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Abstract

The identity of the cell type responsive to sclerostin, a negative regulator of bone mass, is
unknown. Since sclerostin is expressed in vivo by mineral-embedded osteocytes, we tested the
hypothesis that sclerostin would regulate the behavior of cells actively involved in mineralization
in adult bone, the preosteocyte. Differentiating cultures of human primary osteoblasts exposed to
recombinant human sclerostin (rhSCL) for 35 days displayed dose- and time-dependent inhibition
of in vitro mineralization, with late cultures being most responsive in terms of mineralization and
gene expression. Treatment of advanced (day 35) cultures with rhSCL markedly increased the
expression of the preosteocyte marker £17 and decreased the expression of mature markers DMPI
and SOST. Concomitantly, matrix extracellular phosphoglycoprotein (MEPE) expression was
increased by rhSCL at both the mRNA and protein levels, whereas PHEX was decreased,
implying regulation through the MEPE-ASARM axis. We confirmed that mineralization by
human osteoblasts is exquisitely sensitive to the triphosphorylated ASARM-PO4 peptide.
Immunostaining revealed that rhSCL increased the endogenous levels of MEPE-ASARM.
Importantly, antibody-mediated neutralization of endogenous MEPE-ASARM antagonized the
effect of rhSCL on mineralization, as did the PHEX synthetic peptide SPR4. Finally, we found
elevated Sost mRNA expression in the long bones of HYP mice, suggesting that sclerostin may
drive the increased MEPE-ASARM levels and mineralization defect in this genotype. Our results
suggest that sclerostin acts through regulation of the PHEX/MEPE axis at the preosteocyte stage
and serves as a master regulator of physiologic bone mineralization, consistent with its
localization in vivo and its established role in the inhibition of bone formation.
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Introduction

Sclerostin (SCL) is the product of the SOST gene, mutations in which cause the high-bone-
mass disease sclerosteosis in humans.() Deletion of Sostin mice causes a similar high-
bone-mass phenotype.(® Partial deletion of a regulatory region approximately 35 kb distal to
the SOST gene appears to be responsible for the high-bone-mass phenotype seen in VVan
Buchem disease.(3-5) Together these observations indicate that sclerostin has a key role in
the regulation of bone mass. Neutralizing antibodies to SCL increase bone formation and
strength dramatically in ovariectomized rats(® and in intact aged male rats.(”) This anabolic
effect of SCL was associated with a large increase in bone formation on quiescent bone
surfaces (modeling).(6-8) Consistent with the effects of the SCL blocking antibodies, recent
observations suggest that osteonal SCL is a strong determinant of whether osteoblasts
actively produce bone(® and underscore the need for a better understanding of its mode of
action in human bone.

The cellular signaling of SCL is still to be fully elucidated.(%-14) ts inhibitory actions on
bone morphogenetic protein (BMP) signaling have been attributed to a dominant effect on
canonical Wnt signaling by virtue of binding to the Wnt coreceptor low-density lipoprotein
receptors (LRP) 5 and 6.(1516) More recently, LRP4 has been implicated as a major receptor
for SCL.(17:18) The canonical Wnt signaling pathway fundamentally regulates osteoblast
differentiation and bone formation.(2:19 Wnt ligands bind to frizzled (Fzd) and LRP5/6
coreceptors on target cells, preventing the proteosomal degradation of B-catenin and
promoting the formation of transcription complexes with TCF/LEF transcription factors,
resulting in the downstream transcription of osteogenesis-related genes. Several inhibitors of
the Wnt pathway have been identified, including SCL, Dikkopf 1 (DKK-1), and secreted
Fzd-related proteins (sFRPs).(1:19) Genetic models of under- and overexpression of factors
that regulate the Wnt pathway demonstrate the central importance of this pathway in bone
biology. Additionally, recent studies show that the anabolic action of parathyroid hormone
(PTH) is due in part to the downregulation of SCL expression.(20-22)

Very little is known concerning the target cell type(s) for SCL and its effect on human
osteoblast function. Sutherland and colleagues reported that SCL expression was increased
in mineralized cultures of human mesenchymal stem cells (MSCs) and was increased further
with stimulation of differentiation of both MSCs and primary human osteoblasts by
BMP-4.(12) We have recently reported that SOSTmRNA expression increased in cultures of
human primary osteoblasts differentiated in the presence of strontium ranelate, a condition
that increased the level of in vitro mineralization as well as expression of the osteocyte
marker dentin matrix protein 1 (DMP1).(23) The increase in expression of SCL under
conditions that increase osteogenesis is seemingly paradoxical, but this is consistent with the
expression pattern of SCL in mineralized tissues during development(Z4) and in adult
bone.(24-26) |rie and colleagues reported that SCL was expressed only by osteocytes if
mineralization occurred and was coincident with the expression of the key osteoblast
transcription factor osterix.(28) It is reasonable, therefore, to interpret the appearance of SCL
expression by cells under conditions of deposited mineral as being indicative of an
osteocyte-like phenotype, with the assumption that SCL expression is in response to the
mineralized microenvironment. While it is evident that PTH treatment(20.22) and mechanical
loading@”) likely exert an anabolic effect, at least in part, by suppressing SCL expression,
other (catabolic) stimuli may increase SCL expression. We have reported recently that
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proinflammatory cytokines TWEAK and tumor necrosis factor a (TNF-a) induce SCL
expression in human primary osteoblasts and in human bone, suggesting that this may be a
mechanism by which bone formation is impaired in conditions of inflammatory bone loss, as
in rheumatoid arthritis (RA).(28)

