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Abstract

The X-linked Hyp mouse is characterized by a specific defect in
proximal tubular phosphate (Pi) reabsorption that is asso-
ciated with a decrease in V .. of the high affinity Na+-Pi co-
transport system in the renal brush border membrane. To un-
derstand the mechanism for V ,. reduction, we examined the
effect of the Hyp mutation on renal expression of Na+-Pi co-
transporter mRNA and protein. Northern hybridization of
renal RNA with a rat, renal-specific Na+-Pi cotransporter
cDNA probe (NaPi-2) (Magagnin et al. 1993. Proc. Nati.
Acad. Sci. USA. 90:5979-5983.) demonstrated a reduction in a
2.6-kb transcript in kidneys of Hyp mice relative to normal
littermates (NaPi-2/,B-actin mRNA = 57±6% of normal in
Hyp mice, n = 6, P < 0.01 ). Na+-Pi cotransport, but not Na+-
sulfate cotransport, was 50% lower in Xenopus oocytes in-
jected with renal mRNA extracted from Hyp mice when com-
pared with that from normal mice. Hybrid depletion experi-
ments documented that the mRNA-dependent expression of
Na+-Pi cotransport in oocytes was related to NaPi-2. Western
analysis demonstrated that NaPi-2 protein is also significantly
reduced in brush border membranes of Hyp mice when com-
pared to normals. The present data demonstrate that the spe-
cific reduction in renal Na+-Pi cotransport in brush border
membranes of Hyp mice can be ascribed to a proportionate
decrease in the abundance ofNa+-Pi cotransporter mRNA and
protein. (J. Clin. Invest. 1994. 93:671-676.) Key words: X-
linked hypophosphatemia - vitamin D resistant rickets * famil-
ial hypophosphatemic rickets * brush border membrane * proxi-
mal tubule * NaPi-l * NaPi-2 * NaPi-3

Introduction

The X-linked Hyp mutation is a murine homologue of X-
linked hypophosphatemia, the most prevalent form of in-
herited rickets in humans (1 ). Like their human counterparts,
Hyp mice are characterized by rachitic bone disease, hypophos-
phatemia, and impaired renal reabsorption of filtered phos-
phate (Pi)' (1, 2). In both mouse (3) and humans (4), the
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1. Abbreviations used in this paper: NaPi-2, rat kidney Na+-Pi cotrans-
porter; Pi, phosphate; PFA, phosphonoformic acid.

mutation maps to one of five highly conserved regions on the X
chromosome (5). Neither the gene nor its product have been
identified.

The renal defect in Pi reabsorption in Hyp mice has been
localized to the brush border membrane ofthe proximal tubule
(6-8) and is not dependent on parathyroid hormone for its
expression (9). Kinetic studies provided evidence for two dis-
tinct Na+-Pi cotransport systems in renal brush border mem-
brane vesicles of Hyp mice (10). While the low affinity, high
capacity mechanism is intact in the mutant strain, the high
affinity, low capacity process has half normal Vm., with no
change in apparent affinity for Pi (10). These findings under-
score the importance of the high affinity Pi transport system in
the overall maintenance of Pi homeostasis, and they suggest
that a partial loss of this function contributes to hypophospha-
temia and bone disease in Hyp mice.

Several approaches have been taken to elucidate the mecha-
nism for the decrease in Vma of the high affinity Na+-Pi co-
transport system in the renal brush border membrane of Hyp
mice. These studies demonstrated that loss of transport func-
tion could not be ascribed to an impaired response ofthe trans-
porter to the Na+ gradient driving force, membrane potential
or external pH ( 11), or to an alteration in the lipid composi-
tion of renal brush border membranes in Hyp mice ( 12). In
addition, the in situ molecular size of the high affinity Na+-Pi
cotransporter, determined by radiation inactivation analysis, is
similar in normal and Hyp mice ( 13).

Efforts to determine whether the number of high affinity
Na+-Pi cotransport sites is decreased in the renal brush border
membrane of Hyp mice have been hampered by the lack of
specific probes for the cotransporter. The demonstration that
Na+ -dependent phosphonoformic acid (PFA) binding and the
Pi-displaceable component ofPFA binding are similar in renal
brush border membranes of normal and Hyp mice suggested
that the number of Pi transport sites is not reduced in the mu-
tant strain ( 13). However, because PFA does not interact exclu-
sively with the Na+-Pi cotransporter (14), nonspecific PFA
binding to the brush border membrane may have masked a
genotype difference in Na+-Pi cotransporter number.

Recently, cDNAs related to renal cortical brush border
membrane Na+-Pi cotransport have been identified by expres-
sion cloning in Xenopus laevis oocyte systems ( 15, 16). Na +-Pi
cotransporter cDNAs, cloned from rat (NaPi-2) and human
(NaPi-3) kidney cortex, hybridize at high stringency with renal
transcripts from a variety ofmammalian species including rab-
bit and mouse, and are expressed only in the kidney ( 16). In
the rat, NaPi-2 mRNA was shown to be present exclusively in
the proximal tubule by reverse transcriptase-PCR of mRNA
isolated from single microdissected nephron segments ( 17). In
addition, NaPi-2-related protein was localized to the brush
border membrane of the rat proximal tubule by immunocyto-
chemistry ( 17). A similar approach was recently used by the
same group to localize NaPi- 1 mRNA ( 18) and protein ( 19) to
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the proximal tubule and brush border membrane of rabbit
kidney.

