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Abstract
The human constitutive androstane receptor (CAR) regulates the expression of
genes involved in xenobiotic metabolism in the liver. The CAR gene utilizes multiple
alternative splicing events during pre-mRNA processing, thereby increasing the CAR
transcriptome. The work presented in this dissertation focuses on the functional analysis
of a prominent human CAR variant, CAR2 that possesses a 4- amino acid insertion in
the ligand binding domain. Previous investigations led us to hypothesize that the CAR2
variant is a ligand-activated receptor and possesses a unique ligand binding profile
giving rise to novel biological function. We now demonstrate that CAR2 constitutes
approximately one-third and one-half of the total CAR transcriptome in human
hepatocytes and small intestine, respectively. Further, we identify the common
plasticizers, di(2-ethylhexyl) phthalate (DEHP) and di-isononyl phthalate (DiNP) as
highly potent and uniquely selective agonists of CAR2.

Results from reporter

transactivation assays reveal that DEHP and DiNP activate CAR2 at low nanomolar
concentrations. In addition, comparative genomic analysis show that the typical mouse,
rat and marmoset models of toxicity can not accurately profile potential human toxicity
due to these species inability to generate a CAR2-like transcript. It is also demonstrated
that CAR2 possesses an altered ligand pocket that allows for the highly potent and
specific activation of the variant by DEHP and DiNP. Further studies show that CAR1
and CAR3 share similar ligand activation profiles; whereas CAR2 responds to most
CAR1 and CAR3 ligands as well as a unique subset of chemicals. Finally, it is now
shown that meclizine, a human CAR1 inverse-agonist, is a specific agonist of CAR2. A
meclizine derived pharmacophore was utilized in a ligand-based virtual screening and
identified two novel CAR2 agonists from the NCI chemical database. The results of this
dissertation will aid in the development of better models of human CAR activation, give a
more complete understanding of the interaction of CAR with xenobiotics, yield novel
insight into potential mechanisms of phthalate toxicity and provide the foundation for
future studies into the physiologic functions of alternatively spliced variants of CAR.
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Chapter 1
Introduction

1.1 Transcriptional Regulation of P450’s by Xenobiotics
In mammalian organisms, during development and under basal conditions,
a repertoire of ~25,000 genes (1) undergoes differential transcription. Activation
of specific genes in response to chemicals, pathogenic infection, or
environmental stressors requires a highly integrated signal transduction process
that signals the transcriptional machinery to direct the expression patterns of
appropriate genes (2).

The activation of a given gene will depend on the

simultaneous interplay of particular combinations of nuclear proteins that localize
to promoter regions and other regulatory DNA elements, such as transcriptional
enhancers. Most DNA enhancer elements contain distinct sets of transcription
factor binding sites. Variation in the arrangement of these sites provides the
potential to create unique and context specific DNA-protein complexes (3;4).
Cooperative interplay between the proteins in these complexes and with other
nuclear factors, such as coactivators and corepressors, can lead to a high level
of discrimination in gene activation and to a marked level of transcription synergy
(2;4;5).
It is noteworthy that several classes of environmental and therapeutic
substances are recognized for their capacity to markedly modulate the
transcriptional status of mammalian biotransformation enzymes. These enzymes
include

certain

transferases,

glutathione-S-epoxide

epoxide

hydrolases,

transferases,

aldehyde

UDP-glucuronosyl

dehydrogenases,

and

the

cytochrome P450s or CYPs (6-10). The CYPs constitute a very important phase
I enzyme network and principally catalyze the oxidization of a wide variety of
chemicals, including pharmaceuticals. Typically, the biotransformation process
tends toward detoxification with the resulting metabolites being more water-

2
soluble and exhibiting increased likelihood to undergo further reactions via phase
II conjugation pathways. However, a large number of procarcinogens and other
environmental toxins are bioactivated by the xenobiotic metabolizing CYPs (11).
The CYP monooxygenases are believed to have evolved from an
ancestral gene 3.5 to 4.0 billion years ago (12).

The CYPs are intimately

involved in functionalization reactions representing the first phase of xenobiotic
detoxification, as well as being integral parts of many biosynthetic reactions in
the cell. Over 1000 CYP genes have been characterized across many species of
animals, plants, and microbes (12). It has been proposed that evolution of more
recent CYP genes coincided with terrestrial colonization of plant-eating animals
400 million years ago. One theory proposes that an animal-plant war began as
plants synthesized toxic compounds to discourage predators, and animals
responded to this selective pressure by evolving multiple CYP genes in order to
detoxify the toxins (12;13).

Different CYP family members tend to exhibit

substrate preferences; however extensive overlap in substrate specificity does
exist (14). CYPs are expressed in most mammalian tissues, although, the liver is
responsible for the bulk of chemical biotransformation (9;15).
Since many relevant substances are either bioactivated or detoxified by
CYP-mediated metabolism, it is likely that variation in expression patterns and
levels of CYPs broadly impact the outcome of chemical exposure (16).

It is

further anticipated that certain interindividual differences in CYP expression may
lead to altered risk for the development of toxicities, such as certain cancers,
birth defects and adverse drug reactions (11;16;17). This chapter will focus on
how these systems are regulated by the constitutive androstane receptor (CAR;
NR1I3) with specific emphasis on its role in the phenobarbital (PB) induction
response, the phenomenon whereby PB and ‘PB-like’ agents modulate
expression of the mammalian biotransformation system. This topic has been the
subject of several reviews, to which the reader is directed for further information
(6;7;18;19).
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1.2 The Phenobarbital Induction Response
There are several prototypical inducing agents, including: the polyaromatic
and polychlorinated hydrocarbons; ethanol and organic solvents; peroxisome
proliferator compounds such as the phthalate esters; dexamethasone, and;
several sedative-hypnotic medications (6;9;10).

These different ‘classes’ of

inducers tend to impact the expression levels of the CYP1A, CYP2E, CYP4A,
CYP3A, and CYP2B subfamilies of P450, respectively. In the latter case, PB
serves as a model agent for other barbiturates and a variety of xenobiotic
compounds such as chlordane, DDT, certain PCBs, etc., that exhibit profound
inductive effects on the biotransformation system (6;20).

The PB induction

response occurs in most mammalian species, including humans, and is
principally manifested in the liver (9).
Individuals can differ in the relative levels of CYPs that are expressed
constitutively; similarly, a number of members of these principle CYP subfamilies
are markedly inducible upon exposure to chemicals. For example, in rats, PB
treatments can induce both CYP2B1 and CYP2B2 levels in liver up to 50-100
fold (21;22).

PB inducible responses occur for human CYP2B6 in primary

hepatocyte culture (23-25). The human and rodent CYP3A4 genes are similarly
markedly responsive to prototypical PB-like inducers (26;27).

CYP gene

induction can manifest both beneficial and detrimental effects on xenobiotic
metabolism. Understanding the mechanisms that account for these induction
responses may greatly facilitate both therapeutic and prophylactic intervention in
disease states.
Much of the work on the PB induction response has focused on the
CYP2B family. The CYP2B genes are typically expressed in the liver at very low
basal levels. Similarly low levels of CYP2B mRNA can be detected in selected
other tissues (21;28). When an inducer is present, mRNA and protein levels
increase markedly, up to 100-fold over basal levels. The induction response is
relatively liver-specific, although reports indicate that the PB induction response
is also manifested in intestinal enterocytes and in the brain (29;30). However, in
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these latter tissues the induced levels of expression are far lower than those
occurring in liver.

Within the liver, inducible CYP2B expression is most

pronounced in the centrilobular region, i.e., those liver hepatocytes in closest
proximity to the central vein (31). The underlying mechanisms controlling tissueand regio-specific expression and induction responses remain relatively poorly
understood. Through study of the rodent PB-inducible P450 genes, in particular
the mouse Cyp2b10 and the rat CYP2B1 and CYP2B2, a great deal of progress
has been made regarding the molecular mechanisms involved in the PB
induction response. The principle features of the 5’-flanking promoter regions of
these genes, as well as the orthologous human CYP2B6 gene, appear quite
similar (7;32).

The hallmark structural features are described below and

indicated in Figure 1.1.
The CYP2B genes contain the typical DNA elements (cis elements) that
serve as binding sites for transcription factors (trans elements) found in many
eukaryotic genes (see Figure 1.1). The respective CYP2B promoter contains cis
elements, such as the TATAA box, and other elements required for RNA
polymerase complex formation.

This region is referred to as the proximal

promoter region and is involved in directing the basal transcriptional levels of the
gene (33). The proximal region is just upstream of the transcription start site,
where the structural DNA begins its transcription into heterogeneous RNA for
subsequent splicing into mature mRNA.
Initially, experiments conducted in the PB-inducible bacteria Bacillus
megaterium revealed the existence of a seventeen-base pair operon termed the
Barbie box (34), that responded to PB by increasing the transcription of CYP102
and CYP106 genes (35).

This response is mediated by both positive and

negative acting transcription factors that bind to a cis element (36) on the operon.
Although putative Barbie box consensus elements were subsequently identified
in several mammalian PB-responsive genes, including certain CYP genes (34),
further investigations demonstrated that the Barbie box does not appear to alter
PB-mediated induction of CYP genes in eukaryotes (6;37;38).
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A basal transcription element, or BTE, was also studied in the proximal
region of the promoter in several PB inducible CYP genes (39;40). Both the BTE
and the Barbie box elements may be involved in basal transcriptional regulation,
but are not critical in directing PB induction (41). Additional DNA elements exist
further upstream of the proximal promoter region of the CYP2B1/2 and Cyp2b10
genes that interact in vitro with a variety of transcription factors. For example, a
functional C/EBPα response element was reported as important for the
constitutive transcription in the CYP2B1 gene (40;42). Further upstream, NFκB
sites were identified in the CYP2B gene promoters from rat, mouse and human
that may be involved in gene repression (43). This potential mode of regulation
may be important since a number of inflammatory processes, cytokines, and viral
exposures have been reported to repress the PB induction process (44).

A

glucocorticoid response element (GRE) was characterized in the CYP2B2
promoter approximately 1.3 kb 5’ of the transcription start site (45) that may be
involved in the apparent glucocorticoid-dependence of the PB induction response
(27;46;47). Other transcription factors, such as AP1, may also be involved in
regulating the CYP2B genes (48).
Transgenic mice were utilized to implicate the existence of the upstream
PB enhancer region, using rat CYP2B2 promoter constructs as mouse
“transgenes” (49). Using both primary hepatocyte culture models (50-52), and
direct in situ injection of DNA into the liver (53), investigators successfully
delineated a 51 bp PBREM approximately 2.3 kb upstream of the core promoters
of the rat CYP2B2, mouse Cyp2b10, and human CYP2B6 (54) PB-inducible
genes.

The Negishi group was the first to identify the interaction of the

constitutive androstane receptor (CAR, NR1I3) within the PBREM region of the
mouse Cyp2b10 gene (55). The PBREM appears to be intimately involved in the
induction, or up-regulation response, subsequent to exposures to the ‘PB-class’
of agents (32;50). By definition, an enhancer fragment of DNA can function in
either orientation. In this respect, it is noteworthy that the PBREM region is in the
opposite orientation in the human CYP2B6 gene compared to that of the
corresponding rat or mouse genes (54). With the discovery of the enhancer
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region, the anatomy of the enhancer and its regulatory factor interactions have
been studied in detail.
As indicated in Figure 1.1, the PBREM is composed principally of two
nuclear receptor sites, NR1 and NR2. These sites are termed ‘NR’ because the
response element exhibits an imperfect direct repeat nucleotide sequence known
to bind nuclear receptors. The NR sites within the PBREM flank a core nuclear
factor-1 (NF1) motif (41). NF1 is a liver-enriched nuclear factor involved in the
regulation of many genes expressed in the liver. The potential role of the NF1
element in the PB induction process has been examined in various models. The
NF1 region is marked by a strong DNase I footprint, and coincides with a DNase
I hypersensitivity region (41). Although NF1 itself does not appear to possess
PB-mediated transactivation activity in transfected cells, mutation of the NF1 site
within CYP2B genes reduced the PB induction response in in vitro transfection
assays (41;55;56).

Studies of NF1 interaction on chromatinized templates

indicate that NF1 binds independent of other nuclear factors to the PBREM but
may enhance the nuclear factor activity during the induction response (57).
However, results from studies using CYP2B2 transgenic mouse models that
contained loss-of-function mutations in the NF1 motif indicated no substantial
loss of PB inducibility with the mutant NF1 transgenes, arguing against a critical
role for the factor in directing the phenobarbital induction response in vivo (58).
Interestingly, interactions of other transcriptional proteins as accessory factors
within the PBREM domain have also been reported. These potentially interacting
factors include the glucocorticoid receptor (56), HNF-4 (59) and the liver X
receptor (59), interactions that may allow for a complex interplay of regulators
affecting PBREM transcriptional functionality. Further, a novel distal enhancer
module (XREM, see Figure 1.1) that is regulated by PXR/CAR has been
identified far upstream of the PBREM in the human CYP2B6 gene that appears
essential for maximal induction of CYP2B6 expression (60).

Several other

mechanisms may be operative in the induction process that occurs in response
to the ‘PB-class’ of agents, including post-transcriptional stabilization of mRNA,
post-translational

stabilization

of

the

enzyme,

post-translational

protein
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modifications such as changes in phosphorylation status, and/or direct
transcriptional activation of the respective genes. Together, these observations
point to a dynamic integration of the ‘PB induction response’ in mammalian liver.
Although perhaps complex on the one hand, it does appear that a
principle pathway directing the PB inducible response in hepatocytes involves
direct gene activation by CAR at the transcriptional level (61). Therefore, the
remainder of this chapter will focus on CAR as a transcription factor that
preferentially activates the PBREM and a factor that has also been implicated in
a number of other areas of liver physiology.
1.3 The Constitutive Androstane Receptor (CAR)
1.3.1 – Initial Cloning and Characterization
Originally cloned from human liver as MB67 (62) and later from mouse
(63), CAR is a member of the nuclear receptor superfamily that is expressed
primarily in the liver. CAR constitutively activates target genes by binding direct
repeat (DR-4 and DR-5) elements as a heterodimer with the retinoid X receptor
(RXR) (62;63). Other DNA binding motifs have also been identified for CAR,
including DR-1s, DR-3s, ER-8s and IR-2s (64;65). In the adult liver, RXRα is the
most abundant of the three RXR receptors, suggesting an important role as a
regulator of gene expression in this organ (66). The importance of RXRα is quite
clear in a broader biological context in that it engages as a dimer partner with a
large number of other nuclear receptors, including the retinoic acid receptors
(RAR), vitamin D receptor (VDR), thyroid hormone receptor (THR), peroxisome
proliferator-activated receptor (PPAR), pregnane X receptor (PXR), liver X
receptor (LXR) and the farnesoid X receptor (FXR) (19;67). In this context, RXR
has been referred to as a ‘master regulator’ (67).
As noted earlier, the Negishi group was the first to identify the interaction
of CAR within the PBREM region of the mouse Cyp2b10 gene (55). Further
studies showed that CAR also activated the human ortholog of Cyp2b10,
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CYP2B6, as well as the human CYP3A4 gene (54), indicating a combinatorial
regulation of CYP3A4 by both CAR and the pregnane X receptor. PXR also
regulates the human CYP2B6 gene (68), indicative of receptor ‘promiscuity’, or
functional overlap in certain cases. It was also shown that activation of CAR
occurs through a nuclear translocation mechanism after treatment with PB. In
untreated mice CAR is sequestered in the cytoplasm of the hepatocytes but upon
treatment with PB, CAR accumulates in the nucleus and activates target genes
(69). Together these results indicate that CAR is a major transcription factor
involved in the PB induction response. This conclusion has been further verified
by generation of a CAR knockout mouse model that exhibits none of the
induction responses typically seen with PB exposure (70).
1.3.2 – Regulation of Transcription
In stably-transfected HepG2 cells and transiently-transfected cell lines,
CAR displayed ligand-independent activation of PBREM reporter genes
confirming the initial reports of constitutive activity (55) (it is sometimes referred
to as the “constitutively active receptor”).

This constitutive nature of CAR

requires mechanisms of regulation apart from ligand binding.

CAR resides

mostly in the cytoplasm, sequestered there by a mechanism that is not yet fully
understood, although it is likely that it is retained in a protein complex with hsp90
(71), the cytoplasmic CAR retention protein (CCRP) (72) and PPP1R16A (73).
Activation of CAR occurs when it translocates to the nucleus and elicits target
gene expression; a process that has been shown to occur after treatment with
PB or PB-like inducers (69). Earlier reports had shown that induction of the
CYP2B genes by PB is blocked by the protein phosphatase inhibitor okadaic acid
(74).

This inhibitor blocks nuclear accumulation of CAR by phenobarbital

suggesting that phosphorylation plays a role in this phenomenon (69).

This

result is further supported by the finding that protein phosphatase 2A (PP2A) is
recruited to the cytoplasmic CAR complex in the presence of inducers. The
translocation event also appears to be mediated by a leucine-rich xenochemical
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response signal (XRS) within the C-terminal portion of the protein (75). The
prominent nuclear compartmentalization of CAR that is seen when overexpressed in cell lines is potentially due to a saturation of these cytoplasmic
retention mechanisms.
After translocation to the nucleus the CAR/RXR heterodimer binds specific
response elements upstream of target genes.

Although the CAR/RXR

heterodimer displays greatest sensitivity for DR-4 elements such as those found
in the PBREM it can also interact with a variety of other DNA target elements
(76).

The battery of CAR target genes include members of all 3 phases of

xeno/endobiotic metabolism and clearance, such as certain cytochrome P450,
UDP-glucuronosyltransferase,

sulfotransferase,

glutathione

S-transferase,

aldehyde dehydrogenase, and ABC transporter families (77;78). Thus far, CAR
response elements have been mapped in a number of the corresponding human
genes, including CYP2B6 (54;60), CYP3A4 (54;79), CYP3A5 (80), CYP2C8 (81),
CYP2C9 (82-84), CYP2C19 (85), UGT1A1 (86), MDR1 (87), ALAS1 (88),
Sult2A1 (89), and cathepsin E (90).
When the milieu of transcription factors bind their respective DNA
response elements of a promoter, activation domains of these transcription
factors interact with other proteins involved in assembling the transcriptional
complex, known as the enhanceosome (91;92). The appropriate interaction of
transcriptional activators results in the localized remodeling of chromatin, driven
largely by post-translational modifications of histone proteins within the core
nucleosomal structures, thereby enhancing the further recruitment of accessory
factors that in turn couple with the RNA polymerase II to drive transcription (93).
CAR interacts with several transcription factors involved in chromatin remodeling.
The list of coregulators includes the coactivators SRC-1 (94), PPARBP (95), TIF2
(96), ACS-2 (97) and PGC-1 (98) and the corepressors NCoR (96) and SMRT
(99).
The coregulators associated with CAR depend highly on the chemical
environment.

Interestingly, many of the chemicals that induce nuclear

accumulation of CAR, including PB, do not bind the receptor. However, there are

10
a number of chemicals that regulate CAR through a direct interaction with its
ligand-binding pocket. The first CAR ligands to be discovered were the androgen
metabolites androstanol and androstenol. These ligands act as repressors of
CAR’s constitutive activity by inducing the release of coactivators. This unique
mechanism has caused these ligands to be termed inverse agonists.

The

concentration of androstanol and androstenol required to have this effect was in
the low micromolar range and therefore unlikely to have any in vivo significance
(94). Other ligands of CAR, such as TCPOBOP (76) and CITCO (100), function
as activators by inducing nuclear translocation as well as recruiting coactivators
or stabilizing the CAR/coactivator complex. TCPOBOP is specific to mouse CAR
and also functions to increase CAR’s transcriptional activity above constitutive
levels, an effect that has not been seen in human CAR. CITCO, on the other
hand, is a specific human CAR agonist. The differences between these two
chemicals highlight the divergence of the two orthologs.

Other studies have

shown that the antifungal agent clotrimazole (101) and the antinausea agent
meclizine (102) function as inverse agonists of human CAR (however, meclizine
is a potent agonist of mouse CAR). Other activators and/or ligands of CAR
include: 5β-3,20 pregnane dione (103), artemisinin (87;104), cyproconazole (105),
nonylphenol (106), phenytoin (107), carbamazepine, efavirenz and nevirapine
(108). Figure 1.2 provides a schematic representation of gene regulation by
CAR.
Interestingly, the CAR gene itself undergoes transcriptional regulation.
For, example, interleukin-6 (IL-6) rapidly and markedly decreases the expression
of both CAR and PXR mRNAs in primary human hepatocyte cultures (109).
Similarly, CAR is also up-regulated in primary human hepatocytes in response to
aryl hydrocarbon receptor (AhR) activation by 2,3,7,8-tetrachlorodibenzo-p-dioxin
and benzo[a]pyrene (110).

Therefore, control of CAR levels in the cell, via

transcription and perhaps by post-transcriptional pathways, may be an important
means of regulating CAR-mediated functional activity in the liver.
As is the case with most areas of biological study, use of viable
experimental models are of strategic importance.

In this respect, the PB
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induction response has traditionally been difficult to model using in vitro systems.
Most hepatoma-derived cell lines do not exhibit the induction response and even
many primary hepatocyte culture models only poorly reproduce the PB induction
response as observed in vivo, and, as such, maintenance of the PB induction
response appears as a highly definitive marker of hepatocyte differentiation
character (111). Certain well-defined primary culture models, both from rodent
(111) and from human (24;25) have been developed that maintain robust PB
response character as well as other differentiated features of hepatocytes in vivo.
1.3.3 – Structure and Function
The original CAR clone encoded 348 amino acids resulting in a protein
with 3 functional domains (Figure 1.3).

