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Abstract

Phenobarbital (PB) is a commonly prescribed anti-epileptic drug that can also benefit newborns
from hyperbilirubinemia. Being the first drug demonstrating hepatic induction of cytochrome
P450 (CYP), PB has since been broadly used as a model compound to study xenobiotic-
induced drug metabolism and clearance. Mechanistically, PB-mediated CYP induction is linked
to a number of nuclear receptors such as the constitutive androstane receptor (CAR), pregnane
X receptor (PXR), and estrogen receptor a, with CAR being the predominant regulator. Unlike
prototypical agonistic ligands, PB-mediated activation of CAR does not involve direct binding
with the receptor. Instead, dephosphorylation of threonine 38 in the DNA-binding domain of

CAR was delineated as a key signaling event underlying PB-mediated indirect activation of CAR.
Further studies revealed that such phosphorylation sites appear to be highly conserved among
most human nuclear receptors. Interestingly, while PB is a pan-CAR activator in both animals
and humans, PB activates human but not mouse PXR. The species-specific role of PB in gene
regulation is a key determinant of its implication in xenobiotic metabolism, drug-drug interactions,
energy homeostasis, and cell proliferation. In this review, we summarize the recent progress in
our understanding of PB-provoked transactivation of nuclear receptors with a focus on CAR and

PXR.

Significance statement

Extensive studies using PB as a research tool have significantly advanced our understanding of
the molecular basis underlying nuclear receptor-mediated drug metabolism, drug-drug
interactions, energy homeostasis, and cell proliferation. In particular, CAR has been established
as a cell signaling-regulated nuclear receptor in addition to ligand-dependent functionality. This

mini-review highlights the mechanisms by which PB transactivates CAR and PXR.
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Abbreviations:

CAR, constitutive androstane receptor; CCRP, cytoplasmic CAR retention protein; CITCO, 6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde 0-(3,4-dichlorobenzyl)oxime; CYP,
cytochrome P450; DBD, DNA-binding domain; ERa, estrogen receptor a; GABA, y-aminobutyric
acid; HNF4a, hepatocyte nuclear factor 4 alpha; LBD, ligand-binding domain; PB, phenobarbital;
PBREM, PB-responsive enhancer module; PBP, peroxisome proliferator-activated receptor
binding protein; PCN, pregnenolone-16a-carbonitrile; PKC, protein kinase C; PP2A, protein
phosphatase 2; PXR, pregnane X receptor; RACK1, receptor for activated C kinase 1; RORaq,
RAR-related orphan receptor alpha; RXR, retinoic x receptor; SLC13A5, solute carrier family 13
member 5; SRC-1, steroid receptor coactivator 1; TCPOBOP, 1,4-bis-[2-(3,5-

dichloropyridyloxy)] benzene
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1. Introduction

Phenobarbital (PB), known for its sedative and hypnotic properties, is one of the most widely
used anti-epileptic drugs (Brodie and Kwan, 2004). Pharmacological studies revealed that PB
facilitates y-aminobutyric acid (GABA)-mediated inhibition via allosteric interaction with the
neuronal postsynaptic GABA-A receptor in epilepsy treatment (MacDonald et al., 1989). Beyond
the central nervous system, PB is used for the treatment of neonatal jaundice mainly due to its
induction of the UDP-glucuronosyltransferase 1A1 (UGT1A1), which facilitates bilirubin
conjugation and clearance in the liver (Sugatani et al., 2001; Smith et al., 2005; Kaabneh et al.,
2015). In addition to these clinical implementations, accumulating evidence indicates that PB
can profoundly influence liver biology involving xenobiotic biotransformation, lipid/glucose
metabolism, and cell proliferation by modulating the activity of nuclear receptors including the
constitutive androstane receptor (CAR, NR113), pregnane X receptor (PXR, NR1I2), and
estrogen receptor a (ERa, NR3A1) (Fig. 1) as reviewed previously (Sueyoshi and Negishi,
2001; Wang and Negishi, 2003; Elcombe et al., 2014; Negishi et al., 2020; Yoshinari and Shizu,

2022).

PB-mediated induction of the cytochrome P450 (CYP) was first observed in liver of treated rats
in the early 1960s (Remmer and Merker, 1963; Kato, 1966). CYP2B genes, encoding the major
PB-inducible CYP enzymes, were isolated and characterized from rat and human livers
approximately twenty years later (Santisteban et al., 1988; Yamano et al., 1989).
Thenceforward, PB and the highly inducible CYP2B have been studied extensively as a pair of
research tools facilitating our understanding of the inductive expression of drug-metabolizing
enzymes (Desrochers et al., 1996; Czekaj, 2000). Significant progress in our understanding of
the mechanisms by which PB induces CYP2B expression was achieved when a 163-bp
fragment, termed PB-responsive element (PBRE) which confers PB responsiveness, was

identified upstream of rat CYP2B gene (Trottier et al., 1995). Further characterization narrowed
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the core sequence to a 51-bp PB-responsive enhancer module (PBREM) in the mouse
CYP2B10 promoter (Honkakoski et al., 1998a); and subsequent studies confirmed that the
PBREM is evolutionarily conserved across different species (Sueyoshi et al., 1999). The fact
that the PBREM contains two nuclear receptor DR4 (direct repeat spaced by 4 nucleotides)
binding motifs has triggered the search for nuclear receptors as potential mediators modulating

the PB-mediated induction.

