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The aryl hydrocarbon receptor (AhR) was implicated as a mediator of xenobiotic toxicity

over three decades ago. Although a complete picture continues to elude us, investigations by

many laboratories during the ensuing period have revealed much about AhR biology in

normal physiological processes, as well as the toxicities induced by the dioxins and related

polychlorinated aromatic hydrocarbons. The findings are captured in numerous excellent

reviews. This commentary attempts to inject a new perspective on some new as well as

frequently overlooked observations in the context of established receptor properties.

Specifically, we examine the impact of transient versus sustained receptor activation on

AhR biology, and explore the potential role for cytochrome P450 expression in regulating

AhR activity amongst various tissues. The growing recognition that AhR action functions

through multiple mechanisms serves to further highlight the importance of limiting

prolonged receptor activation.
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1. Mechanisms regulating sustained AhR
activity

The eukaryotic Per-ARNT-Sim (PAS) domain protein family

contains several members that function as sensors of extra-

cellular signals and environmental stresses affecting growth

and development [1]. Among these members, the aryl hydro-

carbon receptor (AhR) regulates adaptive and toxic responses to

a variety of chemical pollutants, including polycyclic aromatic
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hydrocarbons and polychlorinated dioxins, most notably

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The AhR is a

soluble cytosolic ligand-activated transcription factor in a

complex with the chaperone proteins hsp90 [2], and hsp23 [3]

and an immunophilin-like protein [4–6]. Upon ligand activation,

the AhR translocates into the nucleus, dissociates from the hsp

proteins, and binds to DNA response elements (known as a

xenobiotic responsive element or XRE) with the Ah receptor

nuclear translocator (ARNT) protein, a heterodimerization
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Fig. 1 – Multiple mechanisms to regulate aryl hydrocarbon receptor (AhR) activity. The diagram depicts the various

mechanisms that have evolved to control AhR activity. (Scheme 1) Agonist-dependent dimerization of AhR with the AhR

nuclear translocator (ARNT) concomitant with dissociation of the chaperones hsp90, p23 and immunopilin-like protein

XAP2/ARA9/AIP; binding of AhR-ARNT complexes to xenobiotic response elements (XREs); and subsequent transcriptional

activation. (Scheme 2) Proteolytic degradation of the activated AhR by the 26S proteosome. (Schemes 3 and 4) Repression of

AhR activity by the AhR repressor protein (AhRR). (Scheme 5) Metabolic depletion of AhR agonists by cytochrome P4501A1

(CYP1A1) or related enzymes. Exogenous AhR ligands include halogenated aromatic hydrocarbons (HAHs) and

polyaromatic hydrocarbons (PAHs).
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partner and also a member of the PAS protein family [7]. The

ARNT protein not only functions as a DNA-binding partner for

the AhR, but appears to be required for the dissociation of the

accessory chaperonins [7,8]. This process is illustrated as

Scheme 1 (Fig. 1). AhR inducible genes include those encoding

the xenobiotic metabolizing Phase I enzymes (cytochromes

P450IA1, P450IA2, P450IB1), and Phase II enzymes (glutathione

S-transferase Ya subunit, NAD(p)H:menadione oxidoreductase

(NMO1), UDP-glucuronosyltransferase) [9–11]. The reader is

referred to excellent reviews detailing our understanding of this

transcriptional mechanism [1,12].

Historically, studies on the AhR emphasized efforts to

understand the molecular basis for TCDD toxicity, and insight

into the mechanism of AhR signaling comes primarily from

studies in mammalian cells exposed to xenobiotics, in

particular TCDD. Recent studies using knockout mice gener-

ated by three independent laboratories demonstrated that

TCDD toxicity is almost solely dependent upon a functional

AhR [13–15]. By and large, these mice share many common

features including resistance to TCDD toxicity, diminished

reproductive fecundity, and smaller livers harboring fibrotic

lesions. Hepatic defects include prolonged extramedullary

hematopoiesis and portal hypercellularity with thickening

and fibrosis. It is notable that as the AhR knockout mice age,

hypertrophy and hyperplasia are detected in numerous organs

including the heart, vasculature, gastric epithelium and skin

[16,17]. Although phenotypic differences between the models
were also noted, the basis for these remains unresolved [18].

