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FIG. 7. Upregulation of Cypl9 expression by an exogenous AhR
ligand, DMBA. (A) Expression of Cyp/9 induced by intraperitoneal
injection of DMBA. AhR / (lanes 1to 8)or AhR / (lanes 9 and 10)
female mice were injected intraperitoneally with DMBA (50 mg/kg of
body weight) or vehicle alone. Five hours after injection, we prepared
total RNA from the ovaries. The amounts of Cypl9 mRNA were then
evaluated by RT-PCR. The estrus cycle phase of each animal was
determined by observing vaginal smears collected just before injection
of DMBA. -Actin was used as a control. (B) Quantitative represen-
tation of Cypl9 mRNA levels. Quantification of the CypI9 transcript
was performed by using a 7500 real-time PCR system (Applied Bio-
systems, Japan).

ple reactions in the ovary. Investigation of steroidogenic gene
expression revealed that Cypl9 expression was significantly

reduced in AhR / females. Immunohistochemical and immu-.

noblotting analyses confirmed the reduced levels of Cyp19 in
granulosa cells. As Cyp19 is the rate-limiting enzyme in estro-
gen synthesis, it is likely that the reduced estradiol concentra-
tions result primarily from lower levels of Cyp19 synthesis in
the ovaries of AhR / females.

The Cypl9 gene has multiple tissue-specific first exons (23,
33, 55). A survey of the 5 sequence upstream of the ovary-
specific first exon revealed the presence of a potential XRE
sequence in both human and mouse genes. The presence of
such an XRE sequence has recently been reported to occur
within the promoter of the fish ovarian-type CYPI9 genes,
although a functional analysis remains to be performed (7, 27,
59, 60). The conservation of XRE among a variety of animal
species, however, suggests functionality of this sequence in the
ovary-specific expression of Cypl9. In this study, we substanti-
ated this hypothesis by transient transfection and ChIP assays.
In addition, the Cypl9 gene proximal promoter contained a
functional Ad4/SF-1 site (32). Our investigation of the func-
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tional correlation between Ad4BP/SF-1 and AhR revealed that
these factors cooperatively enhanced CypI9 gene transcription.
This synergistic action resulted from a physical interaction,
revealed by coimmunoprecipitation and ChIP assays.

Recently, another orphan nuclear receptor, LRH-1 (fiver
receptor homologue 1), has been reported to be selectively
expressed in ovarian granulosa cells (15, 24) and to transacti-
vate the ovary-specific Cypl9 promoter in transient transfec-
tion assays. Structurally, LRH-1 exhibits homology with
Ad4BP/SF-1, and the recognition sequences of these proteins
are quite similar. Using the Ad4/SF-1 site from the Cypl9
promoter as a probe, however, electrophoretic mobility shift
assays revealed that Ad4BP/SF-1 is the dominant binding fac-
tor (9, 10, 15). These observations suggest that Ad4BP/SF-1
and LRH-1 play distinct roles in the regulation of target gene
transcription. As LRH-1 is involved in cell proliferation via
regulation of cyclin D1 and El gene expression (5), further
investigations are needed to clarify the function of LRH-1 in
the AhR-mediated expression of CypI9 in the ovary.

Role of negative feedback regulatory loop formed by ARR
and AhRR. AhRR is one of the downstream targets of AhR
transcriptional regulation (2, 36). Structurally, AhRR belongs
to a family of bHLH-PAS transcription factors and suppresses
AhR-mediated transactivation by competing with AhR for
heterodimer formation with Asnt. This study confirmed the
suppressive function of AhRR on Cypl9 gene expression. The
expressions of both AhRR and Cypl9 are similarly reguiated
by AhR via binding of AhR to the XRE sequences in their
promoters. Superovulation experiments, however, revealed
that the Cypl9 gene displayed ap earlier peak of expression
(reaching a maximum at 48 to 52 h after gonadotropin [PMSG]
treatment) than AhRR, which was upregulated as Cypl9 ex-
pression began to decline. Although the mechanisms produc-
ing this time lag of AhRR expression are unknown, cyclic
expression of CypI9 in the estrus cycle could be explained by a
Jag in AhRR synthesis. From these observations, it is possible
that AhR and AhRR regulate the ovarian biological clock
governing the estrus cycle. In support of this possibility, it is
interesting to note that expression of CLOCK and BMALL1
(Arnt3), two members of the bHLH-PAS family (to which
AhR and AhRR belong), in the suprachiasmatic nuclei of the
hypothalamus regulates the expression of their inhibitors,
PERs, to generate the biological clock governing circadian
rhythms (31).

In a normal ovarian cycle, the expression levels of AhR
appear to be constant. Thus, to transactivate the expression of
Cypl9 and AhRR, AhR may also need to be activated. Al-
though a number of endogenous ligands have been reported to
activate AhR (13), the identity of the endogenous ligand re-
quired for the activation of AhR in the ovary and the mecha-
nism by which this activation occurs during the estrus cycle
remains unknown. In keratinocyte cell lines cultured at low
density or in Ca® -free medium, AhR translocates to the nu-
cleus to activate reporter genes, even in the absence of obvious
AhR ligands (25). The activation of AhR by phosphorylation
has been suggested for such cases (26).

Estrogenic effect of AhR ligand through two distinct mech-
anisms. In this study, we characterized the subfertility pheno-
type of AhR ’ female mice, identifying the key role of AhR
in Cypl9 gene transcription controlling the temporal synthesis
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of ovarian estrogen in the estrus cycle. This intrinsic physio-
logical role of AhR provides an explanation for the high degree
of AhR conservation throughout vertebrate species. This find-
ing also provides a molecular basis for the estrogenic actions of
AhR ligands. DMBA, an AhR ligand, induced Cypl9 expres-
sion, leading to unscheduled increases in estradiol regardless
of estrus cycle phase. Recently, functional cross talk was re-
ported between AhR and estrogen receptors (ER) (44), and
the ligand-bound AhR exerts estrogenic effects through a di-
rect interaction with nonliganded ER molecules associated
with estrogen response elements in target gene promoters.
Together with our observations, ligand-bound AhR likely ex-
erts an estrogenic effect via two distinct mechanisms, the stim-
ulation of estradiol production through the activation of CypI9
gene expression and the activation of empty ER by AhR co-
activation.
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Keratinocytes Causes Inflammatory Skin Lesions
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Occupational and environmental exposure to polycyclic aromatic hydrocarbons (PAHs) has been suggested
to provoke inflammatory and/or allergic disorders, including asthma, rhinitis, and dermatitis. The molecular
mechanisms of this PAH-mediated inflammation remain ¢o be clarified. Previcus studies implied the involve-
ment of PAHSs as irritants and allergens, with the reactive oxygen species generated from the oxygenated PAHs
believed to be an exacerbating factor. It is also possible that PAHs contribute to the pathegenesis through
activation of aryl-hydrocarbon receptor (AhR)-mediated transcription, since PAHs are potent inducers of the
ARR, To address this point, we generated transgenic mouse lines expressing the constitutive active form of the
AhR in keratinocytes. In these lines of mice, the AhR activity was constitutively enhanced in the absence of
ligands, so that any other direct effects of PAHs and their metabolites could be ignored. At birth, these
transgenic mice were normal, but severe skin lesions with itching developed postnatally. The skin lesions were
accompanied by inflammation and immunolegical imbalance and resembled typical atopic dermatitis. We
demonstrate that constitutive activation of the AhR pathway causes inflammatory skin lesions and suggests a
new mechanism for the exacerbation of inflamumatory diseases afier exposure to occcupational and environ-

mental xenobiotics.

A steady increase in the prevalence of allergic diseases has
been noted over the last century (30). Exposure to environ-
mental xenobiotics was reported as one of the risk factors
associated with the development of atopy and asthma (3).
Polycyclic aromatic hydrocarbons (PAHs) are one of major
environmental pollutants present in automobile exhaust, ciga-
rette smoke, various foods, and industrial wastes. The skin,
respiratory tract, and digestive tract are the first tissues that
come into contact with these exogenous chemicals. Recent
studies suggested that inhalation of PAHs in diesel exhaust
particles and cigarette smoke triggers inflammatory responses
in the respiratory tract, resulting in rhinitis and asthma (13, 21,
31, 33). Occupational exposure to PAHs or topical application
of chemicals or drugs containing PAHs elicits inflammatory
skin diseases, known as contact hypersensitivity or dermatitis
(36, 37). In spite of the increasing number of reports showing
a relationship between PAHSs and inflammatory disorders, the
precise molecular mechanisms by which such chemicals con-
tribute to the development of pathological states remain to be
clarified.