In the present study, we have used NaPi-2 cDNA and NaPi-
2-specific antibody probes to investigate the basis for the spe-
cific reduction in Na'-Pi cotransport in renal brush border
membranes of Hyp mice. We provide evidence for a propor-
tionate reduction in renal abundance ofNa'-Pi cotransporter
mRNA and protein in the mutant strain.

Methods

Mice. Mutant Hyp mice and normal littermates were obtained by
breeding C57B1/6J Hyp/+ females with C57B1/6J +/Y males; the
original breeding pairs were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice were maintained on Wayne Rodent Blox from
Teklad Premier Laboratory Diets (Madison, WI) containing 1.2% cal-
cium and 0.99% phosphorus. Mice aged 6-12 mo were used in all
experiments and were killed by decapitation.

Brush border membrane isolation and transport studies. Renal
brush border membrane vesicles were prepared from kidney cortex by
the MgCl2 precipitation procedure as described previously (7). Enrich-
ments of8- to 10-fold with respect to alkaline phosphatase activity were
routinely obtained. Transport of [132P]phosphate (0.1 mM), [35S]-
sulfate (0.1 mM), and [3H]glucose (0.01 mM) was measured in the
presence of 100 mM mannitol, 10 mM Tris-Hepes, pH 7.4, 100 mM
KCl or 100 mM NaCl (7). The Na+-dependent component of trans-
port was obtained by the difference in uptake in NaCl and KCl, respec-
tively. Uptake in KCl comprised less than 10% of uptake in NaCl.

X. laevis oocytes and transport assay. Methods related to the han-
dling ofoocytes and the transport assay have been described earlier ( 15,
16, 20, 21 ). Qocytes were injected with either 50 nl H20 or mRNA
(5-25 ng/50 nl) and uptake of [32P]phosphate and [35S]sulfate mea-
sured 1-5 d after injection. Based on our previous studies of Na+-Pi
and Na+-sulfate cotransport in oocytes injected with rat and rabbit
renal mRNA, we assumed that, under the above conditions, transport
rates would be proportional to the amount ofmRNA injected ( 15, 16,
20, 21 ). Indeed, in a preliminary study of oocytes injected with renal
mRNA from normal mice, this prediction was confirmed (data not
shown). Furthermore, we routinely used two different concentrations
of mouse renal mRNA and two different times after injection in all
oocyte experiments and qualitatively similar results were obtained
under these conditions (data not shown). The transport studies were
performed in either 100 mM NaCl or 100 mM choline chloride at Pi
and sulfate concentrations of 0.5 mM. The Na+-dependent compo-
nent oftransport was obtained by the difference in uptake in NaCl and
choline chloride, respectively. Uptake in choline chloride was < 20 and
30% of that in NaCl for Pi and sulfate, respectively ( 15, 16, 20, 21).

Hybrid depletion studies. RNAase H-mediated hybrid depletion,
followed by functional expression in Xenopus laevis oocytes, was per-
formed as described by Meyerhof et al. (22). Two complementary
16-mer oligonucleotides (GGCCTCTACCCTGGAC, antisense; GTC-
CAGGGTAGAGGCC, sense) at position 1,004-1,020 of NaPi-2
cDNA (16) were used. Renal mRNA (2 ig) from normal and Hyp
mice was annealed to 0.8 pmol ofeither antisense or sense oligonucleo-
tides in 5 ul of 100 mM KCI: after denaturing the mix for 5 min at
70°C, the tubes were cooled at room temperature for 10 min, and then
kept on ice. 20 Ml of RNase H digestion mix (25 mM Tris-HCI [pH
6.9], 115 mM KCl, 6 mM MgCl2, 0.2 mM j3 NAD+, 12.5 mM
[NH4]2SO4, 70 U RNase inhibitor [Biofinex], 2.5 Mg transfer RNA,
0.25 U RNase H [Gibco BRL, Gaithersburg, MD]) was added and the
reaction mixture incubated for 10 min at 37°C. The reaction mixture
was then extracted with phenol/chloroform/isoamylalcohol (25:24:1 )
and precipitated with ethanol. The resulting RNA was dissolved in 3M1
of water; 1 Ml was used for northern analysis and the rest used for
functional expression in Xenopus laevis oocytes.

Isolation of total and mRNA. Total RNA was isolated by the
method of Chirgwin et al. (23) from kidneys which had been quick

frozen in liquid N2. Poly(A)+ RNA selection was achieved with
oligo(dT)-cellulose (Boehringer Mannheim Corp., Indianapolis, IN)
using the manufacturer's protocol.

