Renal Phosphate Wasting Disorders: Clinical Features and
Pathogenesis

By Lori A. Brame, Kenneth E. White, and Michael J. Econs

Rickets and osteomalacia are associated with hypophosphatemia in several disease states, including X-linked
hypophosphatemic rickets, autosomal-dominant hypophosphatemic rickets, and tumor-induced osteomalacia.
Recent advances in the understanding of these diseases include discovery of mutations in the genes encoding
human phosphate-regulating gene with homologies to endopeptidases on the X chromosome (PHEX) and fibro-
blast growth factor 23 (FGF-23) and the finding of overproduction of FGF-23 and other proteins including matrix
extracellular phosphoglycoprotein (MEPE) and frizzled-related protein 4 (FRP-4) in tumor-induced osteomalacia.
Research is ongoing to better define how these proteins relate to each other and to the sodium-phosphate
cotransporter in both normal and abnormal phosphate metabolism. New and improved therapies for disorders of
phosphate metabolism, osteomalacia, and rickets will develop as our knowledge of phosphate metabolism grows.
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BNORMALITIES OF PHOSPHATE and vi-

tamin D metabolism and primary renal tubu-
lar defects are among the factors that lead to the
fina common disease states of rickets in children
and osteomalacia in both children and adults.t In
developed nations where vitamin D deficiency is
relatively uncommon, inherited renal phosphate-
wasting disorders are frequently the cause of os-
teomalacia and rickets. Recent advances in the
understanding of several genetic disorders of phos-
phate metabolism and one acquired condition of
hypophosphatemia have shed light on the underly-
ing pathophysiology of rickets and osteomalacia.
This article reviews the clinical and laboratory
manifestations of severa isolated renal phosphate
wasting disorders (see Table 1), including X-linked
hypophosphatemic rickets (XLH), autosomal-
dominant hypophosphatemic rickets (ADHR), he-
reditary hypophosphatemic rickets with hypercal-
ciuria (HHRH), and tumor-induced osteomalacia
(T10). A disorder of the chloride channel CLC-5
responsible for Dent’'s disease is reviewed sepa-
rately in this issue by Dr. Scheinmann. We de-
scribe how the search for the genes and acquired
factors responsible for these disorders has fur-
thered our understanding of bone and phosphate
metabolism and explore the implications these dis-
coveries have for potential treatments.

ISOLATED RENAL PHOSPHATE WASTING
DISORDERS

XLH

XLH is a relatively common cause of rickets,
with a prevalence of approximately 1 in 20,000. It
isinherited in an X-linked dominant manner, with
no evidence of a gene dosage effect, imprinting, or
genetic anticipation.2 The disease is highly pene-

trant but has a wide range of expressivity.3 In other
words, those carrying the mutation are likely to
have the disease, but the severity of disease and
specific clinical manifestations are variable, even
among members of the same family. Manifesta-
tions of XLH include short stature, bone pain,
tooth abscesses, enthesopathy, and lower-extrem-
ity deformities. Progressive enthesopathy (calcifi-
cation of tendon insertions, ligaments, and joint
capsules) can occur, with pain and limitation of
motion contributing significantly to disability.*
Hypophosphatemia secondary to renal phosphate
wasting is the hallmark of the disease. Renal phos-
phate wasting is measured by the tubular maxi-
mum reabsorption of phosphate per glomerular
filtration rate. Other laboratory manifestations are
as outlined in Table 1. Serum calcitriol (1,25-
dihydroxy vitamin D) concentrations, which in-
crease in the setting of hypophosphatemia in nor-
mal individuals, are inappropriately normal or low
in patients with XLH. Radiographic changes of
rickets, which can include fraying, widening, and
cupping of the metaphyseal ends of long bones, are
often but not always present in children.5 Adults
can have avariety of radiographic findings depend-
ing on disease severity. These findings can include
pseudofractures, osteoarthritis, and enthesopathic
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Table 1. Summary of Clinical and Biochemical
Findings

XLH ADHR/HBD HHRH TIO

Calcium N N N N
Phosphorus L L L L
TmP/GFR L L L L
Alkaline

phosphatase N-H N-H H H
iPTH N* N LN N
Calcitriol N N H L-N
Urine Ca** L-N L-N H L-N
Penetrance Complete Incomplete Unknown NA

* Occasionally pretreatment iPTH is high.

