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The aryl hydrocarbon receptor (AhR) is an important mediator of toxic responses after exposure to xenobiotics
including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and dioxin-like polychlorinated biphenyls (PCBs).
Activation of AhR responsive genes requires AhR dimerization with the aryl hydrocarbon receptor nuclear
translocator (ARNT), a heterodimeric partner also shared by the hypoxia-inducible factor-1α (HIF-1α) protein.
TCDD-stimulated AhR transcriptional activity can be influenced byhypoxia; however, it lesswell knownwhether
hypoxia interferes with AhR transcriptional transactivation in the context of PCB-mediated AhR activation in
human cells. Elucidation of this interaction is important in liver hepatocytes which extensively metabolize
ingested PCBs and experience varying degrees of oxygen tension during normal physiologic function.
This study was designed to assess the effect of hypoxia on AhR transcriptional responses after exposure to
3,3′,4,4′,5-pentachlorobiphenyl (PCB 126). Exposure to 1% O2 prior to PCB 126 treatment significantly inhibited
CYP1A1 mRNA and protein expression in human HepG2 and HaCaT cells. CYP1A1 transcriptional activation
was significantly decreased upon PCB 126 stimulation under conditions of hypoxia. Additionally, hypoxia pre-
treatment reduced PCB 126 induced AhR binding to CYP1 target gene promoters. Importantly, ARNT overexpres-
sion rescued cells from the inhibitory effect of hypoxia on XRE-luciferase reporter activity. Therefore, the
mechanism of interference of the signaling crosstalk between the AhR and hypoxia pathways appears to be at
least in part dependent on ARNT availability. Our results show that AhR activation and CYP1A1 expression
induced by PCB 126 were significantly inhibited by hypoxia and hypoxia might therefore play an important
role in PCB metabolism and toxicity.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Polychlorinated biphenyls (PCBs) are a group of synthetic organic
chemicals consisting of 209 congeners that accumulate and persist in
the environment (Safe, 1993). PCBs that are more highly chlorinated
have much slower rates of metabolism, and therefore quickly accumu-
late in the human body. Human blood serum levels of PCBs in a popula-
tion in Alabama, USA range from 0.003 μM to 6.5 μM (Hansen et al.,
2003). Exposure to PCBs is known to cause a broad range of adverse
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health effects and due to their persistence and ubiquitous distribution,
PCBs pose a serious hazard to human and animal health (Crinnion,
2011; Ludewig et al., 2008; Silberhorn et al., 1990).

3,3′,4,4′,5-Pentachlorobiphenyl (PCB 126) is a coplanar and the
most potent dioxin-like PCB. As such, PCB 126 can bind to and activate
the aryl hydrocarbon receptor (AhR), an immediate early cellular
response to xenobiotics and mediator of many of the toxic effects of
PCB exposure. Upon ligand binding, the AhR translocates to the nucleus
and forms a heterodimer with the aryl hydrocarbon receptor nuclear
translocator (ARNT). This complex binds to and activates the promoters
of genes containing xenobiotic response elements (XREs). Binding to
these regulatory sequences induces transcription and expression of
AhR target genes such as the cytochrome P450 (CYP) 1 family, including
CYP1A1 and CYP1B1 (Beischlag et al., 2008).

Similar to the AhR, hypoxia-inducible factor-1α (HIF-1α) hetero-
dimerization with ARNT is a prerequisite for transcriptional activation
of hypoxia-inducible genes (Kewley et al., 2004). HIF-1α is an impor-
tant sensor of oxygen environments and regulates responses to reduced
oxygen availability (hypoxia). In the context of sufficient oxygen
concentrations (normoxia), HIF-1α is continuously hydroxylated by
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oxygen-dependent prolyl hydroxylase domain-containing enzymes
(PHDs) which target HIF-1α for subsequent ubiquitination and
degradation. Under limiting oxygen concentrations, HIF-1α is stabilized
allowing it to translocate to the nucleus where it binds to ARNT.
The HIF-1α:ARNT heterodimer binds to hypoxia response element
(HRE) sequences in hypoxia-inducible target genes, and subsequently
induces gene transcription (Majmundar et al., 2010).

Since ARNT is critical for both the AhR and hypoxia pathways, it
seems likely that a crosstalk exists that can affect the regulation
of gene expression. This may be important in the context of organs
such as the liver, which contains zones of various oxygen tensions,
and is responsible for a large proportion of PCB metabolism (Oinonen
and Lindros, 1998). Interestingly, regional induction of CYP1A1 has
been observed in rat livers. Rats exposed to low doses of PCB 126
induced CYP1A1 mainly in the perivenous zone where oxygen is scarce
(Chubb et al., 2004). Numerous studies have analyzed the effect of hyp-
oxia on AhR target genes in different cell lines after exposure to exoge-
nous ligands (Kim and Sheen, 2000; Nie et al., 2001). However, these
studies have focused on using 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) as an AhR ligand and used chemical compounds such as cobalt
chloride (CoCl2) to stabilizeHIF-1α and induce a hypoxic response. Only
one study in topminnow hepatocarcinoma cells showed that hypoxia
could inhibit a PCB 126 induced AhR response (Fleming et al., 2009).
Overall, the crosstalk between HIF-1α and the AhR using PCBs as AhR
ligands and genuine hypoxia has not been extensively studied in
human cell lines.

