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Abstract 
 
     The physiological process of biomineralization (calcification) that occurs in bone tissue takes place 
throughout an individual's life. Complex biological systems carefully orchestrating crosstalk between skeletal 
tissue and mineralization modulators include environmental and physiological factors acting as promoters or 
inhibitors. They consist of local mineralization promoters synthesized by osteoblasts, the phosphatases, 
namely, tissue-nonspecific alkaline phosphatase (TNAP) and phosphatase orphan 1 (PHOSPHO1). The 
local inhibitors are produced by osteoblasts and osteocytes and include inorganic pyrophosphate (PPi) and 
organic non-collagenous proteins or peptides of the extracellular matrix, such as osteopontin. While these 
modulators act in a paracrine/autocrine manner, locally synthesized fibroblast growth factor 23 (FGF23) 
regulates systemic phosphate levels by creating bone–kidney–parathyroid feedback loops. Locally, the 
active role in regulation of mineralization and phosphate homeostasis is played by inorganic forms of 
phosphate itself, and in particular the Pi/PPi ratio. The upper control of this ratio is mediated by circulating 
effects of FGF23 on phosphate homeostasis. Bone cell products allow bone to play an active role in 
coordinating its mineralization with total systemic phosphate regulation. IBMS BoneKEy. 2011 
June;8(6):286-300.  
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Bone Tissue   
 
The physiological process of 
biomineralization (calcification) that occurs 
in bone tissue takes place throughout the 
entire human life cycle, both during growth 
and development and in adult life, and is 
characterized by age- and gender-
dependent differences. Complex biological 
systems carefully orchestrating crosstalk 
between skeletal tissue and mineralization 
modulators include environmental and 
physiological factors acting as promoters or 
inhibitors. This Perspective reviews major 
local and systemic bone mineralization 
regulators, emphasizing feedback loop 
relations with phosphate homeostasis.   
 
Bone is a specialized connective tissue. 
Physiologically, the mineralization process is 
restricted to bone tissue and teeth. Bone 
tissue consists of several types of 
functioning cells and a complex extracellular 
matrix (ECM). Osteoblasts, present at the 

bone surface, are specialized for formation 
and secretion of both inorganic and organic 
constituents of the ECM. Secreted 
hydroxyapatite (HA), calcium hydroxy 
phosphate crystals, is deposited in the 
spaced “hole regions” of triple helical fibrils 
of collagen 1 under the influence of non-
collagenous proteins (1;2). Osteocytes, 
representing 90-95% of all bone cells, are 
old osteoblasts embedded within the matrix 
that they have produced. Osteocytogenesis, 
the process of osteoblast differentiation into 
osteocytes, is accompanied by down-
regulation of many previously expressed 
bone markers, including alkaline 
phosphatase and collagen type I (3), and 
increased expression of genes coding for 
non-collagenous bone matrix polyanionic 
proteins, such as matrix extracellular 
phosphoglycoprotein (MEPE) and dentin 
matrix protein 1 (DMP1) (4). Osteoclasts are 
the third type of bone cell. They are bone-
resorbing cells that appear at the bone 
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surface and play a crucial role in bone 
remodeling processes.  
 
Bone Mineralization Is Locally Regulated 
by Phosphate Molecules 
 
Local inorganic and organic molecules 
synthesized by bone cells are involved in the 

strictly regulated process of bone 
calcification, acting in an autocrine/paracrine 
manner. Additional circulating factors 
produced by other tissues or even by bone 
itself function as endocrine hormones in 
feedback loops to ensure normal bone 
calcification (Fig. 1).  

 

 
Fig. 1. Three levels of bone mineralization control: (A) systemic hormones (B) bone cells (osteoblasts, 
osteoclasts, and osteocytes) and (C) cell products, acting in a paracrine/autocrine manner. Delicate 
feedback loops between all three control levels regulate normal mineralization.   
 
The mineral ions Ca2+ and Pi (in the form of 
H2PO4

-/HPO4
2-) play a central role in 

controlling essential biological activities. 
Phosphate is an obligate component of 
cellular structures and functions. Maintaining 
phosphate balance is essential for 
physiological activities in all tissues, 
including cellular signal transduction, 
biochemical pathways, energy metabolism, 
and bone mineralization (5). Both extremes 
of serum phosphorous-imbalanced levels, 
hyper- and hypophosphatemia, reflect 
systemic disorders (6;7). The body receives 
the nutrient phosphorous as organic and 

inorganic forms absorbed in the intestine. 
Phosphate is taken into cells from the 
circulation, stored in the skeleton as a 
calcium-phosphate complex, and excreted 
by the kidney through urine. More than 80-
85% of the total phosphorous distributed in 
the body is present in bone (8;9). Therefore, 
impaired bone mineralization can result 
either from dietary phosphate deficiency or 
from excessive retention of phosphate in the 
body (9). Until recently, the regulation of 
phosphate homeostasis was thought to be a 
passive process mediated largely by the 
well-known calciotropic hormones 
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parathyroid hormone (PTH) and 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3). Here we 
focus on the central role played by inorganic 
forms of phosphate itself, namely the Pi/PPi 
ratio, in regulation of linked bone 
mineralization and phosphate homeostasis. 
Pyrophosphate (PPi) consists of two 
molecules of inorganic phosphate (Pi) joined 
by a hydrolyzable high-energy ester bond. 
PPi is a by-product of many intracellular 
metabolic reactions of most tissues. It is 
present in both intra- and extracellular 
compartments and body fluids, including 
plasma (10;11). The normal reported PPi 
plasma range for adults is 1.19-5.65 µM 
(11), while the Pi plasma range is 0.85-1.44 
mM (8). Extracellular PPi deficiency leads to 
excess HA formation in the skeleton (12), 
whereas PPi elevation results in decreased 
skeletal mineralization (11;12). Bone 
mineralization is dependent on a tight local 
balance between extracellular levels of Pi 

and PPi (13). Pi is locally generated by 
osteoblasts expressing an ecto-enzyme 
tissue-nonspecific alkaline phosphatase 
(TNAP, an isoenzyme of alkaline 
phosphatase), which hydrolyzes 
extracellular PPi to Pi (14). The controlled 
co-expression of TNAP with fibrillar collagen 
1 directly promotes the deposition of HA in 
bone matrix (14). Controlling the Pi/PPi 
balance through a complex regulation of PPi 
formation and degradation, as part of HA 
formation, links bone mineralization with 
phosphate homeostasis.  
 
Pi and PPi balance regulation    
 
The intracellular phosphate pool is obtained 
by Pi uptake from the blood, and hydrolysis 
of ATP and AMP (15). The first step of 
forming crystalline HA occurs within 
osteoblast organelles, named membrane-
bound matrix vesicles (MVs) [Fig. 2(A)].   