Nevertheless, the knockout models demonstrate that the AhR

plays a role in developmental processes and physiological

homeostasis in the absence of stimulation by a deliberately

administered exogenous agonist. Subsequent investigations

using AhR hypomorphic and conditional knockout mice serve

to reinforce the impression that the AhR plays key roles in

normal physiological processes that are dissociable from

TCDD-induced toxicity [19–21]. AhR expression in mice

extends to numerous tissues in both embryos and adults.

The receptor is detectable as early as day 10 of gestation in

multiple tissues [14,22] consistent with a developmental role

for the AhR. In adult animals, AhR expression is pronounced in

several regions including female reproductive tissues, skin,

bladder, lung and respiratory epithelium, and liver [23].

However, functional studies demonstrate that AhR expression

extends to a host of other tissues.

AhR activation independent of agonist binding in mam-

malian systems has been proposed, but unequivocal evidence

continues to elude researchers. Oesch-Bartlomowicz et al.

proposed that the second messenger cAMP, could promote

receptor nuclear translocation in a ligand-independent man-

ner, but failed to demonstrate transcriptional activation [24].

Chang and Puga reported that AhR-dependent effects on cell

proliferation could be dissociated from exogenous ligand

binding [25]. However, neither study unequivocally estab-

lished the absence of an endogenous agonist responsible for
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receptor activity. Deletion of the ligand-binding domain of the

AhR generates a constitutively active receptor [25,26], but this

mode of agonist-independent action may be unique to the

mutation and not accurately recapitulate normal receptor

biology. Studies using targeted mutations that disrupt ligand

binding revealed that agonist-independent AhR activity

comprised only 2% of that observed following agonist

stimulation [27]. The physiological relevance of this paltry

response is challenged and suggests that AhR signaling in

mammalian systems is agonist dependent. Indeed, ligand-

dependent receptor activation is well established, and several

mechanisms capable of suppressing prolonged AhR signaling

have been identified. These include rapid receptor degrada-

tion, the action of an AhR Repressor protein (AhRR), and

agonist depletion through an enzymatic negative feedback

loop (depicted as Schemes 2–5, respectively in Fig. 1). The

evolution of multiple mechanisms designed to suppress

sustained AhR activity implies that prolonged receptor

signaling is physiologically deleterious. Sustained TCDD-

induced AhR activation typically culminates in rapid protein

ubiquitination that targets the receptor for proteosomal

degradation (see Fig. 1, Scheme 2) [28–30]. The finding that

ubiquitination appears to be triggered solely by the nuclear

localization of the activated receptor [31–33] is striking

because it implies that receptor degradation is a regulatory

process fundamentally driven by receptor activity. Interest-

ingly, transient, endogenous AhR signaling during cell cycle

progression in rat 5 L hepatoma cells was not accompanied by

a noticeable loss in AhR protein expression [34], suggesting

that short-term receptor activation may not trigger the

degradation pathway. The notion that receptor degradation

is linked to prolonged receptor activity is further supported by

the observation that AhR protein levels decline in hepatoma

cells when cytochrome P4501A1 enzyme activity is inhibited,

thus preventing agonist turn-over, resulting in sustained

receptor activation [34]. Hence, rapid receptor degradation

offers a mechanism for squelching prolonged receptor

activation by removing the receptor under conditions of

persistent agonist signaling.

