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Abstract

Background—The expression of drug-metabolizing enzymes cytochrome P450 (CYPs) is
controlled by pregnane X receptor (PXR), and therefore understanding how PXR modulates CYP
expression is important to minimize adverse drug interactions, one type of preventable adverse drug
reaction.

Objective—We review the mechanisms of PXR-mediated repression of CYP expression

Methods—We discuss the clinical implications of CYP repression and the role of signal cross-talks,
including protein-protein interactions and phosphorylation of PXR and coregulators, in inhibiting
PXR and repressing CYP expression

Results/conclusion—Kinases such as cyclin-dependent kinase 2 (Cdk2), protein kinase A (PKA),
protein kinase C (PKC), and 70kDa form of ribosomal protein S6 kinase (p70 S6K) repress CYP
expression by phosphorylating and inhibiting PXR. Growth factor signaling represses CYP
expression by phosphorylating and inhibiting forkhead in rhabdomyosarcoma (FKHR), a coactivator
of PXR. During inflammation, nuclear factor kB (NF-xB) represses both PXR and CYP expression
via protein-protein interactions with the PXR pathway.
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1. Introduction

1.1. Repression of cytochrome P450 (CYP) expression and adverse drug reactions (ADRS)

Adverse drug reactions (ADRs) are defined as the undesired side effects, including catastrophic
outcomes, following administration of a certain medical substance with a desired therapeutic
effect (1;2). Serious ADRs are a major health concern for hospitalized patients worldwide. In
the US, more than 2 million ADRs are documented annually and are responsible for nearly
20% (approximately 100,000) of deaths that occur in hospitals (3). Deaths caused by ADRs
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have outnumbered those by other causes such as pulmonary diseases, diabetes, AIDS, and
accidents (including automobile-related). ADRs are currently the fourth leading cause of deaths
in hospitalized patients (4). The costs associated with managing ADRs have exceeded the
combined expenses of treating cardiovascular diseases and diabetes, and currently exceed a
staggering $100 billion annually in the US (5).

Adverse drug interactions mediated by the cytochrome P450 (CYP) pathway of drug
metabolism are one type of preventable ADR. Drug metabolism is a major mechanism by
which xenobiotics, including clinically used drugs, are cleared from the body. Drug-
metabolizing enzymes play crucial roles in the highly regulated drug metabolism pathway.
Variations in the expression levels of CYPs in the liver and other vital organs - caused by
genetic, physiologic, pathologic, and environmental factors - can alter the therapeutic response
and contribute significantly to adverse drug interactions. The pregnane X receptor (PXR) is
critical in regulating the expression of genes of the CYP superfamily, thereby modulating the
metabolism of xenobiotics and the occurrence of ADRSs.

This review summarizes the mechanisms responsible for the repression of PXR-mediated CYP
expression and subsequently of CYP-mediated drug metabolism primarily in the liver under
different physiologic and pathologic conditions.

1.2. PXR and CYP expression

PXR plays a central role in activating the expression of CYPs such as CYP2B6, CYP2CS8,
CYP2C9, CYP2C19, CYP3A4, and CYP3ADS in the human liver and other organs (6).
CYP3A4, one of the most important human CYPs, catalyzes the metabolism of more than 50%
of clinically used drugs. PXR is the master receptor that controls CYP3A4 gene expression
(Cyp3all and Cyp3ALl are the corresponding human CYP3A4 orthologs in mouse and rat,
respectively; CYP3A is used when all 3 species are referred to) (6-8).

PXR is a member of the nuclear receptor (NR) superfamily of ligand-activated DNA-binding
transcription factors that regulate the expression of their target genes, such as CYP3A4, by
binding to the gene's promoter (Fig 1B). PXR is activated by binding to various chemically
and structurally distinct endobiotics and xenobiotics, including clinically used drugs (6;9;10).
As seen in steroid receptors and other DNA-binding NRs, the N-terminal part of the PXR
protein contains a highly conserved DNA-binding domain (DBD) (Fig 1A) and the C-terminal
part contains a ligand-binding domain (LBD) with an additional ligand-inducible
transactivation function 2 (AF-2). The DBD and LBD are separated by a hinge region (Fig
1A). In contrast to most NRs, PXR does not have a ligand-independent activation function 1
(AF-1) (Fig 1A), which is the most variable region in NRs in terms of length and sequence
similarities and is believed to be regulated by growth factor signaling.

