
Toxicology Research

REVIEW

Cite this: Toxicol. Res., 2015, 4, 1143

Received 15th December 2014,

Accepted 18th February 2015

DOI: 10.1039/c4tx00236a

www.rsc.org/toxicology

Ah receptor pathway intricacies; signaling through
diverse protein partners and DNA-motifs

D. P. Jackson, A. D. Joshi and C. J. Elferink*

The Ah receptor is a transcription factor that modulates gene expression via interactions with multiple

protein partners; these are reviewed, including the novel NC-XRE pathway involving KLF6.

Introduction

The Aryl Hydrocarbon Receptor (AHR) is the focus of a classic

environmental toxicology research field, which began with the

hypothesis for the AHR in 1976.1,2 While the genesis of AHR

research is indeed firmly rooted in environmental toxicology,

the AHR has been studied in relation to a diversity of diseases,

disorders, and pathophysiologies. This includes immu-

nology,3,4 nuclear hormone signaling,2,5 metabolic homeo-

stasis and disorders,6 cell growth and death,7,8 developmental

biology,9 carcinogenesis,10 dioxin toxicity,11 cardiotoxicity,12

and hepatotoxicity.13 While these are all important manifes-

tations of AHR biology, the tremendous body of evidence

encompassed within the AHR research area precludes an

exhaustive review of the field. With this in mind, the focus of

this article is four-fold: (1) to briefly chronicle the AHR field as

it relates to the elucidation of the Xenobiotic Response

Element (XRE) mediated canonical pathway, (2) to review some

classical AHR roles and downstream target genes, (3) to con-

sider AHR function in the context of the newly described non-

canonical pathway involving the interaction between the AHR

and the tumor suppressor Kruppel-Like Factor 6 (KLF6) at the

Non-Consensus Xenobiotic Response Element (NC-XRE),14

and (4) to speculate on the implications for NC-XRE-driven

gene expression, including future research directions. The

reader is referred to the excellent reviews cited above, which

cover areas not addressed in detail here. For a review of the

structurally diverse AHR ligands we refer readers to Denison

and Nagy 200315 and Nguyen and Bradfield, 2008.16 The

authors wish to note that we have endeavoured to present an

accurate chronicle of the archival literature by citing original

scientific findings.
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History

The earliest work in the Ah Receptor field stemmed from the

observation that exposure to various halogenated and poly-

cyclic aromatic hydrocarbon (H/PAHs) compounds (i.e. benzo[a]-

pyrene, 3-methylcholanthrene) led to the induction of aryl

hydrocarbon hydroxylase enzyme activity (AhH, CYP1A1).17–19

This knowledge came from carcinogen studies which showed

that coal tar applied to the skin of rabbit ears led to the for-

mation of cancerous lesions.20–22 Identification of BaP as the

causative agent of those cancerous lesions23,24 and the induc-

tion of CYP1A1 by BaP25–27 gave way to broader studies of the

PAH family28,29 and their ability to affect gene expression.

Later work identified the much more striking induction of

CYP1A1 by the HAH 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD, dioxin).30,31 Although numerous well-documented

