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Abstract
Loss-of-function mutations in the nuclear factor erythroid-2–related factor 2 (Nrf2) inhibitor Kelch-like
ECH-associated protein 1 (Keap1) result in increased Nrf2 activity in non–small cell lung cancer and confer therapeutic resistance. We detected point mutations in Keap1 gene, leading to nonconservative amino
acid substitutions in prostate cancer cells. We found novel transcriptional and posttranscriptional mechanisms of Keap1 inactivation, such as promoter CpG island hypermethylation and aberrant splicing of
Keap1, in DU-145 cells. Very low levels of Keap1 mRNA were detected in DU-145 cells, which significantly increased by treatment with DNA methyltransferase inhibitor 5-aza-deoxycytidine. The loss of
Keap1 function led to an enhanced activity of Nrf2 and its downstream electrophile/drug detoxification
pathway. Inhibition of Nrf2 expression in DU-145 cells by RNA interference attenuated the expression of glutathione, thioredoxin, and the drug efflux pathways involved in counteracting electrophiles, oxidative stress,
and detoxification of a broad spectrum of drugs. DU-145 cells constitutively expressing Nrf2 short hairpin
RNA had lower levels of total glutathione and higher levels of intracellular reactive oxygen species. Attenuation of Nrf2 function in DU-145 cells enhanced sensitivity to chemotherapeutic drugs and radiation-induced
cell death. In addition, inhibition of Nrf2 greatly suppressed in vitro and in vivo tumor growth of DU-145 prostate cancer cells. Thus, targeting the Nrf2 pathway in prostate cancer cells may provide a novel strategy to
enhance chemotherapy and radiotherapy responsiveness and ameliorate the growth and tumorigenicity,
leading to improved clinical outcomes. Mol Cancer Ther; 9(2); 336–46. ©2010 AACR.

Introduction
Prostate cancer is the most common lethal malignancy diagnosed in American men that accounts for 29%
of the incident cases and is the second leading cause of
cancer mortality in men (1). Current therapies for prostate cancer are prostatectomy, hormonal manipulation,
and chemotherapy and radiotherapy. Although most
patients with prostate cancer respond to initial androgen ablation, they typically reemerge in an androgenindependent form months to years later. The prognosis
of androgen-independent prostate cancer is poor, and it
is usually resistant to chemotherapy and radiotherapy (2).
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The mechanisms responsible for the acquisition of resistance to chemotherapy and radiotherapy by hormoneindependent prostate cancer are still unclear.
Ionizing radiation kills cancer cells by generation of reactive oxygen species (ROS), mainly superoxide, hydroxyl radicals, and hydrogen peroxide, which causes DNA
damage, and upregulation of antioxidant enzyme expression or addition of free radical scavengers has been reported to protect cells from the damaging effects of
radiation (3, 4). Many anticancer agents, such as cisplatin,
paclitaxel, bleomycin, Adriamycin, and etoposide, exert
their toxic effects on cancer cells by producing free radicals that may exhaust the antioxidant capacity of cancer
cells and thereby causing apoptosis. Enzymes involved in
xenobiotic metabolism in conjunction with drug efflux
proteins act to detoxify cancer drugs, whereas antioxidants confer cytoprotection by attenuating drug-induced
oxidative stress and apoptosis. Thus, mode of action of
radiation and widely used chemotherapeutic agents includes oxidative insult to cancer cells.
Nuclear factor erythroid-2–related factor 2 (Nrf2), a
basic leucine zipper transcription factor, regulates the
expression of a battery of genes that maintain cellular
redox homeostasis and protects against oxidative stress
and apoptosis induced by a variety of stressors, including electrophiles, oxidants, radiation, and FAS ligand
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(5–9). The Nrf2-regulated transcriptional program includes genes that encode for antioxidants, electrophile,
and xenobiotic detoxification enzymes and several
ATP-dependent multidrug-resistant efflux proteins (5–
7, 9–11). Kelch-like ECH-associated protein 1 (Keap1)
is a cytoplasmic anchor of Nrf2, which maintains
steady-state levels of Nrf2 by targeting it for proteasomal
degradation (5, 12). Keap1 is located at chromosome
19p13.2 and has three major domains: an NH2-terminal
broad complex, tramtrack, and bric-a-brac domain; a central intervening region; and a series of six COOH-terminal
Kelch repeats (13). The Kelch repeats of Keap1 bind to the
Neh2 domain of Nrf2, whereas the intervening region and
bric-a-brac domains are required for the redox-sensitive
regulation of Nrf2 through a series of reactive cysteines
present throughout this region (14). Recently, we and
other investigators have reported point mutations in
Keap1 gene that lead to nonconservative amino acid substitutions and nonsense mutations in non–small cell lung
cancer cell lines and tumors (15–17). Similar mutations
have been reported in breast cancer and gall bladder
cancer (17–19).
