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ABSTRACT
Idiopathic infantile hypercalcemia (IIH) is characterized by severe hypercalcemia with failure to thrive, vomiting,
dehydration, and nephrocalcinosis. Recently, mutations in the vitamin D catabolizing enzyme 25-hydroxyvitamin
D3-24-hydroxylase (CYP24A1)weredescribedthat lead to increasedsensitivity tovitaminDduetoaccumulationof
the activemetabolite 1,25-(OH)2D3. In a subgroupof patientswhopresented in early infancywith renal phosphate
wasting and symptomatic hypercalcemia, mutations inCYP24A1were excluded. Four patients from families with
parental consanguinity were subjected to homozygosity mapping that identified a second IIH gene locus on
chromosome 5q35 with a maximum logarithm of odds (LOD) score of 6.79. The sequence analysis of the most
promising candidate gene, SLC34A1 encoding renal sodium-phosphate cotransporter 2A (NaPi-IIa), revealed
autosomal-recessive mutations in the four index cases and in 12 patients with sporadic IIH. Functional studies of
mutant NaPi-IIa in Xenopus oocytes and opossum kidney (OK) cells demonstrated disturbed trafficking to the
plasma membrane and loss of phosphate transport activity. Analysis of calcium and phosphate metabolism in
Slc34a1-knockoutmicehighlighted theeffect of phosphatedepletion andfibroblast growth factor-23 suppression
on the development of the IIH phenotype. The human and mice data together demonstrate that primary renal
phosphate wasting caused by defective NaPi-IIa function induces inappropriate production of 1,25-(OH)2D3 with
subsequent symptomatic hypercalcemia. Clinical and laboratory findings persist despite cessation of vitamin D
prophylaxisbut rapidlyrespondtophosphatesupplementation.Therefore,earlydifferentiationbetweenSLC34A1
(NaPi-IIa) and CYP24A1 (24-hydroxylase) defects appears critical for targeted therapy in patients with IIH.
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Serum calcium levels are primarily maintained by
vitamin D and parathyroid hormone (PTH). The
conversion of vitamin D to its biologically active
form 1,25-(OH)2D3, as well as its inactivation, in-
volve sequential hydroxylation steps which are
tightly regulated (Figure 1). The biologic activity
of both key activating and deactivating enzymes
25-OH-D3-1a-hydroxylase (CYP27B1) and 25-
OH-D3-24-hydroxylase (CYP24A1) is mainly con-
trolled by 1,25-(OH)2D3 itself, calcium, phosphate,
and PTH. In addition, fibroblast growth factor 23

(FGF23) that primarily regulates phosphate metab-
olism limits the action of vitaminD by inhibiting its
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activation via 1a-hydroxylase and promoting its degradation
via 24-hydroxylase. Defects in vitamin D activation and action
cause different forms of vitamin D-dependent rickets whereas
impaired degradation of 1,25-(OH)2D3 underlies idiopathic
infantile hypercalcemia (IIH).1,2

IIH (OMIM #143880) was first described in the 1950s after
an epidemic occurrence of unexplained hypercalcemia in
infants receiving increased amounts of vitamin D via fortified
milk products for the prevention of rickets.3,4 Although a link
to exogenous vitamin D was recognized early, the pathophys-
iology remained unknown until the recent identification of
inactivating mutations in CYP24A1.2 Meanwhile, CYP24A1
mutations have also been described in adults who primarily
presented with nephrolithiasis while remaining asymptomatic
during infancy.5

Here, we demonstrate genetic heterogeneity of IIH by the
identificationof autosomal-recessive loss-of-functionmutations
in SLC34A1 encoding the renal sodium-phosphate cotrans-
porter NaPi-IIa. Affected patients, in addition to hypercalcemia
and suppressed PTH levels, also exhibit hypophosphatemia due
to renal phosphate wasting. The critical role of phosphate de-
ficiency for the development of IIH is replicated in Slc34a1

knockout mice that normalize calcium metabolism following
phosphate supplementation but not after omission of vitamin D
supplementation alone.

