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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
NQO1? directly or indirectly participate in the metabolism of
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reactive oxygen species (18). Many of the genes, exemplified by
Ngqo1l, 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 £, 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 wg/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 NqgoI, 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 °C followed 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 (¢,) 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 mMm
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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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 Ngo1 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 Ngol.
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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mRNA expression of xenobiotic-metabolizing enzyme NQO1
in hepalclc7, a mouse hepatoma cell line with minimal devia-
tion from hepatocytes and highly responsive to arsenic (Fig.
1A). Detectable expression of Ngo1 was apparent in the absence
of an inducer (lane I). tBHQ, a prototype of antioxidant induc-
ers, was used as a positive control. tBHQ induced NgoI by 4.5-
fold (lane 2; 30 uMm, 5 h). Arsenic at 2 um (5 h) induced the gene
by 3-fold (lane 3). A dose-dependent increase in Ngol induc-
tion was observed between 2 and 10 um arsenic with a maximal
induction at 10 uM. Higher concentrations of arsenic were not
included to avoid potential toxicity to the cells. Induction of
Ngol mRNA was accompanied by elevation of NQO1 enzyme
activities (Fig. 1B). Because arsenic induced high levels of
expression of both mRNA and enzyme activity of NqoI at 2 um,
arsenic is ~15 times as potent as tBHQ in the induction, sug-
gesting induction of Ngo1 as a suitable model for analyzing the
molecular mechanism of transcriptional regulation of ARE-
driven genes by arsenic.

To analyze the pathway of Ngol induction by arsenic, we
examined the role of ARE. A chimeric reporter construct
expressing luciferase under the control of Ngo1 ARE and a min-
imal B-globin promoter was transfected into hepalclc7 cells.
Expression of luciferase was induced by arsenic at 10 uMm to the
same magnitude as that by tBHQ at 30 um (~3-fold; Fig. 1C),
indicating that Ngol ARE is sufficient to support induction of
transcription by arsenic in a manner analogous to the induction
of endogenous Ngol.

Induction of ARE-driven reporter implicates Nrf2 in Ngol
induction by arsenic. A genetic approach was utilized to test the
notion. Embryonic fibroblasts were derived from Nrf2 null
(mouse embryonic fibroblast cells (MEF) Nrf2~"") and wild
type mice (MEF Nrf2*"). Ngol mRNA was expressed consti-
tutively, and arsenic induced Ngol expression dose-depend-
ently in Nrf2"* cells (Fig. 1D). However, both the basal expres-
sion and induction of Ngo!l by arsenic were lost in Nrf2~ "~
cells. Expression of actin was not affected by Nrf2 knock-out.
Taken together, arsenic potently induced NgolI through the
Nrf2-mediated, ARE-dependent signaling pathway.

Nrf2 has been shown to be regulated at both transcriptional
and posttranscriptional levels by antioxidants; thus, we exam-
ined the effect of arsenic on Nrf2 mRNA and protein expres-
sion. Arsenic treatment did not affect the expression of Nrf2
mRNA (Fig. 2A). Nrf2 protein was barely detectable in unin-
duced cells (Fig. 2, B and C, lane 1). Arsenic increased the pro-
tein level of Nrf2 in both dose- and time-dependent manners
(Fig. 2, B and C, lanes 2-6), indicating a post-transcriptional
mechanism of Nrf2 regulation by arsenic. tBHQ at 30 uMm
increased the Nrf2 protein level similarly to arsenic (Fig. 2B;
lane 5); however, cotreatment with arsenic and tBHQ did not
further increase the protein level (compare lanes 5 and 6), sug-
gesting a common pathway in Nrf2 regulation by arsenic and
tBHQ. The effect of arsenic on the steady state level of the Nrf2
protein was further examined in protein decay experiments.
Nrf2 protein was first induced by MG132 (15 um, 2 h) followed
by extensive washing with fresh media to remove the inducer.
Immunoblotting of Nrf2 revealed that the protein level of Nrf2
decreased time-dependently in the absence of an inducer with a
half-reduction time of ~1.47 h (Fig. 3, A and B). Treatment with
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FIGURE 2. Arsenic (As) increases the protein level of Nrf2. Hepalc1c7 cells
were treated as indicated for 5 h (30 um tBHQ). A, Northern blotting of Nrf2
mRNA. B, immunoblotting of Nrf2 protein. C,immunoblotting; time curve of
arsenic treatment (10 um).