The aim of this study is to provide a proof of concept
and to determine whether aberrant Nrf2-Keap1 pathway
exists in prostate cancer cell lines similar to that in non–
small cell lung cancer, which may confer resistance to
chemotherapy and ionizing irradiation (20). Furthermore, we studied whether inhibition of Nrf2 activity in
prostate cancer cells affects tumor formation in vivo.
The study shows that gain of Nrf2 function in prostate
cancer cells promotes in vitro and in vivo cell proliferation
and confers chemoresistance and radioresistance.

Materials and Methods
Cell Lines and Culture
The human prostate cancer cell lines DU-145, PC3,
LNCaP, C42B, and CWR22RV1 (CWR22) were obtained
from the American Type Culture Collection. Transfections were carried out using Lipofectamine 2000 (Invitrogen). Normal prostate epithelial cells (PrEC) were
obtained from Lonza, Inc. All chemicals were purchased
from Sigma-Aldrich.
PCR and Sequence Analysis
A total of 12 cases of prostate tumor were chosen in
accordance with the Institutional Review Board protocol,
and DNA was isolated using DNeasy kit (Qiagen). PCR
amplification and sequencing of Keap1 gene was carried
out using primer sequences and protocols published by
Singh et al. (15). All mutations were confirmed by sequencing in both directions. DNA samples harboring
mutation were sequenced twice to confirm the mutations.
Chromatograms were analyzed by manual review.
Western Blot Analysis
Nrf2 and Keap1 Western blot experiments were carried
out using protocols published by Singh et al. (15).
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Real-time Reverse Transcription-PCR
Quantitative real-time reverse transcription-PCR (RTPCR) analyses of human Keap1, Nrf2, GCLc, GCLm,
GSR, G6PD, PRDX1, NQO1, HO1, TXN1, TXNRD1,
ABCC1, and ABCC2 were done by using assay-ondemand primers and probe sets from Applied Biosystems. β-Actin was used for normalization (15).
Luciferase Assay
DU-145 cells were seeded onto a 24-well dish at a density of 0.2 × 106/mL for 12 h before transfection. NQO1ARE luciferase along with wild-type (WT) KEAP1 cDNA
constructs and mutant cDNA constructs (Y255H and
T314M) were transfected into the cells along with pRLTK plasmid expressing Renilla luciferase as a transfection
control. Thirty-six hours after transfection, cells were
lysed and both firefly and Renilla luciferase activities
were measured with a Dual-Luciferase Reporter Assay
System (Promega). The primers used for generating
site-directed mutagenesis were as follows: Y255H, tgcatcaactgggtcaagcacgactgcgaacagcga (sense) and
tcgctgttcgcagtcgtgcttgacccagttgatgca (antisense); T314M,
accctgcacaagcccatgcaggtgatgccct (sense) and agggcatcacctgcatgggcttgtgcagggt (antisense).
Generation of DU-145 Cells Stably Expressing
Nrf2 Short Hairpin RNA
Short hairpin RNA (shRNA) targeting the Nrf2 transcript and Keap1 was generated as described previously
(15, 20, 21) and transfected into DU-145 cells. A shRNA
targeting luciferase gene was used as vector control. Stable
cell clones with reduced Nrf2 expression were generated
following a protocol published by Singh et al. (20).
Cellular Glutathione Measurement
Reduced glutathione (GSH) was determined using the
modified Tietze method (22).
Cell Viability and Proliferation Assays
Chemotherapy drug treatments were done by using
protocols published by Singh et al. (20). In vitro drug sensitivity was evaluated by using a cell viability assay kit
(Roche). Cell proliferation assays were conducted using
a MTS assay kit from Promega and manual trypan
blue–stained cell counting method.
Measurement of Intracellular ROS Levels
Endogenous ROS levels were measured using cH2DCFDA (Invitrogen). For N-acetyl-cysteine (NAC)
treatment, cells were pretreated with 15 mmol/L NAC
for 30 min followed by c-H2DCFDA staining.
Clonogenic Assays
A total of 1,000 cells were exposed to a high-dose-rate
(0.68 Gy/min) radiation using a Gammacell 40 137Cs irradiator (Atomic Energy of Canada) and incubated in
complete growth medium at 37°C for 14 d. The cells were
stained with 50% methanol–crystal violet solution and
only colonies with >50 cells were counted.
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Drug Accumulation
Tritium-labeled (23) paclitaxel accumulation in DU-145
cells was carried out using the protocol by Wu et al. (24).
The 3H levels in each sample were measured using a scintillation counter (Beckman Instruments, Inc.), and accumulation was normalized to total protein content.
