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Aryl hydrocarbon receptor activation by cAMP
vs. dioxin: Divergent signaling pathways
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Even before the first vertebrates appeared on our planet, the aryl
hydrocarbon receptor (AHR) gene was present to carry out one or
more critical life functions. The vertebrate AHR then evolved to
take on functions of detecting and responding to certain classes of
environmental toxicants. These environmental pollutants include
polycyclic aromatic hydrocarbons (e.g., benzo[a]pyrene), polyha-
logenated hydrocarbons, dibenzofurans, and the most potent
small-molecular-weight toxicant known, 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin (TCDD or dioxin). After binding of these ligands,
the activated AHR translocates rapidly from the cytosol to the
nucleus, where it forms a heterodimer with aryl hydrocarbon
nuclear translocator, causing cellular responses that lead to toxic-
ity, carcinogenesis, and teratogenesis. The nuclear form of the
activated AHR/aryl hydrocarbon nuclear translocator complex is
responsible for alterations in immune, endocrine, reproductive,
developmental, cardiovascular, and central nervous system func-
tions whose mechanisms remain poorly understood. Here, we
show that the second messenger, cAMP (an endogenous mediator
of hormones, neurotransmitters, and prostaglandins), activates
the AHR, moving the receptor to the nucleus in some ways that are
similar to and in other ways fundamentally different from AHR
activation by dioxin. We suggest that this cAMP-mediated activa-
tion may reflect the true endogenous function of AHR; disruption
of the cAMP-mediated activation by dioxin, binding chronically to
the AHR for days, weeks, or months, might be pivotal in the
mechanism of dioxin toxicity. Understanding this endogenous
activation of the AHR by cAMP may help in developing methods to
counteract the toxicity caused by numerous environmental and
food-borne toxic chemicals that act via the AHR.

protein kinase A | nuclear translocation | dioxin toxicity | cCAMP
signaling | aryl hydrocarbon receptor physiology

he aryl hydrocarbon receptor (AHR) is an ancient protein

that evolved >550 million years ago and is conserved in
vertebrates and invertebrates, indicating its important function
through evolution (1). AHR is a member of the basic helix—
loop-helix (b HLH)/Per-ARNT-Sim (PAS) homology domain
family of transcriptional regulators involved in homeostatic
response to hypoxia, circadian rhythm, and cellular differentia-
tion (2-4). The gene product of the Drosophila spineless (ss)
gene, the closest known relative to the mammalian AHR gene,
controls development of the antennae, bristles, and tarsal re-
gions of the legs (5). Unlike the invertebrate family members,
AHR conditionally binds exogenous ligands, including carcino-
genic and/or teratogenic aromatic and halogenated hydrocar-
bons found in air pollution, cigarette smoke, or foods (e.g.,
dioxin or benzo[a]pyrene) (6). Ligand-free AHR is predomi-
nantly cytoplasmic or nucleocytoplasmic, depending on the cell
type (7-9). Exposure to dioxin leads to abundant nuclear
translocation of AHR, heterodimerization with ARNT (AHR-
nuclear translocator), and activation of many genes, including
several that encode xenobiotic/carcinogen metabolizing en-
zymes such as cytochrome P450 (CYP) 1A1, CYP1A2, and
CYP1BI1 (10, 11). Participation of AHR in liver development,
nephrogenesis, function of the immune system, cell proliferation,
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and differentiation as well as retinoic acid metabolism (12-16)
suggests that the AHR may be translocated to the nucleus to
regulate those processes also in the absence of exogenous
ligands. In fact, in the developing mouse embryo, nuclear
localization of AHR and activation of an AHR target gene
(CYP1A1) during defined stages of embryonic development has
been reported (17, 18). However, it is an open question what
signal renders AHR nuclear in absence of exogenous ligands.

We investigated whether such a signal could be given by
cAMP, a universal intracellular second messenger and mediator
of many hormones, neurotransmitters, and prostaglandins ac-
tion, executing their cellular responses by activating protein
kinase A (PKA).

Materials and Methods

Cell Culture. The mouse hepatoma cell line, Hepalclc7 (Hepal)
cells, a kind gift from Oliver Hankinson (University of Califor-
nia, Los Angeles), was propagated in a-MEM (Invitrogen) and
supplemented in all experiments with 10% FCS (Greiner,
Nurtingen, Germany). Cells were maintained as monolayers in
an atmosphere of 5% CO, and 95% air under saturating
humidity at 37°C.

