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ABSTRACT

Background Epidemiologic studies suggest that
genetic factors confer a predisposition to the formation
of renal calcium stones or bone demineralization. Low
serum phosphate concentrations due to a decrease
in renal phosphate reabsorption have been reported in
some patients with these conditions, suggesting that
genetic factors leading to a decrease in renal phos-
phate reabsorption may contribute to them. We hy-
pothesized that mutations in the gene coding for the
main renal sodium—-phosphate cotransporter (NPT2a)
may be present in patients with these disorders.

Methods We studied 20 patients with urolithiasis
or bone demineralization and persistent idiopathic hy-
pophosphatemia associated with a decrease in max-
imal renal phosphate reabsorption. The coding region
of the gene for NPT2a was sequenced in all patients.
The functional consequences of the mutations iden-
tified were analyzed by expressing the mutated RNA
in Xenopus laevis oocytes.

Results Two patients, one with recurrent urolithi-
asis and one with bone demineralization, were het-
erozygous for two distinct mutations. One mutation
resulted in the substitution of phenylalanine for ala-
nine at position 48, and the other in a substitution of
methionine for valine at position 147. Phosphate-
induced current and sodium-dependent phosphate
uptake were impaired in oocytes expressing the mu-
tant NPT2a. Coinjection of oocytes with wild-type and
mutant RNA indicated that the mutant protein had al-
tered function.

Conclusions Heterozygous mutations in the NPT2a
gene may be responsible for hypophosphatemia and
urinary phosphate loss in persons with urolithiasis
or bone demineralization. (N Engl J Med 2002;347:
983-91.)

Copyright © 2002 Massachusetts Medical Society.

PIDEMIOLOGIC studies have shown that
both the formation of renal calcium stones!-®
and bone demineralization”! exhibit familial
aggregation — findings that are compatible
with the presence of genetic factors in these disorders.
However, the search for gene variants that confer a
predisposition to these common disorders has gen-
erally had negative results. Both disorders are likely
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to be genetically heterogeneous, in which case a va-
riety of biologic abnormalities may contribute to the
clinical phenotype in individual patients. For example,
low serum phosphate concentrations due to a decrease
in renal phosphate reabsorption have been reported in
some patients with urolithiasis!217 or bone demineral-
ization,+15.18 suggesting that genetic factors leading to
a decrease in renal phosphate reabsorption can con-
tribute to these diseases.

Since an evaluation of candidate genes can be useful
in identitying loci involved in a subgroup of patients,
we have been using this approach to identify genetic
abnormalities in patients who have urolithiasis or bone
demineralization associated with hypophosphatemia
and low renal phosphate reabsorption. The gene cod-
ing for the type 2a sodium—phosphate cotransporter
(NPT2a), which resides in the apical membrane of re-
nal proximal tubular cells, is a likely candidate for these
diseases.!?.20 Indeed, the kidney is principally respon-
sible for phosphate homeostasis, and it regulates serum
phosphate by modulating urinary phosphate excre-
tion.! Phosphate is filtered by the glomerulus and
subsequently reabsorbed in the proximal tubule, in
which the rate-limiting step is the uptake of phosphate
through NPT2a.19.20

METHODS
Patients

We evaluated 20 unrelated patients at Hopital Bichat in Paris, us-
ing a protocol described previously.'”?! In accordance with the na-
tional guidelines for research on human subjects, written, informed
consent was obtained from all patients. Specimens were obtained
from the patients on two or more days. All the patients had persist-
ent hypophosphatemia; low maximal renal phosphate reabsorption,
normalized according to the glomerular filtration rate; normal ion-
ized serum calcium concentrations; and normal plasma parathyroid
hormone concentrations. Maximal renal phosphate reabsorption,
normalized according to the glomerular filtration rate, was deter-
mined with the use of the nomogram described by Walton and
Bijvoét.22

From the Service de Physiologie—Explorations Fonctionnelles (D.P.,
V.H., EB.-B., G.E) and the Service de Biochimie B (B. Gérard, B. Grand-
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Unité 426 and Institut Fédératif de Recherche 02 (D.P., V.H., O.D., C.S.,
G.E) and INSERM Unité 409 (B. Grandchamp), Faculté de Médecine Xavier
Bichat; and INSERM Unité 467, Faculté¢ de Médecine, Necker (N.B., G.P,,
P.H.) — all in Paris. Address reprint requests to Dr. Prié at INSERM Unité
426, Faculté de Médecine Xavier Bichat, 16 rue Henri Huchard, 75018 Paris,
France, or at dprie@bichat.inserm.fr.
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Detection of Mutations