The carcinogenic and mutagenic effects of PAHs are well
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documented (for instance, see review in reference 32) and
genetic and biochemical studies indicate that most of these
responses elicited by PAHs are mediated through binding to
aryl-hydrocarbon receptor (AhR) (22), since PAHs are potent
inducers of the AhR activity (12). On the contrary, the involve-
ment of AhR in the inflammatory effect of PAHs is controver-
sial, since dioxins, a typical group of ligands for AhR, suppress
the allergen-specific immune responses (10, 35) and often in-
duce chloracne, whose clinical and histopathological appear-
ance is rather distinct from those of PAH-mediated contact
dermatitis (6, 37). Usually, the latter is accompanied by itching
and is associated with inflammation, whereas the former does
not display these signs even in the late stages of the disease
(6, 37). Instead, the PAHs have been suggested to provoke
inflammation as primary irritants or by allergic mechanisms
against PAHs or their metabolites (1, 7, 37). Other lines of
evidence suggest that reactive oxygen species generated by
oxygenated PAHs appear to enhance the allergic response
(4, 15). PAHs have also been shown to stimulate an increase
in the DNA-binding activity of NF- B, which in turn in-
duces cytokine gene expression and provokes the allergic re-
sponse (28).

The effect of environmental xenobiotics on the immune sys-
tems has been intensively examined, but uncertainty remains as
to whether these compounds do indeed influence immune
responses. Difference in the experimental systems seems to
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give rise to distinct results. For instance, there is a report
showing that PAHs and 2,3,78-tetrachlorodibenzo-p-dioxin
(TCDD) directly enhance the immunoglobulin E (IgE) pro-
duction when added to the purified B cells (33). Another study
showed that TCDD preincubation results in the decrease of
IgE production from the B-cell culture (14). This situation
convinced us that an integrated in vivo experimental system
should be established for evaluating and dissecting the biolog-
ical effect of these compounds.

We surmised that, in any case, AhR-mediated transcription
should be activated in the tissues where the AhR ligands are
applied. In order to clarify the contribution of AhR-mediated
transcription to the development of inflammatory disorders,
we attempted to discriminate between the contribution of the
AhR pathway and the other effects of PAHs. Therefore, in the
present study, we assessed the direct contribution of the AhR
pathway to inflammatory disorders by utilizing the constitutive
active form of AhR (AhR-CA) that can activate transcription
in the absence of exogenous chemicals. Skin was chosen as the
tissue to examine AhR-CA expression because the conse-
quences are easy to observe, and transgenic mice were gener-
ated that express AhR-CA in keratinocytes under the regula-
tion of keratin 14 promoter (11). These transgenic mice were
normal at birth, but severe skin lesions with itching developed
postnatally. The skin lesions were accompanied by inflamma-
tion and immunological imbalance and resembled typical
atopic dermatitis. This result clearly shows that constitutive
activation of the AhR pathway is sufficient to trigger the in-
flammatory skin lesions and suggests the involvement of AhR-
mediated transcription in the inflammatory diseases after ex-
posure to occupational and environmental xenobiotics.

MATERIALS AND METHODS

Generating transgenic mice expressing AbR-CA. Male and female BDF; mice
were purchased from CLEA Japan (Tokyo) to obtain fertilized eggs for DNA
microinjection. AhR-CA transgenic mice, generated as described below, were
maintained in the mixed background of C57BL/6 and DBA/2. AhR-CA trans-
genic mice and their wild-type littermates were housed in plastic cages in an
air-conditioned room at a temperature of 24  1°C, a humidity of 55% 5%,
and a 12-h light-dark cycle.

For the construction of the pK14-AhR-CA-HA transgene, we first made a
¢DNA fragment encoding the constitutive active form of mouse AhR (AhR-CA)
with a hemagglutinin (HA) tag sequence at its 3 end (pBSK-AhR-CA-HA). The
ligand-binding domain (277 to 418 amino acids {aa]) of AhR was deleted to
generate AhR-CA. In brief, we generated AhR-CA ¢DNA by ligating the PCR-
amplified fragments that encode the N-terminal (1 to 276 aa) and C-terminal
(419 to 805 aa) halves of the AhR with an internal linker sequence (GGGGGA
TCGGG), and the resultant cDNA fragment was subcloned into pBluescript I
SK( ) vector (pBSK-mAhR-CA). An HA tag sequence was added to the 3 end
to make pBSK-AhR-CA-HA. To construct pK14-AhR-CA-HA, the blunt.ended
HindIll/Xbal fragment of the HA-tagged AhR-CA ¢cDNA was subcloned into
the blunt-ended BamHI and Xbal sites of a human K14 promoter/enhancer
cassette plasmid (a generous gift from E. Fuchs [11]). The construct was linear-
ized, purified, and injected into fertilized oocytes. The transgenic mice were
identified by the PCR (ca. 30 to 32 cydes of 94°C for 30 s, 60°C for 30 s, and 72°C
for 30 s) with a primer set: 5 -AAC TCT CTG TTC TTA GGC TCA GCG TC-3
and 5 -ATA CGC TCT GAT GGA TGA CAT CAG ACT-3 . Fluorescence in
situ hybridization (FISH) analysis was performed with the splenocytes prepared
from Line 234 female mice and the pK14-AhR-CA-HA transgene as a probe
through the standard procedure by Trans Animex Co., Ltd. (Hokkaido, Japan).

Immenoblotiing analysis. Dorsal skins were homogenized in buffer containing
20 mM HEPES (pH 7.6), 20% glycerol, 10 mM Nadl, 1.5 mM MgCi,, 0.2 mM
EDTA, 1% protease inhibitor, 1 mM dithiothreitol, and 1 mM phenylmethyl-
sulfonyl fluoride. Homogenized samples were mixed with an equal volume of gel
loading buffer (100 mM Tris-HCI [pH 6.8}, 4% sodium dodecyl sulfate, 0.2%
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bromophenol blue, 20% glycerol, 200 mM dithiothreitol) and then sonicated and
boiled at 100°C for 3 min. Soluble fractions were collected as supematants after
centrifugation. An aliquot (40 g) of each sample was separated by sodium
dodecyl sulfate~7.5% polyacrylamide gel electrophoresis and transferred onto
Immobilon-P Transfer Membrane (Millipore Corp., Bedford, MA). The mem-
brane was incubated in anti-HA antibody (sc-805; Santa Cruz Biotechnology,
CA). The signal was detected using ECL and a Western blotting detection system
(Amersham Pharmacia Biotech).

RNA blotting analysis. Total RNA was prepared from dorsal skin by using
Isogen (Nippon Gene, Tokyo) according to the manufacturer’s instructions.
Total RNA (15 g) was separated by electrophoresis on a 1% formaldehyde-
agarose gel and subsequently transferred onto Zeta-Probe GT Genomic Tested
Blotting Membrane (Bio-Rad Laboratories, Hercules, CA). The membrane was
probed with ¥P.labeled CYP1A1 cDNA fragment.

Histological and lmmenohlstechemical analyses. Skins were fixed in 3.7%
formaldehyde, embedded in paraffin, and sectioned. For histological analysis, the
samples were stained with hematoxylin and €osin. Alcian blue staining was used
for detecting mast cell granules. For the detection of CYP1Al, samples were
allowed to react with anti-CYP1A1 antibody (5c-9828; Santa Cruz Biotechnol-
ogy) overnight. Anti-CYP1A1 antibody binding was detected with horseradish
peroxidase-conjugated anti-goat IgG antibody and diaminobenzidene was used
as a chromogen.

Measurement of grooming deration and scratching freqeency. Individual
mice were kept in a cage in a calm state and monitored by video camera for 30
min. Grooming duration and scratching frequency were measured over a ran-
domly selected 10-min period. Grooming of any part of the body using the
forepaw or mouth was taken as a grooming episode, and a tally was made of the
duration of each episode within the 10-min period. A series of scratching be-
havior using the hind paw was taken as one scratching episode, and the frequency
of the episodes were counted for 10 min. Three mice were examined indepen-
dently at 6 weeks of age.

¢DNA microarray analysis. Ten-day-old AhR-CA mice of Line 239 (two males
and three females) and their wild-type littermates (two males and two females)
were sacrificed, and total RNAs were isolated from their back skin. The isolated
RNAs were further purified by RNeasy RNA isolation kit (QIAGEN). Purified
RNA was used for preparing labeled cRNA that was hybridized to a mouse
expression array 430A gene chip (Affymetrix, Santa Clara, CA). Experimen-
tal procedures for GeneChip were performed according to the Affymetrix
GeneChip expression analysis technical manual. The results were deposited in
the Gene Expression Omnibus (GEO) at the National Center for Biotechnology
Information (GEO accession number GSE2955).

