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Abstract

In contrast to the regulation of calcium homeostasis, which has been extensively studied over the 

past several decades, relatively little is known about the regulation of phosphate homeostasis. 

Fibroblast growth factor 23 (FGF23) is part of a previously unrecognized hormonal bone-

parathyroid-kidney axis, which is modulated by PTH, 1,25(OH)2-vitamin D (1,25(OH)2D), dietary 

and serum phosphorus levels. Synthesis and secretion of FGF23 by osteocytes are positively 

regulated by 1,25(OH)2D and serum phosphorus and negatively regulated, through yet unknown 

mechanisms, by the phosphate-regulating gene with homologies to endopeptidases on the X 

chromosome (PHEX) and by dentin matrix protein 1 (DMP1). In turn, FGF23 inhibits the 

synthesis of 1,25(OH)2D, and it may negatively regulate the secretion of parathyroid hormone 

(PTH) from the parathyroid glands. However, FGF23 synergizes with PTH to increase renal 

phosphate excretion by reducing expression of the renal sodium-phosphate cotransporters NaPi-IIa 

and NaPi-IIc in the proximal tubules. Most insights gained into the regulation of phosphate 

homeostasis by these factors are derived from human genetic disorders and genetically engineered 

mice, which are reviewed in this paper.
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INTRODUCTION

Over the past decade, information derived from genetic analyses of familial disorders has 

led to the discovery of novel genes involved in the regulation of phosphate homeostasis 

(Figure 1), which in contrast to the regulation of calcium homeostasis (1) has been less well 

understood. Phosphate is taken up from the circulation into cells via type II and type III 

sodium-phosphate cotransporters. It is required for numerous cellular functions such as 

DNA and membrane lipid synthesis, generation of high-energy phosphate esters, and 

intracellular signaling. The serum phosphorus concentration is determined by the balance 
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between intestinal absorption of phosphate from the diet (16 mg/kg/day), storage of 

phosphate in the skeleton (3 mg/kg/day), and excretion of phosphate through the urine (13 

mg/kg/day) (2). Only 30% of intestinal phosphate absorption occurs in a regulated, 

1,25(OH)2D-dependent manner (3). Consequently, reabsorption of phosphate from the urine 

in the renal proximal tubules via type II and type III sodium-phosphate cotransporters plays 

a key role in maintaining serum phosphate homeostasis (4). Renal phosphate reabsorption 

underlies tight hormonal control by parathyroid hormone (PTH) and fibroblast growth factor 

23 (FGF23). Other hormones appear to contribute also to the regulation of phosphate 

homeostasis, but their actions are less well understood; these other regulators include insulin 

and hormones of the somatotropic pituitary axis (5), and possibly FGF7, matrix extracellular 

phosphoglycoprotein (MEPE), and secreted frizzled-related protein 4 (sFRP-4) (6).

This review discusses the regulation of phosphate homeostasis by PTH, 1,25(OH)2D, and 

FGF23 with focus on insights gained from human genetic disorders (see Table 1) and 

genetically modified mouse models (see Supplemental Table 1; follow the Supplemental 

Material link from the Annual Reviews home page at http://www.annualreviews.org). For a 

detailed discussion of the receptors and signal transduction cascades for PTH, 1,25(OH)2D, 

and FGF23 the reader is referred to several recent reviews (see Related Resources).

PARATHYROID HORMONE

The major physiological role of the parathyroid glands is to function as a “calciostat.” 

Consequently, parathyroid hormone (PTH) secretion by the parathyroid glands is tightly 

regulated on a transcriptional and posttranscriptional level dependent on the concentration of 

extracellular calcium (Cae) (7). In addition to calcium, it regulates serum phosphate levels 

through its actions at several organs, and elevated serum phosphate concentration in turn 

stimulates PTH secretion, presumably by lowering extracellular calcium and increasing 

stability of the PTH mRNA (8).

