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Glutamate-cysteine ligase catalytic subunit (GCLC) is regulated transcriptionally by Nrfl and Nrf2. tert-
Butylhydroquinone (TBH) induces human GCLC via Nrf2-mediated frans activation of the antioxidant-
responsive element (ARE). Interestingly, TBH also induces rat GCLC, but the rat GCLC promoter lacks ARE.
This study examined the role of Nrfl and Nrf2 in the transcriptional regulation of rat GCLC. The baseline and
TBH-mediated increase in GCLC mRNA levels and rat GCLC promoter activity were lower in Nrfl and Nrf2
null (F1 and F2) fibroblasts than in wild-type cells. The basal protein and mRNA levels and nuclear binding
activities of c-Jun, c-Fos, p50, and p65 were lower in F1 and F2 cells and exhibited a blunted response to TBH.
Lower c-Jun and p65 expression also occurs in Nrf2 null livers. Levels of other AP-1 and NF-«B family
members were either unaffected (i.e., JunB) or increased (i.e., Fra-1). Overexpression of Nrfl and Nrf2 in
respective cells restored the rat GCLC promoter activity and response to TBH but not if the AP-1 and NF-«B
binding sites were mutated. Fra-1 overexpression lowered endogenous GCLC expression and rat GCLC
promoter activity, while Fra-1 antisense had the opposite effects. In conclusion, Nrfl and Nrf2 regulate rat

GCLC promoter by modulating the expression of key AP-1 and NF-kB family members.

Glutathione (GSH) is the main nonprotein thiol in mamma-
lian cells that participates in many critical cellular functions,
including antioxidant defense and cell growth (14, 24, 28). The
synthesis of GSH from its constituent amino acids involves two
ATP-requiring enzymatic steps: the formation of y-glutamyl-
cysteine from glutamate and cysteine and the formation of
GSH from +y-glutamylcysteine and glycine. The first step of
GSH biosynthesis is rate limiting and catalyzed by glutamate-
cysteine ligase (GCL, also known as +y-glutamylcysteine syn-
thetase), while the second step is catalyzed by GSH synthetase
(14). The GCL enzyme is composed of a catalytic (GCLC, M,
of ~73,000) and a modifier (GCLM, M, of ~30,000) subunit
which are encoded by different genes and dissociate under
reducing conditions (7, 27, 35). The catalytic subunit exhibits
all of the catalytic activity of the isolated enzyme as well as
feedback inhibition by GSH (27). The modifier subunit is en-
zymatically inactive but plays an important regulatory function
by lowering the K,,, of GCL for glutamate and raising the K; for
GSH (7, 8). GCL is a major determinant of the overall GSH
synthesis capacity, and changes in GCL activity can result from
regulation at multiple levels affecting only the catalytic or mod-
ifier subunit or both (14). Both human GCLC and GCLM
promoters have been cloned (4, 5, 16, 18, 34). Antioxidant-
response element (ARE, also known as electrophile response
element, EpRE) and activator protein 1 (AP-1) are two cis-
acting elements present in the promoter of both human GCL
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subunits that have been implicated in their transcriptional reg-
ulation by oxidants and B-naphthoflavone (5, 14, 16, 18).
Nrfl and Nrf2, members of the cap ‘n’ collar-basic leucine
zipper proteins (CNC-bZIP), are important in the transcrip-
tional regulation of human and mouse GCL subunits and GSH
levels. Nrf2 is known to bind and trans activate the ARE
present in the human GCLC and GCLM promoters in re-
sponse to B-naphthoflavone, pyrrolidine dithiocarbamate, and
tert-butylhydroquinone (TBH) (4, 34). Nrfl knockout mice die
in utero, but fetal hepatocytes and embryonal fibroblasts from
these animals have lower GSH levels and are more susceptible
to oxidative stress than wild-type (WT) mice (3, 11). Mice
lacking Nrf2 also exhibit lower GSH levels and are more sus-
ceptible to acetaminophen-induced liver injury than WT mice
(2). Nrfl and Nrf2 knockouts have lower GCLC expression (2,
3), and overexpression of Nrfl and Nrf2 has been shown to
induce the human GCLC promoter activity (19, 34). Interest-
ingly, TBH also induces the expression of rat GCLC and the
activity of the rat GCLC promoter even though the promoter
lacks ARE (36, 37). Instead, AP-1 appears to be essential for
TBH-mediated induction of the rat GCLC gene (36). The aim
of this work was to determine whether Nrfl and Nrf2 are
important in the transcriptional regulation of rat GCLC, and if
so, to determine the molecular mechanisms. These studies
were carried out in Nrfl and Nrf2 knockout (F1 and F2) and
WT fibroblasts, and results were confirmed in Nrf2 knockout
mouse livers. We found that Nrfl and Nrf2 are important for
the rat GCLC promoter activity despite the absence of ARE.
The mechanism involves the dependence of key family mem-
bers of AP-1 and NF-kB on Nrfl and Nrf2 for their expression.
This dependency has not been previously reported and may be
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an important determinant in the phenotype of the cells and
mice that lack Nrfl or Nrf2.

MATERIALS AND METHODS

Materials. Cell culture media and fetal bovine serum were obtained from
Gibco BRL Life Technologies (Grand Island, NY). The luciferase assay system
was obtained from Promega (Madison, WI). All restriction enzymes were ob-
tained from either Promega or Invitrogen (Carlsbad, CA). [**P]JdCTP and
[y-**P]ATP (3,000 Ci/mmol) were purchased from New England Nuclear (Du-
Pont, Boston, MA). A total RNA isolation kit was obtained from Invitrogen. All
other reagents were of analytical grade and were obtained from commercial
sources.

Nrf2 knockout mouse. Nrf2 knockout mice were generated and maintained as
described previously (1). Five-month-old knockout male mice and wild-type
littermates were sacrificed, and livers were snap-frozen for RNA isolation as
described below. Animals were treated humanely, and all procedures were in
compliance with our institutions’ guidelines for the use of laboratory animals.

Cell culture and TBH treatment. Nrfl and Nrf2 knockout (F1 and F2) and WT
fibroblasts were grown in Dulbecco’s minimal essential medium/F12 medium
supplemented with 10% fetal bovine serum as previously described (1, 11). Prior
to treatment with TBH, the amount of serum was reduced to 0.5% for 3 h. Cells
were then treated with TBH (5 to 60 wM) for 1 to 32 h for various assays as
described below.

