
AD 

Award Number:  DAMD17-03-1-053 9 

TITLE:  Functional Estrogen Deprivation by Activating the Orphan 
Nuclear Receptor PXR 

PRINCIPAL INVESTIGATOR:  Wen Xie, M.D., Ph.D. 

CONTRACTING ORGANIZATION:  University of Pittsburgh 
Pittsburgh, Pennsylvania 15260 

REPORT DATE:  August 2004 

TYPE OF REPORT:  Final 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated by other documentation. 

200S0121 016 

Best Available Copy 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 074-0188 

Public reporting burden for this collection of Information is estimated to average 1 hour per response, including the lime for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing this collection of Information. Send comments regarding this burden estimate or any other aspect of this collection of Information, including suggestions for 
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302 and to the Office <rf 
Management and Budget, Paperwork Reduction Project (07040188), Washington, DC 20503 

1. AGENCY USE ONLY 
(Leave blank) 

2. REPORT DATE 
August  2004 

3. REPORT TYPE AND DATES COVERED 
Final   (1 Aug 2003  -  31 Jul  2004) 

4. TITLE AND SUBTITLE 
Functional Estrogen Deprivation by Activating the Orphan 
Nuclear Receptor PXR 

6. AUTHOR(S) 

Wen Xie, M.D, Ph.D, 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

University of Pittsburgh 
Pittsburgh, Pennsylvania  15260 

E-Mail:  wex6@pitt. edu 

9. SPONSORING / MONITORING 
AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

11. SUPPLEMENTARY NOTES 

5.  FUNDING NUMBERS 
DAMD17-03-1-0539 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for Public Release; Distribution Unlimited 

m iumSSOWerm tetofrart s/»t<tfcontan no omwfe^ 

12b. DISTRIBUTION CODE 

"Estfpgens SUV tt^ÜtaSäfbTmarnmäry d^llarpretttgraöön änä äripi^qäisaeförträstcancer formation. Accordingly, strategies to 
down-regulate estrogen activity have been proven effective to treat and prevent breast cancer. A major pathway to deactivate estrogens 
is through estrogen sulfation mediated by the phase H sulfotransferases (SULT). SULT is expressed in normal mammary epithelial 
cdlrWfrfts^pferaioti arid activities arfstgnitfeaBtry tower in marrybreast cMcef cells, suggesting that down-regulation of SULT may 
ledto unchBckgtf i?StjK^e» sjtirftuj&tlan and cancerous transformation. The expression of sulfotransferase is regulated by orphan nuclear 
receptor PXR. We hypothesize mat the lower SULT activity in breast cancer cells is due to lower expression and activation of the PXR 
fiSsepÄ. Activation of PXR bychemical or genetic means will indaee theexpression of SULT, which in turn facilitates estrogen 
deactivaäon and uihftite estrogen-dependent breast cancer cell growth. The traditional antiestrogenic agents such as tarhoxifen, though 
effective, are known to have untoward clinical side effects. It is anticipated that development of PXR activating and ER neutral agents 
may represent a novel strategy to functionally deprive estrogen activity and to treat and prevent breast cancers. 

14. SUBJECT TERMS 

None provided 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 
NSN 7540-01-280-5500 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 
36 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 

Best Available Copy 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 



-* BC023189 Final Report (P.I. Xie, Wen) 

Table of Contents 

Cover  

SF298  

Introduction 3 

Body ..'. 3-4 

Key Research Accomplishments 4-8 

Reportable Outcomes 8 

Conclusions 9 

References 9-10 

Appendices 10 



BC023189 Final Report (P.I. Xie, Wen) 3 

INTRODUCTION 

Breast cancer aiid estrogens. Breast cancer is a leading cause of death in American 
women. Estrogens are required for proliferation of mammary epithelial cells and are 
prerequisite for breast cancer formation. Accordingly, strategies to down-regulate 
estrogen activity, such as inhibition of estrogen receptor (ER) binding and estrogen 
deprivation, have been proven effective to treat and prevent breast cancers. 

Estrogen sulfotransferase (EST) in estrogen deactivation and breast cancer. A 
major metabolic pathway to deactivate estrogens is through the EST-mediated sulfation 
since the sulfonated estrogens cannot bind and activate the ER (Falany et al., 2002). The 
human EST belongs to a family of cytosolic sulfotransferases that are critical for the 
detoxification and clearance of many steroid hormones including estrogens. EST is 
highly expressed in human mammary epithelial (HME) cells but its expression is 
significantly lower in many breast cancer cells, including the ER positive and estrogen 
responsive MCF-7 cells (Falany et al., 2002). The differential expression of EST in 
normal HME and breast cancer cells suggested that down-regulation of EST may led to 
unchecked estrogen stimulation and cancerous transformation of the breast epithelium. 

PXR, an orphan nuclear receptor that regulates sulfotransferases. PXR functions as 
the primary xenobiotic receptor to regulate the expression of genes that encode drug 
metabolizing enzymes including sulfotransferases (Xie et al., 2000a; 2000b; Sonoda et 
al., 2002). The regulation is achieved by binding of the receptor to PXR response 
elements found within the promoters of target genes. PXR is expressed in the normal and 
neoplastic breast tissues (Dotzlaw et al., 1999). Moreover, the expression of PXR varies 
among breast tumors. The levels of PXR mRNA in ER positive tumors were 
significantly lower that those observed in the ER negative tumors (Dotzlaw et al, 1999), 
suggesting a role of PXR in breast cancer pathogenesis. However, whether or not the low 
PXR expression accounts for the low EST activities in breast tumors is unclear. 

BODY 

RATIONALE QF THIS STUDY: Members of the sulfotransferase family have been \ 
shown transcriptionaly regulated by PXR. We speculate that the lower EST activity in 
breast cancer cells is due to lower expression and/or insufficient activation of the PXR 
receptor. Accordingly, we expect that activation of PXR by chemical or genetic means 
will induce the expression of EST through the PXR response elements present in the EST ? ^ 
gene promoter. The increased expression of EST in turn facilitates estrogen deactivation .      1* 
and inhibits estrogen-dependent breast cancer cell growth. The traditional antiestrogenic j 
agents such as tämoxifen, though effective, are known to have untoward clinical side I 
effects, such as risk for endometriäl cancer and deep vein thrombosis. It is anticipated 
that development of PXR activating and ER neutral agents may represent a novel strategy 
to functionally deprive estrogen activity and to treat and prevent breast cancers. 

OBJECTIVES AND METHODS: The overall objective is to establish the human EST 
as a transcriptional target of PXR, and to determine the effects of PXR activation and 
EST induction on estrogen-dependent breast cancer cell growth. We propose the 
following specific aims: 

1. To determine whether EST is a transcriptional target of PXR 
The human EST gene promoter will be cloned by PCR and its activation in MCF- 

7 cells by PXR will be examined by co-transfection of promoter reporter genes and PXR, 
followed by exposure to PXR agonists. The PXR- responsive promoter sequences will be 
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inspected for putative PXR response elements. DNA-receptor binding (gel shift) and 
reporter gene analysis will be performed to determine whether these elements are both 
necessary and sufficient to mediate the transactivation by PXR (Xie et al., 2000a; 2000b; 
Sonoda et al., 2002). We predict that EST can be transactivated by PXR via the binding 
of this receptor to its response elements present in the EST gene promoter. 

2. To determine the effects of PXR activation on EST expression and estrogen- 
dependent breast cancer cell growth 

MCF-7 cells that stably overexpress the wild type hPXR or its activated variant 
VP-hPXR (Xie et al., 2000a; 2000b; Sonoda et al., 2002) will be created. The hPXR 
expressing cells will be treated with known PXR agonists to determine whether chemical 
(ligand) or genetic activation of PXR is sufficient to induce EST expression in MCF-7 
cells. EST activity in the cytosolic fractions will be measured using estrogen as the 
substrate (Sonoda et al., 2002). The estrogen-depertdent MCF-7 cell growth will be 
evaluated using hemocytometer or 3H-thymidine labeling method. We predict that 
activation of PXR induces EST expression, increase estrogen sulfation, and thus inhibits 
estrogen-dependent cell growth in the breast cancer MCF-7 cells. 

KEY RESEARCH ACCOMPLISHMENTS 

1. The human EST promoter sequence has been cloned. A 2034-bp promoter 
sequence (nt -2011 to nt +23) of the human EST promoter (hEST-p2kb) has been cloned 
by PCR using human placenta genomic DNA as the template. The PCR oligos are: 5' 
GTGCCAGCTTTACACTTGTTTTCAG 3'and 5' 
GATGAGAACCACTTCTGCATTTGGA 3'. The PCR products were subsequently 
cloned into pGL3 vector (Promega) upstream of luciferase reporter gene. The potential 
activation of hEST promoter by PXR is being investigated. 

2. The mouse EST promoter sequences have been cloned. A 4210-bp promoter 
sequence (nt -4164 to nt 446) of the mouse EST promoter (mEST-p4.2kb) has been 
cloned by PCR using the bacterial artificial chromosome (BAC) clone RP24-571N6 
(BÄCPÄC Resource Center) as the template. The PCR oligos are: 5' 
TACCGCCrTTGGGATTGGTTTCCTTTTG 3' and 5' 
TGGCAGCACGATTCTTCAGCTCTG 3'. The PCR products were subsequently cloned 
into pGL3 vector upstream 
of luciferase reporter gene.   •4^64 |~^ 
A series of 5'deletions of 
the promoter were 
generated by PCR using .1557 mEst-i.6kb 
mEST-p4.2kb as the 
template (Fig. 1). The 
potential activation of .745.__ 
mEST promoter and its 
deletion variants by PXR -347 
is being evaluated. Fig.l. Schematic representations of the 4.2kb mouse EST gene promoter and 

its 5'deletion mutants. The positions of nucleotides are indicated. 

3. Attempt to create PXR-expressing breast cancer MCF-7 cells. 
Methods: A retroviral transfection method was utilized to create PXR expressing breast 
cancer cells. Figure 2A depicts the strategy used to create stable cells. The cDNAs of 

niEST-p4.2kb 

-2086 ———- mEST-2.1kb 

7 mEST-1.6kb 

-1129 mBSt-1.2kb 

.jmEST-0.8kb 

■ mEST-0.4kb 
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Viral packaging pröt'cins i 
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retroviral 
producing 
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if Infection and 
drug selection 

clone # 

hPXR/ 
VP-hPXR 

DYE3A4 

GAPDH 

the wild type hPXR or activated VP-hPXR were cloned into the pBabe retroviral vector 
(Tontönoz et al., 
1994). For 
retroviral 
production, pBabe- 
hPXR, pBabe-VP- 
hPXR, or the 
control pBabe- 
Puro constructs 
were transfected 
into Phoenix- 
Ampho helper-free 
retroviral 
producing cells 
using 
Lipofectamine 
2000 (Invitrogen). 
The cell culture 
medium that 
contained the 
retrovirus was 
harvested 48 h 
after transfection 
and used to infect 
target MCF-7 cells 
plated on 10 cm tissue culture plates. Twenty four hours after infection, the cells were 
replaced with medium supplemented with puromycin (2-4 ng/ml). After selecting for 2-3 
weeks, 6-10 individual clones were picked and the remaining clones were pooled and 
expanded in selection medium. To confirm the expression of the, transduced hPXR 
rnRNA, total RNA was prepared and subjected to Northern blot analysis using a hPXR 
cDNA probe. 

Results: We failed to obtain PXR-expressing MCF-7 cells despite repeated effort. 
However, in the parallel experiments, we have successfully generated PXR-expressing 
colon cancer cells. As shown in Fig. 2B, the vector transfected colon cancer HCT116 
cells exhibited minimal expression of hPXR as revealed by Northern blot. In contrast, 
the transduced hPXR rnRNA was readily detectable in HCTll6-hPXR cells. The wild 
type colon caner LSI80 cells express low, but detectable, levels of hPXR. Expression of 
VP-hPXR caused a robust induction of endogenous CYP3A4 rnRNA and the levels of 
GYP3A4 induction were correlated with the expression levels of VP-hPXR (Fig. 2C). 

Future plan: We are in the process of developing another retroviral strategy in order to 
produce PXR-expressing MCF-7 cells. As diagramed in Figure 3, in addition to the 
hPXR cDNA, this retroviral vector will also contain a GFP marker that separated with the 
hPXR by an internal ribosomal entry site (IRES) (Liu et al., 2000). Because of the GFP 
marker, the infected MCF-7 cells can be sorted by flow cytometry and the GFP 

Fig.2. Creation of hPXR and VP*PXR expressing cancer cell lines. (A) Schematic representation 
of the retroviral transfection method The-protocol includes the production gf-PXR-cö'ding retröviruses 
and infection of target cancer ceil lines; (B) The colon cancer HGT116 cells transfected with Vector or 
hPXR The expression of hPXR rnRNA was confirmed by Northern, blot analysis. RNA derived from 
human hepatocytes (Hepato) was included as a positive control; (G) The colon cancer LS180 cells 
transfected with VP-hPXR showed constitutive induction of endogenous CtfP3A4 mRNA expression. 
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containing cells, also the PXR 
expressing cells, will be enriched 
before plating and additional 
drug selection. 

LTE— hPXR IRES GFP Km-// 

Fig.3. A retroviral vector that will allow GFP-mediated cell 
sorting. The cDNAs of hPXR and GFP were separated by an IRES 
site that will allow the expression of both hPXR and GFP in the 
transfected cells. The GFP will be used as a cell sorting marker. 

4.        Other project-related development 

(1) Activation of PXR in transgenic mice 
induced estrogen sulfation. We have previously 
created transgenic mice that express the activated 
PXR (VP-PXR) in liver (Xie et al., 2000a). EST 
activity was evaluated by using liver cytosolic 
extractions of the wild type and transgenic mice. 
We Used estrone as the sulfation substrate and 35S- 
PAPS as the sulfate donor (Saini et al., 2004). 
Figure 4 shows that EST activity was significantly 
higher in VP-PXR mice as compared to the wild 
type mice. 

(2) Sufotransferases (SULTs) are also 
regulated by the orphan nuclear receptor CAR. 

$Hf W8PXR 
jF%4. B$f ^ctivityis ipTe^eJl?hi 
transgenic mice expressing the activated 
PXR (VP-PXR). The liver cytosolic 
extractions were measured for EST 
activity using estrone as the substrate. 

■**••*•- 

B 

RatSüOSAtflRÖ ^iGjQGTMTQAj^Tltfia 
Ö»t4^|      JM      fams) 

«- Cold 
Competitor 

(a)      Identification of CAR binding sites within the SULT gene promoters. As an 
initial effort to examine whether the 
expression of SULTs is also under 
the control of constitutive 
androstane receptor (CAR), another 
so-called "xenobiotic receptor", we 
analyzed the 5' flanking region of 
SULT genes. Sequence analysis of 
the rat SÜLT2A gene promoters 
revealed an IR-0 (inverted repeats 
without a spacing nucleotide) type 
Of NR response element (Fig. 5A) 
(Rüftge-Möifis et al., 1999; Song et 
al., 2001; Sonoda et al., 2002). The 
rät 2A1/IR0 element was shown to 
bind to and mediate the 
transactivation by PXR (Sonoda et 
al., 2002) and FXR (Song et al., 
2001). We examined whether this 
IR0 element can also bind to CAR. 
Electrophoretic mobility shift 
assays (EMSA) were used to 
determine the ability of CAR to 

Fig.5, iaeätitteatiönöft^&to 
prölrtoteÄ (A) Meiparfial DNA sequence of the rat SÜLT2A1 
gene promoter. ThelKö eieÄentwere boxed- (B)jCAföfeXRa 
or VP-CAR/RXRot heterodimers bound to the IR0. EMSA was 
peifpfmed using invitrQcS*/n%esheä.lireegptor proteins and 
radiötabeled ö%önücieoliaes. Tteiäftding of PXRMXRa was 
included as a positive: coftlipl. 
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bind to SULT/IRO using in vitro synthesized receptor proteins and [32P]-labeled 
oligonucleotide probe. As shown in Figure 5B, both the wild type CAR and its activated 
variant VP-CAR bound the rat SULT2A1/IR0 efficiently (lanes 5 and 7). The binding 
was dependent on the presence of their obligatory heterodimerization partner RXR; no 
DNA binding was seen in the absence of RXR (lanes 3 and 4). These results demonstrate 
that CAR/RXR or VP-CAR/RXR binds SULT/IRO in a fashion similar to the binding of 
PXR/RXR to the same element (lane 8). The integrity of this IRO element is essential for 
the binding, as the binding was abrogated when the IRO was disrupted by mutation (data 
not shown). The binding of IRO by CAR was also specific, in as much as efficient 
competition of binding was achieved by excess unlabeled wild type IRO (Fig. 5B lane 6). 
Of note, while the VP-CAR exhibited a binding specificity similar to its wild type 
counterpart, VP-CAR appeared to have higher affinity toward the IRO elements (Fig. 5B). 

