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ABSTRACT

Exposure to toxic polycyclic aromatic hydrocarbons raises a number of toxic and carcino-
genic responses in experimental animals and humans mediated for the most part by the aryl
hydrocarbon - or dioxin - receptor (AHR). The AHR is a ligand-activated transcription factor
whose central role in the induction of drug-metabolizing enzymes has long been recognized.
For quite some time now, it has become clear that the AHR also functions in pathways
outside of its role in detoxification and that perturbation of these pathways by xenobiotic
ligands may be an important part of the toxicity of these compounds. AHR activation by
some of its ligands participates among others in pathways critical to cell cycle regulation,
mitogen-activated protein kinase cascades, immediate-early gene induction, cross-talk
within the RB/E2F axis and mobilization of crucial calcium stores. Ultimately, the effect
of a particular AHR ligand may depend as much on the adaptive interactions that it
established with pathways and proteins expressed in a specific cell or tissue as on the
toxic responses that it raises.
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1. Introduction

The aryl hydrocarbon (dioxin) receptor (AHR) is a cytosolic
ligand-activated transcription factor that mediates many toxic
and carcinogenic effects in animals and possibly in humans
[1,2]. It is generally accepted that its activation in vertebrates
causes the toxic and carcinogenic effects of a wide variety of
environmental contaminants such as dioxin (TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin), = coplanar  polychlorinated
biphenyls (PCBs) and polycyclic or halogenated aromatic
hydrocarbons (PAHs or HAHs). As a consequence of AHR
activation, many detoxification genes are transcriptionally
induced, including those coding for the Phase I xenobiotic-
metabolizing cytochrome P450 enzymes CYP1Al, CYP1A2,
CYP1B1, and CYP2S1, and the phase II enzymes UDP-
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glucuronosyl transferase UGT1A6, NAD(P)H-dependent qui-
none oxydoreductase-1 NQO1, the aldehyde dehydrogenase
ALDH3A1, and several glutathione-S-transferases. AHR is a
member of the bHLH/PAS family of heterodimeric transcrip-
tional regulators (basic-region helix-loop-helix/Period [PER]-
Aryl hydrocarbon receptor nuclear translocator [ARNT]-single
minded [SIM]) [3,4] involved in regulation of development [5]
and in control of circadian rhythm, neurogenesis, metabolism
and stress response to hypoxia. Evidence from AHR knockout
mice, however, points to functions of the receptor beyond
xenobiotic metabolism at several physiologic roles that may
contribute to the toxic response. Ablation of the Ahr gene in
mice leads to cardiovascular disease, hepatic fibrosis, reduced
liver size, spleen T-cell deficiency, dermal fibrosis, liver
retinoid accumulation and shortening of life span (reviewed
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in [6]), suggesting that it has biological functions other than
xenobiotic detoxification that likely contribute to the overall
toxic response resulting from its activation.

The AHR is widely expressed in practically all mouse
tissues [7], and in humans expression is high in lung, thymus,
kidney and liver. In the absence of ligand, the AHR exists as
part of a cytosolic protein complex containing two HSP90
chaperone molecules, the HSP90-interacting protein p23 and
the immunophilin-like protein XAP2 (also AIP or ARA9) [8-10].
Activation by ligand is followed by translocation of the
complex into the nucleus, dissociation from the chaperone
proteins and heterodimerization with ARNT. This AHR-ARNT
heterodimer interacts with several histone acetyltransferases
and chromatin remodeling factors [11-15], and the resulting
complex binds to consensus regulatory sequences termed
AhREs (aryl hydrocarbon response elements; also XREs or
DREs), located in the promoters of target genes, and by
mechanisms not yet well characterized, recruits RNA poly-
merase Il to initiate transcription. The activated AHR is quickly
exported to the cytosol where it is degraded by the 26S
proteasome [16], hence preventing constitutive receptor
activity.

Activation of the AHR by high-affinity HAH or PAH ligands
results in a wide range of cell cycle perturbations, including Go/
G; and G,/M arrest, diminished capacity for DNA replication,
and inhibition of cell proliferation. These alternative functions
of the AHR are often accomplished in the absence of an
exogenous ligand, but the underlying molecular mechanisms

governing these processes remain elusive in part because no
definitive endogenous ligands have been identified (reviewed
in [17]). At present, all available evidence indicates that the
AHR can trigger signal transduction pathways involved in
proliferation, differentiation or apoptosis by mechanisms
dependent on xenobiotic ligands or on endogenous activities
that may be ligand mediated or completely ligand indepen-
dent. These functions of the AHR coexist with its well-
characterized toxicological functions involving the induction
of Phase I and Phase II genes for the detoxification of foreign
compounds.

In this review, we will address novel experimental evidence
relating to these less orthodox AHR functions, focusing on new
data appearing since our previous review of this subject [17]
dealing with the role of the AHR in the activation of mitogen-
activated protein kinases, cell cycle regulation, apoptosis and
cell differentiation, with a focus on the cross-talk between
AHR signaling pathways and the effectors, regulatory events
and cell cycle checkpoints responsible for normal cellular
functions. Key steps in the activation of AHR signaling are
schematically shown in Fig. 1.

2. Cross-talk between cellular kinases and the
Ah receptor

Post-translation modifications such as phosphorylation play a
major role in the regulation of gene expression and function in
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Fig. 1 - AHR signaling. Shown are the key events in signaling through the Ah receptor. Entry of ligand (TCDD in the figure)
through the cell membrane leads to binding to the receptor followed by translocation of the cytosolic heat-shock chaperone
complex to the nucleus. Various MAP kinases are involved in this step. Once in the nucleus, the AHR dissociates from the
heat-shock complex, and forms a complex with ARNT that recruits p300 and binds to the cognate sites in DNA. Probably
through a DNA-looping step, the complex recruits the basal transcription factors and RNA pol II needed for initiation of
transcription. Not shown in the scheme is the obligatory removal of a HDAC1-DNMT1 complex bound in the proximity of
the TATA box that blocks RNA pol II recruitment and effectively maintains the gene in a silent state.
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eukaryotic cells. These covalent modifications control intra-
cellular distribution, transcriptional activity and stability of
growth factors, hormone receptors and transcription factors,
including the AHR, and the physiologic activity of a number of
genes too large to be discussed within the confines of this
chapter (see [18] for a recent review covering this subject). In
silico analysis reveals a multiplicity of potential phosphoryla-
tion sites in the AHR primary structure, but evidence for their
actual phosphorylation and for the functional role of such
phosphorylated residues in determining receptor activity has
been limited. Inhibition of protein kinase C (PKC) blocks
ligand-induced DNA-binding of AHR/ARNT heterodimers and
leads to the suppression of Cypl gene expression [19-21].
Several studies have also shown that PKC is required for AHR
activity in DNA-binding and gene transactivation [19,22-26]
and that serine/threonine phosphatase inhibitors such as
okadaic acid increase AHR-directed gene expression, suggest-
ing the involvement of serine/threonine protein kinases in the
activation of the AHR complex [27,28]. Recent insight into the
precise signaling mechanism by which PKC regulates the
activities of the AHR complex comes from Ikuta and
colleagues, whose results have revealed a set of PKC-
dependent phosphorylation events that decrease AHR activ-
ity. The AHR protein has both a nuclear localization signal
(NLS) and a nuclear export signal (NES), which both play
important roles in AHR translocation and intracellular
distribution. Ikuta et al. [29] have shown that the NLS, located
between amino acid residues 13-39, consists of two separate
basic amino acid domains, one comprising residues 13-16
(Arg-Lys-Arg-Arg) and the other containing residues 37-39
(Lys-Arg-His). Ligand-dependent AHR nuclear import is
inhibited by phosphorylation of either of two serine residues,
Ser-12 or Ser-36, located one amino acid upstream from each
of the two basic domains. Replacement of these Ser residues
for Ala does not affect receptor translocation, but their
replacement with Asp, which mimics the negative charge of
phosphorylation, retains the mutant AHR in the cytoplasm.
These observations were supported by in vitro nuclear
transport assays and a luciferase reporter assay in which
Ala and Asp replacement mutants had much lower transcrip-
tional activity than the wild-type, suggesting a two-step
mechanism in ligand-dependent nuclear translocation of the
AHR.

