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Abstract

The aryl hydrocarbon receptor (AhR) mediates responses elicited by 2,3,7,8-tetrachlorodibenzo-p-
dioxin by binding to dioxin response elements (DRE) containing the core consensus sequence 5'-
GCGTG-3'". The human, mouse and rat genomes were computationally searched for all DRE
cores. Each core was then extended by 7bp upstream and downstream, and matrix similarity (MS)
scores for the resulting 19bp DRE sequences were calculated using a revised position weight
matrix constructed from bona fide functional DREs. In total, 72,318 human, 70,720 mouse and
88,651 rat high-scoring (MS = 0.8437) putative DREs were identified. Gene encoding intragenic
DNA regions had ~1.6-times more putative DREs than the non-coding intergenic DNA regions.
Furthermore, the promoter region spanning +1.5kb of a TSS had the highest density of putative
DREs within the genome. Chromosomal analysis found that the putative DRE densities of
chromosomes X and Y were significantly lower than the mean chromosomal density.
Interestingly, the 10kb upstream promoter region on chromosome X of the genomes were
significantly less dense than the chromosomal mean, while the same region in chromosome Y was
the most dense. In addition to providing a detailed genomic map of all DRE cores in the human,
mouse and rat genomes, these data will further aid the elucidation of AhR-mediated signal
transduction.

Introduction

Cis-regulatory elements located in the promoter region of genes are transcription factor
binding sites that regulate gene expression. Most transcription factors have a preferred
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response element sequence to which they bind. The identification and location of these
elements is important in elucidating transcription factor binding, signal transduction, and
ultimately, their gene expression networks. Binding to elements in the proximal promoter
region stabilizes the general transcriptional machinery at the transcriptional start site (TSS)
to regulate gene expression. However, global location analyses of transcription factor
binding using ChIP-chip and ChlP-seq technologies have demonstrated transcription factor
binding at sites distant from the TSS (1-4). A comprehensive map of transcription factor
binding element locations and distribution within a genome provides important
complementary information for elucidating and modeling the gene expression network of a
transcription factor.

The AhR is a ligand activated transcription factor belonging to the basic-helix-loop-helix-
PAS (bHLH-PAS) family of proteins that serve as environmental sensors to different stimuli
(5). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the prototypical ligand, a widespread
environmental contaminant that elicits diverse species-specific effects, including tumor
promotion, teratogenesis, hepatotoxicity, modulation of endocrine systems, immunotoxicity
and enzyme induction (6, 7). These effects are a result of changes in gene expression
mediated by the AhR (8). The binding of TCDD and related compounds to the cytosolic
AR triggers a conformational change and translocation of the activated receptor to the
nucleus where it heterodimerizes with the aryl hydrocarbon nuclear translocator (ARNT),
another bHLH-PAS family member. The heterodimer then binds to dioxin response
elements (DRESs) containing the 5-GCGTG-3’ core, to regulate gene expression (8, 9).
Evidence indicates that nucleotides adjacent to the core consensus sequence modulate DNA-
binding affinity and enhancer function (10-12).

Position weight matrices (PWMs) provide a similarity assessment of a motif or putative
response element (13). When compared to a consensus sequence they have been used to
rank and prioritize potential transcription factor binding site preferences. However, PWMs
suffer from high false positive prediction rates since the probability of any nucleotide at any
position within the binding site is assumed to be independent of all other positions.
Fortunately, the DRE PWM is based on the 5’-GCGTG-3’ core, thus reducing false positive
frequency (14).

We have previously identified the location and distribution of DREs relative to the TSS for a
limited number of genes (14) based on prior builds of the human, mouse and rat genome
assemblies (14). Improvements and innovations in sequencing technologies have since
provided higher quality data with significantly fewer sequence gaps (15-17) in the most
recent genome builds resulting in more accurate annotation. In addition, the latest mouse and
rat genome builds were used to construct a revised PWM based on updated sequence
information for 13 bona fide functional DREs. Consequently, we have expanded the scope
of our initial DRE analysis to include the entire human, mouse and rat genomes using an
improved PWM. This includes analyses of the intragenic (10 kb upstream to end of 3’ UTR)
and intergenic DNA regions, chromosome and gene regions (10 kb upstream of a TSS, 5/
and 3’ untranslated regions [UTRs], and coding sequence [CDS]). Collectively, these results
provide a detailed genomic map for all putative DRESs in the human, mouse and rat genomes
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that will serve as an important resource for the further elucidation of AhR gene expression
networks.

