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Benzoate X receptor (BXR) is a member of the nu-
clear hormone receptor superfamily and is activated
by alkyl esters of amino benzoic acids and expressed
during early development stages. We report here a
second BXR, which was cloned by screening Xenopus
laevis embryonic cDNA libraries. This new BXR,
termed BXRp, exhibits 97% identity in the DNA-
binding domain and 79% identity in the ligand-binding
domain in amino acid sequence to previously reported
Xenopus BXR. The BXRB strongly binds as a het-
erodimer with retinoid X receptor (RXR) to direct re-
peats of an AGGTCA motif spaced 4 or 5 base pairs
apart and activates transcription by addition of
methyprednisolone and dexamethasone as well as
amino- and hydroxybenzoates. © 2000 Academic Press
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ceptor; BXR; endocrine disrupter; dexamethosone

The benzoate X receptor (BXR) is a member of the
nuclear hormone receptor superfamily of ligand-
modulated transcription factors (1, 2). These receptors
exist in the nucleus and can bind to cognate ligands (3,
4). The conformational changes induced by ligand bind-
ing confers on them the ability to act as transcriptional
activators through interaction with other factors
and/or phosphorylation (5, 6). By these processes, li-
gand signals mediate cellular functions through ex-
pression of the target genes.

BXR was identified as a receptor for alkyl esters of
amino and hydroxy benzoic acids (2). The amino acid
sequence of Xenopus BXR is closely related to the
mouse pregnane X receptor, PXR (7), and the human
steroid and xenobiotic receptor, SXR (8). All of these
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receptors preferentially bind as heterodimers with the
retinoid X receptor (RXR) (2, 7, 8) to direct repeats of
the sequence AGTTCA spaced four nucleotides apart
(DR4). The mRNA of BXR is only expressed during
early developmental stages, suggesting that BXR plays
some role in embryogenesis.

On the other hand, it has been hypothesized that the
increasing occurrence of endocrine-related abnormali-
ties in humans and wildlife may be associated with
exposure to environmental pollutants capable of mim-
icking the action of natural hormones (9). While the
estrogen receptor (ER) has been thought to be a key
target of such chemicals, other receptors may be influ-
enced. We thought that BXR might be one such candi-
date because (i) BXR expressed in the early embryo
stage is susceptible to endocrine disrupters, (ii) benzo-
ates, the ligands of BXR, are abundantly synthesized
as industrial chemicals, and (iii) the related receptors,
PXR/SXR, are activated by a variety of xenobiotics.

In the course of our investigation of the possible
involvement of BXR in endocrine-related abnormali-
ties, we found a novel gene which is closely related to
BXR. We report here the complete primary structure of
this subtype of BXR and some properties of this new
receptor.

MATERIALS AND METHODS

Chemicals. Dexamethasone (>98%), 17B-estradiol (>97%), pro-
gesterone (98%) refampicin (>90%), butyl p-aminobenzoate (98%),
and butyl p-hydroxybenzoate (98%) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). 6a-Methylprednisolone (98%)
and pregnenolone (98%) were purchased from Aldrich (Milwaukee,
WI). 5a-Dihydrotestosterone (100%) was purchased from Fluka
(Switzerland). Pregnenolone 16«-carbonitrile (>98%) was purchased
from Sigma Chemical (St. Louis, MO). Diethylstilbesterol (99%) and
p-nonylphenol (technical grade) were purchased from Nacalai
Tesque (Kyoto, Japan).
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BXRalpha 299:TCGGCATGAGGAAAGAGTTGATCATGETCCGATGCAGCGETCGGAACAGAGACGAGCGCTAA 358

BXRbeta TCAGATGAAGCGGTGGAACAGAGGAGAGCGCTAA

ddk dkkhk Kokdkdkdddkdodkddhhkhh kkkRhkhkddkdk

BXRalpha 359:TTAAGAGAAAACACAAATTAACGAAATTGCCCCCCACACCCCCAGGGGCCAGTCTGACTC 418

BXRbeta : TTAAGAGAAAGCAGAACTTATCCCTGTCGCCCCCCACACCCCCAGGAGCCAGTCTGACTC
khkkhkAdhkhkhkhh Kk *hk Hhhk K * khkAkkkhkhkhkhkrkhkA kb hhk ke hhhkhkkhkhkhkhhkhhk

