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The NF-E2 p45-related factor 2 (NRF2) and the aryl hydrocarbon receptor (AHR) are transcription factors
controlling pathways modulating xenobiotic metabolism. AHR has recently been shown to affect Nrf2 expres-
sion. Conversely, this study demonstrates that NRF2 regulates expression of Akr and subsequently modulates
several downstream events of the AHR signaling cascade, including (i) transcriptional control of the xenobiotic
metabolism genes Cyplal and Cyplbl and (ii) inhibition of adipogenesis in mouse embryonic fibroblasts
(MEFs). Constitutive expression of AHR was affected by Nrf2 genotype. Moreover, a pharmacological activator
of NRF2 signaling, CDDO-IM {1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole}, induced Ahr,
Cyplal, and Cyp1bl transcription in Nrf2*/* MEFs but not in Nrf2~'~ MEFs. Reporter analysis and chromatin
immunoprecipitation assay revealed that NRF2 directly binds to one antioxidant response element (ARE)
found in the —230-bp region of the promoter of Ahr. Since AHR negatively controls adipocyte differentiation,
we postulated that NRF2 would inhibit adipogenesis through the interaction with the AHR pathway. Nrf2~/~
MEFs showed markedly accelerated adipogenesis upon stimulation, while Keapl '~ MEFs (which exhibit
higher NRF2 signaling) differentiated slowly compared to their congenic wild-type MEFs. Ectopic expression
of Ahr and dominant-positive Nrf2 in Nrf2~/~ MEFs also substantially delayed differentiation. Thus, NRF2

directly modulates AHR signaling, highlighting bidirectional interactions of these pathways.

NREF2 is a cap’n’collar (CNC) basic leucine zipper (bZIP)
transcription factor and an important regulator of the tran-
scription of cytoprotective enzymes and antioxidant genes,
such as glutathione S-transferases (GSTs) and NAD(P)H
(quinone acceptor) oxidoreductase 1 (NQOI1), through
binding to antioxidant response elements (AREs) found in
their promoters (20, 28). The NRF2 pathway can be mod-
ulated in a dynamic way by multiple pharmacological agents
{NRF2 activators, including 1-[2-cyano-3,12-dioxooleana-
1,9(11)-dien-28-oyl]imidazole (CDDO-Im)} through inter-
actions with KEAP1, a cytoplasmic binding partner of NRF2
(12, 50, 51). Studies using Nrf2 and Keapl knockout mice
have provided key insights into the importance of this path-
way in protecting cells from exposure to environmental tox-
ins, inflammatory stresses, neurodegeneration, and carcino-
genesis (18). Although more resistant to toxins (32), Keap!
null mice, which have higher constitutive levels of NRF2,
showed hyperkeratosis, which implies that the pathway may
also be involved in keratinocyte differentiation (46).

Information generated from analyses of genetic networks
and large-scale two-hybrid screens has indicated that to under-
stand the complexity of a phenotype or disease, one needs to
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investigate the interplay of signals and transcription factors
that leads to the expression of downstream genes (3, 24). Al-
though much is known about the role of the NRF2 pathway
itself, little is known about its interaction with other signaling
pathways. Recent evidence suggests that cross talk may exist
between aryl hydrocarbon receptor (AHR) and NRF2 path-
ways. AHR is a ligand-activated transcription factor that be-
longs to the basic helix-loop-helix/PER-aryl hydrocarbon re-
ceptor nuclear translocator (ARNT)-SIM family. When
activated by a ligand, AHR translocates to the nucleus and
dimerizes with ARNT, another basic helix-loop-helix protein.
AHR is activated when bound with ligand, usually a planar
polyaromatic chemical. Activated AHR then binds to xenobi-
otic response elements (XREs) in the promoters of various
cytochrome P450s (CYPs) (1, 15), resulting in increased ex-
pression of these enzymes. Because several AHR ligands are
suspected carcinogens, such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and benzo[a]pyrene, the majority of studies on
AHR have focused on its role in mediating the toxicity of these
chemicals. However, studies utilizing AAr knockout mice and
cell lines revealed that AHR signaling may be involved also in
physiological processes, such as growth and differentiation, in a
manner that is independent of exogenous ligand (2, 34). More-
over, it has been reported that the AHR pathway is involved in
maintaining a balance between promoting and preventing ox-
idative stress as well as in preventing toxic redox cycles of
catechol estrogens (21, 29). AHR also regulates gene expres-
sion involved in cytoskeletal organization, bioenergetics, and
cell proliferation (9). Several studies suggest that one of the
physiological roles of the AHR is the negative regulation of
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adipocyte differentiation. Shimba et al. (41) have demon-
strated that TCDD treatment suppresses the conversion of
3T3-L1 cells into adipocytes. Using MEF cell lines derived
from Ahr knockout mice, Alexander et al. (2) reported that the
AHR is a constitutive inhibitor of triglyceride synthesis and an
early regulator of adipocyte differentiation. In addition, one of
the phenotypes of Ahr null mice is transient fatty liver (39),
implying an in vivo regulatory role of AHR in the adipogenic
process.

Studies on cross talk between AHR and NRF2 have focused
on their roles in controlling expression of xenobiotic-metabo-
lizing enzymes. For example, it has been reported that the
inducible expression of NQO1 by TCDD depends on both
AHR and NRF2 (25). Miao et al. (27) demonstrated that Nrf2
gene transcription is directly modulated by AHR activation.
The present study demonstrates that signaling in the opposite
direction also occurs, namely, that transcription of the Ahr
gene is directly affected by NRF2. Our data clearly demon-
strate that expression of Ahr, Cyplal, and Cyp1bl is partially
dependent on NRF2, implying that NRF2 modulates both
transcription of Ahr and its downstream targets. In addition,
our results indicate that the NRF2 pathway inhibits adipogen-
esis via activation of the AHR signaling cascade. Thus, the
NRF2 pathway has a broader reach than heretofore described,
i.e., indirect regulation of the expression of CYPs, inhibition of
adipogenesis, and possibly other AHR-dependent processes.