In the absence of an agonist, PXR is associated with transcriptional corepressors such as nuclear
receptor corepressor 1 (NCoR1) and NCoR2 (also known as the silencing mediator of retinoid
and thyroid hormone receptor [SMRT]) (Table 1) (Fig 1B) (10-13). NCoR1 and SMRT mediate
repression of PXR basal transcription activity through the recruitment of histone deacetylases
(HDACS) (13). SMRT exists in two major splicing isoforms, a and t, with the a isoform
containing an extra 46-amino acid sequence inserted immediately downstream to the distal or
second corepressor motif (14). SMRTa interacts more strongly with PXR than SMRT<t does.
In addition, the PXR-SMRTa interaction is resistant to PXR ligand-induced dissociation,
where as PXR- SMRTr interaction is sensitive to the PXR ligand-induced dissociation.
Therefore, even though SMRTo and SMRT<t possess similar intrinsic repression activity and
association with HDACs, SMRTa exerts a greater inhibition on PXR activity than SMRTt
does. Agonists such as rifampicin and pregnenolone 16a carbonitrile (PCN) bind to PXR and
induce conformational changes that lead to dissociation of corepressors and recruitment of
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coactivators such as steroid receptor coactivator 1 (SRC-1) and SRC-3 (Table 1) (Fig 1B)
(10-13), contributing to chromatin remodeling and subsequent transcriptional activation (10).
Ligand-bound PXR binds to the promoter of its target gene as a heterodimer with the retinoid
X receptor a (RXRa), and the heterodimer can form in the absence of the promoter (Table 1)
(Fig 1B) (15).

It is generally thought that in the absence of ligand, the subcellular localization of PXR is
affected by the cellular context. When ectopically expressed in cultured cells such as HepG2,
COS-1, COS-7 and HelLa, ligand-independent nuclear localization was observed for PXR
(13;14;16-19). However, endogenous PXR in human PC-3 prostate cancer cells resides
exclusively in the cytoplasm and treatment with PXR agonist SR12813 leads to the nuclear
translocation (20). PXR has been shown to reside in the nuclei of some human endometrial
and prostate cancer tissues (20;21). Similarly, PXR was reported to be localized in the nuclei
of mouse liver cells irrespective of a ligand treatment (18). Conversely, Kawana et al. has
shown that PXR was retained in the cytoplasm of hepatic cells of untreated mouse and was
translocated to the nucleus after administration of a ligand (17). Along the same lines, mouse
PXR expressed as yellow fluorescent protein (YFP) fusion was reported to be localized in the
cytoplasm of mouse livers and ligand treatment translocated PXR into the nucleus (22).
Because of the various observations of the subcellular localization of PXR, it is important that
future studies are directed to determine the molecular mechanisms responsible for PXR
localization in both physiological and pathological conditions.

Importantly, the activity of PXR can be modulated not only by ligand binding but also by
signaling pathways (i.e., by signal cross-talking) (Fig 1B). Moreover, PXR activation is species
specific interms of ligand binding and signal cross-talking (23-25). Specific amino acids within
the PXR sequence are responsible for species-specific ligand binding. For instance, rifampicin
is an agonist of human PXR (hPXR) and induces CYP3A4 expression in humans but not in
rodents, whereas PCN is a rodent-specific PXR agonist and induces the expression of Cyp3all
(mouse) and Cyp3ALl (rat) but not CYP3A4 (human) (24;25). Because of this species
specificity in terms of ligands, PXR “humanized” animal models have been developed to
evaluate the enzyme induction, metabolism, and toxicity of drugs (26;27). In PXR humanized
mice, mouse Cyp3all is no longer induced by PCN but is efficiently induced by the human-
specific hPXR agonist rifampicin. For signal cross-talking, the signaling cascade itself, within
a specific tissue/cellular context, is responsible for species specificity. Recently, Lichti-Kaiser
et al. have found that activation of protein kinase A (PKA) signaling in human hepatocytes
represses hPXR or mouse PXR (mPXR) activity and consequently represses corresponding
CYP gene expression (23). Conversely, activation of PKA signaling in mouse hepatocytes
enhances hPXR or mPXR activity and subsequently enhances corresponding CYP gene
induction (23). Currently, no animal model exists that addresses the signaling-dependent
species specificity for PXR-mediated CYP expression.

1.3. Physiologic and pathologic conditions that cause repression of CYP expression

Significant reductions in drug-metabolizing capacity caused by repression of CYP expression
have been observed in numerous clinical settings, most notably under conditions that induce
hepatocytes to proliferate or in hepatic or extra-hepatic pathologic states such as inflammation,
infection, and cancer (28-37;37-45;45-49).

CYP expression has been seen to be significantly repressed in proliferating liver cells. These
observations were made under nonphysiologic proliferating conditions such as liver
carcinoma-derived cell lines (34;35) and isolated primary hepatocytes (36-38); physiologic
proliferating condition such as livers of fetuses and young children (39-43); and clinical or
pathologic proliferating conditions such as hepatomas (44;45) and regenerating livers
(45-49). Unique characteristics associated with hepatocyte proliferation, including active cell
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cycle and elevated levels of growth factors such as hepatocyte growth factor (HGF) and
augmenter of liver regeneration (ALR), are responsible for PXR-mediated repression of CYP
expression. HGF decreases both CYP3A4 expression and activity (36); likewise, ALR, a tissue-
specific hepatotrophic growth factor, downregulates CYP activity in the human liver (37). As
discussed in the next section, cyclin-dependent kinase 2 (Cdk2) and the 70 kDa form of
ribosomal protein S6 kinase (p70 S6K) are involved in PXR-mediated repression of CYP
expression (Table 2) (16;50). In addition, signaling mediated by growth factor insulin represses
PXR-mediated CYP promoter activity (Tables 1 & 3) (51) through the phosphatidylinositol
3'-kinase (PI3K)-protein kinase B (PKB, or Akt) pathway, and the forkhead in
rhabdomyosarcoma (FKHR, or FOXO1) transcription factor.

