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Abstract

Matrix Extracellular Phospho-glycoprotEin (MEPE) and proteases are elevated and PHEX is
defective in HYP. PHEX prevents proteolysis of MEPE and release of a protease-resistant MEPE—
ASARM peptide, an inhibitor of mineralization (minhibin). Thus, in HYP, mutated PHEX may
contribute to increased ASARM peptide release. Moreover, binding of MEPE by PHEX may
regulate this process in normal subjects. The nature of the PHEX-MEPE nonproteolytic
interaction(s) (direct or indirect) is/are unknown. Our aims were to determine (1) whether PHEX
binds specifically to MEPE, (2) whether the binding involves the ASARM motif region, and (3)
whether free ASARM peptide affects mineralization in vivo in mice. Protein interactions between
MEPE and recombinant soluble PHEX (secPHEX) were measured using surface plasmon
resonance (SPR). Briefly, secPHEX, MEPE, and control protein (IgG) were immobilized on a
Biacore CM5 sensor chip, and SPR experiments were performed on a Biacore 3000 high-
performance research system. Pure secPHEX was then injected at different concentrations, and
interactions with immobilized proteins were measured. To determine MEPE sequences interacting
with secPHEX, the inhibitory effects of MEPE-ASARM peptides (phosphorylated and
nonphosphorylated), control peptides, and MEPE midregion RGD peptides on secPHEX binding
to chip-immobilized MEPE were measured. ASARM peptide and etidronate-mediated
mineralization inhibition in vivo and in vitro were determined by quenched calcein fluorescence in
hind limbs and calvariae in mice and by histological Sanderson stain. A specific, dose-dependent
and Zn-dependent protein interaction between secPHEX and immobilized MEPE occurs (ECsg of
553 nM). Synthetic MEPE PO4-ASARM peptide inhibits the PHEX-MEPE interaction (Kpapp =
15 uM and Bmaxjinhib = 68%). In contrast, control and MEPE-RGD peptides had no effect.
Subcutaneous administration of ASARM peptide resulted in marked quenching of fluorescence in
calvariae and hind limbs relative to vehicle controls indicating impaired mineralization. Similar
results were obtained with etidronate. Sanderson-stained calvariae also indicated a marked
increase in unmineralized osteoid with ASARM peptide and etidronate groups. We conclude that
PHEX and MEPE form a nonproteolytic protein interaction via the MEPE carboxy-terminal
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ASARM motif, and the ASARM peptide inhibits mineralization in vivo. The binding of MEPE
and ASARM peptide by PHEX may explain why loss of functional osteoblast-expressed PHEX
results in defective mineralization in HYP.

Keywords
PHEX; MEPE; Rickets; Osteomalacia; Mineralization

Introduction

Defects in two genes PHEX and FGF23 are primarily responsible for X-linked
hypophosphatemic rickets (HYP) and autosomal dominant hypophosphatemic rickets
(ADHR) [29,92]. The molecular pathways(s) and the upstream factors impacting on
mineralization, abnormal renal phosphate handling, and vitamin D metabolism remain
unknown. However, evidence strongly suggests that PHEX and FGF23 pathways overlap
and may well involve the direct or indirect regulation of extracellular matrix proteins
(ECMP) from bone and teeth [62,68,71]. Matrix Extracellular Phospho-glycoprotEin
(MEPE), an osteoblast and odontoblast expressed matrix protein, is a good downstream
candidate ECMP factor whose expression or activity may be altered by PHEX and/or
FGF23. MEPE was first cloned from a patient with oncogenic hypophosphatemic
osteomalacia (OHO), a disease with many similarities to HYP and ADHR. The OHO tumor
cloning was achieved by expression screening of an OHO tumor cDNA library with
polyclonal antibodies that neutralized an OHO tumor-secreted renal phosphate uptake
inhibiting factor(s) [69,72]. MEPE is markedly up-regulated in Hyp osteoblasts and OHO
tumors and is exclusively expressed in osteoblasts, osteocytes, and odontoblasts
[2,3,25,27,31,45,60,61,69, 71,72]. MEPE inhibits phosphate uptake and mineralization in
vivo and in vitro. Phosphaturia in rodents can be induced via bolus administration or
infusion of recombinant MEPE [14,71]. The in vitro mineralization inhibition observed with
MEPE is mediated by a short (2 kDa), protease-resistant, cathepsin B-released carboxy-
terminal MEPE peptide (ASARM peptide) [69,71]. This peptide likely also inhibits
phosphate uptake. Recently, based on our published findings, we proposed a mineralization
model that involved a nonproteolytic sequestration of MEPE by PHEX [68,71]. Specifically,
a reversible association of PHEX and MEPE was proposed to control release of a
mineralization inhibitor ASARM peptide by transiently protecting MEPE from proteolysis.
Also, in HYP, the reported massive up-regulation of MEPE, the excess protease expression,
and the lack of functional PHEX should also collectively increase the levels of MEPE-
ASARM peptide. This in turn was proposed to be responsible for the observed
periosteocytic defects in mineralization [68,71].

PHEX belongs to an M13 family of Zn metalloendopeptidases, and its physiological
substrate remains elusive. Although small synthetic peptides of FGF23 and MEPE are
PHEX substrates, a number of studies have failed to confirm cleavage of the full-length
molecules [12,27,39]. Interestingly, we previously determined that PHEX protects MEPE
from cathepsin B proteolysis [27]. More specifically, both full-length PHEX and/or a
mutated PHEX protein that contains the COOH terminal extracellular domain (with zinc
binding motif) prevent cathepsin B degradation of full-length MEPE in vitro. Moreover, this
inhibition is not mediated through PHEX proteolysis of cathepsin B, and cathepsin B does
not degrade PHEX [27]. However, our published experiments did not examine whether the
observed in vitro PHEX-dependent protection of MEPE was direct or indirect. Indeed,
PHEX potentially could either form a nonproteolytic complex with cathepsin B, MEPE, or
both proteins. Others have also shown that PHEX activity is inhibited by a nonproteolytic
association with another important bone matrix protein, osteocalcin [6]. The data presented
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in this study confirm that PHEX and MEPE do indeed form a specific, direct, Zn-dependent
and nonproteolytic association. Moreover, the carboxy-terminal ASARM motif region of
MEPE plays a key role in the MEPE-PHEX interaction. Finally, we confirm that the
phosphorylated ASARM peptide quenches calcein bone fluorescence in vivo and increases
the osteoid band in Sanderson-stained calvariae. This is consistent with the in vitro
mineralization inhibition generated by MEPE, OPN, DMP-1, and statherin phosphorylated
ASARM peptides or proteins [8,9,28,44,64,68,71,76,90]. The statherin ASARM peptide, for
example, prevents ectopic mineralization of calcium and phosphate in supersaturated saliva
and plays a key role in the mineralization dynamics of teeth [44,64,76]. The findings
presented in this study are strongly supportive of the HYP mineralization ASARM model
[68,69,71].

