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The antioxidant responsive element (ARE) is a cis-
cting regulatory element located in the 5*-flanking
egion of several genes encoding phase II detoxi-
cation enzymes, including NAD(P)H:quinone oxi-
oreductase (NQO1). We report here that activation of
he NQO1 ARE by tert-butylhydroquinone (tBHQ) is
ependent on Nrf2 and not oxidative stress in IMR-32
uman neuroblastoma cells. Overexpression of wild-
ype Nrf2 activated ARE in a dose-dependent manner,
nd ARE activation by tBHQ or diethyl maleate (DEM)
as inhibited by dominant/negative Nrf2 not by
ominant/negative c-Jun. According to our observa-
ion, the palindromic sequence (5* to the core) and the
C box in the ARE core sequence are essential for
aximal inducibility by tBHQ or DEM. Overexpression

f Nrf2 selectively activated wild-type ARE up to 24 h. In
ddition, a dramatic nuclear translocation of Nrf2 by
BHQ supports a role for Nrf2 in ARE activation. Al-
hough oxidative stress is hypothesized to be a major
riving force for ARE activation, pretreatment of anti-
xidant or antioxidant enzyme did not block tBHQ-
ediated ARE activation. In contrast, ARE activation by
EM was inhibited by antioxidants or catalase. These

esults suggest that ARE activation signals from tBHQ
nd DEM converge at Nrf2 transcription factor through
ndependent mechanisms. © 2001 Academic Press

The antioxidant responsive element (ARE), located
n the 59-flanking region of rat NQO1 (rNQO1) and
uman NQO1 (hNQO1) is a unique cis-acting regula-
ory element and activated by redox-cycling phenols
nd electrophiles (1–5). Based on mutational analysis
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alindromic sequence (59 to the ARE core sequence)
nd the GC box are required for maximal activation of
he ARE in IMR-32 human neuroblastoma cells (6).
he ARE sequence of hNQO1 contains one perfect (59-
GACTCA-39) and one imperfect AP-1 binding se-
uence (59-GCAGTCA-39) arranged as inverse orienta-
ion as well as shows strong similarity to the Nf-E2
inding sequence (59-TGAGTCA-39) (7, 8, 10). Al-
hough members of AP-1 family such as c-Jun, Jun-B,
un-D, and c-fos have been reported to bind to the ARE
f hNQO1 (8, 9), the functional consequence of this
nteraction is controversial. On the other hand, several
ines of evidence suggest that Nrf2 is the actual trans-
ctivation factor responsible for upregulating ARE-
riven gene expression (10–15). Human Nrf2 was first
loned in 1994 by Moi and coworkers (16) and was
lassified as a b-zip family member. Nrf2 has been
eported to bind to the ARE sequence of human NQO1
nd to regulate positively ARE-mediated NQO1 ex-
ression in hepatoma cells (8, 9, 22). In addition, Nrf2
nock out mice showed significantly decreased NQO1
xpression in liver (15), and Keap1 protein was re-
orted to bind to Nrf2, sequestering Nrf2 in the cyto-
lasm (11). These observations suggest that Nrf2 is the
rinciple transcription factor necessary for ARE acti-
ation even though many other transcription factors
an bind to the ARE sequence.
Oxidative stress has been hypothesized to be a main

riving force for ARE activation (14, 17). Itoh and
olleagues proposed that oxidative stress or electro-
hiles induce the release of Nrf2 from the Nrf2-Keap1
omplex resulting in nuclear translocation of Nrf2 and
ubsequent activation of ARE (11). The exact mecha-
ism by which oxidative stress induces release of Nrf2
rom the Nrf2-Keap1 complex is not fully understood.
he present investigation was designed to test the
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f the ARE in IMR-32 human neuroblastoma cells is a
esult of increased oxidative stress induced by these
hemicals. Specifically, we evaluated (1) the effect of
rf2 and c-Jun on ARE activation, (2) the subcellular

ocalization of Nrf2 by tBHQ treatment, and (3) the
ffect of antioxidants and antioxidant enzymes on the
nducibility of ARE-reporter construct and NQO1 pro-
ein level.

