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Drug resistance during chemotherapy is the major obstacle to the
successful treatment of many cancers. Here, we report that in-
hibition of NF-E2-related factor 2 (Nrf2) may be a promising
strategy to combat chemoresistance. Nrf2 is a critical transcrip-
tion factor regulating a cellular protective response that defends
cells against toxic insults from a broad spectrum of chemicals.
Under normal conditions, the low constitutive amount of Nrf2
protein is maintained by the Kelch-like ECH-associated protein1
(Keap1)-mediated ubiquitination and proteasomal degradation
system. Upon activation, this Keap1-dependent Nrf2 degradation
mechanism is quickly inactivated, resulting in accumulation and
activation of the antioxidant response element (ARE)-dependent
cytoprotective genes. Since its discovery, Nrf2 has been viewed as
a ‘good’ transcription factor that protects us from many diseases.
In this study, we demonstrate the dark side of Nrf2: stable over-
expression of Nrf2 resulted in enhanced resistance of cancer cells to
chemotherapeutic agents including cisplatin, doxorubicin and eto-
poside. Inversely, downregulation of the Nrf2-dependent response
by overexpression of Keap1 or transient transfection of Nrf2–small
interfering RNA (siRNA) rendered cancer cells more susceptible to
these drugs. Upregulation of Nrf2 by the small chemical tert-
butylhydroquinone (tBHQ) also enhanced the resistance of cancer
cells, indicating the feasibility of using small chemical inhibitors of
Nrf2 as adjuvants to chemotherapy to increase the efficacy of che-
motherapeutic agents. Furthermore, we provide evidence that the
strategy of using Nrf2 inhibitors to increase efficacy of chemother-
apeutic agents is not limited to certain cancer types or anticancer
drugs and thus can be applied during the course of chemotherapy
to treat many cancer types.

Introduction

The transcription factor NF-E2-related factor 2 (Nrf2) was originally
identified to be a critical regulator of intracellular antioxidants and
phase II detoxification enzymes by the transcriptional upregulation of
many ARE-containing genes (1,2). Nrf2 is negatively regulated by
Kelch-like ECH-associated protein1 (Keap1), a substrate adaptor for
the Cul3-dependent E3 ubiquitin ligase complex (3–5). Normally,
Keap1 constantly targets Nrf2 for ubiquitin-dependent degradation
and thus to maintain low constitutive expression of Nrf2-downstream

target genes. Both stress and chemopreventive compounds are able to
transcriptionally activate the Nrf2 target genes to trigger a cytoprotec-
tive response. Detailed mechanistic studies indicate that Keap1 is the
molecular switch that controls activation and inactivation of the Nrf2
pathway. In response to oxidative stress or chemopreventive com-
pounds, Keap1-dependent ubiquitin ligase activity is inhibited and
the Nrf2 protein is accumulated. Subsequently, Nrf2 translocates to
the nucleus to activate transcription of the ARE-containing genes
(5,6). During the postinduction period, Keap1 travels into the nucleus
to remove Nrf2 from the ARE regulatory sequences and to shuttle
Nrf2 back into the cytoplasmic degradation machinery to turn off the
Nrf2-dependent response (7).

Recent advance has been made in identifying the Nrf2-downstream
target genes by comparing constitutive and inducible messenger RNA
(mRNA) levels of genes using microarray approaches in the wild-type
and Nrf2-knockout mice. Many genes, whose biological functions can-
not be categorized as antioxidants or detoxification enzymes, have been
demonstrated to be regulated by Nrf2. Thus, the Nrf2-downstream
target genes have been expanded beyond antioxidant and detoxifica-
tion genes to include stress response genes, xenobiotics-metabolizing
genes, genes involving the ubiquitin-mediated proteasomal degrada-
tion system, intracellular redox-regulating genes, genes controlling
cell growth and genes encoding transporters (8–12). Based on the
function of these genes, it is clear that induction of the Nrf2-depen-
dent response represents the cell’s attempt to defend itself from stress-
ful conditions. Therefore, the Nrf2 signal pathway is currently
regarded as a cell survival pathway. Indeed, accumulating in vivo
evidence has demonstrated the importance of Nrf2 in protecting cells
from toxic and carcinogenic effects of many environmental insults.
The Nrf2-knockout mouse was prone to acute damages induced by
acetaminophen, ovalbumin, cigarette smoke, pentachlorophenol and
4-vinylcyclohexene diepoxide (13–17). In addition, the Nrf2-knockout
mouse had increased tumor formation when they were exposed to
carcinogens such as benzo[a]pyrene, diesel exhaust and N-nitrosobutyl
(4-hydroxybutyl) amine (18–20).