arsenic extended the half reduction time 4 times longer (~6.02
h). Cycloheximide chase was performed to measure the half-life
of the Nrf2 protein. Nrf2 was induced, and then protein synthe-
sis was blocked by treatment with cycloheximide (40 ug/ml).
Nrf2 was measured by immunoblotting (Fig. 3, C and D). In the
absence of arsenic, the half-life (¢,,) of Nrf2 was 21.08 min;
treatment with arsenic increased the t, by 10-fold (£, = 200
min). The results demonstrated that arsenic increased the pro-
tein level of Nrf2 by inhibiting the turnover of Nrf2 protein.
Keapl anchors Nrf2 in the cytoplasm and regulates Nrf2 deg-
radation. Keapl was shown to be down-regulated by antioxi-
dants through a non-proteasomal pathway recently (35),
whereas in a separate study Keap1l was found to be induced by
arsenic in a human keratinocyte cell line (36). We, therefore,
examined the regulation of Keap1l by arsenic in hepalclc7 cells.
The results revealed that treatment with arsenic, tBHQ, or
MG132 did not change the expression level of endogenous (Fig.
4A) and transfection-expressed (Fig. 4B) Keap1 proteins. The
anti-Keapl antibody recognized the endogenous, in vitro
expressed, and transfection-expressed Keap1 (with V5 tag) pro-
teins as single bands with the same mobility on immunoblot-
ting (Fig. 4, A and B). To further test the notion that Keapl is a
stable protein, cells were treated with CHX, tBHQ, MG132, or
combinations of the agents. Fig. 4C revealed that Keap1 protein
level was unaffected by blocking of protein synthesis, treatment
with antioxidants, or inhibition of proteasomal protein degra-
dation (lower bands), confirming Keap1 as a stable protein. The
same membrane was blotted against Nrf2 as an internal control
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noprecipitated with anti-HA and
detected with anti-c-Myc (Fig.
5B). High levels of ubiquitinated
Nrf2 were detected in vehicle or
MG132-treated cells (lanes 1 and
3), whereas arsenic and tBHQ
reduced the level of ubiquitinated
Nrf2 (lanes 4 and 2). Reduction of
- ubiquitinated Nrf2 was not due to
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FIGURE 3. Arsenic inhibits Nrf2 protein turnover. A and B, steady state level of Nrf2 protein. Cells were
pretreated with MG132 (15 um, 2 h) followed by extensive washing to remove MG132. The cells were then
treated with arsenic (As) at 10 um for the indicated time periods. Nrf2 protein was examined by immunoblot-
ting (A) and decay of the Nrf2 protein with or without arsenic was quantitated (B). C and D, CHX chase of Nrf2
protein. Cells were pretreated with MG132 followed by extensive washing. Cells were then treated with CHX
(40 pg/ml) with or without arsenic (10 um) for the indicated time periods. C,immunoblotting of Nrf2 and actin.

D, quantitative plot of Nrf2 protein turnover.

to show that CHX was effective in diminishing the protein level
of Nrf2 (upper bands). Immunoconfocal microscopy revealed
that endogenous Keap1 was present in both the cytoplasm and
nucleus; moreover, treatment with tBHQ or arsenic did not
affect the fluorescent levels of Keap1 in the two cellular com-
partments (Fig. 4D). This conclusion was further confirmed by
immunoblotting of cytoplasmic and nuclear extracts (see Fig.
6). Together, the data indicated that modulation of the protein
level of Nrf2 but not Keap1 serves as a major target of arsenic
action.

Arsenic Disrupts the Nrf2:Keapl-Cul3 Complex in the
Nucleus—To analyze the pathway by which arsenic regulates
Nrf2 turnover, ts20 (temperature-sensitive E1 mutant) and E36
(wild type) cells were examined. At 31 °C (permissive to E1
function in ts20), Nrf2 is nearly undetectable in both ts20 and
E36 cells (Fig. 5A; lane I). Treatment with tBHQ, MG132 (an
inhibitor of the 26 S proteasomes), or arsenic increased Nrf2,
with the highest level of increase by MG132 (lanes 2-4). At
42 °C (impermissible for E1 in ts20), the basal level of Nrf2 was
dramatically increased in ts20, but not E36 cells (lane 5), indi-
cating that E1 was required for the short £, of Nrf2 in the cells.
The result is in agreement with previous findings that Nrf2 is
rapidly degraded through the ubiquitin-26 S proteasome path-
way in the absence of an inducer (19, 24). The Nrf2 levels at the
elevated temperature in ts20 cells treated with tBHQ, MG132,
or arsenic were all comparable with each other and with that of
vehicle treatment, suggesting that a maximal stabilization of
Nrf2 was reached in the absence of E1 function. On the con-
trary, the Nrf2 levels in E36 cells treated with vehicle, tBHQ,
MG132, or arsenic were similar to those at 31 °C, consistent
with the presence of a functional E1 in the cells at both tem-
peratures. These findings suggest that arsenic inhibits Nrf2
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reduced levels of Nrf2 (middle
panel) or variation of protein load-
ing (lower panel) since the protein
levels of HA-Nrf2 and actin were
comparable among the treatments.
Ubiquitinated Nrf2 was also immu-
noprecipitated with anti-Nrf2 or
anti-Ub and immunoblotted with
anti-Ub or anti-Nrf2, respectively.
In either of the scenarios, ubiquitinated Nrf2 was detected in
vehicle-, tBHQ-, or arsenic-treated cells in a similar manner to
that of Fig. 5B (data not shown).

