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Abstract

NAD(P)H:quinoneoxidoreductase 1 (NQO1) belongs to a group of the aryl hydrocarbon receptor
(AhR) battery of drug-metabolizing enzymes that are characteristically induced by both AhR
agonists and nuclear factor erythroid 2-related factor 2 (Nrf2) activators. We have previously
reported that induction of Ngol by the AhR agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
in hepalclc7 cells involves Nrf2 (Ma et al., Biochem J 377, 205-213, 2004). Here we analyzed
the molecular mechanism of induction. Induction required AhR and its DNA-binding partner Arnt
because induction was not observed in AhR or Arnt-defective cells, but induction was restored
upon reconstitution of the variant cells with functional AhR or Arnt. Induction also required Nrf2,
as induction by benzo[a]pyrene was lost in the liver of Nrf2 knockout mice similarly to induction
by butyl hydroxyanisol, demonstrating a cross-interaction between the AhR and Nrf2 pathways for
induction in vivo. TCDD increased the protein level and induced the nuclear accumulation of Nrf2
with a delayed kinetics compared with activation of AhR. Chromatin immunoprecipitation
revealed that TCDD recruited both AhR and Nrf2 to the Ngol promoter enhancer region
containing a DRE and an ARE in time-dependent manners. Co-immunoprecipitation experiments
revealed that, in addition to AhR-Arnt binding, TCDD induced an interaction between AhR and
Nrf2 as well as Keapl. The findings reveal that TCDD induces multi protein complexes to
mediate cross-interaction between the AhR and Nrf2 pathways, uncovering a novel mechanistic
aspect of gene regulation by environmental chemicals through AhR and Nrf2.
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Introduction

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)1 is a ubiquitous environmental contaminant
that elicits diverse, species-specific, xenobiotic metabolism effects including tumor
promotion, teratogenesis, hepatoxicity, immunotoxicity, skin lesions, and disruption of
endocrine functions [1,2]. TCDD as a potent agonist of the aryl hydrocarbon receptor (AhR)
is best studied for induction of gene transcription. Studies on TCDD induction of CYP1Al,
a highly inducible cytochrome P450 gene, have revealed a ligand-activated, receptor-
mediated pathway for transcriptional gene regulation [3,4]. Induction is a necessary step for
the metabolic activation of carcinogenic polycyclic aromatic hydrocarbons such as
benzo[a]pyrene (B[a]P) by CYP1A1, because the enzyme is generally expressed at a low
level in unstimulated cells in vivo and in vitro [5].

TCDD also induces a group of so-called “phase I1” enzymes including
NAD(P)H:quinoneoxidoreductase 1 (NQO1), glutathione S-transferase (GST) Al, UDP-
glucuronocyltransferase (UGT) 1A1, 1A6, and 1A9, and aldehyde dehydrogenase
(ALDH)3c [6,7]. Unlike CYP1AL, these enzymes are constitutively expressed in the liver
and a range of other tissues and are inducible by both AhR agonists typified by TCDD and
B[a]P and the nuclear factor erythroid 2-related factor 2 (Nrf2) activators including tert-
butylhydroquinone (tBHQ, a phenolic antioxidant), sulforaphane (a phytochemical),
triterpenoids (Michael reaction acceptors), and arsenic (a transition metal) [8]. Induction of
the enzymes is believed to be an important mechanism for chemoprotection [9]. On the other
hand, persistently elevated expression of the enzymes in tumors may promote tumor growth
and drug resistance [10].

NQOL1 (EC 1.6.99.2, DT-diaphorase) catalyzes the obligatory two-electron reduction of
endogenous and environmental quinones and quinonoid compounds, such as
benzo[a]pyrene-3,6-quinone, vitamin K, a-tocopherol, benzene quinone, and the
anthraquinone anti-cancer agent mitomycin C [11,12]. Owing to its apparent inducibility and
a role in chemoprotection, Ngol has served as a useful model for analyzing transcriptional
regulation of the AhR battery of “chemoprotective” genes [13,14]. Induction of Ngol by
TCDD is generally believed to be mediated through the AhR pathway similarly to induction
of CYP1AL. In this scenario, TCDD-binding to AhR triggers the dissociation of AhR from
an inhibitory cytoplasmic complex consisting of the AhR, two molecules of hsp90, and the
AIP proteins. Activated AhR translocates into the nucleus and dimerizes with the Ah