MATERIALS AND METHODS

Cell culture. Immortalized mouse embryonic fibroblasts (MEFs) were estab-
lished from the embryos of CS7BL/6J Nrf2~/~ or Nif2™/* littermates. Primary
MEFs were established from the embryos of Keapl ~'~ or Keapl™'* littermates.
The cells were cultured in Iscove’s minimal essential medium (Invitrogen) con-
taining 10% fetal bovine serum (Invitrogen) and incubated at 37°C in a humid-
ified atmosphere of 5% CO,.

Plasmids. The mouse Ahr gene regulatory region was isolated from C57BL/6J
mouse liver genomic DNA by PCR. The region was directly cloned between
KpnlI and Ncol sites in pGL3-Basic (Promega) and confirmed by sequencing
analysis. In this construct, ATG of AHR was fused to that of luciferase. Serial
promoter deletion fragments were prepared by the S1 exonuclease III nucle-
ase reaction method followed by Ncol digestion. Then, the fragments were
ligated to the site between Kpnl and Ncol sites of pGL3 basic. The mutant
ARE reporter was produced by ligating oligonucleotide containing the mu-
tated ARE (GGTACCCACTACGTCCTCCGTCCAACCGTGCTGCGAAG
AGGGTGGGGCC) to the site between Kpnl and Apal of p-967 construct.
All constructs were confirmed by sequencing. Because pRLTK (Promega)
bears an ARE in the thymidine kinase (TK) promoter region, this ARE was
deleted in order to use this vector for normalizing transfection efficiency. This
improved normalizing vector, pRLTK-AARE, was constructed by deleting
the Smal and Pvull fragment from pRLTK. Constructs used in transfection
experiments were purified with QIAGEN plasmid kits. For establishment of
stable transfectants, cDNAs for murine Ahr and Nrf2ANeh2 were inserted
into pTracer-EF/Bsd (Invitrogen). Ahr cDNA was isolated from pSportAHR
(ATCC 63125). Nrf2ANeh2 c¢DNA (17) was isolated from pcDNA3-
Nrf2ANeh2 (generously provided by Ken Itoh, Hirosaki University).

Transient transfection and measurement of luciferase activity. Cells were
transfected at 60 to 70% confluence with GenelJuice transfection reagent (No-
vagen). Briefly, cells were seeded in 24-well plates at a density of 1 X 10*
cells/well. Cells were grown overnight; the transfection complex containing 0.45
wg of plasmid DNA, 0.05 pg of the pRLTK-AARE plasmid, and transfection
reagent was added to each well, and cells were incubated for 15 h. Cells were
then incubated for another 24 h with or without drug treatment. Renilla and
firefly luciferase activities in cell lysates were measured with the Dual Luciferase
assay kit (Promega) with a luminometer (Turner Designs). For forced expression
studies, pcDNA3-Nrf2ANeh2 was cotransfected with promoter plasmids.

Isolation and purification of total RNA and RT-PCR. Cells were seeded at
60% confluence the day before treatment with vehicle or CDDO-Im. Total RNA
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was purified using the Versagene RNA purification system (Gentra Systems).
Genes were analyzed by SYBR green real-time quantitative reverse transcrip-
tion-PCR (RT-PCR). cDNA was synthesized using the iScript system (Bio-Rad).
Real-time PCR was performed on a Bio-Rad My-IQ real-time PCR instrument
using Applied Biosystems SYBR green PCR master mix in 20-pl reaction mix-
ture volumes. The PCR efficiency was determined from a standard curve and
used in the Pfaffl method for calculation of relative quantification (33). Tata-
binding protein (7bp) was used as a normalizing control. Primers are shown in
Table S1 in the supplemental material.

Chromatin immunoprecipitation (ChIP) assay. Formaldehyde cross-linking
and chromatin fragmentation were carried out as described previously (22).
Diluted chromatin solution was incubated with an anti-NRF2 antibody or non-
specific immunoglobulin G (Santa Cruz Biotechnology) for 18 h at 4°C with
rotation. After the DNA was washed and eluted, precipitated DNA was resus-
pended with 60 pl of water, and 2 pl of DNA was used for PCR amplification
with the following primers for Ahr ARE, 5'-TTTTGAGGCTGGAAAACAGG
TACT-3" and 5'-ACGTGATGACGCAGGACGTA-3'. The primer sequences
for promoters of B-actin and Gstal ARE have been described previously (22).

Design and transfection of Ahr-targeted specific siRNA. Small interfering
RNA (siRNA) duplexes were prepared by Ambion. Targeted coding regions of
the Ahr oligonucleotide sequences were as follows: iAhr (5'-AAGACTGGAG
AAAGTGGCATG-3") (13) and iAhr2 (5'-AACGAGGAGTTCTTCAGAACT-
3") (predesigned by Ambion). A National Center for Biotechnology Information
standard nucleotide-nucleotide BLAST program was used to verify that this
sequence did not match that of any other mouse gene. Quantitative RT-PCR
results confirmed that transfection with iAhr reduced mRNA levels of Ahr more
efficiently than transfection with iAhr2 did; therefore, iAhr was used for subse-
quent experiments. The negative-control siRNA (AM4611) used in this study
was a nonsilencing siRNA designed by Ambion. MEFs were seeded in a six-well
plate and transfected in the presence of 30 nM of either siRNA or negative-
control RNA in a final volume of 1 ml OPTI-MEM (Invitrogen) with Lipo-
fectamine 2000 (Invitrogen). After 24 h, cells were replenished with fresh culture
medium containing 10% fetal bovine serum (FBS). Cells were incubated for an
additional 40 h, and extracted RNA and proteins were analyzed by RT-PCR and
immunoblotting.

