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Abstract

The aryl hydrocarbon receptor (AhR) is a promiscuous receptor activated by structurally diverse

synthetic and natural compounds. AhR activation may lead to ligand-specific changes in gene

expression despite similarities in mode of action. Therefore, differential gene expression elicited

by four structurally diverse, high affinity AhR ligands (2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD; 10 nM, 30 µg/kg), 3,3′,4,4′,5-pentachlorobiphenyl (PCB126; 100 nM, 300 µg/kg), β-

naphthoflavone (βNF; 10 µM, 90 mg/kg), and indolo[3,2-b]carbazole (ICZ; 1 µM)) in mouse

Hepa1c1c7 hepatoma cells and C57BL/6 mouse liver samples were compared. A total of 288, 183,

119, and 131 Hepa1c1c7 genes were differentially expressed (|fold-change| ≥ 1.5, P1(t) ≥ 0.9999)

by TCDD, βNF, PCB126, and ICZ, respectively. Only ~35% were differentially expressed by all 4

ligands in Hepa1c1c7 cells. In vivo, 661, 479, and 265 hepatic genes were differentially expressed

following treatment with TCDD, βNF, and PCB126, respectively. Similar to Hepa1c1c7 cells,

≤34% of gene expression changes were common across all ligands. Principal components analysis

identified time-dependent gene expression divergence. Comparisons of ligand-elicited expression

between Hepa1c1c7 cells and mouse liver identified only 11 common gene expression changes

across all ligands. Although metabolism may explain some ligand-specific gene expression

changes, PCB126, βNF, and ICZ also elicited divergent expression compared to TCDD,

suggestive of selective AhR modulation.
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1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-dependent basic helix-loop-helix-PER-

ARNT-SIM (bHLH-PAS) transcription factor activated by structurally diverse synthetic,

natural, and dietary compounds including the prototypical ligand 2,3,7,8-tetrachlorodibenzo-

p-dioxin (TCDD) (Denison and Nagy, 2003; Denison et al., 2011). Although putative

endogenous AhR ligands including Kynurenine (Opitz et al., 2011), 2-(1′H-indole-3′-

carbonyl)-thiazole-4-carboxilic acid methyl ester (ITE) (Henry et al., 2010; Quintana et al.,

2010) and formylindolo[3,2-b]carbazole (FICZ) (Wei et al., 1999) have been identified, its

true endogenous ligand remains elusive (Denison and Nagy, 2003; Nguyen and Bradfield,

2008).

AhR activation following ligand binding causes dissociation of 90 kDa heat shock protein

(HSP90), AhR-interacting protein (AIP; also known as ARA9 or XAP2), and p23, followed

by translocation to the nucleus and dimerization with the AhR nuclear translocator (ARNT)

(Denison and Nagy, 2003; Denison et al., 2011; Hankinson, 1995). The liganded AhR-

ARNT complex then binds to dioxin response elements (DREs; core sequence 5′-

GCGTG-3′) eliciting changes in gene expression (Denison and Nagy, 2003; Denison et al.,

2011; Dere et al., 2011a; Hankinson, 1995). Recent evidence also suggests AhR-mediated

differential gene expression independent of DREs (Beischlag et al., 2008; Denison et al.,

2011; Dere et al., 2011b; Huang and Elferink, 2012; Tanos et al., 2012).

TCDD and related compounds elicit species-specific responses including teratogenicity,

immunotoxicity, hepatotoxicity, and carcinogenicity (Denison et al., 2011; Hankinson,

1995; Poland and Knutson, 1982) that are mostly, if not entirely, AhR-mediated (Denison

and Heath-Pagliuso, 1998; Denison et al., 2011; Gonzalez and Fernandez-Salguero, 1998).

For example, AhR null mice are resistant to TCDD-mediated toxicity (Gonzalez and

Fernandez-Salguero, 1998). Furthermore, while the potency of AhR ligands is determined

by comparisons to TCDD, not all elicit the same effects reported with TCDD (Henry et al.,

2010; McKillop and Case, 1991; Murray et al., 2010; Safe et al., 1999; Yin et al., 2012).