Northern analysis. Total RNA (20 Mg) or mRNA (0.5 Mg) was
denatured and subjected to electrophoresis on 1% agarose/formalde-
hyde gels (24). The RNA was visualized with ethidium bromide before
transfer onto a nylon membrane by vacuum blotting. The membranes
were exposed to ultraviolet light for 2 min and fixed at 80C for 2 h.
Full-length cDNA probes for NaPi-2 (16), NaSi-l (21), and fl-actin
(25) were labeled by random priming using a[32P]dCTP. Blots were
prehybridized and hybridized in buffer containing 50% formamide, 5
X SSPE (0.75 M NaCl, 0.05 M NaH2PO4, 5 mM EDTA, pH 7.4) 25
mM KPO4 (pH 7.4), 0.1% SDS, 10% dextran sulfate, 2.5x Denhardt's,
0.25 mg/ml salmon sperm DNA, and 0.5 mg/ml yeast transfer RNA.
After hybridization, blots were washed to high stringency and exposed
to Kodak XAR film. The relative intensities ofthe resulting autoradio-
graphic images were assessed using the Ultroscan Laser Densitometer
from LKB Instruments Inc. (Bromma, Sweden). The signal for NaPi-2
was related to that for fl-actin. The latter was not influenced by the Hyp
mutation.

Slot blots. 4-8 Mg oftotal RNA were applied to a nylon membrane
with the aid of slot blot manifold and fixed as described above. Mem-
branes were hybridized and autoradiographic images quantitated as
described above.

Western blot analysis. SDS-polyacrylamide gel electrophoresis was
carried out according to Laemmli (26) using 10% acrylamide gels. Be-
fore electrophoresis, brush border membrane proteins were denatured
at 95°C for 2 min in sample buffer (final concentrations: 2% SDS, 10%
glycerol, 10 mM DTT, 0.5 mM EDTA, and 95 mM Tris/HCl, pH
6.8). Electrophoretic transfer onto nitrocellulose paper (BA 83;
Schleicher & Schuell, Inc. (Keene, NH) was performed according to
Towbin et al. (27). After blocking with 3% BSA (no. 7030; Sigma
Immunochemicals, St. Louis, MO) in 150 mM NaCI, 20 mM Tris-
HCI, pH 7.3, the blots were incubated with polyclonal antibodies raised
against a synthetic COOH-terminal peptide of the recently cloned
NaPi-2 of rat kidney cortex ( 16, 17) or with polyclonal antibodies
raised against purified ecto 5'-nucleotidase from rat (kindly provided
by Dr. B. Kaissling, University of Zurich) (28). Both antisera were
used at a dilution of 1:5,000, either in the absence or in the presence of
the antigenic peptide (100 Mg/ml). Binding of the primary antibody
was visualized using a goat anti-rabbit IgG conjugated to alkaline
phosphatase (Bio-Rad Laboratories, Richmond, CA) and 5-bromo-4-
chloro-3-indolylphosphate and nitro-blue-tetrazolium as chromogens.
The staining intensities were quantitated by densitometry. Molecular
weight standards (Bio-Rad Laboratories) were run in parallel and
stained with India ink.

Statistics. Transport measurements were performed in quadrupli-
cate and all experiments were repeated at least three times. Data are
expressed as mean±SEM unless otherwise indicated. Where indicated,
statistical significance was determined by Student's t test, paired or
unpaired as appropriate.

Results

Initial rate Na+-dependent Pi transport is significantly reduced
in renal brush border membrane vesicles prepared from Hyp
mice when compared to normal littermates (Table I). In con-
trast, Na+-dependent sulfate and Na+-dependent glucose up-
take are not significantly different in normal and mutant mice
(Table I). These data provide evidence for a specific Pi trans-
port defect in the renal brush border membrane of Hyp mice
and are consistent with previous findings (6, 7, 10, 29).

Northern analysis of total RNA isolated from kidneys of
normal and Hyp is depicted in Fig. 1. Hybridization of the
membrane with the NaPi-2 cDNA probe clearly demonstrates
a 2.6-kb transcript that is significantly reduced in kidneys from
Hyp mice when compared to normal littermates. Ethidium
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Table I. Na'-dependent Pi, Sulfate, and Glucose Uptake
in Renal Brush Border Membrane Vesicles Prepared
from Normal and Hyp Mice

Uptake

Normal Hyp

pmol/6 s per mg protein

Pi 382±27 209±21*
Sulfate 147±37 228±38
Glucose 22±3 22±4

Renal brush border membrane vesicle preparation and transport
studies were performed as described in Methods. The Na'-dependent
component of uptake is depicted and was obtained by the difference
in uptake measured in NaCl and in KCI. The latter, which comprised
<10% of uptake in NaCl, was not significantly different in Hyp mice.
Mean±SEM of three experiments performed in quadruplicate are
shown. * P < 0.01 Normal vs Hyp.

bromide staining ofthe gel (not shown) and rehybridization of
the Northern blot with a f-actin cDNA probe (Fig. 1) confirm
that the reduction in NaPi-2 mRNA abundance in kidneys of
Hyp mice cannot be ascribed to differences in RNA loading on
the gels. The abundance of NaPi-2 mRNA relative to g-actin
mRNA, determined by densitometric analysis of three North-
ern blots and three slot blots, each obtained with different renal
RNA samples from normal and Hyp mice (n = 6), indicate
that Na+-Pi cotransporter mRNA is - 57% of normal in kid-
neys of Hyp mice (Fig. 1, P < 0.01 ).

