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Abstract

The pregnane X receptor (PXR) and constitutive androstane receptor (CAR) are well-known
xenobiotic-sensing nuclear receptors with overlapping functions. However, there lacks a
quantitative characterization to distinguish between the PXR and CAR target genes and signaling
pathways in liver. The present study performed a transcriptomic comparison of the PXR- and
CAR-targets using RNA-Seq in livers of adult wild-type mice that were treated with the
prototypical PXR ligand PCN (200 mg/kg, i.p. once daily for 4 days in corn oil) or the
prototypical CAR ligand TCPOBOP (3 mg/Kkg, i.p., once daily for 4 days in corn oil). At the given
doses, TCPOBOP differentially regulated many more genes (2125) than PCN (212), and 147 of
the same genes were differentially regulated by both chemicals. As expected, the top pathways
differentially regulated by both PCN and TCPOBOP were involved in xenobiotic metabolism, and
they also up-regulated genes involved in retinoid metabolism, but down-regulated genes involved
in inflammation and iron homeostasis. Regarding unique pathways, PXR activation appeared to
overlap with the aryl hydrocarbon receptor signaling, whereas CAR activation appeared to overlap
with the farnesoid X receptor signaling, acute-phase response, and mitochondrial dysfunction. The
mRNAs of differentially regulated drug-processing genes (DPGs) partitioned into three patterns,
namely TCPOBOP-induced, PCN-induced, as well as TCPOBOP-suppressed gene clusters. The
cumulative mRNAs of the differentially regulated drug-processing genes (DPGs), phase-1 and —I1
enzymes, as well as efflux transporters were all up-regulated by both PCN and TCPOBOPOP,
whereas the cumulative mRNAs of the uptake transporters were down-regulated only by
TCPOBOP. The absolute mRNA abundance in control and receptor-activated conditions was
examined in each DPG category to predict the contribution of specific DPG genes in the PXR/
CAR-mediated pharmacokinetic responses. The preferable differential regulation by TCPOBOP in
the entire hepatic transcriptome correlated with a marked change in the expression of many DNA
and histone epigenetic modifiers. In conclusion, the present study has revealed known and novel,
as well as common and unique targets of PXR and CAR in mouse liver following pharmacological
activation using their prototypical ligands. Results from this study will further support the role of
these receptors in regulating the homeostasis of xenobiotic and intermediary metabolism in liver,
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and aid in distinguishing between PXR and CAR signaling at various physiological and
pathophysiological conditions.

INTRODUCTION

Liver is a critical organ for drug metabolism, transport, as well as nutrient homeostasis. PXR
and CAR are well known xenobiotic-sensing transcription factors that trans-activate a large
battery of genes involved in xenobiotic metabolism and transport (together called “drug-
processing genes” [DPGs]) (Kliewer et al., 1998; Wei et al., 2000; Kliewer et al., 2002;
Hernandez et al., 2009). PXR was first characterized as a steroid-activating receptor
(Kliewer et al., 1998). CAR was characterized the following year by Dr. David Moore’s
group, as an important regulator for the response evoked by a class of xenobiotics known as
“phenobarbital-like inducers” (Wei et al., 2000). Accumulating data in the literature have
further characterized these two nuclear receptors regarding their tissue distribution, ligands,
target genes, and physiological/pharmacological functions. Both PXR and CAR are
preferably expressed in liver and gastrointestinal tract in humans and rodents (Nishimura et
al., 2004; Bookout et al., 2006; Petrick and Klaassen, 2007).

PXR is a promiscuous transcription factor and it is activated by many xenobiotics, including
various therapeutic drugs such as dexamethasone, paclitaxel, and rifampicin (Moore et al.,
2003), environmental toxicants such as the flame retardants polybrominated diphenol ethers
(Pacyniak et al., 2007), various pesticides (Lemaire et al., 2006), herbal supplements such as
St. John’s wort (Moore and Kliewer, 2000; Moore et al., 2000), as well as intestinal
microbial metabolites lithocholic acid and indole-3 propionic acid (Staudinger et al., 2001;
Venkatesh et al., 2014). Pregnenolone-16a.-carbonitrile (PCN) is a specific ligand for PXR
in rodents, whereas rifampicin is a specific ligand for PXR in humans (Moore et al., 2003).

Regarding ligands for CAR, the endogenous CAR ligands androstenol and androstanol are
repressors for the constitutive activity of CAR (Forman et al., 1998), whereas endogenous
CAR activators are poorly characterized. Although phenobarbital and lithocholic acid are
not direct CAR ligands, they can facilitate the nuclear localization of CAR and the
subsequent up-regulation of the CAR target genes (Swales and Negishi, 2004; Beilke et al.,
2009a; Beilke et al., 2009b). The 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene, 3,3",5,5 -
tetrachloro-1,4 bis(pyridyloxy)benzene (TCPOBOP) is a potent and selective CAR activator
in mice, whereas 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-
dichlorobenzyl)oxime (CITCO) is a selective CAR activator in humans (Swales and Negishi,
2004). The flame retardant polybrominated diphenyl ether 47 is an activator of both mouse
and human CAR (Sueyoshi et al., 2014).

Upon activation, both PXR and CAR are well known to up-regulate the transcription of
numerous DPGs involved in phase-I and phase-11 drug metabolism as well as transport
(Cheng et al., 2005; Maher et al., 2005; Vyhlidal et al., 2006; Petrick and Klaassen, 2007;
Buckley and Klaassen, 2009; Cui et al., 2009; Hernandez et al., 2009; Aleksunes and
Klaassen, 2012; Cheng and Klaassen, 2012). Due to the critical roles of PXR and CAR in
regulating the DPGs and the subsequent modifications on the metabolism and disposition of
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xenobiotics and endobiotics, these nuclear receptors are responsible for many adverse drug
reactions (Willson and Kliewer, 2002).

Besides its critical role in drug metabolism and transport, liver also regulates intermediary
metabolism such as lipogenesis, gluconeogenesis, protein synthesis, iron homeostasis, as
well as cholesterol metabolism and bile acid synthesis (Nemeth and Ganz, 2006; Chiang,
2009a; Chiang, 2009b; Bechmann et al., 2012). Liver utilizes carbohydrates, free fatty acids,
and amino acids to generate glucose and ketone bodies that can be utilized by other tissues
to generate energy. In addition, liver produces very-low density proteins (VLDLS) to
transport triglycerides to adipose tissues for storage (Zammit and Moir, 1994; Zammit,
1996; Casteels and Mathieu, 2003; Renaud et al., 2014).

Various, nuclear receptors coordinately regulate the interactions between xenobiotic and
endobiotic metabolism, and are implicated in various liver diseases such as obesity and
inflammation (Chiang, 2005; Arrese and Karpen, 2010; Wagner et al., 2011). Although PXR
and CAR are well-known to enhance drug metabolism, recent studies in the literature have
also unveiled their novel functions in intermediary metabolism. Activation of mouse PXR in
liver leads to increased deposit of triglycerides in liver, and this is associated with increased
expression of the free fatty acid transporter CD36, which is a direct PXR-target gene (Zhou
et al., 2006; Zhou et al., 2008). Activation of human PXR in HepG2 cells promotes lipid
synthesis, and this is associated with increased expression of stearoyl-CoA desaturase-1
(SCD1), which is a direct PXR-target gene (Zhang et al., 2013). Chronic exposure to
rifaximin causes hepatic steatosis in PXR-humanized mice (Cheng et al., 2012); PXR-
humanized mice fed a high-fat diet gain more body weight, exhibit hyperinsulinemia, and
impaired glucose tolerance (Spruiell et al., 2014); whereas PXR depletion alleviates diet-
induced and genetic obesity as well as insulin resistance in mice (He et al., 2013).
Conversely, CAR has been found to be an anti-obesity sensor that regulates glucose and lipid
metabolism, and improves insulin sensitivity in mice (Gao et al., 2009; Yan et al., 2015). In
human hepatocytes, activation of CAR inhibits gluconeogenesis without suppressing fatty
acid synthesis (Lynch et al., 2014). Therefore, it has been suggested that CAR represents an
attractive therapeutic target to manage obesity and type-11 diabetes (Nandchahal et al.,
1990).

PXR and CAR share marked similarities regarding their transcriptional activities and target
genes. Pharmacological activation of PXR and CAR lead to the up-regulation of many
common DPGs in liver (Aleksunes and Klaassen, 2012). Both PXR and CAR prefer direct
repeat-4 (DR-4) DNA binding motifs (Makinen et al., 2002; Frank et al., 2003; Cui et al.,
2010), which likely explains the common regulatory patterns of their target genes. However,
very little is known regarding the common and unique PXR- and CAR-target DPGs in the
liver on a transcriptomic scale. Also, there lacks a systematic comparison of other target
genes and signaling pathways in addition to the well-characterized DPGs in the liver.
Therefore, the goal of the present study was to use a transcriptomic approach to unveil and
compare the common and unique PXR- and CAR-target genes in mouse liver.
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MATERIALS AND METHODS

Chemicals

Animals

The mouse PXR ligand pregnenolone-16a-carbonitrile (PCN) and the mouse CAR ligand
1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene, 3,3,5,5 -tetrachloro-1,4-
bis(pyridyloxy)benzene (TCPOBOP) were purchased from Sigma Aldrich (St. Louis, MO).

