
Summary. Pregnane X Receptor (PXR) is a member of
the nuclear receptor superfamily, expressed in liver,
intestine and other tissues. PXR exerts transcriptional
regulation by binding to its DNA response elements as
an heterodimer with Retinoid X Receptor (RXR). This
nuclear receptor is implicated in the homeostasis of
numerous endobiotics, such as glucose, lipids, steroids
and bile acids. Additionally, the activation of PXR
induces expression of drug metabolizing enzymes
(DMEs) and transporters, including multidrug resistance
protein 1 (MDR1), leading to regulation of xenobiotic
metabolism and drug-drug interactions. New roles for
PXR have been established in inflammatory bowel
disease, bone homeostasis, liver steatosis, antifibro-
genesis and oxidative stress. PXR has, additionally, a
multifactorial impact on cancer, either by directly
affecting cell proliferation and apoptosis or by inducing
chemotherapy resistance, in colon, breast, prostate, and
endometrial cancer, and in osteosarcoma. PXR
polymorphisms may also have clinical significance in
certain types of cancer and their treatment. Further
studies are needed in order to clarify the mechanisms
involved in PXR-regulated carcinogenesis. PXR down-
regulation could be considered as a novel therapeutic
approach to overcome chemoresistance, while future
research should be mainly focused on modulating PXR
status in order to increase chemotherapy effectiveness
and finally improve cancer patient prognosis.
Key words: Pregnane X receptor, Xenobiotics,
Metabolism, Drug-drug interactions, Cancer

Introduction

Pregnane X Receptor (PXR), a member of the
nuclear receptor (NR) superfamily, was discovered in
1998 by multiple groups (Lehmann et al., 1998). Similar
to other NRs, PXR is a modular protein sharing common
regions, a highly variable N-terminal domain, a
conserved DNA binding domain (DBD), an H region
(H), and a C-terminal ligand-binding domain (LBD).
PXR is expressed in liver and intestine, front line organs
involved in the absorption, distribution, metabolism and
elimination of xenobiotics and endobiotics, in all
mammalian species (Ma et al., 2008). PXR is also
expressed in other tissues (kidney, brain, breast, prostate,
heart, bone marrow, spinal cord, stomach, ovary,
placenta) and cells (peripheral mononuclear and other
immune cells) (Dotzlaw et al., 1999; Staudinger et al.,
2001; Lamba et al., 2004; Owen et al., 2004; Albermann
et al., 2005).

More than 70 single-nucleotide polymorphisms
(SNPs) have been identified so far, including 15 in the
coding region that are non-synonymous, creating new
PXR proteins. Four of the fifteen variants were located
N-terminal to the DNA binding domain (A12T, E18K,
P27S, and G36R) and have no significant effects on
DNA-binding or transactivation compared with wild-
type PXR. Three other variants were located in or near
the DNA binding domain (R98C, K109N, and R122Q).
The other eight variants are within the LBD of PXR
(R148Q, Q158K, D163G, A370T, C379G, R381W and
I403V) or close to the LBD (V140M). R148Q and
Q158K are located in helix 1 of LBD (Zhang et al.,
2001) (Fig. 1).

In the present review, the role of PXR in human
biology and physiology, and specifically its implication
in cancer are discussed. PXR and its multiple targets in
humans are briefly presented in Fig. 2.
PXR ligands

PXR activation is ligand dependent; following
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ligand binding, PXR forms a heterodimer with the
Retinoid X Receptor (RXR) that binds to PXR response
elements, located in the 5-flanking regions of PXR target
genes, resulting in their transcriptional activation.
Additionally, it has been suggested that PXR may act as
a gene silencer (Harmsen et al., 2007). 

Many PXR ligands have been identified among
prescription drugs, and include the antibiotics
rifampicin, clotrimazole, and ritonavir; the antineoplastic
drugs cyclophosphamide, cyproterone acetate, taxol,
tamoxifen, and RU486; the anti-inflammatory agents
dexamethasone and indomethacin; the anti-type 2
diabetes drug troglitazone; the antihypertensive drugs
nifedipine and spironolactone; and the sedatives
glutethimide and phenobarbital (Table 1) (Honkakoski et
al., 2003; Persson et al., 2006; Zhou et al., 2009).
Commonly used herbal medicines can also activate
PXR, such as St. John’s wort, Gugulipid, and kava kava
(Staudinger et al., 2006). Among dietary supplements,
vitamins K2 and E have been established as weak PXR
activators (Tabb et al., 2003). A number of
environmental pollutants are also PXR ligands, such as
organochlorine pesticides (Lemaire et al., 2006). Other
PXR ligands include endogenous steroids such as
corticosterone, 17a-hydroxyprogesterone, as well as bile

acids (di Masi et al., 2009).
Activation of PXR induces expression of drug

metabolizing enzymes (DMEs) and transporters,
including multidrug resistance protein 1 (MDR1),
suggesting a significant role of PXR in cancer drug
resistance (Ma et al., 2008). PXR serves as a master
transcriptional regulator of CYP3A isozymes
(Quattrochi and Guzelian, 2001). Besides regulating
members of the CYP families, PXR is involved in other
aspects of xenobiotic metabolism, regulating
carboxylesterases, alcohol dehydrogenase, glutathione S-
transferase (GST), UDP-glucuronosyltransferase (UGT),
sulfotransferases (SULT), and transporters such as P-
glycoprotein (Pgp or ABCB1), several multidrug
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Fig. 1. PXR is a modular protein sharing common regions, a highly
variable N-terminal domain, a conserved DNA binding domain (DBD),
an H region (H), and a C-terminal ligand-binding domain (LBD). Several
PXR allelic variants have been identified so far, including 15 in the
coding region. Four of the fifteen variants were located N-terminal to the
DNA binding domain (A12T, E18K, P27S, and G36R). Three other
variants were located in or near the DNA binding domain (R98C,
K109N, and R122Q). The other eight variants are within the LBD of PXR
(R148Q, Q158K, D163G, A370T, C379G, R381W and I403V) or close
to the LBD (V140M). R148Q and Q158K are located in helix 1 of LBD.

Fig. 2. PXR and its multiple targets
involved in different metabolic
processes.

Table 1. PXR can be activated by a wide diversity of natural steroids,
dietary compounds and xenobiotics. The main PXR ligands, acting
either as PXR agonists (A) or antagonists (AN), are depicted in the
Table.

PXR Ligand Action Reference

Carbamazepine A Willhauck et al., 2011
Clotrimazol A Honkakoski et al., 2003
Corticosterone A di Masi et al., 2009
Coumestrol AN Wang et al., 2008a
Cyclophosphamide A Chang et al., 1997
Dexamethasone A Honkakoski et al., 2003
Ecteinascidin-743 AN Synold et al., 2001
17-Hydroxy-progesterone A di Masi et al., 2009
Hyperforin A Staudinger et al., 2006
Indomethacin A Persson et al., 2006
Ketoconazole AN Huang et al., 2007
Nifedipine A Honkakoski et al., 2003
Paclitaxel A Synold et al., 2001
PCN A Zhou et al., 2009
Phenobarbital A Honkakoski et al., 2003
Rifampicin A Lehmann et al., 1998; Lemaire et al., 2006
RU486 A Honkakoski et al., 2003
SR12813 A Chen et al., 2007
SFN AN Zhou et al., 2007
Tamoxifen A Desai et al., 2002
Troglitazone A Persson et al., 2006
Warfarin A Persson et al., 2006
Verapamil A Persson et al., 2006
Vincristine A Huang et al., 2006



resistance associated proteins (MRPs), and OATP2
(Rosenfeld et al., 2003).
PXR functions 

