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Abstract 

 

Pregnane X receptor (PXR) is a nuclear receptor considered to be a master xenobiotic receptor 

that coordinately regulates the expression of genes encoding drug-metabolizing enzymes and 

drug transporters, to essentially detoxify and eliminate xenobiotics and endotoxins from the 

body. In the past several years, the function of PXR in the regulation of xenobiotic metabolism 

has been extensively studied, and the role of PXR as a xenobiotic sensor has been well-

established. It is now clear, however, that PXR plays many other roles in addition to its 

xenobiotic sensing function. For instance, recent studies have discovered previously unidentified 

role of PXR in inflammatory response, cell proliferation and cell migration. PXR also 

contributes to the dysregulation of these processes in diseases states. These recent discoveries of 

the role of PXR in other cellular processes’ physiologic and pathophysiologic conditions 

provides the possibility of novel targets for drug discovery. This review highlight areas of PXR 

regulation that requires further clarification and summarizes the recent progress in our 

understanding of the non-xenobiotic functions of PXR that can be explored for relevant 

therapeutic applications. 
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Introduction 

Animals are constantly exposed to environmental chemicals and toxic endogenous compounds, 

and to sense and protect against such, mammals have evolved a defensive network regulated by 

xenobiotic receptors such as pregnane X receptor (PXR; also known as steroid and xenobiotic 

receptor [SXR]; NR1I2) (Bertilsson et al., 1998; Blumberg et al., 1998; Kliewer et al., 1998), 

which is a well-established xenobiotic sensor. PXR induces the expression of genes encoding 

drug-metabolizing enzymes (DMEs), such as cytochrome P450 (CYP) enzymes (e.g., CYP3A4), 

conjugation enzymes (e.g., sulfotransferase), and transporters (e.g., multidrug resistance 1 

[MDR1]) (Rosenfeld et al., 2003; Zhou et al., 2009; Chai et al., 2013). CYPs, conjugation 

enzymes and transporters are required for the metabolism and clearance of xenobiotics in the 

liver and colon (Christians et al., 2005; Xie et al., 2016). Many PXR-regulated metabolizing 

enzymes and transporters play critical roles in xenobiotic metabolism. For instance, PXR is the 

main regulator of CYP3A4 (Wei et al., 2016), the most abundant hepatic and intestinal phase I 

enzyme, which is responsible for metabolizing greater than 50% of clinically used drugs, along 

with many other xenobiotics and endobiotics, in humans (Harris et al., 2003). Furthermore, the 

expression of several of the aforementioned DMEs and transporters, in addition to that of at least 

30 other genes, is under the control of the liganded PXR (Hariparsad et al., 2009). Another 

xenobiotic receptor, constitutive androstane receptor (CAR; NR1I3) also has a broad role in 

xenobiotic metabolism, often overlapping that of PXR (Wei et al., 2002; Handschin and Meyer, 

2003). Unlike PXR, CAR, as its name suggests, is constitutively active and, thus, has relatively 

high basal activity as an activator of target genes even in the absence of ligand (Baes et al., 1994; 

Forman et al., 1998; Wei et al., 2000; Xie and Evans, 2001). 
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Since the initial identification of PXR in 1998 (Bertilsson et al., 1998), its canonical 

function as a xenobiotic receptor has been extensively studied. Its role as a xenobiotic sensor is 

well established, and PXR has been considered to be a master regulator of xenobiotic 

metabolism (Wang et al., 2012; Wallace et al., 2013; Yan and Xie, 2016). The identification of 

PXR as a xenobiotic sensor has proved crucial to understanding the body’s defense mechanism 

against toxic compounds and has laid the foundation for studying how xenobiotic exposure 

affects different diseases states (Xu et al., 2016). In recent years however, an increasing number 

of new roles for PXR beyond its canonical xenobiotic sensing function have been described. The 

implication of PXR in modulating hepatic glucose and energy homeostasis, thereby revealing 

hitherto unknown functions of PXR in obesity and insulin resistance reveals one of such non-

canonical new roles for PXR (Spruiell et al., 2014a; Spruiell et al., 2014b). PXR is also involved 

in atherosclerosis development and vascular functions, to mention only a few more of its 

activities beyond the xenobiotic sensing function  (Febbraio et al., 2000; Masuyama et al., 2000; 

Takeshita et al., 2001; Zhou et al., 2006b; Guy et al., 2007; Newbold et al., 2007; vom Saal and 

Myers, 2008; Carwile and Michels, 2011). These aforementioned functions of PXR have been 

reviewed in great detail (Konno et al., 2008; Wada et al., 2009; Xiao et al., 2014), thus will not 

be discussed in this review. The discoveries of hitherto unsuspected roles for PXR has ignited a 

new appreciation for the receptor and suggest that PXR signaling may contribute more 

substantially to pathophysiologic conditions than we currently understand. This recent 

appreciation of the wide-ranging function of PXR has prompted several laboratories to 

investigate other roles of the receptor. This review summarizes recent advances in the discovery 

of the new functions of PXR beyond its canonical role in detoxification of xenobiotics, and 

focuses on the less discussed topics such as its involvement in inflammation, proliferation, 
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migration, apoptosis, and DNA damage. These newly discovered functions of PXR clearly 

indicate that PXR is more than just a master xenobiotic receptor.  