Phosphorylation also plays an essential role in the
transformation of the unliganded AHR into a fully functionally
active AHR/ARNT heterodimer. Phosphorylation sites in two
domains of the carboxyl-terminal half of the AHR have been
localized by chemical cleavage patterns. These domains
include four phosphotyrosine residues (Tyr-372, Tyr-408,
Tyr-462, and Tyr-532) within residues 368-605, and a fifth
(Tyr-698) within residues 639-759, that are highly phosphory-
lated in vivo [23]. Additionally, an amino-terminal tyrosine
residue, Tyr-9, although not itself phosphorylated, is essential
for proper recognition of the AHR for PKC-dependent
phosphorylation, for binding of the AHR to its cognate DNA
sequence, and for full transcriptional activity [30].

The known association of serine/threonine kinases with
cytosolic HSP90 complexes [31] has prompted the search for
the role of co-chaperone phosphorylation on receptor func-
tion. Ogiso and coworkers have shown that HSP90 phosphor-

ylation modulates the formation of a functional cytosolic AHR
multiprotein complex. These authors examined the cytosolic
AHR complex in Chinese hamster ovary cells stably trans-
fected with mouse AHR. Using mass spectrometry to deter-
mine site-specific  phosphorylation, they identified
phosphorylation of Ser-225 and Ser-254 of HSP90B and Ser-
230 of HSP90a. Replacement of Ser-225 and Ser-254 with
alanine increased the binding affinity of HSP90 for the AHR,
which exhibited more potent transcriptional activity than
when the residues were replaced by glutamic acid, suggesting
that phosphorylation of the charged linker region of the HSP90
molecule modulates the formation of a functional cytosolic
AHR complex [32].

3. Cross-talk of mitogen-activated protein
kinases with the Ah receptor

The three families of mitogen-activated protein kinases
(MAPKs), extracellular signal-regulated kinases (ERK1/2), c-
Jun N-terminal/stress-activated protein kinases (JNK/SAPK),
and the p38s are important intracellular signal transduction
mediators. They control gene expression and various other
events in eukaryotic cells through the phosphorylation of
transcription factors and the modulation of their function.
MAPKSs can phosphorylate a large panel of substrates on serine
and threonine residues directly or via down-stream MAPK-
activated protein kinases. MAPK activities are controlled by
the MAPKKK-MAPKK signaling cascades [33] in which the
MAPKs are activated by MAPK kinase-dependent phosphor-
ylation, and the MAPK kinases are in turn are activated by
MAPKK kinase-mediated phosphorylation. As a general rule,
ERK1 and 2 are involved in regulating mitogenic and
developmental events and the four p38 kinase isoforms play
important roles in the inflammatory response, apoptosis and
the cell cycle. The three JNK isoforms play important roles in
cellular signaling, the immune system, stress-induced and
developmentally programmed apoptosis, carcinogenesis, and
in the pathogenesis of diabetes [34].

TCDD activates ERK and JNK [35], but TCDD-stimulated
MAPKs do not converge upon the transcriptional activities of
ELK-1 or c-JUN, the well-known nuclear targets of the ERKs
and the JNKs, respectively, but rather on AHR activity and
receptor-dependent gene expression [35]. Thus, MAPK activa-
tion may represent an alternative mechanism by which TCDD
regulates AHR function, contributing to the diversity of TCDD-
dependent toxicity in a cell-lineage and gene-specific manner
[36]. Three AHR ligands, TCDD, benzo[a]pyrene (BaP) and
benzo[a]pyrene-diolepoxide (BPDE), activate JNK in mouse
hepatoma Hepa-1 cells, human lung carcinoma A549 cells,
AHR-negative CV-1 cells and in both AHR-positive and AHR-
negative mouse embryonic fibroblasts, suggesting that MAPK
activation by TCDD does not actually require the presence of
the AHR. However, TCDD-stimulated MAPKs appear critical
for the induction of AHR-dependent gene transcription and
CYP1A1 expression [35], indicating that AHR ligands elicit
AHR-independent non-genomic events that are essential for
AHR activation and function.

AHR activation by TCDD or by 3-methylcholanthrene,
another often-utilized AHR ligand, has recently been shown to
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induce morphological changes that modulate epithelial cell
plasticity through a JNK-dependent mechanism [37]. Pro-
longed treatment with either ligand caused the cells to
undergo prominent cytoskeletal changes resulting from
increased interaction with extracellular matrix with simulta-
neous relaxing of cell-cell contacts. This pro-migratory
activity of TCDD and 3-methylcholanthrene on epithelial cells
correlates with activation of JNK and is reversible using a JNK
inhibitor. Furthermore, all of the aforementioned dioxin-
mediated effects were mimicked by constitutive expression
and activation of the AHR. These novel effects on cell plasticity
support a mechanistic role for the AHR in cancer progression
as mediated by many of its ligands.

c-JUNis a down-stream JNK target induced by TCDD [38,39],
which in turn contributes to the induction of the DNA-binding
activity of the AP-1 transcription factor. Work with TCDD-
treated rat hepatoma 5L cells expressing AHR has also shown
induction of c-Jun mRNA and an increase in AP-1 levels and
activity via an unconventional Ah receptor-mediated p38-
dependent pathway [40] unrelated to JNK activity. Weiss and
colleagues used an ELK-1-responsive reporter gene as a
sensitive assay for p38 activation and showed that TCDD-
induced p38 phosphorylation. Moreover, ELK-1 activation was
undetectable in BP8 cells, an AHR-deficient subclone of the 5L
line. None of the kinases known to phosphorylate p38 were
activated by the AHR, although phosphorylation did not
require transcription activation, suggesting a novel activation
mechanism not currently understood. In an extension of this
work, Weiss et al. have recently reported the induction of JUN-
D in rat liver oval cells [41], which was also reported from our
laboratory in mouse hepatoma cells [38,39].

The cross-talk between p38 and AHR signaling pathways
and the role of p38 in AHR signaling has been explored in
several studies. In human keratinocytes, cell density appears
to be critical in determining AHR subcellular distribution, with
the AHR maintaining a predominantly cytoplasmic localiza-
tion under confluent cell culture conditions while becoming
nuclear at sparse cell densities. Ikuta et al. found that nuclear
accumulation of the activated AHR was associated with p38-
dependent phosphorylation of Ser-68 in the NES and that
nuclear export was suppressed by substitution of Ser-68 for
aspartic acid [42]. These findings strongly suggest the
existence of a functional relationship between cell density,
phosphorylation, intracellular localization, and AHR activity
that likely plays a pivotal role in AHR function.

Activation of p38, and possibly other MAP kinases, by Ah
receptor ligands seems to be a cell-specific consequence of
ligand exposure. TCDD activates p38 and ERK1/2 in RAW 264.7
murine macrophages by an AHR-independent mechanism
[43], and it also activates JNK and ERK, but not p38, in mouse
embryonic fibroblasts and African Green Monkey kidney CV-1
cells [35]. In macrophages, TCDD does not cause any apparent
changes in JNK activity, although it does induce caspase-3
activity, whereas in fibroblasts and CV-1 cells the JNKs are
activated. Equilibrium between the ERK and p38 pathways
may be critical to the determination of cell fate following
TCDD exposure.

