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Abstract

Nuclear hormone receptors (NHRS) are transcription factors that work in concert with co-
activators and co-repressors to regulate gene expression. Some examples of ligands for NHRs
include endogenous compounds such as bile acids, retinoids, steroid hormones, thyroid hormone,
and vitamin D. This review describes the evolution of liver X receptors o and p (NR1H3 and 1H2,
respectively), farnesoid X receptor (NR1H4), vitamin D receptor (NR1I1), pregnane X receptor
(NR1I2), and constitutive androstane receptor (NR113). These NHRs participate in complex,
overlapping transcriptional regulation networks involving cholesterol homeostasis and energy
metabolism. Some of these receptors, particularly PXR and CAR, are promiscuous with respect to
the structurally wide range of ligands that act as agonists. A combination of functional and
computational analyses has shed light on the evolutionary changes of NR1H and NR1I receptors
across vertebrates, and how these receptors may have diverged from ancestral receptors that first
appeared in invertebrates.
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1. Nuclear hormone receptors

Nuclear hormone receptors (NHRS) are transcription factors that work in concert with co-
activators and co-repressors to regulate gene expression. NHRs share a conserved domain
structure, which includes, from N-terminus to C-terminus, a modulatory A/B domain, the
DNA-binding domain (C domain), the ‘hinge’ D domain, the ligand-binding domain (E
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domain), and a variable C-terminal F domain that is absent in some NHRs (McEwan, 2009;
Steinmetz et al., 2001). Most of the known NHRs are ligand-activated, although some NHRs
function in a ligand-independent manner. Examples of family-specific ligands for NHRs
include a range of endogenous compounds such as bile acids, retinoids, steroid hormones,
thyroid hormone, and vitamin D. A few NHRs, such as the ‘xenobiotic sensors’ pregnane X
receptor (PXR, NR1I1; also known as steroid and xenaobiotic receptor or SXR) and
constitutive androstane receptor (CAR, NR113), are activated by structurally diverse
exogenous ligands.

The NHR superfamily in mammals is composed of approximately 50 functional genes, with
48 genes in humans, 49 in mice, and 47 in rats (Zhang et al., 2004). Teleost fish have a
somewhat larger complement of NHR genes due to gene duplication, exemplified by the 68
and 71 NHR genes, respectively, found in the genomes of the pufferfish (Fugu rubripes)
(Maglich et al., 2003) and green-spotted pufferfish (Tetraodon nigriviridis) (Metpally et al.,
2007). An expanded role for NHR genes in vertebrates is suggested by the presence of only
18 NHR genes in the fruitfly Drosophila melanogaster (King-Jones and Thummel, 2005)
and 17 NHR genes identified so far in Ciona intestinalis (sea squirt), an invertebrate from
Urochordata, a subphylum thought to contain the closest extant invertebrate relatives of
vertebrates (Delsuc et al., 2006; Yagi et al., 2003).

This review will discuss the evolution of two NHR subfamilies, NR1H and NR1l, that
include liver X receptors (LXRs) a and B (NR1H3 and 1H2, respectively), farnesoid X
receptor (FXR, NR1H4), vitamin D receptor (VDR, NR1I1), PXR (NR112), and CAR
(NR113). These receptors, particularly PXR and CAR, are promiscuous with respect to the
wide range of ligands that act as agonists. This promiscuity may be facilitated by multiple
binding sites, a very large binding site, or a binding site with flexibility to alter size and
shape depending on the size of the ligand. Selected endogenous and synthetic ligands for
NR1H and NR1I receptors are summarized in Fig. 1.

The only other known member of the NR1H subfamily, the ecdysone receptors (NR1H1),
has so far only been found in invertebrates (Riddiford et al., 2000), and will not be discussed
in this review. A putative ortholog of NR1I receptors in Drosophila, termed DHR96, has
been implicated as a regulator of cholesterol homeostasis and the response to potentially
toxic xenobiotics (Bujold et al., 2009; King-Jones et al., 2006). We will focus our review on
studies in vertebrates and the invertebrate Ciona intestinalis. In addition, we will describe
some of the results from various computational analyses of the NHRs (Ai et al., 2009).

2. Evolution of NR1H and NR1l nuclear hormone receptors

2.1 Liver Xreceptors

LXRs are key regulators of lipid and cholesterol metabolism (Kalaany and Mangelsdorf,
2006). More recently, LXRs have been shown to regulate uterine contractility (Mouzat et al.,
2007) and to negatively regulate the Hedgehog signaling pathway involved in tumorigenesis
and embryonic development (Gill et al., 2008; Kim et al., 2009). In all mammals whose
genomes have been sequenced so far (including marsupials), two distinct LXR genes are
found (Reschly et al., 2008b). LXRa is typically detected at high levels in macrophages,
adipose tissues, kidney, lung, and spleen; in contrast, LXR is expressed at similar levels in
a wide variety of tissues, the basis for an alternative name for this receptor as ‘ubiquitous
receptor’ (Song et al., 1994). Based on sequenced genomes, non-mammalian vertebrates
appear to generally have only a single LXR gene (Reschly et al., 2008b). The pattern of
LXR tissue expression has been determined for the Fugu pufferfish (Maglich et al., 2003).
Pufferfish LXR is more closely related to mammalian LXRa genes by sequence similarity,
yet the pattern of tissue expression more closely resembles mammalian LXRp genes in its

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krasowski et al.

