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Abstract

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that upon
activation by the toxicant 2,3,7,8 tetrachlorodibenzo-p-dioxin (TCDD) stimulates gene expression
and toxicity. AHR is also important for normal mouse physiology and may play a role in cancer
progression in the absence of environmental toxicants. The objective of this report was to identify
AHR-dependent genes (ADGSs) whose expression is regulated by AHR in the absence of toxicants.
RNA-Seq analysis revealed that AHR regulated the expression of over 600 genes at an FDR <
10% in MCF-7 breast cancer cells upon knockdown with short interfering RNA. Pathway analysis
revealed that a significant number of ADGs were components of TCDD and tumor necrosis factor
(TNF) pathways. We also demonstrated that sSiRNA knockdown of AHR modulated TNF
induction of MNSOD and cytotoxicity in MCF-7 cells. Collectively, the major new findings of
this report are: 1) endogenous AHR promotes the expression of xenobiotic metabolizing enzymes
even in the absence of toxicants and drugs, 2) AHR by modulating the basal expression of a large
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fraction of TNF target genes may prime them for TNF stimulation and 3) AHR is required for
TNF induction of MNSOD and the cellular response to cytotoxicity in MCF-7 cells. This latter
result provides a potentially new role for AHR in MCF-7 cancer progression as a mediator of TNF
and antioxidant responses.
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1. Introduction

The environmental toxicant TCDD acts through a ligand-activated transcription factor, the
aryl hydrocarbon receptor (AHR), to regulate gene expression and induce toxicity [1]. In the
absence of TCDD, AHR localizes to the cytoplasm and is physically associated with heat
shock protein 90 (HSP90), AHR interacting protein (AIP) and protein p23 in a protein
complex [1]. TCDD stimulates AHR to undergo a conformational change that stimulates its
translocation to the nucleus and dissociation away from HSP90, AIP and p23 [1]. Upon
entering the nucleus, AHR physically interacts with AHR nuclear translocator (ARNT) to
activate canonical TCDD target genes containing dioxin response elements (DRES),
including CYP1AL, CYP1B1, NRF2 and AHR Repressor (AHRR) [1]. Prior pathway
analyses have shown that TCDD regulated gene sets that are associated with metabolism of
xenobiotics by cytochrome P450’s, xenobiotic metabolism signaling, and fatty acid and lipid
metabolism pathways; these findings are consistent with induction of phase I and phase Il
drug metabolizing enzymes [2,3].

Several studies have shown that AHR inhibits and stimulates gene expression in the absence
of TCDD [4,5,6,7]. For instance, Boutros et al. reported that knockdown of AHR in liver
and kidney of mice disrupted the expression of 417 and 379 genes, respectively [4].
Adenoviral-mediated knockdown of AHR in primary mouse hepatocytes in vitro induced
significant changes in the expression of 97 genes at 12 hours and 246 genes at 24 hr [5].
Chang et al reported that AHR knockdown altered the expression of 1133 genes in mouse
embryonic fibroblasts [6]. Mouse hepatoma cells (Hepa-1) express an AHR that binds
DREs, while a variant line, Hepa-1 C35, harbors a dysfunctional mutant AHR that fails to
bind DREs [7]. Consistent with AHR being an endogenous regulator of gene expression, the
Hepa-C35 transcriptome is dramatically disrupted compared to parent Hepa-1 cells [8]. The
findings that AHR knockout mice are less fertile, exhibit higher rates of intestinal cancers,
and have developmental and vascular defects suggests that AHR regulation of gene
expression in rodent models is physiologically important [9,10,11,12,13].

AHR has been reported to play roles in breast tumorigenesis. Knockdown of AHR in breast
cancer cells (BCCs) inhibits mitogen-induced proliferation (MCF-7 cell line), invasion/
migration (MDA-MB-231 cell line) and xenograft tumorigenicity (rodent mammary
fibroblasts) [14,15,16,17]. Further, rat mammary tumors have been shown to express higher
levels of AHR than normal mammary tissue [18]. The mechanism(s) of AHR action in
breast tumorigenesis is not clear. We reasoned that defining AHR-dependent genes (ADGS)
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in MCF-7 BCCs would identify pathways downstream of AHR that are important in cancer.
To this end, we performed expression profiling via RNA-Seq on control and AHR
knockdown MCF-7 cells in the absence of external stimuli. Pathway analysis of ADGs
revealed new roles for AHR. First, MCF-7 cells maintain expression of xenobiotic
metabolizing enzymes in the absence of toxicants. Second, AHR promotes basal expression
of a large fraction of TNF target genes in MCF-7 cells. Finally, knockdown of AHR
inhibited TNF-induced increases in MNSOD and promoted the cytotoxic response in MCF-7
cells. This latter result provides a potential new role for AHR in cancer as a mediator of
MNSOD induction and the antioxidant cytoprotective response to TNF.

2. Methods

2.1. Materials and MCF-7 cell culture

Dulbecco's Modified Eagle Medium/High glucose (DMEM) with L-glutamine and sodium
pyruvate, phenol red-free DMEM, phosphate buffered saline (PBS), fetal bovine serum
(FBS), charcoal-treated FBS, penicillin, and streptomycin were purchased from Thermo
Fisher Scientific (Pittsburgh, PA). Sodium dodecyl sulfate (SDS), 30 % acrylamide/bis
solution, ammonium persulfate, Tween-20, and 2-mercaptoethanol was obtained from Bio-
RAD (Hercules, CA). Non-specific control RNA (cRNAI) (cat # D-001810-01-20), short
interfering RNA (siRNA) against AHR (AHR-siRNA, cat # J-004990-08-0010), RELA
(RELA-siRNA, cat # J-003533-06-0010) and DharmaFECT 1 Transfection Reagent (#1)
were purchased from GE Healthcare Life Sciences (Pittsburgh, PA). 2,3,7,8
tetrachlorodibenzo-p-dioxin (TCDD) was obtained from Cambridge Isotopes Laboratory
(Andover, MA). MCF-7 human breast cancer cells were purchased from ATCC (Manassas,
VA) and maintained in DMEM, 10% FBS, with penicillin (100 IU/mL) and streptomycin
100 (ug/mL).