LAbbreviations used: AhR, aryl hydrocarbon receptor; AhR-D, Ah receptor-deficient; ALDH, aldehyde dehydrogenase; ARE,
antioxidant response element; Arnt, Ah receptor nuclear translocator; Arnt-D, Arnt-deficient; B[a]P, benzo[a]pyrene; BHA,
butylatedhydroxyanisole; ChIP, chromatin immunoprecipitation; CHX, cycloheximide; DRE, dioxin response element; GST,
glutathione S-transferase; Ho-1, hemeoxygenase 1; IB, immunoblotting; IP, immunoprecipitation; Keapl, Kelch-like erythroid cell-
derived protein with CNC homology-associated protein 1; KO, knockout; NQO1, NAD(P)H:quinoneoxidoreductase; Nrf2, nuclear
factor erythroid 2-related factor 2; ROS, reactive oxygen species; tBHQ, tert-butylhydroquinone; TCDD, 2,3,7,8-tetrachlorodibenzo-
p-dioxin; UGT, UDP-glucuronosyltransferase; WT, wild-type.
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receptor nuclear translocator (Arnt). The AhR-Arnt dimer binds to the dioxin response
element(s) (DRE) located at the gene promoter to mediate transcription. On the other hand,
induction of Nqol1 by Nrf2 activators involves a novel “dedepression” mechanism [15,16].
In unstimulated cells, Nrf2 is rapidly degraded through unibiquitination and proteasomal
degradation controlled by the Keap1/Cul3 ubiquitin ligase. Nrf2 activators bind to reactive
cysteine thiols of Keapl and Nrf2 (coined “cysteine codes”) and, thereby, suppress Nrf2
degradation, leading to the activation and nuclear accumulation of Nrf2 protein. In the
nucleus, Nrf2 dimerizes with a small Maf protein and the Nrf2/Maf dimer binds to an
antioxidant response element(s) (ARE) at the Nqo1 promoter to control gene transcription.

Recent studies revealed that induction of Ngol by AhR agonists requires both AhR and
Nrf2, suggesting an interaction between the two pathways in the mechanism of induction
[17]. A cross-talk between AhR and Nrf2 may occur by at least two mechanisms. TCDD
could increase the expression of Nrf2 mRNA and protein several folds through a functional
DRE located in the promoter of Nrf2 [18]; in a reciprocal manner, Nrf2 activators stimulate
AhR expression via several AREs within the promoter of AhR [19]. Given that Keapl
targets newly translated Nrf2 for ubiquitination and proteasomal degradation effectively, this
mechanism of induction would require antagonizing repression of Nrf2 by Keap1l in order to
keep newly synthesized Nrf2 from degradation. Alternatively, TCDD may stimulate a
physical, protein—protein interaction between AhR and Nrf2 to increase the stability of Nrf2.
Liganded AhR has been shown to interact with several transcription factors such as the
estrogen and androgen receptors [20]. Furthermore, TCDD was found to induce a nuclear
complex that binds specifically to a synthetic ARE sequence in vitro, but formation of the
complex was preventedby antibodies against AhR [7]. It therefore seems possible that AhR
associates with a protein complex that is bound to ARE for TCDD induction of Ngo1l.
However, the nature and the functional significance of this association remain unknown. It is
also unclear whether TCDD increases Nrf2 binding to Nqol promoter to account for
induction, because Nrf2 controls the basal expression of Nqol and, therefore, Nrf2 may
influence Nqo1l induction by TCDD through its basal activity at the promoter [17].

Thus, there appears to be an interaction between AhR and Nrf2 in TCDD induction of Nqo1,
Gsts, Ugts, and Aldhs at the promoters of the genes. In this paper, we show that TCDD
stimulates Nrf2 binding to ARE and induces AhR interaction with Nrf2 by physical binding,
both of which are necessary for induction of Ngol1 by TCDD.

Material and methods

Material

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was purchased from AccuStandard (New
Haven, CT, U.S.A)). Benzo[a]pyrene (B[a]P), tert-butylhydroquinone (tBHQ), 3-tert-
butyl-4-hydroxyanisol (BHA), dimethyl sulfoxide (DMSO), and corn oil were from Sigma
(St. Louis, MO, U.S.A.). Antibodies against AhR were from BioMol
(*SA-210-0100;Plymouth Meeting, PA). The monoclonal antibody against Arnt was from
BD Biosciences (¥611078; San Jose, CA). Antibodies against Nrf2 (¥sc-722), Keapl
(sc-15246), Lamin A (*sc-20680), and Actin (*sc-8432) were from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA).
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Mouse hepalclc? (wild-type, WT), AhR-defective variant (AhR-D, TAO), and Arnt-
defective variant(Arnt-D, BP'c1) cells were provided by Dr. J. P. Whitlock, Jr. (Stanford
University) [21]. AhR-D cells express a low level of the AhR protein (~5% of the level in
WT cells); whereas, Arnt-D cells express a normal level of AhR but is defective in CYP1AL
induction because liganded AhR fails to accumulate in the nucleus. The AhR-D cells
expressing AhR, AhRR39A, or AhR515, and Arnt-D cells expressing Arnt, ArntR86A, or
Arnt685 were originally from the laboratory of Dr. J. P. Whitlock, Jr. The cells were
generated by using the MFG retroviral expression system as described elsewhere [22-24].
The cells were grown in a Minimal Essential Medium with 10% fetal bovine serum and 5%
COy at 37 °C. DMSO was used as a solvent control for TCDD and tBHQ treatments.

