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co-transporter

Yutaka TAKETANI, Ken-ichi MIYAMOTO*, Keiko TANAKA, Kanako KATAI, Mika CHIKAMORI, Sawako TATSUMI,
Hiroko SEGAWA, Hironori YAMAMOTO, Kyoko MORITA and Eiji TAKEDA

Department of Clinical Nutrition, School of Medicine, University of Tokushima, Kuramoto-cho 3, Tokushima 770, Japan

Three A phage clones encompassing the Na*/phosphate co-
transporter (NaPi-3) gene and its 5" flanking region were isolated
from a human genomic DNA library. The gene comprises 13
exons and 12 introns and spans approx. 14 kb. All exon—intron
junctions conform to the GT/AG rule. The major transcription-
initiation site was determined by primer-extension analysis and is
an adenosine residue 57 bp upstream of the 3’ end of the first
exon. There is a typical TATA box 28 bp upstream of the major
transcription-initiation site and various cis-acting elements, in-
cluding a cAMP-responsive element, AP-1, AP-2 and SP-1 sites
in the 5 flanking region. This region also contains three direct-

repeat-like sequences that resemble the consensus binding se-
quence for members of the steroid-thyroid hormone receptor
superfamily, including vitamin D. Deletion analysis suggests that
the region from nt —2409 to nt — 1259 in the 5" flanking region
may be involved in kidney-specific gene expression. Vitamin D
responsiveness of the NaPi-3 promoter was also detected in
COS-7 cells co-transfected with a human vitamin D receptor
expression vector. The presence of the three vitamin D receptor-
responsive elements in the NaPi-3 promoter may be important in
mediating the enhanced expression of the gene by 1,25-
dihydroxyvitamin D,.

INTRODUCTION

Reabsorption of P, in the kidney is mediated largely by a Na*-
dependent phosphate (Na*/P;) co-transporter in the brush-
border membrane of the proximal tubule, and is regulated by a
variety of hormones, such as parathyroid hormone, 1la,25-
dihydroxyvitamin D, [1,25-(OH),D,], growth hormone, and
dietary P, [1,2]. Recently, cDNAs corresponding to kidney brush-
border membrane Na*/P; co-transporters in rabbit (NaPi-1 [3]
and NaPi-6 [4]), rat (RNaPi-1 [5] and NaPi-2 [6]), human (NaPi-3
[6] and NPT-1 [7,8]), mouse (NaPi-7 [9] and Npt-1 [10]) and
opossum kidney (NaPi-4 [11]) have been identified. The encoded
proteins have been divided into two types of renal apical Na*/P,
co-transporters on the basis of their predicted amino acid
sequence [12,13]: type I, represented by NaPi-1, RNaPi-1, NPT-1
and Npt-1; and type II, represented by NaPi-2, NaPi-3, NaPi-4,
NaPi-6 and NaPi-7. Type-II transporter mRNA is increased
by dietary P, depletion [4,14,15], while the level of type-I
transporter mRNA remains unchanged in these conditions [4].
Thus type-II transporters are hypothesized to play an important
role in maintenance of P, homoeostasis in the kidney.

Defective reabsorption of P, in the proximal tubule is re-
sponsible for X-linked hypophosphataemia (XLH) as well as the
autosomally hereditary hypophosphataemic rickets with
hypercalciuria (HHRH) and hypophosphataemic bone disease
[16]. Decreased levels of type-1I transporter mRNA have recently
been found to be associated with XLH [17]. Furthermore, the
PEX (phosphate-regulating gene with homologies to endopep-
tidases, on the X chromosome) gene has been identified as a
candidate gene for XLH [18]. However, it remains unclear how
a mutation in PEX causes a decrease in type-II transporter.

In order to understand better the genetic basis of both these
diseases as well as the regulation of renal P, transporter gene
expression, we have characterized the exon—intron organization
and 5’ flanking region of the NaPi-3 gene. In addition, we have
studied the mechanisms of transcription of the 5" flanking region
of the gene.

A portion of this work was presented at the 17th annual
meeting of the American Society for Bone and Mineral Research
in Baltimore, MD, U.S.A., September 9-13, 1995 [19].

MATERIALS AND METHODS
Preparation of DNA probes for screening

To isolate genomic DNA encoding NaPi-3, we synthesized
oligonucleotiode primers specific for the NaPi-3 cDNA sequence
described by Magagnin et al. [6]. The sequences of the upstream
and downstream primers were 5-CTCATAGTGGGTGCCC-
AGGATG-3’ (nucleotide position —19 to +3, relative to the
translation-start site) and 5-GAGGTGCTGGAGCTCTGCA-
CCAG-3" (nucleotide position +475 to +497) respectively.
Human genomic DNA was prepared from leucocytes from a
normal donor as described [20] and was subjected to PCR
amplification with the two primers and Tag DNA polymerase
(Takara, Kyoto, Japan). The PCR product was subcloned into
pBluescript II SK(+) (Stratagene, LaJolla, CA, U.S.A.) using
the pGEM-T Vector system (Promega, Madison, WI, U.S.A.).
The plasmid was digested with Ps¢I and Apal, and the released
DNA fragment was labelled with [«-**P]dCTP (110 TBq/
mmol)(ICN) by the Megaprime DNA labelling system
(Amersham International, Amersham, Bucks., U.K.).

Abbreviations used: XLH, X-linked hypophosphataemia; NaPi-3, human type-Il Na*-dependent phosphate co-transporter; 1,25-(OH),Dg, 1,25-
dihydroxyvitamin D5; VDRE, vitamin D-responsive element; VDR, vitamin D receptor; RACE, rapid amplification of cDNA ends; DMEM, Dulbecco’s
modified Eagle’s medium; HHRH, hereditary hypophosphataemic rickets with hypercalciuria.