 

 
Fig. 2. Regulatory intercellular and intracellular signaling pathways operated by the osteoblast, to control the 
local Pi/PPi balance required for physiological bone mineralization. Right side: formation of bone matrix; (A) 
accumulation of Ca2+ and Pi within MVs initiates HA formation. (B) and (C) extracellular HA growth,  
propagation and deposition into bone matrix. Left side: inhibition of mineralization by a low Pi/PPi ratio; (a) 
and (b) PPi formed within the cell is transported to the ECM. (c) PPi and also OPN inhibit mineralization. (d) 
TNAP upregulates mineralization by degrading PPi and by dephosphorylation of OPN. (e) In turn, Pi and PPi 
downregulate TNAP activity.   
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In these vesicles the inorganic ions Ca2+ and 
Pi are accumulated (16), while PPi is 
excluded (17). Subsequently, the MV 
membrane is ruptured and/or broken down, 
and HA crystals spill out into the 
extracellular fluid, where their further growth 
and propagation occurs, to become part of 
the ECM (18) [Fig. 2(B), (C)]. Extracellular 
PPi is the key regulator inhibiting the ability 
of Pi to crystallize with calcium in the ECM, 
thereby inhibiting HA formation (19) [Fig. 
2(C)]. PPi intracellular formation, transport 
and degradation at the ECM are regulated 
by specialized gene products expressed by 
osteoblasts. PPi formation is carried out by 
nucleotide pyrophosphatase 
phosphodiesterase 1 (NPP1), which 
generates intracellular PPi from nucleoside 
triphosphates (20) [Fig. 2(A)]. PPi transport 
to the cell exterior is mediated by the 
multiple-pass transmembrane protein ANKH 
(a homolog of the mouse progressive 
ankylosis (ank) gene product), which 
transfers the generated PPi from the cytosol 
to the ECM [Fig. 2(B)], where its inhibitory 
effects on HA crystal growth and 
propagation are exerted (20-23). The ratio of 
extracellular Pi/PPi concentrations is crucial 
for the inhibitory process (20). 
Hypermineralization is caused in mice by 
mutations in either NPP1 or ANK (23;24). 
PPi hydrolysis takes place in the ECM by 
the TNAP enzyme, located on the osteoblast 
cell surface (14;25) [Fig. 2(D)]. As PPi is a 
potent mineral-binding small molecule 
antagonizing the ability of Pi to crystallize 
with calcium to form HA (13), its enzymatic 
removal is essential for bone mineralization. 
Thus, TNAP plays a crucial role in restricting 
bone levels of PPi. TNAP promotes bone 
mineralization by providing Pi available for 
HA formation (26); at the same time TNAP 
maintains proper low extracellular PPi 
concentrations preventing its inhibitory 
effect, and allowing normal bone 
mineralization (25;27). Accumulation of PPi 
in skeletal tissues and elevated plasma PPi 
levels have been observed in patients with 
TNAP deficiency and impaired 
pyrophosphatase function caused by 
hereditary genetic defects; such high PPi 
levels lead to deficiency in free extracellular 
Pi and are characterized by 
hypophosphatemia and hypomineralization 
(rickets and osteomalacia) in both humans 

(11;28) and mice (29). These shared 
phenotypes in the same individual, 
hypophosphatemia and mineralization 
disorders, distinguish the potential linked 
regulation of Pi homeostasis with bone 
calcification. Maintaining linked Pi 
homeostasis with normal bone 
mineralization might involve crosstalk 
between bone extracellular PPi, the local 
key regulator, and circulating hormones and 
their signaling cascades. 
 
While TNAP controls PPi levels directly as 
its substrate, another phosphatase, namely, 
PHOSPHO1 (phosphatase, orphan 1) 
seems to be indirectly involved in PPi 
regulation. PHOSPHO1 is a cytosolic 
enzyme with specificity for several organo-
phosphate compounds 
(phosphoethanolamine and 
phosphocholine). It is expressed at 100-fold 
higher levels in mineralizing than in non-
mineralizing tissues and is active within 
osteoblast MVs (30;31). PHOSPHO1 
deficiency in genetically modified mice 
causes elevated extracellular PPi levels, as 
a result of altered expression of all three 
molecules involved directly in PPi 
metabolism. While PPi production and 
transport were enhanced (high NPPI activity 
and high ANK expression), its degradation 
was decreased (reduced TNAP activity). 
Moreover, these modified mice displayed 
multiple skeletal deformations including 
spontaneous fractures, bowed long bones, 
osteomalacia and scoliosis in early life (32). 
The latter study also generated mice with 
double ablation of both PHOSPHO1 and 
TNAP function, in which an essentially 
complete absence of mineralization and 
perinatal lethality were observed despite the 
availability of systemic Pi. These findings 
suggest independent, non-redundant 
mineralization roles played by the two 
phosphatases. Accordingly, Yadav et al. 
(32) suggested different pathways for the 
roles of these phosphatases in bone 
mineralization, to eventually achieve 
combined mineralization and Pi/PPi balance 
control. The mineralization initiation with Pi 
generation and accumulation within MVs is 
thought to depend on PHOSPHO1 
hydrolyzing organophosphate compounds 
and Pi influx via Pi transporters [Fig. 2(A)]. 
This step is followed by extravesicular Pi 
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generation, carried out through TNAP 
hydrolyzing PPi (or ATP) (33) [Fig. 2(D)]. 
The last step of ECM mineralization 
depends on the presence of collagen fibrils 
and TNAP's pyrophosphatase activity. 
TNAP causes further mineralization by 
maintaining the extracellular Pi/PPi balance: 
it degrades the mineralization inhibitor PPi 
and thereby generates Pi.  
 
An additional mineralization inhibitor is 
osteopontin (OPN), a 34-kDa, acidic, highly 
phosphorylated extracellular glycoprotein. It 
is normally present as a major component of 
the non-collagenous bone matrix, with 
strong mineral-binding properties (34). 
Dephosphorylation of OPN by TNAP 
prevents much of its mineral-binding and 
crystal growth-inhibiting activity (35). Both 
PPi and OPN are found at high levels in 
bone, both inhibit mineralization by binding 
to growing HA crystals via negatively 
charged phosphate residues (36;37), and 
both are inactivated by TNAP [Fig. 2(C) and 
(D)]. OPN acts independently of PPi to 
inhibit bone calcification, and also as a 
mediator of PPi effects (38). OPN synthesis 
and secretion by osteoblasts are increased 
by accumulated levels of extracellular PPi 
(37;39). On the other hand, inhibition of 
TNAP by PPi (in the presence of OPN or 
other matrix phosphoproteins) [Fig. 2(E)] 
maintains the phosphorylated form of OPN 
to further regulate bone mineral growth. 
Thus, the local Pi/PPi ratio directly 
represses OPN expression, independently 
of phosphate uptake. Another distinct 
mechanism that regulates bone 
mineralization seems to be plasma Pi-
dependent: high levels of Pi have been 
demonstrated to inhibit TNAP activity 
through regulation dependent on 
intracellular uptake via Na+/Pi co-
transporters (40;41). 
 