To analyze the interplay among Nrf2, ubiquitination, and the
Keap1-Cul3 ligase complex, we examined the ubiquitination of
endogenous Nrf2 and Keap1 as well as the association of Nrf2
with the E3 components in the cytoplasmic and nuclear com-
partments. Hepalclc7 cytoplasmic and nuclear fractions were
prepared with high purity as shown by the absence of lamin A (a
nuclear marker) and presence of glyceraldehyde-3-phosphate
dehydrogenase (a cytoplasmic marker) in the cytoplasmic fac-
tion (left) and the presence of lamin A and absence of glycer-
aldehyde-3-phosphate dehydrogenase in the nuclear frac-
tion (right) (Fig. 6A, bottom two panels). Treatment with
tBHQ or arsenic increased the Nrf2 protein in the cytoplasm
(first panel, left, lanes 2 and 3); the protein levels were further
increased in the nucleus (right, lanes 2 and 3), consistent
with stabilization and nuclear enrichment of the proteins
upon the treatments. Pretreatment with MG132 followed by
tBHQ or arsenic substantially increased Nrf2 protein to a
similar level among the treatments in both fractions, reflect-
ing the potent stabilizing effect of MG132 on Nrf2 protein
(left and right panels, lanes 4 — 6). In contrast, tBHQ, arsenic,
MG132, or the cotreatments did not change the protein lev-
els of Keapl or Cul3, indicating that they are stable proteins
(second and third panels).

In the cytoplasm, low but detectable levels of ubiquitinated
Nrf2 and Keapl were observed in arsenic- or tBHQ-treated
cells (Fig. 6B, upper left panel). Pretreatment with MG132 dra-
matically increased the level of ubiquitinated Nrf2 (lane 4).
However, the level was decreased by treatment with arsenic; the
decrease reflects inhibition of ubiquitination of Nrf2 since the

T 1
120 160 200 240
Time (h)
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FIGURE 4. Keap protein stability. A, Hepalc1c7 cells were treated with tBHQ
(30 wm), arsenic (As, 10 um), or MG132 (15 um) for 5 h. Total cell lysate was
immunoblotted with anti-Keap1 antibodies. Lane 5, Keap1 produced by in
vitro transcription and translation. B, cells were transfected with
pKeap1/pcDNA3-V5. Thirty-six hours later the cells were treated with tBHQ,
arsenic, or MG132 as for A. Total cell lysate was immunoblotted with anti-V5.
C, Hepalcic7 cells were treated with CHX (10 wg/ml), tBHQ (30 um), MG132
(15 um), orin combinations as shown for 5 h. Total cell lysate was sequentially
immunoblotted with anti-Keap1 or anti-Nrf2. DMSO, Me,SO. D, cellular local-
ization of Keap1. Hepalclc7 cells were immunostained with anti-Keap1 and
Alexa 594-conjugated second antibodies (red) and were counterstained with
DAPI to show the nucleus (blue). Fluorescence image was taken using confo-
cal microscopy. The right panels represent overlay of Keap1 and DAPI fluores-
cence images.

protein levels of Nrf2 were high and were similar to each
other among the treatments (Fig. 6A, first panel, compare
lanes 4—6). Ubiquitination of Nrf2 was detectable but was
substantially lower in the nucleus than in the cytoplasm,
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FIGURE 5. Ubiquitination of Nrf2. A, E1 dependence of Nrf2 turnover. Wild
type (E36) and E1 temperature-sensitive mutant (ts20) cells were treated with
tBHQ (30 um), MG132 (15 um), or arsenic (As, 10 um) at 31 or 41 °C for 4 h.
Expression of Nrf2 and actin protein was examined by immunoblotting. B,
effect of arsenic on Nrf2 ubiquitination. Cells were co-transfected with pCMV-
HA-Nrf2 and pCW-ubiquitin-Myc plasmids followed by treatment with tBHQ
(30 wm), MG132 (15 um), or arsenic (10 um) for 4 h. Total cell lysate was immu-
noprecipitated with anti-HA and blotted (/B) with anti-c-Myc (upper panel).
The same lysate was immunoblotted with anti-HA or anti-actin for HA-Nrf2
and actin expression levels (middle and lower panels).

even in the presence of MG132 (Fig. 6B, upper right panel),
suggesting deubiquitination of Nrf2 in the nucleus. Interest-
ingly, detectable ubiquitination of Keapl was found in the
cytoplasm similarly to that of Nrf2 (Fig. 6B, lower left panel).
Keap1 ubiquitination was substantially increased by MG132,
further supporting Keapl as an E3 substrate. Unlike Nrf2,
however, arsenic or tBHQ did not affect MG132-induced
ubiquitination of Keapl. In the nuclear fraction, ubiquitina-
tion of Keapl was dramatically reduced for all treatments
than that in the cytoplasmic fraction (lower left panel). Fig.
6D provides quantification of ubiquitinated Nrf2 (upper
panel) and Keapl (lower panel) in the cytoplasm and
nucleus. Three conclusions can be drawn from these results;
(a) ubiquitination of Nrf2 and Keapl mostly occurred in the
cytoplasm, (b) arsenic strongly inhibited the ubiquitination
of Nrf2 but not Keapl in the cytoplasm, and (c) ubiquitina-
tion of both Nrf2 and Keap1l was detectable in the nucleus at
substantially lower levels than in the cytoplasm, suggesting
deubiquitination of the proteins upon nuclear translocation.

