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Abstract The aryl hydrocarbon receptor (AHR) medi-
ates the toxic actions of environmental contaminants, such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and also
plays roles in vascular development, the immune response,
and cell cycle regulation. The AHR repressor (AHRR) is
an AHR-regulated gene and a negative regulator of AHR,;
however, the mechanisms of AHRR-dependent repres-
sion of AHR are unclear. In this study, we compared the
genome-wide binding profiles of AHR and AHRR in
MCF-7 human breast cancer cells treated for 24 h with
TCDD using chromatin immunoprecipitation followed by
next-generation sequencing (ChIP-Seq). We identified 3915
AHR- and 2811 AHRR-bound regions, of which 974 (35%)
were common to both datasets. When these 24-h datasets
were also compared with AHR-bound regions identified
after 45 min of TCDD treatment, 67% (1884) of AHRR-
bound regions overlapped with those of AHR. This analysis
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identified 994 unique AHRR-bound regions. AHRR-bound
regions mapped closer to promoter regions when com-
pared with AHR-bound regions. The AHRE was identified
and overrepresented in AHR:AHRR-co-bound regions,
AHR-only regions, and AHRR-only regions. Candidate
unique AHR- and AHRR-bound regions were validated by
ChIP—gPCR and their ability to regulate gene expression
was confirmed by luciferase reporter gene assays. Overall,
this study reveals that AHR and AHRR exhibit similar but
also distinct genome-wide binding profiles, supporting the
notion that AHRR is a context- and gene-specific repressor
of AHR activity.
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Introduction

The aryl hydrocarbon receptor (AHR) is a ligand-acti-
vated transcription factor and member of the basic
helix—loop-helix (bHLH) Per-AHR nuclear transloca-
tor (ARNT)-Sim (PAS) protein family that mediates the
toxic actions of environmental contaminants, such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Gu et al.
2000). The AHR is also involved in several other biologi-
cal functions including vascular development, the immune
response, and cell cycle control (Fernandez-Salguero et al.
1995; Puga et al. 2002; Schmidt et al. 1996). Unliganded
AHR is sequestered in the cytoplasm by chaperone proteins
including heat-shock protein 90 (Hsp90), AHR-interacting
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protein (AIP), and 23-kDa co-chaperone protein (p23).
Upon ligand binding, AHR translocates to the nucleus and
heterodimerizes with ARNT. The AHR-ARNT complex
regulates transcription by binding with high affinity to spe-
cific DNA sequences termed aryl hydrocarbon response
elements [AHRESs; xenobiotic response elements (XREs);
dioxin response elements (DREs)] located in the regula-
tory regions of target genes including cytochrome P450
1Al (CYPIAI), CYPIBI, and TCDD-inducible poly-ADP-
ribose polymerase (TIPARP) (Hankinson 1995; Ma et al.
2001). Genome-wide analysis of AHR- and ARNT-binding
sites showed overlapping profiles supporting the impor-
tance of the heterodimerization complex in DNA binding
(Lo and Matthews 2012). Although AHRESs are enriched
in AHR-binding sites, not all of the binding sites neces-
sarily contain an AHRE as determined in several studies
(Dere et al. 2011; Lo and Matthews 2012). Similar to other
ligand-activated transcription factors, AHR also binds to
genomic regions 10 kb away from known promoters, sug-
gesting a long-range regulation through a chromatin-loop-
ing or remodeling mechanism (Dere et al. 2011).

The mechanism by which AHR regulates its target genes
is relatively well understood; however, our understand-
ing of how transcriptionally activated AHR is regulated or
inhibited is incomplete. Proposed mechanisms of regulation
include negative feedback regulation via the aryl hydrocar-
bon receptor repressor (AHRR), ligand-induced proteolytic
degradation via the ubiquitin/proteasome pathway, and
increased metabolism of the activating ligand (Hankinson
1995; Mimura et al. 1999). AHRR is an AHR target gene
and also a member of the bHLH superfamily of proteins.
AHRR binds to AHRESs, but lacks a ligand-binding domain
(PAS B) and does not have a transactivation domain
(Mimura et al. 1999). AHRR was originally described to be
part of an evolutionarily conserved negative feedback loop
regulating AHR activity (Evans et al. 2008; Mimura et al.
1999). AHRR heterodimerizes with ARNT and AHR, and
the AHRR-ARNT complex binds to AHREs (Kikuchi et al.
2003; Mimura et al. 1999). AHRR was proposed to repress
AHR by forming AHRR-ARNT complexes that subse-
quently compete with AHR-ARNT complexes for binding
to AHREs (Mimura et al. 1999). However, overexpression
of ARNT fails to rescue AHRR-dependent repression of
AHR and mutation of the DNA-binding domain does not
affect the ability of AHRR to repress AHR (Evans et al.
2008). This suggests that repression may occur through
mechanisms that involve protein—protein interactions or
that do not require ARNT. AHRR does not affect AHR pro-
tein levels, showing that the mechanism of repression is
not related to increased AHR turnover (Evans et al. 2008;
MacPherson et al. 2014).

AHRR has also been reported to function as a tumor
suppressor in multiple types of cancer, including breast
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cancer (Kanno et al. 2008; Schlezinger et al. 2006). The
chromosomal region containing AHRR is frequently deleted
in several types of human cancers (Zudaire et al. 2008) and
the AHRR promoter regions is also hypermethylated in sev-
eral different tumour cell lines. AHRR knockdown was also
reported to increase growth and invasiveness of human lung
cancer cells as well as the anchorage-independent growth
of normal non-malignant human mammary epithelial cells
(Zudaire et al. 2008). Whether the tumour suppressor activ-
ity of AHRR is dependent or not on its ability to inhibit
AHR is not fully understood.

To better understand the role and extent to which AHRR
alters AHR action, we determined the genome-wide bind-
ing profiles of AHRR in MCF-7 human breast cancer
cells using chromatin immunoprecipitation followed by
next-generation sequencing (ChIP-Seq). Here we show
that AHR and AHRR exhibit shared and overlapping bind-
ing to 974 regions but they also had 2127 and 994 dis-
tinct regions. Our findings revealed that, while sequences
co-bound by AHR and AHRR, bound by only AHR or by
only AHRR displayed high number of AHREs, AHRR-
bound regions mapped much closer to the promoter regions
(~1 kb from the transcription start site [TSS]) of target
genes when compared with AHR-bound regions. Unique
AHR-only- and AHRR-only-bound regions were also iden-
tified and validated by ChIP-qPCR and luciferase assays.
Overall, this study reveals previously unidentified genomic
binding preference of AHRR and provides a framework
to better understand the interaction between AHR and
AHRR and their potential ability to regulate transcription
independently.