BXRalpha 419:CAGAGCAGCAGCACTTTCTCACTCAACTGGTTGEGGCCCACACCAAAACCTTTGACTTCA 478

BXRbeta : CAGAGCAGCAGCACTTTATCACTGAACTGETTGAGGCTCACACCAARACCTTTGACTTCA

khkhkhkhkhkhkhkhkhhkhhkhkdhdhkhk hhhhd Hhddhddddd *dkd kkkdkhdhdddbdhhhbhbhrhhhhii

BXRalpha 479:ACTTCACCTTCTCCAAGAACTTTCGGCCAATAAGAAGATCTTCAGACCCAACTCAGGAGC 538
BXRbeta : ACTTCACCTTCTTCAAGAACTTTCGGCCCATAAGGAGATCTCCAGACCCAACTCAGGATC
Khkkhkhhhhhkhhd AT AR A AT AT Tdddd hhhhkhd dhhhhdhhhdbdbhhddd &
BXRalpha 539:CCCAAGCCACCTCTTCTGAAGCCTTTTTGATGCTACCTCATATATCCGACCTCGTTACCT 598
BXRbeta : CCCAAGCTACCTCCTCTGAAGCCTTTTTGATGCTACCTCATATATCCGACCTTTTCACCT
khhkkkkEr hhkhkhkdk AhkkhkAhkdkhkhkhkddhdhkhhhhhhkhkhhkhkhkhkhhhhhhhhhhh * hhkkRk
BXRalpha 599:ACATGATCAAGGGCATCATCAGCTTTGCCAAAATGCTCCCCTACTTCAAGAGTCTGGACA 658
BXRbeta : ACATGCTCAAGGGTGTCATCAGCTTTGCCAAAATGCTCCCCTACTTCAGGAGCCTGGCCA

dFhhkkhk khkhkhihkk Fhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhkhhhhhhhhddhdd dhd vk *%

BXRalpha 659:TTGAAGACCAAATTGCTCTCCTGAAAGGTTCTGTAGCGGAGGTTTCTGTGATCCGATTCA 718

BXRbeta : TTGAAGACCAGATTGCTC TCCTGAAGGGTTCTGTCCTGGACGTGTGTGTGATTCGATTCA
khkkkhkkhkhkhkht Fhhkhkhkhkhkhkhkhhkhhhk hhkhhkkihhd hkkhkdr * FEAAREX Khhkhkkkk
BXRalpha 719:ACACTGTGTTTAACTCTGACACCAATACGTGGCAGTGTGGCCCCTTCACCTATGACACTG 778
BXRbeta : ACAGGATGTTCAACCCCAAGACCAATACGTGGGAGTGTGGCGCCTTCACCTATAATGCTG
%* %k %k kkkk kkk * k hkkhkhkhkhkhkhkhkhkAAEhhAA A A A AA A xd A hhhid * * % %
BXRalpha 779:AGGATATGTTCCTGGCCGGCTTCCGTCAGCTGTTCCTGGAGCCCCTGGTGAGGATTCATC 838
BXRbeta : ACGATATGACCATGGCCGGCTTCAGTCAACAGTTCCTTGAGCCCCTGCTGAGAATACACT

* kEkkkhkk hk hkhkkkhkhkhkhkhkhkhk hhkdhkk * HAIFIFd Fhhhhhdhkd Ak dt *k k%

BXRalpha 839:GCATGATGAGGAAACTGAATCTACAGAGTGAGGAATACGCCATGATGGCCGCTCTGTCCA 898

BXRbeta : GCATGATGACAAAACTGAATCTAGAAAGTGAGGCATATGCCCTGATGGCTACCATGGCTC
kkkkhkhhhkk khkkhkhkhhkhkhkhhdk & Hhdhddd *Ad *dd Ahdkdhd * *k %