Abbreviations: TMP, tubular maximum reabsorption of
phosphate; GFR, glomerular filtration rate; iPTH, intact
parathyroid hormone; NA, not applicable; H, high; L, low;
N, normal; N-H, nomal to high; L-N, low to normal.

changes.#¢ Osteomalaciais present on bone biopsy
examination.

ADHR

ADHR is a less common heritable form of iso-
lated renal phosphate wasting and rickets than
XLH, but the exact prevalenceis unknown. Similar
to XLH, disease expression even within familiesis
variable, but in contrast to XLH, penetrance is
incomplete. Clinical and laboratory manifestations
of ADHR vary from person to person and are
similar to those of XLH in those who present in
childhood. Adultstypically complain of bone pain,
fatigue, and/or weakness, and some have evidence
of pseudofractures or stress fractures. Renal phos-
phate wasting and inappropriately normal calcitriol
concentrations are the predominant laboratory
findings in ADHR, with other laboratory findings
as described in Table 1.7 Analysis of a large kin-
dred with 23 affected individuals showed 2 general
patterns of disease. One group presented with renal
phosphate wasting and rickets as children, and the
other group presented with renal phosphate wast-
ing after puberty. All members of the kindred with
onset of disease after puberty were women, and
severa of these individuals first manifested symp-
toms shortly after pregnancy. These individuas
complained of bone pain, weakness, and insuffi-
ciency fractures, but did not have lower-extremity
deformities. Two men with documented childhood
hypophosphatemia and rickets later lost the rend
phosphate-wasting defect. It is unknown at this
time what other genetic, hormonal, or environmen-
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tal factors allow for postpubertal resolution or de-
velopment of disease. Two unaffected adults with
the ADHR mutation are examples of incomplete
penetrance of the disease.”

Hypophosphatemic Bone Disease

Hypophosphatemic bone disease is a disorder
described by Scriver et al.8 They reported 5 small
kindreds with renal phosphate wasting, short stat-
ure, and lower-extremity deformities but no radio-
graphic evidence of rickets. In 1 kindred there was
a male-to-male transmission, consistent with auto-
somal-dominant inheritance. Given the variable
disease expression in ADHR, it may betempting to
speculate that ADHR and hypophosphatemic bone
disease are one and the same disease. However,
when sequencing of the coding region of the gene
responsible for ADHR was performed in patients
with hypophosphatemic bone disease, no mutation
was identified.®

HHRH

HHRH was first described by Tieder et a1 in
1985 in members of a consanguineous Bedouin
tribe. Similar to the disease entities described ear-
lier, HHRH is characterized by hypophosphatemia.
However, HHRH is distinguished by increased cal-
citriol concentrations and suppressed parathyroid
hormone levels. Affected individuals aso have
markedly elevated urine calcium excretion with
increased intestinal absorption of phosphorus and
calcium, which can lead to nephrolithiasis. Clini-
cally, affected individuals have rickets and short
stature. Further analysis of the kindred revealed 21
members with an intermediate phenotype, suggest-
ing an autosomal -codominant mode of inheritance.
Those individuals with an intermediate phenotype
had hypercalciuria, mild hypophosphatemia, and
increased calcitriol levels, but no evident bony
abnormalities.t

TIO

TIO, aso termed oncogenic hypophosphatemic
osteomalacia, is an acquired disorder of renal
phosphate wasting. Clinical manifestations are
proximal muscle weakness, bone pain, and fatigue.
Children with open epiphyses and TIO have the
lower-extremity disorders characteristic of rickets,
whereas adults with TIO develop fractures and
pseudofractures. Muscle weakness can be pro-
found, and patients may become bedridden by the
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time the diagnosis is established.12 Laboratory ab-
normalities are similar to those in XLH and
ADHR. The associated tumors often are benign,
but can be quite difficult to localize. Positron emis-
sion tomography scans, octreotide scans, and other
functional imaging modalities often are necessary
for localization. Tumors usually are mesenchymal,
but other tumor types have been described, includ-
ing hemangiopericytomas, odontogenic maxillary
tumors, fibromas, angiosarcomas, prostate and
small cell carcinomas, osteoblastomas, and hema-
tologic malignancies.’® Remova of the tumor, if
the tumor can be found, cures the renal phosphate
wasting and osteomalacia.1?