PTH is synthesized as prepropeptide containing a 25-amino-acid presequence (signal 

sequence) and a 6-amino-acid prosequence (1). Both are cleaved off in the endoplasmic 

reticulum, and mature full-length PTH(1–84) is stored in secretory vesicles (1). Activation 

of the calcium-sensor receptor (CaR) in the parathyroid cell membrane by Cae stimulates 

release of intracellular calcium via Gq/11/phospholipase C (PLC) and suppresses adenylate 

cyclase via the inhibitory G protein Gi, respectively (9). Mice with parathyroid-specific 

ablation of Gq combined with the global ablation of G11 have severe hyperparathyroidism 

similar to that present in mice homozygous for the deletion of the CaR, thus illustrating the 

important role of this signal transduction pathway for calcium sensing (10). Hydrolysis of 

PIP3 by PLC releases IP3, which stimulates release of intra-cellular calcium (Cai) and 

activates calcium-sensitive proteases in the secretory vesicles of the parathyroids, resulting 

in cleavage and inactivation of PTH (1). The activation of CaR also suppresses protein 

synthesis and release of PTH(1–84) into the circulation via mechanisms involving changes 

in the actin cytoskeleton (11). Heterozygous activating CaR mutations cause familial forms 

of hypoparathyroidism (12), whereas heterozygous and homozygous inactivating mutations 

lead to familial hypocalciuric hypercalcemia and neonatal severe hyperparathyroidism, 

respectively (13). PTH gene expression is negatively regulated by 11,25(OH)2D (14). 
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Parathyroid gland development is regulated by PAX9 (15), the transcription factor GCMB 

(16), and possibly several other, yet unknown factors. GCMB may also be involved in 

parathyroid cell differentiation and the regulation of hormone synthesis. FGF23 suppresses 

PTH mRNA synthesis and secretion in vitro and in vivo in an alpha klotho (KL)-dependent 

fashion (17). End organ resistance to FGF23 at the parathyroid may explain why one 

individual with hyperphosphatemic familial tumoral calcinosis (HFTC) due to a 

homozygous inactivating KL mutation developed parathyroid hyperplasia (18). KL may also 

have an FGF23-independent role by facilitating PTH-secretion through maintenance of 

membrane Na/K-ATPase activity in the setting of hypocalcemia, and KL-null mice are thus 

desensitized to hypocalcemic stress (19).

PTH and PTH-related peptide (PTHrP) act through a common G protein–coupled receptor, 

the PTH/PTHrP-receptor (PTHR1) (1). PTHR1 is coupled to the Gsα/PKA, the Gq/PLC/

PKC, and the MAPK-pathways, but thus far it has been difficult to attribute individual 

functions of PTH to selected signaling pathways. Continuous exposure to PTH induces bone 

resorption by activation of osteoclasts indirectly through osteoblasts, while intermittent PTH 

increases bone formation by activation of osteoblasts. Osteoclasts do not have receptors for 

PTH and thus recruitment of osteoclast precursors and activation of bone resorption occur 

indirectly via osteoblasts, in which PTH enhances expression of receptor activator of NF-κB 

ligand (RANK-L), which in turn increases osteoclast number and activity in the presence of 

granulocyte monocyte colony stimulating factor (GMCSF). Conversely, intermittent PTH 

may lead to activation of the anabolic wnt-pathway by suppressing sclerostin and dickkopf 1 

(DKK1) (20). At the level of the proximal renal tubule, PTH acts via the PTHR1 expressed 

at the basolateral and apical membrane to activate Gsα/PKA and Gq/PLC/PKC, 

respectively. Activation of both signaling pathways leads to internalization of the sodium-

phosphate cotransporters NaPi-IIa and NaPi-IIc, resulting in renal phosphate wasting and 

hypophosphatemia (21). PTH also leads to proximal tubular bicarbonate wasting by 

inhibiting the amiloride-sensitive Na/H-exchanger and Na/K-ATPase (22). It also increases 

epithelial Cl− efflux, thereby hyperpolarizing the distal tubular cell, which leads to increased 

Ca-reabsorption via voltage-sensitive Ca-channels (23). The net effect of the PTH actions on 

bone and kidneys is an increase in serum calcium concentration and a decrease in serum 

phosphorus concentration, and prolonged elevations can lead to (mild) hyperchloremic 

metabolic acidosis.

