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Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that mediates the
biological and toxicological effects of structurally diverse chemicals through its ability to bind
specific DNA recognition sites (dioxin responsive elements (DRES)), and activate transcription of
adjacent genes. While the DRE has a highly conserved consensus sequence, it has been suggested
that the nucleotide specificity of AhR DNA binding may be ligand-dependent. The upstream
regulatory regions of the murine Bax and human paraoxonase 1 (PON1) genes reportedly contain
unique DRE-like sequences that respond to AhRs activated by some ligands but not others. Given
the significant implications of this observation to understanding the diversity in AhR responses
and that of other ligand-dependent nuclear receptors, a combination of DNA binding, nuclear
translocation and gene expression analysis was used to investigate the molecular mechanisms
underlying these ligand-selective responses. Although known AhR agonists stimulated AhR
nuclear translocation, DRE binding and gene expression, the ligand-selective DRE-like DNA
elements identified in the Bax and PON1 upstream regulatory regions failed to bind ligand-
activated AhR or confer AhR-responsiveness upon a reporter gene. These results argue against the
reported ligand-selectivity of AhR DNA binding and suggest DNA binding by ligand activated
AhR involves DRE-containing DNA.
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INTRODUCTION

The AhR is a unique ligand-dependent transcription factor that can be bound and activated
by structurally diverse chemicals to produce a dramatic pleiotropic spectrum of species- and
tissue-specific toxic and biological effects [1-3]. These effects appear to result primarily
from AhR-dependent alterations in gene expression, with metabolically stable ligands like
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDDl, dioxin), producing a greater spectrum of toxic
effects as a result of persistent alterations in gene expression and biological effects than AhR
ligands like benzo(a)pyrene and 3-methylcholanthrene (3MC), that are metabolically labile
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and only transient AhR activators [4]. Mechanistically, AhR ligands diffuse into the cell
wherein they bind to the cytosolic AhR protein complex to stimulate its nuclear
translocation [5]. Once in the nucleus, the liganded AhR is released from its associated
proteins by its specific interaction with the Ah receptor nuclear translocator (ARNT) protein
and the resulting ligand:AhR:ARNT heterodimer gains the ability to bind to DNA with high
affinity [6]. Binding of the ligand:AhR:ARNT complex to its specific DNA recognition sites
(dioxin responsive elements (DRES)) leads to stimulation of transcription of adjacent genes
and resulting biological effects [1, 7].

In addition to the classical AhR:ARNT:DRE-dependent mechanism of action, the AhR can
produce biological effects through a multitude of other distinct mechanisms including acting
as a nuclear coactivator or coregulator/dimerization partner for other transcription factors,
altering intracellular calcium signaling and release, cross-talk with other cell signaling
pathways, nuclear squelching effects and others [reviewed in 1, 8]. The structural diversity
and differential binding of AhR ligands suggests the existence of ligands whose binding can
selectively alter the structure and function of the AhR, leading to differential interactions
with coactivator/coregulator proteins and alterations in the overall biological response. In
fact, several selective AhR modulators (SAhRMSs) have already been identified based on
their ability to selectively produce some AhR-dependent responses and not others [9, 10].
Additionally, agonist-dependent changes in AhR protein structure have been observed [6] as
has ligand-specific differences in AhR coactivator recruitment [11], suggestive of some
ligand-dependent differences in AhR structure/function that can contribute to the diversity in
AhR response. Two studies have proposed a novel mechanism, whereby differential ligand
binding leads to alterations in AhR structure which changes the nucleotide specificity of
AhR:ARNT DNA binding [12, 13] and this unique mechanism could contribute in very
dramatic and unexpected ways to the functional diversity observed for of AhR ligands.
Matikainen and co-workers [12] reported that the upstream regulatory region of the murine
Bax gene contained two novel degenerate DRE-like sequences that were able to confer
AhR-dependent responsiveness to a PAH metabolite (7,12-dimethylbenz[a]anthracene-3,4-
dihydrodiol (DMBA-DHD)), but not to TCDD. They reported that insertion of a single
nucleotide mutation 3’-ward of the invariant DRE core sequence (5’-GCGTG-3’) that
restored the overall DRE consensus sequence also restored TCDD responsiveness. Gouédard
and coworkers [13] identified a DRE-like sequence (4/5 consensus match with the invariant
DRE core) present in the upstream region of the human paraoxonase 1 (PON1) gene that
they reported was sufficient to allow the AhR ligands 3MC and quercetin, but not TCDD, to
induce AhR-dependent gene expression.

Given the significance and major impact that ligand-selective changes in AhR DNA binding
specificity can have in improving our understanding of the diversity and mechanisms of
AR toxic and biological effects, coupled with the lack of any subsequent studies actually
confirming these novel ligand-selective effects, further studies are needed. Accordingly,
here we describe studies examining the molecular mechanisms by which DMBA-DHD,
3MC, and quercetin are reported to selectively modulate the nucleotide specificity of AhR
DNA binding to differentially activate gene expression.

