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Identification of retinoic acid as an inhibitor
of transcription factor Nrf2 through activation
of retinoic acid receptor alpha
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Isothiocyanates and phenolic antioxidants can prevent cancer
through activation of Nrf2 (NF-E2 p45-related factor 2), a transcrip-
tion factor that controls expression of cytoprotective genes
through the antioxidant response element (ARE) enhancer. Using
a human mammary MCF7-derived AREc32 reporter cell line, we
now report that all-trans retinoic acid (ATRA), and other retinoic
acid receptor alpha (RAR«) agonists, markedly reduces the ability
of Nrf2 to mediate induction of ARE-driven genes by cancer
chemopreventive agents including the metabolite of butylated
hydroxyanisole, tert-butylhydroquinone (tBHQ). The basal and
tBHQ-inducible expression of aldo-keto reductase (AKR) AKR1C1
and AKR1C2 genes, which are regulated by Nrf2, was also re-
pressed by ATRA in AREc32 cells. Antagonists of RARa augmented
induction of ARE-driven gene expression by tBHQ, as did knock-
down of RARa by using RNAi. The expression of the ARE-gene
battery was increased in the small intestine of mice fed on a
vitamin A-deficient diet, and this increase was repressed by ad-
ministration of ATRA. By contrast, in the small intestine of Nrf2 null
mice, the expression of ARE-driven genes was not affected by
vitamin A status. In MCF7 cells, ATRA did not block the nuclear
accumulation of Nrf2 but reduced the binding of Nrf2 to the ARE
enhancer as a consequence of forming a complex with RARa. These
data suggest that cross-talk between Nrf2 and RAR«a could mark-
edly influence the sensitivity of cells to electrophiles and oxidative
stressors and, as a consequence, to carcinogenesis.
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hemoprevention has great potential to reduce the incidence of

cancer. A major advance in this research area was the recog-
nition that anticarcinogenic chemicals, some of which are present
in edible plants, induce cytoprotective proteins through Nrf2,
basic-region leucine zipper (bZIP) transcription factor (1). Proteins
regulated by Nrf2 include glutathione S-transferases (GSTs), aldo-
keto reductases (AKRs), and NAD(P)H:quinone oxidoreductase 1
(NQOL1), as well as glutamate cysteine ligase (GCL, comprising
GCLC and GCLM subunits) that catalyzes the rate-limiting step in
GSH synthesis (2-6). The genes encoding these enzymes are
coordinately regulated through antioxidant response elements
(ARES) in their 5'-flanking promoter regions, to which Nrf2 binds
as a heterodimer with small Maf proteins (7). In Nrf2-deficient
mice, the basal expression of certain ARE-driven genes is
reduced and induction by chemopreventive agents largely abol-
ished. Moreover, the mutant mice are more prone to chemical
carcinogenesis (8, 9).

Nrf2 is negatively regulated by Keap1, a substrate adaptor for the
Cul3/Rbx1 E3 ubiquitin ligase (10). Under normal homeostatic
conditions Nrf2 is rapidly ubiquitylated. However, on treatment
with chemopreventive agents, Keapl is modified and Nrf2 protein
accumulates, resulting in activation of ARE-driven genes (10).

The chemopreventive agents butylated hydroxyanisole, probably
through its metabolism to fert-butylhydroquinone (tBHQ), the
dithiolethione oltipraz, and the isothiocyanate sulforaphane (Sul)
can block carcinogenesis by activating Nrf2 and inducing its target
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genes (4, 8). However, increased GSH levels, coupled with over-
expression of detoxification enzymes, are observed in preneoplastic
nodules, tumors, and drug-resistant cancer cells (11-13), suggesting
that up-regulation of the ARE-gene battery may also facilitate
tumorigenesis. Indeed, it has been shown that in 19% of non-small-
cell lung carcinomas Nrf2 is constitutively active through mutation
of Keapl (14).

Retinoids such as retinoic acid (RA) are chemopreventive and
chemotherapeutic agents (15). One source of RA is vitamin A,
derived from dietary B-carotene. RA regulates cell proliferation,
differentiation, and morphogenesis. It inhibits tumorigenesis
through suppression of cell growth and stimulation of cellular
differentiation (16). Also, RA promotes apoptosis (17, 18), and this
property may contribute to its antitumor properties.