This led Addison and colleagues (35) to 
suggest three mechanisms by which PPi 
prevents mineralization. The first involves 
direct binding to growing HA crystals and 
further prevention of the apposition of 
mineral ions. The additional two 
mechanisms include PPi direct effects on 
osteoblast activity, specifically: (a) induction 
of OPN expression by osteoblasts, via 
intracellular signaling pathways (MAPK), 

thus providing coordinated actions of both 
PPi and OPN for negative control of HA 
crystal growth and deposition; and (b) use of 
a feedback mechanism in which osteoblasts 
respond to the proper Pi/PPi ratio by 
inhibiting TNAP activity. As a result, 
hydrolysis of PPi into its constituent Pi ions 
is slowed, and the phosphorylated active 
form of OPN is maintained. These two 
mechanisms operated by osteoblasts lead to 
increased levels of both mineralization 
inhibitors PPi and OPN, whose 
concentrations are controlled by linked 
counter-regulatory mechanisms, leading to a 
combined mineralization inhibitory effect.   
 
Bone Mineralization Is Systematically 
Regulated by Circulating Hormones  
 
Bone mineralization is a dynamic process 
that involves adjustments and adaptations to 
changing physiological conditions. 
Regulatory bone mineralization mediators, 
especially the Pi/PPi balance, are targets for 
local systemic hormonal control, which in 
turn is subject to upstream signals in a 
feedback loop. A coordinated regulation of 
gene expression at transcriptional and post-
transcriptional levels in a well-defined 
sequence maintains the physiological 
integrity of bone tissue as well as phosphate 
homeostasis. Deviation from physiological 
conditions is expressed as pathological 
conditions, hypo- or hyperphosphatemia. 
Systemic calcium and phosphate 
homeostasis has traditionally been thought 
to be regulated by the PTH–1,25(OH)2D3 
axis. Recently, however, an additional player 
has been identified, namely fibroblast growth 
factor 23 (FGF23), which together with the 
above form the intestine–bone–kidney–
parathyroid gland feedback loop.   
 
The role of FGF23 in phosphate 
homeostasis and bone   
     
Circulating levels of FGF23, a 30-kDa 
member of the large FGF family of proteins, 
originate primarily from osteocytes, and to a 
lesser extent from osteoblasts in mineralized 
bone (42). Normal human serum levels of 
FGF23 are very low [~1 pM, (43)]. Its target 
organs are assumed to be dependent on 
tissue expression of Klotho, a single-pass 
transmembrane protein essential as a 
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cofactor for the binding of FGF23 to its 
receptor (FGFR) (44). Identified target 
tissues expressing Klotho include the distal 
convoluted tubules in the kidney, the choroid 
plexus in the brain, and the parathyroid 
gland (44-46). It is not detectably expressed 
in skeletal tissues (47). FGF23 hormone is 
regarded as a phosphaturic factor, inhibiting 
renal reabsorption of phosphate, 
indispensable for maintaining phosphate 
homeostasis. Studies of human genetic and 
acquired diseases, as well as genetically-
modified animal models and tissue culture, 
have demonstrated that both extremely high 
and low serum FGF23 levels are associated 
with bone impairments (48-50). Some 
tumors overexpress FGF23 and are 

associated with tumor-induced osteomalacia 
(TIO) (51).  
 
FGF23 excess leads to hypophosphatemia 
(52;53), and its deficiency to 
hyperphosphatemia (49;50;54;55). 
Controlling phosphate serum levels is 
achieved through the hormonal cascade of 
the bone–kidney–parathyroid gland axis. 
The participating hormones, namely FGF23, 
1,25(OH)2D3, and PTH, are modulated by 
dietary and serum phosphorous levels and 
by counter-regulatory loops, created by their 
reciprocal actions on plasma Pi levels (56-
59). In this manner, high phosphorous intake 
and 1,25(OH)2D3 induce expression of 
FGF23, which increases renal Pi excretion 
(60;61) [Fig. 3(A), (B), (H)].  

 

 
Fig. 3. Negative regulation of phosphate homeostasis by FGF23. FGF23 is negatively regulated by bone 
signaling mechanisms (DMP1 and PHEX), and is positively regulated by systemic factors (serum Pi, 
1,25(OH)2D3, PTH). A-H: intestine–bone–kidney–parathyroid gland feedback loops. (A) High absorbed 
dietary Pi stimulates FGF23 secretion. (B) 1,25(OH)2D3 also stimulates FGF23 secretion. (C) In turn, FGF23 
suppresses kidney production of 1,25(OH)2D3, resulting in (D) decreased potential 1,25(OH)2D3-dependent 
Pi absorption by the intestine. (E) PTH also up-regulates FGF23 synthesis and secretion, and in turn (F) 
PTH synthesis is decreased by FGF23. (G) As a result, potential PTH-dependent inhibition of renal Pi 
reabsorption is decreased. (H) Overall elevated levels of FGF23 result in inhibited renal Pi reabsorption 
(phosphaturic action). (M) Local bone FGF23 excess results in inhibited mineralization. (P) The sum 
consequence of FGF23 action is to decrease excess serum Pi to a physiological range. 
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In turn, elevated plasma FGF23 levels 
decrease 1,25(OH)2D3 production, PTH 
synthesis and secretion, resulting in reduced 
intestinal phosphorous absorption (55;57;58) 
[Fig. 3(C), (F), (D)]. The parathyroid gland–
bone axis is involved in systemic phosphate 
regulation and PTH acts directly on bone 
osteocytes and osteoblasts, through its 
receptor (PTH1R) to increase FGF23 
expression (59;62;63), and FGF23 in turn 
(as mentioned above), suppresses PTH 
expression (46;59;64) [Fig. 3(E), (F), and 
(G)]. The overall action of FGF23 to prevent 
potential hyperphosphatemia by decreasing 
serum phosphate is primarily an outcome of 
its phosphaturic activity and of the induced 
reduction in 1,25(OH)2D3 production 
(52;55;65) [Fig. 3(H), (C), (D), and (P)].   
 
FGF23-null mice, or humans with 
homozygous missense mutations in FGF23, 
develop severe hyperphosphatemia, 
elevated 1,25(OH)2D3 levels, soft tissue 
calcifications, and display abnormalities in 
bone mineralization (49;50;55;66).  
     
However, an important question that 
remains unclear is whether FGF23 prevents 
mineralization as a result of the combined 
effects of its hormonal indirect negative 
regulation of phosphate homeostasis and 
direct local actions in bone. In 2008, Wang 
et al. (67) showed that FGF23 
overexpression in fetal rat calvaria cell 
cultures causes enhanced phosphorylation 
of its receptor (FGFR1), which results in 
matrix mineralization suppression. The 
potential induced mineralization inhibition by 
FGF23 excess was rescued by an inhibitor 
(SU5402) of FGFR1 activity. These results 
indicate that FGF23 overexpression 
suppresses matrix mineralization 
independently of FGF23 systemic effects on 
Pi homeostasis.  
     
Of interest is the fact that the obligate co-
receptor for FGF23-receptor interactions 
Klotho is not detectably expressed in 
skeletal tissues. It is therefore possible that 
FGF23-FGFR signaling pathways may use 
the soluble form of Klotho functioning as a 
humoral factor (47;68), which participates in 
FGF23-specific signaling in bone.  
        