LAbbreviations: 3MC, 3-methylcholanthrene; AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator; DMBA-DHD, 7,12-
dimethylbenz[a]anthracene-3,4-dihydrodiol; DMSO dimethyl sulfoxide; DRE, dioxin responsive element; EMSA, electrophoretic
mobility shift assay; PAH, polycyclic aromatic hydrocarbon; PON1, paraoxonase 1; SAhRM, selective AhR modulator; TCDD,
2,3,7,8-tetracholordibenzo-p-dioxin
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MATERIALS AND METHODS

Materials

TCDD was provided by Dr. Stephen Safe (Texas A&M University). DMBA-DHD was
obtained from the National Cancer Institute Chemical Carcinogen Reference Standards
Repository and DMSO, quercetin, and 3MC were from Sigma-Aldrich (St. Louis, MO).

Oligonucleotides

Complementary DNA oligonucleotides containing a single copy of the murine DRE3
sequence (5’-CTAGCGATCAAGAGGCTCTTCTCACGCAACTCCGCCTGAGCTGA-3),
the Bax DRE-like sequence (5’-
GATCCAGAAAGCCGGGCGTGGTGGCGCACGCCTTTAATCCCA-3’), mutated Bax
DRE-like sequence (5’-
GATCCAGAAAGCCGGGCGTGGTATCGCACGCCTTTAATCCCA-3’), or human
PON1 DNA sequence (5’-GATCCGGAGGCTGCGGACCCGGCGGGGAGGGGTA-3’)
were synthesized by Operon Biotechnologies (Huntsville, AL) with either BamHI and BgllI
or Nhel and Bglll compatible ends. The oligonucleotides were annealed and either
radiolabeled using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) and [32-
PJATP (Perkin Elmer, Waltham, MA) for use as probes in electrophoretic mobility shift
assays (EMSA) or phosphorylated and subcloned into a luciferase expression plasmid for
transient transfections as described below.

Electrophoretic mobility shift assay (EMSA)

Plasmids

EMSA using guinea pig hepatic cytosol was performed as previously described [14] with
minor modifications. Briefly, cytosol (8 mg protein/ml) was incubated with the indicated
test compounds for 2 hours at 20°C followed by incubation with [32P]-labeled probes
(~100,000 cpm, ~12 fmol/binding reaction). Samples were then subjected to non-denaturing
polyacrylamide gel electrophoresis (PAGE) and protein/DNA complexes were visualized by
autoradiography using a Molecular Dynamics Phosphorimager with ImageQuant software
analysis or a FujiFilm FLA-9000 imager with Multi-Gauge software. In vitro expression of
murine AhR and ARNT proteins and subsequent EMSA analysis was performed as
described by Rushing and Denison [15] except that 5 ul aliquots of lysates containing AhR
and ARNT were combined with 14.5 ul of HEDG buffer and 0.5 pl of test compounds in
DMSO and allowed to incubate at 20°C for 3 hours. Ten microliters of this reaction was
then combined with 15 pl of oligo buffer and allowed to incubate for 15 minutes, followed
by the addition of the [32P]-labeled probes (as described above) and an additional 15 minute
incubation. Loading buffer (4 ul) was added to each sample, and a 10 pl aliquot was loaded
on a 4% non-denaturing polyacrylamide gel and protein/DNA complexes visualized as
described above. EMSA analysis using nuclear proteins from hepalclc? cells were
performed as described by Denison et al. [16], except that poly(dledC) was reduced to 500
ng and the final DNA binding conditions were 25 mM Hepes, pH 7.5, 1 mM EDTA, 1 mM
dithiothreitol, 10% (v/v) glycerol, 120 mM KCI with 3 pg of total protein. Preparation of
nuclear proteins from HuH7 cells were as described by Denison et al. [16], except that 3
mM MgCl was added to both the initial HEPES wash buffer and the final extraction buffer.
Final DNA binding conditions were modified to contain 250 ng poly(dlsdC) and 80 mM
KCI with 3 pg of total protein.

The AhR and ARNT expression plasmids m AhR/pcDNA3 and mARNT/pcDNA3.1 have
been previously described [15, 17]. To prepare the inducible luciferase expression vectors,
complementary DNA oligonucleotides containing a single copy of the DRE3 sequence or
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Bax, mutant Bax, or PON1 DRE-like response elements (Figure 1A) were subcloned into
the Bglll site of the plasmid pGudLuc7.0 immediately upstream of the mouse mammary
tumor virus (MMTYV) promoter and firefly luciferase gene [18]. PCR analysis and DNA
sequencing were used to confirm insertion of a single copy of the desired response element
in the same orientation within each plasmid. The plasmids pPON1000-FL, p(XRE-PON)3-
FL and p(mutXRE-PON)3-FL were kind gifts from Dr. Robert Barouki (Université René
Descartes, Paris, France) [13].