Materials and methods

Expression of insect-expressed MEPE and soluble mammalian-expressed PHEX

(secPHEX)

Expression and purification of full-length insect-expressed human MEPE were as described
previously [71]. Briefly, insect S. frugiperda cells were infected with baculovirus containing
the full-length human MEPE gene originally cloned into pBlueBac-4-5 (cDNA) and
homologously recombined with Bac-N-Blue DNA™ to generate viral particles via
transfection (Invitrogen Kit). Infected cells were grown in a 10-1 bioreactor for 48 h, and
conditioned medium was concentrated (fivefold) and used as the starting material for
purification as previously described [71]. The final product integrity was verified by N-
terminal sequence analysis and Western blot analyses using antibodies to the N-terminus,
midregion, and C-terminus. Purified protein contained N-terminal amino acid residues
APTFQ, confirming cleavage of predicted nascent-MEPE signal peptide by the S. frugiperda
insect cells [71]. Thus, the purified Hu-MEPE protein consisted of the entire MEPE
sequence minus the signal peptide (minus first 16 residues MRVFCVGLLLFSVTWA). The
protein was not tagged with additional sequence [71]. Pure, mammalian-expressed human
recombinant-secreted PHEX (secPHEX), was donated as a kind gift by Dr. Philippe Crine
and Dr. Guy Boileau (Department of Biochemistry, University of Montreal) and was
prepared as previously described [6,12]. Briefly, to generate a soluble, secreted form of
PHEX, the signal peptide/membrane anchor domain (SA domain) of the protein was
transformed into a cleavage-competent signal sequence using a strategy similar to that
previously described for NEP [38], with modifications for secPHEX as described previously
[6,12]. Purified secPHEX was also analyzed and validated by SDS/PAGE, Western blotting,
and N-terminal sequence determined again as described previously [6,12].

Synthetic peptides

Four sets of peptides were synthesized using standard techniques and purchased from MPS
Biosystems (Multiple Peptide Systems, Inc., San Diego, CA). Peptide purity was greater
than 80% via HPLC, ion exchange, and also mass spectrometry. Three of the peptides were
derived from MEPE sequence. One of the MEPE peptides was derivative of the midregion
(residues 238 to 262) of MEPE and contained the RGD motif (MEPE-RGD). The other two
MEPE peptides consisted of the last 19 COOH-terminal residues encompassing the ASARM
motif (residues 507 to 525). One of the ASARM peptides was phosphorylated (PO4-
ASARM peptide), and the other was nonphosphorylated (ASARM peptide). All the peptide
sequences are shown in Table 1. The MEPE-RGD (midregion) peptide served as negative
control and did not competitively inhibit MEPE-PHEX interactions (see Results). The
design of an ASARM scrambled peptide was not feasible due to the unique nature of the
sequence. Specifically, the key characteristics of the motif are the enriched aspartic acid (D),
serine (S), and glutamic acid residues (E), thus scrambling of the sequence would not
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substantively alter the key physicochemical properties (i.e., low pl, high charge, acidic
nature, and serine phosphorylation). To overcome this potential pitfall, as mentioned, the
control peptide from another region of MEPE (MEPE-RGD) was used as a negative control.

Surface plasmon resonance (SPR)

A Biacore 3000 SPR instrument in conjunction with CM5 research grade chips was used to
conduct the Surface Plasmon Resonance (SPR) experiments (Biacore, Piscataway, NJ) as
previously described [52-54]. The experiments were performed at 25°C using Biacore
buffer (10 mM HEPES pH 7.4, 150 mM NacCl, 0.005% surfactant P20) supplemented with 2
mM ZnCl, (HBS-P-Zn) or without ZnCl, (HBS-P) as indicated. Injected samples also
contained 2 mg/ml carboxymethyl dextran to reduce nonspecific association with the
dextran matrix of the chip, and a flow rate of 5 pl/min was used. The surfaces of research
grade CMD5 chips were activated by a 6-min injection of a solution containing 0.2 M A-
ethyl-AB-(dimethylaminopropyl) carbodiimide and 0.05 M A-hydroxy-succinimide. MEPE,
PHEX, and 1gG were immobilized on the same chip (ligands) in different individual flow
cells. Each chip contains four separate flow cells; one cell was left blank as a negative
control. The experiments were repeated on two different chips with 3500 RU (response
units) and 6000 RU of immobilized proteins respectively. The response unit or RU is a
measure of surface charge density oscillation and surface plasmon-positron generation as
detected by changes in incident refractive index monitored by the Biacore optical unit.
Specifically, 1000 RU equals a change of approximately 1 ng/mm? in surface protein
concentration on the chip surface. After immobilization, each surface was blocked by a 6-
min injection of 1 M ethanolamine at pH 8.5. Following immobilization, PHEX (analyte)
was passed over the surfaces for 6 min at the indicated concentrations in HBS-P-Zn or HBS-
P buffer, followed by a 6-min dissociation. Surfaces were then regenerated by a 1-min
injection of 6 M guanidine-HCI. Protein—protein interactions between analyte (PHEX) and
immobilized ligand (MEPE, PHEX, or IgG) are reported as sensorgrams which are plots of
RU versus time. An increase in RU reflects changes in the concentration of molecules at the
surface of the sensor chip as a result of a specific interaction between analyte and ligand.
The following equation was used to calculate ECsq from the Biacore sensorgram: RU =
Bmax * (sSecCPHEX(UM))/ECsq + (secPHEX(uM)). The Bqax value indicates the maximal RU
(protein—protein interaction) achieved at saturation or high doses of secPHEX.