The analysis of mice lacking PTH or PTHR1, knock-in mice carrying receptors deficient in 

the activation of Gq/PLC/PKC and lacking phosphorylation-sites important for 

desensitization, and of mice overexpressing a constitutively active PTHR1 under the control 

of either the DMP-1 or the Col1a1 (3.6 kb) promoter has provided important insights into 

the function of PTH and PTHrP in vivo (24–28). In this review only findings relevant for 

phosphate homeostasis are discussed. Mice lacking PTH are viable, yet newborns display 

diminished matrix mineralization, decreased neovascularization and reduced metaphyseal 

osteoblasts and trabecular bone (28). PTH-null animals suffer from renal calcium losses and 

phosphate retention, just like humans with hypoparathyroidism (29). Mice lacking the 

PTHR1 die at birth or shortly thereafter (30), an outcome similar to that in individuals with 

Blomstrand disease, a disorder caused by homozygous or compound heterozygous 

inactivating mutations in the PTHR1 (31). No data on phosphate homeostasis in the mice 
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models are available. Mice null for PTHrP or PTHR1 but that express a constitutively active 

PTHR1 under the control of the col1a1 (3.6 kb) promoter show improved survival (32), but 

no data on their phosphate homeostasis are available. Conversely, mice in which the wild-

type PTHR1 has been replaced by a receptor deficient in the activation of Gq/PLC lack 

hypophosphatemia when secondary hyperparathyroidism is induced by a calcium-deficient 

diet (27), whereas mice expressing a PTHR1, which lacks all phosphorylation-sites within 

the C-terminal receptor portion that are important for receptor desensitization, develop 

hypophosphatemia despite normal parathyroid function (33). These findings indicate that the 

effects of PTH on phosphate homeostasis are at least partly mediated through the 

Gq/PLC/PKC signaling pathway and are subject to desensitization at the level of PTHR1.

Healthy individuals injected with PTH(1–34) develop hypophosphatemia and elevated 

1,25(OH)2D levels, along with an increase of serum FGF23 (34), suggesting that calcitriol is 

an important regulator of FGF23 synthesis, independent of the serum phosphate 

concentration. However, increased circulating FGF23 levels were likewise reported in Pth-

null mice (29) as well as in some patients with hypoparathyroidism (35), indicating that the 

hyperphosphatemia observed under these conditions can modulate FGF23 despite low or 

normal calcitriol levels.

Phosphate-independent regulation of FGF23 by 1,25(OH)2D may also explain why FGF23 

is unable to compensate in patients with hyper- or hypoparathyroidism, i.e., conditions in 

which 1,25(OH)2D is elevated to inappropriately stimulate or decreased to inappropriately 

reduce FGF23 levels, respectively.

No abnormality of phosphate homeostasis and FGF23 synthesis or secretion was observed in 

mice expressing the constitutively active PTHR1 expressed under the control of the DMP-1 

or the col1a1(3.6-kb) promotor, or in mice lacking GNAS exon 1 in osteoblasts that leads to 

Gsα deficiency in this tissue (24–26, 36). However, some patients with McCune-Albright 

syndrome (37) and one individual with Jansen metaphyseal dysplasia (38) had increased 

serum FGF23 concentration; thus it remains unclear whether there is a direct role for PTH in 

the regulation of FGF23 synthesis and/or secretion.

1,25(OH)2-VITAMIN D

Cholecalciferol is generated from its precursors 7-dehydrocholesterol and ergosterol in the 

skin, subjected to 25-hydroxylation in the liver and converted to the active 1,25-

dihydroxycholecalciferol [1,25(OH)2D] in the kidney (39). CYP27B1 encodes the enzyme 

responsible for 1-alpha-hydroxylation in the kidney and is induced by PTH, hypocalcemia 

and hypophosphatemia (39). FGF23, hypercalcemia, and hyperphosphatemia reduce 

CYP27B1 expression (40). Also, FGF7 and sFRP-4 appear to inhibit synthesis of 

1,25(OH)2D, but MEPE lacks this inhibitory activity (6). FGF23 and 1,25(OH)2D also 

increase the activity of the renal CYP24 (40), which converts 25-OH-vitamin D and 

1,25(OH)2D into the inactive metabolites.

Similar degrees of hypocalcemia and hypophosphatemia are seen in both the VDR-null 

mouse (41) and the CYP27B1-null mouse (42). These findings are similar to those observed 

in individuals with vitamin D-dependent rickets types 1 and 2 (VDDR1 and VDDR2), 
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respectively, carrying loss-of-function mutations in either of these genes (43, 44), and 

indicate that the effects of vitamin D on calcium and phosphate homeostasis are mediated by 

the liganded VDR. Upon ligand binding the 1,25(OH)2D/VDR complex forms in the 

nucleus heterodimers with RXR to activate vitamin D-responsive elements (VREs). In 

enterocytes of the intestinal tract 1,25(OH)2D increases expression of the transient receptor 

potential cation channel, subfamily V, member 6 (TRPV6), and plasma membrane Ca2+ 