The mineralization of bone is a dynamic and actively regulated process. In lamellar bone,
late osteoblasts/preosteocytes mineralize their organic matrix in a process concomitant with
cell maturation.(29) Mineralization appears to be regulated by inhibitory peptides deriving
from a group of extracellular matrix proteins, small integrin-binding ligand N-linked
glycoproteins (SIBLINGS), that includes matrix extracellular phosphoglycoprotein (MEPE),
DMP1, osteopontin (OPN), bone sialoprotein (BSP), enamelin, dentin sialo phosphoprotein
(DSPP), and statherin, all of which are involved in the mineralization of bone and teeth.(39)
A key feature of MEPE and several SIBLINGs, including DMP1 and OPN,(31) is that they
contain an acidic serine aspartate-rich MEPE-associated (ASARM) motif.(32) This motif,
when released as a protease-resistant phosphorylated peptide (ASARM-PO4 peptide),
negatively affects mineralization and phosphate uptake.(31-33) |t also has been shown that
ASARM peptides are chiefly responsible for the in vitro mineralization defect in /Y mice
and likely regulate mineralization in this mutant strain.(3%:34) The protein phosphate-
regulating gene with homologies to endopeptidases on the X-chromosome (PHEX) binds to
full-length MEPE, inhibiting cleavage of MEPE by cathepsin B,(3% and the generation of
MEPE-ASARM peptides and, importantly, is also able to cleave the otherwise protease-
resistant MEPE-ASARM peptides, releasing the inhibitory effect of these on
mineralization.(30.35-37)

The focus of this study was to investigate in more detail the cellular targets and downstream
effects of SCL action. We examined the effects of SCL on human primary osteoblast
mineralization and maturation. Our results suggest that SCL inhibits late osteoblast/
preosteocyte progression to a mature osteocyte stage and inhibits matrix mineralization by
regulating the PHEX/MEPE axis. Thus SCL appears to act as a potent local inhibitor in bone
that regulates matrix mineralization by maturing osteocytes.

Materials and Methods

Recombinant cytokines, peptides, and antibodies

Full-length recombinant human sclerostin (rhSCL) was obtained from R&D Systems
(Minneapolis, MN, USA). Rabbit antibodies to human PHEX, MEPE, and MEPE-ASARM
were generated as described previously.(39 Lyophilized triphosphorylated peptides
representing the human MEPE-ASARM peptide sequence [NH,-
RDDSSESSDSGS(PO3H,)SS(PO3H2)ES(PO3H,)DGD-OH (ASARM-PO4)] and SPR4
peptide representing the human MEPE-ASARM-binding region of human PHEX (NH,-
TVNAFYSAST-NYPRSLSYGAIGVIVGHEFTHGFDNNGRGENIADNG-OH; NeoMPS,
Inc., San Diego, CA, USA), validated previously for their respective activities, 30 were
reconstituted in PBS containing 0.1% bovine serum albumin (BSA).

Cells and culture medium

Adult human primary osteoblasts (mormal /uman bone-derived cells, NHBCs) derived from
cancellous bone explant cultures were used for this study because they have been
characterized extensively to display the expected properties of osteoblasts, including the
ability to differentiate into mature osteoblasts and form a mineralized matrix.(38-42)
Furthermore, under certain culture conditions, NHBCs differentiate into osteocyte-like
cells.(234344) NHBCs were isolated from femoral neck trabecular bone, as described
previously.3) Cells were grown to confluence from bone chips and removed by digestion
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of the cell matrix with collagenase and dispase for either cryopreservation or immediate use
in experiments.() In some cases, cells were recovered from cryopreservation and grown
again to confluence prior to seeding into assay plates. In this way, we used primary cells that
had not been passaged more than twice.