accidental toxic exposures to TCDD exist,11,32–34 TCDD was

first identified as the etiological agent of chloracne in a 1957

study of factory workers producing a synthetic auxin.35 Sub-

sequent studies of TCDD estimated it to be about 30 000 times

as potent as 3-methylcholanthrene in CYP1A1 induction.31

This led the field to characterize the perimortem pathology

associated with oral acute exposure to TCDD in various

species.36,37

While characterizing the pathophysiology of dioxin tox-

icity and the induction of CYP1A1 by TCDD, laboratories

reported significant differences between species, as well as

between different strains of the same species, in both the

oral acute LD50 of TCDD and the extent of CYP1A1 enzyme

induction by TCDD.38–41 For example, the oral acute LD50 for

TCDD in guinea pigs is ∼1–2 µg/kg while in the remarkably

resistant golden syrian hamster it is ∼5 mg/kg.41 Interest-

ingly, the dramatically reduced TCDD susceptibility in the

golden syrian hamster is not reflected in the relatively

modest differences in agonist binding affinities observed

amongst species. Nevertheless, the studies of differences in

TCDD sensitivity ultimately identified two strains of mice

that varied in sensitivity to TCDD exposure, termed the

responsive and non-responsive strains, C57BL/6J mice and

DBA/2 mice respectively.38,42 It was determined that induc-

tion of CYP1A1 by these H/PAHs was dose-dependent rather

than an altogether non-responsive phenotype, such that the

ED50 for CYP1A1 induction in the C57BL/6J strain was

approximately 1 nmol/kg while the ED50 for the DBA/2 strain

was >10 nmol/kg.43 This finding led to the hypothesis

that CYP1A1 induction was mediated by a receptor.1 Indeed,

in acquiring the first evidence for such a receptor, the data

supported the hypothesis for a proteinic receptor present

in the cytosol, whose agonist binding varied between the B6

(AHRb/b) and D2 (AHRd/d) strains, thus accounting for the

large difference in resultant enzyme induction.1,44,45 It is

noteworthy that later work in studying these two

alleles found the difference in sensitivity was attributable to

5 amino acids differing between the two variants.46 Following

the seminal work by Poland, Nebert, and Glover the actual

term ‘Ah Receptor’ was first used in a 1980 report by

Okey et al., wherein they describe the non-liganded AHR

present in the cytoplasm and its translocation from the

cytosol to the nucleus following dioxin exposure in cell

culture.47,48

AHR nuclear translocation follows ligand binding45,49,50

and is a critical step in the induction of CYP1A1.51,52 Further-

more, it was demonstrated that induction of CYP1A1 by TCDD

was regulated by cis-DNA elements in the target gene

promoter.52–54 These motifs were rigorously studied to eluci-

date the core recognition motif 5′-GCGTG-3′, which was

dubbed the Xenobiotic Response Element (XRE).55–59 While

characterizing the induction of CYP1A1 by the AHR, many labs

identified proteins associated with the cytosolic receptor

which were not associated with the nuclear form of the recep-

tor.60,61 It was ultimately shown that several proteins were

necessary for proper translocation and transcriptional acti-

vation by the AHR.62–64 In the case of the AHR protein partner

Aryl hydrocarbon receptor nuclear translocator (Arnt), this dis-

covery began with mutagen studies65 identifying BaP resistant

Hepa 1 cell clones with decreased CYP1A1 induction following

exposure to a number of different mutagens. The frequency

with which these mutagenic clones developed increased with

higher doses of the mutagen and the BaP resistant phenotype

persisted in successive cell generations. These observations

suggested a genetic aberration rather than an acquired resis-

tance to explain the BaP resistant phenotype.66 Subsequent

studies of several of these clones found that AHR expression as

well as AHR nuclear translocation dynamics following TCDD

exposure were similar to that of the parent Hepa 1 line.67 This

was followed by studies assessing the biochemical character-

istics of the AHR which hypothesized a smaller form of the

receptor to exist following ligand binding, as assayed by

sucrose density gradient and gel filtration analyses,68 and a

larger form of the receptor to be present in the nuclear

fraction.60

The suggestion that the nuclear receptor might interact

with other protein partners led several labs to the hypothesis

that the additional proteins facilitated DNA-binding and

more specifically that the DNA-bound form of nuclear AHR

was heteromeric in structure.69,70 Ultimately, this heteromer

was shown to include the protein identified as the now well

known Arnt, through studies of the Hepa 1 mutants dis-

cussed previously.71 The Arnt cDNA was cloned and the

protein found to contain a basic helix-loop-helix region and 2

domains with homology to the drosophila proteins PERiod

and SIngle-Minded (Per and Sim),71,72 a structural feature

that unites all three in a protein family together with the

AHR—the PAS family of bHLH proteins. The AHR protein

was first purified in 1991 by Bradfield and coworkers;73 the

mouse and human AHR ORFs were subsequently cloned

shortly thereafter.74,75 Based on studies of the glucocorticoid

receptor,76 another group identified the HSP90 protein in an

interaction with the AHR.77 The HSP90/AHR interaction

was later shown to have a functional role in maintaining the

cytosolic receptor in a conformation capable of binding to

TCDD.78
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The Arnt protein was so named as it was thought to aid in

translocation of the AHR from the cytoplasm to the nucleus

upon ligand binding.71,79 While not immediately clear at the

time, later studies by the Poland lab and the Hankinson lab

tenably cemented the framework for what we know as the

canonical AHR signaling pathway (AHR/Arnt pathway, XRE

pathway) with data showing: (1) the unliganded AHR is

cytosolic, (2) upon ligand binding the AHR translocates to

the nucleus, (3) Arnt is constitutively located in the nucleus—

a finding not anticipated by the genetic studies, (4) the

nuclear form of the AHR complex does not include HSP90,

but does include Arnt and (5) AHR-DNA binding requires

Arnt.80,81

Following the discovery that the unliganded AHR and Arnt

are found in the cytosol and nucleus respectively, data from

the Hankinson lab functionally characterized the domains of

the AHR and Arnt proteins. Extensive mutagenesis experi-

ments have ultimately characterized the regions necessary for

AHR ligand binding, HSP90 interaction, dimerization, DNA-

binding, and transcriptional activation82–87 (Fig. 1). Previous

work had reported the unliganded cytosolic AHR to interact

with HSP90 and other as yet unidentified protein part-

ners.77,88,89 These proteins were subsequently identified as (1)

a protein previously shown to interact with a hepatitis B virus

protein known as X-associated protein 2 (XAP2)90—and inde-

pendently identified as the AHR interacting protein (AIP91 or

ARA992)—and (2) p23.93,94

This body of research in the AHR field (including many

other important studies not cited here) led to a functional

characterization of the molecular events that constitute what

is collectively dubbed the canonical AHR signaling pathway.

While it took many years to delineate the cell signaling

events precedent to CYP1A1 enzyme induction following

TCDD exposure, the advent of microarray and next-gene-

ration sequencing technologies has identified multifarious

AHR target genes that are regulated via the classic XRE.

Indeed, this new research has also identified novel protein

partners and cis DNA motifs for the AHR; these target

genes and protein interactions are the focus of the sections

below.

The canonical pathway (XRE)

As depicted in Fig. 2, in the canonical pathway the unli-

ganded AHR resides in the cytosol, bound by chaperone pro-

teins HSP90, p23, and ARA9 (XAP/AIP). Upon ligand binding,

the AHR is presumed to undergo a conformational change in

the PAS A domain which facilitates nuclear translocation and

AHR/Arnt dimerization through the PAS A region concomi-

tant with dissociation from HSP90.95 This change in structure

following ligand binding presumably allows a conserved

nuclear localization sequence in the N-terminal 42 amino

acids to stimulate nuclear translocation,96 which is facilitated

by importins.2,84 Once in the nucleus, the AHR dissociates

from chaperone proteins and heterodimerizes with Arnt.

AHR/Arnt dimerization is facilitated by the ligand-induced con-

formational change in the PAS A region.95 As shown in Fig. 1,

the HLH domain of the AHR, and to a lesser extent the PAS A

and B domains, are necessary for AHR/Arnt dimerization,

while the basic region located in the N-terminus of the protein

is necessary for DNA-binding.83 Similar to the AHR, the basic

Fig. 1 Schematic representation of the functional domains in the AHR,

Arnt and KLF6 proteins: The figure depicts the location of the functional

domains within the proteins. The blue text refers to regions important in

the AHR/KLF6 NC-XRE pathway, the red text refers to the AHR/Arnt XRE

pathway, and black text is not specific to either. The regions in this

figure are based on previous studies for the AHR14,83 Arnt,82,84,86,87 and

KLF6.219,259,260

Fig. 2 The existence of multiple mechanisms to regulate AHR activity:

The diagram depicts the different strategies by which AHR function is

controlled. In the canonical pathway, AHR activation is induced by

exogenous or endogenous ligand binding, nuclear translocation, and

recruitment to XREs in partnership with the Arnt protein. AHR signaling

is silenced by one of several mechanisms, including (1) induction of

CYP1A1 and subsequent metabolic clearance of the ligand pool, (2)

expression of the AHR repressor (AHRR), and (3) AHR degradation

through the 26S proteosome. AHR activity is also influenced by the dis-

tinct properties of the bound agonists (depicted by the open diamond)

which can alter the repertoire of responsive target genes.

Toxicology Research Review
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region of Arnt is required for XRE DNA-binding, and the HLH

