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The ubiquitous toxic metalloid arsenic elicits pleiotropic
adverse and adaptive responses in mammalian species. The bio-
logical targets of arsenic are largely unknown at present. We
analyzed the signaling pathway for induction of detoxification
gene NAD(P)H-quinone oxidoreductase (Ngol) by arsenic.
Genetic and biochemical evidence revealed that induction
required cap ‘n’ collar basic leucine zipper transcription factor
Nrf2 and the antioxidant response element (ARE) of Ngol.
Arsenic stabilized Nrf2 protein, extending the ¢, of Nrf2 from
21 to 200 min by inhibiting the Keap1-Cul3-dependent ubiquiti-
nation and proteasomal turnover of Nrf2. Arsenic markedly
inhibited the ubiquitination of Nrf2 but did not disrupt the
Nrf2-Keap1-Cul3 association in the cytoplasm. In the nucleus,
arsenic, but not phenolic antioxidant zert-butylhydroquinone,
dissociated Nrf2 from Keap1 and Cul3 followed by dimerization
of Nrf2 with a Maf protein (Maf G/Maf K). Chromatin immuno-
precipitation demonstrated that Nrf2 and Maf associated with
the endogenous Ngol ARE enhancer constitutively. Arsenic
substantially increased the ARE occupancy by Nrf2 and Maf. In
addition, Keap1 was shown to be ubiquitinated in the cytoplasm
and deubiquitinated in the nucleus in the presence of arsenic
without changing the protein level, implicating nuclear-cyto-
plasmic recycling of Keapl. Our data reveal that arsenic acti-
vates the Nrf2/Keapl signaling pathway through a distinct
mechanism from that by antioxidants and suggest an “on-
switch” model of Ngol transcription in which the binding of
Nrf2-Maf to ARE controls both the basal and inducible expres-
sion of Ngol.

Environmental toxic metal arsenic, which originates from
both geochemical and anthropogenic activities, is a ubiquitous
contaminant and an established human carcinogen (1, 2).
Arsenic has become a major public health concern worldwide
because millions of people are at risk of drinking water contam-
inated with arsenic that has been associated with multiple
human diseases or lesions (3—5). The anthropogenic sources of
arsenic contaminating soil and water include mining, metallur-

gical activities, and manufacture and agricultural use of pesti-
cides and herbicides. Arsenic causes a spectrum of adverse
responses in many species. Whereas acute exposure to inor-
ganic arsenic in humans results in cardiac failure, peripheral
neuropathy, anemia, leucopenia, and death, chronic arsenic
exposure can cause a range of cancers (particularly of the skin,
lung, bladder, and liver) as well as liver injury, neuropathy, car-
diovascular lesions, ovarian dysfunction, aberrant embryo
development, and postnatal growth retardation (4, 6-10).
Interestingly, arsenic-containing compounds have proven to be
effective as therapeutic agents in treating cancer such as leuke-
mia (11), chronic inflammatory disease such as psoriasis (12),
and parasitic infection such as sleeping sickness (13, 14).
Although chemical interaction with protein thiol groups and
generation of reactive oxygen species have been implicated in
the actions of arsenic, the exact molecular targets and signaling
pathways that account for most of the biological effects of
arsenic remain unknown.

The ubiquity in the environment and the pleiotropy of tox-
icity of arsenic have provided selective pressure for evolution of
various strategies across species that are utilized to defend
against the toxic metal. For instance, high level resistance to
arsenite in Escherichia coli is conferred by the arsRDABC
operon of plasmid R773, which controls the efflux of the metal
through a tightly regulated, arsenic sensing/transcription
repression mechanism (15). In mammals, arsenic can be meth-
ylated by arsenic methyltransferase (16). Methylated arsenics
have a shorter half-life in vivo than inorganic arsenic. However,
As(III)-containing methylated metabolites have been shown to
be more cyto- and genotoxic than either arsenate or arsenite
(17). Given the high potency and wide range of biological effects
of arsenic, it is perceivable that complex regulatory mecha-
nisms other than methylation exist to control cellular homeo-
stasis in mammalian cells exposed to the soft metal.

