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The aryl hydrocarbon (dioxin) receptor (AhR) is a ligand-

dependent transcription factor that produces a wide range of

biological and toxic effects in many species and tissues. Whereas

the best-characterized high-affinity ligands include structurally

related halogenated aromatic hydrocarbons (HAHs) and poly-

cyclic aromatic hydrocarbons (PAHs), the AhR is promiscuous

and can also be activated by structurally diverse exogenous and

endogenous chemicals. However, little is known about how these

diverse ligands actually bind to and activate the AhR. Utilizing

AhR ligand binding, DNA binding, and reporter gene expression

assays, we have identified a novel ligand-selective antagonist

(CH223191) that preferentially inhibits the ability of some classes

of AhR agonists (2,3,7,8-tetrachlorodibenzo-p-dioxin and related

HAHs), but not others (PAHs, flavonoids, or indirubin), to bind to

and/or activate the AhR and AhR signal transduction. HAH-

specific antagonism of AhR-dependent reporter gene expression

by CH223191 was observed with mouse, rat, human, and guinea

pig cell lines. Ligand- and species-selective antagonism was also

observed with the AhR antagonists 3#-methoxy-4#-nitroflavone
and 6,2#,4#,-trimethoxyflavone. Our results suggest that the

differences in the binding by various ligands to the AhR contribute

to the observed structural diversity of AhR ligands and could

contribute in ligand-specific variation in AhR functionality and

the toxic and biological effects of various classes of AhR agonists.

Key Words: 2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD; Ah
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The aryl hydrocarbon (dioxin) receptor (AhR) is a ligand-

dependent basic helix-loop-helix-Per-Arnt-Sim (PAS)–containing

transcription factor that responds to exogenous and endogenous

chemicals with the induction/repression of expression of

a diverse battery of genes in a wide range of species and tissues

(reviewed in Beischlag et al., 2008; Bradshaw and Bell, 2009;

Kewley et al., 2004; Ma, 2001). The best-characterized high-

affinity ligands for the AhR include a variety of toxic halogenated

aromatic hydrocarbons (HAHs), such as the polychlorinated

dibenzo-p-dioxins, dibenzofurans, and biphenyls, and numerous

polycyclic aromatic hydrocarbons (PAHs) and PAH-like

chemicals, such as benzo(a)pyrene, 3-methylcholanthrene, and

beta-naphthoflavone (BNF) (Denison et al., 1998; Poland and

Knutson, 1982; Safe, 1990). However, a relatively large number

of natural, endogenous, and synthetic AhR agonists have also

been identified in recent years whose structures and physico-

chemical characteristics are dramatically different from the

prototypical HAH and PAH AhR ligands (Denison and Heath-

Pagliuso, 1998; Denison and Nagy, 2003; Denison et al., 1998;

Nguyen and Bradfield, 2008), which suggests that the AhR has

an extremely promiscuous ligand-binding pocket.

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD,

dioxin), the protypical and most potent AhR ligand/agonist,

and related dioxin-like halogenated aromatic hydrocarbons

(dl-HAHs), results in a wide variety of toxic and biological

responses, many of which have been shown to require AhR-

dependent gene expression (Bradshaw and Bell, 2009; Furness

and Whelan, 2009; Poland and Knutson, 1982; Safe, 1990).

Although the spectrum of biochemical and toxicological

responses mediated by the AhR are species and tissue specific,

ligand-specific differences have also been observed, with

TCDD and other dl-HAHs, but not PAHs or other non-HAH

AhR agonists, producing a characteristic spectrum of AhR-

dependent toxic effects (Bradshaw and Bell, 2009; Denison

et al., 1998; Poland and Knutson, 1982; Safe, 1990). Although

the greater toxic potency of HAHs appears to be related to their

resistance to metabolism and persistent AhR activation

(Bradshaw and Bell, 2009; Denison et al., 1998; Poland and

Glover, 1980; Poland and Knutson, 1982; Safe, 1990), ligand-

dependent differences in the structure and function of the AhR

protein and/or AhR protein complex may also play a role

(Gouédard et al., 2004; Matikainen et al., 2001).

Although the extreme structural diversity of AhR ligands is

analogous to the ligand promiscuity reported for some

members of the steroid, thyroid, and retinoic acid receptor

superfamily (Ghosh et al., 2003; Ngan et al., 2009; Noy,

2007), a mechanistic understanding of AhR ligand diversity is

lacking due to the absence of a three-dimensional (3D)

structure of the AhR ligand–binding domain (LBD). However,

several studies examining the ability of low- and high-affinity

ligands to bind to AhRs containing mutations within the
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ligand-binding pocket have provided some evidence for

differential binding of structurally diverse ligands within the

AhR LBD (Backlund and Ingelman-Sundberg, 2004; Goryo

et al., 2007; Whelan et al., 2010). These results suggested to us

that if structurally diverse ligands can bind to different amino

acids within the AhR ligand–binding pocket, then it should be

possible to identify an antagonist that would preferentially

affect one ligand, or a class of ligands, over another.