ATERIALS AND METHODS

Plasmids and expression vectors. The reporter gene fusion con-
tructs for wild-type ARE (wt-ARE), GC mutant ARE (GC-ARE), and
alindromic mutant ARE (Pal-ARE) were made as described previ-
usly (6). The following oligonucleotides were used (core and
utated sequences are underlined). wt-ARE, 59-CTCAGCCTTC-
AAATCGCAGTCACAGTGACTCAGCAGAATC-39; GC-ARE, 59-
TCAGCCTTCCAAATCGCAGTCACAGTGACTCAATAGAATC-39;
al-ARE, 59-CTCAGCCTTCCAAATCGGGACTGCAGTGACT-
AGCAGAATC-39. Mammalian expression plasmids (pEF, wild-type
rf2, dominant/negative Nrf2, pRJB, wild-type c-Jun, and
ominant/negative c-Jun) were kindly provided by Dr. Jawed Alam
Alton Ochsner Medical Foundation, New Orleans, LA) (12).

Transient transfection. IMR-32 human neuroblastoma cells
ATCC, #CCL-127) were plated at a density of 2.5 3 104 cells/well in
6-well plates and grown in Dulbecco’s modified Eagle medium
DMEM) supplemented with 10% fetal bovine serum (FBS). Tran-
ient transfections were performed using the calcium phosphate
rystal method as described previously (6). For overexpression of
ild-type (wt) or dominant/negative (DN) Nrf2 and c-Jun, cells were

otransfected with mammalian expression plasmids (wt-Nrf2, DN-
rf2, wt-c-Jun or DN-c-Jun), hNQO1-ARE-luciferase (80 ng/well)
nd CMV-b-galactosidase (20 ng/well). Appropriate control plasmids
It-luciferase for ARE-luciferase; pEF for wt-Nrf2, DN-Nrf2, and
N-c-Jun; pRJB for wt-c-Jun) were used to ensure specificity. After
4 h of transfection, cells were treated with vehicle (ethanol, 0.1%),
ert-butylhydroquinone (tBHQ, Fisher) or diethyl maleate (DEM,
ldrich). To determine the effect of antioxidants, cells were pre-

reated with vehicle (PBS), 5 mM glutathione (GSH, Sigma), 2.5 mM
lutathione monoethyl ester (GSHEE, Sigma), 2.5 mM N-acetyl cys-
eine (NAC, Sigma), catalase (Sigma) or superoxide dismutase (SOD,
igma) for 2 h prior to tBHQ (10 mM) or DEM (20 mM) treatment.
fter 24 h of treatment, medium was removed and cells were lysed in
0 ml of lysis buffer (6). Luciferase activity was determined using a
uminometer as described previously (6). b-Galactosidase activity was

easured using O-nitrophenyl-b-D-galactopyranoside (ONPG, Sigma)
s substrate. Briefly, cell lysates were incubated with ONPG (0.4 mg/
l) in reaction buffer (0.1 M sodium phosphate pH 7.5, 10 mM KCl, 1
M MgCl2) for 1 h then absorbance at 405 nm was read. The data are

xpressed as a ratio of luciferase to b-galactosidase activity.

