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Because aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor, its
nuclear translocation in response to ligands may be directly linked to transcriptional
activation of target genes. We have investigated the biological significance of AhR from
the perspective of its subcellular localization and revealed that AhR possesses a functional
nuclear localization signal (NLS) as well as a nuclear export signal (NES) which controls the
distribution of AhR between the cytoplasm and nucleus. The intracellular localization of
AhR is regulated by phosphorylation of amino acid residues in the vicinity of the NLS and
NES. In cell culture systems, cell density affects not only its intracellular distribution of AhR,
but also its transactivation activity of the target genes such as transcriptional repressor Slug,
which is important for the induction of epithelial-mesenchymal transitions. These effects

Carcinogenesis of AhR observed in cultured cells are proposed to be reflected on the in vivo response such as
morphogenesis and tumor formation.

This review summarizes recent work on the control mechanism of AhR localization and
progress in understanding the physiological role of AhR in the skin. We propose that AhR is
involved in normal skin formation during fetal development as well as in pathological states
such as epidermal wound healing and skin carcinogenesis.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor with basic-helix-loop-helix (bHLH)/PER-
ARNT-SIM homology region (PAS) family and is constitutively
expressed in various mammalian tissues including lung, liver,
thymus, and kidney [1]. AhR is involved in skin carcinogenesis
by benzo[a]pyrene [2], teratogenesis in cleft palate [3], and
hepatotoxicity [4]. Moreover, recent studies suggest that AhR
plays a role in physiological function including immunity [5,6]
and reproduction [7,8].

When environmental pollutants such as 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (TCDD) and 3-methylcholanthrene bind to
AhR, the ligand-activated AhR translocates to the nucleus
where it binds to its heterodimerization partner AhR nuclear
translocator (ARNT) [9]. The heterodimer AhR/ARNT binds to
xenobiotic responsive elements, which are enhancer DNA
elements located in the 5'-flanking region of the target genes
[10]. While AhR activation by exogenous ligands is well
investigated, very little is known about the physiological
activation of AhR. Many studies using suspension cultures of
various cell lines exist to show that AhR-mediated gene
expression can be activated in the absence of exogenous
ligands [11-13]. When adherent cells are suspended, intracel-
lular signaling may be triggered by the loss of cell-cell contact
or cell adhesion. This activation mechanism provides a model
to investigate how AhR is activated under the normal
physiological conditions.

Exposure to polycyclic aromatic hydrocarbons or topical
application of these chemicals elicits inflammatory skin
disease [14] as well as tumor formation [15]. This observation
suggests that skin may provide clues to elucidate the biological
function of AhR. The skin is a dynamic, regenerating organ.
When skin is injured, various types of cells including
leukocytes, fibroblasts and keratinocytes engage in tissue
remodeling [16]. We attempted to study the role of AhR in the
wound healing process. In benzo[a]pyrene skin carcinogen-
esis, it has been reported that AhR—/— mice do not develop
tumors [2]. Since stem cells are considered to be the targets for
carcinogens, it is very interesting to consider how AhR
functions in stem cells. We are also going to discuss the
possible roles of AhR on skin carcinogenesis.

2. AhR is a nucleo-cytoplasmic shuttling
protein

AhR is a ligand-activated transcription factor and regulates
biological responses to a variety of environmental contami-
nants. When exogenous ligands such as TCDD, benzo[a]pyr-
ene, and 3-methylcholanthrene bind to AhR in cytoplasm, AhR
translocates from the cytosol to the nucleus. It is important to
investigate the localization of a transcription factor since
change in its location is considered to impact gene regulation.
Nuclear localization of a lot of nuclear proteins is determined
by the nuclear localization signal (NLS) which is used for
transport of these proteins to the nucleus through the nuclear
pore complex [17,18]. This signal consists of a few short
sequences of positively charged amino acid residues, whereas
the nuclear export signal (NES) is a short leucine-rich

sequence. We identified both the NLS 13-39 amino acid
residues and NES 55-75 amino acid residues in the N-terminal
region of AhR [19]. AhR shuttles between the cytoplasm and
nucleus using these short peptide signals [20,21]. Subcellular
localization of the shuttling protein is determined by the
balance between nuclear import and nuclear export. It is
reported that the localization is regulated by phosphorylation
and dephosphorylation especially of amino acids close to the
NLS or NES [22,23]. We found that the ligand-dependent
nuclear import of AhR is inhibited by the substitution of
aspartic acid for serine-12 or Ser-36, which mimics the
negative charge conferred by phosphorylation [24]. It is likely
that nuclear import of AhR is regulated by phosphorylation of
NLS.

Distribution of AhR in a cell is controlled by its binding
protein (Fig. 1). The unliganded AhR exists in cytosolic
component as a complex [25], composed of AhR, a dimer of
hsp90, p23, and the immunophilin homolog XAP2 [26,27].
XAP2 overexpression in cells is shown to enhance cytoplasmic
AhR levels, suggesting that XAP2 is able to stabilize and
enhance cellular levels of AhR [28,29]. Petrulis et al. [30]
studied the mechanism of cytoplasmic retention of the AhR in
the presence of XAP2. They showed that XAP2 hinders the
binding of importin B to the AhR complex and proposed that
XAP2 alters the conformation of the NLS. In addition, Berg and
Pongratz [31] identified the other mechanism of XAP2-induced
cytoplasmic localization of AhR. In particular, they showed
that XAP2 anchors unliganded AhR to actin filaments since an
actin inhibitor, cytochalasin B, blocked this effect.

Several reports demonstrate that the AhR is rapidly
degraded via the proteasome pathway following exposure to
ligands [32,33]. Davarinos and Pollenz [34] evaluated the
function of the NES in the context of AhR degradation. They
showed TCDD-induced degradation of the AhR was comple-
tely inhibited in the HepG2 cells pretreated with leptomycin B,
an inhibitor of nuclear transport mediated by CRM1 (chromo-
somal maintenance factor 1) [35]. Furthermore, expressed AhR
ANES protein was degraded to a lesser extent than wild-type
AhR [34]. These data suggest that ligand-dependent degrada-
tion of AhR is mediated by nuclear export of AhR.