Accordingly, we examined the ability of a variety of chemicals

to differently inhibit the ability of the AhR to be activated by

the prototypical agonists TCDD (an HAH) and BNF (a PAH-

like chemical). Here we report that the compound CH223191,

previously shown to be a pure AhR antagonist that competes

with TCDD for binding to the AhR (Kim et al., 2006), is

actually an HAH-selective AhR antagonist, producing little or

no antagonism of AhR activation by maximally inducing

concentrations of PAHs or other non-HAH AhR agonists. Not

only is CH223191 the first reported ligand-selective antagonist

of the AhR but also our results provide strong supporting

evidence for the differential interaction of HAHs and non-HAH

agonists within the AhR LBD and provide novel insights into

the mechanisms contributing to the observed structural pro-

miscuity of AhR ligands.

MATERIALS AND METHODS

Chemicals. TCDD, [3H]TCDD, and 3#-methoxy-4#-nitroflavone (MNF)

were generously provided by Dr Steven Safe (Texas A&M University) and

6,2#,4#,-trimethoxyflavone (TMF) by Dr Gary Perdew (Pennsylvania State

University). 3,3#,4,4#-Tetrachlorobiphenyl (PCB77), 3,3#,4,4#,5-pentachloro-

biphenyl (PCB126), and 2,3,7,8-tetrachlorodibenzofuran (TCDF) were from

Accustandard (New Haven, CT) and BNF, alpha-naphthoflavone (ANF),

benzo(a)anthracene (BAA), dibenz(a,h)anthracene (DBA), benzo(k)fluoran-

thene (BKF), indirubin, and dimethyl sulfoxide (DMSO) from Aldrich

Chemicals (St Louis, MO). CH223191 was from Chembridge Corporation

(San Diego, CA), and its structure (Fig. 1) was confirmed by nuclear magnetic

resonance (NMR). Flavonoids (T7, AU1, AJ9, and AY9) were from Dr

Michael Nantz (University of Louisville; Springsteel et al., 2003), and we

previously confirmed their AhR agonist activity and relative potency

(unpublished data).

Cell culture, chemical treatment, and reporter gene expression. Re-

combinant guinea pig intestinal adenocarcinoma (G16L1.1c8) and rat

(H4L1.1c4), mouse (H1L1.1c2), and human (HG2L6.1c3) hepatoma cells

containing a stably transfected AhR-responsive dioxin-responsive element

(DRE)-driven luciferase reporter plasmid were grown as described (Garrison

et al., 1996; Han et al., 2004). Cells were plated into white, clear-bottomed 96-

well culture plates (75,000 cells per well), incubated with DMSO (1% final

concentration) or the indicated concentration of TCDD, BNF, or other agonist

in the absence or presence of CH223191 for the indicated time at 37�C and

luciferase activity determined (Han et al., 2004).

DNA- and ligand-binding analysis. Male Hartley guinea pig hepatic

cytosol (8 mg protein/ml) was incubated with 20nM TCDD, 1lM BNF, or

carrier solvent (DMSO) in the absence or presence of the indicated

concentration of CH223191 for 2 h at 20�C, and binding of an in vitro

transformed AhR complex to a 32P-labeled oligonucleotide containing the

dioxin-responsive element (DRE) oligonucleotide was determined using gel

retardation analysis as described in detail (Denison et al., 2002). The amount of

ligand-induced AhR:Arnt:[32P]-DRE complex was determined by phosphor-

imager analysis and expressed relative to the amount of complex produced by

maximal activating concentrations of TCDD or BNF. For ligand binding,

cytosol (2 mg protein/ml) was incubated with 10nM [3H]TCDD in the absence

or presence of 1lM TCDF or 10lM of CH223191 and [3H]TCDD-specific

binding determined by sucrose density centrifugation (Denison et al., 2002).

Nuclear localization analysis. Ligand-dependent AhR nuclear localiza-

tion was determined using mouse hepatoma (TAOc1BPrc1) cells that have been

stably transfected with an N-terminal yellow fluorescent protein (YFP)-AhR

chimera (yAhR) expression plasmid. These cells (referred to as yAHAYc6

cells) respond to AhR agonists with nuclear accumulation of yAhR that occurs

in a chemical-, dose-, and time-dependent manner (Hayashi and Denison, in

preparation). One day before microscopy, yAHAYc6 cells were plated onto

4-well Lab-Tek chambered #1.0 borosilicate cover glass (Nunc) in 600 ll of

media. Prior to chemical treatment, cells were rinsed with PBS and treated with

the desired chemicals in Opti-MEM reduced serum media (Invitrogen). After

a 1-h incubation at 37�C, cells were visualized using an Olympus IX71

fluorescence microscope with a YFP filter (excitation: HQ500/20, emission:

HQ520lp, beam splitter: Q515lp; Chroma Technology Corp.). Live cell images

were captured and processed using a Hamamatsu Orca camera and Slidebook

4.2 imaging software (Intelligent Imaging Innovations).