Animal treatment

Nrf2 knockout (KO) mice in which the Nrf2 gene was disrupted and non-functional were
described elsewhere [17,25]. Nrf2 KO and WT mice in C57BL/6 background (male, 2
months old) were housed according to guidelines for animal care and use at National
Institute for Occupational Safety and Health. Mice were barrier maintained with a light/dark
cycle of 12 h at a constant temperature (22 °C) in HEPA-filtered, individually ventilated
microisolator cages. Irradiated food and water were provided ad libitum. Bedding used was
sterile Beta chips. Mice were treated with B[a]P by intraperitoneal injection at 80 mg/kg
body weight once, or with BHA by intragastric administration at 400 mg/kg body weight on
day 1 and day 3. Corn oil was used as the solvent control. Six mice were included for each
genotype and treatment. Liver tissues were collected for preparation of total RNA and
protein samples one day after B[a]P injection or 4 days after BHA treatment.

RNA preparation and real-time PCR

Total RNA was isolated from the mouse liver or cultured cells using the Qiagen total RNA
isolation kit (Qiagen, Valencia, CA). The mRNA was reverse-transcribed into cDNA with a
RNA reverse transcriptase. The cDNA samples were analyzed by real-time PCR performed
on a Bio-Rad iCycler (Bio-Rad, Hercules, CA) using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) following standard procedures. In brief, for each
reaction, the DNA template, forward and reverse primers (10 uM each), PCR Master Mix,
and water were added to a final volume of 50 ul. Thermal cycling was performed 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. Threshold cycles (C values)
were determined using iCycler 1Q software (Bio-Rad). Relative cDNA amounts were
calculated from Ct values for each sample by interpolating into a standard curve obtained
from a series of dilution of a DNA sample that has a high expression level for the gene of
interest. The PCR reactions for the standard curve were run under the same condition and
with the same primers as those for the unknown samples. In this manner, the cDNA amounts
were determined over a linear range with a slope characteristic of a particular gene fragment
under the experimental condition. The sequences of the primer sets used for real-time PCR
were as follows: Cyplal, forward 5 GACTCTCCTGACTGGGCAGA and reverse 5
CCCCCTCTTTTGCTGTCATA; Nqgol, forward 5 AACGGGAAGATGTGGAGATG and
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reverse 5’ CGCAGTAGATGCCAGTCAAA,; and Ho-1, forward 5
GAGCAGAACCAGCCTGAACTA and reverse 5 GGTACAAGGAAGCCATCACCA. To
visualize the results, real-time PCR was stopped at cycles at which differences between
treatments and controls became apparent, and the cONAs amplified were fractionated on a
1% agarose gel followed by staining with ethidium bromide for detection under the UV
light.

Cell fractionation

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
phosphate buffered saline (PBS) and lysed with ice-cold Nuclei EZ PREP lysis buffer
containing protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM
NazVOy, 1 mM NaF, and 1 pg/ml of aprotinin, leupeptin, and pepstatin A each; all added
immediately before use). The cell lysate was centrifuged at 5009 for 5 min at 4 °C to prepare
nuclei (pellet fraction) and cytosol (supernatant fraction). Nuclei pellets were washed once
with the lysis buffer and resuspended in a radioimmune precipitation assay buffer (RIPA
buffer, 50 mM Tris—HCI, pH 7.4, with 1% Nonidet P-40, 0.25% sodium deoxycholate, 1
mM EDTA,; protease and phosphatase inhibitors were added as described above). The
nuclear and cytoplasmic fractions were stored at —80 °C till use.

Immunoblotting (IB)

Cells were lysed on ice with a RIPA buffer containing protease and phosphatase inhibitors
for 30 min. The cell lysate was sonicated briefly and was centrifuged at 14,0009 for 20 min
to remove cell debris. Cell lysate (10-20 pg each) was fractionated in 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyviinglidene
difluoride membranes (Bio-Rad, Hercules, CA) and blocked with 5% nonfat milk in PBS
plus 0.05% Tween-20. The membrane was blotted with a primary antibody at 4 °C for
overnight with shaking, followed by incubation with the horseradish peroxidase-conjugated
secondary antibody for 1 h at room temperature. Protein bands were visualized using
enhanced chemiluminescence detection reagents from Amersham Biosciences (Pisctaway,
NJ). Actin was blotted as loading control.

Co-immunoprecipitation

For immunoprecipitation (IP), cell lysates or cell fractions were pre-cleared 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 incubation with protein G-
agarose at 4 °C for 1 h and a brief centrifugation. The precipitates were washed extensively
with PBS plus 0.05% Tween 20 and were subjected to fractionation by SDS-PAGE. Protein
bands were detected by immunoblotting with specific antibodies as specified in figure
legends. Data shown were representatives from two to three separate experiments.

Chromatin immunoprecipitation (ChlIP) assay

Hepalclc? cells were grown in a 10-cm dish to reach 90% confluence. The cells were
treated for 5 h. ChlP assay was performed as described previously with modifications [26].
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Briefly, DNA—proteins were cross-linked by incubation of the cells with 1% formaldehyde
at 37 °C for 10 min. Excess formaldehyde was quenched with 0.125 Mglycine. The cells
were collected in 1 ml of a lysis buffer (5 mM Pipes at pH8.0 with 85 mM KCI, 0.5%
IGEPAL CA-630, and proteinase inhibitors). The nuclei were pelleted by centrifugation,
washed, and re-suspended in the nuclei lysis buffer. DNA was sonicated to an average size
of 200-1000 bp. Sheared chromatin was diluted in an IP dilution buffer (0.01% SDS, 0.1%
Triton X-100, 1.2 MM EDTA, and 16.7 mM Tris/HCI at pH 8.0 with 167 mM NaCl) pre-
cleared with protein G and salmon sperm DNA. Immunoprecipitation was performed with
rabbit anti-mouse Nrf2 or AhR antibodies or a normal rabbit 1gG (as control for 1gG). The
immune complex was reverse cross-linked by incubation with 5 M NaCl at 65 °C overnight.
The DNA samples were purified and amplified by real-time PCR following standard
procedures. Threshold cycles (Ct values) were determined using the iCycler 1Q software
(Bio-Rad). Real time PCR results were normalized using Ct values with 1% of input as an
internal control. Relative DNA amounts were calculated from Cy values as described above
under RNA preparation and real-time PCR.

