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ABSTRACT

P-glycoprotein, encoded by the multidrug resistance 1 (MDR1) gene, is an efflux transporter
and plays an important role in pharmacokinetics. The expression of MDR1 is induced by a
variety of compounds, of which 1«,25-dihydroxyvitamin Dj is known to be an effective
inducer. However, it remains unclear how 1«,25-dihydroxyvitamin D regulates the expres-
sion of MDRI1. In this study, we demonstrated that the vitamin D receptor (VDR) induces
MDR1 expression in a 1e,25-dihydroxyvitamin Ds;-dependent manner. Luciferase assays
revealed that the region between —7.9 and —7.8 kbp upstream from the transcription start
site of the MDR1 is responsible for the induction by 1«,25-dihydroxyvitamin Ds. Electro-
phoretic mobility shift assays revealed that several binding sites for the VDR/retinoid X
receptor a (RXRa) heterodimer are located between the —7880 and —7810 bp region, to which
the three molecules of VDR/RXRa are able to simultaneously bind with different affinities.
Luciferase assays using mutated constructs revealed that the VDR-binding sites of DR3,
DR4(I), MdC3, and DR4(III) contribute to the induction, indicating that these binding sites act
as vitamin D response elements (VDREs). The contribution of each VDRE to the inducibility
was different for each response element. An additive effect of the individual VDREs on
induced luciferase activity by 1a,25-dihydroxyvitamin D; was also observed. These results
indicate that the induction of MDR1 by 1«,25-dihydroxyvitamin D is mediated by VDR/RXRa
binding to several VDREs located between —7880 and —7810bp, in which every VDRE
additively contributes to the 1«,25-dihydroxyvitamin D3 response.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

inducers, and tissue distribution patterns [2]. Therefore, it has
been hypothesized that the expressions of MDR1 and CYP3A4

P-glycoprotein (P-gp), which is encoded by the multidrug
resistance 1 (MDRI) gene, transports a wide range of
compounds, such as drugs and xenobiotics, from intracellular
to extracellular compartments [1]. P-gp is expressed on the
apical surface of epithelial cells of tissues including intestine,
kidney, liver, and brain, and plays an important role in drug
absorption, renal secretion, biliary excretion, and brain
distribution [1]. CYP3A4 is the most abundantly expressed
human cytochrome P450 contributing to drug metabolism,
and P-gp and CYP3A4 share many substrates, inhibitors,

* Corresponding author. Tel.: +81 3 3700 9789; fax: +81 3 3700 9788.

E-mail address: kurose@nihs.go.jp (K. Kurose).

have similar regulatory mechanisms. In fact, both genes are
directly regulated by nuclear receptors, pregnane X receptor
(PXR) and constitutive androstane receptor (CAR) [3-6].
Previous reports revealed that 1«,25-dihydroxyvitamin D5
(1,25-(OH),D3), the most active metabolite of vitamin Ds,
regulates the expression of MDR1 mRNA and P-gp protein. The
treatment of LS180 cells, a human colon carcinoma cell line,
with 1,25-(OH),D; led to a significant increase in MDR1 mRNA
and P-gp protein levels [7-9]. In human airway epithelium-
derived Calu-3 cells, treatment with 1,25-(OH),D; caused
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elevated P-gp expression [10]. Furthermore, Olaizola et al.
reported that the uptake of [**™Tc]-sestamibi (which is known
to be a substrate of P-gp and is excreted by P-gp [11,12]) by the
parathyroid glands of uremic patients was suppressed by
pulse administration of 1,25-(OH),D3 for 2 weeks, suggesting
that P-gp induction by 1,25-(0OH),D; leads to increased [*™Tc]-
sestamibi efflux [13].

The biological activity of 1,25-(OH),D3 is mainly mediated
via the vitamin D receptor (VDR), a member of the nuclear
receptor superfamily. VDR forms a heterodimer with retinoid
X receptor (RXR) and binds to the vitamin D response element
(VDRE) in the regulatory region of genes. The VDRE by which
the gene is regulated positively is generally composed of a
direct repeat (DR) of the consensus hexamer (half-site)
sequence of 5-RGKTCA-3' (R=A or G, and K=G or T) spaced
by three or four nucleotides (DR3 or DR4), or an everted repeat
spaced by 6, 7, 8, or 9 nucleotides (ER6, ER7, ER8, or ER9) [14-17].
However, negative response elements for 1,25-(OH),D3; have
been identified in several genes down-regulated by 1,25-
(OH),D3, such as human pituitary transcription factor-1 gene,
in which an imperfect DR2 motif acts as a negative VDRE [18].

Previously, Geick et al. reported that the induction of MDR1
by rifampin is mediated by PXR which binds to a DR4 located
between —7.9 and —7.8 kbp upstream from the transcription
start site [3]. Burk et al. reported that CAR also induces MDR1
expression by binding to several DR4s located in the same
region [4]. Recently, we reported that thyroid hormone receptor
(TR) regulates the expression of MDR1 by binding to several DRs
located in the sameregion [19]. It was reported that 1,25-(0OH),D5
also regulates CYP3A4 induction through the binding of VDR/
RXRa to some PXR response elements [14]. These results suggest
that VDR also binds to several DR motifs in the same region of
the MDR1 gene and regulates the expression of MDR1. However,
this theory requires substantiation.