RESULTS

CH223191 Preferentially Inhibits AhR-Dependent Reporter
Gene Expression in Cells from Various Species by TCDD

Although CH223191 has been previously shown to

antagonize the ability of TCDD to stimulate AhR-dependent

gene expression in mice in vivo and in cells in culture (Kim

et al., 2006), its effect on other AhR agonists was not

examined. To determine whether CH223191 can antagonize

the induction of AhR-dependent gene expression by different

ligands, we first examined its effects on guinea pig intestinal

adenocarcinoma (G16L1.1c8) and mouse hepatoma

(H1L1.1c2) cells that contain a stably transfected DRE-

luciferase reporter plasmid. Co-incubation of G16L1.1c8 cells

with increasing concentrations of CH223191 and equally

effective/maximally inducing concentrations of BNF (1lM)

or TCDD (1nM) revealed that whereas CH223191 decreased

TCDD-dependent induction of luciferase in a concentration-

dependent manner (Fig. 2A), BNF-induced luciferase activity

was only partially inhibited at the highest CH223191

concentration (100lM). Co-incubation of mouse hepatoma

(H1L1.1c2 cells) with a constant concentration of CH223191

(10lM) and increasing concentrations of BNF or TCDD
FIG. 1. Structure of CH223191.
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revealed complete inhibition of induction by TCDD and only

partial (< 30%) inhibition of induction by BNF; no inhibition

of BNF was observed with a maximally inducing concentration

of BNF (Fig. 2B). The CH223191-dependent antagonism of

induction by TCDD was overcome with higher concentra-

tions of TCDD, indicating that inhibition by CH223191 was

competitive in nature. These results demonstrate that

CH223191 is a preferential and more effective antagonist of

AhR-dependent gene activation by TCDD than that by BNF.

These results indicate a preferential effect of CH223191 on

TCDD-stimulated AhR-dependent gene expression. We also

confirmed the preferential ability of CH223191 to antagonize

TCDD- but not BNF-inducible AhR-dependent reporter gene

expression in stably transfected rat (H4L1.1c4), and human

(HG2L6.1c3) hepatoma cell lines (Table 1). The relative

inhibitory potency (IC50) of CH223191 against TCDD-

dependent gene induction in each cell line, determined from

this concentration-response analysis, was 1.1lM for guinea pig

cells, 1.5lM for mouse cells, 3.1lM for rat cells, and 0.2lM

for human cells (data not shown). In addition to luciferase,

CH223191 preferentially inhibited TCDD-dependent induction

of expression of an AhR-responsive green fluorescent protein

reporter gene that had been stably integrated into rat hepatoma

(H4IIe) cells (data not shown). Accordingly, we expect

CH223191 to inhibit expression of other AhR-responsive

genes (endogenous and transfected). Taken together, the above

results demonstrate that CH223191 is a preferential inhibitor of

TCDD-induced AhR-dependent gene expression in various

species.

CH223191 Inhibits TCDD- but Not BNF-Dependent AhR
Nuclear Translocation

The TCDD-selective inhibition of AhR-dependent gene

expression by CH223191 can result from effects on any step in

the AhR signaling pathway. To determine whether CH223191

can selectively affect ligand-dependent AhR nuclear accumu-

lation, we examined its effect on BNF- and TCDD-dependent

nuclear translocation of a yAhR stably expressed in mouse

hepatoma (yAHAYc6) cells. As expected, equally effective

concentrations of BNF and TCDD treatment of yAHAYc6

cells resulted in nuclear accumulation of yAhR compared with

the DMSO solvent control (Fig. 3, left panels). Co-incubation

of yAHAYc6 cells with CH223191 dramatically reduced

TCDD-dependent nuclear accumulation of yAhR, with little

reduction in BNF-dependent nuclear accumulation of yAhR

(Fig. 3, right panels). These results suggest that the CH223191-

dependent reduction in TCDD-inducible luciferase activity

results from a decrease in AhR nuclear accumulation.

FIG. 2. Differential antagonistic effects of CH223191 on TCDD- or BNF-induced luciferase reporter gene expression in a stably transfected cell line. (A)

Guinea pig (G16L1.1c8) cells were incubated with TCDD (1nM) or BNF (1lM) in the absence or presence of increasing concentrations of CH223191 (0.1–

100lM) for 4 h and luciferase activity determined. (B) Mouse hepatoma (H1L1.1c2) cells were incubated with increasing concentrations of TCDD or BNF in the

absence or presence of 10lM CH223191 for 4 h at 37�C and luciferase activity determined. Values are expressed as a percentage of the maximal induction of

luciferase by 1nM TCDD and represent the mean ± SD of triplicate determinations.

TABLE 1

The Effect of CH223191 on TCDD- and BNF-Induced AhR-

Dependent Luciferase Reporter Gene Expression in Guinea Pig

(G16L1.1c8), Mouse (H1L1.1c2), Rat (H4L1.1c4), and Human

(HG2L6.1c3) Cell Lines

Treatment

Luciferase activity in different

cell lines (relative light units)

Chemical

CH223191

(10lM) G16L1.1c8 H1L1.1c2 H4L1.1c4 HG2L6.1c3

DMSO � 19 ± 2a 12 ± 1 40 ± 14 12 ± 1

þ 4 ± 3 3 ± 1 17 ± 5 9 ± 1

TCDD

(1nM)

� 81 ± 5 545 ± 61 4173 ± 555 73 ± 12

þ 17 ± 1b 13 ± 1b 131 ± 36b 10 ± 1b

BNF

(1lM)

� 94 ± 7 550 ± 64 4883 ± 181 53 ± 15

þ 86 ± 2 511 ± 40 4681 ± 679 64 ± 14

aValues represent the mean ± SD of triplicate determinations of luciferase

activity in cells incubated with the indicated chemicals for 4 h at 37�C.
bValues are significantly different from the luciferase activity of TCDD-

treated cells incubated in the absence of CH223191 at p < 0.01 as determined

by the student’s t-test.
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CH223191 Preferentially Inhibits TCDD- but Not BNF-
Stimulated In Vitro AhR Transformation and DNA Binding