The use of MAP kinase inhibitors has established a
potential connection between MAPK and AHR signaling
pathways, but these studies must be interpreted with caution

in light of the extensive evidence that many MAPK inhibitors,
particularly those derived from flavonoids, pyridinyl imida-
zole compounds, and others, are AHR agonists, antagonists or
both [35,36,44-48]. With this caveat in mind, the two p38 MAP
kinase inhibitors SB203580 and SB202190 were shown to
suppress CYP1A1l induction by TCDD in mouse hepatoma
Hepa-1 cells and in human hepatoma HepG2 cells. These
inhibitors also suppressed CYP1B1 induction in human breast
adenocarcinoma MCF7 cells, although over-expression of a
dominant-negative p38 MAP kinase did not suppress induc-
tion of a Cyp1lal reporter gene by TCDD in Hepa-1 cells [49].
Hence, suppression of Cyplal transcription by these pyridinyl
imidazole compounds might be due not to p38 inhibition, but
to an alternative effect on AHR function. SB203580 did not
inhibit AHR transformation by TCDD in vitro, indicating that
this compound did not act as a simple AHR antagonist.
Instead, it decreased TCDD-induced histone acetylation levels
in the TATA box region of the Cyplal gene promoter,
suggesting the possibility that pyridinyl imidazole compounds
might suppress the recruitment of co-activators needed for
initiation of Cyplal mRNA transcription [49]. A third imida-
zole-based p38 inhibitor, SB203580, blocked the spontaneous
translocation of ectopic AHR into the nucleus of African Green
Monkey kidney COS-7 cells and suppressed AHR transcrip-
tional activity [50], suggesting two alternative conclusions that
either the compound is an AHR antagonist that blocks its
translocation or that p38-mediated phosphorylation is some-
how involved in AHR translocation. These results nicely
illustrate the difficulties inherent to the interpretation of
inhibitor data.

The extracellular signal-regulated kinases comprise two
isoforms, a 44 kDa protein called ERK1 and a 42 kDa protein
known as ERK2. ERK1 and ERK2 share 83% identity in amino
acid sequence and are expressed in virtually all tissues. ERKs
are activated by growth factors and mitogens and are involved
in the processes of cell growth and differentiation. AHR
ligands can activate ERK in many different cell systems. TCDD,
BaP and BPDE were reported to activate JNK and ERK in mouse
hepatoma Hepa-1 cells, human lung carcinoma A549 cells,
AHR-negative CV-1 cells and in AHR-negative and AHR-
positive mouse embryonic fibroblasts [35]. Because induction
occurred equally well in AHR-negative as in AHR-positive
cells, it was concluded that this induction was mediated via an
AHR-independent pathway. Many recent studies have estab-
lished a close connection between ERK1/2 function and Ah
receptor signaling. Promotion of N-nitrosomethylamine-
initiated lung adenocarcinomas in mice by TCDD is accom-
panied by a tumor-suppressive function of K-RAS and a
positive role for RAF-1 and ERK1/2 in lung tumorigenesis.
TCDD may promote tumors by contributing to the down-
regulation of K-RAS and the stimulation of RAF-1 [51].
Characterization of the role of the AHR in ERK1/2 activation
was not attempted in these experiments, although the AHR is
reasonably expected to mediate the effects of TCDD under
these conditions. Studies in primary human macrophages,
African green monkey kidney cells, mouse fibroblasts and
mouse hepatoma cells have shown that AHR ligands can
induce the activation of an ERK-dependent pathway that, in
the case of the human macrophages, leads to TNFa induction
[52], and in mouse cells culminates in activation of AHR/ARNT
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transcriptional activity [35,36]. Along these same lines of
evidence, over-expression of constitutively active MEK1, the
MAPKK upstream of ERK1/2, reduced total AHR levels and
enhanced the TCDD-initiated transactivation potential of the
receptor, confirming the direct modulation of the AHR
transcriptional response by ERK1/2 activity. Concomitantly,
ERK inhibitors delayed TCDD-induced AHR degradation,
suggesting that ERK kinase is critically linked to AHR function
and expression by facilitating ligand-initiated transcriptional
activation while targeting the AHR for degradation. Immuno-
precipitation experiments were suggestive of a ligand-inde-
pendent association of AHR and ERK, suggesting that ERK
might be important in the regulation of AHR function perhaps
by targeting receptor phosphorylation or blocking ubiquitiny-
lation [53]. Consistent with the above studies, over-expression
of a dominant-negative variant of MEK1 or treatment with a
MEK1 inhibitor reduced TCDD-dependent transcription of a
reporter gene and inhibited the binding of the AHR to its
cognate DNA motif in the Cyplal gene promoter [54].

In summary, a relatively strong body of evidence indicates
that there is a two-way cross-talk between MAP kinase
pathways and AHR signaling. In general, it seems that AHR
ligands activate one or another MAP kinase, possibly depend-
ing on the specific ligand and cell or tissue type examined, and
that the kinase in turn mediates an ill-defined step in the
process of AHR activation, facilitating its binding to DNA and
its ability to transactivate target genes. Undoubtedly, as new
tools to study the mechanisms of chromatin regulation are
developed, the deeper mysteries of this signaling cross-talk
will be revealed.

4. Cross-talk of the Ah receptor with cell cycle
progression and apoptosis

4.1. Cell cycle progression

The cell cycle results from a recurring sequence of molecular
events thatleads to the duplication of the DNA content of a cell
and to the subsequent division of that cell. The cell cycle
consists of five distinct phases: Gy, Gy, S, G2 and M. In Gy, cells
are in a state of quiescence in which they have temporarily or
reversibly stopped dividing. In response to growth factors and
mitogens, cells come out of quiescence into the G; phase,
during which cyclins and cyclin-dependent kinases (CDKs)
become activated to promote DNA replication. Entry into S
phase results from the CDK-mediated phosphorylation of the
retinoblastoma protein, which when hyperphosphorylated,
can no longer repress the activity of E2F, the main transcrip-
tion factor responsible for the induction of S-phase specific
genes. The G4, S and G, phases collectively constitute the
interphase, during which cells prepare for mitosis. The M
phase is itself composed of two tightly coupled processes,
including mitosis, in which chromosomes are distributed to
the two daughter cells, and cytokinesis, in which the
cytoplasm divides to form two distinct cells. For a more
detailed description of the cell cycle, the reader is directed to a
number of excellent reviews in the field [55-57].

Several published accounts point to a role for the AHR in
cell cycle control, although the precise mechanism remains ill-

defined [58-63]. Early studies revealed that an AHR-defective
variant of the mouse hepatoma Hepa 1c1c7 cell line exhibited
a prolonged doubling time compared with its wild-type
counterpart [59]. This effect was attributed to delayed progress
through the G; phase, suggesting that AHR action facilitates
cell cycle progression. Mouse embryo fibroblasts (MEF) from
AHR null mice were also found to grow more slowly, but this
was attributed to an accumulation of cells in the G,/M phase
due to altered expression of the Go/M kinases CDC2 and PLK
[64]. Using the same AHR-null MEF cells, the AHR was shown
to contribute to p300-mediated induction of DNA synthesis
during S-phase by the adenovirus E1A protein [65]. Collec-
tively, these observations suggested that in the absence of an
exogenous ligand, the AHR promotes progression through the
cell cycle. In contrast, evidence spanning more than 20 years
has shown that TCDD, the prototypical AHR ligand, can inhibit
cell proliferation. Confluent mouse epithelial cell cultures
exhibit a diminished capacity for DNA replication in the
presence of as little as 10 pM TCDD [66] and TCDD also inhibits
DNA synthesis in rat primary hepatocytes [67] and in rat liver
following partial hepatectomy [68].