We used intronic primers to amplify the 13 exons of the NPT2a
gene. The 190-bp region upstream of exon 1 was also sequenced.
Exons 3 and 5 were amplified with the use of the following pri-
mers: exon 3, 5CCGCCTGTTCCTCCCCGCCTC (upper primer),
5'CCATGAGCATAGTGGGCAGAG (lower primer); exon 5, 5AG-
GAGACCTGGGAGGGGTTCC (upper primer), SAAGCTCTTC-
CCCACCCTGG (lower primer). Amplification was performed for
35 cycles at an annealing temperature of 60°C. The sequence of
other primers is available as Supplementary Appendix 1 with the
full text of this article at http://www.nejm.org. The PCR products
were sequenced with the use of the BigDye Terminator Cycle Se-
quencing Ready Reaction kit (Perkin—Elmer) on an ABI PRISM
3100 sequencer (Applied Biosystems). We analyzed both strands of
DNA using Sequencing Analysis (Applied Biosystems) and Clustal
W (Infobiogen) software programs.

Expression of NPT2a in Xenopus laevis Oocytes

Wild-type complementary DNA (cDNA) encoding human
NPT2a (kindly provided by Drs. J. Biber and H. Miirer, Physiol-
ogy Institute, University of Zurich, Zurich) was introduced into
the RNA expression vector pSP64T2324 between the Xhol and Notl
sites. Mutant cDNA was obtained from the wild-type construct with
the use of the Quick Change Site-Directed Mutagenesis kit (Strat-
agene) according to the manufacturer’s instructions. All constructs
were verified by sequencing. RNA was synthesized with the use of
the Riboprobe in Vitro Transcription System kit (Promega) with
SP6 RNA polymerase. Three independent RNA preparations were
obtained for each construct, each from a different plasmid prepa-
ration. Purified RNA was quantified by absorption at 260 nm, and
the quality was verified by calculating the ratio of readings at 260
and 280 nm (A260,/A280). The homogeneity and quantification
of all preparations used for oocyte injection were controlled by aga-
rose-gel electrophoresis.

Defolliculated oocytes (stage V or VI) from X. laevis were ob-
tained with the use of standard procedures and injected 24 hours
later with the indicated amount of wild-type or mutant RNA in
50 nl of water or with water alone. Oocytes were incubated at 18°C
in modified Barth’s solution (5 mM HEPES-sodium hydroxide
[pH 7.5] containing 85 mM sodium chloride, 1 mM potassium
chloride, 1 mM calcium chloride, 1 mM magnesium chloride, and
penicillin—streptomycin). Phosphate uptake was measured and volt-
age-clamp analysis performed three days after the injection.

Oocytes were washed at room temperature in a sodium-free solu-
tion (sodium-free uptake solution without phosphorus-32) and in-
cubated either with the sodium-containing uptake solution (10 mM
HEPES-TRIS [pH 7.5] containing 96 mM sodium chloride, 2 mM
potassium chloride, 1.8 mM calcium chloride, 1 mM magnesium
chloride, 0.1 mM potassium phosphate, and 10 wCi of [32P Jortho-
phosphate per milliliter) or with the sodium-free uptake solution
(with 100 mM choline chloride substituted for sodium chloride).
After 30 minutes, the oocytes were washed five times with sodium-
free solution and dissolved in 0.5 percent sodium dodecyl sulfate,
and radioactivity was determined. Ten to 14 oocytes were studied in
each experimental condition. Three independent experiments with
the use of different preparations of RNA were performed.

Voltage-Clamp Experiments

Phosphate-induced currents were measured in two-electrode volt-
age-clamp experiments with the use of a current-voltage amplifier
(Axoclamp-2A). Three days after the RNA injection, a —50 mV
holding potential was imposed, during which current was recorded
on a multi chart-recorder (Arc-en-Ciel). Oocytes were perfused with
a sodium-containing solution (5 mM HEPES-sodium hydroxide
[pH 7.5] containing 85 mM sodium chloride, 1 mM potassium
chloride, 1 mM calcium chloride, and 1 mM magnesium chloride)
before various concentrations of phosphate were added, as indicated.
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Statistical Analysis

The results are presented as means =SD. Statistical analyses were
performed with the use of two-way analysis of variance and a pro-
tected-least-significant-difterence Fisher’s test, when allowed by
F values, or repeated-measures analysis of variance.