transfection, and luciferase measurement

Hepalclc7 and HuH7 cells were grown in alpha Minimum Essential Medium (MEM)
(Gibco, Carlsbad, CA) or Dulbecco's Modified Eagle Medium (D-MEM) with high glucose
(Gibco), respectively. Culture medium was supplemented with 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA) and the cells maintained at 37°C in an
atmosphere of 5% CO, and 85% humidity. For transient transfections, cells were plated at
100,000 cells per well in a 24-well plate and allowed to attach overnight, followed by
transient transfection with 800 ng of the desired plasmid and 8 ng of pRL-TK (Promega,
Madison, WI) using Lipofectamine 2000 (Invitrogen, Carlshad, CA) per the manufacturer's
instructions. At 20-24 hours post-transfection, the cells were treated with the test compounds
(final solvent concentration 0.1% in medium) and incubated for 4 hours. The medium was
removed, the cells washed twice with phosphate-buffered saline and lysed with 100 pL of
Promega passive lysis buffer. Luciferase activity in 10 L of cell lysate was measured in an
Orion microplate luminometer with the automatic injection of 50 pl of Luciferase Assay
Reagent Il (Dual-Luciferase Reporter Assay System, Promega), with a 2s delay and 10s
firefly luciferase read integration parameters, followed by the addition of 50 .l of Stop and
Glo reagent, a 2s delay, and 10s Renilla luciferase read integration. Firefly luciferase
activity was then expressed relative to Renilla luciferase activity to normalize for
transfection efficiency.

Nuclear translocation analysis

RESULTS

Ligand-dependent AhR nuclear translocation analysis was performed using recombinant
mouse YAHAY ¢c6 cells which contain a stably expressed recombinant chimeric AhR fused
to yellow fluorescent protein fusion cells as previously described [19].

Examination of in vitro ligand-selective AhR:ARNT binding to DNA containing the Bax or
PON1 DRE-like elements

AhR-dependent expression of the murine Bax and human PON1 genes has been reported to
occur in a ligand-selective manner mediated by novel DRE-like sequences (Figure 1A)
present in their upstream regulatory regions [12, 13]. In order to confirm ligand-selective
AhR:ARNT DNA binding to the Bax and PON1 DRE-like response elements, EMSA
analysis was carried out using guinea pig hepatic cytosol as the source of AhR and ARNT.
Guinea pig cytosolic AhR efficiently transforms into its high affinity DNA binding form in a
ligand-dependent manner, producing a relatively large amount of inducible
ligand:AhR:ARNT:DRE complex making it a good model system to examine AhR DNA
binding [20, 21]. In initial experiments, we examined the ability of DMBA-DHD, 3MC,
quercetin and TCDD (Figure 1B) to stimulate AhR binding to a DNA oligonucleotide
containing a wild-type DRE (DRES3), the PON1 or Bax DRE-like sequence or the Bax DRE-
like DNA element containing a mutation that nearly restores the full DRE consensus
sequence (mutant Bax) [12]. As expected, incubation with the prototypical AhR ligands
TCDD and 3MC stimulated AhR:ARNT:DRE3 complex formation (Figure 2A).
Additionally, a small amount of AhR:ARNT:DRE3 complex was observed with cytosol
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incubated with the polyphenolic compound quercetin, similar to a previous study identifying
it as an AhR agonist [22]; no ligand-induced AhR:ARNT:DRE3 complex was produced by
DMBADHD. In contrast to the results obtained with the DRE3-containing oligonucleotide,
no chemical-induced AhR:ARNT:DNA complex was observed with oligonucleotides
containing the Bax and PON1 DRE-like sequences. In contrast, a small amount of TCDD-
and 3MC-inducible protein-DNA complex formation was observed with an oligonucleotide
containing the mutated Bax DRE-like sequence. While the substitutions inserted into the
Bax DRE-like sequence appear to restore key nucleotides of the DRE consensus, other
nucleotides in the mutant Bax sequence must negatively impact the binding of
ligand:AhR:ARNT complexes. Given that significant species-specific differences in
AhR:ARNT activation have been reported for a variety of ligands [reviewed in 8] we
repeated our EMSA analysis using C57BL/6 mouse AhR and ARNT. Each protein was
expressed in vitro, the proteins combined and incubated with the test ligands followed by the
addition of [32P]-labeled oligonucleotide probes and detection of the protein-DNA
complexes. The results (Figure 2B) reveal an identical pattern of chemical-induced protein-
DNA complex formation with the different oligonucleotide probes as that observed with
guinea pig AhR (Figure 2A). These results demonstrate an inability of DMBADHD,
quercetin, 3MC or TCDD to stimulate binding of guinea pig or mouse AhR to the previously
identified AhR-responsive Bax or PON1 DRE-like DNA elements.