The highly conserved DNA binding

domain (C domain) resides on the NH2-terminus followed by a hinge domain (D
domain). The ligand-binding domain (E domain) is highly divergent and makes
up the COOH-terminal portion of the protein. This domain is responsible for
ligand binding, dimerization with RXR and contains the activation function 2
(AF2) helix required for coactivator recruitment on the extreme far end of the
protein’s COOH-terminus. CAR lacks the NH2-terminal A/B domain that would
normally include the activation function 1 (AF1) motif as well as the hypervariable
F domain that resides on the COOH-terminus of most nuclear hormone receptors
(62).
In 2004 the crystal structures were resolved for the ligand-binding domain
of both human (112) and mouse (113;114) CAR. These studies have yielded a
great deal of insight into the structural features that maintain CAR in the active
conformation. The secondary structure consists of eleven α helices, two 310
helices located between helix-1 and helix-3 and three β strands. In human CAR,
four residues (six residues in mouse CAR (114)) between helix-10 and the AF2
helix form a single turn, referred to as Helix X. It is hypothesized that Helix X,
which is separated from the AF2 helix by a single methionine residue, maintains
CAR in the active conformation by providing a rigid structure that limits the
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conformational freedom of the AF2 helix. Further, Helix X and the AF2 sit atop
four amino acids that shield the CAR ligand binding pocket, limiting the effects
that ligands can have on the receptor (112).

The murine CAR LBD crystal

structure reported by Shan et al. showed the receptor bound to androstenol
providing insight into the mechanism of inverse agonism. Unlike typical nuclear
receptor ligands, androstenol does not contact the AF2 helix. Instead it appears
that androstenol disrupts CAR’s active conformation by causing a kink in
between helix-10 and helix-11 and disrupting the features that hold the AF2 helix
in place (113). It is not yet known if inverse agonists affect human CAR in the
same way although it would seem that this is likely to be the case.
1.3.4 – Physiologic Roles
Although CAR was originally characterized as a xenobiotic sensor
regulating hepatic drug metabolizing genes in response to exogenous chemicals,
CAR activity has been implicated additionally in the metabolism of endogenous
compounds including steroids, heme (115), bile acids (116) and thyroid hormone
(117;118). Studies utilizing the CAR knockout mouse have demonstrated that
CAR is also involved in the processes that result in acetaminophen- (119) and
bile acid- (120) induced liver toxicity. There is further evidence that CAR activity
impinges upon signaling pathways that control food consumption (121) and
metabolic changes during periods of fasting (122). In large part the effects that
CAR exerts on these processes are dependent on the receptor’s ability to
modulate hepatic gene expression.
Some of these studies along with the observation that chronic
phenobarbital treatment leads to a decrease in blood glucose levels in diabetic
patients (123;124) have led to more recent works identifying CAR as a regulator
of hepatic energy metabolism. In the fasted state the liver can increase plasma
glucose levels through gluconeogenesis and glycogenolysis.

It appears that

activation of CAR can repress this process through direct interactions with FoxO1
(125) and PGC1α (126), transcription factors that respond to insulin and
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glucagon to regulate genes for the rate-limiting enzymes of the gluconeogenesis
and glycogenolysis pathways, glucose-6-phosphatase and phosphoenolpyruvate
carboxykinase 1. We are only beginning to understand this function of CAR and
further work will be needed to fully elucidate this important biological role that
may prove to be of great therapeutic value in the battles against diabetes and
obesity. There are two recent reviews that have been written on this topic that
we refer the reader to for further information (123;127).
1.3.5 – Alternative Splicing of the Human CAR Gene
It is generally viewed that in the first step of transcription a pre-mRNA
molecule is transcribed by RNA polymerase II as an exact RNA copy of the
genomic DNA, including all introns and exons. The pre-RNA molecule is then
spliced by the spliceosome complex generally resulting in the removal of the
introns and ligation of the exons to form the mature mRNA.

During this

processing the RNA can be put together in a multitude of ways through the use
of alternate splice donor and acceptor sites (128).

Recent studies have

demonstrated that RNA splicing can occur co-transcriptionally, with the splice
sites identified by the spliceosome while downstream exons still await their
synthesis (129;130). These mechanisms of alternative splicing make it possible
to produce a wide array of transcripts from a single pre-mRNA molecule. An
estimated 70% of all human genes undergo alternative splicing (129;131;132)
and therefore this process appears to represent a mechanism through which
higher organisms increase genetic complexity (129;133-136).
Recently, our laboratory and others have identified more than 20
alternatively spliced CAR transcripts (137-141). Two of these variants, termed
CAR2 and CAR3, contain small insertions, 4- and 5-amino acids, respectively,
that lie within the ligand binding domain of the receptor (see Figure 1.3) and are
predicted to posses unique biology (140;142;143). The variant receptors may
have altered affinities for RXRα and distinct DNA interaction profiles (142;144).
CAR2 and CAR3 transcripts were reported to comprise 6-10% and 40%,
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respectively, of the total CAR transcript in human liver (140), however more
recent data from our laboratory indicates that CAR2 and CAR3 comprise ~30%
and ~25%, respectively, of the CAR receptor pool in liver (DeKeyser and
Omiecinski, unpublished results).
The CAR2 transcript results from the use of an alternative splice acceptor
site in intron 6, leading to the insertion of 12 additional nucleotides (138). This
transcript encodes a protein containing an additional 4 amino acids (SPTV) that
are predicted to extend helix 6 of the ligand-binding domain and potentially affect
the structure of the ligand-binding pocket (137). Although CAR2 was reported
initially to retain a more modest ability to transactivate CAR-responsive reporters
(138;142), more recent results indicate that this variant possesses transactivation
potential equal to CAR1 under appropriate conditions (137) (DeKeyser and
Omiecinski, unpublished results). Ligand studies of CAR2 demonstrated that
clotrimazole deactivated the receptor, whereas CITCO produced a weak, albeit
significant activation of CAR2 (140) - a result that is contrary to mammalian-2
hybrid studies published separately (138).
CAR3 is produced through the use of an alternative splice acceptor site in
intron 7 resulting in the insertion of an additional 15 nucleotides (138). The
CAR3 transcript encodes a protein containing 5 additional amino acids (APYLT)
in the highly conserved loop 8-9 of the ligand-binding domain (138).

CAR3

exhibits ligand-dependent interaction with co-activators by the human CAR1
agonist CITCO (142). CAR3 has also been shown to transactivate an optimized
DR4 response element as well as reporters containing promoters from the
endogenous CYP2B6 and CYP3A4 genes (139).

Transactivation was ligand

dependent and enhanced by the over-expression of RXRα (139). As a ligand
dependent form of CAR, CAR3 shows potential as a diagnostic tool for in vitro
screening of possible CAR ligands and has already been used for this purpose in
one study (108).
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1.4 Cellular Differentiation and Signaling
Despite major advances in identifying key receptor pathways and
transcriptional events involved in the PB induction process, many additional
details of this regulatory response remain to be elucidated. These include details
of the signaling processes necessary for determining the differentiation status of
the cell.
As alluded to earlier, the PB induction process is tightly coupled to a highly
differentiated hepatic phenotype. Although some evidence for a PB induction
response has been obtained in intestinal enterocytes and in certain brain regions,
the magnitude of the expression response in the latter cell types is substantially
less than that occurring in the liver (30). Historically, it has been difficult to model
the PB responses that occur in the intact liver. Hepatoma cell lines are largely
refractive to PB induction; moreover, as these cells become “immortalized”, they
rapidly and permanently lose many differentiation features, often including the
capacity to express other genes that are responsible for xenobiotic metabolism
(20;27;145).
Research from our laboratory has established the importance of a variety
of defined conditions that enable cultured hepatocytes to exhibit most features
inherent in the differentiated adult liver phenotype, including in vivo-like
responsiveness to PB inducers (146;147). Appropriately maintained cultures of
primary hepatocytes retain differentiated features and are therefore valuable
models

for

assessing

toxicological agents.

liver-specific

responses

to

pharmacological

and

Important parameters required for the maintenance of

these responses include the provision of extracellular matrix contacts for cultured
hepatocytes, use of a serum-free media formulation, and inclusion of
physiological

concentrations

of

insulin

and

dexamethasone

(24;148).

Hepatocytes are quite sensitive to their culture environment such that suboptimal conditions activate prototypical stress pathways, including stimulation of
SAPK/JNK and MAPK phosphorylation, with the resultant nuclear recruitment of
the stress-associated transcription factors, AP-1 and NF-κB (148). For example,
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elevated concentrations of several commonly used PI3 kinase inhibitors enhance
hepatocyte cytotoxicity and result in the elevated expression CYP2E1 mRNA
(148). Stress-related responses arising from chemical or oxidant exposures, or
sub-optimal levels of extracellular matrix, insulin, and/or dexamethasone are
associated with a marked down-regulation of several hepatocyte-enriched
nuclear transcription factors, factors that are critical to the maintenance of the
hepatic phenotype, including maintenance of PB inducibility.

Unfortunately,

many investigators have historically deployed culture models that compromise
the differentiated character of hepatocytes, therefore limiting the true potential of
this model system.
1.5 Summary
The constitutive androstane receptor plays a major role in the body’s
ability to mount a defense against potentially toxic endogenous and exogenous
chemicals. Unfortunately this defense can result in a number of unwanted sideeffects, generally in the form of adverse drug reactions. Studies have indicated
that more than 2.2 million hospitalized Americans suffer adverse drug reactions
each year and that approximately 100,000 die unintentionally from administration
of medications (149). This trend seems likely to continue due to the increased
use of multiple drug regimens in patients (150). A complete knowledge of the
systems involved in drug and xenobiotic metabolism is paramount if we hope to
predict and prevent these outcomes.
Investigations into the phenobarbital induction response have added a
great deal to our understanding of drug metabolism.

The discovery and

characterization of CAR as a mediator of this response has provided novel
insight into potential mechanisms of adverse drug reactions.

Further, it has

opened the door for further studies in liver biology, most notably nuclear receptor
mediated regulation of hepatic energy metabolism, an important factor in
diabetes and obesity. As noted in section 1.3.2 there are marked differences
between human and rodent CAR especially in terms of the ligands that they bind.
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These differences have important implications regarding the model systems that
need to be employed for to elucidate the function of CAR in humans. This issue
is further complicated by the existence of alternatively spliced variants of human
CAR many of which we currently know very little. The studies put forth in this
dissertation were designed to further evaluate the function of CAR2 and CAR3 to
aid our ability to assess drug and chemical safety and potentially yield novel
therapies for human disease.
1.6 Hypothesis and Specific Aims
1.6.1 – Hypothesis
Earlier work in the laboratory demonstrated that CAR2 had a differential
activation profile compared to CAR1 after treatment with the CAR1 inverse
agonists, androstanol and clotrimazole (Figure A.2). This result was followed by
the demonstration that CAR2 is activated by an unknown component of fetal
bovine serum. Further data obtained in our laboratory using modeling analysis
further predicted an altered ligand binding pocket of CAR2 when compared to
CAR1. The hypothesis of this research program is that in contrast to CAR1,
the human constitutive androstane receptor variant 2, CAR2, is a ligand
activated receptor and possesses a unique ligand binding profile giving
rise to novel biological function.
1.6.2 – Specific Aims
1.6.2.1 Aim 1: To isolate and identify an unknown component of fetal
bovine serum that activates CAR2. This aim seeks to use a combination of
HPLC, mass spectrometry and reporter assays to isolate and identify the
component of fetal bovine serum that specifically activates CAR2. Mammalian
cell transactivation and two hybrid assays will be used to characterize the activity
of the unknown CAR2 ligand.

Further, the functional impact of the isolated
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activator will be assessed in cultures of primary human hepatocytes with
particular reference to regulating induction of xenobiotic metabolism.
1.6.2.2 Aim 2: To assess the physical properties of CAR2 that allow
for the highly specific activation of the receptor by DEHP and further
evaluate the interaction of phthalates with the CAR variants. This aim seeks
to examine the activation of the CAR variants by four different phthalates to
determine differential activation profiles.

In this aim, computer modeling and

mutagenesis approaches will also be used to determine the specific physical
properties of CAR2 that allow it to specifically and potently bind a unique subset
of chemical ligands.

1.6.2.3 Aim 3:

To use in silico techniques to develop a CAR2

pharmacophore that can be used for the identification of unique CAR2
activators.

This aim will use a ligand-based virtual screening approach to

develop a CAR2 specific pharmacophore.

Chemical hits from the virtual

screening will then be validated in transactivation/reporter assays conducted in
mammalian cells. This aim will also screen a number of known CAR ligands and
other xenobiotics to assess their respective activation profiles on CAR2 and
CAR3.
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Figure 1.1: Structure of the upstream regulatory region for a generic CYP2B gene.
The relative position of the PBREM and XREM are shown as well as other potential
regulatory sites and the core promoter region of the gene. The PBREM and XREM are
believed to be the most important regulatory components for the phenobarbital induction
response in mammals.
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Diagram of gene regulation by CAR.

)

In untreated cells CAR is

sequestered in the cytoplasm by a protein complex (top).

After treatment with a

chemical that activates CAR it is released from this complex and translocates to the
nucleus where it heterodimerizes with RXRα, binds to its response element and recruits
coactivators that in turn begin transcription of target genes. In the case of phenobarbital
activation this occurs without physical binding to CAR (second from top), this is in
contrast to a CAR ligand such as CITCO which physically binds the CAR ligand binding
pocket (second from bottom). Inverse agonists such as certain androstane metabolites
can repress target gene activation by binding to CAR and causing the displacement of
coactivators, decreasing the transactivation potential of the complex (bottom).
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Figure 1.3: Diagram of the CAR domain structure compared to a prototypical
nuclear receptor. CAR lacks an N-terminal A/B domain and the corresponding AF1
motif. The DNA binding domain (C domain) of CAR makes up the N-terminal portion of
the protein followed by the hinge domain (D domain) and by the C-terminal ligand
binding domain (E domain) that also functions as the dimerization surface. Unlike most
nuclear receptors CAR lacks a C-terminal extension after the AF2 helix (sometimes
referred to as the F domain). The CAR diagram also shows the approximate location of
the 4 amino acid (SPTV) insertion of CAR2 (dotted line) and the 5 amino acid (APYLT)
insertion of CAR3 (dashed line).

36

Chapter 2
Di(2-ethylhexyl) phthalate is a highly potent agonist for the
human constitutive androstane receptor splice variant, CAR2

2.1 Abstract
The human constitutive androstane receptor (CAR) regulates the expression of
genes involved in xenobiotic metabolism in the liver. The CAR gene utilizes multiple
alternative splicing events during pre-mRNA processing, thereby enhancing the CAR
transcriptome. Recent work in our laboratory has focused on functional analysis of two
prominent human CAR variants, CAR2 and CAR3, possessing 4- and 5-amino acid
insertions in their ligand binding domains, respectively. These studies led us to
hypothesize that the CAR2 variant possesses distinct biological properties. We now
demonstrate that CAR2 is a ligand activated receptor and constitutes approximately onethird of the total CAR transcriptome in human hepatocytes. Further, we identify the
common plasticizer, di(2-ethylhexyl) phthalate (DEHP), as a highly potent and uniquely
selective agonist of CAR2. Results from reporter transactivation and mammalian twohybrid assays reveal that DEHP activates CAR2 at low nanomolar concentrations,
results further supported by analysis of CAR target gene expression in primary human
hepatocytes. In addition, comparative genomic analysis show that the typical mouse, rat
and marmoset models of DEHP toxicity can not accurately profile potential human
toxicity due to these species inability to generate a CAR2-like transcript. The discovery
that CAR2 is an ultimate human DEHP receptor identifies a novel pathway modulating
human DEHP toxicity with potential clinical implications for a subset of patients
undergoing critical care medical interventions.
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2.2 Introduction
The constitutive androstane receptor (CAR, NR1I3) is a member of the
nuclear receptor superfamily that is expressed primarily in the liver (1). In
conjunction with the pregnane X receptor (PXR, NR1I2), CAR regulates hepatic
genes involved in all three phases of xenobiotic metabolism (2). The products of
these genes play a role in modulating the metabolism of a variety of
pharmaceuticals, such as acetaminophen (3) and cyclophosphamide (4), as well
as endogenous compounds including thyroid hormone (5), bile acids (6) and
steroid hormones (7).
In human liver, the CAR gene expresses a number of differentially spliced
mRNA transcripts, generated through the use of alternative splice acceptor sites
during pre-mRNA processing (8-12). Previous reports from our laboratory have
focused on functional analysis of two prominent human CAR variants, termed
CAR2 (13) and CAR3 (14). Results from these and other studies demonstrated
that both CAR2 and CAR3 activate reporters containing response elements
derived from the endogenous promoters of the CYP2B6 and CYP3A4 genes
(13;14). Unlike CAR1, CAR3 functions as a ligand-dependent receptor (14),
activating transcription in the presence of the human CAR ligand, CITCO (15).
Our recent study of CAR2 suggested that it may have a ligand binding profile that
is distinct from both CAR1 and CAR3 (13).
Based on these data, and results from molecular modeling analyses, we
hypothesized that CAR2 possesses distinct biological properties. In this report
we now demonstrate that CAR2 is a ligand-activated receptor that comprises
approximately one-third of the total CAR transcriptome in human hepatocytes.
Further, we identify the common plasticizer, di(2-ethylhexyl) phthalate (DEHP),
as a highly potent and uniquely selective agonist of CAR2. Results from reporter
transactivation and mammalian two-hybrid assays reveal that DEHP activates
CAR2 at low nanomolar concentrations. These results are further supported by
analysis of CAR target gene expression in primary human hepatocytes, where
DEHP activation of CAR2 markedly induced the CYP2B6 and CYP3A4
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transcripts. Further, using genomic analyses, we demonstrate that the alternative
splice site used to generate the CAR2 transcript is not conserved in mice, rats or
marmosets, widely used animal models of DEHP toxicity.
DEHP is a plasticizer with an annual production volume approaching 260
million pounds (16). Human exposure to DEHP is ubiquitous, as it is used in the
manufacturing of flexible vinyl found in medical tubing, other medical devices,
commercial floorings, food product wraps, and many additional consumer
products (17). Concerns regarding the human toxicology of DEHP are prevalent;
for example, during medical interventions patients can be exposed to relatively
high doses of DEHP that leaches from plastic medical devices into the infusate
(18). Our finding that DEHP is a potent and selective activator of CAR2 likely has
important implications for predictive human toxicity.
In summary, in this chapter we demonstrate that the naturally occurring
NR1I3 splice variant, CAR2, is unique in that: 1) CAR2 is ligand-activated, unlike
the previously recognized constitutively active reference form of the receptor; 2)
CAR2 comprises ~30% of the total CAR receptor pool in human liver tissues; and,
3) CAR2 is selectively activated by low nanomolar concentrations of di(2ethylhexyl) phthalate (DEHP), levels achieved in human serum and urine of
certain patients. Further, these studies yield new mechanistic insight for the
toxicological effects of DEHP in human liver, findings that are particularly relevant
since the conventional rodent and more recent marmoset models for DEHP
toxicity do not reflect that of the human DEHP receptor, CAR2.

2.3 Results

2.3.1 – Mice, rats and marmosets can not generate the CAR2 transcript.
Protein sequences were retrieved from the NCBI database and aligned as
described under materials and methods. Helix-6 and helix-7 of the CAR ligandbinding domain (19) are shown (Figure 2.1A). The result shows that the rhesus
monkey sequence includes a 4 amino acid insertion very similar to CAR2
(shaded boxes) suggesting that the splice variant is conserved across multiple
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species. To determine if other species could generate similar transcripts a
genomic alignment was performed for 3 species of rodents and 6 primates using
the UCSC genome browser (20), with mouse CAR as the reference sequence
(Figure 2.1B). While the splice acceptor site (AG) for CAR1 is conserved across
each species, the CAR2 site is not conserved in marmoset, mouse or rat,
indicating that these latter species are incapable of generating a CAR2-like, 4
amino acid insertion protein.

2.3.2 – The CAR2 insertion is found in ~30.5% of total CAR transcripts in
human hepatocytes. To determine the frequency of the CAR2 insertion we used
a TaqMan qPCR approach as described under Materials and Methods. The
frequency of the CAR2 insertion was found to be very consistent across all
donors with a minimum of 25.9%, a maximum of 34.3% and an average of 30.5%
(Figure 2.2). These data show that a significant portion of CAR transcripts in
hepatocytes contain the CAR2 insertion.

2.3.3 – DEHP is a contaminant of fetal bovine serum and a potent agonist of
CAR2. Previous studies conducted in our laboratory used media containing
untreated fetal bovine serum (FBS). Results from these studies implied that
CAR2 was constitutively active, like CAR1, while CAR3 was uniquely ligandactivated (8;13;14). Although no previous reports indicated an effect caused by
using dextran/charcoal treated FBS for the study of CAR activity, our initial data
suggested that CAR2 may possess a unique ligand-binding profile (13). To
examine this property further, we tested charcoal/dextran treated FBS to reduce
the likelihood of potential background effects that may be contributed from
endogenous compounds.
HepG2 cells were transfected in media containing either normal FBS or
charcoal/dextran treated FBS and reporter assays were conducted for activation
of the 2B6XREM reporter by the CAR variants (Figure 2.3A). In cells that were
cultured using media containing the untreated FBS, CAR1 and CAR2 activated
the reporter both in the presence and absence of the specific CAR ligand CITCO,
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while CAR3 was ligand activated as detected previously (14). Surprisingly, the
use of dextran/charcoal-treated FBS resulted in CAR2 activation only in the
presence of CITCO, whereas CAR1 and CAR3 were relatively unaffected by the
differences in media formulation. This result suggested that FBS contains a
specific CAR2 agonist that is removed by dextran/charcoal treatment.
It should be noted that the data in Figure 3A were obtained using HepG2
cells, a human hepatoma cell line. We have previously shown that the HepG2
and COS-1 cell lines obtain similar results in our experimental system (13),
however, COS-1 cells generally exhibit a much higher consistency and
transfection efficiency than HepG2 cells, therefore further experiments were
conducted using the COS-1 cell line.
Fetal bovine serum was fractionated as described under Materials and
Methods and the fractions were dried down and resuspended in DMSO to be
assayed for their ability to activate the 2B6XREM reporter through CAR2. Activity
was retained within one fraction (data not shown) and this sample, along with
negative control fractions were further fractionated by HPLC and analyzed using
mass spectrometry. Using the previously acquired MS data, the spectra for the
active fractions (2 and 3) were compared to the spectra of the inactive fractions
(1, 4, 5, and 6) to determine compounds unique to the active fraction.
The MS analysis revealed two peaks unique to the active fraction with
masses of 391.2 and 447.3. Fragment ions generated using in-source collision
induced dissociation were suggestive of phthalates, with the two molecular
masses corresponding to dioctyl phthalate and didecyl phthalate, respectively.
The initial LC/MS analyses did not clearly define whether the alkyl ester groups
were straight- or branched-chains. After obtaining standards of two isomers for
both of these phthalates, we assessed their ability to activate CAR2 using the
2B6XREM reporter (Figure 2.3B). DEHP (Figure 2.3C), a branched-chain isomer
of DOP, activated the reporter through CAR2 with an EC50 of 211 nM, 10-fold
more potent the EC50 of CITCO, a highly potent CAR ligand. Analysis of an
epitope-tagged CAR2 protein expressed in COS-1 cells demonstrated that
neither of these chemicals altered the expression level or stability of the CAR2
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protein (data not shown). The two isomers of didecyl phthalate, di-n-decyl and
diisodecyl as well as di-n-octyl phthalate, an isomer of DOP, did not strongly
activate the reporter even at a concentration of 10 µM (data not shown),
indicating a strong specificity for DEHP compared with structurally similar
phthalates with alkyl branch points more distant from the ester group.
To confirm the identity of the active compound as DEHP, GC-MS analyses
of the active fractions and phthalate standards were performed. The retention
time and mass spectrum matched those for an authentic DEHP standard.
Spectra from UPLC-MS/MS analysis of active sample and DEHP standard
displayed fragment ions at m/z 167 and 279, characteristic for the branched
isomer DEHP.
DEHP was demonstrated previously as a contaminant of commercially
available FBS, at a concentration of approximately 1.5 µM (21). To quantify
DEHP, QuanLynx (Waters Corp.) automatically selected and integrated the peak
area corresponding to DEHP in the chromatographic data for each sample. Peak
areas of spiked and unspiked samples were used to construct standard addition
curves that were used to correct for potential matrix effects on the analyses. We
calculate the level of DEHP in FBS to be 5.7 µM, almost 4 times higher than
previously reported. DEHP was not detectable in the charcoal/dextran treated
FBS (Figure 2.3D).