Preparation of whole cell, cytosolic, and nuclear extracts. IMR-32
uman neuroblastoma cells were treated with vehicle (ethanol, 0.1%)
r tBHQ (10 mM) and harvested for time-course study of Nrf2 nu-
lear translocation. Nuclear and cytosolic extracts were isolated as
escribed previously (18) with modifications. Briefly, cells were
ashed with cold PBS and resuspended in cold buffer A (lysis buffer:
0 mM HEPES, pH 8.0, 1 mM EDTA, 1.5 mM MgCl2, 10 mM KCl, 1
M DTT, 1 mM sodium orthovanadate, 1 mM NaF, 1 mM PMSF, 0.5
g/ml benzamidine, 0.1 mg/ml leupeptin, and 1.2 mg/ml aprotinin).
he cells were allowed to swell on ice for 15 min, then 7.5 ml of 10%
P-40 was added and vortex mixed vigorously for 10 s. The homog-

nate was centrifuged for 50 s at 16,000g and the supernatant was
sed as cytosolic extract. The nuclear pellet was resuspended in cold
uffer B (extraction buffer: 20 mM HEPES, pH 8.0, 1 mM EDTA, 1.5
287
M NaF, 1 mM PMSF, 0.5 mg/ml benzamidine, 0.1 mg/ml leupeptin,
.2 mg/ml aprotinin, and 20% glycerol). To determine the effect of
ntioxidants, cells were pretreated with vehicle (PBS), GSH (5 mM),
SHEE (2.5 mM), NAC (2.5 mm), catalase (50–100 unit/ml) and
OD (50 unit/ml) for 2 h prior to treatment (vehicle, 10 mM tBHQ, or
0 mM DEM). After washing 3 times with cold PBS, whole cell
xtracts were prepared in lysis buffer (6). Protein concentrations
ere determined using BCA protein assay kit (Pierce, Rockford, IL).

Western immunoblot analysis. Whole cell extract, cytosolic frac-
ion and nuclear fraction were resolved by SDS-PAGE, transferred to
VDF membrane and blocked with 5% non-fat milk. The membranes
ere probed with hNQO1 (provided by Dr. David Ross, University of
olorado) or Nrf2 antibody (Santa Cruz). Chemiluminescence was
etected using SuperSignal West Pico chemiluminescent substrate
Pierce).

ESULTS

RE Activation by tBHQ or DEM Is Nrf2-Dependent

To evaluate the involvement of Nrf2 and c-Jun in
RE activation in human neuroblastoma cells, we

ransfected IMR-32 cells with wt-Nrf2 or wt-c-Jun ex-
ression vector. As shown in Fig. 1A, overexpression of
rf2 induced ARE activation in a dose-dependent
anner and 10 ng/well of wild-type Nrf2 transfection

aused a massive activation of ARE without any treat-
ent (926-fold, vehicle at 10 ng/well divided by vehicle

t 0 ng/well). Although c-Jun overexpression activated
NQO1-ARE reporter construct, the general transacti-
ating potential of c-Jun was much less than that of
rf2 (58-fold, same as above). tBHQ treatment caused
n additional increase of ARE-luciferase expression in
oth wt-Nrf2 and wt-c-Jun transfected cells (Figs. 1A
nd 1B). The activation patterns, however, were quite
ifferent from each other. In the case of wt-Nrf2 1
BHQ, wt-Nrf2 appeared to saturate the system and
ompete with tBHQ (Fig. 1A), but in the c-Jun exper-
ments, we could not detect a similar effect (Fig. 1B). To
urther characterize the roles of Nrf2 and c-Jun in ARE
ctivation, IMR-32 cells were cotransfected with DN-
rf2 or DN-c-Jun. The DN-Nrf2 lacks its transactiva-

ion domain thereby inhibiting endogenous Nrf2 func-
ion by sequestering Nrf2 binding partners (12). DN-
rf2 decreased ARE activation induced by tBHQ (10
M) and DEM (20 mM) in a dose-dependent manner

Fig. 2B). In contrast, DN-c-Jun did not inhibit either
BHQ- or DEM-mediated ARE activation up to 20 ng/
ell (Fig. 2C). Cotransfection of control vector (pEF)
ad no effect on the tBHQ- or DEM-induced ARE ac-
ivation (data not shown). Together, these data imply
hat although both Nrf2 and c-Jun can increase
NQO1-ARE-luciferase in IMR-32 cells, the relative
ransactivating potential of Nrf2 is more pronounced
han c-Jun. In addition, ARE activation by tBHQ and
EM is mediated via Nrf2 not c-Jun.
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ctivation of ARE by Nrf2 Is Specific to wt-ARE