In addition to important roles in cholesterol
detoxification, PXR can also mediate a SREBP-
independent lipogenic pathway by activating the free
fatty acid (FFA) uptake transporter CD36, peroxisome
proliferator-activated receptor gamma (PPARÁ), and
several accessory lipogenic enzymes, such as stearoyl
CoA desaturase-1 (SCD-1) and long-chain free fatty acid
elongase (FAE) (Zhou et al., 2006). Additionally, PXR
activation was proposed to decrease the bile acid
synthesis via down-regulation of CYP7A1 and to
accelerate bile acid metabolism and elimination through
up-regulation of metabolic enzymes and transporters
(Timsit and Negishi, 2007; Nguyen and Bouscarel,
2008). Drug-activating PXR acts like insulin and
represses hepatic energy metabolism by increasing
triglyceride synthesis and by decreasing b-oxidation and
ketogenesis, finally leading to down-regulation of
gluconeogenesis (di Masi et al., 2009). Finally,
activation of PXR markedly increased plasma
concentrations of corticosterone and aldosterone, and
their increase was associated with the enhanced
expression of adrenal steroidogenic enzymes, including
CYP11A1, CYP11B1, CYP11B2, and 3b-hydroxysteroid
dehydrogenase (Zhai et al., 2007).

PXR-mediated gene regulation and lipid
accumulation are required for the hepatic regenerative
response to liver resection, and it was suggested that
PXR is essential for normal progression of liver
regeneration by modulating lipid homeostasis (Dai et al.,
2008; Lee et al., 2008). Very few clinical reports
concerning drug-induced hepatic steatosis by PXR
ligands exist. New data suggest that PXR activators
inhibit transdifferentiation and proliferation of human
hepatic stellate cells, and PXR may therefore be a
potential target for antifibrotic therapy (Marek et al.,
2005; Haughton et al., 2006).

Interestingly, budesonide, a glucocorticoid derivative
frequently used as an anti-inflammatory drug for
inflammatory bowel disease, has been recently identified
as a PXR ligand (Maier et al., 2007). The activation of
Nuclear Factor- kappa B (NF-κB) inhibits the PXR
function, thereby causing a reduced expression of its
target genes, while inhibition of NF-κB increases PXR
activity and target genes expression (Wahli, 2008).
Furthermore, PXR activation is considered to be a risk
factor for oxidative stress caused by an imbalance
between the production of reactive oxygen species
(ROS) and detoxification of the reactive intermediates
(Gong et al., 2006).

Recently, drugs such as PXR ligands have been
reported to modulate the expression of the PXR target
gene CYP24 both in vitro and in vivo, altering the
homeostasis of 1,25(OH)2D3 (1,25-dihydroxyvitamin
D3) (Pascussi et al., 2005). Overall, the role of PXR in

metabolic bone disorders in humans remains unclear.
PXR-mediated drug metabolism

The expression of MDR1 as well as other proteins
involved in regulating the bioavailability of drugs is
regulated by NRs. PXR binds and activates the MDR1
promoter (Cerveny et al., 2007; Chen, 2010). The most
common clinical implication for the activation of PXR is
the occurrence of drug-drug interactions. Multiple-
therapy regimens are the major reason for drug-drug
interactions, especially involving patients with
tuberculosis, cancer, HIV, cardiovascular disease, and
diabetes. The clinical consequences of PXR mediated
drug-drug interactions are generally decreased
therapeutic efficacy (Ma et al., 2008). Rifampicin, a
human PXR ligand used at a high dose and long term for
tuberculosis treatment, activates PXR and up-regulates
the PXR target gene CYP3A4, resulting in increased
metabolic clearance of oral contraceptives, midazolam,
and anti-HIV protease inhibitors, finally leading to
decreased efficacy (Backman et al., 1996; Niemi et al.,
2003; Ivanovic et al., 2008; Ma et al., 2008). Hyperforin,
which is a major compound of St. John’s wort, was
identified as a natural ligand for PXR. St. John’s wort
activates PXR, up-regulates CYP3A expression,
accelerating cyclosporine metabolism, and may lead to
organ rejection in organ transplant patients (Murakami et
al., 2006).
PXR and cancer

Drug-drug interactions in oncology

Most cancer patients are usually administered many
other drugs in addition to chemotherapeutics, which
further increase the possibility of drug-mediated PXR
activation. As PXR regulates the expression of proteins
involved in drug metabolism and transport, activation of
PXR can lead to undesired drug interactions. In PXR-
expressing cancers, the anticancer drug that activates
PXR might compromise the effectiveness of the drug
itself, as well as that of other drugs in combination
therapy. Drugdrug interactions can have a major impact
on treatment outcome in cancer patients. These patients
are at high risk of such interactions, being treated with
combinations of multiple cytotoxic anticancer drugs or
hormonal agents often co-administered with
prophylactic antiemetics and analgesics to provide
palliation. Interactions between drugs can affect the
pharmacokinetics of concomitantly administered
chemotherapeutic agents (Harmsen et al., 2007). The
ability to activate PXR is therefore considered an
undesirable property for a lead compound for
development as a drug (Zimmermann et al., 2010).

Several molecular targets have been shown to be
related to chemoresistance, which include efflux
transporters, phases I and II detoxication enzymes, and
DNA-repair enzymes. Most of these chemoresistance-
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related enzymes are encoded by PXR target genes, such
as Pgp, MRPs, CYP3A, UGT, and GST (Harmsen et al.,
2007). Due to its ligand promiscuity, PXR can be
activated by many anticancer drugs, such as tamoxifen,
Taxol, vincristine and cyclophosphamide (Synold et al.,
2001; Desai et al., 2002; Mani et al., 2005). Remarkably,
activation of PXR induces a battery of enzymes and
transporters that accelerate the metabolism and the
elimination of chemotherapeutic agents, contributing to
resistance to chemotherapy in breast, prostate, and
endometrial cancer, as well as in osteosarcoma (Dotzlaw
et al., 1999; Chen et al., 2007; Masuyama et al., 2007;
Mensah-Osman et al., 2007). Assessment of PXR as a
drug target may lead to drugs that improve the
pharmacokinetics of other drugs by inhibiting the action
of PXR, or drugs can be chemically modified so that
they retain their pharmacological properties, but lack the
ability to activate PXR mediated gene expression. This
may ultimately provide oncologic regimens with fewer
and less severe side effects and possibly enhanced
antitumor activity.

Rifampicin can affect the bioavailability of
concomitantly administered anticancer drugs. In one
study, it was shown that rifampicin doubled the
clearance of ifosfamide (Kerbusch et al., 2001).
Furthermore, a decrease of the maximum observed
concentration (Cmax) and area under the concentration-
time curves (AUC) of imatinib when it was
coadministered with rifampicin was noted (Bolton et al.,
2004). Moreover, rifampicin was shown to cause sub-
therapeutic doses of cyclosporine, a CYP3A4 substrate,
in a pediatric patient with chronic myeloid leukaemia
after bone marrow transplantation (Zelunka, 2002).
Patients who received irinotecan in combination with
phenytoin were also shown to have a decreased AUC of
both irinotecan and its active metabolite SN-38 by 63%
and 60%, respectively, most likely due to CYP3A4
induction, which is involved in the conversion of
irinotecan to its inactive metabolite (Murry et al., 2002).
Other studies further support the influence of
anticonvulsants on the pharmacokinetics of other
anticancer drugs, such as paclitaxel, topotecan,
methotrexate, teniposide, and imatinib (Baker et al.,
1992; Chang et al., 1998; Zamboni et al., 1998; Relling
et al., 2000; Druker et al., 2001). Additionally, in a
clinical trial tamoxifen reduced the plasma levels of
concomitantly administered aromatase inhibitors
letrozole and anastrazole, which are substrates for
CYP3A4 (Dowsett et al., 2001). Treatment of primary
cultures of human hepatocytes with potent nuclear
receptor agonists like phenobarbital, dexamethasone and
rifampicin resulted in markedly increased 4-
hydroxylation of both cyclophosphamide and its isomer
ifosfamide (Chang et al., 1997). In contrast to anticancer
drugs like paclitaxel, tamoxifen and cyclophosphamide,
which are PXR agonists, the novel marine derived
anticancer agent ecteinascidin (ET)-743 (Yondelis,
Trabectedin) has been shown to inhibit the
transcriptional up-regulation of CYP3A4 and MDR1 by

directly antagonizing PXR (Synold et al., 2001).
Furthermore, pre-treatment of an osteosarcoma cell-line
with ET-743 significantly enhanced the cytotoxicity of
doxorubicin. The increase in cytotoxicity was associated
with a down-regulation of Pgp (Mensah-Osman et al.,
2007).