RESULTS

Genome-Wide Linkage and Mutational Analysis
Weidentified four patients fromthree consanguineous families
(F1–F3) with typical IIH without mutations in CYP24A1
(Supplemental Figure 1). Homozygosity mapping revealed a
single region on chromosome 5q35 with a maximum multi-
point logarithm of odds score of 6.79 (Supplemental Figure 2).
The critical interval of approximately 1.66 Mb contains 30
known RefSeq genes as well as 15 putative transcripts (Sup-
plemental Table 1) including SLC34A1 as the most promising
positional candidate. Direct sequencing of SLC34A1 yielded
homozygous mutations in all four patients subjected to ho-
mozygosity mapping. Next, the SLC34A1 gene was screened
in a larger cohort of sporadic IIH patients without CYP24A1
mutations (n=126). Biallelic mutations were identified in 11
patients (Supplemental Figures 1 and 3). Solely in patient F5.1,

only one heterozygous mutation could be
identified. Cosegregation analysis was com-
patible with autosomal-recessive inheritance
(Supplemental Figure 1). In total, 16 differ-
ent mutations were identified (Figure 2A/B).
All mutations were excluded in at least 204
healthy Caucasian control alleles. Further-
more, we identified an in-frame deletion of
seven amino acids (91del7) that has been
described previously6 and is listed in the
human exome variant server with an allele
frequency of approximately 2.6% in the
European American population (http://
evs.gs.washington.edu). For this variant,
a larger sample was tested, yielding an
allele frequency of approximately 1.6%
(8 out of 512 alleles).

Clinical Findings
All 15 patients with proven SLC34A1 mu-
tations (F1.1–F14.1) were clinically re-
evaluated, as well as one patient with
early-onset nephrocalcinosis (F15.1) (Table
1, Supplemental Figure 1). Clinical details of
patient F4.1 have been reported previously
(patient 3 in Lameris et al.7). All patients re-
ceived vitamin D supplements from birth
according to their home country’s recom-
mendations. The age at onset varied between
20 days and 10 months with failure to thrive
and polyuria being themost frequent clinical
symptoms. Renal ultrasound demonstrated
medullary nephrocalcinosis in all infants. A

Figure 1. Integrated scheme of calcium and phosphate metabolism. The activation of
vitamn D to its biologically active form 1,25-(OH)2D3 by 1a-hydroxylase (CYP27B1) as well
as its degradation by 24-hydroxylase (CYP24A1) are tightly controlled by 1,25-(OH)2D3

itself, serum calcium, and PTH (lower part). In addition, vitamin D metabolism is critically
influenced by phosphate homeostasis via the action of the primary phosphaturic hor-
mone FGF23 that limits the action of active 1,25-(OH)2D3 by inhibiting 1a-hydroxylase
(CYP27B1) and activating 24-hydroxylase (CYP24A1) (upper part).
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retrospective analysis of laboratory data at
the time of initial manifestation revealed
hypercalcemia and suppressed intact para-
thyroid hormone (iPTH) levels. During
hypercalcemia, active 1,25-(OH)2D3 was
determined in 11/15 patients and found
to be elevated in 6/11 patients (Table 1,
Supplemental Table 2, median=82 pg/ml).
In patient F15.1, nephrocalcinosis was dis-
covered accidentally at 18 months of age.
In this patient, only polyuria had been no-
ticed before. The laboratory evaluation
revealed a high–normal serum calcium
and an iPTH level at the lower normal limit
(Table 1).

A thorough re-evaluation of phosphate
metabolism revealed hypophosphatemia
(S-PO4median=1.1mmol/l (25.0SDS, ad-
justed for age)). Impaired renal phosphate
conservation could be demonstrated in
four out of seven patients with available
data (tubular maximum phosphate reab-
sorption per glomerular filtration rate,
TmP/GFR#22SDS). During acute treat-
ment of hypercalcemia vitamin D supple-
mentswere stopped in all patients, additional
therapeutic measures included intravenous
rehydration, furosemide, corticosteroids,
and ketoconazole (Supplemental Table 2).
A low calcium diet was initiated in four pa-
tients. Thereafter, serum calcium levels
decreased but tended to be continuously el-
evated during follow-up in six patients. Six
out of 16 patients were treated with oral
phosphate (sodium phosphate or sodium
glycerophosphate). The determination of
TmP/GFR (13/16 patients with data) during
follow-up revealed low values (TmP/
GFR#22SDS) in four patients, seven
patients exhibited TmP/GFR in the lower
part of the normal range. In the majority
of patients (11/16), iPTH levels normal-
ized during follow-up (median follow-up
of 3.5 years). FGF23 levels were determined
in 8/16 patients and found to be within the
normal range during follow-up in the pres-
ence of normophosphatemia and normal-
ized calcium metabolism.