(b) CAR activates SULTs in cultured cells. Transfection based assays were utilized to 
determine whether CAR can transactivate SULT by binding to the IRO elements in 
cultured cells. First, luciferase reporter genes, containing the wild type rat IRO or its 
mutant variant upstream of a minimal thymidine kinase (tk) promoter, were constructed 
and transfected into CV-1 cells together with expression vectors for mouse CAR or PXR 
receptor in the presence of RXR. A panel of mCAR agonist and inverse agonist 
Compounds were tested. As shown in Figure 6A, reporter genes derived from the rat 
SULT2A gene 
was activated by 
CAR in the 
absence of 
ligand. The 
activation was 
substantially 
inhibited by the 
inverse agonist 
androstenol but 
modestly 
potentiated by 
the agonist 
TCPOBOP. The 
agonistic effect 
of TCPOBOP 
was better 
manifested by its 
ability to reverse 
the inhibitory 
effect of 
androstenol when 
both ligands 
were added 

0 DMSÖ 
Q Androstenol (A) 

 A+<E 

ifc*S1|LT tk-rSULT 
(IRO) 

Hp€UtiT 
(IRO mut) 

KM 
Vector      WMi     ¥PGAR 

i|jgfc GARiavtivätes Stliyf gerie expression in cell cultures. ^T^synthetißtk- 

presences?exprössiönwectors JarÄl and föXRct Gelis trefe;sUDSequenfly treated 
^^MdMä^preÄ E6g)it$:'sHöwrtt ape ^ölÄ]äIl^e:a rMafi^e 
iucifeaseiiBits, and representthe averagesand standard erroffeoinlnplicate assays, (B) 
GAR-mediatedactivafionoftherataalrat'SUI|T2Algeneiprpinjofe ThenätiitalSÜILT 
prompter was tfangfected^ 
or VP-CAR. Gells were^se^endyttiöck treated ortfeäted with; Indicated oanipöuhds. 
Concentrations of ligands are androstenol, 5 \Mi TCPOBOP, 250 nHj PGN, 10 #1. 

simultaneously, consistent with previously reports (Honkakoski et al., 1998; Tzameli et 
al., 2000 et al., Xie et al., 2000b). The activation by CAR was abrogated when the IRO 
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was disrupted (Fig. 6A). Thus, the IRO sites are mediators for both the binding and 
activation of SULT2A by CAR. 

The activation of SULT2A by the wild type or constitutively activated CAR was 
also seen when a luciferase reporter that contains the natural promoter of rat SULT2A1 
gene (nt -1023 to +38) was used. The reporter, PGL-SULT, was co-transfected with the 
wild type or activated mCAR into the human hepatoma HepG2 cells or primary rat 
hepatocytes followed by ligand treatment. HepG2 or hepatocytes were used since this 
promoter was not responsive in non-hepatocyte derived cells (data not shown). 
Consistent with the observations in CV-1 cells, activation of the natural SULT promoter 
by CAR in HepG2 cells was inhibited by androstenol. TCPOBOP not only activated 
CAR by itself but also reversed the inhibitory effect of androstenol (Fig. 6B). 
Interestingly, while exhibiting significantly higher constitutive activity, VP-CAR is also 
subjected to ligand effects similar to its wild type counterpart. 

REPORTABLE OUTCOMES 

Published Manuscripts: 
Saini SPS, Sonoda J, Xu L, Toma D, Hirdesh H, Mu Y, Ren S, Moore DD, Evans RM, 
and Xie W. A novel CAR-mediated and CYP3 A-independent pathway of bile acid 
detoxification. Mol. Pharmacol. 65,292-300 (2004) 

Gardner-Stephen D, Heydel JM, Goyal A, Lu Y, Xie W, Lindblom T, Mackenzie P, 
Radominska-Pandya A. Human PXR variants and their differential effects on the 
regulation of human UDP-glucuronosyltransferase gene expression. Drug Metabolism 
and Deposition 32, 340-347 (2004) 

Xie W, Uppal H, Saini SPS, Mu Y, Little JM, Radominska-Pandya A, and Zemaitis MA. 
Orphan nuclear receptor-mediated xenobiotic regulation in drug metabolism and human 
diseases. Drug Discov. Today 9,442-449 (2004). 

Meeting Abstracts: 
Saini SPS, Sonoda J, Xu L, Toma D, Hirdesh H, Mu Y, Ren S, Moore DD, Evans RM, 
and Xie W. A novel CAR-mediated and CYP3A-independent pathway of bile acid 
detoxification. Nuclear Receptor: Orphan Brothers, Keystone Symposium, Keystone 
Resort, Keystone, Colorado. February 28 - March 4,2004. 

Saini SPS, Sonoda J, Xu L, Toma D, Hirdesh H, Mu Y, Ren S, Moore DD, Evans RM, 
and Xie W. A novel CAR-mediated and CYP3A-independent pathway of bile acid 
detoxification. University of Pittsburgh Cancer Institute Research Retreat, 2003. 

Supported Personnel: 
Wen Xie, M.D., Ph.D., Principal Investigator (08/01/03 - 07/31/04) 
Ying Mu, Ph.D., Postdoctoral Research Associated (08/01/03 - 11/30/03) 
Haibiao Gong, Postdoctoral Research Associated (12/01/03 - 07/31/04) 
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CONCLUSIONS 
We have successfully cloned the human and rodent EST gene promoters. The 

EST promoter will be evaluated for PXR activation by transfection and reporter gene 
assays. Although we were able to create PXR-expressing colon cancer cells, we have yet 
to create stable PXR-expressing MCF-7 cells that will be used to evaluate the PXR- 
mediated EST activation and E2 deprivation in breast cancer cells. A new retroviral 
transfection system is being tested to overcome the difficulty of obtaining PXR- 
expressing MCF-7 cells. In several related development, we have shown that mice 
expressing the activated PXR in the liver had increase EST activity, further supporting 
our hypothesis that EST is regulated by PXR. Our observation that sulfotransferases are 
also under the transcriptional control of CAR suggests a coordinate regulation of 
sulfotransfeases, include EST, by xenobiotic orphan receptors that included PXR and 
CAR. It is hoped that activation of PXR will represent a novel strategy to functionally 
deprive estrogen activity and to treat and to prevent breast cancers. The results generated 
from this DOD funded research project are expected to be used to apply for a more 
comprehensive grant application on breast cancer chemoprevention. 
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ABSTRACT 

Cytosolic sulfotransferase (SULT)-mediated sulfation plays an 
essential role in the detoxification of bile acids and is necessary 
to avoid pathological conditions, such as cholestasis, liver 
damage, and colon cancer. In this study, using transgenic mice 
bearing conditional expression of the activated constitutive 
androstane receptor (CAR), we demonstrate that activation of 
CAR is both necessary and sufficient to confer resistance to the 
hepatotoxicity of lithocholic acid (LCA). Surprisingly, the CAR- 
mediated protection is not attributable to the expected and 
previously characterized CYP3A pathway; rather, it is associ- 
ated with a robust induction of SULT gene expression and 
increased LCA sulfation. We have also provided direct evi- 

dence that CAR regulates SULT expression by binding to the 
CAR response elements found within the SULT gene promot- 
ers. Interestingly, activation of CAR was also associated with an 
increased expression of the 3'-phosphoadenosine 5'-phos- 
phosulfate synthetase 2 (PAPSS2), an enzyme responsible for 
generating the sulfate donor 3'-phosphoadenosine-5'-phos- 
phosulfate. Analysis of gene knockout mice revealed that CAR 
is also indispensable for ligand-dependent activation of SULT 
and PAPSS2 in vivo. Therefore, we establish an essential and 
unique role of CAR in controlling the mammalian sulfation sys- 
tem and its implication in the detoxification of bile acids. 

Bile acids are end products of cholesterol catabolism that 
function as both a detergent to solubilize circulating choles- 
terol remnants and lipöphilic vitamins and as ä signaling 
molecule to regulate its own homeostasis. When bound to and 
activated by bile acids, the farnesoid X receptor (FXR) re- 
presses transcription of cholesterol 7a-hydroxylase (CYP7A), 
the rate-limiting enzyme of bile acid synthesis, thereby re- 
pressing the conversion of cholesterol to bile acids (Mak- 
ishima et al., 1999; Parks et al., 1999; Wang et al.;- 1999). Two 
other hepatic factors, the small heterodimer partner and 
liver receptor homolog-1 were subsequently found to be in- 
volved in the FXR-mediated CYP7A repression (Goodwin et 
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al., 2000; Lu et al:> 2000). In addition to their beneficial 
function, excessive bile acids are potentially toxic when ac- 
cumulated. For example, the secondary bile acid LCA is a 
potent cholestatic agent and can cause histological liver dam- 
age and other pathological changes unless it is efficiently 
eliminated (Leuschner et al., 1977). Several lines of evidence 
have also suggested that toxic bile acids can function as 
tumor promoters to promote colon cancers (Narisawa et al 
1974). '-":■''/:'"..: ' '  "■" '"'-.'-."'   "' 

The efficient detoxification and clearance of bile acids re- 
quires the phase ICYP3A enzymes and the phase II cytosolic 
sulfotransferases (SULTs). The CYP3A enzymes catalyze the 
hydroxylation of LCA, which promotes LCA elimination 
(Staudinger et al., 2001; Xie et al., 2001). Recently, the acti- 
vation of the pregnane X receptor (PXR) and vitamin D 
receptor (VDR) and subsequent induction of CYP3A enzyme 
has been proposed to be a means to eliminate toxic bile acids 
(Staudinger et al., 2001; Xie et al., 2001; Makishima et al., 

ABBREVIATIONS: FXR, farnesoid X receptor; LCA, lithocholic acid; SULT, cytosolic sulfotransferase; PXR, pregnane X receptor- CAR consti- 
tute androstane receptor; VDR, vitamin D receptor; PAPS, 3'-phosphoadenosine-5'-phosphosulfate; PB, phenobarbital- TCPOBOP 14-bis[2- 
aS-dichloropyridyloxyHbenzene; PAPSS2, 3'-phosphoadenosine 5'-phosphosulfate synthetase 2; VP, virus protein; EMSA electrophoretic 
mobility shift assay; RXR, retinoid X receptor; DHEA, dehydroepiandrosterone; TetRE, tetracycline responsive element- tTA tetracycline- 
responsive transcnptional activator; Pox, doxycycline; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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2002). The phase II SULTs art' also important lor bile acid 
detoxification. SULTs catalyze the transfer of a sullbnyl 
group from the cosubstrate 3'-phosphoadenosine-5'-phospho- 
sulfate (PAPS) to the acceptor substrates to form sulfate or 
sulfamate conjugates. LCA is a preferred substrate for 
SULT2A9/hydroxysteroid sulfotransferase (Chen and Segel, 
1985; Radominska et al., 1990; Song et al., 2001). The sul- 
fated LCA shows less cytotoxicity than LCA when exposed to 
cells or animals (Leuschner et al., 1977). Although SULTs 
play a key role in a number of critical biological pathways, 
little is known about the regulatory pathways that control 
SULT gene expression. 

The orphan nuclear constitutive androstane receptor 
(CAR) was first shown to function as a xenobiotic receptor by 
activating the CYP2B genes. Subsequently, this activation 
was found to be potentiated by phenobarbital (PB) and 
TCPOBOP (Honkakoski et al., 1998; Tzameli et al., 2000; Xie 
et al., 2000a), and the latter was identified as a CAR agonis- 
tic ligand. Response to both inducers was completely lost in 
CAR knockout mice (Wei et al., 2000). CAR was later shown 
to cross-regulate CYP3A genes in cell cultures by sharing the 
previously identified PXR response elements (Xie et al., 
2000b; Goodwin et al., 2001; Wei et al., 2002). CAR was more 
recently implicated in transactivating genes that encode the 
phase II UDP-glucuronosyltransferase 1A1 (Sugatani et al., 
2001; Huang et al., 2003; Xie et al., 2003) and the drug 
transporter multidrug resistance-associated protein 2 
(MRP2) (Käst et al., 2002). Although CAR has been well 
characterized as a cytochrome P450 gene regulator, no direct 
evidence that relates the function of this xenobiotic receptor 
to the transcriptional activation of SULT is available. PB and 
TCPOBOP have been shown to induce members of the SULT 
family, although the molecular basis remains to be defined 
(Runge-Morris et al., 1999; Garcia-Allan et al., 2000; Maglich 
et al., 2002). Both PB and TCPOBOP are efficacious CAR 
activators, suggesting this as a plausible signaling pathway 
for SULT transcription. The SULT induction by TCPOBOP is 
apparently CAR-dependent (Maglich et al., 2002), but a DNA 
microarray analysis with PB-treated mice failed to identify 
SULT as a target (Ueda et al., 2002). 

In this report, we show that activation of CAR in trans- 
genic mice confers resistance to the hepatotoxicity of LCA. 
The protection is not caused by CYP3A; instead, it is associ- 
ated with the induction of both SULTs and PAPS synthetase 
2 (PAPSS2), an enzyme responsible for generating the cosub- 
strate PAPS. Moreover, CAR is indispensable for SULT and 
PAPSS2 induction by PB and TCPOBOP. We propose that 
activation of CAR facilitates bile acid detoxification via a 
combined induction of the sulfation system. 

Materials and Methods 
Animals, Drug Treatment, and Histology Evaluation. The 

creation of PXR and CAR null mice has been described before (Wei et 
al., 2000; Xie et al., 2000b). The PXR/CAR double-knockout mice 
were created by cross-breeding. When necessary, mice were sub- 
jected to a single intraperitoneal injection of PB (40 mg/kg) or 
TCPOBOP (3 mg/kg) 24 h before sacrifice. To generate the tetracy- 
cline responsive element (TetRE)VP-CAR transgene, VP-CAR cDNA 
was excised from pCMX-VP-mCAR (Xie et al., 2000a), and cloned 
into the TetRE transgene cassette (Xie et al., 1999). The Lap-tTA 
mice were obtained from The Jackson Laboratory (Bar Harbor, ME). 
When necessary, doxycycline (Dox; Sigma, St. Louis, MO) was di- 

luted in 5'( sucrose in water to a final concentiiition of 2 mg/ml and 
supplied as drinking water. The Dox-laced water was changed every 
2 to 3 days. For LCA treatment, mice were givrn daily treatments of 
LCA 18 mg/day) or vehicle via gavage and were sacrificed 24 h after 
the last treatment (Xie et al., 2001). For histology evaluation, tissues 
were fixed in 4% formaldehyde, embedded in paraffin, sectioned at 5 
jim, and stained for hematoxylin and eosin. The use of mice in this 
study hasacompIied with all relevant federal guidelines and institu- 
tional policies. 

DNA-Binding Analysis. Electrophoretic mobility shift assays 
(EMSA) were performed using in vitro-transcribed and -translated 
proteins (TNT; Promega, Madison, WD as described previously (Xie 
et al., 2000a). Oligonucleotides used were: rat SULT2A1/1R0, 5'- 
TTTGGGGGTCATGAACTTGGGC-3'; mouse SULT2A9/IR0, 5-TT- 
TGG GGGTAATGAACT TGGGC-3'; and SULT/IRO mut, 5'-TTT- 
GGGGGTACCGAACTTGGGC-3'. 

Plasmid Constructs and Transfection. The synthetic reporter 
thymidine kinase (tk)-IRO-Luc, the natural promoter reporter pGL- 
SULT, and their mutant variants were described before (Sonoda et 
al., 2002). The expression vectors for mCAR, hPXR, mPXR, and 
hRXRa were as described previously (Xie et al.. 2000a,b). CV-1 and 
HepG2 cells were transfected in 48-well plates using AMl-(2,3-dio- 
leoyloxy)propyU-//^V//-trimethylammonium methylsulfate (Roche, 
Indianapolis, DM) and LipofectAMINE (Invitrogen, Carlsbad, CA), 
respectively. When necessary, cells were treated with androstenol (5 
jiM), TCPOBOP (250 nM), pregnenolone-16a-carbonitrile (10 >iM), 
and St. John's wort (300 fig/ml) in media containing 10% charcoal- 
stripped serum. The transfection efficiency was normalized against 
the ß-galactosidase activities from the cotransfected CMX-ß-galacto- 
sidase vector. 

Northern Blot Analysis. Total RNAs were prepared from tissues 
using the TRIzol Reagent (Invitrogen). Northern hybridization was 
carried out as described previously (Xie et al., 2000b). The cDNA 
probes for SULTs, PAPSS2, CYP3A11, and CYP2B have been de- 
scribed previously (Xie et al., 2000a, b; Sonoda et al., 2002). 

Sulfotransferase Assay. Sulfotransferase assay was carried out 
using [^SIPAPS (PerkinElmer Life and Analytical Sciences, Boston, 
MA) as described previously (Sonoda et al., 2002). In brief, 5 to 10 
fig/ml total liver cytosolic extract was used with 2 jtM LCA, 5 fiM 
dehydroepiandrosterone (DHEA), or 4 j*M p-nitrophenol as sub- 
strate. After the reactions, free ["SJPAPS was removed by extract- 
ing with ethyl acetate. The aqueous phase was then measured in a 
liquid scintillation counter for radioactivity. Control reactions that 
do not contain substrate were also carried out in parallel, and their 
radioactivity was subtracted from test reactions. Two to four pairs of 
mice were used for each SULT assay, and each reaction was run in 
triplicate. 