AhR activity also appears to be regulated through the

induction of the AhRR, depicted as Scheme 3 (Fig. 1). Like the

AhR and ARNT, the AhRR is a member of the bHLH-PAS family

and was originally proposed to function by both sequestering

ARNT, and by forming a non-functional XRE-binding complex

comprising the AhRR and ARNT, thereby functioning as a

dominant negative protein capable of preventing AhR-

mediated transcription [35,36]. Interestingly, the AhRR is

constitutively expressed in some tissues such as heart and

brain, whilst being inducible in other tissues such as the liver

and lung [37]. Although it has been difficult to directly

correlate increased AhRR expression with decreased AhR

transcriptional activity, the finding that AhRR mRNA levels in

AhR knockout mice are two to three orders of magnitude lower

than in wild type mice underscores the notion that AhR

controls the expression of this gene [37]. Complementary

findings demonstrated increased AhRR mRNA expression in

tissues of mice expressing the constitutively active AhR (CA-

AhR) [26], consistent with the premise that AhR-mediated

AhRR expression represents a negative feedback mechanism.

The precise mechanism for AhRR action however, remains
contentious. A recent study demonstrated that overexpres-

sion of ARNT failed to alleviate AhRR-mediated repression,

implying that suppression of AhR activity by the AhRR is not a

consequence of ARNT sequestration by the repressor [36].

Similarly, disrupting AhRR DNA binding did not restore AhR

activity and even more surprising, when both mechanisms

were blocked—through use of a DNA-binding defective AhRR

in the presence of excess ARNT expression—transcriptional

repression persisted. Since AhR overexpression can overcome

AhRR repression [35], Evans et al. suggested that the AhR and

AhRR compete for a limiting cofactor [36]. However, given that

an AhRR truncation mutant lacking the C-terminal two-thirds

of the protein—critical for PAS protein cofactor binding—still

confers repressor activity, competition for a cofactor is

questionable. A facile albeit highly speculative scenario is

presented in Scheme 4 (Fig. 1), depicting AhRR activity as

functionally interfering with AhR transformation, specifically

receptor dissociation from the chaperone proteins inside the

nucleus, rendering it competent to interact with nuclear

partner proteins. This model for AhRR action reconciles

existing data by being independent of ARNT binding, DNA

binding, and cofactor sequestration. However, direct evidence

for such a process is lacking.

The AhR is evolutionarily highly conserved [38,39]. Given

that ancestral AhRs do not bind ligands, or at least not the

xenobiotics associated with vertebrate receptor activation, it

would appear that agonist binding is a more recent manifesta-

tion. Whether this is an adaptation for dealing with xenobiotic

compounds or reflects a distinct physiological function in

vertebrates is unclear. Exogenous AhR agonists are structu-

rally diverse compounds that vary in their receptor-binding

affinity as well as their metabolic stability. Potent exogenous

agonists such as TCDD and related halogenated aromatic

hydrocarbons (HAH) exhibit high binding affinity for the

receptor (pM to nM range) and tend to be metabolically stable.

Although AhR activation induces the expression of numerous

XRE-containing genes that encode xenobiotic metabolizing

enzymes, most notably cytochrome P4501A1, many high

affinity agonists are poor substrates for these enzymes. The

metabolic stability of these agonists sets the stage for

continuous AhR activation, which typically culminates in

toxic responses such as those observed following exposure to

TCDD. Other exogenous AhR agonists include polyaromatic

hydrocarbons (PAH), which exhibit low binding affinity (nM to

mM range) and are metabolically labile. Although these low

affinity agonists induce AhR-dependent gene expression, they

do not typically elicit the toxic responses associated with

exposure to high affinity agonists such as TCDD. Whilst

receptor activation by these agonists appears to be sufficient

for inducing some AhR-dependent gene expression, the rapid

metabolic depletion of these agonists likely prevents sus-

tained receptor activation and precludes the onset of toxic

responses observed following exposure to TCDD.

