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Abstract

Although the aryl hydrocarbon receptor (AHR) and glucocorticoid receptor (GR) play essential
roles in mammalian development, stress responses, and other physiological events, crosstalk
between these receptors has been the subject of much debate. Metallothioneins are classic
glucocorticoid-inducible genes that were reported to increase upon treatment with AHR agonists
in rodent tissues and cultured human cells. In this study, the mechanism of human metallothionein
2A (MTZA) gene transcription activation by AHR was investigated. Cotreatment with 3-
methylcholanthrene and dexamethasone, agonists of AHR and GR respectively, synergistically
increased MT72A mRNA levels in HepG2 cells. MTZA induction was suppressed by RNA
interference against AHR or GR. Coimmunoprecipitation experiments revealed a physical
interaction between AHR and GR proteins. Moreover, chromatin immunoprecipitation assays
indicated that AHR was recruited to the glucocorticoid response element in the MT2A promoter.
Thus, we provide a novel mechanism whereby AHR modulates expression of human MT2A via
the glucocorticoid response element and protein—protein interactions with GR.
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Introduction

The aryl hydrocarbon receptor (AHR), a member of the basic helix— loop-helix/Per-Arnt—
Sim (bHLH/PAS) family, is a ligand-activated transcription factor responsible for the
development and adaptive response to environmental changes elicited by toxic agents,
hypoxia, and the light and dark cycle (Gu et al., 2000). AHR plays a key role in xenobiotic
responses as a receptor for environmental contaminants such as dioxins, coplanar
polychlorinated biphenyls, and benzo[a]pyrene. In the absence of ligand, AHR exists in the
cytoplasm in a complex with XAP2, two HSP90 chaperone proteins, and the co-chaperone
protein p23. Upon binding with a ligand, AHR translocates to the nucleus, where it
dimerizes with its heterodimer partner, AHR nuclear translocator (ARNT) (Denison et al.,
2011). This AHR-ARNT heterodimer binds a DNA sequence termed the xenobiotic
response element (XRE) and subsequently activates transcription of target genes represented
by the phase | xenobiotic-metabolizing enzymes of cytochrome P450 (CYP) 1A1, CYP1A2,
and CYP1BL1 and by the phase Il drug metabolizing enzymes of glutathione S-transferase
and UDP-glucuronosyltransferase, as well as NAD(P)H quinone oxidoreductase 1 (Nebert et
al., 2004; Omiecinski et al., 2011). Induction of these enzymes results in the metabolism and
detoxification of xenobiotics, including some AHR ligands. However, increased metabolism
can also cause adverse effects that result from oxidative stress and metabolic activation of
certain xenobiotic chemicals. In addition to ligand-induced xenobiotic responses, AHR is
related to various physiological events, such as cell proliferation and differentiation,
development, reproduction, and immune system regulation.

While XRE-dependent mechanism is important for AHR transcriptional regulation, recent
studies have indicated that AHR modulates gene expression without directly binding DNA.
Instead, AHR interacts with other transcription factors, such as the RelA subunit of nuclear
factor-kappa B (NFxB) (Tian et al., 1999; Kim et al., 2000) and estrogen receptor a
(Beischlag and Perdew, 2005), and modulates the activity of these molecules in an XRE-
independent manner. Thus, protein—protein interactions appear to be important for the
various biological functions of AHR.

Glucocorticoids, including cortisol and corticosterone, are steroid hormones secreted from
the adrenal glands that play a role in stress response through the regulation of carbohydrate
metabolism and inflammation. The glucocorticoids are ligands of glucocorticoid receptor
(GR), a member of the nuclear receptor superfamily. Glucocorticoid intracellular signaling is
governed by GR. In the absence of ligand, GR exists in the cytoplasm in a complex with
HSP90. After activation by ligand binding, GR enters the nucleus. GR forms a homodimer,
and the GR dimer binds with a glucocorticoid response element (GRE) and regulates
transcription of its target genes (Bamberger et al., 1996). On the other hand, protein—protein
interactions between GR and other transcription factors are essential for GR-mediated
transcriptional suppression. For example, synthetic glucocorticoids are widely used as
therapeutic anti-inflammatory agents. In this mechanism, GR binds to NFxB and selectively
represses transcription of proinflammatory cytokines such as 1L-8 (Nissen and Yamamoto,
2000; Luecke and Yamamoto, 2005).
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Both AHR and GR play essential roles in development, reproduction, immune system
regulation, and stress responses, and there are apparent relationships between the activities
of these two receptors. Cleft palate is a malformation that can be induced in the laboratory
by excessive activation of AHR. Administration of dioxin to a pregnant mammal induces
cleft palate in the fetus through activation of AHR (Mimura et al., 1997). Excess
glucocorticoids also induce cleft palate. A synergistic effect was observed in embryonic cleft
palate induced by cotreatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
hydrocortisol, AHR and GR agonists, respectively (Pratt, 1985; Abbott, 1995; Abbott et al.,
1999). Using a reporter gene assay with a GRE-driven reporter construct, Dvorak1 et al.
show that TCDD enhanced GR transactivation induced by dexamethasone (Dex), a synthetic
GR agonist, in HepG2 cells (Dvoréak et al., 2008). Wang et al. showed that AHR ligands
such as polyaromatic hydrocarbons synergistically enhance Dex-induced transactivation of
GR in ovarian granulosa HO23 cells (Vrzal et al., 2009). This synergistic effect was
independent of the individual expression levels of AHR or GR. Others performed a
comprehensive analysis to identify latent transcription factors associated with AHR-
signaling (Frericks et al., 2008). A computational search for over-represented elements in the
promoter region of TCDD-affected genes in a thymic epithelial cell line identified 37-
transcriptional binding sites concluding with a GR binding sequence. These data imply that
AHR and GR are closely associated with each other. However, the molecular mechanism of
their interaction has not yet been clarified.