and PAS A domain of Arnt mediate protein binding with the

AHR.82,86 Both of these proteins contain a nuclear localization

signal in the N-terminus of the protein, while the nuclear

export signal of the AHR is located between amino acids

62–72.84,97 Although the precise mechanisms remain

unclear,98 it has been suggested that phosphorylation of

the AHR and Arnt is necessary for DNA binding by the hetero-

dimer, possibly through a mechanism involving protein

kinase c.99–101

The liganded AHR/Arnt heterodimer then binds to XREs

within target gene promoters, a process that alters DNA

topology102 and concomitant stability of the protein–DNA

complex. The classic and most well characterized DNA-

binding motif for the AHR/Arnt heterodimer is the XRE. It

was first defined through experiments analyzing CYP1A1

induction by the AHR,103 which identified a number of

dioxin responsive domains bound by protein in an AHR-

dependent manner, without the requirement of nascent

protein synthesis.55,56 An assessment of the critical nucleo-

tides in the XRE needed to facilitate AHR binding revealed a

core consensus motif of 5′-GCGTG-3′.57 In the case of trans-

criptional activation, flanking residues in the XRE (5′-T/

GnGCGTGA/C-3′) confer the greatest AHR transactivation capa-

bility,57,59 such that nucleotide substitutions within 4 bp 5′

and/or 3′ of the core motif decrease transactivation potential

for the AHR.59,104

AHR-XRE target genes

The cytochrome p450 enzyme CYP1A1 is the archetypal XRE-

mediated target gene for the AHR. The Ah receptor Repressor

(AHRR) gene is another XRE-mediated AHR target gene up-

regulated following AHR activation. The AHRR functions as a

dominant negative protein, competitively inhibiting AHR

transactivation possibly by binding to and sequestering Arnt

to form a transcriptionally inactive heterodimer. However,

Evans et al. presented evidence favoring a mechanism of

AHRR action involving “transrepression” of AHR signaling

that does not depend on competitively inhibiting the for-

mation of an AHR/Arnt complex or its DNA binding.86 The

discrepancies notwithstanding, the AHRR confers a type of

negative feedback inhibition on the AHR signaling

pathway105 (Fig. 2). Following transcriptional activation, the

AHR releases from DNA and is rapidly exported from the

nucleus and degraded via the ubiquitin-mediated 26S proteo-

some pathway.106 The half-life of the cytosolic AHR is

28 hours, while the half-life of the AHR following TCDD

exposure is 3 hours. Not surprisingly, inhibiting proteosomal

degradation of the AHR significantly increases the amount of

nuclear AHR, which “superinduces” CYP1A1 gene

expression.106 This suggests that rapid AHR turnover follow-

ing its activation and DNA binding serves as a key regulatory

step in the AHR signaling pathway. In fact, it was recently

suggested that the TCDD-inducible poly-(ADP-ribose) poly-

merase (TiPARP), an established AHR target gene, suppresses

ongoing AHR activity by TiPARP directly interacting with the

AHR to disrupt receptor activity, and by promoting AHR turn-

over via proteosomal degradation.107,108

In addition to CYP1A1 and the AHRR gene, other XRE

mediated AHR target genes include additional phase I heme

monooxygenases in the cytochrome p450 family such as

CYP1A2,109 CYP2A5,110 and CYP1B1111 as well as the phase II

enzymes GSTA1112 and ALDH3.113 Likewise, the AHR and Arnt

transactivate NAD(P)H dehydrogenase quinone 1 (NQO1)

expression114 through a mechanism involving the erythroid

2-related nuclear factor protein (NRF2) following exposure to

either the classic AHR ligands or any of a number of different

NRF2 activators115 (Fig. 3). The increased expression of these

enzymes (including CYP1A1) serves as a negative feedback

loop for Ah receptor signaling whereby the enzymes attenuate

AHR activation through metabolic depletion of the ligand

pool116 (Fig. 2).

It has been suggested that the induction of metabolic

enzymes by the AHR is a critical component of its role as a

high fidelity biosensor, which prevents prolonged receptor

activation.117,118 With respect to the endogenous ligands, their

rapid turn-over protects against prolonged AHR activation

which can lead to transcriptional changes that perturb the

physiological equilibrium normally maintained by the AHR.

Evidence of such perturbations under conditions of prolonged

Fig. 3 Schematic representation of the various AHR partnerships

affecting transcriptional control: (A) The canonical pathway involves

AHR/Arnt heterodimer binding to the XREs flanking target gene promo-

ters and functioning as a scaffold for a number of cofactors (including

pRb) necessary for maximal transcriptional activation. (B) The AHR forms

a co-repressor complex with pRb to suppress E2F/DP mediated

expression of S-phase genes. (C) XRE binding by the AHR/Arnt heterodi-

mer in close proximity to an antioxidant response element (ARE) in

phase II metabolic gene promoters facilitates an interaction with the

Nrf2/Maf heterodimer to induce gene expression. The prototypical

target gene for this interaction is NQO1. (D) Through an interaction with

RelA, the AHR binds to NFκB target gene promoters including c-Myc

and IL-6, to induce gene expression. The precise nature of the DNA

binding site remains unresolved—that is, a RelA driven interaction at a

NFκB response element or binding to a novel AHR/RelA response

element. (E) Modulation of estrogen receptor (ER) signaling by direct

AHR/Arnt heterodimer interactions suppressing ER mediated gene

expression, or by steric hindrance of ER DNA binding due to overlapping

XRE and ERE sites (not depicted). (F) The novel NC-XRE pathway involves

an AHR/KLF6 interaction and DNA binding to NC-XRE motifs flanking

target genes such as PAI-1, p21cip1 and E-cadherin (see Fig. 4).
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AHR activation affecting cell cycle control have been

reported.119,120 While it may be a property associated with

endogenous ligands, the resistance of certain exogenous ago-

nists such as TCDD to metabolic degradation undermines the

benefits of this negative feedback mechanism resulting in

deleterious consequences. Agonist induced AHR signaling is

highly conserved across the vertebrate lineage121 suggesting

that the clearance of agonists provides a general mechanism

for controlling AHR biology. Although AHR and Arnt orthologs

are present in several invertebrates,122 the inability to demon-

strate ligand binding by the invertebrate forms123 imputes that

AHR agonist binding and the metabolic clearance of agonists

are more recent evolutionary events. Given that many of the

exogenous AHR ligands are toxic (through a mechanism

requiring the AHR), it is not immediately clear what evolution-

ary benefit the AHR might confer as a sensor of exogenous

ligands. This is especially true since many exogenous ligands

that activate the AHR are (1) only relatively recently present in

the environment in large quantities, and (2) some such as

TCDD are poorly metabolized by AHR-induced biotransform-

ation enzymes. This would suggest that activation of the recep-

tor by exogenous ligands constitutes AHR ‘hijacking’ diverting

it away from its innate physiological role. Paradoxically,

CYP1A1 knockout mice are more sensitive to toxicity from oral

BaP exposure, compared with wild-type mice,124 suggesting

that the receptor’s response to certain exogenous agonists is

beneficial. However, the lack of BaP genotoxicity in AHR knock

out mice suggests that the protective role of CYP1A1 is contin-

gent on the presence of a functional receptor. These obser-

vations serve to illustrate that the variability in AHR signaling

following exposure to endogenous and exogenous cues pres-

ents real difficulties in distinguishing toxic responses from

the adaptive physiological responses.

The most toxic H/PAH AHR ligands (most notably TCDD),

exhibit high affinity for the AHR and are poor substrates for

the biotransformation enzymes up-regulated following recep-

tor activation.125,126 This endows them with the ability to per-

sistently activate the AHR.119,126 This fact bolsters the rationale

for the hypothesis that the endogenous AHR ligand(s) are

readily metabolized. Indeed, given the numerous well-known

cell-type specific functions of the AHR and the myriad AHR

ligands (endogenous and exogenous)121,127,128 it is tempting to

speculate that there may be multiple endogenous ligands for

the AHR, perhaps specific to cell or tissue type. This notion is

supported by data showing AHR target gene responses vary

with different agonists.129 For example, the induction of PON1

and Bax gene expression by PAHs (e.g. 3-MC) and not TCDD

highlights the agonist specific responses.130,131 We recently

identified a receptor target gene, stanniocalcin 2 (STC2),132

that is readily induced by the novel endogenous AHR ligand,

cinnabarinic acid,133 yet is not induced by TCDD or BaP (Joshi

et al. submitted) (Fig. 2).