In the context of the efficacy of the
mentioned therapeutic measures, patient
F9.1 is of special importance because
SLC34A1 mutations were detected during
acute diseasemanifestationwhile still being
hypercalcemic and exhibiting phosphate de-
ficiency. Prior to manipulation of dietary

Figure 2. Genetic and functional analyses of SLC34A1/NaPi-IIa. (A) Identified mutations
in the SLC34A1 gene. In total, 16 different mutations were identified including six mis-
sense mutations, two frame-shift mutations, one in-frame deletion, two stop mutations,
and five splice-site mutations. (B) Secondary topology of the human NaPi-IIa protein
(adapted from Fenollar-Ferrer et al.36) with mutations indicated. (C) Phosphate transport
activity of wild-type and mutant hNaPi-IIa. Uptakes were performed in Xenopus oocytes 3
days after injection of cRNA encoding hNaPi-IIa. n=2, each 8–10 oocytes; NI, non-
injected; wt, wild-type. (D) Expression of human NaPi-IIa cotransporters in OK cells. Cells
were transfected with pEGFP plasmids containing either wild-type or mutant hNaPi-IIa, as
well as with the empty pEGFP plasmid. Confluent cultures were processed for confocal
microscopy. (a) Focal planes of lateral projections. (b) Focal planes of apical projections.
(c) Cross-sections. NaPi-IIa signal is shown in green and the actin staining in red.
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phosphate intake, oral rehydration as well
as a diet containing low calcium and de-
void of vitamin D supplements had been
unable to correct the hypercalcemia.
Therefore, a supplementation with oral
phosphate in a dose of 0.5–1 mmol/kg/day
was initiated leading to a rapid correction of
hypophosphatemia, a rapid normalization of
calcium metabolism, and a significant clini-
cal improvement reflected by a rapid weight
gain (Figure 3).

Clinicaland/orbiochemicaldataofparents
was available for 12 families (Supplemental
Tables 3 and 4). Whereas nephrocalcinosis
was not identified in any relative, bothparents
of patient F5.1 had suffered from kidney
stone disease, the mother of patient F9.1
underwent nephrectomy in adolescence
after recurrent pyelonephritis and a stag-
horn calculus. The remaining carriers of
heterozygous SLC34A1mutations with avail-
able data were free of renal pathology. Bio-
chemical analyses indicated normocalcemia,
normophosphatemia and iPTH levels within
the normal range; only the father of patient
F13.1 with heterozygous SLC34A1 mutation
p.V408E displayed hypophosphatemia
(0.6 mmol/l) and a suppressed iPTH
(,3 pg/ml), while being normocalcemic
and free of clinical symptoms. However,
in 4/6 carriers of heterozygous SLC34A1
mutations, TmP/GFR was in the lower
normal range (0.8 mmol/l).

NaPi-IIa-Mediated Phosphate Uptake
in Xenopus Oocytes
Human wild-type and mutant NaPi-IIa
constructs were functionally expressed in
Xenopus oocytes and transport of labeled
phosphate (32Pi) was measured. Overex-
pression of wild-type NaPi-IIa induced a
significant 32Pi uptake as described previ-
ously.8 In contrast, injection of mutant
NaPi-IIa complementary RNA (cRNA)
did not produce 32Pi uptakes significantly
different from non-injected controls, com-
patible with a loss of function and/or de-
fective trafficking to the membrane of
identified mutations. Only the 91del7 var-
iant yielded 32Pi uptakes comparable to
the wild-type construct (Figure 2C).

Subcellular Localization of Mutant NaPi-IIa in OK Cells
EGFP-tagged human NaPi-IIa constructs were transiently
transfected into opossumkidney (OK) cells and the subcellular

localizationwas studied by confocalmicroscopy (Figure 2D). For
wild-type NaPi-IIa, a regular localization at the plasma mem-
brane was observed (visible as patchy apical accumulations on
focal as well as cross-sectional planes) in colocalization with
actin. Mutant NaPi-IIa constructs displayed a complete intracel-
lular retention and no detectable actin colocalization. The

Figure 3. Clinical course of patient F9.1 during acute disease manifestation. Whereas
rehydration and omitting of vitamin D prophylaxis did not lead to correction of hy-
percalcemia and clinical improvement, phosphate supplementation implemented after
genetic diagnosis of SLC34A1 mutations resulted in normophosphatemia, a normali-
zation of calcium metabolism, a reduction in calcium excretion, as well as a rapid
clinical recovery and weight gain. The inset shows severe medullary nephrocalcinosis
on renal ultrasonography in this infant.
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91del7 variant was found to be expressed both in intracellular
compartments as well as at the plasma membrane, indicating a
partial retention of this variant inside the cell (Figure 2D).