Inhibition of TCDD-dependent nuclear accumulation of the

AhR by CH223191 could result from an inhibition of any step

in the AhR signaling pathway prior to nuclear translocation of

the AhR. We next assessed the ligand-selective inhibitory

effect of CH223191 on the ability of TCDD and BNF to

stimulate AhR transformation (i.e., ligand-dependent conver-

sion of the AhR into a form that dimerizes with the nuclear

AhR nuclear translocator [Arnt] protein) and binding of the

liganded AhR:Arnt heterodimer to DNA containing its specific

DNA recognition site, the DRE. Whereas incubation of guinea

pig hepatic cytosol with maximally inducing concentrations of

BNF or TCDD results in AhR transformation into its DNA-

binding form, co-incubation with CH223191 inhibited TCDD-

but not BNF-dependent AhR transformation/DNA binding

(Figs. 4A and 4B).

To eliminate the possibility that the lack of antagonism

of BNF by CH223191 was not simply due to the higher

concentrations of BNF used in the incubations relative to that

of TCDD (1lM versus 20nM, respectively), but was the result

of ligand-selective antagonism, we examined the effect of

CH223191 preincubation on ligand-dependent AhR trans-

formation and DNA binding. In these studies, cytosol was

preincubated with CH223191 for 1 h prior to the addition of

TCDD or BNF, followed by further incubation for 2 h and

measurement of AhR transformation/DNA binding. Similar to

the co-incubation results, CH223191 preincubation only

inhibited TCDD-dependent AhR transformation and DNA

binding (Figs. 4C and 4D). These results, combined with the

inability of CH223191 to reduce DNA binding of AhR

complexes already transformed by TCDD or BNF (Fig. 5),

demonstrated that antagonism by CH223191 results from an

inhibition of AhR transformation events rather than affecting

DNA binding by TCDD-transformed AhR complex. Increasing

the concentration of TCDD in TCDD/CH223191 co-incubation

experiments (Supplementary fig. S1) not only led to an

increase in TCDD-inducible AhR DNA binding at the highest

TCDD concentration (20nM) but also led to an increase in

AhR-dependent gene expression (Fig. 2B), consistent with

a competitive mechanism of inhibition by CH223191. The

ability of CH223191 to competitively reduce [3H]TCDD-

specific binding to the mouse AhR (Kim et al., 2006) or to

guinea pig hepatic cytosolic AhR (Supplementary fig. S2) also

confirmed that CH223191 is a competitive AhR ligand. These

results, combined with the lack of any agonist activity of

CH223191, demonstrate that CH223191 is a novel TCDD-

selective pure AhR antagonist.

CH223191 Is an HAH-Selective Antagonist of the AhR

The above results demonstrate that CH223191 preferentially

antagonizes TCDD compared with that of BNF; however,

whether this ligand selectivity extends to other AhR agonists

or classes of agonists is unknown. Accordingly, we examined

the ability of CH223191 to inhibit AhR-dependent luciferase

reporter gene induction by equally effective concentrations

of 12 other AhR agonists, including several HAHs (TCDF,

PCB77, and PCB126), PAHs (BAA, BKF, and DBA), synthetic

flavonoids (ANF, T7, AU1, AJ9, and AY9 [structures shown in

Supplementary fig. S3]), and indirubin (Denison and Nagy,

2003; Denison et al., 1998, 2002; Knockaert et al., 2004).

CH223191 antagonized only the ability of the HAHs, but

not the non-HAH agonists (PAHs, flavonoids, or indirubin),

to stimulate AhR-dependent gene expression in rat hepatoma

cells (Table 2 and Supplementary fig. S3). Interestingly,

induction of luciferase activity by AY9, a dihalogen-substituted

flavonoid, was inhibited by 50% when co-incubated with 10lM

CH223191 (Table 2), and this inhibition occurred in a

CH223191 concentration-dependent manner (Supplementary

fig. S3). Overall, the results of our analysis of 14 selected AhR

agonists are consistent with the hypothesis that CH223191 is an

HAH-selective AhR antagonist.

FIG. 3. CH223191 inhibits TCDD- but not BNF-stimulated AhR nuclear

translocation in mouse hepatoma cells. Recombinant mouse hepatoma

(yAHAYc6) cells containing a stably transfected yAhR chimera expression

vector were treated with DMSO (solvent control), TCDD (1nM), or BNF

(1lM) in the absence or presence of 10lM CH223191. After 1 h of incubation

at 37�C, YFP fluorescence in the cells was visualized using an Olympus IX71

fluorescence microscope and live cell images were captured and processed as

described under the ‘‘Materials and Methods’’ section.
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TMF and MNF Exhibit Species-Specific, HAH-Selective AhR
Antagonist Activity

