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Background: Nrf2 activation reduces apoptosis that contributes to drug resistance.
Results: Nrf2 binds to Bcl-2 gene antioxidant response element to control antiapoptotic protein Bcl-2 and cellular apoptosis.
Conclusion: Nrf2 up-regulation of Bcl-2 prevents apoptosis that leads to increased drug resistance.
Significance: Nrf2 is a potential target for reducing drug resistance.

Nuclear transcription factor Nrf2 regulates the expression
and coordinated induction of a battery of genes encoding cyto-
protective and drug transporter proteins in response to chemi-
cal and radiation stress. This leads to reduced apoptosis,
enhanced cell survival, and increased drug resistance. In this
study, we investigated the role of Nrf2 in up-regulation of anti-
apoptotic protein Bcl-2 and its contribution to stress-induced
apoptosis and cell survival. Exposure of mouse hepatoma
(Hepa-1) and human hepatoblastoma (HepG2) cells to anti-
oxidant tert-butylhydroquinone led to induction of Bcl-2.
Mutagenesis and transfection assays identified an antioxidant
response elementbetweennucleotides�3148and�3140on the
reverse strand of the Bcl-2 gene promoter that was essential for
activation of Bcl-2 gene expression. Band/supershift and ChIP
assays demonstrated binding of Nrf2 to Bcl-2 antioxidant
response element.Alterations inNrf2 led to alteredBcl-2 induc-
tion and cellular apoptosis. Moreover, dysfunctional/mutant
inhibitor of Nrf2 (INrf2) in human lung cancer cells failed to
degrade Nrf2, resulting in an increased Bcl-2 level and
decreased etoposide- and UV/� radiation-mediated DNA frag-
mentation. In addition, siRNA-mediated down-regulation of
Nrf2 also led to decreased apoptosis and increased cell survival.
Furthermore, the specific knockdown of Bcl-2 inNrf2-activated
tumor cells led to increased etoposide-induced apoptosis and
decreased cell survival and growth/proliferation. These data
provide the first evidence of Nrf2 in control of Bcl-2 expression
and apoptotic cell death with implications in antioxidant pro-
tection, survival of cancer cells, and drug resistance.

The Nrf22-inhibitor of Nrf2 (INrf2) complex serves as a sen-
sor of chemical- and radiation-induced oxidative and electro-

philic stress (1). Nrf2 resides predominantly in the cytoplasm
where it interacts with the actin-associated cytosolic protein
INrf2, which is also known as Keap1 (Kelch-like ECH-associ-
ated protein 1). INrf2 functions as a substrate adaptor protein
for a Cul3/Rbx1-dependent E3 ubiquitin ligase complex to
ubiquitinate and degrade Nrf2, thus maintaining a steady-state
level of Nrf2 (1). The mechanisms by which Nrf2 is released
from INrf2 under stress have been actively investigated. A con-
sensus has emerged that oxidative/electrophilic stress modifi-
cation of INrf2Cys-151 followed by PKC�-mediated phosphor-
ylation of Nrf2Ser-40 leads to the release and stabilization of
Nrf2 (1–6).Nrf2 is translocated to the nucleus and coordinately
activates the transcription of a battery of cytoprotective pro-
teins including NAD(P)H:quinone oxidoreductase 1 (NQO1).
This is achieved through Nrf2 binding to antioxidant response
element (ARE) present in the promoter regions of cytoprotec-
tive genes (1). This is followed by activation of a delayed or
postinduction mechanism that controls the switching off of
Nrf2 activation of gene expression. GSK3� phosphorylates Fyn
and Src at unknown threonine residue(s), leading to nuclear
localization of Fyn and Src that phosphorylate Nrf2Tyr-568,
resulting in nuclear export and degradation of Nrf2 (7–9). The
negative regulation of Nrf2 through the Fyn and Src pathway is
important in switching “off” the induction of Nrf2 downstream
genes that were switched “on” in response to oxidative/electro-
philic stress.
The switching on and off of Nrf2 leads to cell survival and

protection against chemical- and radiation-induced oxidative/
electrophilic stress, inflammation, and neoplasia (10–13).
Indeed, accumulating in vivo evidence has demonstrated the
importance of Nrf2 in protecting cells from the toxic and car-
cinogenic effects of many environmental insults. The Nrf2
knock-outmouse was prone to acute damages induced by acet-
aminophen, ovalbumin, cigarette smoke, pentachlorophenol,
and 4-vinylcyclohexene diepoxide and had increased tumor
formation when exposed to carcinogens such as benzo[a]pyr-
ene, diesel exhaust, and N-nitrosobutyl(4-hydroxybutyl)amine
(14–21). These observations collectively imply that Nrf2 is a
master regulator of ARE-driven transcriptional activation for
antioxidant genes in maintaining the homeostasis of redox sta-
tus within cells and protection against associated diseases.
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On the other hand, evidence also suggests that persistent
accumulation ofNrf2 in the nucleus is harmful. INrf2-nullmice
demonstrated persistent accumulation of Nrf2 in the nucleus
that led to postnatal death from malnutrition resulting from
hyperkeratosis in the esophagus and forestomach (22). The
reversal of the phenotype of INrf2-deficient mice by breeding
them with Nrf2-null mice suggested that tightly regulated neg-
ative feedback might be essential for cell survival (23). The sys-
temic analysis of the INrf2 genomic locus in human lung cancer
patients and cell lines showed that deletion, insertion, andmis-
sense mutations in functionally important domains of INrf2
result in the reduction of INrf2 affinity for Nrf2 and elevated
expression of cytoprotective genes, which resulted in drug
resistance and cell survival in lung cancer cells (24, 25). Unre-
strained activation of Nrf2 in cells increases the risk of adverse
effects including reduced apoptosis, survival of damaged cells,
tumorigenesis, and drug resistance (1). A role of Nrf2 in drug
resistance is suggested based on its property to induce detoxi-
fying enzymes and antioxidant and drug-transporting proteins
(26–30). Although the mechanism of Nrf2 activation of detox-
ifying, antioxidant, and drug transporter proteins has been
investigated as described above, the mechanism of Nrf2-medi-
ated reduced apoptotic cell death remains obscure.
In cancer and drug resistance, apoptosis is a critical process

that is deregulated, resulting in tumorigenesis and drug resis-
tance (31). Bcl-2 family proteins, comprising greater than six
antiapoptoticmembers including Bcl-2 andmany proapoptotic
members, regulate cell death and survival (32–35). Overexpres-
sion of Bcl-2 protein is usually associated with poor prognosis
in many human cancers. However, in some cancer types, mul-
tiple antiapoptotic proteins are overexpressed (36). The mech-
anism of action of Bcl-2 is complex withmany postulated inter-
actions with other proteins, and the role of any single
interaction in the final phenotype at the cellular level remains
unknown. Recently it has been shown that H2S-mediated sta-
bilization of Nrf2 in the nucleus increased the levels of antiapo-
ptotic protein Bcl-2, which resulted in cardioprotection effects
in the mice (37).
In the present study, we investigated the mechanism of Nrf2

up-regulation of antiapoptotic factor Bcl-2 and its role in apo-
ptosis and drug resistance. Promoter analysis, chromatin
immunoprecipitation (ChIP) assay, and EMSA identified an
antioxidant response element in the reverse strand of the Bcl-2
promoter that was found to be essential for up-regulation of
Bcl-2 in response to chemical/radiation. Nrf2 binds to Bcl-2
ARE and regulates expression and induction of the Bcl-2 gene.
Nrf2 mediated the up-regulation of Bcl-2, down-regulated the
activity of proapoptotic Bax protein and caspases 3/7, and pro-
tected cells from etoposide/radiation-mediated apoptosis that
leads to drug resistance. Therefore, herein for the first time, we
demonstrate that Nrf2-mediated up-regulation of Bcl-2 plays a
significant role in prevention of apoptosis, increased cell sur-
vival, and drug resistance.