<DNA synthesis and reverse transciiption-PCR (RT-PCR). Total RNA (3 g)
was reverse transcribed by Superscript II (Invitrogen) with 150 ng of random
hexamer at 42°C. Each cDNA was amplified by PCR using ExTaq (TaKaRa
Shuzo, Tokyo, Japan). The primers used were 5 -AGT GCA GAC AGT CCA
CAG CA-3 and 5 -TGC TCA GAG TAG TGA CCG AAC G-3 for CYP1BI,
5-TCA GTT CCC ATT GCA GTG G-3 and 5 -TGG AAT GGA CIT GCC
C-3 for NQOL, 5 -ACA CGG TGC TGG ACG AAT C-3 and 5 -ACG TAC
GCC CAG TGA A-3 for ADH, 5 -TTA CCA TGG GAG CTG AG-3 and
5 -CCA GAG CGA AGC CATTGA G-3 for AhRR, 5 -ACC CGG ACC CAA
AAC TTA G-3 and 5 -TGT TTG CCA GCA GTG ATC-3 for keratin 1,
5 -TTG AGC AGT ACATCA GCA A-3 and5 -GGA TCA TGC GGT TGA-3
for keratin 6, 5 -TCA TTA TTG CCA CCC AGG A-3 and 5 .TCT CCA GGC
CCT GGA A-3 forkeratin 16,5 -TTC CTT GCT TTG GCA TG-3 and 5 -CAG
TTC TGC TTT GGA TC-3 for CCL20, 5 -CAA CTIT TGG CCG ACT TC-3
and 5 -GAGT GAA CAT TACAGA TTT ATCCCC-3 for IL-18,5 -CTA TCG
TGC TCG AAT GAA CAC-3 and5 -GCC AAC AGG AAG CTG AGAGT-3
for HO-1, and 5 -CGA GCA CAG CITCIT T-3 and5 -AGG TAG TCT GTC
AGG T-3 for -actin.

Measarement of serological parameters. Thirteen AhR-CA mice and twelve
wild-type littermates aged 7 to 14 weeks were examined. Blood was drawn from
retro-orbital vessels. IgE, IgG1, IgG2a, IgG3, and IgM were quantified by using
enzyme-linked immunosorbent assay (ELISA). Cytokine production from spleen
T cells stimulated with anti-CD3 monoclonal antibody. We treated 48-well flat-
bottom microplates with 2 g of anti-CD3 antibody (145-2C11; BD Pharmingen)
and 0.5 g of anti-CD28 antibody (PV-1; SBA). Splenocytes were prepared from
seven AhR-CA mice and eight wild-type littermates aged from 7 to 14 weeks. A
total of 5 105 cells were seeded per well and cultured with 1 ml of RPMI 1640
medium supplemented with 10% fetal bovine serum for 24 h. The culture
supernatants were then collected and interleukin-2 (IL-2), IL-4, IL-5, IL-12, and
gamma interferon (IFN- ) were quantified with ELISA.
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FIG. 1. Generation of AhR-CA transgenic mice. (A) Structure of
the transgene. Basic helix-loop-helix (bHLH) and PAS domains are
indicated as shaded and dotted boxes, respectively. The PAS-B domain
serving as a ligand-binding domain (indicated by a bar) was deleted to
generate the AhR-CA molecule. An HA tag was added at the C
terminus of the protfein. (B) Expression of the transgene correlates
with the CYP1A1 mRNA level. HA-tagged AhR-CA was detected by
immunoblot analysis with anti-HA antibody. CYP1A1 mRNA was
detected by RNA blot analysis. The corresponding line numbers are
shown at the top. M, male; F, female; WT, wild type.

RESULTS

Generation of transgenic mouse lines expressing AhR-CA in
keratinocytes and integration of transgene into X chromosome
it one of the limes. In order to explore the possibility that
activation of the AhR pathway can elicit inflammatory re-
sponse in vivo, we generated transgenic lines of mice that
express AhR-CA in keratinocytes under the regulation of the
keratin 14 (K14) promoter (Fig. 1A). Among several lines of
mice generated, two (Lines 234 and 239) were found to express
the AhR-CA transgene at high levels (Fig. 1B). Since the
expression of AhR-CA in female Line 234 mice was consis-
tently weaker than that in male mice of Line 234, we mapped
the chromosomal localization of the transgene by using FISH
analysis. The result unveiled that the transgene was integrated
into the X chromosome in Line 234 (data not shown). Thus, we
suspected that the transgene was subjected to random inacti-
vation of the X chromosome (i.e., lionization [29]) and that the
female skin was composed of two kinds of keratinocytes, the
cells expressing the transgene and the cells whose transgenes
were silenced, consequently resulting in the lowered expression
of AhR-CA in female mice compared to male mice when the
whole skin was examined.

Since the male mice of Line 234 died before weaning (data
not shown), an essential gene on the X chromosome must have
been disrupted by integration of the transgene. Line 234 mice,
especially female mice, were found to provide strong evidence
for a link between activation of the AhR pathway and the
development of inflammatory lesions as will be described be-
low. The abundance of AhR-CA showed a good correlation
with the abundance of CYP1A1 mRNA, one of the target gene
products of the AhR (Fig. 1B), demonstrating that AhR-me-
diated transcription is activated in the skin of the transgenic
mice without any exogenous stimuli.
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FIG. 2. Macroscopic observation of Line 239 mice. (A) Twelfth day
after birth. Note that skin lesions are not apparent. (B) Fifth week. An
eczematous change emerges on the back skin. (C) Tenth week. Erosive
dermatitis with crusts is observed. (D) Twentieth week. Note that
re-epithelialization follows, and the fur coat is completely lost.
(E and F) Observation of behaviors related to skin itching. The total
duration of grooming behavior within 10 min was measured for three
independent mice, and the averages and standard deviations are shown
in panel E. The frequency of scratching episodes within 10 min was
counted for three independent mice, and the averages and standard
deviations are shown in panel F. The differences between the AhR-CA
mice (TG) and the wild-type control mice (WT) are statistically sig-
nificant (P 0.05).

ARR-CA transgenic mice postnatally develop skin lesions
with itching. Whereas Line 239 mice were normal at birth and
healthy up to 12 days of age (Fig. 2A), they gradually devel-
oped erosive eczema in the back skin by 3 to 5 weeks after birth
(Fig. 2B). Eventually, a massive loss of their fur coats occurred
after the tenth week, even under specific-pathogen-free condi-
tions (Fig. 2C and D). The whole skin over the body was
subjected to the same process of skin lesion development. We
noticed that both female and male mice of Line 239 frequently
scratched their skin, which started around the time of weaning.
Closer examination with the video tape recording revealed that
both male and female transgenic mice of Line 239 performed
grooming for longer periods of time and scratched much more
frequently than their wild-type littermates (Fig. 2E and F). An
important observation was that, although the transgene was
already expressed in the embryos of the late fetal stage (data

-269-



VoL. 25, 2005

Al

FIG. 3. Histological examination of the dorsal skin of AhR-CA
mice. (A to F) Skin specimens from Line 239 AhR-CA transgenic mice
(B, D, and F) and from wild-type mice (A, C, and E) were stained with
hematoxylin and eosin. The samples were prepared at the age of 1
week (A and B) or 4 weeks (C to F). The black arrows (C and D)
indicate the widths of the epidermal layers, and the dashed double
arrowheads (C) indicate the width of the subcutaneous fat tissue. Black
arrowheads (D) indicate cell infiltration, and white arrowheads (D) in-
dicate dilated hair follicles filled with keratinized cell masses. Boxed
areas in panels C and D are shown at a higher magnification in panels
E and F, respectively. (G and H) Immunohistochemical detection of
CYP1Al expression. A 10-day-old Line 239 mouse (H) and its wild-
type littermate (G) were examined. Intense brown signals can be seen
in the epidermal and follicular keratinocytes (arrowheads) of the trans-
genic mouse, whercas no apparent signals can be detected in the
control sample. (I and J) Serial sections prepared from the skin of a
Line 234 adult female mouse. One was stained with hematoxylin and
cosin (I), and the other was exposed to anti-CYP1A1 antibody (J). The
left-hand halves of the micrographs (indicated by white double arrow-
heads) show the normal state of the skin, while the right-hand halves
(indicated by gray double arrowheads) show inflammatory changes.
(K and L) Alcian blue staining of the skin specimens from the 4-week-
old mice of Line 239 (L) and wild-type littermate (K). Black arrows
(K and L) indicate mast cells that have infiltrated the dermis. Scale
bar:40 m(Aand B),16 m (C,D,K,andL),8 m (GtoJ),4 m
(E and F).
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not shown), skin disorders accompanied by itching and scratch-
ing developed postnatally in Line 239 mice, suggesting that
postnatal epidermal development and/or mechanical stimuli
may be required in addition for completion of the skin lesion
pathogenesis.