Protein isolation and immunoblots. MEFs were lysed in the Tris-HCI buffer
(10 mM, pH 7.5), 1% NP-40, 0.1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 150 mM sodium chloride, and 1 mM EDTA for 30 min at 4°C. The
samples were centrifuged at 10,000 X g for 10 min to pellet debris. Cell lysates
were loaded and run on a 8% sodium dodecyl sulfate-polyacrylamide gel before
being transferred electrophoretically onto a polyvinylidene difluoride membrane.
The membrane was blocked with 5% fat-free milk solution and then sequentially
incubated with primary antibody and enzyme-conjugated secondary antibody.
The results were documented on X-ray film by using an ECL detection kit
(Amersham Biosciences). Immunoblot analysis confirmed the expression of
AHR and NRF2ANeh2 in the stable clones (data not shown) using anti-AHR
antibody (Biomol) and anti-NRF2 antibody (generously provided by Ken Itoh,
Hirosaki University). Polyclonal anti-B-actin antibody and anti-lamin B antibody
were obtained from Santa Cruz Biotechnology.

Induction of differentiation. A protocol for adipocyte differentiation of MEFs
was used as described previously (2). Briefly, MEFs were plated at a 100%
confluence in a 12-well plate 24 to 48 h before stimulation of differentiation. For
the first 3 days, cells were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% FBS, 10 pg/ml insulin (Sigma), 5 pM dexa-
methasone (Sigma), 0.2 mM isobutylmethylxanthine (Sigma), and 1 uM rosigli-
tazone (Cayman Chemical) for the first 3 days. Subsequently, cells were main-
tained in DMEM supplemented with 10% FBS, 10 pg/ml insulin, and 1 pM
rosiglitazone. Oil Red O staining was done per the manufacturer’s instructions
(Chemicon).

RESULTS

AHR expression and signaling are regulated by NRF2 in
murine embryonic fibroblasts. Microarray analyses of MEFs
derived from Nrf2"™* and Nif2~/~ mice have been conducted
to compare the influence of the transcription factor genotype
on global gene expression patterns (data not shown). These
studies suggested that NRF2 may affect expression levels of
Ahr and some of its downstream target genes. To follow up on
this observation, a more direct analysis was undertaken in the
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FIG. 1. Differential expression analysis of Ahr and downstream genes in Nif2"/* and Nrf2~/~ MEFs. (A) Transcript levels were measured
following treatment with vehicle (black bars) and 25 nM CDDO-Im (gray bars) for 24 h. Ratios to Nrf2"/* vehicle-treated controls on day 0 (Ratio
to WT day 0) are shown on the y axes. Values are means plus standard errors (SEs) (error bars) (n = 4). Values that are significantly different
(P < 0.05) from that of the respective vehicle (*) or that of the wild-type vehicle (WT) (0) are indicated. (B) Transcript levels were measured
following treatment with vehicle (black bar) and 2 WM 3-MC (hatched bar) for 24 h. Ratios to the respective vehicle-treated control (Induction
Ratio) are shown. Values are means plus SEs (error bars) (n = 3). Values that are significantly different (P < 0.05) from that of the respective
vehicle (*) are indicated. (C) MEF cells were transfected with 30 nM siRNA (iAhr) or control RNA. Cells were treated with 25 nM CDDO-Im
for 24 h or vehicle. Ratios to the respective vehicle-treated control (Induction Ratio) are shown. Values are means plus SEs (error bars) (n = 4).
Values that are significantly different (P < 0.05) from that of the respective vehicle (*) are indicated. (D) Protein levels of AHR were detected

by immunoblotting. (Top blots) AHR protein levels in N7

*/* and Nrf2~/~ MEFs. (Bottom blots) AHR protein levels in control and iAhr-treated

Nrf2*/* MEFs.

present study. Both mRNA and protein levels of AHR were
higher in Nrf2"/" MEFs than in Nrif2~/~ MEFs (Fig. 1A and
D). Quantitative RT-PCR indicated that constitutive expres-
sion of AHR target gene Cyplal, but not Cyplbl, was signif-
icantly lower in Nrf2~/~ MEFs (Fig. 1A). The mRNA levels of
Ahr were elevated 2.1-fold by CDDO-Im, a potent activator of
NRF?2 signaling, in Nrf2"/" MEFs but not in Nrf2~/~ MEFs.
The mRNA levels of Arnt, which encodes a heterodimeric
binding partner of AHR, were not affected by Nrf2 genotype or
CDDO-Im (data not shown). CDDO-Im induced transcription
of AHR target genes Cyplal and CyplbI in Nrf2*'* MEFs but
not in Nrf2~/~ MEFs, implying that the NRF2 pathway influ-
ences the transcriptional function of AHR. Gstal, a well-char-
acterized NRF2-regulated gene, was induced over 75-fold in
Nrf2*/* MEFs but not at all in Nrf2~/~ MEFs.

Cells were treated with siRNA for Ahr (iAhr) to determine
whether CDDO-Im induces Cyplal transcription through the
AHR pathway. Treatment with iAhr resulted in a 70 to 80%
knockdown of AHR protein (Fig. 1D). After transfection with
iAhr, induction of Cyplal transcripts by CDDO-Im was only
25% of that observed in AHR-intact control cells (Fig. 1C). To
test whether there is any off-target effect, mRNA levels of
B-actin and hypoxanthine-guanine phosphoribosyltransferase
(Hprt) were measured using quantitative RT-PCR. Transfec-
tion of iAhr had no effect on these genes (data not shown),
confirming the specificity of the siRNA construct.