Ubiquitination of Nrf2 by the Cul3-based E3 involves associ-
ation of Nrf2 with Keapl and Cul3. Interaction between Nrf2
and Keapl or Cul3 was analyzed by co-immunoprecipitation
with anti-Keapl or anti-Cul3 antibodies from the cytoplasmic
and nuclear fractions followed by blotting with anti-Nrf2 (Fig.
6C). As expected, Nrf2 was barely detected by co-immunopre-
cipitation with either of the antibodies in the absence of an
inducer (lane I) in both fractions due to the rapid turnover of
the protein under basal conditions. Nrf2 was co-immunopre-
cipitated with Keapl and Cul3 in the cytoplasm from cells
treated with either arsenic or tBHQ (left panels; lanes 3 and 2),
indicating that arsenic or tBHQ stabilized Nrf2 but did not dis-
sociate Nrf2 from the Nrf2-Keap1-:Cul3 complex in the cyto-
plasm. On the other hand, Nrf2 was co-immunoprecipitated
with anti-Keap1 or anti-Cul3 from the nuclear fraction of cells
treated with tBHQ, but not with arsenic, revealing that treat-
ment with arsenic but not tBHQ resulted in dissociation of Nrf2
from the Nrf2-Keap1-Cul3 complex in the nucleus (right panels;
compare lanes 2 and 3). Keapl remains associated with Cul3 in
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FIGURE 6. Effect of arsenic on the ubiquitination of endogenous Nrf2 and
Keap1 and association of Nrf2 with Keap1 and Cul3 in the cytoplasm and
nucleus. Hepalcic7 cells were treated with tBHQ (30 wm), arsenic (As, 10 um),
or MG132 (15 um) for 4 h or pretreated with MG132 for 2 h followed by tBHQ
or arsenic for 4 h. Cytoplasmic (left) and nuclear (right) fractions were pre-
pared. A, immunoblotting (/B) of cytoplasmic (left) and nuclear (right) frac-
tions. Purity of fractionation was confirmed by the presence of lamin A and
absence of glyceraldehyde-3-phosphate dehydrogenase for the nuclear
preparation and vice versa for the cytoplasmic preparation (lower two panels).
Protein levels of Nrf2, Keap1, and Cul3 of the preparations were examined by
immunoblotting. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B,
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the nucleus in the presence of arsenic or tBHQ as both proteins
can be co-immunoprecipitated with either anti-Keap1l or anti-
Cul3 (data not shown).

To further examine the interaction among the proteins, cells
were pretreated with MG132 for 2 h followed by arsenic or
tBHQ for 4 h; MG132 treatment ensured that the amounts of
Nrf2 in the cells were high enough for detection and were at
similar levels among the treatments for better comparison (Fig.
64, first panel, lanes 4—6). In the cytoplasm, treatment with
MG132 resulted in an increased association of Nrf2 with Keap1
and Cul3 (Fig. 6C, left panel, lane 4). Arsenic or tBHQ in the
presence of MG132 increased the association to a level higher
than without MG132 (compare lanes 6 and 5 with 3 and 2) but
lower than with MG132 alone (compare with lane 4). In the
nucleus, strong association of Nrf2 with Keapl and Cul3 was
observed in cells treated with MG132 or MG132 plus tBHQ,
whereas treatment with arsenic in the presence of MG132 dis-
rupted the association. The findings demonstrated that arsenic
(but not tBHQ) not only prevented the formation of the
Nrf2-Keap1-Cul3 complex but also disrupted the existing com-
plex induced by MG132 pretreatment in the nucleus, revealing
a substantial difference in the activation of Nrf2 by arsenic and
tBHQ in the nucleus.

Arsenic Recruits Nrf2 and Maf but Not Keapl, Cul3, Ubiq-
uitin, c-Jun, or c-Fos to the ARE of Ngol1—Nrf2 binds to Ngol
ARE in in vitro assays (37). However, the protein complex bind-
ing to NgoI ARE in the absence and presence of an inducer in
intact cells remains controversial. Chromatin immunoprecipi-
tation was performed to probe the interaction of Nrf2 with
endogenous Ngol ARE in vivo. Hepalclc7 cells were treated
with vehicle, arsenic, or tBHQ; chromatin DNA sequences
bound to Nrf2 were co-immunoprecipitated with anti-Nrf2 and
were amplified with primers specific to the ARE region of
mouse Ngol by real-time PCR. As shown in Fig. 7, Nqol ARE
was co-immunoprecipitated with Nrf2 in the absence of an
Ngol inducer; the result is in agreement with the notion that
Nrf2 is required for the basal expression of Ngo1 (Fig. 7A, lane
2). Treatment with arsenic or tBHQ increased the amount of
ARE co-immunoprecipitated with Nrf2 (lanes 4 and 6), indicat-
ing that arsenic or tBHQ increased the binding of Nrf2 to ARE.
Quantification by real-time PCR revealed that arsenic induced
a 6-fold increase in binding of Nrf2 to ARE, and tBHQ induced
a 9-fold increase over the basal binding (Fig. 7C). The ChIP
assay was specific for anti-Nrf2, because ARE was not detected
in co-immunoprecipitation with normal rabbit IgG, followed
by PCR amplification with the ARE primers (Fig. 7, A, lanes 1, 3,
and 5, and B, lanes 13—15). The Nrf2-ARE interaction detected
by ChIP is also specific for ARE, because co-immunoprecipita-