RESULTS

The 20 patients were 13 men and 7 women (mean
age, 47 =11 years) who had urolithiasis (14 patients, 10
of whom were men) or bone demineralization (6 pa-
tients, 3 of whom were men) associated with idio-
pathic hypophosphatemia (phosphate concentration,
<2.48 mg per deciliter [0.80 mmol per liter]) and
reduced maximal renal phosphate reabsorption, nor-
malized according to the glomerular filtration rate
(<0.70 mmol per liter). The glomerular filtration rate,
determined by inulin clearance, was normal in all 20
patients (mean value, 90*14 ml per minute per
1.73 m? of body-surface area). None of the patients
had had rickets during childhood, and none had ab-
normal height as adults.

To determine whether NPT2a has a role in renal
phosphate leak, we sequenced the 13 exons of the
NPT2a gene and 190 nucleotides within the promot-
er region. Two distinct mutations were identified in
two patients (Fig. 1) in the heterozygous state.

Patient 1, a 34-year-old man, had recurrent uroli-
thiasis, a phosphate concentration of 1.58 mg per dec-
iliter (0.51 mmol per liter), and maximal renal phos-
phate reabsorption, normalized according to the
glomerular filtration rate, of 0.47 mmol per liter. He
was heterozygous for two nucleotide substitutions:
G- T at position 223 and C-T at position 224
(Fig. 1A). The sequencing of cloned PCR products
established that these substitutions corresponded to
a two-base change on the same allele located in exon
3 and resulted in a substitution of phenylalanine for
alanine at position 48 (A48F).

Patient 2 was a 64-year-old woman with idio-
pathic bone demineralization (bone mineral density
at the lumbar spine, 0.639 g per square centimeter;
at the femoral neck, 0.679 g per square centimeter);
the phosphate concentration was 2.17 mg per deci-
liter (0.70 mmol per liter), and maximal renal phos-
phate reabsorption, normalized according to the glo-
merular filtration rate, was 0.58 mmol per liter. She
had a single G- A transition at position 520 in exon 5
that resulted in a substitution of methionine for valine
at position 147 (V147M) (Fig. 1B). Her sole daughter
had a spinal deformity and a history of arm fractures,
with a low phosphate concentration (2.35 mg per dec-
iliter [0.76 mmol per liter]) and low maximal renal
phosphate reabsorption, normalized according to the
glomerular filtration rate (0.67 mmol per liter). Her
daughter had the same mutation. To exclude the pos-
sibility that the base changes identified in these pa-
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Figure 1. Sequence Analysis of DNA from Two Patients with Hypophosphatemia and Mutations in NPT2a.

Panel A shows a portion of the sequence of exon 3 from a control subject and from Patient 1. The arrows indicate the heterozygous
G- T mutation at position 223 and C- T mutation at position 224. The two mutations are present in the same allele, as shown in
a fragment of exon 3 that was cloned after amplification by a polymerase-chain-reaction assay, resulting in the A48F substitution.
Panel B shows a portion of the sequence of exon 5 from a control subject and from Patient 2. The arrow indicates the heterozygous
G - A mutation at position 520, which caused the V147M substitution. The same mutation was identified in the patient’s daughter.

tients represented common polymorphisms, exons 3
and 5 were amplified and sequenced from the ge-
nomic DNA of 120 subjects with normal maximal
renal phosphate reabsorption, normalized according
to the glomerular filtration rate. No nucleotide vari-
ants were detected in these subjects, with the excep-
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tion of two previously described single-nucleotide
polymorphisms.25.26

The NPT2a protein is thought to have an intra-
cytoplasmic NH2 tail and eight transmembrane seg-
ments.2? The A48 residue is located in the NH2 ter-
minal portion of the NPT2a protein,?° and the V147
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residue is located in the second transmembrane seg-
ment.2? Amino acids A48 and V147 are conserved in
humans, rats, rabbits, mice, opossums, and flounder
(Fig. 2). The conservation of A48 and V147 residues
across species and the absence of variants in control
subjects support the hypothesis that the identified mu-
tations may cause the defect in renal phosphate reab-
sorption observed in these patients.

