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The ligand-activated aromatic hydrocarbon receptor (AHR) dimerizes with the AHR nuclear translocator
(ARNT) to form a functional complex that transactivates expression of the cytochrome P-450 CYP1A1 gene and
other genes in the dioxin-inducible [Ah] gene battery. Previous work from this laboratory has shown that the
activity of the CYP1A1 enzyme negatively regulates this process. To study the relationship between CYP1A1
activity and Ah receptor activation we used CYP1A1-deficient mouse hepatoma c37 cells and CYP1A1- and
AHR-deficient African green monkey kidney CV-1 cells. Using gel mobility shift and luciferase reporter gene
expression assays, we found that c37 cells that had not been exposed to exogenous Ah receptor ligands already
contained transcriptionally active AHR-ARNT complexes, a finding that we also observed in wild-type Hepa-1
cells treated with Ellipticine, a CYP1A1 inhibitor. In CV-1 cells, transient expression of AHR and ARNT leads
to high levels of AHR–ARNT-dependent luciferase gene expression even in the absence of an agonist. Using a
green fluorescent protein-tagged AHR, we showed that elevated reporter gene expression correlates with con-
stitutive nuclear localization of the AHR. Transcriptional activation of the luciferase reporter gene observed in
CV-1 cells is significantly decreased by (i) expression of a functional CYP1A1 enzyme, (ii) competition with
chimeric or truncated AHR proteins containing the AHR ligand-binding domain, and (iii) treatment with the
AHR antagonist a-naphthoflavone. These results suggest that a CYP1A1 substrate, which accumulates in cells
lacking CYP1A1 enzymatic activity, is an AHR ligand responsible for endogenous activation of the Ah receptor.

Polycyclic aromatic hydrocarbons, halogenated aromatic hy-
drocarbons, and other, structurally related planar organochlo-
rinated compounds elicit many adverse biological effects, in-
cluding immunosuppression, teratogenesis, tumor promotion,
hormonal disregulation, and cardiovascular disease (4, 8, 14,
46, 51). All of these seemingly unrelated biological effects are
believed to be mediated by the sustained activation of the
aromatic hydrocarbon receptor (AHR) and the subsequent
perturbation of cellular homeostasis. AHR is a ligand-depen-
dent basic helix-loop-helix (bHLH) transcription factor be-
longing to the bHLH/PAS gene family (5, 12). AHR and other
genes in this family are expressed very early in embryogenesis
(1, 2, 25, 49) and appear to be involved in important develop-
mental functions such as neurogenesis (13, 42), tracheal mor-
phogenesis (28, 73), regulation of circadian rhythm (29, 35, 58),
and response to hypoxia (68).

Among the genes identified in the bHLH/PAS family, AHR
appears to be the only member that requires ligand binding for
activation. Ligand activation allows the cytosolic AHR to trans-
locate into the nucleus and to dimerize with the AHR nuclear
translocator (ARNT) (59), another member of the bHLH/PAS
gene family. Heterodimeric AHR-ARNT complexes function
as transcriptional activators by binding to consensus sequences
termed AhRE (also known as DRE or XRE) in the regulatory
domains of numerous genes (15, 32, 47). Genes transcriptional-
ly regulated by AHR-ARNT complexes encode several foreign
chemical-metabolizing enzymes including, the cytochrome P-
450 enzymes CYP1A1, CYP1A2, and CYP1B1 (61, 64), NAD
(P)H-menadione oxidoreductase (NMO1), UDP glucuronosyl-
transferase (UGT1A6), glutathione transferase (GSTA1), and a

tumor-specific aldehyde dehydrogenase (ALDH3c, Ahd4) (44).
In addition, transcription of plasminogen activator inhibitor II,
interleukin-1b (65), and protooncogenes c-jun and jun D can
also be activated by the AHR-ARNT complex (26, 55). Fur-
thermore, due to competition with dimerization partners, a
ligand-activated AHR may be involved in down-regulation
of ARNT-ARNT homodimer-dependent transcriptional re-
sponses (66), or, conversely, AHR–ARNT-dependent transac-
tivation may be inhibited by activation of the hypoxia response
(22). Thus, it appears that AHR plays an important role not
only in the regulation of xenobiotic metabolism but also in the
maintenance of homeostatic functions.

Autoregulation of endogenous substrates by metabolizing
enzymes is an important mechanism to maintain homeostasis
in biological systems (43). Among the cytochrome P-450
enzymes induced by the AHR-ARNT complex, the clearest
example is the transcriptional activation of the Cyp1a1 gene.
In variant mouse hepatoma cell lines lacking functional
CYP1A1 enzyme activity, transcription rates of Cyp1a1 and
of several other genes in the [Ah] gene battery are remark-
ably elevated, such that mRNA levels in the untreated vari-
ant cell lines are comparable to those in 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD)-treated wild-type Hepa-1 cells
(21, 24, 56, 57, 60, 67). Stable expression of murine CYP1A1
or human CYP1A2 cDNAs in these cell lines represses
deregulated CYP1A1 mRNA levels and restores TCDD in-
ducibility (56, 57). It has been suggested that an endogenous
CYP1A1 substrate is somehow involved in transcriptional
regulation of the [Ah] gene battery. It has been proposed
that this putative substrate could be an endogenous AHR
ligand that is rendered inactive by metabolism or, alterna-
tively, that metabolism could convert the substrate into a
repressor of AHR-dependent transcription. In the present
study, we have examined these two alternative hypotheses.
The results suggest that a putative endogenous CYP1A1 sub-
strate up-regulates gene transcription through activation of
the AHR-ARNT complex. This putative endogenous CYPA1
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substrate functions as an AHR activator and thus may repre-
sent an endogenous ligand for the AHR.

(This research was submitted by C.-Y. Chang in partial ful-
fillment of the requirements for the degree of Doctor of Phi-
losophy from the University of Cincinnati.)