Animal Data
To study the mechanisms behind the immediate clinical
improvement upon phosphate supplementation in patient
F9.1, the influence of phosphate and vitamin D was studied
in Slc34a1 knockout mice. After weaning, mice were fed diets
with low or high phosphate (lowP/highP) as well as low or high
vitamin D content (lowD/highD). As expected, lowP diets led
to severe hypophosphatemia in knockout mice whereas wild-
type animals remained normophosphatemic (Figure 4). The
highD diets resulted in a vitamin D overload in knockout and
wild-type animals reflected by high 25-OH-D3 levels. In re-
sponse, wild-type mice were able to adequately down-regulate
vitamin D activation. They exhibited low CYP27B1 mRNA as
well as high CYP24A1mRNA levels and showed very low serum
levels of active 1,25-(OH)2D3. In contrast, knockout animals
showed significantly higher levels of CYP27B1 mRNA (0.110
in knockout versus 0.005 in wild-type, P=0.001) while
CYP24A1 expression was low (0.34 in knockout versus 7.78 in
wild-type, P,0.001). As a consequence, levels of 1,25-(OH)2D3

stayed significantly higher (16.5 ng/ml in knockout versus 7.4
ng/ml in wild-type, P=0.01), contributing to an exacerbation of
hypercalcemia and hypercalciuria. The impaired inhibition of
vitaminD activation in hypophosphatemic knockoutmice likely
occurred in consequence of suppressed FGF23 levels (14 pg/ml
in knockout versus 571 pg/ml in wild-type, P,0.05). Equally
low FGF23 levels were observed in knockout animals on a lowP/
lowD diet. Despite low vitamin D supply, these mice showed an
augmented vitamin D activation with higher levels of active
1,25-(OH)2D3 resulting in hypercalcemia and hypercalciuria.
In contrast, the highP diets normalized serum phosphate levels
and FGF23. Consecutively, levels of 1,25-(OH)2D3 as well as
serum calcium returned to their physiologic ranges. For a sum-
mary of results see Figure 4 (the full data set is provided in
Supplemental Table 5).

DISCUSSION

Using a positional candidate gene approach, we identified loss-
of-function mutations in SLC34A1 encoding renal proximal
tubular sodium-phosphate cotransporter NaPi-IIa in a cohort
of infants with IIH without mutations in CYP24A1. Cosegre-
gation analysis indicates autosomal-recessive inheritance.

NaPi-IIa (SLC34A1), togetherwith its closehomologNaPi-IIc
(SLC34A3), mediates the conservation of filtered phosphate
from primary urine.9 The importance of NaPi-IIa and NaPi-
IIc for renal phosphate conservation could be deduced from
animal studies as well as hereditary human disease. NaPi-IIa
knockout mice exhibit urinary phosphate wasting with consec-
utive hypophosphatemia.10 They also show high 1,25-(OH)2D3

levels, resulting in hypercalcemia and hypercalciuria. In contrast,

Figure 4. Biochemical data of Slc34a1 knockout mice in com-
parison to wild-type animals. Both mice were fed diets with low
or high phosphate content (lowP/highP) and vitamin D (lowD/
highD), respectively. HighD diets resulted in a vitamin D overload
in both knockout and wild-type mice. Wild-type mice adequately
limited vitamin D activation by downregulating Cyp27b1 and
activating Cyp24a1 expression. In contrast, phosphate-depleted
Slc34a1 knockout mice exhibited low FGF23 levels, provoking
a reverse regulation of Cyp27b1 (1a-hydroxylase) and Cyp24a1
(24-hydroxylase) expression. Consequently, these mice were not
able to limit vitamin D activation, leading to an aggravation
of hypercalcemia. Dysregulated calcium homeostasis in these
knockout mice was only slightly improved by limiting vitamin D
supply with persistence of hypercalcemia and hypercalciuria. In
contrast, high phosphate supplementation restored serum levels
of phosphate and FGF23 enabling a normalization of 1,25-(OH)2D3