 

PXR regulation 

PXR is a member of the nuclear receptor (NR) superfamily, which includes the steroid, retinoid, 

and thyroid hormone receptors. Members of the NR superfamily function as ligand-regulated 

transcription factors and play critical roles in nearly every aspect of development and adult 

physiology (Mangelsdorf et al., 1995). PXR shares a common domain structure with other 

members of the NR superfamily that includes a highly conserved DNA binding domain (DBD) 

with two zinc fingers (Carnahan and Redinbo, 2005; Wallace et al., 2013). By means of this 

DBD, PXR targets short stretches of DNA, termed response elements, in the regulatory regions 

of target genes. The carboxy-terminal region of PXR includes the conserved ligand-binding 

domain (LBD). The LBD serves as the docking site for ligands and also contains dimerization 

motifs and transcriptional activation domains, such as activation function 2 (AF-2). The binding 

of ligand to the LBD results in a conformational change in the AF-2 helix, and this change 

allows PXR to interact with accessory proteins and regulate the expression of target genes 

(Mangelsdorf et al., 1995; Bourguet et al., 2000). Because of its function as a xenobiotic sensor, 

PXR has evolved to recognize and accommodate a wide array of structurally different ligands, 

and this is possible because of its large and flexible ligand-binding pocket (Watkins et al., 2001). 

An important mechanistic aspect of NR engagement is that the response of an NR to a particular 

ligand in a given tissue is determined by the set of regulatory partners such as DNA and proteins 

with which that NR interacts after undergoing ligand-induced alterations such as structural 

changes or post-translational modifications that generate, expose, or remove surfaces for 
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interactions (McKenna et al., 1999; Gronemeyer et al., 2004; Ahmad et al., 2013). Therefore, the 

action of PXR, like that of other nuclear receptors, involves a number of proteins, ranging from 

other NRs and transcriptional coactivators to transcriptional co-repressors (Gronemeyer et al., 

2004). 

Genetic and/or biochemical data have revealed a variety of factors—generally 

components of multi-protein transcriptional complexes—that mediate nuclear receptor functions, 

including those of PXR (McKenna et al., 1999; Glass and Rosenfeld, 2000). When bound to and 

activated by ligand, PXR activates target gene transcription as a heterodimer with retinoid X 

receptor (RXR) (Goodwin et al., 1999). The DBD of PXR facilitates DNA binding specificity by 

two highly conserved zinc-finger motifs, as well as a P-box motif and a D-box motif that allow 

the receptor to target and bind its xenobiotic response enhancer modules (XREMs) located in the 

5′ promoter region of PXR target genes (Umesono and Evans, 1989). PXR can bind to a variety 

of DNA response elements, including the direct repeats DR-3, DR-4, and DR-5 and the everted 

repeats ER-6 and ER-8 (Orans et al., 2005). In a genome-wide study of PXR regulated targets in 

mouse liver, Cui et al. uncovered a previously unknown PXR DNA-binding motif of DR-(5n+4) 

for which the receptor has a high preference (Cui et al., 2010). Many transcriptional cofactors 

that regulate PXR activity with respect to target gene promoters have been identified. These 

coregulators include members of the p160 family, such as steroid receptor coactivator 1 (SRC-1), 

transcriptional mediators/intermediary factor 2 (TIF2, also known as SRC-2), and amplified in 

breast cancer-1 (AIB1, also known as SRC-3), as well as suppressor for gal 1 (SUG-1), receptor-

interacting protein 140 (RIP140), peroxisome proliferator-activated receptor-binding protein 

(PBP), and peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1) (Timsit and 

Negishi, 2007). Signaling cascades have also been implicated in modulating PXR activity, one 
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example being the potentiation of PXR-mediated CYP3A induction by the protein kinase A 

(PKA) activator forskolin, which results from enhanced recruitment of PGC-1(Ding and 

Staudinger, 2005a). Moreover, PXR is phosphorylated by PKA in vitro, and specific activation 

of PKA by 8-Br-cAMP enhanced interactions of PBP and SRC-1 with PXR. In contrast, protein 

kinase C (PKC) represses PXR signaling (Ding and Staudinger, 2005b). 