There is variation amongst individuals in intestinal MDR1
expression [20]. Since 1,25-(0OH),D3 induces the expression of
MDRI, the 1,25-(OH),Ds;-mediated induction process might be
involved in this inter-individual variation. Furthermore,
vitamin D is widely prescribed and influences the induction
of P-gp, which potentially affects pharmacokinetics. There-
fore, the role of vitamin D in the mechanism of MDR1
expression is worthy of investigation. In this study, we
investigated that how 1,25-(OH),D; regulates the expression
of MDR1 using the intestinal epithelial cell line Caco-2. We
demonstrate that the induction of MDR1 by 1,25-(0OH),Ds is
mediated by VDR/RXRa binding to several VDREs located
between —7880 and —7810 bp upstream of the MDR1 gene, in
which every VDRE additively contributes to the 1,25-(OH),Ds
response.

2. Materials and methods
2.1. Plasmid constructs

Human VDR cDNA was amplified from human kidney Mara-
thon-Ready ¢cDNA (Clontech Laboratories Inc., Palo Alto, CA,
USA) with the primers 5-ATGGAGGCAATGGCGGC-3' and 5'-
TCAGGAGATCTCATTGCCAAACAC-3 using a TaKaRa LA Taq
(Takara Bio Inc., Shiga, Japan). The resulting DNA fragment was

subcloned into the pEF6/V5-His-TOPO vector (Invitrogen,
Carlsbad, CA, USA) and this expression plasmid (pEF6/V5-hVDR)
was used for the transfection. The sequences were verified by
DNA sequencing. The pEF6/V5-hVDR plasmid was digested with
Kpnl (Toyobo, Osaka, Japan) and Notl (Takara Bio Inc.), and the
resulting fragment was ligated into the pCMVTNT expression
plasmid (Promega, Madison, W1, USA), which was digested with
Kpnland Notl. This plasmid (pPCMVTNT-hVDR) was used for the
in vitro synthesis. The expression plasmid encoding human
RXRa cDNA (pcDNA3.1-hRXRa) was a generous gift from Dr.
Shuichi Koizumi (Yamanashi University, Japan). Luciferase
reporter gene plasmids containing variouslengths of thehuman
MDR1 5'-flanking sequence were previously constructed in our
laboratory [19]. Mutations in several half-sites were introduced
into the pMD*824A90L reporter plasmid using a QuikChange
Multi Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA,
USA) according to the manufacturer’s instructions, with the
previously described oligonucleotides and the following oligo-
nucleotides, used alone or in combination: M28, 5-GCT-
CCTGGGAGAGAGAACATTTGAGATTAAACAAG-3'; M31, 5-GA-
ACTAACTTGACCTTTTTCCTGGGAGAGAGTTC-3’; M33, 5-AA-
ATGAACTCAATCCCAGGAGCAAG-3'. For the M28, M29, M30,
and M36 mutants shown in Fig. 4A, mutations were introduced
into the M1, M3, M12, and M23 constructs using the M28 primer.
For the M38 mutant shown in Fig. 4A, a deletion mutant was
obtained by chance when we attempted to create the M30
mutant. All mutations were verified by DNA sequencing.

2.2. Cell culture

Caco-2 cells, a human colon adenocarcinoma cell line, were
obtained from American Type Culture Collection (Manassas,
VA, USA). Caco-2 cells were cultured in low glucose Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/mL penicillin G/100 png/mL strepto-
mycin (Gibco-Invitrogen, Carlsbad, CA, USA), and 1x MEM
non-essential amino acids solution (Gibco-Invitrogen) at 37 °C
under 5% CO,-95% air.

2.3.  Transfection and luciferase reporter gene assays

Caco-2 cells were seeded into 96-well plates (1.6 x 10* cells/
well), grown overnight, and transiently transfected using
HilyMax (at a ratio of DNA to HilyMax of 1:5; Dojindo
Laboratories, Kumamoto, Japan) according to the manufac-
turer’s instructions with 10 ng/well of VDR expression plasmid
(pEF6/V5-hVDR), 100 ng/well of the indicated luciferase repor-
ter plasmid, and 10 ng/well of the Renilla luciferase reporter
plasmid, pGL4.74 [hRluc/TK] (Promega) to normalize the
transfection efficiency. After 24 h, the medium was replaced
by phenol red-free DMEM (Gibco-Invitrogen) supplemented
with 10% dextran-coated charcoal-stripped FBS (Hyclone
Laboratories, Logan, UT, USA) containing 25 nM 1,25-(OH),D;
(Sigma-Aldrich) or dimethyl sulfoxide (DMSO) for 3.5 h. Firefly
and Renilla luciferase activities were measured using a Dual-
Glo Luciferase Assay System (Promega) according to the
manufacturer’s instructions and a luminometer (Wallac
1420 ARVO sx Multilabel counter, PerkinElmer Life Sciences,
Boston, MA, USA). Firefly luciferase activity was normalized to
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Renilla luciferase activity, and the inducibility was calculated
as the ratio of luciferase activity of 1,25-(OH),Ds-treated cells
to that of control (DMSO-treated) cells. The results represent
the mean =+ S.D. of four independent experiments, and in each
of these experiments the control and 1,25-(0OH),D3 treatments
were performed at least in triplicate.

