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A B S T R A C T

Carbonyl reductase activity catalyzes the two electron reduction of several endogenous and exogenous

carbonyl substrates. Recent data indicate that the expression of human carbonyl reductase 3 (CBR3) is

regulated by the master redox switch Nrf2. Nrf2 binds to conserved antioxidant response elements

(AREs) in the promoters of target genes. The presence of functional AREs in the CBR3 promoter has not yet

been reported. In this study, experiments with reporter constructs showed that the prototypical Nrf2

activator tert-butyl hydroquinone (t-BHQ) induces CBR3 promoter activity in cultures of HepG2 (2.7-

fold; p < 0.05) and MCF-7 cells (22-fold; p < 0.01). Computational searches identified a conserved ARE in

the distal CBR3 promoter region (�2698ARE). Deletion of this ARE from a 4212-bp CBR3 promoter construct

impacted basal promoter activity and induction of promoter activity in response to treatment with t-

BHQ. Deletion of �2698ARE also impacted the induction of CBR3 promoter activity in cells overexpressing

Nrf2. Electrophoretic mobility shift assays (EMSA) demonstrated increased binding of specific protein

complexes to �2698ARE in nuclear extracts from t-BHQ treated cells. The presence of Nrf2 in the specific

nuclear protein–�2698ARE complexes was evidenced in EMSA experiments with anti-Nrf2 antibodies.

These data suggest that the distal �2698ARE mediates the induction of human CBR3 in response to

prototypical activators of Nrf2.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Carbonyl reductase activity plays a crucial role during the
reduction of several endogenous and exogenous carbonyl com-
pounds [1]. In humans, there are three carbonyl reductases, CBR1,
CBR3 and CBR4. CBR1 and CBR3 are cytosolic monomeric enzymes,
whereas CBR4 forms a mitochondrial heterotetramer with 17b-
hydroxysteroid dehydrogenase type 8 (17b-HSD8) [2,3]. The CBR1

and CBR3 genes are located in chromosome 21 (CBR1, 21q22.13 and
CBR3, 21q22.22), where they are separated by a relatively short
distance of 62 kb. CBR3 catalyzes the reduction of 1,2-naphtho-
quinone, isatin, oracin, coniferyl aldehyde and acetohexamide
[4,5]. The anticancer anthracyclines doxorubicin and daunorubicin
Abbreviations: CBR3, carbonyl reductase 3; ARE, antioxidant response element;
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base pairs; EMSA, electrophoretic mobility shift assay; ROS, reactive oxygen
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NQO2, NRH:quinone oxidoreductase 2; SOD, superoxide dismutase; GSTs, glutathi-
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are also reduced by CBR3 into their corresponding C-13 alcohol
metabolites doxorubicinol and daunorubicinol. Recent studies
suggest that genetic polymorphisms in CBR3 contribute to the
variable toxicodynamics of anthracycline drugs in cancer patients
[6–9].

CBR3 is expressed in various tissues including heart, liver,
kidney, spleen, lung and brain [5]. Variable CBR3 expression at the
mRNA and protein level has been documented in liver [10,11].
Absolute quantification of CBR3 with a new liquid chromatogra-
phy/mass spectrometry assay showed that protein expression
varied by 14-fold (range: 1.3–17.9 ppm) [11]. Recent research has
provided the first insights into the molecular mechanisms that
dictate variable CBR3 expression. Several lines of evidence indicate
that CBR3 expression is modulated by the transcription factor Nrf2
(nuclear factor [erythroid-derived 2]-like 2, official symbol:
NFE2L2) [12–17]. For example, Hu et al. examined gene expression
profiles in livers from nrf2 wild type and nfr2 knockout mice after
treatment with the Nrf2 activator sulforaphane. The authors
documented significant Cbr3 mRNA induction in livers of nfr2
proficient animals relative to the levels of transcript in nrf2
deficient mice (e.g., 4.0-fold after 3 h treatment) [12]. More
recently, Ebert et al. have shown that Nrf2 also mediates the
induction of CBR3 in human cancer cell lines after treatment with
prototypical Nrf2 activators (e.g., sulforaphane and diethylmale-
ate) [14]. It is known that Nrf2 coordinates the induction of a
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battery of stress-responsive genes including NAD(P)H:quinone
oxidoreductase-1 (NQO1), superoxide dismutase (SOD), glutathi-
one S-transferases (GSTs) and glutathione peroxidases (GPXs) [18].
Mutational analyses identified a conserved DNA sequence element
known as an antioxidant response element (ARE) in the promoter
of genes regulated by Nrf2. Under conditions of oxidative stress,
Nrf2 translocates to the nucleus and forms heterodimers with
other transcription factors such as small Maf proteins. The Nrf2
heterodimers bind to functional AREs and mediate the transcrip-
tional activation of a wide range of target genes encoding stress-
responsive proteins [18–21].