Nuclear ligand:AhR:ARNT complexes fail to bind to oligonucleotides containing Bax and
PON1 DRE-like DNA sequences

One possible explanation for the lack of inducible protein-DNA complexes with the Bax and
PON1 DRE-like elements is that the DNA binding of DMBA-DHD-, quercetin- or 3MC-
activated AhR:ARNT complexes requires an additional nuclear protein(s). To examine this
possibility, mouse hepatoma (hepalclc7) cells were incubated with DMSO, TCDD or
DMBADHD for 1 hour and EMSA analysis carried out with nuclear extracts and
oligonucleotides containing DRE3, Bax or mutant Bax DNA sequences. Hepalclc? cells
were selected for these studies since these cells were derived from C57BL/6 mice, the same
mouse strain utilized in the original Bax studies by Matikainen and coworkers [12]. While
EMSA analysis revealed that nuclear extracts from TCDD treated cells resulted in an
inducible protein-DRE3 complex, no comparable protein-DNA complex was observed with
DMBA-DHD (Figure 3). Although no TCDD- or DMBA-DHD-induced protein-DNA
complex was observed with the Bax or mutant Bax DNA oligonucleotides, a constitutive
protein-DNA complex that migrated to the same position as the TCDD-induced protein-
DNA complex was observed bound to the Bax DRE-like response elements (Figure 3).
However, since these protein:Bax/mutant Bax DNA complexes were present using nuclear
extracts from DMSO treated cells (and thus should contain no AhR) and they could not be
competitively eliminated by unlabeled DRE-containing DNA (Supplemental Figure 1), these
protein-DNA complexes do not represent DNA-bound AhR:ARNT complexes. Importantly,
despite the use of nuclear protein extracts, we were unable to demonstrate the ability of
DMBA-DHD to stimulate protein binding to the Bax DRE-like response element.

The study by Gouédard et al. [13] previously reported that a quercetin- and 3MC-dependent
interaction of the AhR with the PON1 DRE-like DNA element could be observed using
nuclear extracts from a human hepatoma (HuH7) cell line. Accordingly, to examine whether
the lack of AhR binding to the PON1 DNA element we observed was species specific (i.e.
occurring with human, but not mouse or guinea pig AhR) and/or required an additional
human nuclear factor, we examined the ability of nuclear proteins from TCDD-, quercetin-
and 3MC-treated HuH7 cells to bind an oligonucleotide containing the PON1 DRE-like
DNA element using EMSA. While nuclear extracts from TCDD- and 3MC-treated HuH7
cells resulted in formation of inducible protein:DRE3 DNA complex formation at the
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expected relative migration position in the PAGE gel, albeit at relatively low levels (Figure
4), no quercetin-inducible protein-DRE3 DNA complex was observed. In contrast to the
results of Gouédard et al. [13], no TCDD-, 3MC-or quercetin-inducible protein:PON1 DNA
complex was detected with HUH7 extracts.

DMBA-DHD is not an AhR agonist in intact cells and it does not stimulate AhR-dependent
gene expression by the Bax DRE-like responsive element

Despite our inability to demonstrate the ligand-dependent presence of the AhR:ARNT
complex to DNA containing the Bax or PON1 DRE-like elements, the AhR and/or the
AhR:ARNT complex could still be functioning as a transcriptional activator/cofactor to
directly/indirectly stimulate gene expression through these DNA elements. To test this
possibility, we first examined the functional activity of the Bax DRE-like DNA element.
Mouse hepatoma cells were transiently transfected with a plasmid containing a single DRES3,
Bax, or mutant Bax DRE-like element inserted immediately upstream of the MMTV
promoter and firefly luciferase reporter gene, and the cells incubated for 4 hours with TCDD
or DMBA-DHD after which luciferase activity was determined. While TCDD-stimulated
luciferase gene expression from the reporter plasmid containing the DRE3 element, it failed
to stimulate luciferase activity from plasmids containing the Bax or mutant Bax DNA
elements (Figure 5). While DMBA-DHD did not increase luciferase activity above that of
the DMSO control from plasmids containing the DRE3 or Bax or mutant Bax DRE-like
element, it did produce a small, but significant, decrease in luciferase activity that may have
resulted from the established toxicity of this chemical [23]. Interestingly, the presence of the
mutant Bax DRE-like DNA sequence resulted in elevated basal luciferase activity that was
greater than that of the wild-type Bax DRE-like sequence and may result from an interaction
of a basal transcription factor(s) with the mutant Bax sequence. Taken together, our results
demonstrate that the wild type Bax DNA element not only fails to bind ligand-activated
AhR, but it does not mediate AhR-dependent gene expression by DMBA-DHD or other
tested AhR agonists.

In contrast to our results, a previous study reported that DMBA-DHD was a competitive
ligand for the cytosolic AhR from mouse hepatoma (hepalclc?) cells and that it could
stimulate AhR translocation in the same cells based on western blot analysis of nuclear
extracts from DMBADHD exposed cells [24]. However, since DMBA-DHD failed to
stimulate AhR:ARNT DNA binding or transcriptional activity in the studies reported here,
we questioned whether it was an AhR agonist. Accordingly, to determine whether DMBA.-
DHD had agonist activity, we examined its ability to stimulate AhR nuclear localization in
intact cells. Recombinant mouse hepalclc7 cells containing a stably transfected yellow
fluorescent protein (YFP)-tagged AhR (referred to as yAHAY¢c6 cells) were incubated with
TCDD or DMBA-DHD for 1 hour and the cells visualized by fluorescent microscopy. While
TCDD treatment resulted in almost complete AhR nuclear accumulation of YFP-AhR
(Figure 6), DMBA-DHD had no apparent effect. Together the results of the DNA binding,
nuclear translocation, and gene expression analysis reported here strongly suggest that
DMBA-DHD is not an AhR agonist.