Expression of Na+-Pi and Na'-sulfate cotransport in oo-
cytes injected with mRNA extracted from kidneys of normal
and Hyp mice are shown in Fig. 2. While Na+-dependent Pi
transport is significantly higher in mRNA-injected oocytes
than in water-injected controls, renal mRNA from Hyp mice
elicited a response that was - 50% of that seen with a similar
amount of renal mRNA from normal littermates (Fig. 2 A). In
contrast, Na'-dependent sulfate transport was not signifi-
cantly different in oocytes injected with renal mRNA from
normal or Hyp mice but was markedly higher than that in
water-injected controls (Fig, 2 B). These data suggest that the
mRNA species encoding the Na+-Pi cotransporter is signifi-
cantly reduced in kidneys of Hyp mice.

Normal Hoy Figure 1. Northern blot
analysis of total RNA

NaPi-2
*

" 2.6 kb extracted from kidneys
of normal and Hyp
mice. After electropho-
resis on agarose/form-

p-actin w _ 2.1 kb aldehyde gels, RNA was
transferred to nylon
membranes and hybrid-

NaPI-21fl-actln 1.4 ±0.2 0.8 ±0.2 ized sequentially with
32P-labeled NaPi-2 and

fl-actin cDNA probes as described in Methods. Na+-Pi cotransporter
and ,B-actin mRNAs were visualized by autoradiography. The NaPi-
2/,B-actin mRNA ratios (mean±SD, n = 6, P < 0.01, normal vs Hyp)
were obtained by densitometric analyses of three Northern blots and
three slot blots, each obtained with different renal RNA samples from
normal and Hyp mice.
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Figure 2. Expression ofNa+-Pi and Na+-sulphate cotransport activity
in Xenopus laevis oocytes. Na+-dependent Pi uptake (A) and Na+-
dependent sulfate uptake (B) were assayed 3 d after injection of oo-
cytes with either water or 15 ng mRNA from kidneys of normal or
Hyp mice as described in Methods. Qualitatively similar results were
obtained with different amounts of mRNA and at different times
after injection. The values are mean±SEM (five to seven oocytes,
representative experiment).

To determine whether the mRNA-induced oocyte expres-
sion ofNa+-Pi cotransport and the mutation-related difference
in mRNA-stimulated activity, depicted in Fig. 2 A, are indeed a
function of an mRNA species related to NaPi-2, mRNA from
kidneys of normal and Hyp mice was hybridized with an anti-
sense NaPi-2 oligonucleotide probe and treated with RNase H
digestion before oocyte injection. As shown in Fig. 3 A,
mRNA-dependent Na+-Pi cotransport was abolished in oo-
cytes injected with renal mRNA, from either normal or Hyp
mice, after hybridization with the antisense NaPi-2 oligonucleo-
tide. In contrast, application ofthe same protocol with a NaPi-
2 sense oligonucleotide did not affect mRNA-stimulated Na+-
Pi cotransport and did not abolish the mutation-related decre-
ment in Na+-dependent Pi transport in injected oocytes (Fig. 3
A). Northern analysis of mRNA from normal and Hyp mice
demonstrates the expected reduction in size ofthe NaPi-2 tran-
script after hybridization with antisense but not with sense
NaPi-2 oligonucleotides (Fig. 3 B). Moreover, consistent with
the data in Fig. 1, a reduced signal with the NaPi-2 cDNA
probe was obtained with mRNA from kidneys of Hyp mice
relative to normals after hybridization with either sense or anti-
sense NaPi-2 oligonucleotides and treatment with RNase H
(Fig. 3 B). In contrast, hybridization of renal mRNA from
normal and Hyp mice with either antisense or sense NaPi-2
oligonucleotides had no effect on the size of the transcript de-
tected with a NaSi- 1 cDNA probe that encodes a Na+-sulfate
cotransporter cloned from rat kidney cortex (21 ) (Fig. 3 C).
Moreover, hybridization of renal mRNA from normal and
Hyp mice with NaPi-2 oligonucleotides (sense or antisense)
had no effect on Na+-dependent sulfate transport in mRNA-
injected oocytes (data not shown). In addition, the abundance
of Na+-sulfate cotransporter mRNA is not decreased in kid-
neys of Hyp mice relative to normal littermates (Fig. 3 C).