PATHOPHYSIOLOGY
Hyp Mice and the Phex Gene

A murine model known as Hyp has been essen-
tial to our understanding of hypophosphatemic
rickets. The Hyp mouse is characterized by rend
phosphate wasting, growth retardation, and im-
paired bone mineralization.1# Corresponding to the
inappropriately normal calcitriol levels in humans
with XLH, 25-hydroxyvitamin D-1 a-hydroxylase
activity in the Hyp mouse is inappropriately low
for the level of hypophosphatemia.*> Hyp mice
aso have a primary osteoblast defect.16

To evaluate whether the phosphate wasting re-
sults from a primary rena defect or whether the
phosphate wasting is the result of a humoral factor
that alters phosphate transport in the renal proxi-
mal tubule, Meyer et a’ performed parabiosis
experiments using Hyp and normal mice. In these
experiments, Hyp mice were joined surgically to
normal mice. Vascular channels developed be-
tween the 2 animals, allowing for cross-circulation.
The normal mice showed progressive hypophos-
phatemia and renal phosphate wasting. After sep-
aration, plasma phosphate levels of the control
mice normalized within 24 hours with subsequent
rebound hyperphosphatemia. To further address
this issue, Neshitt et ali® performed rena cross-
transplantation between Hyp and normal mice. Ne-
phrectomized Hyp mice received normal kidneys,
which then began wasting phosphorus. Normal
mice transplanted with Hyp kidneys maintained
normal phosphorus metabolism, with normal phos-
phorus levels and no renal phosphate wasting. The
humoral factor suggested by the 2 experiments
described earlier has been termed phosphatonin.1®
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The HY P consortium identified the gene respon-
sible for XLH in 1995 by a positional cloning
approach. The geneis called PHEX, for phosphate-
regulating gene with homologies to endopeptidases
on the X chromosome.20.21 Shortly after PHEX
was identified, a deletion in the 3' end of the
murine Phex gene was found in the Hyp mouse.
There is 91% homology between the mouse and
human gene DNA, and 96% homology between
the mouse and human protein.2t22 PHEX codes for
a 749-amino acid protein, a member of the M13
family of membrane-bound metalloproteases.
Other members of this family include neutral en-
dopeptidase and endothelin converting enzymes 1
and 2.2023 Previoudly described proteins in this
metalloprotease family are known to activate or to
degrade various peptide hormones,2425 and thus it
is likely that PHEX does the same.

PHEX is expressed in low levels in bone and
teeth,2126 and to an even lesser extent in lung,
brain, muscle, and gonads.21-27 However, no PHEX
expression has been found in the kidney.2t A pri-
mary osteoblast defect has been suspected as the
cause of disordered mineralization of extracellular
matrix and phosphorus wasting.28-32 Two groups of
investigators have made transgenic mice that over-
express Phex in the osteoblast, one using the os-
teocalcin promoter and the other a pro-a1(l) col-
lagen gene promoter.33-35 Surprisingly, when
recombined on to the Hyp background, neither
transgene had an appreciable effect on serum phos-
phorus or 1,25(0OH)2 vitamin D concentrations.
These groups independently found that the skeletal
abnormalities partially reversed, but the underlying
renal phosphorus wasting persisted. Their findings
suggest that PHEX/Phex expression in cells other
than the osteoblast isimportant for renal phosphate
homeostasis, whereas the skeletal disturbances ob-
served in XLH may be caused at least partialy by
local interactions of PHEX and its substrates.

Many mutations of PHEX have been described
in different families with XLH, including dele-
tions, frame shifts, and missense and nonsense
mutations.3> Despite the fact that XLH is inherited
in an X-linked dominant manner, which normally
suggests a gain of function disorder, the PHEX
mutations are inactivating, or loss of function, mu-
tations. Clearly, the phosphaturic humora factor
phosphatonin suggested by the Hyp mouse cross-
transplant and parabiosis experiments is not
PHEX. However, it is possible that in normal in-
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dividuals, PHEX functions to directly or indirectly
degrade or, less likely, to decrease production of
phosphatonin. Loss of function of PHEX/Phex in
XLH and Hyp mice thus may lead to higher con-
centrations of phosphatonin, which may subse-
quently cause renal phosphate wasting.3s

Humoral Factors

In 2000, the ADHR consortium used a positional
cloning approach to identify the abnorma gene
responsible for ADHR, fibroblast growth factor 23
(FGF-23).36 Three missense mutations affecting 2
arginines at positions 176 and 179 of the FGF-23
protein were discovered in 4 unrelated kindreds
with ADHR. Because FGF-23 is expressed at very
low levels in normal tissues, Northern blots con-
taining RNA from 16 different human and mouse
tissues failed to reveal expression of FGF-23. Re-
verse-transcription polymerase chain reaction from
RNA of a variety of norma human tissues indi-
cated that FGF-23 is expressed in low levels in
heart, liver, and thyroid/parathyroid tissues.®