Experimental Procedures

Position Weight Matrix

We have previously constructed a PWM using 13 bona fide functional DRE sequences from
previous assembly builds of the mouse (mm3) and rat (rn2) genomes (11, 14, 18-23). These
sequences were updated using the sequence information from the current genome assemblies
for the mouse (mm9) and rat (rn4) (Table 1, updated sequences are underlined).
Additionally, the previously identified sequence for the bona fide rat Aldh3al DRE could no
longer be found in the rn4 genome build and was replaced with a functional DRE located
6,787 bp upstream of the TSS (24). Also note that the gene names for GstYa and Ugtlal
have changed to Gsta2 and Ugt1a6, respectively, in the latest rat assembly. Updated
sequences were used to develop a revised PWM using the bona fide 19 bp DRE-centered
sequences (Figure 1). The replaced rat Aldh3al DRE sequence had the lowest matrix
similarity (MS) score (0.8473), which was subsequently used as a threshold value to define
19 bp DRE sequences as putative DRES that were functional.

Whole-Genome ldentification of DREs

Sequences for human (hg19), mouse (mm9) and rat (rn4) genome assemblies and associated
annotation within the refGene and refLink databases were downloaded from the UCSC
Genome Browser (25). Individual segments of a gene region (i.e. the 10 kb sequence
upstream of a TSS, the 5" and 3" UTRs and the CDS) for each mature gene encoding
reference sequence (RefSeqs with NM prefixed identifiers), were determined using the
genomic coordinates within the refGene databases (Figure 2A). Intragenic DNA regions
within the genomes were computationally identified by merging overlapping gene regions
(defined in Figure 2A) from both strands of the genome, and the DNA between adjacent
intragenic regions are defined as the non-transcribed intergenic DNA regions (Figure 2B).
The lengths for each of these defined regions and the number of RefSegs on each
chromosome are provided for the human, mouse and rat genomes in Supplementary Table 1.
In total, 28,906 human, 24,327 mouse and 15,737 rat mature RefSeqs were searched. Gene
annotation associated with each RefSeq sequence was derived from the refLink database in
the UCSC Genome Browser.

The sequence of each individual chromosome was computationally searched for the 5’-
GCGTG-3’ core sequence using a previously described search algorithm (14). Each core
was then extended by 7 bp upstream and downstream of the core. MS scores for the 19 bp
DRE sequences were calculated using the revised PWM. For genomic location analysis, the
position of a DRE core is defined as the center base (5’-GCGTG-3’) of the 5 bp core
sequence (underlined). Putative DRE densities were calculated based on the number of
putative DRES occurring in an interrogated region (e.g. intergenic DNA region or 5’ UTR)
divided by the total sum of the region length. Results from the computational genome-wide
DRE search can be downloaded as bedGraph track format (Supplementary file 5-7) and
uploaded to the UCSC Genome Browser for visualization (Figure 3).
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Putative DRE densities from the different defined genomic regions (i.e. intergenic,
intragenic, 10 kb upstream, UTRs and CDS) were identified as non-Gaussian using Q-Q
plots (car package; qg.plot). The Wilcoxon Rank Sum Test (non-parametric t-test) was used
to compare intergenic and intragenic putative DRE densities within species. The Kruskal-
Wallis test (non-parametric one-way ANOVA), followed by the Nemenyi-Demico-Wolfe-
Dunn Test (non-parametric Tukey’s test; nemenyi.test.R) was used to compare the putative
DRE densities in the 10 kb upstream, 5’ UTR, CDS, and 3’ UTR DRE densities within
species. All analyses were performed in R (version 2.12.0).

Random Sequence Comparison

To investigate the random frequency of DRE cores within each genome, 25,000 random
sequences of 15 kb in length were computationally generated by randomly selecting A, C, G
or T’s. These sequences were then searched for DRE cores, and the 19 bp DRE sequence
MS score was calculated using the described algorithm (14) with the revised PWM.

Microarray Analysis

Results

Whole-genome microarray analysis of hepatic tissue from mice orally gavaged with 30
ng/kg TCDD was performed using 4x44k whole genome oligonucleotide arrays from
Agilent Technologies (Santa Clara, CA). The same RNA from a previous study was used for
the gene expression profiling (26). Changes in gene expression due to TCDD treatment were
conducted according to the manufacturer’s Two-Color Microarray-Based Gene Expression
Analysis protocol Version 5.0.1. Microarray data were normalized using a semiparametric
method (27), and statistically analyzed using an empirical Bayes method (28). Differentially
expressed genes were determined by both a fold change and a statistical cutoff (|fold change|
= 1.5 and P1(t) = 0.999).