Primer sets used for real-time PCR were as follows: Ngol ARE forward, 5’
GCAGTTTCTAAGAGCAGAACG, and reverse, 5 GTAGATTAGTCCTCACTCAGCCG;
Ngqo1l coding region forward, 5 AACGGGAAGATGTGGAGATG, and reverse, 5
CGCAGTAGATGCCAGTCAAA. The ChIP assay was routinely performed with two types
of negative controls: (1) normal IgG from the same species as that of each
immunoprecipitation antibody and (2) primers specific for the coding region of Ngol.

Data quantification and statistical analysis

Results

Statistical analysis was performed with one way ANOVA followed by t-test using the
Graphpad Prism program (Graphpad Software, San Diego, CA).

AhR agonists induce Ngo1l via AhR, Arnt, and Nrf2

Previous studies suggest that TCDD induction of Nqo1l requires both AhR and Nrf2. Here
we provide further detailed characterization of dependence on AhR, Arnt, and Nrf2. We first
used AhR-D and Arnt-D variant cells, and the variants reconstituted with AhR, Arnt, or their
mutants; these variants and reconstituted cells have facilitated establishing the AhR-Arnt
pathway for TCDD induction of CYP1A1. As positive control, induction of CYP1A1 in the
cells was characterized (Fig. 1A). Cyplal mRNA expression in unstimulated WT, AhR-D,
and Arnt-D cells was barely detectable as expected (lanes 1, 3, and11). The mRNA was
highly induced by TCDD (1 nM, 4 h) in WT cells (Lane 2, ~16-fold). Induction was largely
reduced in AhR-D variants (Lane 4) due to the low level of the AhR protein in the cells
(about 5% of WT). Induction was totally lost in Arnt-D variants (lane 12) from defective
translocation of liganded-AhR into the nucleus. Reconstitution of AhR-D with AhR fully
restored induction (lane 6), but reconstitution with AhR mutants that are incapable of DNA-
binding (AhRR39A, lanes 7 and 8) or transactivation (AhR515, lanes 9 and 10) failed to
restore induction. Reconstitution of Arnt-D with Arnt rescued induction (lane 14), but
reconstitution with an Arnt mutant incapable of DNA-binding (ArntR86A, lanes 15 and 16)
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did not restore induction. Arnt685 lacks the Arnt transactivation domain that is not required
for induction of Cyplal in intact cells; therefore, reconstitution of Arnt-D with Arnt685
gave full induction (Lanes 17 and 18).

Ngo1l was constitutively expressed in hepalclc? cells and was induced by TCDD by 2.9-
fold (Fig. 1B, lanes 1 and 2). Similarly to induction of Cyplal, induction of Nqol by TCDD
was largely reduced in AhR-D cells (lane 4) and was abolished in Arnt-D cells (lane 12).
Reconstitution of AhR-D with AhR but not AhRR39A or AhR515, and Arnt-D with Arnt or
Arnt685 but not ArntR86A, restored Nqgol induction. Taken together, these results
demonstrated that, although the fold of induction for Ngol was much lower than that for
CYP1A1, induction of Ngol1 by TCDD was dependent upon the presence of functional AhR
and Arnt proteins similarly to induction of CYP1AL.

We used Nrf2 KO mice to examine the impact of Nrf2 on Ngo1l induction by AhR agonists
in mouse liver. In the WT mouse liver, Cyplal was shown to be expressed at a very low
level (Fig. 2A, lane 1) and it was induced by the AhR agonist B[a]P by 14-fold (lane 2), but
was not induced by Nrf2 activator BHA (lane 3). Induction by B[a]P was observed in the
Nrf2 KO liver but induction was reduced by 36% compared with WT (compare lane 5 with
lane 2), suggesting a mild effect of Nrf2 KO on Cyplal induction by B[a]P. For Nqo1,
constitutive expression of the gene was readily detected in the WT mouse liver (Fig. 2B,
lane 1) but the expression was reduced by 2.5-fold in the Nrf2 KO liver (compare lane 4
with lane 1), which reflects a critical role of Nrf2 in mediating the basal expression of Ngol.
Both B[a]P and BHA induced Nqol in the WT liver (Fig. 2B, lanes 2 and 3). BHA failed to
induce the gene in the Nrf2 KO liver (Fig. 2B, lane 5) and induction by B[a]P was also lost
(lane 6). Taken together, the results demonstrated that, in addition to controlling the basal
expression of Ngol and induction by Nrf2 activators, Nrf2 is required for induction of the
gene by B[a]P in vivo. This conclusion is in an agreement with the results obtained from
primary embryonic fibroblasts of Nrf2 WT and KO mouse embryos reported previously
[17].

