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The complex pathogenesis of mineralization defects seen in inherited and/or acquired hypophosphatemic
disorders suggests that local inorganic phosphate (P;) regulation by osteoblasts may be a rate-limiting step in
physiological bone mineralization. To test whether an osteoblast autonomous phosphate regulatory system
regulates mineralization, we manipulated well-established in vivo and in vitro models to study mineralization
stages separately from cellular proliferation/differentiation stages of osteogenesis. Foscarnet, an inhibitor of
NaP; transport, blocked mineralization of osteoid formation in osteoblast cultures and local mineralization
after injection over the calvariae of newborn rats. Mineralization was also down- and upregulated, respectively,
with under- and overexpression of the type III NaP, transporter Pitl in osteoblast cultures. Among molecules
expressed in osteoblasts and known to be related to P, handling, stanniocalcin 1 was identified as an early
response gene after foscarnet treatment; it was also regulated by extracellular P, and itself increased Pitl
accumulation in both osteoblast cultures and in vivo. These results provide new insights into the functional role
of osteoblast autonomous P; handling in normal bone mineralization and the abnormalities seen in skeletal

tissue in hypophosphatemic disorders.

Multiple dynamic cellular events underlie de novo bone for-
mation. Osteoblasts develop, synthesize, and deposit extracel-
lular (osteoid) matrix comprising collagen and noncollagenous
proteins and participate in osteoid mineralization. Although
much has been learned about the cellular and molecular reg-
ulation of sequential stages in the bone formation process, e.g.,
cellular proliferation and differentiation, osteoid deposition,
and mineralization, from in vitro (2) and in vivo (20) models,
much remains obscure, including, for example, the contribu-
tion of systemic versus local regulatory controls.

The control of systemic inorganic phosphate (P;) levels is
known to be indispensable for bone formation, especially for
osteoid mineralization processes, but the parathyroid hormone
(PTH) (decreasing serum P; levels)-vitamin D (increasing se-
rum P; levels) axis does not fully explain systemic P; homeosta-
sis (31). For example, fibroblast growth factor 23 (FGF23) (1)
and secreted frizzled-related protein 4 (sSFRP-4) (9) were iden-
tified and found to display the biological properties of the
putative circulating phosphaturic factor “phosphatonin,” which
may be primarily responsible for a variety of hypophos-
phatemic disorders. In contrast, osteomalacia/rickets occurs in
Hyp and Gy mice (murine homologues of X-linked hypophos-
phatemia) (18) but not in mice lacking the primary renal so-
dium-dependent phosphate (NaP;) transporter, Npt2 (6). Analy-
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ses of several Hyp mouse models have also suggested that Hyp
osteoblasts may have an intrinsic impairment in mineralization
(for example, see reference 13). Moreover, the mineralization
defects seen in Fgf23-null mice with hyperphosphatemia (34,
35) and FGF23 transgenic (TG) mice with hypophosphatemia
(23) cannot easily be explained solely by aberrant control of
systemic P; homeostasis, even taking into consideration the
altered serum biochemistry in these mouse models. Thus, at-
tention has been turning to the role of local P; handling by
osteoblasts in bone mineralization.

Two related type III NaP; transporters, Pitl/Glvrl (gibbon
ape leukemia virus receptor) and/or Pit2/Raml (amphotropic
retrovirus receptor), have been found in osteoblastic cell lines
(21). Stable transfection with a Pit] antisense (AS) expression
plasmid abrogates differentiation and matrix mineralization in
MC3T3-E1 cells treated long term (6 weeks) with BMP2 (36).
When intracellular P; is increased via Pitl overexpression, im-
mortalized human smooth muscle cells switch from a contrac-
tile to an osteogenic phenotype (24). Taken together, the data
suggest that the Pitl NaP; transporter may play a role in bone
formation. However, because P; participates in multiple cellu-
lar events including cellular proliferation and differentiation
during osteogenesis, separating a putative direct role in min-
eralization from other developmental activities is important
and of particular interest, considering the mineralization de-
fects in hypophosphatemic disorders. To test the hypothesis
that osteoblast-mediated P; handling is crucial for mineraliza-
tion, we exploited models in vivo and in vitro to assess local P;
effects on mineralization separately from effects on osteoblast
proliferation and differentiation. We show that stringent reg-
ulation of P; handling by osteoblasts through the NaP; trans-
porter Pitl is indispensable for bone mineralization and that
stanniocalcin 1 (STC1), a mammalian homologue of the Ca/
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P;-regulating fish hormone STC (11), acts as an autocrine/
paracrine regulator of this osteoblast autonomous P; regula-
tory system.