Expression Vectors. Plasmids pcDNAI/B6AhR-GFP (GFP-
tagged murine AhR), p1646P1Luc3 [encoding murine Cyplal 5’
regulatory sequences from —1646 to +57, including six dioxin
responsive element (DRE) (also called XRE, AHRE) motifs
and NRE], and pAhRDtkLuc3 (driven by Cyplal AhRD en-
hancer from —1100 to —896, containing three DRE motifs)
cloned (19) into the pGL3-basic vector were a kind gift from
Alvaro Puga (University of Cincinnati, Cincinnati). The pCMX-
ARNT was created by the recloning of full-length cDNA of
ARNT from pcDNAI/Neo/mARNT, a kind gift from Oliver
Hankinson.

Immunofluorescence Microscopy. In 2 ml of «-MEM, 10° Hepal
cells were seeded onto coverslips in six-well dishes and allowed
to grow for 20 h at 37°C and 5% CO,. Cells were transfected
either with 1 ug of pEGFP (EGFP protein) (Clontech) or
pcDNAI/B6-AhR-GFP alone or with pPCMX-ARNT. Transfec-
tions were performed in accordance with the manufacturer’s
protocol (Roche). At 48 h posttransfection, cells were incubated
for 1 h with either 2 mM db-cAMP or with 2 nM 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD or dioxin) (Campro-
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Fig.1. Intracellularelevation of cAMP renders a GFP-tagged and native AHR nuclear. (A-C) Hepa1 cells transfected with GFP-AHR, stimulated with the indicated
modulators, immunostained for AHR, and examined for GFP-positive nuclear staining. (D-J) Untransfected Hepa1 cells stimulated as indicated before fixation,
stained with the anti-AHR antibodies and examined for AHR nuclear localization. Cells were visualized by immunofluorescence microscopy.

Scientific, Emmerich, Germany) or with a-MEM. The visual-
ization of cellular localization of the GFP-tagged AHR was
performed with fluorescence microscopy.

For indirect immunofluorescence, 10° Hepal cells were
seeded onto coverslips in six-well dishes in a-MEM, and after
18 h, the cells were stimulated with 2 mM db-cAMP (Sigma) for
30, 60, 90, and 120 min, or for 60 min with either 10 uM forskolin
(Sigma) or 10 nM TCDD. Cells were fixed and permeabilized
with acetone for 2 min at —20°C and incubated with anti-AHR
(M-20) (Santa Cruz Biotechnology) as first antibodies for 2 h and
carbocyanine-conjugated (Cy3) goat anti-mouse IgG (Jackson
ImmunoResearch) as the second antibodies for 1 h at room
temperature. The AHR cellular localization was evaluated by
red immunofluorescence.

Nuclear Extract Preparation and EMSA. For nuclear extract prepa-
ration, cells were exposed either to 2nM TCDD for 1 h or 2 mM
db-cAMP or 10 uM forskolin for 1 h and 15 min. To investigate
possible interference of cCAMP or forskolin with TCDD, cells
were preexposed for 15 min with 2 mM db-cAMP or 10 uM
forskolin, and then exposure was continued for 1 h in the
presence of 2 nM TCDD. To show involvement of PKA in
forskolin action, cells were preincubated for 10 min with the
PKA inhibitor H89 [N-(2-(p-bromocinnamylamino)ethyl)-5-
isoquinolinesulfonamide dihydrochloride], and the incubation
was continued in presence of 10 uM forskolin for 1 h. Nuclear
extracts were prepared as described in ref. 20. A synthetic
oligonucleotide of the CyplA1 enhancer 5'-GATCCGGAGTT-
GCGTGAGAAGAGCCA-3' (consensus motif is boldfaced for
AHR/ARNT) or mutated DRE (mDRE) 5'-GATCCGGAGT-
TGCGCGAGAAGAGCCA-3' (mutated base is underlined) was
radioactively labeled with 32P at the 5’ ends (21). EMSA was
performed as described in ref. 22. Antibodies for AHR (C-20)X
or ARNT (C-20)X or C/EBP (14AA)X or preimmune serum
(Santa Cruz Biotechnology) were added at the same time as the
nuclear extract and allowed to react for 15 min at room tem-
perature before incubation with the radiolabeled probe (300,000
cpm/ul) DRE or mDRE. Samples were analyzed on a 4%
nondenaturating gel for 4 h at 4°C, and labeled protein—-DNA
complexes were visualized by using a Storm 840 PhosphorImager
(Molecular Dynamics).

