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Purpose. Recently identified organic solute transporter (Ost) o and B are located on the basolateral
membrane of enterocytes and may be responsible for the intestinal absorption of many substrates
including bile acids. In the present study, the mechanism governing the transcriptional regulation of their
expression was investigated.

Methods and Results. To clarify the transcriptional regulation of Osts, reporter gene assays were
performed using mouse Osto/f promoter-luciferase reporter constructs. Co-transfection of the constructs
with farnesoid X receptor (FXR) and retinoid X receptor o (RXRa) or liver X receptor o (LXRo) and
RXRa into Caco-2 cells induced the transcriptional activities of both Ost o and B and further increases
were observed following treatment with each agonist. Sequence analyses indicated the presence of IR-1
regions in Osto and Ostp promoters, which was confirmed by the finding that the deletion of IR-1
sequences abolished the response to FXR and LXRa. Furthermore, mutations in IR-1 reduced the FXR-
and LXRo-dependent transactivation of Osto/p. Together with the detection of direct binding of FXR/
RXRo and LXRo/RXRao to the IR-1 elements, the presence of functional FXRE/LXRE was revealed in
the promoter region of both Osto and Ostf. In addition, the stimulatory effect of FXR/RXRa and
LXRo/RXRo on Osta, but not on Ostp, was further enhanced by HNF-4o.

Conclusions. It was concluded that LXRo/RXRa transcriptionally regulate mouse Osta/f via IR-1
elements shared with FXR/RXRo. Exposure to FXR/LXRo modulators may affect the disposition of
Osto/p substrates.
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transcriptional regulation.

INTRODUCTION

Recent studies revealed the presence of several kinds of
drug transporters in the small intestine. For example, it is
well established that P-glycoprotein (ABCB1) and breast
cancer resistance protein (BCRP/ABCG2) are expressed on
the apical membrane of enterocytes and are responsible for
the cellular extrusion of their substrates (1-4). Concerning
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the apical uptake, peptide transporter 1 (PEPT1/SLC15A1)
is responsible for the absorption of substrate drugs such as B-
lactam antibiotics (5,6). Recently, it was suggested that
organic anion transporting polypeptides (OATPs/SLC21As)
play an important role in the intestinal absorption of several
drugs (7-10). Moreover, the apically located ileal Na*-
dependent bile acid transporter (ASBT/SLC10A2) is re-
sponsible for the Na®-dependent absorption of bile acids
(11,12). The behavior of bile acids is also important with
regard to the oral absorption of hydrophobic compounds such
as cyclosporin A, since micellar formation by bile salts is
important for the intestinal absorption of these drugs.

In contrast to these apical transporters, much less
information is available regarding the transporters located
on the basolateral membrane. Although it is possible that
multidrug resistance-associated protein 3 (MRP3/ABCC3) is
responsible for the absorption of anionic compounds includ-
ing bile salts, it is highly expressed in the colon, but not in the
ileum (13-15). Recently identified organic solute transporter
o and B (Osto/B) are the most important candidates as far as
the ileal absorption of many substrates is concerned. Indeed,
it has been shown that bile acids, estrone 3-sulfate, prosta-
glandin E, and digoxin are transported by Osta/f (16,17). In
particular, the demonstration of the bidirectional transport of
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bile acids by Osta/p suggests the role of these transporters in
the extraction of substrates from enterocytes into the blood
circulation (18). The inhibitory effect of many compounds
such as spironolactone, probenecid and indomethacin sug-
gests that these transporters have broad substrate specificity.
Cumulative results prove that several metabolizing en-
zymes and transporters responsible for the cholesterol-bile
acid homeostasis are transcriptionally regulated by nuclear
receptors, particularly by a bile acid sensor, the farnesoid X
receptor (FXR) and an oxysterol sensor, the liver X receptor
(LXR) (19,20). Indeed, it has very recently been reported
that the expression of mouse and human OSTo/ is under the
control of FXR/RXRa (21-25). In the present study, we
examined (1) whether LXRa/RXRao are also involved in the
transcriptional regulation of mouse Osto/f, and if so, (2)
whether the mechanism is shared with the transcriptional
activation by FXR/RXRo. We also examined whether HNF-
4a, which is well known to be involved in lipid and bile acid
homeostasis by regulating the transcription of enzymes and
transporters (26, 27), further stimulates the transcriptional
activation of Osto/f mediated by the nuclear receptors.