Recombinant plasmids, transfection, and luciferase assays. Rat GCLC pro-
moter-luciferase constructs were previously described (36, 37). Nrfl and Nrf2
expression plasmids were previously described (1, 11). pCI-Fra-1 and pCI-anti-
sense Fra-1 expression vectors were kind gifts from D. Chalbos (23). Jun2-
luciferase (Jun2-LUC) was kindly provided by Ze’ev Ronai (Ruttenberg Cancer
Center, Mount Sinai School of Medicine). This contains one of the key AP-1
binding sites of the human c-Jun promoter and is known to be frans activated by
c-Jun (31). Full-length human c-Jun promoter (—1780/+731) was kindly pro-
vided by W. Vedeckis (33). Mouse c-Fos promoter (—954 to +3, relative to
translational start site) was obtained by cloning using forward primer 5'-CACG
AATTTATGAATGAACCCAGTAC-3" (—954 to —929) and reverse primer
5'-CATGGTCGAAGTTTGGGGAAAGC-3' (—20 to +3) with the wild-type
fibroblast genomic DNA as we described previously (36). Sequence was con-
firmed in both directions as described previously (36) and agreed with the
sequence of GenBank accession number AF332140 and mouse genomic DNA
sequence. The mouse c-Fos promoter fragment (—954 to +3) was cloned into
the promoterless pGL-3 basic vector, creating the recombinant plasmid —954/+3
c-Fos-LUC. The NF-kB-driven luciferase construct (NF-xB-LUC, which con-
tains five repeats of the consensus NF-«B binding sequence) and vector control
were obtained from Stratagene (La Jolla, CA).

To study the transcriptional activity of the rat GCLC promoter, F1, F2, or WT
cells (5 X 10° cells in 2 ml medium) were transiently transfected with 1.5 pg
GCLC promoter luciferase construct —595/+2-LUC or promoterless pGL-3
enhancer vector (as a negative control) using the Superfect transfection reagent
(QIAGEN, Valencia, CA) as we described previously (36). In some experiments,
cells were cotransfected with Nrfl, Nrf2, Fra-1, or Fra-1 antisense expression
vectors as previously described (1, 11, 23). To control for transfection efficiency,
cells were cotransfected with the Renilla phRL-TK vector (Promega), which is a
plasmid containing the Renilla luciferase gene driven by herpes simplex virus-
thymidine kinase promoter. After 11 h, cells were harvested and lysed in 200 pl
of reporter lysis buffer (Luciferase Assay System, Promega). Aliquots of the cell
lysates were sequentially assessed for firefly and Renilla luciferase activities using
a TD-20/20 Luminometer (Promega). The luciferase activity driven by the rat
GCLC promoter construct was normalized to Renilla luciferase activity. Each
experiment was done with triplicate samples.

The effect of TBH on rat GCLC promoter activity was examined by measuring
luciferase activity driven by the rat GCLC promoter luciferase gene constructs in
transfected F1, F2, or WT cells treated with TBH (60 M) during the last 8 h of
the transfection. To confirm the importance of NF-kB and AP-1 binding in
mediating the effect of TBH on rat GCLC promoter activity, rat GCLC promoter
construct —595/+2-LUC mutated in the NF-kB and/or AP-1 binding sites was
generated using a GeneTailor site-directed mutagenesis system (Invitrogen). Rat
GCLC promoter constructs mutated in either the putative NF-«kB site (—378 to
—369) (from 5'-GGGAACACCC-3' to 5'-GGGAACTCTC-3' [underlining
shows nucleotide changes]), the AP-1 site (—356 to —346) (from 5'-CCTGAC
GGCCC-3' to 5'-CCTAATGGCCC-3"), or both were subcloned into the pGL-3
promoter-luciferase vector (Promega). F1 and F2 cells transfected with either
native or mutant rat GCLC promoter constructs were treated with TBH (60 M)
during the last 8 h of the transfection. In some experiments, cells were cotrans-
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fected with Nrf2, Fra-1, Fra-1 antisense expression vector, or empty vector for
12 h prior to treatment with TBH for another 8 h.

To evaluate the effect of Nrf2 overexpression on reporter activity driven by
Jun2-LUC, NF-kB-LUC, c-Jun promoter, or c-Fos promoter, F2 cells were
cotransfected with Nrf2 or empty expression vector and one of these constructs
for 16 h. Reporter activity was measured as described above.

Northern blot analysis and real-time PCR. Total RNA was extracted, and
Northern hybridization analysis was performed using specific rat GCLC cDNA
and c-Jun probes as described previously (36). Northern hybridization analysis
was also performed using specific c-Fos, Fra-1, p50, and p65 cDNA probes
designed according to their published sequences (6, 9, 20, 26). These cDNA
probes were obtained by reverse transcription and PCR using a one-step reverse
transcription-PCR kit (Clontech). To ensure equal loading of RNA samples and
transfer in each of the lanes, prior to hybridization, membranes were rinsed with
ethidium bromide and photographed, and the same membranes were also rehy-
bridized with a *?P-labeled B-actin cDNA probe as described previously (36).
Autoradiography and densitometry (Gel Documentation System, Scientific
Technologies, Carlsbad, CA, and NIH Image 1.60 software program) were used
to quantitate relative RNA. Results of Northern blot analysis were normalized to
B-actin.

Synthesis of cDNAs from total RNA and real-time reverse transcription-PCR
were done to assess the mRNA levels of c-Jun, p65, and GCLC in the livers of
Nrf2 knockout mice and wild-type littermates as we described previously (13).
GCLC primers were described previously (13). Sequences of the c-Jun and p65
primers were as follows: c-Jun forward, 5'CAGCAACTTTCCTGACCCA
GAGGA-3'; c-Jun reverse, 5'-AGACTCCGCTAGCACTCACGTTGG-3'; p65
forward, 5'-CTCTGGGGCGGCACGTAC-3'; and p65 reverse, 5'-CATCCCA
CCTGTTCCCCTTGG-3'. Aliquots of cDNA were amplified in an Opticon PCR
machine (MJ Research) using Dynamo HS (MJ Research) in duplicates in 20-p.l
reaction volumes. PCR cycling conditions consist of 95°C for 15 min and 45
cycles of 95°C for 30 s, 60°C for 30 s, and 68°C for 45 s. Expression levels were
calculated relative to 18S rRNA levels as endogenous control. Relative expres-
sion was calculated as 2(“;), where C is the cycle threshold.