ATPase (PMCA) facilitates transcellular calcium uptake (39). It also increases phosphate 

uptake from the diet (39), possibly via upregulation of Pit-2 (45), whereas—at least in mice

— transcellular phosphate uptake via NaPi-IIb appears to be regulated by dietary phosphate 

in a vitamin D-independent fashion (46). VDR is also expressed in osteoblasts, and 

1,25(OH)2D was reported to increase bone formation and resorption. However, the complete 

rescue of rickets/osteomalacia of the Vdr-null mouse by a diet high in calcium and 

phosphate suggests that the major role of VDR is the delivery of calcium and phosphate to 

bone (47). 1,25(OH)2D stimulates the synthesis and secretion of FGF23 by osteoblasts and 

osteocytes (48). At the level of the parathyroid gland, 1,25(OH)2D acts to reduce PTH 

synthesis and secretion directly (49) and it increases CaR expression, thereby sensitizing the 

parathyroid gland to inhibition by calcium (50). At the renal distal tubules, 1,25(OH)2D 

increases the intracellular expression of calbindin-28 kDa, expression of TRPV5 at the 

apical membrane, and expression of the ATP-dependent calcium transporter at the 

basolateral membrane, thereby enhancing PTH-dependent calcium-reabsorption from the 

glomerular filtrate (51). The net effect of the actions of 1,25(OH)2D on parathyroid, gut, 

bone, and kidneys is an increase in serum calcium and phosphate level.

Intravenous injection of calcitriol increases FGF23 levels in humans (52) and mice (48). 

Mice that are null for Vdr (41) or Cyp27b1 (42) exhibit hypophosphatemia and have 

accordingly low FGF23 levels (53). Vdr-null animals on a rescue diet, which corrects 

secondary hyperparathyroidism and hypophosphatemia, and thus improves bone 

mineralization, are able to normalize circulating FGF23 levels despite absence of 

1,25(OH)2D action, suggesting a vitamin D-independent role of Pi (53). Findings from these 

animal models suggest that phosphate and 1,25(OH)2D are independent regulators of the 

circulating FGF23 levels. FGF23 synthesis and secretion are decreased when VDR is 

selectively ablated in chondrocytes using Vdrfl/fl mice that were mated with col2a1-cre 

animals to target ablation of the VDR to proliferating chondrocytes (54). These data suggest 

that a VDR-dependent regulator of FGF23 is present in the growth plate.

FIBROBLAST GROWTH FACTOR 23

FGF23 was first identified in mouse embryos by homology-based PCR (55). However, its 

importance for phosphate homeostasis became apparent only when FGF23 loss-of-function 

mutations were shown to cause autosomal dominant hypophosphatemic rickets (ADHR) 

(56). Furthermore, clones encoding FGF23 were isolated from cDNA libraries of tumors 

causing oncogenic osteomalacia (OOM) and recombinant FGF23 was shown to induce renal 

phosphate-wasting leading to hypophosphatemia and osteomalacia (57). The human FGF23 

gene on chromosome 12p13.3 encodes for a glycoprotein comprising 251 amino acids. The 

main sources of FGF23 are osteocytes and osteoblasts in the skeleton, but low levels of 

unclear significance can be detected in the ventrolateral thalamic nucleus, the thymus, small 
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intestine, and heart (55). The phosphate-regulating gene with homologies to endopeptidases 

on the X chromosome (PHEX) and dentin matrix protein 1 (DMP1) suppress expression of 

FGF23 in bone, most likely through indirect mechanisms (58). In contrast, dietary phosphate 

(59) and serum 1,25(OH)2D stimulate FGF23 synthesis (52). After cleavage of the signal 

sequence comprising 24 amino acids and O-glycosylation by UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-acetylgalactosaminyl-transferase 3 (GALNT3), the mature 

protein, FGF23(25–251), is secreted into the circulation. O-glycosylation of FGF23 occurs 

in the 162–228 region (60) and this posttranslational modification appears to protect FGF23 

from cleavage by subtilisin-like proprotein convertases when using recombinant peptides in 

vitro (61). Mutations identified in individuals affected by hypophosphatemic familial 

tumoral calcinosis (HFTC2) reside in the N-terminal portion of FGF23 (62). One mutation, 