Mammalian metallothioneins (MTs) are classic glucocorticoid-inducible genes (Karin et al.,
1980; Hager and Palmiter, 1981; Karin and Richards, 1982; Kelly et al., 1997). MTs are low
molecular weight, cysteine-rich metal binding proteins. MTs are believed to play an
important role in homeostasis of essential metals and biological protection against
environmental toxicity represented by heavy metals or reactive oxygen species. In our
previous study, DNA microarray analyses revealed that the mRNA levels of MT isoforms
Mit1and Mt2were elevated in the liver of mice that were administered low doses of TCDD
(Sato et al., 2008). Other groups also reported elevated MRNA or protein levels of MTs in
rat (Nishimura et al., 2001; Fletcher et al., 2005) and mouse tissues (Kurachi et al., 2002;
Boverhof et al., 2005) following acute exposure to high doses of TCDD, as well as in
HepG2 cells treated with TCDD (Frueh et al., 2001). However, a functional XRE was not
identified in the promoter region of MT genes, and the mechanism of transcriptional
activation mediated by AHR is still unclear.

In this study, we identified human metallothionein 2A (MT2A) as an intrinsic gene whose
transcription is regulated by AHR-GR interactions. In cultured cells, expression of human
MTZA was cooperatively increased by cotreatment with Dex and 3-methylcholanthrene (3-
MC), an AHR agonist, in a receptor-dependent manner. Our chromatin immunoprecipitation
(ChlIP) assay results indicate that AHR is recruited to the MT2A promoter. Moreover,
coimmunoprecipitation experiments reveal a physical interaction between AHR and GR.
Thus, we conclude that AHR modulates M72A gene expression via the glucocorticoid
response element and a novel protein—protein interaction with GR.
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Materials and methods

Materials.

TCDD, 3-MC, Dex, and dimethyl sulfoxide (DMSQ) were purchased from Sigma (St.
Louis, MO). HepG2 cells were obtained from the Cell Resource Center for Biomedical
Research, Tohoku University. HeLa and COS7 cells were kindly provided by Dr. Yoshida,
Scientific University of Tokyo.

Animal experiments.

TCDD-treatment of mice and total RNA isolation from the liver were performed as
described previously (Sato et al., 2008). Briefly, C57BL/6N wild-type and AhAr-null male
mice, aged 6-7 weeks, were orally administered doses of 5, 50, or 500 ng TCDD/kg body
weight (bw) in corn oil by gavage once a day for 18 days. Animals in the control groups
were administered the same volume of corn oil without TCDD. Throughout the
experimental period, the animals had free access to AIN93G standard diets (Reeves et al.,
1993) and desalted water. On the 19th day, experimental animals were sacrificed and hepatic
RNA was isolated using a phenol/guanidine-isothiocyanate-based reagent (Isogen; Nippon
Gene Co., Tokyo, Japan).

The Animal Research-Animal Care Committee of the Graduate School of Agricultural
Science, Tohoku University approved the experimental plan of the present study. All
experiments were performed under the guidelines framed by this committee in accordance
with Japanese governmental legislation (1980). The same committee supervised the care and
use of mice in this study.

Northern hybridization analyses.

Cell culture.

Total RNA (20 pg) from the liver was denatured in an RNA gel-loading buffer at 65 °C for 5
min and loaded onto 1.2% agarose gels containing formaldehyde (Sambrook et al., 1989).
After electrophoresis, the RNA was transferred to Hybond N + nylon membranes (GE
Healthcare, Tokyo, Japan) using the capillary method. DNA fragments encoding mouse
metallothionein-1, rat metallothionein-2, and a-tubulin were labeled with [32P] dCTP (MP
Biomedicals, Irvine, CA). The RNA-blotted filters and labeled cDNA were incubated at

68 °C for 1.5 h in ExpressHyb Hybridization Solution (Clontech Laboratories, Palo Alto,
CA). After hybridization, the filters were washed twice with 2x SSC (150 mM sodium
chloride, 150 mM sodium citrate) for 30 min and with 0.1x SSC for 40 min. The filters were
then exposed on a Fuji imaging plate (Fuji Photo Film, Tokyo, Japan) for an adequate period
of time and analyzed using a Biolmage analyzer FLA-2000 (Fuji Photo Film). The relative
MRNA expression levels were normalized to the amount of a-tubulin mMRNA.

HepG2, Hela, and COS7 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin) at 37 °C in a humidified atmosphere of 95% air and 5% CO,.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sato et al.

Page 5

Quantitative reverse transcription-polymerase chain reaction (RTPCR).

HepG2 cells were plated and cultured for 16 h. The media was replaced with additive-free
DMEM (without serum and antibiotics) and incubated for 24 h. Next, TCDD, 3-MC and/or
Dex, or vehicle (DMSO) control was added at 0.1% v/v to the media and cells were
incubated for 9 h. Cells were washed twice with phosphate-buffered saline (PBS), and total
RNA was isolated. Total RNA (4 pg) was denatured at 65 °C for 5 min with 2.5 pM oligo-dT
primer (GE Healthcare) and 0.5 mM dNTP (GE Healthcare). The RNA was incubated in 20
ul of RT buffer [50 mM Tris— HCI (pH 8.3), 75 mM KCI, 3 mM MgCl,, 5 mM
dithiothreitol] containing 50 U SuperScript 11 Reverse Transcriptase (Invitrogen, Carlsbad,
CA) and 20 U RNaseOUT RNase inhibitor (Invitrogen) for 60 min at 50 °C. An aliquot of
synthesized cDNA was used as the template for quantitative PCR using an Applied
Biosystems 7300 Real-Time PCR System (Foster City, CA). The target cDNAs were
amplified using gene-specific primers (Table 1) and SYBR Premix Ex Taq (Takara Bio,
Otsu, Japan) solution. The relative mMRNA expression levels were normalized to the amount
of eukaryotic translation elongation factor 1al (EEF1IAI) mMRNA.

Western blot analyses.