In 1998, Negishi and colleagues made seminal findings that mechanistically linked CAR to PB-
mediated CYP2B induction (Honkakoski et al., 1998b). Cell-based luciferase reporter and DNA-
affinity chromatography experiments indicated that CAR stimulates CYP2B transcription by
binding and transactivating the PBREM (Honkakoski et al., 1998b). The definitive role of CAR in
PB-mediated induction of CYP2B was further confirmed in CAR knockout (-/-) mice whereby
disruption of CAR fully abolished PB-induced CYP2B10 expression (Wei et al., 2000). Over the
years, numerous chemicals have been identified as PB-like inducers that promote CYP2B
expression through the activation of CAR (Wang et al., 2012; Lynch et al., 2013; Mackowiak and
Wang, 2016; Honkakoski, 2022). Interestingly, while many compounds activate CAR through
direct ligand binding, PB and a class of PB-type compounds provoke CAR activation without
direct binding to the receptor (Kawamoto et al., 1999; Tzameli et al., 2000; Maglich et al., 2003).
The molecular basis underlying this indirect activation of CAR by PB has since been a
heightened research topic in the field of drug metabolism and disposition. Without ligand
binding, activation of CAR by PB predominantly involves promoting nuclear translocation of

CAR from the cytoplasm, with PB-mediated dephosphorylation of CAR as a key signaling event.

Besides CAR, Pregnane X receptor (PXR) is another nuclear receptor that is involved in the
regulation of PB-mediated induction of CYP genes. As the closest members in the nuclear
receptor superfamily tree, CAR and PXR share numerous common chemical activators as well

as co-regulated target genes (Xie et al., 2000; Wang and LeCluyse, 2003). Most recently, Bwayi
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et al. uncovered that CAR and PXR can mutually inhibit each other’s activity by forming a PXR-
CAR heterodimer, further expanding the crosstalk between these two receptors (Bwayi et al.,
2022). Interestingly, PB, a selective mouse CAR (mCAR) activator, is a dual activator of both
human CAR (hCAR) and hPXR. Additional studies found that PB-mediated dephosphorylation
of CAR can also affect CAR interaction with other nuclear receptors such as ERa, hepatocyte
nuclear factor 4a (HNF4a), RAR-related orphan receptor alpha (RORa) and alter their target
gene expression (Miao et al., 2006; Fashe et al., 2018; Yi et al., 2020). This review aims to
highlight the recent advances in our understanding of the molecular bases underlying PB-

mediated nuclear receptor activation, with the focus on cell signaling control of CAR and PXR.

2. PB-mediated activation of CAR

Originally named MB67, CAR is an orphan nuclear receptor cloned by screening a human liver
cDNA library (Baes et al., 1994). An initial study demonstrated that CAR forms a heterodimer
with the retinoid X receptor (RXR) that can bind to and spontaneously transactivate a DR5 type
retinoic acid response element (RARE) in the absence of retinoic acids or any exogenous ligand
(Choi et al., 1997). Due partly to the constitutive activation nature of CAR, the first class of
MCAR ligands identified were androstane metabolites, androstanol and androstenol, which
function as inverse agonists reversing CAR transactivation (Forman et al., 1998). While this
finding led to the name of CAR changing from “constitutive active receptor” to “constitutive
androstane receptor,” the concentrations required for the androstanes to antagonize CAR
activity significantly exceed their plasma levels, challenging their physiological relevance. The
feature of constitutive activation differentiates CAR from most ligand-dependent nuclear
hormone receptors, and accumulating evidence indicates that an endogenous ligand may not

be essential for the modulation of CAR-mediated gene transactivation.

2.1. Indirect activation of CAR
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Administration of PB in rodents is known to result in rapid liver enlargement, quantitative
increase of liver microsomes, and induction of drug-metabolizing enzymes with CYP2B as the
representative CYP isoform (Platt and Cockrill, 1967; Honkakoski et al., 1996; Watanabe et al.,
2000). Systematic analysis of the upstream regions of CYP2B genes led to the identification of
the evolutionarily conserved PBREM at approximately -2k bp upstream from the transcription
start site of mouse CYP2B10, rat CYP2B1/2, and human CYP2B6 genes, as well as a
xenobiotic-responsive enhancer module (XREM) located -8k bp in the CYP2B6 upstream region
(Trottier et al., 1995; Honkakoski et al., 1998a; Wang et al., 2003). Together, these response
elements coordinate the optimal induction of CYP2B genes by xenobiotic inducers including PB

through their interaction with nuclear receptors such as CAR.

