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Abstract

Although the structure and function of the AhR are conserved, emerging evidence suggests that

downstream effects are species-specific. In this study, rat hepatic gene expression data from the

DrugMatrix database (National Toxicology Program) were compared to mouse hepatic whole-

genome gene expression data following treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD). For the DrugMatrix study, male Sprague–Dawley rats were gavaged daily with 20 μg/kg

TCDD for 1, 3 and 5 days, while female C57BL/6 ovariectomized mice were examined 1, 3 and 7

days after a single oral gavage of 30 μg/kg TCDD. A total of 649 rat and 1386 mouse genes (|fold

change|≥1.5, P1(t)≥0.99) were differentially expressed following treatment. HomoloGene

identified 11,708 orthologs represented across the rat Affymetrix 230 2.0 GeneChip (12,310 total

orthologs), and the mouse 4×44K v.1 Agilent oligonucleotide array (17,578 total orthologs).

Comparative analysis found 563 and 922 orthologs differentially expressed in response to TCDD

in the rat and mouse, respectively, with 70 responses associated with immune function and lipid

metabolism in common to both. Moreover, QRTPCR analysis of Ceacam1, showed divergent

expression (induced in rat; repressed in mouse) functionally consistent with TCDD-elicited

hepatic steatosis in the mouse but not the rat. Functional analysis identified orthologs involved in

nucleotide binding and acetyltransferase activity in rat, while mouse-specific responses were

associated with steroid, phospholipid, fatty acid, and carbohydrate metabolism. These results

provide further evidence that TCDD elicits species-specific regulation of distinct gene networks,

and outlines considerations for future comparisons of publicly available microarray datasets.

Keywords

Mouse; Rat; Cross-species; TCDD; Microarray

© 2012 Elsevier Inc. All rights reserved.
* Corresponding author at: Michigan State University, Center for Integrative Toxicology, Department of Biochemistry & Molecular
Biology, 603 Wilson Road, Room 501, East Lansing, MI 48824-1319, USA. Fax: +1 517 353 9334. tzachare@msu.edu (T.R.
Zacharewski)..

Conflict of interest statement
The authors declare that there are no conflicts of interest.

NIH Public Access
Author Manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 21.

Published in final edited form as:
Toxicol Appl Pharmacol. 2013 March 1; 267(2): 184–191. doi:10.1016/j.taap.2012.11.028.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is associated with species-specific responses

that are mostly mediated by the aryl hydro-carbon receptor (AhR) (Denison and Heath-

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

binding to the AhR leads to the dissociation of chaperone proteins HSP90, p23, and AIP

(also known as ARA9 or XAP2), heterodimerization with the AhR nuclear translocator

(ARNT), and translocation of the complex to the nucleus (Hankinson, 1995). Liganded

AhR–ARNT complexes bind to dioxin response elements (DREs) consisting of a core

sequence 5′-GCGTG-3′ in the promoter region of target genes, altering their expression

(Hankinson, 1995), although recent studies indicate that non-canonical mechanisms

independent of DREs serve an underappreciated role in the effects elicited by TCDD and

related compounds (Beischlag et al., 2008; Denison et al., 2011; Dere et al., 2011c; Huang

and Elferink, 2012).

Despite similarities in structural organization, amino acid sequence, and mode of action, as

well as the conserved specificity of AhR binding to DREs (Bank et al., 1992; Denison et al.,

1986, 2011; Hahn et al., 1997; Okey et al., 1994), a number of species-specific

toxicogenomic, histopathological, and physiological responses are elicited by TCDD and

related compounds (Black et al., 2012; Boutros et al., 2008; Boverhof et al., 2006; Carlson et

al., 2009; Dere et al., 2011b; Forgacs et al., 2012, submitted for publication; Gonzalez and

Shah, 2008; Maglich et al., 2002; Poland and Knutson, 1982; Silkworth et al., 2005). For

example, acute high dose TCDD exposure induces hepatic steatosis in the mouse, with

minimal hepatic fat accumulation in rats, while hepatocyte hyper-trophy is only reported in

rat (Boverhof et al., 2006). Species-specific differences in choline metabolism (Forgacs et

al., 2012) and serum clinical chemistry responses including alterations in serum alanine

aminotransferase, cholesterol, free fatty acids, and triglycerides have also been reported

(Boverhof et al., 2006; Forgacs et al., 2012).