and serum calcium levels. Significant differences between knockout
and wild-type mice under lowP/highD diet are indicated by bold
letters, significance levels are: *P,0.05; **P,0.01; ***P,0.001; # =
normalized Cyp27b1 and Cyp24a1 expression levels (for details see
Supplemental Material).
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NaPi-IIc knockout mice do not exhibit overt renal phosphate
wasting, but only display hypercalciuria and elevated 1,25-
(OH)2D3 levels.11 These findings for NaPi-IIc in mice differed
from initial observations in humans, where inactivatingNaPi-IIc
mutations were shown to lead to hereditary hypophosphatemic
rickets with hypercalciuria (OMIM #241530).12,13 Meanwhile,
patients with NaPi-IIc defects presenting with isolated hypercal-
ciuria and nephrolithiasis have been described.14,15

The identification of autosomal-recessive SLC34A1 muta-
tions in infants with IIH now demonstrates a crucial role of
NaPi-IIa for calcium metabolism as well as phosphate balance
in humans, which are tightly linked because they share major
control mechanisms comprising vitamin D, iPTH, and FGF23.
FGF23 exerts two major effects in the proximal tubule. In the
first place, FGF23 inhibits phosphate reabsorption via NaPi-IIa
and NaPi-IIc. Secondly, it inhibits 1a-hydroxylase (CYP27B1)
and activates 24-hydroxylase (CYP24A1), decreasing circulating
levels of active 1,25-(OH)2D3 (Figure 1). Excess levels of FGF23,
as present in different forms of hereditary hypophosphatemic
rickets, therefore lead to secondary renal phosphate wasting to-
gether with low levels of active vitamin D.

In contrast, IIH patients with NaPi-IIa mutations exhibit a
primary defect in proximal tubular phosphate reabsorption.
Subsequent hypophosphatemia as present in our patients at
initial manifestation (Table 1, Supplemental Table 2) induces a
decrease in circulating FGF23 levels.16,17 Bothhypophosphatemia
and low FGF23 levels are known to increase CYP27B1 expres-
sion and 1a-hydroxylase activity as well as inhibiting CYP24A1
expression and 24-hydroxylase activity.16 These effects to-
gether promote an increase of 1,25-(OH)2D3 with subsequent
hypercalcemia (Figure 5).

As laboratory parameters during acute
hypercalcemia were compiled retrospec-
tively, the available data set is incomplete.
At initial manifestation, 1,25-(OH)2D3 was
elevated in 6/11 IIH patients with available
data (Table 1, Supplemental Table 2).
Comparable 1,25-(OH)2D3 levels have
been identified previously in hypercalce-
mic patients with CYP24A1 defects.2

In contrast, in non-vitamin D-mediated
hypercalcemic conditions, levels of
1,25-(OH)2D3 are expected to be low.

In IIHpatientswithNaPi-IIa defects, the
disturbances in calciumhomeostasis clearly
outmatch the primary defect in phosphate
metabolism. Although hypophosphatemia
and renal phosphate wasting are detected at
initial presentation and to a lesser extent
during follow-up, a clinical correlate, e.g.,
signs of rickets, is lacking. Unfortunately,
an accurate determination of FGF23 levels
poses a challenge in the clinical setting due
to the hormone’s instability (see Supplemen-
talMaterial). Therefore data on FGF23 levels

in our patients at initial manifestation aremostly lacking. FGF23
was solely measured in patient F9.1 during hypophosphatemia
and hypercalcemia (Figure 3) and in the low–normal range
(33 kRU/ml) (for details concerning the employed assay please
see Supplemental Material). During follow-up, in face of
normophosphatemia (median S-PO4=1.5mmol/l), FGF23 lev-
els were normal (8/16 patients with available data). While this
human data incompletely traces all proposed pathophysiologic
changes, these have been delineated accurately in Slc34a1 knock-
out mice.10,16,18