Adult C57BL/6N wild-type male mice (approximately 12 weeks of age) were purchased
from Charles River Laboratories (Wilmington, MA). All mice were housed in an
Association for Assessment and Accreditation of Laboratory Animal Care International-
accredited facility at the University of Kansas Medical Center, with a 14-hour light/10-hour
dark cycle, in a temperature- and humidity-controlled environment with ad /ibitum access to
the Laboratory Rodent Chow 8604 (Harlan, Madison, WI) and drinking water. Prior to
experiments, mice were acclimated for at least 1 week in the animal facilities. Mice were
treated with PCN (200 mg/kg, i.p.), TCPOBOP (3 mg/kg, i.p.), or vehicle (corn oil, 5 ml/kg,
i.p.) once daily for 4 days (n=3 per group). Tissues were collected 24-hours after the final
dose. The dosing regimen is shown in Figure 1A. All animal experiments were approved by
the Institutional Animal Care and Use Committee at the University of Kansas Medical
Center.

RNA Isolation

Total RNA from livers of control and chemical-treated mice was extracted with RNA-Bee
reagent (Tel-Test, Inc., Friendswood, TX) according to the manufacturer’s protocol. The
concentration of total RNA was quantified spectrophotometrically at 260 nm using a
NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE). RNA integrity
was confirmed using a dual Agilent 2100 Bioanalyer (Agilent Technologies Inc., Santa
Clara, CA).

RNA sequencing

The cDNA libraries and sequencing (2x100bp) of the mouse liver mRNA samples (n=3 per
group) were performed using the Illumina standard operation pipeline using a similar
method as we described previously (Selwyn et al., 2015).

Data Analysis

The quality control of all FASTQ files was performed using FastQC (Babraham
Bioinformatics, Cambridge, UK), and data were trimmed to 90bp from each end to remove
ambiguous reads. Data were mapped to the mouse reference genome NCBI GRCm38/mm10
using Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) (Kim et al.,
2015) (version 0.1.6 beta). The Sequence Alignment/Map (SAM) files were converted to
binary format using Samtools (Li et al., 2009) (version 1.2). The transcript abundance was
estimated using Cufflinks (Trapnell et al., 2010) (version 2.2.1). The mRNA abundance of
genes was expressed in Fragments Per Kilobase of transcript per Million mapped Reads
(FPKM). For the differential expression analysis, data were subjected to upper-quartile
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normalization, and a false discovery rate-adjusted p-value below 0.05 in at least one of the
chemical-treated groups as compared to the vehicle-treated group was considered
statistically significant (as shown by asterisks). The differentially regulated genes in 1) both
PCN- and TCPOBOP-treated groups, 2) only in the PCN-treated group, as well as 3) only in
the TCPOBOP-treated group were each analyzed using Ingenuity Pathway Analysis (IPA,
QIAGEN, Vallencia, CA) to determine significantly altered gene networks. A two-way
hierarchical clustering dendrogram was performed for all the differentially expressed drug-
processing genes using the Ward Method and Standardized data using the individual FPKM
values (JMP version 12, SAS, Cary, NC). The red color represents relatively higher
expression, and the blue color represents relatively lower expression.

RNA-Seq generated approximately 47 to 68 million reads per sample, among which
approximately 40 to 60 million reads were uniquely mapped to the mouse reference genome
(NCBI GRCm38/mm10), and the percentage mapped was between 83.64% to 93.31%
(Supplemental Table 1). Regarding PXR-signaling, PCN altered the mRNAs of 212 genes,
among which 106 genes were up-regulated and 106 genes were down-regulated by PCN
(Table S2-1) within the hepatic transcriptome. As shown in Table 1, the top 10 most up-
regulated genes by PCN in the liver were almost exclusively involved in phase-1 or -1l drug
metabolism, including Gstm3 (72.32-fold), Cyp2c55 (45.56-fold), the perinatal-specific
Cyp3a isoform Cyp3al6 (32.95-fold), Akrlb7 (23.39-fold), Cyp3a59 (14.01-fold), Cyp3ad4
(12.65-fold), Sult2a7 (10.28-fold), Cyp3a41b (10.03-fold), and Cyp2b10 (10.02-fold).
Therefore, the drug metabolism pathway appeared to be the major inducible target following
PXR activation. Ltf (lactotransferrin) was the only gene that was not a DPG among the top
10 most up-regulated genes by PCN (11.72-fold), and this gene encodes an iron glycoprotein
that increases during inflammation, such as following lipopolysaccharide (LPS) exposure
(Ahmad et al., 2011). The top 10 most down-regulated genes by PCN in the liver include
metallothionein 1 (Mt1) and Mt2 (96% and 85%, respectively), which are important in
protecting against cadmium toxicity (Klaassen et al., 1999); alpha-kinase 1 Alpk1 (12.81%),
which is important in apical protein transport (Heine et al., 2005); monooxygenase DBH-
like 1 (Moxd1) (15.98%), TRAF-interacting protein with forkhead-associated domain (Tifa)
(17.85%), which is an inflammatory signaling adaptor and a tumor suppressive factor (Shen
et al., 2015); the phase-l enzyme Cyp2c69 (18.80%); toll-like receptor 2 (TIr2) (19.68%),
which promotes inflammation (Ma et al., 2015a); 9430083A17Rik (21.15%); Gm7334
(21.33%); and major urinary protein 9 (Mup9) (21.46%).

Regarding TCPOBOP-induced CAR-signaling within the hepatic transcriptome, TCPOBOP
altered the mRNAs of 2125 genes, which was much more than the 212 genes of which the
mRNAs were altered by PCN. Among the 2125 genes targeted by the CAR ligand, 1013
genes were up-regulated, and 1112 genes were down-regulated (Figure 1B, Table S2-2). As
shown in Table 1, the top most up-regulated gene by TCPOBOP in liver is Gstal (1115-
fold). Gm3776, which is a gene located adjacent to Gstal, was the second most up-regulated
(260-fold), suggesting that there is a “hot zone” for CAR-mediated gene trans-activation in
this genomic neighborhood. There are many other DPGs that rank among the top 10 most
up-regulated genes by TCPOBOP, including Gstm3 (250-fold), Cyp2b10 (prototypical
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CAR-target gene) (195-fold), Akrlb7 (192-fold), Cyp2c55 (170-fold), as well as Sultlel
(159-fold). In addition, TCPOBOP markedly up-regulated cyclin B1 (Ccnbl) (99-fold),
which is important for cell proliferation (Porter and Donoghue, 2003); fibronectin type 111
domain containing 5 (Fndc5) (94-fold), which is a precursor of the anti-obesity hormone
irisin (Bostrom et al., 2012), as well as polo-like kinase 1 (PIk1) (95-fold), which controls
several key steps during mitosis (Schoffski, 2009; Strebhardt, 2010). The top most down-
regulated gene by TCPOBORP in liver is deleted in malignant brain tumors 1 (Dmbt1)
(99.8%), which is important in tissue repair following liver injury (Bisgaard et al., 2002),
followed by the hormone-metabolizing enzyme hydroxy-delta-5-steroid-dehydrogenase, 3
beta- and steroid delta-isomerase 5 (Hsd3b5) (99.3%); serine (or cysteine) peptidase
inhibitor clade A member 4 pseudogene 1 (Serpina4-ps1) (98.7%), which is a pseudogene
that transcribes but does not appear to form a protein; odorant binding protein 2A (Obp2a)
(97.1%), which has a high affinity towards binding aldehydes and fatty acids (Tcatchoff et
al., 2006); the stress-response metal-binding gene metallothionein Mt2 (97%) (Klaassen et
al., 1999); dopachrome tautomerase (Dct) (95%), which is important for melanogenesis
(Aroca et al., 1990); as well as sushi domain containing 4 (Susd4) (94.8%), which is a
complement inhibitor (Holmgquist et al., 2013). In addition, several DPGs such as the uptake
transporter Slcolal (96.3%), phase-1 Cesda (96.3%), Cyp2c40 (94%), and Cyp4al0 (94%),
also rank among the top 10 most down-regulated genes by TCPOBOP in liver.

Within the hepatic transcriptome, 65 genes were uniquely regulated by PCN but not by
TCPOBOP, 1978 genes were uniquely regulated by TCPOBOP but not by PCN, whereas
147 genes were differentially regulated by both PCN and TCPOBOP (Figure 1B, Table S2—
3). Among the 147 genes regulated by both chemicals, the majority (141 in total) were
common targets of PCN and TCPOBOP (i.e. they were either both up-regulated [61 genes],
or both down-regulated by these chemicals [80 genes]), suggesting that PXR and CAR share
high similarity in their transcriptional activities. There were only 6 genes that were regulated
by PCN and TCPOBOP in a completely opposite manner (Table S2-3), including up-
regulation of hydroxysteroid (17-beta) dehydrogenase 6 (Hsd17b6), leucine rich repeat
containing G protein coupled receptor 5 (Lgr5), and Cesle by PCN but down-regulation of
these genes by TCPOBOP, as well as a down-regulation of Cyp17al, cyclin D1 (Ccndl), and
ribosomal protein L35 (Rpl35) by PCN but up-regulation of these genes by TCPOBORP in
liver. These genes may serve as novel biomarkers for distinguishing a PXR-effect from a
CAR-effect following a xenobiotic insult. The top canonical pathways of genes that were
differentially regulated by both PCN and TCPOBOP significantly overlapped with nicotine
degradation pathways, LPS/interleukin-1 (IL-1) mediated inhibition of retinoid X receptor
(RXR) function, PXR/RXR activation, and xenobiotic signaling (Figure 1C-1). Unique
PCN-target genes significantly overlapped with the aryl hydrocarbon receptor signaling and
the melatonin degradation pathway (Figure 1C-2), whereas unique TCPOBOP-target genes
significantly overlapped with the farnesoid X receptor (FXR)/RXR activation, acute phase
response signaling, mitochondrial dysfunction, and liver X receptor (LXR)/RXR activation
(Figure 1C-3).