Currently, a few local bone-derived factors 
are implicated in both the regulation of 
FGF23 expression and the extent of 
mineralization. These include phosphate-
regulating gene with homologies to 
endopeptidases on the X chromosome 
(PHEX), and dentin matrix acidic 
phosphoprotein 1 (DMP1). PHEX was 
identified as the mutated gene responsible 
for X-chromosome-linked 
hypophosphatemia (XLH) in humans. The 
PHEX-derived enzyme is located on the cell 
surface of osteoblasts and osteocytes (65). 
DMP1 is the mutated gene responsible for 
autosomal recessive hypophosphatemic 
rickets (ARHR), expressed by late stage 
osteoblasts and osteocytes (69). XLH and 
ARHR present similar phenotypes, 
characterized by elevated FGF23 levels and 
rickets/osteomalacia. Similarly, either PHEX 
or DMP1 deficiency in mice results in an 
excess of FGF23, hypophosphatemia, 
aberrant vitamin D metabolism and 
rickets/osteomalacia (65;70). Although it 
seems obvious that PHEX and DMP1 are 
acting upstream in regulating FGF23 
production (55), the molecular mechanisms 
by which inactivating mutations of PHEX or 
DMP1 result in elevated FGF23 levels are 
still elusive. It has been suggested that the 
normal low expression levels of FGF23 in 
osteocytes are under negative regulation 
due to combined, direct or indirect, 
suppressive signal mechanisms donated by 
osteocyte PHEX and DMP1 proteins 
(69;71), which simultaneously facilitate 
matrix mineralization (72). Therefore, it may 
be assumed that PHEX and DMP1 activity, 
through autocrine/paracrine pathways in 
bone, coordinates phosphate homeostasis 
both by decreasing plasma phosphate levels 
via incorporation of Pi into the ECM, and by 
suppressing FGF23 levels to allow renal 
phosphate reabsorption and increased 
mineralization.  
 
In addition, PHEX and DMP1 proteins seem 
to be involved in mineralization modulation 
through their relations with a family of non-
collagenous bone and dentin matrix 
polyanionic proteins, named SIBLING 
proteins (Small Integrin-Binding LIgand, N-
linked Glycoproteins). The SIBLING proteins 
map to a tightly clustered region on 
chromosome 4q in humans and 
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chromosome 5 in mice (73). All SIBLING 
proteins are likely to play key biological roles 
in mineralization of bone and dentin (74). 
Osteoblastic proteases degrade SIBLING 
proteins to released small protease- 
resistant phosphorylated ASARM (Acidic 
Serine- and Aspartate-Rich Motif) peptides 
(75;76). DMP1 and OPN are members of 
this family of genes. MEPE is another 
SIBLING protein, expressed mainly by 
osteocytes. It was discovered because of its 
expression in tumors that cause TIO and is 
associated with elevated levels of FGF23 
(73). The ASARM peptides MEPE, DMP1 
and OPN share extensive conserved 
homology (~ 60%) (73). The PHEX enzyme 
is able to bind to the ASARM motif of the 
SIBLING protein. This interaction could 
release the ASARM peptide in vivo; also, 
PHEX binds to free ASARM peptide, 
neutralizing its activity by sequestration and 
hydrolysis (76-78). Martin et al. (76) showed, 
in vitro and in vivo, that ASARM peptide is 
responsible for inhibition of mineralization in 
HYP (X-linked hypophosphatemic rickets) 
mouse osteoblasts. MEPE- and DMP1-
derived ASARM peptides inhibit 
mineralization by direct binding to HA, as a 
function of the peptide state of 
phosphorylation, and the extent of its 
cleavage by PHEX (76;78-80). 
Administration of these peptides in vitro 
induces increased expression of FGF23, 
likely by competing with other PHEX 
substrates and/or disrupting PHEX activity 
(76;78;81). In the hypomineralized bones of 
XLH patients, loss of PHEX activity results in 
an accumulation of SIBLING-derived 
ASARM peptides and increased expression 
of FGF23, resulting in osteomalacia. In 
osteoblast cultures, mineralization inhibition 
can be rescued by normal PHEX proteolytic 
digestion activity (79). Thus, PHEX activity 
in vivo may be regarded as a regulatory 
mechanism to limit and prevent inhibition of 
mineralization by ASARM peptides and to 
suppress the expression of FGF23. Such 
regulated and coordinated mineralization 
inhibition may indicate the existence of 
physiologic loop mechanisms involving 
PHEX, SIBLING proteins and FGF23 
activities. However, while phosphorylated 
SIBLING-derived ASARM peptides may 
inhibit mineralization in culture or in vitro, it 
must be demonstrated whether such 

physiologic function regulates the 
mineralization process in vivo. A recent work 
(82) has demonstrated that the ASARM 
peptides may induce hypophosphatemia in 
vivo, in mice with X-linked 
hypophosphatemic rickets (HYP) or 
autosomal recessive hypophosphatemic 
rickets (ARHR or DMP1 null mice), and 
proposed a physiological role for them. In 
normal mice, the free ASARM peptides are 
assumed to have direct mineralization 
inhibition effects, and to be involved in an 
indirect pathway regulating FGF23 
expression and processing. The indirect 
pathway is operated by a feedback 
regulatory loop involving FGF23, 
1,25(OH)2D3, ASARM peptides and PHEX-
DMP1 interaction. In contrast to normal 
mice, HYP and ARHR mice have defective 
PHEX and DMP1, respectively. In these 
mice, overexpression of FGF23 is the result 
of an absence of PHEX-DMP1 interaction.     
 
An indirect involvement of FGF23 in the 
bone mineralization process might be due to 
its regulated expression of the calciotropic 
hormones (PTH and 1,25(OH)2D3), which in 
turn regulate local bone mineralization 
factors. The latter might include PTH's 
influence on the expression of RUNX2 (Pi-
regulated osteoblast master transcription 
factor) (8), and OPN and 1,25(OH)2D3 
promotion of TNAP expression (83). OPN 
might be involved further in bone 
mineralization via its action as a suppressor 
of PTH transcriptional events in osteoblasts 
(84;85).  
       