Page 3

ubiquity of expression, being found in brain, gill, gut, heart, ovary, and liver tissues. The
sequence data suggests that a single LXR gene duplicated concurrent with the evolution of
mammals. If this hypothesis is correct, then one of the duplicated genes maintained its
ubiquitous tissue expression (LXRp) while the other (LXRa) assumed new roles in
cholesterol and lipid metabolism with a restricted expression in adipose tissue, liver, and
macrophages (Maglich et al., 2003; Reschly et al., 2008Db).

Of the NHRs in the NR1H and NR1I subfamilies, LXRs are the most conserved across
vertebrate species, with sequence identities in the ligand-binding domain (LBD) between
human LXRa or LXRp and non-mammalian LXRs being approximately 75% (Reschly et
al., 2008b). Thirty-one amino residues, identified in X-ray crystallographic structures of
human LXRa (Svensson et al., 2003), mouse LXRa. (Jaye et al., 2005), or LXRp
(Féarnegardh et al., 2003; Hoerer et al., 2003; Williams et al., 2003) as interacting closely
with bound ligands (including endogenous oxysterols and synthetic ligands), are entirely
conserved across all known vertebrate LXR sequences. Consistent with this high degree of
sequence conservation, the ligand specificities of human LXRa, human LXRf, mouse
LXRa, mouse LXR, Xenopus laevis LXR, Xenopus tropicalis LXR, and zebrafish LXR are
very similar, with all being activated by oxysterols and the synthetic LXR agonists GW3965
and T-0901317 (Collins et al., 2002; Schultz et al., 2000) (see Fig. 1 for chemical
structures).

A single putative ortholog to vertebrate LXRs is found in the invertebrate Ciona intestinalis
(Reschly et al., 2008b). In contrast to vertebrate LXRs, Ciona LXR is not activated by the
agonists T-0901317 or GW3965, but is activated by a limited number of oxysterols, as well
as some androstane and pregnane steroids. Homology modeling and docking studies of
Ciona LXR predict a receptor with a smaller and more hydrophobic ligand-binding pocket
(LBP) compared to human LXRp (estimated volume of LBP is 1198 A3 for human LXRp
and 908 A3 for Ciona LXR). Pharmacophore studies using ligands for each receptor also
indicated the Ciona LXR was likely to have a more restrictive LBP compared to human
LXRB. In addition, intrinsic disorder analysis for Ciona LXR showed no predicted disorder
in the LBD compared with LXRs from 20 vertebrate species (Krasowski et al., 2008). All of
these computational analyses indicated that Ciona LXR would have unique ligand
specificity. Fig. 2 summarizes the ligand specificities of LXRs overlaid on a phylogeny of
vertebrates and Ciona intestinalis. Ligands that have submicromolar affinities or potencies
for activation of FXR or LXR are indicated with an asterisk (*) in Fig. 2. These include the
synthetic ligands fexaramine and GW4064 for human FXR and T-0901317 for mammalian
LXRs. The endogenous ligands (bile acids, oxysterols) generally have affinities (potencies)
in the low micromolar range.

2.2 Bile salts, ligands for multiple nuclear hormones receptors

Before proceeding to discussion of FXR, VDR, and PXR, it is useful to first discuss bile
salts, which are ligands for all three of these receptors. Bile salts are water-soluble,
amphipathic end-metabolites of cholesterol that facilitate intestinal absorption of lipids,
exert potent antimicrobial activity in the small intestine, and enhance proteolytic cleavage of
dietary proteins (Hofmann and Hagey, 2008). Bile salts are produced by every class of
vertebrate animals and show remarkable structural diversity across species (Haslewood,
1967; Moschetta et al., 2005; Une and Hoshita, 1994). Bile salts have not been detected to
date in invertebrate animals, although certain species such as Ciona intestinalis synthesize
bile salt-like compounds for physiological functions likely unrelated to digestion or
cholesterol disposal (Yoshida et al., 2002). Bile salt derivatives are known to be pheromones
in the sea lamprey (Petromyzon marinus) (Li et al., 2002). The olfactory systems of a
number of teleost fish have been shown to be highly sensitive to the detection of bile salts in
water, although the physiologic importance of this is as yet unclear (Hara, 1994).
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A broad survey of bile salts in phylogenetically diverse vertebrates, building on the previous
efforts of Haslewood and other investigators (Haslewood, 1967; Une and Hoshita, 1994),
provides a detailed map of how these small molecules vary across species (Hagey et al.,
2010; Hofmann et al., 2010). Two major shifts have happened in bile salt structure across
evolution. The first is from bile salts with a 5a (steroid ring A/B trans) configuration of the
steroid rings to those with 50 (A/B cis) configuration. This shift of a ring juncture changes
the conformation of the steroid rings of the bile salt from flat (planar) to bent. The second
major shift in bile salt structure is from bile alcohols with 27 carbon atoms (Cy7) to bile
acids with 24 carbon atoms (Co4). The phylogenetically most basal vertebrates are the
jawless fish (Agnatha), currently represented by hagfish and lampreys. All species of
hagfish that have been analyzed with respect to bile salt composition have essentially the
same bile salt profile, specifically a Cy7 bile alcohol with a 5a configuration (Hagey et al.,
2010).