Certain detoxification enzymes metabolize chemicals through
reduction and conjugation reactions to less toxic and more
water-soluble metabolites. In addition, the enzymes such as
NQOI1? directly or indirectly participate in the metabolism of
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reactive oxygen species (18). Many of the genes, exemplified by
Nqo1l, are induced by a wide range of oxidative and electrophilic
chemicals through the antioxidant response element (ARE)
located in the enhancers of the genes (19, 20). This ARE para-
digm of gene regulation is shared by a second set of enzymes/
proteins, including heme oxygenase 1, glutathione synthetase,
and y-glutamylcysteine synthetase that combat against reactive
oxygen species and other stress signals (21).

The cap ‘n’ collar basic leucine zipper protein Nrf2 (nuclear
factor erythroid 2-related factor 2) is a member of the leucine
zipper family of transcription factors. Genetic and biochemical
studies have uncovered an essential function of Nrf2 in the reg-
ulation of ARE-controlled gene transcription (19, 22, 23). Nrf2
is required for both the basal and inducible expression of a
number of ARE-controlled genes. Dormant Nrf2 resides in the
cytoplasm and is rapidly turned over through the ubiquitin-26 S
proteasome pathway. The cytoplasmic Nrf2-binding protein
Keap1 controls the ubiquitination of Nrf2 through the Cullin 3
(Cul3)-dependent ubiquitin ligase (E3) (24-26). Moreover,
Keapl interacts with oxidative or electrophilic chemicals
through its thiol groups in the linker region between the BTB
(BR-C, ttk and bab) and Kelch domains for activation of Nrf2 by
inducers (27). Activated Nrf2 translocates into the nucleus,
binds to ARE of target genes, and commences transcription of
the genes. Together with the ARE-regulated target genes, the
Nrf2-Keap1 regulatory system constitutes a complex and tightly
regulated chemical sensing/transcriptional gene regulation
mechanism critical in defense against both endogenous and
environmental toxic insults. Consistent with this notion, loss of
Nrf2 function is associated with increased sensitivity to a num-
ber of toxicants, carcinogens, and certain disease processes (21,
28-30). Conversely, activation of Nrf2 has been implicated in
chemoprotection against cancer, chemical toxicity, and
chronic diseases by natural and synthetic chemoprotective
agents (31). The role and mechanism of action of the
Nrf2-Keap1-ARE gene system in the transcriptional response to
toxic metals has not been well understood.

In an attempt to identify the molecular targets and pathways
of protective responses to arsenic, we found that arsenic
potently induced detoxification gene Ngol through the Nrf2/
ARE-dependent gene transcription. Induction involved a
sequential and dynamic protein-protein and protein-DNA
interactions. Arsenic stabilized the Nrf2 protein by inhibiting
the E1-dependent ubiquitination and subsequent proteasomal
turnover of Nrf2, extending the i, of Nrf2 from 21 to 200 min.
Nrf2 was associated with Keapl and Cul3 in the cytoplasm.
Although both the cytoplasmic Nrf2 and Keapl were ubiquiti-
nated, arsenic potently inhibited the ubiquitination of Nrf2 but
not of Keapl. In the nucleus, treatment with arsenic but not
phenolic antioxidant tert-butylhydroquinone (tBHQ) dissoci-
ated Nrf2 from Keapl-Cul3. Keapl was ubiquitinated in the
cytoplasm and deubiquitinated in the nucleus. Arsenic induced
the dimerization of nuclear Nrf2 and Maf (Maf G/Maf K).
Chromatin immunoprecipitation (ChIP) analysis revealed that
both Nrf2 and Maf are present at the ARE enhancer of Ngo1 at
a low level to mediate the basal transcription. Arsenic treat-
ment substantially increased the occupancy of both Nrf2 and
Maf at ARE to control the induction of the gene. On the con-
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trary, AP-1 proteins c-Jun and c-Fos or Nrf2-binding proteins
Keapl and Cul3 were not associated with ARE. The findings
revealed differential mechanisms of Nrf2 action by arsenic and
antioxidants and provided a mechanistic framework of induc-
tion of ARE-driven genes by toxic metals through the
Nrf2-Keapl pathway.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—Mouse hepalclc7 cells were
provided by Dr. J. P. Whitlock, Jr. (Stanford University, Stan-
ford, CA). The cells were grown in a-minimal essential medium
with 10% fetal bovine serum and 5% CO,. Mouse Nrf2""* and
Nrf2~/~ embryonic fibroblast cells were derived from wild type
and Nrf2 null mice as described previously (19). The cells were
cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and 5% CO,. The E36 and ts20 cells (kindly pro-
vided by Dr. R. R. Kopito, Stanford University) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum at 31 °C as described (32). Penicillin (100
units/ml) and streptomycin (100 ug/ml) were added to the
media to prevent contamination. Cells at confluency were
treated with reagents as specified in figure legends. Sodium
arsenite (NaAsQO,), dimethyl sulfoxide (Me,SO), tBHQ, and
cycloheximide (CHX) were purchased from Sigma-Aldrich.
Me,SO was used as the solvent control. MG132 was from
BioMol (Plymouth, PA).