Bisulfite Genomic Sequencing
Normal WBC, PrEC, and DU-145 genomic DNA were
subjected to sodium bisulfite treatment using the EZDNA Methylation kit (Zymo Research). One CpG island
region upstream of the transcriptional start site (TSS) of
the longest known isoform of Keap1 was amplified using
primers Keap1-F1 (5′-GGTTAGGAGTTTAAGGTTGTAGTGAGT-3′) and Keap1-R1 (5′-ACCAAACCCCCCTTCTCACTA-3′). Second CpG island region
flanking the TSS of the longest Keap1 isoform was
amplified using primers Keap1-F2 (5′-TAGTGAGAAGGGGGGTTTGGT-3′) and Keap1-R2 (5′-CCAATCCAAAAAATTCCTACCTTAC-3′). Third CpG island
region, located downstream of the longest Keap1 isoform
but upstream of the TSS for a shorter Keap1 isoform, was
a m p l i f i e d u s i n g K e a p 1 - F 3 ( 5 ′ - TA A G G TA G GAATTTTTTGGATTGG-3′) and Keap1-R3 (5′-AAAAATAAAATAAACACCCCTCCC-3′). PCR products were
subcloned into pCR2.1-TOPO vector (Invitrogen), and 10
to 15 independent clones of each amplicon were sequenced. Clones showing <95% conversion of non-CpG
cytosine to thymine were considered uninformative and
discarded. Sequencing data from each clone were then
aligned to a virtually bisulfite-converted reference sequence corresponding to the amplicon, and schematic
maps of methylation status at each CpG dinucleotide in
each clone were generated using custom software developed in Visual Basic.

MD). Tumor size was measured by caliper once per
week. Tumor volumes were calculated by using the following formula: [length (mm) × width (mm) × width
(mm) × 0.52].
Statistical Analysis
Statistical comparisons were done by Student's t tests
or Wilcoxon rank-sum test. A P value of <0.05 was considered statistically significant.

Results
Somatic Mutations in Keap1 Gene in Prostate
Cancer Cell Lines and Tumors
To determine whether mutations in Keap1 gene exist
in prostate cancer cells, we sequenced all five proteincoding exons and intron-exon boundaries of the Keap1

5-Aza-Deoxycytidine Treatment and Keap1 Gene
Expression Analysis
One million DU-145 cells were treated with 5 μmol/L
5-aza-deoxycytidine (5-AzaC; Sigma-Aldrich) for 7 d.
For trichostatin A (TSA) cotreatment, cells were incubated with 5-AzaC for 6 d followed by incubation with
100 nmol/L TSA for 16 h, and cells were harvested for
RNA isolation.
Alternative Splicing
The protein-coding region of Keap1 was amplified
using the forward primer 5′-AGGTGGTGGTGTTGCTTATCTT-3′ and the reverse primer 5′-ACAATGATACTCCCCATTGGAC-3′ from total RNA using
SuperScript One-Step RT-PCR kit (Invitrogen). The two
differentially spliced transcripts were cloned in
pCDNA3.0 expression vector (Invitrogen) and verified
by sequencing.
Xenograft
Five million DU-145- LucshRNA and DU-145Nrf2shRNA cells were implanted s.c. in the flanks of
athymic nude mice (National Cancer Institute, Frederick,
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Figure 1. Keap1 mutations in prostate cancer cell lines. A, a
heterozygous C-T transition mutation was detected in exon 3 of Keap1 in
CWR22Rv1 cell line, resulting in threonine to methionine substitution.
In LNCaP and C42B cells, a heterozygous T-C transition mutation in exon
3 of Keap1 was noted, resulting in tyrosine to histidine substitution.
WT sequence shown was obtained from PrEC. Keap1 mutations in C42B
and LNCaP cells were identical (data not shown). B, multiple protein
sequence alignment showing location of amino acid changes was
detected in LNCaP and CWR22Rv1.
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Figure 2. Dysregulated Keap1-Nrf2 pathway in prostate cancer cells. A, real-time RT-PCR analysis of Keap1 and Nrf2 expression among prostate
cancer cells. The expression levels in PC3 cells are arbitrarily valued as 1. Columns, mean (n = 3); bars, SD. B, Western blot analysis of Keap1-Nrf2 in
prostate cancer cells. Immunoblot with nuclear protein showing increased Nrf2 levels in DU-145 cells and other prostate cancer cells. To detect
Keap1 expression, equal amount of whole-cell extract was loaded. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and lamin B were used as
normalization controls. C, real-time RT-PCR analysis of Nrf2 target genes HO1, NQO1, Gclc, and GSR in prostate cancer cells. The expression levels in
PC3 are arbitrarily valued as 1. Columns, mean (n = 3); bars, SD.