The promoter of human CBR3 has been recently identified [10].
To the best of our knowledge, the functional role of conserved AREs

in the CBR3 promoter region has not yet been elucidated. This
study documents the identification and functional characteriza-
tion of a conserved ARE (�2698ARE) in the promoter region of
human CBR3.

2. Materials and methods

2.1. Cell culture and reagents

HepG2 (human hepatoblastoma, HB-8065), and MCF-7
(human breast adenocarcinoma, HTB-22) cell lines were obtained
from the American Type Culture Collection (Manassas, VA). RPMI
1640 and other cell culture reagents were purchased from
Invitrogen (Carlsbad, CA). Cells were routinely cultured in
10 cm2 dishes or 48-well plates using RPMI 1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(Sigma–Aldrich, St. Louis, MO), 100 U/ml penicillin, and 100 mg/
ml streptomycin. Cultures were grown in an incubator at 37 8C, 5%
CO2, and 95% relative humidity. Cultures were maintained at low
passage numbers (n < 12) and were free of mycoplasma
contamination. Tert-butyl hydroquinone (t-BHQ) was purchased
from Sigma–Aldrich.

2.2. Quantification of CBR3 mRNA

Total RNA (100 ng) was reverse-transcribed and amplified
using one-step QuantiTect SYBR Green RT-PCR kits (Qiagen,
Valencia, CA) with the following primers: 50-GCTTCCACCAACTG-
GACATC-30 (forward) and 50-GGGCATTGGATCATCACTCT-30

(reverse). Melting curve analyses demonstrated a unique PCR
amplification product. Amplification reactions were performed as
described [10]. In brief, relative CBR3 mRNA levels were deter-
mined by the comparative quantitation method using individual
b-actin mRNA levels as normalizers. Amplification efficiencies for
CBR3 and b-actin mRNAs were similar. Standard curves for both
mRNAs were run in parallel (20-fold dynamic range, r2 � 0.96).
Experimental samples and standards for calibration curves were
analyzed in quadruplicate [22].
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2.3. Detection of CBR3 protein by immunoblotting

HepG2 cells (80% confluence) were incubated with DMSO (0.1%,
v/v) or 50 mM t-BHQ for 18 h. HepG2 cell lysates were prepared
with ice-cold Pierce RIPA buffer (Thermo Fisher Scientific, Rock-
ford, IL) supplemented with Halt Protease and Halt Phosphatase
inhibitor cocktails (Thermo Fisher Scientific). The concentration of
total proteins was determined with the BCA Protein Assay Reagent
(Thermo Fisher Scientific). HepG2 cell lysates (50 mg of protein/
lane) were loaded into 12% precast polyacrylamide gels (Invitro-
gen, Carlsbad, CA) and separated by electrophoresis. Protein blots
were probed with a specific polyclonal anti-human CBR3 antibody
(1:2000; sc-70220, Santa Cruz Biotechnology, Santa Cruz, CA) and a
secondary goat anti-rabbit IgG antibody conjugated with horse-
radish peroxidase (1:10,000; Sigma–Aldrich). Membranes were
also probed with anti-b-actin antibody (1:10,000; Santa Cruz) to
correct for differences in protein loading. Immunoreactive bands
were visualized with the ECL Plus Western blotting detection
system (GE Healthcare, Chalfont St. Giles, UK). CBR3 and b-actin
band intensity values (pixels/mm2) were quantified with a
Molecular Imager1 Gel DocTM XR+ System (Bio-Rad Laboratories,
Hercules, CA).