Species-specific responses confound the extrapolation of rodent data for use in human risk

assessment (Olson et al., 2000; Smith, 2001). To further investigate the species-specific

hepatic effects of TCDD, comparative gene expression profiles have been examined (Black

et al., 2012; Boutros et al., 2008; Boverhof et al., 2006; Carlson et al., 2009; Dere et al.,

2011b). In vivo genome-wide analysis showed that <20% of TCDD-responsive orthologs

were conserved between rats and mice. Many of these differences were also reflected in

species-specific hepatic metabolomic profiles (Forgacs et al., 2012). Similarly, >70% of the

TCDD-elicited differentially expressed orthologs in rat H4IIE, mouse Hepa1c1c7, and

human HepG2 hepatoma or HL1-1 liver stem-cell like cell lines were species-specific (Dere

et al., 2011b; Kim et al., 2009). However, these studies were limited by the number of

comparable rat orthologs represented on the microarrays (3087 and 8125 in the Boverhof et

al., 2006 and Boutros et al., 2008 studies, respectively).

Recently, the DrugMatrix database which contains genome-wide rat microarray datasets for

over 600 chemicals was made publicly available by the National Toxicology Program

(NTP). In this study, the more comprehensive DrugMatrix rat dataset was used to expand

our previous comparison of TCDD-elicited genome-wide in vivo rat and mouse hepatic gene
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expression using the same normalization and analysis methods. This cross-platform

comparison involved 11,708 orthologs represented in both datasets, thus addressing the

coverage limitations of previous in vivo studies. We show that >85% of TCDD-responsive

orthologs are species-specific providing further evidence of TCDD elicited species-specific

hepatic gene expression (Black et al., 2012; Boutros et al., 2008; Boverhof et al., 2006;

Budinsky et al., 2010; Carlson et al., 2009; Dere et al., 2011b; Forgacs et al., submitted for

publication; Silkworth et al., 2005) and species-specific ortholog differential expression

associated with lipid, glycerolipid and carbohydrate metabolism, supporting divergent in

vivo metabolic responses to TCDD. Moreover, we also outline several considerations for

future comparisons to publicly available datasets such as those found in the DrugMatrix

database.

Materials and methods

Microarray datasets

Rat microarray raw data were retrieved from the DrugMatrix database (https://

ntp.niehs.nih.gov/drugmatrix; provided by Dr. S. Auerbach, National Toxicology Program).

Gene expression studies used male Sprague–Dawley rats (6–8 weeks old) orally gavaged

daily with carboxymethyl cellulose (CMC; vehicle control) or 20 μg/kg body weight TCDD

in CMC, and euthanized at 1, 3 and 5 days post-dose (Ganter et al., 2005). Hepatic gene

expression was assessed using the Affymetrix rat genome GeneChip 230 2.0 arrays (Santa

Clara, CA).

The mouse microarray dataset used 4×44K Agilent oligonucleotide arrays (version 1) (Dere

et al., 2011c) and hepatic samples from a published study (Boverhof et al., 2005). Briefly,

ovariectomized (ovx) immature female C57BL/6 mice were gavaged once with sesame oil

vehicle or 30 μg/kg TCDD in sesame oil on postnatal day 28. Mice were euthanized at 2, 4,

8, 12, 18, 24, 72 and 168 h, and total hepatic RNA was extracted. For the purpose of this

study, only 24, 72 and 168 h (1, 3 and 7 days) were retrieved from dbZach (Burgoon et al.,

2006) and re-analyzed for comparison.

Microarray data analysis, functional annotation and clustering

Rat raw microarray signal intensity values were generated using the MAS5 algorithm

implemented in the Affymetrix Expression Console (http://affymetrix.com). Rat and mouse

raw microarray signal intensity values were then normalized in-house using our

semiparametric approach (Eckel et al., 2005) in SAS version 9.1 (Cary, NC). Subsequently,

the normalized data from both studies were analyzed using the same approach to facilitate

comparisons. An empirical Bayes method was used to calculate posterior probability P1(t)

values on a per-gene and -time point basis (Eckel et al., 2004) using R v1.8.1 (http://www.r-

project.org). Genes were considered differentially expressed using |fold change|≥1.5 and

statistical P1(t)≥0.99 cut-offs. Orthologs were identified using HomoloGene identifiers

(build 66; http://www.ncbi.nlm.nih.gov/HomoloGene/).

Functional annotation and categorization of orthologs were performed using the Database

for Annotation, Visualization, and Integrated Discovery (DAVID, http://
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david.abcc.ncifcrf.gov) (Dennis et al., 2003). Functionally clustered orthologs were filtered

for gene ontology biological processes (BP) and molecular functions (MF). Scores≥1.3

(equivalent to a -log scale geometric mean p-value of 0.05) were considered significantly

enriched. Transcription factor (TF) analysis (Ingenuity Pathway Analysis, Ingenuity

Systems, Redwood City, CA; www.ingenuity.com) was used to predict active and inhibited

transcriptional regulators (TRs). TF analysis uses a proprietary algorithm to analyze

downstream gene expression to estimate the likelihood of a TR being (or having been)

activated or inhibited based on a calculated Z-score (IPA, 2011).