Further studies are needed to determine the 
detailed molecular interactions of FGF23 
with genes responsible for skeletal 
mineralization. FGF23 overexpression 
results in mineralization inhibition. 
Physiologic mineralization inhibitors include 
PPi (or Pi/PPi balance), OPN, and the 
ASARM peptides (DMP1, OPN and MEPE). 
Since mineralization is a tightly regulated 
process, one may assume that the activity of 
all inhibitors must be interrelated and 
coordinated. Moreover, all inhibitor 
molecules (PPi, OPN, DMP1-, OPN- and 
MEPE-derived ASARM peptides, and 
FGF23), are locally produced by osteoblasts 
and osteocytes. PHEX, whose activity is 
central for phosphate homeostasis and bone 
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mineralization, is also expressed by these 
cells. Thus mineralization coordination likely 
involves gene-gene interactions of the 
genes involved in regulation of 
mineralization inhibitors, by involving 
crosstalk between the associated signaling 
pathways, in an autocrine/paracrine manner. 
For example, as has been summarized 
above, PPi and OPN interact to achieve 
proper mineralization inhibition; this is 
achieved by PPi-induced signaling pathways 
in osteoblasts to result in OPN expression 
and in modulated TNAP action on both PPi 
and OPN. It seems that OPN is involved in 
mineralization inhibition through additional 
pathways. Both the intact OPN molecule 
and OPN-derived ASARM peptides bind 
directly to HA, resulting in inhibited 
mineralization. But, the ASARM peptides are 

released through specific pathways involving 
PHEX activity, indicating the need for 
coordinated actions. As another example, 
PPi, Pi, and osteocalcin (the most abundant 
of the non-collagenous proteins) were also 
shown to inhibit PHEX activity in vitro, 
probably through their shared, negatively 
charged groups interacting with the PHEX 
enzyme (86).   
 
Conclusion 
     
In summary, osteoblast and osteocyte 
products are involved in a hypothetical 
multiple factor interaction to affect Pi/PPi 
balance, PHEX activity and FGF23 levels 
essential for a coordinated bone 
mineralization process with systemic 
regulation of phosphorous levels (Fig. 4).  

 

 
Fig. 4. Physiological bone mineralization and phosphate homeostasis are hypothesized to be coordinated by 
linked actions of PPi, PHEX enzyme and FGF23.    
 
Consequently, bone is distinguished as an 
endocrine organ actively participating in 
maintaining body phosphate homeostasis. 
Bone tissue employs inorganic phosphate 
molecules both as a mineral deposit in the 
calcified bone matrix, and as a central 
regulator of the mineralization process. 

Thereby, the skeleton is able to fulfill its 
functional uniqueness – providing skeletal 
strength and flexibility, body support, inner 
organ protection and sites for voluntary 
muscle attachment – while at the same time 
playing a key role as the body reservoir and 
regulator for maintaining calcium and 
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phosphate homeostasis. Further 
understanding of the coordinated activities 
involved in bone mineralization and 
phosphate homeostasis could be used 
beneficially for the therapeutic management 
of mineralization disorders and phosphate 
dysregulation.  
 
Acknowledgements 
 
This study was funded by Israel Ministry of 
Health, Chief Scientist grant #3-4101 and 
Israel Science Foundation, grant #994/10. 
We are grateful to Drs. David Gurwitz, from 
Tel Aviv University Medical School, and 
David Karasik, from Harvard Medical 
School, for critical reading and commenting 
on an early version of this manuscript. 
 
Conflict of Interest: None reported. 
 
Peer Review: This article has been peer-reviewed. 
 
References 
 
1. Gajjeraman S, Narayanan K, Hao J, Qin 

C, George A. Matrix macromolecules in 
hard tissues control the nucleation and 
hierarchical assembly of hydroxyapatite. 
J Biol Chem. 2007 Jan 12;282(2):1193-
204. 

 
2. Roberts S, Narisawa S, Harmey D, 

Millán JL, Farquharson C. Functional 
involvement of PHOSPHO1 in matrix 
vesicle-mediated skeletal mineralization. 
J Bone Miner Res. 2007 Apr;22(4):617-
27. 

 
3. Cameron DA, Paschall HA, Robinson 

RA. Changes in the fine structure of 
bone cells after the administration of 
parathyroid extract. J Cell Biol. 1967 
Apr;33(1):1-14. 

 
4. Franz-Odendaal TA, Hall BK, Witten PE. 

Buried alive: how osteoblasts become 
osteocytes. Dev Dyn. 2006 
Jan;235(1):176-90.  

 
5. Berndt T, Thomas LF, Craig TA, 

Sommer S, Li X, Bergstralh EJ, Kumar 
R. Evidence for a signaling axis by 
which intestinal phosphate rapidly 
modulates renal phosphate 

reabsorption. Proc Natl Acad Sci U S A. 
2007 Jun 26;104(26):11085-90.  

 
6. Block GA, Klassen PS, Lazarus JM, 

Ofsthun N, Lowrie EG, Chertow GM. 
Mineral metabolism, mortality, and 
morbidity in maintenance hemodialysis. 
J Am Soc Nephrol. 2004 
Aug;15(8):2208-18. 

 
7. Amanzadeh J, Reilly RF Jr. 

Hypophosphatemia: an evidence-based 
approach to its clinical consequences 
and management. Nat Clin Pract 
Nephrol. 2006 Mar;2(3):136-48.  

 
8. Khoshniat S, Bourgine A, Julien M, 

Weiss P, Guicheux J, Beck L. The 
emergence of phosphate as a specific 
signaling molecule in bone and other 
cell types in mammals. Cell Mol Life Sci. 
2011 Jan;68(2):205-18.  

 
9. Razzaque MS. Phosphate toxicity: new 

insights into an old problem. Clin Sci 
(Lond). 2011 Feb;120(3):91-7. 

 
10. Fleisch H, Bisaz S. Isolation from urine 

of pyrophosphate, a calcification 
inhibitor. Am J Physiol. 1962 
Oct;203:671-5.  

 
11. Russell RG, Bisaz S, Donath A, Morgan 

DB, Fleisch H. Inorganic pyrophosphate 
in plasma in normal persons and in 
patients with hypophosphatasia, 
osteogenesis imperfecta, and other 
disorders of bone. J Clin Invest. 1971 
May;50(5):961-9. 

 
12. Narisawa S, Fröhlander N, Millán JL. 

Inactivation of two mouse alkaline 
phosphatase genes and establishment 
of a model of infantile 
hypophosphatasia. Dev Dyn. 1997 
Mar;208(3):432-46. 

 
13. Fleisch H, Russell RG, Straumann F. 

Effect of pyrophosphate on 
hydroxyapatite and its implications in 
calcium homeostasis. Nature. 1966 Nov 
26;212(5065):901-3. 

 
14. Murshed M, Harmey D, Millán JL, 

McKee MD, Karsenty G. Unique 



IBMS BoneKEy. 2011 June;8(6):286-300 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/286 
doi: 10.1138/20110516 
 

                                                                                 296 
 

                                                                                         Copyright 2011 International Bone & Mineral Society 

coexpression in osteoblasts of broadly 
expressed genes accounts for the 
spatial restriction of ECM mineralization 
to bone. Genes Dev. 2005 May 
1;19(9):1093-104. 

 
15. Golub EE. Biomineralization and matrix 

vesicles in biology and pathology. 
Semin Immunopathol. 2010 Dec 8. 
[Epub ahead of print] 

 
16. Anderson HC. Molecular biology of 

matrix vesicles. Clin Orthop Relat Res. 
1995 May;(314):266-80.  

 
17. Hsu HH, Anderson HC. Evidence of the 

presence of a specific ATPase 
responsible for ATP-initiated 
calcification by matrix vesicles isolated 
from cartilage and bone. J Biol Chem. 
1996 Oct 18;271(42):26383-8. 

