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The aryl hydrocarbon receptor (AhR) is an orphan receptor in the basic helix-loop-helix PAS
family of transcriptional regulators. Although the endogenous regulator of this pathway has
not been identified, the AhR is known to bind and be activated by a variety of compounds
ranging from environmental contaminants to flavanoids. The function of this receptor is
still unclear; however, animal models indicate that the AhR is important for normal
development. One hypothesis is that the AhR senses cellular stress and initiates the cellular
response by altering gene expression and inhibiting cell cycle progression and that activa-
tion of the AhR by exogenous environmental chemicals results in the dysregulation of this
normal function. In this review we will examine the role of the AhR in the regulation of genes
and proteins involved in cell adhesion and matrix remodeling, and discuss the implications

(TCDD) of these changes in development and disease. In addition, we will discuss evidence
Development suggesting that the AhR pathway is responsive to changes in matrix composition as well
as cell-cell and cell-matrix interactions.
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1. Introduction

The basic helix-loop-helix Per/AhR-Arnt/Sim (bHLH-PAS)
family of transcriptional regulators has diverse biological
roles regulating the expression of genes involved in develop-
ment, hypoxia signaling and circadian rhythms [1]. The aryl
hydrocarbon receptor (AhR) is unique to this family in that it
was originally identified as the receptor for environmental
contaminants including the polycyclic aromatic hydrocarbons
(PAH). However, accumulating evidence demonstrates that
the AhR has a number of diverse ligands both endogenous and
exogenous (reviewed in [2]). Indeed, the identification of an
endogenous ligand or signal for the AhR is of great interest, as
evidence from knockout animal models indicates that this
pathway has an important role in normal physiology [1]. The
current hypothesis is that the AhR senses cellular stress and
initiates the cellular response by altering gene expression and
inhibiting cell cycle and that activation of the AhR by
chemicals such as the PAHs results in the dysregulation of
this normal function. In this review we will examine the role of
the AhRin the regulation of genes and proteins involved in cell
adhesion and matrix remodeling and discuss the implications
of these changes in development and disease. In addition, we
will discuss evidence suggesting that the AhR pathway is
responsive to changes in matrix composition as well as cell-
cell and cell-matrix interactions.

The molecular mechanisms of the AhR function have been
primarily examined using the PAH, 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) to bind to the AhR and initiate
signaling (reviewed in [3]). TCDD is the unintentional by-
product of industrial combustion. The chemical properties of
TCDD render it resistant to both environmental and biological
degradation, and therefore TCDD accumulates in the lipids of
exposed animals, including humans with an estimated half-
life of 7.6 years. Accidental acute exposure to TCDD is
associated with the increase in a variety of human health
problems, including immune dysfunction, neurological
pathologies, abnormal development, diabetes, and carcino-
genesis.

Using TCDD as an activator, data show that the AhR resides
in an inactive multiprotein complex in the cytoplasm bound to
accessory proteins including two heat shock protein 90 (HSP-
90) molecules, a HSP-90-interacting co-chaperone p23 and an
immunophilin-like protein, ARA9/XAP2/AIP. Ligand binding to
the AhR ligand binding domain results in conformational
changes that expose the nuclear localization sequence
through alterations of XAP2 binding. After nuclear localization
and dissociation from HSP-90 and ARA9 the AhR forms a
heterodimer with Arnt (AhR nuclear translocator), and func-
tions as a transcriptional activator by binding to specific DNA
enhancer element sequences in the 5 region of AhR-
responsive genes termed xenobiotic response elements
(XRE: 5'-GCGTG-3).

Given the role of the AhR in mediating signals from
environmental contaminants, it is not surprising that the first
target genes identified for this pathway included phase I
xenobiotic metabolizing genes, such as members of the
cytochrome p450 (CYP450) family of mono-oxygenase
enzymes and included phase II xenobiotic metabolizing
enzymes, such as UGT1A1l (UDP-glucuronosyltransferase

1A1), GST-Ya (glutathione S-transferase Ya) subunit and
NADPH-quinone-oxido-reductase (reviewed in [1]). However,
data now indicate that the AhR pathway controls the
expression of a variety of genes unrelated to xenobiotic
metabolism, including genes encoding proteins involved in
growth control, such as transforming growth factor-a [4],
transforming growth factor-g2 [4], Bax [5] and p27kipl [6];
cytokines interleukin-18 and interleukin-2 [7,8]; and nuclear
transcription factors such as c-fos, Jun-B, c-Jun and Jun-D [9].