3. Cell density affects AhR localization and
activity

We have shown that AhR is a nuclear-cytoplasmic shuttling
protein. How are these transport mechanisms regulated under
the physiological conditions ? We investigated stimuli that
affect AhR localization using the human keratinocyte cell line
HaCaT in the absence of exogenous ligand [36]. Because
growth and differentiation of the cultured keratinocytes is
regulated in part by cell density [37,38], effects of cell density
on AhR localization were examined. When cells were sparsely
inoculated, AhR was predominantly localized in the nucleus.
When the cells were subconfluent, AhR was distributed
equally both in cytoplasm and nucleus. However, when cells
were fully confluent, immunostained AhR was localized
predominantly in the cytoplasm. It is suggested that nuclear
translocation of AhR is negatively regulated by phosphoryla-
tion of serine residues located in its NLS [24]. It is possible that
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Fig. 1 - Regulation of AhR localization. In cytosol, AhR is complexed with hsp90, p23, and XAP2 (the last of which anchors the
ligand-free receptor to the cytoskelton). Ligand binding results in AhR nuclear transport mediated by importins and is
followed by dimerization with aryl hydrocarbon nuclear translocator (ARNT). The AhR/ARNT complex binds to xenobiotic
responsive element (XRE), and induces transcription of target genes. AhR protein is exported by chromosome region

maintenance 1 (CRM1), followed by degradation in cytosol.

these serine residues are phosphorylated to be anchored in
cytoplasm under confluent culture. Using immunoblotting
analysis, it was also shown that the relative amount of AhR in
the nucleus was gradually decreased in proportion to the cell
density. These observations led us to examine whether altered
intracellular localization of AhR reflects AhR/ARNT-mediated
transcription. Reporter analysis using luciferase cDNA con-
nected to the XRE sequence, revealed that AhR activity was
also affected by cell density. While the maximal luciferase
activity was observed in subconfluent culture, the luciferase
activity decreased to the basal level in confluent culture. These
observations showed that subcellular localization and tran-
scriptional activity of AhR were regulated by cell density.

Cell density dependent regulation system is reminiscent of
contact inhibition. Cell growth is regulated by cell-cell contact
in non-transformed cells. When cultured cells are maintained
in low density, cells are actively growing. When cells grow to
form confluent monolayer, they stop dividing. Critical anti-
proliferative signals are mediated by cell-cell contact. Itis very
interesting to postulate that AhR is involved in regulation of
contact inhibition. Recently, Weiss et al. indicated that TCDD
treatment in WB-F344 rat liver cells leads to induction of JunD,
resulting in up-regulation of cyclinA which triggers a release
from contact inhibition via the AhR [39]. While exposure of
confluent cells to TCDD-induced further proliferation, sub-
confluent cells did not respond to TCDD, suggesting that TCDD
treatment specifically interferes with the signaling cascade of
contact inhibition. It is suggested that this TCDD effect is an
AhR-dependent and ARNT-independent reaction since sup-
pression of AhR expression by siRNA abrogates the TCDD
effect in sharp contrast with the suppressed expression of
ARNT.

Previous reports showed thatlocalization and transcription
activity of AhR were altered in several cell lines when cell-cell

contact was disrupted [11-13]. Recently, Cho et al. reported
that suspension culture of C3H10T1/2 fibroblasts in methyl-
cellulose-containing semisolid media resulted in activation of
AhR-mediated transcription [40]. The AhR antagonist a-
naphthoflavone blocked ligand-stimulated AhR activity, but
did not affect the suspension-induced activation of AhR-
mediated transcription, implying that the mechanism of the
latter is different from that of former. They found that the
activation of AhR by ligands can be clearly distinguished from
the activation of AhR by the loss of cellular contact. We have
shown that AhRis activated in the cells at the wounded edge in
in vitro wound healing analysis using green fluorescent protein
as a reporter of transcriptional activation by AhR/ARNT
complex [36], suggesting that the loss of cell-cell contact
leads to AhR activation. Owens et al. indicated the importance
of Src family kinases in the disruption of cadherin-dependent
cell-cell contact [41]. Src kinase is known to be associated with
AhR complex [42]. Ligand binding to the AhR causes Src kinase
to dissociate from the AhR complex and translocate from
cytoplasm to the membrane [43], thereby increasing its own
kinase activity which may be required for promoting desta-
bilization of cell-cell contact. They showed that inhibition of
the catalytic activity of the Src kinase stabilizes cadherin-
dependent cell contacts, suggesting that Src kinase activity is
required to disassemble cell-cell contacts. On the other hand,
the Src kinase activity stimulates the epidermal growth factor
receptor (EGFR) [44] which is known to play an important role
in activation of MAPK pathways and other key signal
transduction cascades. Activation of MAPK pathways pro-
motes downstream signaling such as ERK and p38. Our results
suggested that loss of cell-cell contact generates signals that
increase the phosphorylation level of AhR (i.e., phosphoryla-
tion of Ser-68 which is located in the NES), thereby causing
AhR to accumulate in the nucleus owing to inhibition of the
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export activity. It is likely that activated p38 MAPK is involved
in this phosphorylation [36]. Although to date no direct
experimental evidence indicates that loss of cell-cell contact
is the signal for AhR activation, a signaling cascade triggered
by Src kinase appears to be associated with AhR phosphor-
ylation and activation in response to loss of cell-cell contact

(Fig. 2).