The existence of an endogenous ligand(s) remains a central

albeit unresolved question. In higher eukaryotes, evidence

implicating the existence of endogenous AhR agonists

includes cell culture studies demonstrating that AhR activity

is markedly increased in the absence of CYP1 enzymatic

activity, consistent with the idea that AhR-induced cyto-

chrome P450 activity removes an endogenous agonist outlined
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in Scheme 5 (Fig. 1) [25,34]. Accordingly, Chang and Puga

demonstrated that constitutive AhR nuclear localization and

transcriptional activity were detected in the absence of a

functional cytochrome P4501A1 enzyme [25]. Such sustained

receptor activity was attributed to the accumulation of an

endogenous AhR agonist that, under normal conditions,

would be readily metabolized by P4501A1 activity. In this

same study, the observed AhR transcriptional activity was

diminished when functional P4501A1 enzymatic activity was

expressed, thus conferring upon P4501A1 a role in down-

regulating AhR activity by metabolically depleting receptor

agonists through a negative feedback mechanism. Although a

high-affinity endogenous AhR ligand has not been identified,

numerous structurally diverse low affinity ligands exist [40].

These include tetrapyroles, tryptophan photoproducts,

indole-containing compounds, sterols such as 7-ketocholes-

terol and equilenin, and fatty acid metabolites. Whether they

constitute physiologically relevant AhR agonists remains

unclear, although a recent review parses this question and

serves to highlight the gaps in current understanding [41].

However, it is entirely conceivable that several ligands exist,

capable of uniquely regulating AhR activity in a tissue specific

manner [42–44].

The premise that transient and sustained AhR activation

affect the transcriptome differently, thereby culminating in

distinct biological responses to receptor activation, highlights

the importance of tightly regulating AhR signaling. Therefore,

it is not surprising that multiple mechanisms exist for

controlling both receptor activity and expression as discussed

earlier (see Schemes 1–4). Whilst the biological consequences

of transient AhR signaling can be distinguished from those of

sustained signaling, less is known about the mechanisms that

yield such disparate responses. It is likely that transient and

sustained AhR signaling may induce distinct gene profiles. A

recent study by Tijet et al. [45] used gene profile analysis to

distinguish between genes that are regulated by physiological

endogenous AhR signaling and those that are altered in

response to TCDD. The results demonstrated that over 200

distinct genes were differentially expressed in the livers of

Ahr�/� and wild type mice, suggesting that endogenous

signaling through the AhR contributes to numerous physio-

logical responses that include reproduction, growth and

development. One of the genes identified encodes the

proteinase inhibitor Serpina12, the mRNA for which was

up-regulated 220 times in wild type mice as compared to hr�/�

mice, presumably due to endogenous signaling cues. How-

ever, treatment of wild type mice with TCDD failed to induce

the expression of this gene; in fact, its expression was

downregulated by TCDD. This demonstrates that sustained

receptor activation does not faithfully replicate receptor-

mediated gene expression following transient receptor activa-

tion. Whether the observation with Serpina12 represents a

direct or an indirect AhR response in unclear, but it is

conceivable that prolonged receptor signaling increases the

likelihood that less responsive XRE-regulated genes eventually

recruit functional receptor complexes, thus ultimately mod-

ifying the transcriptome profile. Therefore, the duration of

receptor signaling may influence both quantitative (i.e.

amount of gene expression) and qualitative (i.e. gene expres-

sion spectrum) parameters thus tipping the balance from a
homeostatic adaptive response to a toxic response. It is also

formally possible that the agonist imparts unique properties.

This is exemplified by the differential response to polycyclic

aromatic hydrocarbons versus TCDD in ovarian Bax gene

expression [46]. Suffice it to say that sustained AhR activity

invokes a homeostatic disequilibrium underscored by a

dramatically altered transcriptome.

Increasing evidence indicates that at least some of the

biological responses that are deleteriously affected by TCDD

actually require a certain amount of endogenous AhR

signaling to proceed optimally. For example, AhR knockout

mice exhibit defects in vascular development and rates of cell

proliferation that are slower than found in wild type mice [47].