In an effort to understand PCB-induced AhR function and target
gene expression in different oxygen environments, we exposed human
hepatocellular carcinoma and human keratinocyte cell lines to PCB 126
in normal oxygen (21% O2) or hypoxia (1% O2). Our results show that
hypoxia significantly interfered with AhR signaling and could inhibit
AhR target gene expression and function.

Materials and methods

Chemicals and PCB treatment. 3,3′,4,4′,5-Pentachlorobiphenyl (PCB
126), 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB 153), and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) were provided by Dr. H. J. Lehmler
of the Iowa Superfund Research Program at The University of Iowa.
6,2′,4′-Trimethoxyflavone (TMF) was purchased from Sigma (St. Louis,
MO). All stock solutions were made in dimethyl sulfoxide (DMSO) and
the appropriate amount of stock solution was added to the cell culture
medium. PCBs were used at concentrations ranging from 2 nM to
3 μM. Cells were left untreated or DMSO was used as the vehicle control
in control cultures. The final concentration of DMSOwas adjusted to less
than 0.3%. All exposures were done in serum-free medium.
Cell lines and cell culture conditions. Human hepatocellular carcinoma
(HepG2) cells and human keratinocyte (HaCaT) cells were purchased
from the American Tissue Culture Collection (ATCC) (Manassas, VA).
Cell lines were grown in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin–
streptomycin and were maintained in a humidified 37 °C incubator
with 5% CO2. All cell lines were routinely passaged before reaching
confluence by washing and detaching cells with TrypLE Express. All
experiments were done using exponentially growing cell cultures
at 60% up to 90% confluence. Hypoxic cell culture was carried out
in a 37 °C, humidified Bactron anaerobic/environmental chamber
(SHEL LAB, Cornelius, OR) flooded with a 1% O2, 94% N2 and 5%
CO2 certified gas mixture. Cell lines were incubated in hypoxia for
8 or 16 h prior to PCB 126 treatment and were kept at 1% O2 for
the duration of the treatments. The accuracy of hypoxic exposure
was verified by measuring HIF-1α protein expression in normoxic
and hypoxic cells using an anti-HIF-1α antibody (ab2185, Abcam,
Cambridge, MA) at 1:500 dilution (data not shown).
Quantitative real-time RT-PCR. After treatment, total RNAwas extract-
ed from individual cell lines at N60% confluence using TRIzol reagent
(Invitrogen, Grand Island, NY) and quantified using a ND1000NanoDrop
spectrophotometer. 500 ng of total RNA was reverse transcribed using
the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City,
CA) for 2 h at 37 °C. The cDNA was subsequently used for quantitative
real-time RT-PCR (qRT-PCR) using the Universal ProbeLibrary (UPL) sys-
tem (Roche Applied Science, Indianapolis, IN). Primers and probes spe-
cific to CYP1A1, AhR, ARNT, and ribosomal protein, large, P0 (RPLP0),
were designed using the online Universal ProbeLibrary Assay Design
Center. CYP1A1 forward primer: 5′-GGTCAAGGAGCACTACAAAACC-3′,
reverse primer: 5′-TGGACATTGGCGTTCTCAT-3′, UPL probe: #2; AhR for-
ward primer: 5′-AGCCGGTGCAGAAAACAG-3′, reverse primer: 5′-CTAT
GCCGCTTGGAAGGAT-3′, UPL probe: #33; ARNT forward primer: 5′-
CTACCCGCTCAGGCTTTTC-3′, reverse primer: 5′-CACCAAACTGGGAAGT
ACGAG-3′, UPL probe: #3; RPLP0 forward primer: 5′-TCTACAACCCTG
AAGTGCTTGAT-3′, reverse primer: 5′-CAATCTGCAGACAGACACTGG-3′,
UPL probe: #6. The qRT-PCR was set up as follows: 10 ng of cDNA was
used as template for each real-timePCR reaction (10 μL reaction volume)
with primer pairs at 0.5 μM and UPL probes at 0.2 μM. For all reactions
TaqMan Universal PCR Master Mix (Applied Biosystems) was used. The
DNA polymerase was heat-activated at 95 °C for 10 min followed by
40 cycles, denaturing at 95 °C for 15 s, annealing and elongating at 60 °C
for 1 min.Datawere collectedwith theABI PRISM7500 sequencedetection
system (Applied Biosystems). An amplification threshold in the linear
range of each sample was selected to calculate the cycle threshold (CT)
for each sample. The relative mRNA levels were calculated as follows:
ΔCT (sample) = CT (mRNA of interest) − CT (RPLP0); ΔΔCT = ΔCT

(treatment) − ΔCT (control); relative expression = 2−ΔΔCT.