* To whom correspondence should be addressed.

The nucleotide sequence of the 5" flanking region of the NaPi-3 gene has been deposited in the EMBL/GenBank/DDBJ Nucleotide Sequence

Databases under the accession number D89927.
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Figure 1

Organization of the human renal Na*/P, co-transporter (NaPi-3) gene

(R) The filled portions of the exons identify the protein-coding sequences, and the size of each exon is indicated in bp. The translation-initiation site is present in exon 2. (B) Genomic organization
of the human NaPi-3 gene. The horizontal line indicates gene introns, and exons are shown by boxes. Open boxes indicate the non-coding region of the mRNA, and closed boxes designate coding

regions. (C) The localization of the genomic clones A3P-1, A3P-2 and A3P-3 is indicated.

Isolation of the 5 promoter region of the NaPi-3 gene

We screened a genomic DNA library (Clontech, Palo Alto, CA,
U.S.A)) constructed in AEMBL3 from fragments of human
placental DNA generated by Sau3Al digestion. Plaques (1 x 10%)
were transferred to a nitrocellulose membrane (Hybond-C extra;
Amersham), and hybridization and washing were performed as
described previously [21]. Positive clones were purified, and
phage DNA was extracted from large-scale liquid cultures.
The human DNA fragments were excised by BamHI or Sacl
digestion and subcloned into pBluescript II SK(+). Sequence
analysis was performed with a T7 DNA polymerase sequence kit
(Pharmacia, Uppsala, Sweden) for manual sequencing or the
SequiTherm sequence kit for autosequencing (LI-COR, Lincoln,
NE, U.S.A)).

Primer-extension analysis

Primer-extension analysis was carried out essentially as pre-
viously reported [21]. The oligonucleotide 5-CTTAGAATTC-
TGTGTTTCAGCTTC-3’, complementary to bases — 73 to —47
(located at the 3" end of exon 1, counted from the translation-
start codon) of the NaPi-3 gene, was labelled at its 5° terminus
with [y-**P]ATP (167 TBq/mmol) (ICN) by T4 polynucleotide
kinase (New England Biolabs, Beverly, MA, U.S.A.). The
labelled primer (100000 c.p.m.) was hybridized to total RNA
(10 ug) from human kidney cortex at 42 °C for 1 h in a reaction
mixture (20 ul) containing 10 mM Tris/HCI, pH 8.3, 250 mM
KCland 1 mM EDTA. Reverse transcription was performed for
1 h at 37°C with 10 units of reverse transcriptase (RAV-2;
Takara), in a reaction mixture (50 xl) containing 75 mM KCl,
10 mM MgCl,, 20 mM Tris/HCI, pH 8.3, 10 mM dithiothreitol
and 0.25 mM dNTPs. The products were subjected to electro-
phoresis in 89, polyacrylamide gels containing urea, and the
sequence was determined using the same primer.

5 Rapid amplification of the NaPi-3 ¢cDNA

The 5" rapid amplification of cDNA ends (RACE) ready cDNA
kit was purchased from Clontech. The 5" non-coding region was
amplified by PCR with the R1 primer (5'-GTACATATTGTC-

GTTAGAACGCG-3’; corresponding to the anchor region of
the cDNA library) and the Pi-1 primer (5-CAGCCAGTT-
AAAGCAGTCATGCAC-3’; corresponding to + 665 to + 689
relative to the translation-initiation site) [6]. To amplify the
target DNA specifically, a second PCR was performed on the
first amplified product with the R2 primer (5-TAATACG-
ACTCACTATAGGGAGA-3"; corresponding to the anchor
region of the 5'-RACE ready cDNA library), and either the Pi-
2 primer (5-GAGGTGCTGGAGCTCTGCACCAG-3’; corre-
sponding to +476 to +498 relative to the translation-initiation
site) or the Pi-3 primer (5-TCCTGGGCACCCACTATGAGG-
3’; corresponding to —20 to +1) [6]. PCR products were
subcloned into the pBluescript II SK(+) vector using the
TA-cloning method [22]. DNA sequencing was performed as
described above.

Reporter plasmid construction

A 2462 bp BamHI-EcoRI DNA fragment (nucleotide position
—2409 to +53, relative to the transcription-initiation site)
containing the 5" flanking region of the NaPi-3 gene was
subcloned into pBluescript II SK(+). A BamHI-HindIII frag-
ment from the resulting plasmid was then subcloned upstream of
the coding region of the luciferase gene in the pGL-2 vector
(Promega) to generate the reporter plasmid p3P2400. The p3P600
(nt—617 to +53) and p3P200 (nt—200 to +53) plasmids were
cleared from p3P2400 by digestion with appropriate restriction
enzymes. The p3P1260 (nt— 1259 to + 53) plasmid was a deletion
mutant generated by digestion with exonuclease III. The internal
control vector pCMV-£ (Clontech), which expresses f-
galactosidase, was used to normalize for luciferase activity. The
pGL-2 control vector containing the simian virus 40 (SV40)
promoter was used as a positive control in the luciferase assay.
Each plasmid was purified with a QIAGEN plasmid kit
(QIAGEN).