EXPERIMENTAL PROCEDURES

Plasmids—Mouse genomicDNAwas isolated fromkeratino-
cytes and used to PCR-amplify 3.6 kb of Bcl-2 promoter using
the forward primer 5�-AACGCGGGTACCAATTGAAGGC-

CACCCTGGGCTACATGAGAC-3�, reverse primer 5�-AAT-
GCACTCGAGATAATCCAGCTCTTTTATTGGATGTGC-
3�, and Phusion Hot Start high fidelity DNA polymerase
(Finnzymes). The PCR-amplified promoter fragment was
cloned in pGL2-basic luciferase vector (Promega, Madison,
WI) using KpnI and XhoI restriction sites. The resultant plas-
mid was designated as pGL2b-3.6 kb (�96 to�3607,�1 is A of
ATG site). Several 5� deletions were generated in the 3.6-kb
mouse Bcl-2 promoter. The nucleotide sequence of the PCR
forward primers for generation of deletion plasmids of Bcl-2
promoter were as follows: 5-AACGCGGGTACCGCCCGAT-
GTGGCAACCTGCTAGCCTGT-3 for 3.3 kb, 5�-AACGCGG-
GTACCGAGAGCTGATAACATAGTTATCACATA-3� for
2.9 kb, 5�-AACGCGGGTACCGGTGGCAGGTATCACTCC-
CTGAGGTCC-3� for 2.7 kb, 5�-AATTATGGTACCGTGCA-
TTCAAGCAAATTTCATTTCCAG-3� for 0.44 kb, and
5�-AATTTAGGTACCTTCAGCATTGCGGAGGAAGTA-
GAC-3� for 0.3 kb. The same reverse 5�-AATGCACTCGAG-
ATAATCCAGCTCTTTTATTGGATGTGC-3� primer was
used for generation of all deletion plasmids. To generate
mutant AREr3 in 3.6-kb constructs, we used the GeneTailor
site-directedmutagenesis kit (Invitrogen). The following pair of
primers was used: forward primer, 5�-CGGTGTTCTTAA-
CCGCTGAATCATCATTCCAACCACGA-3�; and reverse
primer, 5�-TCAGCGGTTAAGAACACCGACTGTTCTTCC-
GAAGGT-3�. Thirty base pairs of forward and reverse strands
of AREr3 and mutant AREr3 were synthesized. The nucleotide
sequence of wild type and mutant AREr3 were as follows:
AREr3: forward strand, 5�-ATTGCACCCGGGGCTAGCCC-
GCTGAGCCATCTCACCAACCAC-3�; and reverse strand,
5�-ATTCGGCCCGGGGCTAGCGTGGTTGGTGAGATGG-
CTCAGCGG-3�; mutant AREr3: forward strand, 5�-ATTG-
CACCCGGGGCTAGCCCGCTGATTCATCGATCCAAC-
CAC-3�; and reverse strand, 5�-ATTCGGCCCGGGGCTAG-
CGTGGTTGGATCGATGAATCAGCGG-3�. Both strands of
ARE sequences were annealed, digested with SmaI and NheI
enzymes, and cloned into pGL2p vector. The sequence accu-
racy of all constructs was confirmed by DNA sequencing using
an ABI3700 capillary sequencer (Applied Biosystems, Foster
City, CA). The construction of luciferase plasmid harboring
human NQO1 gene ARE and pCMV-FLAG-Nrf2 plasmid was
described previously (38).
Cell Cultures andGeneration of Stable Flp-In T-RExHEK293

Cells Expressing Tetracycline-inducible Nrf2—Hepa-1 and
HepG2 cells were obtained from the American Type Culture
Collection (Manassas, VA). Human embryonic kidney
(HEK293) cells were obtained from Invitrogen. Hepa-1 cells
and HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 40
units/ml penicillin, and 40 �g/ml streptomycin. HepG2 cells
were grown in �-minimum essential medium containing 10%
fetal bovine serum, 40 units/ml penicillin, and 40 �g/ml strep-
tomycin. INrf2 mutant lung cancer A549 cells were grown in
F-12/DMEM. We also generated wild type INrf2-expressing
stable A549 cells by transfection of pcDNA-INrf2 followed by
selection of clones with neomycin (G148). For generation of
stable Nrf2-expressing cells, Flp-In T-REx HEK293 cells pur-
chased from Invitrogen were co-transfected with FLAG-Nrf2
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cDNA in pcDNA5/FRT/TO and pOG44 plasmids (Invitrogen)
using the Effectene (Qiagen, Valencia, CA) method and the
manufacturer’s instructions. Forty-eight hours after transfec-
tion, the cells were grown in medium containing 200 �g/ml
hygromycin B (Invitrogen). The 293/FRT/FLAG-Nrf2 cells sta-
bly expressing tetracycline-inducible N-terminal FLAG-tagged
Nrf2 were selected. The stably selected cells were grown and
treated with 2�g/ml tetracycline (Sigma) for varying periods of
time to follow the overexpression of FLAG-tagged Nrf2 pro-
tein. The cells were grown in a monolayer in an incubator at
37 °C in 95% air and 5% CO2.
Preparation of Cell Lysates and Western Blotting—Hepa-1

cells were seeded in 100-mm plates and transfected/treated as
displayed in the figures. Cells were washed twice with ice-cold
phosphate-buffered saline, trypsinized, and centrifuged at 1500
rpm for 5 min. For making whole cell lysates, the cells were
lysed in radioimmune precipitation assay buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 0.2 mM EDTA, 1% Nonidet P-40, 0.5%
sodiumdeoxycholate, 1mMphenylmethylsulfonyl fluoride, and
1 mM sodium orthovanadate supplemented with 1� protease
inhibitor mixture (Roche Applied Science)). The protein con-
centration was determined using Bio-Rad protein assay rea-
gent. Proteins (60–80 �g) were separated by SDS-PAGE and
transferred to nitrocellulosemembranes. Themembraneswere
blocked with 3% nonfat dry milk in TBS with Tween 20. The
antibodies purchased from Santa Cruz Biotechnology and their
dilutions for immunoblotting analysis were as follows: anti-
INrf2 (E-20) (1:1000), anti-Nrf2 (H-300) (1:500), anti-Bcl-2
(N-19) (1:1000), and anti-Bax (P-20) (1:1000). The antibodies
purchased from Cell Signaling Technology and their dilutions
in immunoblot analysis were: anti-cytochrome c (1:1000), anti-
cytochrome c oxidase IV (1:1000), and anti-caspase 3 (1:1000).
Anti-FLAG-HRP and anti-actin antibodies were obtained from
Sigma. Immunoreactive bands were visualized using an ECL
system (Amersham Biosciences). The intensity of protein
bands after immunoblotting was quantitated using Quantity
One 4.6.3 imaging software (ChemiDoc XRS, Bio-Rad) and
normalized against proper loading controls. Cytoplasmic and
nuclear fractions were prepared using the ActiveMotif nuclear
extract kit (ActiveMotif, Carlsbad, CA) following themanufac-
turer’s protocol. To confirm the purity of nuclear and cytoplas-
mic fractionations, the membranes were reprobed with cyto-
plasm-specific anti-lactate dehydrogenase (Chemicon) and
nucleus-specific anti-lamin B antibodies (Santa Cruz Biotech-
nology). In related experiments, the cells were treated with 50
�M t-BHQ or DMSO as a vehicle control for different time
intervals.
Transient Transfection and Luciferase Assay—Hepa-1 cells

were plated in 100-mm plates at a density of 1 � 106 cells/plate
24 h prior to transfection. In related experiments, the cells were
transfected with 1 �g of the indicated plasmids using Effectene
transfection reagent (Qiagen) according to the manufacturer’s
instructions. After 36 h of transfection, cells were harvested,
and cell-specific protein regulation was examined by Western
blotting. For the luciferase reporter assay, Hepa-1 cells were
grown in monolayer cultures in 12-well plates. After 12 h, cells
were co-transfectedwith 0.1�g of the indicatedBcl-2 promoter
ARE-luciferase (Luc) reporter constructs and 10 times less

quantities of firefly Renilla luciferase encoded by plasmid pRL-
TK. Renilla luciferase was used as the internal control in each
transfection. After 12 h of transfection, the cells were treated
with DMSO or t-BHQ for 24 h. Cells were washed with 1�
phosphate-buffered saline and lysed in 1� Passive lysis buffer
from theDual-Luciferase� reporter assay systemkit (Promega).
The luciferase activity was measured and plotted.
siRNA Interference Assay—Mouse- and human-specific Nrf2

siRNA and Bcl-2 siRNA were obtained from Applied Biosys-
tems and used to inhibit Nrf2 and Bcl-2 protein. Hepa-1,
HepG2, and HEK293 cells were transfected with 50–100 nM
Nrf2 siRNA, Bcl-2 siRNA, or GAPDH control siRNA as indi-
cated in the different figures using Lipofectamine RNAiMAX
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Thirty-two hours after transfection, the cells were har-
vested, and lysates were immunoblotted for Nrf2, Bcl-2, and
NQO1 proteins.
Real Time Quantitative PCR—Hepa-1 cells were treated

with t-BHQ for various time intervals or transfected with
Nrf2 siRNA as indicated in the figures. Total RNA was iso-
lated using an RNeasy minikit (Qiagen). Total RNA (250 ng)
was subjected to reverse transcription using a High Capacity
cDNAReverse Transcription kit (Applied Biosystems). After
synthesis of cDNA at 37 °C for 120 min, PCR was performed
using a 7500 Real-Time PCR System according to the man-
ufacturer’s instructions. Bcl-2 primer and probe ampli-
con Mm00477531_m1, NQO1 primer and probe ampli-
con Mm00500821_m1, Nrf2 primer and probe amplicon
Mm00477784_m1, and internal control GusB amplicon
Mm00446953_m1 (Applied Biosystems) were used. The
mixture was run on a 7500 Real-Time PCR System (Applied
Biosystems) using relative quantitation according to the
manufacturer’s protocols.
ChIP Assay—The ChIP assay was performed using a kit from