S71G, leads to an accumulation of mutant FGF23 in the Golgi apparatus (63), and the 

impaired secretion of Flag-tagged versions of [G71]hFGF23 and [F129]hFGF23 by 

HEK293 cells can be rescued by lowering the culture temperature to 25°C or by 

compounding the mutant FGF23 with R176Q (64). The R176Q mutation, which was 

identified in a patient with ADHR, appears to stabilize hFGF23 by protecting a 

subtilisinfurin cleavage site (61). We have recently shown that the HFTC2 mutations S129P, 

S71G, and S129F impair O-glycosylation of FGF23, resulting in the intracellular 

accumulation of intact FGF23 (65). Loss-of-function mutations in GALNT3 cause 

hypophosphatemic familial tumoral calcinosis (HFTC1) in humans; equivalent findings are 

made in mice that are null for Galnt3 (66). O-glycosylation is essential for secretion of 

FGF23 by CHO cells (67) and for secretion of FGF7 by human embryonic kidney cells 

(HEK293) (68). Furthermore, expression of GALNT3 is stimulated by extracellular 

phosphate and suppressed by extracellular calcium and 1,25(OH)2D in HEK293 cells (68). 

This suggests that GALNT3 may be an important component of the regulatory mechanism 

of FGF23 secretion in vivo, which is disrupted by HFTC2 mutations.

FGF23 lacks heparan-sulfate (HS) binding-motifs, otherwise characteristic for the fibro-

blast growth factor family. Lack of HS binding-motifs reduces matrix-binding and enables 

this ligand to function in an endocrine fashion (69). Four distinct genes encode FGF 

receptors (FGFR1–FGFR4).All FGFRs share a similar domain structure. The extracellular 

domain is made up of three immunoglobulin-like domains (D1–D3), followed by a single-

pass transmembrane domain and an intracellular domain, which contains tyrosine kinase 

activity (70). A major tissue-specific alternative splicing event in the second half of D3 of 

FGFR1-3 creates epithelial lineage-specific “b” (FGFR1b-FGFR3b) and mesenchymal 

lineage-specific “c” (FGFR1c-FGFR3c) isoforms with distinct ligand-binding specificities 

(71). FGF23 requires KL as a coreceptor. Immunoprecipitation experiments, surface 

plasmon resonance (SPR) spectroscopy, and functional assays measuring the mitogenic 

response of BaF3 cells or activation of the MAPK-pathway in HEK293 cells have shown 

that KL forms a ternary complex with FGF23 and either FGFR1c, FGFR2c, FGFR3c, or 

FGFR4 (72). Recent work using neutralizing anti-FGF23 antibodies indicates that the N-

terminal portion of FGF23 interacts with FGFR1c, whereas the C-terminus binds to KL, and 

both interactions appear to be important for bioactiv-ity in vitro and in vitro (73). Deletion 

of FGFR3 or FGFR4 in Hyp mice, a mouse model of human X-linked hypophosphatemia 

(XLH), did not correct the hypophosphatemia in those mice (74). Based on these data, it was 
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concluded that neither FGFR3 nor FGFR4 mediates the phosphaturic activity of FGF23. A 

second study using mice with kidney-specific deletion of FGFR1 (75) suggests that FGFR1 

mediates the phosphaturic effects of FGF23, although lack of suppression of 1,25(OH)2D in 

these animals may suggest that deletion of FGFR1 in the kidney was incomplete.

The site of action of FGF23 in the kidney is still controversial. Although FGF23 decreases 

expression of NPT2a and NPT2c and CYP27B1 activity in the proximal tubules (76), its 

coreceptor KL is expressed mainly in the distal tubules. Mice injected with FGF23 show 

phosphorylation of MAPK and expression of the early growth-response gene 1 (Egr-1) in 

the distal tubules (77). These findings suggest that either FGF23 uses a noncanonical signal-

transduction pathway at the proximal tubules or it induces the secretion of an intermediary 

phosphatonin in the distal tubules, which acts in a paracrine fashion on the proximal tubules. 

KL may also have ligand-independent actions by regulating the expression of calcium 

channels (TRPV5) (78) and potassium channels (ROMK) at the distal tubules (79).

The effects of FGF23 on renal function lead to hypophosphatemia, decreased 1,25(OH)2D 

synthesis, and suppressed or inappropriately normal parathyroid function. Regulation of 

PTH secretion by the serum calcium independent of the effects of phosphate, FGF23, and 

KL at the parathyroid gland may explain why PTH is unable to compensate in states of 

FGF23 excess or deficiency, conditions in which serum calcium is decreased to 

inappropriately stimulate, or increased to inappropriately reduce, PTH secretion, 

respectively.