There is extensive evidence in several different cell lines
supporting the conclusion that in the presence of exogenous
ligands, particularly TCDD, the activated AHR inhibits cell
proliferation and induces cell cycle arrest in normally cycling
cell populations (reviewed in [17,69]). While the mechanisms
of this effect are complicated and multifactorial, analysis of
the molecular basis of the inhibition has shown that at least
one factor contributing to the inhibition of cell cycle progres-
sion by AHR ligands is a direct interaction between the AHR
and the RB/E2F axis. As the major target of CDK2 activity,
phosphorylation of RB is critical for most cells to enter into S-
phase. Using yeast two-hybrid assays and co-immunopreci-
pitation experiments, AHR was found to form complexes in
vitro and in vivo with the hypophosphorylated RB protein and
to block its phosphorylation in G; [60,62]. At least two Ah
receptor domains were found to be involved in this interac-
tion. One is the cyclin D LXCXE motif, common to many RB-
interacting oncoproteins [70]. The other is present within the
glutamine-rich region transactivation domain of the AHR
(reviewed in [69]).

Direct interaction between the ligand-activated AHR and
hypophosphorylated RB constitutes a major G; checkpoint in
cells exposed to AHR ligands [69]. The synergy between these
two proteins reinforces the repression of E2F-dependent gene
expression, slowing down the progression of cells from G, into
S-phase [62]. In addition, AHR functions as a co-repressor of RB
in a manner similar to that of BRG-1, mediating repression of
RB target genes such as CDK2 and cyclin A to cause cell cycle
arrest [71]. Additional data from our laboratory [72] and from
Huang and Elferink [73] reinforces this effect of AHR on RB-
mediated signaling and suggests that the recruitment of AHR
to RB-regulated promoters results in repression of transcrip-
tion through the formation of specific protein-protein inter-
actions and the exclusion of co-activator proteins from these
promoters. Elevated expression of the AHR and hyperpho-
sphorylated RB were also found in DMBA-induced mammary
tumors and in rat oval cells treated with TCDD [74], contrasting
the idea that AHR signaling induces growth arrest through RB
in every context [75]. AHR expression was also found to be
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significantly repressed in DEN-induced liver tumors from RB-
positive and RB-negative mice [76] and in several primary
human acute lymphoblastic leukemias [77], indicating that
AHR silencing may be associated with cancer progression.
Finally, at least one report suggests that the RB is required for
maximal transcriptional activity mediated by the AHR-ARNT
complex at the Cyplal promoter [63], suggesting that RB can
function as an AHR coactivator protein under certain contexts.

Two different molecular mechanisms have been proposed
to explain the G; arrest induced by AHR ligands, with
significant supportive evidence for both. One mechanism
proposes that AHR activation and interaction with RB blocks
its phosphorylation and reinforces repression of S-phase
specific gene transcription. Alternatively, AHR activation is
proposed to induce CDK inhibitors that arrest the cell cycle in
G;. We used mouse hepatoma Hepa-1clc7 cells to study the
expression of E2F-regulated S-phase specific genes and found
that the AHR-RB-interaction caused the transcriptional
repression of several of these genes, including Cyclin E,
Cdk2, DNA polymerase «, and Dhfr. Further analyses using
chromatin immunoprecipitation assays showed that TCDD
recruited the AHR to E2F-regulated promoters from which it
displaced the histone acetyl transferase p300 [72]. This result
suggests that the interaction between AHR and RB acts as a
negative regulator of cell cycle progression by inhibiting E2F-
dependent transcriptional activity, preventing the expression
of genes required for cell cycle progression through S phase.
However, we also found a significant increase in the expres-
sion of the CDK inhibitor p27%!, indicating that there is also a
positive regulatory mechanism at play involving the up-
regulation of cyclin kinase inhibitors. We found similar results
in a study of the inhibition of androgen-dependent prolifera-
tion in prostate cancer LNCaP cells by TCDD, in which TCDD
repressed cyclin D1 and blocked RB phosphorylation, but it
also induced expression of p21Wafl/CiPl [78] Hence, the
evidence also supports an alternative mechanism in which
AHR/ARNT dimers interact with RB to play a positive role in
the induction of genes encoding CDK inhibitory proteins.
Huang and Elferink used dominant-negative, DNA-binding-
defective AHR and ARNT mutants in rat hepatoma cells and
found that TCDD-induced, AHR-mediated G; arrest was only
partially regulated by direct AHR transcriptional activity,
suggesting that both co-activation and co-repression were
responsible for the arrest. When they used small interfering
RNA to down-regulate ARNT protein expression, they found
that TCDD-induced G, arrest was dependent on the ARNT
protein [73]. Taken together, these results point to the
conclusion that the TCDD-activated AHR may inhibit cell
cycle progression not only by directly interacting with RB and
repressing the expression of genes required for entry into S-
phase and cell cycle progression, but also by inducing G; phase
regulatory proteins such as p27¥'P* that directly inhibit CDK2/4
activity, causing RB inactivation.

While these observations provide a plausible mechanistic
rationale for the role of the ligand-activated AHR in cell cycle
regulation, additional data suggest that other mechanisms
may be equally important in the absence of exogenous
ligands. Recent work in our laboratory used stably integrated,
Tet-OFF-regulated AHR variants in fibroblasts from AHR-null
mice to further investigate the AHR role in cell cycle

+/+

regulation. Ahr”* fibroblasts proliferated significantly faster
than Ahr~/~ fibroblasts, and exposure to TCDD or deletion of
the ligand-binding domain did not change their proliferation
rates, indicating that the AHR function in the cell cycle is
ligand-independent. Growth-promoting genes such as cyclins
and cyclin-dependent kinases, were significantly down-
regulated in Ahr~/~ cells, whereas growth-arresting genes
such as transforming growth factor-g1 (TGF-81), extracellular
matrix-related genes and cyclin-dependent kinase inhibitors
were up-regulated, suggesting that that the Ah receptor may
possess intrinsic cellular functions in regulating cell prolifera-
tion that are independent of activation by either exogenous or
endogenous ligands [79].

Inhibition of cell proliferation does not seem to be a
universal effect of Ah receptor activation by its ligands. Weiss
et al. have found that TCDD treatment of rat liver oval cells,
presumably a hepatic cell lineage of progenitor cells, leads to
AHR-dependent induction of the transcription factor JUN-D
and the transcriptional up-regulation of cyclin A, triggering a
release from contact inhibition [41]. Similar results in the same
cells were obtained using benzo[a]anthracene, B[a]P and
benzo[b]fluoranthene [74], suggesting that an AHR-dependent
pathway of promoting cell proliferation through induction of
JUN-D and cyclin A may constitute a novel mechanism in
mediating AHR-induced deregulation of cell cycle control.

4.2. Apoptosis

Tumor promoters are generally believed to act by affecting the
rate of division, terminal differentiation, or death of tumor
precursor cells. One widely accepted mechanism of tumor
promotion/progression is the inhibition of apoptosis [80]. The
capacity of at least one AHR ligand, TCDD, to act as a tumor
promoter, particularly in rodent liver, has been attributed to its
ability to inhibit the apoptotic elimination of initiated cells
bearing genotoxic lesions [81]. However, the precise mechan-
ism(s) of this effect remains elusive, and differs with the
organism, tissue, or cell type examined. A number of contra-
dictory reports indicate that AHR activation by TCDD can
induce apoptosis in some cases and inhibit it in others
(reviewed in [69]). In studies of liver tumor promotion in the
two-stage hepatocarcinogenesis model, TCDD was shown to
mediate clonal expansion of initiated cells by inhibiting
apoptosis and bypassing AHR-dependent cell cycle arrest
[82]. In contrast, other reports using thymocytes have shown
that TCDD induces apoptosis [83-85]. Several explanations
have been advanced to explain these paradoxical differences
in cell responses. Nebert et al. have suggested that AHR-
mediated oxidative stress generated by the induction of
cytochrome P450 enzymes may be a critical upstream event
in the apoptosis cascade [86]. In agreement with this
hypothesis, apoptosis initiated by BaP in human hepatoma
HepG2 cells was linked to the induction of the p38 MAP kinase,
to activation of the AHR and to induction of CYP1A1, an event
that lead to the formation of the ultimate carcinogen BPDE.
Confirmatory evidence showed that p38-null mouse embryo
fibroblasts were resistant to BPDE-induced apoptosis, indicat-
ing that the Ah receptor plays a critical role in BaP-induced
apoptosis while p38 links the actions of an electrophilic
metabolite like BPDE to the regulation of programmed cell
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death [87]. To this day, both induction and inhibition of
apoptosis appear to be consequences of TCDD exposure,
pointing at the possibility that the ligand-activated AHR
modulates apoptotic cell fate in a tissue- or cell lineage-
specific manner.