2.2. AHR knockdown for RNA-Seq

To knockdown AHR for RNA-Seq analysis, 200,000 MCF-7 cells in 6-well tissue culture
plates were transfected with 50 nM AHR-siRNA in phenol red-free DMEM, 10% charcoal-
treated FBS and DharmaFECT 1 Transfection Reagent following the manufacturer’s
protocols. After 36h, cells were serum starved overnight in phenol-red free DMEM. Control
cells in 6-well tissue culture plates were transfected with 50 nM control-siRNA using the
same methods used to knockdown AHR.

2.3. Whole transcriptome expression profiling via RNA-Seq

Total RNA was isolated from overnight serum starved control (5 replicates) and AHR
knockdown MCF-7 (6 replicates) using RNA purification columns (Qiagen, Valencia, CA)
with DNase treatment. DNase was purchased from Qiagen. RNA sample quality was
assessed using Bioanalyzer RNA Nano chips (Agilent); all RNA samples had an RNA
Integrity Number greater than or equal to 8. RNA-Seq libraries were prepared from 1 g of
total RNA using a TruSeq RNA Prep Kit (Illumina Inc., San Diego, CA).
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2.4. RNA-Seq Analysis

RNA-Seq on AHR knockdown and control MCF-7 cells was performed using an Illumina
HiSeq1000 in a 2 x 100 base paired end design yielding a minimum of 50 million reads per
sample. Demultiplexing of samples was performed using CASAVA 1.8.2 (Illumina). Reads
were aligned to the human reference genome (hg19/GRCh37) using TopHat 2.0.6 [19].
TopHat was configured to use BowTie 0.12.8 [20] and SAMtools 0.1.18 [21]. Aligned reads
were then mapped to genes from the ensembl database using Bioconductor [22] packages
Rsamtools and biomaRt [23]. Data were then analyzed using the DESeq Bioconductor
package [24] as follows. Counts were normalized to account for differences in sequencing
depth between samples. Samples were clustered using the top 30 expressing genes. One
control sample, which did not cluster with the remaining control samples, was removed from
further analysis. In order to mitigate the loss of statistical power from multiple hypothesis
correction, we removed the lowest 40% of genes by total read count across all samples and
performed differential expression analysis on the remaining 60%. Following standard
practice (for example, [24]), genes statistically significant at a false discovery rate of 10%
were reported, irrespective of fold change. To validate the low-expression filtering step, we
repeated the analysis without removing the 40% of genes that were low expressers (data not
shown). None of the filtered genes were identified as statistically significant in this analysis,
while the loss of statistical power resulted in 126 of the unfiltered genes losing significance.
Sequencing data were deposited in the Gene Expression Omnibus (GEO) database
maintained by the National Center for Biotechnology Information (NCBI) and are accessible
with accession number GSE52036.

2.5. Ingenuity pathway analysis (IPA)

Differentially expressed genes (FDR < 10%) were expressed as a ratio of AHR knockdown/
control level and loaded into Ingenuity Pathway Analysis software (IPA; Ingenuity Systems,
Redwood City, CA) in order to perform an IPA Core Analysis under default settings. Of the
634 RNAs, 496 were mapped to known functions and pathways by IPA. In IPA, a biological
function is a process or disease with a pre-defined set of molecules (genes). IPA was used to
compute significant associations between biological functions and our ADG set.
Specifically, we ran a Core Analysis in IPA which used Fisher’s Exact Test to assign levels
of statistical significance to associations between biological functions and our gene set. We
configured the core analysis to report Benjamini-Hochberg corrected p-values. We also used
the Upstream Regulator Analysis function to identify candidate regulators of ADG
pathways.

2.6. Validation of RNA-Seq by gRT-PCR

Real-time reverse-transcription PCR (qRT-PCR) analysis from control and AHR
knockdown MCF-7 cells (5 replicates) was carried out to validate RNA-Seq (AHR
knockdown detailed in 2.2.). Total RNA was isolated using Qiagen RNA purification
columns and DNase treated. Reverse transcription was performed with 100 ng of total RNA
using Verso cDNA kit (Thermo Fisher Scientific; cat # AB-1453/B). PCR of cDNA was
conducted with SYBER GREEN and ROX gPCR mix (Qiagen) with a 5 min denaturing step
at 95°C, followed by 40 cycles of 15 s at 95°C, 30s at 60°C, 30s at 72°C. Relative gene
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expression was calculated using the formula 272ACT  as described by Livak and Schmittgen
[25]. Glyceraldehyde-3-phosphate (GAPDH) mRNA levels served as the internal control.
Primer sequences GAPDH [forward 5'-catgagaagtatgacaacagcct 3' and reverse 5'-
agtccttccacgataccaaagt-3, OAS1 [forward 5'-cagacgatgagaccgacgat-3' and reverse 5'-
cctggagtgtgcetgggteta-3'], PKD1L1 [forward 5'-cgcctctggattgtgataacag-3' and reverse 5'-
cggtcccagtagcacacag-3'], PLA2G2 [forward 5'-accagacgtaccgagaggag-3' and reverse 5'-
cgctggggattggtgactg-37, SERPINSA [forward 5'-atgcccttttcaccgacctg-3' and reverse 5'-
tgcagagtccctaaagttggtag-3'], PYDC1 [forward 5'-cacacgtatagctaccggceg-3' and reverse 5'-
cgcgtaagacaacagcagtg-3'], HMGCS2 [forward 5'-caatgcctgctacggtggta-3' and reverse 5'-
gacggcaatgtctccacaga-3'], SERPIN3A [forward 5'-tgccagcgcactcttcatc and reverse 5'-
tgtcgttcaggttatagtcectc-3'7, CYP1A1L [forward 5'-cttcaccctcatcagtaatggtc-3' and reverse 5'-
aggctgggtcagaggcaat-3'], CYP1B1 [forward 5'-ctgcactcgagtctgcacat-3' and reverse 5'-
tatcactgacatcttcggcg-3'], NRF2 [forward 5'-tccagtcagaaaccagtggat-3' and reverse 5'-
gaatgtctgcgccaaaagetg-3'], PGR [forward 5'-ttatggtgtccttacctgtggg-3' and reverse 5'-
gcggattttatcaacgatgcag-3'], MGP [forward 5'-tccgagaacgctctaagect-3' and reverse 5'-
gcaaagtctgtagtcatcacagg-3'], ADORA [forward 5'-ccacagacctacttccacacc-3' and reverse 5'-
taccggagagggatcttgacc-3'], CREB3L [forward 5'-cctcccgaagectcctattct-3' and reverse 5'-
ggggttgatttcccageca-3', AHR [forward 5'-acatcacctacgccagtgg-3' and reverse 5'-
ctctatgccgcttggaaggat-3, ALOXS5 [forward 5'-ctcaagcaacaccgacgtaaa-3' and reverse 5'-
ccttgtggcatttggcatcg-3'], ALDH3AL [forward 5'-tgttctccagcaacgacaagg-3' and reverse 5'-
agggcagagagtgcaaggt-3'], RELA [forward 5'-tccagaccaacaacaacccc-3' and reverse 5'-
gatcttgagctcggceagtgt] and ABCG2 [forward 5'-acgaacggattaacagggtca-3' and reverse 5'-
ctccagacacaccacggat-3']. The Harvard Primer Bank http://pga.mgh.harvard.edu/primerbank/
was used to design primers above. The primer sequences for the UGTA isoforms have been
published [26]. Primers were purchased from Sigma (St. Louis, MO). Primer specificity was
verified with melt curve analysis and NIH primer blast search engines located at http://
www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK _LOC=BlastHome. Two-tailed,
paired t tests with confidence intervals of 95% were used to determine statistically
significant differences between controls and AHR knockdown cells.