MATERIALS AND METHODS

Cell lines, transfections, and growth conditions. The mouse Hepa-1 hepatoma
cell line (3), its variants c37 (24, 33), CX4, CH3.3, and CPr (56, 57), and African
green monkey adult kidney CV-1 cells (31) were cultured in a-minimum essential
medium (Gibco BRL) supplemented with 5% fetal bovine serum and 1% anti-
biotic-antimycotic (Gibco BRL) in a humidified 5% CO2 atmosphere. Deriva-
tions and pertinent phenotypes of these cell lines are shown in Table 1. Duplicate
or triplicate transient transfection experiments were performed by using stan-
dard calcium phosphate techniques (23) on cells grown either in 25-cm2 tissue
culture flasks or on 12-well plates. In all experiments, to control for variations in
transfection efficiency, cells were also cotransfected with plasmid pCMVbgal
(ClonTech). To express AHR and ARNT, pcDNAI/B6AHR and pcDNAIneo/
mARNT (see below) were included in all transfections with CV-1 cells. CV-1
cells express detectable levels of immunoreactive ARNT protein, but inclusion of
pcDNAIneo/mARNT in the transfection causes a large increase of AHR–
ARNT-dependent luciferase reporter expression. Since Hepa-1 cells already
express endogenous AHR and ARNT, expression plasmids for these two pro-
teins were not included in transfections with these cells unless otherwise speci-
fied. Twelve to 16 h after transfection, cells were washed three times with
phosphate-buffered saline (PBS) and changed to fresh medium. TCDD (10 nM),
control vehicle (dimethyl sulfoxide [DMSO]), or, in some experiments, a-naph-
thoflavone (ANF) (1 mM) were added to the cells 8 h later. Luciferase and
b-galactosidase activities were measured 14 to 16 h after treatment, according to
the manufacturer’s instructions (Promega). Cells grown in 25-cm2 flasks were
transfected and washed with PBS as described above. Three to 4 h later, cells
were trypsinized and seeded into 12-well or 24-well plates. After the cells had
adhered to the plates, medium containing appropriate chemicals was added, and
luciferase and b-galactosidase activities were measured 14 to 16 h after treat-
ment. For experiments using the alkaline phosphatase reporter construct
pGREII-oct-AF, fresh medium containing the appropriate chemicals was added
to the cells 48 h after transfection, and alkaline phosphatase secreted into the
medium was measured for the interval between 48 and 64 h after transfection.
Alkaline phosphatase activity was assayed by a colorimetric method, with p-
nitrophenyl phosphate as a substrate and measurement of the increase of absor-
bance at 405 nm as described previously (70), and was normalized to the co-
transfected b-galactosidase activity. Alternatively, alkaline phosphatase activity
was measured with a chemiluminescent assay system from Tropix, Inc., according
to the manufacturer’s specifications. All experiments were repeated a minimum
of three independent times, and the results shown are averages 6 standard
deviations (SD).

A wild-type Hepa-1 cell line with a stably integrated pAhRDtkLuc3 reporter
gene was generated by cotransfecting pAhRDtkLuc3 (see below) and pIND
(Invitrogen), a plasmid conferring resistance to G418, into wild-type Hepa-1
cells. G418-resistant colonies were analyzed for luciferase expression in the
presence or absence of TCDD treatment. Colonies that showed TCDD induc-
ibility were chosen as reporter cell lines for analysis of AHR–ARNT-dependent
gene activation. Medium containing 10 or 100 nM Ellipticine (Sigma), DMSO
vehicle control, or 10 nM TCDD was added to semiconfluent cells, and luciferase
activity was assayed 12 h after treatment and normalized to the amount of total
protein in the cell lysate, as measured by the Bradford assay (Bio-Rad).

Plasmid constructs. The Ah receptor expression plasmids pcDNAI/B6AHR
and pcDNAI/D2AHR were cloned into the BamHI and XbaI sites of the
pcDNAI/Amp vector (Invitrogen) with reverse transcription (RT)–PCR-ampli-
fied cDNA fragments from lymphocytes of C57BL/6J and DBA/2 mice, respec-
tively. The amplified product contained 2,638 bases, beginning 39 nucleotides

upstream from the ATG codon and ending 181 nucleotides past the termination
codon in the Ahrb-1 allele, as previously described (7). Amino acid changes in the
expression plasmids were generated by standard recombinant DNA techniques
with the appropriate cDNA fragments obtained by RT-PCR from lymphocytes of
DBA/2 mice (7). Unique restriction sites in the AHR cDNA were used to
generate chimeric constructs pR, pNMR, pNM, pPNMR, pP, pVPNM, pVP, and
pV by gradually replacing corresponding DNA fragments in pcDNAI/B6AHR
with DNA fragments from pcDNAI/D2AHR. Relevant polymorphisms (7) in
these constructs were confirmed by DNA sequencing, and expression of the
encoded AHR proteins was verified by coupled in vitro transcription-translation.
Complete details of the construction of these chimeric plasmids are available
upon request. Reporter construct p1646P1Luc2 was generated by subcloning the
Cyp1a1 59-regulatory sequences from 21646 to 157 (20, 21) into the pGL2 basic
vector (Promega). Complementary oligonucleotides encoding one copy of the
AhRE sequence 59 TCGAACTCACGCAACT 39 (26) were annealed and ligated
into the MluI site of the pGL2 promoter vector (Promega) to generate the
pAhRESV40Luc2 reporter construct. pAhRDtkLuc2 was constructed by ligation
of the mouse Cyp1a1 AhRD enhancer (coordinates 21100 to 2896), containing
three different AhRE motifs (20, 45), into a modified pGL2 basic vector that
contains the herpes simplex virus type 1 thymidine kinase (tk) minimum pro-
moter from 279 to 153 (39), from which the SP1-binding site was removed.
pAhRDtkLuc3 and pAhRDSV40Luc3 were similarly constructed by cloning the
AhRD sequences next to the tk or simian virus 40 (SV40) minimum promoter,
respectively, in the pGL3 basic vector. The mouse ARNT expression plasmid
pcDNAIneo/mARNT was generously provided by O. Hankinson (54). The chi-
meric construct tDBD/DR83-593, containing the AHR ligand-binding region
(amino acids 83 to 593) fused to the glucocorticoid receptor DNA-binding and
transactivation domains, and the alkaline phosphatase reporter pGREII-oct-AF
were gifts from L. Poellinger and M. Whitelaw (70, 71). Plasmid pAhP1S,
expressing full-length mouse CYP1A1, has been described previously (57).
pAhP1short is a derivative of pAhP1S containing an insertion of 3 stop codons
in the three frames at amino acid 429 which thus codes for a truncated, non-
functional form of the CYP1A1 protein. Plasmid pcDNAI/B6AhR-GFP, encod-
ing a fusion protein of the AHR and the green fluorescent protein (GFP) from
Aequorea victoria, was generated as follows: GFP coding sequences were excised
from pAlpha1GFP (Maxigene) and cloned into the EcoNI site at the 39 end of
the B6AHR coding sequences in pcDNAI/B6AHR, interposing between the two
coding sequences a (Gly-Ala)5 linker, as described for the glucocorticoid recep-
tor-GFP fusion protein (27). pAHRD495-805 was derived from pcDNAI/
B6AHR by deleting the C-terminal 311 amino acids; this plasmid encodes an
AHR protein which is capable of ligand binding and dimerization with ARNT
but lacks transactivation activity.