BXRalpha 899 :TTTTCGCTTCTGACCGACCGGGGGTCTGCGACTGCGAGAAGATCCAGAAGCTGCAGGAAC 958

BXRbeta : TTTTCTCTTCGGACCGACCGGGEETCTCTGACTGTGACAAGATCCAGAACCTGCAGGAAC

khkkhkk HhkAhk hhhkhkhkhhhdhrdrddd kdhhkkdk khkhkhhkkkhhkhbdkht dhhkhkhhkhhkhkk

BXRalpha 959 :ACATTGCCCTGACACTAAAAGATTTCATCGACAGCCAACGGCCCCCCTCCCCGCAGAACA 1018
BXRbeta : ATATTGCCCTGATGCTGAAAGCATTCATCGAGAGCCATCGCCCACCCTCCCCACAGAACA

* Fhkdkkhkkhkdkdkdk kk hhkkk khkkhkhhkhkhk Fhhkdhkd *Ek Ahk Fhhkhkhkhkhkk Fhkhkkhkhkk
BXRalpha 1019 :GGCTCCTGTACCCCAAGATCATGGAGTGTCTGACAGAGCTTCGGACAGTCAATGACATAC 1078
BXRbeta : GGCTTCTATACCCCAAGATCATGGAGTGCCTGACAGAGCTTCGGACCATTAATGACATAC

khkk Kk Khkhkhkhhkhdkhhhhrhddrhdddd ddrdddddhhdrhdhhhd * dhkkkhkhkkhkhkk

BXRalpha 1079:ACAGCAAGCAGCTCCTGGAGATCTGGGACATTCAGCCTGATGCCACCCCACTAATGCGAG 1138

BXRbeta : ACAGCAAGCAGCTCATGGAGATATGGGACATACAGCCAGATGTTACCCCACTTATG
ddedeekde Rk h Rhkkhkokh ARFARAAE Fkkhkd hkkh  Khhkhkhhk Ahk
BXRalpha 1139:AAGTCTTTGGATCCCCTGAATGA 1161