2.4.  Electrophoretic mobility shift assays (EMSAs)

TNT T7 and SP6 Quick Coupled Transcription/Translation
Systems (Promega) were used for in vitro synthesis of human
RXRa protein from pcDNA3.1-hRXRa and human VDR protein
from pCMVTNT-hVDR, respectively, according to the manu-
facturer’s instructions. The plus strand sequences of probes
and competitors used in EMSA are shown in Figs. 2A and 3A.
The nonspecific competitor was double-stranded oligonucleo-
tide located in the —218 to —117 region of the human PXR
promoter [21]. The oligonucleotides, except for longer probes
described below, were purchased from Sigma Genosys
(Hokkaido, Japan) and equal amounts of complimentary
strands were annealed. The longer probes, except for the
7882 probe shown in Fig. 3A, were prepared by polymerase
chain reaction (PCR) amplification as described previously [19].
The reaction mixture used to obtain the results shown in
Fig. 2B-D was prepared as follows: 2.5 pL aliquots of the in vitro
translated proteins (VDR or RXRa alone, or mixed at a ratio of
1:1) or unprogrammed reticulocyte lysate were incubated for
20 min at room temperature with 1 pL of 5x binding buffer
[15 mM MgCl,, 0.5 mM EDTA, 2.5 mM dithiothreitol (DTT), 50%
glycerol and 100 mM HEPES, pH 7.75], 0.5 uL of 1mg/mL
poly(dl-dC) (GE Healthcare UK Ltd., Buckinghamshire, UK),
and 0.5 uL of 0.33 pM 5'-fluorescein isothiocyanate (FITC)-
labeled double-stranded oligonucleotide probe. For competi-
tion assays, 0.5 pL of unlabeled oligonucleotide was simulta-
neously added to the reaction mixture with the probe. For the
assays used to obtain the results shown in Fig. 3, 2-8 pL
(Fig. 3B) or 8 uL (Fig. 3C) of the in vitro translated VDR and RXRa
mixed at a ratio of 1:1 were used, if necessary, the volume of
which was adjusted to 8 pL with unprogrammed reticulocyte
lysate. The 8-uL aliquots of the proteins were incubated for
20 min at room temperature with 1 pL of 10x binding buffer
(30 mM MgCl,, 1mM EDTA, 5mM DTT, 50% glycerol and
200 mM HEPES, pH 7.75), 0.5 pL of 1 mg/mL poly(dl-dC), and
0.5 pL of the PCR-based probe or 0.33 uM 5'-FITC-labeled 7882
probe in the presence or absence of 250 nM 1,25-(0OH),Ds. The
1.5-pL aliquots of the protein-DNA complexes were resolved
by electrophoresis on 2.8 or 6% non-denaturing Long Ranger
gels (Lonza, Basel, Switzerland) run in 0.5x TBE (44.5 mM Tris,
44.5 mM boric acid, and 1.25mM EDTA) at 500 V constant
voltage, and visualized and quantified on a slab gel DNA
sequencer DSQ-2000L (Shimadzu Co., Kyoto, Japan).

3. Results

3.1.  Identification of the 1,25-(0OH),Ds-responsive region
in the MDR1 gene

To investigate the mechanism of MDR1 gene expression
induced by 1,25-(0OH),D3, we performed a luciferase reporter

gene assay using an intestinal epithelial cell line, Caco-2,
which expresses VDR at relatively lower level [9]. The cells
were transfected with a reporter plasmid containing the 5'-
upstream region from —10082 to +117 bp of MDR1 (pMD10082L)
in the presence or absence of an expression plasmid encoding
VDR. Following the treatment with either vehicle (DMSO) or
1,25-(OH),Ds, luciferase assays were performed. In the absence
of VDR expression plasmid, 1,25-(OH),D3 had little affect on
the transcriptional activity. By contrast, in the presence of VDR
expression plasmid, more than an eightfold activation was
induced by 1,25-(OH),D5 (Fig. 1A). These results indicate that
the 1,25-(OH),D3-responsive region is located within 10 kbp of
the 5'-flanking region of MDR1, and that VDR mediates MDR1
induction by 1,25-(OH),Ds.

Next, to identify the response elements implicated in the
transcriptional regulation of MDR1 by 1,25-(0OH),D;, we
performed luciferase assays using several deletion mutants
of pMD10082L. As shown in Fig. 1A, the 824 bp deletion from
—7970 to —7145 bp resulted in the complete loss of inducibility.
The lost inducibility was recovered by reinsertion of the
deleted region of 824 bp (Fig. 1A, bottom line, pMD*824L).
Theseresults indicate that the 824 bp region is essential for the
induction of MDR1 by 1,25-(0OH),Ds.

To further define the minimal region for the VDR response,
deletion analysis was performed based on pMD*824L, which
contains the 824 bp region (Fig. 1B). The 90 bp deletion from the
5'-end did not affect inducibility, whereas the 153 bp deletion
from the 5-end resulted in the complete loss of inducibility.
These data suggest that the essential region for the VDR-
mediated induction is located between —7880 and —7817 bp.

3.2. VDR binds to the putative VDRE as a heterodimer
with RXRa

We scanned the 1,25-(0OH),D3 response region between —7880
and —7810 bp using the JASPAR FAM database (http://jaspar.-
genereg.net/). Several putative half-sites, a pair of which
composes a DR or ER, were found (Hs1-8, Fig. 2A). Generally,
some DRs or ERs, including DR3 and DR4 (which lie in this
region, as shown in Fig. 2A) act as VDRE.