ubiquitination of endogenous Nrf2 and Keap1 in the cytoplasm and nucleus.
Nrf2 or Keap1 was immunoprecipitated with anti-Nrf2 (upper panels) or anti-
Keap1 (lower panels), respectively, from the cytoplasmic (left panels) or
nuclear (right panels) fractions and were immunoblotted with anti-Ub. C,
association of Nrf2 with Keap1-Cul3. Association of Nrf2 with Keap1 was
examined by co-IP with anti-Keap1 and immunoblotting (/B) with anti-Nrf2
(upper panel). Association of Nrf2 with Cul3 was assayed by co-IP with anti-
Cul3 and immunoblotting with anti-Nrf2 (lower panel). D, quantification of
ubiquitinated Nrf2 or Keap1. Ubiquitinated Nrf2 (upper panel) or Keap1 (lower
panel) was detected by immunoblotting as described in B. Quantification was
performed using the ImageQuant program.
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FIGURE 7. Association of Nrf2, Keap1, Cul3, and ubiquitin with Ngo1 ARE. Cells were treated with Me,SO, tBHQ (30 um), or arsenic (As, 10 um) for 4 h. Ngo1
ARE cross-linked to proteins was co-immunoprecipitated with the corresponding antibodies and amplified by real-time PCR with primers specific for mouse
NgoT ARE enhancer as described under “Experimental Procedures” (ChIP assay). A, ChIP assay of ARE associated with Nrf2. ARE was co-immunoprecipitated
with anti-Nrf2 or normal rabbit IgG. 1% of input was shown to normalize input variations for real-time PCR. B, ARE association with Cul3, Keap1, and Ub.
Association of Ngo 1 ARE with Cul3, Keap1, or Ub was examined by ChIP. Nrf2 and normal IgG (N. IgG) were shown as positive and negative controls. 1% of input
was shown for equal input of the samples. C, quantitative data of ChIP for Nrf2, Cul3, Keap1, and Ub by real-time PCR. D, specificity of ARE-protein binding by
ChlIP assay. Binding of Nrf2, Cul3, Keap1, or Ub to NgoT coding sequence was examined by ChIP with antibodies as indicated. Normal serum was used as a

negative control. Bound DNA was amplified by real-time PCR.

tion with anti-Nrf2 followed by PCR amplification with a pair of
primers specific for the coding sequence of NQO1 did not
detect DNA binding of Nrf2 (Fig. 7D).

Because arsenic and tBHQ differentially affect the interac-
tion of Nrf2 with Keap1l and Cul3 in the nucleus, we attempted
to determine if Keap1, Cul3, or ubiquitin interacts with endog-
enous ARE. As shown in Fig. 7, B and C, ARE was not detected
from co-immunoprecipitates with anti-Cul3, anti-Keapl, or
anti-Ub (lanes 4—12). Anti-Nrf2 and a control serum (N. IgG)
were used as positive and negative controls for co-immunopre-
cipitation, respectively. The control serum and antibodies
against Cul3, Keapl, or ubiquitin failed to co-immunoprecipi-
tate the Ngol coding sequence as expected (Fig. 7D). The
results indicated that Nrf2 but not Keapl, Cul3, or ubiquitin
was recruited to ARE in the presence of arsenic or tBHQ.

Small Maf proteins, in particular Maf G and Maf K, were shown
to heterodimerize with Nrf2 to bind ARE in vitro and were sug-
gested to form homodimers in cells to suppress the basal expres-
sion of Ngo1 or heterodimers with Nrf2 to mediate Ngo! induc-
tion. The role of Maf G/Maf K in the induction of endogenous
Ngol by arsenic was examined. Maf G/Maf K was detected only in
the nucleus (Fig. 84). Furthermore, the protein levels of Maf
G/Maf K were not affected by treatment with tBHQ, arsenic,