2.7. Western blot analysis determination of MNSOD

AHR knockdown prior to western blot analysis was carried as detailed in Tomblin and
Salisbury [15]. Briefly, MCF-7 cells (200,000) were mixed directly with siRNA (50 nM
control or AHR-siRNA) and DharmaFECT 1 Transfection reagent (2 uL-per well), added to
phenol red-free DMEM, 10% charcoal treated FBS in 6-well tissue culture plates and
cultured for 24h. Following serum starvation in phenol red-free DMEM for 16h, cells were
treated with either H,O vehicle or human recombinant TNF (10 ng/mL) (R & D Systems)
for 12h. Treatments were removed, adherent and detached cells were collected and total
cellular extract was isolated in 250 L of 2x sample lysis buffer (Bio-RAD; cat #161-0737)
and approximately 10 pg of protein was subjected to SDS PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were blocked in
PBS, .01% Tween 20 (PBS-T), 5% (wt/vol) low fat powdered milk for 1 h and incubated
overnight with primary antibody at 4 °C with gentle mixing. Membranes were rinsed five
times (five minutes each wash) with PBS-T and then incubated with an appropriate HRP-
labeled secondary antibody (Thermo Fisher Scientific) (diluted 1:10,000 in PBS-T, 5%
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milk) for 1 h, followed with rinsing five times (five minutes each wash) in PBS-T.
Membranes were developed with enhanced chemiluminescent substrate (Millipore
Corporation, Billerica, MA) and exposure to X-ray film (MidSci, St. Louis, MO).
Antibodies were purchased from the following vendors: (1) Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody from Millipore (cat # MAB374), (2) AHR antibody from
Santa Cruz (Santa Cruz, CA, Cat # H-211) and (3) MNSOD antibody from Abcam
(Cambridge, MA, cat #: ab13533). GADPH was diluted 1:10,000, while AHR and MNSOD
were diluted 1:2000 in PBS, .01% Tween-20, 5% powdered milk. Densitometry was
calculated with ImageJ PC-based software (National Institute of Health). The Student-
Newman—Keuls (SNK) post-hoc test was used to determine statistically significant
differences among groups following one-way analysis of variance (ANOVA).

2.8. qRT-PCR analysis TNF induction of SOD2

MCEF-7 cells were reverse transfected in 6-well tissue culture plates as detailed in section 2.6
and then treated with H,0 vehicle or TNF (10 ng/mL) (R & D Systems) for 12hr.
Treatments were removed, adherent and detached cells were collected and total RNA was
isolated in TRI-Reagent (Sigma-Aldrich., St. Louis, MO) and quantitated by NanoDrop
spectrophotometry. RNA was reverse transcribed to cONA (Verso cDNA kit; Thermo
Fisher Scientific; cat # AB-1453/B). Resulting cDNAs were subjected to gRT-PCR with
SYBR Green Rox Mix (Qiagen) using PCR reaction conditions detailed in 2.6. Relative
gene expression among groups was calculated using the formula 2-AACT, as described by
Livak and Schmittgen [25]. Primer sequences for SOD2 mRNA were (forward, 5'-
GGAAGCCATCAAACGTGACTT-3'; reverse, 5'-
CCCGTTCCTTATTGAAACCAAGC-3"). The SNK post-hoc test was used to determine
statistically significant differences among groups following one-way analysis of variance
(ANOVA).

2.9. gRT-PCR analysis of TCDD treated cells

MCEF-7 cells plated in 35 mm tissue culture plates (200, 000 cells/mL) were serum starved
overnight in phenol red-free DMEM. For TCDD stimulation, either .1 % (v/v) Dimethy!l
sulfoxide (DMSO) (Sigma-Aldrich) or TCDD (10 nM at the final concentration) was added
directly to media along with either H,O vehicle or TNF (10 ng/mL) (R & D Systems) for 12
hr. Treatments were stopped and cells were rinsed once with PBS. Total RNA was isolated
using TRI reagent (Sigma-Aldrich) and SOD2 mRNA was measured using real time RT-
gPCR analysis.