Active Motif as described previously (39). Briefly, 70% conflu-
ent Hepa-1 cells were treated with Me2SO or 50 �M t-BHQ for
4 h and then fixed in 1% formaldehyde for 15 min. Cells were
lysed, and nuclei were pelleted by centrifugation. Nuclei were
resuspended and sheared using a sonicator (Misonix Inc.,
Farmingdale, NY) with five 20-s pulses at 25% of maximum
output. Sheared chromatin was immunoprecipitated with 2 �g
of anti-Nrf2 or control IgG antibody. The cross-links were
reversed overnight at 65 °C, and the chromatin was deprotein-
ated with 20 �g/ml proteinase K. PCR amplification detected
the Bcl-2 promoter region containing AREr3 bound to Nrf2.
The following set of primers was used for PCR: forward
primer, 5�-GTTCTTAAGCCCGATGTGGCAAC-3�; and
reverse primer, 5�-GAGTAGTACCAATATGCTACCCTT-3�.
GAPDH PCR was performed as an internal control. Primers
used for GAPDH amplification were: forward primer, 5�-ACC-
ACAGTCCATGCCATCAC-3�; and reverse primer, 5�-
TCCACCACCCTGTTGCTGTA3�. The relative binding of
Nrf2 to the AREr3 region of Bcl-2 promoter was also measured
by quantitative real time PCR using custom-made probes and
primers obtained from Applied Biosystems (ID 186710084_1).
The mixture was run on a 7500 Real-Time PCR System
(Applied Biosystems) using relative quantitation according to
the manufacturer’s protocols. To compare the relative binding
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of Nrf2 to the Bcl-2 promoter region containing AREr3 in
Hepa-1 cells and the binding of Nrf2 to the humanNQO1 gene
ARE, we also used HepG2 cell chromatin. HepG2 cells were
also treated with DMSO and t-BHQ, and sheared chromatin
was immunoprecipitated with 2 �g of anti-Nrf2 or control IgG
antibody. PCR was performed with a primer pair spanning the
humanNQO1 gene ARE. The primers were as follows: forward,
5�-CAGTGGCATGCACCCAGGGAA-3�; and reverse, 5�-
GCATGCCCCTTTTAGCCTTGGCA-3�. The PCR condi-
tions used for theChIP assaywere 37 cycles of a denaturing step
at 94 °C for 30 s, an annealing step at 65 °C for 30 s, and an
extension step at 72 °C for 30 s. PCR products were separated
on a 2% agarose gel containing ethidium bromide and imaged
using Quantity One 4.6.3 imaging software (ChemiDoc XRS,
Bio-Rad).
Gel and Supershift Assay—Bcl-2AREr3was end-labeledwith

[�-32P]ATP and T4 polynucleotide kinase. Labeled AREr3
(100,000 cpm) was incubated with 10 �g of Hepa-1 nuclear
extract in the absence and presence of cold AREr3, and a band
shift assay was performed according to a previously described
procedure (39). In the same experiment, the gel shift mixture
was also incubated with 2 �g of control IgG or Nrf2 antibody at
4 °C for 2 h to perform a supershift assay. The mixtures were
separated on a 4% polyacrylamide gel and autoradiographed.
Cytochrome c Release and Caspase Activity Measurements—

Hepa-1 cells were transfected with FLAG-Nrf2 or FLAG-INrf2
for 24 h followed by treatment with etoposide (20 �M) for 36 h.
One set of cells was further treated with t-BHQ for an addi-
tional 24 h as indicated in the figures. Cells were harvested, and
mitochondria were isolated using a Mitochondria Isolation kit
(Thermo Scientific) and lysed. Equal amounts (30 �g) of mito-
chondrial and cytosolic lysates were immunoblotted with anti-
cytochrome c, -cytochrome c oxidase IV, and -actin antibodies.
For caspase activity measurements, Hepa-1 cells were trans-
fected with pcDNA or FLAG-Nrf2 for 24 h and treated with 20
�M etoposide for an additional 36 h. One set of cells was further
treated with t-BHQ for 24 h. Cells were lysed in the lysis buffer.
Cell lysates (20 �g) were mixed with Caspase-Glo 3/7 substrate
(Promega), and caspase 3/7 activity was measured according to
the manufacturer’s instructions and plotted. The cleaved
caspase 3 protein was also detected by immunoblotting of the
same cell lysates.
DNA Fragmentation/Cell Death Assay—Hepa-1, HepG2,

HEK293, and FRT-FLAG-Nrf2 293 cells were plated at a den-
sity of 2000 cells/well in 96-well plates. After 20 h, Hepa-1 and
HepG2 cells were treated with DMSO or t-BHQ, and HEK293
and FRT-Nrf2 293 cells were treated with water or 2 �g/ml
tetracycline for 24 h. Then cells were exposed to various con-
centrations of etoposide for 72 h. Cells were harvested, and a
photometric enzyme immunoassay was performed for the
quantitative in vitro determination of cytoplasmic histone-as-
sociated DNA fragments (mono- and oligonucleosomes) using
a Cell Death Detection ELISA kit from Roche Applied Science
according to the manufacturer’s instructions. Each combina-
tion of cell line and drug concentration was set up in three
replicate wells, and the experiment was repeated thrice. Each
data point represents a mean � S.D. and was normalized to the
value of the corresponding control cells.

TUNEL Assay—Hepa-1 cells were grown on coverslips,
transfected with FLAG-Nrf2 for 16 h, and treated with 20 �M

etoposide for 36 h. This was followed by treatment with DMSO
or t-BHQ for an additional 24 h. Cells were fixed and permea-
bilized, and DNA was labeled with fluorescein-12-dUTP by
using a Dead-End Fluorometric TUNEL assay kit (Promega).
The fragmented DNA of the apoptotic cells was labeled with
fluorescein-12-dUTP at 3�-OH DNA ends by using the termi-
nal deoxynucleotidyltransferase recombinant enzymes accord-
ing to the manufacturer’s protocol. Cells were stained with
DAPI and observed under a Nikon fluorescence microscope,
photographs were captured, and the percentage of TUNEL-
positive cells was quantified and plotted. The experiments were
repeated thrice.
MTT Cell Survival Assay—Hepa-1, HepG2, and HEK293

cells were plated at a density of 2000 cells/well in 96-well plates,
allowed to recover for 12 h, and then transfected with FLAG-
Nrf2 for 16 h or transfectedwithBcl-2 siRNAas indicated in the
different figures. Control and transfected cells were exposed to
20 �M etoposide for 36 h and further treated with DMSO or
t-BHQ for an additional 24 h. Cells were incubated with fresh
MTT solution (200 �l/well; stock, 5 mg/ml in PBS) for 2 h, and
absorbance at 570 nm was measured. Each combination of cell
line and drug concentration was set up in three replicate wells,
and the experiment was repeated thrice. Each data point repre-
sents a mean � S.D. and was normalized to the value of the
corresponding control cells.
Clonogenic Cell Survival Assay—Hepa-1, HepG2, and

HEK293 cells were grown to 70% confluence, transfected with
Bcl-2 siRNA or control siRNA, and treated with DMSO or
t-BHQ in the presence of etoposide as indicated in the figures
(in triplicates). Similarly, A549 and INrf2-A549 cells were
grown to 70% confluence and transfected with Bcl-2 siRNA
or control siRNA, and cells were treated with DMSO or
t-BHQ in the presence of etoposide (20 �M). Cells were
trypsinized and reseeded for 9 days. Fresh medium was
added at day 5. After 10 days of incubation, 2 ml of freshly
prepared clonogenic reagent (0.25% 1,9-dimethylmethylene
blue in 50% ethanol) was added into the plates, and plates
were kept at room temperature for 45 min. Cells were
washed with PBS twice, and blue colonies were counted.
Each data point represents a mean � S.D. and was normal-
ized to the value of the corresponding control cells.
Statistical Analyses—Data from luciferase assays, real time

PCR, and immunoblotting band intensitieswere analyzed using
a two-tailed Student’s t test. Data are expressed as mean � S.D.
of three independent experiments. Significance values are rep-
resented as p � 0.05 (*), p � 0.005 (**), and p � 0.0001 (***) and
are shown in the figures.