We tested this hypothesis further by comparing the
function of wild-type and mutant NPT2a expressed
in X. laevis oocytes. Injection of RNA into oocytes,
as compared with cDNA transfection with the use of
an expression vector, allows the expression of known
amounts of RNA and the assessment of protein func-
tion with two independent and complementary meth-
ods: measurement of phosphate-induced currents by
electrophysiological studies and quantification of phos-
phate uptake. NPT2a transports three sodium ions
for one divalent phosphate ion.?” Hence, the uptake
of phosphate results in a net movement of positive
charges into the oocytes that can be recorded as an in-
ward current in oocytes injected with NPT2a RNA.?7
Accordingly, we injected oocytes with increasing con-
centrations of wild-type or mutant NPT2a RNA (Fig.
3A). The inward current was related to the amount
of injected NPT2a RNA until it reached a plateau of
30 ng of wild-type or mutant RNA per oocyte. In the
presence of a concentration of 1 mM phosphate, at all
concentrations of RNA tested, the current induced
by the mutant NPT2a was lower than that induced by
the wild-type NPT2a (Fig. 3A). In oocytes injected
with 30 ng of mutant RNA, the current was 47 per-

A

Species Accession No.
NPT2 human L13258 LHR 1 PG
NPT2 rat L13257 LHR 1 PG
NPT2 rabbit U20793 LHR 1 PG
NPT2 mouse U22465 LHR 1 PG
NPT2 opossum L26308 LHR I PG
NPT2 flounder U13936 DDAPVGAG
B

Species Accession No.
NPT2 human L13258 DI F KDN
NPT2 rat L13257 DI F KDN
NPT2 rabbit U20793 DI F KDN
NPT2 mouse U22465 DI F KDN
NPT2 opossum L26308 DI F KDN
NPT2 flounder U13936 DI F KDN

cent lower (in the case of V147M) and 65 percent
lower (in the case of A48F) than the current in oo-
cytes injected with 30 ng of wild-type RNA.

We also tested the effect of increasing extracellular
phosphate concentrations on phosphate-induced cur-
rent in oocytes injected with 10 ng of wild-type or
mutant NPT2a RNA (Fig. 3B). The inward current
increased with increasing concentrations of extracel-
lular phosphate, reaching a plateau at 1 mM phosphate
only in oocytes expressing wild-type NPT2a; the
phosphate concentration at which the current was half
the maximal value was 0.55 mM (Fig. 3B). In oocytes
expressing the mutant NPT2a, the phosphate-induced
current was lower at all phosphate concentrations test-
ed than that in oocytes expressing the wild-type trans-
porter (Fig. 3B). No plateau in phosphate-induced
current was observed in oocytes expressing the mu-
tant NPT2a over the range of phosphate concentra-
tions tested, suggesting that the mutant transporters
have a decreased affinity for phosphate.

The measurement of phosphate uptake in oocytes
injected with 10 ng of wild-type or mutant RNA con-
firmed the impaired function of mutant NPT2a (Fig.
3C). As expected, sodium-dependent phosphate up-
take was lower in oocytes injected with vehicle (water)
alone than in those injected with wild-type NPT2a
(Fig. 3C), and in the absence of sodium, phosphate
uptake was low and was similar in oocytes whether
they were injected with wild-type or mutant RNA or
water (Fig. 3C). These results indicate that the phos-
phate uptake observed was due to the expression of
NPT2a. Phosphate uptake was significantly lower in

Amino Acid Sequence

TS AYAlFPSLGPVALATE
T TTYVY[All S S L SPV ALTE
TS AYAlFPSLSPVALTE
TS TY[All S S L SPVTLTE
A PAYIANIFPTMGPGS SLPE
NI PPAlY S TLDULVSDTUDFP
Amino Acid Sequence
Al LSNPIIVAGLVYVGI
Al LSNPIVVAGLVYVGI
Al L ANPIIVAGLV VG I
Al LSNPIVVAGLVYVGI
Al LSNPIIVAGLVYVGI
AV LANPIVAGLV I GV

Figure 2. Evolutionary Conservation of the A48 and V147 Residues.

Partial amino acid sequences encoded by exon 3 (Panel A) and exon 5 (Panel B) are shown. The residues that were mutated in
Patients 1 and 2 are boxed. Bold letters indicate residues conserved in at least five species.
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Figure 3. Phosphate-Induced Current and
Phosphate Uptake in Xenopus laevis Oo-
cytes Injected with Wild-Type or Mutant
NPT2a RNA.