2.10. Chromatin immunoprecipitation followed by qPCR (ChiP-qPCR)

For ChlIP, one 80% confluent 150mm plate of MCF-7 cells was serum starved in phenol red-
free DMEM and then treated with H,O vehicle or TNF (10 ng/mL) for 1h or 12h. Post
treatment, cells were cross-linked with formaldehyde (Sigma-Aldrich) (.75% v/v) for 10min
at room temp, followed by the application of glycine (.125M) (Sigma-Aldrich) for 5min.
Cells were rinsed with cold PBS, pelleted by centrifugation, and cell pellets were lysed in 1
mL Lysis Buffer (50 mM Tris-HCI pH 7.5, 140mM NaCl, 1mM EDTA, 1% Triton X-100,
0.1% Sodium Deoxycholate, 0.1% SDS plus protease inhibitors (Thermo Scientific #78410).
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After 15 min, extracts were sonicated (5 times, each time 10 s) and diluted 1:10 in dilution
buffer (1% Triton X-100, 2mM EDTA pH8, 20mM Tris-HCI pH 8, 150 mM NacCl plus
protease inhibitors), rotated overnight at 4 °C with 5 pg of non-specific 1gG (Santa Cruz;
cat# sc-2027), 5 ug of anti-AHR antibody (Santa Cruz; cat # H-211) or 5 ug of anti-p65
NFKB antibody (Santa Cruz; cat # sc-372). Antibody-chromatin complexes were collected
using 10 pL of magnetic protein A beads (Invitrogen; cat # 100.01D) with rotation at 4 °C
for 90 min. Using magnetic separation (Life-Technologies; part # 49-2025), beads were
washed three times (10 min each wash) with wash buffer (20 mM Tris-HCI, pH 8; 150 mM
NaCl; 2.0 mM EDTA; 0.1% SDS) and once with final wash buffer (.1% SDS, 1% Triton
X-100, 2mM EDTA pH 8, 500 mM NaCl) and incubated at 65 °C for 4-6 h in elution buffer
(1% SDS, 0.1 M NaHCO3) with proteinase K (20 mg/mL) (Invitrogen Life-Technologies.,
Carlsbad, CA). DNA was purified with phenol-chloroform extraction followed by
isopropanol precipitation and analyzed using real time PCR. Phenol, chloroform and
isopropanol were purchased from Sigma-Aldrich. Primers spanning NFKB response
elements in intron 2 of SOD2 were: [forward 5'-GGAAAAGGCCCCGTGATTT-3' and
reverse 5-TCCTGGTGTCAGATGTTGCC-3 [27]. ChiP data was expressed as % input, in
which signals obtained from the ChIP are divided by signals obtained from an input sample.
Statistical differences among groups were determined by the SNK post-hoc test following
oneway analysis of variance (ANOVA)

2.11. Cell viability

3. Results

MCEF-7 cells (200,000/mL) were mixed directly with 50 nM siRNA (either control or AHR-
siRNA) and Dharmafect #1 transfection reagent (2 uL/mL), added to phenol red-free
DMEM, 10% charcoal treated FBS and plated into 60 mm tissue culture plates (3 mL per
plate) and cultured for 24h. Following serum starvation in phenol red-free DMEM for 16h,
cells were treated with either H,O vehicle or human recombinant TNF (10 ng/mL) (R & D
Systems) for 12h. Cell viability was measured with trypan blue stain (Thermo Fisher
Scientific). The percentage of non-viable cells were calculated as: non-viable cell (%) =
(total number of non-viable cells/total number of cells) multiplied by 100. The SNK post-
hoc test was used to determine statistically significant differences among groups following
one-way analysis of variance (ANOVA)

3.1 Effect of AHR knockdown on MCF-7 gene expression

Expression profiling on control and AHR knockdown MCF-7 cells was conducted to
identify a set of ADGs in the absence of stimuli. AHR knockdown inhibited the expression
of 380 genes and promoted the expression of 254 genes at FDR < 10%, with all reported
fold changes being at least 1.2 fold; we refer to the combined group of 634 genes as the
ADG set. A full list of these genes is included as a supplemental file with NCBI GEO data
deposit (accession number GSE52036). Real-Time gRT-PCR was used to validate RNA-Seq
expression in a set of 30 genes. The rational for selecting validation genes listed in Table 1
is that they were among either the top downregulated (CYP1A1, HMGCS2, OAS1,
PLA2G2, ALDH3A1, PKD1L1), the top upregulated (CREB3L1, PYDC1, MGP,
ADORAI1, PGR, SERPIN3A, and SERPIN5A) ADGs or known TCDD gene targets
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(CYP1AL, CYP1B1, ABCG2, ALDH3AL, NRF2 and UDP-glucuronosyltransferases
(UGTASs). ALOXS5 was selected for validation because it is the rate limiting gene in
leukotriene synthesis [28].

In general, there is a good concordance between the RNA-Seq and gRT-PCR measurements.
Levels of AHR mRNA were lower in knockdown MCF-7 cells than controls as measured by
RNA-Seq (~4-fold) and gRT-PCR (~7-fold) from independent experiments (Table 1).
Expression of known TCDD-target genes (CYP1A1 [29], CYP1B1 [29] and ALDH3A1
[30]) was lower in AHR knockdown MCF-7 cells by both RNA-Seq and gRT-PCR
measurements (Table 1). Prior reports have shown that TCDD stimulates increased
expression of UGTAs in mouse liver [31]. RNA-Seq and gRT-PCR assays revealed that
UGT1A1, UGT1A3, UGT1A4, UGT1A5, UGT1A6, UGT1A7 mRNASs were lower in AHR
knockdown cells than controls (Table 1). UGT1A8, UGT1A9, and UGT1A10 were not
differently regulated by gRT-PCR, but their levels were lower (~3-fold) in AHR knockdown
cells compared with controls based on RNA-Seq measurements (Table 1). The drug
transporter, ABCG2, has been reported to be induced by TCDD in human cells (breast,
colon and liver), but not in rodent cells [32]. ABCG2 mRNA was ~3 fold lower in AHR
knockdown MCEF-7 cells than controls in both RNA-Seq and qRT-PCR data sets (Table 1).
NRF2 is a transcription factor that stimulates the expression of anti-oxidant enzymes [31].
Prior reports have shown that NRF2 is a TCDD gene target [33,34]. NRF2 expression was
not differentially expressed by RNA-Seq, but its levels were lower (~50%) in AHR
knockdown cells compared with controls when assayed by qRT-PCR (Table 1). The levels
of the PLA2G2 and ALOX5 were lower in AHR knockdown MCF-7 cells than controls by
RNA-Seq and gRT-PCR (Table 1).

AHR knockdown had modest stimulatory effects on the expression of several genes. As
measured by RNA-Seq, CREB3L was the most upregulated gene (by 2.67290) in AHR
knockdown MCF-7 cells compared with controls (Table 1). The expression of PGR, MGP,
SERPIN3A, CREB3L, SERPIN5A, and ADORA were increased in AHR knockdown cells
compared with controls by RNA-Seq and gRT-PCR (Table 1). Observed expression levels
of IGHG2, IGHA1 and RNF128 were reduced by AHR knockdown by RNA-Seq analysis
(GEO submission GSE52036), but not by qRT-PCR (data not shown). This discrepancy
could be attributed to IGHG2, IGHA1 and RNF128 transcript levels that were below gRT-
PCR detection limits (Ct values higher than 35; data not shown). We note that RNA-Seq
fold changes were greater than qRT-PCR fold changes for several genes including:
CYP1Al, HMGCS2, OAS1, PLA2G2, ALDH3A1, MGP, CREB3L, UGTAs and ADORA,;
however the direction of expression changes were the same (Table 1).