Selective modulation of AhR-mediated gene expression (Denison et al., 2011; Jin et al.,

2012; Kremoser et al., 2007; Murray et al., 2010; Pansoy et al., 2010; Safe et al., 1999; Yin

et al., 2012) is thought to be similar to selective estrogen receptor modulators (SERMs) and

selective peroxisome-proliferator activated receptor modulators (SPPARMs) (Berger et al.,

2003; Frasor et al., 2004; Sears et al., 2007). Selective modulation involves the induction of

a ligand-dependent intermediary conformation that can range from complete inactivity to

full activation (Berger et al., 2003; Denison et al., 2011; Kremoser et al., 2007). Different

ligand-induced conformations change the surface topology of the activated receptor complex

leading to the differential recruitment of co-activators and co-repressors in a gene-, cell-, and

tissue-dependent manner that can result in ligand-specific gene expression changes (Berger

et al., 2003; Brzozowski et al., 1997; Kremoser et al., 2007; Smith and O’Malley, 2004;
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Zhang et al., 2008). For example, the SERMs, tamoxifen and raloxifene, reposition helix 12

compared to 17β-estradiol such that they exhibit weaker agonist activity (Brzozowski et al.,

1997; Levenson and Jordan, 1999). Selective AhR modulator (SAhRM) development has

largely focused on immunosuppression and tumor growth inhibition (Jin et al., 2012;

Murray et al., 2010; Safe et al., 1999; Yin et al., 2012). More specifically, alkyl

polychlorinated dibenzofurans inhibit mammary tumor growth through an AhR-dependent

mechanism absent of Cyp1a1 induction and toxicity (Safe et al., 1999) while 1-allyl-3-(3,4-

dimethoxyphenyl)-7-(trifluoromethyl)-1H-indazole (SGA360) elicits AhR-mediated

immunosuppression independent of DREs without Cyp1a1 induction (Murray et al., 2010).

Meanwhile, TCDD, 1,2,3,7,8-pentachlorodibenzo-p-dioxin (PeCDD), 2,3,7,8-

tetrachlorodibenzofuran (TCDF), 2,3,4,7,8-pentachlorodibenzofuran (PeCDF), and 3,3′4,4′-

pentachlorobiphenyl (PCB126) exhibit different ligand-dependent co-activator recruitment

to the AhR with varying Cyp1a1 induction efficacy (Zhang et al., 2008), consistent with

ligand-dependent co-activator and co-repressor recruitment in a promoter-, cell-, tissue- and

species-specific manner indicative of selective modulation.

The ability of various chemicals to selectively modulate the AhR could have important

implications for risk assessment as current approaches assume a common mode of action

using toxic equivalency factors (van den Berg et al., 2000). In order to examine if AhR

ligands which activates the canonical AhR pathway demonstrate selective modulation,

differential gene expression elicited TCDD, PCB126, β-naphthoflavone (βNF), and indolo-

[3,2b]-carbazole (ICZ) was examined in mouse Hepa1c1c7 cells and C57BL/6 liver

samples. Although each ligand exhibits high AhR binding affinity, Cyp1a1 mRNA induction

and the induction of aryl hydrocarbon hydroxylase activity (Boobis et al., 1977; Chen et al.,

1995, 2010; Denison and Nagy, 2003; Denison et al., 2011; Kopec et al., 2008; Pohjanvirta

et al., 2002), they are structurally diverse with different metabolism kinetics. Therefore,

global gene expression profiles were compared not only to identify conserved differential

expression but also to investigate divergent and ligand-specific gene expression changes

suggestive of SAhRM activity.

2. Materials and methods

2.1. In vitro treatment

All in vitro studies were performed as previously described (Dere et al., 2006). Briefly,

Hepa1c1c7 cells (Dr. O. Hankinson, University of California, Los Angeles, CA) were

cultured in phenol-red free DMEM/F12 media (Invitrogen, Carlsbad, CA) supplemented

with 5% fetal bovine serum (FBS; Hyclone, Logan, UT), 2.5 µg/mL amphotericin B

(Invitrogen), 50 µg/mL gentamycin (Invitrogen), 100 U/mL penicillin (Invitrogen), and 100

µg/mL streptomycin (Invitrogen). Cells were maintained under standard culture conditions,

5% CO2 at 37 °C. Treatment with either 10 nM TCDD (Dere et al., 2006), 100 nM PCB126,

10 µM βNF, 1 µM ICZ, or DMSO vehicle control was conducted for 1, 2, 4, 8, 12, 24, or 48

h. Concentrations of TCDD, βNF or ICZ were chosen to elicit maximal Cyp1a1 induction in

concentration-response studies (unpublished results) while PCB126 concentration was

chosen based on its toxic equivalency factor (TEF) of 0.1. Cells for three biological
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replicates were collected in 2.0 mL TRIzol Reagent (Invitrogen) for RNA isolation in all in

vitro studies.

