JB Review

Ah Receptor, a Novel Ligand-Activated Transcription Factor'

Kazuhiro Sogawa? and Yoshiaki Fujii-Kuriyama
Department of Chemistry, Graduate School of Science, Tohoku University, Aoba-ku, Sendai 980-77

Received for publication, August 26, 1997

The aryl hydrocarbon receptor (AhR) is widely distributed in vertebrates and is known to
be involved in metabolism of xenobiotics including man-made chemicals, most of which act
as a ligand for the receptor, although no endogeneous ligand has yet been known. Upon
binding a ligand, the receptor is activated to translocate to the nuclei, and during the
nuclear translocation process, it is dissociated from the 90 kDa heat shock protein (Hsp90)
to form a heterodimer with Arnt (Ah receptor nuclear translocator). The heterodimer
complex binds a DNA response element termed xenobiotic responsive element (XRE)
localized upstream of the target genes of many drug-metabolizing enzymes including
cytochrome P4501A1 and glutathione S-transferase to activate their transcription. Recent
cDNA cloning has revealed that the AhR, like Arnt, possesses characteristic structural
motifs of basic helix-loop-helix and PAS domains responsible for DNA recognition,
heterodimerization, and ligand binding, and functions as a novel receptor-type transcrip-
tion factor.
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The Ah receptor (AhR) plays a key role in the metabolism
of xenobiotics, including environmental pollutants such as
polycyclic aromatic hydrocarbons (PAH). PAH such as
3-methylcholanthrene (3MC) and benzo[a]pyrene func-
tion as potent ligands for the AhR, and the liganded AhR
complex (see below) activates a number of genes for phase
I and pbase II drug-metabolizing enzymes including cyto-
chrome P-4501A1 (CYP1A1l) and glutathione S-trans-
ferase Ya subunit, which detoxify PAH in most cases. Upon
being biotransformed, however, a fraction of PAH acquires
reactivity with DNA to act as an ultimate mutagen (1-4).
Thus, the AhR is implicated in carcinogenesis, presumably
by damaging protooncogenes or tumor-suppressor genes.
Ligands for the Ah receptor also include halogenated
dibenzo-p-dioxin, dibenzofurans, and biphenyls. These
carcinogenic compounds, as represented by 2,3,7,8-tetra-
chlorodibenzo- p-dioxin (TCDD), are not or very poorly
metabolized by CYP1A1 and other phase I enzymes, and
therefore retained in the body of animals (5-7). Although
these compounds show little genotoxicity in themselves,
because of their metabolic stability, they exert adverse
pleiotropic effects on organisms in addition to induction of
the metabolizing enzymes. These effects include cancer
promotion, teratogenicity, epithelial hyperplasia, thymic
atrophy, a wasting syndrome, chloracne, and hepatotox-
icity. It has been suggested that all of the pleiotropic
biological effects of TCDD are mediated by the AhR (5, 6).
Although evidence for involvement of the AhR in some of
these effects of TCDD has been reported with AhR gene-
disrupted mice (8-10), the molecular mechanisms for
these diverse toxic effects generally remain mysterious.
Now that the molecular entity of the AhR has been re-
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vealed, its functional mechanisms in these toxicological
effects are being extensively pursued. This paper briefly
summarizes the present information about the structure
and function of the AhR with reference to transcription
factors in the same gene family.

Genes controlled by AhR complex

The induction mechanism by the AhR complex has been
most extensively studied on the CYP1A1l gene, because
induction of the gene by TCDD or 3MC is so strong (more
than 50-fold) that it can be easily detected by the conven-
tional methods for gene expression. Other genes for drug
metabolizing phase I and phase II enzymes known to be
under the control of the AhR include genes for CYP1A2,
CYP1B1, CYP2AS, glutathione S-transferase Ya subunit,
aldehyde-3-dehydrogenase, NAD(P)H quinone oxidore-
ductase, and UDP-glucuronosyltransferase (6). Although a
list of genes other than those for the drug-metabolizing
enzymes whose expression is modulated by the AhR
complex is not yet available, it has been reported that the
expression of several genes with interesting functions was
induced by TCDD (11). These genes include those for
plasminogen activator inhibitor 2 (PAI-2) and interleukin
15 (IL-18), which are important for cell growth and
differentiation.