Materials and methods
Chemicals and antibodies

Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were pur-
chased from Accustandard (New Haven, CT, USA). Anti-
bodies used for ChIP-Seq include anti-AHR (H-211;
Santa Cruz Biotechnology, Dallas, TX, US), anti-AHRR
(HPA019614; Sigma-Aldrich, St. Louis, MO, USA), and
normal rabbit immunoglobulin (sc-2027; Santa Cruz Bio-
technology). Protein A agarose fast flow beads (Invitrogen,
Burlington, Canada) were used for all ChIP-Seq experi-
ments. All other reagents used were of high quality and sci-
entific standards.

Cell culture

MCF-7 human breast cancer cells were cultured in low-
glucose (1000 mg/L) DMEM (Dulbecco’s modified Eagle’s
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media) supplemented with 1% (v/v) penicillin/streptomy-
cin (P/S), either 10% (v/v) fetal bovine serum (FBS) or
5% dextran-coated charcoal (DCC)-treated FBS. COS-1
African green monkey kidney cells were cultured in low-
glucose DMEM supplemented with 1% P/S and 10% FBS.
Cell culture media and supplements were purchased from
Sigma-Aldrich.

Chromatin immunoprecipitation sequencing
(ChIP-Seq)

MCEF-7 cells were seeded at a density of 3 million cells per
10-cm dish in DMEM containing 10% FBS and 1% P/S.
The following day, the medium was changed to DMEM 5%
DCC-FBS and 1% P/S. Forty-eight hours later, the cells
were treated for 45 min or 24 h with 10 nM TCDD and
ChIP assays were performed as previously described (Lo
and Matthews 2012). Immunoprecipitated DNA was puri-
fied and eluted in a final volume of 40 WL of water using
Qiaquick spin columns according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). Ten microliters
of purified immunoprecipitated DNA was used for library
preparation using the MicroPlex Library Preparation Kit
from Diagenode following the manufacturer’s recommen-
dations. The amplified ChIP DNA was separated by gel
electrophoresis using a 2% agarose gel. DNA fragments
of 300-500 bp were excised and extracted using QIAquick
Gel Extraction Kit (Qiagen). Bioanalysis was then per-
formed on the excised band at the Center for Applied
Genomics (TCAG:; SickKids, Toronto, ON, Canada) using
Agilent 2200 TapeStation. Three biological replicates were
sequenced from DNA isolated after immunoprecipita-
tion of AHR at 45 min, AHR at 24 h and AHRR 24 h after
DMSO and TCDD treatments. Sequencing was performed
at TCAG using the Illumina HiSeq 2500 sequencer.

Identification of binding regions and overlaps

The Ilumina raw output FASTQ files were mapped to the
human genome assembly (hgl9) using Bowtie2 (Lang-
mead and Salzberg 2012) with output to BAM files. The
data have been deposited in NCBI's Gene Expression
Omnibus (Edgar et al. 2002) and are accessible through
GEO Series accession number GSE90550 (https:/www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE90550). The
three replicates were pooled using SAMTools (Li et al.
2009). Peak-calling was performed using Model-based
Analysis for ChIP-Seq (MACS2) program using default
settings (Zhang et al. 2008). To investigate the genomic
binding of AHR and AHRR, we used a solo-peak-calling
approach (Gualdrini et al. 2016), in which the DMSO- or
TCDD-treated datasets were peak-called using an assumed
even background signal. For identification or peak-calling

of TCDD-induced AHR- and AHRR-bound regions, the
pooled TCDD-treated BAM file was inputted as the treat-
ment and the pooled DMSO-treated BAM file was input-
ted as the control in MACS2. The output BED files con-
tained all of the peak regions that passed the g value cutoff
of 0.05. To remove the high-risk regions (regions with high
ChIP signals such as near centromeres, telomeres, satellite
repeats), the ENCODE consortia blacklisted regions (Con-
sortium EP 2012) were filtered out using BEDTools (Quin-
lan and Hall 2010). Integrative Genomic Viewer (IGV)
was used for visualization of signal peaks (Thorvaldsdot-
tir et al. 2013). Overlap analysis and manipulation of BED
files were done using BEDTools. Overlap analysis was per-
formed with the 24-h TCDD-induced AHR- and AHRR-
bound regions as well as another dataset from a different
study, the 45-min TCDD-induced AHR-bound regions.
Because the 45-min TCDD-treated AHR solo-peak-called
regions list resulted in the highest number of peaks for
AHR, we used this dataset as a stricter filter to identify
unique AHRR-bound regions.

ChIP-seq analysis (de novo motif, gene list)

The Hypergeometric Optimization of Motif EnRichment
(HOMER) Analysis Suite was used for peak annotations
of genomic features (Heinz et al. 2010). The Discrimina-
tive Regular Expression Motif Elicitation (DREME) (Bai-
ley 2011) and Sampling with Expectation Maximization
for Motif Elicitation (SEME) (Zhang et al. 2013) programs
were used for de novo motif discovery. The output position
weighted matrix file from SEME was designed into logos
and matched with JASPAR database using STAMP with
default settings (Mahony and Benos 2007). Overrepresented
transcription factor-binding site (TFBS) analysis was per-
formed using Genomatix Software Suite (http://www.geno-
matix.de) based on the number of matches in ChIP sample
compared to genomic background or promoter background
for AHRR-only regions. Top canonical pathways and func-
tions were predicted for AHR- and AHRR-bound genes
with the Ingenuity Pathway Analysis (IPA) software (Inge-
nuity Systems, Inc., Redwood, CA, USA).