2.2. In vivo exposures

Animal studies were performed as previously described (Boverhof et al., 2005; Kopec et al.,

2008). In short, immature female C57BL/6 ovariectomized (ovx) mice (post natal day 25,

Charles River Laboratories, Portage, MI) were housed at 23 °C with 30–40% humidity and

12-h light/dark cycle. Mice were fed Harlan Teklad 22/5 Rodent Diet 8640 (Madison, WI)

ad libitum and had free access to deionized water. Mice were acclimated for 3 days, and

then orally gavaged once with 30 µg/kg TCDD (Boverhof et al., 2005), 300 µg/kg PCB126

(Kopec et al., 2008), 90 mg/kg βNF, or sesame oil (vehicle). The PCB126 dose was chosen

based on its toxic equivalency factor (TEF) of 0.1, while doses ≥80 mg/kg βNF elicit

maximal hydroxylase activity (Boobis et al., 1977). Animals were sacrificed by cervical

dislocation at 2, 4, 8, 12, 18, 24, 72, 120 or 168 h post-dose. Liver samples (~70 mg) for

three biological replicates were removed, flash frozen in liquid nitrogen, and stored at −80

°C until RNA isolation.

2.3. RNA isolation

Total RNA for three biological replicates per time-point was isolated as previously

described (Boverhof et al., 2005; Dere et al., 2006; Kopec et al., 2008). Briefly, TRIzol

Reagent was added to samples and homogenized (Mixer Mill 300, Retsch, Germany) for in

vitro and in vivo isolation, respectively. Total RNA was isolated according to

manufacturer’s instructions with an additional phenol:chloroform extraction, and re-

suspended in RNA storage solution (Ambion Inc., Austin, TX). Quantity and quality was

assessed spectrophotometrically (A260/A280) and by denaturing gel inspection.

2.4. Microarray annotation and experimental design

Custom mouse cDNA microarrays containing 13,361 features were used. Published datasets

for C57BL/6 mice dosed with TCDD (Boverhof et al., 2005), PCB126 (Kopec et al., 2008),

and for Hepa1c1c7 cells treated with TCDD (Dere et al., 2006) were used, and

complemented with unpublished datasets for βNF in C57BL/6 mice and βNF, PCB126, or

ICZ treated Hepa1c1c7 cells, all using the same cDNA microarray within a 4 year period.

Annotation was updated using the National Center for Biotechnology Information (NCBI)

standalone blast (release 2.2.27+). Briefly, cDNA probe sequences were extracted from

TIMS dbZach database (Burgoon and Zacharewski, 2007) and individually blasted to a

custom NCBI Reference Sequence (RefSeq) database limited to verified and modeled

transcripts (NM_, NR_, XM, and XR_ RefSeq identifiers) using default parameters and a bit

score ≥200 threshold. RefSeq annotated probes were then matched to Entrez Gene IDs for

13,361 features identifying 8846 unique Entrez Gene IDs. Probe sequences are available

online at dbzach.fst.msu.edu.

Custom microarrays comprised PCR amplified cDNAs printed onto epoxy-coated glass

slides (Schott-Nexterion, Duryea, PA) at Michigan State University Research and Support

Facility (http://www.genomics.msu.edu/) using an Omnigrid arrayer (GeneMachines, San

Carlos, CA) equipped with 48 (4 × 12) Chipmaker 2 pins (TeleChem, Sunnyvale, CA). Post-
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processing consisted of 30 min in a humidity chamber followed by 60 min at 120 °C, and

washing to remove unbound DNA or buffer. Total RNA (30 µg) from three biological

replicates was reverse transcribed using Cy3- or Cy5-deoxyuridine triphosphate (dUTP)

(Amersham, Piscataway, NJ). Labeled cDNA was purified using a Qiagen PCR purification

kit (Qiagen, Valencia, CA), and Cy3- and Cy5-labeled samples were mixed, vacuum dried,

and re-suspended in hybridization buffer. The re-suspended mixture was heated at 95 °C for