The results of the above analyses demonstrate the ligand

selectivity of CH223191; however, few studies have directly

compared the ligand selectivity of other AhR antagonists in the

same experimental system. To determine whether CH223191 is

unique in its ligand selectivity, we examined the ability of two

previously reported pure AhR flavonoid antagonists TMF and

MNF (Lu et al., 1995; Murray et al., 2010a) to inhibit TCDD-

and BNF-dependent transformation and DNA binding of

guinea pig hepatic cytosol AhR using the antagonist preincu-

bation approach described for the CH223191 studies in

Figure 4. Although TMF reduced the ability of TCDD to

stimulate AhR DNA binding, MNF had little effect; CH223191

completely inhibited TCDD-dependent AhR DNA binding

(Fig. 6A). The ability of MNF itself to stimulate AhR DNA

binding indicates that it is a full agonist in this experimental

system. TMF, like CH223191, failed to inhibit the ability of

BNF to stimulate AhR DNA binding, and thus it exhibits some

ligand specificity in its antagonist activity. The action of these

antagonists on AhR-dependent gene expression was also

examined by determining their effect on the induction of

luciferase activity in recombinant mouse hepatoma (H1L1.1c2)

cells co-incubated with TCDD (1nM) or BNF (1lM) in the

absence or presence of 1 or 10lM of antagonist (CH223191,

MNF, or TMF) for 4 h (Fig. 6B). Although these results

revealed antagonism of TCDD induction of luciferase gene

induction by CH223191, TMF, and MNF (the higher levels of

induction at 10lM MNF result from its partial agonist activity;

Henry and Gasiewicz, 2008; Zhou and Gasiewicz, 2003), all

FIG. 4. Differential inhibitory effects of CH223191 on TCDD- or BNF-stimulated AhR transformation and DNA binding in vitro. Guinea pig hepatic cytosol

(8 mg protein/ml) was (A, B) incubated with DMSO (20 ll/ml), TCDD (20nM), or BNF (2lM) in the absence or presence of 10lM CH223191 for 2 h at 20�C or

(C, D) preincubated with 10lM CH223191 for 1 h at 20�C followed by the addition of DMSO (20 ll/ml), TCDD (20nM), or BNF (1lM) and further incubated for

2 h at 20�C. Protein-DNA complexes were resolved by gel retardation analysis (A, C) and the amount of induced protein-DNA complex formation determined by

phosphorimager analysis (B, D). Values are expressed as a percent of maximal TCDD-induced protein-DNA complex formation and represent the mean ± SD of

triplicate determinations. The arrow indicates the position of the induced protein-DNA (ligand:AhR:Arnt:DRE) complex.
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three antagonists did not inhibit BNF-dependent luciferase

gene induction in these cells but actually enhanced it to a small

degree. The observed species differences in agonist/antagonist

activity of MNF observed between the rat (gene induction) and

guinea pig (DNA binding) AhR bioassays are consistent with

those previously reported differences in MNF effects on mouse

(antagonist activity) and guinea pig (agonist activity) AhR

activity that were shown to result from a single amino acid

difference in the LBD of the AhR of these species (Henry and

Gasiewicz, 2008). Together, the above results indicate the

ability of other AhR antagonists to also exhibit ligand

selectivity.

DISCUSSION

Activation of the AhR can result in a wide variety of toxic

and biological effects, and the specific spectrum of observed

effects is ligand dependent, with metabolically stable ligands

(HAHs) producing the prototypical spectrum of TCDD-like

AhR-dependent toxicity (Bradshaw and Bell, 2009; Denison

et al., 1998; Furness and Whelan, 2009; Poland and Glover,

1980; Poland and Knutson, 1982; Safe, 1990). More recently,

the AhR has been shown to bind and be activated by an

extremely wide variety of structurally diverse exogenous and

endogenous chemicals that have little similarity to the

prototypical HAH/PAH AhR ligands (Bradshaw and Bell,

2009; Denison and Heath-Pagliuso, 1998; Denison et al., 1998;

Nguyen and Bradfield, 2008). Attempts to model all known

AhR agonists by structure-activity relationship approaches

have been unsuccessful and are complicated by the dramatic

diversity in AhR ligand structure and physiochemical proper-

ties (Denison et al., 1998; Petko et al., 2010). Although the

reported diversity in AhR ligand structure has continued to

rapidly expand, our understanding of the molecular mecha-

nisms responsible for the binding by and activation of the AhR

by these structurally diverse ligands remains to be elucidated.

CH223191 exerts its antagonist effect against TCDD

through its ability to act as a competitive ligand, and this is

demonstrated through both ligand-binding analysis (Kim et al.,
2006; Supplementary fig. 2) and the increase in agonist activity

(i.e., AhR-dependent DNA binding and gene expression) that

occurs with increasing concentrations of TCDD in the presence

of a constant concentration of CH223191 (Fig. 2B and

Supplementary fig. 1). Although the competitive nature of

FIG. 5. CH223191 has no effect on DNA binding of AhR that has already

undergone TCDD- or BNF-dependent transformation in vitro. Guinea pig

hepatic cytosol (8 mg protein/ml) was incubated with DMSO (20 ll/ml),

TCDD (2nM), or BNF (2lM) for 2 h, followed by the addition of CH223191

(to 10lM) and aliquots removed at the indicated times and induced protein-

DNA complex formation determined by gel retardation analysis (A) and the

amount of induced protein-DNA complex formation determined by phosphor-

imager analysis (B). Values are expressed as a percent of the maximal TCDD-

induced protein-DNA complex formation observed at time ‘‘0’’ and represent

the mean ± SD of triplicate determinations. The arrow in (A) indicates the

position of the induced protein-DNA (ligand:AhR:Arnt:DRE) complex.