It was shown that paclitaxel, discodermolide, and an
analogue of epothilone B, BMS-247550, induced
CYP3A4 protein expression in HepG2 hepatoma cells.
According to this study, hPXR activation with selective
displacement of corepressors is an important mechanism
by which microtubule-stabilizing drugs induce drug
metabolizing enzymes both in vitro and in vivo. This
study lays the basis for understanding and exploring why
some paclitaxel analogues do not activate hPXR and this
information may be used to guide the future
development of therapeutically active but hPXR-neutral
microtubule-stabilizing agents (Mani et al., 2005).
Recently, Zimmermann et al. reported the chemical
modifications of their first generation IGF-1R inhibitors
to reduce PXR transactivation while maintaining
potency against IGF-1R (Zimmermann et al., 2010).
Ketoconazole, an inhibitor of CYP3A4 enzyme activity,
can inhibit multiple NRs, including PXR, by disrupting
the NR-coactivator interaction (Huang et al., 2007). Co-
treatment with ketoconazole or its analogs, which are
pure GR-antagonists, might improve the pharmaco-
kinetic properties of anticancer drugs, such as paclitaxel,
tamoxifen and cyclophosphamide. On the other hand,
co-treatment of anticancer agents with ketoconazole
could also increase adverse drug reactions as a result of
impaired metabolism due to inhibition of CYP3A4 or
diminished inducible expression of other bodily defence
mechanisms such as efflux transporters (Wang et al.,
2007). A-792611, an HIV protease inhibitor, inhibits
PXR-mediated CYP3A4 expression (Healan-Greenberg
et al., 2008). Sulforaphane (SFN), an histone deacetylase
inhibitor and inducer of phase II DMEs such as GSTs,
appears to be a PXR antagonist (Zhou et al., 2007). SFN
down-regulates CYP3A4 expression by directly binding
to PXR and inhibiting coactivator recruitment.
Coumestrol, a potent agonist of estrogen receptor (ER)α
and ERß, antagonizes PXR at high concentrations (Wang
et al., 2008a). Camptothecin, an inhibitor of
topoisomerase I, inhibits PXR-mediated transcriptional
activation of CYP3A4 by disrupting the interaction of
PXR with SRC-1 without competing with the agonist for
binding to PXR. The effect of camptothecin is not
specific for PXR, because camptothecin also inhibits
Constitutive Androstane Receptor (CAR)-mediated, but
activates Vitamin D Receptor (VDR)-mediated
transactivation (Chen et al., 2010). Although all known
PXR inhibitors or antagonists have an activity other than
inhibiting PXR, these studies suggest that it is feasible to
antagonize the inducible activity of PXR and to enhance
the drugs’effectiveness. In a recent study, Raynal et al.
showed that PXR activation reduced the
chemosensitivity of colorectal cancer cells to irinotecan.
Interestingly, the reduction in chemosensitivity was
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reversed by the PXR antagonist SFN (Raynal et al.,
2010). Furthermore, co-administration of PXR agonists
enhanced the clearance of all-trans-retinoic acid
(ATRA), which could potentially contribute to ATRA
resistance in the treatment of acute promyelocytic
leukemia (APL) and several solid tumors (Wang et al.,
2008b). Finally, hPXR activation is related to bone
demineralization and osteomalacia (Pascussi et al.,
2005). Therefore, blocking unwanted PXR activation in
this context, especially with other therapies like
aromatase inhibitors that induce osteomalacia/
osteoporosis, can be beneficial. New studies constantly
contribute to literature enrichment regarding PXR
involvement in drug-drug interactions in oncology. 

The PXR role in different cancer types and their
treatment will be further discussed in this review. PXR
and its multifactorial influence on cancer is depicted in
Fig. 3.
Implication of PXR in different types of cancer and
their treatment

Liver cancer

Mouse nongenotoxic hepatocarcinogens pheno-
barbital (PB) and chlordane induce hepatomegaly
characterized by hypertrophy and hyperplasia, with PXR
and CAR playing key roles in these processes. The
effects of PB (80 mg/kg/4 days) and chlordane (10
mg/kg/4 days) were investigated in double humanized
PXR and CAR (huPXR/huCAR), double knockout PXR
and CAR (PXRKO/CARKO), and wild-type (WT)
C57BL/6J mice. In WT mice, both compounds caused
increased liver weight, hepatocellular hypertrophy, and
cell proliferation. Both compounds caused alterations to
a number of cell cycle genes consistent with induction of
cell proliferation in WT mice. However, these gene
expression changes did not occur in PXRKO/CARKO or
huPXR/huCAR mice. Liver hypertrophy without
hyperplasia was demonstrated in the huPXR/huCAR
animals in response to both compounds. Induction of the
CAR and PXR target genes, CYP2B10 and CYP3A11,

was observed in both WT and huPXR/huCAR mouse
lines following treatment with PB or chlordane. In the
PXRKO/CARKO mice, neither liver growth nor
CYP2B10 and CYP3A11 induction was seen following
PB or chlordane treatment, indicating that these effects
are CAR/PXR dependent. Despite no observable
increase in hepatocyte S-phase fraction, liver weight
increases were demonstrated in the huPXR/huCAR mice
administered PB or chlordane. This strongly suggests
that the hepatomegaly observed in mice administered
with such chemicals is mainly due to increased
hepatocyte hypertrophy, rather than increased cell
proliferation. Similarly, PB upregulates the expression of
genes in the pololike kinase (Plk1)–mediated cell
proliferation signaling pathway in WT mice but not
huPXR/huCAR mice (Ross et al., 2010). These novel
humanized mice may help to assess the human risk to
rodent nongenotoxic carcinogens that act through these
receptors.

In another study, the expression of PXR mRNA in
the hepatoma cells was shown to be high, but still the
CYP expression and induction were very poor. It was
suggested that the SRC1 and TIF2 mRNA levels were
lower, whereas the level of NCoR was slightly higher in
hepatoma cells than in liver tissue. Additionally, in
hepatoma cells, mRNA expression of several CYPs can
be simultaneously enhanced by a single chimeric NR
and, at least for CYP3A4, evidence was provided for its
catalytic activity as well (Kublbeck et al., 2010). This
study suggested that PXR, although expressed at mRNA
level, is not functional or its functionality depends on the
expression levels of other factors in these cells.