Interestingly, several of the identified targets of AhR
activation are also important in the regulation of tissue and
matrix remodeling, suggesting that the AhR pathway has an
endogenous role in mediating matrix metabolism and
deposition. In addition, data also demonstrate that changes
in cell-cell and cell-substratum interactions have an impact
on the AhR-signaling (Fig. 1). Studies show that cellular
suspension of normal human keratinocytes, liver cell lines,
and 10T1/2 cells, resulting in the removal of both cell-cell and
cell-subtratum interactions, promotes AhR binding to XREs
and increases expression of the AhR-target gene cytochrome
p450 1A1 (CYP1A1) in the absence of exogenous ligand [10,11].
Recently, using a model of branching morphogenesis in
mammary epithelial cells, the expression of AhR, Arnt,
CYP1A1 and cytochrome p450 1B1 (CYP1B1) was linked to
interactions in culture with specific matrix proteins [12].
Matrices that failed to support branching morphogenesis also
failed to demonstrate an increase in AhR pathway gene
expression. These data indicate that the AhR pathway can be
activated in the absence of ligand by changes in cell-cell and
cell-matrix interactions. Taken together, these data indicate
that the AhR may function to sense changes in cell-cell/matrix
interactions and mediate a cellular response through altera-
tions in gene expression. These findings are further supported
by data from a variety of cell types demonstrating that
activation of the AhR pathway results in the loss of contact
inhibition of cell proliferation [10,13-15]

2. The AhR pathway in the regulation of the
extracellular matrix and cellular adhesion

Cell-cell and cell-matrix interactions are critical for cellular
differentiation, proliferation and migration (reviewed in [16]).
The extracellular matrix (ECM) is a dynamic structure that is
continually being remodeled. ECM remodeling, its assembly
and degradation, is regulated by the three-dimensional
environment and cellular tension mediated by the integrins
and proteolytic cascades. The ECM consists of a variety of
proteins and polysaccharides that form a complex network
between cells and within tissues. The composition of the ECM
varies between tissues; however, the main components often
include fibrous structural proteins (collagens, laminins,
fibronectins, vitronectin and elastin); proteoglycans, as well
as a variety of specialized proteins (growth factors, small
matricellular proteins, and SIBLINGS (small integrin-binding
glycoproteins)). Therefore, the ECM not only provides scaffold-
ing for cellular contact, but also acts as a reservoir for growth
factors and other signaling molecules. Data indicate that
TCDD exposure and activation of the AhR pathway alters the
expression of several ECM proteins, including types I and IV
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Fig. 1 - AhR-signaling alters cell-cell and cell-matrix interactions. Activation of the AhR pathway alters cellular adhesion in a
variety of model systems. (1) AhR pathway alters the expression of ECM proteins, including types I and IV collagen and
fibronectin in fetal heart and marmoset myocardium and thymocytes [17-20]. (2) Expression of several integrin subtypes,
including the B7-subtype is altered following AhR-signaling in cytotoxic T-cells [22], thymic epithelial cells [23],
macrophages [24], T-lymphocytes [25] and human amniotic epithelial cells [26]. (3) Focal adhesion kinase (FAK)
phosphorylation in HUVEGCs [29]. (4) Over-expression of B-catenin results in increased AhR expression in prostate cancer
cell lines [36]. (5) Expression of T-cadherin is decreased following TCDD exposure in smooth muscle cells in culture and
murine fetal hearts [19,32]. (6) AhR-activation results in the loss of y-catenin associated with the adherence complex in rat

liver epithelial cells [33].

collagen and fibronectin [17-20] (Fig. 1). During development,
TCDD exposure results in increased expression of collagens 4,
6, 9 13, 18 and tropoelastin in the fetal heart [19]. In addition,
enzymes related to collagen deposition were also increased
including several matrix metalloproteinases (discussed
further below), mast cell carboxypeptidase, and endothelin-
1 [19]. In the marmoset model, TCDD exposure induced
expression of types I and IV collagen and fibronectin in the
myocardium and in thymocytes [17,18].

Cell-matrix interactions are mediated by two families of
membrane associated proteins, the integrins and the synde-
cans (reviewed in [21]). Members of both these families
interact with specific ECM proteins and growth factors and
transmit these extracellular signals into the cell through
interactions with the contractile cytoskeleton and with other
signaling pathways. The integrins are heterodimeric trans-
membrane receptors made up of « and B subunits that bind
extracellularly to specific ECM proteins and intracellularly to
actin of the intracellular cytoskeleton via cytoplasmic binding
proteins. There are currently 18 o and 8 B integrin subunits

identified in mammals, combining to create 24 distinct of
integrin receptors. Integrin receptor subtype expression is
regulated by both the amount of ligand and the composition of
the ECM. In addition to their roles in tissue maintenance,
integrins also mediate the assembly of fibronectin into fibrils
that attach to the cell surface, which, as the first step in ECM
assembly, provides a framework for the binding of additional
matrix proteins including thrombospondin and type I col-
lagen. Data from several labs demonstrate that several
integrin subunits are targets of PAH/TCDD exposure and the
AhR pathway and suggest that alterations in integrin subunit
expression are critical for TCDD-mediated effects in cytotoxic
T-cells [22] (Fig. 1). In the monocytic leukemia THP-1 cell line,
mRNA levels of B7 and o5 integrins are increased following
AhR activation, whereas expression of a6 is decreased in
human thymic epithelial cells [23]. The increase in B7 integrin
is also observed in primary human macrophages and devel-
oping T-lymphocytes [24,25]. A variety of other integrin
subunits were also altered following PAH exposure, though
to a lesser extent in comparison to B7, these include al1, «E,
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al, and B8 in primary macrophages [25] and «10 and «2 in
human amniotic epithelial cells [26]. These studies also
demonstrate, using chemical inhibition and siRNA, that the
increase in B7 expression requires both the AhR pathway and
the binding of the transcription factor c-maf. Taken together
these data indicate that PAH/TCDD exposure and activation of
the AhR pathway alters integrin subunit expression and cell-
matrix interactions and may ultimately alter the physiological
processes regulated by these interactions including epithelial/
macrophage homing and migration. Further, over-expression
of c-maf/B7 integrin is associated with malignant transforma-
tion in myelomas and T-lymphomas [27] suggesting that some
of the PAH’s carcinogenic effects may be mediated by
alterations in integrin expression and cell-matrix interac-
tions. These data indicate that the AhR pathway regulates the
composition of the integrin receptors on the cell surface and
therefore influences the interactions between the cell and the
matrix.