Within the responsive enhancer modules, the DR4 motifs containing two AGGTCA like
hexamers exhibit the highest binding affinity to the CAR-RXR heterodimer (Honkakoski et al.,
1998b). In PB-treated mice, binding of the PBREM-DR4 probe with the hepatic nuclear extracts
containing CAR and RXR increased rapidly preceding the elevation of the CYP2B10 mRNA
level. Functionally, disruption of the DR4 motifs markedly decreased PB-triggered luciferase
reporter activity in transfected primary hepatocytes (Sueyoshi et al., 1999; Wang et al., 2003). In
HepG2 cells transfected with mCAR, PBREM-driven luciferase reporter was spontaneously
activated without PB treatment while the activation of mCAR was further boosted by the co-
transfected RXR, which is consistent with the constitutive nature of CAR activation and supports
the importance of RXR as a functional pattern of CAR (Honkakoski et al., 1998b). In a HepG2
cell line stably expressing mCAR (g2car-3), androstanol-repressed CYP2B6 expression was
efficiently restored by PB and 1,4-bis-[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP)
(Sueyoshi et al., 1999). Notably, unlike the observations in HepG2 cells, PB-mediated activation
of PBREM and induction of CYP2B in primary hepatocytes and mouse liver in vivo do not

require pre-suppression of CAR by specific inverse agonists. Western blotting and
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immunochemistry/fluorescence staining analyses revealed that without chemical stimulation
CAR is predominantly restricted in the cytoplasm of primary hepatocytes in vitro and mouse liver
in vivo maintaining a low-basal activity and is translocated into the nucleus upon exposure to PB
or other CAR activators (Zelko et al., 2001; Li et al., 2009). On the other hand, CAR is
constitutively expressed in the nucleus of HepG2 and other immortalized cell lines with inherent
high-basal activities (Baes et al., 1994; Chen et al., 2010). These findings have spawned
considerable interest in the identification of cellular factors that sequester CAR in the cytoplasm
of hepatocytes maintained under a physiologically relevant microenvironment. It is noteworthy
that although activation of CAR is a key mode of action for PB-mediated CYP2B induction, PB
had no effect on the steroid receptor coactivator 1 (SRC-1) interaction with mCAR or hCAR, did
not compete with [°H]clotrimazole for binding to hCAR even at a concentration (1 mM) that is
frequently used for CYP2B induction and CAR activation in primary hepatocytes, and failed to
directly bind to hCAR in a surface plasmon resonance binding experiment (Moore et al., 2000;
Tzameli et al., 2000; Li et al., 2019). These and other evidence clearly establish PB as a ligand-
independent (indirect) CAR activator that functions primarily by provoking its nuclear

translocation.

Nuclear translocation from the cytoplasm upon activation is a phenomenon shared by many
transcription factors such as the glucocorticoid receptor (GR) and aryl hydrocarbon receptor
(AhR) (Yang and DeFranco, 1996; Heid et al., 2000). Before activation, these receptors were
retained in the cytoplasm by forming protein complexes with common molecular chaperones
including heat shock protein 90 (Hsp90) and Hsp70, as well as specific co-chaperone partners
such as P23, and Ah receptor-associated protein (ARA9) (Carver et al., 1998; Wilson and
Bradfield, 2021; Noddings et al., 2022). In the case of CAR, studies initially showed that
cytoplasmic CAR interacts with Hsp90, cytoplasmic CAR retention protein (CCRP), and a

membrane-associated subunit of protein phosphatase 18 (PPP1R16A) (Kobayashi et al., 2003;
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Sueyoshi et al., 2008). Overexpression of CCRP in HepG2 cells retains CAR in the cytoplasm
by forming the CAR-CCRP-Hsp90 complex (Timsit and Negishi, 2014). Knockout CCRP in
mice, however, only moderately affected the intrinsic mCAR localization, while subsequent PB
treatment markedly accumulated CAR in the nucleus (Ohno et al., 2014). Utilizing a liver
specific knockout mouse model, Guo et al. found that loss of the peroxisome proliferator-
activated receptor binding protein (PBP) abrogates PB-induced CAR nuclear translocation,
while adenoviral expression of PBP and EGFP-CAR restored the PB response in PBP™*™ mice
(Guo et al., 2006). GST-pull down experiments further demonstrated that PBP binds to CAR
through interaction with the C-terminal AF-2 domain. This finding however appears to be
contradictory to Zelko’s findings where deleting the AF-2 domain of hCAR didn’t affect PB-
induced nuclear translocation (Zelko et al., 2001). Thus, the role of the AF-2 domain in PBP-

mediated nuclear import of CAR in a physiologically relevant system remains unclear.

The membrane subunit of protein phosphatase 1B, PPP1R16A, was another protein identified
as a CAR-binding partner that entails CAR nuclear translocation and activation (Sueyoshi et al.,
2008). Co-expression of PPP1R16A enhanced CAR nuclear accumulation in mouse liver. PB
treatment facilitates PPP1R16A intermolecular interaction and homodimer formation which is
correlated with increased CAR nuclear localization. Of note, while colocalization of CAR and
PPP1R16A on the hepatocyte membrane was visualized, whether this membrane-associated
subunit of protein phosphatase 1 (PP1) also contributes to the noncanonical signaling of CAR is
yet to be elucidated. Collectively, while these co-chaperone partners such as CCRP, PBP, and
PPP1R16A are functionally associated with PB-mediated translocation of CAR, each of these
individual proteins is not indispensable. To this end, the cytoplasmic protein complex of CAR is
incomplete. Moreover, signaling molecules such as GRIP-1, PP13, PKA, PP2A, and ERK1/2
were also reported to be associated with PB-induced CAR translocation, further exemplifying

the complexity of this process (Miao et al., 2006; Osabe and Negishi, 2011; Shizu et al., 2017).