Cells were washed twice with PBS buffer and harvested with PBS. After removing PBS,
cells were incubated on ice for 15 min in cell lysis buffer [50 mM Tris—HCI (pH 7.4), 150
mM NaCl, 1 mM EDTA, 1% NP-40], followed by centrifugation at 12,000 xg for 15 min.
The protein concentration in the supernatant was measured using a protein assay reagent
(Bio-Rad, Hercules, CA). Protein (15 pug) was denatured in sodium dodecyl sulfate (SDS)
gelloading buffer, resolved by 10% or gradient SDS-polyacrylamide gel electrophoresis, and
transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). After
blocking for 1 h with TBS-T [10 mM Tris—HCI (pH 7.4), 150 mM NacCl, 0.1% Tween 20]
containing 5% fat-free milk, the membrane was incubated with AHR (H-211; Santa Cruz
Biotechnology, Santa Cruz, CA), GR (Perseus Proteomics, Tokyo, Japan), and p-actin
(Thermo Fisher Scientific, Fremont, CA) anti-bodies. Proteins were detected using an
Immobilon Western Chemiluminescent HRP Substrate (Millipore) and an LAS-4000 mini
Lumino-image analyzer (Fuji Photo Film).

RNA interference.

HepG2 cells (0.5 x 10° cells) were plated in six-well plates 16 h before transfection. Stealth
SiRNA (20 pmol; Invitrogen) was used as control. AHR or GR was transfected using
Lipofectamine 2000 with Opti-MEMI (Invitrogen) for 24 h according to the instruction
manual. After transfection, the media was replaced with additive-free DMEM. HepG2 cells
were cultured for 24 h, followed by incubation for 9 h with 3-MC and/or Dex, or DMSO
alone. The specific siRNA sequences are described in Table 1.

Plasmid construction.

The wild-type MT2A promoter-driven luciferase reporter plasmid pMT2A-Luc was
prepared using the following method. A Hinalll-BamHI digested 840-bp insert of pMT-11A
was obtained from JCRB GENE Bank (Osaka, Japan) containing the human M72A
promoter region (Karin and Richards, 1982) and was cloned into the Hindlll-BamHI site of
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pBluescript 1l SK+ (Stratagene, La Jolla, CA). The Xhol-Bg/| digested insert of this
pBluescript 11 SK+/MT2A was cloned into the X#ol-BamH] site of the pGL3-basic
luciferase vector (Promega, Madison, WI). The mutant GRE plasmid pGL3-mutGRE was
prepared using the following method. PCR was performed with the 5’-phosphorylated
oligonucleotide designed to amplify the linear pBluescript 11 SK+/MT2A altered GRE: Fwd,
5'GGCACCCAGCACCCGGacagCTGgacgCTCCCGCTGCACCCAGC-3” and Rev, 5'-
CACGCCGTGCGCCTCCGCCGTGT-3" using KOD-Plus DNA Polymerase (Toyobo,
Tokyo, Japan). This linear PCR product ligated itself after digestion of the template plasmid
with Dpnl. Next, the mutated promoter fragment was cloned into pGL3-basic as well as
pMT2A-Luc. The mutant MT2A imperfect XRE2 reporter plasmid was prepared using the
following method. PCR was performed with the oligonucleotide designed to amplify the
linear pMT2A-Luc altered the imperfect XRE2: Fwd, 5'-
CACGaaaccGGCACCCAGCACC-3” and Rev, 5" CGCCTCCGCCGTGTGCACAG-3’
using Expand High Fidelity PCR System (Roche Applied Science, Mannheim, Germany).
This linear PCR product was phosphorylated and ligated itself after digestion of the template
plasmid with Dpnl. AHR and GR expression plasmids were prepared as follows. Human
AHR cDNA was amplified from pBluescriptR-human AHR (MHS1010-98075336, Open
Biosystems) using the primer: Fwd, 5'-CTCGAGGGATGAACAGCAGCAGCGCC-3” and
Rev, 5'-CTCGAGTTACAGGAATCCACTGGATGTCAA-3". Human GR cDNA was
amplified from pCMV4-GR (kindly provided by Dr. Harata, Tohoku University) using the
following primers: Fwd, 5"-CTCGAGGG ATGGACTCCAAAGAATC-3" and Rev, 5’-
CTCGAGCCAAGTCTTGGCCCTCT3' . The full-length AHR and GR cDNAs were cloned
into the Xhal sites of pCMV-Myc and pCMV-HA, and the SaAl sites of pM and pVP16
plasmid vectors (Clontech). The constructs pCMV-Myc-AHR, pPCMV-Myc-GR, pCMV-HA-
AHR, and pCMV-HA-GR were used in the immunoprecipitation assay, and pM-AHR and
pVP16-GR were used in the mammalian two-hybrid assay.

Reporter gene assays.

Hel a cells at approximately 70% confluence were transfected with plasmid DNA (amounts
are described in the figure legends) using Lipofectamine-PLUS reagent (Invitrogen) with
additivefree DMEM in six-well plates. After 3 h, media was replaced with fresh additive-
free DMEM containing 3-MC and/or Dex, or DMSO control, and cells were incubated for
another 24 h. Cells were washed twice with PBS and lysed in 200 pl reporter lysis buffer
(Promega). Lysates were centrifuged at 12,000 xg for 2 min, and the luciferase activities in
the supernatants were determined. Firefly luciferase activity of pGL3-MT2A, pGL3-
mutGRE, or pGRE-Luc (Clontech) was determined using luciferase assay reagent [20 mM
Tricine (pH 7.8), 1.07 mM (MgCO0O3)4Mg(OH),, 2.67 mM MgSOy, 0.1 mM EDTA, 33.3 mM
DTT, 270 uM coenzyme A lithium salt, 470 uM luciferin, 530 uM ATP]. Renilla luciferase
activity of the internal control pGL4-hRluc-TK (Promega) was determined using the Renilla
luciferase assay system (Promega). Chemiluminescence was detected using a
Luminescencer-MCA AB-2250 luminometer (Atto Co., Tokyo, Japan). Firefly luciferase
activity was normalized to Renilla luciferase activity.
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Mammalian two-hybrid assays.

