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Abstract

The aryl hydrocarbon receptor (AHR) and hypoxia inducible factors (HIFs) are transcription
factors that control the adaptive response to toxicants, such as dioxins, and decreases in available
oxygen, respectively. The AHR and HIFs utilize the same heterodimeric partner, the aryl
hydrocarbon nuclear translocator (ARNT) for proper function. This requirement raises the
possibility that cross-talk exists between these critical signaling systems. Single gene and reporter
assays have yielded conflicting results regarding the nature of the competition for ARNT.
Therefore, to determine the extent of cross-talk between the AHR and HIFs, a comprehensive
analysis was performed using oligonucleotide arrays. The results identified 767 and 430 genes that
are sensitive to cobalt chloride and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) stimulation,
respectively, with 308 and 176, respectively, exhibiting sensitivity to cross-talk. The overlap
between these two sets consists of 33 unique genes including the classic target genes CYP1A1,
carbonic anhydrase IX and those involved in lipid metabolism, and coagulation. Computational
analysis of the regulatory region of these genes identified complex relationships between HIFs,
AHR, their respective response elements as well as other DNA motifs, including the SRF, Sp-1,
NF-kB, and AP-2 binding sites. These results suggest that HIF - AHR cross-talk is limited to
genes with regulatory regions that contain specific motifs and architecture.

Introduction

The PAS (named for founding members; PER, ARNT, SIM) family of transcription factors
act as sensors for various environmental stimuli, including hypoxia and specific classes of
pollutants (1). As transcription factors, their principal reaction involves the modulation of
gene expression that ultimately promotes an adaptive response to these stimuli. PAS
transcription factors generally function as heterodimers that can have both cytosolic and
nuclear components. The cytoplasmic component generally acts as a “sensor” for
environmental stimuli and includes the aryl hydrocarbon receptor (AHR) and the alpha
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subunit of the hypoxia inducible factors (HIF1-3) (2,3). Once activated, these factors
translocate to the nucleus and interact with the second class of the superfamily, the nuclear
component, such as the aryl hydrocarbon nuclear translocator (ARNT, also known as
HIF1p) (4,5). ARNT/HIF1p is the predominant binding partner for the AHR and HIF1a and
therefore ARNT might act as a point of competition or cross-talk following activation of the
AHR and HIF1o.

The AHR is a ligand activated transcription factor that responds to a broad range of planar
aromatic hydrocarbons (6). Classic AHR ligands include environmental pollutants such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), naturally occurring compounds, such as
indole-3-carbazole, and endogenous ligands such as tryptophan metabolites. In the absence
of ligand, the cytosolic AHR is bound to the immunophilin-like protein, aryl hydrocarbon
receptor-associated protein (ARA9) and a dimer of heat shock protein 90 (Hsp90) (7,8).
Upon binding ligand, the AHR translocates to the nucleus where it heterodimerizes with
ARNT. The transcriptionally active AHR:ARNT complex drives the expression of genes
containing dioxin response elements (DREs, core sequence = GCGTG) such as the
canonical AHR-responsive gene, cytochrome P450, P450 (9).

Hypoxia is defined as a decrease in available oxygen reaching the tissues of the body. The
cellular response to hypoxia is a fine balance between adaptation and cell death and is
primarily controlled by HIF1a (10). HIF1a is a cytosolic protein whose stability is regulated
by a family of prolyl hydroxylases (11,12). These hydroxylases are oxygen dependent
“sensors” for the hypoxia signaling cascade either directly or indirectly through changes in
reactive oxygen species generated from complex I11 of the electron transport chain (13-16).
In the presence of oxygen, HIF1a is hydroxylated and degraded via the VVon Hippel Lindau
tumor suppressor protein and the 26S proteosome pathway (17). In the absence of sufficient
oxygen, the hydroxylase is inactive and the HIF1a protein becomes stabilized and
translocates into the nucleus where it interacts with ARNT to drive the expression hypoxia
response elements (HREs, core sequence = (G/A)CGTG) containing genes (18). Classic
hypoxia inducible genes include vascular endothelial growth factor (VEGF), erythropoietin
and most of the glycolytic enzyme genes (19,20).