Western blot analysis. Total cell lysates were extracted from F1, F2, and WT
cells after various treatments and subjected to Western blot analysis as described
previously (15). Membranes were probed with antibodies directed against c-Jun,
c-Fos, phospho-c-Jun, JunB, JunD, Fra-1, Fra-2, JAB1, p50, p65, RelB, and
c-Rel (Santa Cruz Biotechnology, Santa Cruz, CA). To ensure equal loading,
protein gels were stained with Coomassie blue and/or membranes were stripped
and reprobed with antiactin antibodies (Santa Cruz Biotechnology). A horserad-
ish peroxidase-conjugated secondary antibody was used. Blots were developed by
enhanced chemiluminescence.

EMSA and supershift assay. Electrophoretic mobility shift assays (EMSAs)
for AP-1, NF-kB, and ARE were done as described previously (36, 38). Five to
15 pg of nuclear protein from WT, F1, or F2 cells treated with TBH (60 wM for
6 h) or vehicle control (dimethyl sulfoxide [DMSO]) were preincubated with 2 ug
of poly(dI-dC) in a buffer containing 10 mM HEPES (pH 7.6), 50 mM KClI, 0.1
mM EDTA, 1 mM dithiothreitol, 5 mM MgCl,, and 10% glycerol for 10 min on
ice. ?P-end-labeled double-stranded DNA fragments containing consensus AP-1
(5'-CGCTTGATGACTCAGCCGGAA-3') or NF-«B binding sites (5'-AGTTG
AGGGGACTTTCCCAGGC-3") or an ARE consensus site (5'-GTTTCTGCT
TAGTCATTGTCTTC-3' [underlining indicates the ARE binding site]) were
then added with or without a 100-fold excess of unlabeled specific probe. Mix-
tures were incubated for 20 min on ice, loaded on a 4% nondenaturing poly-
acrylamide gel, and subjected to electrophoresis in 50 mM Tris, 45 mM borate,
and 0.5 mM EDTA (pH 8.0). Gels were dried and subjected to autoradiography.
Further confirmation of the identity of the binding proteins was done by antibody
supershift assays for c-Jun, c-Fos, p50, p65, Nrfl, and Nrf2 (Biotechnology, Lake
Placid, NY, or Santa Cruz Biotechnology) as we described previously (36, 38). To
see whether Nrfl or Nrf2 binds to the AP-1 and NF-«B sites of the rat GCLC
promoter, EMSA with supershift was done using DNA fragment 5'-CCCCTG
ACGGCCCCGCCCACGAC-3' for the AP-1 site (—358 to —336 of rat GCLC,
with the AP-1 site underlined) and 5'-CCGGGAACACCCACGGCCTCAAC-3’
for the NF-kB site (—380 to —358 of the rat GCLC, with the NF-«kB site
underlined). The ARE consensus site was used as a positive control for Nrfl and
Nrf2 supershift analysis.

GSH levels. GSH level was determined by the recycling method of Tietze (30).

ChIP assay. To see whether c-Jun, c-Fos, Fra-1, and Nrf2 bind to the AP-1 site
of the rat GCLC promoter in an endogenous chromatin configuration, a chro-
matin immunoprecipitation (ChIP) assay was carried out following the ChIP
assay kit protocol provided by Upstate (Waltham, MA). H4IIE cells (for the rat
GCLC AP-1 site) or wild-type fibroblasts (for binding to ARE) were treated with
TBH (60 wM) or vehicle control (DMSO) for 6 h and processed for ChIP assay
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FIG. 1. GCL subunit expression at baseline and in response to
TBH in WT, F1, and F2 cells. RNA (25 pg/lane) samples from WT, F1,
and F2 cells at baseline (A) or treated with 60 M TBH for 0 to 16 h
(B) were analyzed by Northern blot analysis with a **P-labeled GCLC
cDNA probe as described in Materials and Methods. The same mem-
branes were then sequentially rehybridized with 3*P-labeled GCLM
and B-actin cDNA probes.

as per protocol except for minor modifications. Briefly, proteins were cross-
linked to DNA by treating cells with 1% formaldehyde at 37°C for 10 min. After
fixation, cells were washed with ice-cold phosphate-buffered saline, resuspended,
lysed in sodium dodecyl sulfate lysis buffer (Upstate), and centrifuged for 5 min
at 1,000 rpm. Cell lysates were sonicated at 25 to 30% power with five 10-s pulses
using a Sonic Dimembrator model F60 (Fisher Scientific, Pittsburgh, PA) to
fragment the chromatin to about 1 kb or less. The sonicated cell lysates were
spun in a microcentrifuge at 13,000 X g for 10 min at 4°C. The supernatant
containing the soluble chromatin sample was treated with 1 pl of 5 M NaCl and
heated at 65°C for 4 h to reverse the protein-DNA cross-links. Twenty microliters
of the reversed soluble chromatin sample was removed and used as input control
(total chromatin fraction) for final PCR. The remaining chromatin solution was
split into equal fractions and subjected to immunoprecipitation in the presence
or absence of specific antibodies. Antibodies used for immunoprecipitation were
anti-c-Jun, c-Fos, Fra-1, and Nrf2 antibodies (Santa Cruz Biotechnology). For
PCR of the rat GCLC promoter region across the AP-1 site, an equal amount of
template DNA from the antibody-treated, no-antibody, and input samples was
amplified using forward primer 5'-CCAGTATTCTCTTGGGAACCAAG-3' (bp
—437 to —413 relative to the ATG start codon) and reverse primer 5'-CACGG
GCTTCCTACTTGCGAC-3" (bp —234 to —213 relative to the ATG start
codon). Input DNA was PCR amplified for 20 to 35 cycles to determine the
linear range. PCR of the mouse GCLM promoter region across the ARE site
(CTGCTTAGTCA, —340 to —328 bp relative to the ATG start codon) was done
using the forward primer 5'-AACGGTTACGAAGCACTTTCTCGG-3" (bp
—454 to —433 relative to the ATG start codon) and the reverse primer 5'-AC
TCCGCGCGGCCACAGCCCGGTG-3' (bp —170 to —146 relative to the ATG
start codon). All PCR products were run on 8% acrylamide gels and stained with
ethidium bromide for 15 to 30 min.

Statistical analysis. Data are given as the mean * the standard error of the
mean (SEM). Statistical analysis was performed using analysis of variance
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FIG. 2. Effect of TBH on rat GCLC promoter activity in WT, F1,
and F2 cells. WT, F1, and F2 cells were transiently transfected with the
rat GCLC promoter-luciferase construct —595/4+2-LUC (labeled
GCLC-LUC) or pGL-3 enhancer vector and treated with TBH (60 pM
for 8 h) or vehicle control (DMSO) as described in Materials and
Methods. Results represent the mean = SEM from three independent
experiments performed in triplicate. Data are expressed as relative
luciferase activity to that of pGL-3 enhancer vector control in WT
cells, which is assigned a value of 1.0. *, P < 0.05 versus WT GCLC-
LUG; T, P < 0.05 versus respective control and WT GCLC-LUC plus
TBH (ANOVA followed by Fisher’s test).