In vitro transcription-translation. One microgram each of pcDNAI/B6AHR-
GFP and pcDNAIneo/mARNT were used in a 50-ml in vitro transcription-
translation reaction with the TNT-coupled reticulocyte lysate system from
Promega, according the manufacturer’s directions. Reaction mixtures were in-
cubated at 30°C for 2 h, and translated proteins were kept at 220°C until use.

Gel mobility shift assays. Cells were grown on 15-cm plates to subconfluence
and treated with DMSO vehicle or 10 nM TCDD for 1 h. Nuclear extracts were
prepared as described previously (6, 9) and kept at 270°C until use. For gel
mobility shift assays, 20 mg of nuclear protein extract was mixed with 1 mg of
poly(dI-dC)–poly(dI-dC) in binding buffer containing 0.12 M KCl, 1 mM EDTA,
1 mM dithiothreitol, 10% glycerol, and 20 mM HEPES (pH 7.8) for 15 min at
room temperature. One-tenth of a nanogram of 32P-labeled probe was added to
the reaction mix and incubated for an additional 15 min at room temperature.
Bromophenol blue was added before the reaction mixture was loaded onto a 4%
nondenaturing polyacrylamide gel. The gel was run at 200 V for 2 h and visual-
ized by autoradiagraphy. Quantitation of bound probe was done with the Im-
ageQuaNT algorithm of the Storm 860 PhosphorImager (Molecular Dynamics).
The mXRE-1 probe was generated as described previously (59), with [32P]dCTP
as the labeled precursor.

For experiments using in vitro-translated proteins, 5 ml of the pcDNAI/
B6AHR-GFP and 5 ml of the pcDNAIneo/mARNT translation reaction mixtures

TABLE 1. Pertinent phenotypes of cell lines used in these experiments

Cell line Derivation Phenotype Reference

Hepa-1 C57BL/6 mouse hepatoma AHR1 ARNT1 CYP1A11; wild-type 3
c37 Hepa-1 AHR1 ARNT1 CYP1A12; two nonsense mutations in the Cyp1a1 gene 24, 33
CX4 c37 AHR1 ARNT1 CYP1A11; c37 stable transfectant of plasmid-encoded

wild-type mouse CYP1A1 cDNA
56, 57

CH3.3 c37 AHR1 ARNT1 CYP1A12 CYP1A21; c37 stable transfectant of plasmid-
encoded wild-type human CYP1A2 cDNA

56, 57

CPr c37 AHR1 ARNT1 CYP1A12; c37 stable transfectant of a plasmid with
enhancerless mouse CYP1A1 cDNA

56, 57

CV-1 African green monkey kidney AHR2 ARNT1a CYP1A12 31

a ARNT1 phenotype is weakly expressed in CV-1 cells.
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were combined and incubated with 0.1% DMSO or 100 nM TCDD at 30°C for
1 h. Reaction mixtures were used for gel mobility shift assays according to the
protocols described above.

Western blots. Nuclear and cytosolic extracts from Hepa-1, c37, and CX4 cells
were analyzed for the presence of Ah receptor as described previously (53), by
using a specific anti-AHR antibody, a generous gift of R. Pollenz. Chemilumi-
nescent images were quantitated by Scan Analysis software (Biosoft). For West-
ern blot analysis of CYP1A1 expression, CV-1 cells were harvested in 13 PBS
40 h after transfection, pelleted by centrifugation, and washed once with PBS.
Cell pellets were resuspended in buffer A (10 mM Tris-HCl, 1 mM EDTA, 2 mM
dithiothreitol [pH 7.5]) and homogenized with a Wheaton tissue grinder. Cell
homogenates were spun down at 600 3 g to clear out the nuclear pellet and then
subjected to centrifugation at 105,000 3 g for 1 h to collect the microsomal
fraction. Microsomal pellets were dissolved in sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS,
2% 2-mercaptoethanol, 10% glycerol). Twenty micrograms of the microsome-
enriched fractions were separated by SDS–12% polyacrylamide gel electrophore-
sis and transferred to a polyvinylidene difluoride membrane for Western blot-
ting. The membrane was incubated with BLOTTO (5% fat-free milk powder in
TTBS [150 mM NaCl, 50 mM Tris, 0.2% Tween 20 {pH 7.5}]) for 2.5 h at room
temperature and then incubated with primary antibody aP450c (rabbit anti-
mouse CYP1A1; a gift from S. Kimura) diluted 1:5,000 in BLOTTO for 2 h at
room temperature. The blot was washed 4 times with TTBS1 (300 mM NaCl, 50
mM Tris, 0.5% Tween 20 [pH 7.5]) and incubated with a 1:5,000 dilution of

horseradish peroxidase-conjugated goat anti-rabbit secondary antibody for 1 h.
The blot was washed and developed with the Amersham ECL detection system.