2.4. Reporter gene studies

DNA sequence upstream (4212 bp) from the translation start
codon of CBR3 (A+1TG) was amplified by PCR from human DNA
sample HD17249 (Coriell Institute for Medical Research, Camden,
NJ). The amplicon was cloned into a pGL3 basic firefly luciferase
vector (Promega, Madison, WI). The ARE core sequence
(50-GTGACCCTGC-30; Fig. 1) was deleted from the �4212CBR3

construct by site-directed mutagenesis (QuikChange, Stratagene,
La Jolla, CA) with the following primers: 50-GCTGGGTTTGTTG-
CCAAACTTATAGAGACCCTTCG-30 (forward) and 50-CGAAGGGT-
CTCTATAAGTTTGGCAACAAACCCAGC-30 (reverse). The human
Nrf2 expression plasmid pNrf2-CMV6-XL5 was purchased from
OriGene (Rockville, MD). The empty CMV6-XL5 vector was
generated by removal of the Nrf2 insert from pNrf2-CMV6-XL5
with the restriction enzyme NotI-HFTM (New England Biolabs,
Ipswich, MA). The identity of all constructs and the absence of
mutations were verified by direct sequencing.

HepG2 and MCF-7 cells were plated 24 h before transfections in
48-well plates. Cell cultures at 60–80% confluence were co-
transfected with CBR3 reporter constructs (250 ng) and the
internal control plasmid pRL-TK (50 ng; Promega). In some
experiments, cultures were co-transfected with various amounts
of the Nrf2 expression plasmid (1, 10, and 100 ng), and the total
amount of co-transfected DNA was adjusted up to 100 ng with the
empty pCMV6-XL5 vector. The pGL3-basic empty vector was
transfected into control cultures to correct for background
luciferase activity. Firefly luciferase activities from each reporter
Minimal ARE enhancer
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construct and from the pGL3-basic empty vector were first
normalized to their corresponding renilla reniformis luciferase
activities. Normalized luciferase activities from each reporter
construct were corrected by subtracting the mean luciferase activity
from the pGL3-basic empty vector. Luciferase reporter gene
activities were determined 24 h after transfections with the Dual-
Luciferase Reporter Assay System (Promega). Light intensities were
measured in a Synergy HT luminometer (BioTek, Winooski, VT). In all
cases, three independent experiments were performed in triplicate
to evaluate reproducibility. Unpaired Student’s t tests were used to
compare experimental means. Differences were considered to be
significant at p < 0.05. Computations were performed with Micro-
soft Excel 2007 (Redmond, WA) and GraphPad Prism, version 4.03
(GraphPad Software Inc., San Diego, CA).

2.5. Electrophoretic mobility shift assays (EMSA)

Nuclear extracts from HepG2 cells were prepared with the
NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific). The �2698ARE oligonucleotides: 50-CAAACTTAT-
GTGACCCTGCAGAGACC-30 (�2698ARE-CBR3 forward) and
50-GGTCTCTGCAGGGTCACATAAGTTTG-30 (�2698ARE-CBR3 reverse)
were synthesized and purified by Invitrogen. The following
antibodies: anti-human Nrf2 C-20x (sc-722x, rabbit IgG), anti-
human Nrf2 H-300x (sc-13032x, rabbit IgG), and anti-human aryl
hydrocarbon receptor nuclear translocator 2 (Arnt 2; sc-5581x, M-
165x, rabbit IgG) were purchased from Santa Cruz Biotechnology.
[(Fig._2)TD$FIG]
Fig. 2. Induction of CBR3 mRNA by the Nrf2 activator t-BHQ in HepG2 (A) and MCF-7 cel

grown in monolayer cultures to sub-confluence and treated with DMSO (0.1%, v/v) or 50 m
quantitative real-time RT-PCR and immunoblotting as described in Section 2. Each value

Asterisks indicate significant differences from CBR3 mRNA (A and B) and CBR3 protein (C)
Normal rabbit IgG suitable for EMSA (code number: 312-005-003)
was obtained from Jackson Immunoresearch Laboratories (West
Grove, PA) [23]. EMSA were performed with the LightShift
Chemiluminescent Kit (Thermo Fisher Scientific) by following
the manufacturer’s instructions. In brief, �2698ARE-CBR3 forward
and �2698ARE-CBR3 reverse oligonucleotides were labeled with
Biotin 30 End DNA Labeling kits (Thermo Fisher Scientific).
Equimolar amounts of biotin-labeled �2698ARE-CBR3 forward and

�2698ARE-CBR3 reverse were annealed to generate double stranded
oligonucleotides. Double stranded oligonucleotides (100 pmol)
were incubated with nuclear extracts (10 mg) for 45 min at 4 8C.
Competition studies were performed by adding a 50-fold molar
excess of unlabeled ‘‘wild type’’ or ‘‘mutant’’ �2698ARE-CBR3

oligonucleotides to the reaction mixtures.
Modified �2698ARE-CBR3 oligonucleotides:

�2698ARE-CBR3 mt-f (�2698DARE, forward)
50-GCTGGGTTTGTTGCCAAACTTATAGAGACCCTTCG-30

�2698ARE-CBR3 mt-r (�2698DARE, reverse)
50-CGAAGGGTCTCTATAAGTTTGGCAACAAACCCAGC-30

EMSAs were performed by first incubating double stranded

�2698ARE-CBR3 oligonucleotides with nuclear extracts for 15 min
followed by 30 min incubation with the antibody (1 and 3 mg) at
4 8C. In all cases, incubation mixtures (20 ml per binding
reaction) were analyzed by electrophoresis on 5% non-denatur-
ing polyacrylamide gels with 0.5X Tris/borate/EDTA buffer at
ls (B). Induction of CBR3 protein expression in HepG2 cells by t-BHQ (C). Cells were

M t-BHQ for 18 h. The expression of CBR3 mRNA and CBR3 protein was analyzed by

represents the mean � S.D. from 3 independent experiments analyzed in triplicates.

levels from vehicle treated cells (*, p < 0.05; **, p < 0.01).
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4 8C. DNA–protein complexes were visualized with a Molecular
Imager1 Gel DocTM XR+ System (Bio-Rad).

3. Results

3.1. Identification of a conserved ARE in the human CBR3 promoter

region

The presence of the ARE consensus (50-TA/CAnnA/GTGAC/
TnnnGCA/GA/TA/TA/TA/T-30) and ARE core motifs (50-TGACnnnGC-
30) in the promoter region of human CBR3 was investigated with
the program FindPatterns. Four kilobases of DNA sequence
[(Fig._3)TD$FIG]
Fig. 3. Schematic representations of the CBR3 promoter constructs (A). Impact of the distal�2

(B) and MCF7 cells (C). Firefly luciferase activities from each reporter construct and from the

luciferase activities. Normalized luciferase activities from each reporter construct were cor

Luciferase activities were expressed as fold increases with respect to the values from trans

arbitrarily at1. Effect of t-BHQ onthe luciferase activities of the intact�4212CBR3 and modified

G). For comparison, panel H shows luciferase activities for the intact and modified CBR3 prom

were expressed as fold induction with respect to the values from vehicle incubations, whi

experiments performed in triplicates. The asterisks indicate significant differences between th
upstream the translation initiation codon (A+1TG) of CBR3 were
analyzed [19,20]. A conserved ARE consensus sequence (100%
match) was pinpointed at �2698 bp (�2698ARE). Comparisons
revealed that �2698ARE was similar to prototypical AREs in the
promoters of various Nrf2 target genes including NQO1, glutathi-
one S-transferases (GSTs), and glutamate-cysteine ligase (GCLC)
(Fig. 1) [18,20].

3.2. Induction of CBR3 expression by the Nrf2 activator t-BHQ

Recently, Ebert et al. described induction of CBR3 mRNA
expression in cancer cell lines treated with the prototypical Nrf2
698ARE in mediating basal gene reporter activity of CBR3 promoter constructs in HepG2

pGL3-basic empty vector were first normalized to their corresponding renilla reniformis

rected by subtracting the mean luciferase activity from the pGL3-basic empty vector.

fections with the modified �4212CBR3-D-�2698ARE promoter construct, which was set

�4212CBR3-D-�2698ARE promoter constructs in HepG2 (D and E) and MCF-7 cells (F and

oter constructs after t-BHQ treatment in MCF-7 cells. Normalized luciferase activities

ch were set arbitrarily at 1. Each value represents the mean� SD from 3 independent

e luciferase activities exerted by both constructs (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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activator t-BHQ [14]. In this study, confirmatory experiments
showed that t-BHQ (50 mM, 18 h) significantly induced CBR3

mRNA expression in cultures of HepG2 (3.4-fold, p < 0.05) and
MCF-7 cells (3.8-fold, p < 0.01) (Fig. 2A and B). In HepG2 cells,
immunoblotting analysis showed that t-BHQ treatment induced
CBR3 protein levels by 3-fold (p < 0.01) in comparison to vehicle
(DMSO, 0.1%, v/v) treated controls (Fig. 2C).