Cell culture and transient transfection

COS-7 and HelLa cells (Riken Cell Bank, Tokyo, Japan) were
cultured at 37 °C under 5 9, CO, in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco-BRL) with 109, (v/v) fetal bovine
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Table 1

Exon—intron structure of the human Na*/P, co-transporter (NaPi-3) gene

Nucleotide sequences at the intron (lower-case letters) and exon (upper-case letters) boundaries are shown. Numbers shown above the nucleotide sequence are counted from the first ATG codon
in the cDNA, and the deduced amino acids are indicated below the sequence. Intron sizes are indicated in parentheses. The sequences that agree with GT/AG consensus at the 5’- and 3-splice
junctions are indicated by bold letters. The putative sequences surrounding the lariat branch site for the RNA-splicing reaction are underlined.

Intron
number  Exon Intron (size) Exon
—47 (bp)
1 AAT TCT AAG gtgagcccaggac:- (1.3 k) ... agtgtcccggacacagctattgtcattcag CGT TGC TGA
+109
2 AGC CCT CAG G gtaagtgctgcte: (136) . ... ctggggctcctgaccaggctccctcecctag TC CTA CAC AGG
S P Q \Y% L H R
+259
3 CAG AAG CCA G gtgggcctggget: (84) ... .. cccactatgctcatggcttcccccatccag AG TCC AGG CTG
Q K P E S R L
+388
4 CTG GCT GGA G gtagggcccgggt: (73) ... .. ccttggacaacgctggctcatgctccccag GG AAG GTG GCT
L A G G K \Y% A
+532
5 TCC TCT GGC T gtgagttggccca:- (1.3 k) ... aattcattaggacgtcttctcttctaccag TG CTG GAG GTG
S S G L L E \
+694
6 GAC TTC CGG CG gtgaggggggctg:- (120) . ... cctgccttgcaatgtggcctcecctgeccag G GCC TTC GCG
D F R R A F A
+840
7 ATC ATC CAG gtgacagcaggg- (87) ... ccttcactcccecctgeccacatcttgeccacag CTG GAC GAG
I I Q L D E
+936
8 TCC TTA CAG gtgagtcccagge:- (5.1 k) ... tttcactaagtcaccctcctcctgatctag GCT CCC ACC
S L Q A P T
+1006
9 ATG GAG AAA T gtaagtgcctgca:- (264) . ... gtcagctgtcaggagctccaccccctgcag GC AAC CAC ATC
M E K C N H I
+1174
10 ATC AAT ACG G gtgagctgcga- (2.2 k) ctctgaccagcctgctgggatgeggtttccttgcag AC TTC CCT GCC
I N T D F P A
+1291
1 CCA CTC ATC G gtgagtgcccatg: (100) . ... gggtcccacttcctctcecctectgtecccag GT CTT GGT GTG
P L I G L G \
+1416
12 GCT TTC CAG gtgcgctgggagt: (708) . ... atctcagcccctctgectcatcecccctgecag ATT GCC CTC
A F Q I A L

Consensus: gt . ... oLl

serum (Equitech-Bio). OK cells (American Type Cell Collection:
CRL1840) were maintained in FI12/DMEM (1:1, v/v)
(Gibco-BRL) containing 109, fetal bovine serum. Cells were
transfected using the lipofectamine reagent (Life Technologies)
with 0.5 ug of the NaPi-3 gene promoter—luciferase reporter
plasmid, and 0.5 ug of pCMV-£ per 5x 10° cells as described
previously [23]. After transfection, cells were incubated under
standard conditions for 36 h. In experiments where the human
vitamin D receptor (VDR) was co-expressed in COS-7 cells, an
expression vector was constructed by subcloning an EcoRI DNA
fragment containing the full-length receptor cDNA into pcDL-
SRx-296 [24] (kindly provided by N. Arai, DNAX, CA, U.S.A)).
After transfection, cells were incubated with DMEM containing
109, charcoal-treated fetal bovine serum for 24 h and then
incubated with the medium containing 1,25-(OH),D, (kindly
provided by Chugai Pharmaceutical Co., Tokyo, Japan) or
ethanol as control. Cells were then harvested in cell lysis buffer
and the lysate was assayed for luciferase activity, /-galactosidase
activity and protein concentrations [23].

RESULTS

Characterization of the nucleotide sequence and splice junctions
of the NaPi-3 gene

We screened approx. 2.0 x 10® plaques from a human genomic
DNA library and detected three positive clones. These clones
were purified and are referred to as A3P-1, A3P-2 and A3P-3.
DNA from the three clones was further analysed by restriction
enzyme mapping, partial sequence analysis and Southern-blot
hybridization. Sequence data were obtained by analysing the
DNA inserts of all clones, and PCR products were obtained
using primers constructed on the basis of the cDNA sequence.
Intron sizes were estimated by sequencing and restriction enzyme
digestion of PCR products. The NaPi-3 gene was found to be
organized into 13 exons that span approx. 14 kb (Figure 1). The
translation-initiation codon is located in exon 2. Sequences
around the exon—intron junctions conformed to the GT/AG rule
[25] (Table 1). Introns also contained the consensus sequence for
RNA splicing, including an adenosine residue which could
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Figure 2 Primer-extension analysis and 5-RACE with human kidney RNA

(A) Primer-extension analysis. A %?P-labelled NaPi-3 antisense oligonucleotide primer was
hybridized to 10 g of total RNA from the human kidney cortex. The products were analysed
by urea—agarose gel electrophoresis with reference to sequence ladders obtained with the same
oligonucleotide primer. Bands in the far right lane corresponding to transcription initiation at
nucleotides — 72 and — 57 relative to the 3" end of exon 1 are indicated (by arrowheads). A
TATA box upstream of this position is also indicated. (B) The sequence of the 5"-region of the
5’-RACE product. The 5”-RACE procedure was performed as described in the Materials and
methods section.

function as a potential lariat acceptor site 8 to 36 bases upstream
of the 3’ splice junctions [26].