Results 
Conditional Expression of the Activated CAR in 

Transgenic Mice. To examine the effects of CAR activation 
in xenobiotic regulation, we created a transgenic mouse sys- 
tem that allowed conditional expression of a constitutively 
activated CAR (VP-CAR) (Xie et al., 2000a) in the liver. Two 
lineages of transgenic mice were used as diagramed in Fig. 
1A. First, we created the TetRE-VP-CAR transgene that 
encodes VP-CAR under the control of a minimal cytomegalo- 
virus promoter and the TetRE (Fig. 1A). The TetRE-VPCAR 
mice were subsequently bred with the Lap-tTA activator line 
to generate bi-transgenic animals. Driven by the liver-spe- 
cific Lap (CCAAT/enhancer-binding protein-ß) promoter, the 
Lap-tTA transgene directed the expression of the tetracy- 
cline-responsive transcriptional activator (tTA) constitu- 
tively and exclusively in the hepatocytes (Kistner et al., 
1996). We anticipated that tTA bound to TetRE and conse- 
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quently induced the expression of VP-CAR only in the ab- 
sence of Dox. Addition of Dox will result in the displacement 
of tTA from TetRE and will silence VP-CAR expression (Tet- 
OfiD. 

Transgene expression was assessed by Northern blot anal- 
ysis of liver RNA using the tTA cDNA probe. Because tTA 
contains the VP16 activation domain that is also present in 
VP-CAR, this probe recognizes mRNA of both tTA and VP- 
CAR. Similar levels of tTA expression were detected in the 
livers of all Lap-tTA transgenic mice whether they harbored 
this transgene alone or in combination with the TetRE-VP- 
CAR transgene (Fig. IB). Moreover, expression of the Lap- 
tTA mRNA was independent of Dox treatment (Fig. IB, 
compare lanes 4 and 5). Two tTA-specific transcripts were 
detected, consistent with our previous observation (Xie et al., 
1999). No VP-CAR expression was detected in the TetRE-VP- 
CAR single transgenic mice (Fig. IB, lane 2). In contrast, a 
robust expression of the 2.5-kilobase VP-CAR was achieved 
in the bitransgenic animal in the absence of Dox (Fig. IB, 
lane 4). Moreover, the expression of CYP2B10, a known CAR 
target gene, was also markedly induced in the VP-CAR- 
expressing livers. As expected, the administration of Dox in 
drinking water in bitransgenics resulted in the silencing of 

Lap Promoter ITA Poly A 

+ »ox«/\-Dox 

A 
PminCMV VP-CAR PolyA PminCMV VP-CAR PolyA 

Minimal Expression Induced Expression 

Lap-tTA - + +       + 

TRE-VP-CAR      - + - +       + 

DOX      - . . + 

VP-CAR 

HÜ   CYP2B10 

GAPOH 

Fig. 1. Creation of transgenic mice that harbor conditional expression of 
the activated CAR in the liver. A, a schematic outline of the Lap-tTA/ 
TetRE-VP-CAR two-component Tet-Off transgenic system. The Lap-tTA 
transgene directs the expression of the tTA activator to the liver. The 
binding of tTA to the TetRE and the induction of the transgene VP-CAR 
should only occur in the absence of Dox. B, liver-specific conditional 
expression of VP-CAR. Liver RNAs of mice with indicated genotypes were 
subjected to Northern blot analysis. The mouse in lane 5 was subjected to 
5 days of Dox treatment. The membrane was hybridized with the tTA 
probe that recognizes both tTA and VP-CAR transcripts. The membrane 
was subsequently stripped and reprobed with CYP2B10, with GAPDH as 
a loading control. 

both VP-CAR expression and CYP2B10 induction (Fig. Iß, 
lane 5). Therefore, the expression of VP-CAR in the liver was 
completely reversible upon Dox treatment. The expression of 
VP-CAR was restricted to the liver. No VP-CAR transcripts 
were detected in the intestine, and tTA was not expressed in 
the intestine (data not shown). The hepatic expression of the 
endogenous mouse CAR remained unchanged in the presence 
of VP-CAR (data not shown). Because the presence of single 
transgene did not cause VP-CAR expression and had no 
effect on the expression of a number of known CAR targets 
genes that we examined (Fig. IB; data not shown), both the 
single transgenic and wild-type mice were used as control 
animals for the bitransgenic mice in the following animal 
experiments. 

Activation of CAR Confers Resistance to LCA Hepa- 
totoxicity. The secondary bile acid LCA is toxic and known 
to cause cholestasis and associated hepatotoxicity 
(Staudinger et al., 2001; Xie et al., 2001). To examine 
whether or not activation of CAR had effects on LCA sensi- 
tivity, adult bitransgenic mice or control littermates were 
dosed with vehicle solvent or LCA for 4 days before liver 
histological evaluation. As expected, the wild-type liver ex- 
hibited areas of necrosis after LCA exposure (Fig. 2B), con- 
sistent with our previous report (Xie et al., 2001). In a sharp 
contrast, the liver of bi-transgenic mice showed virtually no 
histological changes upon LCA treatment (Fig. 2C). The ab- 
sence of induced pathology in the bi-transgenic mice demon- 
strates that sustained activation of CAR is sufficient to pre- 
vent LCA-mediated histological liver damage. This xeno- 
protection is CAR activation-dependent, because treatment 
of Dox blocked protection (Fig. 2D). As expected, Dox treat- 
ment alone had no effect on liver histology of the wild-type 
mice (data not shown), and the Dox-treated wild-type ani- 
mals remained sensitive to LCA (Fig. 2E). 

Activation of CAR Induces SULTs and PAPSS2 in 
Transgenic Mice. To delineate the molecular mechanism of 
LCA resistance, we profiled the expression of hepatic genes 
encoding bile acid-detoxifying enzymes in the VP-CAR mice. 
The phase I CYP3A11, a primary PXR target gene, has been 
shown to be cross-regulated by CAR in cell cultures (Xie et 
al., 2000a). Much to our surprise, the expression of CYP3A11 
mRNA was slightly suppressed rather than induced in the 
bitransgenic mice (Fig. 3A). A CYP3A enzymatic assay using 
testosterone as a substrate also confirmed the absence of 
CYP3A induction in VP-CAR mice (data not shown). In con- 
trast, the expression of the phase II SULT 2A9 mRNA was 
markedly induced in the VP-CAR mice (Fig. 3A). The induc- 
tion was seen in both sexes, although the female mice had a 
higher basal level of this isoform (Klaassen et al., 1998). The 
sustained induction of SULT2A9 was VP-CAR dependent, 
because treatment with Dox for 7 days resulted in complete 
loss of 2A9 induction in both male and female mice, presum- 
ably because of the absence of VP-CAR expression (Fig. IB). 
As expected, Dox treatment has no effect on the expression 
either SULT2A9 or CYP3A11 in the control mice (Fig. 3A). Of 
note was that the expression of CYP3A11 in the VP-CAR 
mice remained inducible in response to TOPOBOP (Fig. 3B), 
suggesting that the lack of CYP3A11 induction in the unchal- 
lenged mice was not caused by the unresponsiveness of 
CYP3A11 in this transgenic line. 

We also analyzed the expression of several other SULT 
isoforms. The expression of SULT] A4 was increased in the 
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bitransgenic mice, whereas the expression of SULT1D1 re- 
mained unchanged (Fig. 3C). Thus, the regulation of SULT 
by CAR seemed to be isoform-specific. The sulfation reaction 
requires the donation of a sulfonyl group from the cosub- 

strate PAPS. Surprisingly, the expression of hepatic 
PAPSS2, the enzyme that catalyzes the formation of PAPS 
from inorganic sulfate (Lyle et al., 1994), was also elevated in 
the bitransgenic mice (Fig. 3D, lane 2). The PAPSS2 induc- 
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Fig. 2. Activation of CAR confers re- 
sistance to LCA-induced hepatotoxic" 
ity. Results shown are liver paraffin 
sections stained with hematoxylin and 
eosin. Mice of indicated genotypes 
were given daily treatments of vehicle 
(A) or LCA (B-E) for 4 days. Mice in D 
and E were treated with Dox water for 
5 days before LCA exposure, and Dox 
treatment continued during LCA 
treatment. Regions of liver necrosis 
are marked by arrows. Magnification, 
200X. 
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Fig. 3. The expression of SULTs, but not 
CYP3A11, is induced in the VP-CAR 
mice. A-C, total liver RNAs were sub- 
jected to Northern blot analysis. The 
membranes were probed for CYP3A11 
and SULT2A9 (A), CYP3A11 (B), 
SULT1A4 and 1D1 (C), and PAPSS2 (D). 
Mice in lanes 3, 4,7, and 8 of A and lanes 
3 and 4 of D were treated with Dox for 7 
days before tissue harvest. GAPDH prob- 
ing was used as loading control. E, in- 
creased SULT activity in VP-CAR mice. 
Cytosolic liver extracts from bitransgenic 
male mice or control littermates were 
subjected to sulfation assay using the 
substrates of LCA, DHEA, and p-nitro- 
phenol. l35S]PAPS was used the sulfate 
donor. Radioactivity was measured by 
scintillation counter after separation and 
removal of free [35S]PAPS. Results repre- 
sent the averages and standard error. 
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tion was lost upon 7 days of Dox treatment (Fig. 3D, lane 4). 
Our data suggest that CAR may function as a global regula- 
tor of sulfation cascade by controlling the production of both 
SULT enzymes and the cosubstrate PAPS. 

The increased expression of SULTs was also reflected at 
enzymatic levels. SULT2A9 is known to sulfonate bile acids 
such as LCA, steroid hormones and their precursors, such as 
DHEA, and carcinogenic xenobiotics, such as p-nitrophenol. 
Compared with the control mice, the bitransgenic animals 
exhibited about 2-fold higher hepatic sulfation activity to- 
ward LCA (Fig. 3E). The sulfation of DHEA and p-nitrophe- 
nol was also more than doubled (Fig. 3E). Together, these 
results suggest that members of the cytosolic SULT family 
are under the positive control of CAR. 

Identification of CAR Binding Sites within the SULT 
Gene Promoters. To understand the underlying mecha- 
nism of SULT regulation by CAR, we went on to analyze the 
5' flanking region of SULT genes. Sequence analysis of the 
rodent SULT2A gene promoters revealed an IR-0 (inverted 
repeats without a spacing nucleotide) type of nuclear recep- 
tor response element (Fig. 4A) (Runge-Morris et al., 1999; 
Song et al., 2001; Sonoda et al., 2002). The rat 2A1/IR0 
element was shown to bind to and mediate the transactiva- 
tion by PXR (Sonoda et al., 2002) and FXR (Song et al., 2001). 

Rat SULT2AI/1R0   (nt -192)tEg|GGGTCATGAACf1lEg (nt -175) 

Mouse SULT2A9/IK0   (nl -192) ttgjGGGTAATGAACTltKg, (nt -175) 
SUl.T/IROmul ttglGGGTACCGAAClltgg 

rSW.T/IRO 
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Fig. 4. Identification of CAR binding sites in the rodent SULT gene 
promoters. A, the partial DNA sequence of the rat SULT2A1 and mouse 
SULT2A9 gene promoters. The IR0 elements are boxed. A mutant vari- 
ant was also shown with the mutated nucleotides underlined. B and C, 
CAR/RXRa or VP-CAR/RXR« heterodimers bound to the IR0. EMSA was 
performed using in vitro-synthesized receptor proteins and radiolabeled 
oligonucleotides of rat (B) or mouse (C) IR0. The binding of PXR/RXRa 
was included as a positive control. 

We examined whether this IR0 ek-ment can also bind to CAR. 
EMSAs were used to determine the ability of CAR to bind to 
SULT/IR0 using in vitro-synthesized receptor proteins and 
32P-labeled oligonucleotide probe. As shown in Fig. 4B, both 
the wild-type CAR and its activated variant VP-CAR bound 
the rat SULT2A1/IR0 efficiently (Fig. 4B, lanes 5 and 7). The 
binding was dependent on the presence of their obligatory 
heterodimerization partner RXR; no DNA binding was seen 
in the absence of RXR (Fig. 4B, lanes 3 and 4). These results 
demonstrate that CAR/RXR or VP-CAR/RXR binds SULT/ 
IR0 in a fashion similar to the binding of PXR/RXR to the 
same element (Fig. 4B, lane 8). This represents another 
example of the sharing of binding sites by xenobiotic nuclear 
receptors (Xie et al., 2000a). The integrity of this IR0 element 
is essential for the binding, because the binding was abro- 
gated when the IR0 was disrupted by mutation (data not 
shown). The binding of IR0 by CAR was also specific, inas- 
much as efficient competition of binding was achieved by 
excess unlabeled wild-type IR0 (Fig. 4B, lane 6). Specific 
binding of both CAR and VP-CAR to the conserved mouse 
SULT2A9/IR0 was also observed (Fig. 4C). Whereas the VP- 
CAR exhibited a binding specificity similar to that of its 
wild-type counterpart, VP-CAR seemed to have higher affin- 
ity toward the IR0 elements (Fig. 4, B and C). 

CAR Activates SULTs in Cultured Cells. Transfection- 
based assays were used to determine whether CAR can 
transactivate SULT by binding to the IR0 elements in cul- 
tured cells. First, luciferase reporter genes, containing the 
wild-type rat and mouse IR0 or their mutant variant up- 
stream of a minimal tk promoter, were constructed and 
transfected into CV-1 cells together with expression vectors 
for mouse CAR or PXR receptor in the presence of RXR. A 
panel of mCAR agonist and inverse agonist compounds was 
tested. As shown in Fig. 5A, reporter genes derived from both 
rat and mouse SULT2A genes were activated by CAR in the 
absence of ligand. The activation was substantially inhibited 
by the inverse agonist androstenol but modestly potentiated 
by the agonist TCPOBOP. The agonistic'effect of TCPOBOP 
was better manifested by its ability to reverse the inhibitory 
effect of androstenol when both ligands were added simulta- 
neously, consistent with previously reports (Honkakoski et 
al., 1998; Tzameli et al., 2000 et al., Xie et al., 2000b). As 
expected, PXR also activated the same reporter genes 
(Sonoda et al., 2002) but with a distinctive ligand profile (Fig. 
5B). For example, androstenol only showed marginal effect, 
whereas TCPOBOP is completely ineffective on PXR. In con- 
trast, St. John's wort, an herbal antidepressant and PXR 
activator, induced SULT reporter genes by activating PXR 
(Fig. 5B) but not CAR (data not shown). Consistent with 
DNA binding results, the activation by CAR or PXR was 
abrogated when the IR0 was disrupted (Fig. 5, A and B). 
Thus, the IR0 sites are mediators for both the binding and 
activation of SULT2A by CAR. 

The activation of SULT2A by the wild-type or constitu- 
tively activated CAR was also seen when a luciferase re- 
porter that contains the natural promoter of rat SULT2A1 
gene (nucleotides -1023 to +38) was used. The reporter, 
PGL-SULT, was cotransfected with the wild-type or acti- 
vated mCAR into human hepatoma HepG2 cells or primary 
rat hepatocytes followed by ligand treatment. HepG2 or 
hepatocytes were used because this promoter was not respon- 
sive in non-hepatocyte-derived cells (data not .shown i. Con- 
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sistent with the observations in CV-1 cells, activation of the 
natural SULT promoter by CAJR in HepG2 cells was inhibited 
by androstenol. TCPOBOP not only activated CAR by itself 
but also reversed the inhibitory effect of androstenol (Fig. 5C, 
lane 2). Interestingly, although VP-CAR exhibited signifi- 
cantly higher constitutive activity, it was also subjected to 
ligand effects similar to those of its wild-type counterpart 
(Fig. 5C, lane 3). The activation by CAR and VP-CAR was 
abolished when a promoter variant that contains the mutant 
IRO was cotransfected (lanes 4 and 5). 