The ability of ARNT to act as the heterodimeric partner for both HIF1a and AHR raises the
possibility of cross-talk between these signaling cascades. In addition, the similarities
between the HRE and DRE core sequences suggests HIF1:ARNT and AHR:ARNT might
compete for the same regulatory sequence (21). Consequently, hypoxia:AHR cross-talk
might have profound consequences on treatments aimed at hypoxic targets, such as tumors,
and might influence the ability of the AHR to regulate the expression of various drug
metabolizing enzymes. Previous in vitro and in vivo studies have shown varying degrees of
competition between AHR and HIF signaling systems, presumably due to competition for
ARNT or another critical cofactor (22-26). We hypothesized that this cross-talk may only
apply to target genes which harbor select response element combinations that include but are
not limited to DREs and HREs. Global gene expression analysis was performed in the
human hepatoma HepB3 cells following exposure to TCDD, cobalt chloride (CoCl,) and
their cotreatment. A set of genes responsive to cobalt or TCDD, with a subset influenced by
co-treatment was identified. Computational analysis of the regulatory regions of a subset of
these genes, influenced by individual treatment, identified motifs associated with TCDD or
cobalt chloride modulated gene expression. The results suggest that cross-talk between the
AHR and HIF1 signaling systems in Hep3B cells is not regulated by ARNT levels and is
limited to a group of genes with specific promoter architecture.
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Experimental Procedures

Cell Culture

Hep3B cells were maintained in aMEM (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT), 20 mM L-glutamine, 1 mM MEM non-essential
amino acids, 100 mM Hepes (pH=7.4), 1,000 units/ml penicillin G and 1,000 pg/ml
streptomycin sulfate (Invitrogen). Cells were approximately 70% confluent at the time of
treatment. Cells were maintained at 37 °C, 5% CO, and 21% O, prior to treatment. 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD, 10 nM) and cobalt chloride (100 pM) treatments were
performed for 20 hours at 37°C, 5% CO, and 21% O». These doses for cobalt and TCDD
were chosen for their ability to activate HIF1a and the AHR, respectively. Cobalt chloride
has an established history as a hypoxic mimic and the chosen dose has a demonstrated
ability to stabilize HIF1o and activate all classic HIF1a target genes, including VEGF and
the glycolytic enzymes. The dose of TCDD was chosen for its ability to maximally activate
the AHR (several times its Kd). Each treatment group was supplemented with dimethyl
sulfoxide (DMSO) to a final concentration of 0.01%. Samples were compared to vehicle
control (0.01% DMSO).

RNA Extraction

Following treatment, duplicate cell samples were removed from the tissue culture dish by
trypsinization and washed in PBS (4 °C). RNA was extracted by homogenization (Polytron,
Kinematica, Lucerne, Switzerland) in TRIzol reagent (GIBCO/BRL, Gaithersburg MD)
(added to cell pellet) at maximum speed for 90-120 s. Following a 5 min., room temperature
incubation, a 1/5 vol of chloroform was added, agitated, and subjected to centrifugation at
12,000 x g for 15 min. The aqueous phase was removed, and the RNA was precipitated
upon the addition of a half vol of isopropanol. The RNA was furthered purified with the
RNAeasy Total RNA isolation kit (Qiagen, Valencia, CA) according to manufacturer’s
specifications. Finally the purified total RNA was eluted in 10 pL of diethylpyrocarbonate
(DEPC) treated H,0, and quantity and integrity were characterized using a DU640 UV
spectrophotometer (Beckman, Fullerton, CA) and a Bioanalyzer 2100 (Agilent, Palo Alto,
CA).

RNA Labeling

Five micrograms of total RNA from two separate biological replicates were used to make
first strand cDNA using the Superscript Choice system (Gibco/BRL) and a T7 promotor/
oligo-dT primer (Gibco/BRL). Second strand cDNA was also made with the Superscript
Choice system (Invitrogen). The resulting cDNA was subjected to phenol:chloroform
purification, ammonium acetate precipitation, and used as a template to make biotinylated
amplified antisense cRNA using T7 RNA polymerase (Enzo kit, Affymetrix, Santa Clara,
CA). Twenty micrograms cRNA was fragmented to a range of 20 to 100 bases in length
using fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM KOAc, 150 mM
MgOACc) and heating for 35 min at 94 °C. The quality of cRNA and size distribution of
fragmented cRNA were examined by both agarose and polyacrylamide gel electrophoresis.

Hybridization

20 ng of cRNA was hybridized to a U95A version 1 gene chip (Affymetrix) with 1X 4-
morpholineethanesulfonic acid (MES) hybridization buffer using standard protocols outlined
in the Gene Chip® Expression Analysis Technical Manual (Affymetrix). Hybridization was
conducted in a GeneChip Hybridization Oven for 16 hours at 45 °C. Following
hybridization, the arrays were washed on a Genechip Fluidics Station 400 according to
manufacturer’s instructions (Affymetrix). The arrays were scanned using a Hewlett Packard

Chem Res Toxicol. Author manuscript; available in PMC 2011 August 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 4

2500A Gene Array Scanner and the raw images were visually inspected for defects, proper
grid alignment, and converted into CEL files using the MAS5 Software Suite (Affymetrix).
Finally, quality of cRNA was assessed by examining 3'/5’ ratios for GAPDH
oligonucleotides present on the arrays.