The subcellular localization of PXR in its transcriptionally inactive state remains a point 

of contention. Different research groups have provided conflicting evidence to support their 

respective positions. Squires et al. showed that inactive PXR is predominantly sequestered in the 

cytoplasm of mouse liver by the cytoplasmic CAR retention protein (CCRP)–heat shock protein 

90 (hsp90) complex. When bound to and activated by ligand, PXR dissociates and translocates to 

the nucleus, where it heterodimerizes with RXR and activates target gene transcription (Squires 

et al., 2004). The functional motifs, namely the nuclear localization sequence (NLS: localized in 

the C-terminal region of the DBD), and the transcription AF-2 domain, were found to be 

necessary for pregnenolone 16α-carbonitrile (PCN: mouse PXR agonist)-induced PXR nuclear 

translocation. It was also found that downregulating CCRP by means of small interfering RNA 

(siRNA) attenuated ligand-induced PXR transcriptional activation, providing additional evidence 

of the importance of cytoplasmic sequestration in regulating PXR transcriptional activity 

(Squires et al., 2004). Consistent with this observation, a more recent study by van de Winkel et 

al. showed that PXR, upon stimulation with lithocholic acid (bile acid), translocates to the nuclei 

in esophageal adenocarcinoma cells (van de Winkel et al., 2011). In contrast to these 

observations, other groups have reported that human PXR is consistently localized to the 

nucleus, regardless of ligand binding or its activation status. Kawana et al. used transient 

expression in HeLa cells to show that PXR was localized to the nucleus in the absence of ligand. 
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The same group also identified a nuclear localization signal in the DBD of PXR. Removal of the 

DBD resulted in solely cytoplasmic localization, and mutation of the putative nuclear 

localization signal resulted in PXR redistribution to both the cytoplasm and the nucleus (Kawana 

et al., 2003). Consistent with those findings, immunostaining assays revealed human PXR to be 

located solely in the nucleus both in the presence and absence of ligand (Koyano et al., 2004). 

The inconsistencies between these various reports may be due to the species of PXR studied 

(human vs mouse) or the models used in the studies (in vitro vs in vivo). The findings also 

suggest that protein trafficking may be important in regulating PXR activity. Nevertheless, 

regardless of the merits of either side in this debate, nuclear localization is clearly essential for 

the activation of PXR transcriptional activity. 

The class I nuclear (steroid hormone) receptors, such as the estrogen and androgen 

receptors, function as homodimers, whereas class II nuclear receptors, such as PXR, act as 

heterodimers with RXRα (Kliewer et al., 1998). In an attempt to understand the structural basis 

of how PXR interacts with xenobiotics, Watkins et al. solved the crystal structure of the human 

PXR LBD in the presence of a peptide of human SRC-1 (residues 676–700) and the cholesterol-

lowering compound SR12813. Interestingly, they also found that PXR LBD molecules form a 

homodimer, and that the homodimer interface is formed primarily between the β1′ strands of 

each monomer, different from the interacting surface for its obligate RXR binding partner. 

Furthermore the terminal β-strands in each of these β-sheets associate in an antiparallel fashion 

to generate the PXR homodimer, which produces a 10-strand intermolecular antiparallel β-sheet. 

This form of homodimerization is unique to PXR. The size of the homodimer interface is large, 

suggesting that it is of functional relevance (Watkins et al., 2003). Noble and colleagues later 

confirmed Watkins et al.’s discovery by a sedimentation experiment that PXR LBD forms 
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homodimers in solution (Noble et al., 2006). The mutation of tryptophan 223 and 225 both to 

alanine (Trp223Ala and Tyr225Ala) on the PXR homodimer interface prevents the formation of 

the PXR homodimer, significantly reduces the ability of PXR to respond to ligands, and results 

in PXR exhibiting no basal transcriptional activation (Noble et al., 2006). This observation 

indicates that mutations that eliminate PXR homodimer formation substantially reduce the ability 

of the receptor to upregulate gene expression in a ligand-dependent or -independent fashion 

(Noble et al., 2006). The PXR mutant containing Trp223Ala and Tyr225Ala was able to form a 

complex with RXR; however, the recruitment of coactivators such as SRC-1 was impaired, 

suggesting that the PXR homodimer is integral to cofactor recruitment and hence PXR 

transcriptional activity (Noble et al., 2006). 

Although it is known that the transcriptional activity of PXR is governed by direct 

binding of ligands, many reports have indicated that cellular signaling pathways modulate the 

functions of NRs, including PXR. NR function is regulated by post-translational modifications 

(PTMs) such as phosphorylation, acetylation, sumoylation, methylation, myristylation, nitration, 

ADP-ribosylation, and/or isoprenylation. Several investigations have yielded direct evidence that 

these NR PTMs are responsible for the progression of many diseases, including cancers, 

diabetes, and obesity (Anbalagan et al., 2012). Additionally, PTMs of NRs provide an important 

mechanism for crosstalk between signaling pathways, thus underscoring the involvement of PXR 

in several physiologic processes and suggesting that there are nonliganded mechanisms of PXR 

regulation, and an instance of this was reported by Biswas et al. (Biswas et al., 2011). PTMs, 

such as phosphorylation of PXR through PKA signaling, have been shown to modulate PXR 

activity and recruitment of cofactors such as SRC-1 and nuclear receptor co-repressor (NCoR). 