Fluorescence microscopy. Hepa-1 or CV-1 cells were seeded onto coverslips
and cotransfected with pcDNAI/B6AhR-GFP and pcDNAIneo/mARNT. Ap-
proximately 48 h after transfection, cells were treated with DMSO vehicle or 10
nM TCDD for 2 h. The coverslips were washed 3 times with PBS and fixed in 2%
paraformaldehyde–PBS for 30 min at room temperature. After fixing, the cov-
erslips were washed 3 times in PBS, mounted on microscope slides with 80%

FIG. 1. Detection of active AHR-ARNT complexes and of AHR in wild-type and variant mouse hepatoma cell lines. (A) Electrophoretic mobility shift assays.
Hepa-1, c37, and CX4 cells were grown to subconfluence and treated with 10 nM TCDD (T) or with DMSO vehicle (C) for 1 h. Nuclear extracts were prepared, and
gel mobility shift assays were performed as described in Materials and Methods. The arrow indicates the shifted AHR-ARNT complex. (B) Quantitation of mobility
shift data. Three separate gel shift assays were quantitated by PhosphorImaging. The ordinate represents the ratio of probe bound by each of the nuclear extracts tested
to probe bound by the untreated Hepa-1 nuclear extract and thus is a measure of changes relative to constitutive levels in wild-type cells. Indicated in the abscissa is
the fold induction by TCDD for each cell line tested. (C) Western blot analysis of AHR. Cytosolic (C) and nuclear (N) extracts from Hepa-1, c37, and CX4 cells were
separated in 7.5% acrylamide gels, transferred to polyvinylidene difluoride and analyzed for the presence of AHR with an AHR-specific antibody. For Hepa-1 and CX4,
20 mg of cytosolic or nuclear extract was used; for c37, 20, 40, and 60 mg of each extract was used, as indicated over the lanes. c37-60* is a 20-fold longer exposure of
the lane denoted by c37-60. (D) Transient transfection assays. Hepa-1 (wild type), c37 (Hepa-1 derivative lacking CYP1A1 enzymatic activity), CX4 and CH3.3 (c37
stable transfectants expressing mouse CYP1A1 and human CYP1A2, respectively), and CPr (c37 stable transfectant carrying enhancerless mouse CYP1A1 cDNA) were
transiently transfected with pAhRDtkLuc3 and pCMVbgal and treated with 10 nM TCDD or DMSO vehicle 14 to 16 h after transfection. Luciferase and
b-galactosidase assays were performed as described in Materials and Methods. The ordinate represents the ratio of normalized luciferase activity to activity in untreated
Hepa-1 cells. Fold induction by TCDD is the ratio of luciferase activity in TCDD-treated to untreated samples in the same transfection group.

TABLE 2. Relative amounts and distributions of AHR
in untreated cellsa

Cell line % AHR in nuclear extract
(avg 6 SD)

Relative amt of
AHR (%)

Hepa-1 4.7 6 0.3 100
c37 6.1 6 1.2b 3
CX4 3.2 6 0.2 59

a Values were calculated from the data in Fig. 1C.
b Significantly different from the value for Hepa-1 cells (P 5 0.02 [by a two-

tailed test]).
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glycerol–PBS, and sealed with rubber cement. A Leitz Laborlux S microscope
equipped with 3l-Ploemopak incident fluorescent light was used to visualize
cellular localization of the expressed GFP proteins with an excitation wavelength
of 450 to 490 nm and an emission wavelength of 515 nm. Approximately 40 to 50
highly fluorescent cells were observed per coverslip of transfected cells. Trans-
fection experiments were repeated 3 or 4 times; shown in Fig. 5c are typical
representatives of each cell line and treatment.

RESULTS

CYP1A1 autoregulates its own transcription through an
AHR-ARNT complex. We used electrophoretic mobility shift
assays to determine whether activated AHR-ARNT complexes
were present in unstimulated CYP1A1-deficient cells. Nuclear
protein extracts from wild-type Hepa-1, CYP1A1-deficient c37
cells, and CX4 cells, a c37 stable transfectant line that ex-
presses a plasmid-encoded wild-type CYP1A1 enzyme, were
analyzed with a 32P-labeled AhRE probe. Control nuclear ex-
tracts from Hepa-1 cells showed high TCDD-dependent re-
cruitment of AhRE-binding complexes to the nucleus, whereas
c37 extracts showed greatly reduced levels of these complexes.
Expression of CYP1A1 in CX4 cells restored a wild-type-like
phenotype, with extensive TCDD-induced nuclear transloca-
tion (Fig. 1A). Quantitation of several such gel shift experi-
ments showed that CYP1A1 deficiency in c37 cells resulted in
two separate effects. On the one hand, AHR-ARNT nuclear
activation in untreated cells was fivefold higher than that ob-
served in control Hepa-1 cells (Fig. 1B). On the other hand,
TCDD-induced activation was reduced to one-third of the
level observed in TCDD-treated Hepa-1 cells. As a result,
overall TCDD-dependent induction, approximately 40-fold in
Hepa-1 cells, was reduced to only 3-fold in c37 cells. CX4 cells
partly restored the wild-type phenotype, with significantly
lower uninduced and higher TCDD-induced levels of AHR-
ARNT complexes. Western blot analysis of nuclear and cyto-
solic extracts from these cell lines (Fig. 1C) indicated that the
amount of AHR in c37 cells was extremely low compared to
Hepa-1 and CX4 cells. Results from three Western blots were
quantitated, showing that c37 cells had only 3% of the AHR
levels found in Hepa-1 cells and that CX4 cells had an almost
complete restoration of the wild-type phenotype (Table 2);
however, compared to Hepa-1 and CX4, a significantly larger
proportion of the AHR in untreated c37 cells was localized to
the nucleus (Table 2).

We also measured the expression of pAhRDtkLuc3, a lucif-
erase reporter plasmid driven by the AhRD enhancer (20, 45),
in transient transfection assays in CYP1A1-deficient and wild-
type Hepa-1 cells (cell lines and phenotypes are shown in
Table 1). In addition to Hepa-1, c37, and CX4 cells, we also

FIG. 2. AHR dose-dependent reporter gene expression in CV-1 (A) and
Hepa-1 (B) cells. Transient transfections contained fixed amounts of pAhR
DSV40Luc3 reporter gene, pCMVbgal, and pcDNAIneo/mARNT, and increas-
ing amounts of pcDNAI/B6AHR, as shown on the abscissa. Twenty-four hours
after transfection, cells were treated with DMSO vehicle control or 10 nM
TCDD. Luciferase and b-galactosidase activities were measured 14 to 16 h after
treatment. The ordinate represents luciferase activity normalized to b-galacto-
sidase activity.