MATERIALS AND METHODS

Cell culture. Twenty-one-day-old fetal Wistar rat calvaria (RC) cells were
isolated by sequential collagenase (type I; Sigma, St. Louis, MO) digestion (8).
Cells from the last four of five digestion fractions were grown separately in
a-minium essential medium supplemented with 10% fetal calf serum and anti-
biotics for a day. Cells from the four fractions were then pooled and grown at
5,000 cells/cm? in 24-well plates or 35-mm dishes in the same medium supple-
mented additionally with 50 pg/ml ascorbic acid until osteoblasts differentiated
(day ~12). Differentiated cells were digested with collagenase/trypsin, respec-
tively, for 5 min and then osteoid-like nodules were selectively recovered by
forceps to obtain osteoblastic cell-rich fractions and reseeded at very high cell
densities (>20,000 cells/cm?; designated osteoblast subcultures). Several days
later (3 days to a maximum of 5 days), osteoblast subcultures were further
supplemented with =10 mM B-glycerophosphate (BGP) for 2 days to induce
mineralization. Some osteoblast subcultures were switched to serum-free me-
dium containing 0.1% bovine serum albumin for treatment with agents as indi-
cated in particular experiments. Mouse osteoblastic MC3T3-E1 and human
osteosarcoma SaOS, cell lines were routinely cultured with medium as described
above. Cultures were maintained at 37°C in a humidified atmosphere with 5%
CO,, and medium was changed every second or third day.

MTT assay. Differentiated cells enzymatically recovered as described above
were seeded into 96-multiwell plates. After P; loading for 96 h with or without
foscarnet (phosphonoformic acid trisodium salt hexahydrate; Sigma), cells were
cultured with 0.1% MTT [3(4,5-dimethyl-thiazoyl-2-yl)-2,5-diphenyltetrazolium
bromide)] for 4 h. Cells were then dissolved in 2-propanol, including 0.04 N HCI,
and subjected to spectrophotometry (with absorbance at 590 nm).

Foscarnet, P;, and recombinant human STC1 treatment. Foscarnet, a com-
petitive inhibitor of NaP; transport (5), was used at 10, 30, or 300 mg/kg/day in
vivo and 1 mM or less in vitro, as indicated in individual figures and tables. P;
(NaPO,) at 1.0 (regular medium), 2.5, 3.0, 3.5, and 6.0 mM in medium was used.
Recombinant human STC1 (rhSTC1) was given to rats and cultures at 15 or less
ng/kg/day and 20 ng/ml, respectively. These concentrations/doses were based on
previous reports (5, 38, 42) and our preliminary experiments to determine ef-
fective dose ranges. Reagents or vehicle (phosphate-buffered saline [PBS]) alone
were injected subcutaneously into newborn rats (5 to 8 rats per group) over the
calvaria at the sagittal suture (26) once daily for 5 days. Foscarnet, one single
time with BGP, and rhSTC1, every day from day 1 or day 2 (for combination
treatments with oligonucleotides), were added into cultures in particular exper-
iments. Cycloheximide was used at 2 pg/ml.

Whole-mount skeletons and histology. Whole rat bodies were fixed in 95%
ethanol, and skinned specimens were then placed in acetone and stained with
alcian blue and alizarin red (22). Calvariae were fixed in 10% neutral buffered
formalin or 4% paraformaldehyde in PBS, decalcified in 10% EDTA (pH 7.4),
at 4°C and embedded in paraffin. The fixed bones were also embedded in
glycol/methacrylate for plastic sections. Sections 3 wm in thickness were stained
with hematoxylin and eosin, von Kossa and toluidine blue, toluidine blue alone,
or trichrome stain.