Likewise, hepatoma-derived cell lines devoid of the AhR

exhibit a G1 cell cycle delay that can be alleviated upon

reintroduction of a functional AhR [48,49]. Thus, in the

absence of exogenous agonists, endogenous receptor activity

appears to initiate or maintain biological processes required

for proliferation. Yet, in the presence of a persistent

exogenous agonist such as TCDD, such processes are either

dampened or interrupted altogether. As a consequence,

treatment with TCDD stalls proliferation and elicits a G1

arrest in multiple cell types, including hepatocytes [50,51],

neuronal cells [52], thymocytes [53], and B cells [54]. The

impact of AhR expression and activity on the rate of G1

passage is consistent with the idea that the receptor functions

as a ‘‘throttle control’’ in G1 phase progression: AhR presence

and transient endogenous activity promotes progression; yet

when the receptor is absent or is provided with sustained

agonist stimulation, movement through the cell cycle is

stalled. The physiological implication is that the AhR plays

a pivotal role in orderly passage through the G1 (growth) phase

prior to commitment to the cell cycle culminating in cell

division, whilst aberrant (i.e. sustained or lost) receptor

activity can markedly disturb the process.

The premise that prolonged duration of AhR signaling is

central to TCDD-mediated cell cycle arrest is strengthened by

the observation that a similar G1 arrest occurs in cells treated

with the cytochrome P4501A inhibitor 1-(1-propynyl)pyrene

(1-PP) in the absence of TCDD. As a suicide substrate inhibitor

of P4501A activity, 1-PP treatment presumably inhibits the

metabolic depletion of endogenous AhR agonists, resulting in

endogenous agonist accumulation and subsequent prolonged

receptor signaling (Fig. 1, Scheme 5). This is evidenced by

increased induction of AhR-regulated cytochrome P4501A1

protein expression as well as increased levels of the cell cycle

inhibitor, p27Kip1 [34]. The observation that 1-PP treatment

elicits a G1 arrest that is similar to that observed in cells

treated with TCDD supports the notion that sustained receptor

activation—regardless if it occurs via metabolically stable

exogenous agonists or non-metabolized endogenous ago-

nists—culminates in a maladaptive response not observed

during transient, short-lived receptor signaling.

There are striking parallels between the receptor effects on

hepatoma cell growth in culture and the observation that

sustained AhR activity impairs G1/S progression during liver

regeneration in vivo. Not only does sustained AhR activation

produce a growth arrest in the regenerating liver following

partial hepatectomy (PH), but akin to the transient CYP1A1

induction seen in the hepatoma cells, CYP1A1 is likewise
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transiently induced following liver resection in vehicle-treated

mice, coincident with progression through G1/S phase [55].

Increases of P4501A1 protein are readily detectable by 36 h

post-PH, peaking at levels similar to those observed in TCDD-

treated mice. Analysis of CYP1A1 mRNA detected a pro-

nounced (42-fold) increase in mRNA 24 h post-PH. In contrast

to the effect of TCDD exposure, the transient activation of the

AhR is insufficient for eliciting a G1 arrest in cycling

hepatocytes in vivo. Whether transient AhR activation is

required for normal cell cycle progression during liver

regeneration remains unclear, but if the parallels between

hepatoma cells and the normal liver persist, we anticipate that

liver regeneration would be retarded under conditions where

AhR activity is absent. The markedly altered liver phenotype in

the AhR knock-out mouse due to vascular defects may

confound assessment of the receptor’s role in PH-induced

liver regeneration, but the conditional AhR knock-out model

[21] should provide a suitable system in which to establish a

role for the AhR in liver repair.