It is clear that there are numerous mechanisms (AHRR,

CYP1A1-mediated ligand depletion, proteolytic degradation,

and TiPARP) in place to tightly regulate receptor activity

(Fig. 2). The presence of myriad regulatory pathways suggests

that aberrant receptor signaling is deleterious. In fact, there

is plenty of evidence to support this notion, including the

plethora of toxic effects observed with persistent receptor

activation120,134 and the developmental defects seen with

receptor loss135–137 or aberrant activation.137–139 The advent

of such tight coordination is consistent with the existence of

AHR functions beyond the transcriptional control of a few

phase I and II enzymes. While the precise nature of the AHR-

regulated events that warrant such tight control remain

largely unexplored, some indications have come to light in

studies examining the AHR in cell cycle control and pro-

liferation; in the next section we will review some of these

paradigms.

The AHR-XRE in the cell cycle

As previously discussed, the early work in the receptor field

focused on CYP1A1 induction by exogenous AHR agonists.36

This research gave way to studies with TCDD responsive and

non-responsive mice42 and cell lines.62 While studying these

cell lines, Wiebel et al. reported that TCDD treatment of 5L rat

hepatoma cells slowed their cell division concomitant with

decreased DNA synthesis, suggesting cell cycle arrest at the G1/S

phase checkpoint140 in an AHR-dependent manner.141,142 A

similar TCDD-induced cell cycle arrest was also observed in

AHR-null cells upon re-expression of the full length AHR.116

Intriguingly, it was found that loss of AHR expression in

various cell lines also resulted in a prolonged cell doubling

time.142 The prolonged doubling time associated with loss of

AHR expression appears to be a general phenomenon, having

been observed in several cell types including Hepa 1 cells,142

epithelial cells,143 and breast cancer cell lines.144 Therefore,

paradoxically both TCDD-induced AHR activation and loss of

the receptor, delay cell cycle progression through G1-phase. In

AHR null embryonic fibroblasts145 this was attributed to a

mechanism thought to involve retinoblastoma tumor suppres-

sor protein (pRb) and the transcriptional cofactor p300.146 Res-

toration of AHR expression in AHR-null cells restored the

normal doubling time,146 while over-expression of the AHR is

known to accelerate cell cycle progression and decrease dou-

bling time.142,143 This suggests that AHR signaling in response

to endogenous cues hastens cell cycle progression. The impli-

cation is that the AHR plays a central role in the G1-phase

program where perturbations affecting normal receptor func-

tion—due to sustained AHR activation by TCDD or loss of the

protein—delay cell cycle progression by blocking entry into

S phase.

With respect to the aforementioned studies, it is important

to bear in mind that many of the in vitro systems that have

been used to study the role of the AHR in cell cycle progression

are in fact cancer cell lines, which by their very nature have cir-

cumvented the normal checkpoint machinery in place to regu-

late cell division. Consequently, it is possible these studies

have inadvertently overlooked important pieces to the puzzle.

It is also possible that there are differences in the AHR signal-

ing pathway between these cell lines. Taken together, while

the TCDD induced AHR-mediated G1-phase cell cycle arrest

Toxicology Research Review
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phenomenon has been well-characterized, it remains

altogether unclear why loss of the AHR prolongs doubling

time. Presumably, the AHR is necessary to activate a gene(s)

necessary for proper G1-phase progression, the absence of

which prolongs the G1-phase. Nevertheless, it is clear that the

AHR has an important role in the G1/S checkpoint.146,147

We have previously reported a direct interaction between

the AHR and the hypophosphorylated “active” form of pRb.147

We have also demonstrated that this interaction is critical for

maximal AHR-mediated G1-phase cell cycle arrest.148 Addition-

ally, hyperphosphorylated pRb (ppRb) is predominant in

dividing cells while hypophosphorylated pRb (pRb) is

restricted to the G0 and G1 phases, imputing a cell cycle depen-

dency to the functional consequences of the AHR/pRb inter-

action.148 pRb inhibits cell proliferation either by binding to

E2F or other transcription factors to indirectly block gene

transactivation,149 or by binding with E2F at target gene pro-

moters to actively repress gene expression.150–152 Puga et al.

2000 expanded on the interaction between the AHR and pRb,

reporting that the proteins interacted in the absence of Arnt

and suggesting a co-repressor mechanism by which the AHR/

pRb complex might inhibit cell cycle progression through sup-

pression of E2F activity153–155 (see Fig. 3). This suppression of

E2F activity depends on an intact LXCXE (pRb binding) motif

within the AHR.148 Although the AHR/pRb interaction was also

documented to involve a region in the receptor’s transactivation

domain, it has been reported that E2F transcriptional suppres-

sion occurs in the absence of functional AHR transactivation

and DNA-binding domains.153,155 In contrast, we have shown

the AHR/pRb interaction to be necessary for maximal G1-phase

cell cycle arrest and maximal AHR-mediated induction of

CYP1A1 following TCDD treatment.148 Indeed, in this scenario

the two proteins interact, with pRb functioning as a transcrip-

tional co-activator to induce expression of CYP1A1 and the

cyclin-dependent kinase inhibitor p27kip1, to promote cell

cycle arrest148,156,157 (see Fig. 3). It is noteworthy that studies

in rat hepatoma 5L cells and mouse oval cells have shown the

AHR to induce p27kip1 gene expression following TCDD treat-

ment.156,157 However, in vivo studies in mice indicated that the

cyclin-dependent kinase inhibitor, p21cip1, rather than p27kip1

is TCDD responsive.158 It is noteworthy that in characterizing

the importance of the LXCXE motif in G1-arrest, studies

revealed that a mutant form of the AHR unable to interact

with pRb still induced a modest, albeit significantly reduced

G1 arrest following TCDD exposure.148 This is consistent with a

role for the cyclin-dependent kinase inhibitor p27kip1 (or

p21cip1, as we will discuss later) in the process. Since the pRb

interaction with the AHR is limited to the active hypophos-

phorylated form, the interaction is restricted to the G0 and G1

phases of the cell cycle. However, the AHR/Arnt complex can

interact with several cofactors,146,147,153 thus AHR activity can

conceivably be modified throughout the cell cycle reflecting

the nature of the cofactor interactions. Specifically, the AHR/

Arnt complex has been shown to recruit the cofactors p300,

CREB binding protein (CBP), and steroid receptor coactivator

(SRC) 1 and 2.146 The involvement of these cofactors attests to

the complexity of AHR mediated transcriptional control.

Indeed, cofactors involved in AHR signaling via the XRE can

vary depending on, among other things, the presence or

absence of ligand, type of ligand, amount of ligand, species of

organism, and cell type (Fig. 3). The involvement of these

cofactors suggests that both co-activation and co-repression

contribute to AHR mediated cell cycle arrest in G1-phase.
7,159

Cofactor recruitment has a direct bearing on epigenetic

changes associated with AHR-mediated gene expression.

Several studies have reported on AHR-dependent epigenetic

modifications. Indeed, evidence exists for both histone and

DNA modifications in AHR signaling.160–164 This includes

early studies describing methylation of a CpG sequence within

the core XRE motif that disrupts AHR DNA-binding.165 Epige-

netic modifications targeting histones H3 and H4 have been

shown to play a role in cell-specific differential expression of

the classic target genes, CYP1A1 and CYP1B1.164,166–168 Fur-

thermore, Lo and Matthews 2012 using ChIP-seq, identified

AHR binding to DNA as far as ±100 kb from the closest TSS,169

imputing a role for epigenetic changes in gene expression.