ChIP-gPCR validation

Selected regions derived from the overlap analysis were
validated by ChIP-qPCR. AHRR-unique regions were
selected such that they did not overlap with or were not
annotated to the same closest gene as any AHR-bound
regions from both the 45-min and 24-h dataset. Simi-
lar methods were applied when validating AHR unique
regions. Sequences for qPCR primers used to amplify the
ChIP regions are provided in Supplementary Table S1.
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Reporter gene assay

Selected unique AHR and AHRR regions that were
validated by ChIP-qPCR were then PCR amplified and
cloned into the luciferase basic (pGL3-basic) or pro-
moter (pGL3-promoter) reporter vectors (Promega,
Madison, WI, USA). The selected AHRR-only-binding
ChIP region annotated to X-ray repair cross-comple-
menting protein 6 (XRCC6), which was the closest TSS
to the AHRR-only bound region, was located within the
promoter region of the gene (sequence from the Switch-
Gear promoter database). To investigate whether AHRR
regulates the expression of the gene with only the ChIP
region, the promoter region that contained AHRR-
bound ChIP region of an AHRR-only gene, XRCC6
was cloned into the pGL3-basic plasmid. However, the
selected AHR-only bound region, annotated to cannabi-
noid receptor 2 (CNR2), was not found within the pro-
moter region of the genes. These regions were cloned
into a pGL3-promoter vector, which contains an SV40
promoter, to examine their potential enhancer activity.
Primers were designed to introduce the Mlul and BglII
restriction enzyme sites into the PCR products. The
regions of interest were PCR amplified from genomic
DNA from MCF-7 cells with the following set of prim-
ers (Supplementary Table S1). Amplification of the PCR
products was done using Pfu Turbo DNA polymerase
(Agilent). These PCR products were then digested with
Mlul and BglII restriction enzymes. The primers used
for cloning of the reporter gene constructs are provided
in Supplementary Table S1. The reporter gene constructs
were further validated by sequencing. For the transfec-
tion experiments, varying levels (0, 100, 200, 400 ng) of
pcDNA-AHR, pcDNA-ARNT and pcDNA-AHRRAS
expression vectors were transfected into COS-1 cells
along with 200 ng of reporter gene luciferase vectors
using lipofectamine 2000 (Invitrogen) (MacPherson
et al. 2014). Six hours after transfection, cells were
treated for approximately 20 h with DMSO, 10 nM
TCDD, and/or 100 nM TCDD. As a positive control,
pGL3-CYPIB1-Luc was transfected under the same
conditions (MacPherson et al. 2009). Luciferase activ-
ity was determined using the ONE-Glo luciferase system
(Promega).

Statistical analysis
Statistical analysis was performed using one-way or two-

way analysis of variance (ANOVA) with Bonferroni post
hoc test at a statistical significance of P < 0.05.
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Results

Identification of TCDD-induced AHR-
and AHRR-bound regions

To identify the genomic binding profiles of AHR and AHRR,
we performed ChIP-Seq on chromatin isolated from MCF-7
human breast cancer cells treated with 10 nM TCDD for
24 h. The experimental conditions were selected based on
our previous study where AHRR protein levels were only
detected in MCF-7 cell extracts after 24-h TCDD treat-
ment using the anti-AHRR antibody available from Sigma
(HPA019614) (MacPherson et al. 2014). To determine AHR-
bound regions (AHRpy50 24) and AHRR-bound regions
(AHRRpys0 »4) in the absence of a ligand, DMSO-treated
samples were peak-called using a solo-peak-calling method
described in Materials and Methods. As expected, there were
more bound regions for AHRpy 50 24 than AHRRppis0 24
(4929 vs. 1346) (Fig. 1a). The identification of AHRR-bound
regions in the DMSO-treated samples, despite not detecting
AHRR protein levels in MCF-7 cells using the anti-AHRR
antibody available from Sigma (HPA019614), demon-
strates the increased sensitivity of ChIP-Seq compared with
western blotting (MacPherson et al. 2014). Of the 1346
AHRRpp\50 24- 801 of them overlapped with AHRpy\50 24
regions (Fig. 1a). We next determined the solo-peak-called
regions for AHR (AHRrcpp 54) and AHRR (AHRRycpp o4)
after 24-h treatment with 10 nM TCDD. For AHR, TCDD
treatment resulted in the identification of 5952 AHRycpp
regions and 4929 AHRpy50 o4 regions of which 69% (3396)
(Fig. 1b). For AHRR, TCDD treatment resulted in the iden-
tification of 5082 AHRRqpp regions that overlapped with
75% (1014) of the AHRRpy;5 o4 Tegions (Fig. 1c). In the
presence of TCDD, 78% (3966) of the AHRRp regions
overlapped with the AHRpp, regions (Fig. 1d). These find-
ings showed that the TCDD-dependent increase in AHRR
protein levels (MacPherson et al. 2014) resulted in increased
genomic binding of AHRR. The data also revealed that the
binding of AHRR in MCEF-7 cells represents a subset of the
TCDD-induced regions. Moreover, the non-overlapped solo-
peak-called regions between AHR and AHRR that were
identified after DMSO or TCDD treatment were of lower
statistical significance, supporting the notion that TCDD
increases the binding of AHR and AHRR to regions they are
bound to in the absence of TCDD. We cannot exclude the
possibility that the binding of AHR and AHRR is due the
endogenous or natural AHR ligands present in the serum or
medium, such as tryptophan degradation products (Rannug
et al. 1987).

AHRR expression is induced by TCDD-dependent
activation and binding of AHR to the AHRR promoter,
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Fig. 1 Overlap among the A
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mon genomic regions between
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AHRpys0 o4 after 24-h treat-

ment with TCDD or DMSO. ¢

Overlap of the AHRR-bound
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and AHRR g0 o4 after 24-h
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DMSO. d Overlap of the com-

mon AHR- and AHRR-bound c
regions after 24-h treatment

with TCDD
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which is part of a negative feedback loop that regulates
AHR activity where AHRR is recruited to AHR-regulated
genes (Mimura et al. 1999). However, AHRR has also
been reported to function as a tumor suppressor inde-
pendently of AHR (Kanno et al. 2008). Therefore, we
reasoned that identifying AHR:AHRR-co-bound regions
after TCDD treatment would support the recruitment of
AHRR to AHR-regulated genes as proposed in a nega-
tive feedback loop model (Hahn et al. 2009). On the other
hand, unique AHR and unique AHRR regions would
provide further evidence for separate regulatory activi-
ties for both transcription factors. To this end, we treated
MCEF-7 cells with DMSO or 10 nM TCDD for 24 h to
induce AHRR protein levels (MacPherson et al. 2014)
prior to performing ChIP-Seq. We then identified TCDD-
induced AHR- and AHRR-bound regions by determining
regions that were significantly increased by TCDD com-
pared with DMSO treatment for both AHR and AHRR.
Using this approach, we identified 3915 TCDD-induced
AHR-bound (AHR,,,) regions and 2811 AHRR-bound
(AHRR,,;) regions using MACS?2 and a g value cutoff of
0.05. After annotation to the closest genes, these binding
regions corresponded to 2647 AHR,,, and 2417 AHRR
genes (Fig. 2a, b). We next used BEDTools to determine
the overlap between the AHR- and AHRR-bound regions