(ANOVA) followed by Fisher’s test for multiple comparisons. For changes in
mRNA levels, ratios of individual genes to B-actin densitometric values were
compared; for changes in protein levels, ratios of individual proteins to actin
densitometric values were compared. Significance was defined by a P value of
<0.05.

RESULTS

GCL expression at baseline and in response to TBH. We
first compared the steady-state mRNA levels of GCLC and
GCLM at baseline and in response to TBH treatment in WT,
F1, and F2 cells. At baseline, the GCLC mRNA levels are 40%
and 81% lower in F1 and F2 cells, respectively, than in WT
cells (F1 = 60% = 10% and F2 = 19% = 4% of WT, P < 0.05
versus WT) (Fig. 1A). Similarly, the GCLM mRNA levels are
70% and 86% lower in F1 and F2 cells, respectively, than in
WT cells (F1 = 30% * 10% and F2 = 14% =+ 2% of WT, P <
0.05 versus WT) (Fig. 1A). TBH induces maximal GCLC and
GCLM expression at 60 wM (data not shown) and in a time-
dependent fashion (Fig. 1B). The GCLC mRNA level in-
creased by 1.6- and 2.7-fold after 8 and 16 h, respectively, of
TBH treatment in WT cells. Although both GCLC and GCLM
mRNA levels increased with time in the F1 and F2 cells after
TBH treatment, the response was significantly blunted com-
pared to WT cells (Fig. 1B).

Rat GCLC promoter activity at baseline and in response to
TBH. We next compared the rat GCLC promoter activity in
these three types of cells. The rat GCLC promoter construct
—595/+2-LUC was chosen for these studies because it con-
tains the maximum promoter activity of the cloned rat GCLC
promoter (37). Furthermore, we had previously shown that
acetaldehyde and TBH induced this promoter construct which
contains both AP-1 and NF-kB sites (36, 37). Figure 2 shows
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FIG. 3. Steady-state protein levels of the AP-1 family members in WT, F1, and F2 cells. Total cell lysates (40 wg/lane) from WT, F1, and F2
cells were subjected to Western blot analysis using anti-c-Fos, c-Jun, phospho-c-Jun (p-c-Jun), JunB, JunD, Fra-1, Fra-2, and JABI1 antibodies as
described in Materials and Methods. The same membranes were stripped and probed with antibodies against actin to ensure equal protein loading.
The right panels show densitometric changes expressed as percentages of WT. *, P < 0.05 versus WT. Representative blots are shown.

that the rat GCLC promoter activity in WT cells is nearly
doubled in response to TBH treatment. In comparison, the
basal rat GCLC promoter activity is 30% and 60% lower in F1
and F2 cells, respectively. Furthermore, TBH treatment in-
duced the GCLC promoter activity only 30 to 40% (Fig. 2).
Role of Nrfl and Nrf2 in the expression of AP-1 and NF-«B
family members. We have previously shown that both the AP-1

and NF-«B sites of the rat GCLC promoter may be involved in
mediating the induction of acetaldehyde on GCLC promoter
(37) and that the basal expression of rat GCLC as well as
induction by TBH require c-Jun (36). This prompted us to
examine whether Nrfl and Nrf2 may influence the expression
and/or DNA binding and trans-activating activities of AP-1 and
NF-«kB. Figure 3 shows that the steady-state protein levels of
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FIG. 4. Steady-state protein levels of the NF-kB family members in WT, F1, and F2 cells. Total cell lysates (40 pg/lane) from WT, F1, and F2
cells were subjected to Western blot analysis using anti-p50, p65, RelB, and c-Rel antibodies as described in Materials and Methods. The same
membranes were stripped and probed with antibodies against actin to ensure equal protein loading. The right panels show densitometric changes
expressed as percentages of WT. %, P < 0.05 versus WT. Representative blots are shown.

many of the AP-1 family members are lower in F1 and F2 cells
than in WT cells. The most affected are c-Jun and c-Fos levels,
which are 70% to 85% lower in F1 and F2 cells than in WT
cells. However, JunB and JunD levels are essentially un-
changed, while Fra-1 and JABI levels are markedly increased,
especially in F2 cells (Fig. 3). Lower c-Jun levels resulted in
lower levels of phosphorylated c-Jun in both F1 and F2 cells
(Fig. 3). Figure 4 shows that NF-kB family members are sim-
ilarly affected, with p50 and p65 levels markedly lower in F1
and F2 cells than in WT cells, whereas c-Rel levels are in-
creased, especially in F2 cells.

Effect of TBH on mRNA levels and nuclear binding activities
of AP-1 and NF-kB family members. We next examined the
effect of TBH on the mRNA levels of some of the AP-1 and
NF-kB family members. Baseline mRNA levels of c-Jun, c-Fos,
p50, and p65 are all lower in F1 and F2 cells than in WT cells (Fig.
5). In contrast, baseline Fra-1 mRNA levels are much higher in
F1 and especially F2 cells. In WT cells, TBH treatment led to a

time-dependent induction of c-Jun, c-Fos, Fra-1, p50, and p65.
This effect on c-Jun, c-Fos, p50, and p65 is significantly blunted in
F1 and F2 cells (Fig. 5). Interestingly, the effect on Fra-1 is
significantly enhanced, especially in F2 cells (Fig. 5).

EMSA with supershift was next performed to determine if
there is less AP-1 and NF-«kB nuclear binding activity in F1 and
F2 cells. Figure 6 shows that baseline AP-1 nuclear binding
activity is lower in F1 and F2 cells and the response to TBH
treatment is significantly blunted compared to WT cells. Su-
pershift confirmed decreased c-Jun and c-Fos binding in F1
and F2 cells. Similarly, baseline NF-kB nuclear binding activity
is also lower in F1 and F2 cells than in WT cells, and the
response to TBH is also blunted. Supershift also confirmed
decreased p50 and p65 binding (Fig. 7).