The effects of retinoids are mediated by specific nuclear recep-
tors, namely, retinoic acid receptors (RAR-a, -B, and -y) and
retinoid X receptors (RXR-a, -B, and -y) (19). RXRs form
heterodimers with RARs or other nuclear hormone receptors and
function as transcriptional regulators. ATRA, for example, acti-
vates RAR-RXR heterodimers and exerts its biological actions by
binding to retinoic acid response elements (RAREs) (20). In
addition, retinoids can either activate or repress gene expression
through RAR/RXR heterodimers interacting with other transcrip-
tion factors, such as AP-1, estrogen receptor «, and NF-«B activ-
ities (21).

Given the potential of activators of Nrf2 and ligands of RAR in
cancer chemoprevention, we investigated whether interactions exist
between these pathways. Unexpectedly, we found RARa associates
with Nrf2 and inhibits its activity.

Results

ATRA Can Inhibit the Induction of ARE-Driven Luciferase Activity. We
generated the stable ARE-luciferase reporter cell line called
ARECc32 that responds to tBHQ and Sul (22) [supporting infor-
mation (SI) Fig. 7]. To determine whether retinoids influence
ARE-driven transcription, we treated these cells with 1 uM ATRA
for 24 h and found that this reduced basal luciferase activity
between 10% and 50%. In the presence of tBHQ, Sul, or B-
naphthoflavone (BNF), ATRA caused an almost complete repres-
sion of inducible luciferase activity (Fig. 1). To eliminate the
possibility that inhibition of reporter activity resulted from chemical
interaction between inducers and the retinoid, the effect of ATRA
on ARE induction affected by overexpression of Nrf2 was studied.
Twenty-four hours after transient transfection of AREc32 cells with
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Fig. 1. All-trans-retinoic acid suppresses the induction of ARE-driven lucif-
erase activity. AREc32 cells were incubated for 24 h with DMEM supplemented
with antibiotics containing either tBHQ (10 M), Sul (10 uM), or B-NF (10 uM).
ATRA (1 M) was added to the medium concomitantly. Luciferase activity was
assayed and the activity of cells treated with DMSO (0.1% vol/vol) was set at
1. Data show mean = SD from triplicate samples and represent the results of
three separate experiments. **, P < 0.005

pHyg-EF-hNrf2, luciferase activity was increased ~4.2-fold (P <
0.001) when compared with mock-transfected cells. Inclusion of
ATRA in the medium reduced the increase in reporter activity by
44% (P < 0.001). Thus, repression of luciferase activity by RA
involved Nrf2 and occurred independently of the chemicals used.

Time Course of all-trans-Retinoic Acid Inhibition of the ARE Response.
Inhibition of inducible ARE-driven gene expression by ATRA
extended over the entire 24-h incubation period and was apparent
6 h after addition to the medium (SI Fig. 8). These data suggest that
the retinoid acts directly on Nrf2 function, as there was no evidence
for any morphological changes in these cells at any time point during
the experiment. To establish whether short-term exposure to
ATRA is sufficient to inhibit AR E activation, and also whether the
effect is reversible, AREc32 cells were pretreated with 1 uM
ATRA for 30 min before a 6-h incubation with tBHQ. Preexposure
of AREc32 cells to ATRA, followed by transfer to medium
containing tBHQ alone, reduced induction of luciferase activity
from 4.6-fold to 1.6-fold (P < 0.001), indicating that repression of
ARE activity by ATRA was rapid and not readily reversible.

ATRA Represses Basal and Inducible Expression of AKR1C1 and
AKR1C2. To determine whether ATR A inhibits endogenous ARE-
driven gene expression, we examined AKRICI and AKRIC2.
Treatment of AREc32 cells for 24 h with 1 uM ATRA resulted in
a 20% and 40% reduction in the basal level of AKRICI and
AKRIC2 mRNA, respectively (Fig. 24). Also, ATRA blocked
tBHQ induction of both AKR1C1 and AKR1C2 by 70% at both the
mRNA and protein level (Fig. 2 4 and B). These results indicate
that RA represses constitutive and also inducible expression of
Nrf2-regulated genes.