4. Epithelial-mesenchymal transitions

Epithelial-mesenchymal transitions (EMT) occur during cri-
tical phases of embryonic development [45] as well as tumor
progression to the metastatic phenotype [46]. During this
process, disruption of E-cadherin-mediated cell-cell contact is
considered to be a key step. As described above, we found that
the AhR activation is associated with disruption of cell contact
in keratinocyte. This observation prompted us to examine
whether AhR is involved in the regulation of EMT. In many
types of cancer, the loss of E-cadherin expression is due to
transcriptional repression [47,48]. Transcription factors
including a family of zinc finger proteins of the Slug/Snail
family are implicated in such repression [49-51]. We have
shown that AhR participates directly as a transcription factor
in the induction of Slug expression in the context of loss of
cell-cell contact, which, in turn, regulates EMT [52]. The
induced Slug was associated with reduced level of the
epithelial marker, cytokeratin 18 and with increased level of
the mesenchymal marker, fibronectin. Belguise et al. [53]
investigated the control of EMT in breast cancer. Ectopic
coexpression of CK2 and NFkB c-Rel in untransformed

mammary epithelial cells was sufficient to induce a mesench-
ymal invasive phenotype, in association with induction of AhR
and Slug. The up-regulation of Slug was abrogated by
coexpression of AhR repressor (AhRR), indicating that Slug
expression is regulated by AhR. Furthermore, they showed
that treatment with the green tea polyphenol epigallocate-
chin-3 gallate reversed the malignant phenotype as well as
reduced the expression of AhR and Slug. Thus, these results
suggest that activation of AhR signaling and induction of Slug
are important events during the process of progression into
the invasive phenotype.

5. Formation of epidermal tissue

Skin acts as a defense barrier against environmental stimuli
and is composed of two layers, the dermis and epidermis. The
epidermis is divided into several layers and extends from the
basement membrane to the outer surface. The basal layer
contains the basal keratinocytes where mitosis occurs. As the
keratinocytes mature, they form the spinous layer, granular
layer, and stratum corneum which has the barrier function
(Fig. 3A). Keratinocytes in the spinous and the granular layer
produce differentiation-specific proteins including filaggrin
and loricrin which are cross-linked by transglutaminase into
cornified envelopes [54].

Fernandez-Salguero et al. [S5] investigated skin lesions in
AhR-null mice and found an association of structurally
abnormal hair fibers, rupture of hair follicles and mixed
inflammatory cells infiltrate that progressed to acute ulcers. It
has been reported that TCDD affects differentiation of
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Fig. 2 - A model for AhR localization controlled by cell-cell contact in the in vitro wound healing assay. Stable contact (right)
mediated by adhesion molecules such as E-cadherin is mechanically disrupted to form wound edge (left). The unknown
signal (X) triggered by the loss of cell-cell contact activates AhR, resulting in dissociation of Src from the AhR complex and
translocation from the cytosol to the membrane, where its kinase activity required for disruption of cell-cell contact is
activated. In addition, Src kinase activity may act as a trigger for the signals such as epidermal growth factor receptor
(EGFR)-dependent pathway that induces key signal transduction cascades including MAPK. It is likely that activated p38
MAPK is involved in the phosphorylation of the nuclear export signal (NES) of AhR, which in turn inhibits nuclear export
resulting in nuclear accumulation. XRE-mediated transcription is up-regulated by AhR/ARNT complex.
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Fig. 3 - (A) Structure of the epidermis, and the possible role
of AhR and ARNT. AhR stimulates the expression of
filaggrin and transglutaminase 1 (TGase) in granular cells.
Barrier formation requires expression of ARNT. (B)
Immunohistochemistry for AhR localization on the back
skin from 3-wk-old WT C57Bl mice. After excision, the
tissue was embedded in O.C.T. compound (Miles, Elkhart,
IN) and immediately frozen using liquid carbon dioxide.
Frozen tissue was sectioned at 8 pm intervals, and the
sections were fixed by 4% formaldehyde before overnight
incubation with anti-AhR antibody (BIOMOL, Plymouth
Meeting, PA) at 4 °C. Arrowheads indicate the site of
immunoreactivity including upper part of hair follicle.

keratinocytes. Loetscher et al. [56] examined the effects of
TCDD on developing skin of the C57Bl/6] mouse strain.
Examination of mouse fetal skin at embryonic day (E) 16
revealed that expression of filaggrin is accelerated in indivi-
duals exposed in utero to TCDD at E13. They reported that the
two putative XREs are present upstream of the transcription
start site of human profilaggrin gene. In addition, Du et al. [57]
studied the effect of TCDD on differentiation program of
human epidermal keratinocytes and showed the induction of
transglutaminase 1 at the mRNA and protein levels. This was
further confirmed by the increasing transglutaminase 1-
mediated cross-linking activity in situ. Since there is no XRE
motif in the human transglutaminase 1 promoter region, it is
unclear how TCDD regulates transglutaminase 1 expression.
These investigations suggest that AhR has roles in the
modulation of differentiation of keratinocytes.

The function of the skin barrier is partly dependent on
terminal differentiation of keratinocytes. The cells differenti-
ate as they move to the skin surface. The stratum corneum is
composed of not only insoluble protein such as involucrine
and filaggrin but also lipid complex containing cholesterol,
ceramides, and fatty acids. Takagi et al. [58] and Geng et al. [59]
reported defects in the barrier function in ARNT-deficient
mice. They showed that defects in lipid metabolism resulted in
failure of the epidermal barrier function. ARNT-disrupted
newborn mice died neonatally of severe dehydration caused
by water loss. We are interested to investigate whether AhR is

involved in these processes as a heterodimer-partner of ARNT
although AhR-null mice have not yet been reported to show
such a severe skin phenotype.