It has been reported that the AhR can also act as an
inhibitor to expression of the genes for estrogen receptor
(ER) (12), tissue plasminogen activator (13), cathepsin D
(14), and uterine peroxidase (15). Except for the ER gene,
these genes are induced by estrogen and the induced
expression is inhibited by the concomitant administration
of TCDD. Inhibition of these gene expressions can be
considered as antiestrogenic effects of TCDD. Several
mechanisms of the inhibition were proposed. Firstly, the
increased expression of CYP1A1l and CYP1A2 hydroxyl-
ates estrogens to less active forms. Secondly, the AhR
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down-regulates the ER gene, resulting in a reduced level of
nuclear ER. Recently a novel mechanism of the inhibition
by the AhR has been proposed: the inhibition results from
interference of the liganded AhR with the DNA binding of
the activated ER. Reciprocally, it is also reported that
estrogen-ER complex interferes with the transactivation
potential exhibited by TCDD (15). Further studies are
necessary to elucidate how liganded AhR interacts with the
activated ER, leading to the mutual inhibition of their gene
expression.

Structure of AhR and Arnt

The AhR ¢cDNA was cloned in 1992, two decades after the
discovery of the receptor, when problems associated with
the receptor’s low content in the cells and instability during
purification processes were overcome (16, 17). The AhR
had long been considered to be a member of the steroid/
thyroid/retinoic acid receptor superfamily, because the
molecular mechanism of its activation apparently resem-
bles that of the glucocorticoid hormone receptor. However,
structural analysis of the AhR ¢cDNA revealed that the AhR
exhibits no similarity to steroid hormone receptors, but has
ingtead two characteristic structural domains, the basic
helix-loop-helix (bHLH) and PAS domains in the N-termi-
nal half of the molecule (16, 17) (Fig. 1). The PAS domain
was designated as a common region found in Drosophila
Per, human Amnt and Drosophila Sim. Thus, the AhR
represents a new class of a receptor-type transcription
factor. To date, primary structures of the human, mouse,
and rat AhR, consisting of 848 (18-20), 805 (16, 17), and
8563 (21) amino acids, respectively, have been deduced
from their cDNA sequences. The dimeric partner protein of
the AhR, designated Ah receptor nuclear translocator
(Arnt), also contains the two characteristic domains, HLH
and PAS (22, 23) (Fig. 1). Amino acid identities of HLH
and PAS domains between the AhR and Arnt are 25 and
18%, respectively. The AhR and Arnt form a heterodimer
through interaction of the HLH and PAS domains between
the two molecules to bind the DNA response element
[xenobiotic responsive element (XRE) (24), or dioxin
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Fig. 1. Schematic representation of structure of the AhR and
Arnt. bHLH, basic helix-loop-helix domain; PAS, PAS domain; Q,
glutamine-rich region.
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response element (DRE), CACGCNA/T] by the basic
sequence just N-terminal to the HLH. Arnt is able to
homodimerize with itself and heterodimerize with the AhR
and other factors containing the HLH and PAS domains
(25). The HLH domain is often found in transcription
factors critical for cell growth and differentiation such as
c¢-myc and Myo D, and functions as a dimerization inter-
face. The PAS domain comprises approximately 250 to 300
amino acids containing two incomplete 50 amino acid
repeats, and functions as a multifunctional domain inter-
active with ligands, Hsp90, and Arnt (17, 26). Recently,
PAS-containing proteins have been discovered in increas-
ing numbers and constitute a superfamily as shown in Fig.
2. It is interesting that two PAS proteins closely related to
the AhR were found in Caenorhabditis elegans. Elucidation
of the function of these proteins in nematoda may provide
a clue to the innate functions and evolutionary process of
the AhR. Transcriptional activation domains are localized
in the C-terminal half of the AhR and Arnt (27-29) (Fig.
1). It has recently been found that the activation domain of
Arnt interacts with the CBP or P300 at the CREB binding
site (30). ’