Quantitative real-time PCR (QRTPCR) of Ceacam1—Hepatic RNA isolation, cDNA

plate preparation, and QRTPCR were performed as previously described (Boverhof et al.,

2005; Kopec et al., 2011). Rat hepatic samples from the DrugMatrix database were not

available for QRTPCR. RNA extracted from frozen liver samples of female Sprague–

Dawley rats (Boverhof et al., 2006) and female C57BL/6 ovx mice (Kopec et al., 2008)

orally gavaged once with TCDD in sesame oil at 10 μg/kg and 30 μg/kg, respectively, for 1,

3, and 7 days were used. Reactions were performed in 96-well plates (Applied Biosystems,

Foster City, CA) containing 1.0 μl cDNA template, 0.1 μM gene-specific forward and

reverse primers, 3 mM MgCl2, 1.0 mM dNTPs, 0.025 IU Amplitaq Gold and 1 × SYBR

Green PCR buffer (Applied Biosystems) in a final volume of 30 μl and amplified using an

Applied Biosystems PRISM 7000 sequence detection system. Rat and mouse Ceacam1

cDNAs were quantified using a standard curve and standardized to the geometric mean of

housekeeping genes ActB, Hprt, and Gapd or Rpl13 (Vandesompele et al., 2002). Primer

sequences for housekeeping genes were previously described (Boverhof et al., 2006) and

Ceacam1 primer sequences are listed in Supplementary Table S1. QRTPCR data were

analyzed by analysis of variance (ANOVA) followed by Tukey's post hoc test using SAS

9.1.

Genomic AhR ChIP–chip and DRE enrichment analysis—AhR enrichment of

genomic regions was determined using whole-genome ChIP–chip data (Dere et al., 2011c).

Putative DRE (pDRE) distributions within rat and mouse genes were identified using a

position weight matrix (PWM) (Dere et al., 2011a). Briefly, mouse ChIP–chip analysis was

performed using an Affymetrix GeneChip mouse 2.0R tiling array (Dere et al., 2011c). A

1% false discovery rate (FDR≤0.01) statistical cut-off was determined using the default

moving average (MA) approach in TileMap (Dere et al., 2011c). pDREs were determined

using a PWM based on bona fide DRE sequences comprising the DRE core sequence (5′-

GCGTG-3′) and the adjacent 7 bp upstream and downstream flanking regions. Although a

matrix similarity score (MSS) of 0.8473 is suggested as the threshold for identifying pDREs

(Dere et al., 2011a), DREs with MSS≥0.8 were considered candidates as pDREs for AhR

complex binding. pDREs and AhR regions of enrichment within the Ceacam1 genomic

region were aligned using custom tracks in the University of California—Santa Cruz

Genome Browser (Fujita et al., 2011) for rat (build rn4) and mouse (build mm9) (Dere et al.,

2011c).

Nault et al. Page 4

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://david.abcc.ncifcrf.gov
http://www.ingenuity.com


Results

Re-analysis and re-annotation of rat Affymetrix dataset

Rat Affymetrix data was last annotated in 2006 and normalized using a nonlinear

normalization procedure and empirical Bayes analysis approach developed by Iconix, the

DrugMatrix developers (Ganter et al., 2005; NIEHS/NTP, 2011). In order to facilitate a

more equitable comparison to our mouse gene expression dataset (Dere et al., 2011c), raw

probe signals were extracted from the Affymetrix GeneChip 230 2.0 array CEL files, and

probe set calls determined using the MAS5 algorithm (http://affymetrix.com) These data

were then re-analyzed using our in-house semiparametric normalization and empirical Bayes

statistical methods (Eckel et al., 2004, 2005). Re-annotation using release 32 (August 2011;

http://www.affymetrix.com/support/help/releasedocs/netaffx_release_32.affx) also

decreased the number of genes represented by the 31,042 probe sets of the Affymetrix

GeneChip 230 2.0 from 22,908 to 19,763 Gene IDs. Only ~71% of the 31,042 probe sets

have the same annotation in release 32 compared to the 2006 annotation.

Using nonlinear normalization and an empirical Bayes analysis, Iconix originally identified

575 differentially expressed probe sets that represent 304 genes based on release 32

annotation (or 376 genes using 2006 annotation) (Ganter et al., 2005; NIEHS/NTP, 2011).

However, different normalization and analysis procedures can significantly influence the

identification of differentially expressed genes (Guo et al., 2006; Shi et al., 2006). Using the

MAS5 algorithm to determine rat Affymetrix calls for each probe set, the calls were then

subjected to our semiparametric normalization and empirical Bayes statistical analysis, 1173

differentially regulated probe sets (|fold change|≥1.5 and P1(t)≥0.99) representing 649

unique genes (Fig. 1A) were identified. This provided a differentially expressed gene list for

the rat Affymetrix dataset that could be compared to the mouse Agilent datasets identified

using the same normalization and data analysis approaches, thus minimizing confounding

variables introduced by different data analysis approaches. Comparison of the Iconix

analysis published within the DrugMatrix database to our in-house analysis identified 40

overlapping differentially expressed probe sets within the rat Affymetrix dataset (Fig. 1B).