Biochemical parameters in serum. A 1,25(OH),D radioimmunoassay kit
(TFB, Tokyo, Japan) was used to measure 1,25(OH),Dj; in serum pooled from
7 rats per group. Serum Ca, P;, and alkaline phosphate (ALP) were measured by
using colorimetric (for Ca and ALP) and UV (for P;) determination kits (Sigma).
All kits were used according to manufacturer’s instructions.

AS oligonucleotide treatments. All oligonucleotides (Biosource, Camarillo,
CA) had their internucleotidic linkages phosphorothioated at both the 5" and 3’
ends as described previously (33). Inverted (INV) and scrambled (SCR) se-
quences were used as controls for AS sequences. The sequences of the AS and
SCR oligonucleotides were as follows: STC1 and AS, 5'-TCACTGCTGAGTT
TTGGAGCAT-3', and SCR, 5-TATGGTCTGTGTCGAACTCTAG-3'; Pitl
and AS, 5'-GGGGCCAGGGTAGATGCCAT-3', and SCR, 5'-GAGGGTCAA
TACGTCCGAGGG-3'; Pit2 and AS, 5'-AGATACCCATCCATGGCCAT-3',
and SCR, 5'-TACACGTCTGACAGACCTAC-3'. Oligonucleotides (STCI, 3
wM; Pitl and Pit2, 2 pM each) were added to osteoblast subcultures every day
from day 1 to culture termination (day 5). For combination treatment with pQE
plasmids, osteoblast subcultures were treated with oligonucleotides from day 2.

Human Pitl overexpression. Human Pitl (hPitl) full-length ¢cDNA in the
EcoRYV and Xhol cloning sites was prepared from a human cementing fibroma
cell line and ligated into pQE-TriSystem (QIAGEN, Hilden, Germany). Osteo-
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blast cultures (day 1) were transfected with 0.5 ug pQE-TriSystem-hPitl (pQE-
hPitl) or an empty plasmid as a control with TransFast transfection reagent
(Promega, Madison,WI) and further incubated for 7 days.

Reverse transcription (RT)-PCR and real-time RT-PCR. Total RNA was
prepared using TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA synthesis
and PCR amplification were performed using standard protocols (Toyobo,
Osaka, Japan, and QIAGEN). Primer sets for rat STC1, ALP, osteopontin
(OPN), the type I NaP; transporter (NPT1), NPT2b, NPT2c, brain-specific NaP;
transporter (BNPI), Pitl, Pit2, and L32 (ribosomal protein L32 as an internal
control) were designed using Primer Picking (Primer 3) and were as follows:
STC1, 5'-CTGCCTCAACAGTGCCCTAC-3" and 5'-GGAGGTTCCTGAGGA
GGACT-3'; OPN, 5'-AGAGGAGAAGGCGCATTACA-3' and 5'-GCAACTG
GGATGACCTTGAT-3'; NPT1, 5'-AGAGAGAATGGGCTGCTGTC-3" and
5'-AAGCTTCAGGCTACCGGTCT-3"; NPT2b, 5'-AGAGGGCATATCCACT
CACG-3' and 5'-GTATTGTCAAAGCCCCCAGA-3'; BNPI, 5'-TGAGGATC
CTTCAGGGATTG-3" and 5'-CAGTCCCACCTTGCTGATCT-3'; NPT2c, 5'-
AGACTGCTCTGCCATCACCT-3' and 5'-CAGTCTCAAGACAGGCACCA-
3" Pitl, 5'-TGTGATGTCTTGGTTCGTCT-3' and 5'-AGGTTGCCATTAGG
CAACTG-3'; Pit2, 5'-GACTCCCAATCTCAGGGACA-3' and 5'-TCCTGAG
CTGGTTTCTCCTC-3'; L32, 5'-CATGGCTGCCCTTCGGCCTC-3" and 5'-C
ATTCTCTTCGCTGCGTAGCC-3'. Primers for NPT2a (17), described previously,
were 5'-TATCATCCAGCTGGACAAGTC-3' and 5'-CAGGGAGAAGCTCT
CCAGCTC-3'. Full-length hPitl cDNA was obtained using primers 5'-GGCA
ACGCTGATTACCAGTACTACAGCT-3" and 5'-GGAACTCGAGTCACAT
TCTGAGGATGACAT-3’ (the recognition site of Xhol used for cloning is
underlined). ReverTraAce (Toyobo) and QIAGEN Tagq polymerase/ProofStart
DNA polymerase (for full-length hPit1) were used for RT and PCR, respectively.
PCR was performed for 18 to 38 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C
for 30 s (2 min for hPitl). To quantify reaction products, at least four different
cycles over the linear phase were chosen for each target. Reaction products were
separated by electrophoresis using a 1% agarose gel. Bands were visualized by
UV illumination of ethidium bromide-stained gels and captured using an ATTO
Densitograph system (Tokyo, Japan). Band intensity was quantitatively analyzed
in three independent experiments by Densitograph software (ATTO) for each
gene and was normalized to corresponding L.32 values. Real-time RT-PCR was
also carried out in triplicate by using a LightCycler system (SYBR Green 1;
Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instruc-
tions. Each product was confirmed by subcloning and sequencing or by the
determination of melting curves.