To examine the concomitant disturbances in calcium and
phosphatemetabolism inmore detail and their dependence on
phosphate and vitamin D supply, we re-examined Slc34a1
knockout mice fed diets with variable phosphate and vitamin
D content. First, the lowP/highD diet was used to simulate the
situation of human infants who receive breast milk with low
phosphate content (~0.1%–0.15%) together with the recom-
mended vitamin D prophylaxis (500 IU/day orally) for the
prevention of rickets. Under this diet, Slc34a1 knockout
mice developed hypophosphatemia, hypercalcemia, and hy-
percalciuria (Figure 4, Supplemental Table 5). Although some
changes in calcium metabolism caused by excess vitamin D
were also observed in wild-type mice under identical diet, the
analysis of hormonal factors and vitamin D metabolizing en-
zymes revealed the critical changes in the regulation of vitamin
D (Figure 4). Wild-type mice are able to limit vitamin D ac-
tivation by increased action of FGF23,while phosphate-deficient
Slc34a1 knockout mice display an unlimited vitamin D activa-
tion caused by lack of the regulatory counterpart FGF23. These
abnormalities are only slightly mitigated by limiting vitamin D
supply with persistence of hypercalcemia and hypercalciuria

Figure 5. Pathophysiology of disturbed NaPi-IIa function in the proximal renal tubule.
(A) Under physiologic conditions, proximal tubular phosphate reabsorption via NaPi-IIa
(and NaPi-IIc, not shown) ensures the maintenance of phosphate homeostasis. Phos-
phate reabsorption via NaPi-IIa is limited by the concerted action of PTH (not shown)
and FGF23. Besides its phosphaturic effect, FGF23 negatively regulates the action of
1,25-(OH)2D3 by inhibiting the expression of 1a-hydroxylase (CYP27B1) and activating
24-hydroxylase (CYP24A1). (B) As a consequence of a NaPi-IIa defect, phosphate
depletion leads to a decrease of FGF23 levels. In turn, an unrestricted activation of
1,25-(OH)2D3 results in hypercalcemia, hypercalciuria, and nephrocalcinosis.
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(Figure 4). In contrast, Slc34a1 knockout mice respond to a high
phosphate diet with normalization of serum phosphate and
FGF23 levels enabling a return of 1,25-(OH)2D3 into the phys-
iologic range, normocalcemia, and normocalciuria. Similar ob-
servations were made by Tenenhouse and colleagues who
describe a normalization of calcium metabolism in Slc34a1
knockout mice by either additional ablation of 1a-hydroxylase
(CYP27B1) or by high phosphate supplementation.19 Impor-
tantly, these data are in line with the clinical observation made
in patient P9.1 who remained hypercalcemic after rehydration
and cessation of vitaminD supplements (Figure 3), but showed a
rapid improvement of his clinical condition and a complete re-
versal of biochemical abnormalities, including an increase in
FGF23, after phosphate supplementation.

The SLC34A1 mutations observed in IIH patients clearly
indicate autosomal-recessive inheritance. The spectrum of
mutations comprises truncating mutations as well as missense
mutations. For the latter, functional analyses demonstrated a
loss-of-function character which may be mostly due to im-
paired trafficking of the mutant transporter to the membrane
as indicated by the OK cell experiments (Figure 2D). Mutations
in SLC34A1 have been described before, either in homozygous/
compound-heterozygous or heterozygous state. A recessive loss-
of-function mutation in SLC34A1 was described in two siblings
with renal Fanconi’s syndrome, hypophosphatemic rickets, hy-
percalciuria, and elevated 1,25-(OH)2D3 levels.20,21 Unfortu-
nately, no data regarding the clinical course during infancy
were reported. A recent report describes two siblings with a ho-
mozygous missense mutation who presented with hypophos-
phatemia and nephrocalcinosis.22 The laboratory evaluation of
the asymptomatic younger sister performed in early infancy re-
vealed hypercalcemia, suppressed iPTH, and elevated levels of
1,25-(OH)2D3 as present in our IIH patients. Thus, the bio-
chemical profile resembles IIH, noteworthy without clinical
symptoms related to hypercalcemia. Compound-heterozygous
mutations were described in a patient who presented during
infancy with early-onset nephrocalcinosis and hyperoxaluria.23

Furthermore, heterozygous missense mutations in
SLC34A1 were identified in adult patients with nephrolithiasis,
bone demineralization, and renal phosphate leak.6,24 Func-
tional studies demonstrated a loss of phosphate transport
activity for the reported mutations, but failed to identify a
dominant-negative effect that had initially been postu-
lated.24,25 We observed nephrolithiasis in 3/26 heterozygous
first-degree relatives of our patients (Supplemental Table 4).
Therefore, a heterozygous carrier status appears to represent a
predisposition for the development of kidney stone disease,
presumably requiring additional genetic or lifestyle factors as
already suggested by Prié and colleagues.24