Retinoic Acid Does Not Block Nuclear Accumulation of Nrf2 Affected
by tBHQ. We measured the level of Nrf2 protein in nuclear extracts
from AREc32 cells treated with either tBHQ alone, or tBHQ plus
ATRA, to establish how ATRA inhibits ARE-driven gene expres-
sion. Nuclear accumulation of Nrf2 by tBHQ was not inhibited by
concomitant ATRA treatment (Fig. 3) suggesting that the retinoid
does not affect the half-life of Nrf2 or its nuclear translocation. To
further exclude the possibility that RA affects Nrf2 nuclear trans-
location, AREc32 cells were preincubated with tBHQ for 2 h,
allowing nuclear accumulation of Nrf2 to occur, before the addition
of ATRA (SI Fig. 9). The delayed addition of ATR A still inhibited
induction of luciferase activity by 57% (P < 0.001) after a 6-h
period.
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Fig. 2. Inhibition of AKR1C1/2 induction by ATRA in AREc32 cells. AREc32
cells were incubated with DMEM containing either DMSO, tBHQ (10 uM),
ATRA (1 uM), or tBHQ (10 uM) plus ATRA (1 uM) for 24 h. (A) AKR1C1 and C2
mRNA analysis. AKR1C1 and AKR1C2 mRNA were measured by TagMan
analysis; the level of 185 rRNA was used as an internal standard. Control cells
were treated with DMSO only. The TagMan data show mean = SD from
triplicate samples and represent the results of two separate experiments. *,
P < 0.05; **, P < 0.005. (B) Repression of tBHQ-mediated induction of
AKR1C1/2 protein expression by ATRA. AREc32 cell extracts were prepared
and the expression of AKR1C1/2 was measured by Western blotting. The
experiment was repeated three times with similar results.

RAR Receptors Mediate Suppression of ARE-Driven Gene Expression
by ATRA. To test whether antagonism of Nrf2 by retinoids is
mediated by either RAR or RXR, we treated AREc32 cells with
RAR pan agonists (ATRA, TTNPB, 13-cis-RA), an RARa ago-
nist AM580, an RXR agonist methoprene acid (MA), and a dual
RAR/RXR agonist (9-cis-RA) (for reviews of ligand specificity, see
refs. 23 and 24). We used MA as an RXR agonist because it has
been commonly used for this purpose (25). Treatment with RAR
agonists alone (ATRA, TTNPB, 13-cis-RA, or 9-cis-RA) for 24 h
reduced basal luciferase activity ~10% (data not shown). The
RARGa-specific agonist AMS580 also suppressed basal luciferase
activity to a similar degree. In contrast, the pan RXR agonist, MA,
induced luciferase activity 2-fold (P < 0.05) (data not shown).
Retinoids ATRA, TTNPB, 13-cis-RA or 9-cis-RA and AMS580
were all potent inhibitors of tBHQ-induced ARE activity with the
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Fig.3. Nrf2 nuclear translocation was not blocked by ATRA. Nuclear extracts
were prepared from AREc32 cells treated with tBHQ (10 uM), ATRA (1 uM), or
tBHQ (10 uM) plus ATRA (1 wM) for 24 h. Nuclear protein (20 ng) was separated
on 7% SDS/PAGE and Nrf2 quantified by Western blotting. Data are repre-
sentative of three separate experiments.
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plasmid DNA was transiently transfected by using
Lipofectamine 2000. The culture medium was then
replaced after 5 h with fresh DMEM containing 10
©M tBHQ with or without 1 uM ATRA. After 24 h
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Nrf2 was immunoprecipitated from the lysate by using anti-V5 antibody. The immunoprecipitated complexes were then fractionated by SDS/PAGE and
immunoblotted with anti-RARa antibody. Data are representative of two independent experiments. (E) Endogenous RAR« associates with Nrf2 protein. AREc32
cells were incubated with DMEM containing 10 uM tBHQ with or without 1 uM ATRA for 24 h. RARa was then immunoprecipitated from the lysate by using
anti-RARa antibody. The immunoprecipitated complexes were then fractionated by SDS/PAGE and immunoblotted with anti-Nrf2 antibody. Data shown are

representative of two independent experiments.

1Csp for individual retinoids ranging between 10 and 100 nmol/liter
(Fig. 44; SI Fig. 10). The RXR agonist, MA, had only minor effects
on luciferase activity (=20% inhibition) at the highest 1 umol/liter
dose, suggesting that the effect of ATRA was mediated by RARs
rather than by RXRs. The specific RAR« agonist AMS80 strongly
inhibited ARE-driven gene induction, suggesting that RARa was
responsible for antagonizing Nrf2.