Immunoprecipitation and Immunoblotting Analysis. Subconfluent
cultures of Hepal cells were stimulated with 2nM TCDD for 1 h,
with 2 mM db-cAMP for either 15 min or 1 h and 15 min or with
a combination of both for 1 h, or cells were exposed for 15 min
to 2 mM db-cAMP before a 1-h stimulation with 2 nM TCDD.
Immunoprecipitation was performed in accordance with the
manufacturer’s protocol (Santa Cruz Biotechnology) on nuclear
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extracts by using the anti-AHR antibodies (N19, Santa Cruz
Biotechnology), followed by binding to agarose-plus beads.
Bound proteins were fractionated by SDS/PAGE and trans-
ferred to a poly(vinylidene difluoride) membrane (Millipore).
Filters were probed with the anti-ARNT antibody (H-172, Santa
Cruz Biotechnology) for 4 h at 6°C, followed by an alkaline
phosphatase-conjugated secondary antibody (Calbiochem) for
1 h at room temperature.

Reporter Assay. Transfection of 4 X 10* Hepal cells/well was
performed in accordance with the manufacturer’s protocol
(Roche) with 0.2 ug of pl646plLluc3 or pAhRDtkLuc3 or
pGL3-basic (firefly luciferase), 0.01 ug of Renilla gene, and
pRL-SV40 (Renilla luciferase), and the cells were incubated at
37°C and 5% CO,. At 24 h posttransfection, the cells were
stimulated for 4.5 h with either 10 nM TCDD or 2 mM

Table 1. A comparison of AHR cellular distribution in the
presence of TCDD (dioxin) db-cAMP, and forskolin: Indirect
immunostaining of Hepal cells with anti-aryl hydrocarbon
receptor antibody

Nuclear distribution pattern of AHR

Stimulation None Weakly Strongly Exclusively
No stimulation 141/200 59/200 0/200 0/200
TCDD (60 min) 4/200 26/200 51/200 119/200
Db-cAMP
30 min 7/200 59/200 134/200 0/200
60 min 19/200  126/200 55/200 0/200
90 min 30/200  138/200 32/200 0/200
120 min 36/200 140/200 24/200 0/200
Forskolin (60 min) 23/200 64/200  113/200 0/200

Db-cAMP/forskolin altered the subcellular distribution pattern of AHR
qualitatively similarly to, but quantitatively less overwhelming than TCDD.
Nonstimulated or stimulated Hepal cells were stained with AHR antibodies
and fluorescein secondary antibodies and photographed under a fluorescence
microscope. Two hundred cells from at least 12 independent fields were
counted, and the AHR subcellular distribution pattern was classified as shown
in Table 1. The majority of nonstimulated cells showed very bright cytoplasmic
staining, and ~30% of the cells displayed a weak nuclear fluorescence. When
the cells were stimulated with 2 nM TCDD, 25% cells showed strong nuclear
staining, and 60% of cells showed exclusive nuclear staining. Interestingly,
stimulation of cells for 30 min with 2mM db-cAMP resulted in strong nuclear
localization of AHR (67 % of cells). Even though stimulation with db-cAMP was
extended to 120 min, the AHR was never localized entirely to the nucleus.
Quite to the contrary, a prolonged exposure to db-cAMP resulted in marked
relocation to the cytoplasm with some residual staining in the nucleus. In
response to forskolin (a potent activator of adenylate cyclase, leading to a
rapid increase of cAMP), the AHR also was targeted to the nucleus.
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db-cAMP or 10 uM forskolin or stimulation was performed
with 2mM db-cAMP or 0 uM forskolin for 15 min before a
4.5-h exposure to TCDD. The luminescence was measured
16-24 h after transfection in accordance with the manufac-
turer’s instructions (Promega). The relative light units were
normalized to expression of the Renilla luciferase.