FIG. 3. Effects of different promoter-enhancer combinations on TCDD induction of reporter gene expression in Hepa-1 and CV-1 cells. The different DNA
sequence motifs used to construct the reporter plasmids shown are described in detail in Materials and Methods. Fold induction by TCDD is the ratio of the relative
luciferase activities in TCDD-treated versus DMSO-treated samples.
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tested CH3.3 cells, derived from c37, which overexpress a plas-
mid encoding the human CYP1A2 enzyme, and CPr cells, also
a c37 variant, which are stably transfected with a plasmid con-
taining mouse CYP1A1 cDNA fused to an enhancerless SV40
promoter. CPr cells were used as a control, since absence of
the AhRD enhancer prevents these cells from expressing de-
tectable levels of CYP1A1 enzyme (56, 57). In good agreement
with the gel shift data, basal luciferase expression in untreated
CYP1A1-deficient cells was significantly higher than in wild-
type Hepa-1 cells (Fig. 1D), and expression levels in TCDD-
treated cells were within a twofold range for all cell lines
regardless of CYP1A1 functional status. As a consequence,
treatment with TCDD caused only a 5-fold induction in c37
and CPr, whereas similar treatment in wild-type Hepa-1 cells
caused a 50-fold induction; hence, we surmise that TCDD
treatment in these CYP1A1-deficient cell lines results in low
induction values because these cells already have elevated con-
stitutive levels of luciferase expression. In contrast, CX4 and
CH3.3, the two c37 variants expressing CYP1A1 and CYP1A2
enzymes, respectively, showed significantly lower basal lucif-
erase activity, resulting in an elevation to 13- and 9-fold induc-
tion, respectively, by TCDD (Fig. 1D). To test whether inhi-
bition of CYP1A1 enzymatic activity in wild-type Hepa-1 cells
would also increase basal levels of AHR–ARNT-dependent
gene expression, we used Ellipticine, a suicide inhibitor of
CYP1A1 activity (34) that, at the low doses used in our exper-
iments, is not a mouse AHR agonist (17). Treatment with 10 or
100 nM Ellipticine significantly induced AHR–ARNT-driven
luciferase gene expression, to levels approaching those ob-
served in TCDD-treated cells (Table 3). These results suggest
that activation of AHR-ARNT complexes can take place as a
result of the interaction between AHR and a CYP1A1 sub-
strate. Both wild-type and c37 cell lines have little CYP1B1
expression, which is detectable only by RT-PCR (10a); hence,
the possible role of this putative compound as a CYP1B1
substrate remains to be elucidated.

Expression of AHR in CV-1 cells results in a dose-dependent
increase in reporter gene expression in the absence of exoge-
nous ligand. It has been reported that transient transfection of
a plasmid encoding AHR into CV-1 cells, which lack endoge-
nous AHR expression (16), results in high levels of reporter
gene expression in the absence of an exogenous AHR ligand
and that addition of an exogenous ligand such as TCDD causes
only a two- to threefold induction (16, 30, 37, 38). These
findings, which were attributed to nonphysiological conditions
resulting from overexpression of transfected plasmids, resem-
ble our results in CYP1A1-deficient hepatoma cells; however,
since CV-1 cells lack CYP1A1 activity, these results might be
explained equally well by the accumulation of an endogenous
CYP1A substrate capable of activating the formation of AHR-
ARNT complexes.

To test this possibility, we determined the effect of trans-
fecting CV-1 cells with decreasing amounts of the expression
plasmid pcDNAI/B6AHR. In the absence of TCDD treatment,
decreasing amounts of this plasmid led to a dose-dependent
decrease in luciferase expression, yet TCDD treatment caused
less than a 2.5-fold induction, regardless of the amount of
pcDNAI/B6AHR used in the transfection (Fig. 2A). By com-
parison, transfection of increasing amounts of pcDNAI/
B6AHR into Hepa-1 cells, which express AHR endogenously,
did not lead to significant changes in basal reporter gene ex-
pression levels, regardless of plasmid dose, and led only to a
minor reduction in TCDD-induced levels at the higher plasmid
doses (Fig. 2B). Since Hepa-1 cells express AHR endogenous-
ly, we cannot rule out experimentally the formal possibility that
overexpression did not take place in the Hepa-1 cell line. We
feel, however, that this possibility is rather unlikely, since other
expression plasmids (e.g. b-galactosidase reporters) controlled

FIG. 4. Inhibition by CYP1A1 of constitutive activation of AHR-ARNT com-
plexes. CV-1 cells were cotransfected with the chimeric AHR construct tDBD/
DR83-593, its reporter gene pGREII-oct-AF, the pCMVbgal control plasmid, and
increasing amounts of pAhP1S or pAhP1short. To activate transcription of CYP1A1
from pAhP1S (encoding a functional enzyme) and pAhP1short (encoding a trun-
cated, nonfunctional enzyme), we also cotransfected fixed amounts of pcDNAI/
B6AHR and pcDNAIneo/mARNT in all experiments. (A) Medium was changed
40 h after transfection, and alkaline phosphatase (AP) and b-galactosidase ac-
tivities were measured 14 to 16 h later. Relative AP activity is expressed as the
ratio of AP to b-galactosidase activity. The doses, in micrograms, of plasmid per
106 cells of pAhP1S or pAhP1short are indicated on the abscissa. (B) Fold
induction by TCDD, measured as the ratio of the relative AP activities in
TCDD-treated versus DMSO-treated samples, is plotted as a function of plasmid
dose. (C) Western blot analysis of CYP1A1 expressed in the transfected cells.
Doses of pAhP1S or pAhP1short (in micrograms of plasmid per 106 cells) are
indicated over the corresponding lanes. 0 and T, control and TCDD-treated
untransfected CV-1 cells and Hepa-1 cells, respectively. Five micrograms of
TCDD-treated Hepa-1 microsomal protein extract and 20 mg of all other micro-
somal extracts were separated by electrophoresis in 12% polyacrylamide gels.

TABLE 3. Induction of AHR–ARNT-dependent reporter gene
expression by Ellipticine in Hepa-1 cells stably

transfected with pAhRDtkLuc3

Treatment Luciferase activity/mg of
protein (avg 6 SD) Pa

0.1% DMSO 11.9 6 1.3
10 nM Ellipticine 21.3 6 0.0 .0.05
100 nM Ellipticine 41.5 6 2.1 ,0.0001
10 nM TCDD 66.8 6 9.6 ,0.0001

a Bonferroni P value for one-way analysis of variance of comparisons to
DMSO-treated control.
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by the same cytomegalovirus promoter used for AHR expres-
sion show clear dose-dependent expression effects.