Transcription-initiation site and nucleotide sequence of the 5
flanking region

The transcription-initiation site of the NaPi-3 gene was de-
termined by primer-extension analysis and by the 5-RACE
method. A *?P-labelled antisense oligonucleotide based on the
NaPi-3 cDNA sequence was hybridized to total RNA of human
kidney cortex and extended by reverse transcriptase. We detected
two transcripts starting at the adenosine and guanosine
nucleotides at —57 and —72 relative to the 3’ end of exon 1
respectively (Figure 2A), by comparison with sequence ladders
obtained with the same primer. The major transcription-initiation
site was tentatively identified as the adenosine residue at position
— 57, because the TATA box is 28 bp upstream of this site and
is generally located approx. 25-35bp upstream of the
transcription-initiation site in many genes [25]. We confirmed
that this residue was indeed the major transcription-initiation
site by the 5’-RACE method. The results from sequence analysis
of PCR products demonstrated that the 5’-end nucleotide of the
mRNA is the adenosine residue, at — 57 bp upstream of the 3’
end of exon 1 (Figure 2B). This result was consistent with data
obtained by primer extension.

The sequence of the 5" flanking region of the NaPi-3 gene is
shown in Figure 3. A typical TATA box is present 28 bp
upstream of the transcription-initiation site as described above.
Several well-characterized cis-acting elements, includinga cAMP-

responsive element at position —777 to —773, SP-1 sites at
positions —2184 to —2179 and —195 to —190, and AP-1 sites
at positions —2345 to —2339 and — 875 to —867, were detected
in the 5 flanking region. Furthermore three direct-repeat-
like sequences similar to consensus binding sites for members of
the steroid—thyroid hormone receptor superfamily were found in
this region [27].

Structures of putative vitamin D-response elements (VDREs) in
the NaPi-3 promoter

Table 2 lists the VDREs in genes whose message levels are known
to be sensitive to 1,25-(OH),D,. The VDRE sequence bears
strong resemblance to that of other steroid-responsive element
half-palindromes, particularly those sequences lying proximal to
a hypothetical 3 bp gap region [27]. The first such sequence in the
NaPi-3 promoter (named DR-A), 5-GGGGGA CA GAGGGA-
3’ (positions —83 to —70), has a two-nucleotide spacer, therefore
it resembles a retinoid X receptor element. The second sequence
in the promoter (named DR-B), 5-GGGGAC CCT GGGAAC-
3’ (positions —244 to —230), has a three-nucleotide spacer and
is similar to a VDRE. The third sequence (named DR-C), 5'-
GGGCAG CAA GGGCAG-3’ (positions —1976 to —1962), is a
perfect direct repeat with a three-nucleotide spacer and is also
similar to a VDRE.

Transcriptional activity of the 5  flanking region in OK cells

Reporter constructs were made in which the 5" upstream sequence
of the NaPi-3 gene was fused to a luciferase reporter gene, and
transfected into OK cells (kidney epithelial cells of opossum),
COS-7 cells (fibroblasts from monkey kidney) or HeLa cells
(cervix carcinoma). When transfected into OK cells, a construct
containing sequences —2409 to +53 from the NaPi-3 gene
(p3P2400) was able to direct the highest luciferase expression.
Progressive deletion to positions —1259, —617 and —200
resulted in decreases in activity (P < 0.05). In particular, deletion
from —2409 to — 1259 resulted in much reduction of luciferase
activity, suggesting the loss of positive regulatory elements in this
region in OK cells. In contrast, luciferase activity driven from the
NaPi-3 promoter was not significantly increased in HeLa and
COS-7 cells, as compared with the pGL-2 basic vector (Figure 4).

Transactivation by VDR and 1,25-(0H),D,

To study the potential transcriptional activity of the NaPi-3
promoter in response to 1,25-(OH),D,, the reporter gene con-
struct containing the region —2409 to +53 was utilized
(p3P2400). When co-transfected with the reporter vector and
VDR expression vector into COS-7 cells, the increase in luciferase
activity was approx. 14-fold higher than with activation of
p3P2400 alone. In the presence of 0.5nM and 50 nM 1,25-
(OH),D., the promoter activity was increased 1.5-fold and 2.5-
fold respectively (Table 3). Thus the NaPi-3 gene promoter was
responsive to VDR and 1,25-(OH),D,.

DISCUSSION

In this paper, we isolated the human NaPi-3 gene and
characterized its genomic structure. Hartmann et al. [28] also
reported on the exon—intron junction of the NaPi-3 gene. Our
study demonstrating the exon—intron junctions and genomic
organization reveals some differences from the data reported by
Hartmann et al. [28]. We have therefore analysed the differences
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ACAGCACCTT

-869 CAGCGACACC

-799

TTCCTTTTCC

=729 CCAGCCCCTC

-659

-589

-519

-449

-379

-309

AP-2
CCCCTCCGCT

GGCCCATCCC

AGAGACCTGC

TGAGCTCCCC

GGTTTGGTTT

GCAACCTCCG

GCTTTATGCT

TTTTTTTTTT

CTCACTGCAA

AAGTGGTTAG

TCTTTTTGAG

CCTCTGCCTC

GGGTGCCCGC CACCACGCCC

SP-1
AGGCTGGTCT

CGTGAGCCAC

CGAACTCCTG

CGCGCCCGGC

CAGGGGCAGC AAGGGCAGAA
DR-C

GCCCAGTCCA
TTGGGAGAAT
GTGCCCGACC
GGGTGAGAAG
CTGAGCAGAC
ACACCCCCAA
AGACAAGGTG
AGGCAGGGAG
TCTGCTGCTT
TAGCCCCAAA
TGGATTTGAT
TCAAAAATAT
TTCAGCTGCT
TCTGGGCCCG
CAAGCCCAAG
CTCCTACCTG
TCTCTCCCTC
CGTTCCCATC
TCCAGGCTCC
AGTCTGGCCA
CACGATTCAA
CTGGGAGACT
TTCTGAGACA