In inflammation-associated pathologic states that originate from the liver or other organs, the
reductions in hepatic drug-metabolizing capacity are mediated through cytokines
(interleukin-1 [IL-1], interleukin-6 [IL-6] and tumor necrosis factor alpha [TNFa]), which are
inflammatory mediators that modify the expression or function of specific transcription factors
such as PXR and nuclear factor kB (NF- «B) in the liver (Table 1) (29;31;52;53). In addition,
signaling mediated by PKA or protein kinase C (PKC) can alter PXR activity and subsequently
CYP expression (Table 2) (11;12;23). These changes ultimately lead to downregulation of the
overall activity levels of CYPs as a consequence of reduced gene expression, most notably
through transcriptional suppression (29;52;54;55) and to some extent through reduced mRNA
stability, increased protein degradation, and suppression of protein function (29;52;56). Extra-
hepatic infections and tumors that are associated with inflammation reduce hepatic drug
metabolism because CYPs are downregulated in the liver (29;57;58). This reduction probably
involves the rapid transit of inflammatory components from the other organs to the peripheral
circulation and then to the liver (59).

2. Mechanisms of repression of PXR-mediated CYP expression

2.1. Phosphorylation and protein-protein interaction events affect the function of PXR

As discussed below, inhibitory phosphorylation of PXR or its coactivator, or a protein-protein
interaction between PXR and another signaling molecule, is responsible for the PXR-mediated
repression of CYP expression. Phosphorylation and protein-protein interactions are dynamic
regulatory mechanisms that not only affect the function of a protein in every conceivable way,
resulting in increasing or suppressing activity, but also enable both specificity and cross-talk
among diverse signaling pathways (60-62). It is well established for NRs that site-specific
phosphorylation by kinases occurs on all domains and plays a vital role in regulating all aspects
of NR function, including expression, stability, subcellular localization, dimerization, ligand
binding, DNA binding, coregulator interaction, and transcriptional activity (63-69). PKA
(11;23), PKC (12), Cdk2 (50), and p70 S6K (16) are involved in phosphorylating and regulating
the activity of PXR. Furthermore, recently, Lichti-Kaiser et al. (23) have observed in metabolic
labeling studies that ectopically expressed hPXR exists as a phosphoprotein in vivo in HepG2
cells and that immunopurified hPXR is phosphorylated by a wide variety of kinases such as
Cdk1, casein kinase 11 (CK2), and glycogen synthase kinase 3 (GSK3), in addition to PKA,
PKC, and p70 S6K (Table 2).

Protein-protein interactions define specificity in signal transduction pathways, in virtually
every aspect of cellular function (62). Various signaling molecules interact and regulate the
transcriptional activity of PXR as well as PXR-mediated CYP expression and activity (Table
1); including transcriptional factors such as NF-xB (53;70;71), FKHR (51), and sterol
regulatory element binding protein 1 (SREBP-1) (72); NRs such as short heterodimer partner
(SHP) (73-75) and liver X receptor (LXR) (74-76); and NR coregulators such as NCoR1,
NCoR2, SRC-1, SRC-3, peroxisome proliferator-activated receptor-binding protein (PBP),
and protein arginine methyltransferase 1 (PRMT1) (10-14;23;77).

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pondugula et al. Page 5

2.2. Cdk2- and PI3K-Akt-mediated signaling in the repression of PXR-mediated CYP
expression in proliferative hepatocytes

As discussed in the previous section, it has been well documented that the expression of CYPs
is significantly reduced in proliferating hepatocytes. Studies by Greuet et al. (78), Donato et
al. (36), and Thasler et al. (37) showed that the extent to which the expression of CYPs is
repressed in proliferating hepatocytes changes over time, strongly suggesting the involvement
of a cell cycle regulation mechanism. Interestingly, toward understanding a possible
mechanism for CYP repression in proliferating hepatocytes, Thasler et al. (37) attempted to
link the repression of CYPs to the downregulation of NRs. However, the molecular mechanism
responsible for the repression of CYP expression was unknown until a recent study reported
by Lin et al. (50). In their study, Lin et al. took a chemical biology approach and identified
small-molecule inhibitors of Cdks as activators of hPXR-mediated CYP3A4 expression in
proliferating HepG2 liver carcinoma cells (50). Their studies indicated that the inhibition of
Cdk activity - but not the binding of Cdk inhibitors to hPXR - activates hPXR. This finding is
significant, because it suggests that Cdk-mediated signaling might negatively regulate hPXR
function. Lin et al. also showed that Cdk2 directly phosphorylates hPXR, most likely at a
consensus phosphorylation site, Ser3%0 (Table 2), and that activation of Cdk2 leads to inhibition
of hPXR-mediated CYP3A4 expression. Cdk2 belongs to the family of Cdks (catalytic subunit)
that function with cyclins (regulatory subunit) to drive the cell cycle through each phase (G1,
S, G2, and M). Since the activity of Cdk2 is maximal in the S phase, the activity of PXR is
expected to be low in this cell cycle phase. Indeed, Lin et al. confirmed that PXR-mediated
CYP3A4 expression is lower in the S phase than in the G1 phase. These results convincingly
suggest that in proliferating hepatocytes, Cdk2 phosphorylates and inhibits hPXR, providing
a possible explanation for the repression of CYP expression in proliferating hepatocytes. The
studies by Lin et al. also suggest that multiple Cdk2 phosphorylation sites exist in hPXR.
Whether other Cdks such as Cdk1 are involved and whether the activity of hPXR is modulated
in other phases of the cell cycle remain unknown.