Surface plasmon resonance: synthetic peptides and competitive PHEX-MEPE binding

studies

For these experiments, CM-5 chips containing flow cells immobilized with MEPE, PHEX
and IgG ligands at 6000 RU were used. Just prior to SPR injection, stock solution of specific
peptide (as defined for each experiment; see Table 1) and dissolved in analyte buffer (HBS-
P-Zn) were added to a constant 250 nM PHEX analyte solution to give final peptide
concentrations of either 0, 11, 22, 42, or 83 nM. In this way, a dose-dependent inhibition
curve was calculated for each of the peptides and apparent Kp’s calculated using solution
competition (Kpapp)- The following equation was used to compute Kpapp Values: RU =
Bmaxfinhib X (peptide(uM))/Kpapp + (peptide(UM)). The Bmayjinh Value represents the
maximal percentage inhibition change in RU (i.e., PHEX-MEPE binding) relative to the
“nonpeptide* control (0% inhibition of binding), using a constant analyte flow solution of
secPHEX of 250 nM against immobilized MEPE ligand at 6000 RU. Only the
phosphorylated ASARM peptide (PO4-ASARM peptide) and the nonphosphorylated
ASARM peptide (ASARM peptide) were able to inhibit MEPE-PHEX interactions (see
Results). The control MEPE-RGD peptide was ineffective.
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Subcutaneous administration of PO4-ASARM peptide, etidronate (EHDP), and calcein

Three separate groups of male ICR Swiss mice (4-5 weeks) were subcutaneously injected
once a day (9:00 am), for 12 days except for days 6 and 7 with 50 pl solutions of either (1)
etidronate (EHDP) (10 mg/kg/day), (2) PO4-ASARM peptide (2 mg/kg/day), or (3) vehicle
consisting of 5 mM HEPES pH 7.4/150 mM NaCL/0.1% BSA. The synthetic PO4-ASARM
peptide was dissolved in vehicle (1.0 mg/ml). Etidronate was first dissolved in 150 mM
NaCl and then buffered to pH 7.5 with 1 M NaOH to give a 5 mg/ml solution. The 10 mg/
kg/day doses of etidronate have previously been reported to inhibit mineralization in rats and
were used as positive controls [7,85]. All three groups were subcutaneously injected with
calcein (20 mg/kg/day) on days 3, 5, 9, and 11, respectively. The degree of calcein
fluorescence and/or fluorescence quenching is an indicator of mineralization status (see next
section). The calcein injections when given were administered 1 h after the daily injections
of PO4-ASARM peptide, EHDP, or vehicle. Animals were then terminated humanely, and
calvariae plus femurs/tibia were fixed in 70% ethanol (nondecalcified). After fluorescence
imaging (see Fig. 6), calvariae were processed in plastic and stained with Sanderson’s stain
(see below). Five animals per group were used for statistical analysis of fluorescence
quenching and histological Sanderson staining.

Calcein fluorescence in mice calvariae, hind limbs, and fluor-imager analysis of
mineralization

A Bio-Rad FluorMax fluor-imager was used to simultaneously image all the samples from
each of the three groups (15 animals; 5 animals per group). This consisted of 10 tibia/femurs
and 5 calvariae per group. Samples were placed on top of the fluor-imager platen contained
within a light-tight box. Ultraviolet (UV) light was used to generate calcein-mediated
epifluorescence, and the fluorescent image was captured on a —40°C, peltier-cooled, 1340 x
1040 pixel CCD resolution, CCD digital camera. Quantitation of fluorescence was carried
out using Quantity-1, Bio-Rad, fluorescence software. Pixel saturation was prevented by
internal software calibration and exposure adjustment. All fluorescence readings were thus
accurately quantitative and nonsaturating. Photomicrographic UV fluorescent analysis of
calvarial cross-sections embedded in plastic and mounted as slides (<100-um sections) was
also undertaken, and a description of the fixation and processing is given in the next section.

Sanderson staining and fluorescence detection of calvarial osteoid and mineralized bone

Statistics

Staining of nondecalcified calvarial sections was performed using the method described by
Sanderson and Bachus [75]. This technique provides excellent differential staining between
unmineralized osteoid (blue) and mineralized bone (pink). Prior to staining, calvariae were
dissected, and attached tissue was removed. Calvariae were then placed in 70% ethanol for
further fixation as described [75]. After fixing and processing, undecalcified calvariae were
embedded in plastic (LR-white acrylic resin (London Resin Co., Reading England)) as
previously described [24]. Plastic embedded sections were ground to <100 um using a
specialized grinding pestle as described by Donath and Breuner [15]. Calcein fluorescence
(indicator of mineralization; calcein binds to mineralizing bone) was then visualized using
UV microscopy.

Differences were assessed statistically by the use of Newman-Keuls or Bonferroni multiple
comparison equations (as indicated) after one-way analysis of variance (nonparametric). A P
value of less than 0.05 was considered significant. The standard error of the mean (SEM)
was used as a representative measure of how far the sample mean differed from the true
population mean. Quantity 1 Bio-Rad software was used to analyze the intensity of
fluorescence emitted by epi-UV illumination of samples, and this was captured by a Bio-
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Rad FluorMax digital imaging system and data incorporated into GraphPad Prizm-4
software (Graph-pad Software, Inc.), for statistical analysis as indicated.

Results

Specific Zn-dependent and dose-dependent direct binding of MEPE to PHEX

Fig. 1 shows a direct protein—protein Zn-dependent interaction between secPHEX and
MEPE as monitored and plotted as an SPR sensorgram. A classic protein-association phase
was followed by dissociation after the 6-min pulse of secPHEX. There were no significant
signals generated between secPHEX and blank activated/blocked chip or control IgG
protein. There was a very low-level barely detectable autologous interaction between
injected secPHEX (analyte) and chip-immobilized secPHEX (ligand). The strong MEPE-
PHEX interaction was dose-dependent (see Fig. 2) with an ECgg = 553 nM (concentration of
MEPE required to reach half-maximal binding or RU units). Figs. 3a and b graphically
illustrate the dose-dependent PHEX-MEPE binding derived from the Biacore sensorgram
shown in Fig. 1. No interaction was observed between MEPE and PHEX in buffer lacking
ZnCl, (HBS-P) in concentrations of secPHEX analyte up to 10 uM. Thus, MEPE
specifically binds to PHEX in a dose-dependent, Zn-dependent, and saturable manner
indicative of a ligand-receptor interaction following the law of mass action.

MEPE-ASARM peptides competitively inhibit binding of PHEX to MEPE

Premixing of PO4-ASARM peptide or ASARM peptide with secPHEX prior to injection
resulted in a dramatic dose-dependent inhibition of MEPE-PHEX protein—protein
interaction (see Fig. 4). The MEPE-PHEX binding also reached saturation at high doses of
secPHEX as shown in the SPR sensorgram (Fig. 4). An apparent Kpgpp 0f 15 vM was
calculated for the PO4-ASARM peptide with a binding maximal inhibition (Bmax/inn) Of
68% (see Figs. 5a and b). The calculated Bmyaxinh Value represents the peptide-mediated,
maximal percentage inhibition of MEPE-PHEX binding relative to the nonpeptide control
(0% inhibition). This value was determined using a constant analyte flow solution of 250
nM secPHEX against immobilized MEPE ligand at 6000 RU. The unphosphorylated
ASARM peptide was less effective at competitively inhibiting the MEPE-PHEX interaction
with an apparent Kp,pp 0f approximately 35 vM (graph not shown) compared to 15 vM for
PO4-ASARM peptide (Figs. 4 and 5). There was no inhibition of PHEX-MEPE interaction
detected at high and low concentrations (up to 85 uM) of control MEPE-RGD peptide under
identical secPHEX premixing conditions (data not shown).