Immunofluorescence staining and flow cytometry

For in situ immunofluorescence, NHBCs were seeded into chamber slides (Lab-Tek, Nunc,
Naperville, IL, USA) and cultured as indicated. Prior to immunostaining, cells were rinsed
with PBS, fixed with 4% paraformaldehyde in PBS for 10 minutes on ice, rinsed with PBS,
and permeabilized with 0.1% Triton X-100 for 5 minutes. Nonspecific binding sites were
blocked with PBS containing 10% goat serum for 30 minutes at room temperature. The cells
were incubated for 30 minutes with rabbit anti-human PHEX or rabbit anti-human MEPE-
ASARM primary antibodies. Following three washes in PBS, cells were incubated with anti-
rabbit IgG-FITC for 45 minutes in a dark humidified container. After washing again in PBS,
cells were incubated for 1 minute with 4”,6-diamidino-2-phenyindole (DAPI; Sigma, St
Louis, MO, USA). Cells then were washed in PBS and mounted (P olong Gold with DAPI
antifade mounting medium; Invitrogen, Carlsbad, CA, USA). Samples were examined by
confocal microscopy on a Radiance 2100 dual-laser confocal microscope (Bio-Rad
Microscience, Ltd., Hemel Hemstead, UK).

Preparation of total RNA and RT-PCR from human cells

Total RNA and complementary DNA (cDNA) were prepared as described previously.(“3)
Relative expression between samples was calculated using the comparative cycle threshold
(C) method (A C)) using GAPDH as the reference gene, as we have published
previously.3 Oligonucleotide primers were designed in-house to flank intron-exon
boundaries and were purchased from Geneworks (Thebarton, South Australia, Australia).
Real-time oligonucleotide primers for the amplification of Auman osteocalcin (OCN), type 1
collagen a1(COL1al), DMPI, E11, and SOST were described previously.#3) Sequences
for the amplification of mouse £11 and Gapah also were published previously.(#4) Other
primers for real-time polymerase chain reaction (PCR) amplification were human LRP4
MRNA (183-bp product): GGG CCATTG CTG TTT TCC CCA G (sense) and GCG CAT
CCA CCC AGT AGA TCC T (antisense); human PHEX mRNA (114-bp product): CAT
CCA ATG AAC ATA TCT TGA AGC (sense) and ACT TGT AAA GGG CAT CCC GAT
AA (antisense); human tissue-nonspecific alkaline phosphatase (7AVAP) mRNA (215-bp
product): TGC TCC CAC GCG CTT GTG CCT GGA (sense) and CTG GCA CTA AGG
AGT TAG TAA G (antisense); human OPN mRNA (65-bp product): CTG GAA GTT CTG
AGG AAA AGC AGC (sense) and GTT TAG CCA TGT GGC CAC AGC ATC
(antisense); human ANK mRNA (172-bp product);: TGC ATG GCT CTG TCA CTC ACG
C (sense) and TGA GAT GCG CCC TCA CTG TGA C (antisense); and human ENPP1
MRNA (127-bp product);: CTT CTT CCT GTT ATT AGC AAA CTA AA (sense) and CAT
GAG ATT CTG GAT ACA ATC CG (antisense).

Sost expression in HYP mice

Total RNA was prepared from the femurs of 35-day-old male /YP mice and their wild-type
littermates (Jackson Laboratories, Bar Harbor, ME, USA), and real-time reverse-
transcriptase (RT) PCR was performed as described previously.(3% Sostexpression was
normalized to that of transferrirt3® because Gapah expression is dysregulated in HYP mice
(P Rowe, unpublished observations). The following primer sequences were used for
amplification of mouse Sost. PR#63: sense primer 5'-CCA GGG CTT GGA GAG TAC
C-3” and antisense primer 5'-GCA GCT GTA CTC GGA CAC ATC-3" (123-bp product).
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In vitro mineralization

To determine the ability of NHBCs to form a mineralized matrix, a modification of a
method reported previously(®) was used. NHBCs were plated in replicate cultures at 2.1 +
10 cells/cm? in mineralization medium consisting of a modified essential medium 10 (a.-
MEM-10) medium, dexamethasone (1078 M), and KH,PO, (1.8 mM) in the presence or
absence of rhSCL or ASARM-PO4 with full medium changes twice weekly for the duration
of the experiment. In some experiments, NHBCs were cultured for 35 days in mineralization
medium, which we have shown previously promotes an osteocyte-like phenotype,(2344) and
then treated with combinations of rhSCL, a-ASARM Ab, SPR4, or ASARM-PO4 for 3 or 7
days, and then RNA was prepared as described earlier or measurement of cell layer—
associated Ca?* levels was performed as described previously.(40)

Western blot analysis

MEPE protein expression was analyzed in cultures maintained under mineralizing
conditions for 35 days, as described earlier, and treated for 4 days with rhSCL. Cell lysates
and Western blot analysis were performed as described previously(?® with some
modifications. Since long-term cultures had developed an extensive type 1 collagenous
matrix, 70 g of total protein per track was electrophoresed on 4% to 12% SDS-PAGE gels
(NuPage; Invitrogen, Mount Waverley, Victoria, Australia). Proteins then were transferred
to polyvinyl-difluoroacetate filters (PVDF; Geneworks). Subsequent steps were performed
using a Snap ID Western blotting system (Millipore) as per the manufacturer’s instructions
with blocking for 10 minutes and primary antibodies for the detection of MEPE. Following
washing, filters were incubated with either mouse or rabbit IgG-specific antibodies
conjugated to AP (Amersham Biosciences, Poole, UK), and binding was detected with
Attophos substrate (Promega Corp., Madison, WI, USA) on a Fluorimager (Molecular
Dynamics, Sunnyvale, CA, USA). Following this, filters were stripped using a Western Blot
Recycling Kit (Alpha Diagnostic International, San Antonio, TX, USA) and reprobed for B-
actin expression, as described previously.(28)