Position Weight Matrix (PWM)

Our previous PWM used bona fide DRE sequence information from earlier drafts of the
mouse (mm3) and rat (rn2) genomes (Figure 1). These sequences have since been updated
with the most current information available from the mouse (mm9) and rat (rn4) genome
assemblies (Table 1). As a result, the sequence of two bona fide DREs in the promoter
region of the mouse and rat Cyplal gene have changed (Table 1, see footnote b).
Additionally, the previously used DRE for rat Aldh3al could no longer be found in the latest
rat genomic sequence, and was replaced with a recently characterized DRE located 6.8 kb
upstream of the TSS (24) (Table 1). These updates altered the PWM and the conservation
index (C;) vector, which represents the degree of conservation of the individual nucleotide
position, primarily in the 7 bp flanking 5’ arm of the consensus sequence (Figure 1).
Recalculation of MS scores for the bona fide DREs identified the rat Aldh3al motif as
having the lowest score, 0.8473, which was subsequently used to characterize
computationally identified sequences as putative DRES.
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Genome-Wide Distribution of DREs

Our previous computational search for the 5-GCGTG-3’ DRE core was limited to
sequences 5 kb upstream and 2 kb downstream of a TSS for known RefSeqs in previous
genome builds (14). This current study extended the search to the entire human, mouse and
rat genomes, including the non-transcribed intergenic DNA regions (Figure 2B).
Computational searches identified 1.65, 1.04 and 1.07 million DRE cores in the human,
mouse and rat genomes, respectively (Table 2). After extending these cores by the 7 bp
upstream and downstream flanking sequences, MS scores were calculated using the revised
PWM. A total of 72,318 human, 70,720 mouse and 88,651 rat 19 bp DRE sequences had a
MS score greater than or equal to 0.8473, and were classified as putatively functional DREs
(Table 2). The density of putative DREs with respect to the total length of the genomes were
23.4, 26.6, and 32.6 DREs per million base pairs (Mbp) in the human, mouse and rat,
respectively. These values were determined from searching 3.10 billion human, 2.66 billion
mouse and 2.72 billion rat base pairs (Table 2).

Approximately 40% of the human, 40% of the mouse and 27% of the rat genomes are
comprised of intragenic DNA (Figure 2B), 53% of all putative DREs in the human and
mouse genomes were identified in these regions while only 38% of all putative DRES
mapped to the intragenic DNA in the rat (Table 2). This difference is likely a result of the
relatively fewer number of rat RefSeqs (15,737) compared to the human (28,906) and the
mouse (24,327). Relative putative DRE densities (i.e., intragenic/intergenic DNA putative
density ratio) suggest that intragenic regions have ~1.6-times greater putative DRE density
compared to intergenic DNA regions in each genome. For example, the human genome had
putative DRE densities per Mbp of 30.2 and 18.7 in the intragenic and intergenic DNA
regions, respectively (30.2/18.7 = 1.6). This suggests that there is a greater likelihood of
putative DREs in the intragenic regions of the genome as opposed to the non-transcribed
intergenic DNA regions. However, the density of putative DREs was generally higher in the
rat genome (Table 2), likely due to the relative immaturity of gene annotation associated
with the rat genome. The location and MS score for each identified 19 bp DRE sequence has
been loaded into the UCSC Genome browser and can be visualized as a bedGraph track
(Figure 3). The non-parametric Wilcoxon rank sum test of the mean chromosomal intragenic
and intergenic putative DRE densities for each species (Table 3) identified significant
intragenic enrichment with respect to the intergenic DNA regions. Further examination of
DRE distribution within defined gene region segments (i.e., 10 kb upstream, 5" and 3’ UTRs
and CDS; Figure 2A) found that segment-specific putative DREs densities were comparable
in human and mouse regions. Kruskal-Wallis non-parametric tests of the mean chromosomal
putative DRE densities (Table 4) confirmed significantly higher density of putative DRES in
the 10 kb upstream and 5" UTR relative to the CDS in the human and mouse genomes.
Although these same regions in the rat genome possessed a higher density of putative DRES
relative to the CDS, statistical analyses was not able to detect any significant differences in
the densities.

Chromosome Level Analysis of Putative DREs

In order to further investigate putative DRE distribution across the genomes, chromosomal
level analysis was performed (Tables 3 and 4). Examination of individual chromosomes
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identified examples where the putative DRE density was significantly different than the
mean chromosomal value (outside the 99% confidence interval of the mean; Table 3, see
footnotes d and e). For example, putative DRE densities for rat chromosome 2 and human
chromosome 13 were 26.5 and 16.7 per Mbp, respectively, which were significantly less
than the mean value for each genome (34.6 and 24.5 per Mbp, for the rat and human,
respectively). Furthermore, human chromosomes 16 and 17 had significantly greater
putative DREs density than the mean chromosomal density. There are also instances where
the putative DRE densities in the intergenic DNA (Table 3), or in a specific gene region
segment (i.e. 10 kb upstream region, CDS and UTRs; Table 4), were significantly different
than the chromosomal mean for that region. These data suggest that there are chromosome-
and segment-specific biases in putative DRE densities across the genome that may have
biological relevance in AhR-mediated responses.