Using 2006 annotation, the 40 commonly regulated probe sets represent 24 unique genes but

only 29 differentially expressed unique genes based on release 32 annotation (Fig. 1B).

Further examination identified 457 probe sets that were excluded from the comparison due

to absent detection calls by MAS5 which likely contributed to the poor overlap between the

two analysis methods.

Comparative analysis of rat and mouse microarray datasets

A total of 13,874 and 21,307 unique genes are represented on the rat Affymetrix GeneChip

230 2.0 and mouse Agilent 4×44K oligonucleotide array, respectively. Semiparametric

normalization (Eckel et al., 2005) and empirical Bayes analysis (Eckel et al., 2004)

identified 649 differentially expressed rat genes (|fold change|≥1.5 and P1(t)≥0.99) across

days 1, 3 and 5 based on release 32 annotation while 1386 mouse genes are differentially

expressed across 1, 3 and 7 days (Fig. 2) using mm9 genome build annotation. Rat

differential expression showed distinct temporal patterns with only ~1% (9 genes) active

across all three time points compared to the >16% of mouse genes active at 1, 3 and 7 days.
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Rat differential expression ranged from the ~14-fold induction for Nr1d1 to ~6.7-fold

repression for cxcl1, both at 5 days. Cyp1a1 was not reported to be induced in the rat study.

This was not attributed to signal variability or probe design but may be due to the use of

carboxymethyl cellulose (CMC) as the vehicle resulting in an underestimation of

administered TCDD dose (Dr. S. Auerbach, personal communication). However, similar

response of several other genes including Cpt1a, Mt1a, Pdk2, and Srebf1 to previous rat

gene expression studies (Boverhof et al., 2006) and observation of minimal lipid

accumulation, inflammation, and necrosis at a lower dose (0.7 μg TCDD/kg/day in CMC

vehicle) as early as 5 days (https://ntp.niehs.nih.gov/drugmatrix) suggest that satisfactory

TCDD exposure did in fact occur. Mouse temporal differential expression exhibited almost

twice as many differentially expressed genes (570, 551, 968 at 1, 3 and 7 days, respectively)

with Cyp1a1 (~206-fold) and Serpina7 (~8-fold) representing the most induced and

repressed genes, respectively (Dere et al., 2011a,b,c).

HomoloGene (build 66; http://www.ncbi.nlm.nih.gov/HomoloGene/) identified 11,708

orthologs represented on both platforms, of which 563 and 922 were differentially expressed

(|fold-change|≥1.5, P1(t)≥0.99) in the rat and mouse, respectively (Fig. 3). Only 70 orthologs

were differentially expressed in both species (Fig. 3; Supplementary Table S2). Although

relaxation of the filtering criteria to |fold-change|≥1.4, P1(t)≥0.9 increased the overlap to 244

differentially expressed orthologs, the results are consistent with TCDD eliciting species-

specific gene expression profiles. Moreover, the correlation analysis of the 70 commonly

regulated orthologs using fold change and P1(t) values found only ~37% exhibit comparable

expression profiles (Fig. 4, Quadrant I).

Functional annotation of the 70 commonly regulated orthologs using DAVID identified

over-represented functions associated with external stimuli, chemokine activity, cell

proliferation, lipid catabolism and regulation of transcription. More specifically, lipid

catabolism genes phospholipase A2 group XIIA (Pla2g12a; induced up to ~4.5-fold) and

patatin-like phospholipase domain containing 3 (Pnpla3; repressed up to ~3.4-fold) were

differentially expressed in both species. Lipoprotein lipase (Lpl) was the only lipid

metabolism related ortholog to show divergent regulation (repressed ~1.5-fold in rat;

induced ~3.0-fold in mouse). Other orthologs involved in lipid metabolism common to both

species include sterol regulatory element binding factor 1 (Srebf1; repressed up to ~1.7-

fold), fatty acid elongase 6 (Elovl6; repressed up to ~2.8-fold), and hydroxysteroid (17-β)

dehydrogenase 2 (Hsd17b2; induced up to ~3.4-fold). While similar responses of Srebf1 are

reported in female rats (Boverhof et al., 2006), responses of Elovl6 and Hsd17b2 may be

sex-specific.

Ceacam1 is involved in insulin signaling and recycling (Najjar, 2002). In humans with fatty

liver, Ceacam1 is repressed (Lee, 2011) while Ceacam1 null mice develop hyperinsulinemia

and hepatic steatosis (DeAngelis et al., 2008). In contrast, Ceacam1 is induced by TCDD in

rats (Fletcher et al., 2005), consistent with the lack of AhR-mediated hepatic steatosis

(Boverhof et al., 2006). QRTPCR confirmed ~2-fold induction of Ceacam1 in the rat and

~2.4-fold repression in the mouse (Fig. 5). Several 19 bp DRE sequences were also

identified within the 10 kb transcription start site upstream region of the rat Ceacam1 loci,

three of which had an MSS>0.8 (Fig. 6, Supplementary Table S3).
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Species-specific TCDD-responsive orthologs

Rat- and mouse-specific expression represents 88% and 92% of the total differentially

expressed orthologs, respectively. Ratspecific responses were associated with antigen

processing and presentation, nucleotide binding, and acetyltransferase activity categories.