This regulation of PXR by PKA was shown to modulate the involvement of PXR in the 
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inflammatory response (Lichti-Kaiser et al., 2009). Cyclin-dependent kinase 2 (Cdk2), a kinase 

that is important in regulating cell-cycle progression, was shown to attenuate PXR transcriptional 

activity during cell-cycle progression (Lin et al., 2008). Along the same lines, Sugatani et al. 

showed that Cdk2 negatively regulated xenobiotic metabolism genes (Sugatani et al., 2010). 

PXR stabilization through ubiquitination has also been described. The E3 ubiquitin ligase RING-

B-box-coiled-coil protein interacting with protein kinase C-1 (RBCK1) is a direct binding partner 

of PXR, and RBCK1 ubiquitinates PXR, resulting in PXR degradation (Rana et al., 2013). 

Furthermore, SUG-1, a subunit of the 26S proteasome, interacts with PXR in the presence of 

specific ligands, suggesting that different PXR ligands elicit varying characteristics on PXR such 

as accumulation in cells and, potentially, on PXR functions in cells (Masuyama et al., 2002). 

Several groups have demonstrated the involvement of acetylation in PXR function regulation 

(Biswas et al., 2011; Sugatani et al., 2012); however, the histone acetyltransferase (HAT) 

involved in this process remains to be determined. It is possible that the p160 coactivators recruit 

the HAT involved in the acetylation of PXR to the PXR transcriptional machinery. 

Despite the discovery of the mode of regulation of PXR and the acquisition of knowledge 

regarding its localization, several questions remain (Fig. 1A-C): (1) As the interacting surfaces of 

the PXR-PXR homodimer and PXR-RXR heterodimer are different, and the mutation that 

inhibited PXR-PXR dimerization did not affect PXR-RXR dimer formation, but decreased PXR 

transcriptional activity, does PXR function in a trimer consisting of two PXR molecules and one 

RXR molecule (Fig. 1C)? (2) Does the dimerization dynamic (i.e., PXR-RXR heterodimer vs 

PXR-PXR homodimer vs PXR-PXR-RXR trimer) influence the target gene regulated by PXR 

(Fig. 1A-C)? (3) Does the subcellular localization of PXR dictate the other noncanonical 

functions of PXR? (4) Does the specific ligand that binds PXR or the factors that interact with 
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PXR dictate its specific role? (5) How does the DBD of PXR affect the function of PXR, and 

does DNA-bound PXR behave differently from the non–DNA-bound form? These are questions 

that require further clarification. It is beyond the scope of this article to connect all the 

nonxenobiotic roles of PXR with the mode of regulation; however, we will discuss recent 

discoveries concerning the functions of PXR beyond its canonical xenobiotic sensor role. 

 

PXR in inflammation 

The integrity of the gut lining is important for preventing intestinal injury and maintaining the 

gut barrier function. It is now clear that microbes, food, and metabolites regulate the gut barrier 

function through immune recognition (Turner, 2009). Several bowel diseases, such as 

inflammatory bowel disease (IBD), intestinal ischemia, graft-versus-host disease, Crohn disease, 

ulcerative colitis, and celiac disease, are associated with dysfunction and chronic inflammation 

of the intestinal tract (Tamion et al., 1997; Baert et al., 1999; Brown et al., 1999; Suenaert et al., 

2002; Duerksen et al., 2005; Heller et al., 2005; Blair et al., 2006; Zeissig et al., 2007). Gene 

expression profiling of inflamed colon tissues from patients with ulcerative colitis or Crohn 

disease identified several downregulated detoxification genes and ATP-binding cassette (ABC) 

transporters. Along with the decrease in expression of several phase II enzymes and xenobiotic 

transporters, there was a significant downregulation of PXR, suggesting that PXR plays a role in 

the pathogenesis of IBD (Langmann et al., 2004). In addition, several single-nucleotide 

polymorphisms linked to decreased PXR activity or expression have been identified in patients 

with IBD (Dring et al., 2006). PXR was shown to play a prominent role in maintaining the 

intestinal wall integrity by regulating inflammation in hepatocytes and the small intestine. PXR 

activation inhibited the action of NF-κB on the expression of its target genes. This PXR-
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dependent inhibition of NF-κB was potentiated by PXR agonists (Zhou et al., 2006a). In a mouse 

model in which acute IBD was induced by administering 2.5% dextran sulfate sodium (DSS) in 

the drinking water, mice treated with the PXR agonist PCN were protected from DSS-induced 

colitis when compared to vehicle-treated mice. Indole 3-propionic acid (IPA), an indole 

metabolite produced exclusively by gut microflora (Wikoff et al., 2009), was identified as a 

possible physiologic ligand for PXR. In mouse intestine, IPA downregulated enterocyte-

mediated inflammatory cytokine tumor necrosis factor α (TNF-α) and upregulated junctional 

protein markers. Furthermore, intestinal epithelial cells from Nr1i2−/− mice were shorter, more 

loosely packed, and more permeable than those of the corresponding cells of Nr1i2+/+ mice. 