Just as a humoral factor termed phosphatonin is
proposed to be the mechanism of phosphaturia in
XLH and Hyp mice, a circulating factor has been
implicated as the cause of hypophosphatemia and
renal phosphate wasting in patients with TIO. Ev-
idence for this theory comes from observation that
phosphate metabolism normalizes when the under-
lying tumor is removed. Kumar37 proposed a set of
criteria defining a phosphatonin to guide the search
for this substance or substances in TIO. He pro-
posed that a phosphatonin should inhibit rena
phosphate transport, inhibit formation of calcitriol,
and be expressed in tumor tissues causing TIO. As
well, for a substance to be considered a phospha-
tonin, the blood concentrations of that substance
should be increased in patients with TIO and de-
crease after remova of the tumor, with a corre-
sponding resolution in phosphate wasting.3”

Inlight of the clinical similarity between ADHR
and TIO, White et al38 examined tumor tissue from
6 different tumors associated with TI1O for FGF-23
expression. Northern and Western blots showed
that these tumors have a high level of expression of
FGF-23 messenger RNA and protein, severa or-
ders of magnitude higher than that of norma tis-
sues. Shimada et al3° independently confirmed the
findings of White et al38 by obtaining complemen-
tary DNA clones abundantly expressed in a tumor
causing TIO and comparing the prevalence of the
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tumor transcripts with the levels of the messenger
RNAs in the normal tissue surrounding the tumor.
Those most frequently expressed were dentine ma-
trix protein 1, heat shock protein-90, osteopontin,
matrix extracellular phosphoglycoprotein (M EPE),
and a novel sequence they termed OST311.
OST311 was determined to be identical to FGF-
23.940 Nude mice implanted with Chinese hamster
ovary cells transfected with MEPE or dentine ma-
trix protein 1 failed to manifest hypophosphatemia.
However, nude mice transfected with FGF-23 tu-
mor cells developed hypophosphatemia, rend
phosphate wasting, increased alkaline phosphatase
levels, and inappropriately low calcitriol levels
with decreased expression of 1-a-hydroxylase ac-
tivity compared with control mice. They aso
showed growth retardation and osteomalacia.3?
Furthermore, when recombinant FGF-23 was in-
jected into mice, the mice developed hypophos-
phatemia and renal phosphate wasting. In subse-
quent studies, Shimada et al“! injected FGF-23 into
mice and found a decrease in the primary sodium
phosphate cotransporter responsible for phosphate
reabsorption, Npt2a, as well as areduction in 1-a-
hydroxylase messenger RNA. These findings indi-
cate that FGF-23 functions as a regulator of Npt2a
expression and of calcitriol synthesis. Furthermore,
investigators have documented that patients with
tumor-induced osteomal acia and increased FGF-23
levels, in whom a clinical cure is achieved with
surgical resection, have had dramatic decreases in
FGF-23 concentrations after surgery.#243 Thus,
there is substantial support for the hypothesis that
FGF-23 is a phosphatonin.

Although FGF-23 has been the best-character-
ized tumor protein product associated with TIO, it
is not the only one. Jan de Beur et a4 identified at
least 10 genes consistently overexpressed in tu-
mors from patients with TIO relative to patients
with mesenchymal tumors but without TIO.
MEPE, frizzled-related protein 4 (FRP-4), dentine
matrix protein 1, FGF-23, and PHEX were among
these overexpressed genes. Of note, studies are
underway with MEPE and FRP-4 to determine
their potential roles in phosphate homeostasis.
Rowe et a4s found high levels of MEPE expres-
sion in TIO tumor samples, low levels of expres-
sion in bone marrow and brain, and very low
expression in lung, kidney, placenta, and 3 of 11
control tumors. However, when Shimada et al3°
implanted Chinese hamster ovary cells that were
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stably transfected with MEPE into mice, the mice
did not develop rena phosphate wasting. In addi-
tion, the knockout mouse for OF45, the murine
homolog to MEPE, does not have an obvious phe-
notype with regard to phosphorus homeostasis.#6
However, OF45 knockout mice develop increased
bone mass, indicating that MEPE may be an im-
portant regulator of bone formation. It is possible
that MEPE playsarolein the skeletal changes seen
inTIO.