 
18. Anderson HC, Garimella R, Tague SE. 

The role of matrix vesicles in growth 
plate development and 
biomineralization. Front Biosci. 2005 
Jan 1;10:822-37.  

 
19. Meyer JL. Can biological calcification 

occur in the presence of 
pyrophosphate? Arch Biochem Biophys. 
1984 May 15;231(1):1-8. 

 
20. Terkeltaub RA. Inorganic pyrophosphate 

generation and disposition in 
pathophysiology. Am J Physiol Cell 
Physiol. 2001 Jul;281(1):C1-C11. 

 
21. Hakim FT, Cranley R, Brown KS, Eanes 

ED, Harne L, Oppenheim JJ. Hereditary 
joint disorder in progressive ankylosis 
(ank/ank) mice. I. Association of calcium 
hydroxyapatite deposition with 
inflammatory arthropathy. Arthritis 
Rheum. 1984 Dec;27(12):1411-20. 

 
22. Anderson HC, Hsu HH, Morris DC, 

Fedde KN, Whyte MP. Matrix vesicles in 
osteomalacic hypophosphatasia bone 
contain apatite-like mineral crystals. Am 
J Pathol. 1997 Dec;151(6):1555-61. 

 
23. Ho AM, Johnson MD, Kingsley DM. 

Role of the mouse ank gene in control of 

tissue calcification and arthritis. Science. 
2000 Jul 14;289(5477):265-70. 

 
24. Okawa A, Nakamura I, Goto S, Moriya 

H, Nakamura Y, Ikegawa S. Mutation in 
Npps in a mouse model of ossification of 
the posterior longitudinal ligament of the 
spine. Nat Genet. 1998 Jul;19(3):271-3. 

 
25. Hessle L, Johnson KA, Anderson HC, 

Narisawa S, Sali A, Goding JW, 
Terkeltaub R, Millan JL. Tissue-
nonspecific alkaline phosphatase and 
plasma cell membrane glycoprotein-1 
are central antagonistic regulators of 
bone mineralization. Proc Natl Acad Sci 
U S A. 2002 Jul 9;99(14):9445-9.  

 
26. Majeska RJ, Wuthier RE. Studies on 

matrix vesicles isolated from chick 
epiphyseal cartilage. Association of 
pyrophosphatase and ATPase activities 
with alkaline phosphatase. Biochim 
Biophys Acta. 1975 May 23;391(1):51-
60. 

 
27. Harmey D, Hessle L, Narisawa S, 

Johnson KA, Terkeltaub R, Millán JL. 
Concerted regulation of inorganic 
pyrophosphate and osteopontin by 
akp2, enpp1, and ank: an integrated 
model of the pathogenesis of 
mineralization disorders. Am J Pathol. 
2004 Apr;164(4):1199-209. 

 
28. Whyte MP. Hypophosphatasia and the 

role of alkaline phosphatase in skeletal 
mineralization. Endocr Rev. 1994 
Aug;15(4):439-61. 

 
29. Anderson HC, Sipe JB, Hessle L, 

Dhanyamraju R, Atti E, Camacho NP, 
Millán JL. Impaired calcification around 
matrix vesicles of growth plate and bone 
in alkaline phosphatase-deficient mice. 
Am J Pathol. 2004 Mar;164(3):841-7. 

 
30. Houston B, Stewart AJ, Farquharson C. 

PHOSPHO1 — A novel phosphatase 
specifically expressed at sites of 
mineralisation in bone and cartilage. 
Bone. 2004 Apr;34(4):629-37. 

 
31. Stewart AJ, Roberts SJ, Seawright E, 

Davey MG, Fleming RH, Farquharson 



IBMS BoneKEy. 2011 June;8(6):286-300 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/286 
doi: 10.1138/20110516 
 

                                                                                 297 
 

                                                                                         Copyright 2011 International Bone & Mineral Society 

C. The presence of PHOSPHO1 in 
matrix vesicles and its developmental 
expression prior to skeletal 
mineralization. Bone. 2006 
Nov;39(5):1000-7.  

 
32. Yadav MC, Simão AM, Narisawa S, 

Huesa C, McKee MD, Farquharson C, 
Millán JL. Loss of skeletal mineralization 
by the simultaneous ablation of 
PHOSPHO1 and alkaline phosphatase 
function: a unified model of the 
mechanisms of initiation of skeletal 
calcification. J Bone Miner Res. 2011 
Feb;26(2):286-97.  

 
33. Ciancaglini P, Yadav MC, Simão AM, 

Narisawa S, Pizauro JM, Farquharson 
C, Hoylaerts MF, Millán JL. Kinetic 
analysis of substrate utilization by native 
and TNAP-, NPP1-, or PHOSPHO1-
deficient matrix vesicles. J Bone Miner 
Res. 2010 Apr;25(4):716-23. 

 
34. Sodek J, Ganss B, McKee MD. 

Osteopontin. Crit Rev Oral Biol Med. 
2000;11(3):279-303. 

 
35. Addison WN, Azari F, Sørensen ES, 

Kaartinen MT, McKee MD. 
Pyrophosphate inhibits mineralization of 
osteoblast cultures by binding to mineral, 
up-regulating osteopontin, and inhibiting 
alkaline phosphatase activity. J Biol 
Chem. 2007 May 25;282(21):15872-83.  

 
36. McKee MD, Nanci A. Osteopontin and 

the bone remodeling sequence. 
Colloidal-gold immunocytochemistry of 
an interfacial extracellular matrix protein. 
Ann N Y Acad Sci. 1995 Apr 
21;760:177-89. 

 
37. Nanci A, Zalzal S, Gotoh Y, McKee MD. 

Ultrastructural characterization and 
immunolocalization of osteopontin in rat 
calvarial osteoblast primary cultures. 
Microsc Res Tech. 1996 Feb 
1;33(2):214-31. 

 
38. Boskey AL, Maresca M, Ullrich W, Doty 

SB, Butler WT, Prince CW. Osteopontin-
hydroxyapatite interactions in vitro: 
inhibition of hydroxyapatite formation 

and growth in a gelatin-gel. Bone Miner. 
1993 Aug;22(2):147-59. 

 
39. Harmey D, Johnson KA, Zelken J, 

Camacho NP, Hoylaerts MF, Noda M, 
Terkeltaub R, Millán JL. Elevated 
skeletal osteopontin levels contribute to 
the hypophosphatasia phenotype in 
Akp2(-/-) mice. J Bone Miner Res. 2006 
Sep;21(9):1377-86. 

 
40. Coburn SP, Mahuren JD, Jain M, 

Zubovic Y, Wortsman J. Alkaline 
phosphatase (EC 3.1.3.1) in serum is 
inhibited by physiological concentrations 
of inorganic phosphate. J Clin 
Endocrinol Metab. 1998 
Nov;83(11):3951-7. 