Nr1i2−/− mouse intestinal cells exhibited upregulation of Toll-like receptor 4 (TLR4), and the 

overall defects in the epithelial barrier were corrected in Nr1i2−/−Tlr4−/− mice (Venkatesh et al., 

2014), suggesting that PXR plays an anti-inflammatory role by negatively regulating TLR4.  

 

PXR in cell proliferation 

 

The PXR activators, dexamethasone (DEX) and PCN, have long been known to induce 

mitogenesis in the liver resulting in hepatomegaly (Thatcher and Caldwell, 1994). More recently, 

Shizu et al. found that stimulation of PXR alone with PCN was insufficient to induce cell 

proliferation in mouse liver, but PCN bolstered CAR-mediated hepatocyte proliferation induced 

by the CAR agonists 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) and 

phenobarbital, as well as PPARα-mediated hepatocyte proliferation induced by Wy-14643 (a 

PPARα ligand). The enhancing effects of PCN co-treatment were not observed in PXR-deficient 

mice, suggesting that PXR plays a unique role in the cell cycle of murine hepatocytes, enhancing 
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CAR- and PPARα-mediated hepatocyte proliferation without itself inducing proliferation (Shizu 

et al., 2013). In the same study, the authors demonstrated that PCN treatment increased the RNA 

content of quiescent cells and decreased hepatic levels of mRNAs encoding p27 and p130, both 

of which negatively regulate the re-entry of quiescent cells into the cell cycle (Shizu et al., 2013). 

Overexpression of p130 in HepG2 liver hepatocellular carcinoma cell line led to growth 

suppression, G0 cell-cycle arrest, and a reduction in tumorigenicity in SCID mice (Huynh, 

2004). Additionally, after initiation with diethylnitrosamine, phenobarbital significantly 

promoted liver tumorigenesis in p27-deficient mice, as compared to wild-type mice (Sun et al., 

2008), suggesting that PXR modulates inhibitors of cell-cycle progression. Members of class O 

of the Forkhead box (FOXO) transcription factors control the G0/G1 and G1/S phase 

progressions of cells, and FOXO-mediated regulation of the cell cycle depends on the 

transcriptional upregulation of the cell-cycle inhibitor genes (Eijkelenboom and Burgering, 

2013). FOXO3 overexpression abrogated the enhancing effect of PXR on serum-mediated 

proliferation (Shizu et al., 2016). Together, these observations suggest that activated PXR 

prevents FOXO3-mediated transcription of cell-cycle suppressor genes, because G0/G1 and 

G1/S checkpoints are the rate-limiting stages during cell-cycle progression. This might enable 

hepatocytes to pass these checkpoints more easily and accelerate cell-cycle progression, making 

the genetic information of the cells error prone and potentially resulting in cancerous cells. These 

findings also explain the observed hepatocyte proliferation induced by growth factors and 

cytokines during liver regeneration.  

 Other studies have shown that PXR upregulated the p21 protein, a Cdk inhibitor, to 

suppress the proliferation of colon cancer cells and that ectopic expression of PXR in 

neuroblastoma cells resulted in growth suppression (Misawa et al., 2005; Ouyang et al., 2010). 
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Another study showed that PXR activation inhibited T-lymphocyte proliferation and 

compromised T-lymphocyte function (Dubrac et al., 2010). Furthermore, rifampicin (RIF)-

induced activation of PXR inhibited the proliferation of cervical cancer cells, and in a xenograft 

model, cells overexpressing PXR formed smaller tumors than did cells in the vector control 

group (Niu et al., 2014). This growth inhibition occurred as a result of G2/M phase arrest in the 

cell cycle. In PXR-mediated G2/M arrest, the expression of cullin 1 (Cul1), Cul2, Cul3, and 

mitotic arrest deficient 2–like 1 (MAD2L1), which are positively correlated with cell-cycle arrest 

in G2/M phase, was low in control cells but high in the PXR overexpressing cells. Additionally, 

anaphase-promoting complex subunit 2 (ANAPC2) and cell-division cycle protein (CDC) 20 or 

CDC25, which are also related to the G2/M phase progression, were downregulated by PXR 

(Niu et al., 2014). Zhuang et al. observed a similar inhibition of proliferation in liver 

hepatocarcinoma cells stimulated with RIF (Zhuang et al., 2011). Flow cytometry analysis of 

RIF-treated cells revealed an arrest of cells in the G0/G1 phase in a PXR-dependent manner 