gene in six prostate cancer cell lines. Sequencing of
Keap1 in CWR22Rv1 revealed a C-to-T transition (Fig.
1A), resulting in threonine to methionine substitution
at 314th amino acid in Keap1 protein. As C42B cells
are derived from LNCaP cells, both the cell lines
showed a T-to-C transition (Fig. 1A), resulting in tyrosine
to histidine change at 255th amino acid position. These
nonsynonymous amino acid changes were present in
central intervening region of Keap1 and altered highly
conserved amino acids (Fig. 1B). DU-145, LAPC4, and
PC3 had a WT Keap1 sequence. Sequencing of Keap1
gene in 12 primary prostate tumor samples revealed
an A-T transversion mutation in one tumor sample, resulting in methionine to leucine substitution at 209–
amino acid position in Keap1 protein. To determine
the functional consequences of somatic Keap1 mutations on its activity and resultant increases in Nrf2 activity, we generated cDNAs harboring the same
mutations seen in tumor cell lines LNCaP, C42B
(Y255H), and CWR22Rv1 (T314M). We transfected the
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WT and mutant constructs of Keap1 and NQO1-ARE
luciferase reporter plasmid into DU-145 cells. Importantly, overexpression of WT Keap1 completely abolished the Nrf2-mediated ARE reporter activity,
whereas ectopic expression of mutant Keap1 constructs
showed significantly lower repression of Nrf2-dependent ARE reporter activity (Supplementary Fig. S1).
Effect of Keap1 Mutation on Target Antioxidant
Genes in Prostate Cancer
We examined Keap1 and Nrf2 mRNA expression in
prostate cancer cells by real-time RT-PCR. Nrf2 expression did not change significantly between the prostate
cancer cell lines but Keap1 mRNA was dramatically reduced in DU-145 cells (Fig. 2A). To further assess whether Keap1 mutations correlated with Nrf2 protein level
changes in these prostate cancer cells, we examined
Nrf2 protein levels using Western blot. DU-145 cells
showed higher accumulation of Nrf2 in the nucleus compared with other prostate cancer cells. On the other hand,
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LNCaP and C42B cells bearing heterozygous Keap1 mutations showed moderate increase in the level of Nrf2 protein compared with PC3 and LAPC4 prostate cancer cells
with WT Keap1 (Fig. 2B). Furthermore, we detected reduced Keap1 protein levels in DU-145 and LNCaP cells.
To investigate whether altered levels of Nrf2 protein
lead to upregulation of Nrf2-dependent pathway in prostate cancer cells, we measured the expression of Nrf2
pathway genes. As shown in Fig. 2C, the expression of
Nrf2 targets, such as NQO1 and HO1 mRNA levels,
was increased in DU-145, LNCaP, and C42B cells. The expression of GSR was increased in DU-145, LNCaP,
CWR22Rv1, C42B, and LAPC4 cells but not in PC3 cells
(Fig. 2C). We also compared the relative expression of
Nrf2-dependent genes between nontransformed normal
PrEC and prostate cancer cells. The expression of Nrf2
target genes was found to be significantly higher in prostate cancer cells as compared with normal PrECs (Supplementary Fig. S2)
Keap1 Core Promoter CpG Dinucleotide
Methylation and Keap1 mRNA Aberrant Splicing
in DU-145 Cells
We explored the possible mechanisms involved in the
establishment of the low levels of Keap1 mRNA expression in DU-145 cells. Previous studies have shown that
promoter CpG island hypermethylation is a frequent
cause of epigenetic gene silencing in prostate cancer cell
lines (25, 26). To test whether Keap1 promoter DNA
methylation is associated with the low-level expression
of Keap1 in DU-145 cells, we isolated genomic DNA from
DU-145 cells and carried out bisulfite genomic sequencing of CpG island sequences surrounding the Keap1 TSS.
There are dramatic increases in methylated CpG dinucleotides around TSS (−114 to +163 bp) and an upstream
region (−393 to −39 bp) of the Keap1 gene in DU-145 cells
compared with PrECs and peripheral WBCs (Fig. 3A). In
contrast, in a CpG island region that is downstream of
the Keap1 TSS (+138 to +337 bp), all three cell types
showed complete absence of methylation (Fig. 3A). Furthermore, treatment of DU-145 cells with 5-AzaC + TSA
resulted in a significant increase in Keap1 expression and
a parallel decrease in the expression of Nrf2 downstream
genes (Fig. 3B, left). In addition to the upregulation of
full-length Keap1 transcript, we detected amplification
of additional truncated Keap1 transcripts in 5-AzaC
and 5-AzaC + TSA–treated DU-145 cells (Fig. 3B, right).

