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The mineralization of cartilage and
bone matrix requires adequate sup-

plies of calcium and phosphate. Among
the causes of defective mineralization of
bone (osteomalacia) and defective miner-
alization of cartilage (rickets) are renal
phosphate-wasting disorders that produce
hypophosphatemia. Phosphate wasting is
either inherited as X-linked hypophos-
phatemic rickets or autosomal dominant
hypophosphatemic rickets, or acquired, as
can occur in patients with a variety of
benign mesenchymal tumors (hemangio-
pericytomas, fibromas, angiosarcomas,
etc.) (1). Osteomalacia induced by tumors
is invariably curable if the tumor can be
found and resected, indicating that it has
a humoral basis. A paper by Shimada et al.
(2) in this issue of PNAS identifies a
member of the fibroblast growth factor
family, FGF23, as the humoral factor that
is secreted by tumors to cause tumor-
induced osteomalacia.

Shimada et al. (2) cloned cDNAs from
a hemangiopericytoma that caused hy-
pophosphatemic osteomalacia (3) and
found clones identical to FGF23, which
has recently been identified by positional
cloning as the gene responsible for auto-
somal dominant hypophosphatemic rickets
(4). When injected into mice, recombinant
FGF23 produced mild phosphaturia and
hypophosphatemia, but CHO-FGF23 cells,
when grown as tumors in nude mice, fully
reproduced the human syndrome of severe
hypophosphatemia, growth retardation,
rickets in the growth plates, deformities of
the skeleton, reduced mineralization of
bone, and seams of unmineralized osteoid in
bone (2). FGF23 was expressed at high
levels in the tumor from which it was cloned,
and as recently reported by another group,
is also expressed at high levels in other
tumors associated with acquired osteoma-
lacia (5), but expression is barely detectable
in normal tissues [liver, lymph node, thymus,
heart, and the ventrolateral thalamic nu-
cleus of the brain (2, 4, 6)], and notably
absent in bone and bone cells.

At first glance a member of the matrix-
binding FGF family is a surprising candi-
date as a humoral messenger, but FGF23
lacks several residues that are heparan-

binding in FGF1 and conserved in other
heparin-binding FGFs (7), and hence may
be more soluble than other FGFs. With a
72-aa carboxyl-terminal domain not
shared by other family members, FGF23 is
the largest member of the FGF family.
Insight into its function is gained by con-
sidering the mutations that cause autoso-
mal dominant hypophosphatemic rickets.
All four unrelated families who were stud-
ied had missense mutations in one of two
closely spaced arginine residues (R176
and R179) that cosegregated with rickets,
with two families sharing the same muta-
tion (4). This clus-
tering of missense
mutations in a dis-
order with domi-
nant inheritance
strongly suggested
they were gain-of-
function mutations.
It is therefore inter-
esting that Shimada
et al., when they ex-
pressed FGF23 in
CHO cells, found in addition to the ma-
ture protein a fragment beginning with
S180. The demonstration that R179yS180
is a processing site in FGF23 strongly
suggests that mutations of the flanking
arginines confer a gain of function on
FGF23 by blocking its degradation. The
cleavage site is at the boundary between
the FGF-homologous region and the
unique carboxyl terminus.

The other piece of the hypophos-
phatemia puzzle is X-linked hypophos-
phatemic rickets, the most common inher-
ited disorder of renal phosphate transport.
Positional cloning identified mutations
that inactivate a gene called PHEX (8),
predicted to encode a membrane-associ-
ated metalloprotease of the M13 family,
which includes neutral endopeptidase
24.11, endothelin-converting enzymes 1
and 2, and the Kell blood group antigen
(9). With the discovery that a protease
mutation and a cleavage site mutation
may cause the same disease, the puzzle
pieces could fit together nicely. FGF23
may be the long-sought ‘‘phosphatonin,’’
the phosphaturic factor secreted by tu-

mors that cause osteomalacia. It may be
hypothesized that FGF23 is also secreted
by one or more normal tissues as a phos-
phate-regulating hormone, and that the
level of FGF23 in blood is determined in
part by the rate of its cleavage by the
PHEX protease at R179yS180. Overpro-
duction of FGF23 by tumors, mutations
that prevent cleavage of FGF23 (as in
autosomal dominant hypophosphatemic
rickets), or mutations that inactivate the
responsible protease, PHEX (as in X-
linked hypophosphatemic rickets), would
all increase the level of FGF23, with re-

sultant phosphatu-
ria, hypophos-
phatemia, and
ricketsyosteoma-
lacia (Fig. 1). It is a
compelling pic-
ture, but do the
pieces really fit?