Although these studies clearly illustrate the involvement of epi-

genetic control in AHR-mediated transcriptional regulation,

the specific modifications are likely to be gene and context

dependent, and published accounts are few. For a more in-

depth review of AHR binding to the CYP1A1 promoter, as well

as several epigenetic changes involved, the reader is referred to

Hankinson 2005 and Solaimani et al. 2013.170,171

AHR XRE cofactors and binding partners

Apart from the canonical signaling pathway involving the

AHR/Arnt heterodimer, it has also been reported that the AHR

interacts with the NF-κB subunits RelA172 and RelB.173,174 In

2007, Vogel et al. observed that following TCDD treatment, the

AHR directly interacts with RelB and binds to the IL-8 promo-

ter. Computational analysis failed to locate an XRE motif in

the IL-8 promoter sequence.173 Further study revealed the pres-

ence of an eight nucleotide DNA-binding site on the IL-8 pro-

moter, through which the AHR is capable of inducing

IL-8 gene expression following dioxin exposure.173 These and

other reports of the AHR interacting with new protein partners

to transactivate genes through novel DNA motifs highlight a

shift of focus in the field toward characterizing AHR target

genes regulated by non-XRE receptor-mediated mechanisms.

For a number of the aforementioned phase II enzymes

induced by the AHR, it is now known (see Fig. 3) that there is

an AHR interaction with NRF2,114,175 where the XRE-bound

AHR/Arnt complex cooperates with the NRF2/Maf complex

bound to proximal antioxidant response elements (AREs)

located in the target gene promoter.115 The prototypical target

for this complex is NQO1. Additionally, a number of other

UGT and GST enzymes have also been suggested as AHR

targets.175,176 These enzymes are responsible for the biotrans-

formation of several carcinogenic PAHs177 including, the ulti-

mate genotoxin benzo[a]pyrene (BaP)-7,8-dihydrodiol epoxide,

formed during CYP1A1 mediated hydroxylation of the parent

Review Toxicology Research
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compound, BaP.178 For a more in-depth review of the phase II

targets for the AHR/NRF2 interaction see Bock 2012.177

The AHR up-regulates certain targets via an interaction with

the NF-κB protein partners RelA172,174 or RelB.173,179 Two such

targets for the AHR/RelA interaction are c-myc172 and the

inflammatory cytokine interleukin 6 (IL-6).180 Although the

precise mechanism remains unclear, the data suggest the AHR

binds through either ‘XRE-like’ sites in the IL-6 promoter181 or

via interactions with NF-κB elements through its RelA inter-

action.182 AHR-mediated induction of IL-6 has been linked to

a number of different physiologically relevant processes

including inflammation,180 exogenous ligand-independent

AHR activity,183 and tumorigenesis.181 In the case of the AHR/

RelB interaction, the two proteins form a complex at a ‘XRE-

like’ motif (5′-GGGTGCAT-3′) dubbed the RelBAHRE in the IL-8

promoter,173 following exposure to either the diterpene plant

derivative, forskolin, or TCDD.179 While additional work is

needed to fully understand the functional role of the inter-

action with the Rel proteins, these observations highlight the

intricacies of AHR biology, which are far richer and more

complex than suggested by the classic AHR/Arnt signaling

pathway.

A number of studies have reported on the anti-estrogenic

effects of numerous exogenous AHR ligands.184,185 This anti-

estrogenic activity is primarily attributed to AHR-mediated

transactivation of CYP1A1 and CYP1B1, which metabolize the

estrogen receptor (ER) ligand 17β-estradiol,186 and AHR/Arnt

DNA-binding of so-called inhibitory XREs juxtaposing ER

elements in ER target genes.187–189 One other example of the

AHR signaling via the XRE with novel protein partners is the

interaction between the AHR/Arnt complex and the estrogen

receptor (ER)188 (Fig. 3). AHR binding attenuates ER transacti-

vation185,190 of a number of different ER target genes, includ-

ing several cell cycle regulatory proteins.188,191,192 In addition

to the ‘classical’ AHR functions in inhibiting ER activity

through agonist metabolism, the AHR has been shown to

decrease ER activity by acting as an E3 ubiquitin ligase target-

ing nuclear ER degradation through the 26S proteosome

pathway.193

The non-canonical pathway (NC-XRE)

In an effort to better understand differential expression of

TCDD dependent and independent AHR gene batteries, several

groups performed microarray analyses on RNA from tissues or

cells treated with TCDD or other AHR ligands. The Pohjanvirta

laboratory extensively studied transcriptomic changes in wild

type (AHR+/+) and AHR null (AHR−/−) mouse livers following

TCDD treatment.194,195 They noted significant differences in

the expression of 456 ProbeSets in wild-type mice (AHR-depen-

dent) following TCDD treatment. The changes included a

number of proteinase inhibitors, including plasminogen

activator inhibitor-1 (serpine1, PAI-1).194 To evaluate physio-

logical target genes for the AHR (in the absence of exogenous

ligand), Tijet et al. assessed the transcriptome in both the

presence and absence of the AHR. In the absence of an exogen-

ous ligand, AHR status alone accounted for changes in the

expression of 392 ProbeSets.194 This finding is consistent with

a normal physiological function for the AHR distinct from the

xenobiotic response. Compared to the 456 ProbeSets altered in

wild-type mice, only 32 ProbeSets showed significantly

different expression in AHR−/− mice at 19 hours post TCDD

treatment.194 These results underscore the essential role of the

AHR in nearly all dioxin mediated transcriptional changes.

The striking difference in gene induction between the wild-

type and the AHR−/− mice is not surprising given the many

reports documenting the complete lack of TCDD toxicity in

AHR−/− mice.196–198 Boverhof et al. studied temporal and

TCDD dose-dependent changes in gene expression patterns in

the mouse liver. In these experiments, custom cDNA micro-

arrays found 349 significant (p < 0.05) gene changes at one or

more doses and 255 significant gene changes at one or more

time points following TCDD treatment.199 Microarray analyses

to determine TCDD induced changes in the human liver have

been performed using the human HepG2 hepatoma cell line

as well.200,201 After 10 nM TCDD treatment for 18 h, a total of

112 significant genes were identified with at least two-fold

change.200 Quantitative RT-PCR confirmed significant changes

in human enhancer of filamentation 1(HEF1), cot, XMP

(involved in cellular proliferation and met), HM74, and PAI-1,

among others.200 Puga et al. treated HepG cells for 8 h with

10 nM TCDD and performed microarray analyses; among the

202 genes significantly different in expression between the

treatments, they reported that PAI-1 is significantly up-regu-

lated following dioxin exposure. Furthermore, they showed this

up-regulation persisted in the presence of pretreatment with

20 µM cyclohexamide, suggesting PAI-1 is a direct AHR target

gene.153

Complementary chromatin immunoprecipitation (ChIP)

DNA microarray (ChIP-chip) studies examining AHR bound

genomic sequences revealed that 57.8% and 48.5% of AHR

enriched regions, at 2 hours and 24 hours post-TCDD treat-

ment respectively, did not contain an XRE core sequence (5′-

GCGTG-3′).202 This is consistent with several other reports

using high throughput analyses,203 DNA microarray,129 ChIP-

chip,204 and high-resolution ChIP next-generation sequenc-

ing169 (ChIP-Seq). It has been suggested that genes up-regu-

lated following TCDD treatment, which lack the known AHR

DNA-binding motifs may represent secondary targets, activated

by one or more of the genes the AHR directly up-regulates.