B
AHRrcop_24
5952 AHRDmso_24
4929
AHRRowmso_24
1346
D
AHRTcDD_24
5952 AHRRTcpD_24
AHRRowmso_24 5082
1346

A B

AHR24h  AHRR 24h AHR 24h  AHRR 24h
3915 2811 2647 2417

Fig. 2 Overlap between TCDD-induced AHR,, and AHRR,,,
genomic regions (a) and their corresponding genes (b)

and identified 974 co-bound regions. There was a higher
percentage of overlap of annotated genes compared with
the overlap of binding regions suggesting that AHR and
AHRR bind to different locations to regulate the same
gene (Fig. 2a, b). The genomic locations of AHR,,, and
AHRR,,, regions were divided into eight categories
(intergenic, intron, promoter—TSS, transcription termina-
tion site [TTS], exon, non-coding, 3’-UTR [untranslated
region], 5’-UTR, other) (Fig. 3a, b). The most notable dif-
ferences between the AHR- and AHRR-binding locations
was the high promoter-TSS binding of AHRR (26.2%
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AHR

TTS
1.05%

Other
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Promoter-

Intron TSS
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3'UTR
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Frequency

Intergenic
52.18%
B D
AHRR . Exon
romoter- %
Tss 1.67%
26.22%  TTS
Intron ) 1.67Y (>;
33.19% /B c
, (]
. o
o
L

Other
4.48%

Intergenic
32.76%

Fig.3 Annotated genomic locations of TCDD ligand-induced
(TCDD vs. DMSO) a AHR- and b AHRR-bound regions. Histogram
of the distance to the TSS for TCDD-induced ¢ AHR peak regions

in the AHRR peak regions compared with only 2.6% in
the AHR regions) and 5’-UTR (3.1 vs. 0.2%) (Fig. 3a).
This difference was confirmed by a peak density (num-
ber of peaks/bp) calculation that was highest immediately
adjacent to TSS for AHRR,,, compared with AHR,,,
regions (Fig. 3b). In agreement with previous ChIP-Seq
studies, AHR had some binding preference for promoter
regions with the highest peak density at the TSS (Lo and
Matthews 2012); however, this promoter-centric pattern
was markedly lower when compared with that of AHRR
(Fig. 3c, d).

De novo motif analysis and overrepresented
transcription factor-binding site analysis

We used Matlnspector to search the AHR,,, and AHRR,,

datasets for AHREs and found that 36.9% (1445) of
AHR,,, and 64.2% (1806) of AHRR,,; regions contained
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and d AHRR peak regions. 7SS transcription start site, 775 transcrip-
tion termination site, UTR untranslated region

at least one AHRE. To identify other potential binding sites
in AHRR-dependent repression, we performed de novo
motif discovery on the top 500 TCDD-induced AHR,,;, and
AHRR,,, regions, using the DREME (Table 1) and SEME
algorithms (Table 2). For both AHR,, and AHRR,,
datasets, the full pentanucleotide AHRE core consensus
sequence (5'-GCGTG-3') was the highest ranked using the
SEME analysis while the quadranucleotide invariant core
(5’-CGTG-3’) was the highest ranked using the DREME
analysis. Other common motifs included forkhead box
(FOX) and specificity protein 1 (SP1), GATA-binding pro-
teins and activator protein-1 (AP-1) motifs were found to
be unique for the AHR,,, dataset. As expected, an AHRE
was among the top five overrepresented TFBSs for both
AHR,,;, and AHRR,,;; however, there were some notable
differences between the datasets (Table 3). GC-rich binding
motifs were highly overrepresented in the AHRR dataset,
which may reflect the promoter-centric binding preference
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Table 1 DREME motif
discovery for top 500 AHR- and

Top 500 TCDD-induced AHR-bound regions

AHRR-bound regions (E value . E value

<0.05) (Bailey 2011) Rank — Motiffound " o5
1 %jc NT = 1.2e-020
2 %‘j%AAA% . 2.8e—006

A quadranucleotide version of e

AHRE invariant core (5'-

CGTG-3') was ranked first for

both AHR and AHRR. Other N

motifs of interest include FOX 3 JT ATI[CAT 3.3e-002

and AP-1 (JUN and FOS)
motifs for AHR

231
Top 500 TCDD-induced AHRR-bound regions
Known §1m1]ar Rank  Motif found  E value (<0.05) Known glmllar
motifs motifs
Ahr::Arnt, 2 Ahr::Arnt,
Bhlhe40, 1 E}C T — 2.4E-021 Bhlhe40,
HIFIA::ARNT R HIF1A::Arnt
FOXI1, Foxd3,
FOXAI, Foxa2
’ ? 2 FOXI1, Foxa2,
FOXDI, Foxql, |, EJAA A A 1.5E-002  FOXAI, Foxd3,
HNF1B, oL T FOXO03, FOXP2
FOXO3, e ’
FOXP2, FOXF2
JUN::FOS,
NFE2::MAF,
Nfe2l2, n/a n/a n/a
Bachl::Mafk,
BATF::JUN

Table 2 SEME motif discovery of top 5 motifs for top 500 AHR- and AHRR-bound regions with the best match in JASPAR motif database and

corresponding E value of matching

TCDD-induced AHR-bound regions

TCDD-induced AHRR-bound regions

Rank Motif found Best match

of match)

Mot clustl_rev

" aeCaTle

Mot lus v

’ EZH-ATTTéQEI—?-

1.8412e-05)

FOXA1
4.6296e—14)

2.5561e-04)

»»»»»»»»

N %ngggnggccg L0

2.4863e—09)

val: 4.3217e-07)

JASPAR (E value

Amt_Ahr (E val:

(E wval:

Gatal (E val

SP1 (E  val:

Amt, Arnt Ahr (E

Motif found Best match
JASPAR (E value
of match)
i e Amt_Ahr (E val:
TUCU | Ueac 1.2551e-04)

L L R e -

HMG-LY (E val:

nnnnnnnnnnn 2.1820e-05)
- SP1 (E val:
L:C <_:CCC<_:TCCc=cC 6.7746e—13)
) - Foxa2 (E val:
ottaTATT a Lioiseoo)

AZF1, FoxA2 (E
val: 6.4272e—07)

The full AHRE core consensus sequence (5-GCGTG-3’) was ranked first both the AHR and AHRR dataset. Other motifs found for AHR include
FOXA1, GATA1, SP1, and ARNT. Both SP1 and FOX motifs were also found for AHRR

of AHRR. Pathway analysis was done on the top 500
AHR,,, and AHRR,,, genes. The AHR signaling pathway
was the top pathway for both datasets though it was sta-
tistically more significant for the AHR dataset (Table 4).
Interestingly, the xenobiotic metabolism pathway, a known
pathway activated by AHR, was not predicted for the
AHRR dataset.