Car Is Indispensable for Ligand-Dependent Activa- 
tion of SULT. The expression of rodent SULT has been 
shown to be induced by PB and TCPOBOP, two reported CAR 
agonists (Runge-Morris et al., 1999; Garcia-Allan et al., 2000; 
Maglich et al., 2002). Having established that activation of 
CAR is sufficient to induce SULT2A9, we went on to examine 
whether xenobiotic receptors, such as CAR and PXR, are 
necessary for the ligand-dependent activation of SULT. We 
applied a single dose of PB and TCPOBOP to wild-type, 
PXR-null (Xie et al., 2000b), CAR-null (Wei et al., 2000), and 
PXR/CAR double-knockout mice. The double-knockout mice 
were created by cross-breeding, and the absence of both PXR 
and CAR mRNA was confirmed by Northern blot analysis 
(Fig. 6A). Livers were harvested 24 h after treatment, and 

the expression of SULT was evaluated by Northern blot 
analysis. As shown in Fig. 6B, the expression of both 
SULT2A9 and PAPSS2 was induced by either PB or 
TCPOBOP, as expected. Both the basal and PB- and 
TCPOBOP-inducible expression of SULT2A9 and PAPSS2 
was sustained in the PXR-null mice, suggesting that PXR 
was dispensable for this induction. In contrast, disruption of 
the CAR locus led to a loss of SULT2A9 and PAPSS2 induc- 
tion by TCPOBOP (Fig. 6C) and PB (data not shown) in both 
CAR-null and CAR/PXR double-knockout backgrounds. To- 
gether, our results demonstrate that CAR, but not PXR, is 
the bona fide receptor to mediate SULT and PAPSS2 induc- 
tion by PB and TCPOBOP in vivo. 

Discussion : !".'..,'■.. 
Activation of PXR and VDR have been implicated in bile 

acid detoxification by inducing CYP3A (Staudinger et al., 
2001; Xie et al., 2001; Makishima et al., 2002), but little is 
known about whether CAR also plays a role in bile acid 
detoxification. In this report, we show that the activation of 
CAR is both necessary and sufficient to confer resistant to the 
hepatotoxic LCA. Unexpectedly, the protection is CYP3A- 
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with indicated compounds. Ligand con- 
centrations':5     androstenol,      5      fiM; 
TCPOBOP, 250 nM; pregnenolone-16a- 
carbonitrile (PCN),  10 ^M; St. John's 
wort. 300 ng/ml. 
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independent, but can be explained, at least in part, by the 
ability of CAR to activate the detoxifying sulfonation system. 

The identification of SULTs as targets of CAR has impli- 
cations in bile acid detoxification, drug metabolism, and car- 
cinogenesis. Sulfation is an essential step in the detoxifica- 
tion of bile acids and is necessary to avoid pathologic 
conditions, such as cholestasis, liver damage, and colon can- 
cer (Fisher et al., 1971; Narisawa et al., 1974; Leuschner et 
al., 1977). The protection against LCA toxicity in VP-CAR 
mice suggests a potential therapeutic strategy for the design 
of CAR agonists to target cholestasis and to prevent colon 

A CAR    +/+     +/+     -/-      -A 
PXR   +/+      -/-     +/+    -/- 
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Cont rol 
-/- 

PB TCPOBOP 
+/-      -A +/- +/-       -/- PXR 
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PAPSS2 
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Fig. 6. CAR, but not PXR, is essential for the induction of SULT and 
PAPSS2 in vivo. A, the creation of PXR/CAR double-knockout mice. The 
absence of both PXR and CAR mRNA was confirmed by Northern blot 
analysis. An ethidium bromide staining of the agarose gel was shown to 
indicate an equal loading. B, The PXR*'" or PXR-null mice were sub- 
jected to a single intraperitoneal injection of solvent (lanes 1 and 2), PB 
(lanes 3 and 4), or TCPOBOP (lanes 5 and 6). Total liver RNAs were 
subject to Northern blot analysis. The membranes were first probed for 
SULT2A9 and PAPSS2 and subsequently stripped and reprobed for 
GAPDH as a loading control. The PXR+'" mice had the same SULT2A9 
basal expression and PB- and TCPOBOP-inducibility as their wild type 
littermates (data not shown). C, regulation of SULT2A9 and PAPSS2 in 
PXR-null (lanes 1 and 2), CAR-null (lanes 3 and 4) and CAR/PXR double- 
knockout (lanes 5 and 6) mice. C, vehicle control; T, TCPOBOP. 

cancer. We have previously shown that the PXR- and VÜR- 
mediated CYP3A induction was also important for LCA 
clearance (Xie et al., 2001; Makishima et al., 2002). However, 
the resistance to LCA toxicity in the VP-CAR mice was 
clearly CYP3A-independent, because this enzyme was not 
induced in the VP-CAR mice (Pig. 3A). The attribution of 
SULT2A9 induction to the LCA resistance in VP-CAR mice is 
also consistent with a recent report that SULT2A9/hydrox- 
ysteroid sulfotransferase-mediated LCA sulfation was a ma- 
jor pathway for protection against LCA-induced hepatotoxic- 
ity. The FXR-null female mice exhibited enhanced resistance 
to LCA, which was associated with significantly increased 
hepatic SULT2A expression and LCA sulfation (Kitada et al., 
2003). The excretion and elimination of bile acids are also 
facilitated by the UDP-glucuronosyltransferase (Radominska 
et al., 1990) and the canalicular bile acid transporter MRP2 
(Kullak-Ublick et al., 2000); both are known CAR target 
genes (Sugatani et al., 2001; Käst et al., 2002; Huang et al., 
2003; Xie et al., 2003), so we can not exclude the possibility 
that additional elements of the bile acid detoxifying system 
also contribute to the protection. 

Sulfation by SULTs is known to play a critical role in the 
metabolism of many drugs, including the most commonly 
used anti-inflammatory agent, acetaminophen (Tylenol), 
whose overdoses are among the leading causes for clinical 
acute liver failure. Zhang et al. (2002) recently identified 
CAR as a key regulator of acetaminophen metabolism and 
hepatotoxicity. CAR activators induced the expression of sev- 
eral acetaminophen-metabolizing enzymes, including the 
glutathione S-transferase Pi, a phase II enzyme that inacti- 
vates the toxic acetaminophen quinone metabolite (Zhang et 
al., 2002). Our results suggest that the induction of SULTs 
may also contribute to the CAR-mediated xenobiotic re- 
sponse in our body's handling of acetaminophen exposure. 

It is known that inherited differences in the enzymatic 
activity of sulfotransferases are likely to influence cancer 
risk. For example, several studies have shown that estrogen 
receptor-positive breast cancer cells have very low estrogen 
sulfotransferase activity (Falany and Falany, 1996). In addi- 
tion to sulfonating the growthrpromoting steroid hormones, 
SULTs have been shown to catalyze the sulfation of a wide 
array of chemical carcinogens. Indeed, sulfation of the carci- 
nogenic p-nitrophenol is markedly increased in VP-CAR mice 
(Fig. 3E). Thus, the creation of these transgenic mice not only 
demonstrates a role for CAR in SULT regulation but also 
provides a potential in vivo model to assess the molecular 
dynamics of carcinogenesis and the contribution of sulfation 
to this process. Although sulfation typically leads to detoxi- 
fication, certain xenobiotics can become mutagenic once sul-' - 
fonated (Glatt, 1997). 

We used the unique VP-CAR transgenic system to identify 
and characterize the cytosolic SULTs as targets of CAR. 
Ligand-facilitated target gene identification using wild-type 
or gene knockout mice has been widely used (Maglich et al., 
2002; Ueda et al., 2002). We consider the use of the VP-fusion 
receptor transgenes to have unique advantages over drug 
treatment. This is particularly important because we now 
know that treatments with receptor pan-agonists, such as 
bile acids, may affect multiple receptors depending upon the 
tissue context (Staudinger et al., 2001; Xie et al., 2001; Mak- 
ishima et al., 2002). Moreover, several lines of evidence sug- 
gest that ligand treatment may have additional transcrip- 
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tional consequences independent of the presence of 
endogenous receptor. For example, Ueda et al. identified 168 
differentially expressed tags in response to PB treatment. 
However, nearly half of these tags were similarly affected in 
the CAR knockout mice (Ueda et al., 2002). Bypassing the 
requirement of ligand treatment, the VP fusion of receptors 
provides a unique strategy not only to study the biological 
consequences of receptor activation but also to identify target 
genes (Rosenfeld et al., 2003). The utility and practicality of 
this strategy have been proven in our previous creation and 
characterization of the Alb-VP-hPXR (previously known as 
VPSXR) transgenic mice, in which the activated hPXR was 
expressed in the liver (Xie et al., 2000b). Even though the VP 
fusion receptor of CAR represents a unique tool to genetically 
dissect the gene regulation by CAR, we recognize that the 
level of CAR expression and/or activity in the VP-CAR mice 
may be substantially higher than the endogenous CAR activ- 
ity in response to endogenous ligands in normal physiology. 
However, the limitation of this genetic model does not ex- 
clude the potential that pharmacological modulation of CAR 
activity may be applied to detoxify bile acids. 

In addition to CAR, several other orphan receptors have 
also been implicated in the regulation of SULT gene expres- 
sion. For example, we have recently reported the DHEA 
SULT as a direct transcriptional target of PXR in response to 
bile acids and many other PXR ligands (Sonoda et al., 2002). 
FXR, a prototypic bile acid receptor, was also shown to reg- 
ulate DHEA SULT in cultured cells (Song et al., 2001). Thus, 
three distinct nuclear receptors, CAR, PXR, and FXR, may 
collaborate to regulate the sulfation cascade to detoxify xeno- 
and endotoxins. Interestingly, all three receptors use the 
same IR0 response elements found in SULT2A gene promot- 
ers. This represents another example of the sharing of bind- 
ing sites by xenobiotic nuclear receptors, the underlying 
mechanism of the proposed "fail-safe pathways" in xenobiotic 
regulation (Xie et al., 2000a). Intriguingly, although CAR is 
both necessary and sufficient for SULT induction, loss of 
CAR and PXR individually or in combination does not sup- 
press the basal expression of SULT (data not shown). It is 
possible that the sustained basal expression of SULT2A9 in 
CAR/PXR double-knockout mice is mediated, at least in part, 
by FXR. 

Last but not least, the Tet-Off transgenic system has many 
attributes to facilitate the study of nuclear receptor functions 
in vivo. Because of their critical roles in development and 
normal physiology, embryonic and perinatal lethality is not 
unusual when genes encoding nuclear receptors or its genetic 
variants were disrupted via homologous recombination or 
overexpressed through transgenes. The concept of condi- 
tional expression was conceived to overcome the many poten- 
tial circumstances of embryonic and perinatal lethality that 
accompany changes in the expression of many important 
genes (Xie et al., 1999). Tetracycline/doxycycline regulated 
systems seem to provide a solution. As to the study of xeno- 
biotic receptors, not only can the application of inducible 
systems overcome potential lethality but it can also effec- 
tively establish the role of specific xenobiotic receptors in 
drug metabolism, drug-drug interactions, and drug toxicity. 
For example, the reversibility of VP-CAR expression and the 
resultant SULT induction and protection against xenotoxi- 
cants can be applied to study the effect of SULT activity on 

xenobiotic clearance in a developmental stage- and chemical 
exposure-specific manner. 

Although CAR itself exhibits certain levels of constitutive 
activity, the VP-CAR is fundamentally different in that the 
VP-CAR seems to bypass the biological system by directly 
transactivating genes in the nucleus, whereas the wild-type 
CAR normally resides in the cytoplasm. Compared with PXR, 
although CAR is called a "xenobiotic receptor", it actually 
does not bind most of the ligands that activate it. Thus, CAR 
may function as a sensor for the class of xenobiotic com- 
pounds that act through a cell surface pathway to trigger 
CAR translocation from the cytosol to the nucleus. PXR di- 
rectly binds bile acids but CAR does not. Therefore, we be- 
lieve that the ability of CAR to control bile acid homeostasis 
is more than a simple extension of the PXR function. The 
development of inducible VP-CAR transgenic system pro- 
vides a unique approach to further dissect the CAR-reguIated 
mammalian xenobiotic response. 
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ABSTRACT: 

The pregnane X receptor (PXR) has three known major transcript 

variants resulting from alternative splicing. The less well charac- 

terized variants T2 and T3 are identical to the well described 

variant T1 except for a 39-amino acid N-terminal extension in T2 

and an internal 37-amino acid deletion in T3. We have developed 

reverse transcription-polymerase chain reaction (RT-PCR) meth- 

ods to detect and quantify each human PXR (hPXR) in human liver 

and intestinal tissues and HepG2 and Caco-2 cell lines. All three 

isoforms were expressed in hepatic cells, whereas only T1 tran- 

scripts were found in Caco-2 cells. In general, most normal human 

liver and intestinal mucosa contained all three hPXR variants, but 

considerable interindividual variation in expression levels was 

found. The effect of each hPXR variant on expression of UDP- 

glucuronosyltransferase (UGT) UGT1A and UGT2B family isoforms 
was investigated in transiently transfected HepG2 and Caco-2 

cells. As a family, UGT1A transcripts were up-regulated by T1 and 

T2 but not T3. Isoform-specific RT-PCR revealed that UGT1A1, 

1A3, and 1A4 were the major isoforms induced in both cell lines. 

The levels of several UGT1A isoforms were also examined in hu- 

man liver samples from a number of donors with characterized 

PXR expression. The data suggest that individual variation in PXR 

expression may account for differential expression of some UGT 

isoforms between subjects. 

The pregnane X receptor (PXR)2, a ligand-regulated orphan 
nuclear receptor, has been identified as a species-specific xenobi- 
otic receptor (Bertilsson et al., 1998; Blumberg el al., 1998; 
Kliewer et al., 1998). This receptor is activated by natural and 

This work was supported in part by National Institutes of Hearth Grants 
DK45123, DK60109 (A.R.-P.), 20 RR016460 (T.L), and tobacco settlement funds 
(A.R.-P.). P.M. is a National Health and Medical Research Council Senior Principal 
Research Fellow and is supported by grants from the Cancer Council South 
Australia and the National Health and Medical Research Council of Australia. W.X. 
is supported by NIH Grant ES12479 and Department of Defense Grant BC23189. 
T.L is also supported by funds from the Biomedical Research Infrastructure 
Network. 

J.-M.H. and D.G.-S. contributed equally to this work. 
1 Present address: Unite de Biochimie-Pharmacologie-Toxicologie, Unlversite 

de Bourgogne, Dijon, France. 
2 Abbreviations used are: PXR, pregname X receptor; RIF, rifamppicin; hPXR, 

human PXR; NR, nuclear receptor; UGT, UDP-glucuronsytransferase; DMEM. 
Dulbecco's modified Eagle's medium; RT-PCR, reverse transcription-polymerase 
chain reaction; dNTP, deoxynucleoside-5'-triphosphate; UTR, untranslated re- 
gion; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; P450, cytochrome 
P450. 

Address correspondence to: Dr. Anna Radominska-Pandya, University of 
Arkansas for Medical Sciences, 4301 W. Markham, Slot 516, Little Rock, AR 
72205. E-mail: aradominska@uams.edu; or Dr. Peter Mackenzie, Department of 
Clinical Pharmacology, Flinders Medical Centre, Bedford Park, SA 5042, Australia. 
E-mail: peter.mackenzie@flinders.edu.au 

synthetic pregnenolone derivatives and by a large number of struc- 
turally diverse compounds such as rifampicin (RIF), hyperforin (a 
constituent of St.: John's wort), and bile acids (Bertilsson et al., 
1998; Blumberg et ai:,i998; Kliewer and Willson, 2002). Molec- 
ular studies have revealed that PXR is a key transcription factor 
responsible for CYP3A4 and CYP3A7 induction (Bertilsson et at., 
1998; Blumberg et al., 1998; Pascussi et al., 1999; Xie ef al., 2000; 
Staudinger et al., 2001; Kliewer and Willson, 2002) as well as 
some important efflux transporters, including multidrug resistant 
proteins 1 and 2 (Synold et al., 2001; Käst et al., 2002), .>...,. 

Several variants of human PXR (hPXR) have been previously 
identified. Blumberg et al. (1998), Bertilsson et al. (1998), and 
Lehmann et al. (1998) simultaneously isolated a cDNA variously 
termed SXR (steroid and xenobiotic receptor), hPAR-1, and hPXR 
(now known as Tl). Northern blot analysis demonstrated that this 
mRNA is expressed at high levels in liver and moderate levels in 
intestine. Translation yields a protein of 434 amino acids, with a 
predicted molecular weight of 50,000. Concurrently, Bertilsson et 
al. (1998) isolated two cDNAs, Tl and hPAR-2 (T2). T2 cDNA 
differs from Tl at the 5' end, resulting in an open reading frame 39 
amino acids longer. A third hPXR variant mRNA (T3), containing 
an in-frame deletion of 111 nucleotides (823-933 relative to Tl) 
was first described by Dotzlaw et al. (1999). T3, along with Tl, 
was found to be expressed in normal and neoplastic breast tissue. 
T3 is similar to mouse PXR.2, which contains an in-frame 123- 
nuclcolklc  deletion  in   a  similar  recion  of the  ligaiul-hindine 

340 



EFFECT OF PXR VARIANTS ON REGULATION OF UGTs 341 

domain (Dot/law el al., I999). Mouse PXR.2, compared xviih 
mouse PXR.I (analogous to Tl), showed a reduced response 10 
agents that could activate the wild-type receptor in transient trans- 
lection analyses. It is possible that human PXR variants may 
display a similar profile or be unable to bind tigand. Hustert el al. 
(2001) showed that T3 expressed in the human colon adenocarci- 
noma cell line, LSI74T. did not direct transcription from the 
CYP3A4 promoter. 