AAGGCCATAG

GGGAGGTGGC

TGAGGACTGA

CAGATGGATG

CACAGTGCGT

GGAGCTTGGC

CCAGGCAGGC

GGACTCACCA

GTGCTGAAAT

GTATGAGTCC

ATAAATCTTT

CGATAGCTAA

CAAAAAGCAC

CCTGCCAAGG

CTGTGGGGGT

GACCCAGAGA

GGCATGAACC

CAGGGGCAGG

ACAGAGTTTT

CTGAGTTCAA

CGCTAATTTT

ACCTCAGGTG

CTAGTTTGGC

ATGGACAGAG

CACAGAGATG

GTTGGAAACG

GACGGTGTGC

GCTTCTGGCT

ACCTTCCCTC

TCTCAGCCCA

CCCAGGGGGA

GGCAGAGAGG

CAACAGCAGC

AGAAGTGGTG

CTGCCTCCCC

AACCTTATTA

TCTGAACTGC

GTCAGTTTGC

TTCTGACACA

CAGCCCTAGC

CCCGTCALCA ATTCTACTGG

CRE
GGAGTTCAGG

CTTCCATATA

GCGGCTCCAC

CATTCCACGG

TACAGACACC

GTCTCACTCT

GATGTTTGGG

CCAAT

CCTCATCATC

TCCGGGTTCC

ATTCACTCAG

CCTTTCCAGC

CCGACGCTTG

GTCACCCAGG

TCATTCCCTG

TTTCGAAAGG
GCTCTTGTTG
GTGATTCTCC
TTTGTATTTT
ATCCACCTGC
ATTTTGAAAA
CACTTGGGAA
GCTAACAGCA
AGGAAGTGGA
CGCTCACCAA
TGCAGAGCCA
CAAAACAGCT
GAAAAGGTCT
CACACAGACT
CTGGCAAGAG
TCTGGTCAGA
GCTGTGTAAA
CACTAAACCC
AAAAGGAGAA
ACGGGGGAAT
TCATAGGTGG
AGAACTGAGA
CAAAGATCCA
TCAGATGTCC
TCCTGCCTGG
ACCCCGGGCG
Sma I
ACTCACATCC
TTAGGTCCTC
GCAAGGCCAT
CTGGAGTCAG

GGGAGTCCTG

AAGAGGAGGT
CCCAGGCTGG
TGCCTCAGCC
TAGTAGACAT
CTTGGCCTCC
GATTGCTGTC
GTGACCGCAA
AAAGATCAGG
GGGGAAGGAA
GATCAGGAAG
ACTGCTCGTG
CCTCCTGCTG
GGGGAGGCCA
CTGTCACTGG
ATACGTTGGT
TCCAGCATTT
TCAGCAGCAT
AGAGCTCCGT
ACACCCCCAG
GGAGAGAAAC
AGACACTCGA
ACTGATTGCA
GAGACCCGAC
CTGGGATGCA
ACCATTAGCC
CGATTCTAAA
TGGACCCATG
ATCTCACACT
AGGATGTTTT
TGGCACGATC

TCAGGCCAGG

GACATGATTA

AP-1
AGTGCAATGT
TCCCGAGTAA
GGGGTTTCAC
CAAAGTGCTG
TGCTGCTTTG
TGACCCAGGG
GAGCTCCTGG
ACAGCAAGGA
AAGGAGGAGG
CCAGAGGCCG
GGTTCCTTTC
TGGCCAGAGC
CCAGGGAGGA
GCTGGAATGG
TCTCACTTTC
TTTGGAATTA
GACAGCAGGG
TTCACCAGGA
AGGTCACGTG
TGTGACATTA
TTTCGTGACT

AP-1
TCCCATCTAT
ccTaTCCcIce
TCTTAACTGG
AGGCAGATCA
GTCGGGCATT
CCCTCTCCTC
TGTTTGGTTT
TTGGCTCACT

AACGAGGGGA

GGTCTCTGCC_T AGGCGGG
Pst I SP-1
ATGCAGAGCT GACGATTAGC

-239 CCCTGGGAAC AAGGTGCTGA GTGGCATCAG GGATGTGTCT GGGTCGTGGT

DR-B
TGATGGGAAG AACCTGACCA TAGATTCCCC AATTAACTGG

-169 GAGGAATCTC

AGGGGTGAGG

GTATAANGAG

TATA-box
AACACAGAAT TCTAAGgtgagcccagga-----—-—-—-——————=——————

Eco RI Intron 1

GGGCAGCTAG GGTTCCAGGG

TTAATTGGGG GACAGAQQQ?_’ ACTTTGCCCT

-99 TGACCCAAGA
DR-A
-29 GAGGGTCTCA GTTCTCCTCAiGGGTCCTGGA GGCTTCATTG
+

AGCTGCTGAG CAGAAGCTGA

Figure 3 Nucleotide sequence of the 5  flanking region and exon 1 of the NaPi-3 gene