The fact that mRNA levels of Ahr are lower in Nrf2™/~
MEFs than in Nrf2"/" MEFs suggests that the response to
AHR ligands may be impaired in N7f2~/~ MEFs. To determine
whether the AHR-XRE pathway is intact in N7f2~/~ MEFs,
3-methylcholanthrene (3-MC), a prototypical ligand that di-

rectly binds to AHR, was used. In Nif2"/* MEFs, the mRNA
levels of Cyplal were increased by 200-fold by 2 uM 3-MC
(Fig. 1B). In Nrf27/~ MEFs, the drug treatment resulted in
13-fold induction of Cyplal, suggesting that enhancement of
AHR signaling by AHR agonists is suppressed in Nrf2~/~
MEFs.

Transcription of the Ahr gene is regulated by an ARE lo-
cated in its proximal promoter. To analyze the regulation of
Ahr by NRF2, the promoter region (—967 bp upstream of the
transcription start site) was isolated from mouse liver genomic
DNA by PCR amplification and ligated into the luciferase
reporter pGL3 basic vector. Three potential AREs were iden-
tified by consensus sequence: one upstream of the transcrip-
tion start site (—230 bp) and two downstream (185 bp and 396
bp) of the putative poly(A) addition signal (Fig. 2A).

The reporter construct with the promoter of the Ahr gene
(p-967) showed higher basal luciferase activity (data not
shown) and inducible luciferase activity than the construct with
both promoter and downstream enhancer sequences (p-967/
560) (Fig. 2B). These data suggest that the two AREs in the
downstream region are not involved in NRF2-AHR cross reg-
ulation. To determine the location of the cis element(s) in-
volved in this cross regulation, two truncated promoter con-
structs were made (p-242 and p-193). Wild-type MEFs were
transfected with these constructs, and luciferase activities from
transfected cells following CDDO-Im treatment or forced ex-
pression of Nrf2ANeh2 were measured. Neh2 is the negative
regulatory domain of NRF2 that is involved with the interac-
tion with KEAP1 (17, 19). The plasmid Nrf2ANeh2 expresses a
dominant-positive form of NRF2 protein that is more resistant
to proteosomal degradation than the wild-type protein is. The
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FIG. 2. Analysis of murine Ahr promoter. (A) Murine Ahr promoter constructs are shown. Three AREs in an inverted direction were identified,
one upstream of the transcription start site (labeled “+1”) and two downstream of the putative poly(A) addition signal (labeled “A”) of the Ahr
gene. Arrows indicate the orientations of these putative AREs. Boxes marked with roman numerals indicate exons of the murine Ahr promoter.
LUC, luciferase. (B) Luciferase activities derived from full-length, truncated, or mutated promoters following treatment with 25 nM CDDO-Im
are shown. Values that are significantly different (P < 0.05) from that of the respective vehicle-treated controls (*) are indicated. Values are means
plus standard errors (SEs) (error bars) (n = 4). (C) Response of wild-type and mutated Ahr promoter to ectopic expression of Nrf2ANeh2 (white
bar) and mock plasmid (black bar). Values that are significantly different (P < 0.05) from that of the mock plasmid-transfected control (*) are
indicated. Values are means plus SEs (error bars) (n = 3). (D) Binding of NRF2 to Ahr promoter in intact cells. Water (no DNA), inputs,
chromatin immunoprecipitants with immunoglobulin G (IgG), and anti-NRF2 antibody (anti-NRF2) were used for PCR amplification of each

promoter. (Top gel) ARE-containing promoter regions from the Ahr promoter were detected in NRF2 immunoprecipitants obtained from N

+/+

MEFs (+/+) but not from Nrf2~/~ MEFs (—/—). (Bottom gel) Enhanced binding of NRF2 to the Ahr promoter following CDDO-Im (T) treatment

compared to that in vehicle (V)-treated Nrf2*'* MEFs.

full-length promoter (p-967) was activated by CDDO-Im treat-
ment (2.0-fold), as well as by forced expression of Nrf2ANeh2
(1.5-fold). This magnitude of response is consistent with the
2.1-fold increase in Ahr transcripts seen following treatment of
wild-type MEFs with CDDO-Im (Fig. 1A). Responses to
CDDO-Im were higher (2.6-fold) in proximal promoter con-
structs (p-242) than in the full-length promoter (Fig. 2B).
These results suggest that a promoter containing 242 bp up-
stream of the transcription start site contains cis elements that
can be activated by the NRF2-ARE. Further, when the up-
stream region containing the consensus ARE was deleted from
the full-length promoter, the resulting construct (p-193) was
not activated by CDDO-Im treatment (Fig. 2B). These results
suggest that the —230 ARE may be necessary for the activation
of the Ahr promoter by NRF2-ARE signaling. To confirm the
results from promoter truncation, the —230 ARE was mutated
in the p-967 and p-242 constructs (p-967mt and p-242mt [Fig.
2A]). This mutation in the ARE largely abolished promoter
activation upon either CDDO-Im treatment (Fig. 2B) or
Nrf2ANeh2 cotransfection in Nif2** MEFs (Fig. 2C). These
results indicate that the ARE is required for the activation of
the promoter by NRF2. ChIP assays were performed to con-
firm that NRF2 binds to the Ahr promoter in intact cells. The
promoter region containing an ARE at —230 bp was detected
by PCR amplification with NRF2-immunoprecipitated chro-

matin from Nif2*/* MEFs (Fig. 2D, top gel). As positive and
negative controls, the ARE of the Gstal promoter (10) was
detected in NRF2-immunoprecipitated samples, whereas the
B-actin promoter was not amplified. Levels of binding of NRF2
to the Ahr promoter were higher in CDDO-Im-treated cells
than in vehicle-treated cells (Fig. 2D, bottom gel). A similar
pattern of binding was observed with the Gstal ARE. The
Gstal ARE and Ahr promoters were not amplified from
Nif2~/~ MEFs. Collectively, these data suggest that NRF2
regulates transcription of Ahr through direct binding to the
ARE in the Ahr promoter in both uninduced and induced
states.