10

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on November 9, 2022 as DOI: 10.1124/dmd.122.000859
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-MR-2022-000859-R1

2.2. Phosphorylation of CAR

The fact that okadaic acid blocks PB-mediated nuclear translocation of CAR in hepatocytes
suggests the potential involvement of PP2A and phosphorylation/dephosphorylation of CAR as
a key signaling pathway governing cellular localization of CAR (Kawamoto et al., 1999). It has
also triggered a systematic search and characterization of various serine (Ser) and threonine
(Thr) residues of CAR as phosphorylation sites potentially responsible for CAR translocation.
Yoshinari et al. showed that in response to PB treatment CAR forms a complex with Hsp90 in
the cytoplasm to recruit PP2A (Yoshinari et al., 2003). Given that a LXXLXXL motif near the C-
terminus of CAR is associated with PB-inducible translocation (Zelko et al., 2001), these
findings led to the initial speculation that PB may dephosphorylate amino acids in the ligand-
binding domain (LBD) for CAR translocation. Sequence alignment analysis revealed four Ser
and three Thr residues conserved in the LBD of mCAR, hCAR, and mPXR. Mutation of these
residues to aspartic acid (D) as phosphomimetics indicated that only the S202D mutant lost PB-
triggered nuclear translocation of CAR in mouse liver (Hosseinpour et al., 2006). Western
blotting analysis using an antibody specific to a peptide containing phospho-Ser-202 detected a
high molecular weight phosphorylated form of CAR in the wild-type (WT) mCAR transfected
HepG2 cells. Notably, the S202A mutant, a dephosphorylated mimic, remains in the cytoplasm
of unchallenged hepatocytes in mouse liver and is accumulated in the nucleus after PB
treatment, suggesting dephosphorylation of Ser-202 alone is not sufficient to confer nuclear

translocation of CAR.

In searching for additional phosphorylation sites of CAR, Mutoh et al. identified Thr-38, a protein
kinase C (PKC) site of hCAR, as the primary residue responsible for PB-induced nuclear
translocation and activation of CAR (Mutoh et al., 2009). Positioned in the DNA-binding domain
(DBD) between two zinc finger motifs, the Thr-38 like PKC site is conserved among hCAR,

MCAR, hVDR, hTRB, hPPARa, and hHNF4a. Phosphomimetic mutant T38D not only disrupts
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PB-induced CAR translocation but also prevents its interaction with the PBREM of CYP2B.
Importantly, PB dephosphorylates Thr-38 of endogenous CAR in both mouse and human
primary hepatocytes (Mutoh et al., 2009; Yang et al., 2014). Nuclear translocation of CAR is
known to be a process modulated by multiple cellular factors. While there might be residues yet
to be identified as phosphorylation sites of CAR promoting its cellular localization/translocation,
evidence thus far supports the notion that Thr-38 is the primary determinant controlling CAR
localization in comparison to other reported residues such as Ser-202. Thereby, 1) unlike
S202A, the non-phospho-T38A is spontaneously accumulated in the nucleus of mouse
hepatocytes; 2) PB-induced dephosphorylation of Thr-38 but not Ser-202 of endogenous CAR
has been observed in mouse liver and primary hepatocytes; and 3) phosphorylation of Thr-38
caused a conformation change that impairs CAR-PBREM interaction while the phosphorylation
status of Ser-202 has no effect on CAR-DNA binding. Moreover, Thr-38 like phosphorylation
sites located within the PKC motif in the DBD have been identified in 41 out of the 48 human
nuclear receptors (Negishi et al., 2020), suggesting this residue may have evolutionarily

preserved functions in nuclear receptor cellular localization, degradation, and transactivation.

2.3. EGFR as direct target of PB

It is now evident that PB can elicit CAR activation by manipulating a series of signaling
pathways, leading to dephosphorylation and nuclear translocation of CAR without direct ligand
binding. A long-lasting question however remains: what is the exact molecular target of PB
initiating the cascade resulting in CAR activation? Previous studies showed that transforming
growth factor alpha (TGF-a) and epidermal growth factor (EGF) are capable of suppressing
hepatic expression of CYP enzymes such as rat CYP2C11, mouse CYP1A1 and CYP2B10 in
cultured hepatocytes (Aubrecht et al., 1995; Ching et al., 1996). More specifically, exposure of
EGF in mouse and rat primary hepatocytes suppressed PB-induced CYP2B expression and

abolished PB-stimulated PBREM-luciferase activity (Aubrecht et al., 1995; Kietzmann et al.,
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1999; Bauer et al., 2004). Subsequent studies uncovered that activation of the MEK/ERK1/2
signaling pathway represses nuclear translocation of CAR in mouse hepatocytes which could be
reversed by U0126, a MEK inhibitor that can augment CYP2B induction (Joannard et al., 2006;
Koike et al., 2007). Mechanistically, phosphorylated ERK1/2 directly binds to and sequesters
phosphorylated CAR in the cytoplasm and the phosphorylation level of Thr-38 was increased by

EGF while decreased by U0126 (Osabe and Negishi, 2011).