The most significant hepatic proliferation is associated with liver regeneration. Although the
adult liver is quiescent (G, phase), the liver is constantly insulted by various physiologic,
pathologic, and environmental factors that can cause liver injuries. As one of the largest internal
organ of the body, the liver has developed a mechanism to protect itself from the loss of
functional tissues through regeneration. A regenerative response in the liver can be triggered
by the loss of liver mass because of chemical, traumatic, or infectious injuries. Liver
regeneration is achieved mainly by driving quiescent mature hepatocytes to re-enter the cell
cycle (79;80). The hepatocyte proliferative response is marked by the rapid release of growth
stimulatory cytokines and growth factors, which are mediators of the liver regenerative
response. The activation of cell cycle in hepatocytes after partial hepatectomy (a surgical
procedure to trigger liver regeneration by removing up to two-third of the liver mass) (49)
occurs in 2 phases: the priming phase, which represents the G, to G, transition, and the
progression or proliferative phase, which represents the G4 to S transition. Priming is induced
by cytokines such as TNFa, IL-1, and IL-6, whereas progression or proliferation is induced by
growth factors such as HGF and ALR (Table 3) (81;82). Cytokines mediate priming through
NF-xB and STATS3 signaling (81;82), whereas growth factors mediate proliferation through
various signaling pathways, including kinases such as Cdk2, PI13k-Akt, and p70 S6K (16;50;
83-85).

Previous studies have reported that PXR and PI3K-Akt signaling are critical for hepatocyte
proliferation in a mouse liver regeneration model after partial hepatectomy (83;86), and that
p70 S6K expression and activity are upregulated in human hepatic tumors (84;85). These
reports suggest that the PXR and kinase pathways might be linked to downregulation of CYP
during hepatocyte proliferation. Indeed, Kodma et al. (51) and Pondugula et al. (16), have
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reported that both Akt and p70 S6K negatively regulate the transcriptional activity of PXR and
PXR-mediated CYP expression in actively dividing HepG2 cells, providing additional possible
mechanisms for CYP repression during growth factor-mediated hepatocyte proliferation in
addition to Cdk2, which phosphorylates and attenuates the activity of PXR during the S phase
of the cell cycle, as discussed above (50). However, as Cdk2 is active in actively cycling cells
only, whether the effect of PI3K-Akt and p70 S6K on PXR is limited to cells in the active cell
cycle is unknown.

The study by Dai et al. (86) showed that PXR-null mice have 17% less liver mass at the end
of liver regeneration, suggesting that PXR is required for normal progression of liver
regeneration. However, how PXR affects the normal progression of liver regeneration, and the
activity level of PXR that is required for such a normal progression, is undefined. Lin et al.
(50) showed that Cdk2 phosphorylates and attenuates the function of hPXR, providing a
possible explanation for the repression of CYP expression during liver regeneration. It is
possible that the reduced activity of the Cdk2-phosphorylated PXR is sufficient for the normal
progression of liver regeneration. Alternatively, phosphorylation of PXR by Cdk2 might affect
PXR's activity in inducing CYP expression without affecting its activity required for the normal
progression of liver regeneration.

Forkhead box O factors (FOXO) are a family of insulin-sensitive transcription factors that
influence NR transactivation by either repressing or activating transcription in an NR-specific
manner (87). On the other hand, NRs function as inhibitors of FOXO-mediated transcription
by interacting with FOXO factors (87). Central to insulin-mediated inhibition of FOXO is a
shuttling mechanism that regulates FOXO localization from the nucleus to the cytosol, thereby
terminating its transcriptional function. Since phosphorylation of FOXO factors influences
their intracellular localization, it is assumed that phosphorylation of FOXO affects its
interactions with NRs (87).

FKHR, also referred to as FOXO1, belongs to the FOXO family of transcription factors. FKHR
interacts with and augments the transcriptional activity of PXR, whereas PXR represses FKHR-
mediated transcription (51;87). These results suggested that the PI3K-Akt pathway, a major
signaling pathway activated by insulin and other growth factors, is involved in negatively
regulating the transcriptional activity of the PXR in HepG2 liver carcinoma cells by affecting
the interaction between PXR and its coactivator FKHR. Akt possibly accomplishes this
negative regulation by phosphorylating FKHR, resulting in the translocation of the nuclear
FKHR into the cytoplasm for proteasomal degradation (88), consequently minimizing the
levels of nuclear FKHR available for interacting with and activating PXR. However, it needs
to be determined whether Akt phosphorylates PXR and other NR coregulators besides FKHR
and whether Akt regulates PXR activity independently of FKHR.