Previously identified sequence variants included the 91del7
variant,6 for which the authors demonstrated a reduced ex-
pression level in HEK293 cells as well as a reduction in
phosphate-induced currents in Xenopus oocytes. We here describe
three patients (F6.1, F8.1, and F13.1) who carry the 91del7
mutant in compound-heterozygous state together with a

second non-functional allele (Supplemental Table 2). These
patients display a clinical phenotype that is indistinguishable
from that of IIH patients with two non-functional SLC34A1
alleles. Our functional analyses confirmed the impaired traf-
ficking of NaPi-IIa-91del7 in HEK293 cells while phosphate
uptake in the Xenopus oocyte system was largely preserved.
The pathophysiologic relevance of the 91del7 variant in
compound-heterozygous state is also supported by a report
on an infantwith Sotos syndrome and clinical IIH.26 The patient
carried a genomic deletion including SLC34A1 that is typical
for Sotos syndrome on one allele and the 91del7 variant on the
remaining SLC34A1 allele.26 Finally, we identified this mutant
in homozygous state in a girl (F15.1) who presented with in-
cidental nephrocalcinosis and polyuria. Despite no obvious
disturbance in phosphate metabolism, she had borderline hy-
percalcemia and hypercalciuria, a clinical phenotype that
could be considered a mild IIH variant.

In summary, the discovery of autosomal-recessive loss-of-
function mutations in SLC34A1 (NaPi-IIa) highlights a novel
pathophysiologic pathway in IIH. In affected patients, primary
renal phosphate wasting and suppression of FGF23 leads to an
inappropriate activation of 1,25-(OH)2D3 with subsequent
hypercalcemia. As the clinical phenotype strongly resembles
that of patients with CYP24A1 defects, all infants clinically
presenting with IIH require a careful evaluation of phosphate
metabolism. Beyond omitting vitamin D prophylaxis and cal-
cium restriction, infants with defective NaPi-IIa require phos-
phate supplementation in order to restore serum phosphate
levels and normalize vitamin D and calcium metabolism. Fu-
ture studies will have to address the definite impact of this
combined disturbance of phosphate and calcium metabolism
for the development of hypercalciuria, nephrocalcinosis, and
nephrolithiasis in later life as already described for defects in
CYP24A1.5

CONCISE METHODS

Patients
Weidentified fourpatients fromthreeconsanguineous families (F1–F3)

as well as 12 unrelated patients with typical IIH who did not exhibit

mutations inCYP24A1. Clinical and laboratory data of affected patients

were collected retrospectively from medical charts except for patient

F9.1 who was recruited during the acute phase of hypercalcemia. Dur-

ing follow-up, all patients were clinically re-evaluated and current bio-

chemical data obtained. In addition, clinical, radiologic, and laboratory

data of available parentswere obtained and analyzed using standardized

questionnaires (summarized in Supplemental Tables 3 and 4). Detailed

descriptions of the analyses of serum iPTH, FGF23, 25-OH-D3, and

1,25-(OH)2D3 are provided in the Supplemental Material. Renal phos-

phate handling was assessed as TmP/GFR=SPO4–(UPO43SCr/UCr). For

SPO4 and TmP/GFR, age-dependent reference values were used.27,28 All

investigations, including genetic studies, were approved by the Ethics

Committee of theWestfälischeWilhelms University, Münster. Patients

or their parents provided written informed consent.
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Genetic Studies
GenomicDNAof affected individuals and available familymemberswas

extracted fromperipheralbloodusing standardmethods.Agenomescan

for shared homozygous regions was performed in patients F1.1–F3.1

using Illumina Human660W-Quad and Human OmniExpress Bead-

Chips. Multi-point parametric linkage analysis was performed using

Merlin 1.1.2 as described (see Supplemental Material).29 A list of can-

didate genes within the critical interval was generated on the basis of

Ensembl Genome assembly GRCh37 (www.ensembl.org). The coding

region and splice sites of SLC34A1 were conventionally Sanger se-

quenced. Newly identified SLC34A1 sequence variants were tested for

their frequency in at least 204 ethnically matched control alleles by

Sanger sequencing. The presence of the previously reported sequence

variation 91del7 was analyzed in 512 control alleles.