Given the contrasting effects of PB and EGF on phosphorylation and activation of CAR, the
epidermal growth factor receptor (EGFR) has become an investigation target elucidating
mechanisms underlying PB-mediated CAR activation. In 2013, Mutoh et al. demonstrated that
through direct binding competition, PB antagonizes EGF-induced activation (phosphorylation) of
EGFR, which in turn dephosphorylates the Tyr-52 residue of the receptor for activated C kinase
1 (RACK1) facilitating PP2A dephosphorylation of CAR (Mutoh et al., 2013). Using isothermal
titration calorimetry and competitive binding assays, an EDs value of PB repressing EGF
binding to EGFR was estimated at approximately 12 yM. Dynamic computer simulation pointed
out that PB can bind to EGFR at multiple sites within or near the EGF binding territory leading to
direct competition between EGF and PB. Yeast two-hybrid and coimmunoprecipitation assays
showed that dephosphorylated RACK1 preferentially binds to the LBD of phosphomimetic T38D
mutant and recruits PP2A to form a CAR-RACK1-PP2A complex for CAR dephosphorylation
(Fig. 2). The importance of RACK1 as a key mediator bridging EGFR, PP2A, and CAR, was
further confirmed by in vitro dephosphorylation assays demonstrating PP2A dephosphorylates
Thr-38 of CAR only in the presence of RACK1; knockdown of RACK1 in mouse primary
hepatocytes markedly attenuated PB-induced Thr-38 dephosphorylation and CYP2B10
expression. Moreover, other cell signaling molecules such as insulin-like growth factor (IGF) can
also stimulate RACK1 phosphorylation and repress PB-mediated CYP induction (Yasujima et

al., 2016).

13
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In addition to forming a protein complex with co-chaperones in the cytoplasm, crystal structure
analysis suggested CAR could exist as a homodimer through its own helices’ interactions (Shan
et al., 2004; Xu et al., 2004). Shizu et al. experimentally demonstrated that CAR constructs a
cytoplasmic homodimer in a configuration that seals the RACK1/PP2A binding site within its
dimer interface, preventing CAR from dephosphorylation (Shizu et al., 2017). This
homodimerization was further strengthened by EGF, while reversed by PB via antagonizing the
EGFR signaling, leading to monomerization of CAR and exposure of the RACK1/PP2A binding
site for Thr-38 dephosphorylation. Interestingly, both 6-(4-chlorophenyl)imidazo[2,1-
b][1,3]thiazole-5-carbaldehyde 0-(3,4-dichlorobenzyl)oxime (CITCO, a hCAR agonist) and
TCPOBOP (a mCAR agonist) can disrupt the CAR homodimer by directly binding to the LBD to
generate CAR monomers, suggesting conversion of the CAR homodimer to a monomer is a key
step in CAR activation shared by both direct and indirect activators. More recently, Shizu et al.
uncovered that the phosphorylation status of CAR also controls its intramolecular interaction
between the DBD and LBD, where Thr-38 phosphorylated DBD interacts with the LBD as an
inactive monomer with the homodimer interface masked (Shizu et al., 2018). EGF diminished
this internal DBD-LBD interaction favoring the formation of a homodimer. Thus, phosphorylated
CAR undergoes homodimer-monomer transition in the cytoplasm and PB treatment recruits
RACK1/PP2A to the transiently inactive monomer for subsequent Thr-38 dephosphorylation and

CAR activation (Fig. 2).

Collectively, these findings elegantly illustrated the molecular basis of CAR trafficking between
the cytoplasm and nucleus upon chemical stimulation. EGFR has been defined as the initial PB
binding partner mediating its dephosphorylation and activation of CAR in the liver. This is the
first to identify a “phenobarbital-responsive receptor” with direct PB binding after a decades-long
quest. It is worth mentioning, however, that although PB binds to EGFR with a K4 value around

12 uM and PB at 10 uM can inhibit EGF-mediated activation of EGFR in mouse primary
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hepatocytes, maximal induction of CYP2B genes and activation of CAR by PB are often
achieved at millimolar concentrations, suggesting the potential involvement of additional

mechanisms.

2.4 PB-mediated CAR-independent gene expression

PB is known to exhibit pleiotropic biological effects involving xenobiotic metabolism, energy
homeostasis, cell proliferation, and allosteric modulation via the regulation of numerous genes
in tissue- and species-specific manners. While CAR has been established as a key nuclear
receptor regulating PB-mediated gene expression, explicitly profiling CAR-independent gene
transcription became possible when CAR-/- mice were generated. Using a cDNA microarray
containing 8736 mouse genes/ESTs, Ueda et al. compared hepatic gene expression profiles
between WT and CAR-/- mice treated with vehicle control or PB (Ueda et al., 2002).
Interestingly, out of a total of 138 genes altered by PB treatment, 37 genes were induced 23
genes repressed, in a CAR-independent manner. Among others, an important enzyme in heme
biosynthesis (aminolevulinate synthase 1) and two cholesterol biosynthesis enzymes (squalene
epoxidase and 7-dehydroxycholesterol) were induced by PB in both WT and CAR-/- mice,
suggesting the known effects of PB on supplying heme for CYP production and elevating

plasma level of cholesterol are independent of CAR.