ASARM peptide and etidronate mediated in vivo quenching of calcein fluorescence

UV induced calcein epifluorescence in dissected calvariae, tibiae and femurs was quenched
significantly and markedly in both ASARM peptide (experimental) and etidronate (positive
control) and groups compared to vehicle. Fig. 6 dramatically illustrates the fluorescence
quenching of calvariae and hind limbs (imaged simultaneously) as captured using a cooled
digital camera (Bio-Rad Fluorimager Max system). The nonsaturated fluorescence was
quantitated using quantity-1 imaging software (Bio-Rad) and the graphical results for
calvariae and tibia/femurs are shown in Figs. 7a,b. A significant drop in calvarial
fluorescence of 62% (P < 0.001) in PO4-ASARM peptide and 48% (P < 0.01) in the
etidronate group was measured relative to vehicle (see Figs. 7a and b for statistics and
graph). A similar marked quenching also occurred with tibia/femur and the PO4-ASARM
peptide group with fluorescent intensity reduced by 44.5% (P < 0.01) relative to vehicle
(Fig. 7b). The quenching of fluorescence in the etidronate group was expected. This is
because etidronate potently inhibits mineralization in man and rodents at the levels
administered [7,46,47,85]. The quenching in the ASARM group was even more marked than
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the etidronate group in both calvariae and femurs/tibia confirming a major ASARM peptide
inhibition of mineralization in vivo.

Absence of lamellar fluorescence bands in calvarial cross-sections of ASARM peptide and
etidronate groups

Fig. 8 depicts representative UV-fluorescent photomicrographs of calvarial cross-sections
from vehicle, etidronate, and ASARM peptide groups. Four distinct lamellar fluorescent
layers representing the four separate calcein injections (20 mg/kg/day) are clearly visible in
the vehicle group. The fluorescent bands represent calcein binding to actively mineralizing
bone surface. In contrast, there is a complete absence of these layers in the ASARM peptide-
and etidronate-treated groups. This strongly suggests that mineralization is inhibited by the
addition of ASARM peptide and, as expected, by etidronate in vivo. These results are in
agreement with the whole fluorescence imaging of calvariae and tibiae/femurs described
above.

Sanderson’s osteoid staining is increased in calvarial sections of ASARM and etidronate

groups

Nondecalcified sections of calvariae from PO4-ASARM peptide- and etidronate-treated
groups showed marked increase in osteoid in calvarial cross-sections compared to the
vehicle group (Fig. 9). Sanderson histological staining colors mineralized bone pink and
nonmineralized matrix or osteoid blue [75]. Fig. 9 contains representative photomicrographs
of calvarial cross-sections that clearly demonstrate an increased osteoid layer thickness in
both ASARM groups (3.5-fold increase; £< 0.001) and the etidronate (2.35-fold increase; P
< 0.05) relative to vehicle. This increase was statistically significant and confirms inhibition
of mineralization by ASARM peptide groups as well as etidronate. This finding is also
consistent with the data described in Figs. 6-8.

Discussion

The primary defects in X-linked hypophosphatemic rickets (HYP) and autosomal dominant
hypophosphatemic rickets (ADHR) are loss of function mutations in the PHEX gene (a Zn
metalloendopeptidase) and activating mutations in FGF23, respectively [23,29,70,73,91,92].
Oncogenic hypophosphatemic osteomalacia (OHO) is a rare tumor-induced disease and
shares many pathophysiological features with HYP and ADHR. These include
hypophosphatemia, defective/mineralization (osteomalacia/rickets), abnormal vitamin D
metabolism, and elevated levels of FGF23 (full-length uncleaved) and MEPE
[10,13,16,62,63,68,69,71,77,80,93]. Also, FGF23 levels in HYP are closely correlated with
elevated MEPE expression [39].

The close correlation of FGF23 and MEPE levels in Hyp and the fact that intravenous
injection of FGF23 or MEPE induces phosphaturia in rodents suggest that FGF23 may
influence (directly or indirectly) MEPE expression or vice versa. Recently, we have
demonstrated that MEPE, more specifically an 18-residue, carboxy-terminal MEPE peptide
containing the ASARM motif (ASARM peptide), is a potent mineralization inhibitor when
added to 2T3 osteablasts in vitro [71]. Also, MEPE is a potent inhibitor of phosphate uptake
in vivo and in vitro (bolus and infusion), and this is likely mediated directly by free MEPE—
ASARM peptide [14,71]. Thus, this combination of findings suggests that MEPE, or more
specifically the ASARM peptide, could be downstream of an FGF23 and/or phosphatonin
extraosseous signaling pathway and play an important role in bone-renal mineral
homeostasis.
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A number of bone-dentin genes mapping to chromosome 4q (including MEPE) share many
features and have been grouped into the SIBLING family (short integrin-binding ligand-
interacting glycoproteins) [21,22,68,69,71]. Specifically, the SIBLINGs MEPE, DMP-1,
DSPP, and OPN contain ASARM motif(s) or related phosphorylated peptides that are
capable of inhibiting mineralization and/or phosphate uptake [28,44,64,68,69,71,76,83,90].
This is exemplified dramatically by an ancestral ‘SIBLING-related’ gene, statherin, which
also maps to the same chromosome-4q SIBLING cluster region. Remarkably, statherin, a
short 63-residue salivary protein, also contains an ASARM motif, and the statherin short
ASARM peptide [DSSEE(K)] directly modulates the dynamics of tooth mineralization and
is also thought to play a key role in the transport of phosphate and calcium in the parotid
glands [44,64,76]. Moreover, the statherin ASARM peptide is directly responsible for
preventing the ectopic precipitation of phosphate and calcium salts from supersaturated
saliva. Thus, the evidence strongly supports the notion that this acidic, highly charged,
aspartic acid/serine-enriched, phosphorylated motif plays a key role(s) in mineralization and
perhaps phosphate transport when released as a small ASARM peptide [68].