MATERIALS AND METHODS

Materials. Restriction enzymes and Premix Taq™ were
purchased from TAKARA BIO INC (Shiga, Japan). pGEM-
T Easy Vector System, Dual-Luciferase Reporter Assay
System, pGL3-Basic and pRL-TK vectors were purchased
from Promega KK (Tokyo, Japan). QuickChange mutagen-
esis kits were purchased from Stratagene (La Jolla, CA).
Phenol red-free Dulbecco’s Modified Eagle Medium and
penicillin—streptomycin were purchased from GIBCO
(Tokyo, Japan). Charcoal-absorbed fetal bovine serum was
purchased from Hyclone (Logan, Utah). FUGENE6 was
purchased from Roche Diagnostics (Tokyo, Japan). Cheno-
deoxycholic acid (CDCA) was purchased from Wako
(Osaka, Japan), while TO-901317 and 9-cisRA were pur-
chased from Sigma Aldrich, Inc (St. Louis, MO).

Cloning of the 5'-flanking region of mouse Osta/B and
vector construction for reporter gene assay. The promoter
region of mouse Osta was obtained from the MouseBLAST
(GenBank™ accession number AC087556). Based on the
mouse Ostp cDNA sequence, the BLAST algorithm revealed
the 5'-flanking sequence of Ostp (GenBank™ accession
number AC114645). Based on the sequences obtained, Osto,
promoter sense primer (5'-CTCCATCCATCTGTACCATC-
3"), Osto, promoter antisense primer (5-GTCCCTTCCACC
TCTTTCAG-3'), Ostp promoter sense primer (5-CAACTG
TCGGAACTGACCTGGTC-3") and Ostf promoter anti-
sense primer (5-TGAGAGTACTCACCCTGGAC-3') were
prepared. Amplification by these pairs of primers using
genome extracted from ddY mice tails as a template generated
an approximately 1.5 kb fragment of the promoter region of
Osta (from —1,454 to +88) and an approximately 0.6 kb
fragment of the promoter region of Ostp (from —527 to +40).
Amplified products were inserted into pPGEM-T Easy Vector
and the entire sequences were verified. Sequences of the
obtained 5'-flanking region of OstB were identical to the
sequence in the GenBank™, although the amplified Osto
promoter exhibited five differences: (1) at nt —1,342, t instead
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of ¢; (2) at nt —1,182, t instead of c; (3) at nt —1,157, a instead
of g; (4) absence of 12 bases (TAAATAAATAAA) originally
located between nt —530 and —529 in our sequence; and (5) at
nt —127, g instead of t. Direct sequencing of high fidelity PCR
products confirmed these differences, implying the presence of
sequence variations in the Osto promoter among different
strains of mice. Using plasmids obtained as a template,
fragments obtained by PCR with the Kpnl site attached at
the 5'-end and the HindlIlI site attached at the 3'-end were
inserted into the KpnlI/HindIlI site of the pGL3-Basic vector.
The resulting plasmids were p-1454a/Luc containing the
region from —1,454 to +88 of the Osta promoter, p-6450/
Luc with —645 to +88, and p-527p/Luc containing the region
from —527 to +40 of the Ostf promoter, p-141p/Luc with
—141 to +40 and p-59p/Luc with —59 to +40.

Construction of Osta/B promoter mutant. Inverted re-
peat-1 (IR-1) elements in the Osto/B promoter regions were
mutated by the site-directed mutagenesis technique. The sense
and antisense primers listed below were used to construct the
mutated vectors (Mut-p-14540/Luc and Mut-p-527p/Luc). For
Mut-p-14540/Luc, the sense and antisense primers were 5'-
GTGTGGCTGAAATCACTGATTTTCAGCAGC-3' and
5-GCTGCTGAAAATCAGTGATTTCAGCCACAC-3,
respectively. For Mut-p-527p/Luc, the sense and antisense
primers were 5-CATTCGTGGAATCATTCACTTTGG
ACTGGC-3' and 5-GCCAGTCCAAAGTGAATGATTCC
ACGAATG-3, respectively.

Vector construction for the expression of nuclear
receptors. LXRa and RXRa cDNA was amplified by PCR
from total RNA of mouse liver. The complete LXRo cDNA
was amplified with the Nhel site attached at the 5'-end, and
with the Kpnl site attached at the 3’-end by PCR, and then
inserted into pcDNA3.1(+) vector plasmid. After the ampli-
fied RXRo cDNA was inserted into pPGEM-T Easy Vector,
inserted fragments digested with Not/ were ligated into
pcDNA3.1(+) vector plasmid. HNF-4a amplified by PCR
from total RNA of HepG2 cells with the Not/ site attached at
the 5'-end and with the EcoRI site attached at the 3’-end was
inserted into pcDNA3.1(+) vector plasmid.