We have hypothesized that the type of bile alcohols found in hagfish represents the
‘ancestral’ bile salt phenotype. If this is true, then the Co4 5p-bile acids typical of humans
and many other vertebrates are the ‘derived’ or evolutionarily more ‘recent’” phenotype. Fig.
1 shows the structures of the main hagfish bile salt (3p,7a,16a,27-tetrahydroxy-5a-
cholestan-3,27-disulfate, also known as 5a-myxinol disulfate) (Haslewood, 1966) and
taurochenodeoxycholic acid (common 5p-bile acid), illustrating the differences in steroid
ring configuration. Starting with the known bile salt synthetic pathway in mammals, we
have hypothesized that animals like hagfish that use Co7 5a-bile alcohols have a much
simpler, shorter synthetic pathway for bile salts than that found in mammals and many other
vertebrates. Other than lampreys and hagfish, teleost fish from the order Cypriniformes
(which includes carp and the zebrafish, Danio rerio, a versatile model laboratory fish) also
use Cy7 50-bile alcohols (Hagey et al., 2010).

2.3 Farnesoid X receptors

FXR serves as one of the major transcriptional regulators of bile salt synthesis in humans, in
part by controlling the expression of cytochrome P450 (CYP) 7AL, the ratelimiting enzyme
in bile salt synthesis (Kalaany and Mangelsdorf, 2006). Mammalian FXRs are activated by
farnesol and its metabolites (Forman et al., 1995) and also by primary bile acids such as
chenodeoxycholic acid (CDCA; 3a,7a-dihydroxy-5B-cholan-24-oic acid), which are likely
the more physiologically important endogenous ligands (Makishima et al., 1999; Parks et
al., 1999; Wang et al., 1999). FXR is typically expressed at high levels in the liver, adrenal
glands, intestine, and kidney. A second functional FXR, termed FXRB (NR1H5), is found in
some mammalian species (e.g., dog, mice, rat, and rabbit) but does not appear to be involved
with bile salt binding or regulation; instead it binds the cholesterol precursor lanosterol and
some other sterols. In humans and other primates, FXR} is a non-functional pseudogene
(Otte et al., 2003; Zhang et al., 2008b).

The variability of bile salt structures across species suggested that FXRs, if involved in bile
salt detection throughout vertebrates, might show corresponding cross-species differences in
ligand selectivity. Indeed, FXRs from sea lamprey and zebrafish (Danio rerio) are activated
by 5a-bile alcohols but not by the evolutionarily more recent 5p-bile acids (Reschly et al.,
2008a). The African clawed frog (Xenopus laevis) expresses an unusual FXR (also called
FOR, FXR-like orphan receptor) that has a 33 amino acid insert, not found in mammalian
FXRs, in helix 7 of the LBD (Seo et al., 2002). Similar to mammalian FXRs, Xenopus FXR
is highly expressed in liver and kidney of adults, and also in the liver and kidney of
metamorphosing tadpoles. Initial studies of Xenopus FXR showed insensitivity to activation
by synthetic human FXR ligands or 5B-bile acids like CDCA; however, the receptor was
activated by extracts isolated from frog bile (Seo et al., 2002). Further studies showed
activation of Xenopus FXR by purified Cy7 bile alcohols that are the primary bile salts of
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Xenopus laevis (Reschly et al., 2008a). Preliminary investigation of the FXR from the green-
spotted pufferfish (Tetraodon nigriviridis), a teleost fish whose primary salts are 5p-bile
acids such as CDCA (Hagey et al., 2010), shows activation predominantly by 5p-bile acids
(Krasowski MD, Hagey LR, unpublished data). Thus, FXRs generally seem to be activated
by species-specific primary bile salts.

Homology models of the LBDs of sea lamprey and zebrafish FXRs predict narrow LBPs
ideal for binding of planar bile salts such as 5a-bile alcohols, but not for the binding of bent
5B-bile acids (Reschly et al., 2008a). In contrast, the LBPs of human and rat FXRs can
accommodate the wider bent shape of 5p-bile acids (Mi et al., 2003; Reschly et al., 2008a).
The structural variation of FXRs and their corresponding bile salt ligands across species
provides a model system to understand the co-evolution of receptors and ligands. A
summary of results indicates a shift in selectivity for FXRs from 5a-bile alcohols
(evolutionary early, ‘ancestral’ ligands) to 5p-bile acids (evolutionarily recent ligands).