Adipocyte differentiation was accelerated in Nrf2~'~ MEFs.
As described above in the introduction, AHR inhibits conver-
sion of 3T3-L1 preadipocytes and MEFs to mature lipid-con-
taining adipocytes. Our findings show that immortalized
Nrf2~/~ MEFs have lower levels of AHR protein and mRNA,
suggesting that NRF2 may influence adipogenesis via activa-
tion of AHR signaling. Therefore, the rate of adipogenesis of
Nif2~'~ MEFs was compared to that of Nrf2*/" MEFs.

According to Alexander et al. (2), basal differentiation me-
dium (containing insulin, dexamethasone, and isobutylmethyl-
xanthine) used for preadipocyte differentiation was not suffi-
cient to induce differentiation in immortalized MEF cell lines.
Therefore, peroxisome proliferator-activated receptor gamma
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Nrf2~/~ MEFs 5 days after stimulation of differentiation. (C) Keapl*'" and Keapl '~ MEFs 5 days after stimulation of differentiation.

(PPARY) agonist rosiglitazone was added to the basal me-
dium. Neither Nrf2"/* MEFs nor Nrf2~/~ MEFs differentiate
spontaneously to adipocytes (data not shown). However, lipid
droplets were clearly detectable in immortalized Ni
MEFs 3 days after stimulation, whereas droplets were not
visible until 5 days poststimulation in N7f2*'* MEFs (Fig. 3A).
CDDO-Im treatment substantially inhibited adipogenesis only
in Nrf2*/* MEFs (Fig. 3B), further implying a negative role of
NRF?2 in adipogenesis.

Adipocyte differentiation is a process marked by a set of
gene expression changes. CCAAT/enhancer-binding protein
alpha (CEBPa) and PPARY are transcription factors that reg-
ulate adipocyte-specific genes, such as fatty acid-binding pro-
teins (FABPs) (14, 37, 47). Transcript levels of CEBPa and
PPARY are increased during differentiation, leading to up-
regulation of their downstream genes. Therefore, expression
levels of CEBPa, PPARYy, and FABP4 serve as markers of
adipocyte differentiation. Transcript levels of Cebpa, Fabp4,
and Ppary2 were induced by stimulation with differentiation
medium in both Nrf2"/" and Nrf2~/~ MEFs (Fig. 4). Basal
transcript levels of Cebpa and Fabp4 were higher in Nif2 ™/~
MEFs than in Nrf2*’* MEFs (3.3-fold and 2.4-fold, respec-
tively), and these higher levels were sustained throughout the
differentiation process. No differences in the mRNA levels of
Ppary2 between the two genotypes were detected. An increase
in CEBPB, which regulates transcription of PPARy and
CEBPa by binding to the CEBP response elements present in
the promoter regions, is considered an early marker of adipo-
genesis (36). The basal transcript levels of this gene were lower
in Nrf2~/~ MEFs than in Nrf2*/* MEFs at day 0 and day 1, but
not at later time points. Our data suggest that during differ-
entiation, Nrf2~/~ MEFs accumulate larger amounts of the
terminal effectors, such as CEBPa and FABP4, that play im-
portant roles in both differentiation and lipid accumulation
(14).

To determine whether the transcript levels and the actions
(i.e., transactivation of downstream genes) of NRF2 and AHR
are consistent with the adipogenesis pattern observed in Fig. 3,
the mRNA levels of Ahr, Nrf2 and downstream genes were
monitored throughout the differentiation process (Fig. 4). The
mRNA levels of Nrf2 were not affected by differentiation (data
not shown), but the mRNA levels of Gstal, a marker of the
action of NRF2, were lower in Nrf2*/* MEFs throughout
differentiation, indicating that the transcriptional action of

NRF?2 is diminished during differentiation. Shimba et al. (40)
reported that AHR was undetectable following adipogenesis in
preadipocytes, and Alexander et al. (2) have shown that AHR
was downregulated following adipogenesis in MEFs. Our data
also confirmed that A7r mRNA levels decrease during differ-
entiation. A ChIP assay confirmed that NRF2 binding to the
ARE at the —230 bp of Ahr promoter was suppressed 24 h
after stimulation of differentiation (see Fig. S1 in the supple-
mental material). The basal levels of Ahr were lower in N;
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FIG. 4. Time-dependent changes of transcript levels throughout
adipogenesis in Nrf2*/* MEFs (black bars) and Nrf2~/~ MEFs (gray
bars). Ratios to Nrf2*/* MEFs on day 0 (Ratio to Nif2*/* day 0) are
shown on the y axes. Time (in hours [h] and days [d]) is shown on the
x axes. Values are means plus standard errors (error bars) (n = 3).
Values that are significantly different (P < 0.05) from that of the
respective Nrf2*/* MEFs (*) are indicated.



VoL. 27, 2007

NRF2 REGULATES AHR SIGNALING AND ADIPOGENESIS

7193

A Ahr Cypiat Cyp1b1 Gsta1 B Keap1++ Keap1-
p =008 16 . + + 100 *
g0 14 2.0
g 12 ' 0 AHR |
:a 1.0 : 12 s 1.5 50 :.
m ®
3 : 10 ‘0 : NRF2
205 4 -
) : 20 ;
k: 2 Lamin B
0.0 0 0.0 0 =
od 5d od 5d od 5d od 5d
Cebpa Fabp4 Ppary2 Cebpp
o 12 200 14 = -
5 10 150 I 12 L
L=} *
i 8 100 ’-‘-‘ 10
% (] & 3 8 & 2
s 4 7] ¢
2 4 1
g 2 : gl .2
0 0 = 0 0
od 5d od 5d od 5d 0od 5d

FIG. 5. Effects of Keapl genotype on transcript and protein levels in MEFs. (A) Transcript levels of Ahr and downstream genes and markers
at day 0 and day 5 after stimulation of adipogenesis in Keapl */* MEFs (black bars) and Keapl '~ MEFs (gray bars). Ratios to Keapl */* MEFs
on day 0 (Ratio to Keapl™'* day 0) are shown on the y axes. Time after stimulation of adipogenesis (in days [d]) is shown on the x axes. Values
are means plus standard errors (error bars) (n = 3). Values that are significantly different (P < 0.05) from that of the respective Keapl */* MEFs
(*) are indicated. (B) Protein levels of AHR and NRF2 were detected by immunoblotting.