FIG. 1. Cloning of Xenopus BXRs. (A) Diagram of the previously described xBXR and the positions of primers used to amplify the LBD
of BXR. (B) Nucleotide sequences of RT-PCR products. Identical residues are indicated by dark shading.
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1 CTGGGTTTGGGACACGAGATGTCCCTCCCGEGARCACGCECCAGGTCCGACCCGGAACTCC 60
61 CAACGCCGCTCATAGAATGAAAGTCCGGATCCCAGACTTAAGCGGTGTCCCTGGAATCTC 120
121 CGGATAAGAAGTTGGAATTCCGTGCTCACCTGGTTCCGTGTCCTGGGGAGAGAGGGCGGG 180
181 GCTAGTGCAGGTGTTATTGGCCACTGGAAGAGCTGCTCCGTGACAGTGAGAGGTGGCTAR 240
*
241 CGCTGGGACCAAGGTTCCTGTGACAAAATTATGTCCCAAGTGCAGGAGGCTGTGGTACTG 300
M 8 E V Q E A V V L
301 GAGGAAGAAGAAGAGGAGGAAGAAGACCCCTGTAACAGCTGTGGGACAGGGGAAGACGAG 360
E E E E BE E E ED P CHN S C G T G E D E
361 GACGACGGGGAACCTAAAATCIGCCETGCATGTGEGGACCGAGCTACTGGGTATCACTTC| 420
D D G E P K I|]C R A C ¢ DRATGTY HF
421 |AATGCTATGACATGCGAGGGCTGCAAGGGATTCTTCAGGCGGGCCATGAAGAGGAACTTG| 480
N A M T C E @ C K G F FRRERAMUEKT ERUNTL
481 | CGGCTCAGCTGCCCCTTCCAGAATTCCTGTGTCATCAACAAGAACAATCGGCGGCACTGC| 540
1 0 O 11 12101 .05 8 0 e
541 |CAGGCCTGCCGGCTCAAGARATGCCTGGACATTGGCATGAGGAAAGAGCTGATCATGTCA 600
Q A C R L K K € L D I G M|IR K E L I M 8
601 GATGAAGCGGTGGAACAGAGGAGAGCGCTAATTAAGAGAAAGCAGAACTTATCCCTGTCG 660
D E A V E Q R RAULTIEKRIEKGQMNTILS L 8
661 CCCCCCACACCCCCAGGAGCCAGTCTGACTCCAGAGCAGCAGCACTTTATCACTGAACTG 720
P P T P P G A 8 L T P E Q Q HF I T E L
721 GTTGAGGCTCACACCAAAACCTTTGACTTCAACTTCACCTTCTTCAAGAACTTTCGECCC 780
vV E A E T K T FD F N F T F F KNUFUBR P
781 ATAAGGAGATCTCCAGACCCAACTCAGGATCCCCAAGCTACCTCCTCTGAAGCCTTTTTG| 840
et AU - SRRRARE= AUUAR bt » ARRARE -cHntAAR: ARRR0R AEARE » JARALe AARRARC  SH0RRE . SYP00c -AMARRRE ~ OO0AA: = H0RRRE I0ARRE . 30 ol ottt
B41| ATGCTACCTCATATATCCGACCTTTTCACCTACATGCTCAAGGGTGTCATCAGCTTTGCC| 900
0 a1 0 et o i s o1 o e o £ 1 !
901| AAAATGCTCCCCTACTTCAGGAGCCTGGCCATTCGAAGACCAGATTGCTCTCCTGAAGGGT| 960
K M L P ¥ FR 8 L A I EDQTIOATULTULZEK G
961| TCTGTCCTGEGAGGTGTGTGTGATTCGATTCAACAGGATGTTCAACCCCAAGACCAATACG| 1020
45811 G 4 R38O e P S0 M 1100 10 1
1021| TGGGAGTGTGGCGCCTTCACCTATAATGCTGACGATATGACCATGGCCGGCTTCAGTCAA| 1080
T 1250152 4 1 1O et 8 D
1081| CAGTTCCTTGAGCCCCTGCTGAGAATACACTGCATGATGACAAAACTGAATCTAGAAAGT | 1140
Q F L. E P L L R I E C M M T KL N L E 38
1141 GAGGCATATGCCCTGATGGCTACCATGGCTCTTTTCTCTTCGEACCGACCEEGGGTCTCT| 1200
112 1 8008 ot .00 1 S 6583010 3 G 8
1201| GACTGTGAGAAGATCCAGAACCTGCAGGAACATATTGCCCTGATGCTGAAAGCATTCATC| 1260
D C E K I @ N L ©Q EH I ALMULIUEKA ATFTI
1261| GAGAGCCATCGCCCACCCTCCCCACAGAACAGGCTTCTATACCCCAAGATCATGGAGTGC| 1320
113 25 5 00 A 1 i 9 O S
1321| CTGACAGAGCTTCGGACCATTAATGACATACACAGCAAGCAGCTCATGGAGATATGGGAC| 1380
L T E L R T I N DI H 38 K QL M EI WD
1381| ATACAGCCAGATGTTACCCCACTTATGCGAGAGGTCTTTGGATCCCTGAATGAG TAG 1440
A 11012101 200109001010 1111301135100 011 0 1131 1 R o
1441 GCACTTTCCTACTCCAAGAGTTGGTGAACATTCCACCAARGAAGCTTGGGCGCCTTCTACT 1500
1501 GGCATCTGTCCTGTTGGGGCAATGETGEGCCTTCARAGCATCAGCAGCCGGTGAATTGTCT 1560
1561 TCTACTGGCACTGTTTAGTTAATTGTTTAGGATAGTGGTGTCTGCTGGTTGGTTTTAGAA 1620
1621 GTACATGGAGAGCTCTGCCATGTGGGATATCCGGEGAACATGEGAATTCCTATCTGGGATAC 1680
1681 CTACATGGATAGGAAAGTTGAAGCTACTGTGGTGCCAAAATCAAGCCCCACAACTTGETG 1740
1741 ATATTTGTCGTCCAACATAGAGCAGCCTGGCCAGAGACACTCACCGCAAT 1790