Recently, Pondugula et al. (16) have shown that p70 S6K, a downstream kinase in the PI3K-
Akt pathway, phosphorylates and negatively regulates the transcriptional activity of hPXR in
HepG2 liver carcinoma cells (16) (Table 2). They found that a phosphorylation-deficient
alanine mutation at Thr®’ (T57A) confers partial but significant resistance to p70 S6K
inhibition, suggesting that p70 S6K regulates hPXR activity possibly by phosphorylating
Thr®” and that p70 S6K may have more than 1 functionally significant target residues in hPXR.
In addition, introduction of a phosphomimetic mutation at Thr°’ (T57D) impairs the
transactivating activity of hPXR (16) (Table 2). The resistance to p70 S6K attenuation,
conferred by the alanine mutation at Thr®’, is consistent with the impaired hPXR activity when
the phosphomimetic mutation was introduced at the same site (Table 2), and suggests that p70
S6K might regulate hPXR activity via Thr®’ phosphorylation. Whether p70 S6K
phosphorylates the coregulators of PXR to exert its inhibitory effect on PXR function is
unknown.
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Sterol regulatory element binding proteins (SREBPSs) are lipogenic transcription factors of the
basic helix-loop-helix family and play major role in lipid homeostasis (89). SREBPs activate
the expression of genes that induce synthesis and uptake of cholesterol, fatty acids,
phsopholipids, and triglycerides (89). Decreased drug clearance has been observed in obese,
dyslipidemic, diabetic, and overfed rodents (72;89). A hallmark of these conditions is increased
expression of SREBP-1 in the liver, hinting a possible link between regulation of CYPs and
SREBP-1 and interconnection between drug metabolism and lipid metabolism.

Roth etal. (72) found that activation of SREBP-1 by insulin or cholesterol in mouse and human
hepatocytes inhibits the transcriptional activity of PXR and consequently represses PXR-
mediated CYP induction. SREBP-1 accomplishes this repression by directly interacting with
PXR and by blocking the interaction of PXR with its coactivator SRC-1. These observations
lead to the conclusion by Roth et al that PXR responds to lipid accumulation by directly
interacting with SREBP-1 and that drug metabolism and lipid metabolism are interconnected.

2.3. Inflammatory cytokines, NF-kB, PKA, and PKC in the repression of CYP expression
associated with inflammation

In disease states associated with inflammation, both CYP expression and drug-metabolizing
activities are downregulated in the liver and other organs such as the intestine, where PXR is
abundantly expressed (28;29;33). Interestingly, it has been reported that the expression levels
and activities of inflammatory cytokines such as IL-1, IL-6, and TNFa and the activities of
protein kinases such as PKA and PKC are upregulated during inflammation in the liver (11;
12;23;29-31;52). These cytokines also mediate CYP repression in the liver and intestine during
inflammation (28;29;33;90-92). Moreover, extra-hepatic infections and tumors associated with
inflammation reduce the capacity of hepatic drug metabolism because CYPs are downregulated
in the liver (57;58). The reduction in CYP expression and drug-metabolizing capacity is
probably mediated through inflammatory cytokines circulated to the liver from remotely
inflamed organs or tissues (59).

Inflammatory cytokines affect the expression and function of PXR either directly by unknown
mechanisms or indirectly by modifying the expression and function of specific transcription
factors such as NF-xB and STAT 3 in the liver (29;31;53). In addition, signaling mediated by
PKA or PKC in the liver can alter PXR activity and thereby hepatic CYP expression (Table 2)
(11;12;23). These changes ultimately downregulate the activity of CYPs because of reduced
gene expression through transcriptional suppression.

Lipopolysaccharide (LPS) is a bacterial endotoxin commonly administered to rodents to induce
local or systemic inflammation and to treat cultured cells to induce inflammatory changes.
Following an LPS challenge, there is significant downregulation of mRNA or protein levels,
or both, of PXR and CYP in mouse liver (91;93;94), rat liver and intestine (95;96), and human
hepatocytes (90;92). LPS mediates such repression by upregulating the inflammatory cytokines
IL-1B, IL-6, and TNFa (28-30;33;52) The downregulation of PXR and PXR-mediated CYP
induction during inflammation can be mimicked by in vivo and in vitro treatment with these
inflammatory cytokines in rodent livers and human hepatocytes (90-92). These results suggest
that PXR and PXR-mediated CYP expressions are negatively regulated by LPS or LPS-induced
cytokines, and provide a molecular mechanism for impaired drug metabolism during
inflammation.

Inflammatory bowel disease (IBD) is associated with chronic inflammation of the intestinal
tract. Recently, PXR was shown to be involved in IBD in humans (97). Langmann et al.
observed a significant downregulation of PXR and CYP3A4 gene expression in the intestine
of IBD patients and also found that inflammatory cytokines such as TNFa and IL-1p repress
rifampicin-mediated induction of CYP3A4 in intestinal cell lines (97). lizasa et al. (98) showed
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in dextran sodium sulfate (DSS)-induced colitis mice that mMRNA for mPXR was significantly
reduced in the intestine. These results suggest that inflammation in the intestine generates
similar responses as in the liver in terms of the expression and activity of both PXR and CYP.