Nucleotides are numbered, with the major transcription-initiation site designated as + 1. Various well-established cis-acting elements are indicated by boxes. Major restriction endonuclease-digestion
sites are underlined, and three direct-repeat regions are double underlined
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Table 2 Sequences of VDRE present in vitamin D-regulated genes and the
direct-repeat sequence found in the 5" flanking region of the NaPi-3 gene

Sequence position

Gene product VDRE sequence (relative to promoter)

Rat 24-hydroxylase AGGTGA gtg AGGGCG (
CGCACC cgc TGAACC (
Mouse osteopontin GGTTCA cga GGTTCA (
Human osteocalcin GGGTCA acg GGGGCA (
Rat osteocalcin GGGTGA atg AGGACA (
Mouse calbindin Dz, GGGGGA tgtg AGGAGA (—198 to —183
Rat calbindin Dg, GGGTGT cgg AAGCCC (
(
(
(
(

Avian integrin /3, GAGGCA gaa GGGAGA

Human NaPi-3 DR-A  GGGGGA ca GAGGGA
Human NaPi-3 DR-B GGGGAC cct GGGAAC
Human NaPi-3 DR-C  GGGCAG cca GGGCAG

—83to —70)
—244 to —230)
—1976 to —1962)

very precisely. In particular, the positions of the exon 10/intron
10 junctions are different from those proposed by Hartmann et
al. [28]. In addition, the 5" sequence of intron 5 is not gtgagtt, but
gtgttag. Minor differences are also detected at intron 1, intron 6
and intron 10. We have identified distinct transcription-initiation
sites by 5-RACE and primer-extension analysis. Although
Hartmann et al. [28] also reported that the transcription-initiation
site was a cytosine residue at position — 34 relative to the 3" end
of exon 1 by primer extension analysis, this position is located 46
bases downstream of the TATA box. Furthermore they did not
include the figures for primer-extension analysis and did not
describe the RNA source. As a general rule for the position of
TATA boxes in eukaryotic promoters, our result showing
initiation at position — 57 (28 bp upstream of the initiation site),

Table3 Regulation of the human NaPi-3 promoter by VDR and 1,25(0H),D,

A vector containing the NaPi-3 promoter, p3P2400 (0.5 zg), was transfected into COS-7 cells
with or without VDR expression vector (0.05 xg) and 1,25(0H),D, (10'% or 10-8M). Cells
were harvested and assayed for luciferase activity 36 h after transfection. The p3P2400 activity
was assessed as described in Figure 4. Data are represented as fold induction in COS-7 cells
as compared with p3P2400 alone. Luciferase activity was corrected for differences in
transfection efficiency between experiments by normalizing to /-galactosidase activity. Data are
means £ S.E.M. from triplicate determinations and the results are representative of two separate
experiments.

Relative luciferase activity (-fold)

VDR... None + + +
1,25-(0H),D; ... None None 0.5 nM 50 nM
1.00£0.306  13.940.670  21.5+3.83 37.8+£17.2

more readily conforms to the general structure of transcription-
start sites. The discrepancy may result from the different source
of RNA or multiple transcription-start sites [28]. In addition, this
is the first report characterizing the promoter region and assessing
the transcriptional activation of the promoter.

The structure of the NaPi-3 gene is not homologous with other
Na*-dependent transporter family genes. Eukaryotic homologues
of the human NaPi-3 protein include the Na*/P, co-transporter
in rat, rabbit, mouse and opossum [4,6,9]. However, Na*/P, co-
transporter genes are not homologous with members of the
Na*/glucose transporter (SGLT) family [29], such as the canine
Na*/myo-inositol co-transporter [30] or the rabbit Na*/
nucleoside co-transporter [31]. Other Na* co-transporters that
are not homologous with the SGLT1 family include an hepatic
Na*/bile co-transporter and three Na*/P, co-transporters,

BamHI Smal Pstl o
TATA
[
3P2400
E Luc

p3P1260

p3P600

[Lue AN\

p3P200

o
[Luc AN\

pGL-2
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Figure 4 Transcriptional activity of the NaPi-3 promoter region

Tl
3 4 5 "51 528 2395

Relative Luciferase Activity (-fold of pGL2)

0K (), COS-7 () and HelLa (M) cells were transiently transfected with 0.5 xg of reporter vector containing the Iuciferase gene under the control of the NaPi-3 gene promoter and 0.5 ug
of the pCMV-/3 control plasmid as described in the Materials and methods section. Transfected cells were harvested after 36 h and assayed for luciferase activity. Data are shown relative to activity
observed with the pGL-2 vector (promoterless vector). The pGL-2 control vector was used as positive control. Luciferase activity was normalized to £-galactosidase activity in order to normalize
for differences in transfection efficiency between experiments. Data are means + S.E.M. from triplicate determinations, and the results are representative of three separate experiments.
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Figure 5 Comparison of exon positions with membrane-spanning secondary structures of the Na*/P, co-transporter (NaPi-3) and Na*/glucose co-transporter

(SGLT1)

The upper and lower panels indicate the predicted secondary structures of the human SGLT1 [32] and NaPi-3 [33] proteins respectively. Numbers show the position of the amino acids at the
start and end of each transmembrane domain. The exon junctions are indicated by a thin line. Encircled letters show the amino acids comprising the leucine zipper motif. Hatched circles indicate
the SOB motif. A comparison of sequences in the exon containing the leucine zipper motif in the SGLT1 and NaPi-3 genes is shown in the central panel, and the transmembrane domain is indicated

by a box.