To unveil the common and unique PXR- and CAR-targeted signaling pathways in liver
following the chemical activation of these nuclear receptors, pathway analyses were
performed in the common and unique PXR- and CAR-target genes. The top network that
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was commonly regulated by PCN and TCPOBOP is shown in Supplemental Figure 1, which
includes the up-regulation of glutathione conjugation and retinoid metabolism, and
suppression of inflammation and metal transport. Specifically, both PCN and TCPOBOP
markedly up-regulated multiple glutathione S-transferases, which are important for
glutathione conjugation of substrates and chemical detoxification (Parkinson et al., 2013).
Regarding retinoid metabolism, both PCN and TCPOBOP markedly up-regulated Akr1b7,
which is important in the metabolism of retinaldehyde (Ruiz et al., 2011) and the
detoxification of lipid peroxidation byproducts (Liu et al., 2009); PCN and TCPOBOP also
up-regulated Cyp26al, which is important in the elimination of active retinoids (Topletz et
al., 2015). In addition, Abcd2, which is an Abc transporter of which the promoter activity of
is induced by 9-cis-retinoic acid (Pujol et al., 2000), was up-regulated by PCN and
TCPOBOP. Upstream analysis demonstrated that both PCN and TCPOBOP appeared to
activate the following regulators, PXR, CAR, estrogen receptor, interleukin (IL) receptor
10a, Cxcl12, insulin signaling, as well as the interaction between PXR/CAR with the nuclear
receptor coactivator a (Ncoa) (Table S3-1).

Conversely, both PCN and TCPOBOP down-regulated NFxB-signaling, which is critically
involved in the inflammatory response (Supplemental Figure 1). Specifically, PCN and
TCPOBOP down-regulated chemokine (C-X-C motif) ligand 1 (Cxcl1, which is the mouse
homolog of the human CXCL2), toll-like receptor 2 (TIr2), STEAP family member 4, as
well as serum amyloid A cluster (Saa [Saal and Saa2 in mice]), which are important for
hepatic inflammation (Ramadoss et al., 2010; Luo et al., 2015; van der Heijden et al., 2015).
The metal binding and transport pathway also appeared to be down-regulated by both PCN
and TCPOBORP, evidenced by down-regulation of both metallothionein (Mt)1 and Mt2,
divalent metal transporter Slc11a2 (also known as Dmt), as well as Steap4, which is a
plasma membrane metalloreductase involved in the transport of iron and copper (Ramadoss
et al., 2010). PCN and TCPOBOP also down-regulated a few genes important for
intermediary metabolism, including the major urinary protein 1 (Mupl) that has been shown
to be a key regulator of glucose and lipid metabolism in mice (Zhou et al., 2009), glucose-6-
phosphatase (G6pc) that regulates gluconeogenesis and glycogenolysis, as well as fatty acid
binding protein 5 (also known as bile acid ligase or Slc27a5), which regulates bile acid
conjugation and promotes obesity (Hubbard et al., 2006). Upstream analysis demonstrated
that both PCN and TCPOBOP appear to down-regulate IL1a and 1B, 1xf kinase gamma
(IKBKG), and interferon a.

The top network that was uniquely regulated by PCN is shown in Supplemental Figure 2A.
Most notably, PCN down-regulated the inhibitor of cell proliferation, namely cyclin-
dependent kinase inhibitor Cdknla (also known as p21), which is an important
transcriptional target of several tumor suppressors and promotes cell cycle arrest in response
to stimuli (Buitrago-Molina et al., 2013). This may contribute to PCN-mediated increase in
cell proliferation. PCN also down-regulated multiple genes involved in intermediary
metabolism, such as cysteine sulfinic acid decarboxylase (Csad), which is a rate-limiting
enzyme in taurine de novo synthesis (Ma et al., 2015b); phospholipid scramblase 1 (Plscrl),
which is involved in movement of phospholipids, immune-activation, and cell proliferation
(Lu et al., 2007); peroxiredoxin 4 (Prdx4), which reduces oxidative-stress induced liver
injury (Nabeshima et al., 2013), as well as the chemokine Cxcl9 and hemoglobin.
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Conversely, the uniquely up-regulated genes by PCN include the phase-I1 enzyme Aldhlbl;
the antimicrobial peptide hepcidin 2 (hamp2), which is involved in inflammation, infection,
and iron homeostasis (Lu et al., 2015); inositol polyphosphate multikinase (Ipmk), which
regulates the central metabolic enzyme AMP-activated protein kinase (Ampk) for energy
sensing (Dailey and Kim, 2012); the sodium/lithum/calcium exchanger Slc8b1; and
immunoglobulin-like domain containing receptor 2 (11dr2), which is an endoplasmic
reticulum (ER) resident molecule mediating hepatic lipid homeostasis during ER stress
(Watanabe et al., 2013). Upstream analysis demonstrated that PCN treatment appeared to
activate Acox1, which is the first enzyme of fatty acid beta-oxidation, highlighting the
important role of PXR in lipid metabolism (Table S3-2).

The top network that was uniquely regulated by TCPOBOP is shown in Supplemental
Figure 2B. Most notably, TCPOBOP markedly increased the cell proliferation marker
Mki67 (antigen identified by monoclonal antibody Ki-67), which has been shown to
promote cell proliferation during liver regeneration (Gerlach et al., 1997), as well as the anti-
obesity gene JAZF zinc finger 1 (Jazf1), which has been shown to reduce body weight gain
and regulates lipid metabolism when consuming a high-fat diet treatment (Jang et al., 2014).
The lipid-sensor PPARa as well as its target genes were down-regulated by TCPOBOP
(Supplemental Figure 2B). Upstream analysis unveiled many regulators that were activated
or suppressed by TCPOBOP treatment. For example, TCPOBOP appeared to activate T-
box1 (Tbx1), which may contribute to tumorigenesis; Nrf2-signaling, which is important for
reducing oxidative stress; vitamin D receptor; the orphan nuclear receptor nur77 (Nr4al),
etc. In contrast, TCPOBOP suppressed SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily b (Smarch1l), which is a part of a complex that relieves
repressive chromatin structures and allows the transcription machinery to access its targets
more effectively. In addition, TCPOBOP appeared to suppress multiple interleukins,
circadian rhythm related gene CLOCK, HNF4a-signaling, PPARa-signaling, as well as
FXR (Nrlh4)-signaling (Table S3-3).

In summary, pharmacological activation of PXR and CAR leads to both common and unique
changes in target genes. Both nuclear receptors appeared to up-regulate glutathione
conjugation reactions but suppress inflammation and metal binding/transport pathways,
whereas each receptor also uniquely regulates their own target genes involved in cell
proliferation and intermediary metabolism. Because PXR and CAR are well known
xenobiotic-sensing nuclear receptors, the mRNA expression of all DPGs (including 318
phase-1 and 92 phase—II drug-metabolizing enzymes as well as 519 transporters) was
examined in detail regarding their common and different transcriptional responses following
PCN or TCPOBORP treatment. A detailed description of these DPGs is provided in
Supplemental Material Section 4. A total of 1158 DPGs were examined based on a literature
search. Among all DPGs, there were 172 genes that were differentially regulated by at least
one of the two chemicals (PCN and/or TCPOBOP), including 119 phase-1 enzymes, 35
phase-11 enzymes, and 18 transporters. These 172 DPGs partitioned into 3 distinct
expression patterns (Figure 2A). DPGs in Pattern 1, which was the largest cluster, were
predominantly up-regulated by TCPOBOP, and to a much lesser extent by PCN. Therefore,
these genes appeared to be primary CAR-targets. These genes include many Cyps, such as
Cyplal, 1a2, 2a4, 2a5, 2a22, 2b10, 2b13, 2¢29, 2¢37, 2¢39, 2¢50, 2c54, 2¢55, 2¢65, 291,
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2rl, 3al3, 4a3l, 4f16, 4f15, 7al (bile acid synthetic enzyme), 17al (steroidogenic enzyme),
26al (retinoic acid-metabolizing enzyme), and 39al (oxysterol-metabolizng enzyme), as
well as cytochrome b5 (Cyb5) and P450 (cytochrome) oxidoreductase (Por), which are
important for the Cyp activities. Other DPGs in Pattern 1 include other phase-I enzymes,
such as Akrs (Akrlb7, 1b8, 1c14, 1¢c19), Aldhs (Aldhla7, 3a2, and 3b1), carbonyl reductase
(Cbr) 1 and Cbr3, Dhrs7 and Dhrs9, Fmo4 and Fmo5, Gpx2 and Gpx7, Nqol and Nqo2,
Prdx4 and Prdx6a, as well as Aox1, Ces2c, Ephx1, esterase D (Esd), Gclc, Gsr, peptidase D
(Pepd), and Xdh. The phase-Il enzymes in Pattern 1 include many Sults (Sultlel, 1c2, 1d1,
lel, 2a2, 3al) and the enzymes that generate the glucuronidation co-substrates (Ugdh and
Ugp2), many Gsts (Gstal, a2, a4, m1, m2, m3, m4, t1, and t3), many Ugt2b family members
(Ugt2b34, wh35, 2b36, and 2b38), as well as thiopurine methyltransferase (Tpmt).
Transporters in Pattern 1 include the uptake transporters Slc10a2 (also known as Asbt) and
Slc22a4 (also known as Octnl), as well as many Abc efflux transporters (Abcbla/Mdrla,
Abcc2/Mrp2, Abccd/Mrp4, and Abcdl-3).

DPGs in Pattern 2 were predominantly up-regulated by PCN, and to a lesser extent by
TCPOBOP, suggesting that they are primary PXR targets (Figure 2A). The phase-1 enzymes
in Pattern 2 include Cyps (Cyp2d12, 3all, 3al6, 3a25, 3a4la, 3a44, and 3a59), Akrldl,
Aldhlal and 1b1, as well as Cess (Cesld, 1g, 2a, and 2g). The phase-Il enzymes in Pattern 2
include Sult2a7 and Papss2 (the co-substrate for sulfation reactions), and Ugtlal. The
uptake transporter Slcola4 (also known as Oatplad) was the only transporter in Pattern 2.