Taken together, these findings suggest that promoter
CpG island methylation is involved in ameliorating
Keap1 transcription in DU-145 cells.
Another possible reason for substantially decreased levels of Keap1 mRNA in DU-145 cells may be due to posttranscriptional mechanisms. We designed primers to
specifically amplify the full-length Keap1 protein-coding
region. The amplification of full-length Keap1 transcript
was dramatically decreased in DU-145 cells as compared
with other prostate cancer cells. As shown in Fig. 3C, two
prominent small PCR products positioned below WT
Keap1 transcript were detected in DU-145 cells, suggesting the presence of differentially spliced forms. These differentially spliced Keap1 transcripts (named as DCL1
and DCL2) were cloned and sequence verified. First form
corresponded to the WT Keap1 mRNA, second form
(DCL1) with partial deletion of exons 4 and 5 resulted
in a truncated Keap1 protein lacking COOH-terminal
portion of the Kelch domain, and the shortest clone
(DCL2) represented the Keap1 mRNA with exon 3 missing plus partial deletion of exons 5 and 6. The skipping of
exon 3 created a frameshift mutation in the Kelch domain
and introduced a stop codon at 457th amino acid (Supplementary Fig. S3). To confirm whether differentially
spliced Keap1 transcripts code for nonfunctional Keap1
protein, we overexpressed full-length and differentially
spliced Keap1 cDNA in DU-145 cells. Immunoblot results
showed that aberrantly spliced Keap1 transcripts coded
for smaller molecular weight Keap1 protein than the WT
Keap1 protein in DU-145 cells (Fig. 3D, left). To examine
the functional significance of truncated Keap1 transcripts,
we cotransfected expression vectors coding full-length
Keap1 cDNA (DCL1 and DCL2) along with a NQO1 promoter reporter vector into DU-145 cells and measured the
NQO1 reporter activity. As shown in Fig. 3D (right), only
full-length Keap1 transcript suppressed Nrf2-dependent
NQO1 promoter reporter activity, indicating that differentially spliced Keap1 transcripts code for nonfunctional
Keap1 protein in DU-145 cells.
Generation of DU-145 Cells Constitutively
Expressing Nrf2shRNA
We established DU-145 cells stably expressing shRNA
targeting Nrf2 transcript (DU-145-Nrf2shRNA) and the
control DU-145 cells expressing shRNA against luciferase
gene (DU-145-LucshRNA). We screened several clones of
DU-145 by real-time RT-PCR and immunoblotting.

Figure 3. Both promoter CpG dinucleotide methylation and aberrant mRNA splicing contribute to the decreased Keap1 expression in DU-145 cells.
A, schematic representation of sodium bisulfite sequencing of 5-mCpG at the Keap1 promoter in DU-145 cells, human peripheral WBCs, and PrECs.
Each circle represents an individual CpG site. Closed circles, methylated CpG sites; open circles, unmethylated sites. The beginning and end of
each amplicon relative to the TSS of the longest Keap1 isoform are indicated. The region from −393 to −93 in the PrEC genomic DNA contained many
noninformative CpG dinucleotides that showed deviation from the consensus virtually bisulfite-converted sequence despite having high rates of
non-CpG conversion. B, left, real-time RT-PCR analysis of Keap1, NQO1, and Gclm expression; right, amplification of full-length Keap1 transcript. PCR
products were resolved on agarose gel. C, amplification of full-length Keap1 transcript in prostate cancer cells (left) and schematic representation of
Keap1 WT transcript and DU-145–derived alternatively spliced products (right). E2 to E6 represent relative position of exons 2 to 6; open boxes stand
for 5′- and 3′-untranslated regions. D, aberrantly spliced Keap1 transcripts code for nonfunctional truncated Keap1 proteins. Left, the WT and differentially
spliced Keap1 transcripts cloned in pDNA3.1 expression vector were transfected into DU-145 cells, and Keap1 protein expression was measured by
immunoblot assay; right, truncated Keap1 proteins are unable to suppress Nrf2-dependent NQO1 reporter activity.
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Among the five clones screened for DU-145 cells expressing Nrf2shRNA, clone 2 showed maximum reduction in
Nrf2 transcript and protein level (Fig. 4A and B). The expression of Nrf2 in DU-145-LucshRNA cells was similar
to that of the parent DU-145 cells (Supplementary Fig.
S4). We used DU-145-Nrf2shRNA clone 2 to further
study the biological effect of Nrf2 knockdown in DU145 cells. We also tested whether ectopic expression of
WT Keap1 cDNA reconstituted the Keap1 activity and
inhibited Nrf2 activity. Results showed that overexpression of WT Keap1 protein significantly inhibited Nrf2 activity and reduced the expression of classic Nrf2 target
genes (Supplementary Fig. S5).