xBXR)
xBXRa
hSXR
wexe [ REE  EEETREE

FIG. 2. BXRp is a novel member of the nuclear receptor superfamily. (A) Sequence of the longest BXRB cDNA clone. The DNA and
ligand-binding domains are boxed. In-frame termination codons are indicated by asterisks. (B) A schematic representation of the BXR/PXR/
SXR family is shown, along with the percentage of identical amino acids residues shared with BXRp.
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FIG. 3. DNA-binding properties of the BXRB produced in E. coli. (A) SDS—polyacrylamide gel electrophoresis. Purified proteins of
GST-BXRB and RXRa were analyzed using 7.5% SDS—polyacrylamide gel electrophoresis and followed by Coomassie blue staining. The
positions of each proteins are indicated by the arrow. Lane 1 shows molecular standard proteins (Gibco-BRL). (B) Gel shift assay of BXRp.
The **P-labeled oligonucleotides at the top were used as a probe for in vitro DNA binding analysis with the purified GST-BXRB and RXRa.
DR3 through DR5 are direct repeats of the sequence AGGTCA, separated by 3-5 nucleotides. The labeled probes were incubated with
GST-BXR (10 ng) and/or RXRa (10 ng) and then electrophoresed on a 6% nondenaturing polyacrylamide gel.

Cloning of xBXRB cDNA. To isolate a cDNA encoding the ligand
binding domain of BXR, we designed oligonucleotide primers based
on the published sequence of Xenopus BXR (2): +5'-TCGGCAT-
GAGGAAAGAGTTGATCATG-3' and -5-TCATTCAGGGGATCCA-
AAGACTTCTG-3'. The primers were used in a reverse transcrip-
tase-PCR protocol to amplify from total RNA prepared from Xenopus
laevis eggs. The primers will produce a 863-bp fragment correspond-
ing to nucleotides 299-1161 of the xBXR open reading frame (2). The
PCR products were cloned into pBluescript KS™ (Stratagene) for
sequencing using an automated DNA sequencer DSQ 1000 (Shi-
madzu, Kyoto, Japan). The PCR products contained two genes: one is
essentially identical to the xBXR previously reported (1, 2) and the
other is a novel nuclear receptor.

A X. laevis oocyte 5'-stretch plus cDNA library (Clontech) was
probed with the novel PCR product. Approximately 1 X 10° plaques
were screened using a **P-labeled probe and 24 overlapping recom-
binant phage were isolated. pBluescript phagemids containing the
inserts were excised and sequenced.

Preparation of recombinant proteins. The xBXRB ORF was am-
plified by PCR using specific primers incorporating Sall and Notl
cloning sites, and cloned into pGEX4T-1 (Pharmacia Biotech). Glu-
tathione S-transferase (GST) fusion protein was expressed in E. coli
BL21 (DE3) (Novagen) and purified by glutathione-Sepharose 4B
(Pharmacia Biotech). The mRXRa was expressed as a FLAG fusion
protein in Sf9 cells via baculovirus vectors and affinity-purified with
M2 agarose (Sigma).

DNA-binding analysis. Gel shifts were performed as described
(10) with purified recombinant proteins. Proteins (10 ng each) were
incubated for 30 min on ice with probes containing DR3, DR4 or DR5.
Oligonucleotide sequences of DR3, DR4 and DR5 were as follows:
DR3, 5'-ctagcgAGGTCAttgAGGTCACcg-3'; DR4, 5'-ctagcgAGGTCA-
attgAGGTCACcg-3'; DR5, 5'-ctagcgAGGTCAacaagGAGGTCAg-3’

Plasmid constructions. For construction of 2X DR3-luciferase,
2X DR4-luciferase, 2X DR5-luciferase, the synthesized oligonucleo-
tides described above were multimerized as a 2-mer and cloned into
the Nhel site of PGV-P (Toyo Inc., Tokyo, Japan). The CMV-xBXRg,

xBXR expression vector, was constructed by subcloning the entire
xBXRp sequence into the Sall-Kpnl site of pBK-CMV (Stratagene).

Cell culture and DNA transfection. HelLa cells were routinely
maintained in phenol red-free Eagle’s modified essential medium
(EMEM) containing 10% charcoal-treated fetal calf serum in 10 cm
plates. Six hours before transfection, 2 X 10° cells were seeded per
10 cm plate in phenol red-free EMEM containing 10% charcoal-
treated fetal calf serum. Liposome-mediated transient transfections
were performed using Lipofectamine reagent (Life Technologies
Inc.), 3.5 pg of CMV-xBXRp and 3.5 ug of reporter plasmids. Cells
were incubated with liposome-DNA complexes at 37°C for 16 h, and
then further incubated for 3 h after medium change. The cells were
harvested, homogeneously mixed, and seeded into 96-well plates
(2 X 10*/well) containing the medium with chemicals (n = 6). After
40 h incubation, cells were solubilized and luciferase activity was
determined with a luminometer (Berthold MicroLumat LB96P).