Statistical analysis

Results

Unless stated otherwise, for experiments where two parameters were used, Student’s ¢test
was employed to analyze statistical differences. For experiments with more than two
parameters, one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis
was used (GraphPad Instat software, La Jolla, CA, USA). A value for p<.05 was considered
to be significant.

Effect of rhSCL on osteoblast in vitro mineralization

Under differentiating conditions, NHBCs begin to mineralize the cell layer from
approximately days 14 to 21 of culture. Mineralization was highly sensitive to treatment
with rhSCL, which inhibited calcium incorporation into the matrix of NHBC cultures at
concentrations of rhSCL as low as 1 ng/mL (Fig. LA). Commencement of treatment of
mineralizing cultures at 21 and 28 days, after the onset of mineralization, resulted in
increased efficacy of rhSCL relative to continuously treated cultures (Fig. 15).

Effect of exogenous SCL on gene expression during differentiation

To determine the effect of rhSCL on osteoblast gene expression, we performed real-time
RT-PCR analysis on primary osteoblasts treated either continuously throughout
differentiation for a period of up to 35 days or only after maturation. For most genes
examined, the effect of continuous treatment was evident only at a relatively late stage of
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differentiation. As shown in Fig. 24, OCN expression increased with time in all cultures. At
the 35-day time point, its expression was reduced by SCL dose-dependently. £17, a
preosteocyte marker, was increased in response to SCL at the 35-day time point (Fig. 25).
DMPI and SOST, both markers of mature osteocytes, increased throughout the culture
period in control cultures, but both were reduced relative to controls over the last 7 days of
culture (Fig. 2C, D). The effects of rhSCL on osteocyte marker genes suggested that
sclerostin was targeting late osteoblasts/preosteocytes in the cultures and arresting them at
the preosteocyte stage, blocking or retarding their differentiation into mature osteocyte-like
cells.

Effect of SCL on late-stage osteoblast/preosteocyte-like cells

To address the possibility that SCL targeted mature osteoblasts/preosteocytes, further
experiments were performed, in which SCL treatment was initiated in NHBCs that had been
cultured for a period of 35 days under mineralizing conditions. The pretreatment conditions
resulted in an osteocyte-like phenotype, evident from the gene expression pattern shown in
Fig. 2, and as we have reported previously.(234344) At day 35, the cultures were treated with
rhSCL, and gene expression was assessed after a further 3 and 7 days. Gene expression in
the untreated control cultures over the 7-day period displayed increases in all of OCN,
DMP1, SOST, PHEX;, and MEPE, consistent with further differentiation toward a mature
osteocyte phenotype (Fig. 3). These mature cultures were highly responsive to SCL, with
concentrations as low as 1 ng/mL effective (Fig. 34). OCN mRNA levels were strongly and
dose-dependently inhibited by SCL, consistent with our previous report.(8) The expression
of mRNA encoding COL1a1 also was suppressed by rhSCL (Fig. 38). £11 mRNA
expression was significantly upregulated following SCL exposure for 3 days but then
returned to control levels (Fig. 3C). Similarly, the expression of 7TMMAP mMRNA was
transiently upregulated by rhSCL (Fig. 3D). DMP1 mRNA expression increased in control
cultures over the 7-day culture period but was strongly and dose-dependently suppressed by
rhSCL (Fig. 3£). Additionally, SOST mRNA expression was suppressed dose-dependently
by SCL (Fig. 3F), indicating a ligand-dependent negative regulation of the SOST gene.
Results in these experiments were highly reproducible between the different donor cells
tested. Expression of mMRNA encoding the recently described receptor for SCL, LRP4,(18)
was downregulated in response to rhSCL at all doses tested after 3 days and remained so
after 7 days in the presence of 10 to 50 ng/mL of rhSCL (Fig. 3G). Expression of both LRP5
and LRP6, also proposed receptors for SCL, also tended to be downregulated by rhSCL
treatment, but the effects of rhSCL on these genes was not as dose dependent (data not
shown). These data together indicated that SCL was capable of acting on preosteocytes and
inhibiting their transition into phenotypically mature osteocytes.