Hypoxia plays a key role in chemoresistance of solid
tumours. In order to investigate the mechanisms
involved in CYP down-regulation by hypoxia, the
potential role of HIF-1a on repression of CYP3A4,
which is known to be responsible for a large number of
anticancer drugs (sorafenib, cyclophosphamide,
tamoxifen, paclitaxel, etc.) metabolism, was analysed.
Treatment with CoCl2 and DFX, two HIF-1a stabilisers,and transfection with HIF-1a expression vectors lead to
CYP3A4 down-regulation, evidencing that HIF-1a plays

409
Pregnane X receptor and human malignancy

Fig. 3. PXR and its multifactorial influence on
cancer. PXR may directly regulate cell
proliferation and apoptosis in several cancer
cell lines, induce chemotherapy resistance, or
via its polymorphisms modulate cancer
risk/prognosis and chemotherapy effectiveness.



a central role in CYP3A4 repression. When HepaRG
cells were treated with paclitaxel, an anticancer drug
widely used for treatment of malignant tumours and
metabolised by CYP2C8 and CYP3A4, paclitaxel
metabolism to 6a-hydroxypaclitaxel was lower, under
hypoxic conditions, compared to that in normoxia
(Legendre et al., 2009). Consequently, this study
provided evidence that a 24-h hypoxia down-regulated
several DMEs as well as PXR.

The effects of different environmental chemicals on
human NRs, among them PXR, were determined using
in vivo data. Hepatic histopathology, observed in rodents
after two years of chronic treatment with most of the
chemicals tested, was summarized by a cancer lesion
progression grade. The hPXR activity pattern of
chemicals weakly associated with the severity of rodent
liver tumor progression. It was concluded that although
such results do not prove the role of PXR activation in
human liver cancer, they do have implications for its
chemical biology and provide insights into putative
toxicity pathways (Shah et al., 2011). 
Colon cancer

Different colon cancer cell lines, among them HT29,
have shown a loss of PXR expression (Xie et al., 2009).
In a study, it was shown that transfected PXR
significantly suppressed HT29 colon cancer cell line
proliferation, as determined by cell proliferation assay
and anchorage-independent assay. In a tumour xenograft
model, PXR expression was retained in the HT29 cells 2
weeks after xenograft transplantation into nude mice and
the tumour size was markedly suppressed by PXR.
Interestingly, double staining immunofluorescence
results suggest that PXR and Ki-67 expression levels
were mutually exclusive, suggesting at cellular level the
presence of PXR is inhibitory for colon cancer cell
growth. It was also shown that PXR caused G0/G1 cell-cycle arrest. p21WAF1/CIP1 expression was almost
completely absent in HT29 cancer cells but highly
expressed in PXR-HT29 cells. Interestingly, E2F1
expression was negatively correlated with that of p21,
suggesting that its expression is downregulated by PXR
presence. A slight apoptosis increase in PXR-HT29
cells, was also noted by flow cytometry analysis
(Ouyang et al., 2010). Therefore, both cell-cycle
regulation and apoptosis may have a role in PXR-
regulated suppression of colon cancer growth. Such
results suggest, according to the authors, potential
applications for new therapies for colon cancer based on
modulation of PXR function.

PXR activation by genetic or pharmacological
means was shown to protect the PXR-overexpressing
colon cancer HCT116 cells from deoxycholic acid-
induced apoptosis, as well as from adriamycin-induced
cell death, suggesting that the antiapoptotic effect of
PXR was not bile acid specific. PXR-mediated
deoxycholic acid resistance was shown to be associated
with up-regulation of multiple antiapoptotic genes,

including Bcl-2 associated athanogene 3 (BAG3),
baculoviral IAP repeat-containing 2 (BIRC2), and
myeloid cell leukemia sequence 1 (MCL-1), and down-
regulation of proapoptotic genes, such as Bcl-2-
antagonist/killer 1 (BAK1) and tumor protein p53
(TP53/p53). Rifampicin treatment of PXR-expressing
colon cancer LS180 cells also inhibited apoptosis (Zhou
et al., 2008). Consequently, activation of PXR in
transgenic mice inhibited bile acid-induced colonic
epithelial apoptosis and sensitized mice to
dimethylhydrazine-induced colonic carcinogenesis,
suggesting that the antiapoptotic effect of PXR is
conserved in normal colon epithelium.

Epigenetic mechanisms involved in the regulation of
PXR/CYP3A4 pathways in colon cancer cells were
examined in another study. Six colon cancer cell lines
were classified into two groups based on the basal level
of PXR/CYP3A4 mRNA. DNA methylation status was
also examined, and was reversed by the treatment of
these cell lines with 5-aza-2’-deoxycytidine (5-aza-dC).
DNA methylation of the CpG-rich sequence of the PXR
promoter was more densely detected in the low
expressing cells (Caco-2, HT29, HCT116, and SW48)
than in the high expressing ones (LS180 and LoVo). This
methylation was reversed by 5-aza-dC treatment, in
association with re-expression of PXR and CYP3A4
mRNA. Therefore, PXR transcription was silenced by
promoter methylation in the low expression cells, which
most likely led to downregulation of CYP3A4
transactivation. A lower level of PXR promoter
methylation was observed in colorectal cancer tissues
compared with adjacent normal mucosa, suggesting
upregulation of the PXR/CYP3A4 mRNAs during
carcinogenesis. Additionally, PXR overexpression in
colorectal cancer tissue samples was correlated with an
increase in UDP glucuronosyl transferases UGT1A1,
UGT1A9 and UGT1A10, and led to a marked
chemoresistance to the active metabolite of irinotecan
(CPT-11), approved for the treatment of metastatic
colorectal cancer (Habano et al., 2011). According to
this study, PXR may play a key role in colon cancer cell
response to anticancer drugs by modulating expression
of drug metabolizing enzymes and transporters,
including UGT1A, CYP3A4 and P-glycoprotein. It was
suggested that DNA methylation of the PXR promoter
might be a good chemotherapy outcome and toxicity
predictor in colorectal cancer.

In another study, PXR mRNA expression was
quantified in a panel of 14 colon tumor samples and their
matched normal tissues. PXR expression was modulated
in human LS174T, SW480 and SW620 colorectal cancer
cells by transfection and siRNA strategies. It was shown
that PXR was strongly expressed in colon tumor samples
and displayed a great expression variability. hPXR
expression in human colorectal cancer cells led to a
marked chemoresistance to the active metabolite of
irinotecan SN38 correlated with PXR expression level.
Metabolic profiles of SN38 showed a strong
enhancement of SN38 glucuronidation to the inactive
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SN38G metabolite in PXR-expressing cells, correlated
with an increase of UDP glucuronosyl transferases
UGT1A1, UGT1A9 and UGT1A10 mRNAs. These
results demonstrate that tumoral metabolism of SN38 is
affected by PXR and point to the potential therapeutic
significance of PXR quantification in the prediction of
irinotecan response. The clinical significance of this
study also derives from the fact that cancer patients are
often exposed to co-medications, food additives or
herbal supplements able to activate PXR. Additionally, it
is known that diarrhea is a major dose-limiting toxicity
of irinotecan, due to SN38 accumulation in enterocytes,
and it is conceivable that in situ glucuronidation by
tumors and adjacent tissues depends on PXR expression
levels (Gupta et al., 1994). The authors assert that PXR
expression and/or activation level could help physicians
in the choice of appropriate chemotherapy regimen for
colorectal cancer patients, while PXR down-regulation
could be considered as a novel therapeutic approach to
circumvent chemoresistance to chemotherapy (Raynal et
al., 2010).