There is currently little information relating the function of nuclear 
receptors (NRs) to transcriptional activation of UGTs. and none 
regarding the roles of individual PXR variants. There are marked 
interindividual differences in the UGT content of the liver, intestine, 
and other organs, which are postulated to be the result of differentia) 
transcription. Depending on the substrate, variations in UGT activity 
of 6- to 15-fold in liver microsomes and 10- to 100-fold in intestinal 
microsomes have been found. Similar variations in UGT protein 
content have been demonstrated by Western blot in liver and intestinal 
microsomes (Burchell and Coughtrie, 1997; Little et al.. 1999, 2002; 
Strassburg et al.. 1999; Court et al., 2001; Antonio et al.. 2003). A 
similar degree of variability in hepatic UGT mRNA levels has also 
been reported (Congiu et al., 2002). In addition. UGTs are distributed 
in a tissue-specific manner throughout the body. UGT1 Al, 1 A3, I A4, 
1A6, 1A9, and all the UGT2B isoforms have been shown to be 
expressed in the liver (Strassburg et al., 2000; Turgeon et al., 2001). 
In comparison, human intestine has been shown to express UGT1A1. 
1A6, 1A8, 1A10 (Strassburg et al., 2000: Tukey and Strassburg, 
2001), and UGT2B7 (Radominska-Pandya et al.. 1998; Czernik et al.. 
2000). The intestine harbors many phase 1 and phase II enzymes and 
thus plays an essential role in the metabolism and detoxification of 
xenobiotics (see Tukey and Strassburg, 2001, for a review). There- 
fore, one factor influencing the tissue-specific UGT expression pattern 
may be the expression levels of NR proteins, in particular PXR, and 
the availability of their ligands. 

In the present work, we have carried out the first systematic studies 
of hPXR variant mRNA levels in human liver and intestine as well as 
human hepatic and intestinal cell lines. We also describe for the first 
time the effect of the individual hPXR variants on UGT expression in 
HepG2 and Caco-2 cells. Two UGT isoforms, I A3 and I A4, were 
identified as new hPXR target genes. In contrast, the UGT2B isoforms 
were not responsive to PXR under the experimental conditions used. 
Finally, we investigated the association among the expression levels 
of Tl, T2, and T3 hPXR mRNAs and UGT1A in human liver from 
several donors. We postulate that the varying levels of the natural 
PXR protein variants, combined with their differential transcription 
potentials, may have an important impact on both tissue-specific and 
interindividual target gene expression profiles. Furthermore, with the 
identification of two new target genes and elucidation of the PXR 
variants that are responsible for UGT regulation, our results give new 
insight into the role that PXR may play in UGT-related drug metab- 
olism and clinical drug-drug interactions. 

Materials and Methods 

Cell Culture and Transient Transfections. The human hepaiocellular 
carcinoma cell line. HepG2 (ATCC HB-806S) and human adenocarcinoma 
cells line, Caco-2 (ATCC HTB-37), were obtained from the American Type 
Culture Collection (Manassas, VA). Both cell lines were maintained at 37°C. 
5% C02 in high glucose Dulbecco's modified Eagle's medium (DMEM) with 
Earle's salts and L-glutamine (Inviirogen, Carlsbad. CA). supplemented with 
1% nonessential amino acids, I mM sodium pyruvate, and 10% fetal bovine 
serum (Inviirogen or Trace Biosciences. Sydney, Australia). The culture me- 
dium was changed Iwice weekly during maintenance. Untransfected cells used 
for RNA isolation were harvested when they neared confluence. Caco-2 cells 

were received al passage number IS. the HepC2 cells were received al passage 
number 77. The ( aco-2 cells were stable over the period of the experiments. 

For transient iransfection. HepCi2 or Caco-2 cells were seeded in sis-well 
plates al I x M)6 and 2.5 x I05 cells per well, respectively Transfectinns were 
performed in triplicate using 5 ng of expression plasmid or empty parent 
veclor and 10 M' of LipofectAMINE 2000 (Inviirogen) according in the 
manufacturer's instructions. Six to seven hours after transfection. the cells 
were washed in DMEM and replacement medium containing 10 jiM RIF 
(Sigma-Aldrich. St. Louis. MO) or vehicle <0.l<* dimethyl sulfoxide) was 
added. Al 24 h post-lransfection, the cells were treated again with RIF or 
solvent in fresh DMEM. After a total of 40 h, all transactions were washed in 
phosphate-buffered saline and harvested for RNA extraction. Using the pro- 
tocols of the manufacturer, the transfection efficiencies were on average about 
70*. 

Human tissue samples. The human intestinal tissues used in the present 
studies were obtained from organ donors (details are summarized in (he 
legends to the appropriate figures) by transplant surgeons at University Hos- 
pital. Little Rock, AR, according to a protocol approved by ihe Human 
Research Advisory Committee of Ihe University of Arkansas for Medical 
Sciences. The intestines were received from the surgeons in saline on ice. 
Working at 4°C, the small intestine was divided iffiq four segments of 80 to 
100 cm in length, and the colon was treated as a single segment. Each segment 
of intestine was opened, the contents were removed, and the tissue was rinsed 
in cold 0.9% NaCl. Mucosa was removed from each segment by scraping with 
a glass slide, and RNA was prepared as described below. 

Two of the human livers used in these studies were also obtained from the 
transplantation program at the University of Arkansas for Medical Sciences. 
The remaining liver samples were a generous gift from Dr. Mary Relling at Si. 
Jude Children's Research Hospital (Memphis. TN). Again, donor information 
is given in the legends lo the appropriate figures. mRNA extraction is de- 
scribed below. 

RNA Isolation. Total RNA was isolated from 50 mg of frozen tissue or 
unlransfected cell culture using a phenol and guanidine isothiocyanaie RNA 
extraction method following the instructions of the suppliers iTrizol; Inviiro- 
gen). Total RNA from transfection experiments was harvested using ihe 
RNeasy Mini Kit (QIAGEN, Valencia, CA), per the instruction manual. To 
avoid any contamination of the RNA by genomic DNA, RNA samples were 
treated with RNase-free DNase (RQ1; Promega, Madison, Wl). 

Plasmids and Cloning of hPXR Variants. Plasmids for expression of 
hPXR variants Tl. T2, and T3 were constructed by insertion of PCR-ampiified 
cDNAs (described below) into the Xbal and Hindlll sites of pCMVS. Each 
cDNA was confirmed by sequencing and was subsequently transferred to the 
pCMX vector that was used to create the Tl expression vector. The pCMV5- 
and pCMX-based vectors showed no discernible difference in expression of 
the PXR variants. The sources of the pCMX and pCMVS vectors have been 
described elsewhere (Andersson et al., 1989; Xie et al., 2000). 

PXR Tl and T2 cDNAs were amplified from HepG2 cDNA using the 
common reverse primer PXRre (agccattctagatcagctacctglgatgccgaa) and spe- 
cific primers for the 5' ends, PXRT1 and 3 (agccataagcttatggaggtgagac- 
ccaaaga) and PXRT2 (agccataagcttalgacagtcaccaggactca). The CTG initiation 
codon of Tl. and consequently T3, was replaced by the more conventional 
ATG through primer mismatch. Restriction sites are highlighted in bold. All 
PCRs for cloning were done with 1.25 units (U) of Pfu Turbo DNA polymerase 
(Stratagene, La Jolla, CA) in 20 mM Tris-HCI (pH 8.8), 10 mM KC1, 10 mM 
(NH4),S04, 2 mM MgS04, 1% Triton X-100. and 0.1 mg/ml bovine serum 
albumin with 0.5 mM dNTPs and 50 ng of each primer in a total volume of 20 
uA. After an initial 4 min al 950C, 40 cycles of 95"C. 45 s; 60°C. 45 s; and 
72*C, 4 min were performed. Each PCR was finished with 5 min at 72°C. 

T3 cDNA was synthesized from the newly cloned Tl cDNA by overlap 
PCR. T3 has a sequence identical lo Tl except for an internal 111 base pairs. 
Primers spanning this junction, aagaaittccgggtctcictgcagctgcgg and clgca- 
gagagacccggaaattcttgaaalggga. were used in combination with PXRTI. -3, and 
PXRrc lo amplify the remainder of Tl and fuse the two sections logether. 

Semiquantitative RT-PCR for hPXR Variants. cDNA was synthesized 
by mixing I jtg of lolal RNA from each sample with 100 pmol random 
hexamers in 50 mM Tris-HCI (pH 8.3). 75 mM KCI. 3 mM MgCI2. 10 mM 
dithiothreitol. 100 U Moloney murine leukemia vims-reverse iranscripiase. 20 
II RNase inhibitor, and I mM eachdNTPin uloiul volume of 20 fil ilYnmcgai. 
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TABLE I 

PCIl primers and cimditiims for semiqnamualhe analysis of PXR variants and I'XRindtiretl Iranscripiion 

Nucleotide sequences are reported ("or primer p;iirs used in RT-PCR analysis of PXR transfection experiments in HepG2 and Caco-2 cells. Two common primers are used for the IJGT'B 
isoforni PCR: cRl lias Iwo mismatches to UGT2B-I and one mismatch each to UGT2B7. UGT2B11. and UGT2BI5. cR2 has one mismatch to UGT2B10 and three mismatches to UGT2B2S 
The nucleotide sequences for UGT1A4F. UGT1A6F and R, UuTIAIOR. and all UGT2B primers except UGT2B28F were obtained from Congiu et al |2002i Tlie sense primer for t'GTIAlO 
was designed by Strassburg et al 119971. PXR variant primers were designed by J.-M. Heydel. 

Target 
Transcript 

Annealing 
Temp 

Amplicon 
Size 

No. of Cycles 
on HepG2 

cDNA 

TI.T2.T3 

Tl 

T2 

T3 

PXR 

CYP3A7 

UGT1A 

UGTIA1 

UGT1A3 

UGTIA4 

UGTIA6 

UGT1A7 

UGTIA8 

UGTIA9 

UGT1A10 

UGT2B 

UGT2B4 

UGT2B7 

UGT2B10 

UGT2BH 

UGT2B15 

UGT2B17 

UGT2B28 

ß-actinl 

ß-actin2 

GAPDH 

FC: 5' agaaggagatgatcatgteega 3' 

RC: 5' gtttgtagttccagacactgcc 3' 

Fl: 5' caagccaagtgttcacagtgag 3' 

Rl: 5' caaagagcacagatcttccg 3' 

F2: 5' gcagcatgacagtcacc 3' 

R2: 5' ctccttcttcatgccgctct 3' 

F3: 5' cactgcctttacttcagtggg 3' 

R3: 5' cagctgcagagagacccg 3' 

F: tgtcatgacatgtgaaggatg 

R: ttgaaatgggagaaggtagtg 

F: agttgctatgagacttgagag 

R: aatctacttccccagcactga 

F: tgaaagcatatgcaatggcgt 
R: tcaatgggtcttggatttgtg 

F: atgctgtggagtcccagggc 

R: ccattgatcccaaagagaaaacc 
F: atggcaatgttgaacaatatg 

R: ggtctgaattggttgttagtaatc 
F: acgctgggctacactcaagg 

R: gacaggtacttagccagcacc 
F: cttttcacagacccagccttac 
R: tatccacatctctcttgaggacag 

F: tggctcgtgcagggtggactg 
R: ttcgcaatggtgccgtccagc 

F: ctgctgacctgtggctttgct 
P.: ccattgagcatcggcgaaat 
F: gaggaacatttattatgccaccg 

R: ccattgatcccaaagagaaaacc 
F: cctctttcctatgtccccaatga 

R: gcaacaaccaaattgatgtgtg 

F: aagttctaggaagacccactac 
R: caccacaacaccattttctcca 
F: 

tctactcttaaatttgaagtttatcctgt 
cRl: tcagcccagcagctcaccacaggg 

F: agttggagaatttcatcatgcaacaga 
cRl: tcagcccagcagctcaccacaggg 

F: tgacatcgtttttgcagatgctta 

cR2: caggtacataggaaggagggaa 

F: cttccattctttttgatcccaatgatg 

cRl: tcagcccagcagctcaccacaggg 

F: gtgttgggaatattatgactacagtaac 

cRl: tcagcccagcagctcaccacaggg 

F: gtgttgggaatattctgactataatata 

cR2: caggtacataggaaggagggaa 
F: 

atcccaatgacgcattcactcttaaactc 

cR2: caggtacataggaaggagggaa 

ctggcggcaccaccatgtaccct 

ggaggggccggactcgtcatact 

cgtaccactggcatcgtgat 

gtgttggcgtacaggtcttt 
5'-acccactcctccacctttg-3' 

5'-ctcttgtgctcttgctggg-3' 

<C 

60 

60 

62 

60 

58 

50 

50 

50 

58 

66 

58 

63 

63 

50 

63 

58 

58 

58 

58 

58 

58 

58 

58 

50 

58 

64 

bp 

359 

248 

818 

460 

764 

327 

637 

466 

932 

247 

200 

289 

310 

248 

281 

205 

205 

278 

■-■-  232 

'-"::;;;;; 152 

-f:: .307 

i.'R;- 141' 

■"•■'■'"  242 

r? .  340 

205 

'■''•»'->-     452 

■"'-'■     178 

32 

35 

35 

35 

25 

30 

30 

30 

35 

40 

42 

nd 

nd 

34 

nd. 

30 

30 

26 

28 

30 

32 

41 

nd 

18 

18 

25 

No. of Cycles 
on Caco-2 
cDNA 

34 

35 

nd 

nd 

25 

32 

27 

30 

35 

35 

25 

35 

35 

32 

35 

na 

na 

30 

na 

•• iia 

1 na 

na 

na 

18 

18 

25 

F. forward primer: R. reverse primer; bp. base pair: nd. not detected; na. not attempted. 

The samples were incubated ai 37°C for 60 min and then diluted to 100 p.1 with 
sterile diethylpyrocarbonate-treated H20. The reverse transcriptase was inac- 
tivated by heating at 95°C for 5 min. 

The primers used to detect hPXR wild-type Tl (NM_003889), T2 
(NM_022002), and T3 (NM_033013) variants are described in Table I. In 
addition to a common primer set designed to amplify all three hPXR tran- 
scripts, specific primers to detect them individually were made, based on 
differences between the splice variants. To distinguish T2 from Tl and T3, the 
forward primer F2 was designed within the 5' sequence unique to this tran- 
script (Fig. I). In contrast. Tl and T3 share all of (he sequence except the 

deleted region in T3; thus, the amplification specificity between these variants 
was facilitated by the design of the reverse primers. To exclusively amplify Tl, 
the Fl primer was positioned in the 5' untranslated region (UTR) absent in T2, 
and the reverse primer was designed within the 111-base pair sequence deleted 
in T3. To detect T3 only, another primer in the 5' UTR of F3 was used, in 
combination with an oligonucleotide which binds over the boundary of the 
sequence missing in T3 as shown in Fig. 1. GAPDH amplification was used as 
an internal control (see Table 1). 

The semiquantitative hPXR PCR reactions were performed as follows: a 
10-ixl cDNA aliquot w;is added to a reaction mixture containing 10 mM 
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FIG.  1. Struwm of human PXR transcripts, design of transcript specific PCR 

primers, and natural protein variants of human PXR. 

A, transcripis were amplified specifically by RT-PCR using transcript-specific 
primer pairs. Tl originates from exon 1A and corresponds to the cDNA published 
as PXR wild type. T2. which has a unique 5' UTR and start codon, begins in exon 
IB and is the cDNA published as PAR2. T3 is similar to Tl but has an in-frame 
deletion of 111 base pairs at the 5' end of exon 5. B, T2 is similar to Tl but contains 
an additional 39 amino acids on its N terminus. T3 is similar to Tl but has an 
internal 37-amino acid deletion. F is the forward primer and R is the reverse. Fl is 
the T1 forward primer and R1 is the TI reverse primer, etc. RC is the reverse control 
primer. Also, DBD is the DNA-binding domain, and LBD is the ligand-binding 
domain. 

Tris-HCl buffer (pH 8), 20 mM KC1, 0.1% Triton X-100; 1.5 mM MgCl2, 0.2 
mM each dNTP, 50 pmol of each primer, and 2 U of Ta^DNA polymerase 
(Promega), in a total volume of 50 /U. The mixture was subjected to 34 cycles 
consisting of a 45-s denaturing step at 94°C, a 45-s annealing step at 59°C, and 
a 45-s elongation step at 72°C in a thermal cycler (MJ Research, Reno, NV). 
Amplification of the ubiquitously expressed GAPDH cDNA was performed 
under the same conditions in separate experiments. Amplification products 
were resolved by agarose gel (2%) electrophoresis and detected by ethidium 
bromide. The bands were visualized under UV light and photographed with a 
computer-assisted camera. Quantification of each band was performed by 
densitometric analysis using N1H Image software (National Institutes of 
Health, Bethesda, MD). The identities of all PCR products were confirmed by 
sequencing. 