In this regard, excess ‘abnormal production’ of MEPE ASARM peptide is likely responsible
(wholly or in part) for the end-point mineralization defect and renal phosphate leak in HYP
and/or OHO. This is because osteoblastic proteases and MEPE expression are both markedly
elevated in HYP and OHO [2,3,13,17,26,27,32,33,39,40,68,69,77,80]. Moreover, the short
18-residue ASARM peptide is remarkably resistant to a vast number of proteases [68]. Thus,
elevated MEPE and protease expression in defective HYP osteoblasts will likely result in a
coordinate increase in protease-resistant ASARM peptide. In addition, and surprisingly for a
Zn metalloendopeptidase, PHEX protects MEPE from proteolysis in vitro, and PHEX is also
inhibited nonproteolytically by another important matrix protein, osteocalcin [6,27].
Therefore, absence of functional PHEX in HYP may compound ASARM peptide production
by virtue of a loss of sequestration and thus loss of protease protection of MEPE by PHEX
[68]. Specifically, our previous studies have confirmed that PHEX and a mutated
(nonfunctional) carboxy-terminal PHEX fragment do not degrade MEPE but are both
capable of protecting MEPE from cathepsin B proteolysis in vitro [27]. Cathepsin B is
expressed and actively secreted by osteoblasts and could therefore act in concert with other
proteases known to be elevated in HYP and degrade MEPE (NEP, ECL1/DINE, cathepsin
D; [1,17,32,33]). The increased proteolytic degradation of overexpressed MEPE, in the
absence of PHEX protection, likely results in the release of large quantities of protease-
resistant MEPE-ASARM peptide in HYP [68,71].

Consistent with the HYP-ASARM protease model is the finding that specific protease
inhibitors ameliorate the mineralization defect in HYP (in vitro) and also prevent the release
of osteoblast-derived, phosphate inhibiting factors. Specifically, cathepsin D, neprilysin
(NEP), and ECEL1/DINE proteases are markedly up-regulated in Hyp mice osteoblasts and
bone marrow stromal cells (BMSC) [17,32,33], and there is a strong correlation between the
inhibition of P(i) uptake by conditioned media (CM) from Hyp cells and elevated NEP-like
activities. Other investigators have confirmed NEP mRNA and protein expression in mouse
bone tissue including bone-forming cells, osteoblast precursors, preosteoblasts, osteoblasts,
and osteocytes [74]. Further support for the HYP-ASARM model comes from findings that
cathepsin D supplementation inhibits osteoblast cell mineralization, and an improvement of
the Hyp mouse mineralization defect occurs on addition of pepsatin (a cathespin D inhibitor)
[32,33]. Also, incubating Hyp osteoblasts with phosphoramidon (protease inhibitor)
prevents the production of an osteoblast-secreted inhibitor of renal phosphate [P(i)] uptake
[17,32,33] and is consistent with a protease inhibitor (phosphoramidon, pepstatin)-mediated
reduction in free ASARM peptide in the Hyp osteoblast. This again is consistent with a
prevention or reduction of proteolytic release of the protease-resistant osteoblastic MEPE-
ASARM peptide (mineralization inhibitor).
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Given the overlapping pathophysiology of HYP and OHO, of further interest is the finding
that the renal phosphate inhibitory activity of conditioned media from OHO tumors cannot
be inactivated by proteolytic digestion with trypsin, proteinase K, and/or papain [34,51,94].
However, these enzymes efficiently abolish the capacity of parathyroid (PTH) and
parathyroid extracts to inhibit renal phosphate uptake in vitro [34]. Size ultrafiltration
experiments also indicate that tumor phosphatonin-minhibin activity is due to small (<5
kDa) protease resistant molecules [11,34,35,51,56,57,94]. These findings are also consistent
with the notion that the small proteolytically resistant ASARM peptide is a phosphatonin
and/or minhibin [71]. Indeed, the uncharacterized, small molecular weight, protease-
resistant, phosphaturic HPLC OHO tumor fractions described by Jonsson et al. 2001 [34]
share very similar features (HPLC retention, etc.) to the synthetic, phosphorylated ASARM
peptide described in this study and our previous study [71]. Of further significance is the
finding that MEPE is highly expressed in all OHO tumors screened to date and is notably
absent from nonphosphaturic tumors [13,69,77,80]. Moreover, DMP-1 is reported to be the
second most highly expressed protein expressed in OHO tumors, and MEPE is the highest
expressed [13,77,80,84]. Significantly, both SIBLINGs (MEPE and DMP-1) have carboxy-
terminal ASARM motifs with a high degree of homology [68,69,71]. In one study,
antibodies directed against the COOH-terminal region of DMP-1 (the ASARM motif region)
were used to confirm a markedly elevated expression of OHO tumor-derived DMP-1 in
three OHO cases studied [84]. Moreover, the same study showed a complete absence of
DMP-1 protein expression in eleven “nonphosphaturic” soft tissue tumors including
hemangiopericytomas. Similar results have been obtained with MEPE, and this strongly
supports our current and previous experiments concerning the role of the ASARM peptide as
renal phosphate inhibitor and mineralization inhibitor [67,68,71]. Also, other studies have
reported that not all OHO tumors express FGF23 [13]. Thus, as indicated earlier, it is
possible that FGF23 acts upstream of a signaling pathway that impacts on expression of
matrix proteins like MEPE and/or DMP-1.

Although we have confirmed PHEX protection of MEPE in vitro in our previous studies, we
did not determine whether the protection was due to a direct PHEX-MEPE interaction and/
or indirect modification of protease activity [27]. The data presented in this study show for
the first time that PHEX binds specifically to MEPE in a dose-dependent and Zn-dependent
manner. Moreover, the carboxy-terminal ASARM motif region of full-length MEPE plays a
key role in this interaction, and the Zn dependency of the interaction also implicates the
PHEX Zn motif substrate-binding site [73] of nascent secPHEX. Since release of the
ASARM peptide is critical for mineralization inhibition, binding of the ASARM motif
region by the PHEX substrate site (Zn motif region) is consistent with a PHEX protease-
protective role and also supports our recently proposed ASARM mineralization model
[68,71]. Of further interest is our finding that the phosphorylated ASARM peptide (PO,-
ASARM peptide) is more effective at inhibiting PHEX-MEPE binding than the
nonphosphorylated ASARM peptide (apparent Kpapp’s of 15 and 35 uM, respectively).
Interestingly, the Hyp mouse has an osteoblast casein kinase Il defect that reportedly leads
to abnormal phosphorylation of another SIBLING family member, osteopontin [66,99].
Further experiments are required to confirm whether this Hyp osteoblast defect (casein
kinase 1, osteoblast-ectokinase) has relevance to the ASARM peptide, MEPE-PHEX
binding, and/or Hyp pathophysiology.