Considering the difference of CAR biology and PB response between species, Li et al. carried
out an RNA-seq analysis of the global transcriptomes in PB and CITCO treated WT and hCAR-
/- HepaRG cells (Li et al., 2015a), a functional surrogate of human primary hepatocytes
(Jackson et al., 2016). Besides CAR-dependent gene manipulation, PB upregulated the
expression of 72 genes while down regulated 22 genes in both WT and hCAR-/- HepaRG cell
lines, which include many genes encoding CYP enzymes (i.e., CYP1A1, CYP2C9, CYP2B6,
CYP3A4), transport proteins (ABCB1, ABCC2, SLC5A12), and genes associated with skeletal
system development and cell growth. Notably, unlike that of CITCO, a selective hCAR agonist,
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PB robustly induced the expression of CYP2B6 in hCAR-/- HepaRG cells; this also differs from
the lack of Cyp2b10 induction by PB in mCAR-/- mice. Further analyses of the differential
expression profiles revealed that among a total of 118 genes induced by CITCO only 13 (10%)
genes were upregulated in both WT and hCAR-/- HepaRG cells independent of CAR, while 72
(40%) out of 190 genes induced by PB fell into this category. These results are consistent with
the promiscuous role of PB in gene regulation which involves other transcription factors beyond

CAR.

3. PB-mediated activation of PXR

Highly expressed in the liver and small intestines containing a bulky LBD, PXR was initially
defined as a promiscuous xenobiotic sensor that can be activated by numerous clinical drugs,
environmental chemicals, and steroid metabolites (Jones et al., 2000; Watkins et al., 2001;
Noble et al., 2006). The PXR-RXR heterodimer can recognize and bind to the relatively flexible
PXR-DNA response elements (PXREs) containing DR3, DR4, DR5, ER6 (everted repeat
spaced by 6 nucleotides), ER8, or IR0 (inverted repeat spaced by 0 nucleotides) in the non-
coding regions of its target genes. Thus, activation of PXR is known to alter the transcription of
a significant number of genes encoding phase | (e.g. CYP3A4, CYP2B6, and CYP2Cs), phase Il
drug-metabolizing enzymes (e.g. UGT1A1, SULT2A1, and GSTA2), and uptake and efflux
transporters (e.g. OATPs, MRPs, and SLC13A5) with CYP3A as its signature target genes
(Lehmann et al., 1998; Xie et al., 2000; Goodwin et al., 2001; Duanmu et al., 2002; Li et al.,
2015b). Mounting evidence also pointed out an endobiotic function of PXR impacting lipid and
glucose homeostasis, cell proliferation, and immune response (Mackowiak et al., 2018; Cai et
al., 2021; Bautista-Olivier and Elizondo, 2022). Of note, many of these target genes of PXR
overlap with that of CAR, suggesting that together, CAR and PXR coordinate a liver centered

gene network with potential pharmacological and clinical impact.
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While the large and flexible ligand-binding cavity of PXR can accommodate a large number of
structurally diverse ligands, the less conserved LBD sequences between rodents and humans
also dictate species-dependent ligand specificity of PXR (LeCluyse, 2001; Zhou et al., 2009).
For instance, the antibiotic rifampicin (RIF) is a specific activator of human and rabbit PXRs
without activating mouse and rat PXRs; pregnenolone-16a-carbonitrile (PCN), on the other
hand, activates mouse and rat but not human and rabbit PXRs (Jones et al., 2000; Ostberg et
al., 2002). Interestingly, accumulating evidence reveals that PB selectively activates mCAR but
not MPXR, while it activates both their human counterparts, which may contribute to the

observed differential biological functions of PB in rodents and humans.

3.1. PB activates hPXR but not mPXR

Both CAR-RXR and PXR-RXR heterodimers can bind to and transactivate xenobiotic response
elements containing DR3, DR4, DR5, or ER8 motifs with varying affinity and efficacy. Through
functional crosstalk, CAR and PXR modulate the expression of a spectrum of distinct and
overlapping target genes, whereby activation of one of the two receptors is often sufficient to
induce both CYP2B and CYP3A genes (Xie et al., 2000; Faucette et al., 2006; Faucette et al.,
2007). Notably, PB-mediated induction of CYP2B10 and CYP3A11 genes in WT mice was
completely eliminated in the CAR-/- mice, while the response to dexamethasone, a mPXR
activator, was retained, indicating that PB activates mCAR but not mPXR (Wei et al., 2002).

This conclusion, however, is rather controversial with regards to activation of hCAR and hPXR.