Data Analysis

Background subtraction and single intensity measure for each transcript was derived from
multiple probe sets by means of the GCRMA algorithm using the “full model tag’ in R
(http:/lwww.r-project.org). The GCRMA algorithm was chosen for its performance in
reporting low and high level expression over other methods, as well as its dynamic range for
single probe sets (27-29). Differentially expressed genes that are statistically significant
were determined by analysis of variance (ANOVA). Fold change calculations were
performed in Excel on data that was median-scaled to a global intensity target value of 100.
For each treatment vs. control condition, genes that changed were assigned based on a P
value of <0.05 and a fold change value of > 1.5.

Quantitative Real-Time PCR (qRT-PCR) Analysis

Changes in gene expression were observed by microarray analyses and verified by real-time
PCR performed on an Applied Biosystems Prism 7000 Sequence detection System (Foster
City, CA) as previously described (30). Analysis was performed on triplicate samples that
were treated in an identical way as those used in the GeneChip experiments. Briefly, cDNA
was synthesized from total RNA (1 pg per sample per treatment, n=6) in a reverse
transcriptase reaction in 20 pl of 1X First Strand Synthesis buffer (Invitrogen) containing 1
ng oligo (5'-T21VN-3'), 0.2 mM dNTPs, 10 mM DTT, and 200 IU of Superscript Il reverse
transcriptase (Invitrogen). The reaction mixture was incubated at 42 °C for 60 min, and
stopped by incubation at 75 °C for 15 min. Amplification of cDNA (1/20) was performed
using SYBR® Green PCR buffer (1x AmpliTagTM Gold PCR Buffer, 0.025 U/ml
AmpliTagTM Gold (Perkin-Elmer, Wellesley, MA), 0.2 mM dNTPs, 1 ng/ul 6-carboxy-X-
rhodamine, 1:40,000 diluted SYBR® Green Dye and 3% DMSQO) and 0.1 pM primers. The
thermal cycling parameters were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 60 s. Prior to analyzing the samples, standard curves of purified, target-specific
amplicons were created. Briefly, gene specific oligonucleotides were used to PCR amplify
the gene product from a pooled sample of prepared cDNA, the concentration of the
amplicons was determined by UV spectophotometery and a standard curve was created (100
to 100 million copies). The mMRNA expression for each gene was determined by comparison
to its respective standard curve. This measurement was controlled for RNA quality, quantity,
and RT efficiency by normalizing it to the expression level of the B-Actin gene. Each primer
set produced a single product as determined by melt-curve analysis and amplicons were of
the appropriate size, as analyzed by agarose gel electrophoresis. Statistical significance was
determined using normalized fold changes and ANOVA. Primers were designed using the
web-based application Primer3
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) biasing towards the 3’
end of the transcript to maximize the likelihood of giving a gene specific product. The
settings used in Primer3 were 125 base-pair amplicon, 20mers, 60 °C melting temperatures
and all other as defaults. Primer sequences were analyzed by BLAST. Gene names,
accession numbers, and forward and reverse primer sequences are listed in Table 1.

Computational Scanning for DREs and HREs

Computational identification and matrix similarity (MS) scores (31) of putative DREs and
HRESs were performed using 19 base-pair position weight matrices (PWMs) (Figure 1A and
1B) as previously developed by Sun et. al. (32). The PWMs were constructed using the
sequences of reported functional response elements that were positive in either
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electrophoretic mobility shift of transient transfection assays. In total, 14 DREs (Figure 1C)
and 38 HREs (Figure 1D) were used in the development of the PWMs. Each matrix consists
of the 5 base-pair core HRE or DRE, (G/A)CGTG (Figure 1A) and GCGTG (Figure 1B)
respectively, and the adjacent variant 7 base-pair flanking sequences of the bona fide
functional response elements. The sequences of the response elements were subsequently
scanned using the PWMs to determine the threshold MS scores (0.818 for DREs and 0.813
for HRES) (32). The MS scores for the 14 functional DREs and 38 HREs are listed in Figure
1C and 1D respectively. Furthermore, the consensus index (C;) vector was calculated for
both the HRE and DRE PWMs, where the C; vectors represents the conservation of the
individual nucleotide positions in the matrices (31). A complete list of information regarding
the sequences used in creating the PWMs can be found in Supplemental Table 1 and Sun et.
al. 2004.