TCDD promotes nuclear accumulation of Nrf2

In unstimulated cells, Nrf2 is rapidly degraded through ubiquitination-proteasomal
degradation. Increasing the protein level of Nrf2 by stabilizing the protein is a major
mechanism by which antioxidants and electrophiles activate Nrf2. The finding that Nrf2
plays a critical role in Ngo1 induction by AhR agonists both in vivo and in vitro raised a
question of whether AhR agonists modulate the Nrf2 protein level. Fig. 3A shows that the
Nrf2 protein was barely detectable in control cells (lane 1), but the protein amount was
significantly increased by treatment with tBHQ (lane 5, 30 uM, 4 h). Treatment with TCDD
(1 nM, 4 h) also increased the Nrf2 protein level, albeit, to a much less extent than induction
with tBHQ (~50%, compare lane 3 with lane 5). Cycloheximide (CHX), a potent inhibitor of
protein synthesis, reduced the basal level and blocked the induction of Nrf2 protein by either
TCDD or tBHQ, demonstrating that Nrf2 is a labile protein (lanes 2, 4, and 6). We further
validated these findings by using immunoprecipitation, in which Nrf2 was
immunoprecipitated from treated cells before immunoblotting (Fig. 3B). As shown, tBHQ
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and, to a lesser extent, TCDD increased the amount of the Nrf2 protein immunoprecipitated
from the cells by antibodies specific for Nrf2.

We then examined the nuclear accumulation of Nrf2 in comparison with that of AhR.
Nuclear fractions were isolated from cells before and after TCDD treatment at different time
points. The nuclear fractions contain equal amount of Lamin A (a nuclear marker) but lack
actin (a cytoplasmic marker) indicating the lack of cytoplasmic contamination (Fig. 4,
panels 3 and 4). TCDD induced a rapid accumulation of AhR in the nucleus at 0.5 h after
treatment, but the AhR protein level decreased at 4 h, possibly due to ligand-activated
degradation of AhR in the nucleus (panel 2). TCDD also induced the accumulation of Nrf2
in the nucleus (panel 1). The increase of Nrf2 in the nucleus was observed at 1 h and the
protein level did not decrease at 4 h after treatment. As a positive control, tBHQ (30 uM, 4
h) was shown to strongly increase the Nrf2 protein level (Panel 1, lane 6). Therefore, TCDD
increased the protein level of Nrf2 and promoted the nuclear accumulation of the Nrf2
protein with an apparently delayed kinetics compared with that of the AhR protein.

TCDD recruits AhR and Nrf2 to the promoter of Ngol in vivo

The mouse and rat Ngo1 promoters contain an enhancer region with a DRE sequence and an
ARE sequence, which are believed to mediate induction of Nrf2 by planar aromatic
hydrocarbons and phenolic antioxidants, respectively [27]. We tested if TCDD increases
Nrf2 binding to the enhancer in intact cells using the ChIP assay. As positive control,
TCDD, but not tBHQ, was shown to increase the binding of AhR to the enhancer by 8-fold
(Fig. 5A). As expected, the control serum did not affect AhR binding and no binding was
detected with a primer pair specific for the Ngol coding region. A representative agarose gel
electrophoresis of the bound DNA amplified by real-time PCR was shown in Fig. 5B where
TCDD increased the binding of AhR to the Nqol enhancer (Lane 7).

Treatment with tBHQ increased Nrf2 binding to the enhancer by 15-fold (Fig. 6A). TCDD
also increased the binding of Nrf2 by 9-fold. The control serum did not affect the binding by
Nrf2 in cells treated with either tBHQ or TCDD. The serum control and the Nrf2 antibodies
did not increase the binding of Nrf2 to the Ngol coding region. Fig. 6B showed similar
results on agarose gel electrophoresis where lane 5 shows tBHQ-induced binding and lane 7
TCDD-induced binding.

We further characterized the kinetics of DNA-binding by ChiIP assay. Treatment with tBHQ
induced a time-dependent increase in the binding of Nrf2, but not AhR, to the enhancer as
expected (Fig. 7A). On the other hand, TCDD induced a rapid increase in AhR binding that
peaked at 2 h after treatment, but decreased significantly at 3, 4, and 5 h time points. TCDD
increased the binding of Nrf2 to the enhancer at a slightly slower pace than that of for AhR;
the binding peaked at 3 h and showed reduction at 4 and 5 h. Therefore, TCDD increased
Nrf2 binding to Ngol enhancer, which has a similar but delayed kinetics compared with that
for AhR binding.