Western analysis of brush border membrane proteins de-
rived from kidneys of normal and Hyp mice was performed
using an antiserum raised against a COOH terminal peptide of
NaPi-2 protein ( 17 ). As illustrated in Fig. 4 A, the antiserum
recognizes proteins with apparent molecular weights of 86, 82,
77, and 67 kD, in apical membranes of normal and mutant
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Phosphate uptake Figure 3. Hybrid deple-
A 70- tion ofNaPi-2 mRNA:

* effect on oocyte expres-
60- sion and mRNA con-

0 * tent. mRNA from kid-
w 50- neys of normal and Hyp
o * mice was hybridized0
° 40 * with antisense or sense

NaPi-2 oligonucleotide
C'L 30 - Xprobes, treated with

RNase H, and used for
@20 1 - - oocyte expression and

E ) Northern analysis as de-
CL 1 0 - T * *1 * * scribed in Methods. (A)

Expression of Na+-de-
o-

H20_ 11|1 - _ pendent Pi uptake in
oocytes. Na'-depen-

B NaPi-2 - 2.7kb dent Pi uptake was as-
- 1.5kb sayed 3 d after injection

-1.1kb ofoocytes with 15-20
ng mRNA that had

C NaSi-1 * - 2.9kb been treated as de-
2.3kb scribed above. Values

are mean±SEM (five
to seven oocytes, repre-

0 0 CD 8 sentative experiment)
C C C Cc 0 0 *P < 0.0 1, normal vs

c -C Hyp, sense condition.
0

JI (o) Lack of significance
Normal Hyp between mRNA in-

jected oocytes (anti-
sense condition) and H20-injected oocytes. (B and C) Northern
analysis of renal mRNA from normal and Hyp mice. 0.5 jg mRNA
that had been treated as described above was subjected to electropho-
resis and blotted as described in Methods. The blots were first hy-
bridized with a NaPi-2 cDNA probe (B) and then rehybridized with
a NaSi-l cDNA probe (C) (21 ).

mice. The staining pattern is likely to be specific since the pro-
tein bands were not detectable upon the addition of excess
antigenic peptide (Fig. 4 A). Except for the 67-kD protein, the
proteins detected by the NaPi-2 antiserum were half as abun-
dant in brush border membranes ofHyp mice when compared
to normal littermates (Table II). We also show that a genotype
difference in immunoreactive protein was not apparent using
an antibody against ecto 5'-nucleotidase (Fig. 4 B, Table II),
indicating that the reduction in immunoreactive Na+-Pi co-
transporter proteins evident in Hyp mice could not be attrib-
uted to differences in protein loading.

Discussion

Mutations in homologous genes on the human (HYP) and
mouse (Hyp) X chromosomes are responsible for X-linked
hypophosphatemia, a disorder in renal Pi reabsorption charac-
terized by rachitic bone disease ( 1, 5). In the present study, we
demonstrate that the specific defect in Na '-dependent Pi trans-
port in the renal brush border membrane of Hyp mice (6, 7,
10) is associated with a specific decrease in the renal abundance
of Na+-Pi cotransporter mRNA and protein. Moreover, the
magnitude of the decrease in mRNA and protein is consistent
with the 50% decrease in Na+-dependent Pi transport function
in the mutant strain (6, 7, 10). Our data thus provide evidence
for a reduction in the number of high affinity Na+-Pi cotrans-
port sites in the renal brush border membrane of Hyp mice.

9 Figure 4. Western blot
_Ibt.0e1 analysis of renal brush

x# border membrane pro-
101.zAx teins from normal and

A XK& Hyp mice. Brush border
ip membrane proteins,

isolated from renal cor-
kD tex of normal and Hyp

mice, were denatured
86_.for 2 min at95°C in 2%82

SDS, 10% glycerol, 10
67 mM DTT, 0.5 mM

EDTA, and 95 mM
Tris-HCl, pH 6.8. The
proteins (40 ug/lane)
were separated on 10%
SDS-polyacrylamide
gels (26) and transferred
onto nitrocellulose
membranes (Schleicher
& Schuell, Inc.) (27).

B Electroblotted proteins
were probed with (A)

69__a polyclonal antibody69| |raised against a syn-
thetic COOH-terminal
peptide of the recently

cloned rat renal brush border membrane NaPi-2 (16) or with (B) a
polyclonal antibody raised against purified ecto-5'-nucleotidase (28).
Both antisera were used at dilutions of 1:5,000. Binding ofprimary
antibodies were visualized with anti-rabbit IgG conjugated to alkaline
phosphatase (Bio-Rad Laboratories), and the staining intensities were
quantitated by densitometry.

Xenopus laevis oocytes provide a useful model to study
mRNA-mediated functional expression. Using this approach,
it was reported that injection ofmRNA extracted from kidneys
of normal mice stimulated Na+-dependent Pi transport in oo-

cytes, while renal mRNA from Hyp mice failed to elicit a signal
above that ofwater-injected controls (30). These data are diffi-
cult to reconcile in view of the well-documented finding that
Hyp mice retain - 50% ofNa+-Pi cotransport function on the
high affinity Pi transport system (6, 7, 10, 30, 31 ). In the pres-
ent study, we show that Na'-Pi cotransport is - 50% lower in
oocytes injected with renal mRNA from Hyp mice when com-

Table II. Quantitation ofProteins on Western Blots

Protein Densitometric units (Hyp/normal)

86 kD 0.6±0.2*
82 kD 0.5±0.1*
77 kD 0.5±0.2*
67 kD 1.1±0.2*
Ecto 5'-nucleotidase 1.3; 1.4$

