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The newest member of the calciotropic
hormone club is (of all things) a phosphate-
regulating hormone. We have long known
that in disease, renal phosphate excretion
can be affected by a circulating phosphaturic
factor, a phosphatonin. The first
phosphatonin to be identified was fibroblast
growth factor 23 (FGF-23), the cause of
several renal phosphate-wasting
syndromes. Recent evidence goes much
farther than this, however, and establishes
that FGF-23 is also part of a hitherto
unrecognized (and largely unpredicted)
homeostatic system for both phosphate and
vitamin D.

Clinical evidence of a phosphatonin first
came from the syndrome of tumor-induced
osteomalacia (TIO). In this syndrome, small
mesenchymal tumors cause renal
phosphate wasting and osteomalacia, which
can be cured by resection of the tumor,
indicating a humoral basis (1). There was
more support for the existence of a
phosphatonin from studies of the Hyp
mouse, a faithful animal model of the human
disorder X-linked hypophosphatemia (XLH)
(1). Renal phosphate wasting could be
induced in a normal mouse by parabiosis
with a Hyp mouse (2,3) and in a normal
mouse kidney by transplantation into a Hyp
mouse (4), indicating that a circulating host
factor was critical for the induction of
phosphaturia.

The phosphatonin that causes autosomal
dominant hypophosphatemic rickets
(ADHR), a phosphate-wasting syndrome
that clinically resembles XLH, was identified
as FGF-23 by positional cloning (5). FGF-23

differs from other FGF family members by
having a 73-amino acid extension on the
carboxyl-terminal end of the molecule. The
mutations that cause ADHR occur in either
of two arginine residues in an RXXR motif.
This motif, which is a potential site for
cleavage of FGF-23 by a protease of the
prohormone convertase class, precisely
delimits the amino-terminal FGF domain
from the unique carboxyl-terminal domain
(Fig. 1). It soon became clear that FGF-23 is
in fact cleaved at this site by ubiquitous
proteases, leading to the idea that FGF-23
accumulates in patients with ADHR because
its clearance by proteolytic degradation is
impaired.

1 23 176-179

FGF-LIKE UNIQUE

RXXR

Fig. 1. Schematic of FGF-23, showing the
FGF-like domain of approximately 254
amino acids, separated from a large
carboxyl-terminal extension by the RXXR
processing site that is mutated in ADHR

Almost simultaneously with its identification
in ADHR, FGF-23 was identified as one of
several gene products that were
overexpressed in tumors associated with
TIO (6-8). [Two other gene products, MEPE
and secreted frizzled related protein-4 (FRP-
4) (9-12), were also identified as
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overexpressed genes and could also have
phosphatonin activity, but their story is
outside the scope of this brief review.] FGF-
23 was directly shown to have phosphaturic
activity in several overexpression models,
and as predicted, the ADHR mutation
increased its phosphaturic activity (6,13-17).
Although it was initially difficult to show that
FGF-23 directly inhibited renal phosphate
transport (6), several investigators were
ultimately able to show that intact FGF-23
inhibited  sodium-dependent  phosphate
transport in cultured opossum kidney cells
and reduced expression of the renal sodium-
phosphate cotransporter NaPi-2a (8,13,18).

An inappropriately low serum level of 10,25-
dihydroxyvitamin D (1,25[OH],D) is another
cardinal feature of phosphate-wasting
syndromes, both in humans and the Hyp
mouse model, where renal 1a-hydroxylase
activity is impaired. It was thus impressive to
see that serum levels of 1,25(0OH),D were
markedly reduced in models of FGF-23
overexpression (6,13,15-17,19) and that the
renal enzyme was directly inhibited by
recombinant full-length FGF-23 (13).

FGF-23 has subsequently been implicated
as a phosphatonin in two additional
hypophosphatemic  syndromes, fibrous
dysplasia and XLH. Hypophosphatemia is
relatively common in fibrous dysplasia.
Riminucci et al (20) have recently shown
that FGF-23 is produced in fibrous dysplasia
tissue and normal marrow. In some patients
with fibrous dysplasia, FGF-23 accumulates
to high serum levels that correlate inversely
with serum phosphate levels.