DPGs in Pattern 3 were predominantly down-regulated by TCPOBOP, suggesting that CAR
is either a trans-repressor or an indirect suppressor of these genes. The phase-1 enzymes in
Pattern 3 include many Cyps (Cyp2c6, 2¢34, 2¢38, 2¢40, 2c44, 2¢69, 2¢70, 2d13, 2d26,
2d40, 2el, 22, 2j5, 2j6, 2ul, 4a10, 4al2a, 4al2b, 4al4, 4a32, 4bl, 4f13, 413, 4v1, 7bl,
8bl, 26b1, and 27al), Aldh2 and Aldh6al, Cess (Ceslb, le, 2e, 3a, 3b, and 4a), Dhrs1 and
Dhrs11, Gpx1 and Gpx3, Prdx2 and Prdx5, Sdr9c7 and Sdr42e1, as well as Aadac, Adh4,
Aox3, Celal, Dpyd, Ephx2, and Suox. The phase-11 enzymes in Pattern 3 include Gstk1,
Sult5al, Ugts (2a3, 2b37, 3al, and 3a2), Nat8, and Comt. Transporters in Pattern 3 include
uptake transporters, such as Slc22a7 (also known as Oat2), Slc27a5 (also known as fatty
acid binding protein 5 or bile acid ligase), Slco/Oatplal and 2al, as well as efflux
transporters such as Abcal-3 and Abca8a.

To determine the overall contribution of PXR and CAR ligands on hepatic DPG expression,
the cumulative FPKM of all differentially regulated DPGs was calculated as shown in Figure
2B-F. The cumulative hepatic mRNAs of all differentially regulated DPGs, phase-1 and —II
enzymes, and efflux transporters were all up-regulated by both PCN and TCPOBOP, and to
a greater extent by TCPOBOP (Figure 2B-E). In contrast, the cumulative mRNAs of the
uptake transporters were not influenced by PCN, but were down-regulated by TCPOBOP
(Figure 2F).

To compare the pharmacological activation of PXR and CAR on the regulation of DPGs, the
expression of various phase-I and —I1 drug-metabolizing enzymes, transporters, as well as
essential nuclear receptors and/or xenobiotic-sensing transcription factors was examined as
shown in Figure 3 to Figure 12. Regarding the cytochrome P450s that are critically involved
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in drug metabolism, Cyplal and 1a2 were the only Cyp1l isoforms that were differentially
regulated, and they were both preferably up-regulated by TCPOBOP but not influenced by
PCN (Figure 3A, left). Regarding the absolute mMRNA abundance of these two Cyp1l genes,
Cypla2 was the predominant Cypl isoform that was much more abundantly expressed in
liver than Cyp1lal, and thus the potential TCPOBOP-mediated pharmacokinetic alteration of
Cypla substrates is likely through Cypla2 in liver.

More genes in the Cyp2 family (Figure 3B) appeared to be differentially regulated by
TCPOBOP than PCN. For example, TCPOBOP markedly increased the mRNAs of Cyp2a4,
2ab5, 2a22, 2b10 (prototypical CAR-target gene), 2b13, 2¢29, 2¢37, 2¢39, 2¢50, 2¢54, 2¢55,
2¢65, 291, and 2r1; but decreased the mRNAs of Cyp2c38, 2¢40, 2c44, 2¢67, 2¢69, 2¢70,
2d13, 2¢26, 2d34, 2d40, 2el, 2f2, 2j5, 2j6, and 2ul. PCN moderately increased the mRNAs
of Cyp2b10, 2¢29, and 2d12, but in general, the fold-increase was less than that produced by
TCPOBOP, except the up-regulation of Cyp2d12 mRNA, which was similar by both
chemicals. In addition, PCN down-regulated Cyp2c40 and 2¢70 mRNASs. The Cyp2 genes
that were co-regulated by both PCN and TCPOBOP include Cyp2a5, 2b10, 2¢29, and 2d12
(up-regulated), as well as Cyp2c40 and 2¢70 (down-regulated), whereas other genes were
uniquely regulated only by TCPOBOP. Regarding the absolute mRNA abundance of these
Cyp2 genes, Cyp2el mRNA was the highest in control livers; however, it was markedly
decreased by TCPOBOP. Conversely, Cyp2c29 mRNA was lowly expressed in control
livers, but was markedly up-regulated by TCPOBOP, and became the most abundantly
expressed Cyp2. Cyp2a5, 2b10, and 2¢50 were all lowly expressed in control livers, but
were markedly increased by TCPOBOP to intermediate or high levels. Other Cyp2 genes
were expressed at much lower levels under both basal and chemical-treated conditions.
Considering the absolute mMRNA abundance, the CAR ligand appears to have a more
prominent influence on Cyp2 gene expression than the PXR ligand, and the majority of the
abundantly expressed Cyp2a-c genes were up-regulated by the CAR ligand, whereas the
highest expressed Cyp2 isoform Cyp2el was actually down-regulated by the CAR ligand.

The effect of PXR and CAR agonists on the expression of the Cyp3a family members is
shown in Figure 4A. Both PCN and TCPOBOP up-regulated Cyp3all (prototypical PXR-
target gene), 3al6, 3a25, 3a44, 3adla (which tended to increase although a statistical
significance was not achieved), and 3a59. In general, PCN appeared to up-regulate the
MRNAs of the Cyp3a genes more than did TCPOBOP (Figure 4A). In contrast, Cyp3al3
MRNA appeared to be preferably increased by TCPOBOP. The overwhelming highest
expressed Cyp3a isoform was Cyp3all in all treatment conditions, whereas all other
differentially expressed Cyp3a genes were expressed at much lower levels in all treatment
conditions. The overall contribution of the PXR and CAR ligands appear to be an up-
regulation of the Cyp3a genes, and especially through increasing the Cyp3all isoform.

The expression of the Cyp4 family members was not altered by PCN (Figure 4B); in
contrast, TCPOBOP markedly decreased most Cyp4 genes, including Cyp4al0, 4al2a,
4al2b, 4al4, 4a32, 4b1, 4f13, 4f14, and 4v3. Conversely, TCPOBOP up-regulated Cyp4a31,
4f15, and 4f16. Therefore, Cyp4 genes appeared to be uniquely regulated by TCPOBOP.
The absolute mMRNA abundance of Cyp4al2a was the highest expressed Cyp4 isoform in
control livers, followed by Cyp4v3, 4al2b, 4f14, 4f13 and 4a10, as well as 4f15; whereas
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other Cyp4 mRNAs were much lower expressed. The overall effect of the CAR ligand
appears to be a down-regulation of the Cyp4 genes.

The Cyps involved in bile acid and steroid bio-synthesis as well as retinoic acid metabolism
are shown in Figure 5A. The rate-limiting bile acid synthetic enzyme Cyp7al for the classic
pathway of the de novo bile acid synthesis in liver was markedly up-regulated by
TCPOBOP, but was not influenced by PCN. Conversely, the 12a.-hydroxylase Cyp8b1,
which is important for producing cholic acid, was markedly decreased by TCPOBOP, but
was not influenced by PCN. The bile acid synthetic enzymes involved in the alternative
pathway of bile acid synthesis, namely Cyp27al and 7b1, were both down-regulated by
TCPOBOP; Cyp7b1 mRNA was also down-regulated by PCN. Cyp39al, which has a minor
contribution in the alternative pathway of bile acid synthesis in liver, was markedly up-
regulated by TCPOBOP, but was not influenced by PCN. The steroidogenic enzyme
Cypl7al was preferably up-regulated by TCPOBOP (and was only slightly decreased by
PCN). The retinoic acid-metabolizing enzyme Cyp26al was up-regulated by both PCN and
TCPOBOP, whereas Cyp26b1 was decreased by TCPOBOP. Regarding the absolute mMRNA
abundance, within the bile acid synthetic enzymes category, Cyp7b1 was the highest
expressed gene in control livers, followed by Cyp27al and 8b1, whereas Cyp7al and 39al
were the lowest expressed. The retinoic acid-metabolizing enzyme Cyp26al was more
highly expressed than Cyp26b1 in all treatment conditions. Considering the absolute mMRNA
abundance among the bile acid synthetic genes, it appears that the CAR ligand has a more
prominent influence on the bile acid synthesis pathway than the PXR ligand. Interestingly,
the rate-limiting bile acid synthetic enzyme Cyp7al in the classic pathway of bile acid de
novo synthesis was the lowest expressed gene (rating-limiting), and thus it is hypothesized
that the TCPOBOP-mediated increase in Cyp7al gene expression will increase the 7a-
hydroxylation in the bile acid synthesis pathway. In addition, TCPOBOP likely alters the
bile acid composition by reducing the 12a-hydroxylated bile acids, such as cholic acid, as
due to the marked down-regulation of the 12a-hydroxylase Cyp8b1. The expression of
genes in the alternative pathway of bile acid synthesis appeared to be generally down-
regulated by TCPOBOP but was not influenced by PCN. The steroid synthesis pathway and
retinoic acid metabolism appeared to be increased by TCPOBOP, whereas PCN had less
influence on these pathways.

Both Por and Cyb5 are essential for Cyp activities, and their mRNAs were preferably up-
regulated by TCPOBOP, but were not influenced by PCN (Figure 5B).