3.2 Pathway analysis of AHR-dependent genes

In order to determine functions and pathways regulated by ADGs, we analyzed the ADG set
using the Ingenuity Pathway Analysis (IPA) core analysis tool which finds gene sets that are
over-represented in defined, canonical cellular pathways and molecular functions. Of the
634 genes, 496 were mapped to known functions and pathways by IPA. These ADGs were
significantly associated with cancer-related pathways including: cellular movement, cell
cycle, cellular growth and proliferation, cell death and survival, cellular development and
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cellular morphology (Table 2). In addition, significant numbers of ADGs were over-
represented in pathways involved in post-translational modification and in the metabolism of
drugs, amino acids and small molecules (Table 2).

We refined the pathway analysis by applying the IPA Upstream Regulator Analysis tool to
determine if the ADGs are connected through a common upstream regulator. This analysis
revealed that ADGs were enriched among the following IPA canonical regulatory pathways:
beta-estradiol (endogenous hormone), tumor necrosis factor (TNF) (cytokine), tumor protein
53 (TP53) (transcriptional regulator), lipopolysaccharide (chemical drug), decitabine
(chemical drug), calcitriol (chemical ligand), dexamethasone (glucocorticoid receptor), v-
erb-b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2) (kinase), cyclin-
dependent kinase inhibitor 1A (CDKNZ1A) (kinase), TGFp (growth factor) and TCDD
(toxicant) (Table 3). Specifically, IPA reveals that 74 of 171 TNF pathway target genes are
ADGs (Table 3). Of the 74 ADGs in the TNF pathway, 44 exhibited patterns of expression
consistent with inhibition of TNF activity (Table 3). The finding that IPA revealed 87 of 197
beta-estradiol target genes are ADGs is not surprising, considering that AHR and the
estrogen receptor (ER) have been reported to interact extensively [35,36] (Table 3). Finally,
ADGs were found to be significantly enriched within the TCDD pathway (23 of 125 TCDD
pathway genes were ADGSs) (Table 3). The IPA-predicted inhibition of TCDD activity
(Table 3) was based in part on the observed inhibition of conical TCDD target genes
including: CYP1A1, CYP1B1 and ALDH3A1 in AHR knockdown cells compared with
controls.

3.3 Comparison of AHR-dependent gene set with known TCDD and AHR effects

TCDD is a strong exogenous AHR ligand that is resistant to degradation [1]. TCDD has
been reported to regulate the expression of 104 genes in MCF-7 cells [3]. To identify ADG
genes that are induced by TCDD in MCF-7 cells, we overlapped published TCDD
microarray data [3] and AHR knockdown RNA-Seq expression profiles. While the majority
of ADGs (621) did not overlap with reported TCDD-regulated genes, there were 13 genes in
both sets (Fig. 1). Common genes included CYP1A1, CYP1B1 and ALDH3AL, which are
important in lipid metabolism, small molecule biochemistry, and drug metabolism (Fig. 1).

Lo and Matthews identified TCDD-induced binding sites in MCF-7 cells using ChlP-Seq
technology [3]. Since these should represent AHR binding sites, we compared the TCDD-
ChIP-Seq gene set with ADG set and found that approximately 15% of ADGs have a
TCDD-AHR binding site. This finding suggests that the remaining 85% could be indirect
AHR gene targets. The 80 specific TCDD-ChIP-Seq genes that overlap with the ADG set
are shown in Fig. 2. Common target genes included ABCG2, CYP1A1 and CYP1B1 which
are known TCDD-AHR target genes [3,32].

Microarray based expression profiles on liver and kidney from AHR null mice has been
reported [4]. Twenty eight genes were shared between the mouse liver gene set and ADG set
(Fig. 3). A small number of mouse kidney genes (15) overlapped with ADG set (Fig. 4). The
specific ADGs that overlapped with AHR-liver and AHR-kidney are shown in Fig. 3 and
Fig. 4, respectively. Differences in tissue- and species-specific expression may explain the
limited overlap in these gene sets.
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3.4 AHR modulates TNF induction of MNSOD and cytotoxicity response

Based on the finding that the ADG set is significantly associated with the TNF pathway, we
sought to determine if TNF induction of SOD2 requires AHR expression. SOD2 is a nuclear
gene that encodes the mitochondrial superoxide dismutase (MNSOD). We focused on
MNSOD regulation because it is inducible [37] and Rico de Souza et al [38] have reported
that MNSOD levels are lower in AHR knockdown primary mouse lung fibroblasts than
control cells [38]. Serum-starved control and AHR knockdown MCF-7 cells were treated
with vehicle or TNF (10 ng/mL) for 12h. As expected, AHR protein levels were lower in
knockdown cells than control cells (Fig. 5A). While TNF stimulated MNSOD protein levels
~8-fold in control cells, this induction was significantly abrogated in AHR knockdown cells
by 60% (Fig. 5A). We then asked whether siRNA knockdown of AHR and NF-kB subunit
RELA (also known as p65) inhibited TNF-stimulated induction of MNSOD mRNA
expression. The impetus for including RELA is based on its requirement for TNF induction
of the SOD2 gene [39,40]. RELA mRNA was reduced ~90% by siRNA treatment (Fig. 5B).
Knockdown of AHR and RELA suppressed TNF induction of MNSOD mRNA levels (Fig
5B). We also asked whether TCDD would modulate TNF regulation of MNSOD. The level
of MNSOD induction by TNF was not affected by TCDD (Fig. 5B). Collectively, these data
indicate that endogenous AHR and RELA promote TNF induction of MNSOD in MCF-7
cells through a mechanism that is independent of TCDD effects.