In human primary hepatocytes, CITCO, a selective hCAR agonist, preferentially induces the
expression of CYP2B6 over CYP3A4, while RIF, a known hPXR activator, exhibits selectivity for
CYP3A4 over CYP2B6, reflecting the asymmetrical crosstalk between hCAR and hPXR
(Faucette et al., 2007). In contrast, PB robustly induces both CYP2B6 and CYP3A4 in human
primary hepatocytes with less discernible differences, a pattern that not only differs from that of
CITCO and RIF, but also varies from that in rats and mice where PB treatment favors the
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induction of CYP2B over CYP3A (Jones et al., 1992; Ariyoshi et al., 2001). Specifically,
lentivirus shRNA knockdown and pharmacological inhibition (SPA70, a selective hPXR
deactivator) of hPXR in human primary hepatocytes significantly suppressed PB-mediated
induction of CYP3A4 (Lin et al., 2017). Moreover, in hCAR-/- HepaRG cells, PB markedly
induced the expression of CYP2B6 and CYP3A4, while CITCO induction of CYP2B6 was

significantly attenuated at both mRNA and protein levels (Li et al., 2019).

Further inhibition of hPXR by SPA70 in hCAR-/- HepaRG cells fully eliminated PB-mediated
CYP2B6/CYP3A4 induction. Recently, Li et al. showed that PB markedly elevates the
expression of solute carrier family 13 number 5 (SLC13A5), a citrate uptake transporter, through
activation of PXR but not CAR (Li et al., 2021). Pharmacological inhibition and genetic
modification of hCAR and hPXR revealed that disruption of hPXR but not hCAR signaling
dramatically repressed PB-mediated induction of SLC13A5. Notably, disruption of hCAR
(hCAR-/-) further enhanced PB-mediated induction of SLC13A5 in comparison to that in WT
HepaRG cells, an observation that could be associated with the removal of CAR from
competing with PXR in DNA binding and gene transactivation. Most recently, Bwayi et al.
revealed a molecular basis of the inhibitory crosstalk between hPXR and hCAR, where they
form a novel PXR-CAR heterodimer preventing each other’s functional interaction with RXR
(Bwayi et al., 2022). Together, these findings suggest that hPXR plays a pivotal role governing

PB-mediated induction.

3.2. Mechanisms of PB activation of hPXR

Unlike CAR, PXR was generally considered a ligand-activated transcription factor requiring
direct ligand binding and coactivator recruitment to stimulate gene expression. Indeed, the
majority of currently known PXR activators are agonistic ligands. This perception, however, was
challenged when multiple putative phosphorylation sites in PXR were shown to influence its
transcriptional activity without direct ligand binding (Negishi et al., 2020). Notably, while hPXR is
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one of only 5 human nuclear receptors (out of a total of 48) that does not preserve a Thr-38 like
phosphorylation motif in the DBD, several phosphorylation residues including Ser-8, Thr-57,
Ser-114, Ser-208, Ser-350, Thr-408, and Thr-422 have been identified with many of them
located within the LBD (Lin et al., 2008; Pondugula et al., 2009; Elias et al., 2014; Hu et al.,
2020). Studies have shown that these residues could be phosphorylated by kinases such as
cyclin-dependent kinase 2 (CDK2), PKA, PKC, and vaccinia related kinase 1 (VRK1); and
phosphomimetic mutation of T57D and S350D markedly impaired hPXR-mediated CYP3A4
transactivation (Lin et al., 2008; Gotoh et al., 2017; Bulutoglu et al., 2019). Together, these
results characterize PXR as another nuclear receptor that is regulated through both

phosphorylation signaling and traditional ligand binding.

In the case of PB, luciferase reporter assays showed that PB selectively activates hPXR but not
mouse and rat PXRs in transfected HepG2 and CV-1 cells (Jones et al., 2000; Li et al., 2019).
Mammalian two-hybrid assays demonstrated that PB significantly enhances the recruitment of
SRC-1 to the DNA-protein complex of hPXR while not to mPXR, suggesting PB may function as
an agonist of hPXR. This conception was further confirmed by a surface plasmon resonance
binding assay where PB exhibits efficient binding to hPXR with a Kp value of 1.42 x 10®° while a
lack of hCAR binding is as expected (Li et al., 2019). Subsequently, computational modeling
was used to gain insights into the structural basis of PB interaction with hPXR. Docking of PB
into the LBD of hPXR revealed that PB is strongly linked with W299, a key amino acid that
involves hydrophobic interaction with various ligands and hPXR transactivation (Li et al., 2019).
Notably, mutation of W299 to a negatively charged aspartic acid or a neutral residue alanine,

completely abolished PB-mediated activation of hPXR.

Collectively, these findings provide convincing evidence demonstrating that PB, an indirect
activator of CAR, stimulates the activation of hPXR but not mPXR through direct ligand binding

(Fig. 3). Given that CAR and PXR can exhibit different even opposite biological functions
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impacting lipogenesis, gluconeogenesis, and cell proliferation, dual activation of hCAR and
hPXR by PB may contribute to its pharmacological discrepancy observed between rodents and

humans.