RESULTS

Antioxidant t-BHQ Induces Bcl-2 Gene Expression—Hepa-1
and HepG2 cells treated with t-BHQ showed a time-depen-
dent increase in Bcl-2 protein (Fig. 1A, left and right upper
panels). The Bcl-2 band intensities were measured and plot-
ted (Fig. 1A, left and right lower panels). Real time PCR anal-
ysis of t-BHQ-treated cells also demonstrated a time-depen-
dent increase in Bcl-2 mRNA in Hepa-1 cells (Fig. 1B). These
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results collectively suggested that t-BHQ treatment of
Hepa-1 and HepG2 cells leads to increased transcriptional
activation of Bcl-2 gene.
ARE on Reverse Strand between Nucleotides �3148 and

�3140 of Bcl-2 Gene PromoterMediates Expression and t-BHQ
Induction of Bcl-2 Gene Expression—The Invitrogen Vector
NTI program was used to analyze mouse Bcl-2 gene promoter
for the presence of putative AREs. This analysis revealed the
presence of several putative AREs in the Bcl-2 gene promoter
(Fig. 2A). Deletion/internal mutagenesis followed by transfec-
tion assays investigated the ARE(s) required for the expression
and t-BHQ induction of Bcl-2 gene (Fig. 2, A and B). A 3.6-kb
Bcl-2 gene promoter attached to the luciferase gene upon trans-
fection in Hepa-1 cells produced luciferase activity that was
induced in response to t-BHQ treatment (Fig. 2A, right and left
panels). Nucleotide sequence analyses of the 3.6-kb Bcl-2 pro-
moter revealed the presence of four putative AREs (Fig. 2A, left
panel). Three of these putative AREs were found located on the
reverse strand between nucleotide positions �312 and �304
(AREr1), �2833 and �2825 (AREr2), and �3148 and �3140
(AREr3) from the start site of translation (with A of ATG being
�1). The fourth putative ARE (AREF1) was located in the for-
ward strand between nucleotide positions �3426 and �3418.
The putative AREs were individually deleted by serial deletions
in the 3.6-kb Bcl-2 gene promoter-luciferase plasmid (Fig. 2A).
The Bcl-2-ARE-containing plasmids were transfected in
Hepa-1 cells and analyzed for luciferase activity in the absence
and presence of t-BHQ to determine the role of individual puta-
tive AREs in the expression and t-BHQ induction of the Bcl-2

gene (Fig. 2A, right panel). AnARE from thehumanNQO1 gene
cloned into the luciferase reporter plasmid was used as a posi-
tive control for t-BHQ-mediated luciferase gene induction (Fig.
2A). Deletion mutagenesis in the 3.6-kb Bcl-2 gene promoter
and transfection analysis in Hepa-1 cells revealed that the pro-
moter region between nucleotides �3353 and �2933 contain-
ing AREr3 on the reverse strand is required for basal expression
and induction in response to t-BHQ (Fig. 2A, left and right pan-
els). The results also revealed that internal deletion of the
ARE-r3 element in the 3.6-kb Bcl-2 promoter resulted in a sig-
nificant reduction in basal expression and abrogation of t-BHQ
induction as compared with the 3.6-kb Bcl-2 gene promoter
(p � 0.005) (Fig. 2B, left and right panels). The AREr3 and
mutated AREr3 were separately cloned in pGL2p vector and
transfected in Hepa-1 cells followed by luciferase analysis to
further confirm the role of AREr3 in t-BHQ induction of Bcl-2
gene expression (Fig. 2B, left panel). The results demonstrated
thatAREr3 but notmutatedAREr3 efficientlymediated expres-
sion and t-BHQ induction of luciferase gene expression. These
data suggested that AREr3 between nucleotides �3148 and
�3140 of the Bcl-2 promoter was essentially required for
expression and t-BHQ induction of the Bcl-2 gene.
Antioxidant Increases in Vivo Binding of Nrf2 to AREr3 of

Bcl-2 Promoter—Nuclear transcription factor Nrf2 is known to
bind to the ARE in promoter regions of cytoprotective genes
including NQO1 gene and activate the downstream gene
expression in response to t-BHQ (1). We performed in vivo
ChIP and in vitro band/supershift assays to determine whether
Nrf2 binds to Bcl-2 gene promoter AREr3, leading to activation
of Bcl-2 gene expression. ChIP assay results demonstrated
binding of Nrf2 to the AREr3 in Bcl-2 gene promoter (Fig. 3A).
The Nrf2 binding to AREr3 was enhanced by 2–3-fold in
response to t-BHQ (Fig. 3A). In the same experiment, Nrf2
binding toAREr3was absentwhen chromatinwas immunopre-
cipitated with control rabbit IgGs (Fig. 3A, upper and lower
panels). Similarly, we also compared the relative binding of
Nrf2 to the human NQO1 gene ARE using HepG2 cells pro-
moter. The binding of Nrf2 to the humanNQO1 gene ARE also
increased by �4-fold in HepG2 cells treated with t-BHQ (Fig.
3A, upper and lower panels). Furthermore, using a ChIP assay
and quantitative real time PCR, the relative binding of Nrf2 to
the Bcl-2AREr3wasmeasured and plotted (Fig. 3B). These data
from both experiments confirmed a specific interaction of Nrf2
with the AREr3 of the Bcl-2 gene promoter as well as theNQO1
gene ARE that is enhanced upon t-BHQ treatment. It is note-
worthy that no other AREs showed binding to Nrf2 in ChIP
assays (data not shown). Bcl-2 gene AREr3 was also used in
gel/supershift assays to analyze the specificity of Nrf2 binding
to AREr3. In vitro band/supershift assays revealedNrf2 binding
to AREr3 that was competed with cold AREr3 and supershifted
with Nrf2 antibody (Fig. 3C). Therefore, both ChIP and band/
supershift assays indicated that Nrf2 binds to Bcl-2 gene AREr3
to activate ARE-mediated gene expression and induction in
response to t-BHQ.
Nrf2 Controls AREr3-mediated t-BHQ Induction of Bcl-2

Gene Expression—ChIP and band/supershift assays revealed
that Nrf2 binds to Bcl-2 AREr3. Next we performed experi-
ments to demonstrate that Nrf2 controls AREr3-mediated

FIGURE 1. Antioxidant t-BHQ induces Bcl-2 gene expression. A, Hepa-1
cells and HepG2 cells were treated with DMSO or the antioxidant t-BHQ (50
�M) for different time periods, and 60 �g of cell extracts were immunoblotted
with anti-Bcl-2 and -actin antibodies (left and right upper panels). Densitome-
try analysis measured Bcl-2 bands (left and right lower panels). B, the effect of
t-BHQ on Bcl-2 mRNA expression was analyzed by real time quantitative PCR.
All experiments were performed three times, and one set of data is presented
(*, p � 0.05; **, p � 0.005). Error bars indicate S.E. of triplicate samples.
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Bcl-2 gene expression (Figs. 4 and 5). Nrf2 was either overex-
pressed or down-regulated by siRNA, and its effect on Bcl-2
gene expression was determined. We successfully generated
stableHEK293-FLAG-Nrf2 cell lines that upon exposure to tet-
racycline overexpressed FLAG-Nrf2 as reported previously
(39). HEK293 and HEK293-FLAG-Nrf2 cells were exposed to
either solvent control or tetracycline and immunoblotted for
FLAG-Nrf2, Bcl-2, NQO1, and loading control �-actin (Fig.
4A). The results demonstrated overexpression of FLAG-Nrf2 in
HEK293-FLAG-Nrf2 but not HEK293 cells. Overexpression of
FLAG-Nrf2 by tetracycline in HEK293-FLAG-Nrf2 cells led to
a significant increase in Bcl-2 and NQO1 proteins (Fig. 4A).
These results indicated that, as reported earlier forNQO1,Nrf2
regulated Bcl-2 gene expression. It is noteworthy that minor
increases in Bcl-2 and NQO1 gene expression were also
observed in HEK293 cells treated with tetracycline. This is pre-
sumably through endogenous Nrf2. In the same experiment,
the Nrf2 downstream gene NQO1 was also induced (Fig. 4A).
In related experiments, Bcl-2-3.6WT-Luc but not mutant