AP-1 and NF-kB expression in the livers of Nrf2 knockout
mice. To confirm that Nrf2 modulates the expression of AP-1
and NF-kB family members in vivo, we measured the mRNA
levels of c-Jun and p65 in the livers of Nrf2 knockout mice and
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FIG. 5. Effect of TBH on c-Jun, Fra-1, c-Fos, p65, and p50 mRNA
levels in WT, F1, and F2 cells. RNA (25 pg/lane) samples from WT,
F1, and F2 cells treated with 60 uM TBH for 0 to 16 h were analyzed
by Northern blot analysis with 3>P-labeled c-Jun, c-Fos, or p65 cDNA
probes as described in Materials and Methods. The same membranes
were then sequentially rehybridized with *P-labeled Fra-1 and B-actin
cDNA probes, B-actin cDNA probe, or p5S0 and B-actin cDNA probes,
respectively.

wild-type littermates. Figure 8 shows that, consistent with our
findings in the F2 fibroblasts, the mRNA levels of c-Jun and
p65 are more than 80% lower in the knockout mouse livers.
These animals also have lower expression of GCLC, as previ-
ously described (2, 13).

Overexpression of Nrf2 in F2 cells. The effect of overexpres-
sion of Nrf2 in F2 cells was next examined. Figure 9 shows that
compared to untransfected F2 cells, Nrf2 overexpression alone
induced GCLC, p50, p65, c-Jun, and c-Fos expression (Fig. 9,
Nrf2 24 hrs and Nrf2 12 hrs + TBH 0 hrs columns). TBH
treatment further increased the mRNA levels of these genes.
In contrast, Nrf2 overexpression led to a time-dependent sup-
pression of Fra-1 expression (Fig. 9, middle panels of TBH 24
hrs + Nrf2 column).

Nrf2 overexpression alone also induced the rat GCLC pro-
moter activity and, in conjunction with TBH treatment, re-
sulted in a synergistic induction of the rat GCLC promoter
activity (Fig. 10A). However, this induction is blocked signifi-
cantly if the AP-1 site or the NF-«B site is mutated and com-
pletely prevented if both sites are mutated (Fig. 10A).

Nrf2 overexpression in F2 cells induced the reporter activi-
ties driven by c-Jun and c-Fos promoters as well as c-Jun- and
NF-kB-dependent constructs Jun2-LUC and NF-kB-LUC, re-
spectively (Fig. 10B), which further supports the notion that
the effect of Nrf2 on the rat GCLC promoter is exerted at the
level of AP-1 and NF-«B.
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FIG. 6. Effect of TBH on electrophoretic mobility shift and super-
shift assays for AP-1 binding. Nuclear protein extracts (10 pg) were
obtained from WT, F1, and F2 cells treated with TBH (60 pM for 0,
4, or 8 h), and EMSA was done as described in Materials and Methods
using a consensus AP-1 probe. Panel A shows supershift analysis using
anti-c-Jun antibodies, and panel B shows supershift analysis using
anti-c-Fos antibodies. The arrows to the right point to complexes that
were supershifted in the presence of specific antibodies. Representa-
tive EMSAs are shown.

Overexpression of Nrfl in F1 cells. Similar to the effect of
Nrf2 overexpression, Nrfl overexpression in F1 cells also in-
duced the rat GCLC promoter activity, but the effect is blocked
completely if the AP-1 site or the NF-kB site is mutated (Fig.
10C). In fact, the GCLC promoter activity is lower when either
site is mutated.

Nrfl and Nrf2 binding to AP-1 and NF-kB sites of rat GCLC
promoter. To see whether Nrfl and Nrf2 might bind to the
AP-1 and NF-kB sites of the rat GCLC promoter, EMSA with
supershift analysis was carried out using DNA fragments con-
taining either the AP-1 or the NF-kB site. Figure 11 shows that
Nrfl and Nrf2 bind to the consensus ARE site but not the
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FIG. 7. Effect of TBH on electrophoretic mobility shift and super-
shift assays for NF-kB binding. Nuclear protein extracts (10 pg) were
obtained from WT, F1, and F2 cells treated with TBH (60 wM for 0,
4, or 8 h), and EMSA was done as described in Materials and Methods
using a consensus NF-kB probe. Panel A shows supershift analysis
using anti-p65 antibodies, and panel B shows supershift analysis using
anti-p50 antibodies. The arrows to the right point to complexes that
were supershifted in the presence of specific antibodies.

AP-1 or NF-«B site, while strong binding occurred with c-Jun
and p50, as demonstrated by the supershift analysis.

Role of Fra-1 in GCLC expression and rat GCLC promoter
activity. We next examined whether Fra-1 induction in F2 cells
might play a role in the reduced expression of GCLC and rat
GCLC promoter activity. Figure 12A shows that overexpres-
sion of Fra-1 in F2 cells lowered the endogenous GCLC
mRNA levels (70% of control by densitometry), while overex-
pression with Fra-1 antisense increased the endogenous GCLC
mRNA levels (196% of control by densitometry).

Similar to their effect on the endogenous GCLC gene, Fra-1
overexpression also reduced the rat GCLC promoter activity,
while Fra-1 antisense increased the promoter activity. Fra-1
overexpression completely prevented the ability of TBH to
induce the rat GCLC promoter, while Fra-1 antisense greatly
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FIG. 8. Real-time PCR analysis of hepatic c-Jun, p65, and GCLC
mRNA levels in Nrf2 knockout mice and wild-type littermates. RNA
was extracted from the livers of wild-type and Nrf2 knockout mice and
subjected to real-time PCR as described in Materials and Methods.
Results represent means * standard deviation from three animals
each relative to wild-type mice. Expression levels were calculated rel-
ative to 18S rRNA levels as endogenous control. *, P < 0.005 versus
wild type.

enhanced the ability of TBH to induce the promoter. In fact,
Fra-1 antisense treatment resulted in a level of induction sim-
ilar to that resulting from Nrf2 overexpression, either alone or
in combination with TBH.

Influence of Nrfl, Nrf2, TBH, and Fra-1 on GSH levels.
Table 1 summarizes the GSH levels in WT, F1, and F2 cells
treated with TBH, Nrfl, Nrf2, Fra-1, or Fra-1 antisense over-
expression vectors. Consistent with previous reports (1, 19), F1
and F2 cells have lower GSH levels than WT cells, which can
be restored by Nrfl and Nrf2 overexpression, respectively.
TBH treatment increased the GSH levels in all three cell types,
with the largest increase in WT cells. Fra-1 overexpression
decreased and Fra-1 antisense increased GSH levels in all
three cell types.