TNF-induced RELA stimulates SOD2 expression by binding to NF-xB response elements
(xB-RE) in intron 2 [39,40]. Physical interactions between AHR and RELA have been
reported [41]. We therefore tested whether TNF signaling results in recruitment of AHR and
RELA to the SOD2 «B-RE. ChIP-qPCR experiments revealed that treatment with TNF (12
hr) increased the binding of AHR and RELA on the SOD2 xB-RE by ~2.5 fold in each case
(Fig. 5C). AHR and RELA association with kB-RE in vehicle treated cells was not greater
than non-specific 1gG (Fig. 5C). These results indicate that TNF signaling recruits AHR and
RELA to an active kB-RE in the SOD2 gene [38,39].

The finding that AHR modulates TNF induction of MNSOD prompted us to investigate
whether AHR is required in the response to TNF-induced cytotoxicity. To this end, MCF-7
cells were transiently transfected with non-targeting control or AHR siRNAs prior to
treatment with vehicle or TNF for 12 hr, followed by determination of the percentage of
non-viable cells. As shown in figure 5D, TNF-induced cytotoxicity was significantly higher
in AHR knockdown MCF-7 cells compared with controls (Fig. 5D). This result suggests that
AHR suppresses TNF-induced cytotoxicity.

4. Discussion

In this report, RNA-Seq analysis revealed that the expression of over 600 genes in MCF-7
cells is dependent on AHR based on our knockdown experiments. Pathway analysis revealed
that a significant number of ADGs were present in toxicant and TNF pathways (Table 3).
TNF induction of MNSOD required AHR and RELA expression, and this process involved
recruitment of RELA and AHR to a TNF-responsive NF-xB element in the SOD2 gene (Fig.
5). Consistent with AHR/RELA recruitment to MNSOD, the cellular response to TNF was
dependent on AHR expression as demonstrated in knockdown experiments (Fig. 5).
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There is little current evidence that demonstrates that cancer progression requires the
expression of AHR; however, it is clear that AHR responds to and modulates cancer signals.
From our prior report, we know that insulin like growth factor 2 (IGF-2) signaling rapidly
increases AHR mRNA and protein levels in MCF-7 cells and that upregulated AHR
promoted the activation of the CCND1 gene upon binding to the CCND1 gene promoter
[15]. In this report we demonstrate that AHR modulates MCF-7 responsiveness to TNF.
Together these findings indicate that AHR can modulate MCF-7 cancer progression by
interacting with two major cancer signaling pathways, specifically IGF-2 and TNF.

Even though AHR expression has not been directly associated with cancer, AHR activity
may be aberrant in cancer cells. AHRR is a putative tumor suppressor whose expression is
downregulated in multiple cancers including breast tumors due to hypermethylation of its
promoter [42]. AHRR inhibits AHR activity through a mechanism that could be mediated by
AHRR binding with AHR [43]. Thus, AHR activity could be higher because AHRR
expression is downregulated in human cancers [42].

There are several lines of evidence that AHR through interactions with RELA regulates
proinflammatory genes; our data suggests this interaction is also important for regulating
MNSOD, a major antioxidant enzyme. DiNatale and colleagues demonstrated that TCDD
and interleukin 1 (IL-1) synergistically induce IL-6 transcription [44]. This was mediated
through DREs in the IL-6 gene promoter [44]. Recently, AHR itself, in the absence of
TCDD, has been reported to activate the IL-6 gene by pairing with RELA at «B-RE in the
IL-6 gene [45]. AHR interaction with NF-xB is not restricted to RELA, considering that
AHR binding with RELB activates the IL-8 gene [46,47]. TCDD inhibits NF-xB activity
when measured with EMSA and a kB-RE-luciferase reporter construct [41]. We found that
TNF induction of MNSOD is refractory to TCDD (Fig. 5). So in some cases TCDD
interactions with NF-xB therefore could be gene specific.

AHR-deficient MCF-7 cells were more sensitive to TNF-induced cytotoxicity than controls
(Fig. 5D). TNF signaling stimulates opposing cell survival and death pathways [48]. TNF-
induced NF-xB protects cells from TNF-induced cell death by upregulating the expression
of antioxidant and antiapoptotic genes [48]. Upregulation of MNSOD by NF-kB inhibits
TNF-induced ROS accumulation and cell death [49,50]. The levels of MNSOD were lower
in AHR knockdown MCF-7 cells in response to TNF compared with controls (Fig. 5). Thus,
AHR could in part protect MCF-7 cells from TNF-induced cytotoxicity by promoting
upregulation of MNSOD (Fig. 5).

Our RNA-Seq data and IPA analyses are consistent with many reports showing that AHR
regulates gene expression in the absence of TCDD. There are potential mechanisms to
explain AHR activity in MCF-7 cells in the absence of TCDD. Chiaro et al. 2008 discovered
that the 5-lipoxygenase (5-LOX) pathway generates 5,6-dihydroxyeicosatetraenoic acid
isomers (5,6- DIHETES) that induce expression of a DRE-promoter reporter construct, the
formation of AHR-DNA binding complexes in EMSA assays, and increases in CYP1A1l
MRNA in hepatocytes [51]. DiNatale and colleagues reported that the tryptophan metabolite
kynurenic acid induced CYP1A1 mRNA, DRE-promoter reporter activity and the formation
of an AHR-DNA complex, and competitively displaced labeled AHR ligand from AHR in
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hepatocytes [52]. Kynurenine has been reported to be secreted at UM levels from glioma
cells and to induce DRE-promoter reporter activity, CYP1A1 mRNA levels and to
competitively displace labeled AHR ligand from AHR in glioma cells [53]. 5,6-DiHETEs,
kynurenic acid and kynurenine therefore may serve as endogenous AHR ligands that
stimulate AHR activity and expression of AHR target genes in MCF-7 cells in the absence
of TCDD. Considering our data showing that TNF-induced AHR binding at an active
NFKB-RE, we postulate that AHR may be recruited to gene promoters by activated RELA
(perhaps in an AHR ligand independent mechanism).

In conclusion, our RNA-Seq data suggest a role for AHR in toxicant and TNF pathways.
Further, AHR and RELA are clearly required for induction of MNSOD and the
cytoprotective response to TNF. In a similar vein, AHR protects lung cells from cigarette
induced cytotoxicity by maintaining MNSOD expression [38]. As a whole, our findings
implicate unliganded AHR expression in a new aspect of cancer progression.
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13 ADGs that overlap with reported TCDD-
microarray genes in MCF-7.