The significance of AhR activity in determining the fate of

the ensuing biological response is further underscored in a

study by Andersson et al. [26], which used mice that expressed

a constitutively active AhR (CA-AhR). Expression of known

AhR target genes including CYP1A1 was increased in all of the

tissues that expressed the CA-AhR, indicating that the

receptor mimicked the transcriptional action of the ligand-

activated AhR. A striking finding emanating from this study

concerns the marked incidence in gastric tumors observed in

mice expressing the CA-AhR, which are not detected in wild-

type mice. Furthermore, CA-AhR-expressing mice exposed to

the tumor initiator N-nitrosodiethylamine (DEN) developed

liver tumors with a 56% prevalence, far exceeding the 7% seen

in wild-type mice [56]. In reconciling the tumorigenic potential

of constitutive AhR activity with the inhibitory effects on cell

cycle progression following agonist-induced sustained AhR

activity, it is tempting to speculate that a CA-AhR may actually

be suppressing normal growth in the stomach and liver

thereby conferring a growth advantage upon any transformed

cells in the tissue. In other words, given that sustained AhR

signaling appears to target the G1/S phase checkpoint in cell

cycle control, transformed cells that escape AhR-regulated

checkpoint control manifest as tumors. These findings

provide indirect support for the notion that the duration of

AhR signaling, rather than the nature of the receptor agonist,

determines the biological outcomes following receptor activa-

tion.
2. The role of other AhR-responsive P450s

The cytochrome P450 subfamilies CYP1 to CYP4 are respon-

sible for most of the metabolism of foreign compounds,

possess unique yet overlapping substrate specificities, and are

often regulated by substrate-induced activation of gene

transcription. Amongst these, several P450s are AhR target

genes, including CYP1A1, 1A2, and 1B1, as well as CYP2S1 [57]

and murine Cyp2a5 [58,59]. Conventional wisdom maintains

that the AhR is a biosensor for compounds metabolized by

these isozymes, and the receptor’s primary function is to

induce expression of the CYP genes. Certainly from the
standpoint of xenobiotic disposition this is a valid perspective.

However, this may be putting the ‘cart before the horse’ as it

applies to normal AhR function. The central premise in this

commentary is that CYP activity serves to minimize prolonged

AhR activity by removing endogenous receptor agonists in a

negative feedback regulatory loop. In fact, this relationship

between the AhR and the inducible cytochromes P450

seemingly mandates the existence of an endogenous ligand.

However, given the structural diversity of both exogenous and

putative endogenous AhR agonists, it is conceivable that

metabolic depletion of various AhR agonists requires the

induction of numerous and varied xenobiotic metabolizing

enzymes, either instead of or in addition to cytochrome

P4501A1. The AhR-inducible CYP1 and CYP2 enzymes exhibit

broad tissue-specific expression, intimating the existence of

multiple endogenous AhR agonists specific to distinct tissues

or cell types.

Basal CYP1A1 expression is generally low or absent, but is

readily inducible in most tissues examined. Although the

identity of endogenous P4501A1 substrates remains unre-

solved, the enzyme contributes to 2-hydroxylation of 17b-

estradiol and estrone in extrahepatic tissues including breast

[60]. However, in the liver, these substrates are hydroxylated—

at various positions—by several other cytochromes P450 as

well, in keeping with known substrate overlap between P450s.

In mammals, the CYP1A2 protein is constitutively expressed,

primarily in the olfactory mucosa and liver. In the latter,

CYP1A2 is also inducible through an AhR-mediated pathway.

CYP1A2 carries out several known endogenous functions

including uroporphyrinogen and melatonin oxidation and

estradiol hydroxylation, particularly 4-hydroxylation [61]. In

addition, CYP1A2 also metabolizes retinoids, arachidonic acid,

and the sex steroids. CYP1B1 expression is extrahepatic,

occurring primarily in steroid-responsive, mesodermal-

derived tissues including the uterus, breast and prostate

[62], and akin to CYP1A2, is involved in the metabolism of

steroids, retinol and retinal, arachidonate, and melatonin.

CYP2S1 expression is highest in epithelial tissues, primarily

the intestinal tract, lung and trachea [63]. CYP2S1 metabolizes

all-trans-retinoic acid to 4-hydroxy-retinoic acid and 5,6-

epoxy-retinoic acid [64]. The mouse Cyp2a5—and orthologous

rat CYP2A3 and the human CYP2A13 and CYP2A6—are present

at high levels in the respiratory tract and lungs. Although no

known endogenous substrate has been identified to date,

Cyp2a5 expression is induced in the liver by certain pathogens

and is frequently over expressed in liver tumors. Although

Cyp2a5 is a documented AhR target gene, it is unclear whether

the aforementioned increases are directly due to AhR activity.