Several studies have suggested that while these indirect events

likely account for some portion of the changes in genes

lacking an AHR motif, there is in fact a large subset of TCDD

responsive genes controlled in an AHR-dependent manner

that lack a classical AHR XRE. This includes the microarray

studies by Puga et al. involving cyclohexamide, the ChIP-chip

report by Dere et al. assessing multiple time points, and the

ChIP-seq studies by Lo and Matthews in MCF-7 cells.169,201,202

Given that the AHR functions as a transcription factor, and

given the numerous (previously discussed) examples of the

AHR interacting with multifarious protein partners to bind

Toxicology Research Review
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DNA motifs other than the XRE, it stands to reason that the

AHR regulates a subset of target genes through a mechanism

independent of the XRE. PAI-1 was identified as one such

gene.194,200,201,205 PAI-1 is a member of the serine protease

inhibitor (serpine) family. It functions as the inhibitor of uro-

kinase plasminogen activator and tissue plasminogen activa-

tor,206,207 which convert plasminogen to plasmin to facilitate

fibrinolysis. PAI-1 is ubiquitously expressed but most highly so

in endothelial cells, adipocytes, and hepatocytes. We were

specifically interested in PAI-1 because it is known to form a

complex with urokinase plasminogen activator to inhibit liver

regeneration by hampering activation of Hepatocyte Growth

Factor (HGF), an important liver regeneration protein.208–211

Mitchell et al. previously reported that TCDD exposure sup-

presses liver regeneration,119 in part by increasing PAI-1 levels

to inhibit urokinase plasminogen activator activity necessary

for HGF activation. Huang and Elferink further investigated

PAI-1 expression using a luciferase reporter assay, containing a

116 bp region of the PAI-1 promoter, in hepatoma cells and

observed an AHR-dependent induction of PAI-1 expression fol-

lowing TCDD treatment.212 Electrophoretic mobility shift

assays (EMSA) performed using mouse liver nuclear extracts

identified a region spanning nucleotides −116 to −76 of the

PAI-1 promoter that supported TCDD inducible protein–DNA

binding by the AHR.212 The term Non-Consensus Xenobiotic

Response Element (NC-XRE) was coined to distinguish this

motif from the canonical XRE.212 The hallmark of this

sequence is the 5′-GGGA-3′ tetranucleotide repeat. Ensuing

sequential mutation analysis of a 40 bp region revealed that

the second 5′-GGGA-3′ motif substantially contributes to

protein–DNA binding (AHR-NC-XRE interaction).212 Another

striking feature associated with the AHR interaction at the

PAI-1 NC-XRE was the lack of Arnt binding. EMSA experiments

showed that AHR binding to the NC-XRE sequence could not

be competed for with a 10-fold molar excess of cold XRE oligo-

nucleotide.212 The hypothesis that the AHR/NC-XRE inter-

action was Arnt-independent was tested by ChIP experiments,

which confirmed direct binding of the AHR to the PAI-1 pro-

moter NC-XRE following TCDD treatment. In contrast, ChIP

experiments targeting the Arnt protein failed to yield a

product, suggesting that AHR binding to the NC-XRE was not

dependent on Arnt. Subsequent functional studies confirmed

that AHR-mediated PAI-1 transcriptional activation through

the NC-XRE is in fact Arnt independent.212

It is well established that the TCDD activated AHR sup-

presses liver regeneration through inhibition of cell prolifer-

ation.119,158,213 This role for the AHR is consistent with

previous reports showing the AHR to induce G1-phase arrest in

cells exposed to TCDD.120,156 Indeed, the TCDD-induced AHR-

mediated suppression of liver regeneration has been ascribed

to attenuation of G1-phase cyclin dependent kinase 2 (CDK2)

activity.119 Inhibition of CDK2 has previously been linked with

increased expression of the cyclin-dependent kinase inhibitors

p21cip1 and p27kip1 and binding to CDK2/cyclin E complexes.

p21cip1 and p27kip1 are members of the Cip/Kip family of

cyclin dependent kinase (CDK) inhibitors that regulate cell

cycle progression by controlling CDK2, CDK4, and CDK6

kinase activity.214 p21cip1 activity is tightly regulated, princi-

pally at the transcriptional level, through both p53-dependent

and p53-independent mechanisms.215 Given the link between

CDK2 and p21cip1/p27kip1, our lab recently set out to assess

their involvement in AHR-mediated TCDD-induced suppres-

sion of liver regeneration. Liver regeneration experiments

using the 70% partial hepatectomy (PH) model in p21cip1 and

p27kip1 knock out mice unequivocally demonstrated that

p21cip1 is required to confer the TCDD-induced suppression of

liver regeneration seen in wild-type mice.158 In contrast,

p27kip1 was not found to play a role in the TCDD growth arrest

following PH. We observed via in silico analysis that both the

p21cip1 transcript 1 and transcript 2 promoters contain

NC-XRE motifs. This led us to test whether p21cip1 is an AHR

target gene. Subsequent ChIP experiments confirmed that at

2 hours following TCDD treatment the AHR specifically

occupies the p21cip1 transcript 2 promoter.158 Further, we

showed the AHR is bound to the transcript 2 promoter

NC-XRE at 24 hours post-TCDD treatment.158 Interestingly,

ChIP experiments on livers following PH in the absence of

TCDD, showed that the AHR is transiently bound to the p21cip1

transcript 2 promoter.158 AHR binding to the NC-XRE in the

absence of TCDD suggests that PH triggers AHR activation in

the absence of an exogenous ligand. Furthermore, it suggests a

physiological role for the AHR in regulating p21cip1 expression

during liver regeneration.158 Indeed, PH-induced AHR acti-

vation in the absence of an exogenous ligand has previously

been shown using CYP1A1 up-regulation as a read-out.119 It

has also previously been reported that PAI-1−/− mice exhibit

hastened liver regeneration,211 consistent with PAI-1’s role in

HGF activation.216,217 Interestingly, we have shown that liver

regeneration in PAI-1−/− mice is inhibited by TCDD to the

same extent as in WT mice (Wilson et al. unpublished data).

This suggests that p21cip1 plays a dominant role in TCDD-

induced suppression of liver regeneration in mice.158 Mechan-

istically, AHR-mediated increases in p21cip1 expression not

only inhibit G1-phase CDK activity and cell cycle progression

by suppressing pRb inactivation,153,155,158 the delay in pRb

inactivation is envisioned to enhance AHR activity by prolong-

ing the AHR/pRb interaction described above (see Fig. 3).