Western Blot analysis. Treated cells at 90% confluence were washed
with ice cold 1× phosphate-buffered saline (1× PBS), lysed on the
plate in 150 μL RIPA cell-lysis buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 0.1% SDS, 0.5% Na deoxycholate, 1% TX-100) containing 10 mM
NaF, 1 mM NaVO4, 1 mM PMSF, and 1/100 protease inhibitor cocktail
(Sigma), and sonicated briefly in a cup sonicator. Proteinwas quantified
using a Bradford assay and stabilized with SDS sample buffer.
Prior to electrophoresis, samples were boiled for 2 min. SDS-
polyacrylamide gels (10%)were used for protein electrophoresis. Proteins
were electrotransferred onto nitrocellulose membranes (BioRad,
Hercules, CA) and incubated with an anti-CYP1A1 antibody (ab3568,
Abcam) at 1:500 dilution overnight at 4 °C. Equal protein loading was
confirmed on all immunoblots using human beta-tubulin antibody
(Developmental Studies Hybridoma Bank, The University of Iowa, IA)
at a dilution of 1:1000. Goat anti-rabbit IgG and goat anti-mouse IgG
(Millipore, Billerica, MA) were used as secondary antibodies against all
primary antibodies. Bands were visualized by chemiluminescence with
ECL plus reagent (Pierce, Rockford, IL) on a Typhoon FLA 7000 and
quantified using ImageJ image analysis software (Schneider et al.,
2012). Intensities of CYP1A1 were normalized to beta-tubulin and are
depicted relative to PCB 126 treated cells in normal oxygen.

CYP1A1 activity assay. HepG2 and HaCaT cells were seeded in a 96
well plate (10,000 cells/well) and CYP1A1 enzyme activity wasmeasured
using the luminogenic substrate Luciferin-1A1 (6-(2-chloroethoxy)benzo
[d]thiazole-2-carbonitrile) and Luciferin Detection Reagent (Promega,
Madison, WI). Exposed cells were washed with Krebs–Henseleit Buffer
(Sigma), and 4 μM CYP1A1 substrate diluted in Krebs–Henseleit Buffer
containing 3 mM salicylamide (Sigma) was added to each well. After
30 minute incubation at 37 °C, 50 μL supernatant was transferred to a
96 well opaque white luminometer plate and 50 μL Luciferin Detection
Reagent with D-cysteine was added to eachwell. Cells treated in hypoxia
were transferred to normal oxygen at this point. The reactions were
incubated at room temperature for 20 min and luminescence was
measured with a Tecan SpectraFluor Plus luminometer.
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Promoter reporter assay. A XRE-luciferase reporter vector containing
the 5′-flanking region (−1566 to +73) of the human CYP1A1 gene
sub-cloned into thepGL3-Basic vector (Promega) upstreamof thefirefly
luciferase reporter gene (Morel and Barouki, 1998)was kindly provided
by Dr. Linh Chi Bui (INSERM UMR-S 747, Paris, France). Cell lines ~80%
confluent in 60 mm dishes were transfected with the XRE-luciferase
reporter vector (4 μg) or HRE-luciferase reporter vector (Salnikow
et al., 1999) (4 μg) and Renilla luciferase vector (4 μg) according
to the Lipofectamine 2000 transfection reagent protocol (Invitrogen).
Transfection media was removed after 6 h and replaced with fresh
medium. Transfected cells were split the next day and treated. Cells
transfectedwith aXRE-luciferase reporter vectorwere kept in normoxia
or were transferred to 1% O2 16 h prior to PCB 126 treatment. Cells
transfected with a HRE-luciferase reporter vector were treated with
PCB 126 for 4 h before transferring cells to hypoxia for 4 h. Cells were
lysed according to the dual-luciferase reporter assay system protocol
(Promega) and luminescence was measured from whole cells lysates
twice per sample using a Tecan SpectraFluor Plus luminometer.