The effect of TCPOBOP and PCN on the expression of the phase-1 enzymes responsible for
the metabolism of alcohols (Adhs) aldehydes (Aldhs) is shown in Figure 6A. Adh4 was the
only differentially regulated Adh, and its MRNA was preferably down-regulated by
TCPOBOP but not altered by PCN. Among the Aldhs, Aldhlal and 1b1 mRNASs were up-
regulated by PCN, but to a greater extent by TCPOBOP; the mRNAs of Aldhla7, 3a2, and
2b1 were all markedly up-regulated uniquely by TCPOBOP. Conversely, TCPOBOP down-
regulated the mRNAs of Aldh2 and 6al. Aldhlal was the highest expressed Aldh in control
livers, and it was even higher expressed after PCN and TCPOBOP treatment. Therefore, the
overall contribution of PCN and TCPOBOP on aldehyde metabolism appears to be up-
regulation.
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The phase-I aldo-keto reductases (Akrs) was in general induced more by TCPOBOP than
PCN, evidenced by a marked increase in Akrlb7, 1b8, 1c14, 1c19, and 1d1 by TCPOBOP
(Figure 6). Akrlb7 and 1d1 mRNAs were also up-regulated by PCN but to a lesser extent.
Regarding the absolute mRNA abundance of these differentially regulated Akrs, Akrl1cl9
was the highest expressed Ahr in control livers, followed by Akrldl and 1c14, whereas
Akr1b8 and Akrlb7 were very lowly expressed. However, following TCPOBOP treatment,
Akrlb7 mRNA was substantially increased, and became one of the most abundantly
expressed Akrs. In summary, the CAR ligand influences the Akr expression of the Akrs
more than the PXR ligand, and the overall effect of CAR activation is up-regulation of these
AKrs.

The following phase-I carboxyesterases (Cess) were up-regulated by PCN (Cesld, 1e, 1g,
2a, and 2g), but PCN down-regulated Ces4a (Figure 7A). TCPOBOP up-regulated Ces2a,
2c, and 2g, but down-regulated Ces1b, 2e, 3a, 3b, and 4a. Ces2a, 29, and 4a appeared to be
co-regulated by both chemicals, whereas other differentially expressed Cess were uniquely
regulated by one of the two chemicals. Regarding the absolute mMRNA abundance, Ces3a
was the highest expressed Ces in control livers, but it was markedly down-regulated by
TCPOBOP. Ces2a was a relatively lowly expressed Ces in control livers, however PCN and
TCPOBOP both substantially increased Ces2a mRNA to a level that exceeded Ces3a.
Therefore, it is possible that Ces3a contributes more to the basal Ces-mediated hydrolysis,
whereas Ces2a contributes more to the Ces-mediated hydrolysis following a xenobiotic
insult that activates PXR or CAR.

Only one of the eight phase-I dehydrogenases and reductases was increased by PCN,
whereas three were increased and five were decreased by TCPOBOP (Figure 7B).
TCPOBOP up-regulated Dhrs7, Dhrs9, and Xdh, but down-regulated in Dhrs1, Dhrs11,
Dpyd, Sdr9c7, and Sdr42e1. PCN only altered the mRNA of Dhrs7, which was an up-
regulation. Regarding the absolute mRNA abundance, Dhrs1 was the highest expressed in
control livers, followed by Dpyd, Xdh, Dhrs11, Dhrs7, Sdr42el, Sdr9c7, and Dhrs9. There
were more genes that were down-regulated (5) than up-regulated by TCPOBOP (3).
Therefore, the overall contribution of TCOPOBOP to genes in this category appeared to be
down-regulation.

The genes related to oxidative stress and redox-cycling, namely Gpx2, Gpx7, Gsr, Nqol-2,
and Prdx6, were up-regulated more by TCPOBOP than PCN; whreas Gpx1, Gpx3, Prdx2,
and Prdx5 were down-regulated more by TCPOBOP than PCN (Figure 8A). In comparison,
PCN had minimal effect on these genes except for a decrease in Prdx4 mRNA. Gpx1 was
the highest expressed among these genes in control livers, followed by Prdx5, Prdx2, Prdx6,
and Prdx4 at intermediary levels, whereas other genes were lowly expressed.

The regulation of other phase-I genes by TCPOBOP and PCN are shown in Figure 8B.
TCPOBORP increased the mRNAs of epoxide hydrolase 1 (Ephx1), esterase D (Esd), flavin
containing monooxygenase (Fmo) 4-5, and peptidase D (Pepd), but down-regulated
arylacetamide deacetylase (Aadac) (which was categorized into the Ces5 family but with a
different structure from those of the other Ces proteins) (Satoh and Hosokawa, 2006;
Hosokawa et al., 2008), chymotrypsin-like elastase 1 (Celal), epoxide hydrolase 2 (Ephx2),
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paraoxonase 1 (Ponl), and sulfite oxidase (Suox). PCN had a minor effect on the expression
of these genes, except for a moderate increase in Ephx1 mRNA.

The effect of PCN and TCPOBOP on the phase-1l1 methyltransferases and acetyltransferases
is shown in Figure 8C. PCN had minimal effect on the expression of these genes; whereas
TCPOBOP up-regulated Tpmt but down-regulated Comt and Nat8. Comt was the highest
expressed in control livers, whereas Nat8 and Tmpt were expressed at much lower levels.

Most of the differentially regulated Gsts (Figure 9A) were up-regulated preferably by
TCPOBOP and to a much lesser extent by PCN, including Gstal (PCN tended to increase
Gstal although a statistical significance was not achieved), Gsta2, Gstm1-4, and Gstt3.
Gstm6 mRNA was up-regulated to a similar extent by PCN and TCPOBOP. Gstk1 mRNA
was not altered by PCN but was moderately decreased by TCPOBOP. Glutamate-cysteine
ligase catalytic subunit (Gclc), which is involved in the synthesis of GSH and the cosubstrate
of Gsts, was up-regulated uniquely by TCPOBOP. Among all these genes, Gstm1 was the
highest expressed in control livers; however, following TCPOBOP or PCN treatment, both
Gstm3 and Gstm1 were the highest expressed. Other genes were relatively lowly expressed,
and a more notable expression was generally observed after TCPOBOP treatment.
Therefore, TCPOBOP, and PCN to a lesser extent, appeared to generally up-regulate the
phase-11 glutathione conjugation reactions.

The mRNAs of Sultlc2, 1d1, 1el, 2al, 2a2, 3al, as well as Papss2, which is the enzyme that
synthesizes the cosubstrate for sulfation, were markedly increased by TCPOBOP (Figure
9B). PCN had less of an effect except for an increase in Sult2a7 mRNA, but a moderate
decrease in Sult5al mRNA. Papss2 was the highest expressed in control livers, followed by
Sult5al, 1d1, and 1c2; whereas other Sults were minimally expressed. However, after
TCPOBOP treatment, not only the abundantly expressed Sults and Papss2 were further up-
regulated, but also the lowly expressed Sults were induced, except for Sult5al which was
slightly decreased. Therefore, TCPOBOP appeared to contribute more to the increase in
sulfation reactions than did PCN.

The effect of TCPOBOP and PCN on the expression of the phase-11 Ugts is shown in Figure
9C. TCPOBOP increased the mRNAs of Ugt2b34, 2b35, 2b36, 2b38, as well as Ugdh and
Ugp2, which are enzymes that synthesize the co-substrate; whereas it decreased the mRNAs
of Ugt2a3, 2b37, 3al, and 3a2. PCN had less of an effect, except for an increase in the
mRNAs of Ugtlal, Ugt2b34, Ugt2b35, but a slight decrease in Ugt2b38. Ugt2b36 and 3a2
were the highest expressed Ugts in control livers, however, after TCPOBOP treatment,
Ugt2b34 and 2b36 became the highest expressed Ugts; whereas after PCN treatment,
Ugtlal became the highest expressed Ugt. Other Ugts were expressed at intermediary levels,
whereas Ugt2b37 was minimally expressed under all treatment conditions. Therefore,
TCPOBOP appeared to have more of an influence than PCN on glucuronidation than PCN,
and the major effect appeared to be an up-regulation.

The effect of TCPOBOP and PCN on the hepatic uptake solute carrier (SIc) transporters is
shown in Figure 10. TCPOBOP had a more prominent effect than PCN, as noted by a
TCPOBOP-mediated up-regulation of Slc10a2/Asbt, Slc22a4/Octnl, and Slcolad/Oatpla4,
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but a down-regulation of Slc22a7/Oat2, Slc27a5/Fatp5, Slcolal/Oatplal, and Slco2al/
Oatp2al. PCN only altered the expression of two Slc genes, namely a down-regulation of
Slc22a7/0ctnl but a marked up-regulation of Slcola4/Oatplad. Regarding the absolute
MRNA abundance, Slc27a5/Fatp5 was the highest expressed in control livers, followed by
Slc22a7/0ctnl, Slcolal/Oatplal, and Slco2al/Oatp2al, whereas other Slcs were lowly
expressed. Slcolb2/Oatplb2 mRNA was not altered by TCPOBOP or PCN.

The regulation of the hepatic efflux transporters by TCPOBOP and PCN is shown in Figure
11. TCPOBOP had a major effect in up-regulating Abcbla/Mdrla and many Abcc/Mrp and
Abcd transporters, including Abcc2-3/Mrp2-3 and Abcd1-3; however, TCPOBOP down-
regulated Abcal-3, as well as Abca8a. PCN had relatively minor contributions to the
regulation of these Abc transporters, except for a moderate increase in Abcc3 mRNA.
Regarding the absolute mRNA abundance, Abcd2 was the highest expressed in control
livers, followed by Abcc3/Mrp3 and Abcc2/Mrp2, whereas other transporters were
expressed at much lower levels. Following TCPOBOP treatment, all three most abundantly
expressed Abcs were further increased. Therefore, the overall contribution of the CAR
ligand is likely to be an increase in Abc-mediated efflux, whereas the PXR ligand appears to
have less effect.