Overlap and identification of AHR- and AHRR-unique
binding regions

We previously reported that maximum AHR recruitment
occurs after approximately 45 min of TCDD exposure
in MCF-7 cells cultured under the conditions used in the
present study and that AHR-bound regions determined at
a later time points, such as 24 h, represent a subset of

the AHR-bound regions present after 45 min (Dere et al.
2011; Lo and Matthews 2012) (Fig. 4). To determine high
confidence unique AHRR-bound regions and to exclude
the possibility that AHRR,,, regions overlapped with or
simply represented a subset of AHR,s,..;, regions, we per-
formed ChIP-Seq for AHR-bound regions using chroma-
tin isolated from MCEF-7 cells treated with 10 nM TCDD
for 45 min (AHR,s,;,) and overlapped these regions
with AHR,,, and AHRR,,, datasets. We identified 20954
AHR,5,.. regions using the same peak calling strategy
used for the 24-h datasets. The AHR,s,,;, regions cor-
responded to 8441 AHR,s,.., genes. We next used BED-
Tools to determine the overlap among all three datasets
which revealed that 3493 (89%) AHR,,, regions or 2525
(95%) AHR,,;, genes overlapped with AHR,s ., regions
and AHR 5, . genes, respectively. These data support our
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Table 3 Top 5 overrepresented transcription factor-binding sites (Genomatix, http://www.genomatix.de/) for top 500 TCDD-induced AHR- and

AHRR-bound regions

Rank Top 500 TCDD-induced AHR-bound regions

Top 500 TCDD-induced AHRR-bound regions

TF fami-  Description Z score (genome) TF families Description Z score (genome)
lies
1 AHRE AHR-ARNT heterodimers and 342 NRF1 Nuclear respiratory factor 1 94.86
AHR-related factors
AP2 Activator protein 2 24.19 ZF5 ZF5 POZ domain zinc finger 88.48
APIR MAF and AP1-related factors 15.15 AHRE AHR-ARNT heterodimers and 67.65
AHR-related factors
4 AP1 AP1, Activating protein 1 15.15 EGR EGR/nerve growth factor-induced 58.42
protein C and related factors
5 ERE Estrogen response elements 12.34 E2F E2F-myc activator/cell cycle 50.21

regulator

The AHRE was ranked first for AHR but third for AHRR. Despite a high z score for AHRE, other GC-rich transcription factor-binding sites were
overrepresented in the AHRR dataset with similar or higher significance include nuclear respiratory factor 1 (NRF1), ZF5 POZ domain zinc fin-

ger (ZF5), early growth response (EGR), and E2F

Table 4 Top 5 canonical
pathways predicted for top 500

Rank Top 500 AHR-bound genes

Top 500 AHRR-bound genes

TCDD-induced AHR-bound Top canonical pathways

P value Top canonical pathways P value

and AHRR-bound genes with
their corresponding P values
as calculated by the Ingenuity

ERK/MAPK signaling
Pathway Analysis (IPA)

HGF signaling

D AW N =

Xenobiotic metabolism signaling

Molecular mechanisms of cancer

Aryl hydrocarbon receptor signaling 1.32E—07 Aryl hydrocarbon receptor signaling 1.52E—04

1.37E—04 Molecular mechanisms of cancer 2.75E—04
3.01E-04 ERK/MAPK signaling 2.21E-03
3.06E—04 EIF2 signaling 3.91E-03
5.20E—04 Telomerase signaling 4.46E—03

Although AHR signaling pathway was ranked first for both AHR and AHRR datasets, it was predicted
more significantly in the AHR dataset

AHR 24h AHRR 24h B AHR 24h  AHRR 24h
3915 2811 2647 2417
5 10

5077

AHR 45 min
8441

AHR 45 min
20954

Fig. 4 Overlap between TCDD-induced AHR,,, AHRR,,. and
AHR 45,.i» genomic regions (a) and their corresponding genes (b)

previous findings that the AHR,,, represent a subset of
the AHR,s,.;, regions (Dere et al. 2011; Lo et al. 2011)
(Fig. 4). We found a total of 1857 regions (66%) or 1913
genes (79%) that were common among AHRR,,, with
either AHR 5., or AHR,,, datasets. We identified 994
unique AHRR,,;, regions (AHRR-only) or 504 genes, and
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2941 unique AHR regions or 1528 genes (common to
both AHR,s,.;, and AHR,,;). For the unique AHR-bound
regions (AHR-only), we considered the 2524 regions that
overlapped between AHR,s,,;, and AHR,,, datasets. The
co-bound regions were also located close to the TSS of
annotated genes but also at distant genomic sequences.
The unique AHR-bound regions displayed a more dis-
persed binding pattern compared with any other subset of
regions in our analyses. AHRR-only regions were almost
exclusively located at promoters where the majority of
the regions fell within 2000 bp of the TSS.

We next applied the same de novo motif discovery
(Fig. 5) and overrepresented TFBS analysis (Table 5) anal-
yses to the AHR:AHRR-co-bound, AHR-only and AHRR-
only regions as we used on the AHR,,, and AHRR,,, data-
sets. As expected de novo motif discovery using DREME
or SEME identified an AHRE-like motif as the top-ranked
motif for the AHR:AHRR-co-bound and the second ranked
for the AHR-only regions. Other notable observations for
AHR:AHRR-co-bound and AHR-only regions included
the high-ranked FOXA1 motif and a predicted ERE-like
sequence for the AHR-only regions, the latter was only
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Fig. 5 Genomic distribution and de novo motif analysis of overlap-
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covery using DREME and SEME for a AHR:AHRR-co-bound, b
AHR-only and ¢ AHRR-only genomic regions. 7SS transcription start
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Table 5 Top 5 overrepresented transcription factor-binding sites from AHR:AHRR-co-bound, AHR-only and AHRR-only regions

Overrepresentation analysis AHR:AHRR-co-bound ~ Overrepresentation analysis AHR-only