The region including the putative VDRE was divided into
three segments, designated upstream cluster (UpC), middle
cluster (MdC), and downstream cluster (DwC); we have
reported this convenient classification previously [19]. Each
cluster has several putative half-sites. To determine whether
VDR and RXRa could bind directly to these segments, EMSA
was performed using in vitro translated VDR and RXRa. The
probes and competitors used for the EMSA are summarized in
Fig. 2A. The DNA-protein complexes were formed in the
presence of both VDR and RXRe, although the complexes were
not formed in the absence of either protein, indicating that the
protein complex VDR/RXRa binds to each segment (Fig. 2B-D).
The DNA-protein complexes were competed out by the self-
competitors but were not competed out by the nonspecific
competitor (Fig. 2B-D). The relative affinities of VDR/RXRa to
UpC, MdC, and DwC were further assessed by competition
experiments. As shown in Fig. 2B, the complexes of UpC with
VDR/RXRa were competed out by competitors UpC, MdC, and
DwC. Of these, UpC was the most effective competitor for the
formation of the DNA-protein complexes, and MdC inhibited


http://jaspar.genereg.net/
http://jaspar.genereg.net/

534

BIOCHEMICAL PHARMACOLOGY 76 (2008) 531-542

(A)
-10082 +117
[Tuc VDR(-)
Luc SS ]
-7970
—_— Luc SS ’
-7145
b Luc SS VDR(+)
-457
P— Luc RS
-7147
— L v LY SS -
452 F——
gisz 0 1 2 3 4 5 6 7 8 9 10 11
fold induction
(B)
-10082 824 bp -452 4/-]17
ket
I l Luc SS
-7817
-7970, 47880 -7147

s
-153 —] Luc \§

= [

214 —

: e
T |
-

2 3 4 5 6 7 8 9 10 11
fold induction

Fig. 1 - Transcriptional activity of several deletion mutants of human MDR1 in the 5'-upstream region induced by 1,25-(0OH),Ds.
The 5'-upstream region of the MDR1 gene was cloned into pGL4.12, as indicated on the left. Numbers are in reference to the
transcriptional start site at +1. Luciferase activity was analyzed as described in Section 2. Fold induction was calculated as the
ratio of luciferase activity in 1,25-(OH),Ds-treated cells to that of DMSO-treated cells, and is indicated on the right side of each
column. Each value represents the mean + S.D. of four independent experiments. (A) Schematic representations of
pMD10082L, pMD7970L, pMD7145L, pMD457L and pMD*824L are shown from the top of the left side. (B) Schematic
representations of pMD*824L, pMD*824A90L, pMD*824A153L, and pMD*824A214L are shown from the top of the left side.

complex formation to an extent similar to that of DwC (Fig. 2B).
Similar competition assay results were obtained using MdC
and DwC probes (Fig. 2C and D).

To identify the VDR/RXRa-binding site in these segments,
shorter oligonucleotides containing two or three half-sites
were used as competitors (Fig. 2B). The most efficient
competitor for VDR/RXRa binding to UpC was DR4(I), followed
by DR3, MdC3, DR4(III), and DR4(II). MdCS5 lacking Hs6 of MdC
was not able to compete for the UpC probe, indicating that Hs6
is necessary for MdC-VDR/RXRa binding.

Next, oligonucleotides including a set of 2 bp mutations in
each of the half-sites (UpM1~DwM12 in Fig. 2A) were used as
competitors for EMSA. As shown in Fig. 2B, UpM1 including the
Hs1 mutation in UpC competed for the UpC probe at the same

level as the wild-type competitor. UpM3 including the Hs3
mutation in UpC competed slightly less efficiently than the
wild-type. UpM2 including the Hs2 mutation in UpC failed to
compete for UpC, indicating that Hs2 is essential for UpC-VDR/
RXRa complex formation (Fig. 2B).

The result obtained using the MdC probe is shown in
Fig. 2C. To determine which half-site of MdC3 is required for
MdC-VDR/RXRa complex formation, the mutant oligonu-
cleotides including the 2 bp mutations in the half-sites of
MdC3 were used as competitors (MdM31, M33, and M4).
MdM31 including the Hs4 mutation partially competed for
MdC, but MdM33 containing the Hs5 mutation competed for
MdC as effectively as the wild-type competitor. MdM4
including the Hs6 mutation in MdC3 failed to compete for
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the MdC probe, indicating that Hs6 is essential for MdC3-
VDR/RXRa complex formation. This result is consistent with
the fact that MdC5, which lacks Hs6 of MdC, is not able to
bind VDR/RXRa.

The result obtained using the DwC probe is shown in
Fig. 2D. The Hs6 and Hs7 mutations in DwC (DwM4 and DwM?7,
respectively) did not affect the competition for DwC, whereas
the Hs8 mutation caused reduced competition by DwM12 for
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UpC - -
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Fig. 2 - VDR binds to the putative VDREs in the region essential for VDR-mediated induction as a heterodimer with RXRa. (A)
Oligonucleotide sequences used for EMSA. Putative half-sites (Hs1-8) predicted using JASPAR FAM are boxed, and arrows
indicate the direction of the half-site. Numbers are in reference to the transcriptional start site at +1. Only nucleotides that
differ from the wild-type are shown as letters; asterisks represent unchanged nucleotides. (B) EMSA was performed using a
FITC-labeled UpC probe. The UpC probe was incubated in the absence or presence of in vitro translated VDR, RXRa, or both
proteins, as described in Section 2. In parallel experiments, a competition assay was performed in the presence of a 50-fold
molar excess of unlabeled oligonucleotide. “NS” indicates nonspecific competitor. The complexes were resolved by
electrophoresis on a 6% Long Ranger gel. (C) EMSA was performed using a FITC-labeled MdC probe. The procedure was the
same as that described in (B), except that a 15-fold molar excess of unlabeled oligonucleotides were used for the

competition assay. “NS” indicates nonspecific competitor. (D) EMSA was performed using a FITC-labeled DwGC probe. The
procedure was the same as that described in (C). “NS” indicates nonspecific competitor.
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Fig. 2. (Continued).

the DwC probe. These results indicate that Hs8 is important for
DwC-VDR/RXRa complex formation.