COS7 cells were transfected with pM-AHR and pVP16-GR vectors (in concentrations
specified in the figure legends) using Lipofectamine-PLUS reagent (Invitrogen) with
additive-free DMEM in six-well plates. After 3 h, media was replaced with fresh additive-
free DMEM, and cells were incubated for another 24 h. Firefly luciferase activity was
normalized to Renillaluciferase activity from the internal control pGL4-hRluc-TK.

Immunoprecipitation.

Hel a cells at 60% confluence in a 10 cm dish were transfected with 2 pg of DNA (pCMV-
HA-GR/pCMV-Myc-AHR or pCMV-Myc; pPCMV-HA-AHR/pCMV-Myc-GR or pCMV-
Myc) for 24 h. The cells were treated for 30 min with 1 uM 3-MC and 10 nM Dex. The cells
were cross-linked with 1 mg/ml dithiobis (succinimidyl propionate) for 7 min at room
temperature, and chased with Tris—HCI (pH 8.0; 100 mM final concentration). HepG2 cells
were treated with 1 uM 3-MC and 100 nM Dex for 30 min. Cells were washed twice with
PBS, lysed with 2.5 ml of IP buffer [50 mM Tris—HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% NP-40, EDTA-free cOmplete Protease In-hibitor Cocktail (Roche Applied
Science)], and centrifuged at 12,000 xg for 15 min. Using 0.5 ml of the supernatant,
immunoprecipitation was performed overnight at 4 °C using 20 pl of EZview red anti-c-Myc
affinity gel (Sigma). Intrinsic proteins were immunoprecipitated as complexes of Dynabeads
Protein G (Invitrogen) and antibodies against AHR (RPT9, Abcam, Tokyo Japan), GR, or
TBP (QED Bioscience Inc., San Diego, CA). Next, the conjugate was washed three-times
with 1 ml IP buffer and resuspended in 60 ul SDS gel-loading buffer. The boiled supernatant
(20 ul) was used for Western blot analyses as described above.

Chromatin immunoprecipitation assays.

HepG2 cells were treated with 1 uM 3-MC and 100 nM Dex for 30 min. The cells were
cross-linked with 1% formaldehyde for 15 min at room temperature, and chased with 125
mM glycine. The cells were washed twice with PBS. Cells were harvested with PBS and
collected by centrifugation. Cell pellets were resuspended and incubated for 10 min in cell
lysis buffer [10 mM Hepes—NaOH (pH 7.5), 0.5 mM EDTA, 2 mM MgCl,, cOmplete
Proteinase Inhibitor (Roche Applied Science)], and nuclei were pelleted by centrifugation.
Nuclei were resuspended in MNase buffer [10 mM Hepes—NaOH (pH 7.5), 5 mM CacCly,
cOmplete Proteinase Inhibitor (Roche Applied Science)] and treated with micrococcal
nuclease (30 U/ml final, Takara Bio) to an average length of approximately 500 bp for 20
min. Fifteen micrograms of digested chromatin was incubated overnight at 4 °C with 1 pg of
anti-AHR antibody (RPT9, Abcam) or control 1gG (anti-B-actin antibody, Abcam). The
immune complexes were collected using Dynabeads Protein G (Invitrogen) for 1 h at 4 °C.
Next, the beads were washed twice with low salt wash buffer [10 mM Hepes—NaOH (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40], twice with high salt buffer [10 mM Hepes—
NaOH (pH 7.5), 450 mM NaCl, 1 mM EDTA 1% NP-40], and suspended in decrosslink
buffer (0.1 M NaHCO3, 20 mM NaCl, 1% SDS). The formaldehyde crosslink was reversed
by incubation at 65 °C for 6 h. DNA fragments were purified using QlAquick PCR
Purification Kit (Qiagen, Tokyo, Japan) after the treatment with RNase A and proteinase K.
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PCR was performed using MT2A imperfect XRE1 and XRE3, MT2A GRE, CYP1AI XRE,
and E£EF1A1 gene-specific primers. Primer sequences are shown in Table 1.

Statistical analyses.

Results

The data in Figs. 1, 2a, b, 7a, and b were analyzed using one-way analysis of variance
(ANOVA) and multiple comparisons were made with Dunnett’s test. Data in Figs. 3a, b, ¢
and e were analyzed using ANOVA and multiple comparisons were made with Scheffe’s
tests. Data in Figs. 4b, c, and 5b were analyzed using Student’s-#test. Statistical analyses
were performed using the StatView software (SAS Institute Inc., Cary, NC, USA).

The AHR agonist induces metallothionein expression

We determined the mRNA levels of Mt and Mt2in the liver from C57BL/6N wild-type and
Ahr-null mice that were orally administered 5, 50, or 500 ng TCDD/kg bw-day~1 once a day
for 18 days. In wild-type mice that were administered 50 and 500 ng TCDD/kg bw-day 1,
MtI mRNA levels increased 2.5- and 3.2-fold, respectively, of that in vehicle-treated mice.
Similarly, in these mice, M2 mRNA levels increased 4.6- and 7.1-fold, respectively, of that
in control mice (Fig. 1a). In contrast, the mMRNA levels of these genes were not altered in
Ahr-null mice (Fig. 1b). In fact, the basal expression of MtI was slightly decreased in Ahr-
null mice compared to the levels in wild-type mice (Fig. 1c). These data show that the
increased mRNA levels of MTs induced by TCDD were mediated through the AHR
signaling pathway in vivo.