The role of RAR« in inhibition was further examined by using
RO-41-5253, a potent RAR« antagonist. Pretreatment with RO-
41-55253 for 1 h increased basal ARE activity 2-fold. Pretreatment
with the antagonist also enhanced induction of luciferase activity by
tBHQ (Fig. 4B); this was increased 26-fold by tBHQ alone and 38-
and 72-fold by the inclusion of 2 or 20 uM RO-41-55253. In
addition, the antagonist reversed inhibition of ARE-driven gene
expression by ATRA in a dose-dependent fashion (Fig. 4B).

The role of RAR« in Nrf2 inhibition was further investigated
by knockdown experiments with two separate RNAIi sequences.
Twenty-four hours after transfection of AREc32 cells with RAR«
RNAI#1 the level of receptor protein was reduced by ~50% (SI
Fig. 11 Left); transfection with RARa RNAi#2 gave a similar
reduction in receptor protein (data not shown). To investigate
whether RARy was also involved in the effect of RA on Nrf2, we
performed a similar experiment to repress expression of RARYy in
ARECc32 cells (SI Fig. 11 Right). Knockdown of RARa by RNAi#1
increased the constitutive level of AKR1C2 mRNA =~2-fold.

Wang et al.

RARa repression also augmented induction of AKR1C1 by tBHQ
from 7-fold to >20-fold (Fig. 4C Left), and for AKR1C2 from 6-fold
to >16-fold (Fig. 4C Right). The knockdown also partially abolished
the inhibitory effect of ATRA on AKR1C1 and AKR1C2 induction
(Fig. 4C). Although the level of RARY protein was markedly
reduced by RARy RNAIi treatment (SI Fig. 11 Right), this failed to
reverse the inhibitory effect of ATRA on induction of AKR1C1
and AKRIC2 by tBHQ significantly (Fig. 4C). Knockdown of
RAR<y did, however, increase the induction of AKR1C1 and
AKR1C2 by tBHQ, suggesting that this receptor may also antag-
onize Nrf2 function. Because RARB was not detected in MCF7
cells, it was not studied.

Immunoprecipitation experiments were performed to investi-
gate whether RAR« antagonizes Nrf2 function through a physical
interaction. After transfection of AREc32 cells with a plasmid
encoding V5-tagged Nrf2, a V5 antibody was used to immunopre-
cipitate Nrf2. Immunoblots of the precipitate revealed the presence
of RAR« (Fig. 4D), suggesting that Nrf2 and RARa can form a
complex in vivo. We next examined whether endogenous Nrf2 and
RARa could associate with each other. Extracts from AREc32
cells were incubated with anti-R AR, and the immunoprecipitated
proteins were analyzed by Western blotting with Nrf2 antibodies.
Endogenous Nrf2 coprecipitated with RAR« in the presence of
tBHQ (Fig. 4E), and this association increased in AREc32 cells
treated with tBHQ plus ATRA. The association between endog-
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Fig. 5. ATRA reduces binding of protein complexes to the ARE. Nuclear
extracts (10 ug) from AREc32 cells treated with 10 uM tBHQ with or without
1 uM ATRA for 24 h were analyzed by EMSA. A 200-fold excess of unlabeled
ARE was used to monitor specificity (lane 5). Arrows indicate the specific bands

of DNA-protein complexes. The experiment was carried out three times with
similar results.

enous Nrf2 and RARa was barely detectable in cells treated with
DMSO or ATRA alone, presumably because, in the absence of
redox stress, the level of Nrf2 protein was low.