Western blotting. Cells were lysed in RIPA buffer (1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 158 mM NaCl in 10
mM Tris-HCI [pH 7.2], 1 mM EGTA, 100 ng/ml leupeptin, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 1 mM Na;VO,). Proteins (20 pg) were resolved by
SDS-polyacrylamide gel electrophoresis on 15% gels under reducing conditions
and electroblotted onto nitrocellulose membranes. The membranes were incu-
bated with TTBS (0.1% Tween 20 and 0.1 M NaCl in 0.1 M Tris-HCI [pH 7.5])
containing 0.2% casein for 2 h and with anti-rhSTCI monoclonal (0.5 pg/ml)
antibody (42), anti-Pit1 and Pit2 antibodies (Alpha Diagnostic International, San
Antonio, TX) or anti-His monoclonal antibody (QIAGEN) at 4°C overnight. The
membranes were then treated with a horseradish peroxidase-conjugated second
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h, followed by
chemiluminescence detection (Lumi-LightPLUS Western blotting substrate;
Roche Diagnostics). Equal loading of proteins was confirmed by anti-actin an-
tibody (Santa Cruz Biotechnology).

ALP von Kossa staining. For histochemical analysis of ALP activity and matrix
mineralization, cultures were fixed in neutral buffered formalin at 4°C for 15 min,
treated with naphthol AS MX/red violet LB in 0.1 M Tris-HCI (pH 8.3), followed
by incubation with 2.5% silver nitrate solution (8).

NaP; transport assay. Regular RC cell cultures and osteoblast subcultures
treated with or without rthSTC1 for 3 days under serum-free conditions were
washed with washing buffer (150 mM choline chloride, 1.8 mM MgCl,, 1 mM
CaCl,, and 10 mM HEPES buffered with Tris-HCI [pH 7.4]) and NaP; transport
was measured with or without Na™ in the presence of 0.1 mM KH,PO, (1 n.Ci/ml
32P,; Amersham, Piscataway, NJ) at 37°C. After 10 min, the cells were washed,
dried, and solubilized in 0.2 N NaOH. P; uptake was determined by liquid
scintillation counting (39). The raw data (in cpm) were transformed to nmol/mg
protein.

Statistical analysis. Data are expressed as means * standard deviations of
replicate samples (n = 3 to 8, depending on the experiment), and experiments
were repeated a minimum of two to three times. Statistical significance of
differences was evaluated by analysis of variance and post hoc Student’s ¢ test.
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RESULTS

Osteoid mineralization is controlled by osteoblast-mediated
NaP; transport. We found that NaP; transport increased and
reached a maximum at the mature osteoblast stage in differ-
entiating fetal RC cell cultures (Fig. 1A and B), suggesting that
P; requirements in osteoblasts are larger than those in osteo-
progenitor cells. To determine whether local NaP; transport
plays a role in mineralization separate from a role in prolifer-
ation-differentiation, we treated mature RC subcultures (cul-
tures in which osteoblasts had already differentiated and ma-
trix was deposited but had not yet mineralized; designated
osteoblast subcultures; Fig. 1A) with foscarnet, a selective in-
hibitor of NaP; transport (5). Such osteoblast subcultures at
very high cell densities reached confluence, expressed mRNAs
for osteoblast markers (i.e., Runx2, ALP, OPN, BSP, and
OCN), and mineralized their matrix quickly (within a few days)
in the presence of BGP without forming nodules; this was in
contrast to primary RC cell cultures in which ALP-positive and
nodule-forming cells form via a proliferation-differentiation
sequence such that discrete foci form over a period of approx-
imately 14 or more days, with resultant increases in ALP, BSP,
and OCN mRNA expression (Fig. 1C).