(Zhuang et al., 2011). Based on evidence that have been presented, it appears that PXR may play 

a dual role both as an accelerator or a brake of cell proliferation. When acting as an enhancer, 

PXR predominantly exerts its effects in the G0/G1 or G1/S phases where its activation 

suppresses cell cycle suppressor genes like p27 and p130 (Fig. 2). On the other hand, when 

acting as an inhibitor of proliferation, its effects are primarily observed in the G2/M phase of the 

cell cycle where p21 is enhanced but cell cycle promoter like CDC20 and CDC25 are suppressed 

(Fig. 2). It is still unclear whether cellular or tissue context plays a role in dictating whether PXR 

acts as an enhancer or inhibitor of proliferation. Additionally, the other factors that may push 

PXR proliferative function in one direction as opposed to the other are yet unknown.   
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Many drugs act on certain phases of the cell cycle to induce cell death. For example, 

mercaptopurine, methotrexate, and cytarabine act on the S phase by interfering with DNA 

synthesis, whereas vincristine and vinblastine act on the M phase to induce cell death (Binet et 

al., 1990). PXR is a xenobiotic receptor that regulates drug metabolism, and over-activation of 

this mechanism may result in drug resistance. However, the observations described here suggest 

that proliferation inhibition by PXR activation might be an important mechanism in 

desensitization to drugs and the maintenance of cell viability. That is, PXR may act to keep cells 

in a state or cell-cycle phase in which they are not sensitive to drugs in their milieu, further 

emphasizing the broader roles of PXR.  

 

PXR in cell motility 

Cell migration is a widespread and complex process that is crucial to the morphogenesis of 

animal body plans and individual organ systems. Additionally, the activation of cell migration 

underlies the invasion and metastasis of human cancers, making the study and understanding of 

cell motility clinically relevant. Kodama et al. showed that PXR can induce motility in 

hepatocellular carcinoma cells (Kodama and Negishi, 2011). They observed that PXR activation 

by RIF stimulated the phosphorylation of p38 mitogen-activated protein kinase (MAPK). 

Subsequent microarray analysis revealed that the gene encoding GADD45β was induced before 

activation of the p38 MAPK signal pathway after RIF treatment (Fig. 3) (Kodama and Negishi, 

2011). Furthermore, PXR activation resulted in morphologic change in cells, reorganization of 

actin filaments, and enhanced cell migration (Kodama and Negishi, 2011). The same group 

subsequently discovered an additional signaling pathway that regulated cell migration, in which 

RIF-induced activation of PXR suppressed HNF4α, resulting in the upregulation of insulin-like 
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growth factor-binding protein (IGFBP) genes (Fig. 3) (Kodama et al., 2015). In another study, 

Wang and colleagues showed that PXR activation in response to RIF increased the migration 

potential of colon cancer cells, and metastasis to the liver of cells injected into the spleen (Wang 

et al., 2011). The PXR-dependent tumor invasiveness was found to be dependent on fibroblast 

growth factor (FGF) 19, and FGF 19 is a direct target gene of PXR (Fig. 3) (Wang et al., 2011). 

Kodoma and colleagues demonstrated PXR-growth arrest and the DNA damage–

inducible beta (GADD45β)–p38 MAPK and PXR-HNF4α–insulin-like growth factor binding 

protein 1 (IGFBP1) signaling axes, both of which regulate cell morphology and cell motility 

(Kodama and Negishi, 2011; Kodama et al., 2015). The PXR-dependent regulation of cell 

migration via the genes encoding GADD45β and IGFBP1 underscores the possibility that PXR 

plays diverse roles in cell regulation, because both GADD45β and IGFBP1 regulate various 

cellular processes, including apoptosis, the cell cycle, DNA repair, cell proliferation, and cell 

migration, through the interactions of GADD45β with various signal factors, such as the 

cdc2/cyclin B1 complex, p38, p21, c-Jun N-terminal kinase (JNK), and proliferating cell nuclear 

antigen (PCNA) (Liebermann and Hoffman, 2008; Salvador et al., 2013), and through the 

interaction of IGFBP1 with insulin-like growth factor (IGF) (Jones and Clemmons, 1995; Chesik 

et al., 2010).  

Wang et al. connected PXR to the malignant phenotype of cancer cells (Wang et al., 

2011). Previous studies have demonstrated that PXR, which is expressed in various cancers, such 

as colon, ovary, breast, endometrial, and prostate cancers, contributes to tumor progression and 

drug resistance by inducing enzymes such as CYP3A4, thereby enabling the metabolism of 

therapeutic agents and steroid hormones such as estrogens (Chen and Nie, 2009; Qiao et al., 

2013). Taken together, these findings suggest that PXR drives both of the processes that account 
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for poor prognosis in cancer—metastasis and drug resistance. Because several environmental 

xenobiotics and food components can activate PXR at clinically relevant concentrations in 

humans (Harris et al., 2003; Nowack et al., 2009), the implications that the environment and diet 

exert an effect on cancer progression through PXR are radically thought provoking and warrant 

careful consideration. 