The key residue characteristics of the SIBLING protein (MEPE, DMP-1, OPN, and DSPP)
and salivary statherin ASARM peptides are the enriched aspartic acid (D), serine (S),
glutamic acid (E) residues, and phosphoserines. Thus, the peptides are acidic, highly
charged, with low pl’s, and are extraordinarily resistant to a wide range of proteases. Indeed,
they all have physicochemical similarities to bisphosphonates, phosphonoformic acid (PFA),
and phosphonoacetic acid (PAA). Also, they share biological properties in vivo and in vitro
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with bisphosphonates, PFA, and PAA in that they all inhibit mineralization and interfere
with renal phosphate handling and vitamin D metabolism [7,36,41—
43,46,47,55,81,82,85,87,88]. Our studies confirm for the first time that the MEPE ASARM
peptide inhibits mineralization in vivo, and this is consistent with previous in vitro results
and in vivo salivary data with the statherin ASARM peptide. Moreover, this is consistent
with previous studies that demonstrated marked phosphate uptake and mineralization
inhibition activity associated with HYP osteoblasts, Hyp osteoblast-conditioned media, and
Hyp serum compared to normal sibling controls [18-20,35,48,49,58,78,95,96]. Also
consistent is the finding that the MEPE null-mutant mouse has a phenotype that not only
presents with increased bone mass, increased humbers and thickness of trabeculae, and
cortical bone mass, but also has an accelerated osteoblast mineralization rate in vitro plus an
increased mineralization apposition rate in vivo [25].

Elegant studies have confirmed that PHEX can cleave small, synthetic, quenched
fluorogenic peptides of the ASARM motif (QF-ASARMp) [12]. Cleavage does not result in
degradation of the ASARM motif but results in cleavage of specific residues that reside N-
terminal to aspartic acid (D). Specifically, of the residues investigated using small QF
peptides derived from FGF23 and MEPE, cleavages between a serine (S) and D residue
(Keat! Ky = 80 to 125 mM~1 - s71) and between D and D residues (Kqa/ Ky = 80 to 125
mM™1. s71= 67 to 100) were found to be catalyzed with the highest activity. All other
residues within diverse peptide sequence formats were cleaved N-terminal to D residues ( Y-
D; £-D; R-D; L-D; and A-D) at very low efficiencies (Kgat/ Km = 0.8 to 15 mM~1 - s71). One
exception was cleavage between M and D residues which had intermediate catalytic
efficiency (Keat! Ky = 47 mM™1 . s71). Thus, from these studies, we would predict that
PHEX cleavage of the ASARM motif region from a mouse, rat, and human ASARM peptide
would generate the following peptides (the hyphen between residues indicates potential
cleavage site): (1) mouse RQR-DSSESSSSGSSSESHGD; (2) rat RQR-
DSSESSSSGSSSESSGD; (3) human RR-D-DSSESS-DSGSSSESDGD. In all cases, the
active ASARM motif residues would not be affected and, with the human ASARM peptide,
would result (potentially) in the release of a small peptide sequence DSSESS that is similar
to the biologically active statherin ASARM peptide (DSSEE{K}) [44,64,76]. This short
statherin sequence (DSSEE{K}) is known to be a powerful inhibitor of hydroxyapatite
formation and plays a major biological role in preventing ectopic precipitation of calcium
phosphate from supersaturated saliva, stabilization of tooth enamel, and for the inhibition of
formation of mineral accretions on tooth surfaces [64]. Also, the remaining human sequence
(DSGSSSESDGD) would also predictably have the same ASARM motif characteristics. In
both the mouse and rat, the active ASARM peptide molecule would essentially remain intact
following exposure to PHEX. A further important consideration is that PHEX does not
appear to cleave full-length MEPE or full-length FGF23 [12,27,39,40] and is therefore
thought to require smaller oligopeptide substrates [12]. We would propose that, although the
full-length MEPE molecule binds to PHEX via the ASARM moatif, the molecular
topography of the full-length protein—protein interactions may not be conducive for
cleavage. In this regard, the proteolytic activity of PHEX on oligopeptide substrates of
diverse sizes needs to be clarified.

These observations extend our recent findings of a nonproteolytic PHEX-MEPE interaction
[27] by demonstrating a direct Zn-dependent interaction involving the MEPE ASARM
motif. The data are also consistent with recent observations of PHEX nonproteolytic
interactions with another matrix protein osteocalcin [6]. Similarly, our recently published in
vitro observations of ASARM peptide mineralization inhibition have now been extended to
in vivo confirmation of minhibin activity [68,71] and also are in agreement with in vitro
findings of inhibition of mineralization and/or hydroxyapatite formation by ASARM
peptides derived from statherin, osteopontin, MEPE, and potentially other related SIBLING
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proteins [28,44,64,68,69,71,76, 83,90]. In addition, our observations are consistent with the
pathophysiology of HYP and the proposed HYP-ASARM model [68,71]. Specifically, loss
of PHEX function is proposed to directly result in defective mineralization by virtue of a
loss of MEPE sequestration by PHEX, a concomitant increase in extracellular matrix
protease degradation of MEPE, and subsequent release of protease resistant ASARM
peptide(s) (minhibin). This pathophysiology is exacerbated by the well-documented increase
in osteoblastic proteases and increased expression of MEPE in HYP [2,3,17,27,32,33,39,40].
Moreover, M13 Zn metal-loendopeptidases like KELL antigen form heterodimers (KELL
and XK protein), and three MEPE SIBLING family members (OPN, DMP-1, and BSP)
form protein—protein (nonproteolytic) interactions with matrix metalloproteins (MMPs)
[21,37,65,86]. In SIBLING-MMP, nonproteolytic protein interactions appear to play key
roles in modulating the biological activity of these proteases [21]. Indeed, cartilage
abnormalities and defective mineralization have recently been associated with abnormal
PHEX expression and with altered matrix protein and matrix metalloproteinase-9 (MMP9)
localization in Hyp mice [50].

Although the PHEX protection ASARM model is consistent with HYP pathophysiology, we
cannot exclude the possibility that a MEPE-PHEX nonproteolytic interaction may be
required to activate PHEX activity as has been reported for specific MMPs (matrix
metalloproteinases) and three related SIBLING proteins (OPN, DMP-1, BSP) [21]. In this
regard, excess free phosphorylated ASARM peptide may also interfere or modify PHEX
activity as well as inhibiting mineralization and renal phosphate handling. Of further note is
the finding that PPi and phosphate can act as inhibitors of PHEX-mediated proteolysis of
parathyroid hormone-related peptide 107-139 (PTHrp107-139), the only known ‘naturally’
occurring substrate of PHEX [6]. Interestingly, PTHrp107-139, unlike PHEX, is absent in
bony fish (teleosts) and is not thought to be a physiological substrate [5].