In osteoblast subcultures, foscarnet (=1 mM) inhibited min-
eralization (Fig. 1C) with a decrease in NaP; transport (Fig.
1D) and mRNA for OPN, a marker of osteoblast response to
P; (5), but with no apparent changes in either ALP staining or
ALP, BSP, OCN, and Runx2 mRNA levels (Fig. 1C and E).
Notably, mineralization was enhanced with a concomitant in-
crease in OPN mRNA when extracellular P; was increased
(Fig. 1F). Low concentrations (=4 mM) of P; had no detect-
able effect on cell viability/activity as judged by morphology
and ALP staining or by the MTT viability index (not shown),
while P; overloading (=5 mM, representative MTT data at 7
mM are shown in Fig. 1G) induced cell death (apoptosis, see
reference 25). These effects were abrogated by foscarnet treat-
ment (Fig. 1F and G), suggesting that osteoblasts stringently
regulate NaP; transport for mineralization.

To extend these results to an in vivo bone formation model
(26), we injected foscarnet over the calvaria of newborn rats.
Preliminary experiments allowed identification of concentra-
tions of foscarnet with no detectable systemic effects: pups
given foscarnet at doses of 30 mg/kg/day and lower had normal
levels of serum Ca, P;, ALP, and 1,25(OH),D; as well as body
weight (Table 1). Thus, we chose 30 mg/kg/day of foscarnet to
study further the effects of local blocking of NaP; transport on
calvarial bone formation. In whole-mount skeletons double
stained for bone and cartilage, we observed a mineralization
defect in calvarial bones but no detectable delay or impairment
of mineralization in other parts of the facial, axial, or appen-
dicular skeleton (Fig. 2A to C). Higher magnification views of
the parietal bone close to the sagittal suture indicated that
toluidine blue-positive unmineralized osteoid matrix com-
prised narrow seams in the control group but very wide seams
in the foscarnet-treated group (Fig. 2D); von Kossa and
trichrome staining supported these observations (data not
shown). The wide osteoid seams of foscarnet-treated calvariae
were covered with cuboidal osteoblasts that were histologically
indistinguishable from control osteoblasts (Fig. 2E and F).
Other histological features were also similar between foscar-
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FIG. 1. NaP; transport is closely correlated with mineralization in
vitro. (A) Outline of proliferation-differentiation-maturation sequence
in RC cell cultures. Cells actively proliferate, reach confluence (day 6),
and subsequently differentiate and mature (day 13). When mature cells
at days 13 to 14 were subcultured at a high cell density, mineralization
was quickly initiated within 36 h in mature osteoblast cultures when
BGP was added. (B) NaP; transport during osteoblast development in
primary differentiating RC cell cultures. NaP; transport reached a
maximum when cells fully differentiated and matured. Round and
triangle symbols show P; transport in the presence and absence, re-
spectively, of sodium. (C) Typical ALP/von Kossa staining (upper
panels) and osteoblast marker mRNA levels (lower panels) in primary
(Pri) cultures (day 20) and osteoblast subcultures (Sub, day 6 after
subculture of day 14 mature osteoblast primary cultures) in the pres-
ence of 10 mM BGP and with or without 0.5 mM foscarnet. Osteoblast
subcultures uniformly stained with ALP (red) and manifested in-
creased mineralized areas (black) in comparison to that of parallel
primary cultures; foscarnet completely inhibited mineralization in os-
teoblast subcultures. (D) Foscarnet dose dependently inhibits NaP;
transport in osteoblast subcultures. (E) Foscarnet decreases OPN
mRNA but not Runx2 and ALP mRNA levels in osteoblast subcul-
tures. Osteoblast subcultures (day 2) were treated with 0.5 mM fos-
carnet for 2 days in the presence of 5 mM BGP. Semiquantitative
RT-PCR data are shown along with a representative agarose gel (up-
per panels). L32 was used as an internal control. *, P < 0.05, compared
with vehicle (—). (F) The NaP; transporter is involved in mineraliza-
tion. P; loading to less than 4 mM increased not only mineralization but
also OPN mRNA levels (semiquantitative RT-PCR as shown in panel
E) in osteoblast subcultures, which was abrogated by treatment with
0.5 mM foscarnet. **, P < 0.01, compared with vehicle (—). (G) Over-
loading of P; causes cell death via the NaP; transporter. The MTT assay
reveals that foscarnet dose dependently blocked P;-dependent cell
death. Osteoblast subcultures were treated with P; (7 mM) with or
without foscarnet for 4 days. *, P < 0.05, and **, P < 0.01, compared
with matched vehicle control (—).
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TABLE 1. Effects of local injections of foscarnet on the newborn rat calvaria for 5 days on serum and body weight parameters