 
41. Beck GR Jr, Zerler B, Moran E. 

Phosphate is a specific signal for 
induction of osteopontin gene 
expression. Proc Natl Acad Sci U S A. 
2000 Jul 18;97(15):8352-7. 

 
42. Yoshiko Y, Wang H, Minamizaki T, Ijuin 

C, Yamamoto R, Suemune S, Kozai K, 
Tanne K, Aubin JE, Maeda N. 
Mineralized tissue cells are a principal 
source of FGF23. Bone. 2007 
Jun;40(6):1565-73.  

 
43. Burnett SM, Gunawardene SC, 

Bringhurst FR, Jüppner H, Lee H, 
Finkelstein JS. Regulation of C-terminal 
and intact FGF-23 by dietary phosphate 
in men and women. J Bone Miner Res. 
2006 Aug;21(8):1187-96. 

 
44. Urakawa I, Yamazaki Y, Shimada T, 

Iijima K, Hasegawa H, Okawa K, Fujita 
T, Fukumoto S, Yamashita T. Klotho 
converts canonical FGF receptor into a 
specific receptor for FGF23. Nature. 
2006 Dec 7;444(7120):770-4.   

 
45. Kurosu H, Ogawa Y, Miyoshi M, 

Yamamoto M, Nandi A, Rosenblatt KP, 
Baum MG, Schiavi S, Hu MC, Moe OW, 
Kuro-o M. Regulation of fibroblast 
growth factor-23 signaling by klotho. J 
Biol Chem. 2006 Mar 10;281(10):6120-
3.  

 



IBMS BoneKEy. 2011 June;8(6):286-300 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/286 
doi: 10.1138/20110516 
 

                                                                                 298 
 

                                                                                         Copyright 2011 International Bone & Mineral Society 

46. Ben-Dov IZ, Galitzer H, Lavi-Moshayoff 
V, Goetz R, Kuro-o M, Mohammadi M, 
Sirkis R, Naveh-Many T, Silver J. The 
parathyroid is a target organ for FGF23 
in rats. J Clin Invest. 2007 
Dec;117(12):4003-8. 

 
47. Kurosu H, Yamamoto M, Clark JD, 

Pastor JV, Nandi A, Gurnani P, 
McGuinness OP, Chikuda H, 
Yamaguchi M, Kawaguchi H, 
Shimomura I, Takayama Y, Herz J, 
Kahn CR, Rosenblatt KP, Kuro-o M. 
Suppression of aging in mice by the 
hormone Klotho. Science. 2005 Sep 
16;309(5742):1829-33. 

 
48. 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, 
Jüppner 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. 

 
49. 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. 

 
50. Sitara D, Razzaque MS, Hesse M, 

Yoganathan S, Taguchi T, Erben RG, 
Jüppner H, Lanske B. Homozygous 
ablation of fibroblast growth factor-23 
results in hyperphosphatemia and 
impaired skeletogenesis, and reverses 
hypophosphatemia in Phex-deficient 
mice. Matrix Biol. 2004 Nov;23(7):421-
32.  

 
51. 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. 

 

52. Larsson T, Marsell R, Schipani E, 
Ohlsson C, Ljunggren O, Tenenhouse 
HS, Jüppner H, Jonsson KB. Transgenic 
mice expressing fibroblast growth factor 
23 under the control of the alpha1(I) 
collagen promoter exhibit growth 
retardation, osteomalacia, and disturbed 
phosphate homeostasis. Endocrinology. 
2004 Jul;145(7):3087-94.  

 
53. Shimada T, Yamazaki Y, Takahashi M, 

Hasegawa H, Urakawa I, Oshima T, 
Ono K, Kakitani M, Tomizuka K, Fujita 
T, Fukumoto S, Yamashita T. Vitamin D 
receptor-independent FGF23 actions in 
regulating phosphate and vitamin D 
metabolism. Am J Physiol Renal 
Physiol. 2005 Nov;289(5):F1088-95.  

 
54. Benet-Pagès A, Orlik P, Strom TM, 

Lorenz-Depiereux B. An FGF23 
missense mutation causes familial 
tumoral calcinosis with 
hyperphosphatemia. Hum Mol Genet. 
2005 Feb 1;14(3):385-90.  

 
55. Liu S, Tang W, Zhou J, Stubbs JR, Luo 

Q, Pi M, Quarles LD. Fibroblast growth 
factor 23 is a counter-regulatory 
phosphaturic hormone for vitamin D. J 
Am Soc Nephrol. 2006 May;17(5):1305-
15. 

 
56. Shimada T, Kakitani M, Yamazaki Y, 

Hasegawa H, Takeuchi Y, Fujita T, 
Fukumoto S, Tomizuka K, Yamashita 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. 

 
57. Kuro-o M. Klotho as a regulator of 

fibroblast growth factor signaling and 
phosphate/calcium metabolism. Curr 
Opin Nephrol Hypertens. 2006 
Jul;15(4):437-41. 

 
58. Silver J, Naveh-Many T. Phosphate and 

the parathyroid. Kidney Int. 2009 
May;75(9):898-905.  

 
59. Lavi-Moshayoff V, Wasserman G, Meir 

T, Silver J, Naveh-Many T. PTH 
increases FGF23 gene expression and 



IBMS BoneKEy. 2011 June;8(6):286-300 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/286 
doi: 10.1138/20110516 
 

                                                                                 299 
 

                                                                                         Copyright 2011 International Bone & Mineral Society 

mediates the high-FGF23 levels of 
experimental kidney failure: a bone 
parathyroid feedback loop. Am J Physiol 
Renal Physiol. 2010 Oct;299(4):F882-9. 

 
60. Kolek OI, Hines ER, Jones MD, 

LeSueur LK, Lipko MA, Kiela PR, 
Collins JF, Haussler MR, Ghishan FK. 
1alpha,25-Dihydroxyvitamin D3 
upregulates FGF23 gene expression in 
bone: the final link in a renal-
gastrointestinal-skeletal axis that 
controls phosphate transport. Am J 
Physiol Gastrointest Liver Physiol. 2005 
Dec;289(6):G1036-42. 

 
61. Perwad F, Azam N, Zhang MY, 

Yamashita T, Tenenhouse HS, Portale 
AA. Dietary and serum phosphorus 
regulate fibroblast growth factor 23 
expression and 1,25-dihydroxyvitamin D 
metabolism in mice. Endocrinology. 
2005 Dec;146(12):5358-64. 

 
62. Jilka RL. Molecular and cellular 

mechanisms of the anabolic effect of 
intermittent PTH. Bone. 2007 
Jun;40(6):1434-46. 

 
63. Lee M, Partridge NC. Parathyroid 

hormone signaling in bone and kidney. 
Curr Opin Nephrol Hypertens. 2009 
Jul;18(4):298-302. 

 
64. Krajisnik T, Björklund P, Marsell R, 

Ljunggren O, Akerström G, Jonsson KB, 
Westin G, Larsson TE. Fibroblast 
growth factor-23 regulates parathyroid 
hormone and 1alpha-hydroxylase 
expression in cultured bovine 
parathyroid cells. J Endocrinol. 2007 
Oct;195(1):125-31. 