Over-represented mouse-specific functions included immune responses, steroid metabolism,

fatty acid metabolism, glycerolipid metabolism, and xenobiotic metabolism (Table 1).

Interestingly, rat-specific acetyltransferase activity was linked to chromatin remodeling and

phospholipid metabolism. The latter includes 1-acyl-sn-glycerol-3-phosphate acyltransferase

gamma (Agpat3) and lysophosphatidylcholine acyltransferase 1 (Lpcat1) involved in the

production of phosphatidic acid and phosphatidylcholine from lysophosphatidic acid and

lysophosphatidylcholine, respectively. Both orthologs were induced ~1.5-fold at day 5.

Moreover, the phospholipid metabolism genes mitochondrial glycerol-3-phosphate

acyltransferase (Gpam) and phospholipase A2 group XV (Pla2g15) were suppressed (~2-

fold) and induced (~1.6-fold), respectively. In contrast, mouse specific induced genes

included arachidonate 12-lipoxygenase (Alox12; ~1.6-fold) involved in phospholipid

metabolism and immune responses, monoglyceride lipase (Mgll; ~1.8-fold) involved in

triglyceride hydrolysis, and fatty acid uptake and transport related genes for very low

density lipoprotein receptor (Vldlr; ~2.1-fold), Cd36 (~3.9-fold), and fatty acid binding

proteins (Fabps) 4, 5 and 12 (~1.5-, ~2.2-, and ~22-fold, respectively). Several of these

genes have 19 bp DRE sequences with an MSS>0.8 in the 10 kb TSS upstream region

(Agpat3, Cd36, Lpcat1, Pla2g15, Alox12, Fabp4, Fabp5; Supplementary Table S3).

Furthermore, pDREs>0.8473 are found in the mouse Fabp12 (MSS of 0.873 and 0.894) and

Mgll (MSS of 0.857) genomic regions along with AhR enrichment which is consistent with

TCDD-mediated induction. However, mouse Vldlr shows AhR enrichment in the absence of

any high-scoring DRE sequences, suggesting activation by non-canonical mechanisms

(Beischlag et al., 2008; Denison et al., 2011; Dere et al., 2011c; Huang and Elferink, 2012).

Transcription factor analysis

Gene expression datasets were used to investigate species-specific transcription factor

activation or inhibition. A total of 22 rat and 40 mouse transcriptional regulators (TRs) were

identified (Table 2), 9 of which were predicted to be active in both species. The

glucocorticoid receptor (GR), interferon regulatory factors (IRF) 1, 3, and 7, and nuclear

factor (erythroid-derived 2)-like 2 (NFE2L2, also known as NRF2) were predicted to show

divergent activity. GR and IRF are involved in stress and immune responses (Nunez et al.,

2005) and were predicted to be activated in rat while inhibited in mouse. In contrast,

NFE2L2, an important oxidative stress signaling mediator shown to be activated by TCDD

(Boutros et al., 2009), was predicted to be inhibited in rat and activated in mouse. The

predicted mouse-specific induction of NFE2L2 activity is consistent with mouse-specific

gene expression induction of Nqo1, Ugts, and Gsts, members of the “TCDD-inducible AhR-

Nrf2 gene battery” (Yeager et al., 2009). Although the predicted down-regulation of thyroid

hormone receptor β (THRB) activity in both species is consistent with hypothyroxemia

observed in rats exposed to TCDD, hypothyroxemia is not reported in mice (Craft et al.,

2002). Other mouse-specific TR predictions include the activation of the AhR, repression of

the carbohydrate response element binding protein (ChREBP), and repression of the
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peroxisome-proliferator activated receptor (PPAR) δ and γ activities. Although TR

activation or inhibition may be post-translational, ChREBP mRNA exhibited a

corresponding ~1.6-fold inhibition of expression.

Discussion

Species-specific toxicogenomic and histological responses elicited by TCDD have been

reported in rats and mice (Boutros et al., 2008; Boverhof et al., 2006; Carlson et al., 2009;

Dere et al., 2011b; Forgacs et al., 2012, submitted for publication; Poland and Knutson,

1982). More specifically, comparative in vivo rat and mouse toxicogenomic studies suggest

that <20% of represented orthologs exhibit differential expression in both species using

arrays with limited genomic coverage (Boutros et al., 2008; Boverhof et al., 2006). We have

extended this comparative analysis to 11,708 orthologous genes using rat Affymetrix

(DrugMatrix) and mouse Agilent (Dere et al., 2011c) datasets identifying only 70 commonly

regulated orthologs representing <15% of TCDD-responsive genes in either species.