It has been proposed that AHR contributes to mammary
tumor cell growth by inhibiting apoptosis while promoting the
transition to an invasive, metastatic phenotype [88]. If this
were correct, it would follow that loss of AHR would be pro-
apoptotic. Indeed, in AHR-null mice, liver pathology is
associated with an accelerated rate of apoptosis, possibly
related to an abnormal accumulation of hepatic retinoic acid
that causes activation of TGFp, resulting in stimulation of
apoptosis [89]. Consistent with the anti-apoptotic role of the
AHR, tumor promotion in the liver by TCDD treatment is
absent in rat strains lacking a functional AHR, which also
show an increased rate of apoptosis, characterized by
activation of MDM2 and attenuation of p53 by increased
ubiquitinylation [90,91]. Similarly, activation of AHR by TCDD
in a number of leukemia and lymphoma cells resulted in loss
of apoptosis response, associated with an increase in expres-
sion of cyclooxygenase-2 and decrease of apoptosis-related
BCL-2 family members BCL-XL and MCL-1. Both a cycloox-
ygenase-2 inhibitor and an AHR antagonist abolished TCDD-
induced apoptosis resistance in vitro, strongly suggesting that
AHR activation and the ensuing cyclooxygenase-2 over-
expression are directly involved in a mechanism of resistance
to apoptosis in lymphoma cell lines [92] (see also elsewhere in
this volume).

An endogenous role of the AHR in the intrinsic apoptotic
process was also uncovered in studies directed at the effect of
differing AHR levels on apoptosis susceptibility. Analyses of a
number of different endpoints of apoptosis in murine
hepatoma Hepa-1clc? cells and in its AHR-deficient derivative
LA1, revealed that the LA1 cells were more sensitive to
intrinsic apoptosis-induced stresses (UV irradiation, hydrogen
peroxide, serum starvation) than wild-type cells, suggesting
that the endogenous AHR plays a cytoprotective role in the
face of stimuli that initiate the intrinsic apoptotic pathway and
that it can regulate cell fate directly. Lack of the AHR appeared
to lead to an impaired survival response mediated by PI3
kinase-AKT/PKB and EGFR activation [93].

In contrast, other studies have shown that the AHR
modulates susceptibility to pro-apoptotic agents and that it
regulates critical players in mitochondrial functions related
to apoptosis. Treatment with TNFa plus cycloheximide-
induced apoptosis in murine hepatoma Hepa-1clc7 cells,
which have high levels of AHR protein, but not in Tao cells,
an AHR-deficient variant of the Hepa-lclc7 line [47].
Extensive characterization of these cell lines led to the
conclusion that in the absence of an exogenous ligand, the
AHR regulates lysosomal disruption and permeability,
essential to trigger the apoptotic process. In good agreement
with this conclusion, analysis of TCDD-induced proteome
changes in rat 5L cells showed VDAC2, the voltage-
dependent anion channel-selective protein-2, to be an
AHR target, and to be dependent on the presence of a
functional AHR. VDAC2 plays a central role as an inhibitor of
the activation of the pro-apoptotic protein BAK and
consequently of the regulation of the mitochondrial apop-

totic pathway. Thus, these data point to VDAC?2 as a possible
effector of AHR-mediated apoptosis [94].

Studies in human fetal testis suggest that the developing
germ cells may be a target for regulation by AHR ligands and
that AHR activation may be one mechanism responsible for
the reduction of spermatogenesis in men exposed to environ-
mental toxicants. Expression of the AHR in germ cells was
detected in the human testis between 7 and 19 weeks of
gestation. Immunohistochemical analyses showed that treat-
ment with AHR ligands led to increased evidence of apoptosis,
which was suppressed by AHR antagonists [95]. If confirmed,
these results may point at a mechanism to explain a number
of male reproductive syndromes.

Many hypothesis have been proposed to explain the role of
the AHR in apoptosis [64,89,96,97]. Recent data from our
laboratory suggest that atleast part of the answer may liein an
interaction between the AHR and E2F1 proteins. The E2F
proteins control the transcription of a variety of essential cell
cycle control genes, including cell cycle regulators, RB and
related pocket proteins, enzymes for nucleotide biosynthesis,
and proteins required for DNA replication [98]. In addition,
several E2F family members, in particular E2F1, are able to
activate apoptosis. Evidence suggests that the ability of E2F1 to
act as a tumor suppressor lies in its ability to initiate apoptosis
in cells that lose normal cell cycle control [99]. Recent results
from our laboratory show that the AHR inhibits this response
through transcriptional repression of the pro-apoptotic genes
regulated by E2F1 [100]. We found that AHR and E2F1 can
physically interact both in vitro and in vivo in an association
that is independent of the interaction between AHR and RB.
Inhibition of AHR expression in MEF cells results in elevated
oxidative stress levels and E2F1-dependent apoptosis, which is
inhibited by transfection of a siRNA for E2F1. AHR activation
represses the induction of the pro-apoptotic E2F1 target genes
Tap73 and Apafl that results from expression of a constitu-
tively active CHK2 protein or ectopic over-expression of E2F1
itself, possibly through the formation of AHR-E2F1 complexes
on the promoters of these genes. Such findings may shed light
on the role of AHR and TCDD in mediating tumor progression,
although these mechanisms have yet to be tested in vivo. The
obvious implication is that the AHR has a pro-proliferative,
anti-apoptotic function that is likely to play a major role
during tumor progression.

5. Conclusions

It might be premature to speculate on the connections
between the different signal transduction pathways that
cross-talk with the AHR and their possible role in adult
disease, although it is an inescapable conclusion that those
connections exist. In this context, it is obvious that AHR
ligand-mediated repression of previously active genes that
might have little connection with detoxification pathways,
and concomitant induction of previously silent genes, are
equally likely to derail cellular homeostasis. The exact
molecular mechanisms by which AHR ligands exert their
effects still remain ambiguous. It is clear, however, that AHR
signaling impinges upon numerous molecular pathways both
in its physiological state and in its ligand-activated form, a
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conclusion that is reinforced by the preponderance of
evidence presented in this volume concerning the diversity
and breadth of AHR interacting proteins and signaling path-
ways. The relative importance of these pathways in mediating
AHR-dependent toxicities is still being determined. Mapping
these pathways in various systems for different ligands, cell
types, and exposure conditions will aid in predicting safe
exposure levels and identifying susceptible human popula-
tions.

Acknowledgment

Theresearch in the authors’ lab described here is supported by
NIEHS grants 2R01 ES06273, 2R01 ES10708 and P30 ES06096.

REFERENCES

(1
(2l

3

4

[5

(6]

7

(8

£

(0]

(11]

(12]

Safe S. Molecular biology of the Ah receptor and its role in
carcinogenesis. Toxicol Lett 2001;120:1-7.

Okey AB. An aryl hydrocarbon receptor odyssey to the
shores of toxicology: the Deichmann Lecture,
International Congress of Toxicology-XI. Toxicol Sci
2007;98:5-38.