The role of Nrf2 has been underlined by the findings demonstrating
the Nrf2-dependent protection against many human diseases or path-
ological states such as cancer, neurodegenerative diseases, aging, car-
diovascular disease, inflammation, pulmonary fibrosis and acute
pulmonary injury (18,21–25). Using dietary or synthetic compounds
to boost the Nrf2-mediated cellular defense response for disease pre-
vention has been under intensive study. Many Nrf2 activators have
been identified and their efficacy in chemoprevention has been veri-
fied both in animal models and in human clinical trials (26,27).

Intriguingly, the Nrf2–Keap1 signal pathway has been reported to be
impaired in many lung cancer tissues and lung carcinoma cell lines
(28,29). There was a high frequency of loss of heterozygosity at
19p13.2 where Keap1 is located. Furthermore, mutations were detected
in the linker and the Kelch domain of Keap1, which inactivated the
repressor function of Keap1. As a consequence, the Nrf2-dependent
defense response was fully activated in these cancer tissues and cell
lines as demonstrated by the elevated Nrf2 protein level, nuclear local-
ization of Nrf2 and increased mRNA expression of Nrf2 target genes.
Therefore, it is highly possible that cancer cells acquire growth advan-
tage during the course of transformation by eliminating the Keap1-
mediated negative control of Nrf2, which leads to activation of the
Nrf2-dependent defense response. In supporting of this notion, Nrf2
was found to be overexpressed in 91.5% of tumor tissues with head
and neck squamous cell carcinoma (30).

Based on the established function of Nrf2 in conferring cell survival
under detrimental conditions, it is conceivable that inhibition of the
Nrf2-dependent protective response should render cancer cells more
susceptible to chemotherapeutic agents. In this study, we have

Abbreviations: ARE, antioxidant response element; CBD, chitin-binding
domain; cDNA, complementary DNA; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HA, hemagglutinin; HO-1, heme oxygenase-1; Keap1, Kelch-
like ECH-associated protein1; mRNA, messenger RNA; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Nrf2, NF-E2-related
factor 2; NQO1, NAD(P)H quinone oxidoreductase 1; PCR, polymerase chain
reaction; shRNA, short hairpin RNA; siRNA, small interfering RNA; tBHQ,
tert-butylhydroquinone.

yThese authors contributed equally to this work.

� The Author 2008. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org 1235



addressed the role of Nrf2 in determining drug response in lung car-
cinoma, breast adenocarcinoma and neuroblastoma. Our results show
that upregulation of Nrf2 enhances cell resistance, whereas downre-
gulation sensitizes cells to chemotherapeutic agents, demonstrating
the feasibility of using Nrf2 inhibitors as adjuvants to chemothera-
peutic agents to maximize cancer cell death. Furthermore, the Nrf2-
dependent response to chemotherapeutic agents is not limited to a par-
ticular cell type or a specific class of anticancer drugs. Therefore,
inhibiting Nrf2 during chemotherapy can be a general approach for
treatment of tumors of different tissue origin.

Materials and methods

Real-time reverse transcription–polymerase chain reaction and the quinone
oxidoreductase expression pattern of human lung tissues

The polymerase chain reaction (PCR) condition and Taqman probes and pri-
mers for Nrf2, NAD(P)H quinone oxidoreductase 1 (NQO1), heme oxygenase-
1 (HO-1) and reduced form of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were reported previously (31). Briefly, Taqman probes were from
the Universal Probe Library (Roche, Indianapolis, IN): hNrf2 (#70), hNQO1
(#87), hHO-1 (#25) and hGAPDH (#25). Oligos used for primers were syn-
thesized by Integrated DNA Technologies (Coralville, IA).

hNrf2: forward (acacggtccacagctcatc) and reverse (tgtcaatcaaatccatgtcctg)
hNQO1: forward (atgtatgacaaaggacccttcc) and reverse (tcccttgcagagagta-
catgg)
hHO-1: forward (aactttcagaagggccaggt) and reverse (ctgggctctccttgttgc)
hGAPDH: forward (ctgacttcaacagcgacacc) and reverse (tgctgtagc-
caaattcgttgt).

The real-time PCR condition was as follows: 1 cycle of initial denaturation
(95�C for 10 min), 40 cycles of amplification (95�C for 10 s and 60�C for 20 s)
and a cooling program (50�C for 5 s). The GAPDH-normalized data are pre-
sented as the fold change of gene expression in the Keap1- or Nrf2-overex-
pressing cell line, compared with the control cell line. For measurement of
NQO1 mRNA expression in normal and tumor tissues, we purchased a Real-
time PCR array of first-strand complementary DNA (cDNA) from human lung
tissues in 96-well plates from OriGene (Rockville, MD) (HLRT101). The
cDNAs were prepared from normal lung tissues or lung cancer biopsy samples.
Each sample represents a cDNA prepared from an individual person. Tumor
tissues were graded into different stages according to the differentiation stat-
ues. The tissues included in this lung qPCR array include normal tissues, stage
I, stage II and stage III cancer tissues. The cDNAs from one plate were used for
measurement of NQO1 mRNA levels by real-time reverse transcription–PCR
(RT-PCR) analysis. Same cDNAs in another plate were used for measurement
of GAPDH. The data presented are relative NQO1 mRNA levels normalized to
GAPDH. This experiment was conducted three times and the mean and stan-
dard deviation were calculated.