Semiquantitative RT-PCR for CYP3A7 and UGT Detection. cDNA 
from transfection experiments was made from 1 /ig (HepG2) or 0.6 jtg 
(Caco-2) RNA, using the Invitrogen Superscript system. First-strand synthesis 
was performed using the oligo(dT) primer method according to the supplier's 
instructions. All completed cDNA reactions were diluted in diethylpyrocar- 
bonate-treated water to the equivalent of 10 /xg/ml of the original RNA. 

To confirm successful transfection of the PXR expression vectors and the 
ability of each individual construct to overexpress a PXR variant, PCR with a 
common primer set (Table 1) was used. All primers in Table 1 were obtained 
from Sigma-Genosys (Castle Hill, Australia) or Integrated DNA Technology 
iCoralville. IAV PCR for experiments with cultured cells were performed with 

FIG. 2. RT-PCR analysis ofmRNA expression ofhPXR variants in human tissues 
and cell cultures. 

Total mRNA from human liver, human intestine, und cell cultures was analyzed 
by RT-PCR. Primers specific for the hPXR variants Tl. T2, und T3 were used to 
generate the amplicons. A DNA standard ladder is positioned in the first lane and 
between each tissue sample group. " ' 

0.5 U of Taq polymerase (Amersham Biosciences Inc., Piscataway, NJ) on 4 
to 10 (4.1 of cDNA under the following conditions: 95°C, 5 min. followed by 25 
to 42 cycles of 30 s at 95"C; 30 s at an appropriate annealing temperature; I 
min at 72CC; and a final 5 min at 72"C. Table I details the annealing 
temperature and cycle number required for each template. Primer pairs were 
designed to specifically amplify across exon boundaries in mRNA from 
ß-actin, CYP3A7, UGTI Al, UGT1A9, UGT2B7, and the UGT1A family as a 
whole (Table 1). For CYP3A7, UGTI A, and UGT2B7, PCR for each reaction 
was paused at 72°C with 18 cycles remaining and 50 ng of both ß-actinl 
primers were added as an internal reference. For the remainder of the semi- 
quantitative reactions, ß-actin2 control PCR was performed as a separate 
reaction. The specificity of all primer pairs was confirmed through sequencing 
or restriction analysis of the PCR products. Semiquantitative analysis of each 
PCR product was as described above, using Molecular Analyst software 
(Bio-Rad, Hercules, CA). 

Results 

Identification of hPXR mRNA Variants in Human Tissues and 
Cell Lines. Estimation ofmRNA levels of hPXR transcripts in human 
tissues and two human cell lines was carried out by semiquantitalive 
RT-PCR. One human liver sample, intestinal mucosa from the jeju- 
num of two donors, and HepG2 and Caco-2 cells were examined (Fig. 
2). The expected PCR products for hPXR'Tl, T2, and T3 variants 
were detected in both the representative normal human liver and the 
human hepatoma cell line, HepG2 (Fig. 2). The expression pattern in 
these samples was almost identical. In contrast, the pattern of variant 
expression in the jejunal segments from the two selected donors was 
strikingly different: in one donor (human intestine 32), only the T2 
variant was detected, whereas in the second donor (human intestine 
65), the pattern of expression was similar to that of the liver (Fig. 2). 
Examination of Caco-2 cells showed that only Tl was present in this 
human intestinal cancer cell line, an obvious difference in comparison 
with human jejunal mucosa. 

Induction of CYP3A7 and UGT Genes by PXR Variants in 
HepG2 Cells. Since it is well established that RIF, via PXR, induces 
P450s, we selected one isoform, CYP3A7, as a model for comparison 
with UGT, induction studies. Cells transfectedwith control plasmid 
pCMV5 responded to the addition of RIF with a modest increase in 
CYP3A7 transcription (Fig. 3A). Cotransfection of PXR variant 1 in 
the presence of RIF enhanced this up-regulation approximately 4-fold 
relative to the original basal expression levels. Interestingly, hPXR T2 
was as effective as TI in mediating CYP3A7 induction, and T3 had no 
effect on transcription of any of the genes studied. This experiment 
was carried out to ensure that the HepG2 cells responded correctly to 
the inducer and no quantitation was attempted. 

There was a very marked increase in UGT1A transcripts in HepG2 
cells transfected with either Tl or T2 and subsequently treated with 
RIF. When expressed in the presence of 10 ixM RIF. these two PXR 
variants were each responsible  for increased transcription of the 



344 GARDNER-STEPHEN ET AL. 

so 
4» 
4« 
II 
30 

04 
0« .JLLIJJJLI 

4P 
36 
»■ 

». 
20 • 
IS > 
10 . 
s! 
0- 

UCTIAI 

CYWA7 

ß-Ktin i • 
.JM-...M 1     ■.    ■ . ■. ...ML.. 

M 

7B- 

U 

40 

40 

JO ■ 

10 ■ 

M• 
00 

|CHY     |OMV        Tl n        n       n       n       n no     on»    ur    moo    «i 

UGTIAJ 

■ i 
fcwr   «cwv n 

DM» ur    OMU 

Fio. 3. Induction ofCYP3A7 and (he UGT1A gene family members by hPXR in a hepawcellular carcinoma cell line. 

HepG2 cells were transfected with plasmids containing hPXR variants and treated with 10 jiM R1F or solvent control. Total RNA harvested from cells exposed to each 
treatment was analyzed by RT-PCR for altered transcriptional regulation of CYP3A7 (A), UGT1A family (B), UGT1A1 (C), UGT1A3 (D), and UGT1A4, 1A6, and 1A9 
(E). Results have been normalized by comparison with the expression of ß-actin and are expressed as the mean (n = 3) ± S.D. The PCR shown in Fig. 3A is' a control 
experiment carried out only once to ensure that the HepG2 cells responded correctly to the inducers as expected. The experiments in Fig. 3E were not quantitated since 
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UGT1A family by up to 7-fold (Fig. 3B). Interestingly, however, this 
augmented expression was found to be inconsistent among individual 
1A family members, most likely due to the differential expression of 
UGT1A family members. 

UGT1A1 appeared to contribute the most to the observed UGT1A 
family up-regulation in HepG2 cells by responding very considerably 
to the combined' presence of either recombinant hPXR Tl or T2 and 
RIF. More than a 25-fold induction of UGT1A1 transcripts was 
observed under the conditions used (Fig. 3C). Similarly, UGT1A3 
was strongly up-regulated by hPXR in response to RIF (Fig. 3D). 
Although baseline expression was low, UGT1A3 was observed to be 
induced to approximately 8-fold over controls. Again, Tl and T2 
exhibited a similar potency for mediating up-regulation, whereas T3 
showed no noteworthy activity (Fig. 3D). 

Figure 3E illustrates that UGT1A6 and 1 A4 were also responsive to 
PXR/RIF treatment, although to a much lesser extent than UGT1A1 
and UGT1A3. In contrast, the level of UGT1A9 transcription re- 
mained unchanged by PXR transfection and RIF treatment. Produc- 
tion of UGT1A9 mRNA in HepG2 cells was not induced by cotrans- 
fection of constitutively active hPXR or human constitutive 
androstane receptor (data not shown). UGT1A7, 1A8, and 1A10 were 
also examined, but transcripts could not be detected in HepG2 cells. 
The data shown are representative of all replicates. However, the 

bands were too faint to quantify accurately^ hence the raw data are 
Shown... :::.', .•'.•;    ».-. ■:_:.•!,.-.■!;■.:.• ... 

In comparison with the UGT1A family, PXR-mediated induction of 
UGT2B transcripts was not detected. The ability of all three PXR 
variants to up-regulate UGT2B7 was examined, and no induction was 
observed. In addition, cotransfection of recombinant Tl had no effect 
on UGT2B4, 2B10, 2B11, 2B15, or 2B17 mRNA (data not shown). 
UGT2B28 transcripts could not be detected in HepG2 cells (data not 
shown), and the T2 and T3 PXR variants were not tested for regula- 
tory interaction with any UGT2B gene other than UGT2B7. There- 
fore, it appears that hPXR, particularly variant Tl, cannot direct 
transcription from the UGT2B promoter in HepG2 cells under the 
experimental conditions used. However, we cannot exclude the pos- 
sibility that an assay of greater sensitivity may reveal subtle changes 
that currently remain undetected, but any such associations would be 
anticipated to be weak. 

CYP3A7 and UGT Induction in Caco-2 Cells. Although the 
UGT1A expression profile in Caco-2 cells differed from that of 
HepG2 cells, the response of most individual genes to PXR/RIF 
treatment was similar, with some noteworthy exceptions (Fig. 4). 
UGT1 Al (Fig. 4A) was again strongly up-regulated by PXR variants 
Tl and T2, but to a lesser extent than in HepG2 cells. UGT1A3 and 
UGT I A4 also showed obvious responses to Tl and T2 but not T3 
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FIG. 4. Transcriptional regulation ofCYP3A7 and UGT genes by hPXR in a 
colorectal adenocarcinoma cell line. 

Caco-2 cells were transfected with expression constructs for hPXR variants Tl, 
T2, orT3 and exposed to dimethyl sulfoxide or RIF as described in the text. After 
treatment, regulation of target genes was analyzed by RT-PCR using specific 
primers for the coding regions ofUGTIAl (A)andUGTlA3, 1A4,1A6, 1A7,1A8, 
1A9, 1A10, 2B7, and CYP3A7 (B). Up-regulation of UGTIA 1 transcripts is 
presented as the mean (n = 3) ± S.D. 

(Fig. 4B). These modest but clear up-regulations were consistent 
between replicates of the experiment shown in Fig. 4 and were 
confirmed in additional independent transfections. UGT1A9 and 
UGT2B7 expression again remained unchanged regardless of treat- 
ment. Unlike HepG2 cells, UGT1A7, 1A8, and 1A10 mRNAs were 
detectable in Caco-2 cells. Like the closely related UGT1A9 gene, 
UGT1A7, 1A8, and 1A10 were not detectably increased by PXR and 
RIF. This experiment was carried out several times, and the results 
were not consistent among replicates. On average, there was no effect. 

The only UGT1A isoform expressed in both HepG2 and Caco-2 
cells, but found to differ in response to PXR/RIF treatment, was 
UGT1A6. UGT1A6 transcripts are present in Caco-2 cells at substan- 
tially higher levels than in HepG2 cells, yet the response seen in the 
latter to Tl and T2 (Fig. 3E) was not observed in Caco-2 culture (Fig. 
4B). The other major difference observed between the two cell lines 
transfected with hPXR and subsequently exposed to RIF was the lack 
of CYP3A7 response in Caco-2 cells. CYP3A7 transcripts have been 
shown previously to be present at low levels in Caco-2 cells 

(»vi'inii?» 

FiC. 5. Individual variulitm of HPXR transcript expression inhuman liver 
samples. 

General and variant specific expression of hPXR in total RNA purified from nine 
human liver samples were analyzed by RT-PCR. To optimize transcript detection, 
each RT-PCR profile was obtained from reactions with differing numbers of cycles 
(in parentheses). HI and H2 were, respectively, a 66-year-old female and ä 49- 
year-old male, both of whom died of strokes. The remaining liver samples were 
from normal females ranging in age from 23 to 64. No further information was 
available for these donors. The PCR shown is representative of three io seven 
estimations. 

(Schmiedlin-Ren et ah, 1997) and are known to be responsive to 
rifampicin in other cell lines (this study; Pascussi et a!., 1999), yet 
CYP3A7 did not respond appreciably to the addition of RIF, with or 
without PXR cotransfection. Therefore, it is evident that hPXR vari- 
ants display cell line- and, most likely, tissue-specific activity. It has 
also been demonstrated, in all our studies, that when PXR Tl was 
active, T2, but not T3, also showed activity. Thus, the behavior among 
the individual variants relative to one another was consistent among 
all genes and the two host cells tested. 

Variability of hPXR mRNA Expression Levels in Human Liver 
and Intestine. As variability in expression of hPXR Tl, T2, and T3 
variants could potentially influence the transcriptional regulation of 
target genes in human Jiver, we investigated mRNA expression in nine 
human livers derived from generally healthy donors. The mRNA 
levels of hPXR variants were measured by RT-PCR and normalized to 
the GAPDH mRNA level in each sample. The results obtained are 
shown in Fig. 5. RT-PCR with common primers, as well as those for 
the individual transcripts, showed great individual variations among 
donors. Overall, livers with high expression of one variant also had 
high expression of the other two variants.- Interestingly, (he UGTIA 
isoform whose expression correlates most with the expression of PXR 
was UGT1A9. However, we have not identified this enzyme as being 
up-regulated by any of the hPXR variants in HepG2 and Caco-2 cells. 
This phenomenon could be explained by the possibility that these cells 
do not have all the cofactors necessary for UGT1A9 transactivation by 
PXR. . .   ...,,-;„ ,,■;.' ,.,.' 

We also investigated mRNA expression in six human intestinal 
(jejunum) segments from healthy donors. As noted previously, the 
mRNA levels of hPXR variants were measured by RT-PCR and 
normalized to the GAPDH mRNA level in each sample. As with the 
liver samples, the intestinal mucosa showed great individual varia- 
tions between donors. mRNA expression for the individual donors 
was considerably different in terms of amount and distribution pattern 
(Fig. 6). 

Finally, the expression of hPXR and UGT1A isoforms was com- 
pared, and the results are shown in Fig. 7. There was noticeable 
interindividual variation observed in the expression of UGTIA iso- 
forms in different donors. In general, donors with a low level of one 
UGT isoform also had low levels of the other isoforms. and the 
reverse was also true. Although quantitative evaluation was not pos- 
sible for this experiment, the level of expression of some UGTIA 
isoforms appeared to mimic hPXR iranscripi expression. 

t*'0  IP.-.f 
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Fic. 6. Individual variation öfhPXR transcript expression in human intestine. 

General and variant specific expression of hPXR in total RNA purified from six 
human intestinal (jejunum) samples were analyzed by RT-PCR. To optimize tran- 
script detection, each RT-PCR profile was obtained from reactions with differing 
numbers of cycles (in parentheses). Donors were as follows: H55,49-year-old male, 
died of a stroke; H59, 19-year-old male: H60. 21-year-old male; H61. 47-year-old 
male: H63. 39-year-old male; H65, 22-year-old male; all of whom died in motor 
vehicle accidents. 
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FIG. 7. Expression of several UGTl A family members mimics hPXR transcript 
expression. 

RNA isolated from human liver samples was analyzed by RT-PCR to examine 
levels of expression for several UGT1A family members. For comparison, hPXR 
expression was also analyzed from the same liver samples. To optimize transcript 
detection, each RT-PCR profile was obtained from reactions with differing numbers 
of cycles (in parentheses). The source of the liver samples is described in the legend 
to Fig. 5. 

Discussion 

The results presented here support the recent report that PXR is 
capable of regulating the expression of UGTl A family isoforms and 
are in agreement with our previous results (Xie et a!., 2003). Here, we 
show that two additional UGTs, UGT1A3 and UGT1A4, are also 
up-regulated by PXR variants. This finding suggests an important role 
for this xenobiotic receptor in the ligand-dependent activation of 
human UGTs. Our data also demonstrate that there are different 
mechanisms involved in the regulation of hepatic and intestinal UGTs. 
This would be consistent with the presence of distinct liver- and 
intestine-specific UGT isoforms. 

Several laboratories have demonstrated the presence of natural 
variants of hPXR (Bertilsson et al., 1998; Käst et al., 2002), some of 
which possess altered transactivation activity toward P450 genes 
(Lehmann et al., 1998; Husten et al., 2001). However, no systematic 
studies have been performed yet on the tissue distribution and func- 
tion of these variants or their role in regulation of human UGTs. In 
these studies, we have analyzed the available PXR amino acid se- 
quences and designed primers for the identification of three human 
PXR mRNAs, corresponding to the wild-type hPXR (TI) and variants 
with 39 extra N-terminal amino acids (T2) or an internal 37-amino 
acid deletion (T3). Wc have also cloned all three PXR variants and 

investigated their effect on regulation of UGTs I'inni both the UGTl A 
and 2B families, as well as CYP3A7. Moreover, we have carried out 
the first systematic studies of the expression of these variants in 
human liver and intestine and in the human derived cell lines, HepG2 
and Caco-2. It has been suggested that hPXRs are expressed in a 
restricted number of tissues, with the highest expression observed in 
the liver, followed by small intestine and colon (Bertilsson et al., 
1998). Generally, hPXR variant expression has been analyzed in 
human tissue by Northern blot, and hPXR mRNAs of different sizes 
have been detected in both liver and intestine; however, in the latter 
tissue. hPXR expression was limited to the cells of the intestinal 
mucosal layer (Bertilsson et al., 1998). In addition, one earlier study 
has described the expression of PXR Tl and T3 by RT-PCR in normal 
and cancerous breast tissue (Dotzlaw et al., 1999). ■ •. r_-■.... 