Epidermal and dermal pathological changes observed in
AhR-CA transgenic mice. To examine the skin of symptomatic
Line 239 mice in more detail, histological analysis was per-
formed. Consistent with the macroscopic observation, there
was no apparent abnormality during the first week after birth
(Fig. 3A and B). However, prominent acanthosis and hyper-
keratinization developed by 4 weeks of age (Fig. 3D and F);
most hair follicles were dilated and filled with layers of kera-
tinized cells (6, 37). The dermis was severely infiltrated with
lymphocytes and polymorphonuclear cells, and the subcutane-
ous fat tissue had mostly disappeared (Fig. 3D and F).

Although the macroscopic skin lesions observed in Line 234
were milder than in Line 239, both lines shared similar his-
topathological changes. Male Line 234 mice, with the highest
transgene expression (see Fig. 1B), developed the patholagical
state by 2 weeks of age, which was slightly earlier than the
onset of Line 239 mice (data not shown). Further exacerbation
could not be observed in male Line 234 mice since the mice die
before weaning due to a probable insertion mutagenesis or
disruption of an essential gene on the X chromosome by the
transgene. Intriguingly, adult female Line 234 mice displayed
chimeric patterns in their skin lesions, which made the derma-
titis macroscopically less apparent. Both normal and inflam-
matory parts resided side by side (Fig. 31), and this pattern was
quite consistent with that of the target gene expression (Fig. 3J).
This observation may be best explained by lionization of the
transgene integrated into X chromosome. We can assume that,
in the normal part of skin, the AhR-CA transgene was inacti-
vated due to the lionization of the transgene-harboring X chro-
mosome, whereas, in the inflammatory part of the skin, the
expression of the transgene persisted due to the transgene-
harboring X chromosome escaping from the lionization. None
of our low AhR-CA transgene expressor lines showed any such
skin abnormalities (data not shown). These results thus indi-
cate that the severity of the skin disorders correlates well with
the expression levels of the AhR-CA transgene.

We then monitored the activity of AhR-CA protein in the
skin through detecting expression of its target gene, CYP1Al.
When CYPIALI expression in the transgenic mice was exam-
ined immunohistochemically, intense signals were detected
specifically in epidermal keratinocytes, an observation consis-
tent in Line 239 mice (Fig. 3H) and male Line 234 mice at 10
days after birth (data not shown). As expected, female Line
234 mice displayed a chimeric staining pattern (Fig. 3J). A
patch of epidermis with intense CYP1A1 expression displayed
acanthotic proliferation and hyperkeratinization, and the un-
derlying dermis was infiltrated with inflammatory cells (Fig. 31
and J). However, such skin alterations were not observed in the
portions without a detectable CYP1AL expression. These re-
sults clearly indicate that the AhR pathway is activated specif-
ically in keratinocytes and that this keratinocyte-specific AhR
activation causes the observed inflammatory skin disorders.

Alcian blue staining of the skin sections revealed that a large
number of mast cells had accumulated in the dermis in Line 239
(Fig. 31.). This was also evident in Line 234 males at 10 days after
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TABLE 1. Genes increased in the skin of AhR-CA mice

Gene category Gene subcategory Accession no. Gene Fold change
Detoxifying enzymes Detoxifying enzymes and genes NMO009644 Aryl-hydrocarbon receptor repressor 16.6
NMO009992 Cytochrome P450, 1al 44.2
NM009994 Cytochrome P450, 1b1 4.0
NM007825 Cytochrome P450, 7b1 3.7
AV158882 NAD(P)H dehydrogenase, quinone 1 3.8
NM010357 Glutathione S-transferase, alpha 4 82
NMO008184 Glutathione S-transferase, mu 6 20
NM008161 Glutathione peroxidase 3 27
Interleukins, chemokines, Interleukins and their receptors AF000304 I1-4 receptor, alpha 15.1
and receptors 1.20048 IL-2 receptor, gamma chain 8.0
D13695 IL-1 beta 6.0
NMO008360 IL-18 22
Chemokines BC002073 Chemokine (C-C motif) ligand 6 18.5
NMO009141 Chemokine (C-X-C motif) ligand 5 222
AF099052 Chemokine (C-C motif) ligand 20 14.9
NMO008176 Chemokine (C-X-C motif) ligand 1 8.9
NM011888 Chemokine (C-C motif) ligand 19 8.4
NMO021443 Chemokine (C-C motif) ligand 8 6.3
Immunological proteins Fc receptors NMO010185 Fc receptor, IgE, high-affinity I, 239
Gamma polypeptide
BM224327 Fec receptor, IgG, low-affinity IIb 6.8
Antimicrobial peptide NMO019728 Defensin beta 4 383
NM013756 Defensin beta 3 11.0
Structure proteins Keratins NMO010669 Keratin 6b 351
NM008470 Keratin 16 7.8
NMO008473 Keratin 1 6.1
Proteases and inhibitors Proteases NMO008572 Mast cell protease 8 111
NMO008571 Mast cell protease 2 2.8
NMO008607 Matrix metalloproteinase 13 34.8
AV375008 Matrix metalloproteinase 19 9.1
NM013599 Matrix metalloproteinase 9 33

_ birth (data not shown) but less evident in Line 234 females.
Since mast cells are considered to be a critical factor inducing
skin itching, we can deduce that the skin lesions are intimately
associated with the itching.

Inflammation-related gemes are increased in AhR-CA mice.
To further clarify the molecular basis of the skin lesions, we
performed a DNA microarray analysis with skin RNA samples
from 10-day-old Line 239 mice, an age representing initiation
of the skin disorders (Table 1 and Fig. 4). This early stage was
chosen because we were curious about how the skin lesions
were initiated. Total RNAs from five Line 239 mice and four
wild-type littermates were pooled as AhR-CA RNA and wild-
type RNA, respectively, and these two samples were com-
pared. Among 309 genes that were increased 4-fold in the
transgenic mice compared to wild-type mice, 7% were involved
in detoxification, while, surprisingly, nearly a quarter were in-
flammation-related genes, including interleukins/chemokines
and their receptors, immunological proteins, and proteases
and their inhibitors (Fig. 4A). We looked at genes with an
expression either upregulated or downregulated by at least
twofold and found that the ratios of the upregulated genes
were higher in the categories of the inflammation-related
genes (Fig. 4B).

We then selected representative genes from the microarray
analysis and examined their expression levels by RT-PCR anal-
ysis with 10-day-old skin RNAs (Fig. 4C). All of the genes,

except for heme oxygenase-1 (HO-1), were consistently in-
creased in Line 239 and male Line 234 mice and slightly in-
creased in female Line 234 mice. For instance, the detoxifying
enzymes CYP1B1, NAD(P)H:quinone oxidoreductase 1, alco-
hol dehydrogenase, and AhR repressor were higher in the
transgenic mice compared to wild-type levels. As for the in-
flammation-related genes, keratins 1, 6, and 16 (K1, K6, and
K16), CCL20, and IL-18 were dramatically increased in Line
239 and male Line 234 mice, reflecting the proinflammatory
state of the skin of these transgenic mice.

We found that I1.-18 and CCL.20 were also highly expressed
in the fetal skin of AhR-CA mice soon after the start of trans-
gene expression (data not shown). In addition, considering that
the upstream regions of the JL-18 and CCL20 genes contain
multiple AhR binding sites (xenobiotic response elements
[XRE)), IL-18 and CCL20 could be the primary genes acti-
vated by AhR-CA in keratinocytes to trigger the inflammatory
responses.

An intriguing observation was that, HO-1, considered a sen-
sitive marker of the oxidative stress generated by exposure to
PAHs (20), was not induced in the AhR-CA transgenic mice,
suggesting that contribution of reactive oxygen species to the
development of the skin lesions might be marginal.