Solubilized renal brush border membrane proteins from normal and
Hyp mice were analyzed by Western blotting as described in Methods
and in the legend to Fig. 4. Binding ofprimary antibodies was visual-
ized with anti-rabbit IgG conjugated to alkaline phosphatase. Stain-
ing intensities were quantified by densitometry. * Mean±SD oftwo
different membrane preparations each run in duplicate. * Values
from two determinations.
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pared with that from normals. Moreover, mRNA-stimulated
Na'-Pi cotransport in oocytes is abolished after RNase H di-
gestion of renal mRNA from either normal or mutant mice
that had been hybridized with antisense but not with sense
NaPi-2 oligonucleotides. These findings, along with results
from Northern analysis, support the hypothesis that the defect
in renal Na'-Pi cotransport in Hyp mice is associated with a
specific reduction in renal abundance of Na'-Pi cotransporter
mRNA. Further study is required to establish whether the
mechanism for this reduction involves a decrease in Na'-Pi
cotransporter gene transcription or mRNA stability.

In the present study, we used a polyclonal antibody raised
against a COOH-terminal peptide of the NaPi-2 protein to
quantitate the relative abundance ofNa+-Pi cotransporter pro-
tein in the renal brush border membrane of normal and Hyp
mice. Recently, the same antibody was used to localize the
expression of NaPi-2 protein in rat kidney by immunocyto-
chemistry ( 17). These studies demonstrated that immunofluo-
rescence was restricted to the brush border membrane of both
the proximal convoluted tubule, where the signal was stron-
gest, and the proximal straight tubule, where a weaker signal
was obtained ( 17). Based on these findings, it is likely that the
Na'-Pi cotransporter protein that is reduced in Hyp mice is
expressed in the brush border membrane of both proximal tu-
bular segments, consistent with results of renal micropuncture
studies in intact mice (8, 9) and Pi transport measurements in
isolated renal brush border membrane vesicles (6, 7).

An important question that still remains unanswered is
how the reduction in renal Na'-Pi cotransporter mRNA and
protein is related to the X-linked Hyp mutation. The gene prod-
uct at the Hyp (HYP) locus on the mouse (human) X chromo-
some may encode either the renal Na'-Pi cotransporter itself
or a regulator thereof. Support for the latter hypothesis derives
from physiological studies. Using parabiosis (32, 33) and renal
transplantation (34) protocols it was demonstrated that the
renal defect in brush border membrane Na+-dependent Pi
transport in Hyp mice is not intrinsic to the kidney but rather
depends on a circulating humoral factor, which is not PTH
(33), for its expression. Consistent with these findings is the
demonstration that the Pi transport defect in the mutant strain
is less prominent after culturing renal epithelial cells from nor-
mal and Hyp mice in a hormonally defined medium for several
days (35). Further support for a humoral mechanism in Hyp
mice derives from the failure to demonstrate the gene dose
effect that is expected in X-linked traits. In the case of the Hyp
mutation, metrical phenotypic traits are equivalently ex-
pressed in mutant heterozygous females (Hyp/+), homozy-
gous females (Hyp/Hyp), and hemizygous males (Hyp/Y) (36).

Recently, the renal specific Na+-Pi cotransporter gene was
mapped to human chromosome 5q35 (37) by high resolution,
fluorescence in situ hybridization using a full-length NaPi-3
cDNA probe which was cloned from human kidney cortex and
is highly homologous to NaPi-2 (16). This map assignment
excludes the renal specific Na+-Pi cotransporter gene as a can-
didate gene for X-linked hypophosphatemia in mouse and hu-
mans (37). On the basis ofthe mapping studies and the physio-
logical studies described above, we suggest that the gene at the
Hyp (HYP) locus is involved in the regulation of renal Na+-Pi
cotransport, and that it acts by decreasing Na+-Pi cotran-
sporter gene transcription or increasing cotransporter mRNA
turnover.

It is of interest that NaPi-2 cDNA ( 16), like the brush

border membrane defect in Na+-Pi cotransport in Hyp mice, is
expressed only in the kidney and not in intestinal epithelial
cells (30, 38). These data are consistent with the notion that
the putative circulating factor, which is responsible for the Pi
transport defect in Hyp mice, does not play a role in modulat-
ing intestinal Na'-dependent Pi absorption. Thus far, attempts
to identify the circulating phosphaturic factor in Hyp mice, by
demonstrating differential effects of serum/plasma from nor-
mal and Hyp mice on Na'-Pi cotransport in cultured opossum
kidney cells, have met with little success (39).

In summary, we have demonstrated that the specific defect
in Na'-Pi cotransport at the renal brush border membrane of
Hyp mice is associated with a proportionate reduction in co-
transporter mRNA and protein. Further work is required to
identify the gene at the X-linked Hyp (HYP) locus, which is
responsible for reduced Na'-Pi cotransporter gene expression
in the mutant strain.

Acknowledgments

We thank Georgia Kalavritinos for technical assistance, Lynne Prevost
for preparation ofthe typescript, and Charles R. Scriver for his support,
interest, and review ofthe manuscript. This work was supported by the
Medical Research Council ofCanada (MRC Genetics Group Grant to
H. S. Tenenhouse) and the Swiss National Funds (no. 32-30785.91 to
H. Murer and no. 32-28.664.90 to J. Biber).