 
65. Liu S, Zhou J, Tang W, Jiang X, Rowe 

DW, Quarles LD. Pathogenic role of 
Fgf23 in Hyp mice. Am J Physiol 
Endocrinol Metab. 2006 Jul;291(1):E38-
49. 

 
66. Sitara D, Razzaque MS, St-Arnaud R, 

Huang W, Taguchi T, Erben RG, Lanske 
B. Genetic ablation of vitamin D 
activation pathway reverses biochemical 
and skeletal anomalies in Fgf-23-null 

animals. Am J Pathol. 2006 
Dec;169(6):2161-70. 

 
67. Wang H, Yoshiko Y, Yamamoto R, 

Minamizaki T, Kozai K, Tanne K, Aubin 
JE, Maeda N. Overexpression of 
fibroblast growth factor 23 suppresses 
osteoblast differentiation and matrix 
mineralization in vitro. J Bone Miner 
Res. 2008 Jun;23(6):939-48. 

 
68. Kuro-o M. Klotho as a regulator of 

oxidative stress and senescence. Biol 
Chem. 2008 Mar;389(3):233-41. 

 
69. Quarles LD. Endocrine functions of 

bone in mineral metabolism regulation. J 
Clin Invest. 2008 Dec;118(12):3820-8.  

 
70. Liu S, Zhou J, Tang W, Menard R, Feng 

JQ, Quarles LD. Pathogenic role of 
Fgf23 in Dmp1-null mice. Am J Physiol 
Endocrinol Metab. 2008 
Aug;295(2):E254-61. 

 
71. Feng JQ, Ward LM, Liu S, Lu Y, Xie Y, 

Yuan B, Yu X, Rauch F, Davis SI, Zhang 
S, Rios H, Drezner MK, Quarles LD, 
Bonewald LF, White KE. Loss of DMP1 
causes rickets and osteomalacia and 
identifies a role for osteocytes in mineral 
metabolism. Nat Genet. 2006 
Nov;38(11):1310-5.  

 
72. Liu S, Tang W, Zhou J, Vierthaler L, 

Quarles LD. Distinct roles for intrinsic 
osteocyte abnormalities and systemic 
factors in regulation of FGF23 and bone 
mineralization in Hyp mice. Am J 
Physiol Endocrinol Metab. 2007 
Dec;293(6):E1636-44.  

 
73. Rowe PS, de Zoysa PA, Dong R, Wang 

HR, White KE, Econs MJ, Oudet CL. 
MEPE, a new gene expressed in bone 
marrow and tumors causing 
osteomalacia. Genomics. 2000 Jul 
1;67(1):54-68. 

 
74. Qin C, Baba O, Butler WT. Post-

translational modifications of sibling 
proteins and their roles in osteogenesis 
and dentinogenesis. Crit Rev Oral Biol 
Med. 2004 Jun 4;15(3):126-36. 



IBMS BoneKEy. 2011 June;8(6):286-300 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/286 
doi: 10.1138/20110516 
 

                                                                                 300 
 

                                                                                         Copyright 2011 International Bone & Mineral Society 

75. Rowe PS. The wrickkened pathways of 
FGF23, MEPE and PHEX. Crit Rev Oral 
Biol Med. 2004 Sep 1;15(5):264-81. 

 
76. Martin A, David V, Laurence JS, 

Schwarz PM, Lafer EM, Hedge AM, 
Rowe PS. Degradation of MEPE, 
DMP1, and release of SIBLING 
ASARM-peptides (minhibins): ASARM-
peptide(s) are directly responsible for 
defective mineralization in HYP. 
Endocrinology. 2008 Apr;149(4):1757-
72. 

 
77. Rowe PS, Garrett IR, Schwarz PM, 

Carnes DL, Lafer EM, Mundy GR, 
Gutierrez GE. Surface plasmon 
resonance (SPR) confirms that MEPE 
binds to PHEX via the MEPE-ASARM 
motif: a model for impaired 
mineralization in X-linked rickets (HYP). 
Bone. 2005 Jan;36(1):33-46.  

 
78. Addison WN, Nakano Y, Loisel T, Crine 

P, McKee MD. MEPE-ASARM peptides 
control extracellular matrix 
mineralization by binding to 
hydroxyapatite: an inhibition regulated 
by PHEX cleavage of ASARM. J Bone 
Miner Res. 2008 Oct;23(10):1638-49. 

 
79. Addison WN, Masica DL, Gray JJ, 

McKee MD. Phosphorylation-dependent 
inhibition of mineralization by 
osteopontin ASARM peptides is 
regulated by PHEX cleavage. J Bone 
Miner Res. 2010 Apr;25(4):695-705. 

 
80. Boskey AL, Chiang P, Fermanis A, 

Brown J, Taleb H, David V, Rowe PS. 
MEPE's diverse effects on 
mineralization. Calcif Tissue Int. 2010 
Jan;86(1):42-6.  

 
81. Liu S, Rowe PS, Vierthaler L, Zhou J, 

Quarles LD. Phosphorylated acidic 
serine-aspartate-rich MEPE-associated 

motif peptide from matrix extracellular 
phosphoglycoprotein inhibits phosphate 
regulating gene with homologies to 
endopeptidases on the X-chromosome 
enzyme activity. J Endocrinol. 2007 
Jan;192(1):261-7. 

 
82. David V, Martin A, Hedge AM, Drezner 

MK, Rowe PS. ASARM peptides: PHEX-
dependent and -independent regulation 
of serum phosphate. Am J Physiol Renal 
Physiol. 2011 Mar;300(3):F783-91. 

 
83. Orimo H, Shimada T. Effects of 

phosphates on the expression of tissue-
nonspecific alkaline phosphatase gene 
and phosphate-regulating genes in short-
term cultures of human osteosarcoma 
cell lines. Mol Cell Biochem. 2006 
Jan;282(1-2):101-8. 

 
84. Rittling SR, Matsumoto HN, McKee MD, 

Nanci A, An XR, Novick KE, Kowalski 
AJ, Noda M, Denhardt DT. Mice lacking 
osteopontin show normal development 
and bone structure but display altered 
osteoclast formation in vitro. J Bone 
Miner Res. 1998 Jul;13(7):1101-11. 

 
85. Ono N, Nakashima K, Rittling SR, 

Schipani E, Hayata T, Soma K, 
Denhardt DT, Kronenberg HM, Ezura Y, 
Noda M. Osteopontin negatively 
regulates parathyroid hormone receptor 
signaling in osteoblasts. J Biol Chem. 
2008 Jul 11;283(28):19400-9.  

 
86. Boileau G, Tenenhouse HS, 

Desgroseillers L, Crine P. 
Characterization of PHEX 
endopeptidase catalytic activity: 
identification of parathyroid-hormone-
related peptide107-139 as a substrate 
and osteocalcin, PPi and phosphate as 
inhibitors. Biochem J. 2001 May 
1;355(Pt 3):707-13. 

 

 