The genomic sequences (—5,000 base-pair to the transcriptional start site (TSS) and the 5’
untranslated region (UTR)) of the 33 RefSeq genes were extracted from the University of
California, Santa Cruz (UCSC) Genome Browser (http://www.genome.ucsc.edu) (Build
#35) and scanned for exact matches to the DRE and HRE core sequences on both the
positive and negative strands using the PWMs. The MS score for each match was computed
and those with scores greater than the threshold values are expected to have both a greater
probability of possessing a measurable binding affinity and presumable biological relevance.

Identification of Over-Represented Short Sequence Motifs in Gene Regulatory Regions

Results

Gene regulatory regions, defined as starting —5,000 kilobase relative to the transcription
start site through the 5" UTR, were obtained from the UCSC Genome Browser for all known
genes assigned a mature RefSeq mRNA accession. These sequences were stored in the Gene
Regulatory Subsystem of our toxicogenomic database, dbZach (http://dbzach.fst.msu.edu,
(33)), to facilitate further analysis. All 5-10 nucleotide short sequence motifs were identified
using a sliding window method (34). An empirical Bayes implementation of the Wilcoxon’s
Rank Sum Test, similar to those used for microarray analysis (35,36), was used to identify
5-10 nucleotide motifs that are over-represented in one population compared to another.
This method computes a posterior probability, which represents the likelihood of that result
occurring (e.g., a posterior probability of 0.90 means there is a 90% probability the result is
true). The Transfac database (37) was queried to annotate the motifs, and identify potential
binding proteins. Absolute numbers of individual motifs that were determined to be over-
represented in the cobalt or TCDD treatment groups were then analyzed by hierarchical
clustering (unweighted pair-group method using arithmetic averages using correlation
distances, http://gepas.bioinfo.cnio.es/cgi-bin/cluster (38)). These values were clustered with
the GeneChip expression data found in Figure 4.

Identification of genes potentially susceptible to cross-talk between the AHR and HIF
signaling cascades was performed on a high density oligonucleotide array. Hep3B cells were
treated with DMSO (0.01%, vehicle control), cobalt chloride (100 mM), TCDD (10 nM) or
cobalt chloride and TCDD (100 mM and 10 nM respectively) for 20 hours and global gene
expression patterns were analyzed. The procedure to identify these genes is outlined in
Figure 2A. Briefly, significant (p < 0.05) gene expression changes following a single
treatment were identified and further pared using a 1.5 fold cutoff leaving 767 and 430
probe sets for cobalt and TCDD treatment, respectively. These genes were then analyzed for
significant differences between single treatment and co-treatment as determined by paired
student’s t-test. 308 and 176 probe sets were identified with these criteria for cobalt and
TCDD treated gene groups respectively. These two groups constitute the genes that can be
influenced by cross-talk from either single treatment. Of these, 34 probe sets (33 genes)
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were represented in both lists (Figure 2A). These 33 genes represent a group of targets that
are affected by both single treatments (i.e. AHR and HIF responsive) and whose expression
is modulated by cross-talk.

Since the analysis was performed with no bias towards direction of change, it is possible that
some of the changes would be in the same direction or in opposite directions. Analysis
showed that a majority of these genes displayed the “same” direction changes, either both up
or both down. Only 33% of the genes exhibited an opposite pattern of expression (Figure
2B). These results suggest a more complex interaction between the AHR and HIF signaling
cascades and identify genes where this interaction may lead to antagonism (i.e. less than
additive), or synergy (i.e. more than additive).

The list of 33 genes include prototypical dioxin and hypoxia responsive genes, notably P450
and heme oxygenase-1. These genes exhibit a classic cross-talk expression pattern. For
example, P450 is induced approximately 100-fold in the presence of TCDD, while it is
repressed almost 6-fold after cobalt treatment. Following co-treatment, gene expression is
only induced 65-fold (Table 2). A similar pattern is seen for heme oxygenase-1, where it is
induced by cobalt, repressed by TCDD, and only partially induced by co-treatment. This
type of competition is not the only type of regulation observed. SOX-9 and CDKN1C
displayed clear evidence of additive regulation in which individual treatments modify
expression in the same direction and co-treatment yields an additive expression value (Table
2). In addition, UGT1A1 displays a level of synergy between treatments. These results
suggest that simple regulation or competition for ARNT or other cellular factors cannot fully
explain all of the expression changes seen in the genomic screen.