23628 JOURNAL OF BIOLOGICAL CHEMISTRY

MG132, or combinations of the agents. Association of Maf K/Maf
G with Nrf2 was examined by co-immunoprecipitation (Fig. 8B).
Arsenic or tBHQ induced the association of Nrf2 with Maf G/Maf
K (compare lanes 3 and 2 with 1). MG132 strongly increased the
association (lane 4). Co-treatment with MG132 and arsenic
slightly increased the association compared with that by MG132
alone (compare lanes 6 and 4). The association in co-treatment
with MG132 and tBHQ was substantially lower than that by
MG132 or MG132 plus arsenic but was similar to that by tBHQ
alone (lane 5), consistent with the much smaller effect of tBHQ on
nuclear Nrf2-Keap1-Cul3 association than that of arsenic (Fig. 6C,
right panel, compare lanes 5 and 6). Finally, the interaction of Maf
G/Maf K with the endogenous ARE was examined by ChIP assay
with antibodies against Maf G/Maf K. Maf G/Maf K binds to ARE
similarly to Nrf2 in the absence of an inducer (Fig. 8C). Treatment
with arsenic or tBHQ dramatically increased the binding (~5.2
and 8.2-fold, respectively), comparable with the level of binding by
Nrf2. Thus, both Nrf2 and Maf G/Maf K bind to ARE constitu-
tively, and both are recruited to Ngo!I enhancer to increase ARE
occupancy upon stimulation by arsenic or tBHQ.

Ngol ARE shows a high sequence similarity to the AP-1
binding sequence. Indeed, association of AP-1 proteins with
ARE has been suggested previously (38). Possible contributions
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FIGURE 8. Heterodimerization and association of Nrf2 and Maf K/Maf G with Ngo1 ARE for basal and
inducible expression of Ngo1. A, protein expression of Maf G/K. Hepalc1c7 cells were treated with tBHQ (30
M), arsenic (As, 10 um), MG132 (15 um), or MG132 plus tBHQ or arsenic for 4 h. Protein levels of Maf G/Maf K in
the cytoplasm and nucleus were examined by immunoblotting. B, association of Maf G/Maf K with Nrf2. Cells
were treated as described for A. Nrf2 and Maf G/Maf K in the nucleus was co-immunoprecipitation with anti-
Maf G/Maf K and blotted (/B) with anti-Nrf2 (first panel). Protein levels of Nrf2 and lamin A (nuclear marker) were
examined by immunoblotting (second and third panel, respectively). C, association of Nrf2 and Maf with Ngo1
ARE. ChIP assay was performed to analyze the association of Maf K/Maf G with Ngo7 ARE in comparison with

Nrf2. Cells were treated with tBHQ (30 um) or arsenic (10 um) for 4 h.
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FIGURE 9. Association of AP-1 proteins with Ngo7 ARE. A, protein expres-
sion of c-Jun, c-Fos, and actin in the presence of tBHQ (30 um) or arsenic (As, 10
um) for 4 h was examined by immunoblotting. B, association of c-Jun and
c-Fos with Ngo1 ARE in the absence or presence of tBHQ or arsenic was ana-
lyzed by ChIP assay with anti-c-Jun and anti-c-Fos, respectively. Anti-Maf and
normal serum were included as positive and negative controls, respectively.
Real-time PCR was performed to obtain quantitative results.

of AP-1 proteins c-Jun and c-Fos to the induction of Ngol by
arsenic were examined by ChIP. In Fig. 94, the protein levels of
c-Jun and c-Fos in the cells were first analyzed by immunoblot-
ting. Both AP-1 proteins were detected constitutively. Arsenic
or tBHQ increased the protein levels of the proteins. ChIP
assays revealed that Ngo! ARE co-immunoprecipitated with
¢-Jun or c-Fos was similar in amount to that with serum control
both in the absence or presence of the inducers (Fig. 9B). Asso-
ciation of ARE with Maf under the same condition was shown
as a positive control. The data revealed that, whereas the pro-
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detoxify the toxicants, antagonize
the toxic action, or both to maintain
the chemical homeostasis and phys-
iological function of the cells (28).
One such mechanism is the Nrf2/
Keap1/ARE target gene system that
functions as a receptor/transcrip-
tion factor/protein effector regula-
tory unit. The mechanics of the
Nrf2/Keapl/ARE gene system con-
sists of three steps; the cytoplasmic Nrf2/Keapl senses the
chemical changes in the cellular environment by interacting
with the chemicals, Nrf2 transduces the signals by coordinated
transcription of multiple ARE-controlled target genes in the
nucleus, and finally, the induced xenobiotic-metabolizing
enzymes and antioxidant proteins detoxify or antagonize the
chemicals. Although the Nrf2 pathway has been implicated in
defense against a number of oxidative and electrophilic chem-
icals, the role and mechanism of action of Nrf2 in cellular pro-
tection against toxic metals remain unclear.

The environmental soft metal arsenic causes a broad spec-
trum of toxicity in humans and animals (1, 3). To defend against
arsenic, cells must develop complex adaptive responses. In this
study we utilized genetic and biochemical approaches to dem-
onstrate that arsenic potently induces Ngol through the Nrf2-
controlled, ARE-dependent transcription and, thus, identified
the Nrf2/Keapl/ARE-driven genes regulatory unit as a key
strategy of cellular defense against arsenic. Moreover, our find-
ings revealed a unique signal transduction process involving
sequential and dynamic protein-protein and protein-DNA
interactions in the activation of Nrf2 by toxic metal.