Chemicals, cell culture and establishment of stable cell lines

All chemicals including cisplatin, doxorubicin and etoposide were purchased
from Sigma (Saint Louis, MO). A549, SH-SY5Y and MDA-MB-231 cells
(American Type Culture Collection, Manassas, VA) were grown in the Amer-
ican Type Culture Collection-suggested medium with 10% fetal bovine serum
at 37�C in a humidified incubator containing 5% CO2. The Keap1–chitin-bind-
ing domain (CBD) or hemagglutinin (HA)–Nrf2 cDNA was cloned into the
cloning sites of the pBabe-puro vector or into a lentivector purchased from
System Biosciences (Mountain View, CA) using the standard recombinant
DNA technique. The retrovector containing 29mer short hairpin RNA (shRNA)
for Nrf2 was reported previously (31). For establishment of stable cell lines
harboring Keap1–CBD, HA–Nrf2 or Nrf2–shRNA, the retrovectors containing
the cDNA of interest were first transfected into SD-3443, an amphotropic
packaging cell line from American Type Culture Collection, whereas the len-
tivectors were transfected into 293TN cells alone with the packaging plasmids
according to the manufacturer’s instruction. Viruses produced in the superna-
tant were collected and used to infect cancer cell lines in the presence of 2–8
lg/ml polybrene. At 48 h postinfection, cells were grown in the medium
containing 1.5 lg/ml of puromycin for selection. Stable cell lines were estab-
lished once all the cells in the negative control plate were killed. Stable cell
lines were continuously grown in the medium containing 1.5 lg/ml of puro-
mycin.

Transient transfection of small interfering RNA, antibodies and immunoblot
analysis

The Nrf2–siRNA and the control siRNA were purchased from Qiagen (Valencia,
CA), (HP-validated siRNA and all stars Neg. siRNA AF 488). Transient trans-

fection of siRNA was performed using HiPerFect Transfection Reagent
according to the manufacturer’s protocol (Qiagen). The antibodies for Keap1,
Nrf2, a-tubulin, b-actin, NQO1, HO-1 (Santa Cruz Biotechnology, Santa
Cruz, CA). CBD (New England Biolabs, Ipswich, MA) and HA (Covance,
Berkeley, CA) were purchased from commercial sources. Cells were lysed
in sample buffer [50 mM Tris–HCl (pH 6.8), 2% sodium dodecyl sulfate,
10% glycerol, 100 mM dithiothreitol and 0.1% bromophenol blue]. Following
sonication, cell lysates were electrophoresed through sodium dodecyl sulfate–
polyacrylamide gel and subjected to immunoblot analysis.

Cell death detection, the NQO1 enzymatic activity and the glutathione
concentration

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay based on the functional change of mitochon-
dria during cell death (31). For detection of apoptotic cell death, three different
methods were used: (i) Cell Death Detection ELISAPLUS (Roche); (ii) In Situ
Cell Death Detection (Roche) and (iii) Annexin V–Fluorescein Isothiocyanate
Apoptosis Detection (Sigma). The NQO1 activity was measured as the dicou-
marol-inhibitable fraction of Dichlorphenolindophenol (DCPIP) reduction as
reported previously (31). The intracellular glutathione concentration was mea-
sured using QuantiChrom glutathione assay kit from BioAssay Systems
(Hayward, CA). All the procedures were followed according to the manufac-
turer’s instructions. All the experiments described in this section were per-
formed in triplicates to obtain means and standard deviations. The
significant differences between groups were analyzed by two-sample two-
way Student’s t-test, as indicated in figures and figure legends.

Results

The Nrf2-mediated defense response is upregulated in cancer tissues

To investigate the possibility that certain cancer cells may acquire
growth advantage by diminishing the negative regulation of Nrf2 by
Keap1, we assessed activation of the Nrf2 signal pathway by measur-
ing the mRNA expression profile of NQO1, an Nrf2-downstream
target gene, in lung cancer tissues ranging from normal to more ad-
vanced cancer stages (stages I, II and III). The experiment was con-
ducted three times with the same sets of cDNA samples from different
plates. Results from the real-time RT-PCR analysis with the cDNAs
showed a very striking pattern: there were elevated NQO1 expressions
in tissues from stage II and stage III patients (Figure 1). Data shown in
Figure 1 represent the relative mRNA of NQO1 normalized to
GAPDH. Noticeably, there were three individuals in the normal group
with elevated NQO1 levels. It is probably due to polymorphism of
Nrf2, Keap1 or NQO1 genes. This result implicates that the Nrf2-
dependent defensive pathway is probably activated in certain tumors
to confer growth advantage.