GenelD *Fold change

CYPIA1 0.047383928
KRT20 0.422124508
CYPIBI 0.448965655
TMEM45B 0.552147883
ST3GALI 0.573180864
PYGL 0.603272436
PITPNM2 0.612266033
RET 1.537237738
ALDH1A3 0.673243346
DLX1 0.71375465
FOSL2 0.76343792
TRIM36 1.299134226
TXNRDI 0.795095818

*RNA-seq fold change expression values from
AHR knockdown cells compared to controls
expressed as a ratio of AHR
knockdown/control.

Fig. 1. Genes in common between AHR knockdown RNA-Seq expression profiles and TCDD-

microarray data

Analysis of reported TCDD-microarray data [3] demonstrated that 13 of 634 ADGs were
TCDD-regulated genes. The specific 13 ADGs that overlapped with TCDD-microarray

genes in MCF-7 cells are shown in the table.
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80 ADGs that overlap with reported TCDD-CHIP-seq genes.
GENE ID *fold change ~ GENE ID *fold change  GENE ID *fold change  GENE ID *fold change
MYLIP 0.802096578 RND3 0.824025407 SLC39A6 1.239425522 DLCI 1.356945237
ST3GALI 0.573180864 MYB 1.538360507 TUFTI 0.704391074 ADCY1 1.301094779
GPRC5A 1.207910304 ABCQG2 0.359869277 PIK3RI 1.277219373 TNFRSF11B 0.611478095
PTPN21 1.381218888 MFSDI 0.663404044 C9orf3 0.736838039 PLEKHFI 0.414179586
NTN4 0.681822478 MSX2 0.80009415 CRIMI1 1.26251853  YIFIB 0.765092431
FOSL2 0.76343792  SOCS2 1.299622085 TMEM45B  0.552147883 FAMS3B 1.238570568
TP73 1.27755078  RAMP3 1.537558068 SPOCK1 0.429769601 NPRI1 0.486624749
KCNK2 0.53577002  PREXI1 1.368259706 ACOXL 0.705962135 CHST11 0.661659483
PITPNM2 0.612266033  CDH26 0.550789411 GPRI115 0.556788075 AGR3 1.657756668
ESR1 1.242955418  VILI 1.286171847 SEMA3D 1.460941605 TSKU 0.526450429
TIMP3 0.678358994 GADI 0.57281971 TDH 0.702355238 ALDHIA3  0.673243346
PYGL 0.603272436 PPARG 0.620796173 TTC39B 0.511040521 DRDI 0.555398086
MET 1.292037898 DCLK1 0.769661296 SH3RF2 0.707331314 C3orf70 1.320237175
AHR 0.245846079 CCNIJL 0.762501798 CLSTN2 0.48144621 ARLA4C 0.732119812
MAPKI10 0.582554716 BRIP1 1.315901173 IL6R 0.678256519 CLDN4 0.783196813
KAT2B 0.690073646 PRCP 1.2423756  1ER5S 0.807121799 EVL 1.377514622
HESI 0.820976576  STRAG6 0.602652873 RNF149 0.784847051 SVIL 1.202244505
ABCCS5 0.695456439 CYPIBI 0.448965655 SRGAP2 1.207060918 TXNRDI 0.795095818
EFEMP1 1.386922297 AGPAT9 0.602182209 SI100P 0.643296423 PAPSS2 0.759199786
IGFBP5 1.67229658 CYPI1Al 0.047383928 FOXQI 0.20435077
*RNA-seq fold change expression values from AHR knockdown cells compared to controls expressed as a ratio of AHR
knockdown/control.

Fig. 2. Genes in common between AHR knockdown RNA-Seq expression profiles and TCDD-
ChlIP-Seq data

Analysis of reported MCF-7 TCDD-ChIP-Seq data [3] revealed that 80 of the 634 AHR-
RNA-Seq genes were TCDD-AHR bound genes. The specific 80 ADGs that overlapped
with TCDD-ChIP-Seq genes in MCF-7 cells are shown in the table.
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28 ADGs that overlap with reported AHR-regulated genes

in liver.
GenelD *fold change
ABCC3 0.431623029
ABCG2 0.359869277
ADORA1 2.033421256
AGPATO 0.602182209
AKRICI 0.304418760
AKRIC2 0.296001896
BLVRB 0.825905639
C190rf70 0.296001896
C9orf3 0.736838039
CCNF 1.196510021
ELOVL2 1.818790159
ESRI 1.242955418
ESRRA 0.818597062
F2R 0.564685491
HLA-B 0.666409580
LEAP2 1.597154630
ME1 0.680037420
MET 1.292037898
OGFRLI1 1.508349672
PIR 0.693838416
PYGL 0.603272436
RBBP8 1.222730403
RHPN2 1.225426422
RRM2 1.366597067
SLC16A2 1.210276804
TKT 0.682068785
TTC39B 0.511040521
VAMP 8 0.777080233

*RNA-seq fold expression values from AHR knockdown
MCF-7 compared to controls expressed as a ratio of AHR
knockdown/control.

Fig. 3. Genes in common between AHR knockdown RNA-Seq expression profiles and AHR-

regulated genes in mouse liver

Analysis of reported AHR gene targets in mouse liver [4] revealed that 28 of the 634 ADGs
were AHR targets in mouse liver. The specific 28 ADGs that overlapped with AHR-
regulated genes in liver are shown in the table.
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15 ADGs that overlap with reported AHR-
regulated genes in the kidney.

GenelD *fold change
AGPAT9 0.602182209
AHR 0.245846079
AKRI1B10 0.250526362
F2R 0.564685491
HMGCS2 0.129756073
KCNJ8 1.446700213
LACTB 0.796970078
ME1 0.68003742
MEFSDI 0.663404044
PAPSS2 0.759199786
PTGRI1 0.628375867
RPS9 0.807248215
STRA6 0.602652873
TIMP3 0.678358994
TXNRDI 0.795095818

*RNA-seq fold expression values from
AHR knockdown MCF-7 compared to
controls expressed as a ratio of AHR
knockdown/control.