3 min and hybridized on the array under a 22 × 60 mm LifterSlip (Erie Scientific Company,

Portsmouth, NH) at 42 °C for 18–24 h. All hybridizations involved samples compared to

time-matched vehicle controls with two independent labelings (dye-swap) as previously

described (Boverhof et al., 2005; Dere et al., 2006; Kopec et al., 2008). Microarrays were

washed, centrifuged, and scanned at 635 nm (Cy5) and 532 nm (Cy3) on an Affymetrix 428

(Affymetrix, Santa Clara, CA) or GenePix 4100A (Molecular Devices, Union City, CA)

scanner. Feature and background intensities were extracted using GenePix Pro (Molecular

Devices, Sunnyvale, CA). Microarray datasets will be made available on the Gene

Expression Omnibus (GEO). More detailed microarray printing, labeling, hybridization, and

washing protocols can be found at dbzach.fst.msu.edu.

2.5. Microarray normalization and analysis

Datasets were normalized using a semiparametric approach (Eckel et al., 2005) in SAS v9.1

(SAS Institute Inc., Cary, NC). Posterior probability P1(t) values were calculated on a per-

gene and time point basis using an empirical Bayes method (Eckel et al., 2004) implemented

in R v1.8.1 (http://www.r-project.org). Differentially expressed genes were identified using

a |fold-change| ≥ 1.5 and P1(t) ≥ 0.9999 as in previous studies (Boverhof et al., 2005; Dere

et al., 2006; Kopec et al., 2008). Principal components analysis (PCA) was performed in

Rv2.15.0 using all cDNA probes with available data across all treatments and time points.

Gene expression at each time point for each ligand was used for PCA analysis while 80%

confidence level ellipses were determined using the companion to applied regression

(car2.0-15) R package (Fox and Weisberg, 2011).

2.6. Functional annotation

Database for Annotation, Visualization, and Integrated Discovery (DAVID;

david.abcc.ncifcrf.gov) was used. All differentially expressed genes (|fold-change| ≥ 1.5,

P1(t) ≥ 0.9999) were used as a background list for the assessment of enrichment of in vitro

or in vivo conserved regulated genes. Functional terms were limited to Gene Ontology (GO)

biological processes (GOTERM_BP_FAT) and molecular functions (GOTERM_MF_FAT).

Enrichment scores represent the geometric mean (−log scale) of EASE p-values determined

for individual members of annotation clusters.

3. Results

3.1. In vitro microarray analysis

Time-dependent changes elicited by 10 nM TCDD (Dere et al., 2006), 10 µM βNF, 100 nM

PCB126, and 1 µM ICZ were evaluated in Hepa1c1c7 hepatoma cells. A total of 288 (130

induced and 158 repressed) TCDD-, 183 (125 induced and 58 repressed) βNF-, 119 (91

induced and 28 repressed) PCB126-, and 131 (78 induced and 53 repressed) ICZ-elicited
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gene expression changes (|fold-change| ≥ 1.5 and P1(t) ≥ 0.9999) were identified (Fig. 1).

Cyp1a1 showed the greatest induction while Alb was most repressed by all ligands, although

there were differences in efficacy (Supplementary Figs. S2 and S3). For example, TCDD

elicited a ~40-fold induction of Cyp1a1 while PCB126 elicited a ~10-fold-change in

Hepa1c1c7 cells. Similar induction profiles by all ligands were observed with AhR battery

genes including Nqo1 and Aldh3a1 (Nebert et al., 2000) but with more similar efficacies.

PCA suggests time-dependent divergence of gene expression. In Hepa1c1c7 gene

expression, PC1 and PC2 accounted for 76% of the variance and revealed separation of

TCDD and PCB126 from βNF and ICZ along PC1 with time while expression at individual

time points diverged along both PC1 and PC2 (Fig. 2). Consistent with these results,

expression profile comparisons suggest the majority of genes exhibit ligand-specific

differential expression (Fig. 3A). However, relaxation of the selection criteria from |fold-

change| ≥1.5 and P1(t) ≥ 0.9999 to |fold-change| ≥1.4 and P1(t) ≥ 0.999 for a union of 440

differentially expressed genes across all treatments increased the overlap >4-fold between

TCDD, βNF, PCB126 and ICZ (41 to 177 genes), suggesting that many common

differentially expressed genes were originally eliminated due to the stringent criteria. Under

relaxed criteria, ≤5% of differentially expressed genes exhibit ligand-specific regulation

with no ICZ-specific gene expression (Fig. 3B). Moreover, examination of fold-change

similarity relative to TCDD revealed comparable expression profiles, with ≤ 1% (3 genes;

Col1a1, Cdca5, and Zfp219) of βNF-, PCB126- and ICZ-elicited gene expression changes

exhibiting divergent expression (i.e., induced by one ligand but repressed by another; Fig.