Integrins are part of a large submembranous structure
termed the focal adhesion. This large integrin-based multi-
protein complex is critical for strong cell-substrate interac-
tions and mediates the bidirectional signaling between the
extracellular receptors and the cytoplasm. In addition to the
integrins, the focal adhesion also contains integrin-related
receptors, growth factor receptors, paxillin, vinculin and
signaling proteins including Src, Grb2 and FAK (focal adhesion
kinase). Src is known to be rapidly phosphorylated following
TCDD exposure in a variety of cell lines and animal models
and data indicate that Src is necessary for TCDD-induced
pathologies [28]. However, signaling through Src does not
appear to be critical for TCDD-induced release from contact
inhibition [15] suggesting that Src activation may not be
sufficient for TCDD-induced changes in cell adhesion.

Recent data suggest that FAK activation may be involved in
AhR pathway induced changes in cell signaling. FAK is a non-
receptor protein tyrosine kinase that is involved in the rapid
modulation of the integrin signaling cascade [21]. FAK is
critical for the regulation of cell growth and proliferation,
protection from apoptosis, adhesion and migration/invasion.
Therefore, it is not surprising that FAK plays an important role
in embryogenesis and morphogenesis and that dysregulation
of FAK is associated with malignant transformation in
addition to other pathologies. Data show that phosphorylation
of FAK is inhibited by exposure to the AhR-agonist 3-
methylcholanthrene (3-MC) in human umbilical vascular
endothelial cells (HUVECs) [29] (Fig. 1) and is associated with
the failure of the HUVECs to from tubules on matrigel.
Inhibition of FAK phosphoryaltion was demonstrated to be
AhR-dependent using the AhR-antagonist a-napthoflavone,
and was associated with loss of proliferation. These data
suggest that FAK may be an important regulator of AhR-
mediated effects on cell-substratum contact and on the loss of
contact inhibition.

Cadherins are adhesion proteins critical for modulating
cell-cell interactions [30]. This large family of cell surface
glycoproteins form Ca®*-dependent homotypic interactions
with cadherins on adjacent cells and are important for cell
recognition, sorting, coordinated cell movement and the
induction and maintenance of cell/tissue polarity. Classical
cadherins are found in almost all vertebrate tissues and their

expression is regulated from methylation-induced repression
of gene expression to ubiquination-mediated proteolytic
protein turnover of cadherins at the cell surface. Cadherins
are found primarily associated with adherens junction, and
modulate cell adhesion via dynamic interactions with the
actin cytoskeleton. The intracellular region of cadherins
interact with specific proteins including a-catenin, -catenin
and plakoglobin (y-catenin), which are required for cadherin’s
adhesive properties, and p120 catenin which appears to be
important for regulating the conversion of weak cell-cell
adhesion to strong cell-cell adhesion via cadherin clustering
[30].

Expression of T-cadherin (cadherin 13/H-cadherin) is
decreased following AhR activation (Fig. 1). T-cadherin is an
atypical cadherin expressed in diverse organs and cell types
during development and in adult tissues [30]. Although the
extracellular domain is similar to that of the classical
cadherins, T-cadherin lacks both the transmembrane domain
and the cytoplasmic domain typically found in classical
cadherins and is instead linked to the cell surface by a GPI
moiety. T-cadherin is postulated to be a tumor suppressor as
its expression is reduced or lost in a variety of tumor types,
mediated by methylation of the T-cadherin promoter [31]. In
smooth muscle cells, activation of AhR-signaling results in
decreased expression of T-cadherin [32]. Decreased expres-
sion of T-cadherin was also observed in the murine fetal heart
following TCDD exposure [19].

In addition to changes in cadherin expression, the
expression of the intracellular proteins that interact with
the cadherins is also altered by AhR activation (Fig. 1). In rat
liver epithelial cells, TCDD exposure resulted in the loss of -
catenin/plakoglobin from association with adhesion sites and
movement to the cytoplasm, whereas localization of E-
cadherin, a-catenin and p-catenin remained at the adhesion
sites [33]. These data further demonstrate that the loss of v-
catenin expression is due to transcriptional inhibition or
mMRNA destabilization and that the loss of vy-catenin in
response to TCDD at the adhesion sites correlated with a loss
of contact inhibition and G1 arrest in these cells. y-catenin is
essential for anchoring the E-cadherin in adherens junctions
and is associated with desmocollins and desmogleins in
desmosomes, both of which are necessary to maintain proper
cellular adhesion and growth control [34]. Loss of y-catenin
correlates with malignancy and is associated with poor
prognosis in several tumor types, including lung [35]. These
data suggest that one mechanism of the tumor promoting
activity of TCDD may be through alterations in +y-catenin
expression and reduced stability of cell-cell adhesions.