Effect of SCL on mineralization-regulating genes

SCL appeared to potently regulate genes associated with matrix mineralization. At 10 or 50
ng/mL, SCL strongly inhibited PHEX mRNA expression after 3 days of exposure and
continued to suppress PHEX at all doses tested after 7 days of exposure (Fig. 3F). In five
independent experiments, the fold change in relative PHEX mMRNA expression after 3 days
in response to rhSCL (50 ng/mL) was 0.55 + 0.12 (mean + SEM; p=.03, one-sample ¢test).
In contrast, mMRNA levels of the SIBLING family member MEPE were correspondingly
increased by rhSCL (Fig. 3G). In five independent experiments, the mean fold change in
relative MEPE mRNA expression after 3 days in response to rhSCL (50 ng/mL) was 2.9 +
0.50 (mean £ SEM; p=.017, one-sample #test). rhSCL had no reproducible effect on the
expression of another SIBLING family member, OPN (data not shown). We also tested the
effects of rhSCL on the genes ENPPI40) and ANK,(47) associated with pyrophosphate
production and secretion, respectively, but their expression was not regulated by rhSCL
(data not shown).
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Effect of SCL on MEPE-PHEX-regulated mineralization

We hypothesized that these effects of SCL would have functional consequences because
PHEX has a demonstrated role in cleaving MEPE-derived ASARM peptides in the matrix
surrounding embedded late osteoblasts/osteoid osteocytes, releasing their inhibitory effect
on mineralization.(”) First, we tested whether human primary osteoblast mineralization was
sensitive to inhibition by ASARM-PO4 peptides. For this, differentiating cultures were set
up in the presence of increasing concentrations of ASARM-POA4. The level of matrix
mineralization by NHBCs, as measured by either Von Kossa (VK) stain for phosphate
incorporation or alizarin red (AR) stain for calcium, was exquisitely sensitive to ASARM-
PO4, with complete inhibition achieved at a concentration of 10 M (Fig. 4A). Analysis of
the remaining calcium concentration in the culture supernatant confirmed that these cultures
of mineralizing cells potently removed calcium, with just 60% remaining after 3 days,
compared with the cell-free (CF) control. The addition of ASARM-PO4 at 10 to 20 uM
completely blocked calcium apposition and removal from the medium by the cells (Fig. 45).

Immunostaining of mineralizing NHBCs revealed that MEPE-ASARM levels increased with
time (data not shown). rhSCL treatment for 3 days of NHBC cultures grown under the
differentiating conditions described earlier to a stage resembling preosteocytes (day 35)
showed increased immunoreactivity for MEPE-ASARM (Fig. 5A). Conversely, treatment of
such cultures with rhSCL resulted in decreased immunoreactivity for PHEX (Fig. 55).
Western blot analysis of similar SCL-treated cultures confirmed that full-length MEPE
protein levels increased dose-dependently in response to rhSCL (Fig. 5D).

To test the functional significance of SCL induction of MEPE-ASARM, 35-day cultures
were treated with rhSCL in the presence or absence of neutralizing antibodies to MEPE-
ASARM and allowed to differentiate for a further 7 days. The addition of neutralizing
antibody to MEPE-ASARM did not affect the response to rhSCL at the level of gene
expression (Fig. 64). As shown in Fig. 68, rhSCL at 50 ng/mL inhibited the further
deposition of calcium over this 7-day time frame. The addition of anti-ASARM antibody
reversed the inhibitory effect of rhSCL, an effect seen in 4 of 4 independent experiments and
an example of which is shown in Fig. 6B, consistent with this being a major pathway by
which sclerostin effects inhibition of mineralization. We also incubated cells with the PHEX
peptide SPR4, which corresponds to the region of PHEX known to bind to MEPE and
inhibit MEPE cleavage into MEPE-ASARM peptides.(39) SPR4 also reversed rhSCL
inhibition of mineralization (Fig. 68), consistent with cleavage of full-length MEPE and
generation of MEPE-ASARM peptides contributing to the inhibitory action of SCL.

Expression of Sost in HYP bone

Since our in vitro experiments indicated that an important activity of SCL in vivo may be to
regulate MEPE-ASARM levels in bone, we examined Sostexpression in the long bones of
HYP mutant mice. HYP mice have been shown previously to exhibit increased MEPE-
ASARM levels, which contribute to the bone mineralization defect in these animals.(30:3748)
Real-time RT-PCR analysis of 35-day-old male /YP mice compared with age- and sex-
matched wild-type littermates revealed that Sost mRNA was elevated 3.2 + 1.3-fold (mean *
SEM) in HYPfemoral bone (p=.0078, Wilcoxon signed-rank test, two-tailed, 7=5),
consistent with the hypothesis that SCL contributes to the defective bone mineralization in
these animals.