Preparation of Plasmid Constructs
NaPi-IIa mutations 91del7, G153A, G153V, L155P, C336G, V408E,

L475fs, and W488R were introduced into human SLC34A1 cDNA

subcloned into pEGFP-C1 and KSM vectors as described.25,30 Details

concerning mutagenesis are provided in the Supplemental Material.

For oocyte expression, capped cRNA was synthesized in vitro using

Megascript T3 kit (Ambion) in the presence of cap analog (New

England Biolabs).

32Pi Uptake and Two Electrode Voltage Clamp
Experiments upon Expression of NaPi-IIa in Xenopus
laevis Oocytes
X. laevis oocytes were obtained, selected, andmaintained as described

previously (fordetails see SupplementalMaterial). All animal procedures

were approved by the Swiss Cantonal Authority and in accordance with

the Swiss Animal Protection Law. Oocytes were injected with 10 ng of

wild-type and mutant NaPi-IIa cRNA. Experiments were performed

3 days post-injection. Oocytes were incubated in 100 Na solution

containing 1 mM cold Pi and 31Pi (specific activity 10 mCi/mmol Pi;

PerkinElmer) for 10minutes. Scintillation counting (Tri-Carb 29000TR;

Packard) was performed after washing and lysis in 2% SDS.

Voltage clamp experimentswere performed as reported25 (for details

see SupplementalMaterial). Steady-state currents were obtained using a

protocol inwhichmembrane voltage steps weremade from the holding

potential (Vh)=260mV, to test voltages in the range2180 to+80mVin

20mVincrements.Thesteady-statePi-dependentcurrent (IPi)wasobtained

by subtracting control traces (in 100Na solution) from the corresponding

traces in the presence of Pi.

Cell Culture and Transient Transfections
OK cells were cultured as previously reported31 and transfected with

either wild-type or mutant NaPi-IIa fused to EGFP (enhanced green

fluorescent protein). Two independent experiments were performed,

each in duplicates or triplicates. Upon expression of clear patches of

wild-type cotransporter, cells were fixed and permeabilized with sa-

ponin as described previously.32 Actin was stained by incubationwith

Texas Red-X phalloidin (Invitrogen). After washing with saponin/

PBS, coverslips were mounted on microscope slides. The subcellular

localization of transfected constructs was analyzed by Confocal

Laser Scanning Microscopy (Leica SP2).

Animal Studies
Experiments were performed on 4–12 week old C57BL/6 and homo-

zygous Slc34a1 knockout mice obtained from heterozygous crossings

(littermates). Generation, breeding, and genotyping of the Slc34a1

knockout mice have been described before.10,33 All experiments were

performed according to Swiss animal welfare laws and approved by

the local veterinary authority. Animals had free access to water, and

received for 8 weeks a standard rodent diet (ssniff, Soest, Germany)

supplemented with a high (1.2%) or low (0.1%) Pi content, the latter

with high (10 IU/g chow) or low (0.3–0.5 IU/g chow) Vitamin D3.

Spontaneous urine samples were collected on the last day and frozen

until further analysis. Blood samples were collected before sacrificing

the mice by puncture of the vena cava. Serum electrolytes and creat-

inine were analyzed using commercial kits (Sigma-Aldrich, St. Louis,

MO andWako Chemicals, Neuss, Germany). Plasma concentrations

of iPTH and intact FGF23 were determined by ELISA (Immunotopics,

San Clemente, CA and Kainos, Tokyo, Japan, respectively).

25-OH-D3 and 1,25-(OH)2D3 were assayed simultaneously by liquid

chromatography-tandem mass spectrometry following derivatiza-

tion as described.34 The detection of 1,25-(OH)2D3 required an

immunopurification step involving commercially available antibodies

to 1,25-(OH)2D3.

Renal CYP27B1 and CYP24A1 expression was quantified by

real-time PCR. After purification of mRNA from kidney (RNeasy

Mini Kit, Qiagen), cDNAwas synthesized using reverse transcription

(TaqMan Reverse Transcription Kit, Applied Biosystems) and used

as a template for real-time PCR. The expression of both enzymes was

normalized to the expression of hypoxanthine-guanine-phosphoribosyl-

transferase (HPRT) (see Supplemental Material).
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