The functional impact of the distal �2698ARE in mediating the
transcriptional regulation of CBR3 was investigated by performing
gene reporter experiments with engineered promoter constructs.
First, cultures of HepG2 cells and MCF-7 cells were transfected
with an unmodified CBR3 promoter construct encompassing
4212 bp of the 50 flanking region (�4212CBR3) or with a CBR3

promoter construct lacking the �2698ARE (�4212CBR3-D-�2698ARE)
(Fig. 3A). Under basal conditions, the gene reporter activities of the
unmodified CBR3 promoter construct were approximately
7- (HepG2; p < 0.05) and 17-fold (MCF-7; p < 0.001) higher than
the reporter activities of the CBR3 construct without the distal

�2698ARE (Fig. 3B and C). Next, cultures of cells transfected with

�4212CBR3 or �4212CBR3-D-�2698ARE reporter constructs were
incubated with t-BHQ (50 mM, 18 h). In HepG2 cells, t-BHQ
treatment increased the reporter activity of �4212CBR3 by almost
3-fold in comparison to vehicle (DMSO, 0.1%, v/v) treated
controls (p < 0.05) (Fig. 3D). T-BHQ treatment failed to induce
the gene reporter activity of the modified �4212CBR3-D-�2698ARE

construct (p > 0.05) (Fig. 3E). In MCF-7 cells, t-BHQ treatment
induced the reporter activity of the intact �4212CBR3 construct
by 22-fold (p < 0.01) (Fig. 3F). In contrast, t-BHQ treatment
induced the reporter activity of the modified �4212CBR3-
D-�2698ARE construct by 13-fold (p < 0.01). Fig. 3H shows that
deletion of �2698ARE significantly decreased the induction of
CBR3 reporter activity by t-BHQ in MCF-7 cells (p < 0.05,
Fig. 3H).

3.3. Transcriptional activation of CBR3 promoter constructs by Nrf2

over-expression

Wang and Jaiswall showed that over-expression of Nrf2
increases the reporter activity of the human NRH:quinone
oxidoreductase 2 gene promoter (NQO2) [24]. Similarly, over-
expression of Nrf2 in HepG2 cells increased the reporter activity of
the intact �4212CBR3 promoter construct in a dose dependent
manner (Fig. 4A). Nrf2 over-expression also induced the reporter
activity of the modified �4212CBR3-D-�2698ARE promoter construct
in a dose dependent manner (Fig. 4B). However, the lack of

�2698ARE in the modified CBR3 promoter construct resulted in
lower induction of reporter activity as a consequence of Nr2 over-
expression. In this context, the modified CBR3 construct showed 4-
(1 ng Nrf2 plasmid), 4- (10 ng Nrf2 plasmid) and 8-fold (100 ng
Nrf2 plasmid) lower gene reporter activities than the intact
construct (Fig. 4C). Similar trends were documented in experi-
ments with MCF-7 cells (data not shown). Additional experiments
with HepG2 cells showed that Nrf2 over-expression coupled to t-
BHQ treatment further increased the reporter activity of the intact
CBR3 construct in comparison to vehicle treated controls. For
example, t-BHQ treatment induced the gene reporter activity of the
intact �4212CBR3 promoter construct by over 900-fold in cells
transfected with 100 ng of Nrf2 plasmid (Fig. 4D). In similar
conditions, the magnitude of induction of reporter activity by t-
BHQ in cells transfected with the modified �4212CBR3-D-�2698ARE

promoter construct (no distal �2698ARE) was only 32-fold (Fig. 4E).
Therefore, deletion of �2698ARE decreased the induction of
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Fig. 4. Impact of Nrf2 overexpression on the on the luciferase activities of the intact �4212CBR3 (A) and modified �4212CBR3-D-�2698ARE promoter constructs (B) in HepG2 cells.

For comparison, panel C shows the ratio in luciferase activities from the plots depicted in panels A and B, respectively. Firefly luciferase activities from each reporter construct

and from the pGL3-basic empty vector were first normalized to their corresponding renilla reniformis luciferase activities. Normalized luciferase activities from each reporter

construct were corrected by subtracting the mean luciferase activity from the pGL3-basic empty vector. Luciferase activities were expressed as fold induction with respect to

the values from cells transfected with the empty pCMV6-XL5 vector, which were set arbitrarily at 1. Impact of t-BHQ treatment coupled to Nrf2 overexpression on the
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Fig. 5. Formation of specific DNA–nuclear protein complexes as evidenced by EMSA with the �2698ARE-CBR3 oligonucleotide (A). Nuclear extracts from vehicle- (DMSO, 0.1%,

v/v) and t-BHQ (50 mM) treated HepG2 cells were incubated with the labeled �2698ARE-CBR3 oligonucleotide. Competition experiments with a 50-fold molar excess of the

unlabelled ‘‘wild type’’ (wt) and ‘‘mutant’’ (mt) �2698ARE-CBR3 oligonucleotides evidenced the formation of 3 specific complexes (A, B and C. See text for details). Panel B shows

the densitometric analysis of complexes A, B, and C from incubations with vehicle and t-BHQ, respectively. Panel C shows the densitometric analysis of complexes A, B and C

from incubations with the wt and mt oligonucleotides, respectively. EMSA experiments were repeated 3 times to evaluate reproducibility. Data represent the mean � SD.