ARNT overexpression. An ARNT expression vector (EX-C0312-M68)
and empty control vector (EX-NEG-M68) were obtained from
GeneCopoeia (Rockville, MD). The ARNT expression vector consists
of the human ARNT open reading frame cloned into the mammalian
expression vector pReceiver-M68. HepG2 cells ~80% confluent in
60 mm dishes were transfected with the XRE-luciferase reporter
vector (3 μg), Renilla luciferase vector (3 μg), and ARNT expression
vector (2 μg) or empty control vector (2 μg) using Lipofectamine 2000
transfection reagent as described earlier. Transfected cells were kept in
normoxia or were transferred to 1% O2 16 h prior to PCB 126 treatment
for 6 h. Luminescence was measured from whole cells lysates twice per
sample. ARNT overexpression was verified using qRT-PCR with primers
specific for ARNT. ARNT protein expression in transfected cells was
measured using an anti-ARNT1 antibody (H-172, sc-5580X, Santa Cruz
Biotechnology, Dallas, TX) at 1:200 dilution.

Isolation of nuclear extracts. Untreated and PCB 126 treated HepG2
cells in normoxia and hypoxia at ~90% confluence were washed with
1× PBS, harvested with 1 × PBS containing 1 mM PMSF, and collected
by centrifugation. The pellet was resuspended in 5 × packed cell
volume equivalent of hypotonic lysis buffer (10 mM Tris–HCl, pH 7.5,
2 mM MgCl2, 3 mM CaCl2, and 0.32 M sucrose) plus 10 mM NaF,
1 mM NaVO4, 1 mM PMSF, and 1 × protease inhibitor cocktail (Roche;
Complete Mini) and incubated on ice for 15 min. Swollen cells were
lysed by addition of 0.87% NP-40 and centrifuged. The supernatant
was collected (cytoplasmic extract) and the remaining nuclear pellet
was washed with hypotonic lysis buffer containing 1 mM PMSF and
0.8% NP-40. Nuclei were resuspended in 2 × packed cell volume equiv-
alent of RIPA cell-lysis buffer plus protease inhibitors and centri-
fuged, and the supernatant was collected (nuclear extract).

Electrophoretic mobility shift assay (EMSA). A 24 bp double-stranded
oligonucleotide probe (5′-TCCCGGCTCGCGTGAGAAGCGCTG-3′, GRCh37/
hg19 ch15:75018359–75018382) containing a consensus XRE binding
site was end-labeled with γ32P ATP (Perkin-Elmer, Waltham,
Massachusetts) using T4 Polynucleotide kinase (New England Biolabs,
Ipswich, Massachusetts) and purified using G25 Quick Spin Columns
for radiolabeled DNA purification (Roche). A 24 bp mutant probe
(TCGCGTG in the XRE-probe was changed to CCATAGG) was labeled in
the same manner. Gel shift reactions were performed as follows: 1 μg
of nuclear proteins was incubated with the radiolabeled XRE-probe
in 5 × gel shift buffer (Promega) in the presence of 0.25 μg poly
(deoxyinosinic–deoxycytidylic) acid (Sigma) for 45 min at room tem-
perature. 20 μM of cold competitor (unlabeled XRE-probe) or 10 μM
mutant probe was added as needed. For supershift reactions, 1 μL anti-
ARNT antibody (ab2, Abcam) was added to the gel shift reaction after
10 minute incubation. Reactionswere run on a 6% native polyacrylamide
gel and subsequently dried in a gel drier. The gel was exposed to X-ray
film (Kodak) for 3 days at room temperature. The film was scanned
and bands were quantified using ImageJ.