2.3.4 – DEHP shows strong specificity for CAR2 when compared to CAR1
and CAR3. Activity of the CAR variants was assessed by 2B6XREM reporter
activity after treatment (Figure 2.4A). CAR1 is active under all conditions tested
due to its constitutive nature and ligand-independent nuclear accumulation after
over-expression in cell lines. Under normal physiologic conditions CAR1 is
sequestered in the cytoplasm and translocates to the nucleus upon activation
(22). This complex mechanism of CAR1 makes in vitro assessment of ligand
activation difficult. The CAR3 insertion is predicted not to significantly alter the
ligand binding pocket and therefore CAR3 is likely an accurate proxy of CAR1
ligand interactions (23). CAR3 shows only a minimal response to DEHP at a
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dose of 25.2 µM but is markedly activated by 5 µM CITCO, as previously
reported (14). CAR2 again displayed a strong dose-response to DEHP; no effect
is seen in the empty expression vector (CMV2) control group.
Transactivation of target genes by CAR occurs through the recruitment of
coactivators when the receptor is in its active conformation. Steroid receptor
coactivator 1 (SRC1) has been shown previously to be recruited by CAR1, CAR2
and CAR3 (13;14;24). To assess the interaction of SRC1 with CAR2 and CAR3
in the presence of DEHP we employed a mammalian two-hybrid assay as
described under Materials and Methods. Both CAR2 and CAR3 interact with
SRC1 in the presence of 5 µM CITCO (Figure 2.4B). CAR2 also shows a dose
dependent interaction with SRC1 in response to DEHP, an effect that is not seen
with CAR3. No effect resulted when CAR2 or CAR3 were co-transfected with a
pM vector that did not include SRC1 (data not shown).
In order to better evaluate the interaction between CAR1 and DEHP we
applied the mammalian two-hybrid system used in Figure 2.4B to CAR1. The
dynamic range of this system is greater than that obtained using the 2B6XREM
reporter construct, allowing a more sensitive approach for evaluating physical
interactions of chemical entities with the ligand binding pocket of CAR1, as
determined by their abilities to compete away the inverse agonist androstanol
(25). The interaction between the CAR1 ligand-binding domain (LBD) and SRC1
was measured with and without 10 µM androstanol. In the presence of 10 µM
androstanol the reporter activity is approximately 30% of the constitutive activity
seen in the absence of androstanol (Figure 2.4C). When CITCO is titrated into
the experiment reporter activity is readily restored, with a clearly pronounced
effect at 100 nM. On the other hand, DEHP acts as only a weak competitor of
androstanol at 10 µM. To better illustrate this effect, dose response curves were
generated using the data in Figure 2.4C (inset). The result shows an EC50 of
571 nM for CITCO and 299 µM for DEHP. In a previous report, using a CARFRET assay, the EC50 for CITCO was published as 49 nM (15), 8.6% of that
determined in our competition study. If the competition between CITCO and
androstanol and DEHP and androstanol is linear we estimate the EC50 of DEHP
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for CAR1 to be ~25 µM, an estimate that is consistent with the data obtained for
the CAR3 variant (Figure 2.4A).

2.3.5 – DEHP increases CYP2B6 and CYP3A4 transcript levels in primary
human hepatocytes. Hepatocytes were isolated from 3 separate donors and
cultured as described under materials and methods. Cells were treated with 100
nM CITCO or increasing concentrations of DEHP for 24 h and total RNA was
isolated for use in qPCR analysis for activation of two CAR target genes,
CYP2B6 and CYP3A4 (Figure 2.5). All 3 donors showed an increase in CYP2B6
and CYP3A4 transcripts in response to 50 µM DEHP. Donor H displayed a
strong dose-response to DEHP with an increase in transcript seen at a 10 nM
dose for both CYP2B6 and CYP3A4. The other two donors exhibited more
moderate responses to DEHP, although the responses from all donors indicated
a dose-response enhancement of transcript levels with DEHP.

2.4 Discussion
The report of the crystal structure of CAR1 demonstrated that helix-6 and
helix-7 line a large portion of the ligand binding pocket, and that a F234A
mutation of CAR1 results in loss of the receptor’s constitutive activity (19). CAR2
contains a 4 amino acid insertion that resides in the highly conserved loop
between helix-6 and helix-7 of the ligand binding domain, and lies just 1 amino
acid upstream of F234 (Figure 2.1A). These data provide support for a
hypothesis that CAR2 lacks constitutive activity and may possess a unique ligand
binding profile. We now demonstrate that, unlike CAR1, CAR2 is a liganddependent receptor and that DEHP is a highly sensitive and selective activator of
this variant CAR. In separate experiments (DeKeyser et. al., manuscript in
preparation), we demonstrated that no other member of the human NR1I
subfamily possess a similar affinity for DEHP, establishing a potency of DEHP for
CAR2 that is 40-fold greater than that of any other human NR1I receptor. The
nanomolar potency of DEHP for CAR2 is also much higher than that required for
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phthalate activation of the peroxisome proliferator-activated receptors (low
micromolar concentrations) (26;27), a class of receptors that have otherwise
been the focus of many studies investigating the effects of phthalates on liver
biology (28).
As a consequence of their wide spread use and environmental prevalence,
there has been a great deal of concern noted for potential human toxicity
resulting from exposure to phthalates, concerns that have been focused primarily
on reproductive toxicity, stemming from the anti-androgenic properties of DEHP.
A recent report from the National Toxicology Program Center for the Evaluation
of Risks to Human Reproduction (NTP-CERHR) underscores the issues over
potential adverse effects of DEHP on the developing male reproductive tract, with
infants, particularly those who have faced critical illness with associated medical
device interventions, at the greatest risk (16). It has been suggested that blood
phthalate levels in patients undergoing critical care procedures may approach
micromolar concentrations (29), with DEHP levels of 1.19 µg/mL reported in cord
blood (30). DEHP exposures in males may compromise sperm quality and
quantity (16;31;32) and disrupt circulating levels of thyroid hormone (33). Notably,
the metabolism of thyroid hormone is enhanced through CAR regulation (5).
Further, the human CYP2B6 and CYP3A4 enzymes metabolize testosterone (34).
Mono(ethylhexyl) phthalate (MEHP), a major metabolite of DEHP, has
been implicated as a mediator of the reproductive and developmental toxicity
associated with DEHP (16;35). We tested MEHP as a CAR2 activator, but even
at 10 µM this agent exhibited only weak activity in our in vitro reporter assays
(data not shown), results that further support our conclusion that the DEHP
parent compound itself is the most active modulator of CAR2. It is noteworthy
that most of the previous conclusions regarding phthalate toxicology (16) have
been drawn from high dose studies in rodent or marmoset models, species that
are not capable of generating a CAR2-like transcript (Figure 2.1B). Further, it has
been suggested that DEHP is metabolized to MEHP to a lesser degree in
primates compared to rodents (28;36). In light of these considerations, the
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potential role of CAR2 as a mediator of the developmental and reproductive
toxicities associated with DEHP in humans warrants further investigation.
In this report, we demonstrate that CAR2 comprises ~30% of the CAR
transcript pool in human hepatocytes (Figure 2.2), and that exposure to DEHP
induces transcription of the CAR target genes, CYP2B6 and CYP3A4. In
particular, one donor exhibited a DEHP response at a dose that likely activates
CAR2 exclusively (Figure 2.5). The discovery that low levels of DEHP can induce
xenobiotic metabolism in human hepatocytes may have immediate clinical
relevance for some patients, especially those receiving large amounts of
intravenous fluids or blood transfusions, as well as medications that have
contraindications associated with CAR target genes.
Further, the results of our study strongly imply that CAR2 has the capacity
to interact with a set of ligands that are highly distinct from that of other nuclear
receptors. This finding will likely serve to redirect future evaluation of drug and
chemical safety data and should set new directions underscoring the importance
of CAR in human biology, including for the emerging role of CAR as a regulator
of hepatic energy and lipid metabolism (37;38).

2.5 Materials and Methods
2.5.1 – Chemicals. Di(2-ethylhexyl) phthalate (DEHP, CAS No. 117-81-7), di-ndecyl phthalate (DNDP, CAS No. 84-77-5), 5α-androstan-3α-ol (androstanol) and
dimethyl sulfoxide (DMSO, CAS No. 67-68-5) were purchased from Sigma (St.
Louis, MO). Di-n-octyl phthalate (DNOP CAS No. 117-84-0) and diisodecyl
phthalate (DIDP, CAS No. 26761-40-0) were from TCI America (Portland, OR).
6-(4-Chlorophenyl)imidazo[2,1-b]

[1,3]thiazole-5-carbaldehyde

O-3,4-

dichlorobenzyl) oxime (CITCO, CAS No. 338404-52-7) was obtained from
BIOMOL Research Laboratories (Plymouth Meeting, PA).

46
2.5.2 – Plasmids.
RXRαLBD,

The vectors: CMV2-CAR1, CMV2-CAR2, 3.1-RXRα, 3.1-

VP16-CAR1LBD,

VP16-CAR2LBD,

DR3X3,

2B6XREM

and

3A4XREM were described previously (13). The vectors CMV2-CAR3 and VP16CAR3LBD were also reported previously (14) as well as the pM-SRC1 clone (39).
All clones were derived from human genes.

2.5.3 – Bioinformatics.

Protein sequences were retrieved from the NCBI

database. Amino acids 212-348 of the human CAR1 protein (NP_005113.1) were
used as the reference sequence and aligned using the blosum matrix of the
ClustalW2 program from the EBI website (http://www.ebi.ac.uk/Tools/clustalw2/).
Genomic alignments used the UCSC genome browser http://genome.ucsc.edu/
with the mouse CAR gene as the reference sequence.
2.5.4 – Cell Culture. COS-1 cells (simian virus-40–transformed green monkey
kidney cells) were maintained and in Dulbecco's modified Eagle's medium with
8% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 0.15% sodium
bicarbonate, 50 units/ml penicillin G, and 50 µg/ml streptomycin and transfected
in the same media containing 8% dextran/charcoal treated FBS (HyClone, Logan,
UT) in place of the normal FBS.

Culturing conditions for primary human

hepatocytes have been described (40). Available donor information is presented
in Table 2.1. Preparations enriched for hepatocytes were received plated in
collagen-coated 6-well culture dishes. Upon arrival the media was removed and
replaced with 2 mL of fresh media. Matrigel was added along with a 2 mL media
change within 48 h of plating. 2 mL changes of media occurred once, 24 h after
the addition of matrigel and then again approximately 48 h later. Cells were
harvested 24 h subsequently if no treatment was added. For cells that underwent
chemical exposures, media was replaced in the morning (72 h post matrigel) and
then again ~4 h later with fresh media that included the chemical agents. Cells
were harvested 24 h after treatments. If not specified otherwise, all culturing
materials were obtained from Invitrogen (Carlsbad, CA).
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2.5.5 – RNA Isolation and Quantitative PCR Analysis. Total RNA was
extracted from the hepatocytes using TRIzol® Reagent (Invitrogen) according to
the manufacturer’s protocol. RNA concentrations were assessed by UV
absorbance at 260 nm using a DU 800 spectrophotometer (Beckman Coulter,
Fullerton, CA). A High Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA) was used to reverse transcribe RNA into cDNA, according to the
manufacturer’s instructions. TaqMan® Assays-on-Demand™ Gene Expression
assays (Applied Biosystems) were performed according to manufacturer’s
directions for a 50 µL reaction volume subsequently divided into duplicate 25 µL
reactions in a 96-well plate, and run in an Applied Biosystems 7300 Real-Time
PCR System. Taqman probes were custom designed to detect the presence of
the CAR2 insertion at the Exon 6-7 junction. A multiplex reaction was performed
containing the ‘REF’ assay (CAT#: Hs00901572_g1, Applied Biosystems) and
‘CAR2’

probe.

The

‘REF’

probe

sequence

is

5’-

AGATGGAGCCCGTGTGGGGTTCCAG-3’ (FAM Reporter). The ‘CAR2’ probe
sequence

is

5’-TGTATCTCCCACAGTGGG-3’

(VIC

Reporter).

Absolute

quantification was determined through the use of a standard curve generated
using plasmid DNA containing either the CAR1 (REF) or CAR2 variant. Applied
Biosystems inventoried assays were used for detection of 18S (CAT#.
Hs99999901_s1), CYP2B6 (CAT# Hs00167937_g1) and CYP3A4 (CAT#:
Hs00604506_m1).
2.5.6 – Transient Transfection Assays. All transfections using COS-1 cells for
luciferase reporter assays were performed in a 48-well format. On the morning of
day 1, cells were seeded to approximately 50% confluency in each well. While
the cells were attaching, DNA transfection mixtures were assembled using
Fugene6 transfection reagent (Roche Applied Science, Indianapolis, IN). All
transfections using HepG2 cells for reporter assays were performed in a 48-well
format using Lipofectamine LTX reagent (Invitrogen). In this case, DNA
transfection mixtures were assembled and placed in the individual wells, and the
cells were then plated directly onto the DNA. In general, for assays involving
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standard reporters (not two-hybrid), 25 ng of CMV2 or CMV2-CAR expression
plasmid, 25 ng 3.1-RXRα expression plasmid, 100 ng of luciferase reporter, and
10 ng of pRL-CMV (for transfection normalization; Promega, Madison, WI). All
mammalian two-hybrid assays were performed with 40 ng of pVP16 expression
plasmid, 10 ng of pM (GAL4) expression plasmid, 100 ng of pFR-luc reporter,
and 10 ng of pRL-CMV. In all transfections, the transfection reagent was used at
a ratio of 1:3 (micrograms of DNA to microliters of transfection reagent) as
recommended in the manufacturer's protocol. Within a given experiment, all
transfections contained the same total amount of DNA.

At the time of

transfection (approximately 1 h after plating), cells were approximately 50%
confluent and had initiated cell division (in the case of COS-1 cells). The following
day (18-24 h after transfection), cells were treated with chemical agents as
indicated in the figures. In all treatments, DMSO levels never exceeded 0.2%
(v/v). On day 3 (24 h after chemical treatment), cells were washed with PBS and
luciferase assays were performed using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI) and a Veritas Microplate Luminometer (Turner
Biosystems, Sunnyvale, CA). Luciferase assay and stop and glow reagents were
diluted with 1x Tris-buffered saline, pH 8.0, to a 0.5x final concentration. All other
aspects of the assay were performed in accordance to the manufacturer's
protocol. Dilution of luciferase reagent had no effect on normalized luciferase
values.
2.5.7 – Organic Extraction of Fetal Bovine Serum. Total serum lipids were
extracted from 50 mL of FBS using a method adapted from Frost and Wells (41).
Briefly,

1

volume

of

serum

was

mixed

with

6.2

volumes

of

chloroform/methanol/1N H2SO4 (1:2:0.1 v/v). This mixture was incubated for 1 h
at RT with mixing every 15 min, followed by addition of 1 volume of chloroform
and 1 volume of 0.36M H2SO4, in 15 mM NaCl. The sample was then centrifuged
at RT for 20 min @ 4k x g. The organic phase was collected and the highly
volatile solvents were removed using a rotary evaporator. In our hands this
yielded approximately 17 mL of solution from the 50 mL of starting material. This
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was mixed 1:1 with chloroform and the organic phase was collected using a
separation funnel and evaporated down to approximately 3 mL under argon.
The neutral lipid fraction was purified using BondElute NH2 (1000 mg
Bond Elut Jr. NH2 column; Varian Inc., Palo Alto, CA) column chromatography
as described (42). This fraction was then evaporated to dryness under argon and
dissolved in a minimal volume of hexane. The sample was further resolved on a
Bakerbond SPE silica gel column (J.T. Baker Inc., Phillipsburg, NJ) using 2propanol: hexane (5:95). The eluate was evaporated to dryness under argon and
dissolved in 1 mL of hexane. 100 µL of this sample was then applied to a
µPorasil 300 x 3.9 mm column (WAT 027477; Waters, Milford, MA) and
fractionated by isocratic separation using a HPXL solvent delivery system (Rainin,
Oakland, CA). The mobile phase consisted of 1.08% 2-propanol and 0.09%
acetic acid in hexane. Column temperature was maintained at 55 C, flow rate at
0.6 mL/min and fractions were collected over 30 min (43).
2.5.8 – Mass Spectrometry. Fractions of fetal bovine serum extracts were
further resolved into 6 new fractions and analyzed by FIA-MS (flow injection
analysis) using a LCT Premier (Waters Corp.) time-of-flight mass spectrometer
operating in electrospray positive (ESI +) mode. Gas chromatography-mass
spectrometry (GC-MS) analysis for phthalates was performed on a 6890 GC and
5973 mass spectrometer (Agilent Technologies, Santa Clara, CA) operating in 70
eV electron ionization (EI) mode.
A new UPLC-MS/MS method was developed for the rapid identification
and quantification of phthalate isomers, DEHP and DNOP, in serum and media
formulation. More details of this method will be described in a separate
publication. Separation of DEHP from other sample components used an
AcquityTM Ultra Performance LC (Waters Corp.). Data acquisition by multiple
reaction monitoring (MRM) employed a Quattro Premier XE (Waters Corp.) triple
quadrupole mass spectrometer operating in ESI + mode and monitored the
transition from the protonated molecule ([M+H]+) at m/z 391 to a common
phthalate fragment ion at m/z 149.
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2.5.9 – Statistical Analysis. Unless stated otherwise, statistics and EC50 values
were obtained using GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego, CA); specific details are provided in the figure legends.
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2.7 Figures

Figure 2.1: Rodent and primate alignments of the amino acid and genomic
nucleotide sequences flanking the CAR2 insertion. (A) The protein alignment of
helix-6 and helix-7 of the ligand-binding domain. Protein sequences were retrieved from
the NCBI database. Amino acids 212-348 of the human CAR1 protein (NP_005113.1)
were used as the reference sequence and aligned using the blosum matrix of the
ClustalW2 program from the EBI website (http://www.ebi.ac.uk/Tools/clustalw2/). (B)
CAR genomic alignment based on the mouse CAR gene using the UCSC genome
browser. The intron 6, exon 7 junction is shown (relative to human CAR). The splice
acceptor sites that are used to generate CAR1 or CAR2 are boxed.
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Figure 2.2: Frequency of the CAR2 insertion in primary human hepatocytes.
TaqMan qPCR was performed on total RNA obtained from 7 primary human hepatocyte
cultures. Hepatocytes were plated into collagen-coated 6-well culture dishes and
cultured for approximately 6 days before harvesting. Quantification of each variant was
determined with standard curves generated from plasmid DNA containing either the
CAR1 or CAR2 coding sequence. The data are expressed as a % of total transcript,
defined as the sum of the REF and CAR2 probes divided by the individual probe of
interest. The error bars indicate the range based on the standard deviation of the
technical replicates using the 'square root of sum-of-squares' technique.
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Figure 2.3: Differential activation of the CAR variants in response to
dextran/charcoal treated FBS and activation of CAR2 by DEHP. All transfections
included the 3.1-RXRα expression vector, the 2B6XREM reporter and the pRL-CMV
vector for normalization of transfection efficiency. Data are represented as normalized
luciferase values and each data point represents the mean (+/- S.E.) of four separate
transfections. (A) HepG2 cells were transfected with CMV2-CAR1, CMV2-CAR2 or
CMV2-CAR3 in media containing 8% FBS or 8% charcoal/dextran treated FBS and then
treated for 24 h. (B) COS-1 cells were transfected with CMV2 or CMV2-CAR2 and
treated for 24 h in media containing 8% charcoal/dextran treated FBS. The inset shows
the CAR2 data plotted as a dose-response curve. The DMSO group defined the 0%
response and the 10 µM DEHP group was set to 100% response. (C) Chemical structure
and properties of DEHP. (D) Concentration of DEHP in normal and charcoal/dextran
treated FBS. *Denotes data points that were significantly different from their respective
DMSO control as determined by unpaired two-tailed t-test (p<0.0001). **Denotes data
points that were significantly different from their respective DMSO control as determined
by ANOVA in combination with a Dunnett’s multiple comparison post test (p<0.01).
#Denotes that the difference in the LogEC50 values was statistically significant as
determined by F-test (p<0.0001).
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Figure

2.4:

coactivator

Transactivation
recruitment

by

and
CAR1,

CAR2 and CAR3 in response to DEHP.
All transfections were done in COS-1
cells

using

media

charcoal/dextran

containing

treated

FBS

8%
and

included the 3.1-RXRα expression vector
(A) or the 3.1-RXRαLBD expression
vector (B&C) as well as the pRL-CMV
vector for normalization of transfection
efficiency. Data are represented as
normalized luciferase values and each
data point represents the mean (+/- S.E.)
of four separate transfections. (A) Cells
were transfected with the 2B6XREM
reporter and CMV2 or CMV2-CAR1, 2 or
3 and treated for 24 h. (B) Cells were
transfected with pFR-Luciferase, pMSRC1 and VP16-CAR2LBD or VP16CAR3LBD
treated

for

expression
24

h.

vectors

and

Cells

were

(C)

transfected with pFR-Luciferase, pMSRC1 and VP16-CAR1LBD expression
vector and treated for 24 h. The inset
shows the + androstanol data plotted as
a

dose-response

curve.