To elucidate the AhR function in skin, we examined AhR
localization in murine skin by immunohistochemistry. One of
the regions in which AhR was detected is the upper part of the
hair follicle including the infundibulum (Fig. 3B). Exposure of
mammals to TCDD produces an array of pathological
manifestations including teratogenesis [3], hepatotoxicity
[4], and dermatopathology [60]. Chlorance, a hyperkeratotic
skin disorder, is a specific type of acne-like skin disease
affecting the hair follicle and inter follicular epidermis and has
been used as a hallmark of TCDD exposure in humans.
Histopathological analysis of the skin with chloracne has
revealed acne-like appearance with hyperkeratosis. In severe
cases of acne, the rupture of the infundibulum is associated
with inflammation. It is reported that transgenic mice
expressing a constitutively active form of AhR in keratinocytes
develop severe skin lesions accompanied by inflammation
resembling typical atopic dermatitis with increased expres-
sion of inflammation-related genes (such as the genes for
interleukins and chemokines) [61]. When infundibula main-
tained in culture were stimulated with interleukin-lq,
hyperkeratosis that was similar to that seen in acne was
observed [62]. Taken together, these results prompted us to
consider that in response to TCDD exposure, AhR expressed in
infundibula is aberrantly activated to induce hyperplasia and
inflammation, resulting in chloracne.

6. AhR functions in skin wound healing

Skin wound healing is a dynamic three-phase process:
inflammation, tissue formation, and tissue remodeling [16].
Diverse cell types including leukocytes, keratinocytes and
dermal fibroblasts participate in each phase. For example, in
the early phase of healing, inflammatory leukocytes are
recruited to the wounded site. Neutrophils cleanse the wound
area of foreign particles, and macrophages release cytokines
and growth factors. Keratinocytes migrate and proliferate to
cover the wound area, and the dermal fibroblasts synthesize
extracellular matrix for tissue remodeling. It is reported that
AhR is expressed in these cells [40,63-65]. Here, we investi-
gated the role of AhR in skin wound healing using either wild-
type mice, mice heterozygously or homozygously deficient for
the AhR gene.

Our methods of full thickness dorsal skin wounding
damaged both the epidermis and the underlying dermis. All
mice were 8-10 wk old, anesthetized, and received a single 5-
mm-diameter excisional wound on the shaved mid-dorsal
skin. Mice were kept separately in cages to prevent fighting.
Wound closure was determined and expressed as a percen-
tage of the total surface of the wound (Fig. 4). The wounds
closed almost completely at day 12 irrespective of AhR
genotype. However, in the early phase of healing, wound
area decreased faster in the AhR—/— mice than in the wild-
type mice and AhR+ mice. The time needed for 50% closure in
wild-type, AhR+ and AhR—/— mice was 73.7 +3.0h (n=50),
59.0 £3.3h (n=32) and 47.6 = 3.3 h (n =39), respectively. The
difference in time needed for 50% closure between AhR—/—
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Fig. 4 - Surface areas of the wounds. The back skin of each
mouse (8-10 wk) was shaved 1 wk before wounding. A full
thickness of mid-dorsal wound (5 mm in diameter) was
created and the wound areas were quantified on the
indicated days until complete healing, using NIH image
software. The surfaces are plotted as percentage of the
surface of the wound at day 0 (Mean =+ SE). The surface
areas of the wounds at day 0 were not significantly
different among genotypes.

and wild-type mice was significant (P = 1.97E—08). On the other
hand, we did not find any differences in repair processes
between wild-type and AhRR—/— mice. These data suggest
that inactivation of AhR accelerates wound closure during the
early phase, which corresponds to the inflammatory phase, of
wound healing. These observations are reminiscent of those
observed for peroxisome proliferator-activated receptor
(PPAR)-mutant mice. Michalik et al. [66] found that wound
healing in PPARa—/— mice was delayed during the first 4 days
after injury, suggesting the involvement of inflammation.
They further assessed inflammatory infiltration by counting
neutrophils and monocytes/macrophages present in the
wound bed. Recruitment of neutrophils and monocytes was
impaired in the PPARa—/— mice at day 1. AhR expression has
been detected in monocytes and macrophages [63,64] and
might affect the function of these cells. Tauchi et al. [61]
reported that transgenic mice expressing the constitutive
active form of AhR in keratinocytes develop severe skin
lesions accompanied by inflammation. It is likely that the skin
of AhR—/— mice has a reduced inflammatory phenotype.
Aschcroft et al. [67] investigated the role of Smad3, a mediator
of TGF-B signaling, in skin wound healing. They reported that
mice lacking Smad3 show accelerated wound healing accom-
panied by reduced inflammatory response (i.e., reduced local
infiltration of monocytes) leading to reduced level of TGF-B in
the wound site. One possible explanation for the increased
rate of re-epithelialization in mice lacking Smad3 is the
increase in keratinocyte proliferation due to abrogation of the
growth inhibitory effect of TGF-B. In our experiments, we
attribute this phenomenon (i.e., faster decrease in wound area
in AhR-deficient mice in the early phase of wound healing) to

reduced inflammation. In wild-type mice, AhR may play a
supportive role in the inflammatory response.

7. AhR in skin carcinogenesis

AhR is considered to mediate teratogenic and carcinogenic
effects. Benzo[a]pyrene (B[a]P), one of environmental chemi-
cals binding to AhR as a ligand, exerts potent carcinogenic
activity in several animal species. Topical application of B[a]P
produces skin tumors. It has been revealed that the ultimate
metabolite of B[a]P (i.e., benzo[a]pyrene-7,8-diol-9,10-epoxide
[BPDE], which is synthesized in the metabolic pathway
involving cytochrome P450 isoforms) forms DNA adducts
and acts as a mutagen. To investigate the contribution of AhR
to carcinogenesis, Shimizu et al. [2] examined the response of
AhR-deficient mice to B[a]P and found that no tumors
appeared in the AhR-deficient mice. They provided direct
evidence that AhR is required for skin tumor induction by
benzo[a]pyrene.

An important problem in skin cancer research is the
identification of the target cells for chemical carcinogenesis.
Evidence is accumulating that a subpopulation known as
stem cells are the targets of carcinogenesis [68-70]. A
number of investigations revealed that initiated cells persist
in the epidermis essentially for the life of the animal,
suggesting that the initiated cells are not simply proliferat-
ing cells but also stem cells. Morris et al. [15] examined the
origin of skin tumors. They completely removed the
interfollicular epidermis of carcinogen-initiated mice using
an abrasion technique although the hair follicles remained
undisturbed. The interfollicular epidermis after abrasion
regenerated from cells in the hair follicles. Subsequently,
tumor promotion was progressing. Although mice with
abraded skin developed papillomas and carcinomas, the
number of papillomas was half that of mice with unabraded
skin. These results suggest that target of tumor initiation is
the cells in hair follicles and, to a lesser degree, in the
interfollicular epidermis.