The cell-mediated immune response is predominant in
ARR-CA transgenic mice. We then examined characteristics of
fully developed skin inflammation observed in AhR-CA trans-
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FIG. 4. Altered gene expression proﬁles in the skin of AhR-CA mice. (A) A total of 309 genes increased by
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groups. The percentage of each category is shown. (B) The ratios of the genes increased (black areas) or deceased (gray areas) by 2-fold are
shown within each gene subcategory. The number written in the center of each circle graph indicates the number of genes included in that
subcategory. (C) The expression levels of representative genes were examined by semiquantitative RT-PCR. cDNAs were synthesized from the skin
RNAs of 10-day-old AhR-CA and wild-type mice. The corresponding line numbers are shown at the top. M, male; F, female; WT, wild type,

genic mice using adult Line 239 mice. Since local inflammation
is often accompanied by systemic immune imbalance, we as-
sessed whether the AhR-CA transgenic mice display any signs
of disturbance of the immune system, particularly, imbalance
between Thl and Th2 cells. Differentiated CD4  lymphocytes
(helper T cell) residing in spleen are divided into two popula-
tions, Thl cells and Th2 cells, based on the potential ability of
cytokine production. IFN- and IL-2 are the cytokines prefer-
entially produced by Th1 cells, and I1.-4 and IL-5 are the ones
produced by Th2 cells when they are stimulated (e.g., by anti-
CD3 antibody).

To examine the balance between Thl and Th2 cell popula-
tions, we first measured the serum concentration of immuno-
globulin and found that the concentrations of both IgG1 and
IgE in the sera of Line 239 mice were markedly elevated
compared to those in the wild-type littermates (Fig. 5A). Since
the production of IgG1 and IgE is promoted by the cytokines
derived from Th2 lymphocytes, it was strongly suggested that a
Th2 cell-mediated immune response was predominant in
symptomatic mice and that systemic immune balance was sec-
ondarily affected by epidermal proinflammatory responses.

To further address this point, we then isolated and cultured -

splenocytes of adult Line 239 mice and measured the cytokine
production. Consistent with our current results, splenocytes
from the symptomatic mice produced much more IL-4 and
- IL-5, which were secreted from Th2 cells, in response to im-
mobilized anti-CD3 antibody (Fig. 5B). On the other hand, the
production of IL-2 and IFN- (secreted by Th1 cells) was lower
in the Line 239 mice than in wild-type mice. Taken together,
we concluded that overexpression of AhR-CA gives rise to
high serum IgE and IgG1 levels and a dominant ThZ response.
It is noteworthy that these immune responses are often com-
mon background phenotypes accompanying atopic dermatitis

(19) and a frequent consequence of exposure to environmental
xenobiotics, including diesel exhaust particles (8).

DISCUSSION

We demonstrated here that keratinocyte-targeted overex-
pression of the AhR-CA protein represents an effective way of
generating skin lesions that mimic atopic dermatitis and PAH
contact hypersensitivity (8, 19). We successfully generated in-

. flammatory skin lesions with no systemic or topical application
of any exogenous chemicals, but by purely activating AhR-
mediated transcription in epidermal keratinocytes. Our mi-
croarray result showed that many inflammation-related genes
were actually upregulated, which is a good reflection of our
unique strategy. These results clearly indicate that activation of
the AhR signaling pathway itself is sufficient to initiate the
inflammatory disorders.

The K14 promoter was reported to be active in the whole
layers of epidermal keratinocytes, including follicular keratin-
ocytes, when examined in transgenic mice (11). This expression
pattern was consistent with that of CYP1A1l examined here
(see Fig. 3H) and similar to that of endogenous AhR in skin
(J. Mimura and Y. Fujii-Kuriyama, unpublished observations).
Thus, AhR-CA expression driven by the K14 promoter was not
merely ectopic but rather mimicked endogenous AhR distri-
bution, allowing an interpretation that AhR-CA mice reflect a
condition where AhR ligands are applied to the skin without
operating AhR-independent action.

Transgenic mice expressing AhR-CA under the regulation
of the mouse immunoglobulin heavy-chain enhancer showed
an elevated risk in the spontaneous development of stomach
tumors (2) and chemical hepatocarcinogenesis (23). When
AhR-CA was expressed in mice under the regulation of T
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F1G. 5. Spoﬁtaneous deviation of splenic lymphocytes into Th2 cells. (A) High serum levels of IgE and IgG1 in AhR-CA mice. Sera from the

AhR-CA mice (#  13) and their wild-type littermates (n

12) aged from 7 to 14 weeks were sampled. The serum levels of various types of

immunoglobulins (IgG2a, IgG3, IgM, IgE, and IgG1) were measured by ELISA. Differences in the levels of IgE and IgGl1 are statistically
significant between the transgenic mice and controls (P 0.05). (B) Increased production of 1L-4 and IL-5 from the anti-CD3 stimulated splenic

lymphocytes. Splenic lymphocytes were prepared from the AhR-CA mice (n

7) and their wild-type littermates (=  8) aged from 7 to 14 weeks

and then stimulated with anti-CD3 antibody. The cytokine concentrations (IL-4, IL-5, IFN- , and IL-2) in each supernatant were determined by
ELISA. Differences in the levels of 1L-4 and IL-5 are statistically significant between the transgenic mice and their controls (P 0.05).

cell-specific CD2 promoter, the number of thymocytes was
decreased and immunization-induced T-cell or B-cell expan-
sion was suppressed (26). Importantly, none of these reports
described the development of inflammation in any tissues. In
contrast, the present results provide convincing evidence that
the local activation of the AhR is critical for provoking the
inflammatory responses in the tissues involved. The patchy skin
lesions observed in Line 234 females nicely support this con-
tention. Thus, avoidance of local exposure to PAHs should
be effective in preventing inflammatory disorders mediated
by PAHSs.

The development of inflammatory skin diseases has been
suggested to be the result of interactions between the immune
system and skin-derived molecules (18, 25). Indeed, it was
previously suggested that topically applied PAHs exert a sys-
temic influence on immune organs (16). Although the precise
mechanism rémains to be elucidated, we speculate that this
either occurs as a direct effect of PAHs on the immune cells
after percutaneous absorption or by the secondary activation
of immune organs following proinflammatory responses of the
skin. The AhR-CA transgenic mice displayed skin lesions ac-
companied by the systemic immune imbalance shifted toward
the Th2 cell predominance, which could be the secondary
effect of the epidermal proinflammatory responses mediated
by AhR-CA protein. In addition, the direct activation of the
AhR pathway in the immune organs also seemed to be respon-
sible for the full completion of the pathological state of the
transgenic mice. Consistent with the previous observation of
K14 promoter activity (9), we found the additional expression
of AhR-CA in the thymus (data not shown), which may have

contributed to the altered immune system together with cyto-
kines and chemokines derived from the skin lesions.

There is an interesting discrepancy between the onset of
apparent inflammation in histology and that of inflammation-
related gene induction. The former coincides with the postna-
tal period around the weaning age, and the latter starts within
the late fetal stage in utero. Although the precise reason why
the skin lesions develop only after birth remains unknown, we
speculate that maturation of the immune systems may be re-
quired before the primary triggering signals originated from
the keratinocytes come into effect for the progression of the
inflammatory process. The development and maturation of
skin itself might also be required.

Scratching behavior seems to exacerbate the progression of
the skin lesions, ending in the massive loss of fur coats. Al-
though prominent acanthosis and hyperkeratinization with
dermal infiltration of lymphocytes and polymorphonuclear
cells were commonly observed in both Line 239 and Line 234
mice, the severe scratching and dramatic skin lesions were
prominently observed in Line 239 mice but not in Line 234
mice. The male mice of Line 234 die around the weaning, so
they do not live until they were able to scratch their skin.
Female mice of Line 234 scratch their skin only mildly; prob-
ably the iiching may not be so strong because of the spotted
inflammation in their skin. Hence, the further evolvement of
the skin lesions seems to correlate well with the presence of
scratching behavior.

One important question remained is which genes are re-
sponsible for triggering the skin inflammation in response to
the constitutively active AhR. Among the various genes in-
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duced in the transgenic skin, I1-18 and CCL20 are good can-
didates for triggering the inflammatory responses. I1-18 is
known to induce inflammatory skin diseases similar to atopic
dermatitis when expressed in mice through the K14 promoter
(17). Similarly, if secreted from keratinocytes, CCL20 would be
able to trigger skin inflammation by directing the migration of
inflammatory cells (34). Indeed, there has been a strong sug-
gestion of a correlation between CCL20 and atopic dermatitis
(24). Multiple XRE found in the upstream regions of the IL-18
and CCL20 genes imply that these genomic regions are respon-
sive to the activated AhR. However, other proinflammatory
genes that do not contain an XRE in the proximal promoter
region may also have contributed, since recent studies revealed
the XRE-independent AhR function as a coactivator for other
transcription factors (27). Further investigation is necessary for
elucidation of the primary target genes that are activated by
AhR-CA and trigger the inflammatory responses.