Human MT72A is a homolog of mouse Mt1. Human hepatoma HepG2 cells were treated with
AHR agonists for 9 h, and M72A mRNA levels were measured. M72A mRNA significantly
increased in a dose-dependent manner following treatment with TCDD (Fig. 2a). It was also
observed when the cells were treated with 3-MC (Fig. 2b). Similar results were obtained in
mouse hepatoma Hepa-1c1c7 cells (data not shown). The 5’-flanking region of human
MTZA gene has been well characterized as a transcriptional regulatory region by heavy
metals and other extracellular stimuli. The transcriptional responsive elements, including
multiple metal response elements, an anti-oxidant response element, and a glucocorticoid
response element, are located in the 5’-flanking region of MT2A, whereas a sequence
responsible for AHR-induced expression has not been found. To test whether MT72A
transcription is activated by AHR, we constructed a luciferase reporter plasmid, pMT2A-
Luc, containing the 5’-flanking region of MT2A (-775 to +80) (Karin and Richards, 1982).
pMT2A-Luc was transfected into HeLa cells with or without an AHR expression plasmid,
and cells were treated with 3-MC. Luciferase activity increased 1.6-fold upon addition of 3-
MC. In AHR-overexpressing cells, luciferase activity increased 4.3-fold upon addition of 3-
MC (Fig. 2c). These results indicate that MM72A transcription was upregulated by ligand-
activated AHR.

Cotreatment with AHR agonist and Dex enhances human MT2A gene expression

Although MTZA transcription was activated by AHR, a typical XRE was not found in the
MTZA promoter. Therefore, we presumed that AHR upregulates transcription of MT2A via
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interaction with a transcription factor that binds to the transcriptional regulatory elements of
MTZA. We predicted that AHR might interact with GR because previous studies indicated
that these two factors are potentially cooperative (Dvorak et al., 2008; Vrzal et al., 2009).
First, to test this hypothesis, the effect of a GR agonist on TCDD-induced expression of
MTZA was examined. HepG2 cells were treated with TCDD and/or Dex, a synthetic
glucocorticoid. Following cotreatment with both TCDD and Dex, M72A mRNA levels
increased (2.6- and 2.5-fold) compared to the treatment with only TCDD or Dex,
respectively (Fig. 3a), whereas CYP1AI mRNA levels were not affected by Dex treatment
(Fig. 3b). Similarly, the co-treatment with 3-MC and Dex resulted in increase of M72A
MRNA levels (4.2- and 2.3-fold) compared to the treatment with only 3-MC or Dex,
respectively (Fig. 3c, upper panel). Western blot analyses demonstrated that the protein
levels of AHR and GR were decreased by the respective ligands, and cotreatment of both
ligands also did not increase their protein levels (Fig. 3c lower panel). In a dose-response
study, a cooperative effect of 3-MC and Dex was observed in the M72A mRNA expression
(Fig. 3d). A statistical analysis of the data in Fig. 3c using two-factor ANOVA revealed a
significant correlation (p < 0.0001) between the groups in the absence and presence of Dex,
indicating that 3-MC and Dex affected the MT2A expression synergistically. Reporter gene
assays showed that native MT72A reporter activity increased following treatment with 3-MC
or Dex alone, and cotreatment with these reagents significantly potentiated the effect of each
reagent in HelLa cells (Fig. 3e).

AHR and GR proteins are required for the cooperative effect of 3-MC and Dex

To confirm that AHR and GR are required for the increased expression of MT2A mediated
by 3-MC and Dex, RNA interference was performed in HepG2 cells. The AHR protein
levels in the AHR-specific siRNAtransfected cells were reduced to 34% of the levels in the
control siRNAtransfected cells (Fig. 4a). In addition, AHR knockdown suppressed the
increase in MT2A mRNA induced by 3-MC, but not by Dex (Fig. 4b). Importantly, the
synergistic effect of 3-MC and Dex was abolished following AHR depletion (Fig. 4b). The
protein level of GR in GRspecific sSiRNA transfected cells was reduced to approximately
40% of the level in control (Fig. 4a). GR knockdown suppressed the increase in MT7T2A
mRNA mediated by Dex. Moreover, the effects of 3-MC disappeared in the absence or
presence of Dex (Fig. 4c). Unexpectedly, depletion of GR expression could decrease AHR
protein levels of that in control, whereas p-actin protein levels were not affected (Fig. 4a).
This reduction in AHR protein level may partly influence the severe suppression of M72A
induction by 3-MC. These results indicate that both AHR and GR proteins are essential for
the cooperative effect of 3-MC and Dex on MTZ2A induction.

GRE is a unique sequence affected by the AHR signaling pathway

A GRE consensus sequence is located in the MT2A transcriptional regulatory region (Karin
and Richards, 1982). HeL a cells were transfected with the luciferase reporter plasmid,
pMT2A-Luc, driven by the MT2A transcriptional regulatory region (Fig. 5a), together with
the AHR expression plasmid. Luciferase activity increased upon 3-MC and/or Dex treatment
(Fig. 5b). To examine whether the GRE is responsible for the induction of M72A expression
mediated by AHR, a point mutation was introduced into the GRE of pMT2A-Luc. As
expected, the GRE mutation eliminated Dex-induced activation. The increased activity of
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pMT2A-Luc upon 3-MC addition was significantly suppressed by the GRE mutation,
although the activity partially persisted. Furthermore, the additive effect of 3-MC and Dex
on MT2A-Luc disappeared upon GRE mutation (Fig. 5b). These data suggest that the GRE
contributes to cooperative transcriptional activation of M72A by 3-MC and Dex, whereas 3-
MC-induced activation partially depends on elements outside the GRE. Next, we tested
whether 3-MC activated the 3x GRE-driven luciferase reporter plasmid. We observed a
slight but insignificant enhancement of the luciferase activity in the 3x GRE-transfected
cells treated with a low concentration of 3-MC (100 nM). However, in the presence of Dex,
the 3x GRE construct was activated by 3-MC (Fig. 5c). Taken together, these results suggest
that the GRE itself is activated by AHR along with the requirement of GR.

Although MT2A transcription was activated by AHR via GRE in the MT2A 5’ -flanking
region, no typical XRE motifs were found in the M72A promoter. However, there are 3
imperfect XRE (GCGTG) motifs in the MT2A promoter region, so we examined whether
these sequences affected the cooperative M72A induction by AHR and GR (Fig. 5a). A
ChIP assay for the imperfect XRE1 and XRE3 provided evidence that AHR did not bind to
any of these sites and that these XRE core sequences were not involved in the M72A
induction (data not shown). Additionally, a reporter gene assay showed that a point mutation
in the imperfect XREZ2, i.e. in the vicinity of GRE, did not affect the M72A promoter
activation in the presence of 3-MC or Dex (1.4- and 1.5-fold compared to control,
respectively, in HepG2 cells). Thus, we conclude that these GCGTG motifs are not
responsible for the AHR-inducible MT72A expression.