Luciferase assay. Caco-2 cells were plated on Day 0 at a
density of 2.5x10* cells/well on 24-well plates and grown in
phenol red-free Dulbecco’s Modified Eagle Medium with
10% charcoal-absorbed fetal bovine serum and 1%
penicillin-streptomycin. On Day 3, cells were transfected
with 500 ng/well of pGL3-Basic vector, with or without
Osta/p promoter, using FUGENE6 at a DNA/lipid ratio of
1:3. In some experiments, co-transfections were performed
by adding 100 ng each of human FXR and/or human
RXRo in pSG5 expression vector (28), adding 100 ng each
of LXRa and/or RXRo in pcDNA3.1(+) vector, or 500 ng of
HNF-40 in pcDNA3.1(+) vector. All wells were also co-
transfected with 50 ng of pRL-TK vector to correct the
transfection efficiency. At 22 h after transfection, 100 pM
CDCA or 1 uM TO-901317 was added to the culture medium
and the incubation was continued for an additional 24 h.
After incubation, luciferase activities were quantified by
Luminescencer MCA (ATTO, Tokyo, Japan) using the
Dual-Luciferase Reporter Assay System according to the
manufacturer’s protocol. Luciferase activities were nor-
malized for transfection efficiency using renilla luciferase
activities from pRL-TK vector. All experiments were per-
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formed in triplicate and the results were confirmed by
additional experiments performed at least once.

Electrophoretic Mobility Shift Assay. Electrophoretic
mobility shift assays (EMSAs) were performed with in vitro
translated proteins and a DIG Gel Shift Kit (Roche
Diagnostics, Tokyo, Japan) according to the manufacturer’s
protocol. FXR, LXRo and RXRo proteins were synthesized
using the TNT Quick Coupled Transcription/Translation
Systems (Promega KK, Tokyo, Japan). In supershift experi-
ments, FXR antibody (C-20, Santa Cruz Biotechnology) was
added to the synthesized proteins. The sense strand sequen-
ces for Osta and Ostp IR-1 sequences (wt Osto and wt Ostf)
were 5-GTGTGGCTGAGGTCACTGACCTTCAGCAGC-
3’ and 5-CATTCGTGGGGTCATTCACCCTG
GACTGGC-3, respectively, whereas the mutated Osto and
Ostp IR-1 sequences (mut Osto and mut Ostp) were 5'-
GTGTGGCTGAAATCACTGATTTTCAGCAGC-3' and
5-CATTCGTGGAATCATTCACTTTGGACTGGC-3, re-
spectively. Mutations for the EMSAs were the same as those
introduced in the luciferase assay.

Real-time quantitative PCR. For determination of the
expression levels of endogenous OST o and B, Caco-2 cells
were plated on Day 0 at a density of 5.0x10 cells/well on 12-
well plates and grown in phenol red-free Dulbecco’s
Modified Eagle Medium with 10% charcoal-absorbed fetal
bovine serum and 1% penicillin-streptomycin. On Day 3,
cells were transfected with 200 ng each of LXRa and RXRa

(@)

p-14540. /Luc + FXR + RXRo
p-1454a /Luc + FXR

p-1454a. /Luc + RXRo.

p-14540. /Luc Osta
FXR/RXRao
pGL3-Basic
0 20 40 60 80 100

Fold activation
(c)

p-14540. /Luc + LXRo. + RXRa
p-14540. /Luc + LXRo.

p-14540. /Luc + RXRa

p-14540. /Luc Osto,
LXRa /RXRa
pGL3-Basic
0 20 40 60

Fold activation

Okuwaki et al.