Chromatin immunoprecipitation (ChIP). ChIP assays were performed
using the MAGnify Chromatin Immunoprecipitation System (Life Tech-
nologies, Carlsbad, CA) according to the manufacturer's protocol with
slight modifications. HaCaT cells at 80–90% confluence in a 10 cm dish
were washed with cold 1× Hank's Balanced Salt Solution (HBSS) and
DNA-protein complexes were crosslinked with 1% formaldehyde for
12 min at room temperature. Samples in hypoxia were handled in the
hypoxic chamber until after DNA-protein complexes were crosslinked.
Crosslinked samples were transferred to normal oxygen for the subse-
quent steps. After the crosslinking reaction was stopped with 1.25 M
glycine, cells were washed with cold 1× HBSS and harvested in 1×
HBSS containing 0.1% EDTA, 2% FBS and protease inhibitors (1 mM
PMSF, 1 μg/mL Aprotinin, 1 μg/mL Pepstatin A). Cells were centrifuged,
washed with cold 1× HBSS containing protease inhibitors, and lysed in
the appropriate amount of lysis buffer on ice for 20 min. Cell lysates
were transferred to 0.5 mL Bioruptor tubes and sonicated for 10 cycles
(30 second ON, 30 second OFF) on high at 4 °C using the Bioruptor
UCD-200 and water cooler (Diagenode, Denville, NJ) to a length of
200 bp and bigger. The sheared chromatin was centrifuged and the
supernatant diluted. Approximately 300,000 cells were used per ChIP.
Samples were incubated with 3 μg of anti-AhR antibody (H-211, sc-
5579X, Santa Cruz Biotechnology) overnight at 4 °C. After the bound
chromatin was washed, the DNA-protein crosslinks were reversed
using proteinase K and the AhR-enriched fraction of genomic DNA
was purified. qRT-PCR was used to analyze ChIP DNA for enrichment
at two different regions on the CYP1A1 and CYP1B1 promoters. Enrich-
ment at the beta-actin promoter was used as a negative control.
CYP1A1_1: forward primer: 5′-GCGCGAACCTCAGCTAGT-3′, reverse
primer: 5′-TTCCCGGGGTTACTGAGTC-3′, UPL probe: #23; CYP1A1_2:
forward primer: 5′-CCCCCTAGAGGGATGTCG-3′, reverse primer: 5′-
TGATTGGCAGAGCACAGAAA-3′, UPL probe: #70; CYP1B1_1: 5′-GCAG
AAACTTCAACCCGATAA-3′, reverse primer: 5′-GAGCGGGGCGGAGAGT-
3′, UPL probe: #63; CYP1B1_2: 5′-TGTCAGGTGCCGTGAGAA-3′, reverse
primer: 5′-AGTCGGCTCCAGTCATATCC-3′, UPL probe: #27; beta-actin:
forward primer: 5′-CAAAGGCGAGGCTCTGTG-3′, reverse primer: 5′-
CCGAAAGTTGCCTTTTATGG-3′, UPL probe: #77. 2.5 μL of diluted ChIP
DNA was used as template for each real-time PCR reaction (20 μL reac-
tion volume) with primer pairs at 0.3 μM and UPL probes at 0.2 μM. For
all reactions PerfeCTa qPCR SuperMix Low ROX (Quanta Biosciences,
Gaithersburg, MD) was used. The DNA polymerase was heat-activated
at 95 °C for 3 min followed by 45 cycles, denaturing at 95 °C for 15 s, an-
nealing and elongating at 60 °C for 45 s. Data were collected and fold en-
richmentwas calculated by subtracting the CT value of the ChIP DNA from
the CT value of the input DNA fraction (adjusted for the dilution factor
as described in the protocol). Relative enrichment = 2(CT(Input) − CT(ChIP)).

Statistical analysis. Significant differences between groups of data
were determined using a t-test for all analyses. n = 3 was used for
each data set unless otherwise noted. Statistical probability of p b 0.05
was considered significant.

Results

Hypoxia inhibits PCB 126 induced expression of CYP1A1

Hepatocellular carcinoma (HepG2) and keratinocyte (HaCaT) cell
lines were used to assess the effect of hypoxia on AhR-dependent
gene expression. Cell lines were treated with either 3 μM TCDD
(positive control) or varying doses of the dioxin-like coplanar PCB 126
under normoxic or hypoxic conditions. The accumulation of CYP1A1
mRNAwas thendeterminedbyqRT-PCR. TCDDand PCB 126 significantly
induced expression of CYP1A1 mRNA in both HepG2 cells (Figs. 1B, C)
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and HaCaT cells (Figs. 1E, F). The low dose treatment groups showed a
dose–response relationship with concentrations as low as 2 nM signifi-
cantly inducing CYP1A1 mRNA expression. In the high dose treatment
groups, HepG2 cells showed a lower overall response to PCB 126 treat-
ment compared to HaCaT cells. Incubation in hypoxia for 8 h prior to
PCB 126 treatment significantly decreased CYP1A1 mRNA expression
in both cell lines. To further assess the inhibitory effect of hypoxia, a
dose–response curve was plotted for PCB 126 treated cells in normoxia
and hypoxia, and EC20 values (the effective concentration to achieve
20% of the maximal response) were calculated (Figs. 1A, D). Both cell
lines showed a shift of the dose–response curve to the right in hypoxic
conditions compared to normoxia, thus increasing the EC20. The EC20
value for PCB 126 treated HepG2 cells increased from 7.1 nM in normal
oxygen to 12.0 nM in hypoxia. In HaCaT cells the EC20 increased from
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is PCB 126 and TCDD-specific and likely mediated through AhR
activation.

Aswe observed significant inhibition of CYP1A1mRNAexpression in
hypoxia, we performed western blots and enzyme activity assays to
measure CYP1A1 protein levels and enzyme activity in different oxygen
environments. We observed that after 24–48 h of PCB 126 treatment in
normoxia, CYP1A1protein levelswere increased compared to untreated
controls in both cell lines (Figs. 2A, B). In contrast, cells incubated
for 16 h in hypoxia prior to PCB 126 treatment showed less protein
expression under these conditions. To further investigate the effect of
hypoxia on CYP1A1, we utilized the highly selective CYP1A1 luminogenic
substrate Luciferin-1A1 to assess whether hypoxia negatively affects
CYP1A1 enzyme activity (Figs. 2C, D). CYP1A1 enzyme activitywas signif-
icantly increased in PCB 126 treated cells compared to untreated controls.
PCB 126 treated cells in hypoxia showed significantly lower CYP1A1
enzyme activity compared to cells treated in normoxia. In summary, our
findings suggest that hypoxia is an important modulator of PCB 126
induced CYP1A1 expression and function which might be due to hypoxic
interference with AhR function.