Clearly, AhR-responsive P450s are broadly expressed and

serve to metabolize numerous compounds. However, retinols

and estrogen are not AhR ligands, thus challenging the

premise that P450 expression solely serves to regulate AhR

activity. What remains unclear is whether these are the

primary endogenous substrates, or whether the broad over-

lapping substrate specificity is masking the identity of

additional substrates that indeed function as endogenous

AhR agonists. Certainly, the observations that CYP1A1

expression is markedly increased in systems where P4501A1

activity is absent or suppressed are consistent with the idea

that additional substrates exist. Lastly, it is noteworthy that
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the similarities in AhR-responsive CYP1 and CYP2 patterns of

expression in adult mouse and human tissues and their

transcriptional regulation, are highly conserved [65]. This is

consistent with a physiologically important receptor-

mediated mechanism affecting developmental and homeo-

static processes, rather than merely responding to xenobio-

tics.
3. Multiple mechanisms of AhR action

The preceding discussion sought to illustrate that AhR

signaling is tightly regulated, and that prolonged or persistent

receptor activity can lead to deleterious consequences. A

growing body of evidence is beginning to reveal a deeper level

of complexity in AhR biology depicted by numerous, varied

mechanisms. These are illustrated in Fig. 2. Upon DNA

binding, the AhR/ARNT heterodimer forms the scaffold for

multiple coactivator complexes associated with the receptor

(Fig. 2, Scheme 1). Each complex imparts regulatory specificity

upon the target gene transcriptional machinery, and its

composition and mode of assembly may well vary between

tissues, cells, and even amongst genes within a given cell. The

reader is directed to a recent review [66] for a detailed

description of AhR coactivators. It is worth noting that these

coactivators (denoted as CoA in Fig. 2) include the chromatin

remodeling protein Brg-1, the mediator TRAP-DRIP complex,

and several established coactivators such as p160, p300/CPB,

RIP140, TRIP230, and more recently GAC63 and BRCA1 [67,68].

How they assemble into a complex and impart transcriptional

specificity is yet to be determined. We identified the

retinoblastoma tumor suppressor protein (pRb) as a recep-
Fig. 2 – Multiple mechanisms involving aryl hydrocarbon recep

several mechanisms whereby AhR activity modifies cell signalin

(XRE)-bound AhR/ARNT complex with recruited coactivators (Co

activation at non-XRE sites through indirect DNA-binding (Sche

non-genomic modes of action involving AhR-mediated susbtra

activation of epidermal growth factor receptor (EGFR; Scheme 5
tor-binding protein [69] and subsequently showed that AhR-

mediated G1 phase cell cycle arrest required an interaction

between the AhR and pRb [70]. Interestingly, two distinct

mechanisms appear to be involved. First, pRb can function as a

transcriptional coactivator in TCDD-mediated induction of

CYP1A1 and possibly p27Kip1 [49], because targeted disruption

of the AhR/pRb interaction dampens the induction response.

Second, the AhR forms a quaternary repressor complex with

pRb, E2F, and DP (the E2F-binding partner in transactivation,

depicted in Fig. 2, Scheme 2) to suppress the transcription of S

phase genes [71,72]. Subsequent studies using targeted point

mutations designed to specifically disrupt AhR–DNA binding

to the XRE whilst preserving the AhR/pRb interaction revealed

that both mechanisms contributed to the G1 arrest response

[73]. It is also noteworthy that the AhR/pRb interaction seems

to be restricted to the hypophosphorylated ‘‘active’’ form of

pRb [70,71]. Because hypophosphorylated pRb is confined to

the G0 (quiescent) and G1 phase of the cell cycle, the AhR–pRb

interaction—and functional consequences of this interac-

tion—is likely to be cell cycle-dependent, implying that AhR

activity may differ markedly between non-cycling and cycling

cells within a given tissue or organ exposed to an agonist

stimulus.