Although the datasets used in this study were generated using different study designs,

treatment regimens, and microarray platforms, valid inter-platform comparisons are possible

when raw signal intensities are re-analyzed using the same normalization and statistical

methods (Guo et al., 2006; Shi et al., 2006). More importantly, re-annotation of the rat

DrugMatrix dataset was required for accurate comparisons as updated annotation changed

the gene association for ~29% of the probe sets. Nevertheless, using a similar fold-change

threshold as in previous species comparison (Dere et al., 2011b) the relative number of

species-specific and conserved differentially expressed orthologs was consistent with

previous comparative studies (Boutros et al., 2008; Boverhof et al., 2006; Dere et al.,

2011b). Moreover, b20% of TCDD-responsive orthologs are conserved between species

using the more relaxed filtering criteria (data not shown), similar to previous reports

(Boutros et al., 2008; Boverhof et al., 2006).

The large number of species-specific responses is also consistent with the divergent DRE

distributions in the regulatory regions of differentially expressed orthologs (Dere et al.,

2011a,c; Sun et al., 2004). Despite distinct TCDD-responsive orthologs, both rat and mouse

were significantly enriched for antigen processing and presentation (most of which showed

up-regulation) implicating induced immune responses in both species. Histological

examination also reveals immune cell infiltration in mouse liver (Boverhof et al., 2006) and

inflammation in rat liver (National Toxicology, 2006). Conversely, rat-specific effects on

nucleotide binding and acetyltransferase activity suggest dynamic transcriptional regulation.

Rat-specific TCDD-mediated induction of phospholipid metabolism-related Agpat3 and

Lpcat1 genes, and the repression of Gpam and Pla2g15 may also be involved in the

dysregulation of choline metabolism in rats (Forgacs et al., 2012).

Acute TCDD exposure elicits mouse-specific development of hepatic steatosis (Boverhof et

al., 2006). Mouse-specific induction of Fabp4, 5, and 12, Vldlr, and Cd36 is indicative of

increased fatty acid uptake and transport, and consistent with dietary fat as the principle

source of lipids in TCDD-elicited steatosis (Angrish et al., 2012; Atshaves et al., 2010;

Goudriaan et al., 2001). The absence of pDREs in the 10 kb TSS upstream region for Vldlr
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suggests the involvement of non-canonical mechanisms in hepatic steatosis induced by

TCDD. The induction of lipases, including Lpl, further supports free fatty acid uptake from

hydrolyzed lipoproteins while the down-regulation of Ceacam1 (Boverhof et al., 2006;

DeAngelis et al., 2008), and the induction of Mgll induction are consistent with increased

hydrolysis of triglyceride stores and hepatic fatty acid accumulation in the mouse. In

contrast, the lack of rat hepatic lipid accumulation may be due to AhR-mediated Ceacam1

induction consistent with the presence of pDREs in the regulatory region. While the down-

regulation of Pnpla3 in both species should facilitate hepatic triglyceride accumulation (He

et al., 2010), it is contrary to the elicited hepatic steatosis reported in the mouse but not in

the rat following a single bolus oral dose of 10 μg/kg TCDD (Boverhof et al., 2006).

Mouse-specific predictions of PPARδ, PPARγ, and ChREBP inhibition also indicate TCDD-

mediated metabolic disruption. Interestingly, TCDD-elicited differential gene expression in

rat and human primary hepatocytes identified human-specific enrichment of PPAR and

ChREBP signaling pathways (Black et al., 2012). The absence of predicted PPAR and

ChREBP activity in the rat suggests that human responses associated with energy

homeostasis may be more similar to mice. However, ChREBP inhibition alleviated hepatic

steatosis in ob/ob mice (Postic et al., 2007), contrary to lipid accumulation in TCDD-treated

mouse liver, highlighting the importance of considering whole-genome data and ‘toxicity

pathway’ elucidation, as opposed to individual gene expression responses.

In summary, despite increasing the ortholog coverage by using the rat Affymetrix dataset

available within DrugMatrix, only a small number of orthologs are regulated by TCDD in

the mouse and rat, despite using similar normalization and statistical approaches as well as

the most current annotation. Several differentially expressed orthologs associated with fatty

acid, glycerolipid, and carbohydrate metabolism emphasize species-specific metabolic

responses consistent with TCDD-mediated hepatic steatosis in the mouse (Boverhof et al.,

2006) and perturbations of choline metabolism in rat (Forgacs et al., 2012). These results

provide further evidence that TCDD elicits species-specific responses by regulating distinct

gene networks. However, it remains unclear which rodent is a better model for humans

although comparative studies in primary hepatocytes suggest that mice may be a better

model for selected responses such as hepatic fat accumulation (Forgacs et al., submitted for

publication). Further assessment of species-specific regulated gene networks is warranted to

identify other conserved responses/pathways relevant to human health.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.taap.