Hypoxia inhibits induction of XRE-luciferase reporter activity

To investigate the mechanism of hypoxic inhibition of gene expres-
sion after PCB 126 treatment and to assess AhR:ARNT function, HepG2
and HaCaT cells were transfected with a XRE-luciferase reporter
construct containing 1.5 kb of the human CYP1A1 promoter (Morel
and Barouki, 1998). Transfected cells were either cultured in normoxia
or hypoxia for 16 h prior to 4 or 6 h of PCB 126 treatment and lumines-
cence was measured (Fig. 3). Consistent with our previous results,
treatment with PCB 126 significantly induced expression of the XRE-
luciferase reporter gene in normoxic conditions. However, hypoxia sig-
nificantly inhibited reporter gene expression in PCB 126 treated cells
suggesting that hypoxia perturbs the normal interaction of the AhR:
ARNT heterodimer and subsequent activation of the CYP1A1 promoter.

Cells similarly transfected with a HRE-luciferase reporter vector
responded to hypoxiawith a robust expression of the luciferase reporter
gene upon hypoxia treatment, confirming the accuracy of hypoxic
exposure (Fig. S3). Next, we asked whether this hypoxic induction
of a HRE-luciferase reporter could conversely be inhibited by pre-
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treatment with PCB 126. HepG2 and HaCaT cells transfected with a
HRE-luciferase reporter showed strong luminescence under hypoxic
conditions; however, treatment with PCB 126 for 4 h prior to transfer-
ring cells to hypoxia inhibited HRE-luciferase reporter gene expression
(Fig. S3). Together, these data suggest that ARNT is a critical factor
in both AhR and hypoxia signaling.

To further assess AhR:ARNT function and binding to a XRE sequence,
an electrophoretic mobility shift assay (EMSA) was performed with
nuclear protein extracts of untreated and PCB 126 treated HepG2
cells in normoxia and hypoxia (Fig. S4). Compared to untreated cells
in normoxia, binding to the radiolabeled XRE-probe was increased
after 1 h of PCB 126 treatment. In contrast, 8 h of hypoxia pre-
treatment, sufficient to induceHIF-1α expression prior to PCB126 treat-
ment, strongly decreased binding to the XRE-probe. In order to confirm
the identity of the gel shift complex, cold and mutant competitors as
well as an anti-ARNT antibody for a supershift reaction were used.
Taken together, these data suggest that binding of the AhR:ARNT
heterodimer to XRE sequences might be indirectly dependent on avail-
able oxygen concentrations.

ARNT overexpression relieves the cellular physiological effects of hypoxia on
the AhR signaling pathway

Thedata described so far show that pre-treatmentwith hypoxic con-
ditions was inhibitory to PCB 126 mediated AhR activation and target
gene expression. Since hypoxia induces HIF-1α and leads to HIF-1α:
ARNT dimerization and nuclear localization, we reasoned that ARNT
bioavailability to the AhRwould be restricted under hypoxic conditions
and this could be the mechanism underlying the observed effects. To
test this hypothesis, we overexpressed human ARNT in HepG2 cells
along with the XRE-containing CYP1A1 promoter-luciferase reporter
vector (Fig. S5). Cells were subsequently exposed to PCB 126 with or
without hypoxia pre-treatment as described in previous experiments
(Fig. 4). Cells overexpressing ARNT showed an expectedly higher base-
line of CYP1A1 promoter activity. Importantly, we found that ARNT
overexpressionwas able to significantly rescue cells from the inhibitory
effect of hypoxia on transactivation of the CYP1A1 promoter induced by
PCB 126. Therefore, the mechanism of interference of the signaling
crosstalk between the AhR and hypoxia pathways appears to be at
untreated DMSO 3 µM PCB 126
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least in part dependent on ARNT bioavailability. The responses of
empty control vector transfected cells did not differ from cells transfected
with the XRE-luciferase reporter vector alone.