TCDD induces AhR-Nrf2 and AhR-Keapl interactions

TCDD is metabolically stable and does not convert to electrophiles in cells, which negates
an interaction of TCDD with Keap1 cysteine thiols for Nrf2 activation. One potential
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mechanism by which TCDD recruits Nrf2 to Ngol1 promoter is to induce oxidative stress in
cells that activates Nrf2 through reactive oxygen species (ROS). We tested the possibility by
examine the induction of hemeoxygenase 1 (Ho-1), a gene involved in heme catabolism and
highly inducible by a variety of oxidative stress signals and electrophiles. Induction of Ho-1
by ROS and antioxidants involves the Nrf2/Keapl and several other pathways [8]. Ho-1
MRNA is expressed at a low level but is highly induced by tBHQ (30 uM, 4 h), in
hepalclc? cells (Fig. 8, compare lane 3 with lane 1). CHX (10 pg/ml, 4 h) did not affect
Ho-1 basal expression but inhibited induction by tBHQ significantly because it blocks the
synthesis of Nrf2 to prevent Nrf2 activation by tBHQ (lanes 2 and 4). TCDD (1 nM, 4 h) or
TCDD plus CHX did not induce Ho-1 (Lanes 5 and 6). The results indicate that TCDD did
not induce a significant oxidative stress in the cells.

An alternative mechanism of Nrf2 activation involves TCDD activation of AhR that
subsequently induces AhR-Nrf2 interaction and, thereby, stabilizes the Nrf2 protein. To test
the possibility directly, co-immunoprecipitation was performed. As positive control, the
interaction between AhR and Arnt was examined. Arnt was constitutively expressed in
hepalclc? cells with or without inducers (Fig. 9A, lanes 4-6). TCDD (1 nM, 4 h), but not
tBHQ (30 UM, 4 h), induced AhR-Arntbinding (Compare lane 2 with 1 and 3). AhR was
constitutively expressed in the cells (Fig. 9B, lane 4). The AhR protein level was not
affected by tBHQ (Lane 5), but was decreased by TCDD (Lane 6); this result is consistent
with a mechanism of ligand-activated degradation of AhR described previously [28].
Immunoprecipitation with anti-Nrf2 antibodies precipitated low but detectable amounts of
AhR from control or tBHQ-treated cells (Fig. 9B, lanes 1 and 2), but TCDD significantly
increased the amount of AhR co-immunoprecipitated with Nrf2 (lane 3). Thus, TCDD
induced the formation of a complex containing both AhR and Nrf2, suggesting that AhR
interacts with Nrf2 in the presence of TCDD.

Keapl controls the ubiquitination and degradation of Nrf2. Therefore, we examined the
interaction between AhR and Keapl. Keapl was constitutively expressed in the cells and
inducers did not change the Keapl protein level (Fig. 9C, lanes 4-6). Treatment with TCDD
significantly increased the amount of Keapl co-immunoprecipitaed with anti-AhR
antibodies compared with either control or tBHQ treatment (Compare lane 2 with lanes 1
and 3). Taken together, TCDD appeared to induce a number of protein—protein interactions
between AhR and several other proteins in the AhR and Nrf2 pathways that were detected
by co-immunoprecipitation. These include novel AhR-Nrf2 and AhR-Keapl interactions in
addition to the known AhR-Arnt binding.

Discussion

Induction of NQO1 has served as a useful model for understanding transcriptional regulation
of a subgroup of the AhR battery of drub-metabolizing enzymes including NQO1, GSTs,
UGTs, and ALDHs [8,13,29]. As a group, these enzymes exhibit a pattern of gene
regulation, that is, they are constitutively expressed in the liver and a range of other tissues
and cell lines, and are induced by both AhR agonists and Nrf2 activators. Induction of the
genes is generally believed to play an important role in chemoprotection against cancer,
chronic disease, and toxicity. Induction by planar aromatic hydrocarbons requires a DRE
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sequence and induction by phenolic antioxidants requires an ARE enhancer. Recent studies
uncovered an Nrf2-dependent, “dedepression” signaling pathway for ARE-dependent
induction of the genes by antioxidants and electrophiles [8]. The molecular events governing
Ngol induction by AhR agonists remain not well defined.

We have previously found that induction of Ngol by TCDD requires Nrf2, because
inhibition of Nrf2 protein synthesis by cycloheximide blocked the induction and Nrf2
knockout fibroblasts were devoid of induction [17]. We extended these observations in the
current study by demonstrating genetically that induction of Ngol by AhR agonists TCDD
and B[a]P is dependent on the presence of functional AhR, Arnt, and Nrf2 both in vitro and
in intact animals. The findings suggest a cross-interaction between the AhR-DRE pathway
and the Nrf2-ARE pathway for Ngol induction by AhR agonists, which is a novel aspect of
gene regulation through AhR.

Several mechanistic issues emerge from this model of AhR-Nrf2 cross-talk. It is known that
Nrf2 mediates the basal expression of GstAl and Nqgol through AREs. Therefore, Nrf2
potentially influences TCDD induction of the genes through its basal activities at the
promoters. In this scenario, TCDD does not necessarily affect the activity and cellular
localization of the majority of Nrf2 protein. We found that the Nrf2 protein level was
increased and Nrf2 was enriched in the nucleus upon stimulation with TCDD, indicating that
Nrf2 was stabilized and activated. Moreover, binding of Nrf2 to the endogenous Ngol
enhancer sequence containing a DRE and an ARE was largely increased as revealed by the
ChlIP assay. Therefore, not only did TCDD activate Nrf2, but also it increased Nrf2 activity
at the Ngol promoter, which is fitting for increased transcription of the gene (Fig. 10).