The specificity of Nrf2 for the ARE sequence was de-
ermined by transfecting IMR-32 cells with luciferase
eporter constructs containing wt-ARE or mutated-ARE
Pal-ARE and GC-ARE). The Pal-ARE has 6 mutations
hat eliminate the 59 palindromic sequence upstream
rom the ARE core and the GC-ARE has 2 mutations in
he GC box of the ARE core sequence. As shown in Fig.
A, tBHQ alone selectively increased expression of the
t-ARE-luciferase (36.8-fold) and wt-Nrf2 overexpres-

ion activated the wt-ARE (230 fold). Surprisingly, Pal-
RE-luciferase (223-fold) and GC-ARE-luciferase (295-

FIG. 1. Effect of Nrf2 and c-Jun on hNQO1-ARE activation in
MR-32 cells. IMR-32 human neuroblastoma cells were transfected
ith hNQO1-ARE-luciferase (80 ng/well), CMV-b-galactosidase (20
g/well), and indicated amounts of wt-Nrf2 (A) or wt-c-Jun (B). After
4 h, cells were treated with vehicle (square, ethanol 0.1%) or tBHQ
circle, 10 mM) for an additional 24 h. Cells were lysed, and luciferase
nd galactosidase activities were determined as described under
aterials and Methods. Each data point represents the mean 6 SE

n 5 6).
288
verexpression (Fig. 3A). These data suggested that sim-
le overexpression of Nrf2 was not specific to the ARE
equence. The data in Fig. 3A were compiled from cells
8 h after transfection. A time-dependent analysis for
t-Nrf2 overexpression revealed that there was indeed

pecificity for the wt-ARE sequence at earlier times (18

FIG. 2. Effect of dominant/negative Nrf2 and c-Jun on transac-
ivation of hNQO1-ARE. (A) IMR-32 cells were transfected with
NQO1-ARE-luciferase (80 ng/well) and CMV-b-galactosidase (20
g/well). After 24 h, cells were treated with increasing doses of tBHQ
r DEM. For inhibition of normal Nrf2 or c-Jun function, cells were
otransfected with indicated concentrations of DN-Nrf2 (B) or DN-
-Jun (C) and then treated with vehicle (triangle), 10 mM tBHQ
circle) or 20 mM DEM (square). Cells were harvested and luciferase
nd galactosidase activities were determined as described under
aterials and Methods. Each data point represents the mean 6 SE

n 5 6).
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nd 24 h) whereas at longer times of transfection (48 and
2 h), this selective effect was lost (Fig. 3B). The pattern
f expression for wt-ARE, pal-ARE, and GC-ARE at 18 h
imics the tBHQ-mediated induction of these same con-

tructs.

BHQ Induces Nuclear Translocation of Nrf2
Transcription Factor

There are several reports showing Nrf2 binds to
RE by gel mobility shift assay (8, 9, 13, 14). To show

FIG. 3. Selective hNQO1-ARE activation by Nrf2. (A) IMR-32 cells
ere cotransfected with wt-, GC-, or Pal-ARE-luciferase construct (80
g/well), CMV-b-galactosidase (20 ng/well), and wt-Nrf2 (Nrf2, 5 ng/
ell) or control vector (pEF, 5 ng/well). After 24 h, cells were treated
ith vehicle (ethanol, 0.1%) or tBHQ (10 mM) for an additional 24 h. (B)