RESULTS
Cloning of xBXRB

To clone the BXR we initially performed RT-PCR
using RNA prepared from X. laevis eggs and the prim-
ers shown in Fig. 1A. RT-PCR produced a single 860-bp
DNA band of predicted size following electrophoresis
on an agarose gel (data not shown). Cloning and se-
quencing of RT-PCR products revealed that the nucle-
otide sequences could be classified into two types (Fig.
1B). One type is completely identical to the previously
described BXR (2). The second type shared 87% se-
quence identity, suggesting the presence of an addi-
tional BXR gene in X. laevis. Sequencing of 7 random
PCR product clones showed that 4 of them encode the
BXR and the remaining 3 represented the new gene.
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FIG. 4. Ligand-dependent transactivation of BXRB. (A) BXRB has a broad specificity for response elements. The oligonucleotide
sequences used in this study were as follows: DR3, 5'-CTAGCGAGGTCATTGAGGTCACG-3’; DR4, 5'-CTAGCGAGGTCAATTGAGGT-

CACG-3'; DR5, 5'-CTAGCGAGGTCAACAAGAGGTCACG-3';

rCYP3Al, 5-TAGACAGTTCATGAAGTTCATCTAC-3'; hCYP3A4, 5'-

TAGAATATGAACTCAAAGGAGGTCAGTGAGTGG-3'. These oligonucleotides were connected to the SV40 promoter-luciferase gene,
PGV-P. These reporter plasmids together with the BXRpB expression plasmid were transfected into HelLa cells by a liposome-mediated
transfection technique. The indicated amounts of p-amino butyl benzoate were added. After 40 h incubation, cells were harvested and
luciferase activities were determined with a luminometer. The fold stimulations against vehicle treatment are shown from six independent
transfection analyses. The error bars indicate standard deviations. (B) BXR activation by pharmacological reagents. The ability of a panel
of compounds to activate BXRB was tested. Results are shown for 50 uM of compound by using the DR4 response element.

These results suggested that two closely related genes
express equally in X. laevis eggs. To confirm the pres-
ence of a second BXR, a X. laevis egg cDNA library was
screened at high stringency using the RT-PCR product
as probe. Sequence analysis of 24 positive clones re-
vealed the existence of a 1790-bp cDNA encoding a
predicted protein of 389 amino acids which shows a

very high homology with the previously described BXR
(Fig. 2A). The highest homology with the BXR is in the
DNA-binding domain where 97% of the amino acid
residues are identical (Fig. 2B). The ligand-binding
domain also shows considerable homology, sharing
79% amino acid identity (Fig. 2B), and implying that
this novel receptor is also a receptor for benzoates.
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Therefore, we termed this new receptor BXRB. Se-
quence comparison with other members of the nuclear
receptor family showed that the BXRB is most closely
related to hSXR (8) sharing 75% and 52% amino acid
identity in the DNA-binding domain and ligand-
binding domain, respectively (Fig. 2B). mPXR, the
mouse homologue of hSXR (7), shares 73% and 51%
amino acid identity in the DNA-binding domain and
ligand-binding domain, respectively (Fig. 2B).

In Vitro DNA Binding

To further analyze the receptor, we attempted to
express the ORF as a GST fusion protein in E. coli. A
72-kDa protein, which was almost consistent with the
expected size, was efficiently expressed and purified by
glutathione affinity chromatography (Fig. 3A, lane 2).
Bearing in mind that BXR, PXR and SXR preferen-
tially bind to DR-4 as heterodimers with RXR, we
tested DNA binding of BXRB alone and in combination
with mRXRa on direct repeats of AGGTCA differing in
their spacing by three to five nucleotides. As shown in
Fig. 3B, strong binding was selective to a DR-4 motif
with moderate binding to DR-5 and minimal binding to
DR-3. Binding is strongly cooperative between BXRf
and RXR, as neither receptor alone showed binding at
the protein concentrations used in the assay. These
results demonstrate that BXRB has similar DNA
binding properties with subfamily proteins BXR, PXR
and SXR.