in pcDNA3.1(+) vector and 1 pg of HNF-4a in pcDNA3.1(+)
vector using FUGENEG6 at a DNA/lipid ratio of 1:3. At
22 h after transfection, 1 pM TO-901317 and 1 pM 9-cisRA
were added to the culture medium and the incubation was
continued for an additional 24 h. After incubation, cells
were harvested with ISOGEN (Nippongene, Tokyo, Japan)
and RNA obtained was reverse-transcribed with ReverTra
Ace (TOYOBO, Osaka, Japan). Real-time quantitative
PCR was performed using 2x SYBR GREEN (Stratagene,
La Jolla, CA) and Chromo4 (BIORAD, Tokyo, Japan) with
95°C 10 min followed by the 40 cycles at 95°C for 15 s, 50°C for
30 s and 72°C for 30 s. Primers for human OSTa sense primer
(5-TGTTGGGCCCTTTCCAATAC-3'), antisense primer
(5-GAATAGGGAGGCGAACAAGC-3'), human OSTpB
sense primer (5-CAGGCAAGCAGAAAAGAAAC
GATG-3'), antisense primer (5-CCGGAAGGAAAAC
TGACAGC-3), B-actin sense primer (5-TTCAACACCCC
AGCCATGTACG-3') and antisense primer (5-GTGGT
GGTGAAGCTGTAGCC-3') were used.

To clarify the effect of LXR agonist on the expression of
Ost o and B in vivo, 50 mg kg™ ' day~' of TO-901317 was
orally administered to male C57BL/6J mice for 3 days. Tissue
samples were collected with ISOGEN and RNA obtained
was reverse-transcribed with ReverTra Ace. Real-time
quantitative PCR was performed in the same manner with
the cell experiments using these primers: mouse Osto sense
primer (5-TACAAGAACACCCTTTGCCC-3'), antisense
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Fig. 1. Activation of reporter-linked mouse Osta/p promoters. Caco-2 cells were transfected with luciferase-linked mouse Osta (Panels (a)
and (c), p-14540/Luc) or Ostp (Panels (b) and (d), p-527p/Luc) promoter constructs, with or without expression vectors for FXR and/or
RXRa (Panels (a) and (b)) or LXRa and/or RXRa (Panels (c) and (d)). Twenty-two hours later, cells were incubated for an additional 24 h in
the presence or absence of 100 pM CDCA (Panels (a) and (b)) or 1 pM TO-901317 (Panels (c) and (d)) in order to carry out the luciferase
assay. Fold activation values were calculated as the relative activities of pGL3-Basic-transfected cells in the absence of ligands. Open and
closed bars represent the results obtained in the absence and presence of ligands, respectively. Values are expressed as the mean = S.E. (n=6).
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primer (5-AGGAATCCAGAGACCAAAGC-3'), mouse
OstB sense primer (5-GTATTTTCGTGCAGAAGAT
GCG-3'), antisense primer (5-ATTTCTGTTTGCCAGG
ATGCTC-3"), B-actin sense primer (5-TTCAACACCCCA
GCCATGTACG-3') and antisense primer (5-GTGGTG
GTGAAGCTGTAGCC-3).

RESULTS

FXR/RXRa and LXRa/RXRa increase the transcription-
al activities of mouse Osto/f. To determine whether mouse
Osta/p are transcriptionally regulated by FXR or LXRa, an
approximately 1.5 kb fragment of Osta promoter and a 0.6 kb
fragment of Ostf promoter were inserted upstream of the
reporter luciferase gene. These constructs were transiently
transfected into Caco-2 cells with FXR and/or RXRa or
LXRa and/or RXRo expression vectors and were incubated
in the presence or absence of each agonist (100 M CDCA
for FXR and 1 uM TO-901317 for LXRa). The luciferase
activity of both Osto and Ostp was induced by co-transfection
of FXR/RXRa or LXRa/RXRa, and a further increase in
transcriptional activity was observed for both Osta/p in the
presence of each agonist (Fig. 1). These results indicate that
both FXR/RXRa and LXRo/RXRa stimulate the transcrip-
tion of mouse Ostao/p.

IR-1 regions upstream of Osta/B. The increase in the
reporter gene activity suggests the presence of an interaction
between the Osto/p promoter and nuclear receptors. Analy-
ses of the 5'-flanking sequences of Osto/B revealed the
presence of IR-1 regions, consisting of two nuclear receptor
half sites of the consensus sequence (AGGTGA) organized
as an inverted repeat separated by a single nucleotide. These
sequences were located at nt —1,229 to —1,217 in the mouse
Osta promoter (Fig. 2a) and at nt —187 to —175 in the mouse
Ostp promoter (Fig. 2b).