The above findings demonstrate that cell-cell adhesion is
altered following activation of the AhR pathway and suggest
that these alterations may have an impact on cellular
behavior. Data also show that the AhR is a target of signaling
mediated through the cadherin/catenin complex. In prostate
cancer cells, over-expression of B-catenin results in increased
expression of AhR mRNA and protein [36]. B-catenin is a
critical part of cadherin-based adhesions; however, it is also
an essential co-activator for Wnt-mediated changes in gene
expression. Wnt is a secreted lipoglycoprotein that functions
as a morphogen and is critical for cell fate and tissue
morphogenesis in development [37]. Wnt-signaling is
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mediated by the transcription factor TCF/LEF (T-cell factor/
lymphocyte enhancer factor) which requires p-catenin as its
co-activator. Interestingly, data also demonstrate that cellular
suspension, which activates the AhR pathway, also demon-
strate an increase in nuclear B-catenin [10]. Taken together
these data suggest that p-catenin mediates the changes in
AhR-signaling observed following loss of adhesion (Fig. 1).

3. AhR pathway and matrix remodeling

ECM degradation is accomplished through the coordinated
expression and activity of several proteolytic cascades (Fig. 2).
Proteolytic enzymes, including the serine proteases, the
matrix metalloproteinases (MMPs) and cysteine proteases
contribute to ECM modulation in several ways including the
direct degradation of matrix proteins, the release of small
bioactive peptides and the release of growth factors stored in
the ECM. Members from all three of these protease families
have been shown to be targets of the AhR pathway.

The cathespins are cysteine proteases primarily localized
to the endolysosomal vesicles [38]. However, recent findings

Latent TGF-p

Pro-MMP

Extracellular

Intercellular

indicate that these proteases also have activity extracellularly
and they have been implicated in promoting tumor progres-
sion. The two cathespins identified to be targets of the AhR
pathway are cathespin B and cathespin D (Fig. 2). Cathespin B
expression is down-regulated by TCDD in porcine thyrocytes
[39]. And although the physiological effect of this down-
regulation is unclear, it is known that cathespin B can degrade
purified type IV collagen, laminin and fibronectin in vitro. In
MCF-7 cells, both TCDD exposure and a constitutively active
AhR both inhibits estrogen-induced cathespin D expression
[40,41]. This inhibition is mediated through the AhR which
inhibits the binding of transactivators, including the estrogen
receptor a (ERa), to the major late promoter element in the
cathespin D enhancer [40].

The serine proteases are also targets of the AhR pathway.
Urokinase plasminogen activator (uPA) uPA binds to cell
surface receptor uPAR (uPA receptor) and is then converted to
an active enzyme via the action of cysteine proteases. uPA
activates plasmin, which cleaves ECM proteins, activates
several pro-MMPs and may also be involved in the cleavage of
collagen via endocytosis [42]. The plasminogen activator
inhibitors-1 and -2 (PAI-1, -2) are direct and rapid inhibitors
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Fig. 2 - AhR pathway alters matrix metabolism through altering expression and activity of proteases. (1) AhR pathway
activation alters expression of both the uPA protease and PAI-1/2. TCDD induces expression of PAI-1 in mouse hepatoma
cells and in the rat ovary [43,44]. PAI-2 expression is enhanced by AhR-ligands in human breast epithelial cells,
endometrial cells, lymphocytes, as well as in HEPG2, U937 monocytic and SCC-13 keratinocyte cell lines [45-48]. (2)
Expression of both uPA and tPA (tissue plasminogen activator) are increased by TCDD exposure in a rat model of ovulation
[44]. (3) Several MMPs are targets of the AhR pathway, including MMP-1 in normal human keratinocytes and A2058
melanoma cells [52,53], MMP-2 and -9 in A2058 melanoma cells [53], MMP-2, -9 and -13 in the murine fetal heart [19,20] as
well as in the regenerating zebrafish tailfin [54]. TCDD exposure also induced MMP-1, -3 and -13 in U937 macrophages and
correlated with increased cell migration [55], and in human endometrial cells [S6], and MMP-9 expression is induced in
prostate cancer cells [57]. Further, in AhR™/~ mouse embryo fibroblasts, MMP-2 activity is reduced [58]. (4) AhR regulates
TGF-B levels as demonstrated in AhR~'~ MEF where the total TGF- levels were elevated resulting in decrease proliferation
and increased apoptosis respectively. It has been recently determined that LTBP-1 (latent TGF-$ binding protein) mediates
the increase in TGF-B1 in AhR™/~ MEF cells and is also responsible for activity of two proteases involved in TGF-B release,
plasmin and elastase. Reduction in LTBP-1 increases the MMP-2 protease. (5) Two cathespins are down-regulated in
response to AhR activation. Cathespin B expression is reduced by TCDD in porcine thyrocytes [39]. Both TCDD exposure and
a constitutively active AhR inhibits estrogen-induced cathespin D expression in MCF-7 cells [40,41].
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of uPA. PAI-1 also binds to vitronectin and blocks its binding to
the integrin receptor aVB3. Both these inhibitors will effec-
tively block the proteolytic cascades, although data also
suggest that depending on cell type, conformation and
concentration, PAI-1 can either enhance or inhibit cell
migration and adhesion. Data demonstrate that the activation
of the AhR pathway alters expression of both the uPA protease
and PAI-1/2 (Fig. 2). TCDD induces expression of PAI-1 in
mouse hepatoma cells and in the rat ovary [43,44]. Expression
of PAI-2 is induced by AhR-ligands in human breast epithelial
cells, endometrial cells, lymphocytes, as well as in HEPG2,
U937 monocytic and SCC-13 keratinocyte cell lines [45-48].
Data using human endometrial cells suggest that AhR-
mediated PAI-2 expression is regulated post-transcriptionally
[46]. Interestingly, expression of both uPA and tPA (tissue
plasminogen activator) are also increased by TCDD exposure
in a rat model of ovulation [44]. Data suggest that TCDD
increases uPA mRNA expression in rat liver cells by inducing
the binding of a 50 kDa protein to the 3’ untranslated region
and stabilizing the message [49]. Taken together, these
findings indicate that AhR pathway signaling is important
for maintaining the proper regulation of the plasminogen
proteolytic cascade.