Overrepresentation analysis AHRR-only

regions
Rank TF Fam-  Description Zscore TF family Description Zscore TF family Description Z score
ily
1 AHRE AHR-ARNT heterodi- 42.1 AP1 Activating protein 1 17.2 AHRE AHR-ARNT heter- 39.3
mers odimers
2 AP2 Activator protein 2 28.7 AP2 Activating protein 2 16.4 NRF1 Nuclear respiratory 18.2
factor 1
3 PAX9 PAX-9 binding sites 14.6  APIR MAF and API-related 14.9 ZF5F ZF5 POZ domain zinc  14.8
factors finger
4 APIR MAF and AP1-related 12.5 ERE Estrogen response 12.0 EGRF EGR/nerve growth 14.0
factors elements factor-induced
protein C
5 CTCF CTCF and BORIS 12.1 AHRE AHR-ARNT heter- 10.3 E2F E2F activator factor 1~ 13.8

gene family

odimers

AHR:AHRR-co-bound and AHR-only regions were probed against a genomic background, while AHRR-only were probed against a promoter

background using Genomatix (http://www.genomatix.de/)

identified using DREME. Overrepresented motif analysis
supported the importance of the AHREs motif and other
GC-rich motifs. An ERE was also overrepresented in the
AHR-only regions, but FOXA1 motifs were not highly
overrepresented (Table 5). An AHRE-like motif was the
top-ranked motif by DREME for AHRR-only regions;
however, a similar motif was not detected using SEME
(Fig. 5). Other notable transcription factor-binding motifs
included FoxA2 sequences and GC-rich sequences recog-
nized by SP1, E2F, and EGR (Table 5). For the AHRR-only
regions, the AHRE was the top-ranked motif in the over-
represented transcription factor-binding site analysis. Other
notable transcription factors were those that recognize
GC-rich sequences including NRF1, ZF5, E2F, and EGR
(Table 5).

Validation of unique AHR- and AHRR-bound genomic
regions

We confirmed by qPCR the recruitment levels of AHR
and AHRR to a subset of unique AHR-only and AHRR-
only regions (Fig. 6a, b). For AHR-only regions, the cho-
sen regions were annotated to the closest genes, Acyl-
CoA Synthetase Long-Chain Family Member 1 (ACSLI),
CNR?2, laminin subunit 4 (LAMA4), and raftlin, lipid raft
linker 1 (RFTNI) (Fig. 6a). An AHRE core sequence
was only identified in the LAMA4-bound region, whereas
ACSL1, RFTNI1, and CNR2 contained an AHRE-like motif
(Table 6). Because AHR also binds to genomic regions
10 kb away from known promoters, other AHRE sequences
through a chromatin-looping or remodeling mechanisms
could influence the binding of AHR to ACSL1, RFTNI or
CNR?2 (Dere et al. 2011).
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For AHRR-only regions, the chosen regions were
annotated to the closest genes, Mitogen-Activated Protein
Kinase Kinase 7 (MAP2K?7), pyridoxamine 5’-phosphate
oxidase (PNPO), ribosomal protein L22 (RPL22), and
XRCC6 (Fig. 6b). All four of the AHRR-only regions con-
tained at least one AHRE core (GCGTG) and one AHRE-
like motif (Table 6). Using ChIP-qPCR, we confirmed the
TCDD-dependent recruitment of AHR (but not AHRR), for
the unique AHR-bound regions, as well as the recruitment
of AHRR (but not AHR), for unique AHRR-bound regions.
These results provided further validation for the unique
regions identified from the ChIP-Seq analysis.

To further characterize AHR- and AHRR-specific regu-
lation of the regions identified from our ChIP-Seq analy-
sis we focused on the AHR-specific target gene, CNR2
and the AHRR-specific target gene, XRCC6. The reporter
plasmids and AHR, ARNT or AHRR were transfected
into COS-1 cells, which express very low to negligible
endogenous levels of AHR and ARNT (Long et al. 1999).
CYPIBI reporter gene activity was increased after trans-
fection with AHR and ARNT and further increased after
TCDD treatment (Fig. 7a). As expected, transfection of
AHRR repressed the TCDD-induced regulation of CYPIBI
reporter gene activity (Fig. 7a). CYPIBI was classified as
an AHR:AHRR-co-bound region from our ChIP-seq analy-
sis, which is supported by the integrative genome viewer
(IGV) visualization of the ChIP-Seq peak analysis for AHR
and AHRR at CYPIBI (Fig. 7b). Similar to a previous
report, only a small number of the identified AHREs were
bound by AHR or AHRR across the CYPIBI upstream
regulatory region (Dere et al. 2011). We next examined
the unique AHR-bound region located within CNR2 using
a reporter gene assay (Fig. 7c). IGV visualization revealed
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Fig. 6 ChIP-qPCR of a AHR-only regions and b AHRR-only
regions selected from ChIP-Seq analysis. The data represent three
independent experiments. Asterisks indicate statistically significant

Table 6 Comparison of the putative AHRE sequences in the AHR-
and AHRR-only selected ChIP-Seq regions. Predicted AHREs were
determined using MatInspector (http://www.genomatix.de/)

Annotated gene # of AHREs
[T/A/C]ICGTG GCGTG

AHR-only LAMA4 0 1

ACSLI 2 0

RFTNI 2 0

CNR2 2 0
AHRR-only MAP2K7 1 3

PNPO 3 1

RPL22 1 3

XRCC6 1 3

specific recruitment of AHR to CNR2 (Fig. 7d). Because
the AHR-bound region was located within CNR2 and not
near the promoter gene of the gene, we cloned this region
into a pGL3-promoter vector to determine whether it could
act as an AHR-regulated enhancer. Transfection of increas-
ing amounts of AHR and ARNT resulted in an increase in
TCDD-dependent reporter gene activity (Fig. 7c). How-
ever, overexpression of AHRR did not inhibit the AHR-
dependent increases of CNR2-regulated reporter gene
activity (Fig. 7¢). Since the AHRR-bound ChIP region was
located within the XRCC6 promoter, we cloned approxi-
mately a 1-kb region of the XRCC6 regulatory region that
included the AHRR-bound ChIP region into pGL3-basic
luciferase vector (Fig. 7e). IGV visualization showed spe-
cific recruitment of AHRR, but not AHR, to an AHRE

differences compared with the antibody-matched DMSO sample
(*P < 0.05, **P < 0.01) using a two-way ANOVA followed by a Bon-
ferroni post test

dense region located upstream of the XRCC6 TSS (Fig. 7).
The AHRR-bound region in XRCC6 was also located in
close proximity to the TSS of desumoylating isopeptidase
1 (DESII); however, we focused on the promoter region
of XRCC6 since it was the closest mapped gene. Overex-
pression of AHRR repressed XRCC6-regulated reporter
gene activity in the absence of AHR and ARNT (Fig. 7e).
Increasing amounts of AHR and ARNT did not affect nor
rescue the AHRR-mediated repression of XRCC6 reporter
gene activity (Fig. 7e).