TABLE 2

The Effect of CH223191 on AhR-Dependent Reporter Gene

Expression Induced by Equally Effective Inducing

Concentrations Selected AhR Agonists in Rat Hepatoma

(H4L1.1c4) Cells

AhR agonist

Luciferase activity (percent

of 1nM TCDD)

Class Chemical Concentration � CH223191 þ CH223191

HAHs TCDD 1nM 100 ± 6a 3 ± 1b

TCDF 10nM 104 ± 1 4 ± 1b

PCB126 10nM 96 ± 5 2 ± 2b

PCB77 10nM 86 ± 2 1 ± 1b

PAHs BAA 1lM 100 ± 4 102 ± 4

BKF 100nM 100 ± 1 99 ± 1

DBA 100nM 94 ± 7 102 ± 2

Flavonoids BNF 1lM 114 ± 3 122 ± 5

T7 1lM 98 ± 4 95 ± 2

AU1 1lM 93 ± 11 106 ± 3

ANF 10lM 105 ± 4 129 ± 4

AJ9 1lM 76 ± 4 83 ± 1

AY9 1lM 107 ± 1 52 ± 4b

Other Indirubin 1lM 76 ± 2 81 ± 4

aValues represent the mean ± SD of triplicate determinations of luciferase

activity expressed as a percent of that induced by 1nM TCDD.
bValues are significantly reduced in the presence of 10lM CH223191 at

p < 0.01 as determined by the student’s t-test.
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CH223191 binding to the AhR initially suggested to us that the

lack of inhibitory effect on BNF or other non-HAH AhR

ligands might simply be due to the fact that these ligands are

used at a significantly higher concentration than that of TCDD

or other HAHs, due to their lower relative affinity/potency, our

results indicate that this is not the case. The preincubation

experiments (Figs. 4C and 4D) indicated that even though

CH223191 is bound to the AhR/AhR LBD (supported by its

ability to block binding and activation by TCDD), BNF can

still bind and stimulate AhR transformation and DNA binding.

Thus, binding of CH223191 must occur with residues that do

not affect the ability of non-HAH ligands to bind and stimulate

AhR transformation and DNA binding. Although CH223191

can partially inhibit BNF-dependent AhR activation, the degree

of inhibition (< 30%) was dramatically less than that observed

with TCDD (Fig. 2). When BNF or other non-HAH agonists

were used at concentrations that are equally effective as that of

a maximally inducing concentration of TCDD, no inhibition

was observed. Additionally, when we consider the significantly

lower inducing potency of BNF compared with TCDD (a

1000-fold more BNF is required for maximal AhR-dependent

gene expression [compare equally effective inducing concen-

trations of 1lM BNF with 1nM TCDD]) and that a 10,000-fold

molar excess of CH223191 (10lM) completely antagonized

induction by 1nM TCDD (Fig. 2), if both TCDD and BNF

were interacting with the AhR identically, then 10lM

CH223191 should have produced significant inhibition of gene

induction by 1lM BNF, but this was not observed. The ability

of 10lM CH223191 to significantly inhibit induction by the

dihalogen-substituted flavonoid AY9 not only indicates that

this concentration of CH223191 is sufficient to inhibit the

induction by 1lM of AY9, but considering the above results,

CH223191 appears to have a preference for halogen-

substituted AhR agonists.

Similar to CH223191, we observed that the flavonoid

antagonists TMF and MNF also exhibited ligand-specific

antagonism, suggesting that all three compounds can exert

antagonism through a common mechanism. Although several

reports have indicated that these antagonists can inhibit the

activity of some non-HAH AhR agonists (Goergens et al.,
2009; Han et al., 2009; Murray et al., 2010a; van Grevenynghe

et al., 2005; Veldhoen et al., 2009), the high degree of

variability in the potency and efficacy of a specific AhR

antagonist between experimental systems suggests that AhR

antagonist activity occurs in a ligand-, species-, and context-

specific manner. Accordingly, accurate comparative analysis of

the mechanism of action of AhR antagonists requires their

analysis in a common experimental system. The preferential

antagonism of HAHs by CH223191, TMF, and MNF reported

here is consistent with the hypothesis that there are significant

differences in the binding of the HAHs and non-HAH AhR

agonists within the ligand-binding pocket, and they reveal two

distinct classes of AhR agonists (based on their response to

CH223191). Although it is clear from previous [3H]TCDD

competitive binding studies that HAH and non-HAH AhR

ligands can directly compete with each other for binding to the

AhR ligand–binding pocket (reviewed in Denison et al., 1998),

these antagonists must interact with the AhR in such a way to

preferentially inhibit the binding of HAHs, but not non-HAH

ligands, to the AhR LBD. Alternatively, it is possible that

CH223191 and other AhR antagonists could act as a selective

AhR modulator (SAhRM) in that their binding to the AhR

LBD could alter the structure of the protein and/or LBD in such

a way to exclude some ligands but not others. This is supported

FIG. 6. Differential inhibitory effects of the AhR antagonists TMF and

MNF on TCDD- or BNF-stimulated AhR DNA binding and gene expression.