4. Conclusion

Over the past 25 years, remarkable advances have been achieved in our understanding of the
molecular basis by which PB modulates drug metabolism, drug-drug interactions, energy
homeostasis, and cell proliferation in the liver. It is now evident that CAR and PXR are two key
xenobiotic sensors that confer PB-mediated gene transcription. As a “universal” CAR activator,
PB transactivates CAR signaling across different species through a ligand-independent
mechanism triggering a cascade of cell signaling molecules resulting in CAR dephosphorylation,
nuclear translocation, and subsequent activation. On the other hand, PB activation of PXR
exhibits clear species specificity where PB directly binds to the LBD of PXR and recruits
transcriptional coactivators such as SRC-1 for target gene transcription in humans but not in
mice. The interspecies difference in CAR and PXR regulation by PB would be beneficial in
explaining varying pharmacological effects of PB among humans and rodents and calls for
further studies using human-relevant models. The mechanistic studies of PB-mediated indirect
activation of CAR led to the realization of the highly conserved Thr-38 like phosphorylation sites
existing in the majority of human nuclear receptors. Functional analysis reveals that altering
phosphorylation status of PXR (Thr-57, Ser-350), ERa (Ser-216, Ser-236), FXR (Ser-154), RXR
(Thr-167), and RORa (Ser-100) can also affect transactivation of these receptors, suggesting
phosphorylation/dephosphorylation signaling might be a fundamental function essential for the
nuclear receptor superfamily (Pondugula et al., 2009; Hashiguchi et al., 2016; Fashe et al.,
2020; Hu et al., 2020; Yi et al., 2022). Thus, in addition to the canonical ligand-based activation,

future investigation on the phosphorylation related “indirect activation” for a broad spectrum of
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nuclear receptors is warranted.

In addition to CAR and PXR, PB can influence the activity of several other nuclear receptors
affecting homeostasis of estrogen and bile acids. Investigation of the mechanisms underlying
PB-mediated induction of SULT1E1, an estrogen sulfotransferase, revealed that PB-activated
CAR recruits ERa onto the SULT1E1 promoter as an ERa-ERa-CAR-RXR tetramer promoting
transcription (Yi et al., 2020). This induction by PB was markedly suppressed in the liver of ERa
non-phosphoryl S216A knock-in mice. Of note, PB-mediated ERa phosphorylation and
SULT1E1 induction were lost in CAR-/- mice (Fashe et al., 2020). Likewise, Fashe et al. showed
that PB can also cause the phosphorylation RORa via the activated CAR and constructs a
RORa-CAR-RXR complex to induce SULT1E1 expression (Fashe et al., 2018). These findings
imply that PB can alter the activity of other receptors indirectly through CAR-mediated protein-
protein and protein-DNA interactions. It should be noted that PB is slowly converted to 5-p-
hydroxyphenly-5-ethyl-barbituric acid in the liver, with an elimination half-life around 90 hours
(Viswanathan et al., 1978). In comparison to PB, administration of barbituric acid only
moderately increased CYP expression in rat liver (Lake et al., 1998). Thus, we speculate that
PB-mediated nuclear receptor activation and enzyme CYP induction relies predominantly on the

parent drug rather than its metabolites.

Collectively, using PB as a research tool, the mechanism of indirect CAR activation is well-
appreciated now, which further establishes CAR as a cell signaling-governed nuclear receptor in
addition to its ligand-dependent functionality. The highly conserved multiple phosphorylation
motifs in most human nuclear receptors suggest that cell signaling-mediated regulation may
represent a broadly adopted yet understudied mechanism for nuclear receptor activation.
Undoubtedly, further insights into the nuclear receptor biology elicited by PB will eventually
improve our understanding of its pleotropic effects on drug disposition, energy homeostasis, and

cell proliferation.
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Figure Legends:

Fig. 1. Effects of PB on the brain and liver. In the brain, PB enhances y-aminobutyric acid
(GABA) responses in the neurons by binding to the GABAA-receptor in the postsynaptic
membrane, which increases synaptic inhibition and elevates seizure threshold. In the liver, PB
transactivates a number of nuclear receptors through both direct and indirect mechanisms to
alter the expression of genes associated with drug metabolism and disposition, lipid and

glucose metabolism, and cell proliferation.

Fig. 2. Mechanism of PB activation of CAR. PB antagonizes EGFR activity by directly binding to
the receptor and competing with EGF, leading to decreased activity of the Scr kinase 1 (Scr1)
which in turn reduces the phosphorylation of ERK1/2 and RACK1. This signaling alteration
results in dissociation of the nonactive CAR homodimer and release of ERK1/2. The
dephosphorylated RACK1 recruits PP2A to the CAR monomer to remove phosphor from Thr-
38. Subsequently, the dephosphorylated CAR translocates into the nucleus, forms a
heterodimer with RXR, binds to response elements containing DR4, DR5, or ER6, and triggers

the expression of target genes such as CYP2B6 and CYP3A4.

Fig. 3. Mechanism of PB activation of PXR. PB can directly bind to hPXR through close
interaction with the W299 residue within the ligand-binding pocket of hPXR. This interaction
facilitates the recruitment of SRC-1 to the hPXR-RXR heterodimer and induces target gene
expression (This figure was adopted with minor modification from Li et al., 2019, Mol.

Pharmocol).
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