The Na-phos-
phate cotrans-
porter type IIa is
responsible for the

bulk of phosphate reabsorption in the
proximal tubule (10). If FGF23 is a phos-
phatonin it should directly inhibit renal
Na-phosphate cotransport. Yet Shimada
et al. report that FGF23 had no effect on
phosphate transport by OK cells, a cell
line that expresses the renal Na-phosphate
cotransporter IIa and is sensitive both to
PTH and to changes in medium phos-
phate (2). It is conceivable that OK cells
do not express the receptor for FGF23,
and it will be important to determine
whether FGF23 inhibits phosphate reab-
sorption in other systems in vitro (e.g.,
isolated renal proximal tubules). It is also
possible that FGF23 requires further pro-
cessing to a biologically active form. Fi-
nally, FGF23 may not be the final phos-
phatonin, but may stimulate secretion of a
final phosphate-regulating factor. Candi-
date molecules include stanniocalcin-1
and -2. Stanniocalcin regulates calcium

See companion article on page 6500.

*Address reprint requests to: 1400 VFW Parkway, West Rox-
bury, MA 02132. E-mail: Gordon.Strewler@med.va.gov.

With the discovery that a protease

mutation and a cleavage site

mutation may cause the same

disease, the puzzle pieces could fit

together nicely.

www.pnas.orgycgiydoiy10.1073ypnas.111154898 PNAS u May 22, 2001 u vol. 98 u no. 11 u 5945–5946

CO
M

M
EN

TA
RY



and phosphate homeostasis in fish. In
mammals, stanniocalcin-1 is present in
distal nephron segments of the kidney and
stimulates phosphate reabsorption (11,
12); stanniocalcin-2 is found in bone cells
and inhibits phosphate transport (13). A
third candidate is MEPE, or matrix extra-
cellular phosphoglycoprotein, which has
also been isolated from tumors associated
with osteomalacia (2, 14).

The pathogenesis of defective mineral-
ization may require more than phosphate
wasting. In the Hyp and Gy mouse models
of hypophosphatemic rickets, both of
which are caused by mutations of Phex
(15), the renal conversion of vitamin D to
calcitriol is not appropriately stimulated
by hypophosphatemia, and serum calcit-
riol levels are inappropriately low. Knock-
out of the mouse Na-phosphate cotrans-

porter gene Npt2 produces levels of
phosphate wasting comparable to inacti-
vation of the Phex gene, but in Npt2(2y2)
mice calcitriol responds appropriately to
the hypophosphatemic challenge, intesti-
nal hyperabsorption of both phosphate
and calcium ensues, and rickets and os-
teomalacia are absent (16). Comparison
of these mouse models illustrates that
renal phosphate wasting can be dissoci-
ated from defective synthesis of calcitriol,
implying that phosphatonins have at least
two independent renal effects, inhibition
of phosphate reabsorption and impair-
ment of the synthesis of calcitriol. The
different phenotypes in Npt2(2y2) and
Phex(oy2) mice also raise the possibility
that FGF23 has direct effects on bone and
cartilage that contribute, along with hy-
pophosphatemia, to a defect in mineral-
ization.

The discovery of inherited mutations in
PHEX and FGF23, along with the work of
Shimada et al. (2), uncovers what appear
to be the pieces of a phosphate regulating
system. But how do those pieces fit to-
gether? Phosphate can be virtually cleared
from the urine in response to a low dietary
intake, protecting against phosphate de-
pletion (10). Decreased secretion of
FGF23 could be the humoral arm of this
response, coupling an as-yet unidentified
phosphate sensor, possibly in the intestinal
mucosa, to regulation of renal phosphate
reabsorption. Consistent with this hypoth-
esis, the Hyp mouse model of Phex inac-
tivation responds to phosphate depriva-
tion, albeit with continued phosphaturia
relative to wild-type mice (17). It is also
possible that the physiological role of
FGF23 is local, perhaps even unrelated to
phosphate homeostasis, and only when it
is inappropriately secreted into blood does
phosphate wasting occur. In this scenario,
the phosphate wasting in tumor-induced
osteomalacia would be analogous to the
phosphate wasting that occurs when tu-
mors overexpress the PTH-related pro-
tein, PTHrP. PTHrP is normally a local
regulator of cell differentiation, but when
overproduction gives it access to the cir-
culation, it co-opts the PTH receptor in
kidney to cause phosphaturia (18).

Whether its physiological role is local or
humoral, FGF23 is an unusual hormone.
Its degradation rate, rather than its rate of
synthesis, can in some circumstances ap-
parently determine its level in blood. It is
the first FGF for which mutations are
associated with a disease. And although
the other 22 FGF’s share only four known
receptors, it is likely that FGF23 has a
different receptor, because cleavage of its
unique carboxyl terminus inactivates it. As
our knowledge of it broadens, FGF23 will
have an interesting future.
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Fig. 1. Proposed pathogenesis of renal phosphate wasting. Mesenchymal tumors produce renal phos-
phate wasting by overproduction of FGF23. FGF23 levels can also be increased by mutations in Phex, a
protease that cleaves and inactivates the molecule, or by mutations at key arginine residues that render
FGF23 resistant to cleavage by Phex. FGF23 excess causes phosphate wasting either directly or by inducing
another phosphaturic factor.
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