Arsenic  Stabilizes Nrf2 by Disrupting the Nuclear
Nrf2-Keapl-Cul3 Complex—Quiescent Nrf2 resides in the cyto-
plasm and is rapidly degraded through the ubiquitin-26 S protea-
some pathway. Ubiquitination of the cytoplasmic Nrf2, a key step
of Nrf2 regulation, involves the Keap1-Cul3-dependent E3 (24—
26). In a conceptual framework, Keapl functions as a BTB-con-
taining substrate adaptor protein for Cul3 that brings Nrf2 into the
Cul3-Rbx1 complex for ubiquitination conjugation onto lysine res-
idues located within the N-terminal Neh2 domain of Nrf2. How-
ever, the molecular events governing the activation of Nrf2 by var-
ious exogenous chemicals remain elusive. In particular, the role
and interaction of Keap1-Cul3 with Nrf2 during Nrf2 activation
have not been clearly addressed. One conventional view predicts
that interaction of Keapl with electrophilic or oxidant inducers
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through its thiol groups triggers the dissociation of Nrf2 from the
Nrf2-Keap1-Cul3 complex in the cytoplasm, thus keeping Nrf2
from ubiquitination by Keap1-Cul3. Alternatively, oxidative/elec-
trophilic signals inhibit the ubiquitination activity of Keap1-Cul3
but not the association of Keap1 with Nrf2, thereby allowing newly
synthesized Nrf2 to bypass Keapl:Cul3 and accumulate in the
nucleus (39). Our data revealed that arsenic activates Nrf2 by
inhibiting the protein turnover of Nrf2, extending the #, of Nrf2
from 21 to 200 min, which is consistent with the observations with
oxidative/electrophilic inducers such as tBHQ. Others have
reported up-regulation of the steady state level of Nrf2 protein by
arsenic (36). In the cytoplasm, arsenic strongly inhibits the ubiq-
uitination of Nrf2, but does not dissociate Nrf2 from Keapl and
Cul3. In contrast, Nrf2 was detected in association with Maf
G/Maf K and the Ngol ARE enhancer sequence but not with
Keap1-Cul3in the nucleus in the presence of arsenic. Pretreatment
of cells with MG132 markedly increased the level of the
Nrf2-Keap1-Cul3 association as detected by co-immunoprecipita-
tion in both the cytoplasm and nucleus. However, the nuclear
association was disrupted by arsenic. Thus, arsenic not only pre-
vents the formation of new Nrf2-Keap1-Cul3 complex but also dis-
rupts the existing complex in the nucleus. Our findings support a
three step mechanism of Nrf2 activation by arsenic; (@) arsenic
inhibits the ubiquitination of Nrf2 in the cytoplasm, possibly by
inhibiting the ubiquitination activity of Keap1-Cul3 since arsenic
does not disrupt the association of the cytoplasmic Nrf2 with
Keap1-Cul3 but decreases the level of ubiquitinated Nrf2, () after
nuclear translocation, Nrf2 dissociates from Keapl-Cul3 and
forms heterodimer(s) with Maf G/Maf K, and (c) the Nrf2-Maf
dimer is recruited to the ARE enhancer of Ngol.