We next determined the impact of AHRR knock-
down on XRCC6 mRNA levels in MCF7 cells in the
presence and absence of TCDD (Fig. 8a). Since DESI!
gene was closely located to the AHRR-bound region
that mapped to XRCC6, the effect of AHRR knockdown
on DESI1 mRNAs was also examined (Fig. 8b). This
was done to eliminate the possibility that the AHRR-
bound region between XRCC6 and DESII functions as
a bidirectional promoter regulating the expression of
both genes. Because AHRR protein was not detected in
DMSO-treated MCEF-7 cells, the effectiveness of RNAI-
mediated knockdown of AHRR protein levels was deter-
mined after 24-h TCDD treatment (Fig. 8c). In agree-
ment with our previous report, significant reduction in
AHRR protein levels after transfection of both siAHRR
sequences compared with TCDD-treated non-targeting
(NT) cells (Fig. 8c). Knockdown of AHRR resulted in a
small, but significant increase in XRCC6 mRNA levels
that was independent of TCDD (Fig. 8a). No significant
changes in DESI1 mRNA levels were observed, suggest-
ing that AHRR regulates XRCC6 and not DESI1 mRNA
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Fig. 7 Overexpression of AHRR does not repress AHRR-regulated
CNR2, while overexpression of AHR does not prevent AHR repres-
sion of XRCC6 reporter gene activity. COS1 cells were transfected
with a CYP1B1-luciferase, b CNR2-luciferase or ¢ XRCC6-lucif-
erase with increasing concentrations of AHR or AHRR and then
treated with 10 nM TCDD or DMSO control for 24 h. Integrative
genome viewer (IGV) visualization of the AHR- and AHRR-bound
peaks in the absence (DMSO) and presence of TCDD for 24 h for b
CYPIBI,d CNR2, and f XRCC6. The data are representative of three

expression levels (Fig. 8b). These findings agreed with the
gain of function studies shown in Fig. 7e where increased
AHRR decreased XRCC6-regulated reporter gene activ-
ity, but its knockdown increased XRCC6 mRNA levels.
CNR2 is preferentially expressed in the immune and
nervous system (Anand et al. 2008; Galiegue et al. 1995),
and not detected in MCF-7 cells. This suggests that AHR
binding to CNR2 might be a non-productive event in
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independent experiments. One-way ANOVA was performed along
with Bonferroni post test. Asterisks indicate statistically significant
differences (P < 0.05) when compared with the luciferase activity
level with 0 ng of AHR, AHRR expression vector transfection. Dou-
ble asterisks and hashtags indicate statistically significant differences
(P < 0.05) compared with the luciferase activity level to the absence
of AHRR for DMSO and TCDD treatment, respectively. n.s. not sig-
nificant

MCEF-7 cells, or that AHR might regulate the expression
of CNR2 in cell- or tissue-specific manner.

Discussion

AHRR is well established as an AHR ligand-induced nega-
tive regulator of AHR activity; however, the molecular
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Fig. 8 AHRR knockdown increases XRCC6 mRNA levels. a AHRR
knockdown increases XRCC6 mRNA levels in MCF7 cells treated
for 24 h with DMSO (D) or TCDD (T). b No significant changes
in DESI1 mRNA levels were observed after AHRR knockdown in
MCEF?7 cells treated with DMSO (D) or TCDD (T). RNAi-mediated
knockdown of AHRR effectively reduced TCDD-dependent increases
in AHRR protein levels. Data shown are representative of three
independent experiments. Asterisks denoted significantly different
(P < 0.05) gene expression differences compared with non-targeted
(NT) DMSO-treated cells

mechanisms, selectivity and whether AHRR functions as
a general or gene-specific repressor of AHR are not well
understood. AHRR represses AHR through binding to
AHREs and by binding to ARNT (Mimura et al. 1999).
Interestingly, overexpression of ARNT does not prevent
AHRR-dependent repression of AHR, and DNA-bind-
ing mutant of AHRR is still able to repress AHR activ-
ity and AHRR interacts directly with AHR (Evans et al.
2008). These latest findings suggest that AHRR represses

AHR signaling through direct interaction with AHR via
direct binding to AHREs or through tethering to AHR or
other transcription factors (Hahn et al. 2009). AHRR also
represses hypoxia factor 1o (HIF1a) activity, but has lim-
ited effectiveness at repressing nuclear receptor-mediated
transcription (Karchner et al. 2009). However, AHRR
has been reported to repress estrogen receptor activity
(Kanno et al. 2008). In an effort to better understand the
AHR-AHRR signaling axis, we determined the genome-
wide binding profiles of AHRR and AHR in TCDD-treated
MCF-7 human breast cancer cells. Here we provide evi-
dence that AHR and AHRR exhibit similar, but also dis-
tinct, binding profiles and that the AHRE is a prevalent
motif in AHR:AHRR-co-bound regions, but also in AHR-
only and AHRR-only regions.

The overall binding profiles of AHR were consistent
with our previous work, but we identified more AHR-
bound regions for both 45-min and 24-h datasets (Lo and
Matthews 2012). The increased number of AHR-bound
regions is most likely attributed to the different peak-
calling algorithms and library preparation methods that
we used (Lo and Matthews 2012). We found that AHR
bound to only 34% of AHRR-bound regions or 44% of
the closest genes after 24 h of TCDD treatment. However,
approximately 65% of the AHRR-bound regions or 79%
of the closest genes overlapped with those of AHR when
we considered the three AHR,5,.., AHR,,;, and AHRR,,,
datasets. This supports the notion that AHR and AHRR
may compete for or bind to the same target gene sequences
(Evans et al. 2008; Mimura et al. 1999). Additional stud-
ies including re-ChIP experiments will be needed to deter-
mine if AHR and AHRR are present at these genomic
sequences at the same time (Metivier et al. 2003). Moreo-
ver, it should be determined whether the genomic binding
profiles of ARNT will be important to resolve its role in
AHRR-dependent repression of AHR (Evans et al. 2008).
The reduced overlap observed at 24 h may reflect temporal
differences in recruitment of AHR and AHRR to the shared
genomics regions, because many of the regions occupied
by AHRR at 24 h were occupied by AHR at 45 min but
not at 24 h. These findings imply that, in certain cases,
AHRR may bind to regions recognized by AHR when AHR
is not present. Studies of Ahrr~~ mice suggest that AHRR
is a context and selective repressor of AHR (Hosoya et al.
2008), whereas other reports suggest that AHRR may regu-
late genes independent of AHR (Zudaire et al. 2008). This
is supported by the AHRR-independent binding of AHR to
CNR2 and the AHR-independent regulation of XRCC6 by
AHRR. Determining the occupancy patterns of AHR and
AHRR at multiple time points will be important future
experiments to more accurately determine unique genomic
regions bound by AHR and AHRR. There was also a higher
degree of overlap between AHR and AHRR at annotated
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genes than at their corresponding genomic regions suggest-
ing that in other cases AHR and AHRR may be binding to
distinct regions of the same gene.