Results and Discussion

A fusion of AHR and GFP was expressed in Hepal cells, which
were then stimulated with TCDD or N°-O?-dibutyryl-cAMP
(db-cAMP), a membrane-permeating derivative of cAMP. In
the nonstimulated cells, the GFP-tagged AHR was diffusibly
distributed in the cytoplasm in the great majority of transfected
cells, and in some cells, a weak nuclear staining also was
observed (Fig. 14). As expected, TCDD shifted GFP-tagged
AHR to the nucleus (Fig. 1B). Interestingly, db-cAMP caused
the AHR-GFP fusion protein to translocate to the nucleus (Fig.
1C). Higher expression of the AHR dimerization partner ARNT
had no obvious effect on the localization pattern of AHR-GFP
(data not shown). Taking the advantage that Hepal cells con-
stitutively express AHR, we have used indirect immunofluores-
cence as a second method to verify the cAMP-dependent
relocation of native AHR. We observed a bright, cytoplasmic,
and, in some cells, weak nuclear staining in nonstimulated Hepal
cells (Fig. 1D and Table 1). As expected, TCDD resulted
primarily in either abundant nuclear accumulation of fluores-
cence (Fig. 1E and Table 1), which in many cases showed a

A — S0xexcess B
(cs) -GCGTG- -GCGCG-
2PDRE DRE mDRE

2pPDRE

diffuse distribution throughout the cytoplasm and the nucleus, so
that the border between these compartments was difficult to
distinguish (data not shown).

Stimulation for 30 min with db-cAMP resulted in a pro-
nounced shift of native AHR protein from the cytoplasm to the
nucleus (compare Fig. 1 F and D; Table 1). A similar distri-
bution was seen after 60-, 90-, and 120-min stimulations with
db-cAMP, but already a fading of the nuclear fluorescence
during these later time points was observed (Fig. 1 G-I and
Table 1). In addition, forskolin, a potent activator of adenylate
cyclase, known to rapidly increase cAMP level, effectively
targeted native AHR to the nucleus (compare Fig. 1 D and J;
Table 1). Of note, as seen from Fig. 1 F-J, the db-cAMP- and
the forskolin-dependent AHR nuclear shift resulted in a less
overwhelming nuclear fluorescence than that of the persis-
tently activating TCDD (Fig. 1E). Moreover, the nucleocyto-
plasmic border after db-cAMP/forskolin stimulation, in con-
trast with stimulation with TCDD, always was preserved. It has
been reported that dioxin-free AHR (recombinant or native)
is present in the nucleus after treatment with geldanamycin (a
disruptor of the AHR/HSP90 association), MG132 (an inhib-
itor of 26S proteasome), or leptomycin (an inhibitor of AHR
nuclear export). It is still controversial whether such nuclear
form of AHR activates or does not activate AHR/ARNT-
dependent transcription of, e.g., CYPIAI/CYPIA2 (19,
23-26).

Using DNA-binding analysis, we found that nuclear proteins
from either db-cAMP- or forskolin-stimulated cells bound avidly