2012.11.028.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Comparison of the rat Affymetrix GeneChip 230 2.0 probe set annotation and differentially

regulated probes. (A) Differentially regulated probes of the previously analyzed DrugMatrix

dataset using an empirical Bayes analysis for estimation of variance and p-values (p≤0.05)

or following re-annotation (Affymetrix annotation release 32; http://www.affymetrix.com/

support/help/releasedocs/netaffx_release_32.affx), semiparametric normalization, and

empirical Bayes estimation of posterior probabilities (in-house analysis) examined for

changes in annotation using the 2006 annotation found in the online database or following

re-annotation by Affymetrix release 32. (B) Overlap of differentially regulated probe sets

and unique genes identified by the DrugMatrix analysis or in-house analysis using the 2006

annotation or Affymetrix annotation release 32. Probes and unique genes flagged as absent

were determined using the MAS5 algorithm implemented in the Affymetrix Expression

Console (http://affymetrix.com).
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Fig. 2.
Hepatic differential gene expression in the rat and mouse. Gene annotation for the rat dataset

was first updated using Affymetrix release 32 annotation (http://www.affymetrix.com/

support/help/releasedocs/netaffx_release_32.affx). Updated rat Affymetrix GeneChip 230

2.0 and mouse 4×44K Agilent oligonucleotide array (version 1) raw datasets were

normalized by our in-house semiparametric normalization (Eckel et al., 2005), and empirical

Bayes analysis methods (Eckel et al., 2004). Temporal distribution of differentially

expressed genes (|fold change|≥1.5 and P1(t)≥0.99) in (A) rat and (B) mouse per time point

(repressed — light gray; induced — dark gray). The total number of responsive genes at

each time point is indicated in parentheses. Venn diagrams compare differentially regulated

genes at each time point for (C) rat and (D) mouse.

Nault et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.affymetrix.com/support/help/releasedocs/netaffx_release_32.affx
http://www.affymetrix.com/support/help/releasedocs/netaffx_release_32.affx


Fig. 3.
Comparison of hepatic rat and mouse TCDD-elicited differential ortholog expression. (A)

Comparison of unique genes, orthologs and TCDD-responsive orthologs in rat and mouse.

Gene annotation for the rat Affymetrix dataset was first updated using Affymetrix release 32

annotation (http://www.affymetrix.com/support/help/releasedocs/netaffx_release_32.affx).

Both the updated rat Affymetrix GeneChip 230 2.0 and the mouse 4×44K Agilent

oligonucleotide array (version 1) raw datasets were normalized by a semiparametric method

(Eckel et al., 2005), and statistically analyzed using an empirical Bayes method (Eckel et al.,

2004). (B) Venn diagrams of 1415 comparable differentially regulated orthologs (563 rat

and 922 mouse) representing species-specific and commonly regulated TCDD-responsive

orthologs using stringent (|fold change|≥1.5, P1(t)≥0.99) and relaxed criteria (|fold change|

≥1.4, P1(t)≥0.90).
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Fig. 4.
Correlation analysis of commonly regulated TCDD-responsive genes (|fold change|≥1.5,

P1(t)≥0.99). Gene annotation for the rat Affymetrix dataset was first updated using

Affymetrix release 32 annotation (http://www.affymetrix.com/support/help/releasedocs/

netaffx_release_32.affx). The updated rat Affymetrix GeneChip 230 2.0 and the mouse

4×44K Agilent oligonucleotide array (version 1) raw datasets were normalized by a

semiparametric method (Eckel et al., 2005), and statistically analyzed using an empirical

Bayes method (Eckel et al., 2004). Only 37% genes were positively correlated in terms of

fold change and significance between rat and mouse genes (quadrant I).
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Fig. 5.
Temporal QRTPCR analysis of hepatic Ceacam1 expression in (A) rat and (B) mouse liver.

Bars represent gene expression relative to time-matched vehicle controls±standard error for

at least 4 biological replicates. Data are scaled such that expression levels of vehicle controls

are equal to one (dotted line). Asterisks (*) represent significant differences (p<0.05)

compared to time-matched vehicle control determined by ANOVA followed by Tukey's post

hoc test.
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Fig. 6.
Examination of the rat and mouse Ceacam1 genomic regions. Computationally identified

DRE core location and ChIP–chip AhR enriched regions have been previously reported

(Dere et al., 2011a,c). Track 1 represents scale and chromosome position. Track 2 depicts

the organization of the Ceacam1 genomic region including the TSS, exons (boxes), introns

(arrows), and transcriptional variants. Yellow boxes indicate regions targeted by probes

(Agilent or Affymetrix oligonucleotides), while red boxes represent the region targeted by