Bcl-2-3.6MT-Luc significantly up-regulated luciferase gene
expression in HEK293-Nrf2 cells treated with tetracycline (Fig.
4B). The increase in luciferase gene expression was absent in
control HEK293 cells (Fig. 4B). In similar experiments, Bcl-2
gene AREr3-Luc but not mutant AREr3-Luc significantly
enhanced luciferase gene expression in HEK293-Nrf2 cells

exposed to tetracycline (Fig. 4C). In contrast, transfection of
wild type ormutant Bcl-2 AREr3 in control HEK293 cells failed
to induce tetracycline-mediated luciferase activity (Fig. 4C).
These results collectively suggested that Nrf2 controls AREr3-
mediated Bcl-2 gene expression.
Next, to support the above data, we used siRNA to inhibit

Nrf2 expression in Hepa-1 cells. The transient transfection of
Nrf2 siRNA in Hepa-1 cells inhibited (�80%) the Nrf2 protein
level, resulting in decreased Bcl-2 and NQO1 protein levels
(Fig. 5A). The real time PCR analysis also clearly showed that
knocking downNrf2 by siRNA significantly deceased Bcl-2 and
NQO1 transcripts in Hepa-1 cells (Fig. 5B). Furthermore,
knocking downNrf2 followed by t-BHQ treatments also signif-
icantly decreased mRNA levels of Bcl-2, Nrf2, and Nrf2 down-
stream gene NQO1 (Fig. 5C), suggesting that Nrf2 regulates
Bcl-2 expression. In addition, knocking down Nrf2 in Hepa-1
cells resulted in abrogation of antioxidant induction of Bcl-2-
3.6WT (wild type) and AREr3-Luc gene expression in trans-
fected Hepa-1 cells (Fig. 5D, left and right panels). In the same
experiment, Bcl-2-3.6MT carrying the mutated AREr3 region
and mutant AREr3 failed to show an Nrf2 response (Fig. 5D,
left and right panels). Together, these results suggested that
Nrf2 and AREr3mediated Bcl-2 gene expression and induction
in response to the antioxidant t-BHQ.

FIGURE 2. ARE between nucleotides �3148 and �3140 on reverse strand of Bcl-2 gene promoter is essential for antioxidant induction of Bcl-2
gene expression. A, systematic representation and cloning strategy of mouse Bcl-2 gene promoter into pGL2B or pGL2P luciferase reporter vectors.
Four putative ARE sequences of the Bcl-2 promoter, three on the reverse strand (AREr1, AREr2, and AREr3) and one on the sense strand (ARE-F1), are
shown (upper left panel). Mouse Bcl-2 promoter deletions were separately cloned into pGL2B Luc reporter gene, and plasmids were separately trans-
fected in Hepa-1 cells. Cells were treated with DMSO or 50 �M t-BHQ for 24 h, and luciferase activity was measured (right panels). B, Bcl-2-3.6WT (wild
type) and Bcl-2–3.6MT (mutated AREr3) promoter plasmids were separately transfected in Hepa-1 cells and analyzed for luciferase gene expression. In
the same experiment, AREr3 and mutant AREr3 were attached to SV40 basal promoter hooked to the luciferase reporter gene by cloning in vector pGL2P
and transfected in Hepa-1 cells, and cells were treated with DMSO or t-BHQ (50 �M for 24 h) and analyzed for luciferase activity. Human NQO1
ARE-luciferase reporter plasmid was also transfected in Hepa-1 cells as a positive control for t-BHQ-mediated luciferase gene induction. All experiments
were performed three times, and one set of data is presented. The data shown are mean � S.D. of three independent transfection experiments (*, p �
0.05; **, p � 0.005; ***, p � 0.0001). V, vector control. Error bars indicate S.E. of triplicate samples.
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FIGURE 4. Overexpression of Nrf2 up-regulates endogenous and transfected Bcl-2 gene expression. A, HEK293 and HEK293-Nrf2 cells expressing tetra-
cycline-induced FLAG-tagged Nrf2 were treated with 2.5 �g/ml tetracycline (Tet) for the indicated times. Cell lysates (60 �g) were immunoblotted with
anti-FLAG, anti-Bcl-2, anti-NQO1, and anti-actin antibodies (upper panel). The band intensities of Bcl-2 and NQO1 from A were quantified and plotted (lower
panel). B and C, HEK293 and HEK293-Nrf2 cells were co-transfected with wild type pGL2B-Bcl-2-3.6WT or AREr3 mutant pGL2B-Bcl-2-3.6MT with the internal
control Renilla luciferase plasmid pRL-TK (B) or co-transfected with pGL2P-AREr3 or pGL2P-mutant AREr3 with the internal control Renilla luciferase plasmid
pRL-TK (C). pGL2B and pGL2B vectors were also transfected as negative controls. Twenty-four hours after transfection, the cells were treated with 2.5 �g/ml
tetracycline for 16 h and analyzed for luciferase activity. The data shown are mean � S.D. of three independent transfection experiments (*, p � 0.05; **, p �
0.001). Error bars indicate S.E. of triplicate samples.

FIGURE 3. Antioxidant increases binding of Nrf2 to Bcl-2 gene AREr3. A, ChIP assay. Hepa-1 cells were treated with 50 �M t-BHQ for 4 h, fixed with
formaldehyde, and cross-linked, and the chromatin was sheared. The chromatin was immunoprecipitated with anti-Nrf2 antibody or control IgG. Nrf2 binding
to Bcl-2 promoter was analyzed by PCR with specific primers for the ARE-r3 region of Bcl-2 promoter. GAPDH primers were used as a control. The AREr3 region
of Bcl-2 promoter was amplified from 5 �l of purified soluble chromatin before immunoprecipitation to show input DNA (upper two gels). The effect of t-BHQ
on the relative binding of Nrf2 to the human NQO1 gene ARE was also determined by the immunoprecipitation of sheared chromatin from HepG2 cells treated
with DMSO and t-BHQ followed by a ChIP assay (lower gel). The relative binding of Nrf2 to the Bcl-2 AREr3 and hNQO1 ARE promoter was quantified from the
band intensities of three independent experiments and plotted (lower panel). B, ChIP and quantitative (q) RT-PCR. The chromatin was immunoprecipitated as
described in A from Hepa-1 cells. The binding of Nrf2 to the AREr3 region of Bcl-2 promoter was measured by quantitative real time PCR using custom-made
probes and primers obtained from Applied Biosystems (ID 186710084_1). The mixture was run on a 7500 Real-Time PCR System (Applied Biosystems) using
relative quantitation according to the manufacturer’s protocols. The amounts of immunoprecipitated DNA were normalized to the inputs and plotted. C, gel
and supershift analysis. Bcl-2 AREr3 was end-labeled with [�-32P]ATP and T4 kinase. Labeled DNA (100,000 cpm) was incubated with 10 �g of Hepa-1 nuclear
extract in binding buffer (lanes 2–5). The nuclear proteins binding to AREr3 were either competed with cold AREr3 (lane 3) or supershifted with IgG (lane 4) and
Nrf2 antibody (ab) (lane 5). The reaction mixtures were run on a polyacrylamide gel and autoradiographed. SB, shifted band; SSB, supershifted band. All
experiments were performed three times, and one set of data is presented. Error bars indicate S.E. of triplicate samples.
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Nrf2-induced Antiapoptotic Protein Bcl-2 Contributes to
Decrease in Etoposide-mediated Cytochrome c Release from
Mitochondria and Caspase 3/7 Activation—Hepa-1 cells were
treated with the antioxidant t-BHQ for different time intervals,
and cytosolic and nuclear fractions were prepared and immu-
noblotted with anti-Nrf2, -Bcl-2, -Lactate dehydrogenase, and
-Lamin B antibodies (Fig. 6A). The results demonstrated that
t-BHQ-stabilized Nrf2 protein in the nucleus led to increased
Bcl-2 in the cytoplasm (Fig. 6A). These along with the above
results suggested that t-BHQ-stabilized Nrf2 is translocated
into the nucleus, binds to Bcl-2 promoter AREr3, and activates
Bcl-2 gene expression. Next we examined the effect of Nrf2-
mediated up-regulation of Bcl-2 protein on apoptotic markers
as a measure of apoptosis. Hepa-1 cells treated with t-BHQ or
HEK293-FLAG-Nrf2 cells overexpressing FLAG-Nrf2 were
post-treated with etoposide, an apoptosis-inducing agent, and
analyzed for apoptotic markers (Fig. 6, B–D). Antioxidant
t-BHQ stabilization of Nrf2 in Hepa-1 cells and overexpres-
sion of FLAG-Nrf2 in HEK293-FLAG-Nrf2 cells both
increased Bcl-2, decreased Bax (Fig. 6B), and decreased cyto-
chrome c release from mitochondria (Fig. 6C). In addition to
this, Hepa-1 cells treated with etoposide showed a 3.5-fold
increase in caspase 3/7 activity as compared with the control
(Fig. 6D). The increased caspase 3/7 activity and cleaved
caspase 3 were significantly reduced in cells treated with
t-BHQ or transfected with Nrf2, suggesting that Nrf2 poten-
tially reduced caspase 3 or 3/7 activation (Fig. 6D). These
results suggested that Nrf2 activation of Bcl-2 leads to
decreased proapoptotic marker activity.