Incorporation of the AhR into the E2F complex reveals that

the receptor can modulate gene expression involving regula-

tory elements distinct from the XRE, albeit through indirect

DNA binding. This scenario is reinforced by a study showing

that the ligand-activated AhR/ARNT dimer can interact

directly with the unliganded estrogen receptor and promote

formation of a transcriptionally active complex binding to

estrogen response elements [74]. However, evidence is

accumulating for non-consensus XRE sequences that appear
tor (AhR)-mediated cell signaling. The diagram depicts

g. Illustrated is the canonical xenobiotic response element

A; Scheme 1). AhR participation in transcriptional

me 2), or direct DNA binding (Scheme 3). Additionally, two

te (S) proteolysis involving cullin 4B (Scheme 4), and

) are presented.
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to confer direct AhR DNA binding [75,76]. The composition of

these AhR-containing complexes are not well defined (Fig. 2,

Scheme 3 where ‘X’ denotes novel-binding partners), but Vogel

et al. described an interaction between RelB (an NF-kB subunit)

and the AhR modulating IL-8 gene expression through a new

RelBAhRE cis-element [76]. A relationship between the NF-kB

RelA (p65) subunit and AhR provides conflicting findings by

variously demonstrating inhibition [77] or activation [78] of

NF-kB activity. The discordance may be related to the target

gene examined and the make-up of the DNA-bound complex.

Whilst these observations are far from exhaustive, they do

emphasize that the repertoire of AhR target genes may be far

broader than previously suggested by the presence of XREs in

the genome.

Probably more remarkable are two recent findings exposing

AhR-mediated processes that are dissociated from direct

transcriptional regulation. Ohtake et al. observed that upon

agonist binding, the AhR could function as an adaptor in a

cullin 4B E3 ubiquitin ligase complex and promote polyubi-

quitination and subsequent 26S proteosomal degradation of

steroid receptors [79] (Fig. 2, Scheme 4). The possibility exists

however, for agonist-dependent ubiquitin-mediated protein

degradation being more widespread. Given that cullin 4B also

contributes to cyclin E turn-over [80], it is tempting to

speculate that the TCDD-dependent loss of CDK2-bound

cyclin E in hepatectomized livers undergoing regeneration

[55] may be due to the AhR promoting cyclin E ubiquitination

and subsequent proteolysis. In a second example of non-

genomic AhR signaling (Fig. 2, Scheme 5), Fritsche et al.

demonstrated that a UVB-induced tryptophan photoproduct,

6-formylindolo[3,2-b]carbazole (FICZ), triggered EGF receptor

(EGFR) activation in addition to CYP1A1 expression in

irradiated skin [81]. Whilst the agonist properties of FICZ

were previously documented (see Ref. [41] and references

therein), the recent finding established a role for the AhR and

FICZ in UVB-induced stress response in vivo. Specifically, FICZ-

induced transformation of the cytosolic AhR complex in skin

also triggered release of the tyrosine kinase pp60src and

subsequent activation of EGFR-mediated MAPK cascade by an

as yet unresolved mechanism. At this time, it is unclear

whether this phenomenon is restricted to the skin, since FICZ

is labile and has to date not been detected in the blood, but it

seems entirely conceivable that other AhR ligands could

activate EGFR signaling elsewhere in the body through this

non-genomic process. The discovery of multiple mechanisms

only serves to illustrate that biological consequences of

prolonged receptor activation are likely to be many and varied.
4. Conclusion

Identification of new AhR roles and recent advances in

previously identified mechanisms firmly establish the AhR

as an important regulator of normal developmental and

homeostatic processes. Our growing awareness of the com-

plexity behind AhR biology is underscored by our inability to

mechanistically resolve TCDD toxicity despite decades of

research. Therefore, it stands to reason that the basis for TCDD

toxicity may only be revealed once we understand the role

played by the receptor in normal physiology. Hence, identi-
fication of physiologically relevant ligands will undoubtedly

provide valuable insights relevant to both AhR toxicology and

its place in normal cellular and tissue biology.
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