Taken together, VDR/RXRa is able to bind to several
putative VDREs [DR4(I) and DR3 in UpC, MdC3 in MdC, and
DR4(I1I) and DR4(Il) in DwC] with different affinity. Addition-
ally, Hs2, Hs6, and Hs8 are the most important half-sites in
each segment for DNA-VDR/RXRa complex formation.

3.3.  Three molecules of VDR/RXR«x are able to bind to the
VDR-binding region at the same time

Although we identified several sites competent to bind VDR/
RXRa, the sites in this region are spaced relatively close to each
other. The proximity of these VDR-binding sites might prevent
the binding of VDR/RXRa to these sites. Therefore, the
question that arises is how many molecules of VDR/RXRa
bind to the VDR-binding region at the same time. To examine
this, we performed EMSA using a longer probe (7882 probe in
Fig. 3A) containing all the half-sites of the VDR-binding
elements using different amounts of VDR/RXRa. At the highest
concentration of the protein in the presence of 1,25-(0OH),Ds,
three shifted bands (upper, middle, and lower) were observed,
although the intensity of the upper mobility band (3x VDR/
RXRa in Fig. 3B) was weak. In the absence of 1,25-(0OH),Ds, the

upper band was very weak. The mobility of the lower band (1x
VDR/RXRa in Fig. 3B) is the same as that of bands formed by
UpC and DR4(Il) probes (data not shown), to which one
molecule of VDR/RXRa binds. This indicates that the lower
band is the complex formed by the probe binding to one
molecule of VDR/RXRa. As the amount of the protein was
decreased, the intensity of the middle band (2x VDR/RXRa in
Fig. 3B) decreased, while the intensity of the lower band
remained constant. These results suggest that the middle
band is the complex formed by the probe and two molecules of
VDR/RXRa, and that three molecules of VDR/RXRa bind to this
region with different affinities.

Furthermore, we performed EMSA in the presence of 1,25-
(OH),D3, which was required for the observation of three
shifted bands (Fig. 3B), using longer probes containing at least
one mutated half-site (Hs2, Hs6, and/or Hs8). These sites were
shown to play an important role in DNA-VDR/RXRa complex
formation in each segment, as shown in Fig. 2. The probes
used for the EMSA are summarized in Fig. 3A. As shown in
Fig. 3C, the upper bands in Fig. 3B disappeared when the M2,
M4, and M12 probes were used; these probes each have one
mutated half-site. In contrast, the M22, M23, and M30 probes,
in which two of the three half-sites were mutated, caused the
middle bands to disappear in addition to the upper bands.
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M 2 H -k-k'k-k-k*-k-k-k*****TT**-k'A'-k**'k-k-k-k-k-k-k'k-k-k'k-k***-k-k-k-k-k-k*-k-x*************w**********SS AR
M 4 : -k-k'k-k-k'A”k-k-k*-k-k-k*-k-k'k-k-k'k*k-)c-k*-k-k-k*-k-k'k-k-k'k-k-k-k*-k-k-k***AA-X*************w********** AA
M12 H **'\'***'k****’*******'k*************'k****'k*k*******'x*************w*****TT***SS AA
M22 H -k-k'k-k-k*-k-k-k*****TT**-k*-k-k**-k-k-k*-k-k'k-k-k'k****-k-k-k***AAW*************w**********SS AA
sz : -k*-k-k-k**k-k-k*****TT**-k**-k-k'k-k-k-k*-k-k'Dr-k-k**k-k-k*-k-k-k*-k-k'!r-kw*************w*****TT***SS AA
MBO H *-k-k-k-k*-k********-k-k-x************-lr-k-k***********AAW*************w*****TT*** AA
M36 : -k*'Pr-k-k'k*k-k-k*****TT**-k**k*-k*-k***-k-k'Dr-k-k'k*-k-k*-k*-k***AAW*************w*****TT***SS AA

(B)  VDR/RXRa

1,25-(OH),D,

3xVDR/RXRo. —3»

2XxVDR/RXRa —»

IxVDR/RXRo. —»=

free probe: — P —— ——
7882

©) probe M2 M4 MI12 M22 M23 M30 M36

2xVDR/RXRa —>

IXVDR/RXRo, —> il B A Al
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Fig. 3 - VDR/RXRa can bind to three VDR-binding sites at the same time. (A) The oligonucleotide sequences used for EMSA.
Putative half-sites are boxed and arrows indicate the direction of the half-site. Numbers are in reference to the
transcriptional start site at +1. Only nucleotides that differ from the wild-type are shown as letters; asterisks represent
unchanged nucleotides. (B) EMSA was performed using a FITC-labeled 7882 probe. The probe was incubated with the
increasing amount of in vitro translated VDR and RXRa as described in Section 2. The complexes were resolved by
electrophoresis on a 2.8% Long Ranger gel. (C) EMSA was performed using several FITC-labeled probes, shown in (A). The
probes were incubated with 1,25-(0OH),D3; and in vitro translated VDR and RXRa as described in Section 2. The complexes

were resolved by electrophoresis on a 2.8% Long Ranger gel.

When all three half-sites were mutated (M36), the upper and
middle bands disappeared and the lower band significantly
decreased. These data indicate that one molecule of VDR/
RXRa binds to each element including Hs2, Hs6, or Hs8.
Consequently, three molecules of VDR/RXRa bind simulta-
neously to this region.