3B).

3.2. In vivo microarray analysis

We have previously reported the hepatic gene expression effects of TCDD- and PCB126- in

orally gavaged C57BL/6 mice (Boverhof et al., 2005; Kopec et al., 2008). In this study,

comparative analysis was extended to include the effects of 90 mg/kg βNF on hepatic gene

expression using the same dosing regimen, animal model, and data analysis approach.

TCDD, βNF, and PCB126 elicited the differential expression of 610 (331 induced and 279

repressed), 479 (416 induced and 63 repressed) and 265 (166 induced and 99 repressed)

genes, respectively (Fig. 1). Similar to Hepa1c1c7 cells, PCA revealed time-dependent

divergent gene expression between TCDD and βNF with separation along PC1 while

PCB126 largely separated along PC2. PC1 and PC2 accounted for 84% of the variance (Fig.

4). Ligand-specific differential gene expression in vivo (Fig. 5A) was reduced ~3-fold with

relaxed selection criteria (overlap increased from 90 to 264 genes; Fig. 5A). However,

ligand-specific differential expression only decreased 27% (82 genes) for βNF compared to

49% (182 genes) and 55% (41 genes) for TCDD and PCB126, respectively, revealing some

ligands are more similar than others as suggested by PCA analyses. Moreover, 3% (13

genes) of PCB126- and 7% (29 genes) of βNF-elicited differential gene expression exhibit

divergent regulation (i.e., induced by one ligand but repressed by another) relative to TCDD

(Fig. 5B).
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3.3. Conserved and model-specific ligand-mediated responses

A total of 41 and 90 genes were identified as differentially expressed by all AhR ligands in

Hepa1c1c7 cells and C57BL/6 liver samples, respectively (Figs. 3A and 5A). Functional

annotation of the 41 Hepa1c1c7 genes identified over-represented functions associated with

oxidation and reduction (enrichment score 1.02) and vasculature development (enrichment

score 0.8). Glutathione (enrichment score 1.36) and lipid metabolism (enrichment score

1.23) were identified as the most enriched functions among the 90 common C57BL/6 genes.

Only 11 genes were identified as differentially expressed by TCDD, βNF, PCB126 and ICZ

in both Hepa1c1c7 cells and C57BL/6 mouse liver samples (Fig. 6; Supplementary Table 1).

Not surprisingly, these include genes commonly used as markers of AhR ligand exposure

such as Cyp1a1, Tiparp and Nqo1. Similar to in vitro and in vivo comparisons, relaxation of

filtering criteria (|fold-change| ≥ 1.4, P1(t) ≥ 0.999) increased the overlap from 11 to 39

genes (Fig. 6).

Further filtering identified 21 genes differentially expressed by TCDD, βNF, PCB126 and

ICZ only in Hepa1c1c7 cells (Supplementary Table 1). Interestingly, all of the ligands

repressed the expression of the hepatocyte marker Alb, which showed the greatest down-

regulation. Alb repression was exclusively in vitro suggesting AhR activation may alter the

functional status of Hepa1c1c7 cells. Other in vitro specific genes include the induction of

several lipid and carbohydrate metabolism genes including Aldh3a1, Cyp2s1, H6pd,

Pla2g4a, and Rbp4. Similarly, 60 genes exhibited differential expression by TCDD, βNF

and PCB126 exclusively in C57BL/6 mouse liver (Supplementary Table 1). Numerous lipid

metabolism genes showed in vivo specific AhR ligand expression including the induction of

Cd36, Lrp2, Acot7, and Pla2g2c, and the down-regulation of Srebf1, Gpd2, and Dak.