Genetic knockdown of endogenous Nrf2 sensitizes lung carcinoma
cells to chemotherapeutic drugs

It has been reported that Keap1 mRNA expression is downregulated in
lung carcinoma A549 cells. In addition, there is a mutation in the
Kelch domain of Keap1 (G333C) that destroys the function of Keap1,
resulting in an elevated Nrf2 protein level in this cell line. We first
confirmed the enhanced Nrf2 protein level and mRNA levels of
NQO1 and HO-1 in A549 cells using immunoblot and real-time
RT-PCR analysis. The Nrf2 protein level and mRNA levels for
NQO1 and HO-1 in A549 cells were elevated more substantially than
in other cell lines tested (data not shown). Based on these results,
we chose the A549 cell line to test our hypothesis that knockdown
of endogenous Nrf2 sensitizes A549 cells to chemotherapeutic drugs.
Two approaches were used to knock down the endogenous Nrf2 level:
transient transfection of Nrf2–siRNA and stable expression of Keap1.
In one experimental setting, A549 cells were transiently transfected
with a control siRNA and an siRNA specific for Nrf2. At 72 h post-
transfection, the endogenous Nrf2 protein level and the mRNA levels
of Nrf2, NQO1 and HO-1 were measured. Transfection of Nrf2–siR-
NA reduced the Nrf2 mRNA and protein levels .60% (Figure 2A left
panel and Figure 2B). It also reduced NQO1 and HO-1 mRNA 60%
and 40%, respectively (Figure 2A). To further confirm the repression
of Nrf2 by Nrf2–siRNA, the intracellular NQO1 activities and the
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glutathione levels were measured. Transfection of Nrf2–siRNA sig-
nificantly reduced the NQO1 activities and the glutathione levels
(Figure 2C). Next, the functional significance of Nrf2 knockdown
was tested by comparing the susceptibility of cells transfected with

Nrf2–siRNA or control siRNA to chemotherapeutic drugs. Following
72 h siRNA transfection, cells were treated with cisplatin, doxorubi-
cin or etoposide for 48 h, and cell viability was measured by the MTT
assay. As shown in Figure 2D, reduced expression of endogenous

Fig. 1. The Nrf2-dependent defense response is upregulated in lung tumors and cancer cell lines. cDNAs from human lung tissues of normal and various stages of
cancers were subjected to real-time reverse transcription–PCR for detection of NQO1 mRNA expression. The same set of samples in another plate was used for
detection of GAPDH. The data represent relative mRNA levels of NQO1 normalized to GAPDH. The experiment was conducted three times and the standard
deviation was shown.

Fig. 2. Transient knockdown of Nrf2 by siRNA sensitizes A549 lung carcinoma cells to chemotherapeutic agents. (A) mRNAs were extracted from A549 cells
transiently transfected with Nrf2–siRNA or control siRNA for 72 h. After conversion of mRNAs into cDNAs, same amounts of cDNAs were subjected to real-time
reverse transcription–PCR analysis for detection of relative mRNA levels of Nrf2, NQO1, HO-1 and GAPDH. The data presented were normalized to GAPDH. (B)
The Nrf2 protein levels were compared in cells transfected with Nrf2–siRNA or control siRNA. (C) The NQO1 enzymatic activity and the intracellular glutathione
level of the transfected cells were measured by reduction of DCPIP and QuantiChrom glutathione assay kit, respectively. (D) A549 cells, transfected with Nrf2–
siRNA or control siRNA for 72 h, were treated with the indicated doses of cisplatin, doxorubicin and etoposide for 48 h. Cell viability was determined by the MTT
assay. The data are presented as means ± SDs. �P , 0.05.
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Nrf2 by transfection of Nrf2–siRNA sensitized cells to all three che-
motherapeutic agents tested.

To further confirm the result obtained using transient siRNA knock-
down, we utilized the Nrf2-negative regulator Keap1 to reduce the
endogenous Nrf2 protein level. In this experimental setting, a stable
expression approach was chosen to bypass the possible toxicity in-
troduced by transfection reagents. A stable cell line expressing Keap1
was established using a lentivirus system. Expression of Keap1–CBD
was detected by an anti-CBD antibody (Figure 3A, left panel). Ec-
topic expression of Keap1–CBD significantly decreased the endoge-

nous Nrf2, NQO1 and HO-1 protein levels (Figure 3A, left panel),
whereas expression of a-tubulin was unchanged (Figure 3A, left
panel). Next, the enzymatic activity of NQO1 was measured by the
DCPIP reduction assay. The NQO1 activity was reduced to 50% in the
Keap1-overexpressing cell line, compared with that in the vector-
expressing cell line (Figure 3A, middle panel). Since Nrf2 plays a crit-
ical role in maintaining cellular redox homeostasis, we measured the
intracellular glutathione levels in these two cell lines. Stable over-
expression of Keap1 significantly decreased the intracellular levels of
glutathione to 30% (Figure 3A, right panel). Taken together, these