Asterisks indicate significant differences between band intensity values (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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promoter activity by approximately 29-fold in Nrf2 over-expres-
sing cells (100 ng Nrf2 plasmid) treated with t-BHQ (Fig. 4F).

3.4. Binding of nuclear proteins to CBR3 �2698ARE

Nuclear extracts from HepG2 cells treated with vehicle or t-BHQ
were incubated with biotin labeled �2698ARE-CBR3 oligonucleo-
tides, and examined by EMSA followed by densitometric analysis.
Five prominent DNA–nuclear protein complexes were detected
(Fig. 5A). Densitometric analysis revealed that extracts from t-BHQ
treated cells exhibited more intense bands for DNA–protein
complexes B and C than extracts from vehicle treated cells
(p < 0.01 for both complexes), while nuclear extracts from vehicle
treated cells showed a more intense band for DNA–protein
complex A than extracts from t-BHQ treated cells (p < 0.05,
Fig. 5A and B). The specificity of the DNA–protein complexes was
examined by performing competition experiments with unla-
belled �2698ARE-CBR3 oligonucleotides. Incubations with a 50-fold
molar excess of the unlabeled �2698ARE-CBR3 oligonucleotide
(‘‘wild type’’, wt) diminished the formation of DNA–protein
complexes A, B and C (p < 0.001 for complexes A, B and C,
luciferase activities of the intact �4212CBR3 (D and F) and modified �4212CBR3-D-�2698AR

fold induction with respect to the values from vehicle incubations, which were set arb

performed in triplicates. Asterisks indicate significant differences between luciferase activ
Fig. 5A and C). Similar competition experiments with an
oligonucleotide lacking the �2698ARE core motif (‘‘mutant’’, mt)
showed relatively less impact on the formation of DNA protein
complexes A, B and C than that observed for the ‘‘wild type’’

�2698ARE-CBR3 oligonucleotide. That is, competition with the
‘‘mutant’’ oligonucleotide decreased the intensity of the band for
DNA–protein complex A by 34%, while competition with the ‘‘wild
type’’ oligonucleotide decreased the intensity of the band for DNA–
protein complex A by 83%, respectively (p < 0.001, Fig. 5A and B).
Also, competition with the ‘‘mutant’’ oligonucleotide decreased the
intensity of the band for DNA–protein complex B by 52% whereas
competition with the ‘‘wild type’’ oligonucleotide decreased the
intensity of the band for complex B by 82% (p < 0.01, Fig. 5A and B).
Similar trends were observed for DNA–protein complex C (i.e.,
‘‘mutant’’: 21% vs. ‘‘wild type’’: 31%, p < 0.05, Fig. 5A and B).
Together, these results suggest that protein(s) in complexes A, B
and C bind specifically to �2698ARE-CBR3.

The presence of Nrf2 in the �2698ARE binding complexes was
examined by performing EMSA experiments with the anti-Nrf2
antibodies C-20x and H-300x, respectively. The epitope recognized
by the C-20x antibody is located at the C-terminus of Nrf2, whereas
E promoter constructs (E and F). Normalized luciferase activities were expressed as

itrarily at 1. Each value represents the mean � SD from 3 independent experiments

ities (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Fig. 6. Analysis of DNA–nuclear protein complexes by EMSA with the anti-Nrf2 antibodies C-20x and H-300x (A). EMSAs with anti-Arnt 2 antibody and normal rabbit IgG were

included as isotype controls (A). Nuclear extracts from t-BHQ treated (50 mM) HepG2 cells were incubated with the labeled �2698ARE-CBR3 oligonucleotide and antibodies as

described in the text. Comparative densitometric analysis for specific complexes A, B and C (B. See text for details). EMSA experiments were repeated 3 times to evaluate

reproducibility. In all cases, band intensity values were compared against the band intensity of the ‘‘no antibody’’ reaction, which was set arbitrarily at 1. Data represent the

mean � SD. Asterisks indicate significant differences between band intensity values (*, p < 0.05; **, p < 0.01; ***, p < 0.001). The plus symbol (+) indicates no significant differences