4. Discussion

In this study, TCDD-, PCB126-, βNF- and ICZ-elicited differential gene expression was

compared in Hepa1c1c7 cells and C57BL/6 liver samples. Although these ligands are

structurally diverse with different metabolism and elimination pharmacokinetics, all bind the

AhR with high affinity (Bohonowych and Denison, 2007) and elicit AhR-mediated

differential gene expression. TCDD and PCB126 are metabolized slowly, or not at all, with

in vivo elimination rates ranging from days to weeks in rodents (Gasiewicz et al., 1983;

Kopec et al., 2013; Pohjanvirta et al., 1990). In contrast, βNF and ICZ are rapidly

metabolized with almost complete elimination of βNF in mouse liver within 6 days (Boobis

et al., 1977; Chen et al., 1995; Pohjanvirta et al., 2002). These pharmacokinetic differences

are reflected in time-dependent differential gene expression with PCA showing divergent

gene expression changes at later time points, particularly TCDD comparisons to PCB126,

βNF or ICZ. This is consistent with previous reports of time-dependent divergence of gene

expression for the rapidly metabolized AhR ligand 2-(1′H-indole-3′-carbonyl)-thiazole-4-

carboxylic acid methyl ester (ITE) compared to TCDD in mouse lung fibroblasts (Henry et

al., 2010), and may be indicative of secondary responses elicited by metabolites rather than

the parent compound. However, the majority of PCB126-, βNF-, and ICZ-elicited gene

expression changes were in common with TCDD and therefore, considered AhR-mediated.

More specifically, ≥87% PCB126-, ≥84% βNF- and ≥94% ICZ-elicited differentially
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expressed genes exhibited fold-changes ≥70% of the TCDD-elicited fold-change.

Consequently, divergent responses cannot be explained by metabolism and/or elimination

alone.

Selective receptor modulators (SRMs) are ligands that elicit agonistic and/or antagonistic

activity in a gene-, cell-, and/or tissue-specific manner (Frasor et al., 2004; Kremoser et al.,

2007; Smith and O’Malley, 2004). Tamoxifen, the prototypical selective estrogen receptor

modulator (SERM), exhibits antagonist activity in breast tissue with partial agonist activity

in the uterus and bone, with no significant estrogen-like activity in the central nervous

system (Levenson and Jordan, 1999; Levenson et al., 2002; Smith and O’Malley, 2004).

Moreover, two other SERMs, raloxifene and trans-hydroxytamoxifen exhibit both partial

agonism, and antagonize estrogen regulated genes in MCF-7 human breast cancer cells

(Frasor et al., 2004). Comparisons of tamoxifen and 17α-ethynylestradiol elicited gene

expression identified several ligand-specific gene expression differences (Fong et al., 2007;

Kwekel et al., 2009). These studies demonstrate that SRMs can elicit unique gene

expression profiles even in the same model. SRMs differ by inducing unique ligand-binding

domain conformations that affect the recruitment and interaction with available co-activators

and co-repressors within a model (Kremoser et al., 2007; Levenson and Jordan, 1999; Smith

and O’Malley, 2004; Zhang et al., 2008). Therefore, it is not surprising that SRMs for the

same receptor elicit conserved as well as ligand-specific gene expression changes within the

same model resulting in some receptor-mediated responses that differ in potency and/or

efficacy. For example, Gadd45b in vitro and Fabp5 in vivo were induced ~4-fold by TCDD

but only ~2-fold by PCB126, βNF and ICZ in each model. Such effects may be due to

specific ligand-induced binding domain conformations that affect co-activator recruitment.

Other genes exhibit divergent profiles (i.e., induced by one ligand but repressed by another)

such as in Hepa1c1c7 cells where Col1a1 was induced by TCDD but repressed by βNF,

Cdca5 was induced by TCDD but repressed by PCB126, and Zfp219 was induced by TCDD

but repressed by both βNF and ICZ. Co-activator and co-repressor availability contributing

to cell- and tissue-specific ligand activity (Smith and O’Malley, 2004) may also explain the

divergent AhR-mediated gene expression reported between Hepa1c1c7 cells and mouse

liver samples following TCDD treatment (Dere et al., 2006) and is further supported by our

PCB126 and βNF data. However, divergent expression could also be due to the formation of

metabolites with unique or altered SRM efficacy and potency and/or other off-target effects.

For example, although tamoxifen elicits antiestrogenic activity in breast tissue, 4-

hydroxytamoxifen has greater binding affinity for the estrogen receptor and is considered

the more active agent.