FGF-23 is also involved in the pathogenesis
of XLH, although it is not clear how. XLH
mutations inactivate the cell surface
protease Phex, which is expressed in many
tissues, but prominently in  bone
(1,10,21,22). It has been difficult to link Phex
mechanistically to phosphate handling: What
is the relationship between Phex and FGF-
237 FGF-23 levels are increased in the Hyp
mouse (23), which also carries a mutation
that inactivates the Phex gene (24,25), and
in some (but apparently not all) patients with
XLH (26-28). Other unpublished data also
support a humoral role of FGF-23 in XLH.
As reported at the 2003 Annual Meeting of
the American Society for Bone and Mineral

Research (ASBMR), administration of
neutralizing antibodies to FGF-23 to either
normal or Hyp mice causes a marked
increase in the serum phosphate level (23).
This confirms the role of FGF-23 in the
abnormal renal phosphate handling of Hyp
mice (and by extension in XLH) and
indicates that FGF-23 functions as a
humoral messenger in both pathological and
normal states.

If Phex were a protease that inactivated
FGF-23, XLH could be tied together
pathogenetically with TIO and ADHR in the
following way: Failure to cleave and thereby
inactivate FGF-23 as the result of inactive
Phex would lead to FGF-23 accumulation
and thereby to phosphaturia. But alas, Phex
does not seem to target the RXXR site or to
cleave full-length FGF-23 (29,30), despite
initial reports that it does (8). On the other
hand, there is evidence indicating that in
some unknown way, Phex acts upstream of
FGF-23 to increase the expression of the
Fgf23 gene in the osteoblasts of Hyp mice
(5,29).

The explanation of the way in which Phex
and FGF-23 are related in the pathogenesis
of XLH will ultimately have to account for
another mystery: Why does the XLH
mutation act in an X-linked dominant
fashion? Dominantly inherited traits rarely
result from haploinsufficiency, inactivation of
one allele, and are much more likely to
result from dominant negative effects. Yet,
many of the XLH mutations in PHEX are
deletions that clearly result in a loss of
function and cannot behave as dominant
negatives. Moreover, haploinsufficiency of
FGF-23 is evidently compensated by
increased expression of the remaining allele,
because serum levels of FGF-23 are normal
in Fgf23 haploinsufficient mice (31). If FGF-
23 is downstream of Phex, then why is
haploinsufficiency of PHEX sufficient to
produce a clinical syndrome?

FGF-23 can act as a phosphatonin in
various pathological entities, but does it act
as a phosphatonin physiologically? Is FGF-
23 like ACTH, which regulates cortisol
secretion (whether physiologically from the
pituitary or ectopically by neuroendocrine
tumors), or parathyroid hormone-related
protein, which caues hypercalcemia when
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secreted in excess by tumors, but does not
physiologically regulate serum calcium
(except during lactation) (32)?

The recent report of the phenotype of the
Fgf23-null mouse indicates that FGF-23 has
a central role in the regulation of phosphate
and vitamin D  homeostasis  (31).
Heterozygous mice are entirely normal, with
normal serum levels of FGF-23, but mice in
which both alleles of the Fgf23 gene are
disrupted have a remarkable phenotype of
extreme hyperphosphatemia and high
serum 1,25(0OH),D levels. They develop
hyperphosphatemia because of renal
phosphate retention, with increased apical
display of the renal sodium-phosphate
cotransporter NaPi-2a in the proximal renal
tubule, as well as increased phosphate
uptake in renal slices. Fgf23-deficient mice
also have high serum levels of 1,25(OH),D
from day 10 onward, because of increased
activity of the renal 1a—hydroxylase. Fgf23-
null mice develop progressive
hypercalcemia, presumably because of very
high 1,25(0OH),D levels, and ultimately
succumb to renal failure from
nephrocalcinosis. The features of
hyperphosphatemia and increased
1,25(0OH),D levels are mirror images of the
syndrome of FGF-23 excess and fit the
hypothesis that FGF-23 is a physiological
regulator of phosphate and vitamin D
metabolism.