The development of MDR in response to anticancer
treatment is a major clinical problem, and Pgp induction
is one of the main mechanisms underlying acquired
MDR. Pgp is an efflux transporter that limits the cellular
uptake levels of various drugs in intestine, brain, and
other tissues and its induction is partly regulated by PXR
(Harmsen et al., 2007). The ability of several widely
used anticancer drugs to activate PXR-mediated Pgp
induction was recently investigated. Pgp protein
expression after treatment with several anticancer drugs
was determined in both wild-type and PXR-knocked
down LS180 colon cancer cells. Vincristine, tamoxifen,
vinblastine, docetaxel, cyclophosphamide, Xutamide,
ifosfamide and paclitaxel activated PXR-mediated Pgp
induction, and were additionally shown to affect the
intracellular accumulation of the Pgp probe rhodamine.
Moreover, PXR activation was also shown to reduce the
cytotoxic activity of the Pgp substrate doxorubicin in
colon cancer cells. These results indicate that activation
of PXR-mediated Pgp induction by anticancer drugs can
underlie the development of acquired resistance. Since
Pgp is co-expressed with PXR in important barrier
tissues, such as the intestines and the liver, activation of
PXR-mediated Pgp induction could affect the
pharmacokinetic profile of anticancer drugs (Harmsen et
al., 2010). According to this study, anticancer drugs that
activate PXR might affect their own pharmacokinetics,
but also that of other concomitantly administered
anticancer or other drugs.

Overexpression of PXR and multidrug resistance-
related protein 3 (MRP3) mRNA and protein levels were
detected in human colon cancer tissues compared with
those in the matched adjacent nonneoplastic colon
tissues. The mRNA levels of CYP3A4 and MDR1
showed no significant differences between them, which
suggested that MRP3 might play a more important role
in intrinsic multidrug resistance in colon cancer than
CYP3A4 and MDR1. MRP3 mRNA was significantly

correlated with PXR mRNA in cancerous and
nonneoplastic colon tissues. Furthermore, rifampicin
treatment remarkably increased mRNA and protein
levels of PXR, transcription factor SP1, and MRP3 in
LS174T cells and increased survival of LS174T cells
towards oxaliplatin and 5- fluorouracil. Finally,
knocking down PXR via shRNAs decreased the
expression of MRP3 and sensitized cells to the
chemotherapeutic agents. These findings suggested an
important role of PXR in human colon cancer resistance
to chemotherapy, and the induction of MRP3 by PXR
activation via SP1 might be involved in this process
(Jiang et al., 2009). In another study, PXR-mediated
induction of CYP3A4 and MDR1 gene products was
shown in PXR-expressing LS180 colon adenocarcinoma
cell line, and this was induced by several protease
inhibitors (PIs) (Gupta et al., 2008a). 

Reporter gene assays in the human colorectal
adenocarcinoma cell line LS174T cells with constructs
containing various lengths of the ABCB1 (Pgp)
regulatory region revealed that the region containing
multiple nuclear receptor binding motifs, to which PXR
also binds, is essential for the VDR-mediated ABCB1
transactivation (Tachibana et al., 2009). In another study,
vincristine (a ligand for ABCB1 and ABCC1-3 and a
potential PXR ligand) induced ABCC2 and ABCC3
expression in LS174T colon cancer cells (Huang et al.,
2006).

Ginkgo biloba is a herbal medicine commonly used
to manage memory impairment. G. biloba extract
activated mPXR and hPXR in a cell-based reporter gene
assay and induced CYP3A4, CYP3A5, and ABCB1
gene expression in hPXR-expressing LS180 human
colon adenocarcinoma cells. At concentrations that did
not down-regulate PXR gene expression and were not
cytotoxic, the hPXR antagonist L-sulforaphane
decreased CYP3A4, CYP3A5, and ABCB1 gene
expression in cells treated with G. biloba extract (Yeung
et al., 2008).

Human colorectal cancer cell line Caco-2 was
treated with different concentrations of three long-chain
polyunsaturated fatty acids (PUFAs), eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), and
arachidonic acid (AA). Both classes of PUFAs, omega-3
(θ-3) and omega-6 (θ-6), caused a modest but very
reproducible reduction of gene expression, protein
production, and pump activity of MDR1. Incubation of
cells with PUFAs greatly enhanced the cytotoxicity of
paclitaxel, manifested mainly through enhanced
paclitaxel-induced apoptosis. Furthermore, PUFAs
increased PXR mRNA level, thus implicating this
transcription factor as cellular target of PUFAs in cells
but not directly affecting MDR1 regulation (Kuan et al.,
2011). In another study, in vivo low dietary calcium,
which is involved in the etiology of colonic
inflammation and cancer, significantly increased the
expression of the PXR target gene CYP3A11 in the
proximal colon (Nittke et al., 2008).

Finally, in a study investigating whether poly-
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morphisms in different transcription factors and NRs are
connected to colon carcinogenesis, no statistically
significant associations between PXR polymorphisms
and colorectal cancer risk were found (Andersen et al.,
2010).
Esophageal cancer

PXR expression was analysed in biopsy samples of
Barrett’s patients. Nuclear PXR was absent in all tissue
types of no-dysplasia and low-grade dysplasia patients.
In high grade dysplasia and adenocarcinoma patients,
PXR was highly expressed in all tissues at different
progression stages. PXR immunostaining allowed an
appropriate distinction between low- and high-grade
dysplasia in 83% of all cases examined (van de Winkel
et al., 2011).
Breast cancer

Although recent studies suggest a potential clinically
relevant role of PXR in breast cancer, the pathways or
target genes of PXR in breast cancer biology and
progression have not yet been fully clarified. PXR is
involved in the regulation of solute carrier organic anion
transporter family, member 1A2 (SLCO1A2) expression.
Abstract Organic Anion Transporter Polypeptides
(OATPs, SLCOs) are involved in the uptake of
conjugates of steroid hormones such as estrone-3-
sulfate. It has been suggested that OATPs expression in
breast tissues could impact breast carcinogenesis and
tumor pathology. OATP1A2 is a transporter capable of
mediating the cellular uptake of estrogen metabolites
(Konig et al., 2006). In one study, it was shown that
OATP1A2 mRNA expression is nearly 10-fold higher in
cancer compared to adjacent healthy breast tissues.
Treatment of breast cancer cells T47-D in vitro, with the
PXR agonist rifampin, induced OATP1A2 expression in
a time- and concentration-dependent manner.
Additionally, OATP1A2 induction was associated with
increased uptake of estrone 3-sulfate (E1S). The rifampin
response was abrogated after si-RNA targeting of PXR.
Finally, the novel potent and specific PXR antagonist A-
792611 was utilised to demonstrate the reversal of the
rifampin effect on the cellular uptake of E1S (Meyer zu
Schwabedissen et al., 2008). Additionally, the effect of
MTX treatment on expression of MRP2, breast cancer
resistance protein (BCRP) and OATs in rats was
examined. Four days after MTX injection 150 mg/kg,
the MRP2 levels in the liver and ileum, but not in the
kidney, were markedly down-regulated compared to
controls. These effects of MTX were almost recovered
by leucovorin, which rescues normal cells from MTX
toxicity. MTX treatment also decreased PXR mRNA
levels, but had no apparent effect on BCRP, cytochrome
P450 2B6 and 3A1 expression levels (Shibayama et al.,
2006). Finally, MRP2 mRNA was significantly increased
by PCN in BALB/c mice. In contrast, BCRP mRNA
expression was not significantly affected by PCN (Han

and Sugiyama, 2006). Overall, according to this study,
PXR activation enhances carcinogenesis and drug
resistance in breast tissues.

The breast cancer resistance protein ABCG2
effluxes a variety of drugs and is believed to play an
important role in multidrug resistance to chemotherapy
(Robey et al., 2007). It was shown that dexamethasone
and progesterone are able to strongly inhibit ABCG2
expression in progesterone receptor (PR)-positive MCF7
and PR-negative MDA-MB-231 breast cancer cells. In
contrast, in the latter cells stably-transfected with PR
isoforms A and B, ABCG2 expression was strongly up-
regulated by dexamethasone and progesterone. In
addition, two other ligands of PXR (clotrimazol, PCN)
and GR were also able to down-regulate ABCG2
expression in PXR- and GR-positive MCF7 cells.
ABCG2 expression inhibition by dexamethasone was
associated with increased sensitivity to mitoxantrone, a
known ABCG2 substrate. Consequently, by altering
ABCG2 expression levels through PR-α GR-ß and/or
PXR-signaling pathways in PR-positive and negative
breast tumors, dexamethasone therapy might
significantly contribute to increase sensitivity for
ABCG2 substrates (Honorat et al., 2008). In another
study, interleukin-1ß and tumor necrosis factor-α
induced ABCG2 and PXR mRNAs in the MCF7 breast
cancer cell line, while no significant changes to
expression of the same genes in MCF7/MX cells were
observed (Malekshah et al., 2011).