The expression patterns of nineteen different genes, including 11 from Table 2, were
verified by gRTPCR. These genes were a mixture of classic and novel cobalt- or TCDD-
inducible genes identified in the individual treatment groups (Supplemental Data, Table 3
and 4) and cross-talk analysis (Table 2). In most cases, these results verified those of the
Gene Chip data (Figure 3). 49 of the 57 gene expression changes (19 different genes under 3
different treatments) were verified by gRTPCR (Figure 3B). Interestingly, in the gene chip
data, fibrinogen alpha subunit (FGA) was up-regulated upon co-treatment, while the
fibrinogen beta subunit (FGB) was down-regulated under similar conditions (Table 2).
gRTPCR results showed that these two subunits were expressed in a similar pattern under
each treatment condition (Figure 3A). Since, different pools of RNA were used for the
gRTPCR and microarray experiments, cell line or culture differences can not be ruled out as
an explanation for this difference.

One possible explanation for the different expression patterns exhibited by the 33 genes
(Table 2) that display cross-talk regulation is promoter context of response elements. To
initially characterize differences between these promoters, genomic sequences 5000 base-
pair upstream of the transcription start codon and the 5’ UTR were analyzed for homology,
HREs, DREs, and GC content. The promoter and 5" UTRs from the 33 genes were aligned
using the ClustalW algorithm. Interestingly, the sequences clustered based on their
expression patterns with four clusters containing 4 or more sequences (A-D, Figure 4).
Group A was predominantly up-regulated in both treatments to an equal level and several
were additive. Group B was primarily inhibited and showed a tendency for competition
where the co-treatment group was somewhere between the two individual expression levels.
Group C was predominantly down-regulated in both treatments, and Group D showed higher
expression in the cobalt treatment compared to that of TCDD (Figure 4). This pattern was
not unsystematic or due to some inherent base pair composition found within the promoters
and/or 5" UTR of the genes analyzed, since randomization
(http://www.cellbiol.com/cgi-bin/randomizer/sequence_randomizer.html) of the promoter
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sequence yielded no consistent pattern with relation to expression. In addition, random
sequences exhibited no relation to the alignment seen in Figure 4 (data not shown). These
results suggest that motifs within the analyzed regions contained the regulatory information
that influenced the cross-talk expression patterns observed.

Differences in the regulation patterns of the various genes could also be explained by the
number of hypoxia or dioxin response elements located within the regulatory region.
Comparison of these motif sequences to HRE and DRE PWMs suggests that DRES were
better represented in Group D and this bias did not correlate with an increase in GC content
(Figure 4). The analysis did identify more HRESs than DRES, primarily due to the fact that
the HRE PWM was only exclusive at 4 positions, compared to 5 positions in the DRE
(Figure 1 and 4). Given the redundancy within the core sequences of the DREs and HREs, it
is also possible that several sequences could register as both DREs and HRESs. To determine
the level of overlap, each DRE and HRE was further scored using the opposing PWM. For
example, each DRE listed in figure 4 was scored with the HRE PWM and a similar cut-off
(the MS score had to be higher than the lowest HRE used to create PWM) was applied. The
results show that 40% of the DREs also scored positive as HREs while only 14% of the
HRESs scored positive as DREs (Supplemental data Tables 8 and 9). However, there was no
relationship between HRE-DRE overlaps and the type of cross-talk observed. Finally, it is
possible that base pairing relationships, G/C vs. A/T, may bias the association of a promoter
into one group or another. Based on GC content there was no correlation between base-
pairing relationships and gene expression patterns or groupings, suggesting that other
information within the promoter regulated expression (Figure 4).

Given that it is not the absolute number of HREs or DREs within the regulatory region or
their basic composition that dictates expression, promoter analysis for other motifs that
might correlate with the expression pattern in Figure 4 were also examined. A computational
word search was performed to identify over-represented motifs/elements 5000 base-pair
upstream of the start codon and in the 5" UTR. The 33 genes from Figure 4 were not
sufficient to perform a word analysis; therefore, the analysis was conducted on a non-
redundant set of 65 active genes from each of the cobalt and TCDD treatment groups for
which gene regulatory sequences. The lists of over-represented motifs in cobalt and TCDD
groups were combined, and the frequencies of each motif occurrences were calculated for
each gene. 27 different words, corresponding to 15 different known transcription response
elements, included Sp1, serum response elements (SRE) and NF-kB sites, were over-
represented in the cobalt treated group. Conversely, 9 different words, corresponding to 6
different elements were over-represented in the TCDD treated group. These included a c/
EBP-a, GREs and two types of GATA response elements (Figure 5).