Panel A shows the relation between injected
RNA and phosphate uptake. Phosphate-
induced current was recorded in voltage-
clamped X. laevis oocytes (holding poten-
tial, =50 mV) injected with various amounts
of wild-type or mutant NPT2a RNA in the
presence of T mM extracellular phosphate.
The phosphate-induced current increased
with increasing doses of RNA and reached
a plateau at 30 ng of RNA per oocyte. In
oocytes expressing a mutant transporter,
the amplitude of the current was decreased
at all doses of RNA (P<0.001 by analysis of
variance). Results are means *=SD for 5 to
12 oocytes per dose of RNA.

Panel B shows the effect of the extracellular
phosphate concentration on the amplitude
of phosphate-induced current. The maximal
phosphate-induced current was recorded
in oocytes injected with 10 ng of RNA cod-
ing for NPT2a with the wild-type, V147M,
or A48F sequence. Voltage-clamped oo-
cytes (holding potential, =50 mV) were ex-
posed to increasing phosphate concentra-
tions while the induced change in current
was continuously recorded. Data are pre-
sented as the mean (=SD) result of three
independent experiments, each involving
10 to 14 oocytes. The mutant transporters
were associated with a significant reduction
in the amplitude of the current at all phos-
phate concentrations (P<0.001 by analysis
of variance for repeated measures).

Panel C shows phosphate uptake in oocytes.
Phosphorus-32 uptake was measured in the
presence or the absence of sodium in oo-
cytes injected with 10 ng of RNA coding for
the wild-type, A48F, or V147F sequence or
injected with water alone. Sodium-depen-
dent phosphate uptake was significantly
lower in oocytes injected with A48F or
V147M RNA than in oocytes injected with
wild-type RNA and was also significantly
lower in oocytes injected with A48F RNA
than in those injected with V147M RNA (P<
0.001 for all three comparisons). In the ab-
sence of sodium, phosphate uptake did not
differ significantly between oocytes injected
with water and those injected with wild-type
or mutant RNA. Data are presented as the
mean (+=SD) result of three independent
experiments, each performed in 10 to 14
oocytes.
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oocytes injected with the RNA coding for the V147M
or A48F mutation than in oocytes injected with the
wild-type RNA (P<0.001).

In all experiments, both phosphate-induced current
and sodium-dependent phosphate uptake were lower
in oocytes expressing NPT2a with the A48F mutation
than in those expressing the transporter with the
V147M mutation (Fig. 3). Since both patients were
heterozygous for the mutations but had low maximal
renal phosphate reabsorption, normalized according
to the glomerular filtration rate, we assessed whether
the mutant proteins could interfere with the wild-type
product and diminish wild-type protein function by
a dominant negative effect. In oocytes coinjected with
10 ng of wild-type RNA and 10 ng of mutant RNA,
the phosphate-induced current was either similar to
that in oocytes expressing 10 ng of wild-type NPT2a
RNA alone (in the case of the V147M mutation) or
significantly lower (in the case of the A48F mutation)
and was reduced by 50 percent (in the case of the
V147M mutation) and 65 percent (in the case of the

—24

—224

—204

—184

—16+

—144

—124

—104

Phosphate-Induced Current (nA)

A48F mutation) as compared with the current in oo-
cytes injected with 20 ng of wild-type RNA alone
(Fig. 4). These results indicate that the mutant pro-
teins altered the function of the wild-type NPT2a
through a dominant negative effect.

To determine whether biologic data could help
identify patients with mutations in the NP712a gene,
we compared the findings in the 2 patients who had
mutations in the gene with those in the 18 patients
who did not have mutations (Fig. 5). None of the
variables evaluated clearly distinguished patients with
NPT2a mutations from those without mutations. The
abnormalities observed for the patient with the A48F
mutation were generally more pronounced than those
observed for the patient with the V147M mutation.

DISCUSSION

Our findings suggest that NP72a mutations iden-
tified in two patients caused an impairment in renal
phosphate reabsorption, resulting in hypophosphate-
mia. A low serum phosphate concentration, in turn,

Wild type, Wild type,

20 ng 10 ng 10 ng

V147M,

A48F, Wild type, Wild type,
10 ng 10 ng; 10 ng;
V147M, A48F,
10 ng 10 ng

Figure 4. Effect of the Coexpression of Wild-Type and Mutant NPT2a RNA on Phosphate-Induced Current.