3.4. VDR-binding sites located between —7880 and
—7810 bp mediate the transactivation of MDR1 by 1,25-
(OH),D3

In the experiments described above, we identified several
VDR-binding sites. To test if these sites are functional, the
same mutations introduced into the probes and competitors

in the EMSA were introduced into the pMD*824A90L construct
for use in the luciferase assay. The names of these mutants
correspond to those used in the EMSA. The mutated regions of
the constructs used for the luciferase assays are summarized
in Fig. 4A. As shown in Fig. 4B, the mutation in Hs4 (M31) or Hs5
(M33), although slightly increased induction, had no apparent
effect on inducibility, indicating that these half-sites play no
significant role in induction by 1,25-(OH),Ds. The other
mutations introduced into individual half-sites (M1, M2, M3,
M4, M7, and M12) lead to decreased inducibility. The
mutations introduced simultaneously into the two half-sites
in two of the three segments resulted in a further decrease in
induction by 1,25-(0H),D5 (M28, M26, M29, M22, M27, M23, M30
in Fig. 4B). M22 and M29 (mutations in Hs2 and Hs6, and Hs3
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M 3: ************************TT*********‘k**************‘k******‘k****‘k********
. *****************************TT****************************************
M33: ***************************************TT******************************
M 4: **********‘k*********************************AA*************************
M 7: ********************************************************GG*************
M12: ***************************‘k******‘k*********************‘k*********TT***
M28: *****TT*************************************AA****‘k********************
M26: *****TT***********************************************************TT***
M29: ************************TT********‘k-k********AA****************-k****-k***
M22: ****‘k*********TT***********‘k****************AA****‘k*****‘k*****‘k********
M27: ****‘k*‘k*******‘k‘k‘k****‘k‘k*TT*****************‘k‘k‘k********************TT***
M23: **********‘k***TT******k‘k‘k*************‘k******‘k‘k****‘k***************TT***
M30: -k*************************-k**-k-):*-)c***********AA********************TT***
M38: -k-k*-k*-k*****************************-k-k-k-k__-k-k-k-k-k********************TT***
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WT M1 M2 M3 M31 M33 M4 M7 MI2 M28 M26 M29 M22 M27 M23 M30 M38 M36
(PMD*824A901)

Fig. 4 - VDR-binding sites between —7880 and —7810 bp mediate the transcriptional activity of MDR1 by 1,25-(OH),Ds. (A)
Several mutations were introduced into the pMD*824A90L plasmid (designated WT). Putative half-sites are boxed and
arrows indicate the direction of the half-site. Asterisks denote bases identical to the wild-type sequence and letters indicate
the bases altered in the mutated sequences. The underbar indicates deletion of a nucleotide. Numbers are in reference to
the transcriptional start site at +1. (B) The luciferase activity was analyzed as described in Section 2. The fold induction was
calculated as the radio of luciferase activity in 1,25-(OH),D5-treated cells to that of DMSO-treated cells. Each value represents
the mean =+ S.D. of four independent experiments.

and Hs6, respectively) almost abolished inducibility. The almost abolished. These results indicate that every half-site in
inducibility of M38, which has the deletion of one of the three the VDR-binding sites, except Hs4 and 5, is a functional VDRE
repeated AGs located between Hs5 and Hs6 in M12 (Fig. 4A), and makes its own contribution to induction by 1,25-(0OH),Ds.
decreased more than that of M12 (Fig. 4B). The inducibility of Furthermore, each VDRE additively contributes to the 1,25-
M36, which has mutations in all three segments, was also (OH),D3 response.
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4, Discussion

Several studies have shown that 1,25-(OH),D3 induces the
expression of MDR1 [7,22]. However, it remains unclear how
1,25-(OH),D5 regulates MDR1 expression. In this study, we
demonstrated that the induction of MDR1 by 1,25-(0OH),D5 is
mediated by VDR/RXRa binding to the region located between
—7.9 and —7.8 kbp upstream from the transcriptional start site
of the human MDR1 gene (Fig. 5).

As shown in Fig. 1B, the region located between —7880 and
—7817 bp is essential for VDR-mediated induction. This result
is the same as that obtained for TR-mediated induction [19].
Furthermore, this region overlaps with the previously identi-
fied PXR-, CAR-responsive region [3,4]. The eight putative half-
sites (Hs1-Hs8) of VDREs were found in the region located
between —7880 and —7810 bp (Fig. 2A). DR3, DR4(I), DR4(II), and
DR4(III), which were previously designated by Geick et al., are
composed of Hs1 and Hs2, Hs2 and Hs3, Hs6 and Hs7, and Hs7
and Hs8, respectively. Geick et al. reported that PXR/RXRa
bound to these three DR4, with the highest affinity to DR4(III),
and DR4() is an important element for PXR-mediated
induction [3]. Burk et al. reported that CAR bound to DR4(I)
and DR4(III) as a heterodimer with RXR«, and to the 5'-half-site
of DR4(1I) (designated as Hs6 in this study) as a monomer [4]. As
for transcriptional activity, DR4(I) and the 5'-half-site of DR4(II)
were reported to be important elements for CAR-mediated
induction. Recently, we reported that TR/RXRa bound to UpC
[including DR3 and DR4(I)] and DwC [including DR4(II) and
DR4(III)] segments [19], whereas TR/RXRa did not bind to MdC
located between UpC and DwC (M. Saeki, K. Kurose,
unpublished data). Furthermore, two molecules of TR/RXRa
bind simultaneously to the region, and several DRs contribute
to the binding affinity in the order: DR4(I) > DR4(II) > DR3 ~ -
DRA4(III). As for the transcriptional activity, every direct repeat
contributes to TR-mediated induction [19]. In the present
study, we showed that VDR/RXRa bound to UpC (including
Hs1-3), MdC (including Hs3-6), and DwC (including Hs6-8)
(Fig. 2B). To date, no nuclear receptors other than VDR has
been reported to bind to MdC by forming heterodimers with