The regulatory regions of the 33 genes identified in Figure 4 were analyzed for the over-
represented response elements and the correlation between expression patterns from the
microarray and the frequency of occurrence of these 23 major response elements (15 from
cobalt treated group, 6 from the TCDD group and HREs and DREs) using hierarchical
clustering. All of the expression data clustered together with the SRE (Figure 5C). A second
cluster showed strong correlation with the expression data which included EGR-1, Sp-1,
DRE, MyoD, NF-kB AP-2 and HRE elements. These results suggest that the expression
patterns in Figure 4 are well correlated with the number of SREs in the respective promoters
and to a lesser extent to a group of 7 other response elements, including the HREs and
DREs.
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Discussion

Understanding the nature and extent of the cross-talk between the hypoxia and AHR
signaling cascades is important for determining the role of each signaling cascade in directly
modulating the function of the other. The results presented here suggest a gene-specific
cross-talk. In some instances the cross-talk was shown to be additive (e.g. IGFBP3,
UGT1A1, and CDKN1C) while in others it was competitive (e.g. P450, IHBB, and LOX).
To establish a possible mechanism for the selective nature of the cross-talk, a small portion
of the putative regulatory region of a subset of these genes was analyzed for HREs and
DREs. There was no apparent correlation between the number of these types of response
elements and the nature of the cross-talk observed. Computational analysis of the regulatory
regions proximal to the Transcription Starting Site (TSS) identified over-represented motifs
within these regions suggesting that AHR-HIF1 cross-talk can not be explained completely
by competition for ARNT and most likely involves other cofactors, response elements and
promoter context.

Differences in expression patterns for those genes affected by TCDD and cobalt cross-talk
suggest that a variety of mechanisms are involved. If the cross-talk was solely dependent
upon competition for ARNT evidence of interactions would be wide spread and would not
include additive responses. In contrast only 33 genes exhibited an interaction, with
approximately 30% displayed additive tendencies, including ME1, SRY, CDKN1C and
NR1H4. This pattern suggests that ARNT is not limiting and alternative mechanisms are
involved. These mechanisms probably involve competition and/or synergy between other
co-activators/co-repressors or other signaling systems that are being influenced and the
cross-talk is a result of secondary signaling. For example, TCDD might inhibit the
expression of a transcription factor necessary for cobalt-induced expression of another
TCDD target gene. Alternatively, cobalt exposure might activate a signal that leads to post-
translational modification of the AHR, thus altering its activity. Comparable interactions
have been described between steroid receptors and other signaling cascades ((39) and
references within). Finally, these alternative pathways likely involve other cascades that
influence the ability of AHR and HIF1 to alter expression patterns. The predominance of
SREs present in the regulatory region of genes exhibiting cross-talk suggests that one of
these alternative inputs is the serum response cascade.

Presence of the SRE motif correlates with the expression patterns elicited by various
treatments, suggesting a regulatory role in gene expression. Surprisingly, the number of
SREs across the 33 genes in Table 2 is more predictive of cross-talk than the number of
HREs or DREs (Figure 4). The 33 cross-talk genes were identified after meeting two
criteria: Their expression was influenced by each individual treatment and this expression
was further altered upon co-treatment. The original hypothesis that cross-talk was due to
ARNT competition meant that this two step process would identify the subset of genes most
prone to cross-talk. Given the different types of interactions (eg. additive and competitive)
simple competition for ARNT does not satisfactorily explain cross-talk in Hep3B cells and
these requirements might have biased the results to select for other transcription factor
pathways, such as the SRE.

The serum response factor (SRF) binds the SRE and regulates the expression of a variety of
genes including plasminogen activator inhibitor 1 (PAI-1), early growth response factor -1
(EGR-1) and glucose transporter-1 (Glut-1) (40-42). Interestingly, each of these genes is a
target for hypoxia-mediated transcription. The over-representation of SRESs in the cobalt
treated group suggests that HIF1 and SRF signaling pathways may converge upon a select
group of genes and the correlation of SREs with the set of cross-talk genes from Table 2
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might suggest that these genes are important for the response to these two signaling
pathways.

Genes exhibiting cross-talk fall into a variety of ontological categories, with several distinct
processes and functions being over-represented, including blood coagulation, cell
proliferation, fatty acid oxidation, metal binding and oxidoreductases (Supplemental Data,
Table 7) suggesting HIF-AHR interactions may alter these endogenous processes. For
example, hypoxia influences the disposition of a variety of drugs through multiple
mechanisms, including altering the expression of phase 1 enzymes, including several
oxidoreductases and a patient who has been pre-exposed to AHR ligands might be further
compromised in their ability to dispose of drugs (43). The putative role of cross-talk might
be most evident during development of the liver and heart. Mice lacking functional AHR
have aberrant liver development and are prone to hypertension and cardiac hypertrophy (44).
Liver development is abnormal in AHR null mice as a result of decreased peripheral
profusion (44) possibly due to an imbalance in hypoxia-induced fibrin expression that
ultimately influences angiogenesis. Over-production of fibrin and its subsequent deposition
into the local circulation might explain the excess hematopoeitic cells in the AHR -/- liver
and the subsequent increase in peripheral resistance (2). Similarily, cardiac hypertrophy in
AHR -/- mice appears correlated with endothelin-1, angiotensin Il, and HIF 1o, (45-47).
Therefore, AHR-HIF1a interactions may adversely affect heart and liver development
following signaling cross-talk.