Clearly, more work needs to be done to confirm a number of molecular aspects. Although
other ASARM peptides like the salivary statherin ASARM peptide have been investigated
biologically, the relative levels of MEPE ASARM peptide in Hyp, OHO, and normal
extracellular matrix and serum need to be accurately determined. Elevated levels in these
hypophosphatemic diseases (Hyp, OHO, and perhaps ADHR) would be strongly supportive
for a role in the mineralization/phosphate defect, particularly if the levels are commensurate
with the amounts required to inhibit mineralization and/or renal phosphate handling in vivo.
Also, the potential contribution of other free extracellular matrix ASARM peptide sources
must be assessed. Moreover, the role of other signaling molecules implicated in
mineralization and hypophosphatemic disorders (FGF23 and FRP4) and their impact on
expression of PHEX, MEPE, extracellular matrix ASARM peptide(s), and/or other matrix
proteins (DMP-1, vitronectin, BSP, etc.) need to be thoroughly investigated. Finally, the
biological nature of PHEX interactions with matrix proteins such as MEPE and osteocalcin
as well as phosphate and PPi also requires further investigation. This needs to be done
within the framework of mineralization and renal phosphate homeostasis across a bone—
renal axis. In this context, our data and work from others suggest that PHEX in bone and
also in brain may be multifunctional and act as either a direct matrix protein-ligand and/or
protease and/or require activation by protein—protein interaction with other matrix proteins.
Fig. 10 presents a simplified scheme of the ASARM model and the proposed role of MEPE,
PHEX, FGF23, and ASARM peptide in mineralization and phosphate homeostasis.

In summary, we would propose that given the vast tissue resource of bone and teeth and thus
associated extracellular matrix sibling proteins, the control of a free mineralization inhibitor
(minhibin) ASARM peptide is critical for healthy mineralization. Moreover, PHEX may
play a key role in bone and teeth by regulating this process in an unexpected and novel way.
More precisely, our data suggest that this would involve the temporal and reversible
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protease protection of MEPE and consequential prevention of uncontrolled release of
protease-resistant ASARM peptide(s).
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Fig. 1.

Biacore sensorgram of chip-immobilized MEPE, PHEX, and IgG ligands against secPHEX
analyte (mobile phase). PHEX binds to MEPE, and the binding requires ZnCl, (2 mM)-
supplemented buffer (HBS-P-Zn). Specifically, no PHEX-MEPE binding was observed
with buffer lacking ZnCl, and concentrations of PHEX analyte up to 10 uM (data not
shown). Ligands (MEPE, PHEX, and IgG) were each coupled to a Biacore CM-5 chip at
3500 RU and 2 uM secPHEX analyte flowed through each cell for 6 min. The secPHEX, 6-
minute injection pulse is indicated as a line above the sensorgram. A distinct association and
dissociation curve occurred with secPHEX analyte and MEPE-immobilized ligand
indicating a strong MEPE-PHEX association and binding. There was no secPHEX analyte
interaction with IgG ligand and a very low level self-association with PHEX ligand and
PHEX analyte (possible very low-level homodimer association).
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Fig. 2.

Composite Biacore sensorgrams of chip-immobilized MEPE ligand against different
concentrations of secPHEX analyte (mobile phase). The secPHEX binding to MEPE is dose-
dependent with a distinct plateau or saturation shown at 10 uM secPHEX. The CM-5 chip
was coupled with 3500 RU of proteins as indicated in Fig. 1. No interaction was detected
with control proteins (IgG) on the same chip (see Fig. 1).
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Fig. 3.

Binding of secPHEX to MEPE as calculated from data presented in Figs. 1 and 2. The same
coupling of 3500 RU of protein was used. A Bmax 0f 680 RU and an ECsg of 553 nM were
computed for secPHEX (analyte) binding to chip immobilized MEPE (ligand). Graph B
presents the binding hyperbola of graph A in linear form by transform plotting of X'and Y
coordinates as inverse values for secPHEX-MEPE binding. The PHEX-MEPE binding is
thus dose-dependent, specific, direct, and saturable.

Bone. Author manuscript; available in PMC 2012 May 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Rowe et al.

Response (RU)

[\ ]
=
—)

Page 21

PHEX 250 nM
— (Injected)
With
ASARM-PO, (LM)
0
11
— 22
1 42

83

| | I | I | |

-400 0 200 600 1000

Time (secs)

Fig. 4.

Composite PO4-ASARM peptide competition Biacore sensorgrams of chip-immobilized
MEPE ligand against added secPHEX analyte (mobile phase) in the presence of differing
concentrations of PO4-ASARM peptide. The PO4-ASARM peptide inhibits PHEX-MEPE
binding dose-dependently. MEPE ligand was coupled to the chip surface at 6000 RU to
increase signal response. PHEX was then injected at a constant 250 nM with a range of
concentrations of PO4-ASARM peptide. Nonphosphorylated ASARM peptide also inhibited
secPHEX-MEPE binding but to a lesser extent (see Fig. 5). In contrast, the MEPE-RGD
control peptide (see Table 1 for sequences) was completely ineffective at inhibiting
secPHEX-MEPE binding at identical concentrations up to 83 uM (see Fig. 5A). This
suggests that the ASARM motif plays a role in the sscPHEX-MEPE association.
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Fig. 5.

Solution competition of secPHEX-MEPE binding in the presence of PO4-ASARM peptide
as calculated from data presented in Fig. 4, with MEPE ligand coupled to 6000 RU. A
Bimax/inhib Of 68% inhibition of response units (RU) and an apparent Kpapp 0f 15 nM were
computed. Graph B presents the binding hyperbola of graph A in linear form by transform
plotting of X'and Y coordinates as inverse values. The Bmyaxjinh Value represents the
maximal peptide-mediated percentage inhibition of PHEX-MEPE binding relative to the
“nonpeptide” control (0% inhibition of binding). This was calculated using a constant
analyte flow solution of 250 nM secPHEX against immobilized MEPE ligand at 6000 RU.
Nonphosphorylated ASARM peptide was less effective at inhibiting the secPHEX-MEPE
binding with an approximate Kpapp 0f 35 UM compared to a Kpgpp 0f 15 uM for the
phosphorylated ASARM peptide (PO4-ASARM peptide). As indicated in Fig. 4, control
MEPE-RGD peptide was completely ineffective at inhibiting sescPHEX-MEPE binding at
identical concentrations up to 83 uM (see A). Moreover, the solution competition of the
MEPE PO4-ASARM peptide was dose-dependent, specific, and saturable. This strongly
suggests that the ASARM motif plays a key role in the secPHEX-MEPE association.
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Epi-UV fluorescence imaging of undecalcified tissues; (A) calvariae and (B) tibiae and
femurs from mice injected with vehicle (HEPES buffer), etidronate (10 mg/kg/day), and
PO4-ASARM peptide (2 mg/kg/day) as indicated. Injections were given once a day for 12
days (except days 6 and 7), and all animals were injected with calcein (20 mg/kg/day) on
days 3, 5, 9, and 11, respectively. Samples were imaged simultaneously on a large Bio-Rad
imaging platen after epi-UV illumination-induced fluorescence and digital image capture
(FluorMax fluor-imager imaging system). Image saturation was avoided by software
monitoring (Quantity-1 software) and the captured calcein-fluorescent images quantitated by
use of the same software (see Figs. 7A and B). The PO4-ASARM peptide was massively
quenched compared to the vehicle group and even further quenched than the positive
control, etidronate. This indicates massive mineralization impairment by the PO4-ASARM
peptide and confirms the effect of etidronate demonstrated previously (references) (see Fig.
7 for fluorescence quantitation and statistics).
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Fig. 7.