References

1. Rasmussen, H., and H. S. Tenenhouse. 1989. Hypophosphatemias. In The
Metabolic Basis of Inherited Disease. C. R. Scriver, A. L. Beaudet, W. S. Sly, and
D. Valle, editors. McGraw-Hill Inc., New York. pp. 2581-2601.

2. Tenenhouse, H. S., and C. R. Scriver. 1992. X-linked hypophosphatemia.
A phenotype in search of a cause. Int. J. Biochem. 24:685-691.

3. Eicher, E. M., J. L. Southard, C. R. Scriver, and F. H. Glorieux. 1976.
Hypophosphatemia: mouse model for human familial hypophosphatemic (vita-
min D-resistant) rickets. Proc. Nat!. Acad. Sci. USA. 73:4667-4671.

4. Econs, M. J., D. F. Barker, M. C. Speer, M. A. Pericak-Vance, P. R. Fain,
and M. K. Drezner. 1992. Multilocus mapping of the X-linked hypophosphate-
mic rickets gene. J. Clin. Endocrinol. Metab. 75:201-206.

5. Scriver, C. R., and H. S. Tenenhouse. 1990. Conserved loci on the X
chromosome confer phosphate homeostasis in mice and humans. Genet. Res.
(Camb.). 56:141-152.

6. Tenenhouse, H. S., C. R. Scriver, R. R. McInnes, and F. H. Glorieux. 1978.
Renal handling ofphosphate in vivo and in vitro by the X-linked hypophosphate-
mic male mouse: Evidence for a defect in the brush border membrane. Kidney
Int. 14:236-244.

7. Tenenhouse, H. S., and C. R. Scriver. 1978. The defect in transcellular
transport of phosphate in the nephron is located in brush-border membranes in
X-linked hypophosphatemia (Hyp mouse model). Can. J. Biochem. 56:640-
646.

8. Giasson, S. D., M. G. Brunette, G. Danan, N. Vigneault, and S. Carriere.
1977. Micropuncture study of renal phosphorus transport in hypophosphatemic
vitamin D resistant rickets mice. Pfluegers Arch. 371:33-38.

9. Cowgill, L. D., S. Goldfarb, K. Lau, E. Slatopolsky, and Z. S. Agus. 1979.
Evidence for an intrinsic renal tubular defect in mice with genetic hypophospha-
temic rickets. J. Clin. Invest. 63:1203-1210.

10. Tenenhouse, H. S., A. H. Klugerman, and J. L. Neal. 1989. Effect of
phosphonoformic acid, dietary phosphate and the Hyp mutation on kinetically
distinct phosphate transport processes in mouse kidney. Biochim. Biophys. Acta.
984:207-213.

11. Harvey, N., and H. S. Tenenhouse. 1992. Renal Na+-phosphate cotrans-
port in X-linked Hyp mice responds appropriately to Na+-gradient, membrane
potential and pH. J. Bone Miner. Res. 7:563-571.

12. Ford, D. M., and B. A. Molitoris. 1991. Abnormal proximal tubule apical
membrane protein composition in X-linked hypophosphatemic mice. Am. J.
Physiol. 260:F317-F322.

13. Tenenhouse, H. S., J. Lee, N. Harvey, M. Potier, M. Jette, and R. Be-
liveau. 1990. Normal molecular size of the Na+-phosphate cotransporter and
normal Na+-dependent binding of phosphonoformic acid in renal brush border
membranes of X-linked Hyp mice. Biochem. Biophys. Res. Commun. 170:1288-
1293.

14. Tenenhouse, H. S., and J. Lee. 1990. Sulfate inhibits '4C-phosphonofor-

Renal Na'-Phosphate Cotransport in Hyp Mice 675



mic acid binding to renal brush-border membranes. Am. J. Physiol. 259:F286-
F292.

15. Werner, A., M. L. Moore, N. Mantei, J. Biber, G. Semenza, and H. Murer.
1991. Cloning and expression ofcDNA for a Na/Pi cotransport system ofkidney
cortex. Proc. Natd. Acad Sci. USA. 88:9608-9612.

16. Magagnin, S., A. Werner, D. Markovich, V. Sorribas, G. Stange, J. Biber,
and H. Murer. 1993. Expression cloning of human and rat renal cortex Na/Pi
cotransport. Proc. Natd. Acad. Sci. USA. 90:5979-5983.

17. Biber, J., M. Custer, B. Kaissling, M. Lotscher, and H. Murer. 1993.
Molecular localization ofNa/Pi-cotransport (NaPi-2) in the nephron of rat kid-
ney. J. Am. Soc. Nephrol. 4:703. (Abstr.)

18. Custer, M., F. Meier, E. Schlatter, R. Greger, A. Garcia-Perez, J. Biber,
and H. Murer. 1993. Localization of NaPi-l, a putative Na-Pi cotransporter, in
rabbit kidney proximal tubules. I. mRNA localization by RT-PCR. Pfluegers
Arch. 424:203-209.

19. Biber, J., M. Custer, A. Werner, B. Kaissling, and H. Murer. 1993. Local-
ization of NaPi- 1, a Na/Pi-cotransporter, in rabbit kidney proximal tubules. II.
Localization by immunocytochemistry. Pfluegers Arch. 424:210-215.