The nuclear enrichment of Nrf2 induced by TCDD appeared to follow a delayed time course
compared with that for activation of AhR (i.e., delayed ~% h, Fig. 4). The AhR protein level
decreased at 4 h, which is consistent with ligand-activated AhR degradation described
previously [28]. The changes in nuclear Nrf2 and AhR protein levels correlated well with
the amounts of AhR and Nrf2 recruited to Nqol enhancer (Fig. 7). These findings revealed
potentially sequential events between AhR activation and Nrf2 activation and suggest an
AhR-dependent mechanism of Nrf2 activation by TCDD.

TCDD activates AhR by binding to the ligand-binding pocket of the AhR-hsp90-AlIP
complex [3]. On the other hand, Nrf2 is known to be activated by antioxidants and
electrophiles through binding with reactive cysteine thiols of Keapl and Nrf2 [8]. However,
TCDD is metabolically stable and is unlikely to convert to an electrophile(s) in cells.
Therefore, it is perceived that TCDD does not activate Nrf2 by a mechanism(s) analogous to
either TCDD-AhR binding or electrophile-Keap1/Nrf2 cysteine thiol binding.

Two mechanisms potentially account for Nrf2 activation by TCDD. First, TCDD may
stimulate the production of reactive oxygen species that oxidize the reactive cysteine thiols
of Keapl and Nrf2 to inhibit Nrf2 ubiquitination and proteasomal degradation. However, at
the low concentration of TCDD used (1 nM, 4 h), oxidative stress does not appear to be
significantly increased in hepalclc? cells because TCDD failed to stimulate the expression
of Ho-1, which is a sensitive marker of oxidative stress (Fig. 8). Alternatively, TCDD may
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bind and activate AhR first, and activated AhR then increases Nrf2 protein level, either by
increasing Nrf2 gene transcription or by interacting with the Nrf2-Keapl complex to inhibit
Nrf2 degradation. In the former case, Nrf2 mRNA has been shown to be induced by TCDD
via a DRE in the promoter of Nrf2 [18]; however, how the Nrf2 protein synthesized from
induced mRNA escapes Keapl-mediated ubiquitination-proteasomal degradation remains
unaddressed. Our findings support the latter scenario where TCDD-bound AhR activates
Nrf2 by physical interactions with Nrf2 and Keapl (Fig. 9). We provided the first evidence
that TCDD stimulated an interaction between AhR and Nrf2 and between AhR and Keapl in
addition to the AhR-Arnt interaction. At a molecular level, liganded AhR may interact with
Nrf2 or Keapl directly as it does with Arnt; or, it may interact with the cytoplasmic Nrf2/
Keapl/Cul3 complex to inhibit Nrf2 ubiquitination and degradation. TCDD may also
stimulate the formation of a complex(s) of AhR, Arnt, and Nrf2 in the nucleus that binds to
the DRE and ARE-containing enhancer of Ngol gene (Fig. 10). This AhR-dependent
activation of Nrf2 by TCDD is consistent with the delayed activation and DNA-binding
kinetics of Nrf2 compared with the kinetics of AhR activation (Figs. 3 and 7).

Although both DRE and ARE sequences have been identified as key regulatory, cis-acting
factors for Ngo1, Gstal, Ugtla, and Aldh3c, the promoter structures and the DRE and ARE
sequences vary from gene to gene to a certain extent. The mouse and rat Nqol enhancers
contain the DRE and ARE within ~100 base pairs. Conceivably, this close-localization of
the DRE and ARE would promote physical interactions among AhR, Arnt, and Nrf2
proteins at the promoter. It remains to be certain how the distance between DRE and ARE
affects the binding of AhR and Nrf2 to enhancers of different genes in response to different
inducers, and whether TCDD induces similar molecular activities at the enhancers of all
DRE and ARE-containing genes. From this prospect, our findings provide an experimental
model system to investigate the mode of action of TCDD in gene regulation involving AhR-
Nrf2 cross-interaction in future studies.

The newly uncovered AhR-Nrf2 interaction for the induction of Ngol by AhR agonists
occurs in the mouse liver (Fig. 2) and, thus, is potentially relevant to humans exposed to
AhR agonists like the environmental halogenated aromatic hydrocarbons such as TCDD, the
polycyclic aromatic hydrocarbons present in tobacco smoke and charcoal-broiled meat such
as B[a]P, and certain clinical drugs such as the proton pump inhibitor omeprazole. The
consequences of induction of the enzymes are likely to be context-dependent. For example,
induction of the enzymes by B[a]P in normal cells may facilitate detoxification of
carcinogens and, thereby, inhibit carcinogenesis, which counteracts with the effect of
metabolic activation of B[a]P resulting from induction of Cypla enzymes. In tumor cells,
induction of Ngol and Gsts may increase resistance of tumor cells to chemotherapeutic
drugs as the drugs are easily metabolized by induced enzymes.
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Fig. 1.