The differences in ligand specificity for FXRs also extend to the synthetic human FXR
agonists fexaramine, GW4064, and T-0901317 (Downes et al., 2003; Houck et al., 2004)
(see Fig. 1 for chemical structures). In transactivation assays, these three compounds were
generally inactive at Xenopus, zebrafish, and sea lamprey FXRs, with the only activity being
T-0901317 activation of zebrafish FXR. The different architectures of the LBPs from the
non-mammalian FXRs likely contribute to the ligand selectivity differences (Reschly et al.,
2008a).

Analysis of the Ciona intestinalis genome revealed a single putative ortholog to vertebrate
FXRs. Ciona FXR was found to be completely insensitive to activation by bile salts, but was
activated by sulfated pregnane steroids, suggesting that the endogenous ligands of this
receptor may be steroidal in nature. The homology model for Ciona FXR predicted a
receptor with a smaller LBP (648 A3) than that of human FXR (814 A3). Docking studies
predicted that Ciona FXR could bind AM-580, a synthetic ligand that did not activate any of
the vertebrate FXRs tested, but that strongly activated Ciona FXR in functional assays
(Reschly et al., 2008a).

FXR isolated from the little skate (Leucoraja erinacea, a cartilaginous fish) was found to be
insensitive to bile salts, even those from jawless and cartilaginous fish (Cai et al., 2007).
Skate FXR, however, showed significant differences in sequence from other vertebrate
FXRs, including novel insertions, and there is the possibility that this receptor is actually
orthologous to FXRp. Better resolution of FXR phylogeny requires the study of additional
invertebrates and basal vertebrates. Fig. 2 summarizes the ligand specificities of FXRs
overlaid on a phylogeny of vertebrates and Ciona intestinalis.

2.4 Vitamin D receptors

VDRs bind 1a,25-(0OH),-vitamin D3 (calcitriol; see Fig. 1) with high affinity and mediate
classic calcitriol effects such as regulation of calcium and phosphate homeostasis. Over the
last several decades, VDRs have been shown to influence a variety of physiological
functions, affecting nearly every organ and tissue (Dusso et al., 2005;Holick, 2003). VDR
genes have been detected in mammals, birds, amphibians, reptiles, teleost fish, and even the
sea lamprey (Whitfield et al., 2003). All mammalian genomes analyzed to date have a single
VDR gene; where expression has been studied, VDR is found in a broad range of tissues that
include brain, gut, heart, skeletal muscle, liver, pancreas, and immune tissues (Reschly and
Krasowski, 2006). A similarly broad pattern of tissue expression was also seen with African
clawed frog (Li et al., 1997) and avian VDRs (Elaroussi et al., 1994). Some teleost fish,
including pufferfish and Japanese flounder (Paralichthys olivaceus) have two VDR genes
(Maglich et al., 2003;Suzuki et al., 2000). Functional studies of the two VDRs from
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Japanese medaka (Oryzias latipes) showed differences in ligand transactivation and co-
activator recruitment (Howarth et al., 2008).

Until 2002, it was generally thought that the only endogenous ligands for VDR were vitamin
D compounds such as calcitriol. Then Makishima and colleagues demonstrated that
lithocholic acid (LCA, 3a-hydroxy-5p-cholan-24-oic acid) and its derivatives could activate
human and mouse VDRs (Adachi et al., 2005; Adachi et al., 2004; Makishima et al., 2002).
LCA is a ‘secondary’ bile acid formed by the action of anaerobic intestinal bacterial on
primary bile acids such as CDCA. LCA has limited aqueous solubility and is known to be
toxic to humans and some other mammals (Hofmann, 2004; Hofmann and Hagey, 2008).

Unlike human and mouse VDRs, African clawed frog and sea lamprey VDRs are
completely insensitive to activation by a wide range of bile salt structure, including LCA
and the endogenous bile salts for these species (Krasowski et al., 2005a; Krasowski et al.,
2005b; Reschly et al., 2008a). In contrast, we have found that VDRs from chicken (Gallus
gallus) and the green-spotted pufferfish, two non-mammalian species that use 5p-bile acids,
are weakly activated by LCA (Krasowski MD, Hagey LR, unpublished data). These data
suggest that only VDRs from animals that predominantly use 5p-bile acids are activated by
bile acids, possibly as an adaptive response to limit the toxicity of secondary bile acids
generated in the intestinal tract. The caveat to this hypothesis is that there is little data on the
disposition and toxicity of bile salts in the intestine of non-mammalian species, factors that
would be influenced by cross-species differences in intestinal anatomy, physiology, and
microbial colonization (Reschly et al., 2008a). Structural analysis of non-mammalian VDRs
from species such as sea lamprey or Xenopus laevis may provide insight into differences in
ligand selectivity. Crystallographic structures of the LBDs of human, rat, and zebrafish
VDRs, while showing subtle differences, are quite similar to one another in many aspects
including overall volume and shape of the LBPs (Ciesielski et al., 2007; Rochel et al., 2000;
Vanhooke et al., 2004).