FRP-4 may contribute to renal phosphate wast-
ing in TIO and thus is another candidate phospha-
tonin. Preliminary work reported by Vassiliadis et
a4’ indicated that FRP-4 inhibits sodium-depen-
dent phosphate transport in opossum kidney cells.
In addition, preliminary work by Berndt et al48
showed phosphaturiain mice receiving an infusion
of recombinant FRP-4. These results indicate that
additional proteins may have phosphatonin-like ac-
tivity; however, further study is necessary before
drawing any final conclusions.

FGF-23, ADHR, and XLH

Based on the discovery that high levels of
FGF-23 production in TIO lead to hypophos-
phatemic osteomalacia and/or rickets and that mis-
sense mutations in the gene encoding FGF-23
caused a similar phenotype in 4 unrelated families
with ADHR, it was hypothesized that the muta-
tions of FGF-23 in ADHR lead to increased activ-
ity of FGF-23, possibly through decreased cleav-
age of the expressed FGF-23 protein.383° The
mutations in ADHR replace arginine (R) residues
176 or 179 at a subsilin-like proprotein convertase
cleavage site (RXXR motif), making aterationsin
FGF-23 protein cleavage a likely mechanism of
enhanced FGF-23 activity in ADHR.924° When na-
tive FGF-23 was transfected into cell lines, 2 bands
were seen on Western blot analysis, corresponding
to the full-length protein and the C-terminal cleav-
age product.#45458 However, when the FGF-23
mutants were transfected into cell lines, Western
analysis detected only the full-length FGF-23.
These results indicate that the ADHR mutations
stabilize the FGF-23 protein, preventing cleavage
at the RXXR site.49

Given the phenotypic similarity of XLH and
ADHR, it seemslogical that an interaction between
PHEX and FGF-23 might exist. Whether or not
FGF-23 is a substrate for PHEX is controversial.
Bowe et al®° incubated wild-type FGF-23 and
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ADHR mutant FGF-23 in media with and without
PHEX. Proteolysis of wild-type FGF-23 occurred
when incubated with PHEX, but mutant FGF-23
remained intact. However, Guo et al were unable
to show cleavage by PHEX of an FGF-23 peptide
that encompassed arginines 176 and 179.5%
Whether the peptides truly have the same confor-
mation as the native FGF-23 intact molecule is
unknown. Recently, Yamazaki et a“? reported
FGF-23 levels in 6 individuals with XLH and
confirmed PHEX mutations. Five of the 6 had
FGF-23 levels higher than those of 104 hedthy
controls. Using a different FGF-23 assay, Jonsson
et al52 showed FGF-23 levels to be higher than in
healthy controls in 13 of 21 patients with XLH.
Clearly, more research in this area is needed to
elucidate the relationship between PHEX and
FGF-23.

Sodium Phosphate Cotransporter

Extracellular phosphate homeostasis is main-
tained by intestinal absorption and renal excretion.
Absorption of phosphate occurs throughout the
small intestine by both active transport and passive
diffusion. Absorption is proportiona to phosphate
intake, with approximately 60% to 70% of phos-
phate being absorbed in normal circumstances.
Calcitriol isamajor regulator of phosphate absorp-
tion.5354

Renal handling of phosphate is dependent on
phosphate concentrations in the glomerular ultra-
filtrate as well as tubular reabsorption. In the prox-
imal convoluted tubule, the sodium phosphorus
cotransporter NPT2a regulates reabsorption.ss
NPT2a, and thus hormone sodium-dependent
phosphate reabsorption, isregulated by parathyroid
hormone. In rat studies, administration of parathy-
roid hormone caused Npt2a removal from the api-
cal membrane of proximal tubular cells into intra-
cellular lysosomes, where the protein is degraded.
In addition to its effects on Npt2a intracellular
sorting, parathyroid hormone decreases Npt2a
gene transcription.s657 Hyp mice have an approx-
imate 50% reduction in Npt2a message and protein
expression that is not mediated by parathyroid hor-
mone.58 This implies that loss of PHEX leads to
diminished NPT2a/Npt2a through one or more in-
termediate steps.

Genetic evidence for the importance of NPT2a
in humans recently has been published. Prie et al%°
studied individuals with hypophosphatemia, renal
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phosphate wasting, and nephrolithiasis or bone
demineralization. Of 20 patients analyzed, 2 were
found to be heterozygous for mutations in the
NPT2a gene. The daughter of one patient was
heterozygous for a mutation as well, and had hy-
pophosphatemia, renal phosphate wasting, and a
history of fracture. The discovery of a mutation in
the NPT2a gene in humans correlating with hy-
pophosphatemia and renal phosphate wasting con-
firms the importance of NPT2a in phosphate me-
tabolism in humans. However, given that 18 of the
20 patients analyzed by Prie et al*° did not have a
mutation on NPT2a, other transport or regulatory
proteins must play an important role. Further study
will better define the role of NPT2a in phosphorus
metabolism in humans.