Signaling mediated by LPS and cytokines such as IL-1 and TNFa. leads to the activation of
NF-kB (99;100). Activation of NF-kB was recently shown to repress PXR activation and PXR-
mediated CYP promoter activity (53;70;71). Gu et al. reported that activation of NF-xB by
either LPS or TNF-a led to PXR suppression through interaction of NF-xB and the PXR-RXR
heterodimer, and that inhibition of NF-«xB by the NF-xB-specific suppressor SRIkBa reverses
the suppressive effects of LPS and TNFa. (70). Zhou et al. also reported that NF-«B activation
inhibits hPXR activation, and that inhibition of NF-xB potentiates hPXR activation (53). This
PXR-NF-«kB axis provides a molecular explanation for the suppression of hepatic and intestinal
CYP expression by inflammatory stimuli.

Some inflammatory cytokines such as IL-6 exert their biologic responses by activating STAT3
(29-31;82;101). When activated during inflammation, STAT 3 inhibits the transcriptional
activity of NRs such as HNF4a and HNF4a-mediated CYP induction (29;31). Although IL-6
downregulates both PXR and CYP during inflammation (Table 3) (28;29;91;92), the molecular
mechanisms responsible for IL-6- mediated repression of PXR and CYP and the effect of
STAT3 on PXR activity during inflammation remain unknown.

Another protein kinase, PKC, plays key roles in the production of cytokines and in responding
to cytokine signaling in the liver. Release of inflammatory cytokines such as IL-1, IL-6, and
TNFa from liver Kupffer cells is dependent on PKC activity (102). During sepsis and
inflammation, cytokine-mediated stimulation of hepatocytes initiates PKC-dependent
intracellular signaling pathways (103). As discussed earlier, one of the most prominent
responses following release of inflammatory cytokines is the drastic repression of hepatic
CYP gene expression (90;104). It is also known that various pathologic stimuli, including
inflammation, increase the intracellular concentration of CAMP in hepatocytes, resulting in
activated PKA signaling followed by rapid decreases in CYP gene expression during
inflammation (23). These findings lead to a logical speculation that both PKC and PKA
signaling might be involved in repressing CYP3A gene expression by negatively regulating
PXR activity in sepsis and inflammation.

Ding et al. (Table 2) (12) observed that activation of PKC signaling represses mPXR
transcriptional activity, followed by reduced Cyp3all gene expression, possibly by
strengthening the interaction between mPXR and NCoR while inhibiting the interaction
between mPXR and SRC-1. In addition, Lichti-Kaiser et al. (Table 2) (23) showed that
immunopurified hPXR can be phosphorylated in vitro by PKC. These observations suggest
that phosphorylation of PXR or proteins involved in PXR signaling pathway following
activation of the PKC signaling contribute to downregulation of hepatic CYPs. These data also
provide the molecular basis for sepsis- and inflammatory-based repression of CYP3A gene
expression through activation of PKC signaling, which then represses PXR activity. The effect
of PKC might be mediated through alterations in the phosphorylation status of NCoR or SRC-1,
or both, along with PXR. Further studies are required to determine the sites of phosphorylation
in these proteins and whether phosphorylations are modified following stimulation with
inflammatory cytokines and activation of the PKC signal transduction pathway.

PKA is also involved in regulating PXR activity. Ding et al. (Table 2) (11) and Lichti-Kaiser
et al. (Table 2) (23) have shown that PKA phosphorylates hPXR in vitro. They showed that
activation of PKA signaling by 8-Br-cAMP potentiates the induction of Cyp3all gene
expression by PXR agonists such as PCN, taxol, and forskolin in mouse primary hepatocytes
but represses the PCN-mediated induction of Cyp3A1 mRNA in rat primary hepatocytes and
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the rifampicin-mediated induction of CYP3A4 mRNA in human primary hepatocytes.
Inhibition of PKA results in enhanced rifampicin-induced hPXR activity in HepG2 cells and
attenuated PCN-mediated induction of Cyp3all gene expression in mouse primary
hepatocytes (23). These data suggest that phosphorylation of PXR or proteins involved in the
PXR signaling pathway by PKA plays a key role in regulating the induction of CYP3A gene
expression in hepatocytes.

Interestingly, expression of constitutively active PKA in HepG2 cells inhibits both rifampicin
and PCN-mediated hPXR and mPXR transactivation, respectively, whereas PKA activation
with 8-Br-cAMP in humanized mouse hepatocytes results in potentiation of rifampicin-
mediated induction of Cyp3all mRNA expression (23). These results led to the hypothesis by
Lichti-Kaiser et al. that the observed species-specific interaction between PKA and PXR in
hepatocytes is a function of how PKA signaling interfaces with CYP3A gene expression across
species and not of the differences in primary amino acid sequences in the human and mouse
PXR proteins. Moreover, these results provide compelling evidence for pronounced species-
specific differences in the coupling of pivotal kinase cascades and PXR activity. The results
of PKA suppression of hPXR activity and subsequent CYP3A4 gene expression in human
primary hepatocytes and HepG2 cells provide a potential molecular mechanism for the
repression of CYP3A gene expression during inflammatory conditions with enhanced PKA
activity.