To rule out the possibility that the results observed were due
to unknown peculiarities of one or another promoter-enhancer
combination in the reporter constructs, we tested several such
combinations. The combinations tested contained either the
21646 to 157 regulatory region of the mouse Cyp1a1 gene, the
AhRD enhancer region fused to either an SV40 or a tk mini-
mal promoter, or one copy of the AhRE motif fused to the
SV40 minimal promoter. Similar patterns of AHR-dependent
gene expression were observed regardless of the reporter con-
structs used. Basal (vehicle-treated) activities were always
higher in CV-1 cells than in Hepa-1 cells transfected in paral-
lel, and, depending on the particular enhancer-promoter com-
bination used, TCDD treatment induced luciferase expression
to a much higher extent in Hepa-1 cells than in CV-1 cells (Fig.
3), ruling out promoter-enhancer variations as the explanation
for the results.

CYP1A1 regulates activation of AHR-ARNT transcriptional
complexes. Since CV-1 cells do not have detectable CYP1A1
activity (26), a likely explanation for the results described
above is that, as in c37 cells, an endogenous CYP1A1 substrate
that accumulates in CV-1 cells due to the lack of CYP1A1
enzyme activity is also a putative AHR ligand. To test this hy-
pothesis, we determined the effect of a coexpressing pAhP1S,
an expression plasmid encoding full-length CYP1A1 cDNA,
on basal AHR-dependent reporter expression. The experimen-
tal design was to examine whether the presence of a functional
CYP1A1 enzyme would suppress the high constitutive levels
of reporter gene expression. In addition to the control plasmid
pCMVbgal, five additional plasmids were simultaneously trans-
fected into the cells: (i) pcDNAI/B6AHR and pcDNAIneo/
mARNT, needed to activate CYP1A1 expression from pAhP1S,
since expression of this plasmid is controlled by the AhRD
enhancer element (56); (ii) tDBD/DR83-593, a chimeric plas-
mid carrying the glucocorticoid receptor DNA-binding and
transactivation domains fused to the AHR ligand-binding do-
main (70). This chimeric AHR, when activated by AHR li-
gands, transactivates genes containing glucocorticoid response
elements (GREs) and thus serves as a sensor of changes in
levels of putative AHR ligand (CYP1A substrate) resulting
from CYP1A1 enzymatic activity); and (iii) pGREII-oct-AF, a
GRE-containing reporter construct that responds to activation
of the chimeric AHR by expressing secreted alkaline phospha-
tase (71).

If our hypothesis was correct, we would expect that in-
creased doses of pAhP1S would lead to higher CYP1A1 activ-
ity and to decreased levels of the putative ligand. The overall
effect would be detected as a dose-dependent decrease in al-
kaline phosphatase activity. This prediction was indeed correct.
Expression of CYP1A1 caused a dose-dependent decrease in
alkaline phosphatase expression (Fig. 4A) and a concomitant
increase in TCDD inducibility (Fig. 4B). In contrast, expres-
sion of pAhP1short, a control plasmid encoding a truncated
form of CYP1A1 lacking enzymatic activity, had no effect on
basal or TCDD-induced reporter gene expression (Fig. 4A and
B). A Western blot with antibodies against mouse CYP1A1
verified that pAhP1S, but not pAhP1short, expressed increas-
ing amounts of full-length CYP1A1 in the transfected cells in
a dose-dependent manner (Fig. 4C).

Transfected AHR is targeted to the nucleus of CV-1 cells.
The transient transfection data discussed above suggests that
the AHR may be constitutively activated in CV-1 cells and,
therefore, that it may be targeted to the nucleus even in the
absence of an exogenous ligand. To visualize the cellular lo-
calization of the transfected AHR in CV-1 cells and to com-

pare it with its localization in control Hepa-1 cells, we made
use of a plasmid expressing a GFP-tagged AHR protein. GFP,
the green fluorescent protein from A. victoria, is an autofluo-
rescent protein that can be directly observed by fluorescence
microscopy at 450 to 490 nm and 515 nm as excitation and
emission wavelengths, respectively. GFP fusion chimeras have
been used extensively to visualize protein trafficking in cells
(see reference 27 and references therein). Gel shift and tran-
sient transfection assays were used to verify that the functional
characteristics of AHR were maintained by the AHR-GFP
fusion protein. Indeed, AHR-GFP showed ligand-dependent
dimerization with ARNT and DNA binding (Fig. 5a), as well as
activation of luciferase expression in a transient transfection
assay (Fig. 5b). In the absence of TCDD treatment, Hepa-
1 cells transiently transfected with pcDNAI/B6AHR-GFP
showed cytosolic localization of the vast majority of the chi-
meric AHR-GFP protein (Fig. 5c, upper left panel), whereas
after TCDD treatment the majority of AHR-GFP was found in
the nucleus (Fig. 5c, lower left panel). In contrast, CV-1 cells
transfected with the same plasmid showed similar patterns of
localization in untreated and TCDD-treated cells, with the
majority of the AHR-GFP protein expressed in untreated cells
already localized to the nucleus (Fig. 5c, right two panels), thus

FIG. 5. Cellular localization of transfected AHR in CV-1 and Hepa-1 cells.
(a) Gel mobility shift assays using in vitro-translated B6AHR-GFP and mARNT.
Translated proteins were incubated with 0.1% DMSO (2) or 100 nM TCDD (1)
for 1 h at 30°C before the gel shift reaction. Nuclear extracts from DMSO-treated
(C) and TCDD-treated (T) Hepa-1 cells were also included in the gel shift assays
as controls. (b) Reporter gene pAhRDtkLuc3 expression in CV-1 cells tran-
siently transfected with pcDNAI/B6AHR-GFP or pAlpha1GFP. Control plas-
mid pCMVbgal and the mARNT expression plasmid pcDNAIneo/mARNT were
also included in the transfection. (c) Subcellular localization of the AHR-GFP
fusion protein. Hepa-1 and CV-1 cells grown on coverslips were cotransfected
with pcDNAIneo/mARNT and pcDNAI/B6AHR-GFP and treated with either
DMSO vehicle control (C) or 10 nM TCDD (T) for 2 h. Cells were fixed with 2%
paraformaldehyde, and the expressed fusion proteins were visualized by fluores-
cence microscopy at 450 to 490 nm and 515 nm as excitation and emission
wavelengths, respectively. Five representative cells from each transfection are
shown for each cell line and treatment.
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suggesting the constitutive presence of an AHR ligand or ac-
tivator in these cells.

