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The discovery of FGF23 has unified the 
pathogenesis of phosphate disorders: 
FGF23 is a phosphatonin which increases 
renal phosphate excretion; high FGF23 
levels cause nearly all chronic 
hypophosphatemic disorders and low 
FGF23 levels cause hyperphosphatemia 
and tumoral calcinosis.   
 
The paradigm of heritable 
hypophosphatemic rickets is human X-linked 
hypophosphatemia or its mouse equivalent, 
the Hyp mouse. These disorders are caused 
by mutations that inactivate a protease 
known as Phex, but how does the Phex 
mutation increase expression of the FGF23 
gene and thereby cause renal phosphate 
wasting? The answer may lie in a proteolytic 
cascade: Phex somehow increases 
expression of a chaperone called 7B2 which 
is required for activity of the subtilisin-like 
protease PC-2. This protease cleaves 
proBMP-1 (which is also a protease) to 
active BMP-1, which in turn cleaves the 
matrix protein DMP-1 to fragments which, in 
an unspecified manner, inhibit expression of 
FGF23 (1). The model ties the Hyp mutation 
in Phex to DMP-1 mutations which are also 
associated with hypophosphatemic rickets 
and has the additional advantage of making 
several testable predictions. DMP-1 is an 
osteocyte protein, but osteoblasts could also 
contribute to osteomalacia or 
hypophosphatemia. Deletion of Phex 
specifically from osteocytes reproduces the 
hypophosphatemia of the Hyp phenotype 
but with much milder osteomalacia (2). This 
suggests that osteocytes regulate 
phosphate excretion via FGF23, but local 
effects of osteoblast Phex such as 

production of ASARM peptides as 
“minhibins” may contribute importantly to 
osteomalacia. 
 
The production of FGF23 is regulated by 
concerted effects of glycosylation and 
proteolysis. O-glycosylation mediated by 
Galnt3 largely protects FGF23 from 
cleavage by subtilisin-like proteases, and 
impairment of glycosylation shunts FGF23 
into a degradative pathway, preventing 
secretion of the biologically active molecule 
and thus producing hyperphosphatemia and 
tumoral calcinosis. A mouse model of the 
Galnt3 mutation features 
hyperphosphatemia but not tumoral 
calcinosis (3). Galnt3 is co-expressed with 
FGF23 in tumors associated with 
hypophosphatemic rickets (4) and multiple 
O-glycosylation sites play a role in 
processing, as well as in the biological 
activity of the secreted full-length molecule 
(5). 
 
The osteocyte is not only the site of FGF23 
production but also a master regulator of 
bone turnover and the response to 
mechanical loading. Unloading the hindlimbs 
of DMP-1(-/-) mice by tail suspension 
increased serum phosphate levels (6); much 
more work remains to unravel the possible 
relationship between mechanical load and 
phosphate metabolism. Further evidence 
that DMP-1 null mice have a local defect in 
production of FGF23 by 
osteoblasts/osteocytes comes from 
transplantation experiments in which FGF23 
expression is determined by the genotype of 
the bone cells rather than the environment 
(7). 
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A cross-sectional study of the differential 
diagnosis of hypophosphatemic patients 
concluded that a serum FGF23 level >30 
ng/ml was consistent with FGF23-induced 
hypophosphatemia (8). FGF23 can be 
rapidly detected in tumor extracts for 
diagnosis of tumor-induced osteomalacia 
(9). Serum FGF23 levels rise with treatment 
of vitamin D deficiency (10); 1,25(OH)2D 
levels in treated patients were not measured 
but could explain this increase, but no 
relationship between 1,25(OH)2D and 
FGF23 levels was observed in another study 
(11). Both PTH and FGF23 levels are 
correlated with hypophosphatemia early 
after renal transplant (12). 
Hypophosphatemia in another acute setting, 
after liver transplantation, was correlated 
with increased renal phosphate excretion 
and with high PTH levels, but the FGF23 
level was suppressed (13). 
 
FGF23 action requires the membrane 
protein Klotho as a cofactor with FGF 
receptors. As predicted from this model, 
introducing the Klotho null mutation into Hyp 
mice gives an FGF23-negative phenotype 
(14). The cFos gene is downstream of 
FGF23/Klotho (15). High local 
concentrations of stanniocalcin-2 are 
associated with renal calcifications in Klotho 
mice (16). Membrane expression of Klotho 
is markedly diminished in parathyroid 
adenomas (17). 
 
Phosphate itself is an important cellular 
messenger. Phosphate is required for 
terminal differentiation and subsequent 
apoptosis of growth plate chondrocytes. 
Culture of day 15.5 mouse metatarsals 
recapitulates many of these findings, 
demonstrating a role of extracellular 
phosphate in growth, mineralization and 
caspase-dependent apoptosis of limb bud 
chondrocytes (18). A decrease in 
mitochondrial membrane potential is 
associated with caspase-dependent 
apoptosis in hypertrophic chondrocytes in 
the RCJ3.1C5.18 model (19). Phosphate 
induced apoptosis in resting zone 
chondrocytes via nitric oxide/JNK signaling 
(20). Extracellular phosphate can signal in 
the same pathway as FGF23 in HEK293 
cells transfected with Klotho (21). 
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