Intriguingly, the phenotype of the skin lesions, with remark-
able cell infiltration and itching, resembles the contact derma-
titis triggered by other PAHs (5) more than the chloracne
triggered by dioxins (6, 37), implying the operation of distinct
mechanisms undexlying the two pathological conditions. A pre-
vious report showed that binding sequences are different be-
tween dioxin-liganded AhR and PAH-liganded AhR (21a),
suggesting that a profile of gene activation by AhR after dioxin
exposure could be different from that by AhR after PAH
exposure. We surmise that a profile of gene activation by
AhR-CA might be more similar to that by PAH-liganded AhR.
Tissue delivery and distribution of dioxins and PAHs might be
another factor to generate the phenotypic difference. It seems
likely that AhR activation triggered in PAH contact dermatitis
predominantly occurs in keratinocytes, as seen in AhR-CA
mice we generated in the present study.

The present study demonstrates for the first time the pri-
mary conftribution of AhR-mediated transcriptional activation
to the development of inflammatory diseases. Since no exog-
enous chemical was required to trigger the inflammatory re-
sponses in this model system, activation of the downstream
genes under AhR regulation is most likely to be responsible.
Our findings suggest that the induction of AhR target genes is
one of the central mechanisms of PAH-mediated inflammatory
diseases. Based on these findings, the possibility emerges that
blocking AhR signals may help to relieve the allergic symp-
toms, since xenobiotic exposure exacerbates allergic diseases
through the AhR pathway.
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Abstract

AhR, aligand-activated transcription factor, mediates xenobiotic signaling to enhance the expression of target genes, including drug-me-
tabolizing cytochrome P450s. The recent development of several new techniques, including chromatin immunoprecipitation and RNA inter-
ference, has expanded and deepened our knowledge of AhR function in the xenobiotic signal transduction. In this review, we briefly
summarize our current understanding of the activation and inactivation of AhR activities and discuss the future directions of AhR research.

2005 Elsevier Inc. All rights reserved.
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Cytochrome P450 (CYP) is a superfamily of hemopro-
teins, composed of more than 3000 molecules and distribut-
ed across species ranging from bacteria to vertebrates. These
proteins catalyze the monooxygenation of various endoge-
nous and exogenous substrates [1,2]. Superfamily members
are classified according to the similarity of their primary
structures; members of families 1, 2, 3, and 4 are mainly in-
volved in the metabolism of exogenous chemicals, including
drugs, food additives, and environmental pollutants. CYPs
are typically inducible; specific forms of CYPs are induced
in response to the administration of certain chemicals [3-5].

Recently, the molecular mechanisms governing the
inducible expression of CYPs have been successfully eluci-
dated, including the inducers, cis-acting DNA elements,
cognate transcription factors, and coactivators. The induc-
ible expression of the CYP1 family is regulated by a hetero-
dimer of the aryl hydrocarbon receptor (AhR or dioxin
receptor) and the aryl hydrocarbon receptor nuclear trans-
locator (Arnt), which contain a bHLH-PAS structural mo-
tif [5,6]. Expressions of the CYP2, 3, and 4 family members
are controlled by other transcription factors (CAR, PXR,
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and PPAR) of the nuclear receptor (NR) superfamily,
which have a characteristic zinc finger motif di erent from
that in AhR [3-5].

The specific involvement of these receptor-type tran-
scription factors in the induction of certain CYPs has been
confirmed by gene-engineering technology, including gene-
knockout methods [3,6-8]. The recent development of new
techniques, including small interference RNA (siRINA) and
chromatin immunoprecipitation (Chip) analyses, has
greatly expanded our knowledge of the molecular mecha-
nisms controlling the inducible expression of drug-metabo-
lizing CYPs [9]. In this short review, we summarize the
recent advances in the study of AhR activation and induc-
ible expression of CYP1 and some other CYP families. The
mechanisms of NR-related inducible expression of CYP2,
3, and 4 families are addressed in a number of excellent
review articles [10-12].

Activation of AhR

Normally, AhR exists in a dormant state within the
cytoplasm in association with a complex of HSP90,
XAP2, and p23. Upon ligand binding, AhR in the complex
is activated by a conformation change that exposes a
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nuclear localization signal(s) (NLS). The ligand-activated
AhR in the complex translocates into the nucleus and forms
a heterodimer with the closely related Arnt protein already
present in the nucleus by dissociating from the complex
(5,6].

Structure—activity relationship studies examining the
binding activity of AhR ligands using a large number of
halogenated aromatic hydrocarbons (HAHs) and polycy-
clic aromatic hydrocarbons (PAHs) suggest that the pre-
sumed AhR binding pocket accepts planar ligands with
maximal van der Waals dimensions of 14 12 SA
[13,14] (Fig. 1). Some electronic and thermodynamic prop-
erties of ligands appear to be important for a high binding
a nity, although formulation of the exact structure neces-
sary has yet to be defined [14] 2/,3',7',8'-Tetrachlo-
rodibenzo-p-dioxin (TCDD) and indolo[2,3-blcarbazole
(ICZ) are the most potent inducers of CYP1 expression.
AhR, which is well conserved from invertebrates like
Caenorhabditis elegans and Drosophila melanogaster to ver-
tebrates [15), mediates the majority of pharmacological and
toxicological e ects on host animals elicited by those xeno-
biotics. This high degree of evolutionary conservation
among species suggests that AhR plays an important phys-
iological role in homeostasis and/or development. In sup-
port of this hypothesis, many endogenous compounds
with chemical properties di erent from those of the known
high a nity xenobiotic ligands, such as tryptamine and in-
dole acetic acid [16], bilirubin and biliverdin [17], and lipox-
in A4 [18), have been isolated as potential natural ligands
of AhR (Fig. 1). These compounds have relatively low
binding a nities for AhR in comparison to those of

TCDD, 2,3,78-tetrachlorodibenzofuran (TCDF), and
ICZ. Of the tryptophan-derived natural AhR ligands like
indirubin and indigo, 6-formylindolo{3,2-blcarbazole
(FICZ), a tryptophan photoproduct, has a very high a n-
ity for AhR, comparable to that of TCDD (Fig. 1). FICZ is
formed in cell culture medium exposed to light in the pres-
ence of riboflavin [19]. Identification of all these com-
pounds as active ligands for AhR was conducted by
examining their ability to induce CYPIAI gene expression
in cultured cells or by measuring their xenobiotic response
element (XRE)-binding activity by gel mobility shift assay
(GMSA). Although these chemicals have the potential to
activate AhR activity, identification of a true physiological
ligand for AhR would require to clarify how the activation
of AhR by these naturally occurring ligands is associated
with specific physiological functions.

Recently, a number of papers have reported that AhR is
activated in the absence of obvious ligands in Hepa lclc7
cells [20], human keratinocytes [21], 10T1/2 fibroblasts
[22], and HaCaT cells [23] grown under specific culture
conditions. When Hepa-1 cells and human keratinocytes
were grown in suspension, CYP1Al mRNA was induced
without the addition of AhR ligands in an AhR-dependent
manner at levels similar to that seen following TCDD
treatment [20,21]. Suspension cultures of several
C3H10T1/2 fibroblast clonal sub-lines that contain an inte-
grated AhR-responsive reporter gene exhibited a time-
course and levels of reporter activation and endogenous
CYPIBI1 induction that paralleled TCDD stimulation in
confluent monolayer culture. Loss of cell-cell contacts at
low culture densities also activated the expression of the
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Fig. 1. Chemical activators of AhR. TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDF: 2,3,7 8-tetrachlorodibenzofuran, 3MC: 3-methylcholanthrene,
ICZ: indrof3,2-bJcarbazole, ITE: 2+(1’'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester, FICZ: 6-formylindolo(3,2-bcarbazole.
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reporter at levels comparable to TCDD stimulation of
confluent cells in a manner independent of cell cycle
changes. Suspension culture and TCDD treatment induced
comparable AhR nuclear translocation and AhR/Arnt
complex formation [22]. Culture of a keratinocyte cell line,
HaCaT, at low cell densities or at confluence in Ca®*-defi-
cient S-MEM induces the nuclear accumulation of AhR in
association with enhanced expression of a reporter gene
whose expression is driven by XRE sequences [23]. These
findings suggest that disruption of cell-cell contacts or
cell-cell interactions stimulates the nuclear localization
and transcriptional activity of AhR via a signal transduc-
tion pathway. The nuclear accumulation of AhR is regulat-
ed by the phosphorylation of Ser68 within the nuclear
export sequence (NES) of AhR. Use of specific kinase
inhibitors has suggested that this phosphorylation event
is catalyzed by p38 MAPK [23]. An increasing number of
reports have described that phosphorylation regulates
AhR activity in the physiological signaling pathway regu-
lating cell cycle progression as well as the xenobiotic signal
transduction pathway [24]. Omeprazole induces CYP1Al
in an AhR-dependent manner without binding directly to
AhR [25,26]. Tyrosine kinase inhibitors, tyrphostins
AG17 and AGB879, selectively inhibited omeprazole-medi-
ated AhR signaling, but did not a ect TCDD-mediated
induction of CYP1AL. Mutational analysis provided evi-
dence that a Tyr320Phe mutation abolished omeprazole-
dependent AhR activation, while the TCDD-dependent
activation of CYPIAI transcription was only minimally
a ected. These results suggest that Tyr320 is a putative
phosphorylation site on AhR activated by omeprazole in