A

100%

response was defined as the reporter
activity in the presence of 5 µM CITCO (without androstanol) and a 0% response was
defined as the reporter activity in the presence 10 µM androstanol (without CITCO or
DEHP). *Denotes data points that were significantly different from their respective
DMSO control as determined by ANOVA in combination with a Dunnett’s multiple
comparison post test (p<0.01). #Denotes that the difference in the LogEC50 values was
statistically significant as determined by F-test (p<0.0001).
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Figure 2.5: Relative levels of
CYP2B6

and

CYP3A4

transcript in primary human
hepatocytes after treatment
with

DEHP

or

CITCO.
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collagen-coated 6-well culture
dishes

and

cultured

for

approximately 5 days before
being treated for 24 h after
which they were harvested for
TaqMan qPCR analysis. All
Data have been normalized to
the expression of 18s RNA and
are

presented

as

the

fold

change in transcript relative to
the DMSO treated group. The
error bars indicate the range
based
deviation

on
of

the
the

standard
technical

replicates using the 'square root
of sum-of-squares' technique.
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2.8 Tables
Table 2.1: Hepatocyte Donor Information
Donor Age

Gender Race

Donor Age Gender Race

A

0.75 M

Caucasian F

3

F

Caucasian

B

57

M

Caucasian G

61

M

Caucasian

C

49

M

Caucasian H

60

F

Unknown

D

61

M

Caucasian I

69

F

Caucasian

E

63

M

Caucasian J

57

F

Caucasian

62

Chapter 3
Activation of human constitutive androstane receptor splice
variants and the human pregnane X receptor by phthalates

3.1 Abstract
Innate defense against small molecule exposures is controlled in large part by
the constitutive androstane receptor (CAR) and the pregnane X receptor (PXR). The
CAR gene is subject to multiple alternative splicing events that generate transcripts
encoding unique proteins. Research in our laboratory has focused on two of these
variant receptors, CAR2 and CAR3. We recently demonstrated that CAR2 is potently
and specifically activated by di(2-ethylhexyl) phthalate (DEHP). Phthalates are a class
of chemicals that are manufactured in large quantities for use as plasticizers and other
commercial applications.

Human exposure to these chemicals is ubiquitous and

therefore there has been a great deal of concern regarding their potential toxicity. Based
on the discovery that DEHP was an activator of CAR2 we hypothesized that alternative
splicing of the human CAR gene is a mechanism for increasing the functional diversity of
the receptor. The results demonstrate that the SPTV insertion of CAR2 expands the
ligand-binding pocket of the receptor and that a S233A mutation, within this insertion,
increases the receptor’s response to DEHP. Further studies show that CAR1 and CAR3
are activated by smaller phthalates, whereas CAR2 has a preference for larger
phthalates such as DEHP and di-isononyl phthalate (DiNP) which is now reported to
activate CAR2 with low nanomolar potency. We also report that CAR1, CAR2 and CAR3
are expressed in human small intestine, a common site of phthalate exposure and that
the CAR3 insertion is found in ~25% of human hepatocyte CAR transcripts. Finally, it is
demonstrated that the CAR2 and CAR3 receptors act cooperatively on the 2B6XREM
reporter, while unliganded PXR directly competes with the ability of CAR2 to activate the
2B6XREM promoter in response to DEHP. Taken together these studies demonstrate
that alternative splicing of the CAR gene results in receptors that can recognize a broad
range of phthalates.

The interaction of phthalates with CAR and PXR suggests a

xenobiotic response that is complex and highly biologically redundant.
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3.2 Introduction
Phthalates are a class of chemicals that have found wide use in a variety
of commercial and industrial applications, particularly as plasticizers. In 2006
phthalates consumption reached 1,000,000 tons in Western Europe alone (1).
This class of chemicals consists of esters of phthalic acid that are created by
reacting phthalic anhydride with an alcohol. Phthalates are classified according
to their carbon side-chains which is determined by the alcohol used in the
synthesis. Since phthalates are not chemically bound to plastics they can leach
out of these materials into the environment and cause human exposure (2).
In humans, the innate defense against exposure to xenobiotics, such as
phthalates, is controlled in large part by the constitutive androstane receptor
(CAR) (3) and the pregnane X receptor (PXR) (4).

Together these nuclear

receptors orchestrate the expression of phase I, II and III metabolism enzymes
(5;6) by heterodimerizing with the retinoid X receptor α (RXRα) and binding
specific DNA response elements upstream of target genes. The products of
these target genes are involved in the metabolism of xenobiotics (7;8), bile acids
(9) and steroid hormones (10).

More recently these receptors have been

implicated in the regulation of liver energy metabolism (11-13). CYP2B6 gene
and CYP3A4 are the prototypical target genes for CAR (14) and PXR (15)
respectively but there is considerable cross-talk between the two receptors on
these genes (16). Most studies of CAR and PXR have focused on expression in
the liver but they are also expressed in the small intestine, kidney and colon (17).
The CAR gene is subject to multiple alternative splicing events.

Our

laboratory has focused on two prominent human CAR variants, CAR2 and CAR3
(18-20).

CAR2 contains an additional 4 amino acids (SPTV) and CAR3 an

additional 5 amino acids (APYLT), both insertions are found in the ligand binding
domains of the receptors. The presence of multiple variants of CAR (21-24),
particularly CAR2 and CAR3 which contain altered ligand-binding domains,
provides the potential for increased diversity of the CAR gene. In a previous
report we demonstrated that di(2-ethylhexyl) phthalate (DEHP) is a highly potent
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agonist of CAR2 but is not a strong agonist of CAR1 or CAR3 (DeKeyser et. al.,
Chapter 2, unpublished results). This observation provided strong support for the
hypothesis that alternative splicing of the CAR gene is a mechanism for
increasing the functional diversity of the receptor.
Due to their widespread use in the manufacturing of consumer products
there has been concern about the potential toxicity of phthalates on humans and
the environment. The studies presented here set out to determine the specific
properties of CAR2 that allow for its high affinity binding to DEHP and to further
examine the phthalates as activators of xenobiotic metabolism pathways through
human CAR variants and PXR. The results demonstrate that the SPTV insertion
of CAR2 expands the ligand-binding pocket of the receptor. Mutagenesis studies
show that altering the serine residue of the insertion to an alanine increases the
receptor’s response to DEHP, suggesting that DEHP directly interacts with the
altered portion of CAR2’s ligand binding pocket. Further studies show that CAR1
and CAR3 are activated by the smaller phthalates, such as diethyl phthalate
(DEP), di-n-butyl phthalate (DnBP) and di-isobutyl phthalate (DiBP), but not diisononyl phthalate (DiNP), a 9-carbon phthalate. Here we show that DiNP is a
highly potent agonist of CAR2; whereas DnBP and DiBP are relatively weak
agonists, DEP does not show any ability to activate CAR2. PXR is modestly
activated by all of the phthalates studied, typically at significantly higher
concentrations of agents than those interacting with CAR2. We further show that
CAR1, CAR2 and CAR3 are expressed in human small intestine, a common site
of phthalate exposure (25). Finally, it is demonstrated that although the CAR2
and CAR3 receptors act cooperatively on a single promoter, PXR, in the absence
of activating ligand, directly competes with the ability of CAR2 to activate the
2B6XREM promoter in response to DEHP.

Taken together these studies

demonstrate that alternative splicing of the CAR gene results in receptors that
can recognize a broad range of phthalates. The interaction of phthalates with
CAR and PXR suggests a xenobiotic response that is complex and highly
biologically redundant.
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3.3 Results
3.3.1 – CAR2 has an expanded ligand-binding pocket. The CAR1 and CAR2
ligand binding pockets models (Figure 3.1) were generated as described in
Materials and Methods. The left panel of Figure 3.1 shows the ligand-binding
pocket of CAR1 (white) and is strikingly similar to the pocket shown in a recent
report (26) supporting the accuracy of our model. The right panel of the figure
shows the ligand-binding pocket of CAR2 (green), as predicted by the pocketfinder algorithm, superimposed over the CAR1 pocket.

The results of the

modeling exercise indicate that the SPTV insertion of the CAR2 variant enlarges
a portion of the ligand-binding pocket (circled); a result that led us to hypothesize
that DEHP utilizes this additional space to specifically bind CAR2.

3.3.2 – A S233A mutation of CAR2 greatly alters the receptors response to
DEHP. To further evaluate the contribution of the CAR2 insertion on the binding
of DEHP, we assessed the ability of a S233A mutant construct, CAR2A, (20) to
transactivate the 2B6XREM reporter after treatment with the CAR2 specific
ligand, DEHP (Figure 3.2A) or the pan-CAR ligand, CITCO (27) (Figure 3.2B).
The CAR2A mutant displays a greatly increased affinity for DEHP in comparison
to the endogenous CAR2 receptor with marked reporter activity beginning at 10
nM and reaching maximal activity at 100 nM. This response is approximately 10fold more potent than CAR2 that exhibits a maximal response to DEHP at about
1 µM.

The affinities of CAR2 and CAR2A for CITCO are nearly identical,

although CITCO appears to only be a partial agonist of CAR2A.

This

discrepancy may be due to the ability of CITCO to bind CAR in at least two
orientations (28).

3.3.3 – The CAR variants are expressed in human small intestine.

We

previously demonstrated that the CAR2 insertion was present in approximately
30% of CAR transcripts in liver (DeKeyser et.al., Chapter 2, unpublished results).
Using a similar technique, as described in materials and methods, we now find
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that CAR3 is present in approximately 25% of these transcripts (Figure 3.3A).
50% of transcripts contain neither insertion with the 5% overlap likely being
attributable to the presence of both insertions in a single transcript. This value is
in good agreement with a previously published report (24).
Ingestion is a major route of exposure to phthalates (2) and several
studies have examined the metabolism and absorption of these chemicals at the
small intestine (25;29). CAR and PXR are expressed in the small intestine of
mouse (17) but the expression of the CAR variants in this tissue has not been
examined. We applied the same techniques used to determine the proportion of
variant expression in human hepatocytes to human small intestine. The results
demonstrate that CAR2 is expressed with even greater prominence in the small
intestine as compared to human hepatocytes (Figure 3.3C) while CAR3 appears
to expressed at the same level that was seen in hepatocytes.
3.3.4 – CAR and PXR recognize a broad range of phthalates. We examined
the respective abilities of four different phthalates: DEP, DnBP, DiBP and DiNP
to activate the 2B6XREM reporter through CAR1, CAR2 and CAR3 (Figure 3.4).
Activation by CITCO was included in each panel as a reference. DnBP and DiBP
weakly activate CAR2 at 3 µM and moderately activated it at 10 µM. DiNP
displayed maximal activation (compared to CITCO) of CAR2 at 0.1 µM (Figure
3.4A) prompting us to test concentrations down to 1 nM (Figure 3.4A inset). This
experiment shows a threshold concentration of 10 nM and maximal activation at
100 nM with an EC50 of 19 nM (Table 3.2). CAR3 demonstrated a response to
DnBP and DiBP that was comparable to what was observed for CAR2 (Figure
3.4B) albeit the activation is greater when expressed as a percentage of maximal
induction of the receptor as evidenced by the EC50 values shown in table 3.2.
DEP showed weak activation of CAR3 at 10 µM and activity increased further
after treatment with 100 µM DEP, an effect that was not observed for CAR2 (data
not shown).

Interestingly, CAR3 showed no activation in response to DiNP

(figure 3.4B) similar to the lack of response of CAR3 to DEHP as previously
reported (DeKeyser et.al., Chapter 2, unpublished results).
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Direct measurements of ligand activation of CAR1 are difficult due to the
receptor’s constitutive activity and ligand-independent nuclear translocation after
over-expression in cell lines. To assess the ability of the different phthalates to
interact with the ligand binding pocket of CAR1 we used androstanol, an inverseagonist of CAR1 (30), to decrease the receptor’s constitutive activity. We are
then able to measure the ability of the phthalates to compete with androstanol
and return the receptor’s activity to basal levels (Figure 3.4C). The first bar in
each group shows the activity of the 2B6XREM in the presence of DMSO only.
The remaining 5 bars in each group include 10 µM androstanol and increasing
concentrations of phthalates or CITCO. The result shows a pattern of interaction
that closely resembles that observed for CAR3, providing further evidence for the
use of CAR3 as a predictor of CAR1 ligand interactions (19;31) (Figure 3.4C).
None of the chemicals tested were capable of transactivating the reporter when
the cells were transfected with the empty CMV2 expression vector (data not
shown).
Due to the large amount of cross-talk that is observed between CAR and
PXR we also assessed the ability of the different phthalates and the PXR agonist
rifampicin (32) to activate the 2B6XREM and 3A4XREM reporters through PXR
(Figure 3.5). All chemicals tested showed an ability to activate the 2B6XREM
(Figure 3.5A) and the 3A4XREM (Figure 3.5B) reporter constructs, but there was
an overall greater activation of the 3A4XREM reporter. DEP showed a slight
dose-response activation when the concentration was increased to 100 µM, as
was observed for CAR3 (data not shown). Activation of PXR by DnBP and DiBP
were also very similar to their effects on CAR3 (Table 3.2). DiNP did not appear
to follow a typical dose-response relationship with PXR. Instead DiNP showed
weak reporter activation at 0.1 µM that did not increase further until a
concentration of 10 µM was reached. DiNP is supplied as a mixture of isomers;
therefore it is possible that the latter observation may reflect a combination of
agonistic and antagonistic effects of these isomers on PXR.
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3.3.5 – CAR2 and CAR3 act cooperatively on the 2B6XREM reporter while
inactive PXR competes against CAR2 in the presence of DEHP. CAR and
PXR are both capable of activating the 2B6XREM reporter. We coexpressed
CAR2 with increasing amounts of either CAR3 or PXR and then treated with
chemicals that differentially activate the different receptors (Figure 3.6). The first
bar in each group (0 ng) represents the reporter activity in the presence of CAR2
only. The CITCO groups in Figure 3.6A show that as increasing amounts of
CAR3 are added to the system the reporter activity increases in step, indicating
that CAR3 is cooperating with CAR2 to activate the response element. When the
cells are treated with DEHP, no effect of CAR3 is seen indicating that the
presence of inactive CAR3 does not affect the ability of CAR2 to respond to
DEHP (Figure 3.6A). Figure 3.6B shows that PXR activates the 2B6XREM in the
presence of rifampicin and in a manner that increases with increasing amounts of
PXR. The presence of inactive CAR2 does not affect transactivation by PXR.
When the cells are instead treated with DEHP at a concentration that only
activates CAR2, the data show a marked dose-dependent decrease in reporter
activity due to the presence of inactive PXR. This result is in stark contrast to
what was observed for CAR3 (Figure 3.6A).

3.4 Discussion
The studies in this chapter provide a unique insight into the CAR/PXR
receptor system. Our previous observation that DEHP is a highly potent agonist
of CAR2 (DeKeyser et. al., Chapter 2, unpublished results) and the evidence
presented here that shows an even greater activation of CAR2 by DiNP (Figure
3.4A) as well as modest activation of the other CAR variants by the smaller
diethyl and dibutyl phthalates (Figure 3.4), demonstrates a unique effect of
alternative splicing as a means of increasing the ability of the overall system to
recognize a broad range of chemicals with similar properties. These data also
provide additional support for the use of CAR3 as a tool for the high-throughput
prediction of CAR1 ligands, as has been suggested previously (19;31). Further,
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the ability of a broad range of phthalates to activate PXR (Figure 3.5) and the
apparent difference in the way CAR and PXR interact on a single promoter
(Figure 3.6) provides further insight into the crosstalk between the two receptors.
The greatly increased activation of CAR2 by the larger, 8- and 9-carbon
phthalates, DEHP (EC50 = 211 nM) (DeKeyser et. al., Chapter 2, unpublished
results) and DiNP (EC50 = 19 nM) (Table 3.2), is a compelling observation.
Results put forth here demonstrate that CAR2 possesses a slightly larger ligand
binding pocket in comparison to CAR1 (Figure 3.1).

By mutating the S233

residue within this altered region of the pocket we were able to further modulate
the response of CAR2 to DEHP (Figure 3.2). By replacing S233 with the smaller,
more hydrophobic alanine (CAR2A) residue, the response to DEHP is increased.
The difference in response between CAR2 and CAR2A is not nearly as
pronounced after treatment with the pan-CAR ligand, CITCO, although the data
does suggest that the mutation may disrupt one of the binding conformations of
CITCO. Taken together these results suggest that the naturally occurring SPTV
insertion of CAR2 expands the ligand binding pocket and creates an ideal
binding site for DEHP, and likely DiNP as well.

The smaller ligand binding

pockets of CAR1 and CAR3 are unable to accommodate these larger phthalates.
The expression of these receptors is well established in the liver but they
have also been shown to be expressed in other tissues (17).

We now

demonstrate that the CAR variants, in particular CAR2, is expressed at perhaps
even higher proportionate levels in human small intestine than seen in
hepatocytes (Figure 3.3B) (DeKeyser et. al., Chapter 2, unpublished results).
This result suggests that there may be a difference in the splicing mechanisms
between these two tissues, although it will be important to obtain data from a
larger sample size of human small intestine to confirm this result. The small
intestine is a site of high exposure to phthalates and the presence of PXR as well
as CAR and its variants raises the question of how the activation of these
receptors by phthalates in this tissue will effect the metabolism and absorption of
not only the phthalates themselves but also the large number of other chemicals
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that are absorbed at this site, including many therapeutic agents that sometimes
contain an enteric coating that is made using phthalates (29).
Initial concern regarding phthalates was focused on peroxisome
proliferation demonstrated in rodents through the activation of PPAR. Concern
over this mechanism of toxicity has waned over time as it has been found that
humans are relatively refractory to the effects of peroxisome proliferation (33).
More recently concern has shifted towards possible endocrine disrupting effects
of phthalates (2). It has been proposed that anti-androgenic activity of phthalates
may play a role in testicular dysgenesis syndrome (TDS) (34).

It is well

established that both CYP2B6 and CYP3A4 are induced by CAR and PXR and
that both of these enzymes are involved in the metabolism of testosterone (35).
The potential role of increased androgen metabolism through the activation of
CAR and PXR by phthalates on the etiology of TDS is worthy of further
investigation.
In comparison to the essentially infinite number of small molecules that the
body can be exposed to the number of receptors in place to deal with them is
relatively small. PXR is known for its ability to bind to a vast array of chemicals,
while CAR apparently recognizes fewer ligands (36). However, CAR can also be
activated indirectly by chemicals such as phenobarbital which stimulates nuclear
translocation of the receptor (37). The studies presented here demonstrate that
alternative splicing of the CAR gene increases its capacity to bind to exogenous
chemicals. Further, the demonstration of an interaction of CAR and PXR on
specific DNA binding sites points toward another level of complexity in cross-talk
between these receptors that may allow for a fine-tuning of the response to
multiple exogenous insults. Finally, the observation that phthalates, as a class of
chemicals, extensively interact with the human CAR and PXR receptors, and that
CAR2 in particular is extraordinarily sensitive to DEHP and DiNP, provides new
direction for studies investigating the toxicological mechanisms of these
chemicals.
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3.5 Materials and Methods
3.5.1 – Chemicals. Di(2-ethylhexyl) phthalate (DEHP, CAS No. 117-81-7), 5αandrostan-3α-ol (androstanol), Di-isononyl phthalate (DiNP, CAS No. 68515-480) and dimethyl sulfoxide (DMSO, CAS No. 67-68-5) were purchased from Sigma
(St. Louis, MO). Diethyl phthalate (DEP, CAS No. 84-66-2), di-n-butyl phthalate
(DnBP, CAS No. 84-74-2) and di-isobutyl phthalate (DiBP, CAS No. 84-69-5)
were purchased from Alfa Aesar (Ward Hill, MA). 6-(4-Chlorophenyl)imidazo[2,1b] [1,3]thiazole-5-carbaldehyde O-3,4-dichlorobenzyl) oxime (CITCO, CAS No.
338404-52-7) was obtained from BIOMOL Research Laboratories (Plymouth
Meeting, PA).

3.5.2 – Plasmids.

The vectors: CMV2-CAR1, CMV2-CAR2, 3.1-RXRα,

2B6XREM and 3A4XREM were described previously (38). The vector, CMV2CAR3 was also reported previously (19). The CMV2-CAR2A mutant clone was
derived from the CMV2-CAR2A clone using the mutagenesis forward primer (5’GAAGATGGAGCCCGTGTAGCTCCCACAGTGGGGTTCCA-3’)
mutagenesis

reverse

and

primer

the
(5’-

TGGAACCCCACTGTGGGAGCTACACGGGCTCCATCTTC-3’) along with the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer's protocol. All clones were derived from human genes.

3.5.3 – Modeling.

The model of CAR2 was generated using the MAGOS

modeling server (http://pig-pbil.ibcp.fr/cgi-bin/magos/home) (39) and used the
CAR1 model, 1XVP, chain b as the starting structure. The structures of the ligand
binding pockets of CAR1 and CAR2 were then characterized using the PocketFinder algorithm (http://bmbpcu36.leeds.ac.uk/pocketfinder/) (40). Pocket-Finder
is a pocket detection algorithm based on Ligsite (41). Pocket-Finder works by
scanning a probe radius 1.6 angstoms along all gridlines of grid resolution 0.9
angstroms surrounding the protein. The probe also scans cubic diagonals. Grid
points are defined to be part of a site when the probe is within range of protein
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atoms followed by free space followed by protein atoms. Since the protein is
scanned in seven directions, each grid point can be defined to be part of a site up
to seven times. Structural alignments and pictures were generated using the
Deep View Swiss-PDB viewer v3.7 (http://ca.expasy.org/spdbv/) (42).
3.5.4 – Cell Culture. COS-1 cells (simian virus-40–transformed green monkey
kidney cells) were maintained and in Dulbecco's modified Eagle's medium with
8% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 0.15% sodium
bicarbonate, 50 units/ml penicillin G, and 50 µg/ml streptomycin and transfected
in the same media containing 8% dextran/charcoal treated FBS (HyClone,
Logan, UT) in place of the normal FBS. Culturing conditions for primary human
hepatocytes have been described (43). Available donor information is presented
in Table 1.