2.5 Pregnane X receptors

PXRs are activated by a very structurally diverse array of endogenous and exogenous
molecules that include antibiotics, bile salts, steroid hormones, fat-soluble vitamins,
prescription medications, herbal drugs, and endocrine disruptors (Kliewer and Willson,
2002; Orans et al., 2005; Zhou et al., 2009). PXR regulates the transcription of enzymes and
transporters involved in the metabolism and elimination of potentially harmful compounds,
including sulfation of toxic bile acids (Sonoda et al., 2002). Transcriptional targets of PXR
include genes for the broad specificity enzyme CYP3A4 and the efflux transporter P-
glycoprotein (Kliewer and Willson, 2002) to name but a few of clinical significance.
Microarray analysis studies have revealed that PXR agonists significantly alter the
expression of greater than 200 genes in mouse and rat liver, including genes whose products
are important in cell cycle regulation, intracellular metabolism, redox balance, and anion
transport, in addition to genes for CYP enzymes and drug efflux transporters (Guzelian et
al., 2006; Hartley et al., 2004; Rosenfeld et al., 2003; Slatter et al., 2006). PXR has been
implicated in bone homeostasis, apoptosis in cancer cells, and inflammation pathways
(Pascussi et al., 2008; Tabb et al., 2003; Verma et al., 2009; Zhang et al., 2008a; Zhou et al.,
2006a; Zhou et al., 2006Db).

Studies from multiple laboratories have shown substantial cross-species differences in PXR
ligand specificity, including selectivity for xenobiotics and bile salts (lyer et al., 2006;
Krasowski et al., 2005a; Milnes et al., 2008; Moore et al., 2002). Most mammalian PXRs
studied so far (including human, rhesus macaque, dog, pig, and rabbit) are activated by a
broad range of bile salt structures, while chicken and zebrafish PXRs are activated by a
narrower range of bile salts (Ekins et al., 2008; Krasowski et al., 2005a; Krasowski et al.,
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2005b; Moore et al., 2002; Reschly et al., 2008a). We and others have proposed that the
evolution of PXRs has been driven by at least two factors: (1) adaptation to changes in bile
salt (and perhaps other endogenous molecule) structures and (2) their function as a
xenobiotic sensor (Krasowski et al., 2005a; Moore et al., 2002; Reschly et al., 20083;
Schuetz et al., 2001). The size and flexibility of the human PXR LBP make computational
prediction of ligand binding difficult (EKins et al., 2009; Ngan et al., 2009; Yasuda et al.,
2008). Prediction of ligand binding in PXRs from non-mammalian species using homology
models is even more difficult, although the ligand specificity of each species can be used as
a surrogate for understanding the volume of the binding site and its evolution (Ekins et al.,
2008; Reschly et al., 2008a).

The PXRs from the African clawed frog deserve special mention, as these receptors have
markedly different pharmacology from other PXRs, being activated by a unique class of
endogenous benzoate molecules (e.g., 3-aminoethylbenzoate; see Fig. 1) that mediate
developmental functions in the frog. Thus, the frog PXRs are also termed benzoate X
receptors (BXRs) (Blumberg et al., 1998;Grin et al., 2002). Phylogenetic analysis by
maximum likelihood showed evidence for positive evolutionary selection in the LBD of the
frog PXRs relative to other PXRs, particularly at amino acid residue positions involved in
ligand binding (Krasowski et al., 2005a;Krasowski et al., 2005b). The available evidence
suggests that the frog PXRs have lost broad specificity for ligands, gained high efficacy
activation by endogenous benzoates (which may be molecules unique to amphibians), and
show an altered tissue expression pattern to carry out developmental functions. Using
intrinsic disorder prediction we found that whereas the human H1-H3 interhelical domain
was disordered, this was not the case for the shorter domain in the frog (Krasowski et al.,
2008). The degree of differences in function and ligand specificity of the Xenopus PXRs
relative to PXRs from other species is quite unusual and possibly unique in the NHR
superfamily in vertebrates, with no other comparable examples yet described (Krasowski et
al., 2005b).

Structural studies of the LBD of human PXR reveal an expansive (~1,300 A3), hydrophobic,
roughly spherical pocket with the flexibility to accommodate large molecules such as
rifampicin and hyperforin (active component of the herbal antidepressant St. John’s wort)
(Chrencik et al., 2005; Watkins et al., 2003; Watkins et al., 2001; Xue et al., 2007). We can
also see this by analysis of the co-crystallized ligands that cover a molecular weight range of
273-714 Da (mean 488+147) and a calculated ALogP (measure of hydrophobicity) range of
3.54-10.11 (mean 5.5+2.4) (Ekins et al., 2009). Although X-ray crystallographic structures
of PXRs from species other than humans have not yet been reported, homology models of
the LBDs of African clawed frog PXRa (~860 A3), green-spotted pufferfish PXR (~1,230
A3), and zebrafish PXR (~1,000 A3) are all predicted to have smaller LBPs than that for
human PXR (Reschly et al., 2008a) (Ai N, Krasowski MD, Ekins S, unpublished data).
Expansion of the size and topology of the PXR LBP correlates with the general pattern of
broadening of PXR ligand specificity across vertebrate species and the shift from planar to
non-planar bile acids.