As compared with the injection of oocytes with 10 ng of wild-type RNA alone, injection with 10 ng of mutant RNA together with
10 ng of wild-type RNA resulted in a slight decrease in phosphate-induced current (in the case of the V147M mutation) or a signif-
icant decrease (in the case of the A48F mutation, P<0.001). For both mutations, the phosphate-induced current was significantly
lower than that associated with injection of 20 ng of wild-type RNA alone (P<0.001 for both comparisons). Data are presented as
the mean (+SD) result of two independent experiments, each involving 10 oocytes.
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would be expected to increase 1,25-dihydroxyvita-
min D production,?$2 leading to hypercalciuria,¢ as
observed. This phenotype resembles that of hetero-
zygous Npt2a-deficient mice (Npt2a+,/—), which
have increased urinary phosphate and calcium excre-
tion, clevated plasma concentrations of 1,25-dihy-
droxyvitamin D,3 and urolithiasis.3! The functional

defect of NPT2a is more severe with the A48F muta-
tion than with the V147M mutation; this observation
is consistent with the phenotype in our two patients,
since the serum phosphorus concentration and the
maximal capacity of the kidney to reabsorb phosphate
were lower in the patient with the A48F mutation.
The findings in the daughter of the patient with the
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Figure 5. Laboratory Values in the 20 Patients with Hypophosphatemia and Reduced Maximal Renal Phosphate Reabsorption,

According to Whether Mutations in NPT2a Were Identified.

Open circles represent patients with wild-type NPT2a, solid circles the patient with the A48F mutation, and shaded circles the pa-
tient with the V147M mutation. In some cases, two or more patients had the same value. The shaded area in each panel shows the
range of normal values. Data are mean values for measurements in at least three different samples. To convert the values for serum

phosphorus to milligrams per deciliter, divide by 0.3229.
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V147M mutation and the correlation between func-
tional and biologic data support the hypothesis that
the NPT2a mutations were responsible for the hypo-
phosphatemia and loss of renal phosphate. The patients
were heterozygous for the mutations, suggesting a
dominant effect of the mutant allele. This is consis-
tent with the observation of a dominant negative effect
of the mutant proteins on the function of the wild-
type transporter, leading to substantial renal phosphate
losses in heterozygous patients. The underlying mech-
anism may involve either a competition between wild-
type and mutant transporters for the interaction with
a rate-limiting intracellular protein or a direct interac-
tion between wild-type and mutant transporters, al-
though there are conflicting data with regard to the
existence of dimers of NPT2a.3233

The reason why renal phosphate loss may lead to ei-
ther the formation of calcium stones or bone deminer-
alization is unknown, but it might be due to sex, en-
vironmental factors, or other genetic differences. Only
2 of our 20 patients with idiopathic renal phosphate
loss had mutations in the NPT2a gene. Although it
is possible that we did not detect all NP724 mutations
in our patients (e.g., mutations in introns or regulato-
ry regions), other genes may be involved in the renal
phosphate loss in these patients. In patients who have
hereditary hypophosphatemic rickets with hypercal-
ciuria, an autosomal recessive disorder, no mutation
in the coding region of the NPT2a gene has been
found.?2¢ Similarly, mutations in the NP7T2a gene
have been ruled out in two additional forms of famil-
ial hypophosphatemia: X-linked hypophosphatemic
rickets3* and autosomal dominant hereditary rickets.?
These disorders are associated with mutations in the
phosphate-regulating gene with homologies to endo-
peptidases on the X chromosome (PHEX) and the
gene encoding fibroblast growth factor 23 (FGF-23),
respectively.3435

Our study provides genetic evidence that hetero-
zygous NPT2a mutations are involved in hypophos-
phatemia resulting from idiopathic renal phosphate
loss and indicates that NPT2a plays a major part in
phosphate homeostasis. The identification of function-
al variants of the NPT2a gene in patients with hy-
pophosphatemia associated with urolithiasis or bone
demineralization also provides genetic evidence that
a defect in renal phosphate reabsorption may con-
tribute to the pathogenesis of these two common
disorders.

Supported by grants (CRC 940247 and CRIC 99228) from the Délé-
gation Régionale a la Recherche Clinique, Assistance Publique—Hopitaux
de Paris.

We are indebted to Dr. Allan Hance for help durving the prepara-
tion of the manuscript, to Dominique Henry for assistance with the
sequencing, to Dr. Laurent Gowya for assistance with the divected mu-

990 - N Engl ] Med, Vol. 347, No. 13 -

September 26, 2002 -

tagenesis, and to Dr. Boccon Gibod for veferrals of patients with uro-
lithinsis to the Service de Physiologie—Explorations Fonctionnelles.