Data also indicate that the expression and activity of the
MMPs are targets of the AhR pathway. MMPs are a family of zinc
and calcium dependent enzymes that together are able to
degrade all the components of the ECM. There are currently
23MMPs characterized in humans and are classified based upon
their substrate specificity, sequence similarity and domain
organization (reviewed in [50]). MMPs are mainly regulated at
the level of transcription and activation and are essential for
tissue remodeling events such as wound healing and embry-
ogenesis. Not surprisingly, loss of control of MMPs is a hallmark
of a variety of diseases, including in cancer, arthritis, athero-
sclerosis, aneurysms, nephritis ulceration and fibrosis. MMP
transcription is induced by various growth factors and
cytokines including interleukin-1 (IL-1) and tumor necrosis
factor-a (TNF-a) [51]. Other factors such as retinoic acid and
glucocorticoids are known to inhibit MMP expression [51].

Activation of the AhR pathway has been shown to
modulate the expression and activity of the MMPs in a variety
of cell types. MMP-1 expression is increased in normal human
keratinocytes and A2058 melanoma cells following exposure
to TCDD [52,53]. Expression and activity of MMP-2 and MMP-9
are also up-regulated in response to TCDD in the A2058
melanoma cells and this increase is associated with increased
in vitro invasion [53]. AhR-mediated changes in MMP expres-
sion are not limited to cell types of the skin. Increased
expression of MMP-2, -9and -13 is observed in the murine fetal
heart following in utero exposure to TCDD [19,20] as well as in
the regenerating zebrafish tailfin [54]. TCDD exposure also
induced MMP-1, 3 and 13 in U937 macrophages and correlated
with increased cell migration [55] TCDD-induced MMP
expression is also observed in human endometrial cells [56]
and it is postulated to disrupt normal progesterone-mediated
MMP expression and contribute to endometriosis [56]. MMP-9
expression is also induced in prostate cancer cells in response
to TCDD [57]. Further support that the AhR pathway is
important for MMP activity comes from AhR~~ mouse embryo
fibroblasts, where loss of AhR results in a reduction in MMP-2

activity [58]. However, in this context, there was no discern-
able change in MMP-2 mRNA expression indicating that the
AhR pathway may regulate MMPs differently depending on
cellular context. Considering the interplay between the
protease cascades, it is possible that in this case the AhR is
modifying the proteolytic activation of the MMPs, perhaps via
alterations in the serine proteases (Fig. 2).

4. AhR pathway in development

Data from animal model systems demonstrate that activation/
inhibition of the AhR pathway results in pathological lesions
that result from aberrant matrix metabolism. Embryonic
development of several organ systems is disrupted in AhR™/~
murine models demonstrating evidence of uncoordinated
tissue/matrix remodeling [59,60]. For example, AhR™~ ani-
mals have smaller livers as a result of massive portosystemic
shunting and exhibit a failure in the closure of the ductus
venosus [61], a process that requires extensive matrix
remodeling. Mammary morphogenesis, which requires the
remodeling of the local ECM to facilitate ductal branching, is
disrupted in AhR™~ females, displaying a 50% reduction in
estrous-induced terminal end buds in comparison to wild-
type animals [62]. In mammary gland development, the
expression of MMP-2, -3, -11 and TIMP-1 are localized to the
mammary ducts and mediate ECM remodeling [63]. TIMP-1
and MMP-3 are also important for proper murine mammary
development in that the down-regulation of TIMP-1 or over-
expression of MMP-3 results in enhanced budding and growth
of mammary ducts [64]. These data suggest that one of the
endogenous functions of AhR-signaling may be to coordinate
tissue morphogenesis in mammals.