Deletion of IR-1 regions in the promoter constructs of
Osto/B. Reporter plasmids containing several lengths of the
5'-flanking regions were constructed for mouse Osto and
Ostf (Fig. 3a and c, respectively). These constructs were
transiently transfected into Caco-2 cells, with or without
FXR/RXRo or LXRa/RXRa, and incubated in the presence
or absence of each ligand. Deletion of the —1,229 to —1,217
IR-1 region clearly reduced the luciferase activity in the Osto
promoter for both FXR/RXRa and LXRo/RXRa (Fig. 3b).
Similarly, in the Ostp promoter, deletion of the —187 to —175
IR-1 region resulted in an obvious reduction in relative
activity (Fig. 3d). These results suggest the involvement of
the IR-1 regions in response to FXR and LXRa on the Osto/
B promoter.

Mutations of IR-1 in the Osta/B promoter. To demon-
strate directly that IR-1 regions are responsible for the
transactivation of Osto/f promoter by FXR/RXRa and
LXRo/RXRa, mutations in both halves of the IR-1 element
were introduced by site-directed mutagenesis (Fig. 4a and ¢
for Osto and Ostp, respectively). Caco-2 cells were trans-
fected with Osto/B promoter-luciferase reporter constructs
containing the wild type or mutated IR-1 motifs. Mutations
in IR-1 abolished the response to the FXR and LXR ligands
in the Osto promoter construct (Fig. 4b). The 5'-flanking
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(a)

-1454 atccatccatctgtaccatcteecttggggtetetggecttgectcaagececteecageteectettge 1394

-1384 cctecagtittgagaattatetectccaggasagtctaaagt Tcagggctgtgagtggegteagetcaa -1314
-1315 ggcttctcageggectcagatgaatgacctgaggtacgticcagtggaagtggettgagtcagettgt -1248
-1247 gectetgaggtgtggetgagateactgaccttcageageatcecttagettectetectgecctteTete -1179
-1178  cacctcaggaatgaggtagctAggeceetgagacctgeactcetggeattitattgecttgteecaag -1111

-1110 aactgtgctttgtatgcagggtasacttcaggactcaagagacatggtgaactgtctaaggactcagty -1042

(824bp)

219 aggcctecttggecttttcagecagecacceecaccacgtyctaagecacgtgacacagtaagacct  -153
152 catcectgagtctccccaaggecaaGggagtctatgetteecctgtaggatcacccagagtactgac -86
-85 cacgtgaggactttgtccttctcttcttgacctatcagggaatttttttcttgggtccagtgagttgagectt  -13
12 agagggttw%%gaacatgaagttggaaggaagggttgggtagttcagctacaaggﬂgtgatc +63
+64 aaccgcattigtctgaaagagytogaagggac 88
(b)

-527 caactgteggaactgacctggtetggectgectcgatagtgaaacatcteattectgggectgettecte -454
-455 ctctgtggatgecctgatcgcacaatctecagcttccaaggtetgactttatggttectttcagttcatate -386
-385 atgaccttcgecatgagaaagcactggctataaaaggasagagecttgactecttectggatgottaa -318
-317 cgatggataataattaagagacagagaaccggagtgggeacceegeaatggeagateatactggge 252
-251 tectggeactttcgggttgtgagtcaagtggagteagtttgteactggaggteatgeattegtgagate  -183

-182 attcaccctggactggcagcasaggeatcaggectgggtgtgtgctaagggeagagttaccaaaty -116

-115 ggccectgetggtgtgagetetgtaggtggattgectagetacaactgeatttctcggaagagttectgt  -46
+1
-45 gaggaagaaggggaaaacacagaaa:cagggccattccacccagcq@cccaggaatccc +19

+20 gggtccagggtgagtactcte +40

Fig. 2. Nucleotide sequences of mouse Osta and B promoter. The
nucleotide sequences of the 5'-flanking region of mouse Osta (Panel
(a)) and Ostp (Panel (b)) inserted in p-1454a/Luc and p-527p/Luc,
respectively, are shown. The numbering of the nucleotides is relative
to the first nucleotide in exon 1 (+I, arrow). Note that the IR-1
elements are underlined; at —1,229 to —1,217 in the Osto promoter
and —187 to —175 in the Ostp promoter.

region of Ostf showed similar results in that the mutations in
IR-1 reduced the induction observed in the presence of
nuclear receptors and each ligand (Fig. 4d). These observa-
tions suggest that the IR-1 regions upstream of Osta/B act as
functional FXREs and LXREs with regard to the transcrip-
tional regulation of mouse Osta/p.