Protein binding to the endogenous rat GCLC AP-1 site.
ChIP assay was used to further evaluate protein binding to the

TABLE 1. Effect of TBH, Nrfl, Nrf2, Fra-1, and Fra-1 antisense
treatments on cell GSH levels

Cell GSH level, nmol/mg protein®

Treatment
WT F1 F2

Control 469 = 2.7 37.9 = 0.8} 253 = 1.0}
TBH 87.1 + 1.5% 67.7 = 1.7** 41.7 = 1.6**
Fra-1 36.3 = 1.2%* 32.3 = 1.3*% 16.8 = 0.5%*
Fra-1 antisense 80.7 = 6.2** 534 = 3.9% 44,6 = 5.1*
Nrfl 60.9 = 2.6**

Nrf2 47.1 = 7.6*

“ Results represent the mean = SE from three experiments done in triplicate.
WT, F1, and F2 cells were treated with TBH (60 pM for 8 h), Fra-1, Fra-1
antisense, Nrfl, or Nrf2 expression vectors for 12 h as described in Materials and
Methods. *, P < 0.05 versus controls; **, P < 0.01 versus controls; , P < 0.05
versus WT control by ANOVA followed by Fisher’s test.
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FIG. 9. Effect of Nrf2 overexpression and TBH treatment on the
steady-state mRNA levels of GCLC, p50, p65, c-Jun, c-Fos, and Fra-1
in F2 cells. F2 cells were treated with either 60 uM TBH for 4 to 24 h
(lanes 1 to 5 from the left), 60 wM TBH for 24 h plus Nrf2 expression
vector during the last 4 to 24 h of the TBH treatment (lanes 6 to 10
from the left), Nrf2 expression vector alone for 24 h (lane 11 from the
left), or Nrf2 expression vector for 12 h followed by 60 .M TBH for 0
to 24 h (lanes 12 to 16 from the left). RNA (25 pg/lane) samples
following these treatments were analyzed by Northern blot analysis
with #?P-labeled GCLC, p50, p65, c-Jun, c-Fos, and Fra-1 cDNA
probes as described in Materials and Methods. 3-Actin was used for
housekeeping control.

rat GCLC AP-1 site in the endogenous chromatin configura-
tion. Figure 13 shows that following TBH treatment, there is
increased c-Jun, c-Fos, and Fra-1 binding to the rat GCLC
AP-1 site. Nrf2 does not bind to the rat GCLC AP-1 site, but
TBH treatment induced Nrf2 binding to the ARE site of
mouse GCLM.

DISCUSSION

CNC-bZIP proteins are a subfamily of bZIP transcription
factors characterized by the presence of a 45-amino-acid ho-
mology region known as the CNC domain (3, 21). There are six
known CNC-bZIP family members in mice: p4ASNFE2, Nrfl,
Nrf2, Nrf3, Bachl, and Bach2 (3). Bach2 and p45NFE2 have
tissue-specific expression, whereas Nrfl and Nrf2 are ubiqui-
tously expressed (3, 21). CNC-bZIP factors form heterodimers
with other bZIP proteins and regulate transcription via an
extended AP-1-like site called the NFE2 site (TGCTGACT
CAT) (3, 17), which resembles the consensus ARE element
[5'-(A/G)T(G/C)A(C/T)NNNGC(A/G)-3'] (4). Indeed, both
Nrfl and in particular Nrf2 have been shown to trans activate
ARE present in the promoter of genes encoding enzymes
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involved in phase II detoxification and antioxidant defense (2,
3,4, 11, 19, 32, 34).

GSH is the most abundant nonprotein thiol that is important
in numerous cellular processes, including antioxidant defense,
storage of cysteine, maintenance of the redox state, and pro-
liferation (14). As the rate-limiting enzyme in GSH synthesis,
GCL activity is a major determinant of the GSH synthesis
capacity. Because of its importance, regulation of GCL has
been a topic of extensive research (reviewed in reference 14).
Many of the treatments and conditions known to affect GCL
activity exert their effect at the transcriptional level, affecting
both GCLC and GCLM in a coordinated manner (14). In
particular, critical ARE elements have been identified in both
of the human GCLC and GCLM promoters that mediate the
coordinated induction by B-naphthoflavone, pyrrolidine dithio-
carbamate, and TBH (4, 34). Nrf2 has been identified as the
key transcription factor, possibly in complexes with other Jun
or Maf proteins, that frans activates the human GCLC and
GCLM promoters via binding to ARE in response to these
treatments (4, 34). The importance of Nrf2 in GCL expression
has been further demonstrated using Nrf2 knockout mice,
which exhibit increased susceptibility to acetaminophen-in-
duced liver injury attributed to decreased GCL expression and
GSH levels (2). Nrf2 overexpression increased human GCLC
and GCLM promoter activity (10, 34) and restored GCL sub-
unit expression and GSH levels in Nrf2 knockout fibroblasts
(1). A similar role for Nrfl has also been demonstrated, as fetal
hepatocytes from Nrfl knockout mice have lower GCLC ex-
pression (3) and overexpression of Nrfl also induced the hu-
man GCLC promoter activity via ARE (10, 19). ARE elements
have also been reported in the mouse GCLC and GCLM
promoters (12).

The rat GCL subunits are regulated similarly to the human
GCL subunits (14). TBH induces the expression of both GCL
subunits in human and rat (34, 36). Interestingly, the 1.8-kb
5'-flanking region of the rat GCLC does not contain any con-
sensus ARE element, but the reporter activity driven by a
recombinant rat GCLC-luciferase construct is induced by TBH
treatment (36). This prompted us to examine whether Nrf2
and Nrfl are important in the transcriptional regulation of the
rat GCLC gene as they are in the human and mouse genes.