Induction of Cyplal and Ngol by TCDD in hepalclc7 and variant cells. WT (hepalclc?),
AhR-D, or Arnt-D cells and the variant cells reconstituted with AhR, Arnt, or their mutants
were described under Material and Methods. Cells were grown to confluency and were
treated with DMSO or TCDD (1 nM) for 4 h. Total RNA was analyzed for mMRNA
expression of Cyplal (A) and Ngol (B) using real time-PCR. Relative amounts of cDNA
were calculated from Cyt values for each sample as described in Methods for real-time PCR.
Data represents means * standard deviations from triplet samples. The same experiments
were repeated two more times with consistent results.
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Induction of Cyplal and Ngol in Nrf2 WT and KO mice. Adult Nrf2 WT and KO male
mice in a C57BL/6 J background were treated with B[a]P or BHA as described under
Material and Methods. Corn oil was used as vehicle control. Total RNA was prepared from
the liver. Expression of Cyplal (A) and Ngol (B) mMRNAs was measured by real-time PCR
as described for Fig. 1. Data represents means + standard deviations from six RNA
preparations from each genotype and treatment.
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Fig. 3.

Stabilization of Nrf2 protein by TCDD. Hepalclc? cells were grown to confluency in 10-
cm plates and were treated with tBHQ (30 uM) or TCDD (1 nM) for 4 h. (A)
Immunoblotting of Nrf2 in total cell lysate. (B) Immunoprecipitation of Nrf2.
Cycloheximide (CHX) was used to inhibit Nrf2 protein synthesis. Antibodies used for IB
and IP were described under Material.
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Fig. 4.
Nuclear localization of Nrf2 and AhR. Hepalclc? cells were treated with TCDD (1 nM, 4

h). Nuclear extracts were prepared at indicated time points using the Nuclei EZ PREP
reagents (Sigma). Treatment with tBHQ (30 pM, 4 h) was used a as a positive control for
activation of Nrf2. Nrf2 and AhR were blotted using specific antibodies described under
Material. Lamin A was used as a marker for nuclear fraction and Actin as a marker for
cytoplasmic contamination.
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Fig. 5.
Binding of AhR to Ngol enhancer. Hepalclc7 cells were treated with TCDD (1 nM) or

tBHQ (30 uM) for 4 h. ChIP assay was performed with anti-AhR antibodies to
immunoprecipitate AhR-bound enhancer sequences. Specific DNA sequences were
quantified by real-time PCR with primers specific for the ARE enhancer region or the
coding region of Ngol (as a negative control) (A), or were amplified by real-time PCR and
visualized on agarose gel (B). Quantitative data represents means + standard deviations from
three samples. The rabbit serum was used as the negative control for antibody and 10% of
the input was included to show normalized input.
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Fig. 6.
Binding of Nrf2 to Ngol enhancer. Hepalclc7 cells were treated with tBHQ (30 uM) or

TCDD (1 nM) for 4 h. ChIP analysis was performed with anti-Nrf2 antibodies to
immunoprecipitate Nrf2-bound enhancer sequences. Specific DNA sequences were
quantified by real-time PCR with primers specific for the ARE enhancer region or the
coding region of Ngol (as a negative control) (A), or were amplified by real-time PCR and
visualized on agarose gel (B). Quantitative data represents means + standard deviations from
three samples. The rabbit serum was used as the negative control for antibody and 10% of
the input was included to show normalized input.
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Time curves of tBHQ or TCDD-induced binding of Nrf2 and AhR to Nqol enhancer.
Hepalclc? cells were treated with tBHQ (30 uM) or TCDD (1 nM) for up to 5 h. ChIP was
performed at indicated time points with antibodies against Nrf2 or AhR and real-time PCR
was performed to amplify co-immunoprecipitated enhancer sequences. ChIP was performed
using the protocol described under Material and Methods.
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Effect of TCDD on Ho-1 expression. Hepalclc cells were treated with tBHQ (30 uM, 4 h,
positive control); CHX (10 ug/ml, 4 h); TCDD (1 nM, 4 h), or combinations of the agents.
Total RNA was prepared and expression of Ho-1 mRNA was examined by real-time PCR as
described under Material and Methods. Results represent means + standard deviations from
triplicate samples. The same experiment was repeated twice with similar results.
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Fig. 9.
Interaction between AhR and Nrf2. Cells were treated with tBHQ (30 pM) or TCDD (1 nM)

for 4 h. Cell lysate was prepared and immunoprecipitation was performed as described
under Material and Methods. (A) AhR-Arnt interaction. (B) AhR-Nrf2 interaction. (C) AhR-
Keapl interaction.
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Fig. 10.
A working model of Ngo1l induction by AhR agonists. AhR agonists, such as TCDD and

B[a]P, binds and activates AhR. Activated AhR translocates into the nucleus and dimerizes
with Arnt in order to bind to DRE of the Ngol enhancer. Activated AhR also interacts with
Nrf2, either directly or through the Nrf2/Keapl complex, to inhibit Nrf2 degradation leading
to Nrf2 nuclear accumulation, dimerization of Nrf2 with a small Maf, and increased binding
of Nrf2/Maf to ARE. AhR may physically interact with Nrf2 at the enhancer. The concerted
actions of AhR and Nrf2 are responsible for Ngo1 induction by AhR agonists.
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