Fig. 3. Stable knockdown of Nrf2 by overexpression of Keap1 increases the susceptibility of A549 lung carcinoma cells to chemotherapeutic agents. (A) Two
A549-derived cell lines stably expressing the control vector or Keap1–CBD were established using a lentivirus-based approach. Cell lysates from these two cell
lines were subjected to immunoblot analysis with antibodies against CBD, Nrf2, NQO1, HO-1 and tubulin (left panel). The NQO1 enzymatic activity was
measured by reduction of DCPIP (middle panel). The intracellular glutathione level of the two cell lines was determined with QuantiChrom glutathione assay kit.
(B) Cell viability was assessed by the MTT assay following 48 h treatment with the indicated doses of cisplatin, doxorubicin and etoposide. (C) Cells growing on
glass slide were treated with different doses of cisplatin for 48 h and labeled with fluorescein-deoxyuridine triphosphate using the In Situ Cell Death Detection kit.
Pictures were taken under fluorescent microscope (left panel). Thirteen fields of each slide were counted to get the total number of apoptotic cells (table). (D) The
two cell lines were treated with doxorubicin for 48 h; apoptotic cell death was measured using Cell Death Detection ELISAPLUS kit. (E) Cells were treated with
cisplatin, doxorubicin and etoposide for 48 h and stained with Annexin V–fluorescein isothiocyanate and propidium iodide using the Annexin V–Fluorescein
Isothiocyanate Apoptosis Detection Kit, followed by flow cytometric analysis. The data are presented as means ± SDs. �P , 0.05.
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results demonstrate that stable overexpression of Keap1 inhibits the
Nrf2-mediated signal pathway.

When these two stable cell lines were compared for their survival
after 48 h treatment with cisplatin, doxorubicin or etoposide, the
Keap1-overexpressing cell line displayed greater sensitivity to these
drugs (Figure 3B). Since the MTT cell toxicity assay measures both
necrotic and apoptotic cell death, next we measured only apoptotic
cell death using three different methods. (i) In Situ Cell Death De-
tection kit was used for detection of apoptotic cell death on a single-
cell level. As shown in Figure 3C, the Keap1-overexpressing cell line
had more apoptotic cells following 48 h treatment with cisplatin. The
table lists the total number of apoptotic cells counted. The number of
apoptotic cells detected by this method is probably underestimated
since many apoptotic cells were detached and washed away during the
assay. Nevertheless, more apoptotic cells were observed in the Kea-
p1-overexpressing cell line after drug treatment. (ii) Cell Death De-
tection ELISAPLUS kit quantitatively detects mono- and
oligonucleosomes in the cytoplasmic fraction of cell lysates. This
kit was used to assess apoptotic cell death following doxorubicin
treatment. The Keap1-overexpressing cells showed more apoptotic
cell death (Figure 3D). (iii) Annexin V–fluorescein isothiocyanate/
propidium iodide dual staining combined with flow cytometric anal-
ysis was used to assess apoptotic cell death after 48 h treatment with
all three drugs. The Keap1-overexpressing cell line had more apopto-
tic cells compared with the vector-expressing cell line (Figure 3E).
Taken together, we have used two genetic approaches to reduce the
endogenous Nrf2 protein levels: by transient transfection of Nrf2–
siRNA and by stable overexpression of Keap1. As a consequence of
the compromised Nrf2-dependent protective response, these cancer

cells are more susceptible to all three chemotherapeutic drugs tested,
strongly supporting our hypothesis that inhibition of the Nrf2-medi-
ated protective response increases the efficacy of chemotherapeutic
agents.

Stable overexpression of Nrf2 enhances the resistance of human
breast adenocarcinoma and neuroblastoma cells to
chemotherapeutic drugs

To generalize the notion that repression of the Nrf2-mediated re-
sponse sensitizes cancer cells to chemotherapeutic drugs, we further
investigated the effects of Nrf2 on cell survival in response to cancer
drugs in other cancer cell types. The results shown in Figure 4 were
obtained using a breast carcinoma cell line MDA-MB-231. This cell
line was first utilized to establish different stable cell lines expressing
(i) vector; (ii) HA–Nrf2; (iii) Keap1–CBD; (iv) shRNA control vector
and (v) Nrf2–shRNA vector. Once the stable cell lines were established,
all cell lines were tested for the Nrf2 protein level and mRNA levels of
NQO1 and HO-1 to assess activation or repression of the Nrf2 signal
pathway. Surprisingly, stable overexpression of Keap1 or Nrf2–
shRNA did not inhibit the Nrf2 protein level and its downstream gene
expression significantly (data not shown), which probably reflects
the low endogenous Nrf2 level in the MDA-MB-231 cell line. Fortu-
nately, stable overexpression of Nrf2 increased the mRNA expression
of Nrf2, NQO1 and HO-1 (Figure 4A). The ectopically expressed
HA–Nrf2 was also detected (Figure 4B). This Nrf2-overexpressing
cell line allowed us to test our hypothesis from the opposite per-
spective, that is upregulation of the Nrf2 signal pathway increases
cellular resistance to cancer drugs. The MTT toxicity assay clearly