Nrf2-mediated Up-regulation of Bcl-2 Prevents Etoposide-in-
duced DNA Fragmentation/Apoptosis and Promotes Cell
Survival—We examined the role of Nrf2 and Bcl-2 in cellular
apoptosis and cell survival. First, we knocked down cellular
Nrf2 protein in Hepa-1 and HEK293 cells by siRNA, and then
cells were treated with etoposide (Fig. 7A). Immunoblotting
data clearly demonstrated that Nrf2 knockdown by siRNA
decreased Nrf2 and Bcl-2 protein levels in both cell lines (Fig.
7A, left panel). In related experiments, we also measured eto-
poside-mediated DNA fragmentation. Knocking down Nrf2
levels in Hepa-1 and HEK293 cells increased etoposide-medi-
ated DNA fragmentation significantly (1.5–2-fold) (Fig. 7A,
right panel). Next we analyzed the effect of Nrf2 stabilization/
overexpression on DNA fragmentation (Fig. 7B). Hepa-1 cells
were treated with DMSO or t-BHQ for stabilization of Nrf2.
Similarly, control HEK293 and HEK293-FLAG-Nrf2 overex-
pressing cells were treated with tetracycline for induction of
FLAG-Nrf2. The cells were treated with different concentra-
tions of etoposide and analyzed for histone-associated DNA
fragmentation (Fig. 7B, upper and lower panels). The results
demonstrated that histone-associated DNA fragmentation was
significantly decreased by 40% (p � 0.005) in Hepa-1 cells and
�50% (p � 0.05) in HEK293-FLAG-Nrf2 cells after t-BHQ and
tetracycline treatment, respectively (Fig. 7B). These observa-
tions suggested that increased Nrf2 down-regulated etoposide-
mediated DNA fragmentation. These results were also sup-
ported by the TUNEL assay in Hepa-1 cells (Fig. 7C). Etoposide
treatment significantly increased TUNEL-positive Hepa-1 cells
compared with control DMSO-treated cells, whereas t-BHQ

FIGURE 5. siRNA inhibition of Nrf2 decreases t-BHQ-inducible expression of Bcl-2. A, Western analysis. Hepa-1 cells were transfected with control or 25, 50,
or 75 nM Nrf2 siRNA. Forty-eight hours after transfection, cells were harvested, lysed, and immunoblotted with anti-Nrf2, anti-Bcl-2, anti-NQO1, and anti-actin
antibodies. B, real time PCR analysis. Hepa-1 cells were transfected with control or Nrf2 siRNA. Twenty-four hours after siRNA transfection, cells were harvested,
and total RNA was extracted and converted to cDNA. cDNA (50 ng) was analyzed for mRNA levels using Bcl-2 and NQO1 primers and probes. C, real time
PCR analysis. Hepa-1 cells were transfected with control or Nrf2 siRNA (75 nM). Twenty-four hours after siRNA transfection, cells were treated with t-BHQ for an
additional 16 h, cells were harvested, and total RNA was extracted. The mRNA levels of Bcl-2, NQO1, and Nrf2 were quantified by real time PCR. D, reporter
analysis. Hepa-1 cells were transfected with control or Nrf2 siRNA. Twenty-four hours after transfection, cells were transfected with wild type or mutant
Bcl-2-3.6 (left panels) or with AREr3 or mutant AREr3 plasmids (right panels), incubated with DMSO or t-BHQ (50 �M) for 24 h, and analyzed for luciferase activity.
All experiments were performed three times. The data shown are mean � S.D. of three independent transfection experiments (*, p � 0.05; **, p � 0.005; ***,
p � 0.0001). Error bars indicate S.E. of triplicate samples.
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stabilization of Nrf2 significantly deceased the number of
TUNEL-positive Hepa-1 cells even after etoposide treatment
(Fig. 7C, left and right panels). In addition, we performed an
MTT assay to determine cell survival in DMSO- and t-BHQ-
treated Hepa-1 cells to determine the role of Nrf2 in cell sur-
vival. The results suggested that t-BHQ stabilization of Nrf2
protected cells from etoposide-mediated apoptosis, leading to
increased cell survival (�40%) compared with etoposide treat-
ment alone, and drug resistance (Fig. 7D). The results collec-
tively demonstrate that Nrf2-mediated up-regulation of Bcl-2
protein significantly increased drug resistance and cell survival
in cancer cells.
Dysfunctional INrf2 in Lung Cancer A549 Cells Stabilized

Nrf2, Up-regulated Bcl-2, and Decreased Etoposide- and UV
and � Radiation-mediated DNA Fragmentation—Singh et al.
(25) demonstrated that human lung tumor-derived A549 cells
possessed a glycine 333 to cysteine (G333C) point mutation in
INrf2 protein. This mutant INrf2 was unable to repress Nrf2
activity, which resulted in an increase in drug resistance and cell
survival. By stable transfection of wild type pcDNA-INrf2 fol-
lowed by selection with G148, we generated INrf2-A549 cells
that express wild type INrf2 protein along with endogenous
mutant INrf2. The role of dysfunctional or mutant INrf2 in

A549 cells and wild type INrf2/mutant INrf2 in INrf2-A549
cells in the regulation of Nrf2, Bcl-2, and Bax was examined in
the same isogenic cancer cells. Immunoblotting results demon-
strated that after stable transfection the level of INrf2 in INrf2-
A549 cells was increased by 2.1-fold compared with A549 par-
ent cells (Fig. 8A). The INrf2 expression in INrf2-A549 cells led
to a 2–3-fold decrease in Nrf2 and Bcl-2 (Fig. 8A). The level of
Bax proteinwas�1.3-fold higher in INrf2-A549 cells compared
with A549 cells (Fig. 8A). A549 and INrf2-A549 cells were
exposed to different strengths of etoposide or UVB or � radia-
tion and analyzed for DNA fragmentation (Fig. 8, B–D). The
results revealed that all three agents showed concentration/
strength-dependent significant increases in apoptosis of INrf2-
A549 cells expressing lower levels of Nrf2/Bcl-2 as compared
with A549 cells expressing higher levels of Nrf2/Bcl-2. In other
words, overexpression of INrf2 led to decreased Nrf2 and Bcl-2
and increased apoptotic cell death.
Bcl-2 Specifically Contributes to Nrf2-mediated Reduced

Apoptosis and Increased Cell Survival/Drug Resistance—Five
different cancer cell lines were used in the various experiments
to investigate the specific role of Bcl-2 in Nrf2 modulation of
apoptosis and cancer cell survival/drug resistance (Fig. 9).
Hepa-1, HepG2, and HEK293 cells were either mock-trans-