The effect of TCPOBOP and PCN on the expression of genes encoding nuclear receptors
and other important xenobiotic-sensing transcription factors is shown in Figure 12.
TCPOBOP markedly increased the mRNASs of Ahr/AhR, Nfe2l2/Nrf2, Rarb/RARp), Rxrg/
RXRYy, and Nrld2/Rev-erb, but decreased the mRNAs of Ppara/PPARa, Hnf4a/HNF4a,
Thra/TRa, and Nr2f6/COUP-TF3. PCN had relatively less influence on the expression of
these genes, except for an increase in EsSr/ERa mRNA. The absolute mRNA abundance of
Hnf4a/HNF4a was the highest expressed in all treatment conditions, whereas other
transcription factors were expressed at intermediate to low levels. The expression of PXR
and CAR was not altered by either PCN or TCPOBOP (data not shown).

In summary, regarding the regulation of the hepatic transcription as well as the DPGs as a
specific category, TCPOBOP in general had a more prominent effect on the differential
regulation of these genes in comparison to PCN, suggesting that there may be global
chromatin epigenetic changes as a consequence of pharmacological activation of CAR.
Therefore, critical genes involved in DNA and histone modifications were examined in
detail (Figure 13 and supplemental Figure 3). Regarding DNA methylation, interestingly, the
expression of important genes involved in DNA methylation and gene silencing, such as
DNA methyltransferases and methyl-CpG binding domain proteins, was in general not
influenced by PCN or TCPOBOP treatment (except for a moderate decrease in Mbpl
mRNA by TCPOBOP). Conversely, there was a marked TCPOBOP-mediated increase in the
growth arrest and DNA damage-inducible protein 45a and B (Gadd45a and B), which are
involved in DNA demethylation (Ma et al., 2009) (Figure 12B). This indicates that
TCPOBOP and CAR-signaling may promote DNA methylation to re-activate gene
expression in liver. Regarding histone methylation and demethylation pathways, as shown in
Figure 13A, TCPOBOP, but not PCN, markedly increased the hepatic mMRNAs of methionine
adenosyltransferase 2a (Mat2a), which synthesizes S-adenosylmethionine and promotes
histone H3 lysine 9 tri-methylation (H3K9Me3) (Kera et al., 2013); DOT1- like histone H3
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methyltransferase (Dotll), which is involved in H3K79 methylation (Feng et al., 2010);
enhancer of zeste 2 polycomb repressive complex 2 (Ezh2), which is involved in histone H3
lysine-27 tri-methylation (H3K27Me3) (Kondo et al., 2008); SET domain containing 4
(Setd4) and Setd8, which are histone lysine methyltransferases (Kouzarides, 2002; Zhang et
al., 2003); SET and MYND domain containing 4 (Smyd4), which contains histone
methyltransferase activity; as well as Suv39h1, which is involved in maintaining H3K9
methylation at pericentric heterochromatin (Rea et al., 2000). TCPOBOP also decreased the
mMRNAs of lysine (K)-specific demethylase 4A (Kdmd4a), which is involved in the
demethylation of H3K9Me2/3, H3K36Me2/3, as well as H1.4K26 (Berry and Janknecht,
2013; Cascante et al., 2014); Kdme6b, which is involved in H3K27Me3; as well as Smyd1,
which has transcription corepressor activity (Burchfield et al., 2015). Considering the
absolute mRNA abundance, TCPOBOP in general appeared to promote methylation of
histones, whereas PCN had little effect on histone methylation/demethylation.

The effect of PXR and CAR activation on the expression of genes related to histone
acetylation and deacetylation is shown in Figure 13B. TCPOBOP, but not PCN, markedly
increased the mRNAs of establishment of cohesion 1 homolog 2 (Esco2), which is an
acetyltransferase that promotes cohesin acetylation to speed up the replication fork (Terret et
al., 2009); Hatl, which catalyzes the histone and non-histone targets (Lu et al., 2012); and
Hdac6, which is involved in histone deacetylation (de Ruijter et al., 2003). Conversely,
TCPOBORP slightly decreased the mRNAs of nuclear receptor co-activator 5 (Ncoa5), which
serves as a co-activator to recruit histone acetyltransferases or methyltransferases (Lu et al.,
2012); as well as the histone deacetylase sirtuin 3 (Sirt3) (de Ruijter et al., 2003).
Considering absolute mMRNA abundance, TCPOBOP in general appeared to promote histone
acetylation, and this could favor active gene transcription and cell replication, whereas PCN
had minimal effect on histone acetylation/deacetylation.

In addition to histone methylation and acetylation, as shown in Figure 13C, TCPOBOP also
increased the mRNAs of aurora kinases a and b (Aurka and b), which are involved in histone
phosphorylation (Pascreau et al., 2003); ubiquitin-conjugating enzyme E2C (Ube2c), which
is involved in histone ubiquitylation (Komander and Rape, 2012); chromatin remodeler
chromodomain helicase DNA binding protein 1-like (Chd1l) (Ahel et al., 2009); as well as
the histone H2A family member Z (H2afz). TCPOBOP moderately decreased the
chromobox (Cbx) proteins 4 and 8, as well as the chromatin remodelers Chd3 and 7.

In summary, TCPOBOP appeared to be a potent epigenetic remodeler that transcriptionally
modulates multiple epigenetic regulatory pathways involved in DNA demethylation, as well
as histone methylation, acetylation, phosphorylation, as well as ubiquitylation and chromatin
remodeling. Alterations in the expression of these epigenetic marks may at least partially
explain the preferable differentiation of the hepatic transcription by TCPOBOP as compared
to PCN.

DISCUSSION

The present study has systematically compared the /n vivo PXR and CAR target genes in the
mouse transcriptome, with a primary focus on critical genes involved in xenobiotic
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biotransformation and epigenetics. Results have demonstrated that PXR and CAR share
many common targets, among which xenobiotic metabolism is the top category, but genes
involved in inflammation, iron homeostasis, and retinoic acid metabolism are also co-
regulated. Similar to CAR, PXR also binds to the direct-repeat 4 (DR-4) like motifs, which
are the most prevalent PXR-DNA hinding response elements in the mouse liver (Cui et al.,
2010). This may at least in part explain the co-regulated gene profiles by PXR and CAR.
However, PXR and CAR also have unique target gene profiles, most notably, CAR up-
regulates many genes involved in cell proliferation, bile acid synthesis and composition, as
well as epigenetic remodeling, whereas PXR has less effect on these pathways. In regard to
the DPGs, the cumulative mMRNAs of phase-I and —I1 drug-metabolizing enzymes as well as
efflux transporters are up-regulated by PCN and to a greater extent by TCPOBOP, however,
the cumulative mRNAs of the efflux transporters are down-regulated only by TCPOBOP.
The absolute mRNA abundance of each DPG category has unveiled the major responder
genes following exposure to PCN or TCPOBOP, and this aids in the prediction of the most
predominant pharmacokinetic modifications in liver following PXR or CAR activation.

The regulation of many hepatic DPGs by PXR and CAR ligands has been characterized in
mice using branched DNA amplification (bDNA) assays (Cheng et al., 2005; Maher et al.,
2005; Alnouti and Klaassen, 2008a; Alnouti and Klaassen, 2008b; Knight et al., 2008;
Buckley and Klaassen, 2009; Cui et al., 2009; Aleksunes and Klaassen, 2012; Cheng and
Klaassen, 2012; Zhang et al., 2012; Pratt-Hyatt et al., 2013). The present study using RNA-
Seq is consistent with these previous studies regarding the up-regulation of Cypla2,
Cyp2b10, Aldhla7, Gstal, Gstad4, Gstm1-3, Gsttl, Sultlel, Papss2, Ugt2b34-36, and
Mrp2-4, most notably by the chemical activation of CAR by TCPOBOP but also by PCN to
a lesser extent; whereas PCN also up-regulates Gstm1-3 and Mrp3 in both studies to a much
lesser extent than does TCPOBOP (Figure 3, 8, 11, 12, and 13) (Maher et al., 2005; Alnouti
and Klaassen, 2008a; Knight et al., 2008; Buckley and Klaassen, 2009). The present study is
also consistent with these previous studies regarding the co-up-regulated genes Cyp3all and
Oatplad by both PCN and TCPOBOP (Figure 10) (Aleksunes and Klaassen, 2012).
Although the up-regulation of the prototypical CAR-target gene Cyp2b10 by the PXR ligand
PCN was observed in the present study (Figure 3) and in another study (Pacyniak et al.,
2007), it only tended to be induced by PCN without statistical significance in male mice, but
was significant in female mice (Aleksunes and Klaassen 2012). Similarly, the PCN-mediated
up-regulation of the mMRNAs of Aldhlal, Aldhlbl, Gstad4, Gstm4, and Papss2, the
TCPOBOP-mediated up-regulation of Aldh3a2 mRNA; as well as the TCPOBOP-mediated
down-regulation of Cyp4al4 and Aldh6a2, were not observed previously in male mice
(Aleksunes and Klaassen 2012). The PCN-mediated increase of Aldhlal and 1bl mRNAs
was consistent with another study (Alnouti and Klaassen, 2008a). The discrepancies are
likely due to small fold-change in gene expression, sample size, statistics, or different
platforms of MRNA quantification (such as probe design strategies in bDNA assay and
mapping strategies in RNA-Seq). In female mice, for certain DPGs discussed above, they
were differentially regulated by PCN or TCPOBOP (Aleksunes and Klaassen, 2012),
suggesting that gender also plays a role in PXR and CAR signaling in liver.