Fig. 4. Stable overexpression of Nrf2 enhances resistance of MDA-MB-231 breast adenocarcinoma cells to chemotherapeutic agents. (A) Two MDA-MB-231-
derived cell lines stably expressing the control vector or HA–Nrf2 were established using a retrovirus-based approach. Relative amounts of mRNAs for Nrf2,
NQO1 and HO-1 were compared in these two cell lines. (B) Nrf2 overexpression was confirmed by immunoblot analysis with anti-HA and anti-tubulin antibodies.
(C) The susceptibility of these two cell lines to cisplatin, doxorubicin and etoposide was assessed using the MTT assay after 48 h treatment (55). The data are
presented as means ± SDs. �P , 0.05.
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showed increased resistance of this cell line to all three drugs tested
(Figure 4C).

A neuroblastoma cell line SH-SY5Y was also used for making
stable cell lines expressing Nrf2, Keap1 and Nrf2–shRNA. Similar
to what was observed with stable cell lines derived from MDA-MB-
231, the cell line stably transfected with Nrf2–shRNA or Keap1 did
not display any changes in the Nrf2-mediated response as judged by
the endogenous Nrf2 protein level and the mRNA level of NQO1 or
HO-1 (data not shown). However, the Nrf2-overexpressing cell line
showed activation of the Nrf2-mediated response as indicated by
overexpression of Nrf2 mRNA and protein, and transcriptional upre-
gulation of NQO1 and HO-1 (Figure 5A). Furthermore, both the
NQO1 enzymatic activity and the glutathione level were higher in
the Nrf2-overexpressing cell line compared with those in the control
cell line (Figure 5A). These data indicate the establishment of a cell

line with the Nrf2 pathway upregulated. Next, this cell line was used
to test the consequence of Nrf2 upregulation in protecting cancer cells
from drug-induced toxicity. The Nrf2-overexpressing cell line dis-
played increased resistance to cisplatin-induced toxicity as measured
by the MTT assay (Figure 5B). Also, apoptotic cell death was signif-
icantly reduced in the Nrf2-overexpressing cell line, as measured by
both quantitative Cell Death Detection ELISAPLUS (Figure 5C) and
by the In Situ Cell Death Detection method (Figure 5D).

Nrf2 upregulation by tert-butylhydroquinone enhances the resistance
of neuroblastoma cells to chemotherapeutic drugs

The results shown so far were obtained through genetic modulation of
the Nrf2-mediated response; it would be more desirable to use small
chemicals to manipulate the Nrf2 signal pathway. Ideally, small

Fig. 5. Stable overexpression of Nrf2 enhances resistance of SH-SY5Y neuroblastoma cells to chemotherapeutic agents. (A) Two SH-SY5Y-derived cell lines
stably expressing the control vector or HA–Nrf2 were established using a lentivirus-based approach. Relative amounts of mRNAs for Nrf2, NQO1 and HO-1 were
measured (top three panels of first row). The elevated protein levels of Nrf2 and NQO1 were confirmed by immunoblot analysis (left panels of second row). The
NQO1 enzymatic activity and the intracellular glutathione level were measured (middle and right panels of second row). (B) Cell viability of these two cell lines
in response to 48 h cisplatin treatment was measured by the MTT assay. (C) Apoptotic cell death in response to cisplatin treatment was also measured using
Cell Death Detection ELISAPLUS. (D) Following cisplatin treatment, cells were labeled with fluorescein-deoxyuridine triphosphate using the In Situ Cell Death
Detection kit (left panel). The number of apoptotic cells was counted under fluorescent microscope and the average number of apoptotic cells per field is listed in
the table. The data are presented as means ± SDs. �P , 0.05.
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chemicals that specifically inhibit the Nrf2-dependent defense re-
sponse can be used as adjuvants to chemotherapy to increase the
efficacy of chemotherapeutic agents. However, chemicals that specif-
ically inhibit the Nrf2 signal pathway have not been identified yet.
Therefore, we used an inverse approach to prove that activation of
Nrf2 by tBHQ, a well-studied Nrf2 activator, increases resistance of
SH-SY5Y cells to chemotherapeutic agents. As shown in Figure 6,
pretreatment with 40 lM tBHQ for 24 h significantly increased
the Nrf2 protein level (Figure 6A) and the cell viability in response
to treatment with cisplatin (Figure 6B), doxorubicin (Figure 6C) or
etoposide (Figure 6D). Put together, our data demonstrate that
modulation of the Nrf2-mediated cellular defense response is an
effective means to manipulate the sensitivity of cancer cells to che-
motherapeutic drugs.