Our data demonstrate that variants of human PXR are expressed in 
human liver, HepG2 cells, intestinal mucosa, and CaCor2 cells: how- 
ever, the pattern of distribution varies considerably between hepatic 
and intestinal tissue. All the variants were expressed in human liver 
and HepG2 cells. However, distribution in human intestine and 
Caco-2 cells was very different. In jejunum from H32, only T2 was 
expressed while, in the same tissue from H65, the pattern was iden- 
tical to that of liver. Variants T2 and T3 were missing in Caco-2 cells. 
This indicates important tissue-specific distribution of hPXR variants 
and reflects the differential regulatory function of these variants. 

We also investigated the effect of hPXR variant expression on the 
regulation of UGTs and CYP3A7 in HepG2 and Caco-2 cells. Inter- 
estingly, the same genes were up-regulated in both cell lines. How- 
ever, the rate of up-regulation and response to RIF was somewhat 
different. In HepG2 cells, UGTl A1 responded quite strongly to the 
combined presence of T1/T2 and RIF. These data are consistent with 
a recent report by Xie et al. (2003), which showed that UGTl AI is 
up-regulated in mice bearing constitutively activated hPXR. The same 
investigators also showed that hPXR and human constitutive andro- 
stane receptor can induce UGTl A1 promoter reporter gene expression 
in HepG2 cells. The UGTl A1 response to PXR Tl and T2 in the 
presence of RIF mirrors that of the UGTl A family as a whole. This 
is because, first, UGTl AI is strongly induced by RIF and; second, • 
UGT1A1 appears to be the major UGT isoform expressed in these ; 

cells. Thus, UGTl A1 up-regulation may be the major contributor to 
the up-regulation of the UGTl A family as a whole. However, 
UGTl A3 expression was also extensively increased, and UGTl A4 
and 1A6 expression may contribute to the up-regulation as well.  ' 

Interesting data were also obtained on the regulatory effect of PXR 
variants in Caco-2 cells. When transfected with either Tl or T2 and 
treated with RIF, there was a marked increase in UGTl AI transcrip- 
tion in these intestine-derived cells. Also, UGTIA3 transcription was' ■ 
increased by PXR/RIF. Like UGT1A3, UGTl A4 transcripts inT 

CaCo-2 cells were clearly increased in the cells in response to Tl and r 
RIF. Interestingly, UGT1A6, which, in our hands, is the most highly 
expressed UGTl A isoform in Caco-2 cells, was found not to be ; 
regulated by Tl, with or without RIF. Thus, the high levels of 
endogenous UGT1A6, in conjunction with its unresponsiveness to' 
PXR regulation, are likely to be responsible for the smaller response 
of the UGTl A family seen in Caco-2 cells relative to that of HepG2 
cells. UGTl A8 and 1A10, whose expression is limited to the intestine, 
did not respond to PXR/RIF in Caco-2 cells. Moreover, none of the 
PXR variants in combination with RIF was able to influence UGTl A9 
expression in Caco-2 cells. 

In summary, the cell culture studies demonstrated that PXR Tl and 
T2 can up-regulate the UGT1A family of isoforms, in particular 
UGT1AI, UGT1A3, and UGT1A4. PXR T3 does not mediate up- 
regulation of any of the genes studied. None of the UGT2B isoforms 
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responded lo any of the hPXR variants. Although HepG2 and Caco-2 
cells have relatively low expression of endogenous UGT genes, they 
seem to be excellent models for studying hPXR-mediated regulation. 
This is especially true for UGTIA3 and UGT1A4, as both genes arc 
expressed at low levels in these cell lines: however, both isoforms can 
be effectively up-regulated by PXR. This work has also shown, for the 
first time, that PXR regulates not only UGT1A1 but also UGT1A3 
and UGT 1 A4. The different responses of UGT1A isoforms, varying 
from strong to undetectable, suggests differing regulation of these is 
under the control of its own unique promoter (Ritter et al., 1992). 
From these observations, it can be concluded that, like P450 enzymes 
and drug transporters, UGTs are also strongly regulated by xenobiotic 
NRs. In addition, the present studies have defined an important role of 
PXR in tissue specific regulation of UGTs. 
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metabolism 
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:;„..,;,.,.,         ,,..• ■■,>•■>.      •• function oxidase system. The components of 
this system catalyze the splitting of molecular 
oxygen with one atom being inserted into the 
drug molecule and the other undergoing 
reduction to water. The human genome en- 
codes 57 CYP proteins so there is a substantial 
genetic component to the process of drug 
metabolism |1|. Moreover, the activity of CYP 
enzymes can be induced or inhibited by a va- 
riety of environmental chemicals and drugs, 
adding to the variability in metabolism of 
different individuals. The products of phase I 
metabolism are generally more polar and more 
readily excreted than the parent compounds 
and are often substrates for phase II enzymes. 
Phase II metabolism involves conjugation 
with endogenous hydrophilic compounds to 
further increase, polarity and water solubility, y 
and therefore drug excretion. Phase II metar> 
olism is also subject to genetic and environ- . 
mental variability. Although hepatic drug , 
metabolism has been traditionally equated 
with 'detoxification', it is now known that in 
some cases highly reactive metabolites can be 
formed that react with crucial cellular macro- 
molecules leading to various forms of toxicity. 

Although metabolizing enzymes are impor- 
tant in the process of drug disposition, equally 
important are a group of transporter proteins ._ 
that are expressed in various tissues, such as 
the intestine, brain, liver and kidney, which 
modulate the absorption, distribution and 
excretion of many drugs. These transporters 
arc classified as cither primary, secondary or 
tertiary. Primary transporters are driven by en- 
ergy from ATP hydrolysis, whereas secondary 
and tertiary active transporters are driven by 
an exchange of intraceltular ions. Like the 
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- The past 50 years have witnessed a monu- 
mental advance in our understanding of 
pharmacodynamics (what drugs do to the 
body) and pharmacokinetics (what the body 
does to drugs). In the realm of pharmacoki- 
netics, dozens of enzymes responsible for 
drug biotransformation and transporters re- 
sponsible for the absorption, distribution and 
excretion of drugs have been identified. 

Drug biotransformation (metabolism) is 
traditionally classified as either phase I or 
phase 11. Phase 1 metabolism (functionaliza- 
tion) includes oxidation, reduction, hydrolysis 
and hydration. Enzymes catalyzing these re- 
actions are found in virtually all tissues but 
especially in the hepato-intestinal axis. Quan- 
titatively, however, the liver is generally con- 
sidered to be the most important organ in- 
volved in drug metabolism. Located in the 
endoplasmic reticulum of hepatocytes is a 
family of heme proteins known as cytochrome 
P450 (lM.St) or CYP). CYP is the central con- 
stituent of the so-called microsomal mixed- 
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drug metabolizing enzymes, each transporter gene family 

is composed of a multiplicity of members. These proteins 

control, among other things, absorption of many drugs 

from the gastrointestinal tract, exclusion of drugs from the 

brain (a component of the blood-brain barrier), and the 

active secretion of drugs and metabolites into the bile 

and/or urine |2|. 

Drug metabolizing enzymes and transporters are often 

involved in clinically significant drug-drug interactions. 

The mechanism of this interaction often involves drug-in- 

duced increases in enzyme or transporter activity (induc- 

tion). As a consequence, disposition of other drugs that are 

metabolized or transported by the induced protein will 

change, possibly resulting in an adverse event. The induc- 

tion of drug-metabolizing enzymes and transporters is 

mediated by a group of receptors known as orphan nuclear 

receptors. Chemical interactions with these receptors and 

the consequences of these interactions are reviewed here. 

PXR and CAR: prototypic xenobiotic orphan nuclear 

receptors 
Orphan nuclear receptors belong to the nuclear receptor 

(NR) superfamily of transcriptional factors. In most cases, 

these receptor proteins were identified without knowing 

their endogenous and/or exogenous ligands, so they were 

called 'orphan' receptors. Most, if not all, NKs share two 

essential functional domains that include the N-terminal 

DNA-binding domain (DBD) and a C-terminal ligand-bind- 

ing domain (LUD) 13]. The conserved DBD consists of two 

DNA-binding zinc fingers and the LBD folds to form a 

hydrophobic pocket into which the Hgand binds. 

In 1998, the rodent orphan NR pregnane X receptor, 

PXR [4], and its human homolog hPXR (also known as 

steroid and xenobiotic receptor, SXR, or PAR [5-7]), were 

isolated as candidate xenobiotic receptors postulated to 

regulate CYP3A gene expression. It took this name because 

pregnenolone and its derivative, pregnenolone 16a-car- 

bonitrile (PCN), can activate PXR. Another orphan recep- 

tor, constitutive androstane receptor (CAR), was cloned 

several years earlier [81 but its identity as a xenobiotic re- 

ceptor was not appreciated until the discovery that its con- 

stitutive activity can be inhibited by selective androstane 

metabolites [9]. The role of CAR in positive xenobiotic 

regulation of CYP2B genes was first shown in 1998 |10|. 

Xenobiotic receptors, such as PXR and CAR, regulate 

gene expression by forming heterodimers with the retinoid 

X receptor (RXR). The regulation is achieved by binding 

of the PXR-RXR or CAR-RXR heterodimers to the specific 

xenobiotic response elements (XREs) present in the pro- 

moter regions of drug-metabolizing enzymes and trans- 

porters (Figure 1). PXR is activated by a variety of xenobiotics 

\J   Ligands 

\actrvatorx 

Promoter regions of target genes 

Production of drug metabolizing 
enzymes and transporters 

Drug DboovtrfToday 

Figure 1. Xenobiotic receptor-mediated regulation of drug- 
metabolizing enzymes and transporters. Activation of 
xenobiotic receptors, such as pregnane X receptor (PXR) and 
constitutive androstane receptor (CAR), induces phase I and II 
enzymes and drug transporters. This transcriptional activation 
requires: (1) binding of ligands and recruitment of co-activators; 
(2) formation of heterodimers with retinoid X receptor (RXR); 
and (3) binding ol the heterodimers to the xenobiotic response 
elements (XRE) in the target gene promoters. 

including drugs known to induce hepatic and intestinal 

CYP3A activity [4-7|. Although CAR shows relatively high 

basal activity to transactivati genes without ligand ('con- 

stitutive'), its activity can be inhibited by antagonists, such 

as androstane metabolites [9], and potentiated by agonists, 

such as phenobarbital (PB) and l,4-bis(2-{3,5 dichloro- 

pyridyIoxy)l benzene (TCPOBOP) [10-12]. 

The respective regulation of CYP3A and CVP2B by PXR 

and CAR has been firmly established via the generation of 

mice deficient in PXR and CAR [13-15]. Disruption of the 

mouse PXR locus by homologous recombination abolishes 

the CYP3A induction in response to PCN and dexametha- 

sone [13,14]. Similarly, CYP2B induction in response to PB 

and TCPOBOP was completely eliminated in the CAR-null 

mice |15|. v 

Subsequent functional analysis has revealed a much 

broader role of PXR and CAR in xenobiotic regulation. It 

became evident that both receptors can function as master 

regulators in regulating additional phase I and phase II en- 

zymes, as well as drug transporters. The mechanism of this 

broad regulation is the presence of PXR and CAR response 

elements in the promoter regions of many of these enzyme 

and transporter genes (|16|). These include the phase I en- 

zymes CYP2C8/9/19 117,18| and CYP3A7, phase II enzymes 
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Figure 2. Cross-talk in xenobiotic nuclear receptor-mediated regulation of cytochrome 
P450 (CYP) genes. The reciprocal activation of xenobiotic response genes by pregnane X 
receptor (PXR) and constitutive androstane receptor (CAR) has been shown in cell 
cultures. In transgenic mice, activation of PXR induces CYP3A and CYP2B. In contrast, 
expression of activated CAR (VP-CAR) in mice induces CYP2B but not CYP3A. The green 
and red colored arrows indicate the direct and cross-regulation, respectively. 
Abbreviations: PXRE, PXR response element; PBRE, phenobarbital response element. 

glutathione S-transfcrascs lUSTs) |19|, UDP-glucuronosyl- 
transfcrascs (UGTs) |20-22| and sulfotransferases (SUI.'ls) 

|23,24|, the transporters multidrug resistance protein 1 

(MDKlj 117,251, MDR2 [26), multidrug resistance-associ- 

ated protein 2 (MRP2) [27|, and the organic anion trans- 

porter polypeptide 2 (OATT2) |14|. A broad role of PXR and 

CAR in xenobiotic regulation was further confirmed by 

several gene-profiling analyses performed in wild-type, 

transgenic and knockout mouse models |28,29|. 

Another unique functional feature of PXR and CAR is 

the overlap in the genes regulated by these receptors. For 

instance, PXR can regulate CYP2B genes and CAR can reg- 

ulate CYP3A genes. The mechanism of cross-regulation has 

been shown to be due to shared response elements be- 

tween receptors, as revealed by receptor-DNA binding 

analysis and transient transfection and reporter gene as- 

says (|ll,30-33]. Figure 2). The generation of transgenic 

mice with hepatic expression of activated receptors en- 

abled the evaluation of potential cross-regulation in vivo. 

The activated VP-PXR and VP-CAR were generated by fus- 

ing the VP16 activation domain of the herpes simplex 

virus to the N-terminal of the receptors. They shared simi- 

lar DNA-binding specificities with their wild-type counter- 

parts. Genetic activation of PXR in vivo caused sustained 

induction of CYP3A and CYP2B |11,13|. Hy contrast, in the 

VP-CAR transgenic mice, although CYP2B was induced as 

expected, the expression of CYP3A was largely unchanged 

or even slightly suppressed |24| (Figure 2). The lack of 

CYP3A11   induction in  the VP-CAR 
CAR 

mice was not due to the unresponsivc- 

ness of CYP3A11 in this transgenic line, 

as the expression of CYP3A11 in the 

VP-CAR mice remained inducible in 

response to the CAR ligand TCPOBOP 

|24|. 

Species specificity of xenobiotic 

regulation and the generation of 
'humanized' mice 

Xenobiotic induction of drug-metabo- 

lizing enzymes shows striking species 

specificity. For example, the antibiotic 

rifampicin (RIF) has been shown to be 

a CYP3A inducer in humans but not in 

rodents, whereas pregnenolone-16ct- 

carbonitrile (PCN), an anti-glucocorti- 

coid, is a rodent-specific CYP3A inducer. 

The species specificity of drug response 

has added another challenge in under- 

standing the molecular basis of the 

regulation of drug-metabolizing en- 

zymes and transporters. In the case of mammalian CYP3A 

gene regulation, previous pharmacological studies in pri- 

mary cultures of hepatocytes suggest that it is not the 

promoter structure of the CYP3A genes that dictates the 

pattern of CYP3A inducibility but, rather, it must be a 

species-specific cellular factor(s). Accumulating evidence 

has established PXR and CAR as examples of these important 

cellular factors.       : :    >  ■ , 
Although rodents are the standard laboratory models in 

the assessment of drug metabolism and toxicity, they prob- 

ably are not reliable predictors of the human CYP enzyme 

inducibility due to the species-specificity of xenobiotic re- 

sponse. Using transfection and transgenic approaches, we 

have demonstrated that the species origin of the PXR re- 

ceptor, rather than the promoter structure of CYP3A genes, 

dictates the species-specificity of CYP3A inducibility (13]. 

The species-specific ligand specificity has been thought to 

be due to the divergence of amino acid sequences in the 

ligand-binding domains of the human and mouse PXR re- 

ceptors (Figure 3a). Four residues in the LBD of hPXR were 

shown to be crucial for interaction with the hPXR-specific 

ligand SRI2813. When each of these residues was mutated 

to the corresponding hPXR amino acids, the mouse- 

human hybrid receptor showed a human-like ligand re- 

sponse profile |34|. The hypothesis that the species origin 

of the receptor is the determining factor for the species 

specificity of the ligand response led to the generation of 

'humanized' mice, in which the mPXR was deleted via 
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Figure 3. Sequence divergence between the human and rodent 
xenobiotic receptors, (a) Comparison of the human and mouse 
gene encoding PXR. (b) The human and mouse gene encoding 
CAR. The percentage nucleotide sequence identity in the DNA- 
and ligand-binding domains is indicated. 

homologous recombination and hPXR was introduced 

into the mouse liver through a liver-specific transgene 113| 

These mice exhibited a 'humanized' hepatic xenobiotic re- 

sponse profile, readily responding to the human-specific 

inducer RIP in a concentration range equivalent to the 

standard oral dosing regimen in humans II3|. The genera- 

tion of these mice represents a major step toward generat- 

ing a humanized rodent toxicological model that is con- 

tinuously renewable and completely standardized. In 

addition, a PXR-mediated and mechanism-based transfec- 

tion- and reporter-gene system has also been shown to be 

an effective in vitro approach to screen for drugs that might 

be precocious hPXR activators. Although the HI vitro screen 

is fast, the availability of hPXR 'humanized' mice offers a 

unique screening tool to evaluate drug-drug interactions 

in vivo. These humanized mouse models represent important 

steps in the development of safer human drugs. 