 

PXR in apoptosis 

Apoptosis is an important mechanism by which organisms minimize the toxic effects of 

xenobiotics. It is a form of innate cell suicide executed by caspases and is critical for cell 

turnover and, hence, for the maintenance of tissue homeostasis. Apoptosis can be triggered by a 

variety of external and inherent signals; it occurs spontaneously in untreated malignant 

neoplasms and is involved in at least some types of therapeutically induced tumor regression in 

the form of synthetic lethality. Apoptosis has also been implicated in the physiologic shrinkage 

and atrophy of various tissues and organs (Kerr et al., 1972; Fadeel and Orrenius, 2005). The 

ability of cells to escape apoptosis is a hallmark of cancer cells.  

In the past decade, PXR has been implicated in this ubiquitous but important physiologic 

process (Bailly-Maitre et al., 2001; Zucchini et al., 2005; Masuyama et al., 2007; Zhou et al., 

2008). Maitre and colleagues observed that DEX, a prototypical CYP3A inducer and PXR 

activator, could inhibit spontaneous apoptosis in hepatocyte primary cultures by upregulating the 

antiapoptotic proteins B-cell leukemia 2 (Bcl-2) in human hepatocytes and Bcl-xL in rat 

hepatocytes, whereas the expression of the proapoptotic proteins Bcl-xS and Bcl-2–associated 

death promoter (Bad) was not detected or remained unchanged (Bailly-Maitre et al., 2001). 

Building on this study, Zucchini et al. showed that seven known human and/or rat PXR 
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activators (DEX: also a glucocorticoid receptor ligand (Weikum et al., 2017), RIF, 

phenobarbital, clotrimazole [CLO], spironolactone, PCN, and methyrapone) protected cells 

against staurosporine-induced apoptosis by upregulating Bcl-xL and Bcl-2 in rat and human 

hepatocytes. They observed that the knockdown of PXR expression by antisense technology in 

rat hepatocytes inhibited the Bcl-xL upregulation induced by CLO and that the overexpression of 

PXR in HepG2 cells increased Bcl-2 expression upon CLO treatment and protected the cells 

against Fas-induced apoptosis (Zucchini et al., 2005). This suggests that PXR plays a role in 

promoting hepatocyte survival by upregulating the Bcl-xL and Bcl-2 anti-apoptotic proteins. In a 

later study, Zhou et al. further confirmed that PXR had an antiapoptotic role. They showed that 

the expression of constitutively activated PXR or the pharmacologic activation of PXR by the 

agonist RIF in PXR-overexpressing cells protected HCT116 human colon carcinoma cells from 

deoxycholic acid–induced apoptosis. Interestingly, PXR activation also protected HCT116 cells 

from adriamycin-induced cell death, suggesting that the antiapoptotic effect of PXR is not 

specific to a particular compound but may protect cells from a variety of apoptosis inducers 

(Zhou et al., 2008).  

Pharmacologic activation of endogenous PXR in LS180 colorectal adenocarcinoma cells 

also inhibited staurosporine-induced apoptosis. Mechanistically, the anti-apoptotic effect of PXR 

appeared to be independent of its xenobiotic function, because HCT116 cells exhibited little 

basal or inducible expression of bile acid–detoxifying enzymes that are transcriptional targets of 

PXR. SuperArray analysis showed that PXR-mediated inhibition of deoxycholic acid–induced 

apoptosis was associated with upregulation of multiple antiapoptotic genes, including Bcl-2–

associated athanogene 3 (BAG3) and the genes encoding baculoviral IAP repeat–containing 

protein 2 (BIRC2) and myeloid cell leukemia 1 (MCL-1), and downregulation of proapoptotic 
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genes, such as Bcl-2 antagonist/killer 1 (BAK1) and TP53/p53 (Zhou et al., 2008). The 

antiapoptotic effect was also observed in constitutively activated PXR transgenic mice treated 

with lithocholic acid, a known apoptotic bile acid in vivo. Furthermore, PXR transgenic mice 

were sensitized to dimethylhydrazine-induced colonic carcinogenesis, supporting the idea that 

PXR participates in the malignant transformation of cells (Zhou et al., 2008). 

 Recently, Robbin et al. proposed an intriguing model of the antiapoptotic effect of PXR. 

They showed that PXR bound and sequestered the tumor suppressor p53, thus decreasing the 

binding of p53 to its target gene promoters. The PXR-p53 interaction sequesters p53 thereby 

inhibited p53 transcriptional activity, enhanced malignant transformation, and protected cells 

from drug-induced apoptosis (Elias et al., 2013; Robbins et al., 2016). This recent model of a 

physical and mutually inhibitory interaction between PXR and p53 provides further mechanistic 

insight into the previously observed regulation of pro- and antiapoptotic genes that are targets of 

p53 in response to PXR activators.  