(A) Guinea pig hepatic cytosol (8 mg protein/ml) was preincubated with

DMSO (20 ll/ml), 10lM CH223191, 10lM TMF, or 1lM MNF for 1 h at

20�C followed by the addition of DMSO (20 ll/ml), TCDD (20nM), or BNF

(1lM) and further incubation for 2 h at 20�C. Protein-DNA complexes were

resolved by gel retardation analysis as described in the ‘‘Materials and

Methods’’ section. (B) Recombinant rat hepatoma (H4L1.1c4) cells were

incubated with 1nM TCDD or 1lM BNF in the absence or presence of DMSO,

of the indicated concentration of CH223191, MNF, or TMF for 4 h at 37�C and

luciferase activity determined. Values are expressed as a percentage of the

maximal induction of luciferase by 1nM TCDD and represent the mean ± SD of

triplicate determinations.
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by previous studies demonstrating ligand-specific differences

in steroid hormone receptor structure (Connor et al., 2001; De

Bosscher, 2010; Dusell et al., 2008; Ellmann et al., 2009;

Kazmin et al., 2006). Alternatively, CH223191 could bind to

the AhR outside of the LBD and act as an allosteric modulator,

thereby affecting overall AhR structure that leads to prefer-

ential inhibition of HAH access/binding to the LBD.

Mechanistically, it is not clear how CH233191 or other AhR

antagonists specifically inhibit the binding of TCDD and

dioxin-like HAHs, and given the lack of a 3D crystal/NMR

structure of the AhR ligand–binding pocket, the exact nature of

AhR ligand interactions within the binding pocket remain to be

established. However, our recently developed homology model

of the mouse AhR LBD (Pandini et al., 2007, 2009) has

allowed us to identify the specific amino acid residues whose

side chains lie within or are adjacent to the ligand-binding

pocket and which are candidate residues for these differential

interactions. We are currently using site-directed mutagenesis

approaches to specifically identify the amino acids within the

AhR LBD involved in agonist- and antagonist-specific

interactions. However, the halogenated side chains of the

HAHs appear to play a key role in this differential ligand

binding. This is supported by the observed inhibition of

induction of AhR-dependent gene expression by the only

flavonoid (AY9) that contains multiple halogens in its structure

and suggests that AY9 might actually bind within the AhR

LBD in a manner more similar to that of HAHs than the non-

HAH AhR ligands. This could suggest that the residue(s)

targeted by CH223191 may be involved in preferential

interactions with halogens present on these ligands.

Differential binding of structurally diverse ligands within the

AhR LBD is also indirectly supported by previous mutagen-

esis/ligand-binding analysis studies (Backlund and Ingelman-

Sundberg, 2004; Goryo et al., 2007; Whelan et al., 2010).

Mutation of a conserved tyrosine residue into phenylalanine

(Y320F) in the human AhR LBD (comparable with residue 316

in the mouse AhR) reportedly resulted in the selective loss of

binding and/or activation by several low-affinity non-HAH

AhR ligands (i.e., 2-mercapto-5-methoxybenzimidazole, pri-

maquine, and omeprazole) but not by the high-affinity ligand

TCDD (Backlund and Ingelman-Sundberg, 2004). In contrast,

insertion of a single mutation in a closely associated position

into the mouse AhR LBD (F318L) was reported to produce

a receptor that could be activated by the PAH ligand 3-

methylcholanthrene but not by BNF or TCDD (Goryo et al.,
2007). Based on our mouse AhR LBD homology model

(Pandini et al., 2007, 2009), the mutations F318L and Y316F

(Y320 in the human AhR) both reside in the same small alpha

helix (Ea) present at the top of the ligand-binding cavity.

Interestingly, whereas the loss of the aromatic group in the side

chain with the Y318L mutation eliminates binding by TCDD/

BNF (Goryo et al., 2007), the Y316F mutation, which retains

an aromatic ring in this position, eliminates binding by low-

affinity non-HAH ligands but not TCDD (Backlund and

Ingelman-Sundberg, 2004). These results, combined with our

previous mutagenesis results (Pandini et al., 2007, 2009),

indicate that the presence of an aromatic residue in these

positions is critical for AhR ligand binding/functional activity

and that changes in the specific residues within this helix

differentially affect binding of HAH and non-HAH ligands.

Interestingly, whereas mutation of histidine 285 to alanine in

the LBD eliminates binding and activation of the AhR by

TCDD, mutation to phenylalanine only reduced the potency/

affinity of TCDD (Pandini et al., 2009). In contrast to the

above mutations, histidine 285 is contained within a central

strand of the beta sheet (Ab) of the LBD with its side chain

pointing into the center of the binding cavity, and previous

studies (Pandini et al., 2009) suggest that it plays a role in

stabilizing TCDD binding through aromatic interactions. The

results of Whelan et al. (2010) indicate that the presence of

a tyrosine residue in this position allowed binding and

activation of the AhR by the novel agonist YH439 but not

TCDD, consistent with differences in the ability of these two

agonists to bind within the ligand-binding pocket and

demonstrating the key nature of the aromatic side chain of

this amino acid in binding specificity. Although the effect of

the specific mutations described above on the overall 3D

structure of the AhR LBD and whether they result in an altered

conformation of the LBD that contributes to and/or is

responsible for these observed differential ligand-specific

effects is not known. However, these studies are consistent

with the results presented here that support differential binding

by ligands or classes of ligands within the AhR ligand–binding

pocket, and these differences could contribute to the observed

structural promiscuity of AhR ligands. Future mutagenesis,

protein modeling, and docking analysis using the AhR LBD

model will provide further insights into these unique aspects of

AhR ligand binding.