SAhRMs have been developed that bind to the AhR but competitively antagonize TCDD-

elicited effects. TCDD-induced enzyme expression and/or activity (AHH, EROD, and

Cyp1a1 expression) (Astroff and Safe, 1989; Astroff et al., 1988; Bannister et al., 1989;

Harris et al., 1989; Kim et al., 2006), AhR binding (Gasiewicz and Rucci, 1991), ER binding

down-regulation (Romkes et al., 1987), and TCDD-induced porphyria (Yao and Safe, 1989),

immunotoxicity (Davis and Safe, 1988; Dickerson et al., 1990), cleft palate, and

hydronephrosis (Bannister et al., 1989; Biegel et al., 1989) can be antagonized by SAhRMs.

More recently, SAhRMS that modulate hematopoietic progenitor expansion (Boitano et al.,
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2010), repress cytokine-mediated induction of complement factor genes (Murray et al.,

2011), antagonize cytokine-mediated inflammatory signaling (Murray et al., 2010), and

inhibit tumor growth (Jin et al., 2012; Safe et al., 1999; Yin et al., 2012) in absence of

canonical DRE-elicited transcription have also been developed. Genome-wide AhR ChIP-

chip and two-hybrid studies also suggest that structurally diverse ligands such as 3-

methylcholanthrene (3-MC), PeCDD, PeCDF, TCDF, and PCB126 elicit DRE-dependent

AhR-mediated selective modulation of gene expression (Pansoy et al., 2010; Zhang et al.,

2008).

Maximal Cyp1a1 induction concentrations and doses were used for comparisons as an

indication of maximal AhR activation allowing observation of any evidence of selective

AhR modulation. Our study suggests, in addition to conserved responses, structurally

diverse AhR ligands elicit ligand-specific in vitro and in vivo hepatic differential gene

expression. For example, βNF is a commonly used non-toxic alternative to investigate AhR-

mediated effects. In addition to differences in efficacy and potency compared to TCDD,

βNF also had the lowest percentage (≤47%) of overlapping differentially expressed genes in

Hepa1c1c7 cells and C57BL/6 mouse liver samples compared to PCB126 and ICZ.

Furthermore, βNF-elicited Hepa1c1c7 gene expression was most like ICZ (≤73% overlap)

while TCDD was more similar to PCB126 (≤65% overlap) in C57BL/6 mouse liver.

However, relaxation of microarray filtering criteria often increased the overlap of

differentially expressed genes across all ligands suggesting that several genes may be

identified as ligand specific due to differences in efficacy. The conservation of a significant

subset of differentially expressed genes in response to TCDD, PCB126, βNF, and ICZ

suggests that potent AhR agonists elicit similar physiological responses, barring differences

in metabolism. Indeed, using different dosing regimens hepatic lipid accumulation in rodents

has been reported for TCDD, PCB126, βNF, and 3-MC (Boverhof et al., 2005; Bunger et al.,

2008; Kopec et al., 2008)(DrugMatrix database; https://ntp.niehs.nih.gov/drugmatrix),

despite pharmacokinetic differences and evidence of SAhRM activity (Pansoy et al., 2010;

Zhang et al., 2008).

In summary, TCDD, PCB126, βNF, and ICZ elicit a common subset of gene expression

changes with varying efficacies as well as ligand-specific differential expression in

Hepa1c1c7 cells and C57BL/6 liver. The identification of a large common subset of

differentially expressed genes suggests these effects are mediated by AhR. However, there

were also ligand-specific gene expression changes that cannot be explained by differences in

metabolism and/or elimination alone. Although ligand-specific SAhRM-like gene

expression changes need to be verified (e.g., corresponding changes in protein expression,

enzyme activity and/or metabolite levels) and their physiological significance determined,

these results suggest structurally diverse AhR ligands exhibit some degree of SAhRM

activity that, in addition to differences in pharmacodynamics, could affect potency and

efficacy as well as toxicity. Therefore, in addition to differences in metabolism and/or

elimination, ligand-specific SAhRM activity may have important implications for risk

assessment of AhR ligands which assumes a comparable mode of action for all ligands (van

den Berg et al., 2000). The significance of SAhRM activity in elucidating the mechanisms of
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toxicity of TCDD and related compounds, and potential implications for risk assessment

remains to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Gene expression elicited by AhR ligands TCDD, PCB126, βNF and ICZ was

compared.