+/+

MEFs than in N MEFs not only before stimulation (day
0) but also throughout the differentiation process. Cyplal and
Cyplbl mRNA levels were used as markers of AHR function.
In Nrf2*/* MEFs, Cyplbl mRNA levels were not affected by
the treatment, whereas in N;fZ_/ ~ MEFs, the levels started
decreasing from day 1. Cyplal levels were markedly induced in
Nrf2™/* MEFs at early time points but were relatively stable in
Nrf2~/~ MEFs. In summary, AHR expression and its down-
stream actions were decreased following adipogenesis and
lower in Nif2~/~ MEFs than in Nif2*/* MEFs. These data
support our hypothesis that NRF2 acts as a negative regulator
of adipogenesis through the regulation of Ahr transcription
and signaling.

Adipocyte differentiation was delayed in Keapl '~ MEFs.
To determine whether enhanced accumulation of NRF2 influ-
ences the rate of adipocyte differentiation, primary MEFs were
established from a Keapl-disrupted mouse and a congenic
wild-type mouse (Keapl '~ MEFs and Keapl™'* MEFs, re-
spectively). After 5 days of adipocyte differentiation, lipid
droplets were detectable both in primary Keapl ™'~ MEFs and
Keapl '~ MEFs (Fig. 3C). However, the number of differen-
tiated cells and size of the lipid droplets were substantially
larger in Keapl™'" MEFs than in Keapl '~ MEFs. These
results suggest that the enhanced NRF2 accumulation in
Keapl '~ MEFs inhibits adipogenesis (after spontaneous
immortalization, MEFs became smaller compared to pri-
mary cells; therefore, cells in Fig. 3C look bigger than cells
in Fig. 3A).

The transcript levels of differentiation markers, AhAr and its
downstream genes were detected at day 0 and day 5 after
stimulation of adipogenesis in these cells (Fig. 5A). The
mRNA levels of Cebpa, Fabp4, and Ppary2 were induced by
stimulation with differentiation medium. The basal transcript
levels of Cebpa and Fabp4 were not affected by genotype at day

0 but were higher in Keapl™" MEFs at day 5. The mRNA
levels of Ppary2 were higher in Keapl '~ MEFs at day 0 but
lower at day 5 compared to Keapl*’* MEFs. The mRNA
levels of Cebpp were lower in Keapl™™ MEFs than in
Keapl '~ MEFs, both at day 0 and day 5. These results suggest
that increased NRF2 accumulation affects steps between in-
ductions of Cebp3 and Cebpa. These data are consistent with
the pattern observed in Fig. 4. However, unlike the situation in
immortalized Nrf2"* and Nrf2~/~ MEFs, Ppary2 may also
play a role in primary MEFs.

Both transcript and protein levels of Ahr were increased by
disruption of Keap! at day 0 (Fig. SA and B), and transcript
levels of Ahr were 3.1-fold higher in Keapl '~ MEFs than in
Keapl™*'* MEFs at day 5, suggesting that NRF2 regulates Ahr
expression both before and during differentiation. The mRNA
levels of Cyplal and CyplbI were not affected by adipogenesis
but were higher in Keapl ™ MEFs at day 0 and day 5. These
data suggest that NRF2 may affect not only A/Ar transcription
but also its function. Gstal mRNA levels were decreased in
Keapl '~ MEFs following adipogenesis but slightly increased
in Keapl '+ MEFs. Overall, an inverse association between
NRF2 accumulation and adipogenesis was observed, further
confirming the inhibitory role of NRF2 in this process.

Stable expression of 4hr and Nrf2ANeh2 rescued Nrf2~'~
MEFs from adipocyte differentiation. To determine whether
ectopic expression of Ahr and Nrf2 can “rescue” Nrf2~'~ MEFs
from differentiation, Nrf2~/~ MEFs were transfected with
mock vector or with plasmids expressing mouse Ahr and
Nrf2ANeh2, and stable cell lines were established from these
cells. At poststimulation day 3, mock transfectants showed
accelerated lipid accumulation and morphological changes
compared to cells expressing Ahr and Nrf2ANeh2 (Fig. 6A).
The mRNA levels of Fabp4 were substantially lower in Ahr-
and Nrf2ANeh2-expressing cells than in control cells at day 3
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FIG. 6. Effects of ectopic expression of Ahr and Nrf2ANeh2 on adipogenesis of N7f2~/~ MEFs. (A) Representative photographs of the cells
stained with Oil Red O and magnified 400-fold (3 days after stimulation of differentiation). (B) Transcript levels of Hprt, Ahr, and Fabp4 at day
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Ratios to mock transfectants at day 0 (Ratio to Mock day 0) are shown on the y axes. Time (in days [d]) is shown on the x axes. Values are means
plus standard errors (error bars) (n = 3). Values that are significantly different (P = 0.05) from that of the respective mock transfectant (*) are

indicated.

(Fig. 6B). The fact that mRNA levels of Hprt were not affected
by stable transfection and differentiation shows that stable
transfection does not influence nonspecific targets. mRNA lev-
els of Ahr were elevated in Ahr- and NrfANeh2-expressing cells
than in mock-transfected cells. However, the levels were sig-
nificantly decreased in differentiated cells, suggesting that
there are additional mechanisms that control Ahr gene tran-
scription beside NRF2. The fact that the Nrf2ANeh2-express-
ing cells are more resistant to differentiation stimuli compared
to mock-transfected cells excludes the possibilities that
Nrf2~/~ MEFs have differences other than Nrf2 genotype that
influence the phenotype. The finding that forced expression of
Ahr rescued Nif2~/~ MEFs from adipogenesis provides direct
support for our hypothesis that NRF2 inhibits adipogenesis
through AHR signaling.