Using embryonal fibroblasts from Nrfl and Nrf2 knockout
mice, we first established that the endogenous GCLC and
GCLM expression is lower than in wild-type fibroblasts, as in
previous reports (2, 3). TBH exerted a time-dependent induc-
tion in the expression of both genes, but the response is mark-
edly diminished in the F1 and F2 cells, with the F2 cells more
significantly impaired than F1 cells. Comparable to the re-
sponse of the endogenous genes, basal rat GCLC promoter
activity is lower in F1 and F2 cells than WT cells, with F2 cells
exhibiting the lowest activity. TBH treatment increased the rat
GCLC promoter activity in all three cell types, but while it
doubled the GCLC promoter activity in WT cells, it increased
the GCLC activity in F1 and F2 cells only by about 30%. We
had previously shown that the rat GCLC promoter is induced
by treatment with acetaldehyde and TBH (36, 37). Consensus
NF-kB and AP-1 binding sites are present in the rat GCLC
—595/+2 promoter fragment (37). Increased nuclear binding
to both sites occurred after treatment with acetaldehyde (37),
while TBH-mediated increased GCLC promoter activity was
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FIG. 10. Effect of Nrf2/Nrfl overexpression and/or TBH treatment on rat GCLC, human c-Jun, and mouse c-Fos promoter activities and c-Jun
and NF-kB-dependent reporter activities. (A) F2 cells were transiently transfected with the rat native or mutant GCLC promoter-luciferase
construct —595/+2-LUC (GCLC-LUC) or pGL-3 enhancer vector and treated with TBH (60 wM for 8 h) plus empty vector, Nrf2 expression
vector, or TBH plus Nrf2 expression vector as described in Materials and Methods. To assess the importance of the AP-1 and NF-«B binding sites,
these sites were mutated by two bases as described in Materials and Methods. The effect of Nrf2 overexpression and TBH was examined in the
mutant constructs containing only the mutated AP-1 site (AP-1mut), only the mutated NF-«B site (NFkBmut), or both. Results represent means
+ SEM from four independent experiments performed in triplicates. Data are expressed as luciferase activity relative to that of pGL-3 enhancer
vector, which is assigned a value of 1.0. *, P < 0.05 versus native GCLC-LUC construct; ##, P < 0.05 versus native GCLC-LUC construct and
treatment with either TBH or Nrf2 expression vector; f, P < 0.05 versus native construct treated with Nrf2 expression vector and TBH (ANOVA
followed by Fisher’s test). (B) F2 cells were cotransfected with c-Jun or c-Fos promoter constructs (c-Jun-LUC or c¢-Fos-LUC), c-Jun- or
NF-kB-dependent constructs (Jun2-LUC or NFkB-LUC), and Nrf2 expression vector or empty vector control as described in Materials and
Methods. Results represent means = SEM from three to four independent experiments performed in triplicates. Data are expressed relative to
activities without Nrf2 (empty vector control). *, P < 0.05 versus without Nrf2. (C) F1 cells were transiently transfected with the rat native or
mutant GCLC promoter-luciferase construct —595/+2-LUC (GCLC-LUC) or pGL-3 enhancer vector and treated with empty vector or Nrfl
expression vector as described in Materials and Methods. Results represent means = SEM from four independent experiments performed in
triplicates. Data are expressed as luciferase activity relative to that of pGL-3 enhancer vector, which is assigned a value of 1.0. *, P < 0.05 versus
native GCLC-LUC construct; f, P < 0.05 versus native construct and native construct treated with Nrfl expression vector (ANOVA followed by
Fisher’s test).
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FIG. 11. EMSA and supershift analysis of the rat GCLC AP-1 and NF-kB sites. WT cells were treated with TBH (60 uM for 8 h) or vehicle
control and subjected to EMSA with supershift analysis for the AP-1 site at —356 or the NF-«B site at —378. Supershift analysis was performed
using antibodies directed against c-Jun, Nrfl, and Nrf2 for the AP-1 site (A) and p50, Nrfl, and Nrf2 for the NF-kB site (B). Note that supershift
occurred only with anti-c-Jun antibodies for the AP-1 site and anti-p50 antibodies for the NF-kB site. As a positive control, TBH treatment induced
Nrfl and Nrf2 binding to the ARE site of the mouse GCLM (C). Arrows in panel C point to the Nrfl and Nrf2 supershifts.

blocked by treatment with dominant negative c-Jun (36).
These findings led us to investigate whether Nrfl and Nrf2
might influence the expression and trans-activating activity of
AP-1 and NF-kB.

To our surprise, we found dramatic changes in the steady-
state protein levels of several AP-1 and NF-«kB family members
in fibroblasts lacking either Nrfl or Nrf2. Changes in the pro-
tein levels are not uniform within each family. Among AP-1
family members, c-Fos and c-Jun levels are reduced by 70 to

Comp

<«— NFkB
anti-Nrf2 Abs +
100X Con TBH Con TBH
1 1 2 1 2 1 2

2

85%, JunB protein levels are essentially unchanged, JunD lev-
els are unchanged in F1 cells but slightly reduced in F2 cells,
Fra-2 levels are slightly increased in F1 cells, and Fra-1 and
JABL1 levels are markedly induced, especially in F2 cells.
Among the NF-«kB family members, p5S0 and p65 are reduced
by 60 to 70%, RelB levels are less affected, and c-Rel levels are
actually induced. The molecular mechanism for changes in the
protein levels of c-Jun, c-Fos, Fra-1, p50, and p65 is at the
pretranslational level, as the mRNA levels of these genes are
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FIG. 12. Effect of Fra-1 or Fra-1 antisense overexpression on the endogenous GCLC expression (A) or rat GCLC promoter activity (B). (A) F2
cells were treated with Fra-1 or Fra-1 antisense expression vector for 12 h, and RNA (25 pg/lane) samples following these treatments were analyzed
by Northern blot analysis with a 3*P-labeled GCLC cDNA probe as described in Materials and Methods. B-Actin was used for housekeeping
control. (B) F2 cells were transiently transfected with the rat GCLC promoter-luciferase construct —595/4+2-LUC (GCLC-LUC) and treated with
TBH (60 uM for 8 h) plus empty vector, Nrf2 expression vector, Fra-1 expression vector, Fra-1 antisense expression vector (Fra-1 AS), or a
combination of Nrf2 and TBH, Fra-1 and TBH, or Fra-1 AS and TBH as described in Materials and Methods. Results represent means = SEM
from six independent experiments performed in triplicates. Data are expressed as luciferase activity relative to that of pGL-3 enhancer vector,
which is assigned a value of 1.0. %, P < 0.01 versus GCLC-LUC construct; f, P < 0.05 versus GCLC-LUC construct; #**, P < 0.005 versus
GCLC-LUC construct and treatment with either TBH, Nrf2, or Fra-1 AS expression vectors (ANOVA followed by Fisher’s test).

lower (or higher in the case of Fra-1) in the F1 and F2 cells
than in WT cells. To make sure our findings in the fibroblasts
are relevant in vivo, we also measured the mRNA levels of
c-Jun and p65 in the livers of Nrf2 knockout and wild-type
mice. Both c-Jun and p65 mRNA levels are significantly de-
creased in the knockout livers, supporting an important role of
Nrf2 in the expression of AP-1 and NF-kB family members.
TBH treatment resulted in a time-dependent induction of
c-Jun, c-Fos, p50, and p65, with the highest induction seen in
WT cells and the most severely blunted induction seen in F2
cells. These changes also translated to nuclear binding activity,
as TBH-mediated induction of increased AP-1 and NF-«kB
nuclear binding is significantly blunted in both F1 and F2 cells,
with the F2 cells exhibiting the lowest nuclear binding activity

of the three. However, the opposite effect was observed with
Fra-1, as TBH-mediated Fra-1 induction is most prominent in
F2 cells. Using EMSA and supershift, we found that Nrf2 does
not bind to either of these sites. ChIP assay confirmed that
TBH treatment induced binding of c-Jun, c-Fos, and Fra-1, but
not Nrf2, to the rat GCLC AP-1 site.