Gene structure, chromosomal localization, and ex-
pression

The mouse AhR gene is 37.5 kb long and separated into
11 exons (31, 32). It is a TATA-less gene, but has several
GC boxes in the promoter region as is often observed with
the house-keeping genes. Other cis-acting elements such as
an AP-1 binding site, an E box, and a CRE are also found in
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Fig. 2. A phylogenetic tree of the PAS protein superfamily.
AhR, aryl hydrocarbon receptor; Trh, trachealess; Npas, neuronal
PAS domain protein; Sim, single minded; Hif, hypoxia inducible
factor; HIf, Hif-like factor; Epas, endothelial PAS domain protein;
Armt, Ah receptor nuclear translocator; Sre, steroid receptor coac-
tivator; Nre, nuclear receptor coactivator; Tif, transcriptional inter-
mediary factor. h, human; m, mouse; r, rat; o, rabbit; f, traut; d, D.
melanogaster; c, C. elegans.
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the promoter region of the gene (31, 32). Deletion analysis
of the upstream region of the AhR gene suggests that
various combinations of these cis-acting elements regulate
the transcription of the gene in cell type-specific manners
(33).

Chromosomal localization of the human AhR gene was
assigned to 7p21 (34, 35) and the mouse gene was localized
on the syntenic region of chromosome 12 with the human
chromosome (31). On the other hand, the human Arnt gene
was mapped to chromosome 1q21 (36), a different chromo-
some from that of the AhR gene.

Expression of the AhR and Arnt genes was examined in
various tissues of human (37), mouse (16), and rat (21) and
found more or less similar patterns in these animals. The
AhR mRNA is widely expressed with the highest level in
lung, moderate levels in kidney and liver, and in low levels
in spleen, heart, and skeletal muscle, while Arnt mRNA is
relatively evenly expressed in these tissues. In general,
expression of both genes appeared to be constitutive,
except in special cases where the AhR mRNA was increased
during monocytic differentiation of HL.60 cells (38) and
where Arnt mRNA was induced in Hep3B cells in response
to hypoxic conditions (39).

Activation mechanisms of AhR/Arnt complex

The AhR is stably associated with Hsp90 in the latent,
ligand-free form in the cytosol (40, 41). The role of Hsp90
was considered to be to hold the AhR in a conformation
having ligand-binding ability, and to mask its DNA binding
activity. No evidence was reported that Arnt interacted
with Hsp90. Treatment with a ligand such as TCDD
initiates a sequence of molecular events leading to tran-
scriptional activation of a group of genes by the AhR,
including dissociation from Hsp90, nuclear translocation,
and finally heterodimer formation with Arnt localized in the
nucleus to bind XRE (42, 43). Figure 3 shows an illustration
of these activation processes summarized from the work of
several laboratories. It is still a matter of controversy
whether dissociation of the AhR from Hsp90 occurs in the
cytosol or in the nucleus.

It was investigated how the AhR-Arnt complex recog-
nizes and binds its asymmetric XRE sequence of 5'-CACG-
CNA/T-3. Arnt was found to form a homodimer to bind a
symmetric E-box sequence of 5'-CACGTG-3’, and the basic
sequence responsible for DNA recognition is very similar to
those of E box-binding transcription factors such as USF
and cMyc, while that of the AhR is more distantly related.
It was therefore proposed that the CAC sequence of the
XRE sequence is recognized by the basic sequence of Arnt,
while the other half is bound by that of AhR (25). This
mode of DNA recognition of the AhR/Arnt complex was
confirmed by DNA cross-linking experiments (44). Con-
cerning the inducible expression of the CYP1A1 gene, the
AhR/Arnt complex which first bound the XRE sequence
was found to facilitate the binding of Spl to the GC-box
sequence localized upstream of the TATA box sequence
through the interaction between the HLH/PAS region of
the AhR/Arnt and the zinc finger domain of Spl. The
reciprocal facilitation of the DNA binding between AhR/
Arnt complex and Spl presumably results in a synergistic
enhancement of the inducible expression of the CYP1A1l
gene. This sort of arrangement of the XRE and the GC box
sequences is often found upstream of the genes for other
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Fig. 3. Model for the induction of xenobiotic responsive genes
via the AhR.