FIGURE 6. Antioxidant t-BHQ and overexpression of Nrf2 up-regulate Bcl-2, leading to decreased etoposide-mediated cytochrome c release from
mitochondria and caspase 3/7 activation. A, Hepa-1 cells were treated with DMSO or the antioxidant t-BHQ for different time periods, and nuclear and
cytoplasmic extracts were generated. Nuclear and cytoplasmic extracts (80 �g) were immunoblotted with anti-Nrf2, -Bcl-2, -lactate dehydrogenase (LDH), and
-lamin B antibodies. B, Hepa-1 and HEK293-Nrf2 cells were exposed to the indicated concentrations of etoposide (Etopo) followed by treatment with t-BHQ or
tetracycline (TET), respectively. The endogenous levels of Nrf2 in Hepa-1 cells, overexpressed FLAG-Nrf2 in HEK293-Nrf2 cells, Bcl-2, Bax, and actin were
analyzed by Western blotting. C, Hepa-1 cells were transfected with FLAG-Nrf2 or FLAG-INrf2 constructs, and cells were treated with etoposide (20 �M) for 36 h.
Cells were further treated with t-BHQ for an additional 24 h. Cells were harvested, mitochondria were isolated using a Mitochondria Isolation kit (Thermo
Scientific), and 30 �g of mitochondrial and cytosolic lysates was immunoblotted with anti-cytochrome c, -cytochrome c oxidase (Cox) IV, and -actin antibodies.
D, Hepa-1 cells were transfected with FLAG-Nrf2 or treated with etoposide (20 �M) for 48 h and further treated with 50 �M t-BHQ for an additional 24 h. Cells were
harvested and lysed in the lysis buffer. Lysates (60 �g) were immunoblotted for anti-caspase 3 and -actin antibody (upper panel). Cell lysate (20 �g) was mixed with
Caspase-Glo 3/7 substrate (Promega), and caspase 3/7 activity was measured (lower panel). The data shown are mean � S.D. of three independent experiments. All
experiments were performed three times, and one set of data is presented (*, p � 0.05; **, p � 0.005). Error bars indicate S.E. of triplicate samples.
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fected or transfectedwith control or Bcl-2 siRNA (Fig. 9A, lanes
1–5). The siRNA-transfected cells were either treated with
DMSO (control) or t-BHQ and immunoblotted (Fig. 9A, lanes
2–4). The results demonstrated that Bcl-2 knockdown by
siRNA reduced Bcl-2 protein more than 80% in Hepa-1 and
HEK293 cells and 60% in HepG2 cells (Fig. 9A, lanes 2 and 3).
The control and Bcl-2 siRNA-transfected cells upon treatment
with t-BHQ showed stabilization of Nrf2 and activation of Nrf2
downstreamproteins includingNQO1 (Fig. 9A, compare lane 2
with lane 4 and lane 3 with lane 5). t-BHQ-mediated stabiliza-
tion of Nrf2 also led to increased Bcl-2 (Fig. 9A, compare lane 2
with lane 4). However, t-BHQ induction of Bcl-2 was specifi-

cally inhibited in Bcl-2 siRNA-transfected cells (Fig. 9A, com-
pare lane 5 with lane 4). In other words, Bcl-2 was specifically
inhibited in t-BHQ/Nrf2-activated cells (Fig. 9A, compare lane
5 with lane 4). These cells were used to determine the specific
role of Bcl-2 in etoposide-mediated histone-associated DNA
fragmentation and cell survival in t-BHQ/Nrf2-activated cells
(Fig. 9B). Bcl-2 siRNA-transfected cells showed a 1.6–2-fold
increase in etoposide-mediated DNA fragmentation and a
20–30% decrease in cell survival as compared with control
siRNA-transfected cells (Fig. 9B,upper and lower panels). Inter-
estingly, t-BHQ significantly reduced DNA fragmentation
(0.6–1.2-fold; p � 0.02) and increased cell survival by 35–40%

FIGURE 7. Antioxidant mediated stabilization and overexpression of Nrf2 and Bcl-2 reduced etoposide-mediated DNA fragmentation, leading to cell
survival. A, Nrf2 knockdown increased DNA fragmentation. Hepa-1 and HEK293 cells were transfected with control (Con.) siRNA (100 nM) or different concen-
trations of Nrf2 siRNA. After 24 h of transfection, Hepa-1 and HEK293 cells were treated with etoposide (Etopo.) (30 and 1 �M concentrations, respectively) for
an additional 30 h. Cell lysates (80 �g) were Western blotted with anti-Nrf2, anti-Bcl-2, and anti-actin antibodies (left panels). Similarly, the effect of Nrf2 siRNA
on the etoposide-mediated histone-associated DNA fragmentation was analyzed. The cytoplasmic histone-associated DNA fragments (mono- and oligo-
nucleosomes) were quantified using a Cell Death Detection ELISA kit (Roche Applied Science) and plotted (right panel). B, stabilization/overexpression of Nrf2
decreased DNA fragmentation. Hepa-1 cells were treated with increasing concentrations of etoposide for 48 h (in triplicates) followed by treatment with DMSO
or t-BHQ for an additional 24 h (upper panel). Control HEK293 and HEK293-Nrf2 cells were treated with increasing concentrations of etoposide for 48 h (in
triplicates) followed by treatment with 2.0 �g/ml tetracycline for 24 h (lower panel). The cytoplasmic histone-associated DNA fragments (mono- and oligo-
nucleosomes) were quantified using a Cell Death Detection ELISA kit (Roche Applied Science) and plotted). C, TUNEL assay. Hepa-1 cells were transfected with
FLAG-Nrf2 and treated with etoposide (20 �M) for 36 h followed by treatment with t-BHQ for an additional 24 h. The cells were fixed and permeabilized, and a
TUNEL assay was performed. TUNEL-positive cells were observed under a fluorescence microscope, and photographs were captured (left panel). The TUNEL-
positive cells were quantified and plotted (right panel). The data represented are the mean � S.D. from three independent experiments. D, cell survival assay.
Hepa-1 cells were plated at a density of 5000 cells/well in 24-well plates (in triplicates), transfected with FLAG-Nrf2, and treated with DMSO, etoposide, or
etoposide and t-BHQ for 72 h. Cells were incubated with fresh MTT solution for 2 h at 37 °C, and absorbance (Abs) at 570 nm was measured. The experiment was
repeated thrice. Each point represents a mean � S.D. and was normalized to the value of the corresponding control cells (*, p � 0.05; **, p � 0.005; ***, p �
0.0001). Error bars indicate S.E. of triplicate samples.
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in control siRNA-transfected cells compared with DMSO-
treated control or Bcl-2 siRNA-transfected cells (Fig. 9B, upper
and lower panels). Intriguingly, the t-BHQ-mediated reduction
in DNA fragmentation and increase in cell survival as observed
in control siRNA-transfected/t-BHQ-treated cells were signif-
icantly muted in Bcl-2 siRNA-transfected and t-BHQ-treated
cells (Fig. 9B, upper and lower panels). In other words, the loss
of Bcl-2 in t-BHQ/Nrf2-activated cells specifically increased
apoptotic cell death and decreased cell survival in response to
etoposide as compared with t-BHQ/Nrf2-activated cells con-
taining increased levels of Bcl-2 (Fig. 9, upper and lower panels).
It is noteworthy that all three cell types, Hepa-1, HepG2, and
HEK293, showed similar results (Fig. 9).
In addition, we performed clonogenic cell survival assays to

obtain further support of the above conclusions and analyze the
effects of Bcl-2 and Nrf2 in tumor cell growth and survival (Fig.
9C). The results demonstrated that siRNA-mediated knock-
down of Bcl-2 increased the sensitivity of tumor cells to the
etoposide-induced cell death and decreased cell growth by
15–20% compared with control siRNA-transfected cells. The
t-BHQ treatment reversed the effect and promoted cell survival
in Hepa-1, HepG2, and HEK293 cells (Fig. 9C). However, Bcl-2
knockdown cells upon treatment with t-BHQ showed signifi-
cantly lower recovery than control siRNA-transfected and

t-BHQ-treated cells. In other words, the loss of Bcl-2 specifi-
cally reduced cell survival in Nrf2-activated/t-BHQ-treated
cells. The same results were observed in Hepa-1, HepG2, and
HEK293 cells (Fig. 9C). The results also suggested that not only
Bcl-2 but several other antiapoptotic and cytoprotective pro-
teins may be involved in cell survival. Finally, we also analyzed
the role of Nrf2, Bcl-2, INrf2, and etoposide in cell survival/
growth in A549 and A459 cells stably transfected with INrf2
(INrf2-A459). The data from the clonogenic cell survival assay
demonstrated that siRNA-mediated knockdown of Bcl-2 and
INrf2-mediated Nrf2 degradation both led to a significant
reduction (75%;p� 0.04) in cell survival comparedwith control
cells (�15–20% inA549 cells) (Fig. 9D). The exposure of cells to
t-BHQ promoted cell growth but to a lesser extent in the Bcl-
2-inhibited cells as compared with cells expressing Nrf2-in-
duced Bcl-2. This again suggested that Nrf2 up-regulates sev-
eral cytoprotective proteins including NQO1 as well as an
antiapoptotic factor such as Bcl-2 that promotes cell survival/
drug resistance in tumor cells.