Discussion

In this study, we have demonstrated the dark side of Nrf2. Since the
discovery of Nrf2 and its important role in antioxidant response, Nrf2
has been reviewed as a ‘good’ transcription factor that is essential in
protecting us from oxidative stress-related diseases. Many studies in
the field have been focused on identification of Nrf2 activators to
boost the Nrf2-dependent defense response for disease prevention.
Here, we provide another scenario where activation of Nrf2 is ‘bad’
for cancer patients during the course of chemotherapy, as evidenced
by our finding that modulation of the Nrf2-mediated response affects
survival of cancer cells in response to chemotherapeutic agents. Stable
overexpression of Nrf2, and therefore upregulation of the Nrf2-down-
stream effects, resulted in enhanced resistance of cancer cells to che-
motherapeutic agents including cisplatin, doxorubicin and etoposide.
Inversely, downregulation of the Nrf2 protein and its downstream
response by overexpression of Keap1 or transient transfection of
Nrf2–siRNA rendered cancer cells more susceptible to these drugs.
In addition to genetic means of Nrf2 modulation, upregulation of Nrf2
by the small chemical tBHQ also enhanced the resistance of cancer
cells, indicating the feasibility of using small chemical inhibitors of
Nrf2 as adjuvants to chemotherapy to increase the efficacy of chemo-
therapeutic agents. Furthermore, this notion was tested in three
different cancer cell lines such as lung carcinoma, breast adenocarci-

noma and neuroblastoma with three different anticancer drugs, dem-
onstrating that the strategy of using Nrf2 inhibitors to increase
efficacy of chemotherapeutic agents is not specific to certain cancer
types or anticancer drugs and thus can be applied during the course of
chemotherapy to treat many cancer types. Based on these results,
identification of small chemicals that potently and specifically inhibit
the Nrf2-dependent response is extremely important and such chem-
icals can be used to increase the efficacy of anticancer drugs.

The data presented here were obtained using three cancer cell lines,
neuroblastoma SH-SY5Y, breast adenocarcinoma MDA-MB-231 and
non-small cell lung carcinoma A549. Except A549, in which Keap1 is
mutated and underexpressed (28), the status of Keap1 in MDA-MB-
231 and SH-SY5Y has not been reported. We observed that the basal
expression level of Nrf2 was high in A549, but low in MDA-MB-231
and SH-SY5Y (data not shown). Interestingly, stable overexpression
of Keap1 or Nrf2–shRNA failed to knock down Nrf2 further in MDA-
MB-231- and SH-SY5Y-derived cell lines, while stable overexpres-
sion of Nrf2 gave phenotypes as shown in Figures 4 and 5. Based on
the report that Keap1 is mutated in some non-small cell lung cancers,
along with our data showing the high Nrf2-downstream gene
expression (NQO1 mRNA) in most stage II and stage III cancer
tissues, it is possible that inhibition of Nrf2 expression during che-
motherapy may be more effective in these tumors in which Keap1 is
mutated/underexpressed and Nrf2 is upregulated. Further studies in-
vestigating the correlation between the status of Keap1 and the effi-
cacy of Nrf2 inhibition on cancer cell sensitivity to chemotherapeutic
agents are important. Herein, identification of potent Nrf2 inhibitors
and investigation of Keap1 status in different tumors are two research
directions to be focused on.

Upregulation of the Nrf2-mediated survival pathway indeed pro-
tects cancer cells from all three different chemotherapeutic agents
tested. Etoposide kills cells by increasing the topoisomerase II-
induced DNA fragmentation, which triggers programed cell death
(32). Similar to etoposide, doxorubicin is also classified as a topoiso-
merase II poison. However, doxorubicin exhibits a wide spectrum of
cytotoxicity, possibly due to other mechanisms of action including
generation of free radicals (33). Cisplatin attacks DNA by forming
cisplatin–DNA adducts that inhibit DNA replication and transcription
(34). Since Nrf2 regulates not only antioxidants but also a global

Fig. 6. SH-SY5Y cells were pretreated with 40 lM of tBHQ for 24 h. The induction of Nrf2 by tBHQ was detected by immunoblot analysis (A). The pretreated
cells were then treated with the indicted doses of (B) cisplatin, (C) doxorubicin or (D) etoposide in the presence of 5 lM tBHQ for 48 h, followed by the MTT
assay. The data are presented as means ± SDs. �P , 0.05.
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cellular-defensive response, we reasoned that the Nrf2-dependent pro-
tection against chemotherapeutic agents should not be specific to ones
that kill cancer cells by generation of reactive oxygen species. Al-
though the number of anticancer drugs tested in this study is only
limited to three, the sensitivity changes due to manipulation of the
Nrf2 pathway were observed in response to all three drugs. These
results indicate that the strategy of inhibiting Nrf2 during chemo
treatment could be applied to broad range of anticancer drugs.