Other phenotypic features of Fgf23-null
mice, which could be either primary effects
of FGF-23 deficiency or secondary
consequences of the impairment of
phosphate and vitamin D metabolism, are
also striking. The mice have marked growth
retardation and growth plate disorganization,
with absence of hypertrophic chondrocytes
at seven weeks of age and severe
osteomalacia. The growth plate phenotype
suggests that FGF-23 has a role in bone
development. In contrast, the finding of
impaired mineralization could be either the
direct result of FGF-23 deficiency or a
consequence of high 1,25(OH),D levels,
which are associated with osteomalacia in
other circumstances (33,34). The authors
(31) suggest that lymphopenia and splenic
and thymic atrophy, which occur after the
weaning of Fgf23-null  mice (when
1,25(0OH),D levels climb), may be a

consequence of an immune suppressive
action of high 1,25(0OH),D levels. It is also
striking  that  Fgf23-null mice are
hypoglycemic and have markedly reduced
triglyceride levels, which suggests an
interaction of FGF-23 with intermediary
metabolism that was not hitherto apparent.
Finally, Fgf23-null mice are infertile.

All known members of the FGF family use
one of four receptors, each of which can be
expressed in multiply spliced forms that
have different ligand specificities (35). The
identification of FGF-23 as a molecule with a
carboxyl-terminal domain that is not shared
by other family members and the ability of
FGF-23 to cause hypophosphatemia, an
effect that is not obviously shared by other
FGFs, raised the possibility that FGF-23 has
a unique receptor. At the 2003 ASBMR
Annual Meeting, however, White et al. (36)
reported genetic evidence implicating
fibroblast growth factor receptor 1 (FGFR1)
in a rare phosphate-wasting syndrome. The
authors studied a father and two sons who
had craniofacial dysplasia with
hypophosphatemia (CFDH). The three men
had severe skeletal dysplasia, with short
stature and craniosynostosis and severe
renal phosphate wasting and low
1,25(0OH),D levels. Sequencing of candidate
receptors identified a mutation (Y372C) in
FGFR1. The mutation could well induce a
gain of function, because orthologous
mutations in FGFR2 and FGFR3 both
produce gain of function syndromes, the
Beare-Stevenson cutis gyrata syndrome and
thanatophoric dwarfism type 1, respectively
(37). In thanatophoric dwarfism, the
mutation to cysteine in a membrane-
proximal region of the extracellular domain
of FGFR3 activates receptor signaling to
produce achondroplasia in its most severe
form, because of covalent dimerization of
the receptor (38), a mechanism that could
well apply to FGFR1 and FGFR2 molecules
with orthologous mutations.

The identification of severe phosphate
wasting associated with a mutation that
putatively activates FGFR1 raises the
possibility that FGFR1 is the renal receptor
that responds to FGF-23, physiologically
and in pathological states of phosphate
wasting. FGF-23 has been shown to bind to
FGFR3c with reasonably high affinity, but
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only in the presence of heparan sulfate, and
reportedly does not bind to the extracellular
domain of FGFR1c (18); however, binding to
other receptor isoforms has not been
evaluated. FGFR1 is expressed in the renal
tubule (39), but primarily in the distal
nephron, whereas the dominant FGFR in the
proximal tubule, the site of phosphate
reabsorption, is FGFR3.

The likelihood that inhibition of phosphate
reabsorption by FGF-23 is mediated by one
of the classical FGF receptors raises an
interesting hypothesis regarding the function
of the unique carboxyl-terminal domain of
FGF-23 which, based on modeling studies,
would seem not to be required for receptor
binding (40). In general, FGFs are heparin-
binding molecules associated with the
extracellular matrix (35,41). It is possible
that the carboxyl-terminal domain of FGF-23
functions to mask a heparin-binding domain
of the molecule and thereby permits it to
circulate freely, as its humoral role in
phosphate handling requires. This
hypothesis leads to several predictions.
First, the amino-terminal fragment of FGF-
23 would not be active when infused
systemically, as has been reported (14), but
would be active in the presence of heparans
in cultured cells or isolated tubules. Second,
full-length FGF-23 would have reduced
activity at the receptor, unless processed to
remove the carboxyl-terminal domain,
because the active FGF homodimer binds
heparan sulfate. Third, mutations at R176
and R179 that prevent cleavage of FGF-23
would increase its biological activity in vivo
by preventing cleavage to produce a form
that is cleared from the circulation by
heparan binding. These predictions are
open to experiment. [It is also possible that
FGF-23 has reduced affinity for heparin
because of the structure of loop 11, which,
in the FGF subfamily that contains FGF19,
seems to differ from the structure in strongly
heparin-binding FGFs (40).]