A subsequent study of AHR binding to the NC-XRE identi-

fied a novel AHR DNA-binding partner.14 Wilson et al. focused

on the Kruppel-like factor (KLF) protein family due to

sequence homology between the NC-XRE and the KLF family

DNA-binding motif as well as a previous study showing KLF4

to regulate CYP1A1 gene expression.218 The KLF family of tran-

scription factors is related to the specificity protein factor

family due to similarities in the C-terminal DNA binding

domains.219 Due to high C-terminal sequence homology

shared by KLF family members, most KLF transcription

factors bind to a similar DNA-motif known as a ‘GC box’ on a

number of functionally diverse target genes.220,221 Apart from

the homology in the zinc-finger C-terminal regions, the KLF

family proteins have significantly less sequence homology

in the N-terminal portions, which disposes them to unique

Review Toxicology Research
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individual regulatory pathways.222 Structural and functional

studies showed that the C-terminus of the AHR and N-termi-

nus of KLF6 are necessary for both the mouse and human pro-

teins to interact.14 Interestingly, KLF6 binding to the NC-XRE

requires three arginine residues juxtaposing the KLF6 zinc-

finger DNA binding domain, rather than the zinc-finger

domain itself. In fact, the entire zinc-finger region is expend-

able for NC-XRE binding. It should be noted that loss of the

zinc-finger domain did not preclude NC-XRE binding in the

EMSA experiments,14 this region contains the NLS (Fig. 1)

required for KLF6 nuclear localization and thus the zinc-finger

domain is likely necessary in cells and in vivo. Furthermore,

these experiments also showed that key AHR residues critical

for XRE DNA-binding were not required for NC-XRE DNA-

binding.14

KLF6 target genes regulate a number of different processes

including cellular differentiation, proliferation, and apopto-

sis.220,222 KLF6 mutations, loss of heterozygosity, and over-

expression are linked to a number of cancers, including hepa-

tocellular carcinoma,223 gastric cancer,224 pancreatic cancer,225

colorectal cancer,226 prostate cancer,227,228 and astrocytic

glioma.229 In this light, KLF6 is considered to be a tumor sup-

pressor according to Knudson’s two hit model.230 It has been

demonstrated to up-regulate E-cadherin,231 transforming

growth factor β1,232 and insulin-like growth factor 1 recep-

tor.233 KLF6 is known to activate expression of p21cip1 in a p53-

independent manner,222 which leads to the inhibition of cell

cycle progression and decreased hepatocyte prolifer-

ation.223,227,234,235 A recent study has shown that p21cip1 knock-

down in dividing cells impairs this KLF6 induced G1-phase

cell cycle arrest.236 Certainly, in the case of E-cadherin, we

obtained evidence that the promoter harbors a NC-XRE and

recruits the AHR/KLF6 complex in a TCDD-dependent manner

(Fig. 4), suggesting that the AHR and KLF6 are partners in

anti-tumor signaling pathways.

Collectively, the studies by Huang et al., Wilson et al., and

Jackson et al. have contributed to a characterization of what we

have dubbed the non-canonical pathway, which parallels AHR/

Arnt signaling (Fig. 5). Nuclear localization of the AHR, stimu-

lated by an exogenous or endogenous ligand drives the KLF6/

AHR interaction, NC-XRE binding, and subsequent transcrip-

tional events. In this context, the AHR is expected to modulate

expression of both XRE- and NC-XRE-driven target

genes,14,158,212 and we envision that both pathways are acti-

vated concomitantly, but function to alter expression of dis-

tinct subsets of target genes.

Cross-talk between the XRE and the
NC-XRE pathways

As noted above, the AHR is known to function in regulating

cell cycle progression involving both XRE- and NC-XRE-driven

mechanisms.140–142,158 The evidence showing that the AHR

and Arnt are necessary for proper AHR mediated cell cycle pro-

gression,143,145 coupled with our finding that AHR-mediated

p21cip1 expression involves the NC-XRE,158 suggests that the

NC-XRE and XRE pathways conspire in their control of G1-

phase cell cycle progression. p21cip1 expression decreases

CDK2 activity,214 leading to decreased CDK2-mediated pRb

hyperphosphorylation and inactivation.237 One downstream

consequence of NC-XRE mediated p21cip1 induction is the pro-

longed presence of hypophosphorylated ‘active’ pRb (Fig. 6).

Since this form of pRb interacts with the AHR to facilitate

XRE-mediated target gene expression, it is tempting to specu-

late that the NC-XRE might synergize XRE-driven target gene

expression, most notably of CYP1A1238 (Fig. 3). Such a scenario

predicts that maximal induction of CYP1A1 would lead to

enhanced metabolic clearance of AHR ligands and provide a

counter balance to prevent sustained AHR signaling and sub-

sequent deleterious consequences.

Fig. 4 E-cadherin is an AHR/KLF6 target gene: E-cadherin is a tumor

suppressor protein involved in cell–cell adhesion. Loss of E-cadherin

expression (or function) correlates positively with cancer progression

and metastasis. Mice were treated by oral gavage with vehicle (−) or

20 µg/kg TCDD (+) for 2 hours. Chromatin immunoprecipitations (ChIP)

were performed on livers using antibodies against the indicated proteins

and the E-cadherin promoter (−220 to +37) encompassing a NC-XRE,

amplified by PCR. The data show TCDD-dependent recruitment of the

AHR and KLF6 to the E-cadherin promoter. This sequence was indepen-

dently shown to harbor a KLF6 binding site in 3 separate human cancer

cell lines.261

Fig. 5 The NC-XRE pathway: In the NC-XRE pathway, as in the canoni-

cal pathway, the AHR is activated by endogenous or exogenous ligands,

to stimulate nuclear translocation. Unlike the canonical pathway, the

NC-XRE pathway relies on an AHR association with KLF6 and recruit-

ment to NC-XRE binding sites flanking target genes, including PAI-1 and

p21cip1.

Toxicology Research Review

This journal is © The Royal Society of Chemistry 2015 Toxicol. Res., 2015, 4, 1143–1158 | 1151

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/to
x
re

s
/a

rtic
le

/4
/5

/1
1
4
3
/5

5
7
3
5
3
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



In the context of G1-phase cell cycle progression, the evi-

dence clearly shows that sustained AHR activity in response to

TCDD induction results in cell cycle arrest. This occurs

because TCDD resists metabolic degradation and thus consti-

tutes a persistent agonist that sustains AHR activity. Why loss

of the AHR also leads to prolonged cell doubling time is less

clear.145,146 One possibility is that the AHR contributes to

growth promoting processes during G1-phase that are lost

when the receptor is absent. Indeed there is evidence to

support this notion, including recent studies showing AHR

induced cell proliferation in cancer cell lines239,240 possibly

through a mechanism involving the Akt pathway.241,242 There

is also evidence to suggest that AHR activation up-regulates

the proliferative transcription factor c-Myc through an NF-κB

element via the AHR/RelA interaction.172 Finally, it is known

that AHR activation leads to increased expression of the early

response proto-oncogenes Fos and Jun,243,244 possibly through

activation of the p38 MAPK pathway.245 The implication is that

the AHR regulates both positive and negative growth promot-

ing signals that provide balance to an orchestrated program

regulating passage through G1-phase of the cell cycle while

ensuring that entry into S phase does not occur prematurely.