ATRA Interferes with Recruitment of Nrf2 to the ARE. To determine
whether ATRA reduced Nrf2 binding to the ARE, an electro-
phoretic mobility shift assay was performed. This showed three
nuclear complexes (a, b, and ¢) could bind the enhancer specifically,
all of which increased markedly in extracts prepared from tBHQ-
treated cells (Fig. 5). When compared with intensities from tBHQ-
treated cells, the ARE-binding complexes a and b were markedly
reduced in nuclear extracts from cells treated with both tBHQ and
ATRA. To confirm that ATRA can reduce DNA binding by Nrf2,
nuclear extracts were incubated with a biotinylated ARE probe.
After incubation, the bound protein was precipitated with
streptavidin—agarose beads and immunoblotted by using anti-Nrf2
serum (SI Text). This analysis showed binding of Nrf2 to the ARE
increased in response to tBHQ, but was reduced to almost control
levels in the presence of ATRA (SI Fig. 12). Together these data
suggest that ATRA inhibits Nrf2 function by stimulating the
formation of Nrf2:R ARa-containing complexes that do not bind to
the ARE.

Repression of Basal ARE-Gene Battery Expression by RA in Mouse
Small Intestine in Vivo. To investigate whether RA inhibits the
expression of ARE-regulated genes in vivo, both Nrf27/~ and
Nif2** mice were placed on a vitamin A-deficient (VAD) diet.
Western blotting of proteins known to be regulated through Nrf2
revealed a profound increase in the levels of Gstm5, GCLC, NQO1,
and Gstal/2 in the small intestine of WT mice on a VAD diet (Fig.
6). No increase was observed in the levels of these proteins in
Nrf2~/~ mice on the VAD diet. The administration of ATRA (10
mg/kg, 2weeks i.p.) to WT mice on the VAD diet almost completely
blocked the increase in Gstm5, GCLC, NQO1, and Gstal/2 pro-
teins in the small intestine (Fig. 6, lane 5), demonstrating that
retinoids inhibit Nrf2 function in vivo. Administration of ATRA to
WT mice on a control diet did not affect the expression of Gstmb3,
GCLC, NQOJ, or Gstal/2 (data not shown).

We also analyzed the effect of the VAD diet on hepatic gene
expression in these experiments. In one experiment involving two
to three animals per group, changes similar to those observed in the
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Fig.6. Vitamin A deficiency induces ARE battery genes in the small intestine
of Nrf2*/* but not Nrf2~/~ mice. Nrf2*/* (WT) and Nrf2~/~ mice were fed on a
control (lanes 1, 3) or a VAD (lanes 2, 4, 5, 6) diet for 6 weeks; WT mice were
given ATRA i.p. daily at a dose of 10 mg/kg for the last 2 weeks (lane 5); and
corn oil (vehicle) was used as negative control (lane 6). Each lane represents a
sample from a single mouse. Data represent Western blotting results from
three separate experiments (n = 2-3).

gastrointestinal tract were observed (data not shown). But, in two
further experiments no gene induction was observed. This finding
could be due to the low abundance of RAR« in hepatocytes (26).

Discussion

We provide evidence that RA antagonizes the expression of Nrf2
target genes. Using AREc32 reporter cells, we have discovered that
ATRA, and other retinoids, inhibit both constitutive and inducible
ARE-driven gene expression ex vivo. From placing mice on a VAD
diet, we have also demonstrated that endogenous retinoids inhibit
basal ARE-driven gene expression in vivo. Siddik et al. (27)
reported that GST enzyme activity was increased in the liver and
kidney of VAD rats. We have extended this observation consider-
ably by showing that, in mice placed on a VAD diet, class Alpha and
Mu GST subunits, as well as GCLC and NQOI, are induced
substantially in the small intestine, in an Nrf2-dependent fashion.

Through serving as ligands for RARs, retinoids influence gene
expression either by promoting cell growth and differentiation or by
modifying individual transcription factor pathways (21). Our ex-
periments have revealed that retinoids antagonize Nrf2 through an
interaction with RARa. We found that agonists of RAR« inhibit
Nrf2 activity, whereas antagonists and knockdown of RARa
augment Nrf2 activity. Knockdown experiments suggest that
RARYy may also antagonize Nrf2, but it is not as potent as RAR«
in this regard. The RAR« and RARYy proteins share 75% sequence
identity and 82% homology. It will be informative to discover which
domain of RAR« is responsible for inhibiting Nrf2, because this
may help explain why RAR' is a weaker inhibitor than RAR« of
the bZIP factor. We have not explored whether the association
between Nrf2 and RARe inhibits the ability of the receptor to
activate RARE-enhancer activity, but this warrants further inves-
tigation as cross-talk can occur between RAR« and other tran-
scription factors.