The data on aldo-ketoreductase in the present study are consistent with a previous study
regarding the PCN- and TCPOBOP-mediated up-regulation in the Akrlb7 mRNA, as well as
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the TCPOBOP-mediated up-regulation in the mRNAs of Akrlcl9 and 1d1 (Pratt-Hyatt et
al., 2013). The present study has also determined the regulation of all other Akrs in the
mouse genome, and demonstrated that TCPOBOP up-regulates Akr1b8 mRNA, which was
not included in the previous study. The TCPOBOP-mediated increase in Akrlc14 mRNA
and PCN-mediated increase in Akrldl mRNA observed in the present study were not
observed in the previous study. Regarding the carboxyesterases, the present study is
consistent with a previous study on the PCN- and TCPOBOP-mediated increase in Ces2a
mRNA, TCPOBOP-mediated increase in Ces2c mRNA, but decrease in the mRNAs of
Ces3a and Aadac (Zhang et al., 2012). In addition, the present study has provided new
information regarding the regulation of all other Ces genes that was not included in the
previous study, and has demonstrated that TCPOBOP uniquely down-regulates the mRNAs
of Ceslb and 3a, whereas both PCN and TCPOBOP up-regulate Ces2g mRNA but down-
regulate Cesda mRNA. There are certain discrepancies between the present study and the
study by Zhang and Klaassen (2012), for example, the PCN-mediated increase in the
mMRNAs of Cesld, 1e, and 1g was observed in the present study but not in the previous
study. Ces2e mRNA was down-regulated slightly by TCPOBOP in the present study but not
in the previous study; whereas PCN increased Ces2c mRNA in the previous study but not in
the present study. As mentioned before, the discrepancies are likely due to small fold-change
in gene expression, sample size, and different methodology.

The present study has provided new information regarding the regulation of many other
categories of DPGs by PCN and TCPOBOP, which was not included in previous studies;
these gene categories include the alcohol dehydrogenases (Figure 6A), dehydrogenases and
reductases (Figure 7B), glutathione peroxidases and peroxiredoxins (Figure 8A), flavin
containing monooxygenases, methyltransferases and acetyltransferases (Figure 8B—C), as
well as the regulation of xenobiotic-sensing transcription factors (Figure 12) and epigenetic
modifiers (Figure 13 and supplemental Figure 1). In addition, regarding the gene categories
that have been characterized before, due to technical challenges in designing gene-specific
primers or specific target-quantification on a multiplexing platform, previous studies only
included a limited number of DPGs in that particular gene category; whereas the present has
included all the DPG isoforms using RNA-Seq. Thus the present study has further expanded
our knowledge regarding the PXR- and CAR-mediated regulation of all DPGs in liver.

The present study has demonstrated that at the given doses, the CAR ligand TCPOBOP
differentially regulates many more genes that the PXR ligand PCN in mouse liver (Figure 1),
and this appears to correlate with a marked change in the expression of many epigenetic
regulators by TCPOBOP (Figure 13). Indeed, CAR has been shown in previous studies to be
a potent epigenetic reprogramming factor. For example, neonatal activation of CAR results
in epigenetic memory, evidenced by a permanent increase of H3K4Mel, H3K4Me2, and
H3K4Me3, but a decrease of H3K9Me3 around the Cyp2b10gene locus (Chen et al., 2012).
The present study has demonstrated that TCPOBOP increases the mRNAs of multiple
histone methyltransferases, but a decrease in H3K9Me3 demethylase Kdma, which are
consistent with the previous findings (Chen et al., 2012). TCPOBOP increased the mRNA of
Gadd45, which is involved in cell proliferation and DNA demethylation, and is consistent
with the previous studies that demonstrated that Gadd458 is induced in a CAR-dependent
pathway to promote liver hyperplasia (Columbano et al., 2005). In fact, loss of Gadd45p in
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hepatocytes has been shown to attenuate TCPOBOP-mediated up-regulation of Cyp2b10
MRNA (Columbano et al., 2005; Tian et al., 2011), and the CAR-activator phenobarbital-
mediated epigenetic switch in DNA methylation has been observed around the Cyp2b10
gene promoter (Lempiainen et al., 2011). Conversely, although many epigenetic modifiers
have been shown to be involved in PXR-signaling (Xie et al., 2009; Habano et al., 2011;
Tian, 2013; Ma et al., 2015c), pharmacological activation of PXR in liver does not appear to
alter the expression of these genes at the transcriptional level.

Although PXR and CAR are well-known xenobiotic-sensing receptors, the present study
demonstrates that many other pathways appear to be regulated by PXR and CAR ligands.
For example, TCPOBOP appears to regulate bile acid synthesis and composition, because it
markedly increased the mMRNA of cholesterol 7a hydroxylase (Cyp7al), which is the rate-
limiting enzyme for bile acid synthesis in the classic pathway, but decreased the mRNA of
the 12a-hydroxylase (Cyp8bl) that synthesizes cholic acid, as well as Cyp27al (note: is up-
regulated by PCN also) and Cyp7b1 that is involved in the alternative pathway of bile acid
synthesis (Figure 5). Decreased Cyp8b1 expression by TCPOBOP was also observed in
previous studies (Stedman et al., 2005; Miao et al., 2006); however, Cyp7al mRNA was
found to be decreased in other studies following PCN or TCPOBOP treatment (Staudinger et
al., 2001; Stedman et al., 2005; Miao et al., 2006), likely because the doses used in these
studies lead to a cholestatic-like condition that activates other receptors, such as FXR and
intestinal Fgfl5 to down-regulate Cyp7al. Deletion of CAR has been shown to result in a
less severe repression of Cyp7b1 and Cyp8b1 expression after bile duct ligation, indicating
that CAR is at least partly responsible for the down-regulation of these genes (Stedman et
al., 2005). The present study is also consistent with the literature regarding the PXR- and
CAR-mediated up-regulation in the efflux transporters Mrp2-4, as well as the uptake
transporter Oatpla4 in liver (Tabbot and Robson, 2006).

The present study has shown that both PXR and CAR ligands appear to down-regulate
multiple genes involved in the pro-inflammatory response. PXR has been shown to inhibit
inflammation, evidenced by decreased Tumor necrosis factor a and interleukin 1-a mRNA
expression, and attenuated NF-xB-signaling both in mouse liver (Wallace et al., 2010) and in
primary culture of hepatocytes (Sun et al., 2015). Relatively less is known regarding the
contribution of CAR in hepatic inflammation, but the RNA-Seq data in the present study
also suggests the potential anti-inflammatory function of CAR in liver.

Regarding the cross-talk between nuclear receptors, the present study is consistent with the
previous literature regarding CAR-mediated suppression of HNF4a (Gallina et al., 1989)
(Figure 12). The CAR-mediated suppression of HNF4a may lead to a decrease in glucose
and lipid metabolism pathways. There are apparent interactions between CAR and other
receptors such as AhR, PXR, and PPARa, because the activators for these other receptors
can also activate CAR-signaling (Oshida et al., 2015). The present study has shown that
activation of CAR by TCPOBOP up-regulates the AhR-target genes Cypla as well as many
PXR-target genes, however, it actually down-regulates the PPARa-target genes in the Cyp4a
family. A comparison between PXR and CAR activation by lithocholic acid in wild-type and
PXR/CAR-null mice has shown that CAR predominantly mediates the induction of Cyp3all
and Mrp3, whereas PXR is the major regulator of Oatpla4 (Zhang et al., 2004). However,
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the present study has shown that pharmacological activation of PXR and CAR can both lead
to the up-regulation of these genes.

There are species-differences in the pharmacodynamic functions of PXR and CAR between
rodents and humans, thus caution needs to be made when extrapolating the data from mice.
Similar to mice, the human (h) PXR and hCAR also have overlapping but also distinct
biological functions in human hepatocytes (Maglich et al., 2003). In contrast to mice, hPXR
and hCAR only support the hypertrophic but not the hyperplastic response to the mouse non-
genotoxic hepatocarcinogens phenobarbital and chlordane (which are both CAR and PXR
activators) in livers of hPXR/hCAR-humanized mice (Ross et al., 2010). In human HepaRG
cells, many genes promoting cell proliferation and tumorigenesis were up-regulated in
hCAR-knockout cells, suggesting that hCAR plays an important role in cell growth that
differs from mouse CAR (Li et al., 2015). Indeed, the mode of action for phenobarbital-
induced rodent liver tumor formation is considered to be qualitatively not plausible in
humans, supported by data from various epidemiological studies conducted in human
populations that were chronically exposed to phenobarbital, in which there was no observed
evidence for increased risk for liver tumors (Elcombe et al., 2014). Regarding drug
metabolism pathways, similar to the mouse receptors, in HepG2 cells hPXR and hCAR
activated by herbal supplements also up-regulate the expression and activities of CYP2B6,
which is the human homolog of mouse Cyp2b10 (Xu et al., 2015). Regarding hPXR
signaling, the hPXR ligand rifampicin treated hPXR/hCAR-double-humanized mice had
increased hepatic microsomal protein, total Cyp contents, Cyp reductase activity, and UGT
activity (Lee et al., 2015). Regarding hCAR signaling, genes encoding drug-metabolizing
enzymes are among the main clusters altered by both the hCAR ligand CITCO, and the
species-unspecific CAR activator phenobarbital (which can also activate PXR) (Li et al.,
2015), whereas similar results were observed in livers of mice treated with TCPOBOP
(Figure 2). At the given concentrations, CITCO differentially regulated the expression of
135 genes in a hCAR-dependent manner, whereas phenobarbital altered the expression of
227 genes, among which 94 genes were up-regulated in a hCAR-independent manner (likely
due to hPXR effect) (Li et al., 2015).