It is finally worth reviewing which
physiological or pathophysiological
phenomena need to be explained by a
phosphotropic hormone, anyway. Serum
phosphate levels vary widely during the day;
the phosphate level has a diurnal rhythm on
which are superimposed large postprandial
fluctuations. The daily variation in phosphate

levels accords with the largely passive
absorption of dietary phosphate in the
intestine and the marked fluxes of
phosphate into cells that occur with
postprandial glucose transport. Yet, this
loosely captained ship can smartly come
about when dietary phosphate is tightly
restricted or present in excess, with large
shifts in renal phosphate reabsorption that
are independent of PTH (42). The
phosphate homeostatic system thus allows
for large daily fluctuations in the serum
phosphate level, while resetting the renal
phosphate threshold to deal with unusually
high and low dietary phosphate intakes.

The interplay of phosphate handling and
vitamin D metabolism is also fascinating
(43,44). Changes in postprandial serum
phosphate levels are associated with large
changes in serum 1,25(0OH),D levels, even
when fasting phosphate levels are not
altered. In early renal insufficiency, it was
shown long ago that the decline in the level
of 1,25(0OH),D and the appearance of
secondary hyperparathyroidism occur at a
time when phosphate retention has not yet
occurred and the serum phosphate is
actually reduced (45). Does FGF-23 play a
critical role in the pathogenesis of early renal
osteodystrophy by inhibiting renal synthesis
of 1,25(0OH),D in response to changes in
phosphate handling? If so, precisely what
changes in phosphate handling are sensed?

Prominent among clinically significant
hyperphosphatemic states are chronic renal
insufficiency,  hypoparathyroidism,  and
familial tumoral calcinosis. Serum levels of
FGF-23 are very high in renal insufficiency
(26,46), a finding that would be consistent
with a response to hyperphosphatemia,
reduced renal clearance of FGF-23, or both.
In hypoparathyroidism, the persistence of
hyperphosphatemia indicates that
compensation by FGF-23 does not succeed
in correcting for the loss of the
hypophosphatemic action of PTH.
Hyperphosphatemia is a stimulus for
secretion of FGF-23 in hypoparathyroidism
(47). If so, why does FGF-23 not
compensate for loss of the phosphaturic
effect of PTH? FGF-23 levels are reportedly
increased in patients with  primary
hyperparathyroidism as well (48). These

9

Copyright 2004 International Bone and Mineral Society



BoneKEy-Osteovision. 2004 September;1(9):6-14

http://lwww.bonekey-ibms.org/cgi/content/full/ibmske;1/9/6

DOI: 10.1138/20040134

findings suggest a complex relationship
between PTH and FGF-23.

Familial tumoral calcinosis (FTC) is a
recessively inherited disorder of phosphate
metabolism, with hyperphosphatemia and
massive subcutaneous deposition of calcium
phosphate. In two families, mutations were
identified in GALNT3, which encodes a
glycosyltransferase responsible for initiating
mucin-type O-glycosylation (49). Serum
FGF-23 levels are markedly increased in
subjects with FTC; this could be
compensatory for marked
hyperphosphatemia. FGF-23 has potential
O-linked glycosylation sites, however,
raising the possibility that biologically
inactivation of FGF-23 because of a failure

References

1. DiMeglio LA, White KE, Econs MJ.
Disorders of phosphate metabolism.
Endocrinol Metab Clin North Am.
2000 Sep;29(3):591-609.

2. Meyer RA Jr, Tenenhouse HS,
Meyer MH, Klugerman AH. The
renal phosphate transport defect in
normal mice parabiosed to X-linked
hypophosphatemic mice persists
after parathyroidectomy. J Bone
Miner Res. 1989 Aug;4(4):523-32.