Discussion

Accumulating evidence suggests that SCL is a key determinant of bone mass in humans, and
blockage of SCL activity is currently being trialed as a novel anabolic treatment option for
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osteoporosis.(9:50) While there is no doubt as to the effect of SCL, and the loss of SCL, on
bone mass in both humans(®) and mice,(249) little is known regarding the responding or
target cell type or the effect of SCL on the function of these cells. Instead, the vast majority
of research to date has focused on proximal events of SCL action with respect to the
signaling pathways affected. However, Winkler and colleagues found that SCL at relatively
high concentrations (>1 pg/mL) inhibited alkaline phosphatase activity in the immature
mouse cell line C3H10T1/2(1114) and inhibited the proliferation and differentiation of
immature human MSCs at similar concentrations.(!1) We reported recently that human
primary osteoblasts cultured in vitro respond to rhSCL by downregulating the expression of
RUNX2and OCNmRNAs and by activating ERK1/2 signaling.(28) In this study we
investigated in more detail the cellular targets and downstream effects of SCL action. We
found that SCL has marked effects on mineralization by human primary osteoblasts at
concentrations as low as 1 ng/mL. Strong effects of rhSCL also were observed on gene
expression in differentiated human osteocyte-like cultures, again at concentrations as low as
1 ng/mL, but with dose-dependent effects up to 50 ng/mL, with the higher concentrations
having major effects on a number of genes associated with phenotypically mature cells.
These concentrations of SCL are higher than but nevertheless near to the levels recently
reported to be found in the circulation of adult humans—between 0.3 and 0.6 ng/mL.(51-53)
The concentration of SCL in bone is unknown. These data suggest that cells at the late
osteoblast/preosteocyte stage are likely to represent an important physiologic target for SCL.
This is consistent with the restricted expression of SCL under steady-state conditions by
mature, mineral-embedded osteocytes.(11:25.54.55)

We identified at least three effects of SCL treatment that are consistent with inhibition of
bone formation and mass. First, SCL inhibited in vitro mineralization by human primary
osteoblasts. It is known that mineralization in lamellar bone occurs during the osteoblast-to-
osteocyte transition, a process reviewed and described in a comprehensive study by
Barragan-Adjemian and colleagues,®®) and the pattern of mineralization and the
corresponding gene expression profile we observed with our human primary osteoblasts
were consistent with this. Second, SCL appeared to block the maturation of osteocytes,
promoting instead a preosteocyte phenotype. This effect was suggested by the upregulation
of £11, a hallmark of the preosteocyte,(®8:57) by sclerostin, an effect we also observed in
MLO-Y4 cells (not shown). Also consistent with maintenance by SCL of the preosteocyte
phenotype, expression of the mature osteocyte markers DMP1 and SOST were decreased by
SCL treatment. Third, SCL strikingly regulated the expression of key genes involved in
bone matrix mineralization. The endopeptidase PHEX has been demonstrated to degrade
SIBLING protein—derived ASARM peptides,31:37) in particular, those derived from MEPE
and OPN, which bind to nascent bone mineral and inhibit mineral deposition.(30:31.37) sCL
treatment of human preosteocyte cultures resulted in the striking downregulation of PHEX
mMRNA, and a corresponding decrease in PHEX protein levels was evident by
immunofluorescence. Conversely, the expression of MEPE, a product of both osteoblasts
and osteocytes,(58:59) was increased at both the mRNA and protein levels in response to
SCL, which corresponded to the observed increased staining for MEPE-ASARM in rhSCL-
treated cultures. The question posed by these findings was whether the regulation of MEPE
and PHEX was a mechanism by which SCL exerted an effect on mineralization. To address
this question, we first confirmed that human osteoblast/preosteocyte mineralization was
strongly inhibited by the addition of exogenous ASARM-PO4 peptides, similar to the effects
observed previously in mineralizing cultures of mouse bone marrow stromal cellsG% and
MC3T3-E1 cells.37) We also confirmed by immunostaining that endogenous MEPE-
ASARM peptides were deposited into human cell monolayers and found that these increased
during mineral acquisition, perhaps as a control mechanism. Third, the coaddition of
neutralizing antibodies to ASARM-PO4 reversed the inhibitory effect of rhSCL on mineral
apposition without having effects on gene expression, consistent with an effect in the
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extracellular matrix. The addition of the MEPE-binding PHEX peptide SPR4, shown
previously to inhibit ASARM-PO4 activity,(30:37) also reversed the effect of rhSCL on
mineralization. Together these findings strongly suggest that SCL, by targeting late
osteoblasts/preosteocytes, controls matrix mineralization at least in part in a MEPE- and
PHEX-dependent manner, as depicted in Fig. 7. A recent study by Addison and
colleagues(®) reported that OPN-ASARM is also a negative regulator of bone
mineralization, implying that SIBLING family members in addition to MEPE may be
important in this context. OPN-derived ASARM peptides strongly inhibited mineralization
by MC3T3-E1 cells and were shown to bind hydroxyapatite.(31) However, while OPN
MRNA was expressed by NHBCs at appreciable levels, SCL had no reproducible effect on
the expression of this gene in the current study (data not shown). It should be noted that the
expression of another SIBLING family member, DMP1, was decreased in response to SCL.
While DMP1-derived ASARM peptides are also thought to inhibit mineralization, 3% this
complex protein also has a described role as a (positive) nucleator of mineralization,® and
gene deletion of Dmp1 results in disrupted mineralization patterns in vivo, (1) implying that
the type of posttranslational processing of DMP1 may be critical in determining its role as
either a positive or negative regulator. Taken together, at this stage it can be concluded that
SIBLING family members are not redundant in their function owing simply to the presence
of an ASARM motif and indeed seem to be differentially regulated by SCL.