RXRa. Although Hs6, which is located at the overlapping
region between MdC and DwC, significantly contributes to
induction by CAR [4], the binding of CAR/RXRa to MdC and
contribution of MdC to induction by CAR remains to be
elucidated. As shown in Fig. 2B, the relative binding affinity of
the VDR-binding elements is DR4(I) > DR3>MdC3 > -
DR4(III) > DR4(Il). Consequently, the relative binding ability
of VDR to these elements located in this region is clearly
different from that of PXR, CAR, and TR, though the VDR-
responsive region overlaps with the PXR-, CAR-, and TR-
responsive regions [3,4,19]. The overlapping of nuclear
receptor-responsive regions was also observed on the other
genes such as CYP3A4 [23], in which PXR/RXRa and CAR/RXRa
exhibited similar binding affinity toward proximal ER6
element [24]. On the nuclear receptor-responsive region of
MDR1 gene, PXR/RXRa and CAR/RXRa bound to DR4(I) with
similar affinity, although PXR/RXRa bound to DR4(III) with the
higher affinity than CAR/RXRa [4]. Although, relative binding
affinities among TR/RXRa, VDR/RXRa, PXR/RXRa, and CAR/
RXRa to these binding elements have not been examined, it is
conceivable that cooperative effects of the nuclear receptors
with different binding affinities, tissue distributions and
ligand concentrations affect the expression of MDRI.

Three shifted bands were observed when a longer probe
including all the half-sites of the VDR-binding elements was
used for EMSA (Fig. 3A). The upper band (3x VDR/RXRa) was
found to be enhanced by 1,25-(OH),D;. This has also been
observed in VDREs located in several genes such as human
CYP24 [25-27] and is due to the stabilization of DNA-VDR/RXRa
formation by 1,25-(OH),D3 [26,28,29]. The relative binding
affinity of the VDR-binding elements estimated from Fig. 2B is
DR4(I) > DR3 > MdC3 > DR4(III) > DR4(I). The affinity was
examined further by using each discrete oligonucleotide as
a competitor and a probe. Fig. 3 indicates that three molecules
of VDR/RXRa bind simultaneously to the region, and one
molecule of VDR/RXRa binds to each element including Hs2,
Hs6, or Hs8. It is obvious that the element including Hs8 is
DR4(III); consequently, the element including Hs6 is in MdC3,
but it could not be specified further. Although both DR3 and

O@Q@O@

-7880

gLl

-7810

ACG[I‘TACCT]CAﬂTGAACT1AACT’{I‘GACC'I‘ITGCTCCII‘GGGAGAGIAGTTCA]TTTG{AGATTAIAACAIAGTTCAIAAG

| Hsl HSZI HSBI Hs4

Hsb6 ' 0 Hs7 Hs8

DR3 |

DRA4(T)

m VDR/RXRa heterodimer

ER8? DRA(IIT)
(MdC3)

Fig. 5 - Three molecules of VDR/RXRa bind to VDREs located —7.9 to —7.8 kb upstream of the MDR1 gene with different
affinities. The nucleotide positions are shown relative to the transcription start site of MDR1. The half-sites of the VDREs are
boxed with arrows. VDR/RXRa binds to DR3 or DR4(I), ER8, and/or DR4(III) with different affinity, which is denoted by the

thickness of the arrow.
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DR4(I) include Hs2 and each alone shows high affinity to VDR/
RXRa, two molecules of VDR/RXRa are not able to simulta-
neously bind to DR4(I) and DR3 because they overlap with Hs2
(Fig. 2A). Therefore, judging from the binding affinity and
decreased inducibility from the reporter gene assay (Fig. 4B),
three molecules of VDR/RXRa would mainly bind to DR4(I),
MdC3, and DR4(III) simultaneously. The middle band intensity
of the M4 probe (MdC3 mutation) was stronger than that of the
M2 and M12 probes (DR4(I) and DR4(IIl) mutations, respec-
tively) (Fig. 3C). The difference in the middle band intensity
between the M4 and M12 probes in Fig. 3C suggests that the
two molecules of VDR/RXRa simultaneously bind to DR4(I) and
DR4(III) more strongly than to DR4(I) and MdC3, though the
relative binding affinity of VDR/RXRa to MdC3 was higher than
to DR4(III), as shown in Fig. 2B. The proximity of DR4(I) and
MdC3 might slightly restrict the binding of the two molecules
of VDR/RXRa to those sites simultaneously.