2.6 Constitutive androstane receptors

CARs also have the capacity to bind a structurally broad range of ligands, although not to
the extent of PXRs (Honkakoski et al., 2003). There is overlap between CAR and PXR
ligands (see Fig. 1), including androstane steroids, clotrimazole, phenobarbital, and 1,4-bis-
[2-(3,5-and dichloropyridyloxy)] benzene (TCPOBOP) (Jones et al., 2000; Moore et al.,
2002; Moore et al., 2000; Tzameli et al., 2000). Some CARs, particularly from the mouse,
show high constitutive activity in cell-based functional assays. Consequently, some CAR
ligands function as inverse agonists, i.e., reducing the constitutive activity (Forman et al.,
1998). Microarray analysis studies have demonstrated that CAR ligands upregulate or
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repress genes with diverse functions in mouse liver, including genes involved in regulation
of energy metabolism and heme synthesis (Rezen et al., 2009; Ross et al., 2009; Slatter et
al., 2006; Ueda et al., 2002). Crystallographic structures of human and mouse CARs have
provided insight into both the high level of constitutive activity and the ability of steroidal
compounds (e.g., androstenol, 5a-androst-16-en-3a-ol) to act as inverse agonists (Shan et
al., 2004; Suino et al., 2004; Xu et al., 2004).

Distinct CAR and PXR genes have only been described in mammals, including marsupials
and the monotreme duck-billed platypus (Reschly and Krasowski, 2006). In contrast, non-
mammalian vertebrates show a PXR/CAR-like ‘combination’ receptor, and it has been
difficult to determine whether either CAR or PXR represents the ‘ancestral’ receptor. For
example, the single PXR/CAR-like receptor in the chicken (also termed chicken X receptor)
has approximately equal similarities to mammalian PXRs and CARs in terms of sequence
identity and ligand specificity (Handschin et al., 2000; Moore et al., 2002). Regardless of
which receptor is ancestral, a single PXR/CAR-like ancestral gene likely duplicated
concurrent with the evolution of mammals, with subsequent divergence into the separate
CAR and PXR genes found in all mammals sequenced so far (Handschin et al., 2004). A
summary of VDR, PXR, and CAR phylogeny and ligand specificities is found in Fig. 3. The
affinities of the ligands shown in Fig. 3 are summarized as low, medium, and high affinity
(see figure legend).

2.7 The unusual Ciona intestinalis NR1I receptor

So far, PXR genes have not been identified in jawless or cartilaginous fish, either by cloning
efforts or analysis of the partially sequenced genome of the sea lamprey (Reschly et al.,
2007). The only NR1I subfamily member identified so far in the sea lamprey is VDR
(Whitfield et al., 2003). Similarly, the genome of the invertebrate Ciona intestinalis reveals
only a single putative ortholog to vertebrate NR1I receptors. The phylogeny of the Ciona
NR1I receptor, as inferred by maximum likelihood analysis, does not clearly group this
receptor with VDRs, PXRs, or CARs, although ancestral sequence reconstruction did
provide some favor to a closer relationship with vertebrate VDRs (EKins et al., 2008). The
LBD of the Ciona VDR/PXR/CAR has low sequence identity to the LBDs of vertebrate
VDRs, PXRs, and CARs (17-27%), in some cases to the extent that reliable sequence
alignment is not possible (limiting ancestral reconstruction reliability as well). The DNA-
binding domain of the Ciona VDR/PXR/CAR has its highest sequence identity to sea
lamprey and zebrafish VDRs (~70%). In functional cell-based assays, the Ciona VDR/PXR/
CAR does not respond to vitamin D ligands, bile salts, retinoids, steroid hormones,
tocopherols, or typical PXR-activating xenobiotics. The Ciona VDR/PXR/CAR has been
shown to be activated only by a small number of planar, synthetic compounds including n-
butyl-p-aminobenzoate, carbamazepine, 6-formylindolo-[3,2-b]-carbazole, and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (EKins et al., 2008). Intrinsic disorder analysis showed that the
LBD of Ciona VDR/PXR/CAR was most similar to mammalian PXRs, suggesting some
ability to adapt to different ligands (Krasowski et al., 2008). This suggests that the natural
ligand for Ciona VDR/PXR/CAR may be hard to discern, perhaps a compound in the natural
environment of this marine invertebrate.

3. The co-evolution of biochemical pathways and NR1H and NR1l receptors

One common feature of LXR, FXR, VDR, PXR, and CAR is that all receptors are activated
(or, in the case of some CARs, repressed) by products of cholesterol: oxysterols (LXR), bile
salts (FXR, VDR, PXR), steroid hormones (PXR, CAR, FXR), or vitamin D (VDR). These
NHRs also participate in complex, overlapping transcriptional regulation networks involving
cholesterol synthesis, elimination, and energy metabolism (Handschin and Meyer, 2005;
Makishima, 2005). For example, we can examine the overlap of some of the ligands

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krasowski et al.