Preparations enriched for hepatocytes were received plated in

collagen-coated 6-well culture dishes. Upon arrival the media was removed and
replaced with 2 mL of fresh media. Matrigel was added along with a 2 mL media
change within 48 h of plating. 2 mL changes of media occurred once, 24 h after
the addition of matrigel and then again approximately 48 h later. Cells were
harvested 24 h subsequently for RNA isolation. If not specified otherwise, all
culturing materials were obtained from Invitrogen (Carlsbad, CA).
3.5.5 – Transient Transfection Assays. All transfections for luciferase reporter
assays were performed in a 48-well format. On the morning of day 1, cells were
seeded to approximately 50% confluency in each well. While the cells were
attaching,

DNA

transfection

mixtures

were

assembled

using

Fugene6

transfection reagent (Roche Applied Science, Indianapolis, IN). In general, each
well was transfected with 25 ng of CMV2 or CMV2-CAR expression plasmid, 25
ng 3.1-RXRα expression plasmid, 100 ng of luciferase reporter, and 10 ng of
pRL-CMV (for transfection normalization; Promega, Madison, WI).

In all

transfections, the transfection reagent was used at a ratio of 1:3 (micrograms of
DNA

to

microliters of

transfection

reagent)

as

recommended

in

the

manufacturer's protocol. Within a given experiment, all transfections contained
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the same total amount of DNA. At the time of transfection (approximately 1 h after
seeding), cells were approximately 50% confluent and had initiated cell division.
The following day (18-24 h after transfection), cells were treated with chemical
agents as indicated in the figures.
exceeded 0.2% (v/v).

In all treatments, DMSO levels never

On day 3 (24 h after chemical treatment), cells were

washed with PBS and luciferase assays were performed using the DualLuciferase Reporter Assay System (Promega, Madison, WI) and a Veritas
Microplate Luminometer (Turner Biosystems, Sunnyvale, CA). Luciferase assay
and stop and glow reagents were diluted with 1x Tris-buffered saline, pH 8.0, to a
0.5x final concentration. All other aspects of the assay were performed in
accordance to the manufacturer's protocol. Dilution of luciferase reagent had no
effect on normalized luciferase values.
3.5.6 – RNA Isolation and Quantitative PCR Analysis. Total RNA was
extracted from the hepatocytes using TRIzol® Reagent (Invitrogen) according to
the manufacturer’s protocol. Human small intestine RNA was obtained from the
FirstChoice® human total RNA survey panel and is supplied as a pool of 3
separate human donors Ambion (Austin, TX). RNA concentrations were
assessed by UV absorbance at 260 nm using a DU 800 spectrophotometer
(Beckman Coulter, Fullerton, CA). A High Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA) was used to reverse transcribe RNA into cDNA,
according to the manufacturer’s instructions. TaqMan® Assays-on-Demand™
Gene Expression assays (Applied Biosystems) were performed according to
manufacturer’s directions for a 50 µL reaction volume subsequently divided into
duplicate 25 µL reactions in a 96-well plate, and run in an Applied Biosystems
7300 Real-Time PCR System. Taqman probes were custom designed to detect
the presence of the CAR2 insertion at the exon 6-7 junction or the CAR3
insertion at the exon 7-8. A multiplex reaction was performed containing the
‘REF’ assay (CAT#: Hs00901572_g1, Applied Biosystems) and ‘CAR2’ or ‘CAR3’
probe. The ‘REF’ probe sequence is 5’-AGATGGAGCCCGTGTGGGGTTCCAG3’

(FAM

Reporter).

The

‘CAR2’

probe

sequence

is

5’-
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TGTATCTCCCACAGTGGG-3’ (VIC Reporter) and the ‘CAR3’ probe sequence is
5’-TGCTCCCTATCTTACAGACC-3’ (VIC Reporter) Absolute quantification was
determined through the use of a standard curve generated using plasmid DNA
containing either the CAR1 (REF), CAR2 or CAR3 variant. Applied Biosystems
inventoried assays were used for detection of 18S (CAT#. Hs99999901_s1).

3.5.7 – Statistical Analysis.
Unless stated otherwise, statistics and EC50 values were obtained using
GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego,
CA); specific details are provided in the figure legends. The EC50 values
presented in table 3.2 were calculated using by setting the response of each
receptor to DMSO at 0% and the response to 10 µM CITCO or rifampicin at
100%.
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3.7 Figures

Figure 3.1: Computer generated models of the CAR1 and CAR2 ligand binding
pockets. Models were generated as described in materials and methods. The CAR1
ligand binding pocket is shown in white and the CAR2 pocket is shown in green.
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Figure 3.2: Activation of the 2B6XREM reporter by CAR2 and CAR2A in response
to DEHP and CITCO. All transfections included the 3.1-RXRα expression vector, the
2B6XREM reporter, the pRL-CMV vector for normalization of transfection efficiency and
either CMV2-CAR2 or CMV2-CAR2A. Data are represented as normalized luciferase
values and each data point represents the mean (+/- S.E.M.) of four separate
transfections. (A) Cells were treated with DEHP for 24 h. (B) Cells were treated with
CITCO for 24 h.
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Figure 3.3: Frequency of the CAR3 insertion in human hepatocytes and the CAR
variants in human small intestine. Quantification of each variant was determined with
standard curves generated from plasmid DNA containing either the CAR1, CAR2 or
CAR3 coding sequence. The data are expressed as a % of total transcript, defined as
the sum of the REF and CAR2 probes divided by the individual probe of interest. The
error bars indicate the range based on the standard deviation of the technical replicates
using the 'square root of sum-of-squares' technique. (A) Frequency of the CAR3
insertion in mRNA transcripts from 7 separate human hepatocyte donors. (B) Frequency
of the CAR2 insertion in mRNA transcripts from a pooled sample of 3 separate human
donors. (C) Frequency of the CAR3 insertion in mRNA transcripts from a pooled sample
of 3 separate human donors.
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Figure 3.4: Activation
of

the

reporter

2B6XREM
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CAR1,
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treatment

with
All

phthalates.
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pRL-CMV

vector
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transfection

for
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efficiency
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separate
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Figure 3.5:

Activation of the 2B6XREM and 3A4XREM reporters by PXR after

treatment with phthalates. All transfections included the 3.1-RXRα expression vector,
the CMV2-PXR expression vector, the pRL-CMV vector for normalization of transfection
efficiency and either the 2B6XREM (A) or 3A4XREM (B) reporter construct.

All

treatments were for 24h and the data are represented as normalized luciferase values
and each data point represents the mean (+/- S.E.M.) of four separate transfections.
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Figure 3.6: Activation of the 2B6XREM reporter after co-expression of CAR2 with
either CAR3 or PXR and treatment with specific agonists. All transfections included
the 3.1-RXRα expression vector, 25 ng of the CMV2-CAR2 expression vector, the pRLCMV vector for normalization of transfection efficiency and and the 2B6XREM reporter.
(A) CMV2-CAR3 was included at various concentrations as shown in the legend. (B)
CMV2-PXR included at various concentrations as shown in the legend. Total DNA was
kept constant in all assays through the use of the empty CMV2 expression vector. All
treatments were for 24h and the data are represented as normalized luciferase values
and each data point represents the mean (+/- S.E.M.) of four separate transfections.
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3.8 Tables

Table 3.1: Available hepatocyte donor information.
Donor Age

Gender Race

Donor Age Gender Race

A

0.75 M

Caucasian F

3

F

Caucasian

B

57

M

Caucasian G

61

M

Caucasian

C

49

M

Caucasian

D

61

M

Caucasian

E

63

M

Caucasian
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Table 3.2: Estimated EC50 values for CAR2, CAR3 and PXR. EC50 values
were estimated for CAR2, CAR3 and PXR as described in the Materials and
Methods using the data shown in figures 4A, 4B and 5B (All values are µM).

Receptor
CAR2
CAR3
PXR

DEP
N/A
267.6
495.6

DnBP
24.095
7.951
12.501

DiBP
17.094
11.449
9.866

DiNP
0.019
N/A
98.886

CITCO Rifampicin
0.969
0.138
1.928
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Chapter 4
A meclizine derived pharmacophore for use in the identification
of novel ligands for the human constitutive androstane receptor
splice variant 2, CAR2.

4.1 Abstract
The constitutive androstane receptor (CAR) is a transcription factor that responds
to small chemical ligands to regulate the expression of genes involved in xenobiotic
metabolism in the liver. Recent studies in our laboratory have focused on two prominent
splice variants of CAR, termed CAR2 and CAR3.

The transcripts for these splice

variants contain insertions in the ligand binding domains of the receptors resulting in an
additional 4 amino acids in CAR2 and an additional 5 amino acids in CAR3.
Investigations into the functions of these variant receptors have revealed that CAR2 has
a unique ligand binding profile while the ligand binding profile of CAR3 is highly similar to
the reference form of the receptor, CAR1. In light of these results we sought to further
investigate the unique ligand binding profile of CAR2 in comparison to CAR1 and CAR3
(utilizing CAR3 as a proxy for CAR1 ligand binding) and to attempt to identify additional
CAR2 specific ligands by defining the specific chemical features that are important for an
interaction with CAR2 through in silico models. The results demonstrate that CAR2 and
CAR3 are differentially activated by the known CAR1 ligands, CITCO, 5β-Pregnane3,20-dione, clotrimazole and meclizine. Meclizine, a human CAR1 inverse-agonist, is
now shown to be a specific agonist of CAR2. Based on these results a ligand-based
virtual screening approach was utilized to identify novel ligands for CAR2. A meclizine
derived pharmacophore identified two novel CAR2 agonists from the NCI chemical
database.

These results demonstrate that CAR2 has a highly differentiated ligand

binding profile compared to CAR1 and CAR3 and that ligand-based virtual screening is
an effective means of identifying unique chemical activators of these receptors.
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4.2 Introduction
The constitutive androstane receptor (CAR1) is a member of the NR1I
subfamily of nuclear receptors (1).

The CAR gene is subject to multiple

alternative splicing events that occur during pre-mRNA processing (2-6). Recent
reports from our laboratory have focused on two prominent CAR splice variants,
CAR2 and CAR3 that contain 12 and 15 nucleotide insertions, respectively, in
their ligand binding domains (5). The CAR2 insertion encodes an additional four
residues, SPTV, in the highly conserved loop between helix-6 and helix-7 that
alter the ligand binding pocket of the receptor (7) (DeKeyser et. al., Chapter 3,
unpublished results).

CAR3 contains an additional 5 amino acids (APYLT)

between helix-8 and helix-9 of the receptor, a region that is believed to be
important for heterodimerization with the retinoid X receptor α (RXRα) (8).
Transcripts containing these insertions are expressed at a high level in human
liver, with approximately 30% of CAR liver transcripts including the CAR2
insertion and 25% containing the CAR3 insertion (DeKeyser et. al., Chapters 2
and 3, unpublished results). Approximately 5% of CAR transcripts in human liver
contain both insertions (6).
CAR plays an important role in the body’s metabolic response to
xenobiotics by controlling transcription of genes encoding proteins for all 3
phases of xenobiotic metabolism in response to exogenous and endogenous
insults (9-11).

Unlike most nuclear receptors, CAR1 maintains an active

conformation in the absence of bound ligand (12). Regulation of target genes by
CAR1 can occur through an indirect mechanism of nuclear translocation, as is
seen with phenobarbital (13), or through direct ligand binding as is observed with
CITCO (14). Interestingly, and in contrast to CAR1, CAR2 and CAR3 are not
constitutively active and instead function as ligand-dependent receptors (8)
(DeKeyser et. al., Chapters 2 and 3, unpublished results).
Recent studies in our laboratory have shown that CAR2 is uniquely
responsive to two phthalates, di(2-ethylhexyl) phthalate (DEHP) and di-isononyl
phthalate (DiNP) (DeKeyser et. al., Chapters 2 and 3, unpublished results).
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Further studies into the activation of the CAR variants by phthalates
demonstrated that CAR1 and CAR3 share similar activation profiles after
treatment with phthalates while CAR2 has a unique activation profile (DeKeyser
et. al., Chapter 3, unpublished results).

This observation provided additional

support for the use of CAR3 as a predictor of CAR1 ligands (8;15).

These

studies led us to further investigate the unique ligand binding profile of CAR2 in
comparison to CAR1 and CAR3 (utilizing CAR3 as a proxy for CAR1 ligand
binding) and to attempt to identify additional CAR2 specific ligands by defining
the specific chemical features that are important for an interaction with CAR2
through in silico models.
The results demonstrate that CAR2 and CAR3 are differentially activated
by the known CAR1 ligands, CITCO (14), 5β-Pregnane-3,20-dione, clotrimazole
(16) and meclizine (17). CITCO and 5β-Pregnane-3,20-dione are agonists of
both CAR2 and CAR3 but demonstrate higher potency on CAR3. Clotrimazole
acts as a weak agonist of CAR3, as previously reported (8), and as an antagonist
of CAR2. Meclizine is an agonist of CAR2 only. Based on these results a ligandbased virtual screening approach was utilized to identify novel ligands for CAR2
(18;19). Pharmacophores (chemical feature models) were derived from three
dimensional (3D) structures of the known active molecules using the
LigandScout program (20). A meclizine derived pharmacophore identified two
novel CAR2 agonists from the NCI chemical database. Further results from a
screen of chemicals identified butyl 4-amino benzoate, 1,25-OH vitamin D3 and
Cervistatin as unique CAR2 agonists and 4-OH benzoic acid n-propyl ester as a
unique CAR3 agonist. The CAR1 ligand, artemisinin (21), is shown to be an
agonist of both CAR2 and CAR3, with higher potency on CAR3. These results
demonstrate that CAR2 has a highly differentiated ligand binding profile
compared to CAR1 and CAR3 and that ligand-based virtual screening is an
effective means of identifying unique chemical activators of these receptors.

91
4.3 Results
4.3.1 - CAR2 and CAR3 show differential responses to known CAR1
ligands. Activation of the 2B6XREM by CAR2 and CAR3 was assayed after
treatment with the CAR1 ligands, CITCO (Figure 4.1A), 5β-Pregnane-3,20-dione
(Figure 4.1B), clotrimazole (Figure 4.1C) and meclizine (Figure 4.1D). All data
are expressed as a percent of activation compared to 5 µM CITCO, a
concentration that has been verified to fully activate both CAR2 and CAR3.
CITCO was fully efficacious on both receptors although it displayed slightly
higher potency on CAR3. 5β-Pregnane-3,20-dione is a partial agonist of both
receptors but is more potent and efficacious for CAR3. Clotrimazole is a weak
partial agonist of CAR3 as previously reported (8) but does not activate CAR2
(data not shown). Interestingly, clotrimazole acts as a CAR2 antagonist in the
presence of 5µM CITCO (Figure 1C), a result that is in good agreement with
previous reports of clotrimazole activity on CAR2 (7). Meclizine, a chemical that
has been previously reported as a human CAR1 inverse-agonist and a mouse
CAR agonist (17), does not activate CAR3 in our experimental system but elicits
low micromolar potency and near full efficacy on CAR2.
4.3.2 - A pharmacophore derived from meclizine identifies unique CAR2
agonists. Structures of topologically different CAR2 and CAR3 ligands, (5-β)pregnane-3,20-dione, and CITCO (6-(4-chlorophenyl)imidazo[2,1-B][1,3]thiazole5-carbaldehydeO-(3,4 dichlorobenzyl)oxime) were obtained from ligand-protein
complexes of the human CAR/RXRα heterodimer complexes available from the
Protein Data Bank (1XV9 and 1XVP, respectively) (Figure 4.2) (12). Molecular
models
meclizine

of

clotrimazole

(1-[(2-chlorophenyl)-diphenyl-methyl]imidazole)

and

(1-[(4-chlorophenyl)-phenyl-methyl]-4-[(3-

methylphenyl)methyl]piperazine) were built and optimized using MOE software
according to methods previously reported (22).

Ten pharmacophores were

generated based on the separate or combined chemical features of CITCO,
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meclizine, (5-β)-pregnane-3,20-dione and clotrimazole (Figure 4.3) and then
deployed as 3D-search queries as described in materials and methods.
Generally, the pharmacophores comprised between 2-6 hydrophobic and
either 1-2 hydrogen bond donors or acceptors, aromatic or positive ionizable
features.

The shared feature pharmacophores consisted of only four

hydrophobic features and were not selective in the initial stages of the virtual
screens and were aborted. The Derwent World Drug Index (DWI) is a database
containing known active drug molecules and provides a means to validate if
pharmacophores used for screening are able to identify active drug-like
molecules before proceeding with biological assays.

Nine of the ten

pharmacophores identified hits in the DWI. The remaining 8 pharmacophores
identified between 5- 2,700 hits in the DWI, 3-1195 hits in the NCI and 9-360 hits
in the Maybridge databases.

In particular, the meclizine pharmacophore,

consisting of four hydrophobic and two positive ionizable features (Figure 4.4),
obtained good enrichment in the screening results. Nine of the 74 hits from the
NCI database that were retrieved by the meclizine pharmacophore were selected
for use in our 2B6XREM reporter assay based on fit values and availability
(Figure 4.5).
Two molecules, NCI370663 (Figure 4.5A) and NCI12849 (Figure 4.5B),
were found to activate CAR2 in the screening assay (Figure 4.5C).

Both

chemicals demonstrated low potency, NCI12849 was fully efficacious while
NCI370663 appears to be a partial agonist.

Both chemicals showed good

selectivity for CAR2 over CAR3 with NCI12849 weakly activating CAR3 and
NCI370663 displaying no activity on CAR3 (Figure 4.5D). Interestingly, the more
efficacious compound (NCI12849) exhibited a similar topology as meclizine with
four hydrophobic features (2 aromatic), 2 hydrogen-bond acceptors, donors and
positive ionizable features and an iron binding location (Figure 4.6A&B). The
other compound (NCI370663) was unique with 7 iron and 5 zinc binding locations
along with 4 hydrogen-bond acceptors, 2 donors and 4 hydrophobic features
(figure 4.6C&D).
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4.3.3 – A chemical screen of various xenobiotics identified unique agonists
for both CAR2 and CAR3. 30 unique xenobiotics were assayed for their ability
to activate the 2B6XREM reporter through CAR2 (Figure 4.7A) and CAR3
(Figure 4.7B). The majority of the chemicals tested did not activate either of the
receptors. Artemisinin, a known CAR1 activator (21), is a weak agonist of CAR2
and a moderate agonist of CAR3. Benzoates are a class of compounds with a
basic structure similar to phthalates. We tested 3 different benzoates and found
that 4-OH benzoic acid n-propyl ester weakly activated CAR3 but not CAR2, 4amino benzoate weakly activated CAR2 but not CAR3. 1,25-hydroxy vitamin D3
and Cervistatin both specifically activated CAR2 but only at relatively high doses.
4.4 Discussion
The constitutive androstane receptor controls the transcription of many
genes important for the bodies ability to mount a defense against potentially toxic
endogenous and exogenous chemicals (9;16). These chemical insults can come
from the environment and diet as well as medical interventions. Unfortunately
the defense against these chemicals can also result in unwanted side affects
such as bioactivation and adverse drug reactions. Studies have indicated that
more than 2.2 million hospitalized Americans suffer adverse drug reactions each
year and that approximately 100,000 die unintentionally from administration of
medications (23). This trend seems likely to continue due to the increased use of
multiple drug regimens in patients (24). Many of adverse outcomes are likely
due to activation of CAR or the pregnane X receptor (25) and the consequent
transcription of their target drug metabolizing genes such as CYP2B6 (26;27),
CYP3A4 (26;28), MDR1 (21), and Sult2A1 (29). Therefore, it is essential for the
assessment of drug and chemical safety that we fully understand what
chemicals, and more specifically what chemical properties are responsible for
activating these receptors.
Although there have been numerous studies investigating activation of
CAR1 (30;31), CAR2 and CAR3 represent unique receptors. These variants are
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created during pre-mRNA processing where CAR’s exons can be assembled in a
multitude of ways through the recognition of alternate splice donor and acceptor
sites by the spliceosome (32). This mechanism of alternative splicing makes it
possible to produce an array of transcripts from a single pre-mRNA molecule. An
estimated 70% of all human genes undergo alternative splicing (33-35) and
therefore this process appears to represent a mechanism through which higher
organisms increase genetic complexity. CAR2 is particularly interesting in this
regard because it contains an altered ligand binding pocket that allows for its
activation by a unique subset of chemicals (DeKeyser et.al., Chapter 3,
unpublished results). With 30% of the CAR transcript pool containing the CAR2
insertion, it is important to consider this variant as a contributor in the activation
of CAR target genes.
In this report we identified four additional unique CAR2 activators:
meclizine, 4-amino benzoate, 1,25-hydroxy vitamin D3 and Cervistatin. None of
these compounds were particularly potent or efficacious but their identification
further highlights the degree to which CAR2 can interact with chemicals that
CAR1 can not. In combination with the recent identification of the highly potent
CAR2 activators DEHP and DiNP (DeKeyser et.al., Chapters 2 and 3,
unpublished results) it is becomingly increasingly evident that in order to get a
complete picture of CAR activation by xenobiotics our model systems must
include the alternatively spliced CAR variants.
We now also demonstrate that the CAR1 inverse agonist, meclizine, is a
full CAR2 agonist with low micromolar potency. A pharmacophore based on the
structure of meclizine was able to identify two more unique CAR2 ligands
NCI12849 and NCI370663. The other pharmacophores developed for this study
have not yet been evaluated due to the availability of the chemicals identified by
the virtual screening but they may also have CAR activity profiles.

The

development of a CAR2 pharmacophore may serve as a model to predict
activation of the variant receptor in drug and chemical safety analyses and
therefore adds to the repertoire of tools that can be used to predict adverse drug
reactions.