One of the cell surface markers of hair follicle stem cells is
CD34. Trempus et al. [68] examined whether CD34 participates
in two-stage skin carcinogenesis in CD34 knockout (KO) mice
since hair follicle stem cells are thought to be a major target of
carcinogens. CD34KO mice failed to develop papillomas,
suggesting the requirement of stem cells for skin tumor
development. Hair follicle stem cells may be a target for
carcinogens. If so, stem cell may express AhR to induce P450
isoforms that metabolically activate carcinogens. It has been
shown that hematopoietic stem cells, which express func-
tional AhR, have been shown to be a target of polycyclic
aromatic hydrocarbons [71]. Treatment of these cells with
B[a]P resulted in impairment of cell expansion and inhibition
of cell differentiation into various cell lineages including
erythrocyte, granulocyte, macrophage, and megakaryocyte.
These toxic effects are related to P450-dependent B[a]P
metabolite formation. These results suggest that AhR is
functional in the system in stem cells.

Thus, it is implied that stem cells are critical targets of
carcinogen metabolites produced by P450 isoforms. These
metabolites may be involved in the initiation of the stem cell in
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Fig. 5 - Roles of AhR in skin carcinogenesis. CYP1A1 is
induced by chemical carcinogens as well as photoproducts
of tryptophan [72,73] such as 6-formylindolo[3,2-
b]carbazole (FICZ) generated intracellularly by UVB
exposure. DNA adducts are formed by reaction with
metabolically activated carcinogens. FICZ also induces
COX-2 expression through EGFR activation. The COX-2
pathways promote cell survival, resulting in the tumor
formation. AhR directly induces CYP1A1 which stimulates
generation of initiated cells, and indirectly induces
expression of COX-2 leading to tumor promotion.

skin carcinogenesis resulting in the proliferation of the
initiated stem cells.

Another risk for skin carcinogenesis is ultraviolet radiation.
Photoproducts of tryptophan are known to have high affinity
for AhR and are postulated as endogenous ligands [72,73]. The
UVB portion (280-315 nm) of the spectrum is a principal risk
factor for skin cancer. Fritsche et al. [44] found intracellular
formation of the AhR ligand 6-formylindolo[3,2-b]carbazole
(FICZ) after UVB irradiation of murine skin and human
keratinocyte cell line. AhR activation induces CYP1Al gene
expression and EGFR internalization and subsequent induc-
tion of cyclooxygenase-2 (COX-2) gene expression. COX-1 and
COX-2 catalyze the first reaction in the conversion of
arachidonic acid to prostaglandins. Prostaglandin E, is the
major product found in UV-exposed skin. In most tissues,
COX-1 is constitutively expressed, whereas COX-2 is highly
inducible by a variety of inflammatory and tumor-promoting
stimuli [74] and is constitutively up-regulated in skin
carcinomas [75]. To understand the contribution of COX-1
and COX-2 to UV-carcinogenesis, Fischer et al. [76] performed
UV-induced-carcinogenesis experiments using wild-type
mice and mice heterogeneously for the COX-1 or the COX-2
gene. While the tumor generations of COX-1+ mice and COX-
1+/+ mice were essentially similar, the tumor multiplicity in
COX-2+ mice was reduced to 50-65% and the tumor size was
markedly decreased compared with that of wild-type mice.
Studies have revealed that UV-induced COX-2 expression
contributes to the acquisition of resistance to epidermal
apoptosis [77].

In conclusion, UVB exposure induces CYP1A1 and COX-2 in
keratinocytes. In this intracellular environment, active carci-
nogens produced by CYP1A1 may form DNA adducts resulting
in generation of initiated cells. Furthermore, as a result of
acquiring resistance to apoptosis by induction of COX-2, the
initiated cells may be able to clonally expand into detectable
skin tumors (Fig. 5).

8. Perspective

Current investigations have revealed that AhR is an important
regulator in various tissues even in the absence of exogenous
ligands. While identification of endogenous ligands of AhR is
one of the most intriguing goals of future study, uncovering
the signaling pathway leading to AhR activation in the context
of cell-cell contact is also needed. Investigating target genes of
AhR/ARNT is also important for elucidation of AhR function. In
wound healing, we are interested in the genes that act
downstream of AhR in the signaling pathway and are involved
in inflammatory agent production such as the release of
cytokines. In skin carcinogenesis by benzo[a]pyrene, AhR is
believed to be necessary for the induction of CYP1A1 which
yields active carcinogens. However, the experimental data
indicating that AhR-deficient mice produce no tumors do not
exclude the possibility that AhR is involved in cancer
progression. It would also be interesting to determine whether
induction of epithelial-mesenchymal transitions mediated by
AhR is functional in cancer.

Acknowledgements
This study was supported by the Grants-in-Aid for Scientific

Research from the Japanese Ministry of Education, Culture,
Sports, Science and Technology.

REFERENCES

[1] Abbott BD, Birnbaum LS, Perdew GH. Developmental
expression of two members of a new class of transcription
factors: I. Expression of aryl hydrocarbon receptor in the
C57BL/6N mouse embryo. Dev Dyn 1995;204:133-43.
Shimizu Y, Nakatsuru Y, Ichinose M, Takahashi Y, Kume H,
Mimura J, et al. Benzo[a]pyrene carcinogenicity is lost in
mice lacking the aryl hydrocarbon receptor. Proc Natl Acad
Sci 2000;97:779-82.