Interestingly, putative DRE densities in chromosome X and Y of the human and mouse were
significantly lower than the chromosomal average (Tables 3 and 4; there currently is no
sequence data available for chromosome Y in the rat). For example, mouse chromosome Y
has an intragenic putative DRE density of 16.4 per Mbp, almost half the density of any other
mouse chromosome for the same region. In contrast, the putative density in the 5 UTR for
chromosome Y was 84.1 per Mbp, nearly double the chromosomal average in the mouse
genome. Human chromosome Y was similar with a lower putative DRE density in the
intragenic region, but the 5 UTR density was more than 2.6-times greater than the mean
chromosomal value. Similar to chromosome Y, the putative densities in the intragenic
regions of chromosome X were significantly lower than the mean in each genome. However,
unlike chromosome Y, the density in the 5 UTR was also lower than the mean chromosome
value. Such region differences in chromosomes X and Y may contribute to sex-specific
AhR-mediated responses. It is important to recognize that the lower total putative DRE
densities in the sex chromosomes are likely due to the lower chromosomal contribution of
intragenic DNA. For example, intragenic DNA accounts for only 6% of the total DNA on
human chromosome Y compared to 36% on human chromosome 9. Supplementary Tables 2
and 3 provide a complete chromosomal summary of the total number of putative DRE in the
intergenic and intragenic DNA regions, the UTRs and the CDS for the human, mouse and
rat genomes.

Random Sequence Analysis

To examine the chance occurrence of putative DREs, 25,000 random sequences of 15 kb
were generated and searched for DREs. The computational search found 731,636 core
sequences and extending these sequences by 7 bp on both ends, identified 108,210 chance
occurrences of putative DREs (MS score = 0.8473). In total, 375 Mbp were searched
resulting in 288.6 putative DREs per Mbp. This chance occurrence of putative DRE density
is significantly greater than the calculated densities in each genome both at the global and
chromosomal level, suggesting that regions with a high density of putative DREs have a
greater likelihood of being biologically significant.

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 29.
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Putative DRE Density Proximal to the TSS

Putative DRE densities across genomes and chromosomes provide a gross estimate of
occurrence. Finer analysis of different gene region segments generally found greater
putative DRE density in the 10 kb upstream and 5" UTR regions. To further investigate these
segments, the number of putative DRESs in non-overlapping 100 bp windows spanning the
region 10 kb upstream and 5 kb downstream of a TSS were plotted (Figure 4). Putative
DREs were not equally distributed within this 15 kb region, with the highest density
occurring within 1.5 kb of a TSS. In each species, the density was the greatest at
approximately 100 bp directly upstream of the TSS. A sharp 3’ drop from the maximum was
observed followed by a secondary peak 200-400 bp downstream of the TSS before putative
DRE occurrence returned to basal levels.

Gene Level Analysis of DREs

Unique Entrez Gene identifiers for mature gene-encoding RefSeqs (NM prefixed RefSeq
identifiers) were obtained from the UCSC Genome Browser refLink database and used to
determine the distribution of putative DREs associated with 18,893 human, 20,018 mouse
and 15,342 rat annotated genes (Table 5). The majority of all known genes had at least one
DRE core present within 10 kb upstream of the TSS and the transcribed gene. However, 55
human, 343 mouse, and 327 rat genes did not have a DRE core within this same region. It is
surprising to identify so many genes without a DRE core since the average gene region
length (10 kb upstream of a TSS plus the transcribed gene) in the different genomes is 61 kb
and the 5’-GCGTG-3’ sequence is expected to occur once every 512 bp. The lack of a DRE
core in these genes may suggest that they are not targets of AhR regulation. However, 7 of
the 343 mouse genes without a DRE core were differentially regulated in the temporal
microarray data set. These responses may be regulated by AhR-independent mechanisms or
via distally located DRES. Subsequent statistical analysis using a Chi-squared test resulted in
a p-value < 0.001 (o = 0.05) illustrating a significant difference in the number of genes with
and without a DRE core. Although there are a significant number of genes not containing a
DRE core within the region 10 kb upstream of a TSS plus the transcribed gene, distal DREs
in the intragenic DNA regions may also have functional importance, consistent with
reported DRE-independent AhR mediated gene expression (29).