Integration

The sum of the evidence to date supports the
theory that ADHR is caused by mutations in the
FGF-23 molecule that prevent proteolysis of
FGF-23 by serine proteases (subsilin-like propro-
tein convertases). As FGF-23 accumulates, it re-
sults in phosphate wasting. In patients with TIO,
FGF-23 is secreted in such large amounts that it
may overwhelm subsilin-like proprotein converta-
se-mediated proteolysis, and phosphate wasting
results from the large circulating FGF-23 concen-
tration. Mutations in PHEX in patients with XLH
lead to increased FGF-23 levels, and animal stud-
ies support diminished Npt2a activity. It ispossible
that wild-type PHEX directly or indirectly results
in degradation of FGF-23, so that the loss of func-
tion PHEX mutations observed in XLH lead to an
accumulation of intact FGF-23. Accumulation of
FGF-23 then may diminish NPT?2a protein in the
proximal tubule, ultimately preventing renal phos-
phate reabsorption and causing hypophosphatemia.

TREATMENT

Treatment of XLH and ADHR is similar, al-
though no data exist on optimal treatment for
ADHR.%0 High doses of calcitriol are combined
with high-dose phosphate supplementation until
growth is complete. To minimize diarrhea and
gastrointestinal upset from the phosphate, the dose
should be increased gradually. Serum calcium,
phosphorus, creatinine, and urine calcium and cre-
atinine are monitored to allow titration of the cal-
citriol and phosphate dosage. It is not usually pos-
sible to normalize serum phosphorus values, and
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normalization of serum phosphorus should not be a
therapeutic goal. Excess phosphate replacement
will lead to secondary hyperparathyroidism, and
excess calcitriol can cause hypercalciuria and hy-
percalcemia. Nephrocalcinosis appears to be more
correlated to phosphorus dose than vitamin D
dose,5t but a balance of phosphorus and vitamin D
replacement is needed to prevent side effects.
Therefore, if administration of phosphate or calcit-
riol is stopped, the other should be discontinued as
well.80 Nephrocalcinosis and tertiary hyperpara
thyroidism are potentially serious complications of
therapy, but are balanced by the benefits of correc-
tion of rickets, improved growth, and diminished
bowing of the lower extremities.272 Because of
the potential for serious side effects, therapy
should be supervised by a physician experienced in
the treatment of hypophosphatemic rickets. Treat-
ment of adults is more controversial, but often is
recommended in adults with pseudofractures
and/or bone pain. Therapy has not been shown to
reverse or slow the rate of progression of enthe-
sopathy. HHRH is treated somewhat differently;
phosphate supplementation is an effective treat-
ment, but calcitriol is avoided because calcitriol
levelsin this disease aready are increased. Defin-
itive treatment of T1O is remova of the tumor. If
the tumor cannot be found, the disease manifesta-
tions can be improved with phosphate supplemen-
tation and calcitriol administration as described
earlier for XLH.80

Recent characterization of FGF-23 suggests po-
tential for new therapeutic options in rare diseases
such as ADHR and TIO as well as the more com-
mon XLH. If FGF-23 is the primary phosphaturic
factor in these diseases, then development of an
FGF-23 receptor antagonist may correct the under-
lying defects without the risks for nephrocalcinosis
and secondary/tertiary hyperparathyroidism and
the inconvenience associated with current therapy.
Development of such a receptor antagonist will be
aided by ongoing studies aimed at FGF-23 receptor
identification. Alternative modes of treatment to be
considered are therapies aimed at decreasing the
concentration of bioavailable FGF-23, such as ad-
ministration of a circulating decoy receptor that
would bind excess FGF-23 or administration of a
soluble PHEX protein.

The discovery of FGF-23 has enhanced our un-
derstanding of disordered phosphate metabolism.
As the relationships between PHEX, NPT2a, FGF-
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23, MEPE, FRP-4, and other proteins are further
defined, insight into normal phosphate metabolism
will allow more targeted treatment of the underly-
ing disorders leading to osteomalacia and rickets.

The knowledge gained from these uncommon
diseases may even suggest novel treatments for
bone and minera problems encountered in more
common disorders such as chronic kidney disease.
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