Page 9

between these NHRs as a network (Ekins, 2006; Ekins et al., 2005) and show bile acids
linked to FXR, VDR, and PXR (Supplemental figure 1S). Cholesterol is not unique to
vertebrates, being found in some invertebrates; however, vertebrate animals utilize
cholesterol to an extent not matched in any invertebrate species studied to date. The
increased use of cholesterol by vertebrates compared to invertebrates is thought to have been
a major evolutionary shift requiring tightly regulated systems for controlling cholesterol
synthesis and elimination from the body (Nes and Nes, 1980). This was achieved by the
parallel development of a hepatobiliary tract and synthetic pathways for biosynthesis and
conjugation of bile alcohols and bile acids (collectively ‘bile salts’).

Tracing back the early evolution of NR1H and NR1I receptors requires a better
understanding of the evolution and basic biological functions of the ligands for these
receptors in non-mammalian species. For example, the comparative biology of oxysterols
(i.e., derivatives of cholesterol oxidized on the side-chain) in non-mammalian species is not
well understood. In mammals, oxysterols inhibit sterol biosynthesis along with other
biological functions (Gill et al., 2008). Bile salts and vitamin D have so far been found only
in vertebrate animals, although it is possible these compounds are present in invertebrate
animals not yet analyzed or that are extinct. Bile salts have been detected in every vertebrate
animal analyzed so far, including the phylogenetically basal jawless and cartilaginous fish
(Hagey et al., 2010; Hofmann et al., 2010).

The early origins of the vitamin D system are unclear (Holick, 2003). The rise in vertebrate
evolution associated with high levels of cholesterol as a nerve insulator also saw a
concurrent increase in animal size built on a calcium phosphate base of bone. In terrestrial
animals, the need to tightly regulate dietary absorption of calcium and phosphate is clear,
especially given a variable dietary intake. However, the biological functions of vitamin D in
animals living in salt water (where calcium and phosphate is plentiful) are harder to
appreciate. Vitamin D and its cognate receptor are even found in the sea lamprey, a jawless
fish lacking a calcified skeleton (Whitfield et al., 2003). This has prompted investigation
into the importance of the vitamin D system for other biological functions, including
immune regulation and skin development (Kira et al., 2003; Moro et al., 2008).

As discussed above, the model invertebrate Ciona intestinalis has clear orthologs to LXR,
FXR, and VDR/PXR/CAR. Pharmacology studies are consistent with these Ciona receptors
having different (although possibly structurally similar) ligands to their vertebrate
counterparts. In the case of FXR, we have speculated that the ligands for the Ciona receptors
are sulfated steroids (Reschly et al., 2008a), compounds that are common in marine
invertebrates (Kornprobst et al., 1998). If this is true, there could have been a shift away
from sulfated steroids to the growing and ever enlarging pool of cholesterol catabolites (bile
salts) as FXR ligands during vertebrate evolution. A similar shift may have happened during
the molecular evolution of LXR, e.g., from invertebrate steroidal ligands to vertebrate
oxysterols found upstream and downstream of cholesterol biosynthesis (Reschly et al.,
2008h).

The properties of the Ciona VDR/PXR/CAR suggest that invertebrate and vertebrate NR1I
receptors have diverged markedly in ligand selectivity from an ancestral ‘proto-NR1l
receptor’ (Ekins et al., 2008). Given that there are no clear correlates of vitamin D or bile
salts yet described in invertebrates, endogenous ligands for the Ciona VDR/PXR/CAR
would logically be different from those for vertebrate VDRs and PXRs. Ciona intestinalis is,
however, capable of synthesizing steroid hormones and also accumulates cholesterol and
other sterols from dietary sources (Delrio et al., 1971; Voogt and van Rheenan, 1975). The
endogenous activators of the Ciona VDR/PXR/CAR may be as yet undescribed molecules
that have structural similarity to vertebrate vitamins and/or bile salts or they may be
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structurally unique but sharing a similar three-dimensional pharmacophore to ligands for the
vertebrate receptors. Alternatively, this receptor may be activated by exogenous ligands
relevant to its marine environment or local habitat. The low sequence identity between the
Ciona VDR/PXR/CAR may also be a result of rapid evolution, which has been detected in
some gene families (including developmental regulators) in Ciona intestinalis and other
tunicates (Dehal et al., 2002; Holland and Gibson-Brown, 2003; Hughes and Friedman,
2005). Intrinsic disorder of Ciona VDR/PXR/CAR may also be an important feature in
driving its evolution (Krasowski et al., 2008).