We confirmed whether the VDR-binding sites contribute
to induction using constructs with mutations in several half-
sites (Fig. 4). DR4(I) and DR4(III) contribute to induction by
1,25-(OH),D3, and so are functional VDREs. MdC3 includes
Hs4, Hs5, and Hs6. Although the mutation in Hs6 (M4)
resulted in reduced inducibility, both the mutation in Hs4
(M31) and that in Hs5 (M33) had little effect on induction
(Fig. 4B). Precisely which half-site is paired with Hs6 is
unclear, but Hs6 contributes to induction by 1,25-(OH),Ds.
However, when one AG deletion of the three repeated AGs,
which are located just upstream of Hs6 (Fig. 4A), was
introduced into M12, the inducibility of the resulting mutant
construct M38 decreased more than that of M12 (Fig. 4B). This
indicates that the deletion results in reduced inducibility,
suggesting that the half-site paired with Hs6 is located
upstream of Hs6, and that the change in the spacer length
between Hs6 and its upstream partner leads to the reduced
inducibility. Hs4 is located upstream of Hs6, and the
mutation introduced in Hs4 reduced binding activity
(Fig. 2C, Md3M31). Therefore, the partner of Hs6 might be
Hs4, although the mutation of Hs4 alone did not reduced
inducibility by 1,25-(0OH),D3 (Fig. 4B, M31). If Hs4 and Hs6 are
partners, then they are an everted repeat by 8 nucleotides
(ER8). The mutation in Hsl (Fig. 4B, M1, M28, and M26),
namely the mutation in DR3, caused somewhat decreased
activity. Thus, DR3 can function as a VDRE, suggesting that
DR3 serves as an auxiliary function of the neighboring DR4(I)
element.

Double mutations in the different segments result in
substantial reduction in induction by 1,25-(OH),D; (Fig. 4).
Among them, the double mutations in DR4(I) and ER8 of MdC3
resulted in an almost complete loss of inducibility (M22 and
M29in Fig. 4B). In M22, only DR4(III) is a wild-type motif, and in
M29, DR3 is a wild-type motif in addition to DR4(III). Therefore,
DR4(I1I) alone or in combination with DR3 might be incapable
of induction. However, DR4(Ill) works cooperatively in
combination with DR4(I) and/or MdC3 (compare M2 with
M23, M4 with M30, and WT with M12 in Fig. 4B). These results
indicate that the additive binding of VDR/RXRa to several
VDREs results in additional enhancement of MDR1 induction
by 1,25-(0OH),Ds.

Previous reports showed that Caco-2 cells are clearly less
sensitive to the inductive effect of 1,25-(OH),D; compared with

LS180 cells [7,30]. The VDR mRNA level in Caco-2 cells is lower
than thatin LS180 cells (twofold higher band intensity in LS180
cells) [9]. Additionally, the ligand-binding assay showed that
LS180 and Caco-2 have VDR levels of 118 and 63 fmol/mg
protein, respectively [31]. In our preliminary luciferase
reporter experiment using LS180 cells transfected by
pMD*824A90L, which contains VDREs, we observed transcrip-
tional induction by 1,25-(OH),D; even in the absence of VDR
expression plasmid (data not shown). Thus, the difference in
response to 1,25-(OH),D3 between these cells may reflect the
amount of VDR/RXR«, which binds to the VDREs in the MDR1
gene. VDR is expressed abundantly in the human intestine
(approximately 250 fmol/mg protein) [32,33]. Thus, it is
possible that 1,25-(OH),D3 is involved in intestinal MDR1
expression under normal physical conditions. Recent reports
demonstrated that CYP27B1, which has an important role in
the synthesis of 1,25-(0OH),D3, is expressed in human intestine
[34-36]. In addition, extrarenally produced 1,25-(OH),Ds
primarily serves as an autocrine/paracrine factor with cell-
specific functions [37,38]. Therefore, 1,25-(0OH),D; levels in the
intestine might be relatively high, whereas serum 1,25-
(OH),D3 levels are usually controlled at approximately
100 pmol/L. MDR1 expression levels are different between
individuals [20], and these variations might affect the toxicity
and efficacy of drugs. Intestinal vitamin D status, which might
be affected by, for example, intestinal CYP27B1 and circulating
25-hydroxyvitamin Dj levels, might partially contribute to
differences between individuals in MDR1 expression.

Recently, it has been shown that 1,25-(OH),Ds is involved in
the formation of tight junctions, which seal the paracellular
space between adjacent cells to create a primary barrier, in
intestinal epithelial cells [39]. Kutuzova et al. reported that
1,25-(OH),D5 causes increases in the expression of several
phase I and phase II enzymes such as CYP3As in rat intestine
after injection of 1,25-(OH),D; into vitamin D-deficient rats
[40]. These data indicate that 1,25-(0OH),D3; would play an
important role in the intestinal epithelial barrier function
against xenobiotics by regulating tight junctions and inducing
several drug-metabolizing enzymes and MDR1.

The induction of P-gp by 1,25-(0OH),D5; could lead to an
increasein the systemic efflux of co-administrated drugs that
serve as P-gp substrates. For instance, Olaizola et al. reported
that the uptake of [*™Tc]-sestamibi by the parathyroid
glands of uremic patients was suppressed by pulse admin-
istration of 1,25-(0H),Ds [13]. [**™Tc|-Sestamibi is a substrate
of P-gp and is excreted by P-gp [11,12], suggesting that P-gp
induction by 1,25-(OH),D3 leads to increased efflux of [*™Tc]-
sestamibi [13]. Vitamin D derivatives are widely prescribed,
therefore, consideration for drug-drug interaction mediated
by induction of P-gp by vitamin D derivatives should probably
be paid.

In summary, we have demonstrated that the induction of
MDR1 by 1,25-(0OH),Ds is mediated by VDR/RXRa binding to
VDREs located between —7.9 and —7.8 kbp upstream of the
human MDR1 gene, and that three molecules of VDR/RXRa are
able to simultaneously bind with different affinities. DR3,
DR4(I), MdC3 (ER8) and DR4(III) are functional VDREs, and the
contribution of each VDRE toward inducibility is different
(Fig. 5). Furthermore, each VDRE additively contributes to the
1,25-(OH),D5 response.
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