Inhibition of transactivation by wild-type AHR with chi-
meric and truncated AHR proteins. The previous results sup-
port the view that an endogenous CYP1A1 substrate possibly
also functions as an AHR ligand. If this is the case, chimeric
and truncated AHR containing the ligand-binding domain
should compete with wild-type AHR for this putative endog-
enous ligand. To test this hypothesis, CV-1 cells were cotrans-
fected with a fixed amount of pcDNAI/B6AHR and with in-
creasing amounts of the chimeric tDBD/DR83-593 used in
previous experiments along with the two reporter plasmids
pAhRDSV40Luc3 and pGREII-oct-AF. Competition for li-
gand between wild-type and chimeric AHR in these experi-
ments was monitored by the changes in expression of the two
reporter genes. As the dose of tDBD/DR83-593 increased,

expression of its corresponding reporter gene pGREII-oct-AF
also increased, while expression of the reporter in pAhRDSV
40Luc3, responsive to wild-type AHR, concomitantly de-
creased (Fig. 6B), suggesting that the chimeric Ah receptor in
tDBD/DR83-593 and wild-type AHR compete for a common
activator.

To test the hypothesis further we used a truncated AHR,
encoded by pAHRD495-805, as a competitor. This AHR mu-
tant contains only the N-terminal 494 amino acids, including
the bHLH and the ligand-binding domains but not the trans-
activating domain. Cotransfection of increasing amounts of
this plasmid also caused a dose-dependent decrease of lucif-
erase expression (Fig. 6C). This truncated AHR could also
function as a dominant negative mutant preventing wild-type
AHR from interacting with ARNT (10, 16), and it could be
argued that its effect on luciferase expression was solely due to

FIG. 5—Continued.
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sequestration of ARNT. This is unlikely, however, because the
chimeric AHR, tDBD/DR83-593, also blocks wild-type AHR
function and yet does not dimerize with ARNT. It is more
likely that activity of the truncated AHR is the result of addi-
tive dominant negative and ligand competition effects. Chi-
meric and truncated AHR have in common the ligand-binding
domain, and both require ligand for activation, suggesting that
this domain is responsible for their effect in blocking wild-type
AHR function. Trivial explanations for these results, such as
depletion of common elements of the transcription machinery,
are possible, although unlikely, since expression of b-galacto-
sidase, which shares the same elements and is used as a
normalization factor, is unaffected by the increased doses of
competitor plasmid. These results, therefore, are in better
agreement with the conclusion that elevated, constitutive
AHR–ARNT-dependent gene expression in CV-1 cells is due
to activation of AHR, most likely by an endogenous CYP1A1

substrate that is also an AHR ligand. We cannot rule out,
however, the possibility that other mechanisms might also be
involved.

High- and low-ligand-affinity AHR variants show different
affinities for the endogenous ligand. ANF inhibits AHR–
ARNT-dependent gene expression by acting as an AHR an-
tagonist that blocks the binding of xenobiotic Ah receptor
ligands (18, 40, 41, 72). In preliminary experiments using ex-
pression plasmids of the two AHR ligand affinity variants en-
coded by the Ahrb-1 and Ahrd alleles (48, 50), we observed that
ANF blocked reporter plasmid expression directed by the low-
affinity Ahrd allele to a greater extent than that of the high-
affinity Ahrb-1 allele (data not shown). Five-amino-acid differ-
ences have been found between these two alleles (7), of which
an A375V change is responsible for the high-versus low-affinity
polymorphism (11, 52). If this ligand affinity polymorphism
were also true for the putative endogenous ligand, we would
expect that the observed differences in the ability of ANF to
block Ahrb-1- and Ahrd-directed reporter expression would also
depend on the presence of Ala or Val at position 375. To test
this hypothesis, we constructed chimeric combinations of the
two Ah receptor proteins by replacing corresponding DNA
fragments in the pcDNAI/B6AHR and pcDNAI/D2AHR plas-
mids, which encode the AHRB-1 and AHRD proteins, respec-
tively. We used these constructs, as well as the parental plas-
mids, for transient transfection experiments and determined
the effect of ANF treatment on luciferase expression. In agree-
ment with our preliminary observations, ANF treatment
blocked the low-affinity AHR, encoded by pcDNAI/D2AHR,
three to four times more efficiently (20 to 30%, compared to 70
to 80% of control values) than the high-affinity AHR, encoded
by pcDNAI/B6AHR (Fig. 7). In addition, experiments with the
chimeric combinations of the two Ah receptor proteins dem-
onstrated that the presence of Val at position 375 resulted in
extensive inhibition by ANF (Fig. 7), thus confirming our hy-
pothesis that the same amino acid change responsible for the
differences in ligand-binding affinities (11, 52) was responsible
for the differences in ANF-dependent inhibition. The fact that
a point mutation known to affect ligand affinity is the main
determinant for ANF competition is compelling evidence that
the effect of ANF is due to competition with an endogenous
ligand present in CV-1 cells.

DISCUSSION

The data presented in this study show that constitutive ac-
tivation of AHR-ARNT transcriptional complexes is regulated
by the level of CYP1A enzymatic activity. In the absence of
CYP1A enzymes, Hepa-1 variant c37, lacking CYP1A1 activ-
ity, and AHR- and CYP1A1-negative CV-1 cell lines show
constitutive levels of AHR–ARNT-dependent gene expression
approaching 20 to 80% of those found following treatment of
Hepa-1 cells with TCDD, the most potent AHR ligand. In
addition, inhibition of CYP1A1 enzymatic activity in wild-type
Hepa-1 cells also leads to activation of AHR-ARNT in the
absence of exogenous ligand. In both c37 and CV-1 cell lines,
introduction of a CYP1A1 expression plasmid down-regulates
the high levels of AHR-ARNT activation. These results sug-
gest that an endogenous CYP1A1 substrate is responsible for
the constitutive activation of AHR–ARNT-dependent gene
expression.