DISCUSSION

Nrf2 is considered a double edge sword (1). On one hand,
Nrf2 is known to regulate expression and coordinated induc-
tion of a battery of cytoprotective genes that contribute to cel-

FIGURE 8. Dysfunctional INrf2 stabilized Nrf2 and Bcl-2, leading to reduced etoposide and UV/� radiation-mediated DNA fragmentation in non-small cell
lung cancer A549 cells. A, A549 cells expressing mutant INrf2 and cDNA-derived wild type INrf2 (INrf2-A549) were immunoblotted with anti-Nrf2, -INrf2, -Bcl-2, -Bax,
and -actin antibodies. B, A549 or INrf2-A549 cells were treated with DMSO, 10 �M etoposide, or etoposide � t-BHQ. The endogenous levels of Nrf2 and Bcl-2 were
analyzed by Western blotting. C, the same cell lysates (20 �g) were mixed with Caspase-Glo 3/7 substrate (Promega), and caspase 3/7 activity was measured. D, 5000
A549 or INrf2-A549 cells were plated in 24-well plates (in triplicates) and treated with DMSO or the indicted concentrations of etoposide for 48 h. One set of cells was
further treated with t-BHQ (50 �M) for an additional 24 h (upper panel), irradiated with UVB light (middle panel), or irradiated with the indicated grays (Gy) of � radiation
(lower panel). The cells were incubated for 24 h, post-treated with DMSO or t-BHQ for an additional 24 h, and harvested. The cytoplasmic histone-associated DNA
fragments (mono- and oligonucleosomes) were quantified using a Cell Death Detection ELISA kit (Roche Applied Science) and plotted. The experiments were
repeated three times. The data represented are the mean�S.D. from three independentexperiments(*,p�0.05;**,p�0.005).Error bars indicateS.E.oftriplicatesamples.
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lular protection andprevention of inflammation, neoplasia, and
neurodegeneration (1). On the other hand, persistent accumu-
lation/activation of Nrf2 in the nucleus is known to enhance
oncogenesis and induce drug resistance (1). Factors like muta-
tions in INrf2 in cancer cells lead to inactivation of INrf2, result-
ing in persistent nuclear accumulation of Nrf2 and promotion
of cell survival. Recent studies have reported increased stabili-
zation/accumulation of Nrf2 due to mutations in INrf2, result-
ing in loss of function in lung tumors (24, 25). Lung cancer cell
line A549 contains INrf2G333Cmutant protein that has lost its
capacity to bind/degrade Nrf2, leading to accumulation of Nrf2
(25). It has been suggested that higher levels of Nrf2 in A549
cellsmight have contributed to the survival of these cells in lung
cancer (25). In addition, a role of Nrf2 in drug resistance is
suggested based on its property to induce detoxifying enzymes
and antioxidant and drug-transporting proteins (25–30). How-

ever, information on themechanismof the role ofNrf2 in onco-
genesis and drug resistance is limited. We demonstrate here
that Nrf2-mediated reduced apoptotic cell death plays a signif-
icant role in the survival of oncogenic cells and drug resistance.
The current studies demonstrated that Nrf2-mediated up-

regulation of antiapoptotic protein Bcl-2 led to a decrease in
Bax, cytochrome c release from mitochondria, activation of
caspases, decreased DNA fragmentation, a significant reduc-
tion in etoposide-induced apoptotic cell death, and increased
cell survival. In addition, expression of wild type INrf2 in lung
carcinoma A549 cells resulted in a significant decrease in Nrf2
and Bcl-2 that decreased apoptotic cell death in response to
exposure to etoposide and UVB and � radiation. These results
collectively demonstrated that Nrf2-mediated up-regulation of
Bcl-2 and reduced apoptosis contribute to the enhanced cell
survival and drug resistance. Five different cell lines and two

FIGURE 9. Nrf2-regulated induction of Bcl-2 specifically contributed to Nrf2-mediated decreased apoptosis and increased cell survival. A, Western
analysis. Hepa-1, HepG2, and HEK293 cells were transfected with control (Con.) siRNA (50 nM) or Bcl-2 siRNA (50 nM) for 24 h and treated with DMSO or t-BHQ
in the presence of etoposide (Hepa-1, 30 �M; HepG2, 25 �M; HEK293, 1 �M) for an additional 30 h as indicated in the figure. Cell extracts (80 �g) were
immunoblotted with anti-Nrf2, anti-Bcl-2, anti-NQO1, and anti-�-actin antibodies. B, cell death/DNA fragmentation assay. Five thousand Hepa-1, HepG2, and
HEK293 cells were plated in 24-well plates and transfected/treated as indicated in A (in triplicates). The cytoplasmic histone-associated DNA fragments (mono-
and oligonucleosomes) were quantified using a Cell Death Detection ELISA kit (Roche Applied Science) and plotted (upper panel). After transfections/treat-
ments, Hepa-1, HepG2, and HEK293 cells were incubated with fresh MTT solution for 2 h at 37 °C, and absorbance (Abs) at 570 nm was measured. The
experiment was repeated thrice. Each point represents a mean � S.D. and was normalized to the value of the corresponding control cells. C and D, clonogenic
cell survival assay. Hepa-1, HepG2, and HEK293 cells were grown to 70% confluence, transfected with control or Bcl-2 siRNA, and treated with DMSO or t-BHQ
in the presence of etoposide for 30 h in triplicates (C). Similarly, A549 and INrf2-A549 cells were also transfected with Bcl-2 or control siRNA and treated with
etoposide (20 �M) in the presence of DMSO or t-BHQ for 30 h in triplicates (D). Cells were trypsinized, 1000 cells were reseeded in 100-mm tissue culture dishes
(in triplicate) and incubated for 9 days, and a clonogenic cell survival assay was performed as described under “Experimental Procedures.” Each data point
represents a mean � S.D. and was normalized to the value of the corresponding control cells. All experiments were repeated three times, and one set of data
is presented. Error bars indicate S.E. of triplicate samples.
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different assays including apoptotic cell death/cell survival and
clonogenic analysis demonstrated that inhibition of Bcl-2 in
t-BHQ/Nrf2-activated cells increased cell death and reduced
cell survival compared with t-BHQ/Nrf2/Bcl-2-activated cells.
These experiments clearly suggested that Nrf2 activation of
Bcl-2 contributes to Nrf2 regulation of cellular apoptotic cell
death and survival. The studies also determined themechanism
of Nrf2 up-regulation of Bcl-2. Nrf2 up-regulated transcription
of Bcl-2 gene. Deletion mutagenesis and transfection studies
identified AREr3 between nucleotides�3148 and�3140 of the
Bcl-2 gene promoter as the DNA element that bound to Nrf2
and activated Bcl-2 gene expression.
It is noteworthy that Nrf2 coordinately up-regulates Bcl-2

gene expression along with a battery of cytoprotective genes
encoding detoxifying enzymes, antioxidant proteins, and drug
transporters (1). Therefore, it is a reasonable interpretation that
the coordinated activation of cytoprotective proteins and anti-
apoptotic protein Bcl-2 contributed to the reduced apoptosis
and enhanced cell survival.
Previous studies have shown that INrf2 in association with

Cul3/Rbx1 ubiquitinates and degrades Bcl-2 (40). Antioxidants
antagonize this interaction. Bcl-2 is released from INrf2 and
stabilized, leading to decreased etoposide-mediated apoptotic
cell death and increased cell survival. These observations
together with the present study suggest that release of Bcl-2
from INrf2 and Nrf2-mediated transcriptional activation of
Bcl-2 both lead to a significant accumulation of Bcl-2 that
reduces apoptosis and increases cell survival. The studies also
raise interesting questions regarding the role of other antiapo-
ptotic proteins such as Bcl-xL and Mcl-1 in the Nrf2-mediated
decrease in apoptosis and increase in cell survival. Preliminary
studies indicated that t-BHQ coordinately induces the expres-
sion of Bcl-2 along with the other antiapoptotic proteins Bcl-xL
andMcl-1, suggesting a role of these proteins inNrf2 regulation
of apoptosis/cell survival (supplemental Fig. S1). However, this
clearly remains to be determined by further experiments.

A model showing the role of Nrf2 and Bcl-2 in reduced apo-
ptosis and increased cell survival is shown in Fig. 10. Exposure
to antioxidant leads to dissociation of Nrf2 from INrf2. Nrf2 is
stabilized and translocated to the nucleus where it binds to
AREr3 in the promoter region of Bcl-2 gene, resulting in
increased transcription of Bcl-2 gene. Increased transcripts of
Bcl-2 gene are translated to increase Bcl-2 protein. Increased
Bcl-2 leads to decreasedBax, cytochrome c release, activation of
caspase 3/7, reduced apoptosis, and increased cell survival.
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