Mimura J, Yamashita K, Nakamura K, Morita M, Takagi TN,

Nakao. et al. Loss of teratogenic response to 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) in mice lacking the Ah

(dioxin) receptor. Genes Cells 1997;2:645-54.

[4] Walisser JA, Glover E, Pande K, Liss AL, Bradfield CA. Aryl
hydrocarbon receptor-dependent liver development and
hepatotoxicity are mediated by different cell types. Proc
Natl Acad Sci 2005;102:17858-63.

[5] Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF,

Bettelli E, et al. Control of T(reg) and T(H)17 cell

differentiation by the aryl hydrocarbon receptor. Nature

2008;453:65-71.

Veldhoen M, Hirota K, Westendorf AM, Buer J, Dumoutier L,

Renauld JG, et al. The aryl hydrocarbon receptor links TH17-

cell-mediated autoimmunity to environmental toxins.

Nature 2008;453:106-9.

Baba T, Shima Y, Mimura J, Oshima M, Fujii-Kuriyama Y,

Morohashi KI. Disruption of aryl hydrocarbon receptor

(AhR) induces regression of the seminal vesicle in aged

male mice. Sex Dev 2008;2:1-11.

Baba T, Mimura J, Nakamura N, Harada N, Yamamoto M,

Morohashi K, et al. Intrinsic function of the aryl

hydrocarbon (dioxin) receptor as a key factor in female

reproduction. Mol Cell Biol 2005;25:10040-51.

2

[3

6

[7

8



BIOCHEMICAL PHARMACOLOGY 77 (2009) 588-596 595

[9] Eguchi H, Ikuta T, Tachibana T, Yoneda Y, Kawajiri K. A
nuclear localization signal of human aryl hydrocarbon
receptor nuclear translocator/hypoxia-inducible factor 1 is
a novel bipartite type recognized by the two components of
nuclear pore-targeting complex. J Biol Chem
1997,272:17640-7.

[10] Fujisawa-Sehara A, Ogawa K, Nishi C, Fujii-Kuriyama Y.
Regulatory DNA elements localized remotely upstream
from the drug-metabolizing cytochrome P-450c gene.
Nucleic Acids Res 1986;11(14):1465-77.

[11] Sadek M, Allen-Hoffmann BL. Suspension-mediated
induction of Hepalclc7 Cyplal expression is dependent on
the Ah receptor signal transduction pathway. J Biol Chem
1994;269:31505-9.

[12] Sadek CM, Allen-Hoffmann BL. Cytochrome P450IA1 is
rapidly induced in normal human keratinocytes in the
absence of xenobiotics. ] Biol Chem 1994;269:16067-74.

[13] Monk SA, Denison MS, Rice RH. Transient expression of
CYP1AL1 in rat epithelial cells cultured in suspension. Arch
Biochem Biophys 2001;393:154-62.

[14] Yamamoto O, Tokura Y. Photocontact dermatitis and
chloracne: two major occupational and environmental skin
diseases induced by different actions of halogenated
chemicals. ] Dermatol Sci 2003;32:85-94.

[15] Morris RJ, Tryson KA, Wu KQ. Evidence that the epidermal
targets of carcinogen action are found in the interfollicular
epidermis or infundibulum as well as in the hair follicles.
Cancer Res 2000;60:226-9.

[16] Clark RAF. Wound repair, overview and general
considerations. In: Richard RAF, editor. The molecular and
cellular biology of wound repair. 2nd ed., New York:
Plenum Press; 1995. p. 3-50.

[17] Gorlich D, Mattaj W. Nucleocytoplasmic transport. Science
1996;271:1513-9.

[18] Nigg EA. Nucleocytoplasmic transport: signals,
mechanisms and regulation. Nature 1997;386:779-87.

[19] Tkuta T, Eguchi H, Tachibana T, Yoneda Y, Kawajiri K.
Nuclear localization and export signals of the human aryl
hydrocarbon receptor. J Biol Chem 1998;273:2895-904.

[20] Tkuta T, Tachibana T, Watanabe ], Yoshida M, Yoneda Y,
Kawajiri K. Nucleocytoplasmic shuttling of the aryl
hydrocarbon receptor. ] Biochem 2000;127:503-9.

[21] Kawajiri K, TIkuta T. Regulation of nucleo-cytoplasmic
transport of the aryl hydrocarbon receptor. ] Health Sci
2004;50:215-9.

[22] Zhang F, White RL, Neufeld KL. Cell density and
phosphorylation control the subcellular localization of
adenomatous polyposis coli protein. Mol Cell Biol
2001;21:8143-56.

[23] Dominguez D, Montserrat-Sentis B, Virgds-Soler A, Guaita
S, Grueso J, Porta M, et al. Phosphorylation regulates the
subcellular location and activity of the Snail transcriptional
repressor. Mol Cell Biol 2003;23:5078-89.

[24] Tkuta T, Kobayashi Y, Kawajiri K. Phosphorylation of
nuclear localization signal inhibits the ligand-dependent
nuclear import of aryl hydrocarbon receptor. Biochem
Biophys Res Commun 2004;317:545-50.

[25] Perdew GH. Chemical cross-linking of the cytosolic and
nuclear forms of the Ah receptor in hepatoma
cell line 1clc7. Biochem Biophys Res Commun
1992;182:55-62.

[26] Meyer BK, Pray-Grant MG, Heuvel JPV, Perdew GH. Hepatitis
B virus X-associated protein 2 is a subunit of the
unliganded aryl hydrocarbon receptor core complex and
exhibits transcriptional enhancer activity. Mol Cell Biol
1998;18:978-88.

[27] Chen HS, Perdew GH. Subunit composition of the
heteromeric cytosolic aryl hydrocarbon receptor complex. J
Biol Chem 1994;269:27554-8.

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

(44]

[43]

Kazlauskas A, Poellinger L, Pongratz I. The immunophilin-
like protein XAP2 regulates ubiquitination and subcellular
localization of the dioxin receptor. J Biol Chem
2000;275:41317-24.