(p > 0.05).
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the H-300x antibody recognizes an epitope located at the N-
terminus of the protein. Addition of the anti-Nrf2 antibodies to the
binding reactions were expected to either yield larger DNA–
protein complexes evident as ‘‘supershifted’’ EMSA bands or to
diminish the formation of DNA–protein complexes containing Nrf2
[24,25]. In line with the latter possibility, EMSA experiments with
nuclear extracts from t-BHQ-treated cells showed that incubations
with anti Nrf2 antibodies impact the binding of the specific protein
complexes to �2698ARE (Fig. 6A). Densitometry analysis showed
that incubations with 3 mg of anti-Nrf2 antibodies (C-20x and
H-300x) decreased the formation of DNA–protein complex A in
comparison to incubations with no antibody (p < 0.01 for H-300x
and p < 0.001 for C-20x, Fig. 6A and B). Similarly, incubations with
the anti-Arnt2 antibody M-165x and normal rabbit IgG (isotype
control) diminished the formation of DNA–protein A in compari-
son to incubations with no antibody (p < 0.001 for anti-Arnt2 and
rabbit IgG, respectively). Therefore, Nrf2 may not be present in
DNA–protein complex A (Fig. 6A and B). The formation of DNA–
protein complexes B and C decreased significantly in nuclear
extracts from t-BHQ treated cells incubated with anti-Nrf2
antibodies in comparison to incubations with no antibodies
(complex B: p < 0.01 for C-20x, p < 0.05 for H-300H; complex C:
p < 0.001 for C-20x, p < 0.001 for H-300). The decrease in band
intensity for complexes B and C was more evident in incubations
with the C-20x antibody (Fig. 6A and B). Incubations with the
rabbit IgG isotype control did not significantly impact the
formation of DNA–protein complexes B and C (Fig. 6A and B).
These findings suggest that Nrf2 may be present in specific
complexes B and C.

4. Discussion

A recent study by Ebert et al. on cancer cell lines elegantly
demonstrated that Nrf2 is a key mediator for the induction of CBR3

expression in response to prototypical activators of the Nrf2/ARE

pathway [14]. Here, we documented significant induction of CBR3

mRNA and CBR3 protein in cells treated with the Nrf2 activator
t-BHQ (Fig. 2). Thus, our main goal was to identify functional AREs
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in the promoter of human CBR3. The results of this study suggest
that the distal �2698ARE in the CBR3 promoter acts as a bona fide ARE

by mediating the transcriptional regulation of CBR3 through the
Nrf2/ARE pathway. Two main lines of evidence lend support to the
potential functional role of �2698ARE. First, the gene reporter
experiments with engineered CBR3 promoter constructs suggest
that �2698ARE may contribute to: (1) sustain basal CBR3 promoter
activity, and (2) mediate the transcriptional induction of CBR3 by t-
BHQ via Nrf2 activation in two cellular contexts (HepG2 and MCF-7
cells). Second, the binding of specific nuclear protein complexes to

�2698ARE-CBR3 oligonucleotides was increased when performing
EMSA with nuclear extracts from t-BHQ treated cells. Competitive
EMSA experiments with a modified oligonuleotide lacking

�2698ARE further highlighted the importance of the core motif
(50-TGACnnnGC-30) for mediating the binding of Nrf2-containing
nuclear protein complexes to DNA [19,20]. EMSA experiments
with anti-Nrf2 antibodies further suggested that Nrf2 may be
present in specific complexes B and C. Nuclear factors other than
Nrf2 (e.g., Nrf1 and Nrf3) can bind to conserved AREs, and
additional studies are needed to determine whether these factors
also mediate induction of human CBR3 in response to prototypical
activators [26,27].

Variable basal CBR3 mRNA expression as well as induction by
Nrf2 activators has been observed in a panel of cell lines that
included HepG2 cells [14]. Based on these observations, Ebert et al.
speculated that constitutive differences in the Nrf2/ARE pathway
(e.g., mutations in the Nrf2 partner Keap 1) and/or gene silencing
mechanisms (e.g., CBR3 promoter hypermethylation) may explain
differences in CBR3 expression among model cell lines. Our data
from gene reporter experiments showing marked differences in
basal and inducible CBR3 promoter activity in HepG2 and MCF7
cells lend further support to these notions. For example, deletion of