The finding of an interaction between Nrf2 and RAR« suggests
that inhibition of ARE-driven gene expression by ATR A is not due
to effects on cell differentiation (19). Rather, through a direct
association with RARa, Nrf2 appears to be prevented from binding
the ARE. Other transcriptional repressors of ARE function have
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been described, such as Bach1, small Maf, and p53, all of which exert
their effects by producing an inhibitory complex bound to the ARE
(28-30). This mechanism of Nrf2 inhibition probably does not
apply to RAR« because there is no evidence that it can bind the
ARE. Indeed, by using an electrophoretic mobility shift assay
(EMSA), the marked increase in nuclear protein ARE-binding
complexes observed after treatment of cells with tBHQ was found
to be reduced substantially when cells were exposed to both tBHQ
and ATRA. We found that the association of RAR« with Nrf2 was
increased in the presence of ATRA, suggesting that RAR« may
exhibit higher affinity toward Nrf2 after ligand binding. The fact
that nuclear levels of Nrf2 were not affected by ATRA, but less
Nrf2 was bound to the ARE, suggests that retinoids could interfere
with dimerization between the bZIP factor and small Maf protein,
which is required for DNA binding by Nrf2 (7). Another possibility
is that RARa may cause subnuclear relocalization of Nrf2, because
it has been shown that RA can affect delocalization of transcrip-
tional intermediary factor 13 into regions of centromeric hetero-
chromatin (31).

Besides inhibiting AP1-mediated transcription (32), RAR can
antagonize several other transcription factors that contain a bZIP
domain, including the mammalian C/EBP and NF-IL6 factors (33,
34) and viral BZLF1 (35). Our finding that RAR« can inhibit Nrf2
demonstrates that a member of the cap-‘n’-collar subfamily of bZIP
transcription factors are regulated in this manner. The activities of
NF-E2 p45, Nrfl, and Nrf3 may also be inhibited by ATRA.

The mouse-feeding experiments involving a VAD diet show that
endogenous retinoids inhibit the normal homeostatic expression of
ARE-driven genes, such as Gstm5, GCLC, NQO1, and Gstal/2, in
the small intestine. We found that administration of ATRA to mice
on a VAD diet restored repression of ARE-driven gene expression
to the level normally observed in mice fed a control diet. However,
administration of ATRA to mice on the control diet did not further
repress expression of ARE-driven genes to levels below those
observed under normal homeostatic conditions (data not shown).
This finding could be explained by a number of factors. The
constitutive expression of a number of these genes is undoubtedly
not solely regulated by Nrf2 (see Fig. 6). Also, the level of
constitutive expression already appears repressed by dietary retin-
oids; additional retinoid exposure may not add to this effect. These
data suggest that constitutive retinoid levels will influence the
expression of ARE-regulated genes and their induction by chemo-
prevention agents.

More work is required before we can understand the interplay
between the impact of diet on retinoid biosynthesis, the metabolism
and tissue disposition of drugs administered as R AR« agonists, and
the antagonism of Nrf2. This is a most important issue because in
humans, dietary inducers, such as Oltipraz and broccoli sprouts,
have been under clinical investigation as cancer chemopreventive
agents (36). Our finding of antagonism between retinoids and the
Nrf2 implies that retinoids could influence the protection conferred
by inducers of the ARE-gene battery.

Retinoids and/or their precursors have been used in several
chemoprevention trials, including the a-Tocopherol/B-Carotene
Trial (ATBC), the B-Carotene and Retinol Efficiency Trial
(CARET), and the Physicians Health Study (37). None of these
investigations showed that such interventions conferred any benefit.
Indeed, in the ATBC study and CARET, the incidence of lung
cancer was higher in volunteers receiving B-carotene and retinol
than in those given placebo (37). Various explanations have been
advanced to explain these adverse effects. Our results suggest the
possibility that vitamin A * B-carotene could repress the ARE-
gene battery, thereby depleting endogenous antioxidant and car-
cinogen detoxication systems and blocking adaptation to redox
stress. The situation is difficult to assess when taking into account
the complexity of carcinogenesis together with the combination of
multiple mechanisms of chemoprevention (38—40). In addition, the
possible in vivo antagonism of Nrf2 function, and the reports that
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deletion of Nrf2 increases susceptibility to carcinogens (8, 9), would
have to be rationalized with the finding that Keap1, a repressor of
Nrf2 activity, has been recently reported to be mutated in non-small
cell lung cancer (NSCLC) (14). The complexity of this situation is
also reflected in the fact that the retinal reductase AKR1B10, an
Nrf2-regulated gene that would reduce retinoic acid biosynthesis, is
overexpressed in NSCLC (41).