20. Werner, A., J. Biber, J. Forgo, M. Palacin, and H. Murer. 1990. Expres-
sion of renal transport systems for inorganic phosphate and sulfate in Xenopus
laevisoocytes. J. Biol. Chem. 265:12331-12336.

21. Markovich, D., J. Forgo, G. Stange, J. Biber, and H. Murer. 1993. Expres-
sion cloning of rat renal Na/SO4-cotransport. Proc. Natl. Acad. Sci. USA.
90:8073-8077.

22. Meyerhof, W., and D. Richter. 1990. Identification ofG protein coupled
receptors by RNase H-mediated hybrid depletion using Xenopus laevis oocytes as
expression system. FEBS (Fed. Eur. Biochem. Soc.) Lett. 266:192-194.

23. Chirgwin, J. M., A. E. Przbyla, J. MacDonald, and W. J. Rutter. 1979.
Isolation of biologically active ribonucleic acid from sources enriched in ribonu-
clease. Biochemistry. 18:5294-5299.

24. 1993. Analysis ofRNA by Northern hybridization. In Current Protocols
in Molecular Biology. F. M. Ausubel, R. Brent. R. E. Kingston, D. D. Moore,
J. G. Seidman, J. A. Smith, and K. Struhl, editors. John Wiley & Sons Inc., New
York. 4.9.1-4.9.5

25. Cleveland, D. W., M. A. Lopata, R. J. MacDonald, N. J. Cowman, W. J.
Rutter, and M. W. Kirschner. 1980. Number and evolutionary conservation ofa-
and fl-tubulin and cytoplasmic #- and y-actin genes using specific cloned cDNA
probes. Cell. 20:95-105.

26. Laemmli, U. K. 1970. Cleavage ofstructural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 227:680-685.

27. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretictransferof
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.

28. Dawson, T. P., R. Gandhi, M. Le Hir, and B. Kaissling. 1989. Ecto 5'-nu-
cleotidase: localization by light microscopic histochemistry and immuno histo-
chemistry methods in the rat kidney. J. Histochem. Cytochem. 37:39-47.

29. Tenenhouse, H. S., J. Lee, and N. Harvey. 1991. Renal brush border
membrane Na+-sulfate cotransport: stimulation by thyroid hormone. Am. J.
Physiol. 261:F420-F426.

30. Nakagawa, N., N. Arab, and F. K. Ghishan. 1991. Characterization ofthe
defect in the Na+-phosphate transporter in vitamin D-resistant hypophosphate-
mic mice. J. Biol. Chem. 266:13616-13620.

31. Hammerman, M. R., and L. R. Chase. 1983. Pi transport, phosphoryla-
tion, and dephosphorylation in renal membranes from Hyp/Y mice. Am. J.
Physiol. 245:F701-F706.

32. Meyer, R. A., Jr., M. H. Meyer, and R. W. Gray. 1989. Parabiosis suggests
a humoral factor is involved in X-linked hypophosphatemia in mice. J. Bone
Miner. Res. 4:493-500.

33. Meyer, R. A., Jr., H. S. Tenenhouse, M. H. Meyer, and A. H. Klugerman.
1989. The renal phosphate transport defect in normal mice parabiosed to X-
linked hypophosphatemic mice persists after parathyroidectomy. J. Bone Miner.
Res. 4:523-532.

34. Nesbitt, T., T. M. Coffman, R. Griffiths, and M. K. Drezner. 1992. Cross-
transplantation ofkidneys in normal andHypmice. Evidence that theHyp pheno-
type is unrelated to an intrinsic renal defect. J. Clin. Invest. 89:1453-1459.

35. Bell, C. L., H. S. Tenenhouse, and C. R. Scriver. 1988. Primary cultures of
renal epithelial cells from X-linked hypophosphatemic (Hyp) mice express de-
fects in phosphate transport and vitamin D metabolism. Am. J. Hum. Genet.
43:293-303.

36. Qiu, Z. Q., H. S. Tenenhouse, and C. R. Scriver. 1993. Parental origin of
mutant allele does not explain absence ofgene dose in X-linked Hyp mice. Genet.
Res. (Camb.). 62:39-43.

37. Kos, C. H., F. Tihy, M. J. Econs, H. Murer, N. Lemieux, and H. S.
Tenenhouse. 1994. Localization ofa renal sodium phosphate cotransporter gene
to human chromosome 5q35. Genomics. 19:176-177.

38. Tenenhouse, H. S., D. K. Fast, C. R. Scriver, and M. Koltay. 1981. Intes-
tinal transport of phosphate anion is not impaired in the Hyp (hypophosphate-
mic) mouse. Biochem. Biophys. Res. Commun. 100:537-543.

39. Tenenhouse, H. S., and J. Martel. 1993. Renal adaptation to phosphate
deprivation: lessons from the X-linked mouse. Ped. Nephrol. 7:312-318.

676 H. S. Tenenhouse, A. Werner, J. Biber, S. Ma, J. Martel, S. Roy, and H. Murer