REFERENCES

1. Resnick M, Pridgen DB, Goodman HO. Genetic predisposition to for-
mation of calcium oxalate renal calculi. N Engl ] Med 1968;278:1313-8.
2. Pridgen DB, Resnick M, Goodman HO, Boyce WH. Inheritance of cal-
cium renal stones. Lancet 1968;1:537-8.

3. Ljunghall S, Danielson BG, Fellstrom B, Holmgren K, Johansson G,
Wikstrom B. Family history of renal stones in recurrent stone patients.

Br J Urol 1985;57:370-4.

4. Coc FL, Parks JH, Moore ES. Familial idiopathic hypercalciuria.

N Engl ] Med 1979;300:337-40.

5. Robertson WG, Peacock M, Baker M, et al. Studies on the prevalence
and epidemiology of urinary stone disease in men in Leeds. Br J Urol
1983;55:595-8.

6. Polito C, La Manna A, Nappi B, Villani J, Di Toro R. Idiopathic hy-
percalciuria and hyperuricosuria: family prevalence of nephrolithiasis. Pedi-
atr Nephrol 2000;14:1102-4.

7. Lutz J, Tesar R. Mother-daughter pairs: spinal and femoral bone densi-
ties and dietary intakes. Am J Clin Nutr 1990;52:872-7.

8. Hansen MA, Hassager C, Jensen SB, Christiansen C. Is heritability

a risk factor for postmenopausal osteoporosis? ] Bone Miner Res 1992;7:
1037-43.

9. Arden NK, Baker J, Hogg C, Baan K, Spector TD. The heritability
of bone mineral density, ultrasound of the calcaneus and hip axis length:
a study of postmenopausal twins. ] Bone Miner Res 1996;11:530-4.

10. Ferrari S, Rizzoli R, Slosman D, Bonjour JP. Familial resemblance for
bone mineral mass is expressed before puberty. J Clin Endocrinol Metab
1998;83:358-61.

11. Danielson ME, Cauley JA, Baker CE, et al. Familial resemblance of
bone mineral density (BMD) and calcaneal ultrasound attenuation: the
BMD in mothers and daughters study. ] Bone Miner Res 1999;14:102-10.
12. Shen FH, Ivey JL, Sherrard DJ, Nielsen RL, Haussler MR, Baylink DJ.
Further evidence supporting the phosphate leak hypothesis of idiopathic
hypercalciuria. Adv Exp Med Biol 1978;103:217-23.

13. Pabico RC, McKenna BA, Freeman RB. Renal threshold phosphate
concentration in patients with idiopathic nephrolithiasis: correlations with
tubular functions, serum parathyroid hormone and 1,25(OH)2D3. Proc
Eur Dial Transplant Assoc 1983;20:450-4.

14. Tieder M, Modai D, Samuel R, et al. Hereditary hypophosphatemic
rickets with hypercalciuria. N Engl J Med 1985;312:611-7.

15. Tieder M, Modai D, Shaked U, et al. “Idiopathic” hypercalciuria and
hereditary hypophosphatemic rickets: two phenotypical expressions of a
common genetic defect. N Engl ] Med 1987;316:125-9.

16. Williams CP, Child DE, Hudson PR, et al. Inappropriate phosphate ex-
cretion in idiopathic hypercalciuria: the key to a common cause and future
treatment? J Clin Pathol 1996;49:881-8.

17. Prie D, Ravery V, Boccon-Gibod L, Friedlander G. Frequency of renal
phosphate leak among patients with calcium nephrolithiasis. Kidney Int
2001;60:272-6.

18. de Vernejoul MC, Marie P, Kuntz D, Gueris J, Miravet L, Ryckewaert
A. Nonosteomalacic osteopathy associated with chronic hypophos-
phatemia. Calcif Tissue Int 1982;34:219-23.

19. Suki WN, Lederer ED, Rouse D. Renal transport of calcium, magne-
sium, and phosphate. In: Brenner BM, ed. Brenner & Rector’s the kidney.
6th ed. Vol. 1. Philadelphia: W.B. Saunders, 2000:520-74.

20. Murer H, Hernando N, Forster I, Biber J. Proximal tubular phosphate
reabsorption: molecular mechanisms. Physiol Rev 2000;80:1373-409.

21. Prie D, Blanchet FB, Essig M, Jourdain JP, Friedlander G. Dipyrida-
mole decreases renal phosphate leak and augments serum phosphorus in
patients with low renal phosphate threshold. ] Am Soc Nephrol 1998;9:
1264-9.