MR-32 cells were cotransfected with wt-, GC-, or Pal-ARE-luciferase
onstruct (80 ng/well), CMV-b-galactosidase (20 ng/well) and wt-Nrf2 (5
g/well) or control vector (pEF, 5 ng/well). Cells were harvested at

ndicated time for time course study. Cells lysates were used to deter-
ine luciferase and galactosidase activity. Each data point represents

he mean 6 SE (n 5 6). Control vector (pEF) had no effect on time
ourse activation of hNQO1-ARE (data not shown).
289
ation, we used a different experimental approach
ther than mobility shift assay. We prepared cytosolic
nd nuclear extracts from vehicle- or tBHQ-treated
MR-32 cells and performed Western immunoblot anal-
sis to determine whether tBHQ treatment leads to
uclear translocation of Nrf2. As shown in Figs. 4A
nd 4B, tBHQ treatment induced dramatic nuclear
ranslocation of Nrf2. The molecular weight of human
rf2 protein is 65 kDa (16) but the increased protein in

he nuclear fraction from tBHQ-treated cells was ap-
roximately 100 kDa. In addition, the Nrf2 antibody
ecognizes many nonspecific proteins (Fig. 4C). Thus,
e performed Western immunoblot analysis on the
hole cell extract from wt-Nrf2 transfected IMR-32

ells and the nuclear fraction of tBHQ-treated cells for
erification of the electrophoretic mobility of Nrf2 (Fig.
C). In the transfected whole cell extract, Nrf2 protein
as increased and migrated to approximately 100 kDa

FIG. 4. TBHQ treatment induces nuclear translocation of Nrf2.
MR-32 cells were treated with vehicle (2) or 10 mM tBHQ (1) for the
ndicated time. Then cytosolic (A) and nuclear fraction (B) were
solated as described under Materials and Methods. Fifty micro-
rams of protein from each fraction was resolved by SDS-PAGE
10%), transferred to PVDF membrane, and probed with Nrf2 anti-
ody (Santa Cruz). (C) For overexpression of Nrf2, cells were trans-
ected with mock (M, calcium phosphate crystal), pEF (control vec-
or), or wt-Nrf2 (8 mg/plate) for 3 days in 10-cm dishes. Cells were
ashed, harvested, and whole cell extracts (W) were prepared as
escribed under Materials and Methods. For comparison, nuclear
raction (N) from vehicle- (V) or tBHQ (10 mM)-treated cells (for 6 h)
ere analyzed at a same time.
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Fig. 4C, lane 3). No other proteins recognized by Santa
ruz Nrf2 antibody were altered by Nrf2 transfection
nd the Nrf2 band did not increase in the mock- (Fig.
C, lane 1) or pEF-transfected cells (Fig. 4C, lane 2).
urthermore, the nuclear translocated proteins recog-
ized by the Nrf2 antibody comigrated with the over-
xpressed Nrf2 protein (Fig. 4C) verifying that the
ranslocated protein is Nrf2. This abnormal mobility of
rf2 protein in SDS-PAGE has been described by oth-

rs (9, 16).

ctivation of the hNQO1-ARE Is Not Dependent
on the Production of Oxidative Stress

Oxidative stress has been thought to be a major
riving force for ARE activation (11, 14, 17). To further
haracterize the involvement of oxidative stress in
RE activation, we pretreated IMR-32 cells with anti-
xidants or antioxidant enzymes. In Fig. 5A, we ob-
erved that pretreatment of antioxidants such as glu-
athione (GSH), glutathione monoethyl ester (GSHEE)
r N-acetyl cysteine (NAC) did not inhibit ARE activa-

FIG. 5. ARE activation by tBHQ is not inhibited by antioxidants.
A) IMR-32 cells were transfected with hNQO1-ARE-luciferase con-
truct (80 ng/well) and CMV-b-galactosidase (20 ng/well). After 24 h,
ells were pretreated with vehicle (PBS), glutathione (GSH, 5 mM),
lutathione monoethyl ester (GSHEE, 2.5 mM), or N-acetyl cysteine
NAC, 2.5 mM) 2 h prior to tBHQ (10 mM) or DEM (20 mM) treat-
ent. Lysates were used to determine luciferase and b-galactosidase