QRTPCR primers used in this study. Track 3 summarizes the location of computationally

identified DRE core sequences. The height of the purple lines provides a qualitative measure

of the matrix similarity scores (MSS) for the 19 bp DRE sequence. The horizontal line

indicating an MSS=0.8473 identifying 19 bp DRE sequences with putative function. Tracks

4–7 for mouse summarize in vivo hepatic ChIP–chip AhR regions of enrichment (Dere et

al., 2011c). Track 4 illustrates probe tiling for the Affymetrix 2.0R mouse chip. Track 5

identifies regions significantly enriched (FDR≤0.01) for AhR enrichment. Tracks 6 and 7

are histograms representing the moving average (MA, track 6) and log2 fold enrichment

(track 7) for regions of AhR enrichment.
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Table 1

Over-represented functions associated with species-specific differential gene expression.

Category Enrichment score

Rat

    Antigen processing and presentation 6.15

    Nucleotide binding 2.42

    Acetyltransferase activity 1.84

Mouse

    Inflammatory response 6.79

    Chemotaxis 5.52

    Immune response 5.48

    Response to bacteria 4.96

    Immune cell activation and development 3.71

    Antigen processing and presentation 3.43

    Cytokine activity 3.34

    Oxidation/reduction 3.32

    Cytokine production 3.28

    Enzyme inhibitor activity 3.02

    Steroid metabolism 2.79

    Antigen receptor-mediated signaling 2.05

    Immune cell proliferation 2.03

    Xenobiotic metabolism 2.02

    Bone development 1.88

    Carbohydrate binding 182

    Phagocytosis 1.66

    Fatty acid metabolism 1.57

    Lipid catabolism 1.5

    Angiogenesis 1.46

    Alcohol biosynthesis 1.45

    Glycerolipid metabolism 1.35

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 21.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Nault et al. Page 21

Table 2

Transcription factor analysis of rat and mouse gene sets.

Transcription regulator Rat Mouse

1d 3d 5d 1d 3d 7d

AhR – – – ▲ – ▲ – –

C/EBPa ▼ – – – –1.56 – –

CAR – – – 1.71 ▲ 1.7 –

ChREBP – – – ▼ – 1.59 ▼ – ▼ –

CLOCK ▲ – – ▲ – – – –

Creb – – – – – ▼ –

FOXG1 – – – ▼ – – –

GATA2 – – – ▼ – – –

GR NA ▲ NA NA – – ▼ –

HNF1A – – – ▼ – ▼ – ▼ –

HSF1 – – – – – ▼ –

IRF1 – ▲ – – – – ▲ –

IRF3 – ▲ – – ▼ – ▼ – –

IRF7 – ▲ 2.56 – ▼ –1.69 – –

KEAP1 – – – – ▼ – –

LXRA – – – – – ▼ –

LXRB NA ▼ NA NA – – –

MLX – – – ▼ – ▼ – –

MR – – – – – ▲ –

MYC – – – 2.04 1.55 ▼ 2.2

NFE2L2 – ▼ – – ▲ 3.51 ▲ 2.38 2.45

NFkB – – – – – –

NFYA – ▼ – – – – –

NOTCH1 – – – 3.11 ▲ 2.86 ▲ 2.97

NRIP1 – –1.72 – – – ▲ 1.51

PPARγ –1.61 – – – – ▼ –

PPAR8 – –2.04 – – – ▼ –

RB1 – ▲ – – – – –

RELA – – – – – ▲ –

RXRA – – ▼ – – – –

SKIL NA ▼ NA NA – – ▼ –

SMAD2 – – – ▲ – – –

SMAD3 – – – ▲ – ▲ – –

SP3 – – – – ▲ – ▲ –

SPDEF – ▲ – – – – –

SREBF1 – –1.96 – –1.67 ▼ – 1.64 ▼ – 1.56

SREBF2 – – – – ▼ – ▼ –

STAT1 NA ▲ NA NA – – ▲ 1.53
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Transcription regulator Rat Mouse

1d 3d 5d 1d 3d 7d

STAT2 – ▲ – – – – –

STAT4 – ▲ – – – ▲ – –

TBX2 – ▼ – – – – –

TBX21 NA NA NA – – ▲ 1.63

TCF3 – ▲ – – – – –

THRB – ▼ – ▼ – – – ▼ –

TOB1 – – – – – ▼ –

TP53 – ▲ – –

TRIM24 NA NA NA ▲ – – –

XBP1 – – – – ▼ – ▼ –

Note: arrows indicate predicted activation (▲)/inhibition (▼) with a |z-score| ≥2 by transcription factor analysis in IPA. Numbers represent gene
expression values (|fold change| ≥ 1.5, P1(t) ≥0.99). Lines (–) indicate no change in mRNA expression of the TR meeting filtering criteria and NA
indicates una ▲ lable gene expression data.
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