Ligand-Dependent Transcriptional Activation

Whether benzoate derivatives function as bona fide
ligands for BXRB was addressed using transient co-
transfection experiments. The suspected response ele-
ments were joined to a luciferase gene and transfected
into HelLa cells together with the BXRB expression
plasmid. The levels of stimulation caused by addition
of p-amino butyl benzoate are shown in Fig. 4A. Incon-
sistent with the DNA-binding data, DR-3, DR-4 and
DR-5 worked equally well as a response element. The
natural response elements derived from rCYP3A2 and
hCYP3A4, which have been reported as PXR/SXR re-
sponse elements (8), could also mediate ligand-
dependent activation of BXRB (Fig. 4A).

The homology of BXRB with PXR/SXR led us to con-
sider whether compounds known to activate PXR/SXR
could be ligands for BXRB. Transfected HelLa cells
were systematically treated with a series of natural
and synthetic compounds and reporter levels were
measured. Interestingly, we found that the glucocorti-
coids methylprednislone (MP) and dexamethosone
(DEX) stimulate BXRB-mediated expression of the re-
porter gene on DR-4 (Fig. 4B). On the other hand,
progesterone, pregnenolone 16a-carbonitrile (PCN),
and rifampicin had no effect on BXR, although they

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

have been reported to stimulate mPXR and/or hSXR
(7, 8).

DISCUSSION

xBXRpB is a novel member of the nuclear receptor
superfamily, and belongs to the subgroup of receptors
which includes xBXR, hSXR and mPXR. Although the
amino acid sequences of these receptors are extremely
similar to each other in their DNA binding domains,
the ligand binding domains are relatively divergent.
Consistent with their homology, they share common
properties in DNA binding despite the fact that their
pharmacological properties are distinct from each
other (7, 8, 11). Although many nuclear receptors acti-
vated by nonsteroidal ligands such as RAR, RXR, TR,
LXR and PPAR have multiple subtypes (12-16), no
such instance was reported in the BXR/PXR/SXR sub-
family. The finding of a divergent form of BXR in a
single vertebrate species may suggest the presence of
several receptor subtypes of PXR/SXR in mammals. It
is possible that this new branch of the nuclear receptor
superfamily is considerably large and receptors of this
subfamily could exert divergent physiological functions
in differentiation or metabolism of xenobiotics.

Whereas the PXR/SXR is abundantly expressed in
liver and intestine (7, 8), BXR exists in the unfertilized
egg and remains until gastrulation whereupon it sig-
nificantly decreases (2). This distinct expression pat-
tern suggests functional differences between BXR and
PXR/SXR. Although hSXR was isolated in a screen to
identify a human homologue of XBXR, an embryo spe-
cific subtype of hSXR may possibly exist.

It is interesting that MP and DEX stimulate BXR-
mediated transcription. It is reasonable that ligands of
PXR/SXR bind to BXR, because the LBD of BXR con-
siderably resembles PXR/SXR. This may raise con-
cerns about the effects of glucocorticoids on embryo-
genesis. The spectra of ligand binding are partially
overlapped among BXR, PXR and SXR, albeit not iden-
tical. On the contrary, natural substances examined in
this study have no effect on BXR except for benzoates.

ACKNOWLEDGMENTS

We are grateful to M. Imagawa for valuable discussion and en-
couragement. A part of this study was supported by the Showa Shell
Sekiyu Foundation for the Promotion of Environmental Research.

REFERENCES

1. Smith, D. P., Mason, C. S., Jones, E. A., and Old, R. W. (1994) A
novel nuclear receptor superfamily member in Xenopus that
associates with RXR, and shares extensive sequence similarity to
the mammalian vitamin D3 receptor. Nucleic Acids Res. 22,
66-71

2. Blumberg, B., Kang, H., Bolado, J., Jr., Chen, H., Craig, A. G.,
Moreno, T. A., Umesono K., Perlmann, T., De Robertis, E. M.,

214



Vol. 277, No. 1, 2000

10.

and Evans, R. M. (1998) BXR, an embryonic orphan nuclear
receptor activated by a novel class of endogenous benzoate me-
tabolites. Genes Dev. 12, 1269-1277.