a ligand-independent manner via a signal transduction
pathway that involves protein tyrosine kinases. This path-
way is independent from that induced by high-a nity li-
gands, such as TCDD [26]. Although the protein kinases
involved remain unclear, AhR can be activated in a li-
gand-independent manner.

Cis-acting DNA elements

The regulatory DNA elements responsible for the induc-
tion of CYP1 by polyaromatic hydrocarbons like TCDD,
called XREs, were first identified by transient DNA trans-
fection experiments using a reporter gene, whose expres-
sion was driven by the CYPIAI promoter [27]. Later,
additional experiments introducing a variety of mutations
at this locus defined the consensus sequence and designated
this sequence the DRE or AhRE [{5,28]. All CYP genes
whose expression are induced by PAH or HAH, including
CYPIAl, 1A2 [6,27,28], 1B1 [29], 2A8 [30], and 19 [31]
(Fig. 2), carry XRE sequences within their promoters.
The human CYPIAI and 142 genes, found on chromo-
some 15923 [32], are arranged in head to head orientation
at a distance of approximate 23 kb apart. A similar chro-
mosomal arrangement is reported for the mouse CyplAl
and 142 genes on chromosome 9B, the syntenic chromo-
some to human Ch15g23. Although both genes are similar-
ly inducible by PAH or HAH and share a common 5’
flanking region, the regulatory mechanisms governing the
expression of each are quite di erent. Under normal condi-
tions, CYP1A2 is expressed at basal levels in the liver,
while no basal expression of CYP1Al is observed in this

rat Cyp1at '

human Cyp1at "

N
rat Cypla2 U
human Cyp1b1 l
hamster Cyp2a8 8-'
mouse Cyp19 ; .

':XRE UiPREX(XREn) [ B

Ad4

. BTE or GC box 0 : TATA box

Fig. 2. Schematic representation of regulatory elements in the promoter of CYPs.
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organ., Expression of CYP1Al could be upregulated in
multiple tissues in response to inducers, while that of
CYP1A2 is restricted to the liver. In AhR-deficient mice,
CYP1ALl expression is completely abolished; in these ani-
mals, although basal expression of CYP1A2 was retained
in the liver, inducible expression was lost [33]. These find-
ings clearly indicate that the expression of CYP1Al and
1A2is di erently regulated, despite a common 5’ upstream
sequence. Recently, a DNA element responsive to 3MC
(XRE2: CATGNg CTTG), which is similar to a consensus
DNA-binding sequence [CNRG-N;5 §-CNR(G/C)] recog-
nized by the LBP-1 family, was discovered in the proximal
promoter of the CYP1A42 gene [34]. A putative factor (X)
binding to this sequence was suggested by GMSA. Li-
gand-activated AhR/Arnt bound to the X factor as a coac-
tivator is likely conferring inducibility of the CYPI142 gene
in response to the inducer [34]. Coactivator-like functions
of AhR/Arnt have already been reported [35,36]. An anal-
ogous sequence, designated PREX, was also identified
within the promoter of the CYP2A48& gene. This sequence
acted as an inducible enhancer that cooperated with the
XRE sequence in the CYP2A48 promoter. The factor bind-
ing to PREX was identified as NF2d9 (LBP-1a) [37]. Less is
known of the regulatory mechanisms governing the induc-
ible expression of CYP1A2. In addition to the XRE se-
quence, a BTE (basic transcription element) sequence,
which is a GC box sequence localized in the proximal pro-
moter of CYPIAIL, is also important to achieve a high level
of CYP1A1 [38] and 2A8 [30] inducible expression. The

XRE and GC box sequences frequently coexist in the
promoters of xenobiotic-inducible genes, suggesting that
these elements cooperatively enhance the inducible expres-
sion of these genes (Figs. 2 and 3). Another putative NF-1
binding site has also been reported within the proximal
promoter of the CYPIAI gene [9], but no experimental evi-
dence has addressed its functional significance. Two regula-
tory DNA elements are found in the promoter of CYPI9
gene, XRE and Ad4/SF-1, whose cognate binding factors,
AhR and Ad4BP/SF-1, interact on the chromosomal DNA
to enhance gene expression synergistically [31].

Trans-acting factor for XRE

Mouse genetics initially implicated the existence of a
mediator of the xenobiotic signaling, leading to the induc-
tion of CYP1AL1 expression. This mediator was later identi-
fied as a factor binding to xenobiotics, which was
designated the aryl hydrocarbon receptor or AhR [39]. This
factor was also dubbed the dioxin receptor (DR), due to the
high avidity with which it bound TCDD. Approximately a
decade later, GMSA revealed that a factor that bound the
XRE sequence in a TCDD-dependent manner contained a
factor which also bound TCDD directly. This XR E-binding
factor behaved like AhR; both the cytoplasmic localization
under normal conditions and the induction of nuclear trans-
location by TCDD treatment mimicked the patterns seen
for AhR [40]. cDNA cloning of this XRE-binding factor re-
vealed its molecular structure to be a DNA-binding tran-
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Fig. 3. A model of AhR signaling pathway.
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scription factor with a bHLH motif similar to that seen for
cMyc and MyoD [41,42]. Expression experiments demon-

strated that AhR exogenously expressed from ¢cDNA could

be activated by TCDD or 3MC to form a heterodimer with
Arnt, resulting in activation of XRE binding and transacti-
vating activities. DNA footprint analysis and GMSA re-
vealed that binding of Spl to the BTE facilitated the
binding of the AhR/Arnt heterodimer to the XRE by phys-
ical interaction and vice versa, cooperatively enhancing
expression of the CYPI1A41I gene [38). The AhR/Arnt hetero-
dimer bound to the XRE sequence and, in turn recruited
CBP or P300, a HAT coactivator, to the C-terminal activa-
tion domain of Arnt [43]. Transient DNA transfection as-
says using a XRE-driven reporter gene demonstrated that
the coactivators SRC-1 and RIP-140, the retinoblastoma
protein Rb, PML, and NeddS interact with AhR to enhance
reporter gene expression [9]. ChIP assay confirmed and
extended the involvement of these coactivators in the induc-
ible expression of CyplAl. These studies determined that
the related HAT coactivators, SRC-1, NCoA-2, and p/
CIP, all associate with the CyplAl enhancer region in
Hepa-1 cells in a TCDD-dependent manner [44,45]. Injec-
tion of anti-SRC-1 or anti-p/CIP Abs into Hepa-1 cells
abolished the TCDD-mediated induction of the reporter
gene, clearly demonstrating that these factors function in
AhR-mediated xenobiotic signal transduction as coactiva-
tors [45]. Overexpression of these cofactors revealed that
SRC-1 and NCoA-2, but not p/CIP, interact with Arnt,
while AhR interact with all three coactivators. In contrast
to the interaction with CBP, the helix 2 domain of Arnt
interacts with SRC-1 [9,45].

Typically, genomic DNA is closely packed into the un-
ique units of chromosomal structure, called nucleosomes.
These structures consist of 146 bp of DNA wound around
a core of histone proteins, containing two molecules cach
of H2A, H2B, H3, and H4. Neighboring nucleosomes are
associated through a short stretch of DNA covered by a
H1 histone linker. Assembly of this fundamental chromo-
somal structure prevents the transcriptional machinery from
gaining access to the genes involved. Experiments using
micrococcal nuclease revealed that, in the absence of induc-
ers, the 5’ upstream regulatory and coding regions of
CYPI1AI exist in a silent nucleosomal configuration. A
nucleosome at the proximal promoter exists in a fixed posi-
tion approximately 60to 120 bpfrom the CYPIAI tran-
scription start site, while the other nucleosomes are
positioned randomly throughout the gene. TCDD treatment
disrupts nucleosomes in the promoter and the transcribed
portions of the gene, relieving nucleosomal repression [46].