ctivity (n 5 6). (B) IMR-32 cells were pretreated with glutathione
GSH, 5 mM) or N-acetylcysteine (NAC, 2.5 mM) for 2 h then treated
ith tBHQ (10 mM) or DEM (20 mM). After 24 h of treatment, whole

ell extracts were prepared and 50 mg of protein was resolved by 12%
DS-PAGE. Transferred membrane was probed with hNQO1 anti-
ody.
290
ion was completely inhibited by pretreatment of GSH,
SHEE, or NAC (Fig. 5A). In addition, the increase of
QO1 protein by tBHQ was not inhibited whereas the

ncrease by DEM was significantly inhibited by these
ntioxidants. To evaluate the effects of antioxidant
nzymes, we pretreated IMR-32 cells with either cata-
ase or superoxide dismutase (SOD). ARE activation by
BHQ was not inhibited by any antioxidant enzyme
retreatment (Fig. 6A). However, ARE activation by
EM was decreased significantly by catalase. The in-
ibitory effect of catalase was dose-dependent and

FIG. 6. ARE activation by tBHQ is not inhibited by antioxidant
nzymes. (A) IMR-32 cells were transfected with hNQO1-ARE-
uciferase reporter construct (80 ng/well) and CMV-b-galactosidase
20 ng/well). After 24 h, cells were pretreated with vehicle (PBS),
atalase (50 unit/ml), or SOD (50 unit/ml) 2 h prior to tBHQ (10 mM)
r DEM (20 mM) treatment. (B) For dose–response relationship,
ransfected cells were treated with 50 or 100 unit/ml of intact cata-
ase or 100 unit/ml of boiled catalase then treated with tBHQ (10
M) or DEM (20 mM) for 24 h. (C) For Western immunoblot analysis,
MR-32 cells pretreated with vehicle (PBS), catalase (100 unit/ml) or
OD (100 unit/ml) for 2 h then treated with tBHQ (10 mM) or DEM

20 mM). After 24 h of treatment, whole cell extracts were prepared,
nd 50 mg of protein was resolved by 12% SDS-PAGE. Transferred
embrane was probed with hNQO1 antibody.
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ctivation (Fig. 6B). In Western immunoblots, catalase
ecreased NQO1 protein induced by DEM but had no
ffect on NQO1 induction by tBHQ (Fig. 6C). SOD had
o effect on ARE activation by either tBHQ or DEM
Figs. 6A and 6C).

ISCUSSION

The ARE sequence of human NQO1 gene contains
ne perfect and one imperfect AP-1 binding sequence
7, 8) and several AP-1 components have been shown to
ind to the NQO1 ARE sequence (8, 9). We found that
lthough c-Jun could induce ARE activation, c-Jun
verexpression alone was not as effective as Nrf2 in
RE activation. Furthermore, only DN-Nrf2 blocked

he activation of ARE by tBHQ or DEM (Figs. 2B and
C). These observations support that the ARE activa-
ion by tBHQ or DEM is mediated by Nrf2. In addition,
he observation that the rat NQO1-ARE (lacking AP-1
inding site) showed strong induction by tBHQ (6)
upports that an AP-1 binding sequence in ARE core
equence is not essential for ARE activation by tBHQ.
According to our previous findings, the palindromic

equence and GC box in the ARE sequence are essen-
ial for maximal inducibility (6). As expected, tBHQ
Fig. 3A) and DEM (data not shown) selectively acti-
ated wt-ARE. Wt-Nrf2 transfection also activated wt-
RE selectively at earlier times (18–24 h), but GC-
RE and Pal-ARE were strongly activated by longer
xposure of Nrf2 (Fig. 3B). These data suggest that
verexpression of Nrf2 may be increasing expression of
ther transcription factors with the potential to inter-
ct with the wt- and mutated-ARE sequences. Due to
he lack of specificity for the ARE, we speculate that
hese transcription factors would be AP-1 proteins in-
eracting with the remaining intact AP-1 binding site
ound within the wt- and mutated-ARE constructs.
his hypothesis is supported by preliminary data over-
xpressing wt-c-Jun in IMR-32 cells. The wt-c-Jun ac-
ivates the wt-ARE, GC-ARE and Pal-ARE suggesting
hat increased AP-1 binding proteins can account for
he loss of specificity (Lee and Johnson, unpublished
ata).
Since we observed that overexpression of wt-Nrf2