. Walters, M. R. (1985) Steroid hormone receptors and the nu-

cleus. Endocr. Rev. 6, 512-543.

. Picard, D., Kumar, V., Chambon, P., and Yamamoto, K. R. (1990)

Signal transduction by steroid hormones: Nuclear localization is
differently regulated in estrogen and glucocorticoid receptors.
Cell Regul. 1, 291-299.

. Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S.,

Sasaki, H., Masushige, S., Gotoh, Y., Nishida, E., and Ka-
washima, H. (1995) Activation of the estrogen receptor through
phosphorylation by mitogen-activated protein kinase. Science
270, 1491-1494.

. Horwitz, K. B., Jackson, T. A., Bain, D. L., Richer, J. K., Taki-

moto, G. S., and Tung, L. (1996) Nuclear receptor coactivators
and corepressors. Mol. Endocrinol. 10, 1167-1177.

. Kliewer, S. A. Moore, J. T. Wada, L., Staudinger, J. L. Jones,

M. A. Mckee, D. D. Oliver, B. M. Willson, T. M., Zetterstrom,
R. H. Perlmann, T., and Lehmann, J. (1998) An orphan nuclear
receptor activated by pregnanes defines a novel steroid signaling
pathway. Cell 92, 73—-82.

. Blumberg, B., Sabbagh, W., Jr., Juguilon, H., Bolado, J., Jr., van

Meter, C. M., Ong, E. S., and Evans, R. M. (1998) SXR, a novel
steroid and xenobiotic-sensing nuclear receptor. Genes Dev. 12,
3195-3205.

. Colborn, T., Dumanoski, D., and Myers, J. P. (1996) Our Stolen

Future. Dutton, New York.

Nishikawa, J., Matsumoto, M., Sakoda, K., Kitaura, M., Ima-
gawa, M., and Nishihara, T. (1993) Vitamin D receptor zinc

215

11.

12.

13.

14.

15.

16.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

finger region binds to a direct repeat as a dimer and discrimi-
nates the spacing number between each half-site. J. Biol. Chem.
268, 19739-19743.

Blumberg, B., and Evans, R. M. (1998) Orphan nuclear
receptors—New ligands and new possibilities. Genes Dev. 12,
3149-3155.

Kastner, P., Krust, A., Mendelsohn, C., Garnier, J. M., Zelent, A.,
Leroy, P., Staub, A., and Chambon, P. (1990) Murine isoforms of
retinoic acid receptor y with specific patterns of expression. Proc.
Natl. Acad. Sci. USA 87, 2700-2704.

Leroy, P., Krust, A., Zelent, A., Mendelsohn, C., Garnier, J. M.,
Kastner, P., Dierich, A., and Chambon, P. (1991) Multiple iso-
forms of the mouse retinoic acid receptor « are generated by
alternative splicing and different induction retinoic acid. EMBO
J. 10, 59-69.

Hodin, R. A., Lazar, M. A., Wintman, B. I., Darling, D. S.,
Koenig, R. J., Larsen, P. R., Moore, D. D., and Chin, W. W. (1989)
Identification of a thyroid hormone receptor that is pituitary-
specific. Science 244, 76-79.

Lehmann, J. M., Kliewer, S. A., Moore, L. B., Smith-Oliver, T. A,,
Oliver, B. B., Su, J.-L., Sundseth, S. S., Winegar, D. A., Blan-
chard, D. E., Spencer, T. A, and Willson, T. M. (1997) Activation
of the nuclear receptor LXR by oxysterols defines a new hormone
response pathway. J. Biol. Chem. 272, 3137-3140.

Kliewer, S. A., Forman, B. M., Blumberg, B., Ong, E. S., Borg-
meyer, U., Mangelsdorf, D. J., Umesone, K., and Evans, R. M.
(1993) Differential expression and activation of a family of mu-
rine peroxisome proliferator-activated receptors. Proc. Natl.
Acad. Sci. USA 91, 7355-7359.



	MATERIALS AND METHODS
	FIG. 1
	FIG. 2
	FIG. 3

	RESULTS
	FIG. 4

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