FXR/RXRa and LXRo/RXRa heterodimers directly bind
to IR-1 motifs in Osto/B. EMSAs were performed to detect
the direct binding of FXR/RXRo and LXRa/RXRo to the
IR-1 elements in mouse Osto and Ostf promoter (Fig. 5).
Shifted bands, which disappeared in the presence of an excess
(100-fold) of unlabelled competitors, were observed with the
in vitro synthesized FXR/RXRa or LXRo/RXRa hetero-
dimers. Mutated IR-1 lost the binding capacity of nuclear
receptors and could not work as a competitor against IR-1.
Furthermore, the supershifted band was detected in the
presence of FXR antibody in addition to FXR/RXRo.
Together with the results of reporter gene assay, results
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Fig. 3. Effect of deletion of IR-1 on the promoter activity. Several lengths of Osta. promoter (Panel (a); p-1454a/Luc and p-645a/Luc) and
Ostp promoter (Panel (c); p-527/Luc, p-141p/Luc and p-59p/Luc) were inserted into the pGL3-Basic vector. The luciferase activity of these
constructs, with or without the expression vectors for nuclear receptors (NRs; FXR/RXRa or LXRa/RXRa), was evaluated in the presence or
absence of 100 pM CDCA or 1 pM TO-901317, respectively (Panels (b) and (d)). Fold activation values were calculated as the relative
activities of pGL3-Basic-transfected cells in the absence of ligands. Open and closed bars represent the results obtained in the absence and
presence of ligands, respectively. Values are expressed as the mean + S.E. (n=6).
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Fig. 4. Effect of mutations in IR-1 on the promoter activity. Mutations were introduced into Osta and Ostp promoter regions. The mutated
sequences are given in Panels (a) and (c) for the promoter regions of Ost a and B, respectively. Caco-2 cells were transfected with wild type or
mutant of luciferase-linked mouse Osta (Panel (b)) or Ostp (Panel (d)) promoter constructs in order to perform the luciferase assay. Fold
activation values were calculated as the relative activities of pGL3-Basic-transfected cells in the absence of ligands. Open and closed bars
represent the results obtained in the absence and presence of ligands (100 uM CDCA for FXR/RXRo or 1 pM TO-901317 for LXRa/RXRa),
respectively. Values are expressed as the mean + S.E. (n=6).
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Fig. 5. Binding of FXR/RXRa and LXRa/RXRa on IR-1 sequences
in mouse Ost a and B promoters. Eletctrophoretic mobility shift
assays (EMSAs) were performed for the IR-1 element in Osta and
Ostp promoter. The arrows indicate the positions of complex
containing the DNA probe and nuclear receptors and asterisks with
arrowheads denote the positions of the supershifted bands. Compet-
itor analysis was performed with 100-fold excess of unlabeled IR-1 or
mutated IR-1 sequences.

obtained in EMSAs reveal the presence of functional FXRE/
LXRE in Osta (—1,229 to —1,217) and Ostf (—187— to
—175) promoters.

HNF-4a stimulates the transcriptional activities of mouse
Osta. To investigate the effect of HNF-4a on the trans-
activation of Osto/p by FXR and LXRao, luciferase assays
were carried out using mouse Osta (p-1454a/Luc) and Ostf
(p-527B/Luc) promoter constructs. Transactivation of Osto by
FXR/RXRa and LXRo/RXRa was dramatically stimulated
by the co-transfection of HNF-40, whereas transcriptional
activities of Ostp showed little alteration in the presence of
HNF-4a (Fig. 6). Results of the real-time quantitative PCR
appeared to be consistent with these observations (Fig. 7).
Although induction of endogenous OSTa seemed to be
stimulated by the transfection of HNF-4q, little stimulatory
effect was observed on OSTp.

LXR agonist treatment induces Osta and Ostf in
vivo. To clarify the involvement of LXR-dependent regula-
tion in vivo, mice were treated with TO-901317. Increased
expression of both Osto and Ostp was observed in the liver
and intestine, although the increase was not statistically
significant in the intestine. These results suggest the in vivo
relevance of LXR pathway on the transcriptional regulation
of Osto/B (Fig. 8).

DISCUSSION

In the present study, analyses using the 5'-flanking
region of mouse Osto/B demonstrated that both FXR and
LXRo are involved in the transactivation of both Osto and
Ostp. Together with the detection of the direct binding of
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FXR/RXRo and LXRo/RXRo heterodimers to the IR-1
elements, Osta/p are revealed to be transcriptionally regulat-
ed by the functional FXREs/LXREs in Osta (—1,229 to
—1,217) and Ostp (—187 to —175) promoters. Although it
was very recently suggested that Osto/p are transactivated by
FXR (21-25), we were able to demonstrate that LXRa is also
involved in the regulation of Osta/B by the mechanism shared
with FXR. In addition, we could demonstrate that HNF-4a is
also involved in the transcriptional regulation of Osto
mediated by FXR and LXRo.