The transition from chemotherapy-responsive to
chemotherapy-resistant breast cancer cells is mainly
accompanied by the increased expression of MRPs. It
was noted that tamoxifen-resistant MCF-7 (TAMR-
MCF-7) cells expressed higher levels of MRP2 than
control MCF-7 cells. It was also shown that MRP2
overexpression in tamoxifen-resistant breast cancer cells
might result from PXR activation. In addition, the basal
activities of phosphatidylinositol 3-kinase (PI3-kinase)
were higher in the TAMR-MCF-7 cells than in the
control cells. The inhibition of PI3-kinase significantly
reduced both the PXR activity and MRP2 expression in
TAMR-MCF-7 cells (Choi et al., 2007). Resistance to
tamoxifen is a serious therapeutic problem in breast
cancer patients, and, according to this study, PXR-
mediated MRP2 induction seems to play a role in the
additional acquisition of chemotherapy resistance in
tamoxifen-resistant breast cancer. 

The sodium iodide symporter (NIS) mediates the
active iodide uptake in the thyroid gland as well as
lactating breast tissue (Spitzweg and Morris, 2002). The
effect of carbamazepine (CBZ), a potent PXR activator,
on ATRA-induced NIS expression and therapeutic
efficacy of 131I in MCF-7 cells was examined in a study.
Incubation with CBZ stimulated ATRA-induced iodide
accumulation up to 2-fold in a concentration-dependent
manner, while ATRA/Dex-stimulated iodide uptake was
further stimulated up to 1.5-fold by additional CBZ
treatment based on significantly increased NIS mRNA
and protein levels. This stimulatory effect of CBZ was
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shown to be dependent on the PI3K-Akt pathway
without involvement of mTOR. In contrast, treatment
with CBZ alone had no effect on functional NIS
expression. Moreover, selective cytotoxicity of 131I was
significantly increased from approximately 20% in
MCF-7 cells treated with ATRA alone to 50% after
treatment with CBZ in the presence of ATRA, which
was further enhanced to 90% after combined treatment
with ATRA/Dex/CBZ. In conclusion, treatment with
CBZ in addition to atRA or ATRA/Dex increases
functional NIS expression levels, thereby significantly
enhancing iodide accumulation and the selective killing
effect of 131I in MCF-7 cells (Willhauck et al., 2011).
According to the authors, treatment with CBZ, ATRA
and Dex may allow diagnostic and therapeutic
application of radioiodine in breast cancer in the future.

In another study, 3,149 postmenopausal breast
cancer patients and 5,489 controls from 2 German
population-based case-control studies were investigated,
while 33 polymorphisms located in ESR1, ESR2, PGR,
PXR and AR were genotyped. Menopausal hormone
therapy (HT) is associated with increased breast cancer
risk among postmenopausal women (Beral, 2003).
Furthermore, nuclear receptors are involved in steroid
hormone- and xenobiotic-mediated signal transduction,
therefore, variations within these genes may influence
HT-associated breast cancer risk. In this study, risk
associated with combination therapy use was shown to
be significantly modified by 2 PXR polymorphisms,
with reduction of risk effects in carriers of the minor
PXR_rs6785049_G and PXR_rs1054191_A alleles
(MARIE-GENICA, 2010).

PXR polymorphisms in healthy Asian populations
(Chinese, Malay and Indian), as well as association
between PXR haplotypes and hepatic mRNA expression
of PXR and its downstream target genes, CYP3A4 and
ABCB1, and their influence on the clearance of
doxorubicin in Asian breast cancer patients, were
investigated in another study. Significant interethnic
variations were observed in PXR pharmacogenetics
among the three Asian ethnic groups. The expression of
PXR mRNA in liver tissues harboring the PXR*1B
haplotype clusters was 4-fold lower compared with the
non-PXR*1B (*1A + *1C) haplotype clusters. PXR*1B-
bearing liver tissues were associated with significantly
lower expression of CYP3A4 and ABCB1 compared
with non-PXR*1B-bearing liver tissues. Doxorubicin
clearance in breast cancer patients harboring the
PXR*1B haplotypes was significantly lower compared
with patients carrying the non-PXR*1B haplotypes
(Sandanaraj et al., 2008). The authors suggest that PXR
haplotype constitution could be important in influencing
interindividual and interethnic variations in disposition
of its putative drug substrates.

In another study by Justenhoven et al., none of the
31 investigated polymorphisms in SLCO1A2,
SLCO1B1, SLCO1B3, and SLCO2B1 and none of the
investigated PXR polymorphisms were associated with
over-all breast cancer risk or any of the subgroup risks
addressed by menopausal status, family history of breast

cancer, use of oral contraceptives, use of hormone
therapy, body mass index, and smoking. With respect to
breast tumor characteristics, i.e., ER, PR and HER2
status, grading, tumor size, histology, and nodal status,
also no association was observed. The authors suggest
that it cannot be excluded that breast cancer
susceptibility and/or tumor characteristics may be
conferred by variants in other solute carriers (e.g., other
OATPs, OATs, OCTs) and/or in ATP-binding cassette
membrane transporters (e.g., ABCB and ABCC) or
variants in other related genes (Justenhoven et al., 2011).

SNPs identified in PXR in an Asian female breast
cancer population did not seem to have any significant
effect on the clearance of docetaxel, which is a CYP3A
substrate (Tham et al., 2007). Similarly, in another study
in 101 Asian breast cancer patients, genotypic variability
of PXR was not shown to account for variations of
docetaxel and doxorubicin pharmacokinetics or
pharmacodynamics (Hor et al., 2008).

The association between genetic polymorphisms of
CYP2D6 and PXR, and tamoxifen pharmacokinetics and
clinical outcomes in patients with breast cancer were
analysed in a study. The CYP3A and CYP2D6 enzymes
play a major role in converting tamoxifen into its active
metabolites (Desta et al., 2004). Common alleles of
CYP2D6 and PXR were identified in 202 patients
treated with tamoxifen 20 mg daily for more than 8
weeks. Twelve of the 202 patients and an additional nine
patients with metastatic breast cancer receiving
tamoxifen were assessed for clinical outcome in
correlation with genotypes. Patients carrying
CYP2D6*10/*10 demonstrated significantly lower
steady-state plasma concentrations of tamoxifen active
metabolites 4-hydroxy-N-desmethyltamoxifen and 4-
hydroxytamoxifen than did those with other genotypes,
whereas no difference for PXR genotypes was found.
CYP2D6*10/*10 was significantly more frequent among
nonresponders. The median time to progression for
patients receiving tamoxifen was shorter in those
carrying CYP2D6*10/*10 than for others. Therefore,
CYP2D6*10/*10 polymorphism could possibly
influence the clinical outcome by tamoxifen in breast
cancer patients (Lim et al., 2007).