Lowering the Expression of Nrf2 in DU-145 Cells
Causes Global Decrease in the Expression of
Electrophile and Drug Detoxification System
Because Nrf2 is a master regulator of glutathione and
drug detoxification pathway, it is likely that the inhibition of Nrf2 activity would jeopardize glutathione
biosynthesis and would lead to accumulation of ROS. In-

deed, the inhibition of Nrf2 in DU-145 cells caused a decrease in the expression of all classic Nrf2 target genes
such as antioxidants, and phase II and III detoxification
genes (Fig. 4B). Ectopic expression of small interfering
RNA–resistant murine Nrf2 in DU-145-Nrf2shRNA cells
partially restored the expression of Nrf2-dependent
genes (Supplementary Fig. S6).
The reduced level of GSH in Nrf2 knockdown cells
was greatly decreased compared with control luciferase
shRNA-expressing cells (Fig. 4C). A decrease in antioxidant capacity led to a dramatic increase (∼10-fold) in intracellular ROS levels in DU-145-Nrf2shRNA cells compared
with control DU-145-LucshRNA cells (Fig. 4D). Pretreatment with NAC dramatically decreased the cellular ROS
level in both control and Nrf2shRNA cells (Fig. 4D). These
results suggest that the inhibition of Nrf2 activity leading
to increased ROS may potentiate the toxicity of therapeutic regimens in DU-145 cells. Attenuation of Nrf2 expression in C42B cells and CWR22v1 by RNA interference
(RNAi) led to downregulation of Nrf2-dependent gene
expression (Supplementary Fig. S7).

Figure 4. Generation and characterization of DU-145 cells constitutively expressing Nrf2shRNA. A, screening of DU-145 cell clones stably expressing
Nrf2shRNA by immunoblotting and real-time RT-PCR. B, gene expression analysis of Nrf2 and its downstream target genes in DU-145 cells stably
expressing Nrf2shRNA. The Nrf2shRNA clone 2 was selected for further studies. The expression level in DU-145-LucshRNA was arbitrarily valued as 1.
C, decreased levels of reduced glutathione in Nrf2 depleted DU-145-Nrf2shRNA cells. D, left, higher endogenous ROS levels in cells expressing Nrf2shRNA
as compared with cells expressing LucshRNA; right, pretreatment with NAC (15 mmoles/L) for 30 min decreased the ROS levels. *, P < 0.05.
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Figure 5. Attenuation of Nrf2 expression in DU-145 cells enhances the efficacy of chemotherapeutic drugs and ionizing radiation. A, enhanced sensitivity of
DU-145-Nrf2shRNA cells to paclitaxel, cisplatin, and etoposide. Cells were exposed to drugs for 48 to 72 h, and viable cells were determined by MTS
assay. Cell survival was expressed as % survival relative to that of untreated controls. Points, mean; bars, SD. B, enhanced accumulation of radiolabeled
paclitaxel in Nrf2-depleted DU-145-Nrf2shRNA cells. *, P < 0.05. C, clonogenic survival of DU-145 cells stably expressing Nrf2shRNA. Cells expressing
nontargeting LucshRNA were used as control.

RNAi-Mediated Inhibition of Nrf2 Expression
Leads to Enhanced Chemosensitivity and
Radiosensitivity in Cancer Cells
We have recently shown that high Nrf2 activity in lung
cancer cells leads to chemotherapeutic resistance (15).
Hence, we tested the hypothesis that enhanced Nrf2 activity in DU-145 cells confers chemoresistance, and the
inhibition of Nrf2 activity will sensitize DU-145 cells to
chemotherapeutic drugs.
To address whether targeted inhibition of Nrf2 pathway in DU-145 cells confers chemosensitivity, we exposed
DU-145-LucshRNA and DU-145-Nrf2shRNA cells to increasing doses of paclitaxel for 48 hours and cisplatin
and etoposide for 72 hours and measured cell survival
by MTT assay. Nrf2 inhibition enhanced the sensitivity
of DU-145 cells to paclitaxel, cisplatin, and etoposide, suggesting that the Nrf2 pathway is required for detoxification and inactivation of these drugs in DU-145 cells (Fig.
5A). To determine whether enhanced sensitivity to drug
in Nrf2-depleted cells results from increased intracellular
drug accumulation, we measured 3H-labeled paclitaxel
accumulation in DU-145-LucshRNA and DU-145Nrf2shRNA cells. We observed significantly higher paclitaxel accumulation in DU-145-Nrf2shRNA cells (Fig. 5B).
Increased drug accumulation in cells with low levels of
Nrf2 protein suggests that Nrf2 plays an important role
in regulating the accumulation/detoxification of drugs
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in the prostate cancer cells. In PC3 cells, attenuation of
Keap1 expression by RNAi approach resulted in upregulation of Nrf2 target genes and enhanced resistance to
paclitaxel-induced cell death (Supplementary Fig. S8).