drug-metabolizing enzymes which are induced by TCDD or
3MC (45).

Several lines of evidence indicate that phosphorylation of
the AhR/Arnt complex is important for its binding with the
XRE sequence. In vitro treatment with protein phosphatase
abolished the DNA-binding activity of the AhR/Arnt
complex, and treatment of cultured cells with inhibitors of
protein kinase C and tyrosine kinase inhibited the induction
of CYP1A1 gene expression by TCDD or 3MC (46, 47). In
addition, down-regulation of protein kinase C by prolonged
exposure to phorbol esters probably results in a loss of the
DNA-binding activity of AhR in human keratinocytes (48).
It was also reported that long-term treatment of mice with
a phorbol ester blocked the inducible expression of the
CYP1A1 gene by TCDD (49). Although protein chemistry
using metabolically 3?P-labeled AhR has localized two
phosphorylation sites in the C-terminal half of the molecule
(50), it remains to be seen whether these phosphorylation
sites are related to the function of AhR and, if 8o, how.

Polymorphism of AhR

Interstrain polymorphism of AhR is known in mice. The
polymorphic forms of AhR have different ligand-binding
activities and consequently show different biological re-
sponses such as teratogenic and cancer susceptibility to
TCDD and 3MC. The C57BL/6 strain is a representative
strain with high inducibility in the CYP1A1 gene expres-
sion in response to inducers such as TCDD and 3MC, while
the DBA/2 strain has with low inducibility of the gene
expression. The AhR alleles in the C57BL/6 and DBA/2
mice are designated AhR™' and AhRY, respectively. cDNA
cloning revealed that the AhR>' allele encodes a polypep-
tide of 805 amino acids, while the gene product of the AhR?
allele consists of 848 amino acids (51-53). The molecular
weights deduced from their cDNA sequences are in good
agreement with those estimated by gel electrophoresis of
the endogeneous AhR affinity-labeled with '**I-TCDD (52).
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Expression of these polymorphic forms of AhR in a cell-free
system or in cultured cells by DNA transfection allowed us
to estimate their ligand-binding affinities (52, 53). The K,
value for TCDD of the AhR*! allele is about 6 times lower
than that of the AhR?. There are ten nucleotide differences
between the AhR™! and AhR® alleles. While five of them are
silent, the others cause amino acid alterations, with one of
them on the termination codon resulting in a C-terminal
extention of 43 amino acids in the AhR® protein. Reciprocal
changes of amino acid sequences between the two AhRs and
introduction of specific mutations defined the amino acid
changes responsible for affecting the ligand binding activity
of the AhR. The A381V replacement together with the
C-terminal extension are able to explain the change from
the high-affinity form to the low-affinity form of AhR. It has
been reported that two other high affinity forms of AhR,
designated AhR*? and AhR™?, have apparent M; of 104,000
and 105,000, respectively, which are close to that of the
low-affinity form (52).

Because of the close association of polymorphic forms of
AhR and cancer susceptibility in mice, human AhR poly-
morphism has been extensively investigated, especially in
cancer patients. Thus far, however, no evidence has been
obtained for the presence of a high affinity form of human
AhR, although some polymorphic forms have been reported
(54-56).

We thank Dr. O. Gotoh (Saitama Cancer Institute) for generously
providing us with the figure of the phylogenetic tree of PAS proteins.
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