MTs, including human MTZ2A, are robustly induced by heavy metals via multiple metal
response elements (MRES). To test whether the activation of the MRE is affected by AHR,
HepG2 cells were treated with 3-MC and/or zinc, which is a typical activator of MREs.
Levels of MT2A mRNA were increased by zinc in a dose-dependent manner, but were not
influenced by 3-MC (Fig. 6a). To test whether XRE is affected by Dex, the expression level
of CYPI1AI, whose transcription is activated via multiple XREs, was measured. The 3-MC-
induced CYP1A1 mRNA level was not influenced by Dex in HepG2 cells (Fig. 6b).
Therefore, it was confirmed that the cooperative effect is specific for GRE.

Protein—protein interaction between AHR and GR

To examine the recruitment of AHR to the MT72A gene regulatory region, ChlP assays were
performed. In HepG2 cells co-treated with 3-MC and Dex the AHR antibody-precipitated
DNA containing the GRE element in the MT72A promoter was enriched 2-fold compared to
the AHR-independent control gene (EEF1AI), and 3-fold compared to that in the absence of
the ligands (Fig. 7a). This result indicates that AHR is recruited to the MT72A gene
regulatory region in the presence of ligands. Moreover, we examined the possibility of a
physical interaction between AHR and GR. In mammalian two-hybrid assays using COS7
cells, when GAL4 DBD-fused AHR and VP16 activation domain-fused GR were co-
expressed, reporter activity was clearly increased compared with the negative controls (Fig.
7b). Similar results were obtained in HelLa cells (data not shown). Moreover,
coimmunoprecipitation assays demonstrated the complex of Myc-AHR and HA-GR (Fig.
7c, upper panel) and of Myc-GR and HA-AHR (Fig. 7c, lower panel). Importantly, the
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endogenous AHR-GR complex was detected by coimmunoprecipitation in HepG2 cells, and
it appeared to form partially in a ligand-dependent manner (Fig. 7d). Thus, we conclude that
AHR forms a complex with GR and modulates M72A gene expression via the GRE,
suggesting it could be a novel biological defense mechanism.

Discussion

AHR induces expression of xenobiotic-metabolizing enzymes such as CYP1AL, CYP1A2,
and NAD(P)H quinone oxidoreductase 1 by binding to the XRE in a well-characterized
mechanism. Here, we demonstrated a novel transcriptional mechanism in which AHR
modulates GR-mediated transcriptional activation. We identified human MT72A as an
intrinsic gene whose transcription is regulated by the AHR and GR interaction. In cultured
cells, we showed that AHR forms a complex with GR that was recruited to the GRE in the
MTZA regulatory region. Thus, expression of the human MT2A gene cooperatively
increased with 3-MC and Dex treatment via GRE activation through the receptor-interaction
mechanism.

Many groups have reported the possibility of an interaction between AHR and GR. In early
studies, it was noted that glucocorticoids and TCDD work independently in the yolk sac and
placenta, and affect palate formation via activation of each receptor in different cell types in
the developing palate (Pratt, 1985). AHR regulates the expression pattern of several growth
factors, such as TGFp, in the embryonic palate (Puga et al., 2005). Abbott et al. showed that
TCDD and hydrocortisone increased the expression of AHR and GR, and caused a
synergetic effect in teratogenesis (Abbott, 1995, Abbott et al., 1999). However, the effects of
AHR and GR agonists on the levels of these receptors and their target genes vary and appear
to be regulated in a cell-specific manner and at multiple stages. Regarding AHR and its
target genes, Dex reduced the AHR protein level, but increased the mRNA level of CYP1AZ,
but not CYP1A1, in human primary hepatocytes (Vrzal et al., 2009). On the other hand, Dex
increased AHR mRNA and protein levels in a GR-dependent manner in mouse hepatoma
Hepa-1 cells (Bielefeld et al., 2008). TCDD-induced Cyplal mRNA expression was
enhanced by Dex administration in rat hepatoma H4IIE cells but not in HepG2 cells
(Sonneveld et al., 2007). Our data show that the basal protein level of AHR is dependent on
GR level and that cotreatment of 3-MC and Dex did not increase either AHR or GR protein
levels in HepG2 cells. Here, the mRNA level of CYP1A1 was not affected by Dex treatment
in HepG2 cells which is consistent with previous studies (Sonneveld et al., 2007; Vrzal et
al., 2009). Interestingly, in addition to the regulation accompanied by AHR and GR
expression levels, the data suggest the possibility that the AHR and GR association affects
other cellular functions. The increase in GRE-driven reporter activity by Dex was enhanced
by TCDD in HepG2 cells (Dvorak et al., 2008), in agreement with our data. AHR ligands,
such as polyaromatic hydrocarbons, synergistically enhanced Dex-induced activation of
GRE- and MMTYV promoter-driven reporter genes in ovarian granulosa HO23 cells (Wang et
al., 2009). A combination study using an expression array and computational searches for
over-represented elements showed frequent occurrences of GR binding sequences in the
promoter region of TCDD-affected genes in a thymic epithelial cell line (Frueh et al., 2001).
Our finding of a protein—protein interaction between AHR and GR can partially explain
these reports.
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Metallothionein proteins are small, cysteine-rich molecules containing free thiol residues
that occupy one-third of their own amino acid residues. MTs play an important role in the
homeostasis of essential metals (e.g., zinc) and biological protection against toxic metals
(e.g., cadmium) via binding to these metals. Importantly, as large amounts of free thiol
residues are able to scavenge oxygen free radicals effectively in vitro, MTs are believed to
be anti-oxidative proteins in vivo (Kumari et al., 1998). We found that low-dose TCDD
administration induced M¢tZ and Mt2in the mouse liver, which could be a biological defense
against environmental toxicity.