The PON1 DRE-like response element fails to confer 3MC or quercetin responsiveness
upon a heterologous promoter and luciferase reporter gene

Studies were also carried out to examine the ability of the PON1 DRE-like sequence to
confer 3MC- or quercetin-dependent responsiveness upon the luciferase reporter gene.
HuH7 cells were transfected with a luciferase reporter plasmid containing a single DRE3 or
PON1 DRE-like DNA element and luciferase activity determined after cells were incubated
with DMSO, TCDD, 3MC, or quercetin for 4 hours. While TCDD and 3MC incubation
greatly stimulated AhR- and DRE-dependent induction of luciferase activity, a very low, but
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significant, increase in luciferase activity was observed following incubation with quercetin
(Figure 7). Similar to the Bax results, no chemical-dependent induction of luciferase activity
was observed from the PON1-luciferase reporter plasmid transfected cells. These results are
consistent with the DNA binding results that suggest that the AhR does not bind to the
previously reported AhR-responsive PON1 DNA element.

The previously published results of Gouédard et al. [13] reported that 3MC and quercetin
stimulated AhR-dependent expression of the PON1 gene and this induction was mediated by
a DNA element contained within 1000 base pairs of the immediate upstream regulatory
region of the PON1 gene. Their subsequent deletion analysis led to the identification of the
PON1 DRE-like element examined here as being responsible for the AhR-dependent
activity. However, given our inability to demonstrate DNA binding of activated AhR to
DNA containing this element or chemical-dependent activation of gene expression in the
same cell line, additional examination of the AhR responsiveness of the original PON1
regulatory sequences was warranted. PON1 regulatory DNA-containing plasmids described
in the original studies of Gouédard et al. [13] were obtained, and their responsiveness to
TCDD, 3MC and quercetin in HuH7 cells were examined using similar experimental
conditions. The specific luciferase reporter gene plasmids utilized in these studies contained
either the 1000 base pairs of upstream regulatory sequences from the PON1 gene originally
used to demonstrate AhR responsiveness (pPPON1000-FL) or one containing three tandem
copies of the PON1 DRE-like response element (p(XRE-PON)3-FL). These transfection
studies revealed a very small, but significant induction of luciferase activity in pPON1000-
FL transfected cells exposed to TCDD or 3MC, but no induction was observed with
quercetin (Figure 7). The low levels of induction observed with TCDD and the somewhat
greater activity with 3MC are consistent with the results of Gouédard et al. [13], however,
while their studies reported even higher levels of induction with quercetin, we observed no
induction. Additionally, we observed no ligand-dependent induction of reporter gene
expression in cells transfected with p(XRE-PON1)3-FL, a plasmid that was also previously
reported to be responsive to 3MC and quercetin [13]. This lack of induction is consistent
with our PON1 DNA binding and transfection results. Taken together, while our results
indicate that the upstream regulatory region of the PON1 gene can confer low levels of
TCDD- and 3MC responsiveness upon a luciferase reporter gene, the AhR responsiveness
observed in our studies appears not to be mediated by the PON1 DRE-like sequence
previously reported by Gouédard and coworkers [13].

DISCUSSION

Nuclear receptors can exhibit significant diversity in the mechanisms by which they produce
their spectrum of biological responses and many responses are directly related to nuclear
factors (i.e. coactivators and corepressors) whose interactions with these receptors and their
associated proteins are affected in a ligand-dependent manner. The binding and activation of
nuclear receptors by various ligands can result in ligand-selective alterations in the overall
structure of the receptor which can lead to changes in its functional activity as a result of
differential binding to coactivator proteins. While ligand-dependent changes in coactivator
binding by the AhR have been reported [11], novel ligand-selective alterations in AhR
functional activity have also been reported, specifically that binding of the AhR by 3MC,
quercetin or DMBA-DHD changes the nucleotide sequence to which the AhR can bind and
stimulate gene expression [12, 13]. While nuclear hormone receptors can bind to response
elements that exhibit a significant degree of nucleotide variation in the established
consensus sequence [25, 26], no ligands have been identified that can alter the nucleotide
specificity of DNA binding of these receptors. Accordingly, given this unique effect
reported with some AhR ligands, we attempted to confirm and examine the molecular
mechanisms by which binding to and activation of the AhR by DMBA-DHD, 3MC or
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quercetin changes the nucleotide specificity of AhR DNA binding using identical or very
similar model systems to those described in the original studies identifying these novel AhR
binding sites [12, 13]. In contrast to the published results, while TCDD, 3MC and quercetin
were able to stimulate AhR binding to and transcriptional activation from the wild-type
DRE, 3MC, quercetin or DMBA-DHD failed to stimulate AhR binding to or activation of
transcription from the reported PON1 and Bax DRE-like DNA response elements. While the
specific reasons for the differences in our results compared with those of Gouédard et al.
[13] and Matikainen et al. [12] remain to be determined, our analyses indicate that these
compounds do not change the nucleotide specificity of DNA binding of the AhR to allow it
to bind, nor stimulate gene expression through, these unique DRE-like DNA elements. The
results of our studies are consistent with a large amount of information on the well-
established nucleotide specificity of DNA binding by other ligand-dependent nuclear
receptors.