Much has been learned about the regulation of phosphate homeostasis through the discovery 

of genetic causes of human hypo-and hyperphosphatemic disorders. These findings were 

extended by the generation of a number of different animal models. Individuals suffering 

from familial hyperphosphatemic tumoral calcinosis (HFTC) have homozygous loss-of-

function mutations in GALNT3 (80), FGF23 (63), or KL (18). Like mice that are null for 

Fgf23 (81), Galnt3 (66), or Kl (82), affected individuals suffer from hyperphosphatemia and 

increased 1,25(OH)2D levels due to the loss of FGF23 activity or end-organ resistance to 

FGF23, respectively. Consistent with an increased intestinal absorption of calcium from the 

gut, patients and mice with these genetic modifications display mild hypercalcemia, 

suppressed PTH levels, and hypercalciuria. The increased calcium-phosphorus product in 

these disorders is thought to cause the characteristic tissue calcifications. Ablation of Npt2a 

(83), Vdr (84), or Cyp27B1 (85) rescues the serum-biochemical abnormalities of Fgf23-null 

mice, and ablation of Cyp27B1 was also shown to rescue the Kl-null mice (86). Likewise, 

low-phosphate/low-vitamin D diets (87) can normalize the changes in mineral ion 

homeostasis of Fgf23- and Kl-null animals, although mineralization defects in the skeleton 

may persist (83). Conversely, increased FGF23 levels in most individuals affected by X-

linked hypophosphatemia (88), autosomal dominant hypophosphatemic rickets (56), or 

autosomal recessive hypophosphatemia (89, 90) leads to renal phosphate wasting. More 

prominent elevations in FGF23 are observed in mice lacking PHEX (hyp mice) (91) or 

overexpressing FGF23 (92). Along with hypophosphatemia, these mice show low 

1,25(OH)2D concentrations and low-normal serum calcium concentrations, which lead to 

the development of secondary hyperparathyroidism (92). Overexpression of PHEX 

systemically or targeted to osteoblasts of Hyp mice (93, 94) rescued the skeletal phenotype, 
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while the serum-biochemical abnormalities of these animals persisted [with the exception of 

secondary hyperparathyroidism, which persisted with systemic overexpression of PHEX 

(94)]. This is in contrast to studies of Hyp mice crossed with mice carrying a reporter 

expressed under the control of the FGF23 promoter; these mice show elevated FGF23 gene 

transcription in bone. These findings suggest that the FGF23 excess in mice with an 

abnormal Phex function is originating from the skeleton (91). Furthermore, the FGF23-null 

mice and mice lacking PHEX and FGF23 (91), as well as mice lacking DMP1 and FGF23 

(95), show indistinguishable phenotypes, suggesting that the regulatory actions of PHEX 

and DMP1 reside upstream of FGF23. Distinct from the FGF23-dependent forms of renal 

phosphate wasting, hereditary hypophosphatemic rickets with hypercalciuria (HHRH) (96, 

97) leads to appropriate upregulation of CYP27B1, thereby increasing 1,25(OH)2D levels, 

resulting in absorptive hypercalciuria due to loss of SLC34A3/NaPi-IIc in the kidney. Mice 

lacking SLC34A1/NaPi-IIa also display FGF23-independent renal phosphate wasting and 

absorptive hypercalciuria (98). In contrast, mice lacking SLC34A3/NaPi-IIc show only mild 

hypercalcemia and absorptive hypercalciuria at an early age probably due to increased 

1,25(OH)2D levels, but these animals do not develop hypophosphatemia, and thus have a 

milder phenotype than human individuals with HHRH (99).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Glossary

FGF23 fibroblast growth factor 23

MEPE matrix extracellular phosphoglycoprotein

HFTC hyperphosphatemic familial tumoral calcinosis

CYP27B1 1-alpha-hydroyxylase, a vitamin D-activating enzyme expressed in the renal 

proximal tubule

VDR vitamin D receptor, forms heterodimer with RXR

TRPV transient receptor potential cation channel, subfamily V, members 5 and 6 are 

calcium-selective

Pit-2 solute carrier family 20 (sodium-phosphate cotransporter), members 2, 

expressed ubiquitously

PHEX phosphate-regulating gene with homologies to endopeptidases on the X 

chromosome

DMP1 dentin matrix protein 1

GALNT3 UDP-N-Acetyl-α-D-galactosamine: polypeptide N-acetylgalactosaminyl-

transferase, isoform 3 appears to be important for O-glycosylation of FGF23

XLH X-linked hypophosphatemia
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SLC34 solute carrier family 34 (sodium-phosphate cotransporter), members 1 and 3 