Activation of the AhR pathway by exogenous ligands also
results in the deregulation of tissue morphogenesis. Postnatal
development of the seminal vesicles, including vesicle
branching and differentiation, a process that requires coordi-
nated matrix remodeling, is reduced in rats exposed to TCDD
in utero [65]. Similar phenotypes are observed in C57BL/6 mice
following in utero and lactational exposure to TCDD and also
display a loss of AhR expression [66]. Mammary gland
morphogenesis is also altered following exposure to TCDD
similar to that observed in the AhR knockout animals. In
weaning rats, TCDD exposure results in decreased tubule
branching [67] and TCDD exposure of pregnant mice impairs
mammary gland development and lactation [68]. Mice
exposed to TCDD in utero also develop cleft palate, which is
thought to result from insufficient differentiation of the
epithelial cells of the palatal shelves [69]. Cleft clitoris and
incomplete vaginal opening are also observed in female rats
exposed in utero to TCDD [70,71].

AhR-mediated developmental alterations in matrix remo-
deling is not limited to mammalian models: development in
zebrafish (Danio rerio) is also disrupted by exposure to TCDD. In
zebrafish, TCDD toxicity is mediated through the zebrafish AhR2
and Arntl, similar to mammalian systems [72]. Exposure of
zebrafish embryos to TCDD results in a variety of defects
including craniofacial malformations, pericardial and yolk sac
edema, uninflated swim bladders, cardiovascular dysfunction
and abnormalheartlooping [73]. Interestingly, TCDD embryonic



542 BIOCHEMICAL PHARMACOLOGY 77 (2009) 536-546

exposure of zebrafish results in a failure of the common cardinal
vein to migrate resulting in heart elongation [74]. This TCDD-
inducedlesionisdependentonthe AhRandisreminiscentofthe
abnormal fetal vascular structures observed in AhR knockout
mice [75].

In addition to effects on ECM remodeling during the
development, the AhR pathway also appears to be important
for wound repair and regeneration, processes that require
extensive remodeling. The zebrafish has been an extremely
useful model in studying epimorphic regeneration, as zebra-
fish are capable of fully regenerating their tailfins if ampu-
tated. Regeneration occurs in three distinct phases: (1) wound
healing and the formation of an epithelial wound layer at the
site of injury, (2) blastema formation directly underneath the
wound cap and the (3) regenerative outgrowth phase that
progresses with the proliferation, differentiation, and apop-
tosis of blastemal cells and are dependent on angiogenesis and
nerve innervation. The whole process occurs within 14 days
and results in a completely regenerated tailfin, and this
process depends on proper protease expression and activity
(reviewed in [76]). It is therefore not surprising that proper ECM
remodeling is requisite for normal regeneration to occur. For
example, the plasminogen activator/plasmin system has been
recognized as a key player in wound healing by regulating the
expression of MMP’s, TGF-B, TIMP-1, fibronectin, collagen, and
uPA. In the zebrafish, MMP-2, MT1-MMP, and TIMP-2 were
found to be expressed and activated in the blastema and
wound epithelium of the regenerating tailfin; inhibition of
MMPs or MT1-MMP specifically, results in the impairment of
blastema and epithelial wound layer formation [77].

Since TCDD exposure and corresponding AhR activation
result in the inhibition of tailfin regeneration, AhR has been
implicated to be a modulator of this dynamic regenerative
process by conducting the misregulation of ECM remodeling,
thus hindering the maturation of the ECM, as evidenced by
microarray analysis of TCDD-exposed fish during tailfin
regeneration [54]. Both zfAhR2 and zfARNT1 mediate TCDD-
induced tailfin inhibition, since morpholino knockdown of
zfAhR2 or zfARNT1 in TCDD treated larval zebrafish restored
tailfin regeneration [78]. Further investigations based on the
previous microarray analysis identified deficiencies in collagen
and proteoglycan localization and reduced neovascularization
and neuronal regeneration to be potential physiological
manifestations of TCDD-induced, AhR-mediated, ECM dereg-
ulation [79]. AhR activation in regenerating tailfins also resulted
in the activation of the Wnt-signaling pathway, suggesting
possible crosstalk between the AhR and Wnt pathways [80].
Wnt/B-catenin signaling activation has been previously shown
to be a negative regulator of zebrafish tailfin regeneration and is
essential for all stages of regeneration [81]. Upregulation of R-
Spondinl, a Wnt coreceptor, and LRP6, the Wnt core-receptor
and potential target for R-Spondinl, was determined to
mediated TCDD-induced inhibition of tailfin regeneration, as
either R-Spondinl or LRP6 knockdown restored tailfin regen-
eration in the presence of TCDD despite AhR activation [80].

Angiogenesis, the outgrowth of new blood vessels from
existing vasculature, is a process dependent on matrix
remodeling (reviewed in [82]). In both AhR knockout mice
and TCDD-exposed zebrafish, fetal vascular structures are
improperly remodeled, resulting in abnormal heart and liver

development [74,75]. Altered vascular remodeling is also
observed following TCDD exposure in the chick embryo
resulting in reduced number and size of differentiated
coronary arteries [83] and decreased expression and secretion
of cardiac vascular endothelial growth factor (VEGF). Inter-
estingly, the AhR agonist 3-methylcholanthrene inhibits
angiogenesis of human umbilical vascular endothelial cells
[29]. Taken together, these findings strongly suggest a role for
AhR-signaling in inhibiting the angiogenic pathway through
alterations in matrix remodeling.