These studies demonstrate that pharmacophore development and
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virtual screening methods offer a feasible and effective approach to identify key
chemical features oriented in 3-D space that are relevant for activating CAR
splice variants.
4.5 Materials and Methods
4.5.1 – Chemicals.

5α-androstan-3α-ol (androstanol) and dimethyl sulfoxide

(DMSO, CAS No. 67-68-5) were purchased from Sigma (St. Louis, MO). 6-(4Chlorophenyl)imidazo[2,1-b] [1,3]thiazole-5-carbaldehyde O-3,4-dichlorobenzyl)
oxime (CITCO, CAS No. 338404-52-7) was obtained from BIOMOL Research
Laboratories (Plymouth Meeting, PA). The NCI library chemicals were obtained
with permission from the National Cancer Institute’s chemical repository.
4.5.2 – Plasmids.

The vectors: CMV2-CAR1, CMV2-CAR2, 3.1-RXRα, and

2B6XREM were described previously (36). The vector, CMV2-CAR3 was also
reported previously (8). All clones were derived from human genes.
4.5.3 – Cell Culture. COS-1 cells (simian virus-40–transformed green monkey
kidney cells) were maintained and in Dulbecco's modified Eagle's medium with
8% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 0.15% sodium
bicarbonate, 50 units/ml penicillin G, and 50 µg/ml streptomycin and transfected
in the same media containing 8% dextran/charcoal treated FBS (HyClone,
Logan, UT) in place of the normal FBS. If not specified otherwise, all culturing
materials were obtained from Invitrogen (Carlsbad, CA).
4.5.4 – Transient Transfection Assays. All transfections for luciferase reporter
assays were performed in a 48-well format. On the morning of day 1, cells were
seeded to approximately 50% confluency in each well. While the cells were
attaching,

DNA

transfection

mixtures

were

assembled

using

Fugene6

transfection reagent (Roche Applied Science, Indianapolis, IN). In general, each
well was transfected with 25 ng of CMV2 or CMV2-CAR expression plasmid, 25

96
ng 3.1-RXRα expression plasmid, 100 ng of luciferase reporter, and 10 ng of
pRL-CMV (for transfection normalization; Promega, Madison, WI).

In all

transfections, the transfection reagent was used at a ratio of 1:3 (micrograms of
DNA

to

microliters of

transfection

reagent)

as

recommended

in

the

manufacturer's protocol. Within a given experiment, all transfections contained
the same total amount of DNA. At the time of transfection (approximately 1 h after
seeding), cells were approximately 50% confluent and had initiated cell division.
The following day (18-24 h after transfection), cells were treated with chemical
agents as indicated in the figures.
exceeded 0.2% (v/v).

In all treatments, DMSO levels never

On day 3 (24 h after chemical treatment), cells were

washed with PBS and luciferase assays were performed using the DualLuciferase Reporter Assay System (Promega, Madison, WI) and a Veritas
Microplate Luminometer (Turner Biosystems, Sunnyvale, CA). Luciferase assay
and stop and glow reagents were diluted with 1x Tris-buffered saline, pH 8.0, to a
0.5x final concentration. All other aspects of the assay were performed in
accordance to the manufacturer's protocol. Dilution of luciferase reagent had no
effect on normalized luciferase values.
4.5.5 – Ligand-Based Virtual Screening.

A ligand-based virtual screening

approach was utilized to identify molecules targeted for CAR2 (18;19).
Pharmacophores (chemical feature models) were derived from three dimensional
(3D) structures of known active molecules using the LigandScout program
(Inte:Ligand

GmbH,

Vienna,

Austria.

http://www.inteligand.com)(20).

LigandScout incorporates an efficient method of alignment and overlay that
identifies the maximum common pharmacophoric pattern between several
molecules or chemical feature models in a manner that can efficiently produce
meaningful alignments of molecules that differ topologically in 3D-space (37).
Ten pharmacophores were generated based on either a) the chemical features of
CITCO, b) the chemical features of meclizine, or the alignments of c) shared
chemical features of CITCO and meclizine, or pregnane and clotrimazole and d)
merged chemical features of meclizine and clotrimazole, or CITCO, pregnane
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and meclizine with selected chemical features excluded. The pharmacophores
were deployed as 3D-search queries using Catalyst software (Accelrys, Inc., San
Diego, CA. http://www.accelrys.com/) as a platform to screen the Derwent World
Drug Index (DWI), National Cancer Institute (NCI) and Maybridge databases
(http://scientific.thomson.com/products/wdi/,
http://cactus.nci.nih.gov/).

http://www.maybridge.com/

&
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4.7 Figures

Figure 4.1: Dose-response curves for CAR2 and CAR3 after treatment with known
CAR1 ligands.

All transfections included the 3.1-RXRα expression vector, the

2B6XREM reporter, CMV2-CAR2 or CMV2-CAR3 and the pRL-CMV vector for
normalization of transfection efficiency. Data are represented as a percent of activation
compared to 5 µM CITCO (set to 100%) and each data point represents the mean (+/S.D.) of four separate transfections. Cells were treated with various concentrations of
either (A) CITCO (B) 5β-Pregnane-3,20-dione (C) Clotrimazole or (D) Meclizine 24 h
after tranfection and harvested 24 h later.
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Figure 4.2: Computer generated models of CITCO and 5β-Pregnane-3,20-dione
bound to the ligand binding pocket of CAR1. (A) CITCO in the ligand-binding domain
of the human CAR/RXR alpha heterodimer extracted from the Protein Data Bank
(1XV9). The model was prepared using LigandScout (Inte:Ligand GmbH, Austria). (B)
5β-Pregnane-3,20-dione in the ligand-binding domain of the human CAR/RXR alpha
heterodimer extracted from the Protein Data Bank (1XVP). The model was prepared
using LigandScout (Inte:Ligand GmbH, Austria).
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Figure 4.3: Chemical structures known ligands for human CAR1 that were used to
build the pharmacophores for ligand-based virtual screening. (A) CITCO (B) 5βPregnane-3,20-dione (C) Clotrimazole and (D) Meclizine.
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Figure 4.4: Pharmacophore based on the chemical features of meclizine. The
pharmacophore was generated using the LigandScout program (Inte:Ligand GmbH,
Austria). Yellow spheres indicate hydrophobic features. Blue cone clusters represent
positive ionizable features.
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Figure 4.5:

Structures and activation profiles of compounds identified by the

meclizine pharmacophore via virtual screening of the NCI database and found to
activate CAR2. The chemical structures of (A) NCI370663 and (B) NCI12849. (C&D)
All transfections included the 3.1-RXRα expression vector, the 2B6XREM reporter,
CMV2-CAR2 (A) or CMV2-CAR3 (B) and the pRL-CMV vector for normalization of
transfection efficiency. Data are represented as normalized luciferase values and each
data point represents the mean (+/- S.D.) of four separate transfections. Cells were
treated with either 5 µM CITCO or various concentrations of NCI12849 or NCI370663
concentrations of chemicals 24 h after transfection and harvested 24 h later.
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Figure 4.6: Chemical features of the active CAR2 compounds identified by the
meclizine pharmacophore via virtual screening of the NCI database.

(A&B)

NCI12849, yellow spheres indicate hydrophobic groups. Blue disks indicate aromatic
groups. Red spheres indicate hydrogen-bond acceptors. Green spheres represent
hydrogen-bond donors. Blue stars represent positive ionizable groups and an iron
binding location. Model developed using LigandScout (Inte:Ligand GmbH, Austria).
(C&D) NCI 370663, yellow spheres indicate hydrophobic groups. Red spheres indicate
hydrogen-bond acceptors. Green arrows represent hydrogen-bond donors. Blue stars
represent iron and zinc binding locations. Model developed using LigandScout
(Inte:Ligand GmbH, Austria).
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Figure 4.7:

Activation of CAR2 and CAR3 by a panel of xenobiotics. All

transfections included the 3.1-RXRα expression vector, the 2B6XREM reporter, CMV2CAR2 (A) or CMV2-CAR3 (B) and the pRL-CMV vector for normalization of transfection
efficiency. Data was normalized by setting each DMSO treated group at 0% activity and
each 5 µM CITCO group at 100% activity, each data point represents the mean (+/S.D.) of four separate transfections. Cells were treated with various concentrations of
chemicals 24 h after tranfection and harvested 24 h later.
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Chapter 5
Summary and Future Directions

5.1 Summary
An important aspect in assessing the toxicity of any chemical is to
understand the absorption, distribution, metabolism and excretion of that
molecule within the exposed organism.

The constitutive androstane receptor

(CAR) (1) has a well established role in the metabolism of xenobiotics (2;3) and
based on the data presented here showing expression of CAR in the human
intestine (Figure 3.3) it is likely that it plays a part in absorption as well through
the increased expression of transporters at this site. Therefore, the activation of
CAR by xenobiotics is an essential part of any comprehensive chemical safety
assessment.

Unfortunately, the direct and indirect mechanisms (see section

1.3.2) by which CAR can be activated complicate this process. Further, most
toxicology studies utilize rodent models that do not adequately reflect human
CAR due to the highly divergent ligand binding domains (4), established
differences in ligand binding (5;6) and inability to generate the alternatively
spliced variants found in humans (Figure 2.1B).

These differences have

important implications regarding the model systems that need to be employed for
studies that aim to elucidate the function of CAR in humans.
In order to understand the significant species specific differences that are
seen with CAR it is helpful to understand the evolution of the gene itself. CAR is
a member of the NR1I nuclear hormone receptor subfamily (NR1I3) which also
includes the vitamin D receptor (VDR; NR1I1) (7) and the pregnane X receptor
(PXR; NR1I2) (8). It is believed that VDR and PXR arose from the duplication of
a single ancestral gene in the invertebrate Ciona Intestinalis (9) and that CAR
arose from duplication of an ancestral PXR gene around the time of the
emergence of mammals (4).

Whereas VDR has a highly specialized role in

responding to calcitriol (10) no such high affinity ligands have been reported for
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CAR and PXR. Instead these receptors bind numerous small molecules with low
(micromolar) affinity (11-15); however, CAR and PXR ligands vary extensively
across species. This cross species variation is due to the highly divergent ligand
binding domains that show considerable sequence variation at amino acid
residues that directly interact with ligands in crystallographic structures (16-20).
Interestingly, of all the nuclear receptors the ligand binding domains of CAR and
PXR are the only ones that have not been subjected to negative evolutionary
selection (4;21;22) with the rate of non-synonymous mutations of CAR and PXR
being at least several-fold higher than the average of all other nuclear receptors
(21;23). Considering their roles as xenobiotic receptors it seems to be a logical
conclusion that the specific chemicals species are exposured to in their
environment, most notably their diet, are playing a major role in driving the
evolution of these genes and the likely cause of this divergence. This conclusion
is further supported by the observation that non-synonymous mutations in the
ligand binding domain are extraordinarily rare within the human population (24).
Sequencing of 253 Japanese subjects showed only one non-synonymous
mutation in the CAR gene, found at the valine-133 residue (25).
In Figure 2.1B it was shown that the splice acceptor site used to create the
CAR2 variant transcript is not conserved in marmoset, mouse or rat, indicating
that these latter species are incapable of generating a CAR2-like, 4 amino acid
insertion protein.

In light of the above discussion we decided to further

investigate the conservation of the splice acceptor sites used to create CAR2 and
CAR3 in an attempt to determine if there were any differences between the two
variants. In Figure 5.1 we have expanded that alignment to include CAR3 as
well as a larger panel of species. The CAR2 alignment shows that beyond the
species mentioned above: horses, cows, elephants and tenrec are also capable
of producing a CAR2-like transcript. CAR3, on the other hand appears to be
specific to primates with the guinea pig being lone exception (although mouse
retains the necessary AG splice acceptor site there is a 2 nucleotide gap in the
coding sequence that would cause a frame-shift mutation of the protein if a
transcript were generated).

Further, the high level of conservation that is
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observed in the coding sequence for the additional 4-amino acids of CAR2 is not
seen in CAR3, as indicated by the heat map above the nucleotide sequence.
These observations suggest that environmental pressures similar to those that
are causing the divergence of the CAR ligand binding domain may also be
driving the differential use of alternative splicing across species and that there
may be an undiscovered role for CAR2 in the species that have retained its
splice acceptor site that is being positively selected for.
The studies put forth in this dissertation were designed to further evaluate
the function of these naturally occurring human CAR splice variants. The results
of these investigations demonstrate that the CAR2 and CAR3 insertions are
found in a large portion of human hepatocyte CAR transcripts (~30% and ~25%
respectively). CAR2 is shown to possess an altered ligand pocket that allows for
highly potent and specific activation of the variant by DEHP and DiNP. Further
studies show that CAR1 and CAR3 share similar ligand activation profiles;
whereas CAR2 responds to most CAR1 and CAR3 ligands as well as a unique
subset of chemicals. Finally, it is now shown that meclizine, a human CAR1
inverse-agonist,

is

a

specific

agonist

of

CAR2.

A

meclizine

derived

pharmacophore was utilized in a ligand-based virtual screening and identified two
novel CAR2 agonists from the NCI chemical database. These results will aid in
the development of better models of human CAR activation, give a more
complete understanding of the interaction of CAR with xenobiotics, yield novel
insight into potential mechanisms of phthalate toxicity and provide the foundation
for future studies into the physiologic functions of alternatively spliced variants of
CAR.
5.2 Future Directions
5.2.1 – Indirect activation and nuclear translocation of CAR and the use of
in vivo models. The studies presented in this dissertation have focused heavily
on the activation of CAR through a direct interaction with ligands. In vivo a major
mechanism of CAR activation is through nuclear translocation after exposure to
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an indirect activator such as phenobarbital (26) as described in section 1.3.2. To
date very few chemicals have been shown to activate CAR in this manner but
this may be due to the lack of an efficient model for detecting indirect activators.
A major limitation of the studies presented here is that many of the experiments
were conducted in highly controlled environments using immortalized cell lines
that do not express any CAR. This was advantageous in many ways because it
allowed us to study the activation of each individual variant against a null
background. Unfortunately, the nuclear translocation mechanism of CAR1 that is
seen after treatment with phenobarbital does not recapitulate when CAR1 is
over-expressed in cell lines, potentially due to a saturation of the cytoplasmic
retention mechanisms that causes nuclear accumulation. CAR2 and CAR3 also
accumulate in the nucleus after over-expression in these cell lines and therefore
we have been unable to determine if a similar mechanism of indirect activation
exists for CAR2 and CAR3. Due to these limitations this model is not suitable for
the detection of indirect activators of CAR.
Moving forward it will be necessary to develop model systems that
express all of the variants in the proper proportions and that accurately
reproduce the nuclear translocation mechanism that is an essential component of
CAR regulation in vivo. A recent mouse model has been developed that has
replaced the mouse CAR gene with the full length human CAR gene may be very
useful in this regard due to it’s ability to generate the CAR variant transcripts
(27). Human hepatocytes models such as those discussed in section 1.4 will
also be useful in future investigations.

Both of these models will require

techniques to knock-down particular variants in order to assess their individual
roles. This is a difficult task considering the small differences in the sequences
but may be possible through the combinatorial use of siRNA to knock-down
specific variant transcripts (28) and morpholino compounds that can be used to
direct the splicing of pre-mRNA molecules (29;30). An accurate model of CAR
that includes all of these components will be invaluable for assessing metabolic
induction profiles of small molecules and for determining what role activation of
CAR2 by DEHP and DiNP plays in their toxicity.
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5.2.2 – The role of CAR in hepatic energy metabolism.

As discussed in

section 1.3.4 recent studies have suggested a role for CAR as a regulator of
hepatic energy metabolism (31-34). It appears that this regulation is due to the
repression of gluconeogenesis and glycogenolysis by activated CAR through
direct interactions with FoxO1 (35) and PGC1α (36). To date no studies have
investigated the interaction of the CAR variants with these transcription factors.
Since CAR2 and CAR3 are ligand activated, as opposed to the constitutively
active CAR1, they may play very specific roles in modulating this process in
response to chemicals. CAR2 is particular interesting in this regard because it
has the potential to bind unique ligands. Fatty acids have already been shown to
activate other nuclear receptors (37) and there are similarities between the
chemical features of phthalates and those of fatty acids. Activation of CAR2 by
an endogenous fatty acid is an area worthy of further exploration.
5.2.3 – The benzoate X receptor. An interesting side note to the evolution of
CAR and PXR is the divergent Xenopus Laevis benzoate X receptor (BXR).
BXR is the xenopus orthologue of PXR and functions as a high affinity receptor
for endogenous benzoates produced during early embryogenesis (38). It has
been suggested that BXR plays a role in ligand-mediated signaling in hatching
gland function (39) and does not function as a xenobiotic receptor (40). In Figure
4.7 it was shown that benzoates weakly activate CAR2 and CAR3. Since these
structures share similar features with phthalates it would seem prudent to test the
activation of BXR by phthalates and their environmental breakdown products to
assess what effects this may have on xenopus development.
5.2.4 – Heterodimerization with the retinoid X receptor (RXR). Through the
course of investigations on CAR in our laboratory we have consistently made
interesting observations regarding the interaction between the CAR variants and
their heterodimeric partner RXR.

These studies were the main focus of two

previous publications form our laboratory (41;42). The experiments outlined in
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these papers were all conducted using fetal bovine serum that had not been
charcoal/dextran treated and therefore contained levels of DEHP that fully
activated CAR2.

Figure 5.2 shows a two-hybrid assay used to detect the

strength of the interaction between the ligand binding domains of CAR2 and
RXRα (see methods in section 2.5.6). This experiment demonstrates that the
presence of ligand is essential for the formation of a strong RXRα/CAR2
heterodimer. CAR1 maintains the active conformation under basal conditions
while CAR2 and CAR3 assume the active conformation after binding ligand. This
may indicate that the active conformation of CAR facilitates heterodimer
formation and allows for DNA binding, a result which could account for the
differences seen between CAR3 and PXR in Figure 3.6. If this hypothesis is
correct it is conceivable different ligands could modify the CAR/RXR heterodimer,
possibly creating a preference for heterodimer formation with RXRβ or RXRγ or
allowing for binding to alternative response elements and the regulation of novel
gene targets.
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5.4 Figures

Figure 5.1: Comparative genomic analysis of CAR2 and CAR3. Genomic alignment
based on the mouse CAR gene using the UCSC genome browser.

The top panel

depicts the intron 6, exon 7 junction and the bottom panel depicts the intron 7, exon 8
junction of the CAR gene (relative to human CAR). The splice acceptor sites that are
used to generate the different CAR variants are boxed in black; the coding nucleotides
and their conservation are boxed in red for CAR2 and blue for CAR3.
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Figure 5.2: Mammalian two-hybrid experiment showing the interaction between
the ligand binding domains of RXRα and CAR2. COS-1 cells were transfected with
pFR-Luc, pM-RXRαLBD and VP16-CAR2 LBD and then treated with DEHP or CITCO 24
h later. Cells were harvested 24 h after treatment. Data are represented as normalized
luciferase values and each data point represents the mean (+/- S.E.) of four separate
transfections.
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Appendix
CAR2 displays unique ligand binding and RXRα
heterodimerization characteristics

A.1 Abstract

The constitutive androstane receptor (CAR, NR1I3) regulates the expression of
genes involved in xenobiotic metabolism. Alternative splicing of the human CAR gene
yields an array of mRNAs that encode structurally diverse proteins. One form of CAR,
termed CAR2, contains an additional 4 amino acids (SPTV) that are predicted to
reshape the ligand-binding pocket.

The current studies show a marked, ligand-

independent, CAR2-mediated transactivation of reporters containing optimal DR-3, DR-4
and DR-5 response elements, and reporters derived from the natural CYP2B6 and
CYP3A4 gene promoters. Over expression of RXRα’s ligand binding domain was critical
for achieving these effects. CAR2 interaction with SRC-1 was similarly dependent on
the coexpression of RXRα. Mutagenesis of S233 (SPTV) to an alanine residue yielded
a receptor possessing higher constitutive activity. Alternatively, mutating S233 to an
aspartate residue drastically reduced CAR2’s transactivation capacity. The respective
abilities of these mutagenized forms of CAR2 to transactivate a DR-4X3 reporter
element correlated with their ability to interact with RxRα, and to recruit SRC-1 in a
ligand-regulated manner.

Together, these results demonstrate a robust RXRα-

dependent recruitment of coactivators and transactivation by CAR2. In addition, CAR2
displays novel dose responses to clotrimazole and androstanol when compared to the
reference form of the receptor while at the same time retaining the ability to bind CITCO.
This result supports a hypothesis whereby the 4 amino acid insertion in CAR2
structurally modifies its ligand binding pocket, suggesting that CAR2 is regulated by a
set of ligands distinct from those governing the activity of reference CAR.
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A.2 Introduction
The constitutive androstane receptor (CAR, NR1I3) is a nuclear hormone
receptor that is predominantly expressed in the liver (1;2). It has been implicated
in the metabolism of xenobiotics and drugs (3-5), carcinogens (6), steroids (6),
heme (6-8), bile acids (9-11) and thyroid hormone (12). Furthermore, there is
evidence that CAR activity impinges on cholesterol homeostasis (13;14) and
signaling pathways that control food consumption (15). In large part the effects
that CAR exerts on these processes are dependent on the receptor’s ability to
modulate hepatic gene expression (16;17). The battery of CAR target genes
include members of all 3 phases of xeno/endobiotic metabolism and clearance,
such

as

certain

cytochrome

P450,

UDP-glucuronosyltransferase,

sulfotransferase, glutathione S-transferase, aldehyde dehydrogenase, and ABC
transporter families (16;17).

Thus far, CAR response elements have been

mapped in a number of the corresponding human genes, including CYP2B6
(18;19), CYP3A4 (20), CYP3A5 (21), CYP2C8 (22) CYP2C9 (23;24), CYP2C19
(25), UGT1A1 (26), MDR1 (27) and ALAS1 (28).
The regulation of CAR activity is complex and still poorly understood.
Most studies of CAR regulation have focused on mouse CAR. In mouse, CAR is
localized cytosolically in the absence of inducer, such as the prototypical inducer,
phenobarbital (29;30).