Expression of constitutively active PKA enhances the strength of the rifampicin-sensitive
interaction between hPXR and NCoR in CV-1 cells (23). Activation of PKA signaling with 8-
Br-cAMP strengthens the agonist-induced interaction between mPXR and coactivator proteins
SRC-1 and PBP in CV-1 cells (11). These data suggest that PKA regulates PXR activity, in
part, through its ability to modulate PXR-coregulator interaction. However, the site(s) on PXR
phosphorylated by PKA and whether PKA phosphorylates coregulators to exert its effects on
PXR remain to be studied.

3. Conclusion

ADRs are a serious public health problem. Adverse drug interactions mediated by the CYP-
mediated drug-metabolizing pathway are one type of preventable ADRs. Repression of CYP
expression contributes to adverse drug interactions. Since the expression of CYPs, especially
CYP3A, is controlled by PXR, understanding the molecular mechanisms responsible for the
PXR-mediated repression of CYP expression is critical to predict and prevent therapy-induced
adverse drug interactions. Repression of CYP expression occurs under various clinical
conditions, for example, when hepatocytes proliferate or during inflammation (hepatic or extra-
hepatic). Several studies have begun to reveal the molecular mechanisms responsible for PXR-
mediated repression of CYP expression. Direct phosphorylation and inhibition of PXR is one
such mechanism, and kinases such as Cdk2, PKA, PKC, and p70 S6k have been shown to
directly phosphorylate and inhibit PXR. Another mechanism is the phosphorylation and
inhibition of PXR coregulators to indirectly attenuate the function of PXR: the P13k-Akt
pathway inhibits PXR indirectly by phosphorylating and inhibiting FKHR, a coactivator of
PXR. Interaction of PXR with other signaling molecules is another mechanism for
downregulation of PXR; NF-«B interacts with the PXR-RXR heterodimer and attenuates the
function of PXR. Other possible mechanisms include downregulation of the expression or
stability of PXR.

4. Expert opinion

Multiple mechanisms seem to be involved in downregulating the function of PXR and leading
to the repression of CYP expression. Although multiple kinases (Table 2), such as Cdk2 (50),
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PKA (11;23), PKC (12;23), and p70 S6K (16), have been shown to directly phosphorylate
PXR and possibly lead to the repression of CYP expression, and functionally significant amino
acid residues (i.e., Ser30 and Thr®7 of the hPXR) (Table 2) (16;50) have been linked to a
phosphorylation-related function, no specific amino acid has been shown to be phosphorylated
by these kinases. Future studies need to focus on comprehensively identifying all the functional
kinase-specific phosphorylation sites on hPXR in order to define the mechanism leading to
kinase-mediated inhibition of PXR and repression of CYP expression.

Species specificity occurs at both the ligand-binding and signaling-cascade levels (23). PXR
humanized mice is a very useful animal model to address species specificity at the ligand-
binding level (26;27). However, no animal model is available to address species specificity at
the signaling-pathway level. Because of the effect of complex systematic function on signaling
pathways, such an animal model will be extremely valuable but difficult to generate. We expect
that such animal models will be specific for each relevant signaling pathway, and each specific
pathway can be studied in each specific animal model. However, this might prove challenging
because signaling pathways tend to interact (cross-talk) with each other. Transgenic mice with
PXR engineered to mimic the function of a specific pathway might represent a valuable
approach. For example, transgenic mouse harboring a phosphomimetic mutation at Ser3°0
(S350D) of PXR might be used to mimic the inhibition of PXR by Cdk2 (50). Similarly, if the
species specificity of the effect of PKA on PXR can be mapped to specific PKA-mediated
phosphorylation site on either PXR or PXR cofactors, phosphomimetic mutation can be created
and used to generate transgenic mice.

Consistent with the role of PXR as a master xenobiotic receptor, numerous signaling pathways
might be involved in regulating the function of PXR. Identifying all the signaling pathways
that interact with PXR signaling will be critical to systematically dissect the regulation of PXR
function. However, this will be an especially challenging task, and a high-throughput chemical
biology or genomic approach will prove valuable. The discovery of Cdk2-mediated PXR
inhibition (discussed above) (50) was initiated with a chemical biology approach. In such an
approach, a collection of compounds with known bioactivity is used. The rationale is that the
activity of PXR can be modulated either by ligands of PXR or by modulators of signaling
pathways that cross-talk with the PXR signaling pathway. Therefore, compounds that modulate
the activity of PXR in a ligand-independent manner will lead to the identification of signaling
pathway(s) that cross-talk with PXR. We expect to see a greater use of the high-throughput
approach to address the regulation of PXR and other hepatic function, such as regulation of
liver regeneration.