We infer from our study of AYP mice that a SCL-MEPE-PHEX axis exists in vivo. These
animals carry a mutation in the Pex/Phex locus and have severe hypophosphatemia
associated with elevated serum levels of the phosphaturic hormone fibroblast growth factor
23 (FGF-23) and renal wasting of phosphate. /YP mice are considered an animal model of
the human condition X-linked hypophosphatemic rickets/osteomalacia (XLH).(62.63)
Osteoblasts derived from A YPmice have an intrinsic mineralization defect,(*8:64)
demonstrating that the bone defects are not due entirely to either the elevated FGF-23,
hypophosphatemia, hyperparathyroidism, or low levels of circulating 1,25-dihydroxyvitamin
D in these animals.(®) Important to this study, /Y” mice also have defective bone
mineralization, which appears to be due to elevated levels of Mepe-ASARM peptides.(30.37)
Treatment of AYP mice with the cathepsin inhibitor CA074, reduced serum levels of Mepe-
ASARM peptide, consistent with cathepsin B being responsible for cleaving Mepe, 3 and
corrected the bone mineralization defect.(®) This study shows that Sost mRNA levels are
upregulated threefold in the femurs of young-adult /Y? mice, which may precede the bone
matrix accumulation of Mepe-ASARM peptide. This will need to be confirmed in future
studies where SCL is neutralized in these animals. In addition, it will be of interest in future
studies to examine in detail the nature of the osteocytes, and potentially other cells,
contributing to the elevated expression of Sostin HYPbone. It remains to be seen if SOST
is also upregulated and therefore a potential therapeutic target in human XLH. Consistent
with our findings is a recent report in abstract(®6) of increased SostmRNA expression in the
bones of HYPmice or in mice with osteocalcin promoter—driven osteoblast/osteocyte
deletion of Phex. Of potential importance, Sostexpression was not normalized with
correction of the hypophosphatemia in these animals.(®6) Interestingly, a second report found
a reduction in SostmRNA expression in the long bones of neonatal (12-day-old) HYP
mice,®) implying that SCL may have different roles in this condition at different stages of
development in this genotype. As reviewed,®% the Mepe null mouse displays an increase in
bone mass with age. From the findings of our study, it is tempting to speculate that this may
be due to loss of SCL efficacy in these animals.

In summary, we have identified for the first time that SCL targets cells at the late osteoblast/
preosteocyte stage. In doing so, SCL inhibits their ability to mineralize their matrix and does
S0, at least in part, by increasing the level of MEPE-ASARM deposited into the matrix, both
by increasing the production of full-length MEPE by a transcriptional mechanism and by
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downregulating expression of the MEPE inhibitor PHEX (Fig. 7). Our findings begin to
explain the extraordinary anabolic effects observed of neutralizing SCL either by gene
mutation or administration of neutralizing antibodies.
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Effects of exogenously added SCL on NHBC in vitro mineralization. NHBCs were cultured
under mineralizing conditions for up to 35 days in the absence or presence of rhSCL at 1,
10, or 50 ng/mL. The medium was replenished every 3 to 4 days. (A) Continuously treated

cultures were assayed on days 21, 28, and 35 for cell layer—associated calcium levels,
determined as described in “Materials and Methods.” (8) Comparison of in vitro

mineralization when cells were treated with rhSCL for the entire 35-day period, from days
21 to 35, or from days 28 to 35. Note that NHBCs from different donors were used for the

two experiments depicted. Data represent mean values from quadruplicate wells + SD.
*Difference Difference from control (no added rhSCL), p <.05.
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Fig. 2.

Effects on gene expression of continuous exposure of mineralizing NHBC cultures to
exogenously added SCL. NHBCs were cultured under mineralizing conditions for up to 35
days in the absence or presence of rhSCL at 1, 10, or 50 ng/mL. The medium was
replenished every 3 to 4 days. At the time points indicated, total RNA was prepared and
real-time RT-PCR was performed to determine mRNA expression of (A) OCN, (B) E11, (C)
DMP1, and (D) SOST. Data shown are means of triplicate reactions + SD normalized to
expression of GAPDH mRNA. &, b, and cindicate significant differences (p <.05) from
untreated controls for rhSCL at 1, 10, and 50 ng/mL, respectively. Similar results were
obtained from three independent experiments using NHBCs from different donors.
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Effects on gene expression of acute exposure of mature NHBC cultures to exogenously
added SCL. NHBCs were cultured under mineralizing conditions for 35 days. Cells then
were cultured for a further 3 or 7 days in the absence or presence of rhSCL at 1, 10, or 50
ng/mL. The medium and supplements were replenished on day 3. Total RNA was prepared
and real-time RT-PCR was performed to determine mRNA expression of (A) OCN, (B)
COL1al, (C) E11, (D) TNAP, (E) DMPI1, (F) SOST, (G) LRP4, (H) PHEX; and (/) MEPE.
Data shown are means of triplicate reactions + SD normalized to expression of GAPDH
MRNA. g, b, and cindicate significant differences (p <.05) from untreated controls for
rhSCL at 1, 10, and 50 ng/mL, respectively. Near-identical results were obtained from three
independent experiments using NHBCs from different donors.
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Fig. 4.