The structural diversity and differential binding of AhR

ligands also suggest the existence of selective modulators of

the AhR, similar to that reported for nuclear steroid hormone

receptor. Previous studies have shown that the functional

activity of nuclear hormone receptors can be altered in

a ligand-selective manner, and these functional changes appear

to be directly related to ligand-specific changes in the overall

structure of the receptor and consequently impact the specific

proteins (i.e., coactivators) to which it interacts (Connor et al.,
2001; De Bosscher, 2010; Dusell et al., 2008; Ellmann et al.,
2009; Kazmin et al., 2006). Similarly, given the ligand

promiscuity of the AhR and differences in ligand binding,

one can envision the existence of ligand-specific differences in

AhR structure and function resulting from specific differences

in the binding of ligands to the AhR (i.e., the existence of

SAhRMs). In fact, several SAhRMs have already been

identified based on their ability to selectively produce some

AhR-dependent responses and not others (i.e., inhibition of

inflammatory gene expression without induction of CYP1A1

[Murray et al., 2010b] and ligand-selective inhibition of
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estrogen receptor action [Zhang et al., 2008, 2009]). Like

that observed for selective modulators of nuclear hormone

receptors, ligand-specific differences in AhR co-activator

recruitment have been observed (Zhang et al., 2008) and

likely result from ligand-specific differences in AhR structure.

Additionally, ligand-dependent differences in nucleotide-

specific DNA binding of the AhR have been reported

(Gouédard et al., 2004; Matikainen et al., 2001), and this

could contribute to the observed diversity in ligand-specific

AhR responses. Given these aspects, one can envision dramatic

differences in the overall spectrum of AhR-depended responses

observed in a given cell type or in vivo that is entirely driven by

the specific ligand and its mechanism of interaction with the

AhR. This could contribute to the wide spectrum of AhR-

dependent toxic and biological effects observed following

exposure to various AhR agonists.

Although metabolically persistent AhR ligands, such as that

of TCDD and related dl-HAHs, can produce adverse AhR-

dependent responses (Denison and Heath-Pagliuso, 1998;

Denison and Nagy, 2003; Denison et al., 1998; Safe, 1990),

the demonstration of a critical role for ligand-dependent

activation of the AhR in aspects of immune function (Esser

et al., 2009; Marshall and Kerkvliet, 2010) and tissue-specific

developmental effects (Bradshaw and Bell, 2009; Furness and

Whelan, 2009), combined with documented effects of AhR

ligands on cell cycle, inflammation, and cancer cell pro-

liferation, support the potential therapeutic application for

activators/inhibitors of the AhR/AhR signaling pathway

(Bradshaw and Bell, 2009; DuSell et al., 2010; Furness and

Whelan, 2009; Hall et al., 2010). Although a variety of AhR

antagonists have been identified, including ANF, resveratrol,

curcumin, luteolin, and others (Bradshaw and Bell, 2009;

Denison and Nagy, 2003; Denison et al., 1998, 2002), the

partial agonist activity associated with these compounds

complicate clear analysis of their inhibitory effects. Only three

pure AhR antagonists have been reported, namely CH223191

(Kim et al., 2006) and the synthetic flavonoids TMF (Murray

et al., 2010a) and MNF (Lu et al., 1995). Whereas TMF can

antagonize HAH and non-HAH AhR agonist activity in human

cells and cytosol in vitro (Murray et al., 2010a), only

CH223191 has been shown to be a potent antagonist of TCDD

both in vitro and in vivo and it can inhibit TCDD-dependent

toxicity in vivo (Kim et al., 2006). The agonist activity of MNF

is unique in that it occurs in a species- and context-specific

manner (Henry and Gasiewicz, 2008; Lu et al., 1995; Zhou and

Gasiewicz, 2003). Accordingly, CH223191 might be a useful

therapeutic agent itself and/or a unique lead compound for the

development of more potent antagonists of AhR-dependent

toxic effects produced by TCDD and related dl-HAHs.

Preliminary structure-activity analysis suggests that the HAH

antagonistic activity of CH223191 requires the 1-methyl-1H-

pyrazole-5-carboxamide portion of the molecule because its

removal results in a compound (o-aminoazotoluene) with

relative potent agonist activity (data not shown). Further

structure-activity relationship analysis of CH223191 and its

derivatives will provide important insights into aspects of the

molecular responsible for its selective inhibitory function and

AhR ligand–binding specificity. Although it remains to be

determined whether CH223191 will inhibit the binding and

activation of the AhR by endogenous compounds, we envision

that the endogenous ligands are more likely to bind to the AhR

in a manner more similar to the non-HAH AhR agonists and

expect that they would not be inhibited by CH223191.

Examination of the ability of CH223191 to inhibit the toxic/

biological effects of TCDD without antagonizing endogenous

AhR-dependent developmental effects would be important to

determine in future studies. Overall, we have identified and

characterized a novel AhR antagonist that has not only revealed

significant differences in the binding of HAHs and non-HAHs

to the AhR, but this reagent will allow for a more in-depth

analysis of AhR ligand–binding specificity, the effects of

TCDD, and AhR biology.
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