Next, we determined whether inhibition of Nrf2 expression could also sensitize DU-145 cells to ionizing radiation. DU-145 cells stably expressing LucshRNA and
Nrf2shRNA were exposed to increasing doses of γ-irradiation, and cell survival was measured (Fig. 5C). Clonogenic survival in DU-145 cells decreased as the dose of
radiation increased. At a low dose of 3 Gy, ∼70% of DU145-LucshRNA cells were able to survive and form colonies compared with only 29% of DU-145-Nrf2shRNA cells.
At a medium dose of 6 Gy, the survival fraction in the DU145-LucshRNA group was 18%, whereas it was only 8% in
the DU-145-Nrf2shRNA group. Thus, Nrf2shRNA transfectants showed a markedly increased radiosensitivity that
was more pronounced at low and medium doses compared with control LucshRNA cells. These results strongly
suggest that increased Nrf2 level in DU-145 cells confers
resistance to chemotherapeutic drugs as well as radiation
treatment and promotes therapeutic resistance.
Enhanced Nrf2 Activity Promotes Cell
Proliferation and Tumor Formation In vivo
To determine whether aberrant Nrf2 activity correlated
with proliferation in DU-145 cells in vitro, we compared
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the growth rate of DU-145-LucshRNA and DU-145Nrf2shRNA cells. As shown in Fig. 6A, depletion of
Nrf2 resulted in a pronounced decrease in cellular proliferation. To study the effect of Nrf2 inhibition on prostate
tumor growth in vivo, we injected DU-145-LucshRNA
and DU-145-Nrf2shRNA cells into the flank region of
nude mice and monitored the tumor growth over a period of 5 weeks. Tumor volume was measured semiweekly,
and tumor weight was recorded at the termination of the
experiment. Suppression of Nrf2 expression in DU-145
cells resulted in complete inhibition of tumor formation
in >90% of nude mice recipients (P < 0.001). These data
indicate that Nrf2 is required for in vitro and in vivo proliferation of prostate tumor cells (Fig. 6B and C).

methyltransferase inhibitor 5-AzaC in combination with
histone deacetylase inhibitor TSA significantly increased
the expression of Keap1 and decreased the expression of
Nrf2 target genes. These two mechanisms contribute to
the loss of Keap1 activity and lead to aberrant upregulation of Nrf2 pathway activity in DU-145 cells.
Taxol-based regimen has been one of the commonly
used chemotherapeutic option for the treatment of

Discussion
In the present study, for the first time, we report that
the Nrf2-Keap1 pathway is dysregulated in prostate cancer. We found novel mechanisms of Keap1 inactivation in
prostate cancer. In addition to mutations in the Keap1
gene, we detected promoter methylation and aberrant
splicing of Keap1 transcript. In particular, we report that
DU-145 cells, which are resistant to some of the chemotherapeutic drugs and apoptotic signals (27), exhibit a
dramatic overexpression of Nrf2 protein. Inhibition of
Nrf2 pathway resensitized DU-145 cells to chemotherapy
and radiotherapy.
Nrf2-Keap1 interactions are frequently dysfunctional in
several cancers. Point mutations in the Keap1 gene, leading
to nonconservative amino acid substitutions and nonsense mutations, have been reported in lung, breast, and
gall bladder cancer (15, 18, 19). We detected point mutations in the Keap1 gene, leading to nonconservative amino
acid substitutions in CWR22Rv1, C42B, and LNCaP cells
in central intervening region of Keap1 (a domain important for redox-sensitive regulation of Nrf2). Alteration of
the highly conserved amino acids further suggests that
these mutations would likely abolish Keap1 repressor activity as shown previously in lung cancer cells (15).
We have shown that both transcriptional and posttranscriptional mechanisms contribute to the downregulation
of Keap1 mRNA levels in DU-145 cells. Compared with
other prostate cancer cell lines, DU-145 cells showed very
low levels of Keap1 mRNA expression due to alternatively
mRNA splicing and promoter methylation. Alternatively
spliced Keap1 transcript lacking exon 4 is reported in human large cell lung carcinoma (National Center for Biotechnology Information Human Genome Database);
however, there are no reports on existence of alternatively
spliced Keap1 transcript lacking exon 4 in prostate and
other cancers. We, for the first time, show that such aberrantly spliced Keap1 transcripts coding for truncated
Keap1 protein are also expressed in prostate cancer. Furthermore, the Keap1 promoter region seemed to undergo
CpG island hypermethylation. This CpG island hypermethylation also contribute to low levels of Keap1 expression in DU-145 cells, as the treatment with DNA
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Figure 6. Inhibition of Nrf2 in DU-145 cells decreases cell proliferation
in vitro and reduces tumor growth in vivo. A, NRF2 promotes prostate
cancer cell proliferation. Fifty thousand cells were seeded in each
well of six-well plates and relative cell number was measured everyday
for 5 d. *, P < 0.001. B, DU-145-LucshRNA and DU-145-Nrf2shRNA
cells were injected into the flanks of male athymic nude mice (n = 13
for LucshRNA cell group; n = 12 for Nrf2shRNA group). Weekly
measurements of tumor size were conducted for 5 wk, and the mean
tumor volume was calculated. C, weight of the tumor was recorded at
the end of the experiment. Data were analyzed using two-sample
Wilcoxon rank-sum test. *, U = 424–604; P < 0.001.