Meyer K, Perdew GH. AhR-hsp90-XAP2 core complex and
the role of the immunophilin-related protein XAP2 in AhR
stabilization. Biochemistry 1999;38:8907-17.

Petrulis JR, Kusnadi A, Ramadoss P, Hollingshead B, Perdew
GH. The hsp90 co-chaperone XAP2 alters importin
recognition of the bipartite nuclear localization signal of
the Ah receptor and represses transcriptional activity. J Biol
Chem 2003;278:2677-85.

Berg P, Pongratz I. Two parallel pathways mediate
cytoplasmic localization of the dioxin (aryl hydrocarbon)
receptor. ] Biol Chem 2002;277:32310-9.

Ma Q, Baldwin KT. 2,3,7,8-Tetrachlorodibenzo-p-dioxin-
induced degradation of aryl hydrocarbon receptor (AhR) by
the ubiquitin-proteasome pathway. J Biol Chem
2000;275:8432-8.

Ma Q, Renzelli AJ, Baldwin KT, Antonini JM. Superinduction
of CYP1A1 gene expression. ] Biol Chem 2000;275:12676-83.
Davarinos NA, Pollenz RS. Aryl hydrocarbon receptor
imported into the nucleus following ligand binding is
rapidly degraded via the cytosplasmic proteasome
following nuclear export. J Biol Chem 1999;274:28708-15.
Nishi K, Yoshida M, Fujiwara D, Nishikawa M, Horinouchi
S, Beppu T. Leptomycin B targets a regulatory cascade of
crm1, a fission yeast nuclear protein, involved in control of
higher order chromosome structure and gene expression. J
Biol Chem 1994;269:6320-4.

Ikuta T, Kobayashi Y, Kawajiri K. Cell density regulates
intracellular localization of aryl hydrocarbon receptor. J
Biol Chem 2004;279:19209-16.

Poumay Y, Pittelkow MR. Cell density and culture factors
regulate keratinocyte commitment to differentiation and
expression of suprabasal K1/K10 keratins. ] Invest Dermatol
1995;104:271-6.

Lee YS, Yuspa SH, Dlugosz AA. Differentiation of cultured
human epidermal keratinocytes at high cell densities is
mediated by endogenous activation of the protein kinase C
signaling pathway. J Invest Dermatol 1998;111:762-6.
Weiss C, Faust I, Schreck I, Ruff A, Farwerck T, Melenberg A,
et al. TCDD deregulates contact inhibition in rat liver oval
cells via Ah receptor, JunD and cyclin A. Oncogene
2008;27:21989-2207.

Cho YC, Zheng W, Jefcoate CR. Disruption of cell-cell
contact maximally but transiently activates AhR-mediated
transcription in 10T1/2 fibroblasts. Toxicol Appl Pharmacol
2004;199:220-38.

Owens DW, McLean GW, Wyke AW, Paraskeva C, Parkinson
EK, Frame MC, et al. The catalytic activity of the Src family
kinases is required to disrupt cadherin-dependent cell-cell
contacts. Mol Biol Cell 2000;11:51-64.

Enan E, Matsumura F. Identification of c-Src as the integral
component of the cytosolic Ah receptor complex,
transducing the signal of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) through the protein phosphorylation
pathway. Biochem Pharmacol 1996;52:1599-612.

Kohle C, Gschaidmeier H, Lauth D, Topell S, Zitzer H, Bock
KW. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-mediated
membrane translocation of c-Src protein kinase in liver
WB-F344 cells. Arch Toxicol 1999;73:152-8.

Fritsche E, Schifer C, Calles C, Bernsmann T, Bernshausen
T, Wurm M, et al. Lightening up the UV response by
identification of the arylhydrocarbon receptor as a
cytoplasmatic target for ultraviolet B radiation. Proc Natl
Acad Sci 2007;104:8851-6.

Nieto MA. The snail superfamily of zinc-finger
transcription factors. Nat Rev Mol Cell Biol 2002;3:155-66.



596 BIOCHEMICAL PHARMACOLOGY 77 (2009) 588-596

[46] Thiery JP. Epithelial-mesenchymal transitions in tumor
progression. Nat Rev Cancer 2002;2:442-54.

[47] Comijn ], Berx G, Vermassen P, Verschueren K, Grunsven L,
Bruyneel E, et al. The two-handed E box binding zinc finger
protein SIP1 downregulates E-cadherin and induces
invasion. Mol Cell 2001;7:1267-78.

[48] Poser I, Dominguez D, Herreros AG, Varnai A, Buettner R,
Bosserhoff AK. Loss of E-cadherin expression in melanoma
cells involves up-regulation of the transcriptional repressor
Snail. ] Biol Chem 2001;276:24661-6.

[49] Batlle E, Sancho E, Franci C, Dominguez D, Monfar M,
Baulida J, et al. The transcription factor Snail is a repressor
of E-cadherin gene expression in epithelial tumour cells.
Nat Cell Biol 2000;2:84-9.

[50] Cano A, Pérez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ,
Barrio MG, et al. The transcription factor Snail controls
epithelial-mesenchymal transitions by repressing E-
cadherin expression. Nat Cell Biol 2000;2:76-83.

[51] Bolés V, Peinado H, Pérez-Moreno MA, Fraga MF, Esteller M,
Cano A. The transcription factor Slug represses E-cadherin
expression and induces epithelial to mesenchymal
transitions: a comparison with Snail and E47 repressors. J
Cell Sci 2003;116:499-511.

[52] Tkuta T, Kobayashi Y, Kawajiri K. Zinc finger transcription
factor Slug is a novel target gene of aryl hydrocarbon
receptor. Exp Cell Res 2006;312:3585-94.

[53] Belguise K, Guo S, Yang S, Rogers AE, Seldin DC, Sherr DH,
et al. Green tea polyphenols reverse cooperation between c-
Rel and CK2 that induces the aryl hydrocarbon receptor,
Slug, and an invasive phenotype. Cancer Res
2007,67:11742-50.