are expressed in the proximal renal tubule, member 2 is expressed in the 

intestine
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SUMMARY POINTS

1. PTH synthesis and secretion are up-regulated by low serum calcium and 

increased serum phosphate levels, and down-regulated by increased serum 

calcium and 1,25(OH)2D levels, and possibly by increased FGF23 levels. PTH 

acts through a G protein–coupled receptor, the PTHR1, to increase osteoblast 

activity (and indirectly osteoclast activity), to inhibit renal phosphate 

reabsorption, and to stimulate the synthesis of 1,25(OH)2D. The net effect of 

these actions is an increase of serum calcium levels and a decrease in serum 

phosphate levels.

2. FGF23 expression is up-regulated by increased serum phosphate and 

1,25(OH)2D levels, and down-regulated, through yet unknown mechanisms, by 

PHEX and DMP1. FGF23 acts through one or more FGF-receptors, with Klotho 

as co-receptor, to inhibit renal phosphate reabsorption and to decrease 

circulating 1,25(OH)2D levels, and possibly to inhibit PTH secretion by the 

parathyroid glands. Its net effect is a reduction in serum phosphate and 

1,25(OH)2D levels, which may result in hypocalcemia.

3. 1,25(OH)2D expression is up-regulated by PTH and down-regulated by 

increased serum calcium and phosphate levels, and by increased FGF23 levels. 

1,25(OH)2D acts through VDR/RXR dimers to stimulate the intestinal 

absorption of phosphate and to stimulate FGF23 synthesis and secretion by 

osteocytes, and possibly to inhibit PTH secretion by the parathyroid glands. Its 

net effect is an increase in serum calcium and phosphorus level.
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FUTURE ISSUES

1. How do dietary and serum phosphate regulate PTH, 1,25(OH)2D, and FGF23 

secretion?

2. How do PHEX and DMP1 affect FGF23 gene expression and secretion?

3. How do FGF23 mutations impair negative feedback regulation of FGF23 

synthesis and secretion?

4. Which FGF-receptors mediate the action of FGF23 in the parathyroids and in 

the kidney?

5. What is the physiological role of the sFRP-4, FGF7, and the sibling proteins 

MEPE and DMP1 in the regulation of phosphate homeostasis?
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Figure 1. 
Regulation of phosphate homeostasis. Phosphate is absorbed from the diet in the gut, stored 

in the skeleton, and excreted by the kidneys. 1,25(OH)2D stimulates absorption of phosphate 

from the diet. FGF23 increases renal phosphate clearance, suppresses synthesis of 

1,25(OH)2D, and may decrease PTH (dashed line). PTH increases renal phosphate clearance 

and stimulates synthesis of 1,25(OH)2D.

Bergwitz and Jüppner Page 17

Annu Rev Med. Author manuscript; available in PMC 2016 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bergwitz and Jüppner Page 18

T
ab

le
 1

H
um

an
 g

en
et

ic
 d

is
or

de
rs

 o
f 

ph
os

ph
at

e 
ho

m
eo

st
as

is

D
is

or
de

r
A

bb
re

vi
at

io
n

In
he

ri
ta

nc
e

G
en

e
M

ec
ha

ni
sm

O
M

IM

H
yp

er
ph

os
ph

at
em

ic
 d

is
or

de
rs

H
yp

er
ph

os
ph

at
em

ic
 f

am
ili

al
tu

m
or

al
 c

al
ci

no
si

s 
ty

pe
 1

 a
nd

th
e 

al
le

lic
 v

ar
ia

nt
hy

pe
rp

ho
sp

ha
te

m
ia

 s
yn

dr
om

e

H
FT

C
H

SS
A

R
A

R
G

A
L

N
T

3
FG

F2
3-

de
fi

ci
en

cy
#2

11
90

0
#6

10
23

3

H
yp

er
ph

os
ph

at
em

ic
 f

am
ili

al
tu

m
or

al
 c

al
ci

no
si

s 
ty

pe
 2

H
FT

C
A

R
F

G
F

23
FG

F2
3-

de
fi

ci
en

cy
#2

11
90

0

H
yp

er
ph

os
ph

at
em

ic
 f

am
ili

al
tu

m
or

al
 c

al
ci

no
si

s 
ty

pe
 3

H
FT

C
A

R
K

L
FG

F2
3-

re
si

st
an

ce
#2

11
90

0

Ps
eu

do
hy

po
pa

ra
th

yr
oi

di
sm

PH
P1

A
PH

P1
B

A
D

 (
im

pr
.)