RNA Preparation and Northern Blotting—Total RNA was
isolated from cells using the Qiagen total RNA isolation kit
(Qiagen, Valencia, CA). Total RNA of 3 ug each was fraction-
ated in a 1.2% agarose-formaldehyde gel, transferred to a super-
charged nylon membrane, and blotted with a digoxigenin
(DIG)-labeled riboprobe prepared with the DIG-labeling
reagents (Roche Applied Science). Template cDNAs for gener-
ating riboprobes of mouse NqoI, Nrf2, and actin were verified
by sequencing. Northern signals were visualized by chemilumi-
nescence using a digoxigenin RNA detection kit with CDP Star
as a substrate (Roche Applied Science). Actin was probed to
control loading variations among samples. Results shown were
repeated in two to three separate experiments with consistent
observations.

Plasmid Construction and Transfection—The full-length
coding ¢cDNA of mouse Nrf2 and Keapl were obtained by
reverse transcription and PCR from total RNA of hepalclc?
cells and was verified by sequencing. Nrf2 cDNA was subcloned
into pCMV-HA (BD Clontech, Palo Alto, CA) at the Sfil and
Sall sites to generate pPCMV-HA-Nrf2. Keapl cDNA was sub-
cloned into pcDNA3.1/V5-His (Invitrogen) at the Xhol and
Apal sites to give rise to pKeapl/pcDNA3-V5. The Ngol ARE
reporter construct was kindly provided by Drs. K. Itoh and M.
Yamamoto (University of Tsukuba, Tsukuba, Japan). The chi-
meric reporter contains the ARE enhancer from —865 to —897
base pairs upstream of the transcription start of the mouse
Ngol gene fused to a B-globin promoter and luciferase cDNA.
The reporter plasmid and pCMV-HA-Nrf2 were transfected
into hepalclc7 cells using the Lipofectamine Plus reagents
from Invitrogen per the manufacturer’s instructions. To detect
ubiquitination of plasmid-expressed Nrf2, pCMV-HA-Nrf2,
and pCW-ubiquitin-Myc (kindly provided by Dr. P. Zhou,
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Weill Medical College of Cornell University, New York) were
co-transfected into cells. Ubiquitination of Nrf2 was examined
by immunoblotting as described in the legends to Figs. 5 and 6.
Keapl-V5 was expressed in hepalclc? cells by transfection of
pKeapl/pcDNA3-V5.