[54] Fore J. A review of skin and the effects of aging on skin
structure and function. Ostomy Wound Manag 2006;52:
24-35.

[55] Fernandez-Salguero PM, Ward JM, Sundberg JP, Gonzalez FJ.
Lesions of aryl-hydrocarbon receptor-deficient mice. Vet
Pathol 1997;34:605-14.

[56] Loertscher JA, Lin TM, Peterson RE, Allen-Hoffman BL. In
utero exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
causes accelerated terminal differentiation in fetal mouse
skin. Toxicol Sci 2002;68:465-72.

[57] DuL, Neis MM, Ladd PA, Keeney DS. Differentiation-specific
factors modulate epidermal CYP1-4 gene expression in
human skin in response to retinoic acid and classic aryl
hydrocarbon receptor ligands. ] Pharmacol Exp Ther
2006;319:1162-71.

[58] Takagi S, Tojo H, Tomita S, Sano S, Itami S, Hara M, et al.
Alteration of the 4-sphingenine scaffolds of ceramides in
keratinocyte-specific Arnt-deficient mice affects skin
barrier function. J Clin Invest 2003;112:1372-82.

[59] Geng S, Mezentsev A, Kalachikov S, Raith K, Roop DS,
Panteleyev AA. Targeted ablation of Arnt in mouse
epidermis results in profound defects in desquamation and
epidermal barrier function. J Cell Sci 2006;119:4901-12.

[60] Panteleyev AA, Bickers DR. Dioxin-induced chlorance-
reconstructing the cellular and molecular mechanisms of a
classic environmental disease. Exp Dermatol 2006;15:705-30.

[61] Tauchi M, Hida A, Negishi T, Katsuoka F, Noda S, Mimura.
et al. Constitutive expression of aryl hydrocarbon receptor

in keratinocytes causes inflammatory skin lesions. Mol Cell
Biol 2005;25:9360-8.

[62] Guy R, Green MR, Kealey T. Modeling acne in vivo. J Invest
Dermatol 1996;106:176-82.

[63] Hayashi S, Okabe-Kado J, Honma Y, Kawajiri K. Expression
of Ah receptor (TCDD receptor) during human monocytic
differentiation. Carcinogenesis 1995;16:1403-9.

[64] Komura K, Hayashi S, Makino I, Poellinger L, Tanaka H. Aryl
hydrocarbon receptor in human monocytes and
macrophages. Mol Cell Biochem 2001;226:107-18.

[65] Ray SS, Swanson HI. Dioxin-induced immortalization of
normal human keratinocytes and silencing of p53 and
p16™¥42, ] Biol Chem 2004;279:27187-93.

[66] Michalik L, Desvergne B, Tan NS, Basu-Modak S, Escher P,
Rieusset J, et al. Impaired skin wound healing in
peroxisome proliferator-activated receptor (PPAR) o and
PPARB mutant mice. ] Cell Biol 2001;154:799-814.

[67] Ashcroft GS, Yang X, Glick AB, Weinstein M, Letterio JJ,
Mizel DE, et al. Mice lacking Smad3 show accelerated
wound healing and an impaired local inflammatory
response. Nat Cell Biol 1999;1:260-6.

[68] Trempus CS, Morris R], Ehinger M, Elmore A, Bortner CD, Ito
M, et al. CD34 expression by hair follicle stem cells is
required for skin tumor development in mice. Cancer Res
2007;67:4173-81.

[69] Shupe T, Peterson BE. Evidence regarding a stem cell origin
of hepatocellular carcinoma. Stem Cell Rev 2005;1:261-4.

[70] Topinka J, Marvanova S, Vondracek J, Sevastyanova O,
Novakova Z, Krcmar P, et al. DNA adducts formation and
induction of apoptosis in rat liver epithelial ‘stem-like’ cells
exposed to carcinogenic polycyclic aromatic hydrocarbons.
Mutat Res 2008;638:122-32.

[71] Grevenynghe J, Bernard M, Langouet D, Berre CL, Fest T,
Fardel O. Human CD34-positive hematopoietic stem cells
constitute targets for carcinogenic polycyclic aromatic
hydrocarbons. ] Pharmacol Exp Ther 2005;314:693-702.

[72] Diani-Moore S, Labitzke E, Brown R, Garvin A, Wong L,
Rifkind AB. Sunlight generates multiple tryptophan
photoproducts eliciting high efficacy CYP1A induction in
chick hepatocytes and in vivo. Toxicol Sci 2006;90:

96-110.

[73] Mukai M, Tischkau SH. Effects of tryptophan
photoproducts in the circadian timing system: searching
for a physiological role for aryl hydrocarbon receptor.
Toxicol Sci 2007;95:172-81.

[74] Vane JR, Bakhle YS, Botting RM. Cyclooxygenases 1 and 2.
Annu Rev Pharmacol Toxicol 1998;38:97-120.

[75] Muller-Decker K, Scholz K, Marks F, Furstenberg G.
Differential expression of prostaglandin H synthase
isozymes during multistage carcinogenesis in mouse
epidermis. Mol Carcinog 1995;12:31-41.

[76] Fischer SM, Pavone A, Mikulec C, Langenbach R, Rundhaug
JE. Cyclooxygenase-2 expression is critical for chronic UV-
induced murine skin carcinogenesis. Mol Carcinog
2007;46:363-71.

[77] Chun KS, Aakunda JK, Langenbach R. Cyclooxygenase-2
inhibits UVB-induced apoptosis in mouse skin by activating
the prostaglandin E, receptors, EP2 and EP4. Cancer Res
2007;67:2015-21.



	AhR protein trafficking and function in the skin
	Introduction
	AhR is a nucleo-cytoplasmic shuttling protein
	Cell density affects AhR localization and activity
	Epithelial-mesenchymal transitions
	Formation of epidermal tissue
	AhR functions in skin wound healing
	AhR in skin carcinogenesis
	Perspective
	Acknowledgements
	References