MT genes are induced by various stimuli, including metals (zinc, cadmium, and copper),
cytokines, physical stress, electrophiles, and anticancer drugs. Mammalian MTs are classic
glucocorticoid-inducible genes (Karin et al., 1980; Hager and Palmiter, 1981; Karin and
Richards, 1982; Kelly et al., 1997). For example, internal glucocorticoids increased MTs for
restraint stress (Ghoshal et al., 1998). The gene regulatory regions of human M72A and
mouse Mt1and Mt2have been extensively analyzed and in addition to the functional GREs,
multiple metal responsive elements and anti-oxidative response elements were identified in
both species. Transcriptional activation via metal responsive elements is predominantly due
to metal responsive transcription factor 1 (MTF1). MTF1 activity is regulated by reversible
binding with zinc and is responsible for induction of MTs by heavy metals as well as by
oxidative stress (Zhang et al., 2003). Thus, we tested an association between zinc and 3-MC
and no cooperative effect was observed (Fig. 6a). However, the MT2A promoter luciferase
construct was activated by 3-MC in AHR-overexpressing HeLa cells, and this activation was
partly independent of the GRE (Fig. 5b). This partial activation might be related to an
element in addition to the GRE.

In the last decade, it was reported that AHR mediates a variety of biological events by
various mechanisms. In turn, AHR modulates gene expression without binding to the XRE.
It was reported that the NFxB RelB subunit dimerizes with AHR, and the AHR/RelB dimer
activates a novel DNA sequence distinct from XRE or NFxB binding site that exists in the
regulatory region of chemokines such as IL-8 (Mogel et al., 2007). Estrogen receptor (ER) is
also a member of the nuclear receptor superfamily and is reported to associate with the
ligand-activated AHR. The estrogen-dependent activity of ER was inhibited by protein
degradation, which occurred via direct binding with liganded AHR (Wormke et al., 2003). In
contrast, AHR bound with ER in an estrogen-independent manner, and enhanced expression
of ER-target genes related to reproduction via an estrogen response element (Beischlag and
Perdew, 2005). Additionally, Hifla,, a member of the bHLH/PAS family as well as AHR,
was reported to interact with GR (Kodama et al., 2003). Hifla is activated by hypoxia-
dependent stabilization and dimerization with ARNT, and the Hifla/ARNT complex
regulates target gene expression via a hypoxia response element (Epstein et al., 2001, Ivan et
al., 2001). Hifla forms a complex with GR, which enhances hypoxia-inducible gene
expression (Kodama et al., 2003). However, Hifla and GR seemed to form a complex
indirectly through an interaction mediated by an unknown factor (Kodama et al., 2003). We
could not determine the interaction domains using mammalian two-hybrid assays. Precise
characterization of the protein interactions between the bHLH/PAS family and the nuclear
receptor superfamily remains to be clarified in future studies. In this work, we identified a
novel mechanism by which AHR and GR cooperatively regulate the human M72A gene,
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which may be related to biological defense. AHR and GR proteins are expressed
ubiquitously, and play essential roles in various biological events, such as biological clock or
energy metabolism. Further studies are required to identify other target genes and to further
evaluate the biological function of the AHR-GR interaction.
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Fig. 1.

Expression of MT genes is induced by TCDD and mediated through the AHR signaling
pathway in mouse liver. Mtz and Mt2 mRNA expression levels in the liver of wild-type (a)
or Ahr-null (b) mice following TCDD administration at 0, 5, 50, and 500 ng/kg bw-day 1 for
18 days were measured by northern hybridization. (¢c) MtZ mRNA levels in the livers of
wild-type and AAr-null mice were determined by northern hybridization. The relative
expression level of mMRNA was normalized to the expression of a-tubulin mRNA. The
values are the mean = standard deviation (SD; n = 4-6). Values with an asterisk are
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significantly different from vehicle control at p < 0.05. Statistical analyses were conducted
using one-way analysis of variance (ANOVA), followed by Dunnett’s tests.
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Fig. 2.
Human MT2A expression is induced by AHR agonists in human cultured cells. (a, b)

HepG2 cells were treated with TCDD (a) or 3-MC (b) at the indicated concentrations for 9
h, and MT72A mRNA levels were determined using quantitative RT-PCR. Controls were
treated with the vehicle (). (c) HeLa cells were transfected with 0.25 pg of pMT2A-Luc
and 0.15 pg of pGL4-hRluc-TK together with either 0.1 pg of AHR expression plasmid or
control plasmid for 3 h. Cells were treated for 24 h with 1 uM 3-MC or vehicle, and relative
luciferase activities were determined. The values are the mean £+ SD of 3 (a, b) or 2 (c)
independent experiments. Values with an asterisk are significantly different from vehicle
control at p < 0.05. Statistical analyses were conducted using ANOVA, followed by
Dunnett’s tests.
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Dex and AHR agonists increase MT2A expression. HepG2 cells were treated for 9 h with
vehicle, 10 nM TCDD and/or 100 nM Dex (a, b) or 1 uM 3-MC and/or 100 nM Dex (c). The
MRNA levels were determined using quantitative RT-PCR. The protein levels of AHR and
GR were determined by Western blotting (c, lower panel). (d) HepG2 cells were treated for 9
h with 3-MC and/or Dex, or vehicle at the indicated concentrations. M72A mRNA levels
were determined using quantitative RT-PCR. (e) HeLa cells were transfected with 0.25 pg of
pMT2A-Luc and 0.15 pg of pGL4-hRIuc-TK for 3 h. Cells were treated for 24 h with 1 pM
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3-MC and/or 10 nM Dex, or vehicle, and relative luciferase activities were determined. The
values are the mean = SD of 3 (a, b, c, e) or 2 (d) independent experiments. Values with an
asterisk are significantly different compared to vehicle control; the value with a sharp was
significantly different compared to treatment with either 3-MC or Dex at p < 0.05. Statistical
analyses were conducted using ANOVA, followed by Scheffe’s tests.
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AHR- or GR-knockdown abolishes induced expression of M/72A mRNA upon treatment

with the agonists. HepG2 cells were transfected for 48 h with siRNA for AHR, GR, or
control. (a) After transfection, cells were lysed and AHR and GR protein levels were

measured by Western blot analyses. (b, ¢) After transfection, cells were treated for 9 h with 1
UM 3-MC and/or 100 nM Dex, or vehicle, and MT72A mRNA levels were determined using
guantitative RT-PCR. The values are the mean + SDof 3 (b) or 4 (c) independent
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experiments. Values with an asterisk are significantly different from the control siRNA at p
< 0.05. Statistical analyses were conducted using Student’s #tests.
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Fig. 5.