Hoffman EC, Reyes H, Chu F-F, Sander F, Conley LH,
Brooks BA, et al. Cloning of a factor required for activity of
the Ah (dioxin) receptor. Science 1991;252:954-8.
Hogenesch JB, Chan WK, Jackiw V, Brown RC, Gu Y-Z,
Pray-Grant M, et al. Characterization of a subset of the
basic-helix-loop-helix-PAS superfamily that interacts with
components of the dioxin signaling pathway. ] Biol Chem
1997;272:8581-93.

Crews ST, Fan CM. Remembrance of things PAS: regulation
of development by bHLH-PAS proteins. Curr Opin Genet
Dev 1999;9:580-7.

Barouki R, Coumoul X, Fernandez-Salguero PM. The aryl
hydrocarbon receptor, more than a xenobiotic-interacting
protein. FEBS Lett 2007;581:3608-15.

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 Dynam 1995;204:133-43.
Ma Q, Whitlock Jr JP. A novel cytoplasmic protein that
interacts with the Ah receptor, contains tetratricopeptide
repeat motifs, and augments the transcriptional response
to 2,3,7,8-tetrachlorodibenzo-p-dioxin. ] Biol Chem
1997,272:8878-84.

Carver LA, Bradfield CA. Ligand-dependent interaction of
the aryl hydrocarbon receptor with a novel immunophilin
homolog in vivo. ] Biol Chem 1997;272:11452-6.

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

Beischlag TV, Wang S, Rose DW, Torchia J, Reisz-Porszasz
S, Muhammad K, et al. Recruitment of the NCoA/SRC-1/
p160 family of transcriptional coactivators by the aryl
hydrocarbon receptor/aryl hydrocarbon receptor nuclear
translocator complex. Mol Cell Biol 2002;22:4319-33.
Wang S, Hankinson O. Functional involvement of the
Brahma/SWI2-related gene 1 protein in cytochrome
P4501A1 transcription mediated by the aryl hydrocarbon
receptor complex. ] Biol Chem 2002;277:11821-7.

(13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

Hestermann EV, Brown M. Agonist and
chemopreventative ligands induce differential
transcriptional cofactor recruitment by aryl hydrocarbon
receptor. Mol Cell Biol 2003;23:7920-5.

Wang S, Ge K, Roeder RG, Hankinson O. Role of mediator
in transcriptional activation by the aryl hydrocarbon
receptor. J Biol Chem 2004;279:13593-600.
Schnekenburger M, Peng L, Puga A. HDAC1 bound to the
Cyp1lal promoter blocks histone acetylation associated
with Ah receptor-mediated trans-activation. Biochim
Biophys Acta 2007;1769:569-78.

Pollenz RS. The mechanism of AH receptor protein
down-regulation (degradation) and its impact on AH
receptor-mediated gene regulation. Chem Biol Interact
2002;141:41-61.

Puga A, Xia Y, Elferink C. Role of the aryl hydrocarbon
receptor in cell cycle regulation. Chem Biol Interact
2002;141:117-30.

Henklova P, Vrzal R, Ulrichova J, Dvorak Z. Role of
mitogen-activated protein kinases in aryl hydrocarbon
receptor signaling. Chem Biol Interact 2008;172:93-104.
Carrier F, Owens RA, Nebert DW, Puga A. Dioxin-
dependent activation of murine Cypla-1 gene
transcription requires protein kinase C-dependent
phosphorylation. Mol Cell Biol 1992;12:1856-63.

Okino ST, Pendurthi UR, Tukey RH. Phorbol esters inhibit
the dioxin receptor-mediated transcriptional activation of
the mouse Cypla-1 and Cypla-2 genes by 2,3,7,8-
tetrachlorodibenzo-p-dioxin. J Biol Chem 1992;267:
6991-8.

Ikegwuonu FI, Christou M, Jefcoate CR. Regulation of
cytochrome P4501B1 (CYP1B1) in mouse embryo fibroblast
(C3H10T1/2) cells by protein kinase C (PKC). Biochem
Pharmacol 1999;57:619-30.

Pongratz I, Stromstedt PE, Mason GG, Poellinger L.
Inhibition of the specific DNA binding activity of the
dioxin receptor by phosphatase treatment. ] Biol Chem
1991;266:16813-7.

Mahon MJ, Gasiewicz TA. Ah receptor phosphorylation:
localization of phosphorylation sites to the C-terminal
half of the protein. Arch Biochem Biophys 1995;318:
166-74.

Chen YH, Tukey RH. Protein kinase C modulates
regulation of the CYP1A1 gene by the aryl hydrocarbon
receptor. ] Biol Chem 1996;271:26261-6.

Long WP, Pray-Grant M, Tsai JC, Perdew GH. Protein kinase
C activity is required for aryl hydrocarbon receptor
pathway-mediated signal transduction. Mol Pharmacol
1998;53:691-700.

Park S, Henry EC, Gasiewicz TA. Regulation of DNA
binding activity of the ligand-activated aryl hydrocarbon
receptor by tyrosine phosphorylation. Arch Biochem
Biophys 2000;381:302-12.

Li SY, Dougherty JJ. Inhibitors of serine/threonine-specific
protein phosphatases stimulate transcription by the Ah
receptor/Arnt dimer by affecting a step subsequent to XRE
binding. Arch Biochem Biophys 1997;340:73-82.

Dieter MZ, Freshwater SL, Solis WA, Nebert DW, Dalton
TP. Tryphostin AG879, a tyrosine kinase inhibitor:
prevention of transcriptional activation of the electrophile
and the aromatic hydrocarbon response elements.
Biochem Pharmacol 2001;61:215-25.

Ikuta 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.

Minsavage GD, Park SK, Gasiewicz TA. The aryl
hydrocarbon receptor (AhR) tyrosine 9, a residue that is
essential for AhR DNA binding activity, is not a



BIOCHEMICAL PHARMACOLOGY 77 (2009) 713-722

721

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

phosphoresidue but augments AhR phosphorylation. ] Biol
Chem 2004;279:20582-93.

Pratt WB. The role of the hsp90-based chaperone system
in signal transduction by nuclear receptors and receptors
signaling via MAP kinase. Annu Rev Pharmacol Toxicol
1997,37:297-326.

Ogiso H, Kagi N, Matsumoto E, Nishimoto M, Arai R,
Shirouzu M, et al. Phosphorylation analysis of 90 kDa heat
shock protein within the cytosolic arylhydrocarbon
receptor complex. Biochemistry 2004;43:15510-9.

Cobb MH, Goldsmith EJ. Dimerization in MAP-kinase
signaling. Trends Biochem Sci 2000;25:7-9.

Weston CR, Davis RJ. The JNK signal transduction
pathway. Curr Opin Cell Biol 2007;19:142-9.

Tan Z, Chang X, Puga A, Xia Y. Activation of mitogen-
activated protein kinases (MAPKs) by aromatic
hydrocarbons: role in the regulation of aryl hydrocarbon
receptor (AHR) function. Biochem Pharmacol 2002;64:
771-80.

Tan Z, Huang M, Puga A, Xia Y. A critical role for MAP
kinases in the control of Ah receptor complex activity.
Toxicol Sci 2004;82:80-7.

Diry M, Tomkiewicz C, Koehle C, Coumoul X, Bock KW,
Barouki R, et al. Activation of the dioxin/aryl hydrocarbon
receptor (AhR) modulates cell plasticity through a JNK-
dependent mechanism. Oncogene 2006;25:5570—-4.

Puga A, Nebert DW, Carrier F. Dioxin induces expression
of c-fos and c-jun proto-oncogenes and a large increase in
transcription factor AP-1. DNA Cell Biol 1992;11:269-81.
Hoffer A, Chang C-Y, Puga A. Dioxin induces fos and jun
gene expression by Ah receptor dependent- and
independent-pathways. Toxicol Appl Pharmacol
1996;141:238-47.