In association with the chromosomal remodeling that
occurs during drug induction, transient DNA transfection
and ChIP analysis indicated the involvement of BRGI, a
component of a subset of SWI/SNF ATP-dependent chro-
matin-remodeling complexes, in the enhancement of
Cypl Al gene expression by TCDD. Exogenous expression
of BRG] potentiated AhR/Arnt-mediated reporter gene
expression in a TCDD-dependent fashion in Hepa-1 cells.

Upon co-transfection with SRC-1, BRG! restored the
inducible expression of the endogenous CyplAl gene in
the BRG-1- and hBrm-deficient SW13 and C33 cell lines
in response to the inducer. An ATPase-deficient mutant
of BRG-1, however, was unable to do so. ChIP analysis
demonstrated that BRG-1 associates with the enhancer re-
gion of the Cypl A1 gene in vivo in a TCDD- and Arnt-de-
pendent manner, suggesting the specific recruitment of
BRG-1 by the AhR/Arnt heterodimer. These results indi-
cate the importance of ATP-dependent chromatin remodel-
ing in the inducible gene expression mediated by the AhR/
Arnt heterodimer [47].

The recruitment of the Mediator/TRAP/DRIP/ARC
multisubunit complex to the CyplA4l promoter is also
important for the transduction of xenobiotic signals that
activate target gene expression, as revealed by ChIP analy-
sis, DNA transfection, and RNA{ experiments. ChIP kinet-
ic analysis of recruitment of Med220 and CDKS8 (subunits
of Mediator/TRAP/DRIP/ARC) demonstrated that these
factors associate with the enhancer XRE sequence rapidly
and persistently after TCDD treatment. These kinetics fol-
lowed shortly after those seen for binding of AhR and
p/CIP coactivators to the XRE sequence. In contrast, Polll
bound to the promoter, but not to the enhancer. Depletion
of Med220 from HepG2 cells by RNAI substantially re-
duced Med220 protein levels and inhibited endogenous
AhR-mediated transcription from the Cypl Al gene. Treat-
ment of Hepa-1 cells with TCDD induced the binding of
AhR and p/CIP to the enhancer sequence within 10 min.
The binding of p300 and Med220 to the enhancer and
the binding of Polll to the promoter were detected after
15min., After binding reached maximal value at 15-
30 min, the degree of binding of each protein remained
constant until 2 h after treatment [6,48]. Although a rela-
tively large number of coactivators and mediators have
been identified to be involved in AhR-dependent induction
of CYP1Al (Fig. 3), it seems likely that additional coacti-
vators are also involved. As CYP1ALl is strongly induced
by PAHs and HAHs, such as TCDD, and a considerable
amount of information has been accumulated in regard
to the transcription and chromatin remodeling factors in-
volved, CYPIAI induction continues to be a good model
in which to elucidate the precise mechanisms of gene regu-
lation, including the temporal and spatial recruitment of
mediators, the interactions between transcription factors,
and the modification of nucleosomal structures (Fig. 3).

Degradation of the AhR

To understand the mechanisms of gene regulation, it is
important to investigate both the upregulation and termi-
nation phases of inducible transcription. Recent reports
have suggested that AhR is rapidly downregulated follow-
ing ligand binding by degradation [49]. Experiments using
the proteasome inhibitor MGI132 suggested that the
downregulation of AhR is mediated by the proteasome.
The concentrations of AhR proteins in the nuclear frac-
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tions of cultured cells are highest after 1-2h of TCDD
treatment, and then, rapidly decline with increasing time.
In the presence of MG132 or lactacystin, a 26S proteasome
inhibitor, TCDD treatment elicited even higher levels of
AhR and Amnt proteins within nuclei at as late as 8 h.
The high levels of nuclear AhR and Arnt detected in cells
treated with proteasome inhibitors included increased
amount of the AhR and Arnt heterodimer that is capable
of binding the XRE sequence. Cells treated with a combi-
nation of TCDD and MGI132 induced reporter gene
expression more rapidly at a greater magnitude than cells
treated with TCDD alone. The luciferase activity increased
linearly throughout the 8 h time course in cells treated with
TCDD and MG132, peaking at approximately a 1300-fold
induction. In cells treated with TCDD alone, inducible
reporter expression peaked at Sh, with only a 100-fold
induction that gradually decreased thereafter {49,50].

A number of reports investigated the subcellular location
of AhR degradation. LMB is a specific inhibitor of CRM-1-
mediated nuclear export. Following LMB treatment, AhR
remained predominantly in the nuclei. Treatment with this
inhibitor abrogated the degradation of ligand-activated
AhR in the culture cells, HepG2 or Hepa-1. GMSA demon-
strated that AhR in the nuclei of LMB- and TCDD-treated
cells were capable of binding to the XRE sequence. These
results suggest that AbR must be exported from the nucleus
to be degraded [50]. A recent study using a constitutively
nuclear AhR (termed DR-NLS), which contains two
NLS, revealed that AhR (DR-NLS) was degraded within
nuclear compartments in a 26S proteasome-dependent
manner. Although the degradation of the modified AhR
(DR-NLS)may di er from that of native AhR, these results
suggest that AhR can be degraded within the nucleus
[51,52]. Future experiment will need to address whether
the AhR and Arnt heterodimer bound to the XRE sequence
is degraded by proteasome while bound to the DNA or after
release from the XRE sequence. The AhR repressor AhRR,
whose expression is enhanced by AhR, forms a heterodimer
with Arnt to replace the AhR/Arnt complex in association
with the XRE sequence [53). AhRR may play a role in
releasing the AhR/Arnt heterodimer from the XRE se-
quence, facilitating its degradation. As the degradation of
ANR is important for the regulation of AhR activity, deter-
mination of the physiological location of AhR degradation
remains important for future research.
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Abstract

It is widely known that IL-4 and IL-13 act on various kinds of cells, including B cells, resulting in
enhancement of proliferation, class switching to IgE and expression of several surface proteins.
These functions are imporiant for the recognition of the various antigens In B cells and are known
to be Involved In the pathogenesis of allergic diseases. However, it has not been known whether
IL-4/1L-13 is invoived In the metabolism of varlous kinds of xenoblotics including 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), and It remains undetermined whether TCDD, an environmental
pollutant, influences IgE production in B cells, exaggerating allergic reactions. We identified iL-4- or
IL-13-Inducible genes in a human Burkitt iymphoma cell line, DND-39, using microarray technology, in
which the AHR gene was Included. The AHR gene product, the aryl hydrocarbon receptor (AhR), was
induced by IL-4 in both mouse and human B cells in a STAT6-dependent manner. IL-4 alone had the
abllity to translocate the induced AhR to the nuclel. TCDD, a ligand for AhR, rapldly degraded the
induced AhR by the proteasomal pathway, although IL-4-activated AhR sustained its expression. AhR
activated by IL-4 caused expresslon of a xenoblotic-metabolizing gene, CYP7A1, and TCDD
synergistically acted on the induction of this gene by IL-4. However, the induction of AhR had no
effect on IgE synthesis or CD23 expression. These resuits indicate that the metabolism of xenobiotics
would be a novel biological function of IL-4 and 1L-13 In B cells, whereas TCDD is not involved in IgE

synthesis in B cells.

introduction

IL-4 and IL-13, produced by various kinds of cells including
Th2 cells, mast cells, basophils, NKT cells and eosinophils,
exert similar biological activities by binding to their receptors
on the surface of target cells (1). IL-4 and IL-13 act on various
kinds of cells including B cells, in which IL-4/IL-13 causes
enhancement of proliferation together with the stimuli via the
surface IgM receptor andfor CD40, class switching to IgE
and IgG4 (lgG1 in case of mice) and expression of surface

proteins such as CD23, MHC class I antigen, surface IlgM, CD71
and CD72 (2-5). It is thought that these events are important
for the recognition of the various antigens, particularly those
derived from parasites, and for the pathogenesis of allergic
diseases. However, it has not been known whether IL-4 or IL-13
is involved in the metabolism of various kinds of xenobiotics,
including polycyclic aromatic hydrocarbons such as 2,3,7,8-
tetra-chlorodibenzo-p-dioxin  (TCDD), 3-methylcholanthrene
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