D
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Fig.2. cAMP-dependent formation of a nuclear protein complex on dioxin responsive element (DRE) of Cyp7a7 enhancer in an electrophoretic mobility shift
assay. (A) DRE consensus sequence (cs) for TCDD-activated AHR/ARNT and mutated (underlined) mDRE. For the competition studies a 50-fold molar excess of
unlabeled DRE or mDRE was used. (B) TCDD-dependent complex failes to bind, and binding of db-cAMP-dependent complex is substantially reduced, when
radioactively labeled mDRE is used as a probe. (C) Supershift with the corresponding antisera or preimmune serum (PIS). The top and the bottom arrows indicate
supershift (partial supershift of AHR; total supershift of ARNT) and specific complexes, respectively. (D) PKA inhibitor H89 [N-(2-(p-bromocinnamylamino)ethyl)-
5-isoquinolinesulfonamide dihydrochloride] abolished formation of forskolin-dependent complex. (E) AHR and ARNT proteins are present in the forskolin/
TCDD-induced complex bound to DRE. Arrows in A, B, and D show specific complexes. The lower arrow in C and E shows specific complexes. The upper arrow
shows supershift. P, probe (radioactively labeled oligonucleotide). Lane 1 in A-C shows probe alone.
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to a 32P-labeled oligonucleotide, representing a fragment of the
mouse CyplAI enhancer, called dioxin-responsive element
(DRE), containing the AHR/ARNT-binding motif (5'-
GCGTG-3"). The db-cAMP/forskolin-generated band had a
similar mobility as the TCDD-induced complex (Fig. 24). The
formation of all three complexes was specific, because a 50-fold
molar excess of unlabeled DRE completely eliminated their
binding to the radioactive probe. However, a 50-fold molar
excess of unlabeled oligonucleotide carrying a base mutation T
to C (underlined) in the AHR/ARNT consensus motif 5'-
GCGCG-3' (mDRE) only marginally reduced the intensity of
the TCDD-dependent signal, but binding of both db-cAMP- and
forskolin-dependent complex was substantially reduced (Fig.
2A). These results were supported by the analysis where equiv-
alent amounts of TCDD- or db-cAMP-induced nuclear proteins
were probed with 32P-labeled mDRE. T-to-C mutation fully
eliminated binding of the TCDD-dependent complex, whereas
the binding of the db-cAMP-induced complex was substantially
reduced but clearly present (Fig. 2B) [treatment with forskolin
led to similar results (data not shown)]. These findings indicate
that the binding site of cAMP-induced nuclear proteins on DRE
is not identical but overlaps with the high-affinity binding site of
TCDD-activated AHR/ARNT (5'-GCGTG-3"), where the T is
supportive but not a strict requirement for the binding of the
cAMP-induced nuclear proteins in contrast with the TCDD-
activated AHR/ARNT complex, where it is a strict requirement.
The mutated base is in the E-box half site (5'-GTG-3") of the
DRE that binds ARNT within the TCDD-activated AHR/
ARNT heterodimer. Hence, one possibility is that the treatment
with db-cAMP or forskolin leads to a higher affinity of the AHR
for an ARNT-related protein than for ARNT itself, and that this
partner of AHR has a similar but less stringent sequence
specificity within the E-box half site of the DRE.

To identify proteins bound to DRE, we used in the binding
reaction specific antibodies directed against AHR or ARNT-C-
terminal region in order not to interfere with their DNA-binding
and protein-interaction domains. Both proteins were recognized
in the TCDD-induced complex (indicated by its supershifting)
but not in the db-cAMP- or forskolin-induced complexes (Fig.
20C), irrespective of whether incubation took place before or after
DNA addition to the binding reaction. This finding suggests that
the nuclear proteins of db-cAMP- and forskolin-dependent
complexes bound to DRE differ from those present in the
TCDD-dependent complex. Alternatively, those proteins may be
the same as these present in the TCDD complex but because of
possible conformational changes during cAMP modulation may
not have an equivalent affinity or free availability of the immu-
nocompetent sites for anti-AHR or anti-ARNT antibodies.
Experiments with AHR and with ARNT-deficient Hepal cells
should be able to delineate the necessity of the presence of AHR
and/or ARNT for the observed cAMP-dependent complex to
form on DRE. Such experiments are now in progress. Antibod-
ies against C/EBP (CCAAT/enhancer-binding protein), which
regulates along with AHR the glutathione S-transferase Ya gene
via DRE (27), did not interfere with the formation of any of the
investigated complexes (Fig. 2C).

If subcellular distribution of AHR is governed by cAMP-
dependent PKA, then PKA inhibition should block cAMP-
dependent nuclear effects. Indeed, the PKA inhibitor H89
[N-(2-(p-bromocinnamylamino)ethyl)-5-isoquinolinesulfon-
amide dihydrochloride] abolished the binding of forskolin-
induced complex to DRE (Fig. 2D). Exposure of cells to
forskolin for 15 min before TCDD resulted in the formation of
a DRE-bound complex containing the immunoreactive AHR
and ARNT proteins but migrating with a slightly slower mobility,
compared with the complex induced by TCDD alone, therefore
implying a higher molecular mass or a different conformation of
forskolin/TCDD complex (Fig. 2E). To further distinguish the
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Fig.3. ARNT does not coprecipitate with the cAMP-dependent nuclear form
of AHR. Nuclear extracts prepared from nonstimulated (No st) Hepa1 cells or
stimulated as indicated were immunoprecipitated with anti-AHR antibody or
with 1gG antibody [negative control after stimulation with TCDD; the negative
controls after other modulations gave similar results (data not shown)]. The
AHR/ARNT complexes were resolved by SDS/PAGE, and ARNT was detected by
Western blotting with anti-ARNT antibody. Western blot analysis revealed a
90-kDa band, corresponding to ARNT when cells were exposed to TCDD (lane
3) but not after exposure to db-cAMP, even at two different time points (lanes
4 and 6). Interestingly, only stimulation of cells with db-cAMP for 15 min
before TCDD reduced the intensity of the TCDD-dependent signal (lane 5) but
not when the cells were stimulated with both substances simultanously (lane
7). These results suggest that AHR and ARNT are not complexed when AHR is
driven to the nucleus through intracellular elevation of cAMP, and possibly
that cAMP-mediated signaling interferes with TCDD-dependent AHR/ARNT
interaction. MM, molecular mass markers.