Quantitation of whole-fluorescent imaging as depicted in Fig. 6 by use of Bio-Rad Quantity
1 software. Both the PO4-ASARM peptide and etidronate groups had significant and
markedly quenched fluorescence with fluorescent intensity units of 568.7 (SEM = 80.2; M=
5; P<0.01) and 417.7 (SEM = 48.3; N=5; P<0.001), respectively, compared to the
vehicle group at 1100.5 (SEM = 132.8; N'=5). This represents a percentage quenching of
48.4% (P < 0.01) for etidronate and 62% (P < 0.001) for the PO4-ASARM peptide,
respectively. Graph B illustrates a similar quenching with tibiae-femurs and PO4-ASARM
peptide group fluorescent intensity of 148.9 (SEM = 15.1; N=5; £<0.01) relative to the
vehicle at 268.52 (SEM = 26.8; A//=5). This corresponds to a PO4-ASARM peptide-
mediated fluorescence-signal reduction of 44.5% (P < 0.01). Thus, the PO4-ASARM peptide
is an even more effective inhibitor of fluorescence and thus mineralization than the positive
control, etidronate.
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Representative photomicrographs of plastic-embedded, undecalcified mice calvariae from
Figs. 6 and 7. Slides were analyzed under fluorescent microscope at 200x, and the calcein
fluorescence was captured by digital camera. The control group (vehicle) clearly shows four
lamellar fluorescent layers corresponding to the four calcein injections (20 mg/kg/day) given
on days 3, 5, 9, and 11, respectively. The characteristic and distinct lamellar fluorescent
bands were completely absent from the PO4-ASARM peptide groups as well as in the group
treated with etidronate, again indicating impairment of mineralization with the positive
control (etidronate) and experimental groups (PO4-ASARM-peptide).
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Corresponding Sanderson staining of representative mice calvariae, undecalcified cross-
sections (x200), embedded in plastic as described for Fig. 8. Mineralized bone stains pink
and nonmineralized osteoid stains blue. The darker staining osteoid is clearly visible in
grayscale on the upper surface of each sample (A, B, and C) and is highlighted with arrows
in C. The osteoid thickness in the etidronate (B) and PO4-ASARM peptide (C) groups were
significantly greater than the vehicle group (A). The inset histogram graphically illustrates
the marked increase in thickness and thus impaired mineralization in groups B (etidronate)
and C (PO4-ASARM peptide), with relative thicknesses of 5.4 (SEM =0.29; N=3; P<
0.05) and 8.0 (SEM =0.57; N =3; P<0.001), respectively, compared to vehicle (A) at 2.3
(SEM =0.33; /= 3). This is consistent with the data shown in Figs. 6, 7, and 8.
Measurements were made from the exact same area (suture) in all three groups.
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This figure depicts a simplified scheme describing the ASARM model. The model is
discussed in more detail in a recent review [68]. Also, an animated flash scheme of the
ASARM model can be accessed at the following Web site
(http://www.periodontics.uthscsa.edu/rowe/asarm-modelandfgf23.html). The letters in the
cartoon (a to k) are reference points for text descriptions. Full-length FGF23 is the active
form of the molecule. The primary physiological tissue(s) and sites of FGF23 expression are
uncertain and could involve bone and/or extraosseous sites (a) [27,39,40,97]. Inactivation of
FGF23 (b) is thought to occur through the action of proprotein convertases and not PHEX
[4,51]. Autosomal dominant hypophosphatemic rickets (ADHR) is due to activating
mutations in FGF23 that increase half-life of the phosphaturic full-length form (a). FGF23 is
a potent down-regulator of 1-a-hydroxylase expression (c) and up-regulates the catabolic
enzyme 24-hydroxylase (d) [79]. This results in suppression of serum 1,25 vitamin D levels
(e) [79]. Indeed, the effects mediated by full-length FGF23 on vitamin D metabolism are
more marked than the direct effects on phosphate handling in vivo [79]. Also, 1,25 vitamin
D3 suppresses expression of MEPE (f) [2,59,71]. Thus, suppression of 1,25 vitamin D3
levels by FGF23 will in turn increase expression of MEPE (g). We provide evidence in this
paper and a previous publication [27] that MEPE reversibly interacts with PHEX, and this
interaction protects MEPE from proteolysis (h). Also, the ASARM motif plays a major role
in the PHEX-MEPE interaction (h). In Hyp, PHEX is defective [29,70,73] and cannot bind
to MEPE and/or protect the molecule from proteolysis. The FGF23 levels in Hyp are
elevated, serum 1,25 vitamin D3 is suppressed, osteoblastic MEPE expression is elevated,
and the levels of osteoblastic proteases are also markedly elevated (i) [2,3,17,27,32,33,
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39,89]. The increased MEPE and protease levels result in increased proteolysis of MEPE
and release of the protease resistant ASARM peptide (j). This is compounded by loss of
protease protection due to defective PHEX (h). The ASARM peptide in turn inhibits
mineralization and renal phosphate handling and is wholly or in part responsible for the
hypophosphatemia and rickets/osteomalacia (k). Further evidence for a key MEPE role in
phosphate metabolism and mineralization is the finding that MEPE serum levels are 450 ng/
ml up to 1.6 Ag/ml in normal subjects, and the levels are tightly correlated with serum
phosphorus, PTH, bone mineral density (BMD), and FGF23 [30,39]. Moreover, MEPE is
phosphaturic in vivo and in vitro, and the ASARM peptide may play a key role [14,71]. Of
additional interest, MEPE expression is down-regulated by FGF2, a cytokine involved in
bone formation [98].
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Sequences and text codes of peptides used for surface plasmon resonance (SPR) and mineralization studies

Peptideregion Sequence

Codein text

MEPE-ASARM peptide (507-525) RDDSSESSDSG(Sp)S(Sp)E(Sp)DGD
MEPE-ASARM peptide nonphosphorylated (502-525) CFSSRRRDDSSESSDSGSSSESDGD
MEPE-RGD midregion peptide (238-262) GSGYTDLQERGDNDISPFSGDGQPF

PO4-ASARM peptide
ASARM peptide
MEPE-RGD
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