There are, however, several factors that may contribute to the differences between our
studies and those of Gouédard et al. [13] and Matikainen et al. [12]. First, the results of
Gouédard et al. [13], demonstrate that 48 hours of exposure of HuH7 cells to 3MC and
quercetin stimulates PON1 gene expression and this effect appears to be mediated by DNA
contained within the first 1000 base pairs of the upstream regulatory region of the gene.
However, our transfection results in the same cell line indicate that the relative level of
induction by these compounds at 4 hours of incubation is extremely low, far below that
mediated by a single wild-type DRE element (Figure 7), which suggests that gene induction
may involve a mechanism distinct from the AhR, possibly an indirect effect or involving a
metabolite of 3MC or quercetin. While in silico analysis of this 5’ upstream region using
MatInspector (Genomatix) identified 229 putative transcription factor binding sites (38 of
which were liver-specific), no DRE sequences were identified and it remains to be
determined whether any of these putative transcription factor binding sites play any role in
the TCDD/3MC induction observed in our studies or those of Gouédard et al. [13]. Another
consideration is the nucleotide sequence of the DRE-like element that was proposed to
regulate 3MC- and quercetin-dependent induction of PON1 gene expression. The PON1
DRE-like response element as reported by Gouédard et al. [13] is more similar to the DNA
core consensus sequence for the transcription factor SP1 (5’-GGGCGGG-3’) than it is to the
DNA core consensus sequence for the AhR:ARNT complex (i.e. 5’-GCGTG-3’ of the
DRE). While DRE mutagenesis studies have identified that the AhR:ARNT complex can
tolerate some variability in the first guanine of the DRE core sequence, substitution of the
any of the remaining four bases completely eliminates AhR DNA binding, and this
specificity was demonstrated for AhR from different species and with a variety of different
ligands [20, 27]. Thus, it is somewhat surprising that the PON1 DRE-like sequence was
reported to bind the AhR:ARNT complex when it contains a mutation (T to G) in a position
of the DRE consensus sequence that has been unequivocally shown to eliminate AhR:ARNT
binding. It is possible that the protein-DNA binding results of Gouédard et al. [13] represent
the AhR bound to a different heterodimerization partner; however, we were unable to
demonstrate inducible protein-DNA complex formation with nuclear extracts from the same
cell line and chemical treatments. While quercetin has been well characterized as an inducer
of PON1 mRNA levels and enzyme activity [28], a recent study has suggested that this
effect occurs through a sterol regulatory element binding protein 2 (SREBP2)-dependent
pathway, rather than through an AhR-dependent mechanism [29]. A subsequent report by
Gouédard et al. [30] indicated that resveratrol, an AhR antagonist [31], could also stimulate
AhR-dependent PON1 gene expression through the PON1 DRE-like element. The ability of
an AhR antagonist (resveratrol) to produce the same mechanistically-based AhR-dependent
induction response as an agonist (3MC and quercetin) is inconsistent with the current
understanding of agonist versus antagonist action on the AhR and AhR signaling pathway
and would be more consistent with an alternative mechanism of action for PON1 gene
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expression. Still, the results in this study do not preclude the possibility that PON1 may, in
part, be regulated through an AhR-dependent mechanism, although species or strain
specificity may play a role. Studies in rats have reported increases in PON1 gene expression
or protein levels using classical AhR agonists (TCDD, 3MC, PCB 126) [32-34], while
studies in C57BI/6 mice failed to demonstrate a similar effect [35]. Although a clear
mechanistic understanding for these biological effects is currently lacking, our results do not
support AhR:ARNT binding to and transcriptional activity from the PON1 DRE-like
response element in these induction responses.