Since phosphorylation has been shown to regulate the function of PXR, it is logical to speculate
that not only protein kinases but also phosphatases are involved in this regulation. Phosphatase
might be involved in regulating the function of PXR directly or indirectly by desensitizing the
kinase pathway. It is vital to understand the contribution of both kinases and phosphatases in
regulating PXR function to comprehensively address the role of phosphorylation in PXR
function.

Expression of CYP is regulated by multiple NRs. It is therefore necessary to investigate the
role of other relevant NRs such as the constitutive androstane receptor (CAR) in CYP
inhibition.
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Figure 1.

Mechanism of target gene induction by PXR. (A) A schematic comparison of the domain
structures of a steroid receptor and PXR. AF-1, activation function 1; DBD, DNA binding
domain; H, hinge region; LBD, ligand binding domain; AF-2, transactivation function 2. (B)
A current model of PXR-mediated gene regulation. Ligand binding induces a dissociation of
co-repressors, recruitment of co-activators and contributes to chromatin remodeling and
transcriptional activation. Signaling molecules (e.g., protein kinases, phosphatases, or
transcription factors) contribute to regulating the function of PXR. XREM, xenobiotic
responsive enhancer module.
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Nuclear receptor coregulators, transcriptional factors (TF) and nuclear receptors (NR) regulating PXR transactivation

of CYPs via protein-protein interactions

Coregulator, TF or NR | Role or mechanism Reference
NCoR1 Inhibits basal transcription (11;12;23)
NCoR2, (SMRT,) Inhibits basal transcription (13)
NCoR2, (SMRT,) Inhibits basal transcription (14)
SRC-1 Enhances transcription (10-13;23)
SRC-3 Enhances transcription (13)

PBP Enhances transcription (11)
PRMT1 Enhances transcription 77)
NF-«xB Repression of transcription (53;70;71)
FKHR Potentiation of transcription (51;87)
SREBP-1 Repression of transcription (72)
RXR, Obligate heterodimeric partner for PXR | (15)

SHP Repression of transcription (73;74)
"LXR Repression of transcription (74;76)

NCoR, nuclear receptor corepressor; SMRT, silencing mediator for retinoid and thyroid hormone receptors; SRC, steroid receptor coactivator; PBP,
peroxisome proliferator-activated receptor-binding protein; PRMT, protein arginine methy| transferase; NF-«kB, nuclear factor-kappa B; FKHR, fork head
in rhabdomyosarcoma; SREBP, sterol regulatory element binding protein; SHP, small heterodimer partner; LXR, liver X receptor; RXR, retinoid X

receptor.

It is not clear whether LXR repress PXR -mediated target gene expression via direct PXR-LXR protein-protein interactions.
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Phosphorylation, phosphomimetic mutation or dephosphorylation-dependent PXR transactivation of CYPs

Table 2
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Modification Site Enzyme | Mechanism Reference
aPhosphomimetic mutation | Thr57 - Loss of transcription and promoter-binding activities (16)
&Phosphomimetic mutation | Ser350 - Repression of transcription (50)
Phosphorylation Unknown | PKA Repression of transcription and strengthen interaction of hPXR with NCoR (23)
Phosphorylation Unknown | PKA <I;Loltaeggf;\'uon of transcription and strengthen interaction of mPXR with coactivators SRC-1 (11)
Phosphorylation Unknown | Cdkl Unknown (23)
Phosphorylation Unknown | CK2 Unknown (23)
Phosphorylation Unknown | GSK3 Unknown (23)

] Repression of transcription. Strengthen interaction between PXR & NCoR and abolish
Phosphorylation Unknown f PKC interaction between PXR & SRC-1 (12)
Phosphorylation Unknown | Cdk2 Repression of transcription (50)
Dephosphorylation Unknown | PP1/PP2A | Repression of transcription (12)
Phosphorylation Unknown | p70 S6K1 | Repression of transcription (16;23)

Thr, threonine; Ser, serine; PKA, protein kinase A; Cdk, cyclin-dependent kinase; CK, casein kinase; GSK, glycogen synthase kinase; PKC, protein kinase
C; PP, protein phosphatase; p70S6K, 70kDa ribosomal S6 kinase; NCoR, nuclear receptor corepressor; SRC, steroid receptor coactivator; PBP, peroxisome
proliferator-activated receptor-binding protein; hPXR, human PXR; mPXR, mouse PXR

a. . . A R Lo . .
It is not known whether these functionally significant phosphomimetic mutation sites are actual sites of phosphorylation.
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Table 3

Growth factors and cytokines regulating PXR transactivation of CYPs

Molecules | Role or mechanism Pathological or Physiological state | Reference
IL-6 Repress mRNA levels of PXR and CYP | Inflammation (29;31;91;92)
IL-1 Repress mRNA levels of PXR and CYP | Inflammation (29;31;97)
TNFa Repress mMRNA levels of PXR and CYP | Inflammation (29;31;97)
Insulin Repress mRNA levels of CYP Proliferation (51;105-109)
HGF Repress mRNA levels of CYP Proliferation (36)

ALR Repress mRNA levels of CYP Proliferation (37)

IL, interleukin; TNF, tumor necrosis factor; HGF, hepatocyte growth factor; ALR, augmenter of liver regeneration.
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