3-%/|c activates the GRE. (a) A schematic illustration of the pMT2A-Luc reporter construct
showing 3 imperfect XRE in the MT2A promoter region. (b) HelLa cells were transfected
with 0.25 pg of wild type (pMT2A-Luc) or GRE-mutant MT7T2A promoter-driven luciferase
reporter plasmid together with 0.1 pg of AHR expression plasmid and 0.15 pg of pGL4-
hRIuc-TK for 3 h. Cells were treated for 24 h with 1 uM 3-MC and/or 10 nM Dex, or
vehicle, and relative luciferase activities were determined. (c) HeLa cells were transfected
with 0.25 pg of 3x GRE-driven luciferase reporter plasmid pGRE-Luc and 0.15 ug of
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pGL4hRIuc-TK for 3 h. Cells were treated for 24 h with 100 nM 3-MC and/or 10 nM Dex,
or vehicle, and luciferase activity was determined. Values are the mean + SD of 3 (b) or 2 (c)
independent experiments. Values with an asterisk were significantly different from the
activity of the wild type MT2A promoter driven luciferase reporter at p < 0.05. Statistical
analyses were conducted using Student’s #tests.
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The GRE is a unique sequence affected by the AHR signaling pathway. (a) HepG2 cells
were treated for 9 h with 3-MC and/or ZnSQOy, at the indicated concentrations, or vehicle, and
MTZA mRNA levels were determined using quantitative RT-PCR. (b) HepG2 cells were
treated for 9 h with 3-MC and/or Dex at the indicated concentrations, or vehicle, and the
MRNA levels of CYP1A1 were determined using quantitative RT-PCR. Values are the mean
+ SD of 2 independent experiments.
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AHR interacts with GR. (a) HepG2 cells were treated for 30 min with 1 uM 3-MC and 100
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Control vehicle 3-MC/Dex

nM Dex, or control vehicle, and ChIP assays were performed. The levels of the PCR

products for the EEF1AL exon, GRE and XRE were normalized to the control 1gG. The fold

enrichment of GRE or XRE is presented as a ratio to the EEF1A1 exon expression.

Independent experiments were performed 3 times. (b) COS7 cells were transfected with 0.25

ug of the GALA4 response element-driven luciferase reporter plasmid and 0.15 pg of the

pGL4-hRIluc-TK construct together with either 0.1 pg of the expression plasmids containing

the full-length receptor fusion sequence (pM-AHR and/or pVP16-GR) or the control

plasmids (pM or pVP16) for 24 h. Cells were lysed and relative luciferase activities were

determined. Values are the mean + SD of 3 independent experiments. The value with

asterisk is significantly different compared to control at p < 0.05. Statistical analyses were
conducted using ANOVA, followed by Dunnett’s tests. (c) HeLa cells were transfected with
2 g of DNA (upper panel, pPCMV-HA-GR/pCMV-Myc-AHR or pCMV-Myc; lower panel,
pCMV-HA-AHR/pCMV-Myc-GR or pPCMV-Myc) for 24 h. The cells were treated for 30
min with 1 uM 3-MC and 10 nM Dex and cross-linked with DSP for immunoprecipitation
assays. Independent experiments were performed 2 times. (d) HepG2 cells were treated for

30 min with 1 uM 3-MC and 100 nM Dex, or control vehicle, and immunoprecipitation
assays were performed. Experiments were performed independently 2 times.
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Oligonucleotide sequences used in quantitative RT-PCR, chromatin immunoprecipitation assays, and RNA

interference.

Quantitative RT-PCR

MTZA mRNA

CYPIAImMRNA

Forward
Reverse
Forward

Reverse

EEF1AI mRNA Forward  Forward

Chromation immunoprecipitation assays

Reverse

5 -TGTACAACCCTGACCGTGACC-3’

5 -TCACATTATTTCATAGAAAAAGGAATATAGC-3’
5 -GATCAACCATGACCAGAAGCTATG-3’
5-CACCTTGTCGATAGCACCATC A-3’
5-GATGGCCCCAAATTCTTGAAG-3’

5 -GGACCATGTCAATGGCAG-3” ays

MTZA GRE Forward 5 -TAACGGCTCAGGTTCGAGTACA-3’
Reverse 5 -TGCAGCGGGAGGACACA-3’
CYPIAIXRE Forward 5'-GGCGCGAACCTCAGCTAGT-3’
Reverse 5 -ACGCTGGGCGTGCAGAT-3’
Imperfect XRE1 Forward 5’-GGAGCCGCAAGTGACTTCT-3’
Reverse 5’-CTAGAAAGAGCCGGGACGAG-3’
Imperfect XRE3 Forward 5’-ACAACACACTTCCTACAGTCCC-3’
Reverse 5-TGGGGTGGTTGCTGATGAC-3’
RNA intrference
AHR SiRNA Sense 5’-CCGAGUCCCAUAUCCGAAUGAUUAA-3’
Anti-sense  5"-UUAAUCAUUCGGAUAUGGGACUCGG-3’
GRSIRNA Sense 5’-UAAUUGUGCUGUCCUUCCACUGCUC-3’
Anti-sense  5"-GAGCAGUGGAAGGACACAAUUA-3’
Control siRNA Sense 5’-CCGCCUUACCUAAGCGUAUAAGUAA-3
Anti-sense  5"-UUACUUAUACGCUUAGGUAAGGCGG-3’
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