Effect on in vitro mineralization of NHBCs of ASARM-PO4. NHBCs were cultured under
mineralizing conditions for 28 days in the absence or presence of ASARM-PO4 peptide at 1,
10, or 20 wM final concentration. (A) Cell layers were assayed for phosphate incorporation
by Von Kossa (VK) staining or calcium incorporation using alizarin red (AR) staining. VK
stains were quantified using ImageJ software (National Institutes of Health, Bethesda, MD,
USA). Data are means of quadruplicate cultures + SD. ***Difference from untreated control
(p<.001). (B) Supernatant or cell-free (CF) medium taken from the day 28 time point
(representing an incubation period of 3 days) was assayed for remaining calcium
concentration, as described in “Materials and Methods,” and expressed as a ratio to the level
present in the CF control. Data are means of quadruplicate cultures £ SD. ***Difference
from CF control (p <.001).
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Fig. 5.

The effect of rhSCL on endogenous levels of MEPE-ASARM. NHBCs were cultured under
mineralizing conditions for 35 days in chamber slides and then treated for a further 3 days in
the absence or presence of rhSCL (50 ng/mL). Cells were stained by immunofluorescence
antibodies for (4) MEPE-ASARM and (B) PHEX and analyzed by confocal microscopy.
Representative images of triplicate wells are shown for each treatment. The relative mean
fluorescence intensity £ SEM (arbitrary units) of the cell layer for each treatment was
quantified using ImageJ analysis of images (/7=6) taken of the unmerged antibody-specific
(FITC) signal. (C) The level of background staining using a normal rabbit I1gG as the
primary antibody. Nuclei were stained using DAPI, as described in “Materials and
Methods.” (D) The effect of a 3-day treatment of day 35 differentiated NHBC cultures with
rhSCL (0 to 50 ng/mL) on full-length MEPE expression assessed by Western blot. Relative
MEPE levels were compared with those of -actin, which served as a loading control, and
represent four independent blots. In all cases, an asterisk indicates difference from untreated

(p<.05).
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The effect of neutralizing antibody to ASARM-PO4 on the response to SCL. (A) NHBCs
cultured under mineralizing conditions for 35 days then were cultured either untreated
(control) or with rhSCL at 50 ng/mL, neutralizing antibody to ASARM-PO4 (10 pg/mL), or
a combination for 3 days, and the effect on gene expression was measured for OCN, E11,
SOST, and MEPE. Data are means of triplicate reactions £ SD and are representative of two
independent experiments. (B) The inhibitory effect of SCL on mineralization is reversed by
ASARM-PO4 and SPR4 peptides. NHBCs were cultured under mineralizing conditions for
35 days as earlier and then were cultured for a further 7 days either untreated (control) or
with combinations of rhSCL at 10 and 50 ng/mL, neutralizing antibody to ASARM-PO4 (10
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pg/mL), or SPR4 peptide (10 wM). The medium and supplements were replenished on day
3. Cell layer—associated calcium was determined after 7 days, as described in “Materials and
Methods.” Data are expressed as means + SD of quadruplicate observations. Significance, as
indicated, was determined by one-way ANOVA. Similar results were obtained in four
independent experiments.
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Fig. 7.

Cartoon representing the proposed effects of SCL as a master regulator of bone
mineralization. Anti-anabolic stimuli, such as mechanical unloading or proinflammatory
cytokines TNF-a and TWEAK, induce the expression of SCL by mineral-embedded
osteocytes. As indicated (yellow arrow), SCL then acts on late osteoblasts/preosteocytes in
local osteoid by stimulating the expression of phosphorylated MEPE, which is cleaved (by
cathepsin B) into phosphorylated ASARM peptides (ASARM-PO4). ASARM-PO4 peptides
attach to nascent hydroxyapatite-like (HA) crystals and prevent further mineralization.
PHEX promotes mineralization by inhibiting MEPE cleavage into ASARM peptides and by
degrading mineralization-inhibiting ASARM-PO4 peptides, reversing the inhibitory effect
of MEPE on mineralization. SCL decreases PHEX expression (yellow bar), potentially by
either late osteoblasts through to mature osteocytes, thereby decreasing this positive effect.
The net inhibition of mineralization by SCL is accompanied by inhibition of late osteoblast/
preosteocyte transition into mature osteocytes (yellow bar), as described in the text.
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