3. Meyer RA Jr, Meyer MH, Gray RW.
Parabiosis suggests a humoral
factor is involved in X-linked
hypophosphatemia in mice. J Bone
Miner Res. 1989 Aug;4(4):493-500.

4. Nesbitt T, Coffman TM, Griffiths R,
Drezner MK. Crosstransplantation of
kidneys in normal and Hyp mice.
Evidence that the Hyp mouse
phenotype is unrelated to an
intrinsic renal defect. J Clin Invest.
1992 May;89(5):1453-9.

5. White KE, Evans WE, O'Riordan JL,
Speer MC, Econs MJ, Lorenz-
Depiereux B, Grabowski M,
Meitinger T, Strom TM. Autosomal
dominant hypophosphataemic
rickets is associated with mutations

of O-linked glycosylation causes FTC.
Evidence against this interpretation is that
the skeletal phenotype of Fgf23-null mice is
not present in FTC. Could O-linked
glycosylation be required for the
phosphaturic effects but not the skeletal
developmental effects of FGF-237?

It is still not clear why the body economy
requires a hormone to regulate the renal
excretion of phosphate, nor do we know the
physiological stimulus for secretion of FGF-
23, much less the site of the sensor or the
site of FGF-23 secretion. FGF-23 has
already taught us a remarkable amount
about the physiology of phosphate
homeostasis, but every lesson taught has
revealed another ignorance.

in FGF23. The ADHR Consortium.
Nat Genet. 2000 Nov;26(3):345-8.

6. Shimada T, Mizutani S, Muto T,
Yoneya T, Hino R, Takeda S,
Takeuchi Y, Fujita T, Fukumoto S,
Yamashita T. Cloning and
characterization of FGF23 as a
causative factor of tumor-induced
osteomalacia. Proc Natl Acad Sci U
S A. 2001 May 22;98(11):6500-5.

7. White KE, Jonsson KB, Carn G,
Hampson G, Spector TD, Mannstadt
M, Lorenz-Depiereux B, Miyauchi A,
Yang IM, Ljunggren O, Meitinger T,
Strom TM, Juppner H, Econs MJ.
The autosomal dominant
hypophosphatemic rickets (ADHR)
gene is a secreted polypeptide
overexpressed by tumors that cause
phosphate wasting. J Clin
Endocrinol Metab. 2001
Feb;86(2):497-500.

8. Bowe AE, Finnegan R, Jan de Beur
SM, Cho J, Levine MA, Kumar R,
Schiavi SC. FGF-23 inhibits renal
tubular phosphate transport and is a
PHEX substrate. Biochem Biophys
Res Commun. 2001 Jun
22;284(4):977-81.

10

Copyright 2004 International Bone and Mineral Society



BoneKEy-Osteovision. 2004 September;1(9):6-14

http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/6

DOI: 10.1138/20040134

9.

10.

11.

12.

13.

14.

15.

Berndt T, Craig TA, Bowe AE,
Vassiliadis J, Reczek D, Finnegan
R, Jan De Beur SM, Schiavi SC,
Kumar R. Secreted frizzled-related
protein 4 is a potent tumor-derived
phosphaturic agent. J Clin Invest.
2003 Sep;112(5):785-94.

Quarles LD. FGF23, PHEX, and
MEPE regulation of phosphate
homeostasis and skeletal
mineralization. Am J Physiol
Endocrinol Metab. 2003
Jul;285(1):E1-9.

Rowe PS, Kumagai Y, Gutierrez G,
Garrett IR, Blacher R, Rosen D,
Cundy J, Navvab S, Chen D,
Drezner MK, Quarles LD, Mundy
GR. MEPE has the properties of an
osteoblastic phosphatonin and
minhibin. Bone. 2004
Feb;34(2):303-19.

Jain A, Fedarko NS, Collins MT,
Gelman R, Ankrom MA, Tayback M,
Fisher LW. Serum Levels of Matrix
Extracellular Phosphoglycoprotein
(MEPE) in Normal Humans
Correlate with Serum Phosphorus,
Parathyroid Hormone and Bone
Mineral Density. J Clin Endocrinol
Metab. 2004 Aug;89(8):4158-61.