In contrast to the PON1 DRE-like response element, the Bax DRE-like response element
identified by Matikainen et al. [12] contains two DRE-like sequences both of which contain
the invariant DRE core sequence of 5’-GCGTG-3’ (Figure 1A). However, previous studies
have demonstrated that while this core sequence is necessary, it is not sufficient, and that
nucleotides flanking the core sequence are critical for full AhR:ARNT binding affinity and
transcriptional activation [36]. Neither of the Bax DRE-like sequences contain flanking
nucleotides that completely match the defined wild type DRE3 consensus sequence, and
while the AhDR:ARNT complex is capable of binding to nonconsensus DREs [27], the
variability in these flanking nucleotides is sufficient to prevent binding of ligand-activated
AhR:ARNT complexes. Additionally, both Bax DRE-like sequences contain single
nucleotide variations in their sequences that differ from those found in functional DREs (as
defined by mutagenesis experiments) that would eliminate their ability to confer ligand-
dependent AhR:ARNT transcriptional activation, despite only exhibiting moderate
reductions in AhR:ARNT DNA binding [7, 27, 37]. Specifically, the responsible nucleotides
are the guanine in the first base position immediately downstream of the DRE core, while in
the second DRE, the responsible nucleotide is the cytosine in the third position downstream
of the core (Figure 1A). Thus, it is not surprising that not only does the AhR:ARNT
complex fail to bind to the Bax DRE-like response element, but these nucleotide variations
would also be responsible for the lack of ligand- and AhR-dependent transcriptional activity
of this DNA element in our transfection studies. In comparison, we also tested the mutant
Bax DRE-like response element which contains a double mutation designed to make both
sequences more “DRE like” [12]. While we observed that these mutations in the Bax DRE-
like sequence restored the ability of TCDD- and 3MC-activated AhR:ARNT complex to
bind to this DNA element, these changes were not sufficient to fully restore DNA binding to
levels comparable to that of the wild type DRE3 (Figures 2A and 2B), suggesting that
additional nucleotides negatively impact the binding of AhR:ARNT complexes to the
mutant Bax DRE-like element. The inability of the mutant Bax DRE-like DNA element to
confer ligand-dependent responsiveness upon the luciferase reporter gene also indicated that
these mutations were not sufficient, within the context of the other nucleotide substitutions
occurring in the sequence, to restore functional activity (at least to detectable levels) and this
likely results from an insufficient AhNR:ARNT DNA binding affinity.

Similar to the PON1 DRE-like response element, the inability of the AhR:ARNT complex to
bind either the Bax or mutant Bax DRE-like response element does not necessarily exclude
differential effects of DMBA-DHD and TCDD on Bax expression, although the role of AhR
in this response is uncertain. For example, not only were we unable to demonstrate DMBA-
DHD-stimulated AhR:ARNT DNA binding to the Bax DRE-like DNA element, but DMBA-
DHD could not be confirmed as an AhR agonist working through the wild-type DRE.
Although a previous study reported competitive ligand binding by DMBA-DHD to the
murine AhR and its ability to stimulate AhR nuclear translocation, the ability of DMBA-
DHD to stimulate AhR DNA binding and transcriptional activity were not examined [24].
The results presented here are consistent with our previous competitive ligand binding
studies that demonstrated that the presence of a hydroxyl group at the 3 position on
benzo(a)pyrene (equivalent to the hydroxyl group at the 4 position on DMBA-DHD)
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significantly reduced its binding to the AhR, suggesting that the hydroxyl groups on
DMBA-DHD may similarly negatively impact on its ability to act as an AhR agonist [38].
Additionally, since the studies of Matikainen et al. [12] used over 2 kilobases of the murine
Bax promoter and we utilized only a small 37 base pair piece to directly examine
AhR:ARNT binding, the possibility exists that the differences in functionality observed
between these two studies results from perturbations in other transcription factor(s) signaling
pathways. Alternatively, the mouse oocytes used by Matikainen et al. [12] could contain
unique factors and/or developmental targets susceptible to DMBA-DHD and/or TCDD that
are not present in our mouse hepatoma cells, although both were derived from C57BL6
mice. Intriguingly, the endogenous ligand kynurenine was recently found to upregulate the
Bax gene via an AhR-dependent pathway [39], which lend support for a role of the AhR in
regulating Bax, although the exact mechanism(s) remains to be determined.

As the field of AhR biology continues to expand, it is evident that the AhR functions in
ways separate from its classically-defined mechanism as a ligand-activated transcription
factor binding to DREs to stimulate gene transcription [1]. While some of these novel
mechanisms involve the AhR partnering with proteins other than ARNT as well as it
associating with non-DRE response elements through protein-protein interactions with other
factors [40-42], these mechanisms are distinct from the AhR:ARNT-mediated mechanisms
proposed to regulate the ligand-dependent activation of the Bax and PON1 genes.
Specifically, we were unable to confirm differences in the nucleotide specificity of DNA
binding by the AhR:ARNT complex when bound by ligands (DMBA-DHD, quercetin and
3MC) other than TCDD. These results are supported by a more systematic evaluation using
a DNA selection and amplification approach and a series of structurally diverse AhR ligands
[43] as well as our earlier studies that showed no significant ligand- or species-specific
differences in the nucleotide specificity of AhR DNA binding [20]. We currently envision
that if a compound is capable of stimulating AhR:ARNT DNA binding and gene activation
through its classical mechanism of activation, than this heterodimer will bind to a sequence
that contains the canonical DRE. As additional mechanisms of AhR action continue to be
identified, ligand-specificity is expected to form the basis for many of these novel pathways.
Indeed, studies on the selective AhR modulators (SAhRMs), ligand-specific effects on
estrogen signaling, and differential recruitment of cofactors have already demonstrated that
this is an important area of future research [11, 44, 45]. However, should ligand-selective
differences in the nucleotide specificity of AhR:ARNT DNA binding be discovered as an
additional pathway for AhR signaling, this would not only represent a major finding in AhR
biology, but may also suggest alternative signaling pathways for other ligand-activated
transcription factors. It would also have significant implications for our understanding of the
molecular mechanisms by which the AhR modulates the toxic and biological effects of
structurally diverse chemicals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DRE-like DNA elements (A) and chemicals (B) previously reported to induce AhR:ARNT-
dependent reporter gene expression in a ligand-selective manner. Alignment of DRE-like
sequences from the promoter regions of the murine Bax and human paraoxonase 1 (PON1)
genes are shown along with the wild type DRE3. The DRE core nucleotides are boxed, and
underlined bases represent mutations in the wild type Bax DRE-like response element that
reportedly restore TCDD-responsiveness [12].
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Figure 2.
AhR:ARNT complexes do not bind to Bax or PON1 DRE-like DNA elements in vitro.