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prostate cancer (28). Paclitaxel exerts its cytotoxicity via
elevation of intracellular O2•−, H2O2, and NO• levels. Cisplatin forms DNA adducts and generates ROS. Cell lines
with higher antioxidant capacity are resistant to paclitaxel
and platinum drug cytotoxicity (15, 29, 30). Glutathione,
thioredoxin, and nonprotein thiols such as metallothioneins are directly linked with platinum and Adriamycin
resistance (31). Depletion of glutathione with buthionine
sulfoximine significantly enhanced the cytotoxicity of chemotherapeutic drugs (32–34). Thus, antioxidant system
plays an important role in the development of resistance
to cancer therapies (29, 35). There are a number of reports
to support the involvement of MRP1 (or ABCC1) and glutathione metabolism in clinically relevant drug resistance
in prostate cancer. Increased levels of GSH (36), P-glycoprotein, and MRP1 have been recognized in hormoneindependent prostate cancer cell lines PC3 and DU-145
(37, 38). Attenuation of Nrf2 expression significantly
ameliorated the cytotoxicity of paclitaxel, cisplatin, and
etoposide in prostate cancer cells. Enhanced paclitaxel
accumulation followed by increased cell death in paclitaxel-treated DU-145-Nrf2shRNA cell group suggests that
several mechanisms may be involved in the sensitization
of DU-145-Nrf2shRNA cells to paclitaxel. The expression
of Nrf2-dependent drug efflux genes, such as ABCC1 and
ABCC2, was diminished in Nrf2 knockdown cells and
may be responsible for increased drug retention and cytotoxicity in Nrf2-depleted cells.
Ionizing radiation triggers the formation of free radicals, which interact among themselves, and critical biological targets with the formation of a plethora of
newer free radicals. It is generally believed that production of these free radicals is the main mechanism through
which radiation induces biological damage at lower radiation doses (39). Radioprotective effects by modification
of antioxidant enzyme expression or by addition of free
radical scavengers have been reported (3, 4, 39). Diminished Nrf2 activity in DU-145 cells led to glutathione depletion and a parallel increase in basal ROS levels. In
present studies, we found that alteration of redox status
by Nrf2 inhibition in prostate cancer cells enhanced the
sensitivity to ionizing radiation through depletion of
antioxidants and electrophile detoxification enzymes.
Increased ROS generation associated with malignant
transformation renders the cancer cell highly dependent
on antioxidant systems to maintain redox balance and,
thus, susceptible to agents that impair antioxidant capacity (40, 41). Our results show that inhibition of Nrf2 activity in DU-145 cells suppresses cellular proliferation
and attenuates tumor growth in nude mice. In other

words, Nrf2 is essential for the growth of prostate cancer
cells in vitro and in vivo. We speculate that severely compromised ROS scavenging machinery resulting from decreased antioxidant capacity in Nrf2-depleted cells leads
to ROS accumulation and may be responsible for the
slow proliferation rate of prostate cancer cells. Recently,
Reddy et al. (42) reported that type II epithelial cells isolated from nrf2−/− mice lungs display defects in cell proliferation and GSH supplementation rescues these
phenotypic defects (42). Thus, constitutive activation of
Nrf2 is indispensable for maintaining the redox balance
and growth of prostate cancer cells under homeostatic
conditions. These results combined with our previous report showing reduced tumorigenicity of Nrf2-depleted
lung cancer cells (20) imply that Nrf2 is crucial for tumorigenicity of different tissue/organ-originated cancer cells.
These results also suggest that patients with prostate cancers harboring loss of Keap1 or high Nrf2 activity could
receive enhanced benefit from chemotherapy or radiotherapy when given in combination with compounds inhibiting the Nrf2 pathway. Further studies are needed to
determine the prevalence of Keap1 inactivation and Nrf2
overactivation in human prostate cancer and to test this
novel therapeutic strategy in animal and human models.
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