Our results clearly indicate that the Nrf2-dependent defense re-
sponse helps survival of cancer cells during treatment with chemo-
therapeutic agents. It is unclear to what extent the Nrf2-dependent
protection accounts for the drug resistance phenomena observed pre-
viously in many cancer types. Drug resistance during chemotherapy is
the major obstacle to the successful treatment of many cancers in-
cluding neuroblastoma, breast cancers and lung cancers. During che-
motherapy, a strong initial response is frequently followed by the
appearance of multidrug-resistant variants.

Several mechanisms are thought to account for the drug resistance
phenotype. The multiple drug resistance-associated proteins have
been reported to be responsible for decreased intracellular drug
accumulation (35). Increased levels of cellular thiols, facilitated de-
toxification of drugs and rapid DNA repair were found to be associ-
ated to drug resistance (34,36,37). A recent report identified a function
of p53 in determining multidrug sensitivity on neuroblastoma (38). In
addition, upregulation of activating transcription factor 4 (ATF4) was
reported to increase cisplatin resistance in human cancer cell lines
(39). Interestingly, many genes reported to play roles in drug resis-
tance seemingly have a functional link with Nrf2. For instance, Nrf2
was initially identified as a key regulator of phase II-detoxifying
enzymes through antioxidant response elements in the promoter re-
gion of these genes. In addition, Nrf2 regulates many of the key
enzymes that are important in maintaining cellular redox homeostasis,
such as gamma-glutamylcysteine synthetase (c-GCS), xCT cysteine/
glutamate exchange transport and thioredoxin (40–44). c-GCS is
a rate-limiting enzyme controlling glutathione biosynthesis, whereas
xCT cysteine/glutamate exchange transport facilitates the uptake of
cysteine that is needed for glutathione synthesis. Thioredoxin is an-
other antioxidant protein that works in concert with glutathione to
maintain intercellular redox homeostasis. In addition, many members
of transporters including the multidrug resistance-associated protein
1-6 (MRP 1-6), have been reported as Nrf2 target genes (45–47).
ATF4 was reported to upregulate HO-1 transcription by forming
heterodimer with Nrf2 (48). p53 and Nrf2 were found to work co-
operatively in protecting against N-nitrosobutyl (4-hydroxybutyl)
amine-induced bladder cancer (49). Collectively, these results impli-
cate that upregulation of Nrf2 is responsible, at least in part, for drug
resistance observed during the course of chemotherapy.

Consistent with the notion that Nrf2 protects cancer cells from
killing by anticancer drugs, a recent paper reported that Nrf2-knock-
out murine embryonic fibroblasts were more sensitive to cisplatin
treatment (50). Transient knockdown of Nrf2 with Nrf2–siRNA de-
creased survival of human ovarian cancer cells under cisplatin treat-
ment (50). In analog to Nrf2, expression of HO-1 in many tumor
tissues was also upregulated (51,52). Furthermore, it has been shown
that decreased expression of HO-1 by either chemical inhibitor or
HO-1 siRNA sensitized cells to cytotoxicity of cisplatin, whereas
upregulation of HO-1 attenuates the toxicity induced by cisplatin or
by photodynamic therapy (53–56). Since Nrf2 regulates many genes
including HO-1, targeting Nrf2 may be more effective than targeting
HO-1. In conclusion, our data demonstrate that inhibition of Nrf2
sensitizes cells to chemotherapeutic drugs, suggesting that Nrf2 in-
hibitors may be used concomitantly to increase the efficacy of anti-
cancer therapy.

Identification of the dark side of Nrf2, that is upregulation of Nrf2
in cancer cells provides them with a growth advantage under detri-
mental environments, may generate a concern in using Nrf2 activators
for the purpose of chemoprevention. However, it seems worth men-
tion that induction of the Nrf2-dependent defensive response by Nrf2
activators in normal tissue is transient because the negative regulator

Keap1 is only inhibited temporarily and partially. However, in cancer
tissues, dysregulation of Nrf2 by Keap1 due to mutation of Keap1
results in strong and persistent induction of Nrf2. Previously, it was
shown that induction of Nrf2 by tBHQ reached a peak following
18–24 h treatment and was gradually diminished after 24 h (57). Thus,
it would probably be safe to use Nrf2-activating chemopreventive
drugs every other day. In the case of cancer patients undergoing
treatment with chemotherapeutic drugs, it will be wise to temporally
inhibit the Nrf2-dependent cytoprotection using Nrf2 inhibitors to
enhance patients’ response to anticancer drugs. In the present work,
we provide the strong evidence that response of cancer cells to che-
motherapeutic drugs can be elevated by inhibiting the Nrf2-dependent
pathway. Identification of small chemicals that specifically inhibit
Nrf2, along with animal studies and human clinical trials, is needed
to test the efficacy of coadministration of Nrf2 inhibitors during
chemotherapy.
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