Osto and OstP proteins are reported to be localized on
the basolateral membrane of enterocytes (18). Based on the
fact that the exogenous expression of Osta or Ostf alone did
not result in the functional expression of each Ost and that, in
contrast, simultancous transfection of both Osta/p resulted in
the acquisition of significant transport activity for their
substrates (16-18), it is assumed that Osto/f act as a
heterodimer. The results obtained in the present study
demonstrate the coordinate regulation of both mouse Ost o
and B by FXR/RXRa and LXRa/RXRo via functional
FXREs/LXREs in their promoter region. Although direct
interaction between Ost o and B proteins has not been
confirmed at present, coordinate regulation of Osta/p by their
transport substrate is consistent with the hypothesis that Ost

(a)
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Fig. 6. Stimulation of transcriptional activities of mouse Osta and
Ostp by HNF-4a. Caco-2 cells were transfected with luciferase-
linked mouse Osta (p-1454a/Luc) or Ostp (p-527p/Luc) promoter
constructs with expression vectors for FXR/RXRa and HNF-4a
(Panel A) or LXRa/RXRa and HNF-4a (Panel B). Twenty-two
hours later, cells were incubated for an additional 24 h in the
presence or absence of 100 pM CDCA (Panel (a)) or 1 uM TO-
901317 (Panel (b)) in order to carry out the luciferase assay. Fold
activation values were calculated as a percentage of relative activities
compared with that of p-1454a/Luc or p-527p/Luc in the presence of
ligands. Open and closed bars represent the results obtained in the
absence and presence of ligands, respectively. Values are expressed
as the mean + S.E. (n=6).
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Fig. 7. Effect of LXRa and HNF-4a on the endogenous expression
of OSTa and OSTP in Caco-2 cells. Caco-2 cells were transfected
with the expression vectors for LXRa, RXRa and HNF-4a. Twenty-
two hours later, cells were incubated for an additional 24 h in the
presence or absence of ligands (1 uM TO-901317 and 1 uM 9-cisRA).
RNA obtained from cells were analyzed by real-time PCR as
described in “Materials and Methods”. Optical density of the PCR
products of OSTa/p was normalized by the expression level of B-
actin. Fold change values were calculated as the relative expression
level compared with that of the cells in the absence of ligands and
HNF-4a. Values are expressed as the mean + S.E. (n=3). *Signifi-
cantly different from the control cells by ANOVA followed by
Dunnett test (p<0.05).

o and B should be the mutual physiological heterodimer
partners.

The results of the present study have some significant
implications. In a recent report, guggulsterone from the
guggul tree Commiphora mukul appears to be a natural
phytochemical which acts as an FXR antagonist (29),
whereas xanthohumol, the principal prenylated chalcone
from beer hops, was shown to be a ligand of FXR (30).
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These findings suggest the possible effect of natural products,
in addition to bile acids and oxysterols, on the transcription
of Osta/p via modulation of FXR and LXRo activity. In
patients prescribed drugs transported by Osta/p, the dosage
might have to be adjusted depending on the expression level
of Osta/p transporters.

Transcriptional regulation via FXR/RXRo has also
important implications particularly as far as the intestinal
reabsorption of bile acids is concerned. Expression of Asbt, a
major bile acid importer in enterocytes, is repressed through
the FXR/short heterodimer partner (SHP)/functional liver
receptor homolog-1 (LRH-1) cascade in mice (31). If the
concentration of bile acids in the ileum increased, enterocytes
may protect themselves from the toxic effect of bile acids by
controlling the expression level of Asbt and Osto/p. Tran-
scriptional down-regulation of Asbt reduces the cellular
uptake of bile acids and induced expression of Osto/p
stimulates the efflux of bile acids to the blood side, so that
the intracellular concentrations of bile acids remain constant.