Increased intracellular levels of GSH and overexpression of the
ARE-gene battery are associated with acquired resistance of
tumors to chemotherapeutic agents (11-13). In such cases, it is likely
that Nrf2 is constitutively activated, possibly through mutations in
Keapl or by constitutive activation of stress—response pathways.
The observation that retinoids antagonize Nrf2 activation may
provide an approach to treating drug-resistant tumors.

In conclusion, the inhibitory effect of retinoids on Nrf2 function
could play an important role in a large variety of biological
processes and should be taken into account when trying to prevent
or treat cancer.

Materials and Methods

All chemicals were of analytical grade and purchased from Sigma—
Aldrich, unless otherwise stated. D,L-Sulforaphane was obtained
from LKT Laboratories. 4-[E2-5,6,7,8-tetrahydro-5,5,8,8-
tetramethyl-2-naphthalenyl-1-propenyl] benzoic acid (TTNPB),
4-[(5, 6, 7, 8-tetrahydro-5, 5, 8, 8-tetra-methyl-2-naphthalenyl)
carboxamido]-benzoic acid (AMS580), methoprene acid (MA), and
RO-41-5253 were purchased from Biomol International. The
media supplements for cell culture were purchased from Life
Technologies.

During all experimental procedures, retinoids were handled in
subdued light. Retinoids used to treat mammalian cells were
dissolved in DMSO. Stock solutions of retinoids were stored at
—70°C in aliquots, and used only once after thawing.

Antibodies against RARa and RAR+y were purchased from
Santa Cruz Biotechnology. Antibody against the V5 epitope was
purchased from Invitrogen. Antisera against NQO1, GCLC,
GSTA1/2, GSTMS, and Nrf2 have been described (42-44), as have
antisera against AKR1C1 and AKR1C2 (45).

The pHyg-EF-hNrf2 expression vector, encoding human Nrf2
tagged at its N terminus with a green fluorescent protein (GFP),
was from Masayuki Yamamoto (University of Tsukuba, Japan).
The V5-mNrf2 expression vector (pcDNA3.1/V5mNrf2) encodes
V5-tagged mouse Nrf2 (42).

Animals. Homozygous Nrf2 KO mice were provided by Masayuki
Yamamoto (2). Two-month-old C57BL/6 Nrf2~/~ and Nif2*/* male
mice were used in this study. All animal procedures were carried out
under a United Kingdom Home Office license and with local
ethical approval.

Nrf27/= and Nrf2™/* (n = 2-3) mice were placed on a VAD
(Special Diet Service) or control diet for 6 weeks and then killed.
Nif2*/* mice were also placed on a VAD diet for 6 weeks; during
the last two weeks, they received either no treatment, ATRA i.p.
daily at 10 mg/kg, or the equivalent volume of corn oil. Mice were
killed and the small intestine excised, washed, and frozen in liquid
nitrogen.

Cell Culture and the Measurement of ARE-Driven Luciferase Activity.
The stable human mammary ARE-reporter cell line, AREc32 (22),
was maintained in Dulbecco’s MEM with glutamax (DMEM)
supplemented with 10% FBS and penicillin-streptomycin contain-
ing 0.8 mg/ml G418, at 37°C, in 95% air/5% CO,, and was passaged
every 3—4 days.

For treatment, AREc32 cells were seeded in 96-well plates at a
density of 1.2 X 10* cells per well. After 24 h, culture medium was
replaced with fresh DMEM supplemented with penicillin-
streptomycin containing known inducers of ARE-driven gene
expression or retinoids (dissolved in DMSO to give a final 0.1%
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vol/vol concentration of vehicle). Cells were left from 30 min to 24 h
to respond to chemical agents before being harvested, and lucif-
erase activity was measured in cell lysates as described in ref. 22. For
control experiments, vehicle alone was added to the medium.