The original humanized mice express hPXR exclusively 

in the liver |13|. The drug-metabolizing enzymes and 

xenobiotic receptors are also highly expressed in the in- 

testinal tracts, therefore it is conceivable that mouse mod- 

els with the humanized receptors expressed in the liver and 

intestine would represent a more complete humanized 

mouse. This can be achieved using a promoter that can 

target the expression of hPXR transgene to the liver and 

intestine. An alternative strategy is to 'knock-in' hl'XR in 

the mouse locus. This would not only direct expression of 

hl'XR both.in liver and intestine, but also normalize ex- 

pression levels and tissue patterns to the endogenous gene. 

CAR, like PXR, also exhibits species-dependent ligand 

specificity, which might also be explained by the divergence 

in the I.BDs between species (Figure 3b). Neither androstcnol 

nor TCPOBOP, the respective mouse CAR antagonist and 

agonist, affects human CAR activity. Although moderately 

potent ligands for hCAR have been reported 135), none e.\- 

hibited potency comparable with androstcnol and TCI'OBOI' 

toward mCAR. Nevertheless, humanized CAR mice, analo- 

gous to the previously reported humanized hPXR mice, 

have been created |36|. CAR-null mice were resistant to ac- 

etaminophen toxicity but with introduction of hCAR, the 

sensitivity to acetamenophen toxicity was recovered |36|. 

hCAR was also shown to mediate xenobiotic induction of 

bilirubin-clearance enzymes [22|. 

Beyond PXR and CAR: xenobiotic receptor 

newcomers 
In addition to PXR and CAR, the expression of genes en- 

coding drug-metabolizing enzymes and transporters is also 

subject to regulation by other nuclear receptors, such as 

the vitamin 1> receptor (VDR), farnesoid X receptor (FXR), 

and the retinoid X receptor (RXR). Recent evidence includes 

the following. 
• Activation of VDR by bile acids or vitamin D3-induced 

CYP3A gene expression |37-39|. The VDR-mcdiated in- 

duction of CYP3A, a bile-acid detoxifying enzyme, could 

account lor the preventive effects of vitamin 1) on colonic 

carcinogenesis promoted by high-fat diets or toxic bile 

acids |3K| . 
• FXR was also shown to regulate the expression of the 

gene encoding dehydroepiandrosterone sulfotransferase 

[SULT2A9) [40]. Interestingly, PXR, CAR and FXR regu- 

late 5l/LTZ49gene expression by sharing the same 1R-0 

(inverted repeat without a spacing nucleotide) response 

element found in the promoter of the rodent SULT2A 

genes. 
• A liver-specific deletion of the RXRa locus in mice causes 

decreased basal expression of several CYP genes, includ- 

ing CYP3A [41J, which is consistent with the notion that 

RXR is the obligatory heterodimerization partner for 

several xenobiotic receptors. 
More recently, hepatic nuclear factor 4a (HNF4a) has 

been shown to determine PXR- and CAR-mediated xenobi- 

otic induction of CYP3A4. The CYP3A4 promoter activity, 

even in the presence of PXR or CAR, has been known to be 

most pronounced in liver-derived cells especially the pri- 

mary hepatocytes, but minimal or modest in non-hepatic 

cells, suggesting that a liver-specific factor is required for 

physiological transcriptional response. HNI'4a, a liver-en- 

riched orphan receptor, has been proposed to be one such 

hepatic factor |42|. A specific d.s-element was identified in 

the 5' regulatory sequences of the CYP3A4 gene, which 

confers HNI'4a binding and permits PXR- and CAR-medi- 

ated gene activation. Consistent with the role of HNF4« 

in CYP3A regulation, mice with conditional liver-specific 

www drucjdistt 'vpryloctoy com 445 



*.» 

research focus DDT Vol. 9, No. 10 May 2004 

deletion of HNI'4a. had reduced basal .mil iiulucihle ex- 
pression of CYPXA |42|. The key role of HNF4cx in regulat- 
ing PXR-mediated xenobiotic induction of liver enzymes 
in fetal livers was also reported independently by Kamiya 
t-f .;/. |43|. 

Beyond xenobiotics: PXR as an 'endobiotic receptor' 
Although PXR has been identified as a 'xenobiotic recep- 
tor', emerging evidence has pointed to an equally important 
role of PXR as an 'endobiotic receptor' - that is, it responds 
to a wide array of endogenous chemicals. Moreover, the ac- 
tivation of PXR by endogenous ligands has implications in 
several important physiological and pathological condi- 
tions. 

One family of endogenous PXR ligands identified shortly 
after the cloning of PXR arc bile acids, the catabotic end 
products of cholesterol metabolism. Despite some benefi- 
cial function, excess accumulation of bite acids, such as the 
secondary bile acid lithocholic acid (I.CA), has been shown 
to cause cholestasis (impaired bile flow) in experimental 
animals and has long been suspected of doing the same in 
humans. Xie et al. and Staudinger et al. showed that PXR 
acts as an I.CA sensor and plays an essential role in detoxi- 
fication of cholestatic bile acids |14,44|. Activation of PXR 
by bile acids or other xenobiotic induccrs causes the induc- 
tion of CYP3A. an enzyme that facilitates the detoxifica- 
tion of bile acids. Pretreatment of wild-type mice, but not 
the PXR-nuIl mice, with l*CN reduced the toxic effects of 
LCA. Moreover, genetic activation of PXR by expressing 
the activated PXR in the liver of transgenic mice was suffi- 
cient to confer resistance to the hepatotoxicity of LCA [44}. 
Consistent with the notion that activation of PXR facili- 
tates bile-acid detoxification, increased serum levels of bile 
acids have been suggested to be a factor in the develop- 
ment of pruritis and studies in humans have shown that 
PXR activator R1F can be used to treat cholestasis-associated 
pruritis [45,46]. 

More recently, the bile acid intermediates formed during 
cholesterol catabolism have been shown to function as 
PXR agonists. The sterol 27-hydroxyIase (CYP27A1) is an 
important enzyme in regulating the production of bile 
acids from cholesterol. In humans, mutations in the 
CYP27A1 gene were responsible for the cerebrotendinous 
xanthomatosis (CTX), a genetic disease manifested by the 
accumulation of 25-hydroxylated bile alcohols, such as 25- 
tetrol, several 25-pentol isoforms, and possibly hexols and 
heptols. The clinical hallmarks of the disease include a 
marked deposit of sterols in a variety of tissues, a decrease 
in chenodeoxycholic acid production and associated men- 
tal retardation, premature atherosclerosis and tendon and 
brain xanthomas [47|. 

Surprisingly, the Ci7'27-null mice did not develop the 
clinical manifestations of CTX |48.49|. This might be due 
to a dramatic increase in the expression of (.TJVf.4 with a 
resultant increase in the CYP3A-mcdiatcd hydroxylation 
and clearance of bile acid intermediates |50-52|. The in- 
crease in CYP3A enzyme production in the CW27,4-null 
mice has been reasoned to be due to the activation of 
mouse PXR by these bile acid intermediates, among which 
are three potentially toxic sterols, 7o-hydroxy-4-cholcstcn- 
3-one, 5ß-cholestan-3a,7a.l2a-triot, and 4-cholestan-3-one. 
Interestingly, these intermediates arc more potent induccrs 
toward mPXR than hPXR, which might explain, at least in 
part, why humans lacking functional CYP27A1 do not dis- 
play a compensatory increase in CYP3A activity [50,51|. 
These reports establish the existence of a feed-forward 
regulatory or salvage pathway, in which potentially toxic 
bile acid intermediates activate PXR and induce their own 
metabolism and clearance to avoid accumulation. 

In addition to bile acids and their intermediates. 
Vitamin K2 has recently been shown to be a hPXR/SXR ag- 
onist and able to induce the expression of PXR target genes 
such as CYP3A4 |53|. Interestingly. Vitamin K, treatment 
of osteosarcoma cells increased mRNA levels for the ostco- 
blast markers, including bone alkaline phosphatase, ostco- 
protegerin, osteopontin and matrix Gla protein, suggest- 
ing a potential novel role of PXR in bone homeostasis (53). 

Implication of xenobiotic regulation in human 
diseases 
The implication of PXR- and CAR-mediated gene regu- 
lation in drug metabolism and drug interactions has been 
recognized since the first cloning of these xenobiotic re- 
ceptors. Consistent with the notion that these enzymes 
and transporters are also implicated in the bio transforma- 
tion and homeostasis of many endogenous chemicals that 
can influence physiological and pathological processes, ac- 
cumulating evidence has pointed to a role of orphan re- 
ceptor-mediated xenobiotic regulation both in normal 
physiology and in disease states. 

Bilirubin clearance and jaundice 
Bilirubin is the catabolic byproduct of hemeproteins, such 
as ß-globin and CYP enzymes. Accumulation of bilirubin 
in the blood is potentially hepato- and neuro-toxic. For 
example, an insufficiency in expression of UGT1A1, a key 
enzyme for the conjugation of bilirubin in Crigler-Najjar 
syndrome and Gilbert's disease results in severe hyper- 
bilirubinemia. Deficiency of MDR2, a transporter protein 
responsible for the hepatic excretion of conjugated biliru- 
bin, leads to Dubin-Johnson syndrome, characterized by 
the accumulation of glucuronidated bilirubin. Both PXR 
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aiul CAR have been shown to induce (lie expression of 

UUTIA1 120-221 and this has been proposed to explain 

why the transgenic mice expressing a constitutively active 

form of hl'XR had twice the bilirubin clearance of the wild- 

type mice |2I|. Although it remains to be confirmed in 

transgenic mice, it is possible that PXR and CAR promote 

the clearance of bilirubin by increasing the expression of 

multiple key components in the clearance pathway. In ad- 

dition to UGT1A1, PXR and CAR have been shown to in- 

duce the expression of the genes encoding OATP2. GS'l'Al 

and 2 and MRP2. OATP2 facilitates bilirubin uptake from 

blood into hepatocytes |54|. GSTA1 and 2 reduce bilirubin 

back efflux from hepatocytes into blood. Interestingly, 

Huang et at. showed that CAR expression is low in human 

neonates. This functional deficit might be a factor in 

neonatal jaundice seen in almost 60% of infants and 

explain the effectiveness of PB for the treatment of this 

condition |22|. 

Detoxification of bile acids 

Bile acids arc the major products of cholesterol catabolism 

in the liver. Despite their beneficial role in solubilizing bil- 

iary lipids and promoting their absorption, accumulation 

of bile acids can cause irreversible liver damage, resulting 

in cholestasis |55j. PXR has been shown to be protective 

against bile acid hepatotoxicity. Both pharmacological 

(using PCN) and genetic activation of PXR in mice was suf- 

ficient to confer resistance to toxicity by LCA (14,44]. 

By contrast, mice deficient in PXR showed heightened 

LCA toxicity. The PXR-mediated protection was originally 

thought to be due to the induction of CYP3A |44|. 

Subsequent studies suggest that the induction of hydrox- 

ysteroid sulfotransferase (SUIT), another PXR target gene, 

might also play a role in this protection [23,56]. More re- 

cently, Saini etal. |24] reported a novel CAR-mediatcd and 

CYP3A-independent pathway of bile acid detoxification. 

Using transgenic mice bearing conditional expression of 

the activated CAR, Saini et al. demonstrated that activation 

of CAR is both necessary and sufficient to confer resistance 

to the hepatotoxicity of I.CA [24J. Surprisingly, the CAR- 

mediated protection is not due to the expected and previ- 

ously characterized CYP3A pathway but, rather, is associ- 

ated with a robust induction of SULT gene expression and 

increased LCA sulfation. Interestingly, activation of CAR 

was also associated with an increased expression of the 3'- 

phosphoadenosine S'-phosphosulfate synthetase 2 (PAPSS2), 

an enzyme responsible for generating the sulfate donor 

PAPS [24]. However, it is not clear whether or not PAPSS2 is 

a direct transcriptional target of CAR. Analysis of gene 

knockout mice revealed that CAR is also indispensable for 

ligand-dependent activation of SUIT and PAPSS2 in vivo. 

Ligands 
Xenobtotics 
(e.g. drugs) 

Endobiotics 
(e.g. bile acids) 

Overlap in ligands 

Receptors 
(PXR)(CAR) 

:FXR) CVDR)CHNF4O) 

Target genes Phase I 
(CYPs) 

Overlap in target genes 

Phased Transporters 
(UQT. SULT,      (MRP2. MORI, 

GST) OATP2) 

Physiological 
relevance 

Drug metabolism 
Bile acid and Upid homeostasis 

bilirubin clearance 
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Figure 4. The complexity of mammalian xenobiotic response 
and its regulation by xenobiotic nuclear receptors. The 
activation of nuclear receptors by xenobiotic and endobiotic 
ligands, and subsequent regulation of phase I and phase II 
enzymes and drug transporters will eventually affect many 
physiological and pharmacological responses, such as drug 
metabolism and the homeostasis of bile acids, lipids and 
bilirubin. Abbreviations: PXR, pregnane X receptor; 
CAR, constitutive androstane receptor; FXR, famesoid X 
receptor; VDR, vitamin D receptor; HNF4a. hepatic nuclear 
factor 4cy CYPs, cytochrome P450 family; UGT, 
UDP-glucuronosyltransferases; SULT, sulfotransferase; GST,     * 
glutathione S-transferases; MRP2, multidrug resistance- 
associated protein 2; MDR1, multidrug resistance protein 1; 
OATP2, organic anion transporter polypeptide 2. 

Therefore, CAR has been established to play an essential 

and unique role in controlling the mammalian sulfation 

pathways and to facilitate bile-acid detoxification. It is im- 

portant to note that several other orphan receptors, such 

as FXR and SHP, also play a crucial role in the homeostasis of 

bile acids [57-59], but this is beyond the scope of this review. 

Summary and perspective 

PXR and CAR are two orphan receptors originally identi- 

fied as 'xenobiotic receptors' that regulate CYP gene ex- 

pression. Subsequent studies have revealed much more 

complex regulatory pathways governed by these receptors, 

as summarized in l-'igure 4. 

• Both receptors can function as master regulators to control 

the expression of phase 1 and phase II drug-metabolizing 
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enzymes, as well as members of the drug transporter 

families. 

• Additional nuclear receptors, such as IXK, VDR and 

HNBa, have also been shown to participate in the regu- 

latory network. 

• There is significant cross-talk among xenobiotic recep- 

tors, as manifested by overlap in xenobiotic ligands and 

target genes. This cross-talk is believed to be the mol- 

ecular basis for the fail-safe xenobiotic regulatory networks 

that facilitate host protection. 
• Additional functions of these receptors have been iden- 

tified. A notable function is the establishment of these 

receptors as 'endobiotic receptors' that respond to a wide 

array of endogenous chemicals. 
• Due to the pleiotropic function of drug-metabolizing en- 

zymes and transporters, the implication of xenobiotic 

receptor-mediated regulatory pathways has been shown 

to be far beyond drug metabolism and drug-drug inter- 

actions. Additional physiological roles include bile-acid 

detoxification and bilirubin clearance. 

It appears that PXR-controlled xenobiotic regulation is a 

double-edged sword. One of the remaining challenges is to 

find out whether the biological actions of PXR make this 

receptor suitable as a drug target for treatment of human 

diseases, such as bile acid-associated cholestasis. and for 

chemoprevention of colon cancers. Both R11-' and the herbal 

remedy St John's Wort have been empirically used to treat 

cholestatic liver diseases |16). The relief from cholestasis- 

associated pruriris and amelioration of cholestasis by RIF 

was associated with increased 6ot-hydroxylation of bile 

acids, which in turn facilitates glucuronidation by the 

UGTs at the 6a-hydroxy position. R1F and St John's Wort 

are both potent agonists of hPXR and CYP3A and UGT are 

both PXR target genes, suggesting that the anti-cholestatic 

effects are mediated by PXR receptor. 

Xenobiotic receptors mediate pharmacological and gen- 

etic control of the expression of drug-metabolizing en- 

zymes and transporters, therefore the identification of PXR 

and CAR opens up a new perspective in pharmacogenetics 

and pharmacogenomics. Pharmacogenetics has tradition- 

ally focused on the polymorphism within the coding 

sequences of genes that encode various enzymes and trans- 

porters. Having enhanced our understanding of pharma- 

cogenetics, the cDNA polymorphisms might not explain 

all of the inter-individual and intcr-race variations in en- 

zyme activity. The identification of xenobiotic nuclear re- 

ceptors leads to several important questions from a phar- 

macogenomic perspective: (1) are there natural allelic 

variants of PXR or other xenobiotic receptors that exhibit 

differential transactivation potency to induce enzymes and 

transporters? (2) Are there polymorphisms in the promoter 

regions of target enzyme or transporter genes that might 

alter the binding affinity of xenobiotic receptors? Recent 

reports appear to support these notions |6()-62|. However, 

we believe many more comprehensive studies are needed 

before thfs pharmacogenomic information can be applied 

to develop truly 'personalized' medicine. 
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