DISCUSSION

Studying interactive networks between signaling pathways is
indispensable for understanding the complexity of a pheno-
type. For example, several transcription factors have been im-
plicated in the inflammatory process associated with asthma,
including the glucocorticoid receptor, NF-kB, activator protein
1, nuclear factor of activated T-cells, cyclic AMP response
element-binding protein, CEBP, PPAR, and NRF2 (38). In-
formation on cross talk between signaling pathways may also
provide insight into understanding the previously unrealized
functions of a pathway and point to additional targets for
interactions (11).

Nrf2 gene transcription is directly modulated by AHR acti-
vation of XRE-like elements in the Nrf2 promoter (27). NRF2
is also known to autoregulate its own expression through an
ARE-like element in the proximal region of its promoter (22).

However, this study is the first to show that NRF2 can affect
Ahr transcription and downstream AHR signaling (Fig. 7).
This bidirectional regulation of AHR and NRF2 pathways
provides clues on the roles of NRF2 in complex diseases and in
uncharacterized phenotypes.

The cross talk between NRF2 and AHR may help to explain
the chemopreventive action of NRF2 activators. While studies
on the AHR-CYP1A1 pathway often focus on production of
toxic intermediates, the induction of both CYPIAI and
CYPIBI resulted in an enhanced clearance of the procarcino-
gen benzo[a]pyrene (7). As suggested by Kohle and Bock (21),
tightened coupling between the NRF2 and AHR pathways may
result in attenuation of health risks caused by xenobiotics. The
mode of action of bifunctional inducers, agents that enhance
expression and activity of CYPs and cytoprotective enzymes
(26), can be explained partially by our findings that NRF2
upregulates not only the expression of cytoprotective enzymes

4—NF|F2 activators (CDDO-Im)
1 Cytoplasm
l' Nucleus

Ahr Cyp1al, Cypib1
\ Cytochrome P450s
A XRE
ARE Inhibition of
Gst, Ngo1 Adipogenesis
Cytoprotective
enzymes

FIG. 7. Schematic representation of regulation of the AHR-XRE
pathway by NRF2. The figure illustrates that interaction of NRF2 with
ARE in the promoter of Ahr induces transcription of Ahr and triggers
downstream events, the subsequent upregulation of cytochrome P450s
and inhibition of adipogenesis. SMAF, small MAF proteins.
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but also the expression of CYPs via AHR signaling. It is pos-
sible that drugs classified as bifunctional inducers increase
expression of CYPs through NRF2-AHR-XRE interactions
(Fig. 7).

Studies among various inbred strains of mice and F, hybrids
have shown that inducibility of AHR-regulated enzymes is a
function of the number of AHR molecules per cell (8). How-
ever, our studies do not indicate complete concordance be-
tween NRF2 levels, AHR levels, and AHR-regulated gene
expression. Clearly, transcriptional upregulation of AAr is one
of the mechanisms by which NRF2 modulates AHR signaling.
However, the 41% reduction of Ahr transcript levels in Nrif2 ™/~
MEFs compared to Nrf2*’* MEFs may not be substantial
enough to explain the complete abolishment of Cyplal and
CypIbl induction by CDDO-Im in Nrf2~/~ MEFs (Fig. 1A).
Moreover, the transcript levels of Ahr were 1.3-fold higher in
Keapl '~ MEFs than in Keapl*’* MEFs, while Cyplal and
Cyplbl mRNA levels were 7.9-fold and 2.0-fold higher in
Keapl '~ MEFs, respectively (Fig. 5A). Imnmunoblots compar-
ing Keapl '~ and Nrf2~'~ MEFs to wild-type MEFs (Fig. 1D
and 5B) imply that Keap! and Nrf2 genotypes may also affect
AHR expression in a posttranscriptional manner. Thus, it is
possible that a minimal change in the level of Ahr mRNA is
amplified during or after its translation.

Although the mRNA levels of Cyplal and Cyplbl were
analyzed as markers of transactivation by AHR and Gstal as a
marker of transactivation by NRF2, careful interpretation of
the data is required. Isobutylmethylxanthine, which induces
accumulation of cyclic AMP by inhibiting adenosine 3’,5'-cy-
clic monophosphate phosphodiesterase, was included in the
differentiation medium. It is known that cyclic AMP activates
AHR and induces its nuclear translocation (31). Dexamatha-
sone, another component of the differentiation medium, po-
tentiates induction of Cyplal transcription by TCDD (23). Our
data suggest that the differentiation medium induced transcrip-
tion of Cyplal in Nrf2"'" MEFs (Fig. 4). These data confirm
that the activation of AHR-Cyplal signaling is dependent on
Nrf2 genotype because Cyplal transcription was not induced
in Nrf2~/~ MEFs. Transcript levels of CypIbl also did not
correlate perfectly with the mRNA levels of AAr (Fig. 4 and 5).
This can be explained perhaps by the fact that Cyp/bl mRNA
levels are regulated in an AHR-independent manner during
adipogenesis (6). Our data show that Gstal mRNA levels were
decreased in Nrf2*’* MEFs and Keapl '~ MEFs throughout
adipogenesis, suggesting that the action of NRF2 decreased
during differentiation. However, it is possible that Gstal tran-
scripts also reflect diminished expression of AHR because it is
well-known that GSTs are also induced by AHR agonists, such
as TCDD (21, 48).