Cell Fractionation, Immunoprecipitation, and Immunoblot-
ting—Nuclear and cytoplasmic fractions were prepared using
the Nuclei EZ PREP reagents from Sigma. Briefly, cells at 90%
confluency in 10-cm dishes were washed with ice-cold phos-
phate buffered saline (PBS) and lysed with ice-cold Nuclei EZ
PREP lysis buffer containing protease and phosphatase inhibi-
tors (1 mm phenylmethylsulfonyl fluoride, 1 mm Na,;VO,, 1 mm
NaF, and 1 ug/ml concentrations each of aprotinin, leupeptin,
and pepstatin A, all added immediately before use). For detec-
tion of ubiquitinated proteins, N-ethylmaleimide (Pierce) was
added to the cell lysis buffer to inhibit ubiquitin-conjugating
enzyme. The cell lysate was centrifuged at 500 X g for 5 min at
4 °C to give rise to nuclei (pellet fraction) and cytosol (superna-
tant fraction). The nuclei pellets were washed once with the
lysis buffer and resuspended in a radioimmune precipitation
assay buffer (50 mm Tris-HCI, pH 7.4, with 1% Nonidet P-40,
0.25% sodium deoxycholate, 1 mm EDTA; protease and phos-
phatase inhibitors were added as described above). The nuclear
and cytoplasmic fractions were stored at —80 °C till use.

For immunoblotting, cells were washed twice with ice-cold PBS
and lysed on ice with the radioimmune precipitation assay buffer
with protease and phosphatase inhibitors for 30 min. The cell
lysate was sonicated briefly and centrifuged at 14,000 X g for 20
min to remove cell debris. Cell lysate (10 ng), nuclear (5-10 ug), or
cytoplasmic (30 ug) proteins were fractionated on 10% SDS-
PAGE, transferred to polyvinylidene difluoride membranes (Bio-
Rad), and blocked with 5% nonfat milk in PBS plus 0.05% Tween
20. The membranes were blotted with primary antibodies at 4. °C
overnight with shaking followed by incubation with horseradish
peroxidase-conjugated second antibodies for 1 h at room temper-
ature. Protein bands were visualized using enhanced chemilumi-
nescence detection reagents from Amersham Biosciences. Actin
was blotted to ensure equal loading.

For immunoprecipitation (IP), cell lysates or cell fractions
were precleared with protein G-agarose (Invitrogen) for 1 h at
4 °Cfollowed by incubation with IP antibodies at 4 °C overnight
with shaking. Immune complexes were precipitated by incuba-
tion with protein G-agarose at 4 °C for 1 h and a brief centrifu-
gation. The precipitates were washed extensively with PBS plus
0.05% Tween 20 and subjected to fractionation by SDS-PAGE.
Protein bands were detected by immunoblotting with specific
antibodies as specified in figure legends. Data shown were rep-
resentatives from two to three separate experiments.

Antibodies against Nrf2, Keap1, Cul3, c-Myc, heme oxygen-
ase 1, Maf G/Maf K, c-Jun, or c-Fos were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The antibodies
were routinely tested for specificity, titers, and applications by
comparing immunoblotting of the endogenous proteins, in
vitro transcription-translation-produced products, and tran-
sient expression of tagged proteins, respectively; the antibodies
recognize corresponding proteins as a single protein band with
the same apparent molecular weight by immunoblotting (Figs.
2,4, 8, and 9 and data not shown). The antibody against HA tag
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was obtained from Berkeley Antibody Co., Richmond, CA).
Anti-ubiquitin antibody, from Zymed Laboratories Inc. (South
San Francisco, CA), recognizes conjugated and unconjugated
ubiquitins. Anti-V5 was from Invitrogen. Anti-lamin A and
anti-glyceraldehyde-3-phosphate dehydrogenase were from
Santa Cruz Biotechnology; the anti-lamin A rabbit polyclonal
antibody is specific for lamin A and does not cross-react with
lamin C.