The evidence for endogenous AHR activation during liver

regeneration following PH—and possibly during cellular pro-

liferation in general—is entirely consistent with that viewpoint.

We previously observed in the p21cip1 knock out mice, that the

absence of p21cip1 expression in the regenerating liver also pre-

vented the transient AHR-mediated induction of CYP1A1.158

This suggests that the absence of p21cip1 hastens G1-phase

pRb inactivation due to enhanced CDK-mediated hyperphos-

phorylation, which in turn curtails CYP1A1 induction. This

interplay between p21cip1 and CYP1A1 induction further high-

lights the cross-talk between NC-XRE and XRE driven tran-

scriptional events. Although our findings with the p27kip1

knock out mouse model indicated that this CDK inhibitor

plays no role in the TCDD-induced growth inhibition during

liver regeneration,158 p27kip1 is a known AHR target gene in

cell lines suggesting that it may yet play a role in G1-phase

passage in vivo under certain conditions.156,157,238 Our results

with the PH model and the proposed signaling pathway

predict that liver regeneration would be delayed in liver

specific conditional AHR knock out mice subjected to PH.

However, these experiments have not been performed to date.

The recent discovery of the NC-XRE and the research

showing its role in regulating novel AHR target genes has shed

new light on the landscape of AHR-mediated transcriptional

regulation. While our picture of AHR signaling likely remains

incomplete, it is tempting to speculate that NC-XRE mediated

genes represent a functionally distinct and hitherto uncharac-

terized class of AHR target genes. This is especially intriguing

given transcriptomic studies noted above showing large per-

centages of TCDD induced AHR target genes lacking known

AHR DNA-binding motifs.169,201–204 While none of these

studies have directly investigated the connection between the

AHR and KLF6, a 2011 study by Dere et al. found via Region-

Miner analysis that KLF6 and ZF9 (another annotation for

KLF6) transcription factor matrices were over-represented in

AHR enriched regions at both 2 and 24 hours post TCDD treat-

ment (1.41 and 1.37 fold for KLF6 matrices, 1.78 and 1.74 for

ZF9 matrices, respectively).202 Interestingly, they also noted an

over-representation of KLF6 binding-sites within 50 base pairs

of a XRE at 2 and 24 hours following TCDD treatment (2.36

and 2.87 fold respectively).202 Further, it was noted in a 2012

study using ChIP-Seq that KLF family DNA-binding sites are

over-represented in AHR/Arnt target genes in MCF-7 cells

treated with TCDD, though these results do not specify

which KLF family member binding-site is over-represented.169

These are not the only striking commonalities between the

KLF6 and AHR fields. Studies assessing the role of KLF6 in

cell-cycle progression suggest that KLF6 controls G1 phase cell

cycle progression through a mechanism which affects pRb

hyperphosphorylation.234,246 Specifically, it has been reported

that akin to the AHR, loss of KLF6 prolongs cell doubling

time.247 These studies suggest that while KLF6 up-regulates

p21cip1 expression in a number of experimental paradigms,

like the AHR, KLF6 also plays an important role in driving the

G1/S-phase transition in dividing cells.234,246,248,249 Interest-

ingly, studies have also reported that loss of KLF6 leads to

tumor promotion following chronic diethylnitrosoamine

(DEN) exposure, with increases in hepatocellular carcinoma

and these tumors mirroring the gene signatures of highly

aggressive human hepatocellular carcinoma.250,251 Tumor

Fig. 6 Cross-talk between the XRE- and NC-XRE-driven pathways

during cell cycle progression: AHR activation and nuclear translocation

results in induction of XRE- and NC-XRE-driven target genes. In cycling

cells, prolonged activation of the AHR results in enhanced p21cip1

expression and inhibition of cyclin-dependent kinase 2 (CDK2) activity,

thus preventing pRb inactivation resulting in cell cycle arrest. Induction

of CYP1A1—which is enhanced by the AHR interaction with pRb—results

in metabolic clearance of receptor ligands and subsequent inactivation

of the AHR. This in turn, silences p21cip1 expression allowing CDK2 to

inactivate pRb by hyperphosphorylation, thus facilitating G1 phase cell

cycle progression. The equilibrium between the XRE and NC-XRE path-

ways and consequent effects on AHR activity thus influences passage

through G1 phase.

Review Toxicology Research

1152 | Toxicol. Res., 2015, 4, 1143–1158 This journal is © The Royal Society of Chemistry 2015

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/to
x
re

s
/a

rtic
le

/4
/5

/1
1
4
3
/5

5
7
3
5
3
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



promotion following DEN treatment has also been shown

for the AHR in combination with various exogenous

ligands.252–254 Further, KLF6 has recently been suggested to

function in T-cell activation255 and in NF-κB signaling via p65-

dependent transcription;256 the AHR has also been implicated

in T-cell activation257 and in NF-κB signaling with p65.258

Moreover, while total knock-out of the AHR in mice is not

lethal, it does result in significantly decreased litter sizes.

whereas total KLF6 knock-out mice are embryonic lethals. Fur-

thermore, the livers in AHR−/− and KLF6+/− mice exhibit phe-

notypic commonalities.135,223,247 These examples serve to

highlight the parallels that exist between AHR and KLF6

action, consistent with their role as a transcriptional complex.

Conclusions

Given that almost four decades of research in the AHR field

has yet to identify the precise role of the AHR in TCDD toxicity,

it is our contention that a greater emphasis on the AHR/KLF6

complex bound to NC-XRE sites will fill some of the existing

gaps in understanding as it relates to TCDD toxicity and AHR

action in general. Accordingly, the identification of the AHR/

KLF6 complex and NC-XRE recognition site constitute a para-

digm shift in AHR biology. Future studies focused on this

novel complex should be considered a research priority, and

hold promise to reward the field with unanticipated discov-

eries that have eluded the field to date. While we have clearly

demonstrated the role of the NC-XRE in the regulation of

several genes using ChIP, future studies should leverage the

considerable power of the ‘omics’ approaches to characterize

the NC-XRE pathway at the genomic, transcriptomic, and pro-

teomic levels. Such an approach can determine the extent to

which novel gene regulation through the NC-XRE—and conceiv-

ably hitherto unknown AHR DNA-binding motifs—is involved

in the well-known but poorly understood functions of the

AHR. These technologies can be employed to address old ques-

tions about AHR function, like the proliferative role of the

AHR in the G1/S transition or the pathophysiologies of TCDD

induced wasting syndrome. The recent observations in the

studies that examined the NC-XRE also highlighted the cross-

talk that exists between NC-XRE- and XRE-driven AHR target

genes to regulate complex signaling pathways. This interplay is

clearly exemplified by the cell cycle control studies, but it is

likely that similar observations will be made for the repertoire of

genes involved in other signaling cascades regulated by the AHR.
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