The ability of HIF1a and AHR to influence each other’s transcriptional activity on a genome
scale appears to involve multiple factors and our results suggest that HREs, DREs and
promoter context, play a role in mediating this cross-talk. It is also likely that promoter
context and other transcription factors play a major role in determining gene expression
behavior following hypoxia and/or TCDD treatment. In fact, the direction and magnitude of
change, following exposure to either hypoxia or TCDD, when compared to hypoxia and
TCDD, is probably more dependent upon additional transcription factors than previously
suspected. Therefore, understanding the role of cross-talk between hypoxia and the AHR
will require a more thorough characterization of HIFs and the AHR interactions with other
transcription factors and their respective ability to influence basic transcriptional machinery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary
AHR aryl hydrocarbon receptor
HIF1-3 hypoxia inducible factors
ARNT aryl hydrocarbon nuclear translocator
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
ARA9 aryl hydrocarbon receptor-associated protein
DREs dioxin response elements
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P-450 cytochrome P450
HREs hypoxia response elements
DMSO dimethyl sulfoxide
gRT-PCR Quantitative Real-Time PCR
MS matrix similarity
PWMs position weight matrices
Ci consensus index
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Figure 1.

HRE and DRE position weight matrices and the sequences used in their construction

D Gene HRE Sequence MS Score
=|h TFR |cg_a_g_cg_|ACGTGoc_t_cggg 0.957
H r VEGF agtgcatACGTGggcttce 0.951
$ r_AFP ttcacccACGT Ggetttgt 0.895
s h_PAI-1 totgtgtACGT Gtgtaaga 0.927
m_LDH ccagcggACGTGegggaac 0.954
m_LDH agcctacACGTGggﬁccc 0.920
Position § 8 7 6 &5 4 3 2 4 1 2 3 4 5 6 7 8 9 10 m _HO-1 aaaACGTGC‘:achC (X213
24744494 m _HO-1__|agagcggACGTGetggegt 0.956
C a0 a3 1 000 0 0 i M M m _GLUT1 tecacagGCGTGecgtely 0.827
G 28 51 49 44 18 41 41 8 0 100 O 100 18 54 35 31 26 41 36 m_FLT aggaacaACGTGgaattag 0.90
T 231831 8 18 5 3 2 0 0 1000 10 13 26 3 23 13 15 m EPO 999cCatACGT Getgecte 0.95
G 15 26 27 23 19 24 24 76 100 100 100 100 33 27 19 26 14 21 19 h VEGF agtgcatACGT Gggeteea 0.94
h TF aagaaatACGTGcgcttgt 0.94¢
B ! h_TF tgtgtgtACGTGeaggaaa 0.94
' h_RTP801 ttgctACGT Gegeeegg 0.956
h_RORa téé’glggACGTGlg(gtgc 0.954
3 h_PGK1 GTGeggctte 0.937
£ h_PGK1 GTGcgct 0.970
° h_pfkfb3 atgcgggACGTG: 0.934
h tgagcgACGTGtggcage 0.
i agtgactACGTGetgecta 0.94
tggcaggACGTGetetggg 0.96
Positon 9 8 7 6 5 4 3 2 4 1 2 3 4 5 6 7 8 9 10 ctgagctACGT Gegecegt 0.94
AN aggsacanCoTCgaatiag | 0
G 21 35 36 50 20 21 7 100 0 100 0 100 0 50 7 21 57 29 21 ctgcagACGTGegtgtgg 0.966
T 14 0 7 14212164 0 0 0100 0 0 21 14 0 0 43 coctACGTGetgtete 0.958
G 31 34 2 23 3 53 38 100 100 100 100 100 56 36 38 31 41 33 23 tcggagtACGTGacggage 0.931
gctgagtGCGT Gegggact 0.854 |
c Gene DRE Sequence MS Score 999ccggACGTGgggecce 0.963
. m_Cypilal |caagcthCGTGagaagcg 0.94 cggggccACGTGegeegee 0.965
m_Cypial |cct_g£g_tGCGTGcca_agca 0.92 atgttagGCGTGtgtgtgt 0.81
m_Cyplal [gaggctaGCGTGegtaage 0. CtgtACGT Geattgga 0.95
m_Cypial |cggagttGCGTGagaagag 0.954 h_BNIP3 Ea_:ﬁcACGTGccacacg 0.94:
m_Cypiai |ccagctaGCGTGacagcac 0.920 h_AldoA ccctcggACGTGactegga 0.89
m_Cyp1al |cgggtttGCGTGegatget 0.965 h_AldoA __[cctcticACGTGeggggac 0.92
r Cyplal [cggagttGCGTGagaagag 0.954 h_leptin thagchCGTGocgggcg 0.950
r Cyplal |ccagctaGCGTGacagcac 0.920 h_Dec2 gttccgcACGTGagetgag 0.929
m_Cyp1b1 [cccecttGCGTGeggaget 0.953 h_Dec1 [taggccagACGTGectggag 0.956
r_Aldh3a1_[tgatgggGCGTGeattagt 0.818
r_Ngo1 tececttGCGTGeaaagge 0.940
r_Sod1 aggectGCGTGegegect 0.874
r_Gsta2 catgttGCGTGeatcect 0.897
r Ugt1a6 |agaatgtGCGTGacaaggt 0.895