Fig. 4. Genes in common between AHR knockdown RNA-Seq expression profiles and AHR-

regulated genes in mouse kidney

Analysis of reported AHR gene targets in mouse kidney [4] revealed that 15 of the 634
ADGs were AHR targets in mouse kidney. The specific 15 ADGs that overlapped with
AHR-regulated genes in the kidney are shown in the table.
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Fig. 5. AHR promotes TNF induction of MNSOD
(A) MCF-7 cells were transfected with control (cRNAI) or AHR (AHRI) siRNAs (please see

methods for details regarding transfection) prior to treatment with vehicle (Veh) or TNF (10
ng/mL) for 12hr. Total cellular protein was then isolated and subjected to western blot
analysis. The blot was then probed with the indicated antibodies. Relative level of MNSOD
protein was expressed as a ratio of MNSOD/GAPDH. A significant decrease in MNSOD
protein by AHRI is indicated by (*, P <.001). (B) RT-qPCR analyses of SOD2 and RELA
mMRNA levels in MCF-7 cells transfected with control (cCRNAI), AHR (AHRI) or RELA
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(RELAI) siRNAs prior to vehicle (Veh) or TNF (10 ng/mL) treatment for 12 hr. Significant
decreases in SOD2 or RELA mRNA:s is indicated by (*, P <.001). For TCDD stimulation,
MCF-7 cells were stimulated with either dimethyl sulfoxide vehicle (DMSO-veh) or TCDD
(10 nM) in the presence of vehicle or TNF (10 ng/mL) for 12 hr, followed by measurement
of SOD2 mRNA with RT-gPCR. No significant difference is indicated by (NS). Gene
expression was normalized against GAPDH. (C) MCF-7 cells were treated with vehicle
(Veh) or TNF (10 ng/mL) for 12 hr and chromatin immunoprecipitation (ChIP) experiments
were conducted, followed by real-time Q-PCR (ChIP-gPCR). A significant increase in AHR
and RELA binding on an intronic NFKB response element in the SOD2 gene induced by
TNF is indicated (*, P < 0.03). (D) MCF-7 cells were transfected with cRNAIi or AHRI prior
to treatment with vehicle (Veh) or TNF (10 ng/mL) for 12 hr and cell viability was
determined as outlined in the Materials and Methods. Significant increases is indicated (*, P
< 0.05) (A-D) Data shown are the means + S.E. of at least three independent experiments.
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Fold change expression value from AHR knockdown MCF-7 compared to controls.

GENE ID AHR-RNA-Seq gRT-PCR
AHR 0.24585 0.14400 = .040
CYP1Al 0.04738 0.43253 + .215
CYP1B1 0.44897 0.36685 + .137
HMGCS2 0.12976 0.53902 +.114
OAS1 0.13104 0.62920 + .054
PLA2G2 0.11346 0.42180 +.073
ABCG2 0.35987 0.51580 + .146
NRF2 no difference 0.55050 + .003
ALOX5 0.49086 0.47342 + .024
ALDH3A1 0.05942 0.17310 + .067
UGT1Al 0.31011 0.50581 +.069
UGT1A3 0.30741 0.43706 + .037
UGT1A4 0.32062 0.60735 +.066
UGT1A5 0.32055 0.60620 +.079
UGT1A6 0.32404 0.61148 +.085
UGT1A7 0.33345 0.53582 +.058
UGT1A8 0.33597 no difference
UGT1A9 0.33357 no difference
UGT1A10 0.33502 no difference
PKD1L1 0.16430 0.29732 +.031
PYDC1 2.50200 no difference
PGR 1.87529 1.40625 + .103
MGP 2.39768 1.2750 = .034
SERPIN3A 1.92517 1.52785 + .031
CREB3L 2.67290 1.40500 +.018
SERPIN5A 1.88800 1.7890 + .233
ADORA 2.03342 1.61912 +.209

Table 1

Page 22

Column 2 is expressed as RNA-Seq ratio of AHR knockdown/control level (FDR < 10%). Column 3 is expressed as real-time qRT-PCR ratio of
AHR knockdown/control normalized to GAPDH expression (P < .05).
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IPA cellular and molecular functions associated with RNA-Seq ADGs.

Table 2

Target molecules in

Category *B-H p-value dataset
Cellular Movement 1.37E-06-4.32E-02 101
Cell Cycle 1.96E-06-5.67E-02 90
Cellular Growth and Proliferation ~ 2.38E-06-5.67E-02 149
Cell Death and Survival 4.46E-06-5.67E-02 150
Amino Acid Metabolism 2.24E-05-4.32E-02 18
Drug Metabolism 2.24E-05-4.32E-02 12
Post-Translational Modification 2.24E-05-3.04E-02 19
Small Molecule Biochemistry 2.24E-05-5.67E-02 73
Cell Morphology 2.53E-04-5.13E-02 85
Cellular Development 3.74E-04-5.67E-02 138

Page 23

*
p-values are calculated by Fishers exact test and corrected for multiple testing by the Benjamini-Hochberger p-values (B—-H) method (B-H p-
value). Column 2 shows the range of B-H corrected p-values for the biofunctions in a given category. Target molecules in dataset are the number of

RNA-Seq ADGs in a given biofunction.
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IPA upstream regulators associated with RNA-Seq ADGs

Table 3

IPA-upstream Target Target molecules in
IPA- upstream regulator activity p-value of  molecules in IPA-upstream
regulator prediction overlap dataset regulator pathway
beta-estradiol 5.64E-19 87 197
TNF Inhibited 1.79E-13 74 171
TP53 Inhibited 4.15E-13 66 137
lipopolysaccharide 6.29E-12 73 187
decitabine 1.46E-11 34 160
calcitriol Inhibited 3.16E-11 33 159
dexamethasone 4.26E-11 70 170
ERBB2 2.66E-10 38 170
CDKN1A 3.07E-10 22 123
TGFB 4.11E-09 66 198
TCDD Inhibited 5.13E-07 23 125

Page 24

An IPA-upstream regulator regulates a IPA-defined set of target molecules (genes). Column 2 reveals IPA upstream regulator activity determined
by comparing reported gene responses to a given upstream regulator to observed expression changes in AHR knockdown cells compared to
controls. Column 4 shows the number of target molecules in the RNA-seq AHR knockdown dataset that are in a given IPA-upstream regulator

pathway. Column 5 indicates that total number of target molecules that are in a given IPA-upstream regulator pathway.

*

p-value of overlap are calculated by Fisher exact test.
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