Transient Transfection. Transfection of AREc32 cells with Nrf2
expression vectors was carried at 70-80% confluence by using
Lipofectamine 2000 Reagent (Life Technologies). The culture
medium was replaced 5 h after transfection with fresh DMEM
containing 10 uM tBHQ in the presence or absence of 1 uM
ATRA. For control experiments, mock transfections (no plasmid
DNA) and vehicle alone (0.1% vol/vol DMSO) was added to the
medium. Cells were left for 24 h to respond to xenobiotics before
being harvested and analyzed. In control experiments, the trans-
fection reagent alone, without DNA, was added to the cells and
treated with DMSO for 2 h.

For RAR knockdown experiments in AREc32 cells, two pre-
annealed siRNA sequences 1 (5'-GGAAUUUGUGCUGU-
GUAUUtt-3") and 2 (5'-GCUCACCACAUCUUCAUCALtt-3"),
which target different regions of RARa mRNA, were purchased
from Ambion (Applied Biosystems). A prevalidated siRNA (5'-
GGAAGCUGUGCGAAAUGACHt-"), specifically targeting hu-
man RARy, was similarly used to transfect AREc32 cells. In these
cases, the siRNA (200 pmol per well) and Lipofectamine 2000
reagent (10 ul per well) were diluted with 1 ml of Optimum (Life
Technologies) in a six-well plate and incubated at 20°C for 20 min.
Thereafter, 4 X 10° cells were diluted in 4 ml of growth medium
without antibiotics and dispensed to each well directly. After 24 h
incubation, the cells were treated for a further 24 h with 10 uM
tBHQ, 1 uM ATRA, or 10 uM tBHQ plus 1 uM ATRA in fresh
DMEM.

Real-Time Quantitative PCR (RT-PCR). Tagman RT-PCR was per-
formed as described in ref. 46. The primers were synthesized by
MWG-BIOTECH AG, and the probes by Qiagen. The level of 18S
rRNA was used as an internal standard. For AKR1C1 mRNA, the
forward primer was 5'-CTAAAAGTAAAGCTTTAGAGGC-
CAC-3'; the reverse primer was 5'-ACCTGCTCCTCATTATTG-
TATAAATGA-3'; probe was 5'-AAATTGGCAATTGAAGCT-
GGCTTCCGCCATATTGA-3'. For AKRIC2 mRNA, the
forward primer was 5'-GCTCTAGAGGCCGTCAAATTG-3';
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the reverse primer was 5'-AACCTGCTCCTCATTATTGTA-
AACA-3'; the probe was 5'-AATAGAAGCCGGGTTCCAC-
CATATTGATTCTGCA-3'.

Western Blot Analysis and Immunoprecipitation. Whole-cell and
nuclear extracts were prepared from MCF7 cells as described in ref.
22. Protein samples (5-30 ug) were separated on SDS/PAGE gels
and immunoblotting was carried out as described in ref. 22. In all
cases, actin was used as a loading control.

For immunoprecipitation, cells were lysed in IP buffer containing
50 mM Hepes pH 7.4, 1 mM EGTA, 1 mM EDTA, 1% Triton, 500
mM NaCl, 1 mM Na3;VO,, and protease inhibitors. Aliquots (200
pg of protein) of supernatant were each incubated with 1 ug of
antibody and mixed by gentle rocking at 4°C for 1 h, after which 10
wl of Protein-A Sepharose resin slurry was added to the lysate. After
mixing by gentle rocking at 4°C for 1 h, the resin was collected by
centrifugation and washed four times with the IP buffer. The
protein immune complexes were then analyzed by Western immu-
noblotting.

Electrophoretic Mobility Shift Assay. Nuclear extracts used for
EMSA were prepared as described in ref. 47. A double-stranded
DNA probe of the rat GSTA2 ARE [5'-GAGCTTGGAAATG-
GCATTGCTAATGGTGACAAAGCAACTTTG-3' (core se-
quence underlined)] end-labeled with [y-3>P]ATP was used for gel
shift analyses as described in ref. 48. The specificity of ARE binding
was determined by competition experiments, which were carried
out by adding a 200-fold molar excess of an unlabeled oligonucle-
otide to the reaction mixture before the labeled probe was added.
Samples were separated on 4% polyacrylamide gels at 100 V and
binding was analyzed by autoradiography.

Statistical Analysis
Statistical comparisons were performed by unpaired Student’s ¢
tests.
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