ctivated ARE and DN-Nrf2 inhibited ARE activation
y tBHQ or DEM, we hypothesized that the signaling
athways leading to ARE activation by tBHQ or DEM
onverge on Nrf2 in human neuroblastoma cells. The
arge increase in nuclear Nrf2 associated with tBHQ
reatment (Fig. 4) suggests that, similar to that seen
or DEM in 293T cells (11), tBHQ treatment is proba-
ly stimulating the release of Nrf2 from Nrf2-Keap1
rotein complex. Itoh and coworkers reported that
EM treatment (100 mM, 24 h) released Nrf2 protein

rom Nrf2-Keap1 complex resulting in nuclear local-
zation of Nrf2 using immunocytochemistry (11). In
291
ranslocation in IMR-32 cells from 3 h (data not
hown). Our finding complements that published by
toh and colleagues (11) in that we concur with their
onclusion that oxidative stress induced by treatment
ith DEM results in Nrf2-mediated activation of ARE-
riven genes. In addition, our data clearly demonstrate
hat tBHQ treatment leads to Nrf2 accumulation in
he nucleus via a signaling mechanism unique from
hat of DEM and presumably without an increase in
xidative stress.
Alternative mechanism for ARE activation by tBHQ

an be found in specific kinase pathways. Yu and co-
orkers reported that mitogen-activated protein ki-
ases MAPK) are involved in induction of phase II
etoxifying enzymes by tBHQ (19, 20) and Huang and
o-workers reported protein kinase C (PKC)-mediated
rf2 phosphorylation by tBHQ (21). Since neither
own-regulation nor chemical inhibition of PKC blocks
BHQ-mediated ARE activation or increase in NQO1
rotein in IMR-32 cells (6), the latter possibility has
een ruled out. TBHQ treatment resulted in an in-
rease in the activity of two mitogen-activated protein
inases, extracellular signal-regulated protein kinase
(Erk 2) and c-Jun N-terminal kinase 1 (JNK 1) in
epG2 human hepatoma cells (19, 25). In a human
acrophage cell line, tBHQ treatment also has been

hown to result in an increase in JNK and p38 MAPK
ctivity (26). Preliminary attempts to link ARE activa-
ion to MAPK or JNK by using the MEK inhibitor
D98059, phospho-ERK 1/2 antibodies, or overexpres-
ion of dominant/negative c-Jun, however, have been
egative in human neuroblastoma cells (Lee et al.,
npublished data). Recently, however, our laboratory
sing tBHQ (23) and another laboratory using sulfur
mino acid deprivation (24) have linked ARE activa-
ion and increased expression of ARE-driven genes to
hosphatidylinositol 3-kinase (PI3-kinase). The PI3-
inase inhibitor LY 294002 blocked tBHQ-mediated
RE activation and increase in NQO1 protein in

MR-32 cells (23), as well as blocked sulfur amino acid
eprivation-induced protein binding to the rat GSTA2
RE in electrophoretic mobility shift assay and in-
rease in rat GSTA2 mRNA (24).
The extent of overlap between signaling pathways

ctivated by DEM (oxidative stress dependent) and
BHQ (oxidative stress independent) as well as the
pstream branch point separating these pathways is
nder intensive investigation in our laboratory. The
otential identification of a novel signal transduction
ascade, not involving oxidative stress, which causes
rf2 translocation and subsequent ARE-driven gene
ctivation, is very intriguing. Such a pathway could
ead to the development of drugs targeting this cascade
o coordinately control expression of the ARE-driven
ene family.
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