Our data revealed substantial differences between arsenic
and tBHQ in Nrf2 activation. Notably, treatment with tBHQ
did not affect the ubiquitination of Nrf2 in the cytoplasm as
compared with arsenic. Furthermore, strong association of
Nrf2 with Keap1-Cul3 was apparent in both the cytoplasm and
nucleus of tBHQ-treated cells to a level comparable with that by
MG@G132, whereas arsenic disrupted the association of Nrf2 with
Keapl and Cul3 in the nucleus. Nevertheless, tBHQ induced
dimerization of Nrf2 with Maf G/Maf K (albeit at a much lower
level than that of arsenic) and binding of Nrf2-Maf to Ngol ARE
enhancer. A simple explanation of the observation is that,
whereas arsenic substantially disrupts the association of
nuclear Nrf2 with Keapl-Cul3, tBHQ induces additional
change(s) in the nucleus that permits dissociation of Nrf2 from
a small fraction of the Nrf2-Keap1-Cul3 complex pool followed
by dimerization of the freed Nrf2 with Maf and binding of Nrf2
to ARE. This notion is supported by the finding that tBHQ
induced dimerization of Nrf2 and Maf at a level much lower
than those induced by arsenic, MG132, or both (Fig. 8B). It has
been noted that tBHQ induces phosphorylation of Nrf2 in addi-
tion to protein stabilization (40); whether such modification of
Nrf2 accounts for the differential effects of arsenic and tBHQ
on Nrf2 activation remains to be studied. Taken together, our
findings revealed for the first time inducer-specific signaling
events in the activation of Nrf2 by metal and antioxidant
inducers.
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Ubiquitination/Deubiquitination and Recycling of Keapl
during Nrf2 Activation—Keap1 appears to serve as a core com-
ponent in the regulation of Nrf2, providing at least three func-
tions; as a scaffold to anchor Nrf2 with the cytoskeleton fila-
ments in the cytoplasm, as a Cul3 substrate adaptor to bring
Nrf2 into the Cul3-dependent E3 complex for ubiquitination of
Nrf2, and as a sensor to interact with oxidative/electrophilic
stimuli for induction of target genes. Currently, information on
the regulation of Keapl itself is lacking. Low levels of ubiquiti-
nated endogenous Keapl were detected in the cytoplasm of
cells treated with vehicle, arsenic, or tBHQ; treatment with
MG132 substantially induced the ubiquitination of cytoplasmic
Keapl1 similarly to the ubiquitination of Nrf2. Ubiquitination of
Keapl in the nucleus was markedly reduced, suggesting a
mechanism of deubiquitination of the protein. Thus, the pat-
tern of Keap1 ubiquitination after the treatments was similar to
that of Nrf2, with the exception that arsenic did not reduce the
MG132-induced ubiquitination of keap1 as it did for Nrf2, sug-
gesting overlapping mechanisms in the ubiquitination of the
two proteins. Interestingly, Keap1 was constitutively expressed,
and the protein level of Keapl was not affected by treatments
with arsenic, tBHQ, CHX, MG132, or combinations of the
reagents, indicating that Keapl is a stable protein and is not
induced or down-regulated by arsenic or tBHQ in the cells
tested. The findings are consistent with a model in which Keap1
serves as a substrate adaptor accepting polyubiquitin chains
during the ubiquitination of Nrf2 by the Cul3-dependent E3
complex. In this scenario, ubiquitination of Keapl does not
target Keap1 for degradation by proteasomes. Rather, it is recy-
cled for regulation of Nrf2; (a) in the absence of an inducer,
Keapl assists the ubiquitination and degradation of Nrf2, () in
the presence of an inducer, Keapl participates in the nuclear
translocation of Nrf2, and (c) dissociation of Nrf2 from Keapl
and deubiquitination of Keapl in the nucleus permits nuclear-
cytoplasmic shuttling of Keapl. This model of Keapl action is
supported by a recent observation that blocking of nuclear pro-
tein export leads to nuclear accumulation of Keap1 (41).

Recruiting Nrf2-Maf Dimer to Ngol ARE Accounts for Both
Basal and Inducible Expression of NgoI—Mouse Nqol is con-
stitutively expressed and induced by oxidative and electrophilic
chemicals in hepatocytes and intestinal epithelial cells. Both
expressions require Nrf2 and ARE (19). The components of the
protein complex binding ARE and mediating the transcription
of endogenous Ngol have been controversial. Nrf2 het-
erodimerizes with a small Maf protein (Maf G/Maf K), and the
dimer binds to ARE in vitro (37). The role of the complex in the
induction of endogenous Ngo1 is not clear because cotransfec-
tion of Maf K with Nrf2 suppresses rather than enhances the
transcription of the gene (37). In addition, Maf homodimers
were postulated to suppress the Ngol transcription through
ARE in the absence of an inducer, whereas AP-1 proteins were
suggested to compete with Nrf2 for binding ARE in the basal
and inducible transcription of the gene due to apparent simi-
larities between the ARE and the AP-1 DNA sequences (38). In
either scenario “removal of negative factors” such as Maf
homodimer or AP-1 proteins by Nrf2 serves as a main theme of
induction of transcription. We tested the notion by examining
the association of Nrf2 with Maf and with the endogenous Ngo1
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ARE in intact cells by co-immunoprecipitation and ChIP
assays. Our findings revealed that both Nrf2 and Maf G/Maf K
were associated with the endogenous Ngol ARE at comparable
levels in the absence of arsenic or tBHQ, consistent with the
notion that Nrf2 is required for the basal expression of Ngol.
The finding negates a role of Maf homodimer in the suppres-
sion of the basal expression. Both arsenic and tBHQ induced
the dimerization of nuclear Nrf2, and Maf G/Maf K and markedly
increased the binding of Nrf2-Maf to ARE. On the contrary, AP-1
proteins c-Fos and c-Jun, and Nrf2-binding proteins Keap1, Cul3,
and ubiquitin were not co-immunoprecipitated with Ngol ARE.
Taken together, our data suggest an on-switch model of Ngo1
transcription in which low occupancy of ARE by Nrf2-Maf con-
trols the basal transcription, whereas inducers induce the sta-
bilization and nuclear translocation of Nrf2 followed by the
dimerization of Nrf2 with Maf G/Maf K and recruitment of the
new Nrf2-Maf complex to ARE for induction. Given the fact
that induction of Ngo1 is prototypical of ARE-driven drug-me-
tabolizing enzyme gene regulation in many aspects by a broad
range of inducers, this model provides a framework for under-
standing the Nrf2/Keap1l-mediated, ARE-dependent transcrip-
tional regulation of protective enzyme/proteins by arsenic,
other toxic metals, and oxidant/antioxidant chemicals.
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