Recent studies have identified a number of CAR

interacting proteins that complex with the cytosolic receptor, including two heat
shock proteins that may function to anchor CAR to the cytoskeleton (31;32).
Upon exposure to an inducing agent, CAR is released from this complex by a
mechanism that likely involves protein phosphatase 2A, in turn accumulating in
the nucleus where the receptor, heterodimerizes with RXRα and subsequently
interacts with coregulators such as SRC-1 (33) to regulate target genes. It is
currently unknown whether CAR activity is governed similarly in human
hepatocytes although the available evidence supports such a hypothesis (34-36).
Oddly, most of the inducing agents that act through the CAR signaling pathway
do not interact directly with the receptor (4;8;37). Only a limited number of CAR
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ligands have been identified that regulate the receptor through interaction with its
ligand-binding pocket. These include clotrimazole (33;37;38), 5β-pregnane-3,20dione (37), CITCO (34), androstanol (39), androstenol (39), 17α-ethynyl-3,17βestradiol (33), TCPOBOP (40) and meclizine (41).
We and others have recently described a number of mRNA splice variants
of the human CAR gene that potentially represent a large expansion of the CAR
proteome (42-46). One of the variant forms results from the use of an alternative
splice acceptor site in intron 6, leading to the insertion of 12 additional
nucleotides. The resultant mRNA has been reported to make up 6-10% of the
total CAR transcript in human liver (Jinno et al., 2004). This transcript encodes a
protein containing an additional 4 amino acids (SPTV) that are predicted to
extend helix 6 of the ligand binding domain and potentially affect the structure of
the ligand binding pocket (43;46). We term this form of the receptor, CAR2
(CAR1 being the reference form of the receptor (1)). CAR2 retains a limited
ability to transactivate CAR responsive reporters (42-44), a result that correlates
with a reduced affinity for RXRα and in turn a compromised ability to interact with
DNA (42;43).

Ligand studies of CAR2 demonstrated that clotrimazole

deactivated the receptor, whereas CITCO produced a weak, albeit significant
activation of CAR2 (44) - a result that is contrary to mammalian-2 hybrid studies
published separately (42). Notably, in transfected mouse hepatocytes, nuclear
translocation of CAR2 is not observed following CITCO treatment (44).
Studies presented here now demonstrate that CAR2 constitutively
transactivates DR-3, DR-4 and DR-5 nuclear receptor response elements in
addition to the endogenously encountered PBREM, CYP2B6-XREM and
CYP3A4-XREM luciferase reporters.

The CAR inverse agonists, androstanol

and clotrimazole differentially repress CAR2 when compared to CAR1 at varying
doses. CAR2 also appears to retain the ability to bind CITCO. Further, we
report that RXRα cotransfection greatly enhances CAR2’s ability to transactivate
reporter constructs through a mechanism that is highly dependent on the ability
of the two receptors to heterodimerize, and requires the DNA binding domains of
both receptors together with the AF2 domain of CAR2. Mammalian 2-hybrid
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studies revealed that in contrast to CAR1, CAR2’s ability to interact with
coactivators is largely dependent on RxRα.

Finally, mutagenesis studies

conducted on S233 of CAR2 reveal that this site plays an important role in the
receptor’s ability to transactivate reporters, heterodimerize with RxRα and recruit
SRC-1.

A.3 Results

A.3.1 - CAR2 activates various response elements in reporter assays, an
effect that is greatly enhanced by co-expression of RXRα. Using luciferase
reporters designed to preferentially interact with CAR/RXR heterodimers (47),
CAR2 produced a statistically significant transactivation of a DR-4X3 reporter in
the absence of cotransfected RXRα (Figure A.1A).

This effect was greatly

enhanced by over expression of RXRα. Furthermore, the inclusion of RxRα
allowed CAR2 to also transactivate DR-3 and DR-5 reporter constructs.

In

parallel assays, CAR1 significantly transactivated the DR-4 and DR-5 reporters
even in the absence of cotransfected RXRα. The over expression of RXRα led
to a more permissive activation by CAR1, enabling the receptor to induce all of
the direct repeat reporters and enhancing its overall transactivation potential
(Figure A.1A).
The DR reporters used in Figures A.1A contain 3 copies of an optimal DR
element, a situation that does not exist in the human genome.

To test the

question as to whether or not CAR2 is capable of transactivation via the more
degenerate elements found in the promoters of CAR target genes we created
reporters containing previously identified CAR responsive sequences, the
promoters of the CYP2B6 and CYP3A4 genes, both of these included an
upstream enhancer sequence termed the XREM (18-20;48). We also included
the CYP2B6 promoter without the XREM sequence (PBREM) (Figure A.1B). The
PBREM reporter is weakly, yet significantly activated by CAR1 (2.6-fold) in the
absence of cotransfected RXRα, CAR2 did not activate the reporter under these
conditions. Over expression of RxRα allowed for stronger activation by CAR1
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and induction by CAR2 on a level comparable to CAR1 (3.0- and 3.8-fold for
CAR2 and CAR1 respectively). Both CAR1 and CAR2 were able to activate the
2B6-XREM reporter in the absence of RXRα (11.1- and 2.5-fold respectively) but
only CAR1 was able to activate the 3A4-XREM reporter without cotransfected
RxRα (3.1 fold). The addition of RXRα greatly enhanced the ability of both CAR
variants to transactivate these two reporter constructs. In the case of CAR1 the
activity on the 2B6-XREM reporter increased to 40.4-fold over basal an amount
3.6 times greater then seen without RXRα. Activity on the 3A4-XREM reporter
increased to 28.2-fold over basal or 9.1 times greater then what was seen
without the addition of RXRα. CAR2 activities exhibited even greater returns
from the addition of RXRα, activity on the 2B6-XREM reporter increased to 36.4fold over basal, 14.6 times greater then without RXRα, and activity on the 3A4XREM reporter went from undetected to 14.4-fold over basal (Figure A.1B).
Figures A.1A and A.1B were generated in transformed green monkey
kidney, COS-1 cells. These cells are desirable cell models due to their lack of
CAR expression and their ease of transfection. However, since CAR is mainly
expressed in the liver, we decided to confirm our results for the endogenous
promoters in the human hepatoma cell line, HepG2 (Figure A.1C). The results
shown in Figure A.1C are in good agreement with those of Figure A.1B. The
most notable difference was that the overall activity was decreased particularly in
the groups with co-transfected RXRα. The activity of CAR2 on the PBREM was
almost identical to that seen in COS-1 cells, while CAR1 activities were slightly
decreased. Activity on the 2B6-XREM reporter by CAR1, in the absence and
presence of RXRα, was 5.1- and 13.6-fold over basal, respectively, the
comparable values for CAR2 were 2.5- and 20.1-fold over basal. In this case,
RXRα increased CAR1 activity 2.7-fold and CAR2 activity 8-fold. For the 3A4XREM reporter, CAR1 activity in the absence of RXRα was 4.2-fold over basal
and 13.2-fold in the presence of RXRα, 3.2 times greater then without. CAR2
activity was undetectable in the absence of RXRα, addition of RXRα to the
system resulted in activities that increased up to 8.5-fold over basal.
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A.3.2

-

CAR2

displays

altered

activity

in

response

to

different

concentrations of the inverse agonists clotrimazole and androstanol when
compared to CAR1 and retains the capacity to bind CITCO. The 4 amino
acid insertion of CAR2 is within the vicinity of the ligand-binding pocket. To test
whether or not this insertion would alter ligand binding, we investigated the
effects of the inverse agonists clotrimazole and androstanol and the CAR ligand,
CITCO, on CAR1 and CAR2. All the transfections performed for Figure A.2 were
carried out using the 2B6-XREM reporter, RXRα and CAR1 or CAR2.
Treatments were applied 18 h post-transfection and cells were harvested 24 h
post-treatment. All data were normalized to the expression of Renilla luciferase
and adjusted such that activity of the CAR1/DMSO group in each panel was
equal to 1.
In Figure A.2A, CAR1 and CAR2 activity in COS-1 cells was tested with
increasing concentrations of clotrimazole.

In the DMSO control group, the

activity of CAR2 was 73.4% of CAR1 activity. At 0.5μM clotrimazole, CAR1
activity was markedly reduced and the only modestly decreased in inhibition
across the rest of the concentrations tested. In contrast, CAR2 was only weakly
inhibited at lower concentrations, with its activity equaling CAR1 at 0.5μM and
1.0μM.

At higher doses, CAR2 activity decreased much more rapidly then

CAR1.

At 5μM CAR2, activity again drops below CAR1 and continues to

decrease up to 25μM, at which point it is strongly repressed, exhibiting only
15.8% of the activity of CAR1 at that concentration. To further investigate the
effect of clotrimazole as well as another CAR1 inverse agonist, androstanol,
similar experiments were conducted in HepG2 cells (Figures A.2B and A.2C). A
comparable trend was seen under these conditions, such that the response of
CAR1was almost maximal by 1μM clotrimazole whereas CAR2 inhibition at 1μM
was significantly less then what that observed for CAR1. However, as the
concentration of this agent was increased, CAR2 activities exhibited greater
levels of repression. Notably, the inverse agonism of CAR2 caused by high

128
concentrations of clotrimazole was considerably less in HepG2 cells when
compared to COS-1.
There are no known ligands of hCAR that are able to increase its activity
above constitutive levels. However, there are compounds that activate hCAR by
interacting with its ligand binding domain and inducing nuclear translocation.
CITCO is a well-characterized ligand that activates hCAR in this manner (34). It
is difficult to study ligands that work through this mechanism because the nuclear
translocation of CAR does not recapitulate in transfected cell systems where
CAR spontaneously accumulates in the nucleus. In order to test if CAR2 could
interact with CITCO we decided to test whether CITCO could reverse the inverse
agonism of androstanol through competition. The data presented in Figure A.2D
demonstrate that 10μM CITCO alone exerts no effect on CAR1 or CAR2 and that
10μM androstanol repressed the activity of both receptors. When administered
together, the activity of both receptors was significantly greater then that seen
with androstanol alone.

A.3.3 - Transactivation of the DR-4X3 reporter requires CAR2’s AF-2 and
DBD, and enhancement of CAR2 activity by RXRα is dependent on
heterodimerization and the DBD of RXRα.

Using an EMSA protocol, we

previously demonstrated a weak interaction of a GST-CAR2/GST-RXRα complex
with a CYP2B6 NR1 probe (43).

However, additional EMSA studies using

nuclear extracts from transfected COS-1 cells failed to demonstrate CAR2-DNA
binding under conditions that produced robust DNA interaction of CAR1 (data not
shown).

This finding is in agreement with other published results (42).

Therefore, the question remains as to the mechanism of CAR2 transactivation.
We generated CAR2 DNA constructs that contained deletions of sequences
representing the DBD and AF-2 receptor regions.

Cotransfection of these

constructs in combination with RXRα led to a complete loss of CAR2-mediated
transactivation of the DR-4X3 reporter (Figure A.3A). These findings suggest
CAR2 is directly interacting with DNA in a cellular context and mediating
transactivation by AF-2 dependent coactivator recruitment.
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A similar set of experiments were designed to test the influence of
different forms of RXRα on CAR2 activity and are presented in Figure A.3B.
Cotransfection of a heterodimerization-deficient form of RXRα (Y397A)(49)
yielded a level of activation that was statistically significant (p < 0.01) when
compared to the CAR2/3.1+ control group, however; the magnitude of this
activation was considerably less than that seen with wild type RxRα. Deletion of
the DBD (LBD) of RXRα inhibited CAR2 transactivation relative to transfection of
CAR2 alone.

Deletion of RXRα’s AF-2 sequence did not greatly impact the

ability of RXRα to enhance CAR2 activity. Together, these data suggest that
RXRα must heterodimerize with CAR2 to facilitate its interaction with DNA, and
further, that the interaction of RXRα with coactivators through its AF-2 domain is
not essential in order to attain CAR2-dependent transactivation.

A.3.4 - The LBD of RXRα facilitates the interaction of CAR2 with the RID
(receptor interaction domain) of SRC-1. Considering the noted influence of
RXRα on CAR2 activity and previously documented effects of RXRα on CAR1
interaction with coactivators (50), two hybrid experiments were performed to
assess the effect of RXRα on CAR2/coactivator interaction.

The results

presented in Figure A.4A demonstrate a strong, RXRα-dependent interaction of
CAR2 with GAL4-SRC-1 (RID). In the case of CAR1, inclusion of RXRα yielded
only a modest increase in the interaction between it and SRC-1.

In other

experiments, it was determined that VP16-CAR1 or 2 did not interact with
unfused (empty) GAL4 (data not shown).
To further verify the results in Figure A.4A, an experiment was performed
where CAR1 or 2-LBD and SRC-1 (RID) were inserted into the GAL4 and VP16
vectors, respectively (Figure A.4B). Transactivation by the LBD of CAR2 was
observed only in the presence of over expressed RXRα-LBD. Cotransfection of
VP16-SRC-1 (RID) further enhanced the RXRα-dependent transactivation by
CAR2. Interestingly, the inclusion of RxRα had no effect on the ability of the
GAL4-CAR1 to transactivate the reporter or its ability to to recruit VP16 via the
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SRC-1 (RID) construct in these experiments. This result is a stark contrast to
those observed with CAR2.
A.3.5 - Mutation of the S233 site in CAR2 modifies receptor activity. In our
previous study (44), we identified a serine residue, S233 in the inserted SPTV
sequence of CAR2 as a putative target of phosphorylation. To determine the
potential impact of S233 phosphorylation, we mutated the residue either to an
alanine (CAR2-A) - to prevent phosphorylation, or to an aspartate (CAR2-D) - to
mimic constitutive phosphorylation.

CAR2-A produced a significantly greater

transactivation response than CAR2, on all reporters and in all experimental
contexts tested, with the exception of the 2B6-XREM reporter in the presence of
RXRα cotransfection (Figure A.5). CAR2-D exhibited a compromised ability to
transactivate relative to CAR2. The latter effect was most robust when using the
CYP3A4 reporter in the presence of RXRα over expression. The data in Figure
A.5 also show that CAR2-A acts more like the reference form of the receptor
(CAR1) in its ability to transactivate the three reporter constructs.
To further characterize the effects of these mutations, we employed them
in our mammalian two-hybrid system to assess their effects on RXRα
heterodimerization and SRC-1 recruitment (Figure A.6).

In Figure A.6A, the

ligand binding domain of RXRα and the CAR2, CAR2A and CAR2D ligand
binding domains were fused into the GAL4 and VP16 vectors respectively.
CAR2 had a limited ability to interact with RXRα while CAR2A displayed a greatly
enhanced interaction and CAR2D had no ability to interact with RXRα. In Figure
A.6B, we tested the ability of these mutants to recruit the RID of SRC-1 in the
presence and absence of RXRα and 10 μM clotrimazole. As expected, none of
the CAR2 constructs were able to transactivate the reporter very well in the
absence of RXRα. When RXRα was included in the assay both CAR2 and
CAR2A were able to recruit SRC-1 in an equal capacity, however, CAR2D
displayed little ability to interact with SRC-1 under these conditions.
Furthermore, 10μM clotrimazole was much more disruptive of this process on
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CAR2 then it was for CAR1. This result is in strong agreement with the result
presented in Figure 2A.

A.4 Discussion
CAR2 contains a 4 amino acid insertion (SPTV) in its LBD. Initial studies
of the variant receptor demonstrated a severely compromised capacity for
transactivation (42-44). Here we show that cotransfection of RXRα markedly
enhances the constitutive activity of CAR2 in reporter assays. The enhancement
of CAR2 transactivation appears independent of an RXRα-mediated interaction
of the receptor with coactivators. We also assessed the ability of the known CAR
ligands clotrimazole and androstanol to function as inverse agonists of CAR2 at
various concentrations and found marked differences in the response of CAR2 to
these compounds when compared to CAR1. Further studies also demonstrated
that CITCO reverses the inverse agonism of androstanol on both CAR1 and
CAR2, providing strong evidence that CITCO is a CAR2 ligand. Mammalian twohybrid studies showed that CAR2’s ability to recruit coactivators has a stronger
dependence on RXRα then CAR1 and that CAR2 displays a compromised ability
to heterodimerize with RXRα. This later effect can be circumvented in part by
mutating the S233 residue of CAR2 to an alanine, and is completely ablated by
changing the same residue to an aspartate. The S233D mutation also lost all
ability to recruit SRC-1.

Finally, and in agreement with the COS-1 dose-

response data, the recruitment of SRC-1 by CAR2 was abrogated more
effectively by 10 μM clotrimazole then for CAR1.
It was reported previously that mouse CAR interaction with coactivators
was enhanced by the over expression of RXRα (50). This phenomenon has also
been observed with FXR (51). In the case of CAR, it was suggested that RXRα
produces an allosteric effect on the receptor and was not directly involved in
coactivator recruitment (50). Data presented in this study for human CAR are in
agreement with the mouse report (50), and suggest that RXRα, independent of
its AF-2 domain, allosterically modifies the activity of CAR2, without directly
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interacting with coactivator when in complex with CAR2. Therefore, these data
imply that the AF-2 function of CAR2, and not that of RXRα, mediates coactivator
recruitment, a conclusion that is further supported by the results demonstrating
the complete ablation of CAR2 activity following a deletion of its AF-2 motif.
During the course of these studies we noticed that CAR2 was being
repressed more strongly by higher concentrations of clotrimazole then what was
observed for CAR1.

To further investigate this CAR1 and CAR2 were both

assayed for activity on the 2B6-XREM promoter with multiple concentrations of
clotrimazole and androstanol. The results of Figure A.2 demonstrate that CAR2
exhibits an altered response to inverse agonists as compared to CAR1. Further
studies also revealed that CAR2 retains the ability to interact with CITCO, a wellcharacterized CAR1 ligand.

Therefore it is conceivable that CAR2 may be

regulated by a distinct yet overlapping set of ligands in comparison to CAR1, a
concept that is supported by molecular modeling approaches indicating that the
differential splicing of CAR2 results in an insertion of four amino acids (SPTV) in
close proximity to the receptor ligand binding pocket (43).

Large chemical

screens should reveal whether unique pharmacophores exist that specifically
modulate the CAR2 receptor and its respective biology.

This process is

complicated by CAR’s unique regulation, allowing certain ligands to act as
agonists, such as has been shown with TCPOBOP on mCAR (as of yet this
effect has not been seen on hCAR) (39), inverse agonists, as well as general
activators of receptor translocation, such as phenobarbital.
The question exists as to why transfection of RXRα is necessary in COS-1
cells that already express levels of the receptor detectable by Western
immunoblotting? The RXR antibody we have used (ΔN197, Santa Cruz
Biotechnologies)

is

not

RXR

isotype

selective.

Isotype-selective

heterodimerization has already been documented for nurr1 (52) and vitamin D
receptor (53).

In our studies, certain receptors, such as PXR and FXR, are

unaffected by over expression of RXRα in COS-1 cells (unpublished data).
Perhaps PXR and FXR preferentially interact with an abundant isotype of RXR
expressed in COS-1 cells, whereas CAR more selectively heterodimerizes with
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RXRα that is not expressed in high abundance in these cells. Furthermore, data
from HepG2 cells (Figure A.1C) showed that CAR1 and CAR2 had similar
transactivation potentials in the absence of co-transfected RXRα when compared
to COS-1 cells (Figure A.1B).

The addition of exogenous RXRα yielded a

greater increase in activity in COS-1 cells then in HepG2 cells.

In our

experience, COS-1 cells have transfection efficiencies 5-10 fold greater (based
on the activity of Renilla luciferase) then what is seen in HepG2 cells. The effect
of cotransfected RXRα is compared within the same cell line in contrast to
transfection efficiency that is compared across lines.

Therefore, it would be

expected that if everything else were equal the maximal activity would be lower in
HepG2 cells due to the lower transfection efficiency, but that the percentage of
increase imparted by co-transfected RXRα should be equal between the two cell
lines. Potentially, HepG2 cells express more RXRα in comparison to the other
RXR isotypes creating an environment more favorable for CAR activity compared
to COS-1 cells. This idea is further supported by the data from Figure A.2A. The
strong repression of CAR2 by clotrimazole in COS-1 cells was surprising and
may indicate that a combination of an unfavorable RXR isotype background acts
synergistically with CAR2’s strong dependence on RXRα for coactivator
recruitment, essentially silencing the receptor. Finally, it appears reasonable to
speculate that heterodimeric complexes comprised of different RXR isotypes
may preferentially interact with distinct subsets of DNA response elements. If this
hypothesis is correct, expression ratios of RXR isotypes in hepatocytes may
significantly influence expression of drug metabolizing enzymes. Consistent with
this idea, ablation of RXRα in mouse hepatocytes substantially reduces CARmediated gene expression, although other RXR isotypes are expressed in the
liver (54;55).
CAR1 and CAR2 likely co-exist within the human liver and may have
negative or synergistic effects on each other. Over the course of these studies
we also performed cotransfection experiments to investigate the activity of the
2B6-XREM reporter in response to varying ratios of CAR1 to CAR2, with
concomitant treatment by DMSO, androstanol, clotrimazole and CITCO (data not
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shown). The results of these studies showed no differences between groups that
contained CAR1 and CAR2 when compared to each receptor alone.

These

results do not rule out the possibility that CAR1 and CAR2 interact in vivo, as our
studies were conducted on an idealized reporter, containing endogenous
promoter sequences known to be highly responsive to CAR and removed from
their native chromatin environment. In the context of a full-length endogenous
promoter, it is conceivable that there are many situations in which gene
regulation could be modified through the combined effect of the two isoforms.
Furthermore, endogenous expression levels of CAR are likely much less then
those achieved in the transfection experiments conducted here. Therefore, it is
possible that the high concentrations achieved in the in vitro assays masks
certain potential effects. Further experiments will be required to more thoroughly
determine potential interactions between the CAR isoforms.
At this point, it is unclear whether the activities of CAR, or the respective
CAR variants, may be subject to regulation through differential phosphorylation.
In our studies, we used site-specific mutagenesis to evaluate the potential
contributions of differential phosphorylation of the S233 residue in CAR2. We
observed significant differences in transactivation potential among the modified
CAR2 proteins. One potential explanation for these differences among CAR-2,
CAR2-A, and CAR2-D is that S233 serves as a site of phosphorylation
functioning to negatively regulate the activity of CAR2 by modifying its ability to
heterodimerize with RXRα and engage in subsequent coactivator recruitment.
This hypothesis is consistent with the transactivation capacities of the different
CAR2 forms: with CAR2-A>CAR2>CAR2-D. This pattern of activity matches the
ability of the receptors to interact with RXRα and to bind coactivator in an RXRαdependent fashion.