Shimada T, Hasegawa H, Yamazaki
Y, Muto T, Hino R, Takeuchi Y,
Fujita T, Nakahara K, Fukumoto S,
Yamashita T. FGF-23 is a potent
regulator of vitamin D metabolism
and phosphate homeostasis. J Bone
Miner Res. 2004 Mar;19(3):429-35.

Shimada T, Muto T, Urakawa I,
Yoneya T, Yamazaki Y, Okawa K,
Takeuchi Y, Fujita T, Fukumoto S,
Yamashita T. Mutant FGF-23
Responsible for Autosomal
Dominant Hypophosphatemic
Rickets Is Resistant to Proteolytic
Cleavage and Causes
Hypophosphatemia in Vivo.
Endocrinology. 2002
Aug;143(8):3179-82.

Bai X, Miao D, Li J, Goltzman D,
Karaplis AC. Transgenic Mice

16.

17.

18.

19.

20.

Overexpressing Human Fibroblast
Growth Factor 23(R176Q) Delineate
a Putative Role for Parathyroid
Hormone in Renal Phosphate
Wasting Disorders. Endocrinology.
2004. Jul 29.

Bai XY, Miao D, Goltzman D,
Karaplis AC. The autosomal
dominant hypophosphatemic rickets
R176Q mutation in fibroblast growth
factor 23 resists proteolytic cleavage
and enhances in vivo biological
potency. J Biol Chem. 2003 Mar
14;278(11):9843-9.

Saito H, Kusano K, Kinosaki M, Ito
H, Hirata M, Segawa H, Miyamoto
K, Fukushima N. Human fibroblast
growth factor-23 mutants suppress
Na+-dependent phosphate co-
transport activity and 1alpha,25-
dihydroxyvitamin D3 production. J
Biol Chem. 2003 Jan
24;278(4):2206-11.

Yamashita T, Konishi M, Miyake A,
Inui K, Itoh N. Fibroblast growth
factor (FGF)-23 inhibits renal
phosphate reabsorption by
activation of the mitogen-activated
protein kinase pathway. J Biol
Chem. 2002 Aug 2;277(31):28265-
70.

Shimada T, Urakawa |, Yamazaki Y,
Hasegawa H, Hino R, Yoneya T,
Takeuchi Y, Fujita T, Fukumoto S,
Yamashita T. FGF-23 transgenic
mice demonstrate
hypophosphatemic rickets with
reduced expression of sodium
phosphate cotransporter type lla.
Biochem Biophys Res Commun.
2004 Feb 6;314(2):409-14.

Riminucci M, Collins MT, Fedarko
NS, Cherman N, Corsi A, White KE,
Waguespack S, Gupta A, Hannon T,
Econs MJ, Bianco P, Robey PG.
FGF-23 in fibrous dysplasia of bone
and its relationship to renal
phosphate wasting. J Clin Invest.
2003 Sep;112(5):683-92.

11

Copyright 2004 International Bone and Mineral Society



BoneKEy-Osteovision. 2004 September;1(9):6-14

http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/6

DOI: 10.1138/20040134

21.

22.

23.

24.

25.

26.

27.

The HYP Consortium. A gene (PEX)
with homologies to endopeptidases
is mutated in patients with X-linked
hypophosphatemic rickets. The HYP
Consortium. Nat Genet. 1995
Oct;11(2):130-6.

Holm 1A, Huang X, Kunkel LM.
Mutational analysis of the PEX gene
in patients with X-linked
hypophosphatemic rickets. Am J
Hum Genet. 1997 Apr;60(4):790-7.

Aono T, Shimada T, Yamazaki Y,
Hino R, Takeuchi Y, Fugita T,
Fukumoto S, Nagano N, Wada M,
Yamashita T. The neutralization of
FGF-23 ameliorates
hypophosphatemia and rickets in
Hyp mice. J Bone Miner Res.
2003;18(Suppl 2):S16.