Cycloheximide Chase Experiment—Regulation of the steady
state level and the half-life (£1,) of Nrf2 was analyzed by immu-
noblotting and CHX chase. Cells were grown to 90% confluence
in 35-mm dishes and treated with MG132 (15 uMm) for 2 h fol-
lowed by washing with PBS 3 times. For steady state Nrf2 levels,
the cells were treated with arsenic (10 uM) or water (solvent
control). Cell lysates were prepared at 0, 0.5, 1, 2, 4, 6, 12, and
24 h after treatment. For CHX chase, the cells were treated with
CHX (40 pg/ml) with or without arsenic (10 um). Cell lysates
were prepared at 0, 5, 10, 20, 30, 60, 120, and 240 min after
treatment. 10 ug of total protein was fractionated on SDS-
PAGE and blotted with antibody against Nrf2. Actin was blot-
ted to ensure equal loading.

Immunofluorescence and Confocal Microscopy—Hepalclc7
cells were seeded in a Lab-Tek 4-well chamber slide (Nalge
Nunc International Corp. Napervill, IL) in a-minimal essential
medium with 10% fetal bovine serum and cultured overnight to
70% confluence. The cells were treated with Me,SO, tBHQ (30
uMm), or arsenic (10 um) for 5 h. The cells were gently washed
with PBS and fixed with ice-cold 4% paraformaldehyde PBS
solution for 10 min and permeabilized with 0.2% Triton X-100
PBS solution for 15 min. After washing 3 times with ice-cold
PBS, the cells were incubated with anti-Keap1 goat polyclonal
antibody (Santa Cruz Biotechnology) for 1 h followed by incu-
bation with Alexa 594-conjugated donkey anti-goat IgG (Red,
Molecular Probes, Eugene, Oregon) for another hour. After
washing three times with cold PBS, the slide was mounted with
mounting solution with DAPI (4',6-diamidino-2-phenylindole;
Vector Laboratories, Burigame, CA) counterstaining to visual-
ize the nuclei (blue). The cells were observed with a confocal
microscope (LSM 510, Carl Zeiss, Thornwood, NY) with the
multitrack rhodamine-DAPI setting.

ChIP Assay—Hepalclc7 cells were treated with arsenic or
tBHQ for 5 h. ChIP assay was performed as described previously
(33) with modifications. Briefly, DNA-proteins were cross-linked
by incubating cells with 1% formaldehyde at 37 °C for 10 min.
Excess formaldehyde was quenched with 0.125 M glycine at room
temperature. Cells were collected in 1 ml of a lysis buffer (5 mm
Pipes, pH 8.0, 85 mm KCl, and 0.5% IGEPAL CA-630) with prote-
ase inhibitors and centrifuged to pellet nuclei. The nuclei were
resuspended in the lysis buffer, repelleted, and resuspended in a
nuclei lysis buffer (50 mm Tris/HCI, pH 8.0, 10 mm EDTA, and 1%
SDS) with protease inhibitors. Chromatin was sonicated to an
average size of 200—1000 bp using a tapered microtip at 40%
power output. Cell debris was removed by centrifugation at a top
speed at 4 °C. Sheared chromatin was diluted in an IP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mm EDTA, 16.7 mm
Tris/HCI, pH 8.0, and 167 mm NaCl) precleared with protein G
containing salmon sperm DNA (240 ug of sperm DNA in 1 ml of
solution) and immunoprecipitated with antibodies as described
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under “Experimental Procedures.” A B 15-
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was carried out as follows: 95 °C for 3
min as initial denaturing followed by
45 cycles of 94-°C for 30 s, 60 °C for
30 s, and 72°C for 60 s and a final
extension at 72 °C for 2 min. Thresh-
old cycles (C; values) were deter-
mined using the iCycler IQ software
(Bio-Rad). Real-time PCR results
were normalized using 1% of input as
an internal control. Relative DNA
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amounts were calculated from C. val-
ues for each sample by interpolating
into the standard curve obtained
using a series dilution of standard
DNA samples run under the same
conditions.