Page 13

Position weight matrices were created as described in materials and methods. The HRE (A)
and DRE (B) PWMs are displayed relative to the “G” of the second half of the binding site.
The genes and sequences used for the creation of the DRE (C) and HRE (D) PWMs and

their respective MS scores are listed. Sequence information regarding HRES used in

construction of PWM can be found in Supplemental Table 1.
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Figure 2.

Analysis of genomic data and comparison of 33 target genes.

The genomic data was analyzed in a four step process (A). First, genes were screened for
significance (p<0.05). Second, these genes were filtered for those that displayed greater than
1.5 fold change. Third, the list was analyzed for those that were significantly altered
(p<0.05) when single treatment was compared to co-treatment. Finally, the cobalt and
TCDD lists were compared for overlap. (B) Direction of expression changes was analyzed
for the 34 probe sets identified in the screen. A complete list of cobalt and TCDD influenced
genes can be found in supplemental data (Suppl. Tables 5 and 6).
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A Gene Fold Change
. Abbrev. REF Cobalt _TCDD _Cobalt+TCDD
COKN1C [NM_000076 19 85 138
[CCL20 INM_004591 -1.8 -3.8 ~2.9|
SMADS  [NM_001001419 48 20 40
Cyp1B1 NM_000104 16 6.8 1.4
KCNJ8 INM_004982 15 13 -2.3|
Lum INM_002345 1.5 27 -1.2|
PCK2 NM_004563 43 46 24
MYC NM_002467 42 25 14
ICyp1A1 INM_000499 1.1 1029 70.5]
DUSPS INM_004419 1.0 13 1.5]
cca NM_000735 10 32 41
FGA NM_000508 17 21 23
CP INM_000096 19 -7.6 -3.0
MT1X INM_005952 27 1.2 3.8
Lox NM_002317 31 28 20
FGB NM_005141 33 28 21
UGTIA1  [NM_007120 50 28 78
BNIP3L INM_004331 6.4 1.5 3.0]
| ADM [NM_001124 6.8 11 3.8)

Figure 3.

SYBR (Log2)
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gRTPCR verification of expression changes for selected cross-talk genes.

gRTPCR was performed on 19 genes using b-Actin for normalization. Gene abbreviations,
accession numbers used in primer design, and fold changes relative to vehicle control are
listed (A). A direct comparison between gRTPCR and Gene Chip results was performed and

analyzed by linear regression (B).
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Figure 4.

Alignment and sequence analysis of the promoters and 5" UTR of core genes

5000 bp of upstream sequences and the 5" UTRs were aligned by ClustalW and compared to
expression patterns from oligonucleotide chips. The promoters were also analyzed for HREs
and DREs using a PWM (See methods). Finally, the GC content was also calculated. Up-
regulated genes are shown in white and down-regulated genes are shown in dark gray. Four
distinct clusters are also noted (A-D).
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Figure 5.

Promoter analysis for over-represented motifs and correlation with expression

The promoters of 65 different genes from the cobalt and TCDD treatment groups were
analyzed for motifs that were over-represented as described in material and methods.
Information about the motif, its corresponding response element as determined by
TRANSFAC, and the statistical values are represented for the Cobalt group (A) and the
TCDD group (B) as defined in materials in methods. The total number of response elements
listed in A and B (including HREs and DRES) were then identified in the regulatory regions
of the 33 genes from Fig. 4 and correlated with expression data via hierarchical clustering. A
dendrogram correlating the GeneChip expression data (Co?*, TCDD and TCDD+Co?%*)
with the various response elements is displayed (C). Complete table of motifs identified in
the analysis and the table used to create the dendrogram can be found in supplemental data
(Tables 2-4).
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