Autoregulatory transcriptional derepression has been shown
to take place for Cyp1a1 and other genes of the [Ah] battery
(57). The present results extend this observation and show that
derepression of these genes is due to endogenous activation of
the AHR-ARNT transcriptional complex. The experiments

FIG. 6. Competition of wild-type and chimeric or truncated AHR proteins
for endogenous ligand. CV-1 cells were cotransfected with reporter constructs
pAhRDSV40Luc3, pGREII-oct-AF, pCMVbgal, a fixed amount of pcDNAI/
B6AHR, and increasing amounts of tDBD/DR83-593, as indicated on the ab-
scissa (in micrograms per 106 cells). Secreted alkaline phosphatase (AP) activity
(A) and luciferase activity (B) were assayed from the medium and cell lysate,
respectively, of the same transfected cells and normalized to b-galactosidase
activity. (C) Increasing amounts (in micrograms per 106 cells) of pAHRD495-805
expressing a truncated AHR were cotransfected into CV-1 cells with pcDNAI/
B6AHR, pcDNAIneo/mARNT, pCMVbgal, and the reporter plasmid pAhRDt-
kLuc3. Luciferase and b-galactosidase activities were measured and calculated as
described above.
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represented in Fig. 1 indicate that in the absence of CYP1A1
activity, a greater proportion of the Ah receptor in untreated
c37 cells is activated and hence translocated to the nucleus.
Activated nuclear Ah receptor undergoes proteolytic degrada-
tion at a much higher rate than the cytosolic form (19, 53),
which suggests that the low levels of AHR found in c37 cells
are possibly due to resetting of steady-state levels resulting
from constitutive nuclear translocation and subsequent degra-
dation. Overexpression of CYP1A1 or CYP1A2 restores par-
tially, but not completely, TCDD inducibility in CYP1A1-de-
ficient cell lines, suggesting that CYP1A activity is not the only
factor that controls constitutive AHR-ARNT activation. CV-1
cells, which do not express AHR, show a much higher degree
of derepression than c37 cells; this suggests that other down-
stream genes regulated by AHR are also silent in this cell line
and that these genes may also contribute to the autoregulatory
mechanism. Alternatively, the balance between the rates of
endogenous ligand synthesis and metabolism may be widely
different in different cell lines, leading to different constitutive
levels of AHR-ARNT activation. These two alternatives are
not mutually exclusive.

Several lines of evidence presented in this article are con-
sistent with the conclusion that this putative CYP1A1 substrate
is also an endogenous Ah receptor ligand. First, its presence
stimulates AHR–ARNT-dependent transactivation of reporter
genes. Second, it promotes the DNA-binding activity of AHR-
ARNT complexes. Third, it induces AHR nuclear transloca-
tion. Fourth, it requires the ligand-binding domain of AHR for
its activity. Last, its effect is antagonized by ANF and shows
functional characteristics for polymorphic AHR proteins sim-
ilar to exogenous ligands. Formal proof that the compound
involved is in fact a ligand of AHR must await purification and
structural analysis.

Figure 8 summarizes our current working hypothesis on
the regulation of AHR–ARNT-dependent gene expression.
The endogenous CYP1A1 substrate activates AHR in the ab-

sence of exogenous ligands, but the substrate is to some
degree transformed into an inactive product by the func-
tional CYP1A1 enzyme. Thus, in cells expressing CYP1A1, the
substrate is maintained at a low concentration and AHR is
relatively inactive. In cell lines lacking CYP1A1 activity, the
substrate accumulates and AHR is constantly activated and
able to dimerize with ARNT and to transactivate target genes.

Nuclear localization of AHR has been reported for HeLa
cells in the absence of an exogenous ligand (63). Similar results
have been observed in the developing mouse embryo (1). Re-
cently, stable transfection of AHR expression plasmids into
receptorless cells has revealed that this protein plays an im-
portant role in the control of cell cycle progression and that no
exogenous ligands are needed for this function (36, 69), further
suggesting the existence of an endogenous AHR ligand. Other
members of the bHLH/PAS gene family are believed to par-
ticipate in early embryonic development, a stage in which cells
continuously face decision checkpoints for proliferation, dif-
ferentiation, or apoptosis. Activation of AHR by an endoge-
nous ligand might be a critical event at any of these decision

FIG. 7. Differential antagonism by ANF of transactivation by high- and low-affinity AHR variants. CV-1 cells were transfected with pAhRDtkLuc3, pCMVbgal,
pcNDAIneo/mARNT, and different pcDNAI/AHR chimeric constructs. The positions of amino acid differences between Ahrb-1 and Ahrd alleles, encoded by plasmids
pcDNAI/B6AHR and pcDNAI/D2AHR, respectively, are shown at the top of the diagram on the left. Amino acids are represented by their one-letter codes. The star
denotes the termination codon. Amino acid differences between Ahrb-1- and Ahrd-encoded proteins are shown in black lettering on an open square (Ahrb-1 allele) or
white lettering on a filled circle (Ahrd allele). All chimeric constructs were generated by replacing segments from the cloned AHRB-1 cDNA with the corresponding
regions from the cloned AHRD cDNA. Transfected CV-1 cells were treated with DMSO vehicle control or with 1 mM ANF (a dose predetermined in preliminary
experiments) at 24 h after transfection. Luciferase and b-galactosidase activities were measured 14 to 16 h after treatment. The ordinate represents the ratio of
luciferase activity in ANF-treated cells to that in control cells.

FIG. 8. Schematic representation of the current working hypothesis.
CYP1A1 enzymatic activity converts the endogenous CYP1A1 substrate (S) to
an inactive product (P). Substrate-bound AHR dimerizes with ARNT, and the
AHR-ARNT complex transactivates Cyp1a1 and other target genes.
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checkpoints. TCDD and other exogenous ligands may derail
normal homeostasis by perturbing the balance in signal trans-
duction pathways relevant to these decisions. In fact, TCDD is
a powerful teratogen (8, 62).
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