Beck L, Soumounou Y, Martel J,
Krishnamurthy G, Gauthier C,
Goodyer CG, Tenenhouse HS.
Pex/PEX tissue distribution and
evidence for a deletion in the 3'
region of the Pex gene in X-linked
hypophosphatemic mice. J Clin
Invest. 1997 Mar 15;99(6):1200-9.

Strom TM, Francis F, Lorenz B,
Boddrich A, Econs MJ, Lehrach H,
Meitinger T. Pex gene deletions in
Gy and Hyp mice provide mouse
models for X-linked
hypophosphatemia. Hum Mol
Genet. 1997 Feb;6(2):165-71.

Jonsson KB, Zahradnik R, Larsson
T, White KE, Sugimoto T, Imanishi
Y, Yamamoto T, Hampson G,
Koshiyama H, Ljunggren O, Oba K,
Yang IM, Miyauchi A, Econs MJ,
Lavigne J, Juppner H. Fibroblast
growth factor 23 in oncogenic
osteomalacia and X-linked
hypophosphatemia. N Engl J Med.
2003 Apr 24;348(17):1656-63.

Weber TJ, Liu S, Indridason OS,
Quarles LD. Serum FGF23 levels in
normal and disordered phosphorus
homeostasis. Serum FGF23 levels
in normal and disordered

20.

30.

31.

32.

33.

34.

phosphorus homeostasis. J Bone
Miner Res. 2003 Jul;18(7):1227-34.

. Yamazaki Y, Okazaki R, Shibata M,

Hasegawa Y, Satoh K, Tajima T,
Takeuchi Y, Fujita T, Nakahara K,
Yamashita T, Fukumoto S.
Increased circulatory level of
biologically active full-length FGF-23
in patients with hypophosphatemic
rickets/osteomalacia. J Clin
Endocrinol Metab. 2002
Nov;87(11):4957-60.

Liu S, Guo R, Simpson LG, Xiao ZS,
Burnham CE, Quarles LD.
Regulation of fibroblastic growth
factor 23 expression but not
degradation by PHEX. J Biol Chem.
2003 Sep 26;278(39):37419-26.

Benet-Pages A, Lorenz-Depiereux
B, Zischka H, White KE, Econs MJ,
Strom TM. FGF23 is processed by
proprotein convertases but not by
PHEX. Bone. 2004 Aug;35(2):455-
62.

Shimada T, Kakitani M, Yamazaki
Y, Hasegawa H, Takeuchi Y, Fujita
T, Fukumoto S, Tomizuka K,
Yamasbhita T. Targeted ablation of
Fgf23 demonstrates an essential
physiological role of FGF23 in
phosphate and vitamin D
metabolism. J Clin Invest. 2004
Feb;113(4):561-8.

VanHouten JN, Dann P, Stewart AF,
Watson CJ, Pollak M, Karaplis AC,
Wysolmerski JJ. Mammary-specific
deletion of parathyroid hormone-
related protein preserves bone
mass during lactation. J Clin Invest.
2003 Nov;112(9):1429-36.

Wronski TJ, Halloran BP, Bikle DD,
Globus RK, Morey-Holton ER.
Chronic administration of 1,25-
dihydroxyvitamin D3: increased
bone but impaired mineralization.
Endocrinology. 1986
Dec;119(6):2580-5.

St-Arnaud R, Arabian A, Travers R,
Barletta F, Raval-Pandya M, Chapin

12

Copyright 2004 International Bone and Mineral Society



BoneKEy-Osteovision. 2004 September;1(9):6-14
http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/6

DOI: 10.1138/20040134

35.

36.

37.

38.

39.

40.

K, Depovere J, Mathieu C,
Christakos S, Demay MB, Glorieux
FH. Deficient mineralization of
intramembranous bone in vitamin D-
24-hydroxylase-ablated mice is due
to elevated 1,25-dihydroxyvitamin D
and not to the absence of 24,25-
dihydroxyvitamin D. Endocrinology.
2000 Jul;141(7):2658-66.

Ornitz DM, Marie PJ. FGF signaling
pathways in endochondral and
intramembranous bone
development and human genetic
disease. Genes Dev. 2002 Jun
15;16(12):1446-65.