Differential binding of the AhR to CYP1 promoters

After ligand activation, the nuclear AhR:ARNT heterodimer induces
transcription by binding to XRE sequences in AhR target genes.
In order to determine whether hypoxia affects binding of the AhR to
genomic XRE sequences in the CYP1A1 and CYP1B1 promoters, we
performed chromatin immunoprecipitation (ChIP) with antibodies
directed against human AhR (Fig. 5). Our results show that the AhR
was associated with multiple regions along the CYP1A1 and CYP1B1
promoters in HaCaT cells treated with PCB 126 under normal oxygen
conditions. Enrichment at these loci was indeed decreased in PCB 126
treated cells cultured in hypoxia. DMSO-treated control cells showed
only minimal enrichment of the AhR at the analyzed CYP1A1 and
CYP1B1 promoter regions. Enrichment at the beta-actin promoter
served as a negative control and showed no apparent binding of the
AhR. Thesefindings strongly suggest that binding of the AhR to chromatin
at its cognate binding sites is at least in part dependent on oxygen.

Discussion

Both AhR and HIF-1α are members of the class I bHLH/PAS (basic
helix-loop-helix/PER-ARNT-SIM) protein family and form obligate
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heterodimers with their common binding partner ARNT, a member of
the class II bHLH/PAS protein family, prior to actively transcribing
their respective target genes (Kewley et al., 2004). Given the impor-
tance of ARNT in both the xenobiotic responsive AhR and hypoxia
responsive HIF-1α pathways, it may be likely that ARNT is a central reg-
ulator of these pathways and can thus mediate crosstalk that can affect
the regulation of gene expression. Although the influence of hypoxia,
induced by chemical agents that induce HIF-1α transcriptional activity,
on TCDD-induced AhR signaling has been studied, little is known about
the effect of genuine hypoxia, that is low oxygen environments, on AhR
signaling induced by PCBs. Previous studies that examined the role of
ARNT in AhR-mediated cellular responses and the importance of ARNT
in AhR and HIF-1α signaling have revealed variable results (Fleming
et al., 2009; Nukaya et al., 2010; Pollenz et al., 1999). In the context
of TCDD-mediated induction of the AhR, Pollenz et al. showed no
competition for ARNT under hypoxic conditions that induced HIF-1α
activity. In contrast, Fleming et al. suggested that in topminnow
hepatocarcinoma cells, induction of the AhR by various AhR ligands,
including PCB 126, was ARNT-dependent and HIF-1α might sequester
ARNT under hypoxia-like conditions. Furthermore, Nukaya et al.
showed that ARNT is required for AhR-mediated toxic responses
in the mouse liver. Given these prior findings, we sought to analyze
PCB 126 induced AhR signaling in different oxygen environments in
human cell lines representative of target tissues for PCB toxicity in
humans. Suitable tissues to assess the effects of hypoxia are the skin
and the liver which both represent important target tissues of PCB
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toxicity. Importantly from a physiological perspective, the liver normally
exhibits varying concentrations of oxygen in anatomically defined zones
under physiological conditions and therefore is a useful model system
to study PCB 126 induced AhR signaling under hypoxia (Oinonen and
Lindros, 1998).

In the present study, we demonstrate that hypoxia significantly
interfered with AhR functions after treatment with PCB 126 and that
this hypoxic interference could negatively affect CYP1A1mRNA expres-
sion, translating to less protein expression and enzyme activity. Our
results show that CYP1A1mRNA expression was significantly increased
after exposure to PCB 126. Accumulation of CYP1A1 mRNA was signifi-
cantly decreased in hypoxia compared to cells treated in a normal
oxygen environment. We further observed an increase of the EC20
values calculated from dose–response curves in hypoxic conditions
compared to normoxia. The observed reduction in CYP1A1 mRNA
expression in hypoxia was likely due to inhibition of transcriptional
activation of CYP1A1 since transactivation of a 5 × XRE-containing
CYP1A1promoter-luciferase reporter vectorwas also inhibited by expo-
sure to hypoxia followed by PCB 126 challenge. We further observed
that CYP1A1 protein expression and enzyme activity induced by PCB
126 were significantly reduced in hypoxia compared to cells treated in
21% oxygen. To demonstrate that induction of CYP1A1 after PCB 126
exposure was mediated through the AhR, we exposed cells to PCB 126
in the absence or presence of the AhR antagonist TMF. Cells treated
with TMF showed decreased CYP1A1 mRNA levels after PCB 126
treatment compared to cells treated with PCB 126 alone, indicating
that the effects were likely mediated through the AhR. Furthermore,
CYP1A1 was not induced by PCB 153, a non-coplanar non-dioxin-like
PCB that does not activate the AhR. These data suggest that induction
of CYP1A1 after PCB 126 treatment is likely mediated by the AhR and
that hypoxic conditions perturb this normal transcriptional response.