Weiss C, Faust D, Durk H, Kolluri SK, Pelzer A, Schneider S,
et al. TCDD induces c-jun expression via a novel Ah
(dioxin) receptor-mediated p38-MAPK-dependent
pathway. Oncogene 2005;24:4975-83.

Weiss C, Faust D, 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;27:2198-207.

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

Park SJ, Yoon WK, Kim HJ, Son HY, Cho SW, Jeong KS, et al.
2,3,7,8-Tetrachlorodibenzo-p-dioxin activates ERK and p38
mitogen-activated protein kinases in RAW 264.7 cells.
Anticancer Res 2005;25:2831-6.

Reiners Jr JJ, Lee JY, Clift RE, Dudley DT, Myrand SP.
PD98059 is an equipotent antagonist of the aryl
hydrocarbon receptor and inhibitor of mitogen-activated
protein kinase. Mol Pharmacol 1998;53:438-45.

Joiakim A, Mathieu PA, Palermo C, Gasiewicz TA, Reiners
JrJJ. The Jun N-terminal kinase inhibitor SP600125 is a
ligand and antagonist of the aryl hydrocarbon receptor.
Drug Metab Dispos 2003;31:1279-82.

Andrieux L, Langouet S, Fautrel A, Ezan F, Krauser JA,
Savouret JF, et al. Aryl hydrocarbon receptor activation
and cytochrome P450 1A induction by the mitogen-
activated protein kinase inhibitor U0126 in hepatocytes.
Mol Pharmacol 2004;65:934-43.

Caruso JA, Mathieu PA, Joiakim A, Zhang H, Reiners Jr JJ.
Aryl hydrocarbon receptor modulation of tumor necrosis
factor-alpha-induced apoptosis and lysosomal disruption
in a hepatoma model that is caspase-8-independent. ] Biol
Chem 2006;281:10954-67.

Dvorak Z, Vrzal R, Henklova P, Jancova P, Anzenbacherova
E, Maurel P, et al. JNK inhibitor SP600125 is a partial
agonist of human aryl hydrocarbon receptor and induces

(49]

(0]

(51]

(52]

(53]

(54]

[55]

[56]

(571

(58]

(9]

(60]

(61]

(62]

(63]

(64]

CYP1A1l and CYP1A2 genes in primary human
hepatocytes. Biochem Pharmacol 2008;75:580-8.
Shibazaki M, Takeuchi T, Ahmed S, Kikuchi H.
Suppression by p38 MAP kinase inhibitors (pyridinyl
imidazole compounds) of Ah receptor target gene
activation by 2,3,7,8-tetrachlorodibenzo-p-dioxin and the
possible mechanism. J Biol Chem 2004;279:3869-76.
Shibazaki M, Takeuchi T, Ahmed S, Kikuchi H. Blockade by
SB203580 of Cyplal induction by 2,3,7,8-
tetrachlorodibenzo-p-dioxin, and the possible
mechanism: possible involvement of the p38 mitogen-
activated protein kinase pathway in shuttling of Ah
receptor overexpressed in COS-7 cells. Ann NY Acad Sci
2004;1030:275-81.

Ramakrishna G, Perella C, Birely L, Diwan BA, Fornwald
LW, Anderson LM. Decrease in K-ras p21 and increase in
Rafl and activated Erk 1 and 2 in murine lung tumors
initiated by N-nitrosodimethylamine and promoted by
2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl
Pharmacol 2002;179:21-34.

Lecureur V, Ferrec EL, N'diaye M, Vee ML, Gardyn C, Gilot
D, et al. ERK-dependent induction of TNFalpha expression
by the environmental contaminant benzo(a)pyrene in
primary human macrophages. FEBS Lett 2005;579:
1904-10.

Chen S, Operana T, Bonzo J, Nguyen N, Tukey RH. ERK
kinase inhibition stabilizes the aryl hydrocarbon receptor:
implications for transcriptional activation and protein
degradation. J Biol Chem 2005;280:4350-9.

Yim S, Oh M, Choi SM, Park H. Inhibition of the MEK-1/p42
MAP kinase reduces aryl hydrocarbon receptor-DNA
interactions. Biochem Biophys Res Commun 2004;322:
9-16.

Cheng M, Olivier P, Diehl JA, Fero M, Roussel MF, Roberts
JM, et al. The p21(Cip1) and p27(Kip1) CDK ‘inhibitors’ are
essential activators of cyclin D-dependent kinases in
murine fibroblasts. EMBO ] 1999;18:1571-83.

Sherr CJ, Roberts JM. CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev
1999;13:1501-12.

Smits VA, Medema RH. Checking out the G(2)/M transition.
Biochim Biophys Acta 2001;1519:1-12.

Weiss C, Kolluri SK, Kiefer F, Gottlicher M.
Complementation of Ah receptor deficiency in hepatoma
cells: negative feedback regulation and cell cycle control
by the Ah receptor. Exp Cell Res 1996;226:154-63.

Ma Q, Whitlock JPJ. The aromatic hydrocarbon receptor
modulates the Hepa 1clc7 cell cycle and differentiated
state independently of dioxin. Mol Cell Biol 1996;16:
2144-50.

Ge N-L, Elferink CJ. A direct interaction between the aryl
hydrocarbon receptor and retinoblatoma protein. J Biol
Chem 1998;273:22708-13.

Kolluri SK, Weiss C, Koff A, Géttlicher M. p27kipl
induction and inhibition of proliferation by the
intracellular Ah receptor in developing thymus and
hepatoma cells. Genes Dev 1999;13:1742-53.

Puga A, Barnes SJ, Dalton TP, Chang C, Knudsen ES, Maier
MA. Aromatic hydrocarbon receptor interaction with the
retinoblastoma protein potentiates repression of E2F-
dependent transcription and cell cycle arrest. ] Biol Chem
2000;275:2943-50.

Elferink CJ, Ge NL, Levine A. Maximal aryl hydrocarbon
receptor activity depends on an interaction with the
retinoblastoma protein. Mol Pharmacol 2001;59:664-73.
Elizondo G, Fernandez-Salguero P, Sheikh MS, Kim GY,
Fornace AJ, Lee KS, et al. Altered cell cycle control at the
G(2)/M phases in aryl hydrocarbon receptor-null embryo
fibroblast. Mol Pharmacol 2000;57:1056-63.



722

BIOCHEMICAL PHARMACOLOGY 77 (2009) 713-722

(65]

[66]

[67]

(68]

(69]

[70]

(71]

[72]

(73]

(74]

[75]

76]

[77]

(78]

[79]

(8]

(81]

(82]

Tohkin M, Fukuhara M, Elizondo G, Tomita S, Gonzalez FJ.
Aryl hydrocarbon receptor is required for p300-mediated
induction of DNA synthesis by adenovirus E1A. Mol
Pharmacol 2000;58:845-51.

Gierthy JF, Crane D. Reversible inhibition of in vitro
epithelial cell proliferation by 2,3,7,8-tetrachlorodibenzo-
p-dioxin. Toxicol Appl Pharmacol 1984;74:91-8.

Hushka DR, Greenlee WF. 2,3,7,8-Tetrachlorodibenzo-p-
dioxin inhibits DNA synthesis in rat primary hepatocytes.
Mutat Res 1995;333:89-99.

Bauman JW, Goldsworthy TL, Dunn CS, Fox TR. Inhibitory
effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on rat
hepatocyte proliferation induced by 2/3 partial
hepatectomy. Cell Prolif 1995;28:437-51.

Marlowe JL, Puga A. Aryl hydrocarbon receptor, cell cycle
regulation, toxicity, and tumorigenesis. ] Cell Biochem
2005;96:1174-84.