The expression of PXR mRNA and a variant PXR
mRNA, deleted in 111 nucleotides in the ligand-binding
domain, was detected in both normal and neoplastic
human breast tissues. The PXR mRNA level did not
differ between breast tumors and their adjacent matched
normal breast tissues, but did vary among breast tumors.
A statistically significant inverse relationship was found
between PXR and ER status, with the level of PXR
mRNA expression in ER1 tumors being significantly
lower than the level of PXR mRNA expression in ER2
tumors. No relationship with PR status was found
(Dotzlaw et al., 1999).
Ovarian-endometrial cancer

PXR is expressed in ovarian cancer cells. In SKOV-
3 ovarian carcinoma cells, PXR is functional and its
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activation by cognate ligands induces PXR target genes
(CYP2B6, CYP3A4, and UGT1A1) but not MDR1 and
MRP2. PXR activation in SKOV-3 cells induces cell
proliferation and drug resistance. In mice harboring
SKOV-3 xenografts, rifampicin induced cell
proliferation and tumor growth. This study suggested
that PXR activation, regardless of the type of ligand
agonist present, promotes the ‘‘malignant’’ phenotype of
cancer cells. Chemicals are known to have multiple
targets in cells and can induce growth proliferation in
cancer cell lines. This is a mechanism that may not be
directly related to PXR activation. These data serve as
the basis for finding novel nontoxic inhibitors of PXR
activation as a method to control cell growth and prevent
induction of drug resistance (Gupta et al., 2008b). The
clinical relevance of these findings is that PXR, which
can be activated by at least 5% of the pharmacopoeia,
can enhance a more aggressive state of tumors. 

The relationship of the paclitaxel pharmacokinetics
in 13 patients with ovarian cancer to polymorphisms in
CYP2C8, CYP3A5, ABCB1, and PXR were examined.
Neither the CYP3A5 A6986G (CYP3A5*3) nor the
PXR C-25385T alleles were associated with altered
plasma concentrations of paclitaxel and its active
metabolites 6alpha-hydroxypaclitaxel and p-3'-
hydroxypaclitaxel. ABCB1 T-129C, T1236C, and
G2677(A,T), however, were associated with lower area
under the plasma concentration-time curve (AUC) of
paclitaxel (Yamaguchi et al., 2006).

PXR mediates the genomic effects of steroid
hormones, including estrogen, which has been shown to
contribute greatly to growth and development in
endometrial cancer. In this study, various levels of PXR
expression were found in endometrial cancer tissues but
not normal tissues. Tissues showing high PXR
expression showed significantly high expression of
CYP3A4/7 and low ER expression compared with levels
in tissues showing low PXR expression. Endometrial
cancer cells HEC-1, which express high PXR and low
ER and PR, showed a stronger transcriptional response
of the PXR-CYP3A pathway to the PXR ligands than
Ishikawa cells did. These data suggest that the
steroid/xenobiotics metabolism in the tumor tissue
through PXR-CYP3A pathway might play an important
role, especially in an alternative pathway for gonadal
hormone and endocrine-disrupting chemicals (EDCs)
effects on endometrial cancer expressing low ER. EDCs
might affect steroidogenesis in endometrial cancer tissue
through the PXR-CYP3A pathway. PXR and CYP3A4
have been demonstrated to be involved in the acquisition
of resistance to anticancer drugs, and paclitaxel, which is
a commonly used chemotherapeutic agent, has been
demonstrated to activate PXR-mediated transcription
and to enhance Pgp mediated drug clearance (Synold et
al., 2001). Additionally, intratumoral CYP3A4 mRNA
levels might be useful as a predictor of response to
docetaxel, which is another active antineoplastic drug
(Miyoshi et al., 2002). Therefore, because the PXR-
CYP3A4 pathway might be involved in drug clearance

in endometrial cancer, PXR-CYP3A expression in
endometrial cancer tissues may cause resistance to
anticancer agents, which affects the prognosis of
endometrial cancer patients (Masuyama et al., 2003).

In another study, whether the down-regulation of
PXR affected the expression of PXR targets and PXR-
mediated transcription in endometrial cancer cells was
examined. In cells transfected with PXR siRNA, neither
CYP3A4 nor MDR1 protein levels were increased in the
presence of the PXR ligands, paclitaxel, cisplatin,
estradiol, and MPA compared with cells treated with
control siRNA. Moreover, no PXR mediated
transactivation or augmentation of transcription by
coactivators in the presence of PXR ligands was
observed. It was shown that down-regulation of PXR
expression caused a significant increase in cell growth
inhibition and an apoptosis induction in the presence of
the anticancer agents paclitaxel and cisplatin.
Additionally, PXR overexpression resulted in a
significant decrease of cell growth inhibition and
inhibited apoptosis in the presence of paclitaxel or
cisplatin (Masuyama et al., 2005, 2007). These data
suggest that down-regulation of PXR could be a novel
therapeutic approach for the augmentation of sensitivity
to anticancer agents, or to overcome resistance to them,
in the treatment of endometrial cancer. 
Prostate cancer

Resistance to chemotherapy is a significant barrier to
the effective management of prostate cancer. hPXR
expression in both normal and cancerous prostate tissues
was detected. In cancerous tissues of prostate, PXR
immunoreactivity was generally elevated when
compared with normal tissues. PXR immunoreactivities
in cancerous tissues were scored, and those with Gleason
score of 6 or grade II presented the highest levels of
PXR expression. Interestingly, when tumors progress to
a more advanced stage, PXR expression tends to be
reduced. Pretreatment with SR12813, a potent and
selective agonist of hPXR, led to nuclear translocation of
PXR in PC-3 cells and increased expression of CYP3A4
and MDR1. SR12813 pretreatment increased resistance
of PC-3 cells to paclitaxel and vinblastine, as assessed
by viability and clonogenic survival. This study
suggested that hPXR may play an important role in
prostate cancer resistance to chemotherapeutics. The
PXR-CYP and PXR-MDR1 pathways might be one of
the main pathways for PXR to regulate drug resistance.
The expression of PXR in prostate cancer raises the
possibility that the intratumoral regulation of MDR1 and
CYP3A4, or other DMEs, by PXR may lead to
alterations in the efficacy of chemotherapeutics (Chen et
al., 2007). Consequently, inhibition of PXR will be a
new approch to enhance the clinical efficacy of prostate
cancer chemotherapy. 

The androgen receptor (AR) is a member of the NR
superfamily and plays a critical role in prostate cancer
development and progression. PXR was shown to be a
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potent repressor of AR signaling, and PXR activators
like rifampicin and methoxychlor down-regulated AR
target genes i.e. PSA, which is a well-established
prognostic marker of prostate cancer progression. In
view of the fact that AR plays a key role in prostate
cancer progression and proliferation, the present
observations suggest that AR-PXR crosstalk might play
a repressive role in prostate cancer conditions. This
study implicated PXR as a key determinant of anti-
androgen action since down-regulation of PXR
diminishes the potency of the anti-androgenic drugs and
enhances transcriptional actions of androgens. In
addition, subcellular localization studies revealed that
ligand-activated AR induces nuclear localization of PXR
and the two receptors colocalize at discrete sites in
nucleus and mitotic chromatin. Finally, a distinct
antagonist-induced interaction between AR and PXR
defining a hitherto unidentified mode of action of AR
antagonist was also reported. Alteration in AR-PXR
stoichiometry may explain the failures in therapeutic
regimen related to endocrine mediated malignancies
(Kumar et al., 2010). In this perspective, this study may
help in designing and development of novel AR
antagonists offering improved avenues in prostate cancer
therapy. 