Transfection of F2 cells with Nrf2 expression vector in-
creased the basal expression of GCLC, p50, p65, c-Jun, and
c-Fos, decreased the basal expression of Fra-1, and restored
the ability of the cell to respond to TBH. This further demon-
strates that changes in the expression of these genes is causally
related to lack of Nrf2. Nrf2 overexpression also induced the
rat GCLC promoter activity and together with TBH exerted a
synergistic effect on the rat GCLC promoter activity. This is
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FIG. 13. Effect of TBH treatment on protein binding to the rat GCLC AP-1 site in vivo. ChIP assay was used to assess transcription factor
binding to the AP-1 site of rat GCLC in an endogenous chromatin configuration as described in Materials and Methods. Note that TBH treatment
increased c-Jun, c-Fos, and Fra-1 binding to the rat GCLC AP-1 site. Nrf2 does not bind to this site, but increased binding to the ARE site of mouse

GCLM can be seen following TBH treatment.

comparable to the synergistic induction of GCLC, p50, p65,
c-Jun, and c-Fos mRNA levels in cells treated with both Nrf2
expression vector and TBH. The mechanism(s) of Nrf2- and
TBH-mediated increase in rat GCLC promoter activity re-
quires intact AP-1 and NF-«kB binding sites, as mutation of
either site significantly blocked the induction and mutation of
both sites completely prevented the increase. Similarly, trans-
fection of F1 cells with Nrfl also increased the basal rat GCLC
promoter activity, although to a lesser extent than overexpres-
sion of Nrf2 in F2 cells. This effect is also blocked by mutation
of either the AP-1 site or the NF-«B site. The fact that muta-
tion of either the AP-1 or NF-kB site was able to exert such a
significant inhibitory effect also suggests that AP-1 and NF-«B
may cooperate to achieve a full TBH-mediated induction.
These results also show that Nrf2 and Nrfl regulate the rat
GCLC promoter activity, albeit via an indirect mechanism. The
most plausible mechanism involves the ability of Nrf2 and Nrfl

to modulate the expression of key AP-1 and NF-«kB family
members so that in their absence, reduced expression of these
proteins resulted in reduced rat GCLC promoter activity,
which is corrected when Nrf2 or Nrfl is overexpressed. This is
also consistent with our previous finding that basal rat GCLC
expression is significantly diminished by treatment with domi-
nant negative c-Jun (36). However, our present study em-
ployed mouse fibroblasts to study a rat promoter construct.
Whether Nrfl and Nrf2 also regulate AP-1 and NF-«kB family
members in a similar fashion in rat cells remains to be ex-
plored.

Since Fra-1 expression is markedly induced in F2 cells, we
also examined the role that this induction may play in the
reduced expression of GCLC. Fra-1 belongs to the Fos family
proteins, and although they are all capable of forming het-
erodimers with the Jun family members, the contribution of
individual family members to transcriptional activation may be
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different (29). Fra-1 lacks the C-terminal transactivation do-
main present in c-Fos, and it has been shown to function as a
negative regulator of AP-1 activity in certain cell types (23, 29).
We found this to be true also for GCLC in fibroblasts, as
overexpression of Fra-1 further reduced the endogenous
GCLC expression and the rat GCLC promoter activity, while
the opposite was true for treatment with Fra-1 antisense. In-
terestingly, Fra-1 antisense treatment and Nrf2 expression vec-
tor resulted in comparable levels of GCLC induction, suggest-
ing increased Fra-1 expression in the F2 cells contributes
significantly to the reduced GCLC expression and rat GCLC
promoter activity in these cells.

Cell GSH levels correlated closely with GCLC expression.
Consistent with previous reports, F1 and F2 cells have reduced
cell GSH levels and overexpression with Nrfl or Nrf2 restored
the levels (1, 19). TBH treatment increased GSH levels in all
three cells, with the effect most prominent in WT cells. Con-
sistent with the role of a negative regulator of GCLC, Fra-1
overexpression reduced while Fra-1 antisense increased cell
GSH levels.

The ability of Nrfl and Nrf2 to modulate the expression of
AP-1 and NF-kB family members has not been previously
reported. The question is how the absence of Nrfl or Nrf2
leads to reduced levels of some and increased levels of other
family members. Much more additional work will be required
to address this. One possibility is that Nrfl and Nrf2 trans
activate the promoter of c-Jun, c-Fos, p50, and p65 but act as
repressors for Fra-1, JABI, and c-Rel. Nrf2 sites are present in
the promoter region of mouse c-Jun (accession number
U60582) and c-Fos (accession number AF332140) genes, mak-
ing this possibility an attractive hypothesis. Indeed, Nrf2 over-
expression induced the promoter activity of c-Jun and c-Fos
and reporter activity driven by c-Jun and NF-kB-dependent
constructs. The exact molecular mechanism remains to be de-
fined. It should be noted that there are published reports
examining differential gene expression in Nrf2-deficient tis-
sues, and many of the Nrf2-dependent genes do not have any
potential ARE sequence (12, 25). Interestingly, AP-4 is listed
as one of the Nrf2-dependent genes (12), and one of the genes
highly induced by TBH in an Nrf2-dependent manner (9.4-
fold), proliferin, lacks an ARE and has been shown to be
induced by acetaldehyde (22). We have previously shown that
acetaldehyde induces both NF-kB and AP-1 (37). Collec-
tively, these data and our new data show that Nrf2 can
regulate gene expression in an ARE-independent manner,
possibly involving both AP-1 and NF-kB. While the present
work focused on the altered expression of c-Jun, c-Fos,
Fra-1, p50, and p65, we cannot exclude the possibility that
increased expression of JAB1 and c-Rel may also contribute
to the phenotype observed. This will also need to be ad-
dressed in the future.

In summary, we have uncovered a highly novel action of
Nrfl and Nrf2, namely, their ability to modulate the expression
of AP-1 and NF-kB family members. It is through this mech-
anism that both Nrfl and Nrf2 regulate the activity of the rat
GCLC promoter despite the absence of ARE. These findings
further illustrate the complex cross-talks among the different
families of transcription factors and suggest many of the bio-
logical functions of Nrfl and Nrf2 may be related to their
ability to modulate AP-1 and NF-«kB expression.
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