Primer sets used for real-time
PCR were as follows: Ngol ARE for-
ward, 5° GCAGTTTCTAAGAG-

FIGURE 1. Induction of Ngo1 through the Nrf2/ARE pathway by arsenic. A, induction of Ngo7 mRNA.
Hepalcic7 cells were treated with Me,SO (vehicle), tBHQ (30 um), or arsenic (As) at 2, 5,and 10 umfor 5 h. Total
RNA of 3 g each was analyzed by Northern for NgoT mRNA expression; actin mRNA was measured to ensure
equal loading. Upper panels, Northern blotting. Lower panel, quantification of Northern blots. B, induction of
NQO1 enzyme activity. Cells were treated with Me,SO, tBHQ (30 um), or arsenicat0.1,1,2,5,and 10 umfor 48 h.
Total cell lysate was prepared, and NQO1 activity was measured. C, induction of ARE-luciferase by arsenic. Cells
were transfected with plasmids pCMV-HA-Nrf2, pNgo1 ARE/Luc, and the Renilla construct (Promega, as an
internal control for transfection) followed by induction with tBHQ (30 um) or arsenic (10 um) for 5 h. Cell lysate
was prepared, and luciferase activity was measured using the dual luciferase assay protocol. DMSO, Me,SO. D,
Nrf2 dependence of Ngo 1 induction. Mouse embryonic fibroblast cells (MEF) of wild type (Nrf2™") or knock-out
(Nrf2=/") were treated with tBHQ (30 um) or arsenic at 2, 5, and 10 um for 5 h. Northern blotting of Ngo7 and
actin mRNA was performed. Quantitative data represent the means =+ S.D. from three experiments. *, p < 0.05;

** p < 0.01; %, p < 0.001.
CAGAACG and reverse, 5 GTA-
GATTAGTCCTCACTCAGCCG; Ngol coding region
forward, 5 AACGGGAAGATGTGGAGATG, and reverse, 5’
CGCAGTAGATGCCAGTCAAA. The ChIP assay was rou-
tinely performed with two types of negative controls; 1) normal
IgG from the same species as each immunoprecipitation anti-
body and 2) primers specific for the coding region of Ngo1.
NQOI Enzyme Activity Assay—NQO1 activity was per-
formed as described previously (34). Briefly, HepalC1C7 cells
were seeded in 96-well plates at a density of 2 X 10* cells/ml and
cultured overnight. The culture was replaced with fresh
medium with different treatments as described in the legend to
Fig. 1B. After an additional 48 h of culture, the medium was
decanted, and the cells were incubated with 50 ul of 0.8% digi-
tonin and 2 mm EDTA solution for 10 min at 37 °C. A reaction
mixture was prepared as the following: 0.375 ml of 1 M Tris-
HCI, pH 7.4, 10 mg of bovine serum albumin, 0.1 ml of 1.5%
Tween 20, 10 ul of 7.5 mm FAD™ (Sigma), 0.1 ml of 150 mm
glucose 6-phosphate (Sigma), 9 ul of 50 mM NADP ™ (sigma), 30
units of yeast glucose-6-phosphate dehydrogenase (Sigma), 4.4
mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (Sigma), 15 ul of 50 mm menadione (Sigma, added just
before use), and distilled water to a volume of 15 ml. 200 ul of
the reaction mixture were added to each well for 5 min, and the
reaction was stopped by adding a stop solution containing 0.3
mM dicoumarol in 0.5% Me,SO and 5 mM potassium phos-
phate, pH 7.4. Absorbance at 595 nm was measured using a
96-well plate reader.

Data Quantification and Statistical Analysis—Quantifica-
tion of RNA or protein bands were performed using the Image-
Quant program (GE Healthcare). The half-life of Nrf2 was cal-
culated with the one-phase exponential decay formula using
the GraphPad PRISM program (GraphPad Software, Inc., San
Diego, CA). Statistical analysis was performed with one way
analysis of variance followed by t test using the GraphPad
PRISM program.

RESULTS

Arsenic Potently Activates the Nrf2/ARE Pathway by Stabiliz-
ing Nrf2—Examining induction of a panel of cellular defense
genes by arsenic revealed that arsenic robustly induced the
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