5. Molecular mechanisms of AhR-induced
changes in adhesion and matrix remodeling

At this time, the mechanism(s) of TCDD-induced changes in
ECM remodeling is not well-understood, although data
indicate that these processes are dependent on the AhR-
signaling pathway. In some cases, the AhR has a direct effect
on gene transcription through binding to XREs in the
promoter, where as in other cases AhR-alterations in gene
expression occur through stabilization of the mRNA [49]. In
other cases the mechanism is not direct, and involves the
interaction with other signaling pathways. Many of the
pathways identified as interacting with the AhR also have
an impact on matrix remodeling. Therefore, these pathway
interactions may be critical for modulating AhR-induced
changes in matrix remodeling, and may contribute to cell-
type specific differences in gene expression.

5.1. The estrogen receptor pathway

Interactions between the AhR and ER pathway are well
documented and suggest that crosstalk between these two
pathways is critical for AhR-induced effects in estrogen-
sensitive tissues (reviewed in [84]) (Fig. 3). The effect of AhR
and ER pathway interaction on matrix remodeling has been
extensively studied in the developing mammary gland. During
the development of the mammary gland, high levels of AhR
protein are present in C57BL/6] mice during estrous-stimula-
tion. AhR null mice display a reduced number of terminal end
buds (TEBs) and altered shape of the mammary glands as
compared to wild-type littermates [62]. Similarly, the ERa
knockout mice exhibit severely underdeveloped glands lack-
ing TEB formation and tubule branching demonstrating that
development of the mammary gland is also dependent on ERa
[85]. It is interesting to note that in mammary gland organ
culture, AhR protein has been shown to be concentrated
around developing lobules implicating AhR’s involvement in
proper mammary development [62]. Interestingly, similar TEB
phenotypes are observed in mouse mammary glands where
MMP expression was impaired [86] suggesting that the
ultimate function for both these pathways may be to regulate
the appropriate temporal and spatial expression of the MMPs.
Taken together, the mammary phenotype observed in the AhR
null mouse and the AhR localization around developing
lobules suggests that ER-mediated mammary development
is dependent on AhR-signaling.

The direct interaction of ERa/AhR in MCF-7 cells offers a
feasible theory for the effects seen above in TEB formation. It
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has been shown that in mesengial cells, an increase in 17p-
estradiol (E2)-induced MMP-9 expression and activity is
associated with increases in both ERa and ERB expression
[87]. Further, E2 treatment increases the expression activity of
MMP-2 in human retinal pigment epithelial cells [88]. E2
exposure along with over-expression of ERa in endometrial
carcinoma cells resulted in increased expression of MMP-1, -7
and -9 and invasiveness [89]. These findings demonstrate a
direct link between estrogen treatment and modulation of
MMP expression while also suggesting that estrogen receptors
may be required for this action.

5.2. The NF-«B pathway

Nuclear factor-kB (NF-«kB) is a member of a family of
transcription factors defined by a common Rel homology
domain (RHD). Members of the NF-«B family dimerize
through the RHD to form either transcriptionally active or
inactive dimers. RelB, c-Rel and p65 are mammalian family
members that can form transcriptionally active dimers,
while p50 and p52 lack a transactivation domain. NF-«B
dimers are cytoplasmic until activation occurs resulting in
translocation into the nucleus (reviewed in [90]). The NF-«B
family had been shown to regulate inflammatory response,

apoptosis, immune responses, development, environmental
stress response, osteogenesis and cell growth and is
activated in a variety of disease that involve inappropriate
MMP activity, such as arthritis, neurodegenerative diseases
and cancer.

The NF-«B pathway has been shown to interact with the
AhR pathway in many different studies, some of which are
highlighted below (reviewed in this issue [90]) (Fig. 3). Benzo-a-
pyrene (BAP), an AhR agonist known to inhibit osteoclast
differentiation and bone resorption, caused enhanced co-
immunoprecipitation of AhR and p65 in a mouse macrophage
cell line (RAW 264.7) furthering indicating that interactions of
AhR and NF-kB may control remodeling events.

NF-«B regulation of MMPs is a key regulatory step in ECM
degradation in response to cytokines, growth factors and
oxidative stress [91]. Interleukin-1 (IL-1) and tumor necrosis
factor-a (TNF-a) are two well studied stimulators of MMP
production and IL-1-induced MMP-1 expression was recently
seen to require both ERK and NF-kB signaling [51,92]. Since
activation of AhR has been shown to require ERK signaling in
some cells and NF-«kB has been shown to be directly
associated with AhR in certain cell types, it is possible that
AhR may also be involved in IL-1 and TNF-« stimulation of
MMPs [93].
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5.3. The retinoic acid signaling pathway

Data from a variety of animal and cell culture models have
demonstrated interactions between the AhR and retinoic acid
signaling pathways (reviewed in [94]) (Fig. 3). Dietary derived
all-trans RA (atRA) is the main signaling retinoid in the body
and is vital for biological functions such as embryogenesis,
growth and differentiation and reproduction which require
extensive matrix remodeling.

