and=or irradiation.
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