Further restricting this analysis to the 19 bp DRE sequences with a MS score = 0.8473 (i.e.,
putative DRES) identified 69%, 63% and 64% of all human, mouse and rat genes,
respectively, had at least one putative DRE (Table 5). Moreover, approximately 60% of all
human, mouse and rat genes have 1 to 10 putative DRESs (Figure 5). Interestingly, the
maximum number of putative DREs was found in human PTPRN2 with 134, mouse WWwox
with 73, and rat Odz2 with 65. Orthologs of these genes also had a high number of putative
DREs. For example, there were 24 and 25 putative DRES in the mouse and rat PTPRN2,
respectively. However, neither gene has been explicitly investigated for their responsiveness
to TCDD nor are these genes responsive in our or any other TCDD microarray datasets
(30-34). Unfortunately, the global gene expression effects of TCDD have been investigated
in a limited number of models (e.g., in vitro and in vivo human, mouse and rat hepatic tissue,
human breast cancer cells, mouse uterus). Gene expression is species-, sex-, age-, tissue- and
cell-specific, and therefore the effects of TCDD on PTPRN2, Wwox and Odz2 gene
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expression warrant further investigation in other models to determine their potential AhR
regulation.

Global hepatic temporal gene expression analysis at 2, 4, 8, 12, 18, 24, 72, and 168 h
identified 1,896 genes that were differentially expressed (|fold change| = 1.5 and P1(t) >
0.999) at one or more time points following a single oral dose of 30 pg/kg TCDD in
immature, ovariectomized C57BL/6 mice. Of these, 1,247 had putative DREs within the 10
kb upstream or transcribed regions (includes 5’ and 3’ UTR and CDS). Genes that exhibited
significant differential expression in the mouse liver included Fabpl12 with 8 putative DREs
(23.5-fold induction), and Cyplal with 7 putative DREs (205-fold induction). The
remaining 649 differentially expressed genes, which included unannotated and hypothetical
genes, did not have a putative DRE. Examining only well-annotated genes found 593 TCDD
responsive genes without a putative DRE within the region 10 kb upstream or transcribed
region. The responses of some these genes include the up-regulation of Chad (+6.88-fold)
and OlIfr114 (+9.97-fold), and the repression of Serpina7 (—7.98-fold). The complete
microarray data set is available in Supplementary Table 4. The responses of Olfr114 and
Serpina? have previously been reported to be AhR-dependent (35-37), however it is unclear
if the responses of these genes are directly mediated by the activated AhR complex, or
secondary responses.

Differentially regulated genes indentified through microarray analysis of TCDD-treated
immature, ovariectomized Sprague Dawley rats (31, 32) were also searched for putative
DREs. From those studies, 604 genes were responsive (|fold change| = 1.5 and P1(t) = 0.99)
at 2 or more time points and 528 had at least one putative DRE within the 10 kb upstream or
transcribed regions. This current mouse microarray study and the previous rat studies
covered 5,451 orthologous genes, and only 52 of those were responsive in both models and
possessed at least one putative DRE. These results are consistent with our previous
orthologous promoter analysis that demonstrated that few human, mouse and rat orthologs
had positionally conserved DRE upstream of a TSS (14).

Discussion

Genome-wide identification of potential cis-acting regulatory elements provides important
information for elucidating signaling networks. Many computational and traditional in vitro
approaches have generally focused on relatively few genes and a small segment of a target
gene promoter, while neglecting more distal elements, which may also have important
regulatory roles (14, 38-43). In order to fully elucidate the signaling transduction of
transcription factors, both proximally and distally located response elements need to be
identified and characterized.

The structure and function of the AhR as well as its mode of action are highly conserved,
with homologs found in nearly all vertebrates. AhR activation by TCDD results in target
gene expression via the DRE core sequence, 5’-GCGTG-3’. Our previous DRE
computational analysis was limited to the proximal promoter regions (5 kb upstream to 2 kb
downstream of a TSS) of known genes in earlier drafts of the human, mouse and rat
genomes (14). This current study leverages the availability of higher quality finished human

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 29.
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and mouse assemblies (15, 44), as well as the most current build of the rat genome to
establish a revised PWM and calculate MS scores for all DRE core containing sequences
located throughout the human, mouse and rat genomes, including the non-transcribed
intragenic DNA regions.