Guinea pig hepatic cytosol (A) or in vitro synthesized mouse AhR and ARNT (B) were
incubated with DMSO (2% (v/v)), TCDD (20 nM), DMBA-DHD (1M), quercetin (50 1M)
or 3MC (5 pM) for 2-3 hours at 20°C followed by incubation with [32P]-labeled
oligonucleotide probes. Protein-DNA complexes were resolved by EMSA and visualized by
Phosphorlmager and ImageQuant software analysis. The arrow indicates the position of the
inducible AhR:ARNT:DNA complex.
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Figure3.

Nuclear extracts from TCDD or DMBA-DHD treated mouse hepatoma cells do not exhibit
ligand-inducible protein-DNA complexes with the Bax or mutant Bax DRE-like DNA
element. Nuclear extracts were prepared from mouse hepatoma (hepalclc?) cells incubated
with DMSO (0.1% (v/v)), TCDD (1 nM) or DMBA-DHD (1 pM) for 1 hour as described in
Materials and Methods. Extracts (3 pg of protein) were incubated with the indicated [32P]-
labeled DNA oligonucleotide probes and subjected to EMSA analysis to resolve the
protein:DNA complexes. The arrow indicates the position of the induced AhR:ARNT:DNA
complex.
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Figure4.

Nuclear extracts from quercetin and 3MC exposed human HuH?7 cells do not exhibit ligand-
inducible protein-DNA complexes with the PON1 DRE-like element. Nuclear extracts were
prepared from human hepatoma (HuH7) cells incubated with DMSO (0.1%), TCDD (10
nM), 3MC (5 pM) or quercetin (50 pM) for 1 hour. The extracts (3 pg of protein) were then
incubated with [32P]-labeled DRE3 or PON1 oligonucleotide probes and subjected to EMSA
to resolve the protein:DNA complexes. The arrow indicates the position of the induced
protein:DNA complex.
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Figureb5.
TCDD and DMBA-DHD fail to stimulate luciferase reporter gene expression from the Bax

or mutant Bax DRE-like response elements. Mouse hepatoma (hepalclc?) cells were
transiently transfected with pGudLuc7.0 containing a single DRE3, Bax or mutant Bax
DNA oligonucleotide present immediately upstream of the MMTYV promoter and luciferase
reporter gene. Cells were incubated with DMSO (0.1%), TCDD (1 nM), or DMBA-DHD (1
uM) for 4 hours after which luciferase activity was determined. Values represent the mean +
SD for triplicate determinations and the results are representative of three independent
experiments. A significant change in luciferase activity compared to the DMSO control is
indicated (*p < 0.05, **p < 0.001; Student's t-test).
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DMSO

TCDD

DMBA-DHD

Figure 6. DMBA-DHD failsto stimulate AhR nuclear localization in mouse hepatoma cells
Recombinant mouse hepatoma (YAHAY¢6) cells containing a stably transfected YFP-tagged
AhR expression vector were treated with DMSO (0.1% (v/v)), TCDD (10 nM) or DMBA-
DHD (1 uM) for 1 hour and localization of the YFP-AhR was visualized by fluorescent
microscopy.
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Figure 7. TCDD, 3MC and quercetin fail to stimulate luciferase reporter gene expression from
the PON1 DRE-like DNA element

Human hepatoma (HuH7) cells were transiently transfected with pGudLuc7.0 containing a
single DRE3 or PON1 DNA oligonucleotide present upstream of the luciferase reporter gene
or with a plasmid containing either 1000 base pairs of the upstream regulatory region from
the PON1 gene (pPON1000-FL) or three tandem copies of the wild type PON1 DRE-like
sequence (p(XRE-PON)3-FL) upstream of the luciferase reporter gene [13]. Cells were
incubated with DMSO (0.1% (v/v)), TCDD (10 nM), 3MC (5 pM) or quercetin (50 M) for
4 hours followed by measurement of luciferase activity. Values represent the mean + SD of
triplicate determinations and are representative of three independent experiments. The
asterisk indicates a significant (p < 0.05; Student's t-test) increase in luciferase activity
compared to the DMSO control.
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