The major difference in the binding profiles between
AHR and AHRR was that AHRR preferentially bound
closer to promoter regions compared with the broader bind-
ing distribution of AHR. This suggests that AHRR selec-
tively competes with or interacts with AHR at or close to
promoter regions rather than at distal enhancer regions.
As expected, de novo motif discovery and TFBS analy-
ses identified the AHRE as a highly ranked motif in the
AHR:AHRR-co-bound regions, AHR-only, and AHRR-
only regions. Overall, the results obtained from DREME
and SEME were comparable, except that SEME did not
identify an AHRE-like sequence in the AHRR-only dataset.
This was most likely due to the different algorithms used
by the two programs. Forkhead box transcription factor
motifs were identified in AHR:AHRR-co-bound, AHR-
only, and AHRR-only regions (Ahmed et al. 2012). FOXA
family of transcription factors together with GATA proteins
are pioneer transcription factors and are necessary to medi-
ate chromatin looping and facilitate transcriptional control
(Zaret and Carroll 2011). FOXA1 and FOXA?2 are essen-
tial transcription factors in cancer as they are able to bind
to their response elements in tightly wrapped nucleosomes
(Soufi et al. 2015). In breast cancer cells, FOXA1 is
needed to reprogram the genomic binding profiles of estro-
gen receptor following ligand activation (Hurtado et al.
2011). FOXAL is essential for TCDD-induced regulation
of CCNG2 by AHR (Ahmed et al. 2012). How the FOXA
family contributes to AHRR signaling and AHRR-depend-
ent repression of AHR is unknown. AHRR has also been
proposed to function independently of AHR particularly in
its role as a tumor suppressor (Kanno et al. 2008; Schlez-
inger et al. 20006). Interestingly, a number of binding sites
for other tumor suppressors or cancer-related transcription
factors, including E2F, EGR, KLF as well as STAT, were
enriched or identified in regions uniquely bound by AHRR.
The functional consequences of the presence of these tran-
scription factor sites and whether AHRR interacts and/or
functions together with these transcription factors remain
to be determined.

Similar to AHRR, TIPARP, an AHR target gene and a
mono-ADP-ribosyltransferase, also functions as part of
a negative feedback loop to regulate AHR activity via
mono-ADP-ribosylation (Ahmed et al. 2015; MacPher-
son et al. 2013). Although the sensitivity of Ahrr™" mice
to TCDD has not been reported, Tiparp™~ mice exhibit
an increased sensitivity to TCDD toxicities and lethality
(Ahmed et al. 2015). As with mRNA levels of other AHR
target genes, including Cyplal and Cyplbl, Ahrr mRNA
levels are more strongly induced after 6-h TCDD treatment
of Tiparp™~ mice compared with wild-type mice (Ahmed
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et al. 2015). This might suggest that the increased sensitiv-
ity of the Tiparp™~ to TCDD is independent of the abil-
ity of AHRR to repress AHR. Although TIPARP catalytic
activity is required to repress AHR and regulates ligand-
induced proteolytic degradation of AHR, the molecular
mechanisms are not well understood (Ahmed et al. 2015;
MacPherson et al. 2013, 2014). For example, TIPARP
mono-ADP-ribosylates AHR but not ARNT; however,
whether AHRR or other transcription factors essential for
AHR signaling are also post-translationally modified by
TIPARP has not been determined. It will also be important
to determine the contribution of both AHRR and TIPARP
to the increasing important biological and immunological
roles attributed to AHR (Stockinger et al. 2011).

One of the limitations of this study is that we treated the
MCEF-7 cells with TCDD for 24 h prior to doing the ChIP
assays for AHRR. This was based on previous time course
studies in which we did not observe high levels of AHRR
in MCF-7 cells prior to TCDD treatment (MacPherson
et al. 2014). Our studies were also done using a single anti-
body against AHRR, one cell line, and one time point. The
single time point is important given the dynamic on and
off binding of transcription factors to their response ele-
ments (Metivier et al. 2003). The AHRR- and AHR-bound
regions were normalized to DMSO (solvent control) for
AHRR and AHR, respectively, rather than compared to IgG
or to total input chromatin. This provides a robust TCDD-
dependent dataset for both transcription factors. Using
a solo-peak-calling method we also gained information
about the genomic binding patterns of AHR and AHRR
in the absence of TCDD. Human cervix epithelial adeno-
carcinoma, HeLa cells have high endogenous mRNA lev-
els of AHRR and could be used to determine the genomic
binding profiles of AHRR without prior TCDD treatment
(Tsuchiya et al. 2003).

In summary, this is the first study to report the combined
genomic binding profiles of AHRR and AHR. Our find-
ings reveal that AHR and AHRR exhibit similar, but also
distinct, genome-wide binding profiles with AHRR pref-
erentially binding to genomic sequences close to promoter
regions. There was a relatively high degree of overlap
between AHRR-bound and AHR-bound regions. These data
support the view that, following TCDD treatment, AHRR is
recruited to genomic regions occupied or previously occu-
pied by AHR. However, the impact of AHRR recruitment
to these regions (repression, activation or no effect) will
require more detailed analyses. We also observed that, in
some instances, AHRR and AHR bound to distinct genomic
regions, suggesting that each transcription factor can func-
tion independently of the other. Moreover, the presence of
AHREs and AHRE-like motifs in AHR-only and AHRR-
only regions, suggests that there are AHREs and/or AHRE-
like motifs that are differentially recognized by AHR and
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AHRR. The mechanisms and sequence characteristics that
regulate the selective binding of AHR and AHRR to these
motifs remain to be determined.
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