Data shown in Fig. S1 in the supplemental material suggest
that NRF2 binding to the promoter of Ahr was decreased
during adipocyte differentiation. However, RT-PCR data con-
firmed that Ahr transcription was suppressed from 6 h after
stimulation of differentiation (Fig. 4), while the change in
NRF2 binding to ARE was detectable only after 24 h. Further-
more, Ahr mRNA levels were affected in Nrf2~/~ MEFs and
Nrf2™/* MEFs. These results suggest that NRF2 is not the only
factor that controls Ahr gene transcription during adipocyte
differentiation. Indeed, our results are consistent with the re-
port of Shimba et al. (40) demonstrating that the sequence of
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the Ahr promoter region responsible for differentiation-depen-
dent suppression of Ahr transcription does not contain an
ARE. Our findings also suggest that the level of expression of
Ahr before stimulation of differentiation might be more impor-
tant for determination of cell fate than transcriptional regula-
tion during adipogenesis, since suppression of Ahr transcrip-
tion was observed in Nrf2 '~ MEFs and Nif2*'* MEFs (Fig. 4)
and in mock-transfected cells and Nrf2ANeh2-transfected cells
(Fig. 6).

In addition to regulation of expression of CYPs, AHR plays
a role in a number of processes, such as development, apop-
tosis, growth, and adipogenesis (34, 49, 52). Among these
AHR-dependent phenotypes, our work evaluated the role of
NRF2 on regulation of adipogenesis because of the central
role of adipogenesis in multiple diseases, such as obesity (a
major risk factor for diabetes, cancer, and cardiovascular dis-
eases) and lipodystrophy (5, 16, 35). Various in vitro models
for adipogenesis, such as embryonic stem cells, preadipocytes,
and MEFs, are available (4). Among these models, adipogen-
esis using MEFs is particularly useful to study the effects of
gene knockouts. The fact that disruption of Nrf2 accelerated
differentiation to adipocytes, while disruption of Keap! delayed
the process (Fig. 3A and C) implies a negative role of NRF2 in
adipogenesis. Pharmacological targeting of the NRF2 pathway
with CDDO-Im, which inhibited differentiation (Fig. 3B), con-
firmed that NRF2 modulates components of adipocyte differ-
entiation.

To evaluate how NRF2 regulates adipogenesis, differentia-
tion markers involved at multiple stages of adipogenesis were
analyzed. CEBPs and PPARs are the two families of transcrip-
tion factors that play critical roles in adipogenesis (47). CEBPB
and CEBP5 function at an early phase of the differentiation
process by sensing adipogenic stimuli and initiating expression
of CEBPa and PPARY (37, 47). CEBPa and PPARY play roles
at a later stage by inducing and maintaining expression of
adipocyte-specific genes, such as Fabp4 (14). The elevation of
CEBPB upon adipogenic stimulation is transient, while
CEBPa and PPARY remain upregulated for the duration of
adipogenesis (43).

Although the mechanism by which AHR regulates adipo-
genesis has not been fully characterized, recent work suggests
that AHR affects differentiation stages that follow CEBPR
activation, i.e., CEBPa or PPARYy upregulation. In 3T3-L1
preadipocytes, forced expression of AHR resulted in lower
induction of Fabp4 and Cebpa upon differentiation than in
control cells, while the induction of Ppary was not affected
(41). Ppary expression could be induced by differentiation in
Ahr~'~ MEFs, but levels were lower than in Ahr*’* MEFs (2).
In addition, Vogel and Matsumura (45) demonstrated that
although TCDD suppressed adipogenesis of MEFs, it induced
expression of Cebp rather than inhibiting it.

In the present study, mRNA levels of Cebpa and Fabp4 were
higher in Nrf2~/~ MEFs than in Nrf2*’* MEFs both before
and after differentiation, while induction of Ppary2 was not
affected by Nrf2 genotype (Fig. 4). mRNA levels of Cebp were
lower in Nrf2~/~ MEFs than in Nrf2*/* MEFs. In primary
Keapl '~ MEFs (Fig. 5A), disruption of KeapI (which leads to
accumulation of NRF2 in the nucleus) resulted in minimal
induction of Cebpa, Fabp4, and Ppary2 upon differentiation.
Cebpp mRNA levels remained higher in Keapl '~ MEFs than
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in Keapl™* MEFs, both before and after induction of adipo-
genesis. These data suggest that NRF2 negatively modulates
expression of Cebpa and Ppary2 but not Cebpf during the
course of adipogenesis. The stages of differentiation that are
affected by NRF2 directly overlap with those affected by AHR,
thereby supporting the hypothesis that NRF2 inhibits adipo-
genesis through cross talk with AHR signaling.

Although how AHR controls expression of XRE genes has
been extensively studied, the molecular events that regulate
Ahr expression itself have been less well investigated (40). Our
findings represent a new perspective for control of Ahr expres-
sion by demonstrating that NRF2 directly binds to a functional
ARE found in the proximal promoter of Axr (Fig. 2). Our data
also suggest that NRF2 affects AHR function (i.e., transcrip-
tion of Cyplal and Cyplbl and adipogenesis) in an exogenous
ligand-independent manner. Tijet et al. (44) identified a num-
ber of genes for which expression is AHR dependent but
TCDD independent, suggesting that the constitutive level of
AHR may affect gene expression. Candidates for endogenous
AHR ligand, such as indigo (42), may also play a role in the
interaction with the NRF2 pathway.

In summary, the observation that NRF2 controls AHR sig-
naling expands the function of NRF2 to include influencing the
metabolism of xenobiotics and carcinogens via CYPs as well as
controlling adipogenesis. Recent studies of Ahr Nrf2 double
knockout mice in comparisons with wild-type and single tran-
scription factor knockout mice offer additional evidence for
interactions between these pathways (30). Although not ad-
dressed experimentally in this report, our findings also imply
that the modifying influence of the NRF2 pathway can be
expanded to other AHR-dependent processes, such as pro-
grammed cell death and development. Moreover, our findings
may allow a broader clinical application of NRF2 activators,
such as in prevention and treatment of obesity.
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