White KE, Cabral JM, Evans WE,
Ichikawa S, Davis SI, Econs MJ. A
missense mutation in FGFR1
causes a novel syndrome:
craniofacial dysplasia with
hypophosphatemia (CFDH). J Bone
Miner Res. 2004;18(Suppl 2):S4.

Coumoul X, Deng CX. Roles of
FGF receptors in mammalian
development and congenital
diseases. Birth Defects Res Part C
Embryo Today. 2003
Nov;69(4):286-304.

Adar R, Monsonego-Ornan E, David
P, Yayon A. Differential activation of
cysteine-substitution mutants of
fibroblast growth factor receptor 3 is
determined by cysteine localization.
J Bone Miner Res. 2002
May;17(5):860-8.

Cancilla B, Davies A, Cauchi JA,
Risbridger GP, Bertram JF.
Fibroblast growth factor receptors
and their ligands in the adult rat
kidney. Kidney Int. 2001
Jul;60(1):147-55.

Harmer NJ, Pellegrini L, Chirgadze
D, Fernandez-Recio J, Blundell TL.
The crystal structure of fibroblast
growth factor (FGF) 19 reveals
novel features of the FGF family and
offers a structural basis for its
unusual receptor affinity.
Biochemistry. 2004 Jan
27;43(3):629-40.

41.

42.

43.

44,

45.

46.

47.

48.

Schlessinger J, Plotnikov AN,
Ibrahimi OA, Eliseenkova AV, Yeh
BK, Yayon A, Linhardt RJ,
Mohammadi M. Crystal structure of
a ternary FGF-FGFR-heparin
complex reveals a dual role for
heparin in FGFR binding and
dimerization. Mol Cell. 2000
Sep;6(3):743-50.

Silve C, Friedlander G. Renal
regulation of phosphate excretion.
In: Seldin DW, Giebisch G, eds. The
Kidney: Physiology and
Pathophysiology. Philadelphia, Pa:
Lippincott; 2000:1885-1904.

Portale AA, Halloran BP, Morris RC
Jr. Dietary intake of phosphorus
modulates the circadian rhythm in
serum concentration of phosphorus.
Implications for the renal production
of 1,25-dihydroxyvitamin D. J Clin
Invest. 1987 Oct;80(4):1147-54.

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
May;83(5):1494-9.

Portale AA, Booth BE, Halloran BP,
Morris RC Jr. Effect of dietary
phosphorus on circulating
concentrations of 1,25-
dihydroxyvitamin D and
immunoreactive parathyroid
hormone in children with moderate
renal insufficiency. J Clin Invest.
1984 Jun;73(6):1580-9.

Weber TJ, Liu S, Indridason OS,
Quarles LD. Serum FGF23 levels in
normal and disordered phosphorus
homeostasis. J Bone Miner Res.
2003 Jul;18(7):1227-34.

Gupta A, Winer K, Econs MJ, Marx
SJ, Collins MT. FGF-23 Is Elevated
by Chronic Hyperphosphatemia. J
Clin Endocrinol Metab. 2004
Sep;89(9):4489-92.

Yamashita H, Yamashita T,
Miyamoto M, Shigematsu T,

13

Copyright 2004 International Bone and Mineral Society



BoneKEy-Osteovision. 2004 September;1(9):6-14

http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/6
DOI: 10.1138/20040134

49.

Kazama JJ, Shimada T, Yamazaki
Y, Fukumoto S, Fukagaw M,
Noguchi S. Fibroblast growth factor
(FGF)-23 in patients with primary
hyperparathyroidism. Eur J
Endocrinol. 2004 Jul;151(1):55-60.

Topaz O, Shurman DL, Bergman R,
Indelman M, Ratajczak P, Mizrachi
M, Khamaysi Z, Behar D, Petronius
D, Friedman V, Zelikovic |, Raimer
S, Metzker A, Richard G, Sprecher
E. Mutations in GALNT3, encoding
a protein involved in O-linked
glycosylation, cause familial tumoral
calcinosis. Nat Genet. 2004
Jun;36(6):579-81.

14

Copyright 2004 International Bone and Mineral Society