The crucial roles of FXR in regulating genes encoding
bile acid transporters are also supported by studies in FXR-
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Fig. 8. Effect of LXR agonist on the expression of Osta and Ostp in
the mouse liver and intestine. RNA obtained from the liver (Panel
(a)) and intestine (Panel (b)) of TO-901317-treated and control mice
were analyzed by real-time PCR as described in “Materials and
Methods”. Optical density of the PCR products of Osta/p was
normalized by the expression level of B-actin. Fold change values
were calculated as the relative expression level compared with that of
control mice. Open and closed bars represent the results obtained in
the absence and presence of treatment with TO-901317, respectively.
Values are expressed as the mean + S.E. (n=4). *Significantly
different from the control mice by Student’s z-test (p<0.05).
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deficient mice, which have reduced bile salt export pump
(Bsep/Abcbl1) expression in the liver and undetectable
ileal-bile acid binding protein (I-BABP) expression in the
small intestine as well as exhibiting a lack of inducible
expression of both genes following administration of a diet
rich in cholic acid (32). In addition, it was recently dem-
onstrated that the feeding of FXR agonists resulted in an
increase in the expression level of intestinal Osta/p in mice
(24,25) and this induction disappeared in FXR-null mice (25).
Furthermore, ex vivo experiments showed enhanced expres-
sion of OSTa/B by CDCA in the human ileum (23). Although
no information is available on the expression of Osta/f in
LXR-null mice, it was indicated that the oral administration
of LXR agonist led to the induction of Osto/ in the liver and
intestine (Fig. 8).

In the present study, it was demonstrated that Osto/p are
under the transcriptional regulation of LXRo/RXRa, al-
though the physiological significance of the regulation
remains unclear. We would like to discuss the transcriptional
regulation of ASBT and I-BABP, which are also thought to
be involved in the intestinal absorption of bile acids. It is
reported that the down-regulation of ASBT is caused not
only by FXR agonists but also by cholesterol (33) and, in
addition, I-BABP is induced by LXRa/RXRa as well as by
FXR/RXRo (34). It is thus suggested that ASBT, -BABP
and Osta/B, all of which should be involved in the intestinal
transport of bile acids, are regulated by bile acids and sterols.
The positive regulation of Osto/f and I-BABP by FXR/
RXRa and LXRa/RXRo may be related to the unidentified
cooperative function of these two proteins in the intestinal
absorption of bile acids.

We could also demonstrate that LXRo/RXRa share the
common binding element with FXR/RXRa. As the binding
element of FXR/RXRa and LXRo/RXRa, we could identify
the IR-1 elements in both Ost o and B promoter. Although it
is well established that IR-1 acts as a common FXRE, only a
limited number of reports are available which suggest that
IR-1 also acts as a LXRE; for only [-BABP and phospholipid
transfer protein, the IR-1 elements were identified as the
FXRE/LXRE (34,35). Our results of LXRa/RXRo-depen-
dent induction of human OSTa/f in Caco-2 cells suggest the
possible function of FXREs as LXREs in human OSTo
promoter (GGGTGAaTGACCT and AGGCCAggTGA
CCC) and OSTp promoter (AGGTCAETCACCC) (Fig. 7)
(23,24).

Furthermore, we could also demonstrate that the
transcriptional stimulation of Osto. promoter by FXR/RXRa
and LXRo/RXRao is further enhanced by HNF-4a, while
HNF-40 did not enhance the transcriptional stimulation of
Ostp (Fig. 6). These results may be accounted for by
considering the fact that mouse Osta, but not Ostp, has some
putative HNF-40 binding sites in its proximal promoter
region, although we cannot exclude the possibility of indirect
effect of HNF-40, such as HNF-4a-mediated activation of
other transcriptional factors. This is the first demonstration
that HNF-4a stimulates the transcriptional activation by
FXR/RXRo and LXRo/RXRa. Recently, the direct pro-
tein—protein interaction and transcriptional cooperation of
pregnane X receptor and HNF-40 were reported on the
cytochrome P-450 (CYP) 3A4 promoter (36). A similar
mechanism may exist for FXR and LXRa and the difference
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in the affinity of interaction may explain the different
stimulatory effect of HNF-40 on FXR/RXRa and LXRo/
RXRa (Fig. 6).

Collectively, the results of the present study show that
both mouse Osta and Ostf, which form the heterodimer to
transport many substrates including bile acids, are the direct
targets of LXRo/RXRo via IR-1 elements on their promoters
shared with FXR/RXRo. Furthermore, the regulation of
Osto gene by these nuclear receptors was enhanced by HNF-
40. It is also possible that this transport system is affected by
FXR and LXRao agonists/antagonists, which are present in a
number of natural products.
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