each of which is predicted to possess six transmembrane
domains [29]. In a recent study Turk et al. [32] reported that
the new membrane topology of the SGLT1 family consists of 14
transmembrane domains, an extracellular N-terminus and a
large intracellular loop at the C-terminus (Figure 5). They
reported that the SGLT1 topology is similar to that of the
bacterial Na*/proline and Na*/pantothenate transporter [32].
The locations of the exon—intron junctions and the predicted
eight membrane-spanning domains of NaPi-3 on the basis of a
previous study [33] (Figure 5) suggest that it does not share a
common ancestral six-transmembrane-span protein with SGLT1

family members. However, the leucine zipper motif near the Na*-
binding motif (SOB motif) is encoded by one exon in both genes
(exon 11 in the human SGLT1 gene and exon 10 in the human
NaPi-3 gene as indicated in Figure 5). Thus the leucine zipper
motif and SOB motif may be evolutionarily conserved in the
human NaPi-3 and SGLT-1 genes.

In the 5 flanking region of the NaPi-3 gene, we demonstrated
that the sequence between —2409 and —1259 may play an
important role in kidney-specific gene expression, because this
promoter was only active in OK cells, and not in HeLa or COS-
7 cells (Figure 4). We could not identify a known cis-acting
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element associated with kidney-specific gene expression in this
region. Three direct-repeat-like sequences similar to
steroid—thyroid hormone-responsive elements were found in the
promoter region. The DR-B and DR-C sequences, each with a
three-nucleotide spacer, resemble previously reported VDREs
(Table 2) [34]. Vitamin D has been shown to increase or decrease
P, excretion, depending on experimental conditions such as
length of exposure, dose and prior vitamin D and parathyroid
hormone status [2]. Evidence indicates that short-term
administration of 1,25-(OH),D, increases P, reabsorption in
vitamin D-deprived animals [35,36]. Two mechanisms are
involved in the increase in phosphate reabsorption stimulated by
1,25-(OH),D,. The first involves protein-synthesis-independent
regulation, whereby vitamin D can stimulate Na*-dependent
phosphate-transport activity by changing membrane fluidity
and/or membrane composition [37-39]. This mechanism is
thought to be important in the acute response [39]. The second
is mediated through transactivation of the gene promoter. In this
study, VDR co-expression in the presence of 1,25-(OH),D, in
COS-7 cells significantly increased the activity of the NaPi-3
promoter. This explains results from an in vivo study in vitamin
D-deficient rats where NaPi-2 mRNA expression was strongly
induced by the presence of 1,25-(OH),D, (K. Miyamoto, un-
published work). Thus further study of the VDRE locus in the
promoter region of the human NaPi-3 gene is warranted.

XLH is a dominantly inherited disorder of P, homoeostasis
[1,13]. Studies in mice harbouring the homologous X-linked /Ayp
mutation revealed a specific defect in Na*-dependent P, transport
in the renal brush-border membrane, which contributes to
hypophosphataemia and bone disease. Moreover, the deficit in
Na*/P, co-transport is associated with a decrease in transport
maximum velocity that is proportional to the decrease in the
relative abundance of Na*/P, co-transporter mRNA and
immunoreactive protein [14]. Vitamin D metabolism is also
abnormal in the renal epithelial cells of these /yp mice [17]. The
PEX gene has been recently isolated as a candidate for XLH [20],
and thus its function must be closely related to a deficiency in the
Na/P, co-transporter and abnormal vitamin D metabolism. The
two clinical states are XLH and HHRH [1]. HHRH is an
autosomal recessive disorder characterized by a decrease in renal
phosphate transport activity. We have suggested that the NaPi-
3 gene may be a candidate gene for the HHRH syndrome [40].
Genetic analysis of the NaPi-3 gene in patients with HHRH is
under way. Finally, our determination and study of the promoter
sequence of a type-II transporter gene may lead to the elucidation
of the molecular mechanisms of XLH and HHRH.

It should be noted that Hartmann et al. commented that our
abstract about the structure of the NaPi-3 gene [19] had some
discrepancies with their data [28]. Our results were preliminary at
that time. Our observations in the present report essentially agree
with their report.

We thank S. Yamamoto (Department of Biochemistry, University of Tokushima) for
providing access to the Fuji BAS 2000 image analyser and luminometer for the
luciferase assay. This work was supported by grants to Y.T. (Encouragement of
Young Scientists no. 07770105) and E.T. [Development Scientific Research (B) no.
07557321] from the Ministry of Education, Science, Sports and Culture of Japan.
E.T. was also supported by grants from the Setsuro Fujii Memorial Foundation, the
Uehara Memorial Foundation, and the Salt Science Research Foundation.

REFERENCES

1 Murer, H. and Biber, J. (1992) in The Kidney: Physiology and Pathophysiology, 2nd
edn., (Seldin, D. W. and Giebisch, G., eds.), pp. 2481-2509, Raven Press, New York

Received 2 January 1997/17 February 1997; accepted 24 February 1997

18
19

20

21

22

23

24

25

26

27

28

29

31

32

33

34

40

Berndt, T. J. and Knox, F. G. (1992) in The Kidney: Physiology and Pathophysiology,
2nd ed., (Seldin, D. W. and Giebisch, G., eds.), pp. 2511—2531, Raven Press, New
York

Werner, A., Moore, M. L., Mantei, N., Biber, J., Semenza, G. and Murer, H. (1991)
Proc. Natl. Acad. Sci. U.S.A. 88, 9608—9612

Verri, T., Markovich, D., Perego, C., Norbis, F., Stange, G., Sorribas, V., Biber, J. and
Murer, H. (1995) Am. J. Physiol. 268, F626—F636