A
D

 (
im

pr
.)

G
N

A
S

G
N

A
S 

or
 u

p-
st

re
am

 r
eg

ul
at

or
y

re
gi

on

PT
H

-r
es

is
ta

nc
e;

FG
F2

3-
in

de
pe

nd
en

t
#1

03
58

0
#6

03
23

3

Fa
m

ili
al

 is
ol

at
ed

hy
po

pa
ra

th
yr

oi
di

sm
FI

H
A

D
 o

r 
A

R
C

aR
G

C
M

B
P

T
H

PT
H

-d
ef

ic
ie

nc
y;

FG
F2

3-
in

de
pe

ne
nt

#1
46

20
0

B
lo

m
st

ra
nd

 d
is

ea
se

B
O

C
D

A
R

P
T

H
R

1
PT

H
-r

es
is

ta
nc

e;
FG

F2
3-

in
de

pe
nd

en
t

#2
15

04
5

H
yp

op
ho

sp
ha

te
m

ic
 d

is
or

de
rs

X
-l

in
ke

d 
hy

po
ph

os
ph

at
em

ia
X

L
H

X
-l

in
ke

d
P

H
E

X
FG

F2
3-

de
pe

nd
en

t
#3

07
80

0

A
ut

os
om

al
 d

om
in

an
t

hy
po

ph
os

ph
at

em
ic

 r
ic

ke
ts

A
D

H
R

A
D

F
G

F
23

FG
F2

3-
de

pe
nd

en
t

#1
93

10
0

A
ut

os
om

al
 d

om
in

an
t

hy
po

ph
os

ph
at

em
ic

 r
ic

ke
ts

A
D

H
R

A
D

K
L

FG
F2

3-
de

pe
nd

en
t

#6
12

08
9

A
ut

os
om

al
 r

ec
es

si
ve

hy
po

ph
os

ph
at

em
ia

A
R

H
P

A
R

D
M

P
1

FG
F2

3-
de

pe
nd

en
t

#2
41

52
0

H
er

ed
ita

ry
 h

yp
op

ho
sp

ha
te

m
ic

ri
ck

et
s 

w
ith

 h
yp

er
ca

lc
iu

ri
a

H
H

R
H

A
R

SL
C

34
A

3
Pr

ox
im

al
 tu

bu
la

r
ph

os
ph

at
e 

w
as

tin
g,

FG
F2

3-
in

de
pe

nd
en

t

#2
41

53
0

V
ita

m
in

-r
es

is
ta

nt
 r

ic
ke

ts
 ty

pe
 1

V
D

D
R

1
A

R
C

Y
P

27
B

1
1,

25
(O

H
) 2

D
 d

ef
ic

ie
nc

y,
FG

F2
3-

in
de

pe
nd

en
t

#2
64

70
0

V
ita

m
in

-r
es

is
ta

nt
 r

ic
ke

ts
 ty

pe
 2

V
D

D
R

2
A

R
V

D
R

1,
25

(O
H

) 2
D

-r
es

is
ta

nc
e,

FG
F2

3-
in

de
pe

nd
en

t
#2

77
44

0

Fa
m

ili
al

 h
yp

oc
al

ci
ur

ic
hy

pe
rc

al
ce

m
ia

/n
eo

na
ta

l s
ev

er
e

hy
pe

rp
ar

at
hy

ro
id

is
m

FH
H

N
SH

PT
A

D
/A

R
C

aR
PT

H
-e

xc
es

s,
FG

F2
3-

in
de

pe
nd

en
t

#1
45

98
0

#2
39

20
0

Annu Rev Med. Author manuscript; available in PMC 2016 March 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bergwitz and Jüppner Page 19

D
is

or
de

r
A

bb
re

vi
at

io
n

In
he

ri
ta

nc
e

G
en

e
M

ec
ha

ni
sm

O
M

IM

Ja
ns

en
 d

is
ea

se
A

D
P

T
H

R
1

C
on

st
. a

ct
iv

e 
PT

H
R

1;
FG

F2
3-

de
pe

nd
en

t
#1

56
40

0

Annu Rev Med. Author manuscript; available in PMC 2016 March 03.