Interactions between the RA and AhR-signaling pathways
include changes in the availability of atRA in the liver and
extrahepatic tissues by AhR-mediated regulation of atRA
synthesis and metabolism, as well as on storage and transport
[94]. Further, these two signaling pathways directly impact
each other through alterations in receptor availability and
modulation of transcriptional regulation. Although it appears
that their intersection may be mediated by specific co-
activator and co-repressor proteins, the exact mechanism is
yet undefined. However, it is clear that a portion of toxicity
related to TCDD and related congeners are mediated through
their effect on RA homeostasis and on the atRA-signaling
pathway.

Data from our laboratory demonstrate that co-treatment
of normal human keratinocytes with atRA and TCDD results
in enhanced of MMP-1 expression over-exposure to TCDD
alone [52]. atRA and TCDD co-treatment also resulted in the
enhanced expression of PAI-2, indicating that atRA/TCDD
co-activation is not limited to MMPs. The induction of MMP-
1 by co-treatment with atRA and TCDD does not rely on
transcriptional interaction between the RARs and AhR, but
instead is mediated through two distinct mechanisms:
TCDD-induced transcription of MMP-1 and atRA-enhance-
ment of MMP-1 mRNA stability. It is interesting to note that
TCDD exposure in normal human keratinocytes does result
in an increase in RARy and RXRa expression and may
facilitate the effects of atRA in these cells [52]. Expression of
a dominant negative RARa mutant resulted in enlarged
terminal end buds, increased branching and an accompa-
nying increase in MMP-3 expression in developing murine
mammary glands [95], similar to the phenotype observed in
AhR knockout animals, suggesting that TCDD/AhR altera-
tions in the RA-signaling pathway may be involved in the
abnormal mammary development through disruption of the
MMPs.

5.4.  The TGF-B pathway

Recently, the theory of the AhR interacting with various
different molecular pathways has lead to the theory of the AhR
as a modulator of cellular processes instead of solely a ligand-
activated transcription factor acting upon downstream tar-
gets. Transforming growth factor g (TGF-B) belongs to a family
of cytokines that are involved in proliferation, growth and
matrix deposition and turnover [96]. Latent TGF- is bound to
TGF-B binding protein-1 (LTBP-1) and is sequestered in ECM
matrix until released by proteases [96]. Recent data indicate
that there is an interaction between the AhR pathway and
TGF-B signaling (reviewed in this issue [97]). TGF-B levels are
elevated in mouse embryonic fibroblasts from AhR null mice
(AhR™~ MEF) and recent data show that LTBP-1 is essential for

the increased TGF-g1 in AhR™~ MEF cells. Furthermore, it is
also responsible for activity of two proteases involved in TGF-
release, plasmin and elastase. Over-expression of AhR in
AhR™~ MEF cells resulted in increased proliferation, inde-
pendent of ligand activation and TGF-B1 levels were reduced
in the media of the over expressing cells as compared to the
AhR™~ MEF cells (Fig. 3).

5.4.1. Future considerations
Despite the variety of ligands for the AhR, it is essentially an
orphan receptor since its endogenous ligand(s) has not been
definitively identified [2]. Although this status has not
diminished enthusiasm for study in the AhR pathway, the
apparentlack of an endogenous ligand, and of an endogenous
function, has stalled our understanding of this pathway in its
normal context, and therefore in disease. Data from knockout
mice suggest that the AhR pathway is involved in mediating
functional development in several tissues, as discussed
above. In addition, data also suggest that inappropriate
activation of the AhR influences disease progression, parti-
cularly in the case of tumor progression [98]. The findings
outlined in this review demonstrating that the AhR alters
adhesion and matrix degradation and enhances migration
and invasion suggest that the AhR contributes to tumor
progression, at least in part, by altering cell-cell and cell-
matrix interactions. This is supported by the findings that
invasive tumor cell types express higher levels of AhR than
their untransformed counterparts [53,99], and that the
inhibitor of the AhR pathway, the AhR repressor (AhRR)
was recently identified as a tumor suppressor in several
tumor types [100].

One important consideration for understanding the effect
of the AhR pathway in disease is that this pathway is also a
target for signaling events induced by alterations in cell-cell
and cell-matrix interactions. Therefore, we propose that the
AhR is a central modifying pathway in the cellular response
to changes in cell adhesion (Fig. 4). This hypothesis is
supported by AhR knockout animal models demonstrating
altered structural development, and by cell culture demon-
strating the direct impact of the AhR pathway on the
expression of proteins involved in cell adhesion and matrix
metabolism. Therefore, disruption and activation of this
pathway by exogenous agents will influence cellular beha-
vior and interactions, which will modify cellular response to
other signals.

Matrix Protein
- Expression
Changes in cell
adhesion
A h R Protease Expression
/ and Activation
Cell-Cell
Contact

Cell-Cell Interactions
Cell-Matrix Interactions
Adhesion

Fig. 4 - The AhR as a central regulator of cell adhesion and
matrix metabolism.
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