�2698ARE abrogated the induction of promoter activity by t-BHQ in
HepG2 cells (Fig. 3D and E). This result suggests that �2698ARE is a
predominant cis-regulatory element for the induction of CBR3 in
HepG2 cells. In MCF-7 cells, the lack of �2698ARE did not completely
abrogate the induction of gene promoter activity in response to t-
BHQ. Thus, additional cis- and/or trans-regulatory elements may
mediate induction of CBR3 expression in MCF-7 cells (Fig. 3F, G and
H). In fact, we have identified another conserved ARE (50-
GTGACAGAGCA-30) located at 1607 bp upstream of the translation
initiation codon (A+1TG) of CBR3. It is possible to hypothesize that
both AREs (i.e., distal and proximal) may operate in concert to
modulate CBR3 expression in specific cellular contexts.

The CBR3 promoter region contains additional DNA motifs with
potential regulatory roles [10]. For example, there are 2 conserved
xenobiotic response elements (XREs) located at 1851 and 5484 bp
upstream of the translation initiation codon of CBR3 (50-CACGCnA/
[(Fig._7)TD$FIG]
Fig. 7. The potential role of human CBR3 during the pathogenesis of anthracycline-related

�2698ARE in the CBR3 gene promoter, which in turn increases CBR3 activity and the sy
T-30; Cheng and Blanco, unpublished observation). In line,
incubations with the bi-functional Nrf2/AhR ligand b-naphtho-
flavone induced CBR3 mRNA levels in HepG2 by 8- (50 mM, 18 h)
and 14-fold (100 mM, 18 h), respectively (p < 0.05, Supplemental
Fig. S1). Ebert et al. also observed induction of CBR3 mRNA
expression in HepG2 cells after treatment with the bi-functional
Nrf2/AhR inducer benzo[k]fluoranthene [14]. Therefore, studies are
warranted to determine whether CBR3 expression is co-regulated by
Nrf2 and AhR in a manner similar to the NQO1 gene [20].

Recent findings suggest that the expression of polymorphic
CBR3 impacts the variable pharmacodynamics of the anticancer
anthracyclines doxorubicin and daunorubicin [6–9]. The use of
anthracyclines for cancer chemotherapy is hampered by the
development of acute and/or chronic dose-limiting cardiotoxicity
in some patients [28]. Biochemical and genetic evidence suggest
that the anthracycline alcohol metabolites synthesized by CBR
activity (e.g., doxorubicinol and daunorubicinol) mediate the
chronic type of cardiotoxicity [29–31]. On the other hand, studies
have shown that the parent anthracyclines induce acute cardio-
toxicity through mechanisms that invoke oxidative stress and the
production of radical oxidative species (ROS) [32,33]. It is known
that ROS induce the translocation of Nrf2 into the cell nucleus and
the concomitant expression of a battery of ARE containing target
genes [19]. Thus, we propose that the Nrf2/ARE pathway may
provide a potential mechanistic connection between the acute
cardiotoxicity mediated mostly by ROS and the chronic type of
cardiotoxicity induced by anthracycline C-13 alcohol metabolites.
That is, parent anthracyclines induce the production of ROS and the
translocation of Nrf2 into the nucleus, which in turn up-regulates
CBR3 expression and increases the synthesis of cardiotoxic
anthracycline alcohol metabolites (Fig. 7). Furthermore, it is
known that common dietary phytochemicals (e.g., sulforaphane,
lycopene, resveratrol, and capsaicin) induce the nuclear transloca-
tion of Nrf2 and the expression of its target genes [34]. Recent
epidemiological studies suggest that dietary antioxidants (e.g.,
sulforaphane and lycopene) cause unwanted phytochemical–
anticancer-drug interactions that compromise therapeutic efficacy
and enhance toxicity [35,36]. Therefore, our proposed model
provides the rationale to examine whether induction of polymor-
phic CBR3 expression by the Nrf2/ARE pathway impacts the
pharmacodynamics of anthracyclines in cancer patients consum-
ing dietary phytochemicals (Fig. 7).

This study identifies a conserved ARE in the promoter region of
human CBR3 that mediates gene induction through the Nrf2/ARE

pathway in 2 model cell lines: HepG2 and MCF-7. Studies to
elucidate the impact of variable CBR3 expression via the Nrf2/ARE

pathway during the pathogenesis of anthracycline-related cardi-
otoxicity are warranted.
cardiotoxicity. ROS induce Nrf2 nuclear translocation and binding to the functional

nthesis of cardiotoxic anthracycline alcohol metabolites.
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