Approximately 60% of the human and mouse genomes consist of stretches of non-
transcribed intergenic DNA, while we define the remaining 40% as intragenic regions that
include the 10 kb upstream promoter region, the 5 and 3’ UTRs and the CDS (Table 2).
Despite these differences in length, the total number of DRE core sequences and putative
DREs were comparable in the intergenic DNA and intragenic regions. The draft assembly of
the rat genome consists predominantly of intergenic DNA (73%), reflecting the immaturity
of its annotation. Consequently, the intergenic DNA bias in the rat resulted a greater number
of identified DRE cores and putative DREs in the intergenic DNA regions compared to
intragenic DNA. Even within intragenic regions, putative DREs were found in CDS and 3’
UTR regions, and not limited to proximal-promoters (Table 4).

It has been suggested that the relative location of a bound transcription factor may have
different roles in regulating gene expression. For example, the estrogen receptor (ER), p53
and forkhead box protein Al (1-4), interact with proximal and distal response elements
located throughout the genome, including the intergenic DNA. Transcription factor binding
at the core promoter is presumed to stabilize the basal transcriptional machinery, while more
distal motifs exert regulation through a looping mechanism or by altering chromatin
structure (45-47). Consequently, a comprehensive map of potential binding sites throughout
the genome provides important information for elucidating the AhR gene expression
network.

Computational searches identified putative DREs in all genome regions. However, once the
size of each region was taken into consideration, the density of putative DREs was found to
be highest in the intragenic DNA regions of all three species. Moreover, putative DRE
densities varied dramatically across chromosomes with some chromosomes having
significantly higher densities (e.g., human chromosome 19, mouse chromosome 5, and rat
chromosome 12) compared to the mean chromosomal density, while others (e.g., human
chromosome 13, and chromosome rat 2) were significantly less dense. Interestingly, the sex
chromosomes, and especially chromosome Y, the rat genome withstanding, were the least
dense in terms of the total putative DREs amongst all the other chromosomes. Putative DRE
densities within the 10 kb upstream region, the UTRs and the CDS were also substantially
different from the mean chromosomal value for those regions. TCDD elicits sex-specific
physiological and gene expression responses in rodents (7, 48, 49). These differences in
sensitivity and physiological responses may be influenced by DREs differentially regulating
gene expression on the sex chromosomes. Note that no sequence information for
chromosome Y is currently available in the rat draft assembly. This will likely be resolved in
the next phase of the rat genome sequencing effort (16, 50).

Within human and mouse chromosomes putative DRE densities were highest in the 5 UTR
and the region 10 kb upstream of the TSS. In contrast, DRE densities in rat genes were
slightly higher in the 3 UTR compared to either the 10kb upstream region or the 5 UTR.

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 29.
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However, as previously mentioned, limited annotation of the rat genome may have biased
the identification of DRESs to the 3’ UTR. A more finite analysis of the density around the
proximal promoter found the greatest putative DRE density within £1.5 kb of the TSS of
known RefSeq sequences for all three species, with the maximum density occurring 100 bp
upstream of a TSS. This coincides with 70% of all RNA polymerase Il (Pol I1) binding (2,
3), suggesting that proximal AhR binding recruits and stabilizes Pol 11 binding at the TSS.
Additionally, due to the GC rich nature of the DRE core sequence, the putative DRE density
profile mirrors the CpG island frequency in the proximal promoter region (51).
Consequently, methylation status of putative DRE cores within CpG islands may affect gene
expression. However, in a recent study inhibition of DNA methylation by AzaC in human
MCEF-7 cells did not affect TCDD-induced CYP1A1 expression (52).

Searching the region 10 kb upstream of a TSS and the transcribed region for all known
genes in the genomes found that approximately 65% of all genes contained at least one
putative DRE. However, gene expression is species-, sex-, age-, tissue-, cell and promoter
context-dependent. Moreover, many responses may be secondary, thereby not involving
direct interaction with the AhR. Consequently, the presence of a putative DRE within the
gene region is not sufficient to elicit a transcriptional response. Although our use of a MS
score > 0.8473 to define a 19 bp DRE sequence as putative is based on experimental data
indicating it is the lowest scoring bona fide functional DRE (i.e., rat Aldh3al DRE), recent
protein-binding microarray studies indicate that more degenerative sites also bind
transcription factors and have important functional roles in regulating gene expression (53,
54).

Transcription factors can also indirectly regulate gene expression by tethering to other
proximally bound transcription factors. For example, progesterone receptor tethers to Sp1,
Stat5 and AP1 to regulate genes independent of a progesterone response element (55-57).
Moreover, the AhR is recruited to estrogen-responsive regions in a gene-specific (58) and
DRE-independent manner (59). Furthermore, AhR:ARNT heterodimers regulate target gene
expression by interacting with an alternate response element sequence, independent of the
DRE core consensus sequence (60, 61). All of these factors must be taken into context in
order to fully comprehend AhR-mediated gene regulation.