 

PXR in DNA damage 

The DNA of eukaryotic cells is under constant bombardment from chemicals, free radicals, 

and/or ionizing radiation as a result of environmental exposure, the by-products of intracellular 

metabolism, or medical therapy. DNA damage repair proteins sense the damage brought on by 

this constant attack and initiate the recruitment of protein complexes to the site of the genotoxic 

lesion (reviewed in (Hakem, 2008)). DNA damage in terminally differentiated cells (such as 

muscle cells) prompts DNA damage repair to ensure the integrity of the transcribed genome, but 

the induction of DNA damage in dividing cells results in the activation of the cell cycle G1/S, 

intra-S, and G2/M checkpoints. These checkpoints halt the cell-cycle progression to enable the 
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DNA damage repair machinery to do its work, thereby avoiding the transmission of incorrect 

genetic information to the progeny. The DNA damage response during any phase of the cell 

cycle follows the same crucial steps. When DNA damage is detected by sensor proteins, signal 

transducer proteins transduce the signal to effector proteins that launch a cascade of events that 

leads to cell-cycle arrest, apoptosis, DNA repair, and/or the activation of damage-induced 

transcription programs (Houtgraaf et al., 2006). It is clear that the downregulation of DNA 

damage surveillance and repair mechanisms plays a critical role in tumor progression and 

increases the genetic and epigenetic instability required for the uncontrolled proliferation and 

adaptability associated with aggressive tumors. 

In a study by Naspinski et al., liver carcinoma cells were exposed to Benzo[a]pyrene 

(BaP), a common environmental contaminant that is found in air, water, soil, sediment, and 

cooked foods and that is also a well-established animal carcinogen and a probable human 

carcinogen. These authors found that PXR protected cells from BaP-induced DNA damage by 

upregulating metabolizing enzymes that contribute to the detoxification of the compound 

(Naspinski et al., 2008). A later study showed that ginsenoside, the main active ingredient in 

Panax ginseng and a functional ligand of PXR, protected human dermal fibroblasts from BaP-

induced DNA damage. A mechanistic study revealed that ginsenoside increased the expression 

of the gene encoding NAD(P)H:quinine oxidoreductase 1, an important phase II detoxifying 

enzyme, by activating the phosphatidylinositol 3-kinase/Akt/Nrf2 pathway. The involvement of 

PXR in the cytoprotective effect of ginsenoside against BaP-induced DNA damage was 

confirmed by subsequent knockdown of PXR with siRNA (Poon et al., 2012). 

 

Conclusion 
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We have just begun to recognize the importance of the non-xenobiotic functions of PXR and the 

impact of factors that redirect PXR signaling. In each of these cases, molecular biology has 

provided us with a variety of concepts as to how PXR and/or its ligands can induce or modulate 

important physiologic programs (Fig. 4). The challenge now is to generate chemical probes that 

selectively interrogate one or some of these functions to achieve the pharmacologically desired 

effects. Can specific nodes in the numerous PXR signaling pathways be identified to specifically 

target a process without affecting others? Undoubtedly, elucidating the other roles of PXR in 

physiologic or pathophysiologic processes represents both a major challenge for PXR 

pharmacology and a potential opportunity to identify new targets for drug discovery. 
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Figure Legends 

 

Fig. 1. Schematic representation of the possible PXR dimers and trimer. A. PXR forms a 

homodimer, binds to PXR response elements within the promoter of target gene. Mutation to the 

PXR-PXR interacting surface has been shown to decrease PXR transcriptional activity. B. PXR 

forms a heterodimer with RXR, its obligate binding partner, to regulate the transcription of target 

genes. C. PXR can potentially form a PXR-PXR-RXR trimer because the interacting surfaces of 

PXR homodimer and PXR-RXR heterodimer are different. PXR-RXR dimer formation in 

regulating PXR activity is well established. PXR-PXR dimer formation is relatively new and 

requires further exploration to gain a better understanding of its function. The idea that PXR-

PXR-RXR trimer can potentially form in cells and may be required for full PXR transcriptional 

activity is thought provoking and warrants investigation. 

 

Fig. 2. PXR serves a dual role in regulating cell proliferation. PXR could inhibit cell 

proliferation by inhibiting the G2-M phase progression of cell cycle (left panel), or enhance cell 

proliferation by imposing its effects in the G1-S phase transition of cell cycle. The driving factor 

for what role to favor remains unknown, but whatever role is favored is predominant in that 

model. 

 

Fig. 3. PXR enhances cell migration through the GADD45β–p38, HNF4α–IGFBP1, and FGF19 

regulatory axes. 
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Fig. 4. Schematic summary of non-xenobiotic functions of PXR. It has become clearer that PXR 

plays critical roles in physiologic and pathophysiologic states beyond its canonical xenobiotic 

sensing function. 
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