Our data suggest that AhR function is indirectly dependent upon the
environmental oxygen availability and that a hypoxic environment can
therefore interfere with normal AhR signaling. Both AhR and HIF-1α
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require ARNT as an obligate heterodimer prior to actively binding DNA
and activating transcription of their respective target genes.Wehypoth-
esized that under hypoxic conditions HIF-1α binds to ARNT, thus limit-
ing its bioavailability for AhR to induce a robust AhR transcriptional
response after PCB 126 exposure. To further elucidate the mechanism
of inhibition of the AhR transcriptional program by hypoxia and to
assess the importance of the common factor ARNT, we first measured
AhR transcriptional activity using the XRE-containing human CYP1A1
promoter driving a luciferase reporter. In both HepG2 and HaCaT
cells PCB 126 exposure induced a time-dependent increase in XRE-
dependent transcriptional activation of the CYP1A1 promoter reporter
gene after PCB 126 exposure. Transcriptional responses were sig-
nificantly decreased under hypoxic conditions that induced HIF-1α
suggesting that the normal transcriptional function of the AhR:ARNT
heterodimer is perturbed under these conditions. To assess the role
of ARNT in the antagonistic relationship between the AhR and HIF-1α
proteins, we overexpressed human ARNT along with the CYP1A1
promoter-luciferase reporter vector. Compared to cells transfected
with an empty control vector that express only endogenous levels
of ARNT, ARNT overexpressing cells showed increased ARNT protein
levels. Importantly, overexpression of ARNT nearly completely relieved
the inhibitory effect of hypoxia on CYP1A1 promoter activity in PCB 126
treated HepG2 cells, suggesting that ARNT sequestration by HIF-1αme-
diates the inhibitory effects observed under hypoxia.We interpret these
data to mean that the increase in ARNT bioavailability enables AhR:
ARNT heterodimer formation and AhR function even under hypoxic
conditions when HIF-1α is also paired with ARNT. This finding clearly
illustrates the crosstalk that exists at this important signaling node
and provides a mechanism for the observed effects of hypoxia on PCB
126 mediated CYP1A1 transactivation. To more closely assess AhR:
ARNT binding to target XRE sequences, EMSA experiments were per-
formed. HepG2 cells showed increased gel shift complex formation
after treatment with PCB 126 compared to untreated cells. However,
the formation of gel shift complexes was decreased in PCB 126 treated
cells in hypoxia compared to PCB 126 treated cells in normal oxygen.
These data suggest that hypoxic induction of HIF-1α inhibits AhR:
ARNT binding to a target XRE sequence in vitro. Further supporting
evidence of inhibited AhR function and reduced AhR binding to target
sequences in cells under hypoxic conditionswas provided by chromatin
immunoprecipitation experiments. HaCaT cells treated with PCB 126
in 21% oxygen showed strong enrichment of AhR binding at both
the CYP1A1 and CYP1B1 target promoters. In contrast, AhR binding to
these loci was blocked or reduced in low oxygen environments, further
indicating a functional inhibitory crosstalk between the AhR andHIF-1α
pathways. To test whether PCBs could conversely inhibit a robust
hypoxic response, we utilized a hypoxia-inducible HRE-luciferase re-
porter and first pre-treated HepG2 and HaCaT cells with PCB 126 prior
to exposure to hypoxia. HRE-luminescence was strongly induced in cells
transfected with the HRE-luciferase reporter; however, cells pre-treated
with PCB 126 for 4 h showed a decreased luminescent signal. These
data suggest that there is indeed an important interferential crosstalk
between the AhR and HIF-1α signaling pathways and further suggest
that ARNT is likely a critical factor in both AhR and hypoxia signaling.

Taken together, our findings suggest that AhR function is likely
sensitive to environmental oxygen conditions and that hypoxia can
therefore interfere with AhR signaling. In the presence of oxygen,
the ligand-activated AhR binds to XRE target sequences inducing the
expression of AhR target genes such as CYP1A1. However, HIF-1α
induction prior to PCB 126 treatment squelches the normal AhR
response to PCB 126, likely through an impaired formation of the AhR:
ARNT heterodimer.

Conclusions

Due to the accumulation and long half-lives of PCBs, these organic
contaminants pose a significant health risk to both humans and wildlife
in the environment. As certain organs can experience varying concen-
trations of oxygen under normal physiologic conditions, it is critical to
study the influence of oxygen concentrations on PCB-induced physio-
logical processes in the human body.

The results in this study show that hypoxia interfered with
AhR binding to genomic target gene sequences and that AhR target
gene expression was perturbed in hypoxic environments. Our data
implicate ARNT as a likely critical factor in the crosstalk between the
AhR and HIF-1α signaling pathways and further suggest that AhR func-
tion is therefore indirectly sensitive to available oxygen concentrations
through ARNT bioavailability. Conditions of reduced oxygen availability
can significantly perturb the normal transcriptional response of the AhR
after PCB 126 exposure which might ultimately affect the metabolism
and toxicity of PCBs.
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