Computationally searching the human, mouse and rat genome assemblies has revealed that
putative DREs are not randomly distributed. Our detailed genomic map has identified
putative DREs in intergenic and intragenic DNA regions. Furthermore, putative DRE
distributions vary across specific genome regions. This suggests that AhR binding to
putative DREs in different genomic locations may have differing roles in regulating gene
expression. Complementary studies are in progress to investigate AhR complex binding to
DREs located in intergenic and intragenic regions.
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Figure 1.

Comparison of the previously published position weight matrix (PWM) and conservation
index (C;) for dioxin response elements (DRES) with the revised PWM. The matrix and plot

of the C; on the left (light grey bars) was previously published by Sun et al. (2004). The
matrix and plot (black) on the right is the revised PWM and C; using the current mouse
(mm39) and rat (rn4) genome assemblies from the UCSC Genome Browser. The matrix

(bottom) shows the percentage of occurrence for a specific nucleotide at that given position.

For example, positions —2 to 2 define the 5-GCGTG-3’ DRE core, each nucleotide within

the core has a C; value of 100. The histogram (top) is a graphical representation of the C;
values, which are listed below the PWM. The C; provides a measure of conservation at each

base pair position. If a PWM is 100% conserved at a position, the C; value is 100, whereas if
the position is truly random (A=25%, C=25%, G=25%, T=25%) then the C; value is 0.
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Figure2.

Defining the various genomic regions used for DRE location analysis. A) Genomic locations
from the UCSC Genome Browser refGene database were used to obtain sequences for 10 kb
region upstream of the TSS, the 5" and 3’ UTRs, and the CDS of every known human,
mouse and rat RefSeq sequence. A gene region is defined as the sequence spanning the
region 10 kb upstream of a TSS through to the end of the 3’ UTR. B) Intragenic DNA
regions in a genome were determined by combining the non-overlapping gene regions. For
example, gene regions of tissue specific isoforms of a gene that have different TSS positions
were merged to determine the longest spanning range (genes C & C’ and genes E & E’).
Additionally, overlapping genes on both strands of the genome were also merged (genes B +
E + E’). Non-transcribed DNA segments that span the regions between adjacent intragenic
regions are defined as the intergenic DNA regions.
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Figure 3.

Visualization of DRE sequence locations in the UCSC Genome Browser for human
CYP1A1l and CYP1A2 gene regions and adjacent intergenic regions. The genomic location
and MS score for each identified 19 bp DRE sequence has been loaded into the UCSC
Genome Browser as a bedGraph track (see DRE cores track at top). The vertical bars
represent the 5 bp DRE core and the height of the bar provides an indication of the MS score
for the 19 bp DRE core containing sequence. The horizontal black line within the DRE cores
track indicates the threshold MS score (0.8473) to assist with the identification of putative
functional DREs.
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Figure4.

Distribution of putative DREs in the regions 10 kb upstream to 5 kb downstream of a TSS
for all RefSeq sequences. The —10 kb to 5 kb region of a TSS were divided into non-
overlapping 100 bp windows. The total number of putative DREs (MS score > 0.8473) were
determined for each 100 bp window and graphed. The density of putative DRES was greatest

in the 3 kb region centered around the TSS.
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Figureb5.
Frequency of putative DREs within known human, mouse and rat genes. For each species,

the gene region (10 kb upstream of a TSS through to the end of the 3’ UTR) was searched
for putative DREs. Approximately 35% of all known genes did not contain a putative DRE
(black box) while nearly 60% of all genes had between 1 and 10 putative DREs.
Approximately 5% of all genes have more than 10 putative DRES.
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Table 1

Bona fide DRE sequences used to construct the revised” position weight matrix.

. Matrix
; Gene RefSeq Position ) D Qitan:
Species g miol Identifiec  RelativetoTSS Bona Fide DRE Sequence S"gé'o"’:fe'ty Reference
Cyplal NM_001136059 -491 caagctcGCGT Gagaageg 0.9466 (11)
Cyplal NM_001136059 -871 cctgtgtGCGT Gecaagea 0.9128 (11)
M Cyplal NM_001136059 -984 cggagttGCGT Gagaagag 0.9598 (11)
ouse
Cyplal NM_001136059 -1,059 ccagctaGCGT Gacagcac 0.9260 (11)
Cyplal NM_001136059 -1,206 cgggtttGCGT Gcegatgct 0.9610 (11)
Cyplbl NM_009994 -872 cccecttGCGT Geggagct 0.9514 (23)
Cyplal NM_012540 -1,045 cggagttGCGT Gagaagag 0.9598 (20)
Cyplal NM_012540 -1,120 ccagctaGCGT Gacagcac 0.9260 (20)
Aldh3al NM_031972 -6,787 tgc@GCGTchmc 0.8473d (24)
Rat Ngol NM_017000 -400 tceecttGCGT Geaaagge 0.9332 (19)
Sod1 NM_017050 =274 gaggcctGCGT Gegegect 0.8481 (22)
Gsta2® NM_017013 -910 gcatgttGCGT Geatcect 0.8728 (21)
UgtlaGE NM_057105 -3,856 agaatgtGCGT Gacaaggt 0.8950 (18)