In another study, activation of PXR by genetic or
pharmacological means was sufficient to at least
partially inhibit androgen-responsive prostate
regeneration and prostate cancer cell proliferation, by
inducing the expression of CYP3A and SULT2A1,
which are enzymes important for the metabolic
deactivation of androgens. In human prostate cancer
cells, treatment with the PXR agonist rifampicin
inhibited androgen-dependent proliferation of LAPC-4
cells but had little effect on the growth of the androgen-
independent isogenic LA99 cells. Down-regulation of
PXR or SULT2A1 in LAPC-4 cells by short hairpin
RNA or small interfering RNA abolished the rifambicin
effect, indicating that the inhibitory effect of rifampicin
on androgens was PXR and SULT2A1 dependent.
Moreover, the PXR agonist effect on androgen activities
was abolished in PXR / mice (Zhang et al., 2010).
Overall, the authors suggest a novel function of PXR in
androgen homeostasis, which may represent a
therapeutic target for hormone-dependent prostate
cancer.
Osteosarcoma

Approximately 40% of osteosarcoma patients do not
achieve the desired results after chemotherapy, and drug
resistance is believed to be the most common reason for
the failure of chemotherapy in these patients. This study
showed that a variant form of PXR is expressed in
osteosarcoma cells and is recognized differently by
antibodies raised against different epitopes. The inability
of an antibody against the N-terminal region of the
protein to detect PXR in these cell lines, and the reduced
molecular size of the receptor compared with wildtype,

suggests a splice variant with a truncated or modified N-
terminal. The N-terminal region of the PXR protein
contains the AF-1 region, which plays a role in ligand-
mediated transcription of target genes. The authors
suggested that a mutation on the 50-flanking region of
the PXR protein may have an effect on the etoposide-
induced PXR-transcription of P450 3A4 in the
osteosarcoma cell lines. It was also shown that PXR
regulated the expression of P450 3A4 in osteosarcoma
and that the induction of P450 3A4 activity via this
receptor may be an important mechanism for drug
resistance. The regulation of MDR1 in osteosarcomas
might involve a mechanism independent of PXR
because no differences in the induction of MDR1 mRNA
or Pgp activity were observed, by either etoposide or
rifampin. Pretreatment of osteosarcoma cells with
ketoconazole, a PXR antagonist before exposure to
etoposide, significantly increased the sensitivity of these
cells to the selected chemotherapeutic agents (Mensah-
Osman et al., 2007). Consequently, the use of
compounds such as ketoconazole may be of value for the
treatment of patients exhibiting high levels of PXR in
their tumor biopsies.
Conclusion

PXR exerts its transcriptional regulation by binding
to its DNA response elements as an heterodimer with
RXR. The biological and physiological implications of
PXR activation are broad, including the homeostasis of
numerous endobiotics, such as glucose, lipids, steroids
and bile acids. Recently, research has revealed new roles
for PXR in inflammatory bowel disease, vitamin D
metabolism and bone homeostasis, liver steatosis and
antifibrogenesis. PXR activation results in regulation of
drug-metabolizing enzymes and transporters
transcription and has been established as a xenobiotic
sensor that regulates xenobiotic clearance in the liver
and intestine. Thus, PXR is implicated in drug
metabolism and drug-drug interactions, while knowledge
concerning its genetic polymorphisms may help to
understand the variations in human drug response and
ensure safe drug use. 

PXR is involved in cancer in different ways,
including direct induction of carcinogenesis in several
tissue types (Fig. 3). PXR was found to be strongly
expressed in colon tumor samples, while it was shown
that both cell-cycle regulation and apoptosis may have a
role in PXR-regulated suppression of colon cancer
growth. PXR activation induced OATP1A2 expression,
which enhances carcinogenesis, in breast tissues, in a
time- and concentration-dependent manner. PXR is
expressed in ovarian cancer cells and its activation
induces cell proliferation and drug resistance, suggesting
that PXR activation promotes the ‘‘malignant’’
phenotype of cancer cells. PXR mediates the genomic
effects of steroid hormones, including estrogen, which
has been shown to contribute greatly to growth and
development in endometrial cancer. In prostate cancer,
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when tumors progress to a more advanced stage, PXR
expression tends to be reduced. Pretreatment with the
PXR agonist SR12813 increased expression of CYP3A4
and MDR1 in prostate cancer cells. In another study,
activation of PXR by genetic or pharmacological means
was sufficient to at least partially inhibit androgen-
responsive prostate regeneration and prostate cancer cell
proliferation, by inducing the expression of CYP3A and
SULT2A1. 

Drug-mediated PXR activation can lead to undesired
drug interactions and finally induce chemotherapy
resistance. PXR activation was shown to protect PXR-
expressing colon cancer cells from deoxycholic acid-
induced apoptosis, as well as from adriamycin-induced
cell death. PXR overexpression in colorectal cancer
tissue samples led to a marked chemoresistance to the
active metabolite of irinotecan, suggesting that PXR may
play a key role in colon cancer cell response to
anticancer drugs. PXR activation by a broad panel of
chemotherapeutic agents was shown to reduce the
cytotoxic activity of the Pgp substrate doxorubicin in
colon cancer cells. Furthermore, rifampicin treatment
increased survival of colon cancer cells towards
oxaliplatin and 5-fluorouracil. PXR-mediated MRP2
induction seems to play a role in the additional
acquisition of chemotherapy resistance in tamoxifen-
resistant breast cancer. PXR-CYP3A expression in
endometrial cancer tissues may cause resistance to
anticancer agents, affecting the prognosis of endometrial
cancer patients. Additionally, in endometrial cancer cells
it was shown that down-regulation of PXR expression
caused a significant increase in cell growth inhibition
and apoptosis in the presence of the anticancer agents
paclitaxel and cisplatin. hPXR activation may play an
important role in prostate cancer resistance to
chemotherapeutics, and the PXR-CYP and PXR-MDR1
pathways might be one of the main pathways for PXR to
regulate drug resistance. Finally, pretreatment of
osteosarcoma cells with the PXR antagonist
ketoconazole, before exposure to etoposide, significantly
increased the sensitivity of these cells to certain
chemotherapeutic agents.

PXR genetic polymorphisms may also play a
significant role in chemotherapy response and cancer
prognosis. Doxorubicin clearance in breast cancer
patients harboring the PXR*1B haplotypes was
significantly lower compared with those carrying the
non-PXR*1B ones. Breast cancer risk among
postmenopausal women receiving menopausal hormone
therapy was shown to be significantly modified by 2
PXR polymorphisms, with a reduction of risk effects in
carriers of the minor PXR_rs6785049_G and
PXR_rs1054191_A alleles. Neither the CYP3A5
A6986G (CYP3A5*3) nor the PXR C-25385T alleles
were associated with altered plasma concentrations of
paclitaxel in ovarian cancer patients.

Modulation of PXR function may offer potential
applications for new therapies for colon cancer. PXR
expression level could help physicians in the choice of

appropriate chemotherapy regimen for colorectal cancer
patients, while PXR down-regulation could be
considered as a novel therapeutic approach to
circumvent chemoresistance to chemotherapy. PXR
activation in ovarian cancer cells induces cell
proliferation and drug resistance, so blocking this
process may have an impact on treatment outcome. PXR
could represent a novel therapeutic approach for the
augmentation of sensitivity to anticancer agents, or to
overcome resistance to them, in the treatment of
endometrial cancer. Additionally, inhibition of PXR
could be a new approch to enhance the clinical efficacy
of prostate cancer chemotherapy, while the role of PXR
in androgen homeostasis may represent a therapeutic
target for hormone-dependent prostate cancer. Finally,
the use of PXR antagonists such as ketoconazole may be
of value for the treatment of osteosarcoma patients
exhibiting high levels of PXR in their tumor biopsies.

Consequently, PXR has various functions in human
biology, but also possesses a crucial role in cancer and
chemotherapy. Further studies are needed in order to
establish the mechanisms involved in PXR-mediated
carcinogenesis. Future research should be mainly
focused on modulating PXR status in order to increase
chemotherapy effectiveness and overall improve cancer
patient outcome.
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