22. Walton RJ, Bijvoét OL. Nomogram for derivation of renal threshold
phosphate concentration. Lancet 1975;2:309-10.

23. Krieg PA, Melton DA. Functional messenger RNAs are produced by
SP6 in vitro transcription of cloned ¢cDNAs. Nucleic Acids Res 1984;12:
7057-70.

24. Melton DA, Krieg PA, Rebagliati MR, Maniatis T, Zinn K, Green
MR. Efficient in vitro synthesis of biologically active RNA and RNA hy-
bridization probes from plasmids containing a bacteriophage SP6 promot-
er. Nucleic Acids Res 1984;12:7035-56.

25. Jones A, Tzenova J, Frappier D, et al. Hereditary hypophosphatemic
rickets with hypercalciuria is not caused by mutations in the Na/Pi
cotransporter NPT2 gene. ] Am Soc Nephrol 2001;12:507-14.

www.nejm.org

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



MUTATIONS IN THE TYPE 2a SODIUM-PHOSPHATE COTRANSPORTER

26. van den Heuvel L, Op de Koul K, Knots E, Knoers N, Monnens L.
Autosomal recessive hypophosphataemic rickets with hypercalciuria is not
caused by mutations in the type II renal sodium/phosphate cotransporter
gene. Nephrol Dial Transplant 2001;16:48-51.

27. Busch A, Waldegger S, Herzer T, et al. Electrophysiological analysis
of Na+ /Pi cotransport mediated by a transporter cloned from rat kidney
and expressed in Xenopus oocytes. Proc Natl Acad Sci U S A 1994;91:
8205-8.

28. Gray RW, Wilz DR, Caldas AE, Lemann J Jr. The importance of
phosphate in regulating plasma 1,25-(OH)2-vitamin D levels in humans:
studies in healthy subjects, in calcium-stone formers and in patients with

primary hyperparathyroidism. J Clin Endocrinol Metab 1977;45:299-306.

29. Portale AA, Halloran BP, Morris RC Jr. Physiologic regulation of the
serum concentration of 1,25-dihydroxyvitamin D by phosphorus in normal
men. J Clin Invest 1989;83:1494-9.

30. Beck L, Karaplis AC, Amizuka N, Hewson AS, Ozawa H, Tenenhouse
HS. Targeted inactivation of Npt2 in mice leads to severe renal phosphate

wasting, hypercalciuria, and skeletal abnormalities. Proc Natl Acad Sci

U S A 1998;95:5372-7.

31. Chau H, Tenenhouse HS. Renal phosphate wasting and hypercalciuria
in Npt2 knockout mice are associated with nephrocalcinosis. ] Am Soc
Nephrol 2001;12:751A. abstract.

32. Xiao Y, Boyer CJ, Vincent E, et al. Involvement of disulphide bonds
in the renal sodium/phosphate co-transporter NaPi-2. Biochem J 1997,
323:401-8.

33. Lambert G, Forster IC, Biber J, Murer H. Cysteine residues and the
structure of the rat renal proximal tubular type II sodium phosphate
cotransporter (rat NaPi Ila). ] Membr Biol 2000;176:133-41.

34. A gene (PEX) with homologies to endopeptidases is mutated in pa-
tients with X-linked hypophosphataemic rickets. Nat Genet 1995;11:130-6.
35. Autosomal dominant hypophosphataemic rickets is associated with
mutations in FGF23. Nat Genet 2000;26:345-8.

Copyright © 2002 Massachusetts Medical Society.

FULL TEXT OF ALL JOURNAL ARTICLES ON THE WORLD WIDE WEB

Access to the complete text of the Journal on the Internet is free to all subscribers. To use
this Web site, subscribers should go to the Journal’s home page (http://www.nejm.org)
and register by entering their names and subscriber numbers as they appear on their
mailing labels. After this one-time registration, subscribers can use their passwords to log
on for electronic access to the entire Journal from any computer that is connected to the
Internet. Features include a library of all issues since January 1993 and abstracts since
January 1975, a full-text search capacity, and a personal archive for saving articles and
search results of interest. All articles can be printed in a format that is virtually identical
to that of the typeset pages. Beginning six months after publication the full text of all
original articles and special articles is available free to nonsubscribers who have completed

a brief registration.

N Engl ] Med, Vol. 347, No. 13 -

September 26, 2002 - www.nejm.org - 991

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