abona fide DRE sequences were updated using builds mm9 and rn4 genome builds

b . . . . .
sequences used in Sun et. al., 2004 were updated with the mm9 and rn4 genome builds; revised sequences are underlined

Creplaces previous DRE sequence for rat Aldh3al

ddenotes the MS score used as the threshold score

eGsta2 and Ugt1a6 were previously named GstYa and Ugtlal respectively, and were renamed within the rn4 genome build
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Table 3

Chromosomal density of putative DRES" (per Mbpb) within the intergenic and intragenic DNA regions® of the
human, mouse and rat genomes.

Human Mouse Rat

Chromosome Total Intg’\?Aenic Inté?/lgznic Total Intg’\?Tic Intlg?\lg:nic Total Intg’\?Aenic Inté?\nlg;nic
1 227 17.5 28.9 24.0 20.1 3019 32.9 28.4 423
2 229 20.0 2704 28.2 233 33.9 2659  230d 388
3 1989 1619 2404 23.7 18.7 33.9 35.2 311 439
4 1939 17.2 2314 28.8 215 395¢€ 30.1 26.1 3919
5 21.0 19.0 onad 3038  943® 1248 316 26.9 454
6 20.9 13.8 2399 26.2 21.2 328 328 28.2 462
7 253 20.7 306 26.7 19.7 36.7 34.8 29.2 49.2
8 243 21.6 286 296 232 39.9€ 36.1 309 475
9 22.0 16.7¢ 313 30.1 2398 36.9 335 30.1 4238
10 26.4 299 305 28.6 221 37.6 1388 3748 539 €
11 247 189 312 3398  26.7° 409°¢ 29.6 24449 44.0
12 24.0 20.0 285 27.0 223 35.7 6278  520° 8138
13 1679 1349 2534 26.6 2378 316 313 26.4 44.0
14 19909  151d 28.9 24.8 21.0 311 324 29.0 431
15 232 18.6 30.1 267 19.3 3738 29.8 26.1 412
16 3508  256° 4808 24.6 19.4 32.9 333 27.6 483
17 348°  266° 407°  310% 227 409°¢ 361 336 431
18 233 19.6 29.8 26.7 202 377 30.7 26.7 433
19 436¢  207°€ 53.3 308€ 232 38.4 432%  386° 535
20 325%  270°¢ 38.7°¢ 450€  344°F 68.5°
21 230 1569 44.2°¢
22 333 25 51.5°
X 10.4¢ 16.9 2479 1269 1119 1649 1609 1459 255
vf 059 g.1¢ 279 459 37¢ 16.4 ¢

Mean density 245 19.5 323 26.1 20.5 345 34.6 29.8 46.9

Std. Dev. 7.1 47 8.9 6.5 4.9 6.9 8.9 7.2 11.1

a . ] - .
putative DREs defined as the 19 bp DRE centered core containing sequence with a MS score = 0.8473
b - .
Mbp = million basepairs

Cintergenic and intragenic DNA region are defined in Figure 2B
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dputative DRE density is less than the lower limit of the 99% confidence interval of the mean
eputative DRE density is greater than the upper limit of the 99% confidence interval of the mean

f . . . .
no sequence data for chromosome Y is available in rn4 build of the rat genome
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Table 5

noAnalysis of DRE core and putative DRE containing RefSeq sequences and genes in the human, mouse and
rat genomes.

Human Mouse Rat

RefSegs Genes RefSeqs Genes RefSeqs Genes

Genome® 28906 18,893 24,327 20,018 15737 15342
With a DRE core 28871 18858 23982 19,675 15400 15015

With a putative DRE? 20502 13,050 15,885 12623 10,105 9,809

abased RefSeqs and Entnez Gene IDs stored in the refGene and refLink databases from the UCSC Genome Browser

bputa’(ive DREs defined as the 19 bp DRE centered core containing sequence with a MS score = 0.8473
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