Li, H. and Xie, Z. (1995) Cell. Mol. Biol. Res. 41, 451—460

Magagnin, S., Werner, A., Markovich, D., Sorribas, V., Stange, G., Biber, J. and
Murer, H. (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 5979-5983

Chong, S. S., Kristjansson, K., Zoghbi, H. Y. and Hughes, M. R. (1993) Genomics 18,
335-339

Miyamoto, K., Tatsumi, S., Sonoda, T., Yamamoto, H., Minami, H., Taketani, Y. and
Takeda, E. (1995) Biochem. J. 305, 81—85

Collins, J. F. and Ghishan, F. K. (1994) FASEB J. 8, 862—868

Chong, S. S., Kozak, C. A., Liu, L., Kristjansson, K., Dunn, S. T., Brourdeau, J. E. and
Hughes, M. R. (1995) Am. J. Physiol. 268, F1038—F1045

Sorribas, V., Markovich, D., Hayes, G., Stange, G., Forgo, J., Biber, J. and Murer, H.
(1994) J. Biol. Chem. 269, 6615—6621

Biber, J. and Murer, H. (1994) Renal Physiol. Biochem. 17, 212-215

Biber, J., Custer, M., Magagnin, S., Hayes, G., Werner, A., Lotscher, M., Kaissling,
B. and Murer, H. (1996) Kidney Int. 49, 981—985

Levi, M., Lotscher, M., Sorribas, V., Custer, M., Arar, M., Kaissling, B., Murer, H.
and Biber, J. (1994) Am. J. Physiol. 267, F900—F908

Werner, A., Kempson, S. A,, Biber, J. and Murer, H. (1994) J. Biol. Chem. 269,
6637—6639

Rasmussen, H. and Tenenhouse, H. S. (1995) in The Metabolic and Molecular Basis
of Inherited Disease, 7th edn., (Scriver, C. R., Beaudet, A. L., Sly, W. S. and Valle, D.,
eds.), pp. 37173745, McGraw Hill, New York

Tenenhouse, H. S., Werner, A., Biber, J., Martel, J., Roy, S. and Murer, H. (1994)

J. Clin. Invest. 93, 671676

The HYP Consortium (1995) Nat. Genet. 11, 130136

Taketani, Y., Miyamoto, K., Tanaka, K., Katai, K., Tatsumi, S., Segawa, H., Yamamoto,
H., Chikamori, M., Morita, K., Haga, H. and Takeda, E. (1995) J. Bone Miner. Res.
10, S155 (abstr.)

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) in Molecular Cloning: A
Laboratory Manual, 2nd edn., pp. 9.14—9.23, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York

Arakawa, T., Ohshima, T., Kishimoto, K., Yoshimoto, T. and Yamamoto, S. (1992)

J. Biol. Chem. 267, 12188—12191

Marchuk, D., Drumm, M., Squlino, A. and Collins, F. S. (1991) Nucleic Acids Res.
19, 1154

Arakawa, T., Nakamura, M., Yoshimoto, T. and Yamamoto, S. (1995) FEBS Lett. 363,
105-110

Takebe, Y., Seiki, M., Fujisawa, J., Hoy, P., Yokota, K., Arai, K., Yoshida, M. and
Arai, N. (1988) Mol. Cell. Biol. 8, 466—472

Breathnach, R. and Chambon, P. (1981) Annu. Rev. Biochem. 50, 349-383

Ruskin, B. and Green, M. R. (1985) Nature (London) 317, 732—734

Umesono, K., Murakami, K. K., Thompson, C. C. and Evans, R. M. (1991) Cell 65,
1255—1266

Hartmann, C. M., Hewson, A. S., Kos, C. H., Hilfiker, H., Soumounou, Y., Murer, H.
and Tenenhouse, H. S. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 7409—7414

Turk, E., Martin, M. G. and Wright, E. M. (1994) J. Biol. Chem. 269, 15204—15209
Kwon, H. M., Yamauchi, A, Uchida, S., Preston, A. S., Garcia-Perez, A., Burg, M. B.
and Handler, J. S. (1992) J. Biol. Chem. 267, 62976301

Pajor, A. and Wright, E. M. (1992) J. Biol. Chem. 267, 3557—3560

Turk, E., Kerner, C. J., Lostao, M. P. and Wright, E. M. (1996) J. Biol. Chem. 271,
19251934

Hayes, G., Busch, A., Lotscher, M., Waldegger, S., Lang, F., Verrey, F., Biber, J. and
Murer, H. (1994) J. Biol. Chem. 269, 24143—24149

Christakos, S., Raval-pandya, M., Wernyj, R. P. and Yang, W. (1996) Biochem. J.
316, 361-371

Georgaki, H. and Puschett, J. B. (1982) Endocr. Res. Commun. 9, 135143

Kurnik, B. R. C. and Hruska, K. A. (1984) Am. J. Physiol. 247, F177—F182

Kurnik, B. R. C. and Hruska, K. A. (1985) Biochim. Biophys. Acta 817, 42—50
Kurinik, B. R. C., Huskey, M. and Hruska, K. A. (1987) Biochim. Biophys. Acta 917,
81-85

Suzuki, M., Kawaguchi, Y., Momose, M., Morita, T., Yokoyama, K. and Miyahara, T.
(1988) Biochem. Biophys. Res. Commun. 150, 1193—1198

Miyamoto, K., Tatsumi, S., Yamamoto, H., Katai, K., Taketani, Y., Morita, K. and
Takeda, E. (1995) Tokushima J. Exp. Med. 42, 5-9