4. Conclusions and perspectives

Studies of further invertebrates and basal vertebrates will be invaluable in better resolving
the evolution of the NR1H and 11 receptors. Additional receptor sequences will also
facilitate ancestral reconstruction of sequences, as has been elegantly done by Thornton and
colleagues for sex and mineralocorticoid receptors, including X-ray crystallography and
functional analysis, to understand evolutionary changes in receptor ligand selectivity
(Bridgham et al., 2006; Bridgham et al., 2009; Ortlund et al., 2007; Thornton et al., 2003).
We have done some ancestral sequence reconstruction for FXR and VDR/PXR but are
limited by the high degree of sequence diversity, including insertions and deletions, which
makes a parallel approach far more uncertain than for the more highly conserved sex and
mineralocorticoid receptors (EKins et al., 2008; Reschly et al., 2008a). Structural analysis of
non-mammalian FXR and PXRs would be particularly helpful in defining how receptors
alter ligand specificity across species, and would build on the current homology,
pharmacophore, and ligand docking analyses.
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Endogenous and synthetic ligands for NR1H and NRZ1I receptors. A. Most of the known
endogenous ligands for LXR, FXR, VDR, PXR, and CAR are products formed from
cholesterol, which can be converted to oxysterols, steroid hormones, bile salts, and vitamin
D. B. Endogenous ligands for NR1H and NR1I receptors include: 5a-bile alcohols (planar
structure, ‘ancestral’ bile salts; FXRs, PXRs), 5B-bile acids (bent structure, evolutionarily
‘recent’ bile salts; FXRs, VDRs, PXRs), calcitriol (VDRs), 5B-pregnan-3,20-dione (PXRs),
5a-androstan-3a-ol (PXRs, CARs), farnesol (FXRs), and 3-aminoethylbenzoate (frog
PXRs). The bile alcohol shown is 5a-myxinol disulfate (38,7a,160,27-tetrahydroxy-5a-
cholestan-3,27-disulfate) from the hagfish. The bile acid shown is taurochenodeoxycholic
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acid, a common bile acid found in teleost fish, birds, and mammals. C. Synthetic ligands for
NR1H and NR1I receptors include: GW4064 (mammalian and zebrafish FXRs), fexaramine
(mammalian FXRs), T-0901317 (LXRs, FXRs, PXRs), GW3965 (LXRs), and TCPOBOP
(PXRs, CARs).
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Fig. 2.

Pharmacology of liver X and farnesoid X receptors across species. The tables list the
receptors found in the corresponding animal(s) organized according to the standard
phylogenetic tree on the left. One liver X receptor (LXR) gene has been detected in non-
mammalian species (including the invertebrate Ciona intestinalis) while two LXR genes
(termed LXRa and LXR}) are found in mammals. Most animals have a single farnesoid X
receptor (FXR) gene except for a few mammalian species that have an additional functional
FXRp gene. The agonists for LXRs from mammals, amphibians, and teleost fish are very
similar, including oxysterols and the synthetic agonists GW3965 and T-0901317. The LXR
from Ciona differs in pharmacology from vertebrate LXRs in not being activated by
GW3965 and T-0901317. The pharmacology of avian, reptile, and sea lamprey LXRs have
not been reported. Vertebrate FXRs studied so far share the common feature of being
activated by species-specific primary (1°) bile salts. Outside mammals, the synthetic
agonists fexaramine and GW4064 are generally inactive except for GW4064 as an agonist
for the zebrafish FXR. The Ciona FXR is activated by sulfated steroids (steroid SOg4) and
AM-580 but not by bile salts. The synthetic agonists marked by an asterisk (*) have
submicromolar potency at the receptor indicated.
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Fig. 3.

Pharmacology of vitamin D, pregnane X, and constitutive androstane receptors across
species. The tables list the receptors found in the corresponding animal(s) organized as in
Fig. 2. We follow the convention of referring to non-mammalian PXR/CAR-like receptors
as PXRs, although it is debatable whether PXR or CAR is the ancestral receptor. Vertebrate
vitamin D receptors (VDRs) are all activated by vitamin D derivatives. Mammalian VDRs
are also activated by secondary (2°) bile acids. The vertebrate PXRs studied so far, with the
exception of frog PXRs, are activated by bile salts, steroid hormones, and xenobiotics,
although with substantial cross-species differences in ligand specificity. The frog PXRs are
selectively activated by a class of benzoate ligands that may be unique to amphibians. Only
one putative ortholog to vertebrate NR1I receptors has been cloned and characterized from
the invertebrate Ciona intestinalis. This receptor has markedly different pharmacology from
vertebrate VDRs, PXRs, and CARs. There are several major evolutionary changes in NR1I
receptors indicated on the phylogeny: *, duplication of a single receptor gene to separate
VDR and PXR genes; **, divergence of function and ligand specificity for frog PXRs; and
*** duplication of single PXR/CAR gene to separate PXR and CAR genes. The “Ligand
affinity” columns classifies the ligands into whether they have ECsg values for activation of
the receptor of 10 uM or higher (low affinity), 1-10 uM (medium affinity), or less than 1
UM (high affinity). Xenobiotics at PXRs have a range of affinities, including a small number
such as hyperforin than have affinities in the nanomolar range.
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