db-cAMP /forskolin-dependent nuclear form of AHR from the
TCDD-dependent nuclear form of AHR, we checked the asso-
ciation of the former with ARNT (heterodimer essential for
TCDD-dependent CyplAI induction), and we found in immu-
noprecipitation experiments no AHR/ARNT interaction in the
presence of cAMP (Fig. 3).

We examined, therefore, in Hepal cells the activity of the
luciferase gene fused to the CyplAI natural promoter and the
endogenous enhancer, containing six DRE copies and also a
negative regulatory element (NRE) (28, 29), by using the
p1646P1Luc3 reporter plasmid. Db-cAMP or forskolin in con-
trast to TCDD did not significantly influence luciferase activity
(Fig. 4 A and C). However, stimulation with db-cAMP or
forskolin for 15 min before TCDD resulted in a moderate but
clear and reproducible down-regulation of TCDD-dependent
induction of the reporter gene (Fig. 4 4 and C). Thus, cAMP or
an event downstream of cAMP may, although leading to nuclear
translocation of AHR, act as a repressor rather than an activator
of AHR-dependent gene expression. To determine whether the
NRE of CyplAI is involved in cAMP-dependent reduction of
luciferase activity, we used a second reporter construct, the
pAhRDtkLuc3, lacking the NRE but containing three copies of
DRE. Absence of NRE allowed for a much higher TCDD-
dependent induction of the reporter gene that was reduced by
db-cAMP or forskolin by ~30-50% (Fig. 4 B and D). These
results suggest that intracellular elevation of cAMP generates a
signal that is inhibitory to the response to dioxin, and that for this
inhibitory modulation, the NRE is not required. Thus, depend-
ing on the type of cellular signaling (CAMP vs. dioxin), the
DRE-driven target gene expression may recruit different regu-
lators, thereby mediating different effects on transcription.

Taken together, in this study we identified the second messenger
cAMP as a mediator of AHR intracellular relocalization, including
its nuclear accumulation, but with fundamentally different conse-
quences as opposed to those initiated by the nuclear translocation
of TCDD-activated AHR. We propose that the AHR, in response
to cAMP, adopts a unique structure and new protein—protein
interactions, such that it does not require exogenous ligand to reach
the nucleus. Interestingly, the cAMP-dependent form of AHR is
not a partner for productive interaction with ARNT. This diver-
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db-cAMP and forskolin do not activate transcription of Cyp7a7 but interfere with TCDD-dependent Cyp7aT induction. Reporter constructs for CypTal

were as follows: p1646P1Luc3 (A and C), containing the Cyp7a1 natural promoter with six copies of DRE and the negative regulatory element, and pAhRDtkLuc3
(B and D), lacking the negative regulatory element but containing three copies of DRE. These constructs were transfected into Hepal cells. At 24 h
posttransfection, cells were stimulated as indicated, and reporter activity was determined. RLU, relative light units; pGL-3 basic, empty vector.

gence suggests that cAMP-mediated AHR activation might prevent
the formation of the AHR/ARNT complex, which is responsible
for the toxic effects of dioxin and other environmental pollutants.
Instead of, or in addition to, an interaction with a putative endog-
enous ligand, the AHR may in response to cAMP adopt novel
properties allowing for ligand-independent protein—protein inter-
actions. A similar mechanism has been postulated for the orphan
receptors [e.g., the interaction of steroidogenic factor 1 (SF1) with
homeodomain protein Ptx1 or Drosophila homolog Fushi-Tarazu
factor 1 (FTZ1) with homeodomain protein Ftz (30, 31). The facts
identified in this study suggest an interesting possibility that AHR
participates in a biochemical signaling cascade that has been
conserved and independently coopted by evolution for a role in
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