In conclusion, the present study has revealed known and novel, as well as common and
unique targets of the PXR and CAR receptors in mouse liver following chemical activation
using their prototypical ligands. Results from this study further support the role of these
important nuclear receptors in regulating the homeostasis of xenobiotic and intermediary
metabolism in liver, and aid in distinguishing between PXR and CAR signaling at various
physiological and pathophysiological conditions.
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A. Experimental Design B. Number of Regulated Genes
/.mm il (Smikg, i) | 1o ection
L Once daily for 4-days i' 1978
Q PEN (20mpkg, i'P'}f Tissue collection ‘ I]
Once daily for 4-days mm /
17: POBOP (3mg/kg, ip.) _
e e — Tissue collection
C. Top Canonical Pathways
C-1. Regulated by both PCN and TCPOBOP:
Name p-value Overlap
Nicotine Degradation || 6.65E-15 16.4 % 12/73
Nicotine Degradation Il 9.36E-13 16.9 % 10/59
LPS/IL-1 Mediated Inhibition of RXR Function 1.90E-12 6.7 % 15/224
PXR/RXR Activation 7.52E-12 13.9% 10/72
Xenobiotic Metabolism Signaling 3.38E-11 5.5% 15/274
C-2. Regulated by PCN:
Name p-value Overlap
Nicotine Degradation IlI 4 45E-04 5.1 % 3/59
Aryl Hydrocarbon Receptor Signaling 5.02E-04 2.7 % 4/146
Xenobiotic Metabolism Signaling 6.25E-04 1.8% 5/274
Melatonin Degradation | 6.75E-04 4.4°% 3/68
PXR/RXR Activation 7.98E-04 4.29% 3/72
C-3. Regulated by TCPOBOP:
Name p-value Overlap
FXR/RXR Activation 1.0BE-14 30.4 % 42/138
Acute Phase Response Signaling 2.13E-14 27.5% 47171
Mitochondrial Dysfunction 9.60E-13 25.0% 47/188
LXR/RXR Activation 1.12E-11 28.1 % 36/128

LPS/IL-1 Mediated Inhibition of RXR Function 1.72E-11 22.3 % 50/224

Figure 1.
A. A diagram illustrating the experimental design and dosing regimen of mice. B. A venn

diagram demonstrating the number of differentially regulated genes in livers of wild-type
mice treated with PCN or TCPOBOP as compared to vehicle-treated group. Differential
expression was determined using Cuffdiff with FDR<0.05 as described in MATERIALS
AND METHODS. C. Top canonical pathways of the liver genes that are differentially
regulated by both PCN and TCPOBOP (C-1), by PCN only (C-2), and by TCPOBOP only
(C-3). Data were analyzed using Ingenuity Pathway Analysis as described in MATERIALS
AND METHODS.
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Figure 2.

A. A two-way hierarchical clustering dendrogram of DPGs that were differentially regulated
by PCN or TCPOBORP in livers of wild-type mice. B. Cumulative expression of all
differentially regulated DPGs in livers of vehicle-, PCN- and TCPOBOP-treated mice. C.
Cumulative expression of all differentially regulated Phase-I drug-metabolizing enzymes in
livers of vehicle-, PCN- and TCPOBOP-treated mice. D. Cumulative expression of all
differentially regulated Phase-11 drug-metabolizing enzymes in livers of vehicle-, PCN- and
TCPOBOP-treated mice. E. Cumulative expression of all differentially regulated uptake
transporters in livers of vehicle-, PCN- and TCPOBOP-treated mice. F. Cumulative
expression of all differentially regulated efflux transporters in livers of vehicle-, PCN- and
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TCPOBOP-treated mice. Asterisks represent statistically significant differences as compared
to corn oil-treated group (FDR-adjusted p value <0.05).
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Figure 3.

Regulation of the Phase-1 Cyp1 (A) and Cyp2 (B) drug-metabolizing enzymes by PCN and
TCPOBORP in livers of wild-type mice. Only the differentially expressed genes in either
PCN- or TCPOBOP-treated groups are presented. Genes in the same family are graphed
together to quantitatively compare the mRNA abundance, and are graphed individually to
better visualize the mMRNA fold-changes by PCN or TCPOBOP of all genes. Asterisks
represent statistically significant differences as compared to corn oil-treated group (FDR-

adjusted p value <0.05).
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Figure 4.

Regulation of the Phase-1 Cyp3 (A) and Cyp4 (B) drug-metabolizing enzymes by PCN and
TCPOBORP in livers of wild-type mice. Only the differentially expressed genes in either
PCN- or TCPOBOP-treated groups are presented. Genes in the same family are graphed
together to quantitatively compare the mRNA abundance, and are graphed individually to
better visualize the mMRNA fold-changes by PCN or TCPOBOP of all genes. Asterisks
represent statistically significant differences as compared to corn oil-treated group (FDR-
adjusted p value <0.05).
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A. Cyps involved in bile acid and steroid synthesis and retinoid acid metabolism
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Figure 5.
Regulation of the Cyps involved in bile acid and steroid synthesis and retinoic acid

metabolism (A) and Cyp-related enzymes (B) by PCN and TCPOBOP in livers of wild-type
mice. Only the differentially expressed genes in either PCN- or TCPOBOP-treated groups
are presented. Genes in the same family are graphed together to quantitatively compare the
mMRNA abundance, and are graphed individually to better visualize the mRNA fold-changes
by PCN or TCPOBORP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Figure 6.
Regulation of other Phase-I drug-metabolizing enzymes by PCN and TCPOBOP in livers of

wild-type mice: (A) alcohol and aldehyde metabolizing enzymes; (B) dehydrogenases and
reductases. Only the differentially expressed genes in either PCN- or TCPOBOP-treated
groups are presented. Genes in the same family are graphed together to quantitatively
compare the mRNA abundance, and are graphed individually to better visualize the mRNA
fold-changes by PCN or TCPOBOP of all genes. Asterisks represent statistically significant
differences as compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Regulation of other Phase-I drug-metabolizing enzymes by PCN and TCPOBOP in livers of
wild-type mice: (A) carboxyesterases; (B) dehydrogenases and reductases. Only the
differentially expressed genes in either PCN- or TCPOBOP-treated groups are presented.
Genes in the same family are graphed together to quantitatively compare the mRNA
abundance, and are graphed individually to better visualize the mRNA fold-changes by PCN
or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05)
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Figure 8.
Regulation of genes involved in oxidative stress and redox-cycling (A), as well as other

Phase-1 genes (B) by PCN and TCPOBORP in livers of wild-type mice. Only the
differentially expressed genes in either PCN- or TCPOBOP-treated groups are presented.
Genes in the same family are graphed together to quantitatively compare the mRNA
abundance, and are graphed individually to better visualize the mRNA fold-changes by PCN
or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05)
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Figure 9.
Regulation of Phase-11 glutathione S-transferases (A), sulfotransferases (B), and UDP

glucuronosyltransferases (C) by PCN and TCPOBOP in livers of wild-type mice. Only the
differentially expressed genes in either PCN- or TCPOBOP-treated groups are presented.
Genes in the same family are graphed together to quantitatively compare the mRNA
abundance, and are graphed individually to better visualize the mRNA fold-changes by PCN
or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Figure 10.

Regulation of Slc transporters by PCN and TCPOBOP in livers of wild-type mice. Only the
differentially expressed genes in either PCN- or TCPOBOP-treated groups are presented.
Genes in the same family are graphed together to quantitatively compare the mRNA
abundance, and are graphed individually to better visualize the mRNA fold-changes by PCN
or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Figure 11.
Regulation of Abc transporters by PCN and TCPOBOP in livers of wild-type mice. Only the

differentially expressed genes in either PCN- or TCPOBOP-treated groups are presented.
Genes in the same family are graphed together to quantitatively compare the mRNA
abundance, and are graphed individually to better visualize the mRNA fold-changes by PCN
or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Regulation of nuclear receptors and transcription factors by PCN and TCPOBOP in livers of
wild-type mice. Only the differentially expressed genes in either PCN- or TCPOBOP-treated
groups are presented. Genes in the same family are graphed together to quantitatively
compare the mRNA abundance, and are graphed individually to better visualize the mRNA
fold-changes by PCN or TCPOBOP of all genes. Asterisks represent statistically significant
differences as compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Figure 13.

Regulation of genes involved in histone methylation and demethylation (A), histone
acetylation (B), and other histone modifications (phosphorylation, ubiquitination, chromatin
remodeling, and histone expression) (C), by PCN and TCPOBORP in livers of wild-type
mice. Only the differentially expressed genes in either PCN- or TCPOBOP-treated groups
are presented. Genes in the same family are graphed together to quantitatively compare the
mMRNA abundance, and are graphed individually to better visualize the mRNA fold-changes
by PCN or TCPOBOP of all genes. Asterisks represent statistically significant differences as
compared to corn oil-treated group (FDR-adjusted p value <0.05).
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Top differentially regulated genes

Table 1

Treatment Up-regulated Down-regulated
Genes Fold-increase | Genes % decrease

PCN Gstm3 72.32 Mtl 94%
Cyp2c55 | 4556 Alpkl 87%
Cyp3al6 32.95 Mt2 84%
Akrlb7 23.39 Moxdl 84%
Cyp3as9 | 14.01 Tifa 82%
Cyp3ad4 12.65 Cyp2c69 81%
Sult2a7 19.28 Tir2 80%
Ltf 11.72 9430083A17Rik | 79%
Cyp3a4lb | 10.03 Gm7334 79%
Cyp2b10 | 10.02 Mup9 79%

TCPOBOP | Gstal 1115 Dmbtl 99.8%
Gm3776 259.6 Hsd3b5 99.3%
Gstm3 249.7 Serpina4-psl 99%
Cyp2b10 195.3 Obp2a 97%
Akrlb7 192.3 Mt2 97%
Cyp2c55 170.1 Slcolal 97%
Sultlel 158.5 Cesda 96%
Ccnbl 98.83 Susd4 95%
Fndc5 95.43 Dct 95%
PIk1 93.79 Cyp2c40 94%
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