• AhR ligands TCDD, PCB126, βNF and ICZ regulate a common subset of genes.

• AhR ligand elicited gene expression diverges as duration of exposure increases.

• TCDD, PCB126, βNF and ICZ selectively modulate the aryl hydrocarbon

receptor.
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Fig. 1.
Comparative microarray analysis of differential gene responses induced by AhR ligands.

Custom cDNA microarrays were filtered for differentially expressed features (|fold-change|

≥ 1.5, P1(t) ≥ 0.9999) and Entrez Gene ID annotation. Datasets were compared to identify

conserved, ligand- and model-specific differentially expressed genes.
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Fig. 2.
Principal component analysis (PCA) of TCDD-, PCB126 (PCB)-, ICZ-, or βNF-elicited

differential gene expression in treated Hepa1c1c7 cells. Numbers above points represent

duration of exposure to AhR ligand for TCDD (●), PCB126 (▲), ICZ (■), or βNF (◆).

Principal components 1 and 2 account for 76% of the total variance for cDNA probes with

available data across all treatments and time-points (12,104 clone IDs) used for this analysis.

Gray ellipses representing 80% confidence levels were determined using the companion to

applied regression (car2.0-15) R package (Fox and Weisberg, 2011).
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Fig. 3.
Comparison of ligand-dependent differential gene expression changes in Hepa1c1c7 cells.

(A) Ligand-dependent differential gene expression identified under stringent criteria (left; |

fold-change| ≥ 1.5, P1(t) ≥ 0.9999) revealed increased overlap following relaxation of

filtering criteria (right; |fold-change| ≥ 1.4 and P1(t) ≥ 0.999). (B) βNF, PCB126, or ICZ

datasets (not filtered for |fold-change| or P1(t) value) were compared to TCDD regulated

genes (|fold-change| ≥ 1.5, P1(t) ≥ 0.9999). Genes were classified as similar (|fold-change| ≥

70% of TCDD mediated fold-change; white), reduced (|fold-change| ≥ 1.5 and ≤70% of

TCDD mediated fold-change; gray), or divergent (|fold-change| ≥ 1.5 but in opposite

direction compared to TCDD; black) based on the maximal fold-change for each gene

elicited by TCDD.
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Fig. 4.
Principal component analysis (PCA) of hepatic gene expression fold-changes for TCDD-,

PCB126 (PCB)-, or βNF-treated mice. Numbers represent duration of exposure to AhR

ligand for TCDD (●), PCB126 (▲), or βNF (◆). PC1 and PC2 account for 84% of the

variance for cDNA probes with available data across all treatments and time-points used for

this analysis (11,165 clone IDs). 80% confidence level ellipses were determined using the

companion to applied regression (car2.0-15) R package (Fox and Weisberg, 2011).
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Fig. 5.
Comparison of ligand-dependent differential gene expression changes in C57BL/6 mouse

liver. (A) Ligand-regulated genes identified under stringent criteria (left; |fold-change| ≥ 1.5,

P1(t) ≥ 0.9999) showed a dramatic increase in overlap following relaxation of filtering

criteria (right; |fold-change| ≥ 1.4 and P1(t) ≥ 0.999). (B) βNF or PCB126 datasets (not

filtered for |fold-change| or P1(t) value) were compared to TCDD regulated genes (|fold-

change| ≥ 1.5, P1(t) ≥ 0.9999). Genes were classified as similar (|fold-change| ≥ 70% of

TCDD mediated fold-change; white), reduced (|fold-change| ≥ 1.5 and ≤70% of TCDD

mediated fold-change; gray), or divergent (|fold-change| ≥ 1.5 but in opposite direction

compared to TCDD; black) based on the maximal fold-change for each gene elicited by

TCDD.
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Fig. 6.
Comparison of in vitro and in vivo conserved TCDD-, βNF-, PCB126-, and ICZ-

differentially expressed genes. The Venn analysis for a union of 120 genes showed more

overlap for differentially expressed genes following treatment with TCDD, βNF, PCB126,

and ICZ increased when stringent criteria (left; |fold-change| ≥ 1.5, P1(t) ≥ 0.9999) were

relaxed (right; |fold-change| ≥ 1.4 and P1(t) ≥ 0.999).
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