Chan HM, Smith L, La Thangue NB. Role of LXCXE motif-
dependent interactions in the activity of the
retinoblastoma protein. Oncogene 2001;20:6152-63.
Strobeck MW, Fribourg AF, Puga A, Knudsen ES.
Restoration of retinoblastoma mediated signaling to Cdk2
results in cell cycle arrest. Oncogene 2000;19:1857-67.
Marlowe JL, Knudsen ES, Schwemberger S, Puga A. The
aryl hydrocarbon receptor displaces p300 from E2F-
dependent promoters and represses S-phase specific gene
expression. ] Biol Chem 2004;279:29013-22.

Huang G, Elferink CJ. Multiple mechanisms are involved in
Ah receptor-mediated cell cycle arrest. Mol Pharmacol
2005;67:88-96.

Andrysik Z, Vondracek J, Machala M, Krcmar P,
Svihalkova-Sindlerova L, Kranz A, et al. The aryl
hydrocarbon receptor-dependent deregulation of cell
cycle control induced by polycyclic aromatic
hydrocarbons in rat liver epithelial cells. Mutat Res
2007;615:87-97.

Currier N, Solomon SE, Demicco EG, Chang DL, Farago M,
Ying H, et al. Oncogenic signaling pathways activated in
DMBA-induced mouse mammary tumors. Toxicol Pathol
2005;33:726-37.

Peng L, Mayhew CN, Schnekenburger M, Knudsen ES, Puga
A. Repression of Ah receptor and induction of
transforming growth factor-beta genes in DEN-induced
mouse liver tumors. Toxicology 2008;246:242-7.
Mulero-Navarro S, Carvajal-Gonzalez JM, Herranz M,
Ballestar E, Fraga MF, Ropero S, et al. The dioxin receptor is
silenced by promoter hypermethylation in human acute
lymphoblastic leukemia through inhibition of Sp1 binding.
Carcinogenesis 2006;27:1099-104.

Barnes-Ellerbe S, Knudsen KE, Puga A. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin blocks androgen-dependent
cell proliferation of LNCaP cells through modulation of
PRB phosphorylation. Mol Pharmacol 2004;66:502-11.
Chang X, Fan Y, Karyala S, Schwemberger S, Tomlinson
CR, Sartor MA, et al. Ligand-independent regulation of
transforming growth factor betal expression and cell
cycle progression by the aryl hydrocarbon receptor. Mol
Cell Biol 2007;27:6127-39.

Roberts RA, Nebert DW, Hickman JA, Richburg JH,
Goldsworthy TL. Perturbation of the mitosis/apoptosis
balance: a fundamental mechanism in toxicology. Fund
Appl Toxicol 1997;38:107-15.

Schwarz M, Buchmann A, Stinchcombe S, Kalkuhl A, Bock
K. Ah receptor ligands and tumor promotion: survival of
neoplastic cells. Toxicol Lett 2000;112-113:69-77.

Bock KW, Kohle C. Ah receptor- and TCDD-mediated liver
tumor promotion: clonal selection and expansion of cells
evading growth arrest and apoptosis. Biochem Pharmacol
2005;69:1403-8.

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

(94]

[95]

[96]

[97]

(98]

(99]

[100]

McConkey DJ, Hartzell P, Duddy SK, Hakansson H,
Orrenius S. 2,3,7,8-Tetrachlorodibenzo-p-dioxin kills
immature thymocytes by Ca?*-mediated endonuclease
activation. Science 1988;242:256-9.

Kurl RN, Abraham M, Olnes M]J. Early effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on rat thymocytes in
vitro. Toxicology 1993;77:103-14.

Silverstone AE, Frazier Jr DE, Gasiewicz TA. Alternate
immune system targets for TCDD: lymphocyte stem cells
and extrathymic T-cell development. Exp Clin
Immunogenet 1994;11:94-101.

Nebert DW, Roe AL, Dieter MZ, Solis WA, Yang Y, Dalton
TP. Role of the aromatic hydrocarbon receptor and [Ah]
gene battery in the oxidative stress response, cell cycle
control, and apoptosis. Biochem Pharmacol 2000;59:65-85.
Chen S, Nguyen N, Tamura K, Karin M, Tukey RH. The role
of the Ah receptor and p38 in benzo[a]pyrene-7,8-
dihydrodiol and benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide-induced apoptosis. ] Biol Chem 2003;278:19526-
33.

Schlezinger JJ, Liu D, Farago M, Seldin DC, Belguise K,
Sonenshein GE, et al. A role for the aryl hydrocarbon
receptor in mammary gland tumorigenesis. Biol Chem
2006;387:1175-87.

Gonzalez FJ, Fernandez-Salguero P. The aryl hydrocarbon
receptor: studies using the AHR-null mice. Drug Metab
Dispos 1998;26:1194-8.

Viluksela M, Bager Y, Tuomisto JT, Scheu G, Unkila M,
Pohjanvirta R, et al. Liver tumor-promoting activity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in TCDD-
sensitive and TCDD-resistant rat strains. Cancer Res
2000;60:6911-20.

Paajarvi G, Viluksela M, Pohjanvirta R, Stenius U, Hogberg
J. TCDD activates Mdm?2 and attenuates the p53 response
to DNA damaging agents. Carcinogenesis 2005;26:201-8.
Vogel CF, Li W, Sciullo E, Newman J, Hammock B, Reader
JR, et al. Pathogenesis of aryl hydrocarbon receptor-
mediated development of lymphoma is associated with
increased cyclooxygenase-2 expression. Am ] Pathol
2007;171:1538-48.

Wu R, Zhang L, Hoagland MS, Swanson HI. Lack of the aryl
hydrocarbon receptor leads to impaired activation of AKT/
protein kinase B and enhanced sensitivity to apoptosis
induced via the intrinsic pathway. ] Pharmacol Exp Ther
2007;320:448-57.

Sarioglu H, Brandner S, Haberger M, Jacobsen C,
Lichtmannegger ], Wormke M, et al. Analysis of 2,3,7,8-
tetrachlorodibenzo-p-dioxin-induced proteome changes
in 5L rat hepatoma cells reveals novel targets of dioxin
action including the mitochondrial apoptosis regulator
VDAC2. Mol Cell Proteomics 2008;7:394-410.

Coutts SM, Fulton N, Anderson RA. Environmental
toxicant-induced germ cell apoptosis in the human fetal
testis. Hum Reprod 2007;22:2912-8.

Worner W, Schrenk D. Influence of liver tumor promoters
on apoptosis in rat hepatocytes induced by 2-
acetylaminofluorene, ultraviolet light, or transforming
growth factor beta 1. Cancer Res 1996;56:1272-8.

Schrenk D, Schmitz HJ, Bohnenberger S, Wagner B,
Worner W. Tumor promoters as inhibitors of apoptosis in
rat hepatocytes. Toxicol Lett 2004;149:43-50.

Trimarchi JM, Lees JA. Sibling rivalry in the E2F family. Nat
Rev Mol Cell Biol 2002;3:11-20.

DeGregori ], Johnson DG. Distinct and overlapping roles for
E2F family members in transcription, proliferation and
apoptosis. Curr Mol Med 2006;6:739-48.

Marlowe JL, Fan Y, Chang X, Peng L, Knudsen ES, Xia Y,
et al. The Ah receptor binds to E2F1 and inhibits E2F1-
induced apoptosis. Mol Biol Cell 2008.



	The aryl hydrocarbon receptor cross-talks with multiple signal transduction pathways
	Introduction
	Cross-talk between cellular kinases and the Ah receptor
	Cross-talk of mitogen-activated protein kinases with the Ah receptor
	Cross-talk of the Ah receptor with cell cycle progression and apoptosis
	Cell cycle progression
	Apoptosis

	Conclusions
	Acknowledgment
	References