Despite the intriguing nature of these results, it is still

premature to suggest that CAR2 is regulated by phosphorylation in vivo.
However, it is clear that the amino acid constituency of the inserted SPTV
sequence in CAR2 imparts unique functional attributes to the receptor in both its
ability to heterodimerize with RXRα and its response to inverse agonists. The
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biological implications of these findings, in vivo, will require additional
investigations.
Current estimates place the number of human genes at 20,000-25,000,
about equal to the number of genes in Arabidopsis thaliana and only about 4
times more then the number of genes found in Saccharomyces cerevisiae (56).
A possible explanation for increased complexity in higher organisms could be
their more extensive use of alternative splicing.

An estimated 40-60% of all

human genes undergo alternative splicing (57). On the other hand, S. cerevisiae
has been shown to utilize very few alternative-splicing events (58). The CAR
gene has been shown to undergo extensive alternative splicing. Along with the
pregnane X receptor, CAR mediates a defense against potentially toxic
exogenous and endogenous chemicals, along with an ever-growing list of other
roles. Regulation of CAR activity is complex and poorly understood. The studies
presented here indicate a number of biological differences between the reference
form of CAR and an alternatively spliced isoform, CAR2. Alternative splicing of
the CAR gene may be an evolutionarily derived mechanism that allows it to
produce an array of proteins that are able to carry out separate tasks by utilizing
subtle differences in their regulation and interactions with chemical activators.

A.5 Materials and Methods
A.5.1 - Chemicals. Clotrimazole and 5α-androstan-3α-ol were obtained from
Sigma (St Louis, MO.). CITCO was purchased from BIOMOL International L.P.
(Plymouth Meeting, PA).

Dimethylsulfoxide (DMSO) was purchased from EM

Science (Gibbstown, NJ). Primers for PCR and EMSA were purchased from
Integrated DNA Technologies (Coralville, IO).
A.5.2 - Plasmids. PCR based cloning was done with AccuPOLTM DNA
polymerase (GeneChoice, Frederick, MD). The primary structures of all of the
resulting plasmid constructs were verified by DNA sequencing. The sequences
cloned into the respective expression vectors represented only the protein coding
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regions and were preceded by a Kozak sequence (59).

Mutagenesis was

performed using indicated primers (mt) and the QuikChange® site-directed
mutagenesis kit (Stratagene, La Jolla, Ca) according to the manufacturers
protocol. Prior to transfection, plasmids were prepped using the Quantum Prep
Plasmid Maxiprep Kit (Bio-Rad, Hercules, CA.). All RXR clones referred to in this
manuscript were derived from human RXRα.
A.5.3 - Cell Culture. SV40-transformed green monkey kidney cells, COS-1 cells
were maintained and transfected in Dulbecco's modified Eagle medium with 10%
FBS, 2 mM L-glutamine, 10 mM HEPES, 0.15% sodium bicarbonate, 50 units/ml
penicillin G and 50 μg/ml streptomycin. Human hepatoma, HepG2 cells were
maintained and transfected in modified Eagle medium, all other components
remained the same except for the addition of 1.0 mM sodium pyruvate. (all cell
culture reagents were purchased from Invitrogen Life Technologies, Carlsbad,
CA.).
A.5.3 - Reporter and Mammalian two-hybrid assays. All transfections using
COS-1 cells for luciferase reporter assays were performed in a 48 well format.
On the morning of day one cells were plated to approximately 50,000 cells per
well. While the cells were attaching, DNA transfection mixtures were assembled
using Fugene6 transfection reagent (Roche Applied Science, Indianapolis, IN).
All transfections using HepG2 cells for reporter assays were performed in a 48
well format using Lipofectamine LTX reagent (Invitrogen Life Technologies,
Carlsbad, CA).

In this case DNA transfection mixtures were assembled and

placed in the individual wells, the cells were then plated directly onto the DNA
mixture at approximately 100,000 cells per well. In general, for assays involving
standard reporters (not 2-hybrid), 25 ng of CMV2 or CMV2-CAR expression
plasmid, 25 ng pcDNA3.1 or 3.1-RXR expression plasmid, 100 ng luciferase
reporter and 10 ng of pRL-CMV (for transfection normalization; Promega,
Madison, WI.). All mammalian two-hybrid assays were performed with 40 ng
pVP16 expression plasmid, 10 ng pM (GAL4) expression plasmid, 100 ng of
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pFR-luc reporter and 10 ng pRL-CMV. When the pcDNA3.1 expression plasmid,
containing RXR-LBD, was incorporated in to the two-hybrid assay, 10 ng was
used. In all transfections, the transfection reagent was used at a ratio of 1:3
(micrograms of DNA to microliters of transfection reagent) as recommended in
the manufacturer’s protocol.

Within a given experiment all transfections

contained the same total amount of DNA. At the time of transfection (within 1-6 h
post-plating), cells were approximately 80% confluent and had initiated cell
division (in the case of COS-1 cells).

The following day (16 to 18 h post-

transfection), cells were treated with chemical agents as indicated in the figures.
If chemical treatment was not performed, cells were lysed and assayed 24 h
post-transfection. In all treatments, DMSO levels never exceeded 0.1% [vol/vol].
On day three (24 h after chemical treatment), cells were washed with PBS and
luciferase assays were performed using the Dual-Luciferase

TM

Reporter Assay

System (Promega, Madison, WI.) and a Veritas Microplate Luminometer
(Turner Biosystems, Sunnyvale, CA.).

TM

Luciferase assay and stop & glow

reagents were diluted with 1XTBS (Tris Buffer Saline, pH 8.0) to a 0.5X final
concentration. All other aspects of the assay were performed in accordance to
the manufacturer's protocol.

Dilution of luciferase reagent had no effect on

normalized luciferase values.
A.5.4 - Statistical analysis. Quantitative data were examined by analysis of
variance. Unless stated otherwise significance was declared if p < 0.01. Data are
expressed as mean (+/- S.D, n = 4).
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A.7 Figures

Figure A.1: CAR2 transactivation potential is greatly enhanced by RxRα. Transfection
assays were performed in COS-1 or HepG2 cells with plasmids indicated/illustrated in the figure
and as described in “Materials and Methods”. Experiments were performed in the presence or
absence of cotransfected RXRα. Data are presented as normalized and adjusted luciferase
values in which the activity of the 3.1 (or RXRα)/CMV2 group is adjusted to 1 for each respective
response element.

Each data point represents the mean (+/- the standard deviation) of 4

separate transfections. (A) Transactivation of multiple DR response elements by CAR1 and
CAR2 in the presence and absence of RxRα in COS-1 cells. (B) Transactivation of multiple
endogenous response elements by CAR1 and CAR2 in the presence and absence of RxRα in
COS-1 cells. (C) Transactivation of multiple endogenous response elements by CAR1 and CAR2
in the presence and absence of RxRα in HepG2 cells.
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Figure A.2: CAR2 displays altered activity in response to different concentrations of the
inverse agonists clotrimazole and androstanol when compared to CAR1 and retains the
capacity to bind CITCO. Transfection assays were performed in COS-1 or HepG2 cells. All
transfections were conducted on the 2B6-XREM reporter and included RXRα and either CAR1 or
CAR2. Treatments were administered 18 hours post transfection and the cells were harvested 24
hours post-treatment. Data are presented as normalized luciferase values adjusted so that the
CAR1/DMSO group in each panel is equal to 1. Each data point represents the mean (+/- the
standard deviation) of 4 separate transfections.

(A) Inverse agonism of CAR1 and CAR2 in

response to clotrimazole in COS-1 cells. (B) Inverse agonism of CAR1 and CAR2 in response to
clotrimazole in HepG2 cells.

(C) Inverse agonism of CAR1 and CAR2 in response to 5α-

androstan-3α-ol in HepG2 cells. An asterisk denotes data points where CAR2 is significantly
different from CAR1 at a specific concentration of chemical. (mean +/- SD, n = 4, * = p < 0.01 ** =
p < 0.05) (D) Reversal of androstanol’s inverse agonism by CITCO. The asterisks denote that
the activity of CAR1 and CAR2 is significantly greater in the groups treated with both androstanol
and CITCO when compared to the respective androstanol only groups. (mean +/- SD, n = 4, * = p
< 0.01), Clot (clotrimazole), Andro (5α-androstan-3α-ol), CITCO (6-(4-chlorophenyl:imidazo[2,1b]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime
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Figure A.3: Enhancement of CAR2 activity by RXRα is dependent on heterodimerization
with RXRα and the AF-2 domain of CAR2. Transfection assays were performed in COS-1 cells
with plasmids indicated/illustrated in the figure and as described in “Materials and Methods”.
Chemical treatments indicated in the figure were done 18 hrs post-transfection and the cells were
harvested 24 hours post-treatment. All experiments were conducted using the DR-4X3 reporter
construct. Data are presented as normalized luciferase values. Each data point represents the
mean (+/- the standard deviation) of 4 separate transfections. (A) Transactivation of the DR-4X3
response element by various forms of CAR2 in the presence and absence of RxRα and 10 μM
clotrimazole. (B) Transactivation of the DR-4X3 response element by CAR2 in the presence of
different forms of RxRα and 10 μM clotrimazole. In (A), the full length CAR2 expression plasmid
encodes a N-terminal HA tagged form of the receptor. The epitope tag does not affect the activity
of the receptor (data not shown).
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Figure A.4:

CAR2 recruitment of SRC-1 is RXRα-dependent.

Mammalian 2-hybrid

experiments were performed in COS-1 cells with plasmids indicated in the figures/illustrations and
as described in “Materials and Methods”.

Data are presented as normalized and adjusted

luciferase values in which the activity of the VP16 (empty)/3.1 (empty)/DMSO (A) or
GAL4/VP16/DMSO (B) data point is adjusted to 1. Each data point represents the mean (+/- the
standard deviation) of 4 separate transfections. (A) SRC-1 recruitment of CAR1 or CAR2 in the
presence and absence of RxRα. (B) CAR1 and CAR2 recruitment of SRC-1 in the presence and
absence of RxRα.
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Figure A.5:

Mutation of the S233 site in CAR2 modifies its transactivation potential.

Transfection assays were performed in COS-1 cells with plasmids indicated/illustrated in the
figure and as described in “Materials and Methods”.

Transfections were performed in the

presence or absence of cotransfected RXRα. Data are presented as normalized and adjusted
luciferase values in which the activity of the 3.1/CMV2 group is adjusted to 1 for each respective
response element.

Each data point represents the mean (+/- the standard deviation) of 4

separate transfections. Figure 5 shows transactivation of the DR-4X3, 2B6-XREM and the 3A4XREM reporters by CAR1, CAR2 and the CAR2 mutants S233A and S233D in the presence and
absence of RxRα.

Within group comparisons, data points are denoted with an asterisk to

indicate that they deviate significantly from the relevant control (for example, on the DR4X3
reporter CAR2A/3.1+ is compared to CAR2/3.1+ and found to have a level of activation
significantly greater, the same is found when comparing the CAR2A/RxRα group to the
CAR2/RxRα group. This process of comparing the CAR2 mutants back to the wild type CAR2
construct, with or without RxRα, is repeated for each reporter.) (mean +/- SD, n = 4, p < 0.01).
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Figure A.6: Effects of S233 mutagenesis on heterodimerization and SRC-1 recruitment.
Mammalian 2-hybrid experiments were performed in COS-1 cells with plasmids indicated in the
figures/illustrations and as described in “Materials and Methods”. Chemical treatments indicated
in the figure were done 18 hrs post-transfection and the cells were harvested 24 hours posttreatment. Data are presented as normalized luciferase values. Each data point represents the
mean (+/- the standard deviation) of 4 separate transfections. (A) Interaction between CAR2 and
its S233A and S233D mutants with RxRα. (B) Interaction between CAR2 and its S233A and
S233D mutants with SRC-1 in the presence and absence of RxRα and clot (clotrimazole).
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A.8 Tables
Table A.1 - pTracerTM-CMV2 (Invitrogen, Carlsbad, CA.). This plasmid contains a
cytomegalovirus (CMV) promoter that yields robust expression of cloned sequences when
transfected into mammalian cells. This plasmid is referred to in this text as “CMV2”. NA
indicates not available.
Name
• Accession • PCR Primers
Amino Restriction
Source
Acids
sites
CAR1
• NM_005122
EcoR1/
FP:GATCGAATTCGTCATGGCCAGTA 1-348
• human liver
EcoRV
GGGAAGATGAG
RP:GATCGATATCTCAGCTGCAGATC
cDNA
TCCTGGAGCCAG
CAR2
• NA
EcoR1/
FP:GATCGAATTCGTCATGGCCAGTA 1-352
GGGAAGATGAG
• human liver
EcoRV
RP:GATCGATATCTCAGCTGCAGATC
cDNA
TCCTGGAGCCAG
CAR2-A • NA
FP:GATCGAATTCGTCATGGCCAGTA 1-352
EcoR1/
• CMV2 clone
S233A EcoRV
GGGAAGATGAG
RP:GATCGATATCTCAGCTGCAGATC
TCCTGGAGCCAG
mtFP:GAAGATGGAGCCCGTGTAGCT
CCCACAGTGGGGTTCCA
mtRP:TGGAACCCCACTGTGGGAGCT
ACACGGGCTCCATCTTC
CAR2-D • NA
FP:GATCGAATTCGTCATGGCCAGTA 1-352
EcoR1/
• CMV2 clone
S233D EcoRV
GGGAAGATGAG
RP:GATCGATATCTCAGCTGCAGATC
TCCTGGAGCCAG
mtFP:GAAGATGGAGCCCGTGTAGAT
CCCACAGTGGGGTTCCA
mtRP: TGG AAC CCC ACT GTG GGA
TCT ACA CGG GCT CCA TCT TC
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Table A.2 - pcDNA3.1(+) (Invitrogen, Carlsbad, CA.). This plasmid contains a
cytomegalovirus (CMV) promoter that yields robust expression of cloned sequences when
transfected into mammalian cells. This plasmid is referred to in the text as “3.1”
Name
• Accession • PCR/mutagenesis (mt) Primers
Amino Restriction
Source
Acids
sites
HA-CAR2 • NA
FP: GGAATTCGCCACCATGGC
HAEcoR1/
• CMV2 clone
Xba1
ATACCCATACGATGTTCCAGA
Tag+
1-352
TTACGCTATGGCCAGTAGGGA
AGATGAGC
RP: BGH
CAR2• NA
FP: GATCGAATTCGCCACCAT
80-352 EcoR1/
LBD
GGTACTGTCGGCAGAAGCCC
• CMV2 clone
Xba1
RP: BGH
CAR2• NA
FP:GATCGAATTCGTCATGGCCAGT 1-344
EcoR1/
ΔAF2
AGGGAAGATGAG
• CMV2 clone
Xba1
RP: GTCTAGACTACATCA
TGGCAGACAGGCCCTG
RXRα
• NM_002957
1-462
EcoR1/
FP:GATCGAATTCGCCGCCAT
• CMV2 clone
Xba1
GGACACCAAACATTTCCTG
RP:GATCTCTAGACTAAGTCATTT
described
previously (43) GGTGCGGCGC
RXRαLBD
RXRαΔAF2
RXRα
-Y397A

• NA
• CMV2 clone
described
previously (43)
• NA
• CMV2 clone
described
previously (43)
• NA
• CMV2 clone
described
previously (43)
• based on
mutagenized
mouse clone
(49)

FP: GGAATTCGCCGCCATGGG
CATGAAGCGGGAAG
RP:GATCTCTAGACTAAGTCATTT
GGTGCGGCGC
FP:GATCGAATTCGCCGCCAT GGA
CACCAAACATTTCCTG
RP:GATCTCTAGATTAGGTGTCAA
TGGGTGTGTCCC
FP:GATCGAATTCGCCGCCAT
GGACACCAAACATTTCCTG
RP:GATCTCTAGACTAAGTCATTTG
GTGCGGCGC
mtFP:GGAGAAGGTCGCTGCGTCCT
TGGAGGCCTACTGCAAG
mtRP:CTTGCAGTAGGCCTCCAAGG
ACGCAGCGACCTTCTCC

198462

EcoR1/
Xba1

1-449

EcoR1/
Xba1

1-462

EcoR1/
Xba1
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Table A.3 - pM and pVP16 (BD Biosciences, Palo Alto, Ca.). In frame cloning of
sequences into pM and VP16 generate fusion proteins of the GAL4-DNA binding domain
and the viral protein 16 (VP16) activation domain, respectively. These plasmids are used
in combination to access interaction of proteins in mammalian cells. The multiple cloning
sites of these two plasmids are identical, therefore cloned sequences are
interchangeable. The luciferase reporter employed in the mammalian 2-hybrid assays is
pFR-Luc (Stratagene, La Jolla, Ca)
Name
• Accession
Primers
Amino Restriction
• Source
Acids
sites
CAR1-LBD • NA
FP: GATCGAATTCGCCACCAT
80-348 EcoR1/
• CMV2 clone GGTACTGTCGGCAGAAGCCC
Xba1
RP: BGH
CAR2-LBD • NA
FP: GATCGAATTCGCCACCAT
80-352 EcoR1/
• CMV2 clone GGTACTGTCGGCAGAAGCCC
Xba1
RP: BGH
CAR2
• NA
FP:GATCGAATTCGTCATGGCCA 1-352
EcoR1/
• CMV2 clone GTAGGGAAGATGAG
EcoRV
RP:GATCGATATCTCAGCTGCAG
ATCTCCTGGAGCCAG
hCAR2-A
• NA
FP:GATCGAATTCGTCATGGCCA 1-352
EcoR1/
• CMV2 clone GTAGGGAAGATGAG
S233A EcoRV
RP:GATCGATATCTCAGCTGCAG
ATCTCCTGGAGCCAG
mtFP:GAAGATGGAGCCCGTGTA
GCT CCCACAGTGGGGTTCCA
mtRP:TGGAACCCCACTGTGGGA
GCT ACACGGGCTCCATCTTC
hCAR2-D
• NA
FP:GATCGAATTCGTCATGGCCA 1-352
EcoR1/
• CMV2 clone GTAGGGAAGATGAG
S233D EcoRV
RP:GATCGATATCTCAGCTGCAG
ATCTCCTGGAGCCAG
mtFP:GAAGATGGAGCCCGTGTA
GAT CCCACAGTGGGGTTCCA
mtRP: TGG AAC CCC ACT GTG
GGA TCT ACA CGG GCT CCA
TCT TC
RXRα• NA
198EcoR1/
FP: GGAATTCGCCGCCATGGG
LBD
• CMV2 clone CATGAAGCGGGAAG
Xba1
462
RP:GATCTCTAGACTAAGTCATT
described
T GGTGCGGCGC
previously
(43)
RXRα
• NM_002957 FP:GATCGAATTCGCCGCCAT
1-462
EcoR1/
• CMV2 clone GGACACCAAACATTTCCTG
Xba1
RP:GATCTCTAGACTAAGTCATT
described
T GGTGCGGCGC
previously
(43)
SRC-1
570EcoR1/
• NM_003743 FP: GATCGAATTCCCTAGCAG
Receptor
ATTAAATATACAACCAG
780
Xba1
• Human liver
Interaction
RP: GATCTCTAGATCACATCT
cDNA
Domain
GTTCTTTCTTTTCCACTT
(RID)

153

Table A.4 - pGL3-Basic (Promega, Madison, WI). The pGL3 basic vector was engineered
with the thymidine kinase core promoter as described previously to generate a TK-luc
reporter (43). The DR-1X3 through DR-5X3 reporters were made with complimentary primers
that were annealed and blunt end ligated into the Sma1 site upstream of the TK promoter.
DR-1X3
FP:TCAGTTCACAGTTCACAGTTCACAGTTCACAGTTCACAGTTCAGA
RP:TCTGAACTGTGAACTGTGAACTGTGAACTGTGAACTGTGAACTGA
DR-2X3
FP:TCAGTTCAGCAGTTCAGCAGTTCAGCAGTTCAGCAGTTCAGCAGTTCAG
A
RP:TCTGAACTGCTGAACTGCTGAACTGCTGAACTGCTGAACTGCTGAACTG
A
DR-3X3

DR-4X3

DR-5X3

2B6XREMPBREM

3A4XREMpER6

PBREM

FP:TCAGTTCAGGCAGTTCAGGCAGTTCAGGCAGTTCAGGCAGTTCAGGCA
GTTCAGA
RP:TCTGAACTGCCTGAACTGCCTGAACTGCCTGAACTGCCTGAACTGCCTG
AACTGA
FP:GATCAGTTCATGGCAGTTCATGGCAGTTCATGGCAGTTCATGGCAGTTC
ATGGCAGTTCAGATC
RP:GATCTGAACTGCCATGAACTGCCATGAACTGCCATGAACTGCCATGAAC
TGCCATGAACTGATC
FP:TCAGTTCACTGGCAGTTCACTGGCAGTTCACTGGCAGTTCACTGGCAGT
TCACTGGCAGTTCAGA
RP:TCTGAACTGCCAGTGAACTGCCAGTGAACTGCCAGTGAACTGCCAGTG
AACTGCCAGTGAACTGA
The PBREM-TK-Luc reporter was described previously (43). A PCR amplicon
was generated from human genomic DNA that contained the 2B6 XREM
sequences recently described (19). The PCR primers were as follows:
FP:GATCGGTACCAGACTGTGCCAGATTGCACAACAC
RP:GATCGCTAGCCCACGAGGAGAGGACCAACAAAG
The amplicon was ligated upstream of the TK promoter using the KpnI and NheI
restriction sites.
Amplicons encompassing the proximal (p) ER-6 (60) and distal XREM (48)
sequences in the CYP3A4 promoter were amplified separately with the following
primers:
pER6FP: GATCGAATTCTAAGAACCCAGAACCCTTGGAC
pER6RP: GATCCTCGAGTGTGCTCTGCCTGCAGTTGGAA
XREMFP: GATCGGTACCGTCCCAATTAAAGGTCATAAAG
XREMRP: GATCGAATTCCTCGTCAACAGGTTAAAGGAG
Individual amplicons were digested with EcoRI, purified, and ligated. The ligation
was then amplified with the XREMFP and pER6RP. The product from this
second amplification was then blunt end ligated into the SmaI site upstream of
the TK promoter.
The PBREM-TK-Luc reporter was described previously (43).
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