Effects of foscarnet injection (£ SD) on the indicated parameters®

Foscarnet dosage Body wt (g) Serum concn
(mg/kg/day) ALP 1,25(OH),D
Day 0 Day 4 Ca (mg/dl) P; (mg/dl) (Ufliter) i o g/ml)z 3
Control 6.36 £ 0.35 12.3 =035 10.3 = 0.53 8.7 £0.22 242 £ 13 157
10 6.40 = 0.36 12.9 = 041 10.1 = 0.37 9.0 £0.27 234 + 12 152
30 6.46 = 0.32 12.6 = 0.35 10.1 £ 0.31 8.9 +0.23 247 £ 18 163
300 6.46 = 0.29 10.4 = 0.70* 8.8 £ 0.43* 7.7 = 0.42* ND ND

“ Values shown are means * standard deviations. *, P < 0.05, compared with control. ND, not detected.

net-treated and control treatment groups (Fig. 2E and F).
Histomorphometry indicated that the osteoblast number and
the total bone thickness were not different, but osteoid thick-
ness was greater in foscarnet-treated than vehicle-treated cal-
variae (Fig. 2G). Thus, blocking NaP; transport locally in the
growing calvariae of newborn rats elicits a regional mineral-
ization defect without changes in systemic P; homeostasis.
Taken together with the NaP; transport activity and foscarnet
effects in vitro (Fig. 1), our data suggest that mineralization is
more sensitive to NaP; transport than other bone formation
processes.

The NaP; transporter Pitl is required for mineralization in
osteoblast subcultures. Among NaP; transporters identified to
date, we found predominantly Pit1 and Pit2 with low amounts
of BNPI expressed in RC osteoblast subcultures (Fig. 3A and
B) as well as MC3T3-E1 and SaOS2 cells (data not shown).
NPT1, NPT2a, and NPT2b were not detected in osteoblastic

cells. There was an excellent correlation between the accumu-
lation of Pitl and Pit2 proteins (detected as a single band
about 95 kDa in size, respectively; Fig. 3C) and NaP; transport
activity (Fig. 1B) as osteoblasts differentiated, although their
mRNA levels were downregulated. Given this, and the fact
that Pitl activity has been implicated in both smooth muscle
(24) and BMP2-treated MC3T3-E1 (36) cell function, we next
asked whether one or both Pit proteins are functionally active
in mineralization in osteoblast subcultures. Specific knock-
down of Pitl but not Pit2 by AS oligonucleotides inhibited
mineralization (Fig. 3D). Pitl AS oligonucleotides also
blocked expression of OPN but not ALP (whose disruption
abrogates mineralization in vivo and in vitro (41 and see be-
low) (Fig. 3E). Consistent with these results, mineralization
was increased in hPitl-expressing cells (transient transfection
with pQE-hPitl) (Fig. 3F). It is also worth noting that overex-
pression of hPitl downregulated endogenous Pitl levels (Fig.
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(A to F) Upper and lower panels show the vehicle (control)- and foscarnet-treated groups, respectively. (A to C). Whole-mount skeletons double
stained with alcian blue (cartilage) and alizarin red (calcified bone) show that only the calvarium (arrowhead) is affected in rats treated with
foscarnet over the calvaria. (A) Whole-body specimens show no systemic effects of locally injected foscarnet on any skeletal elements other than
calvaria. (B) Higher magnification of the skulls shown in panel A. (C) Higher magnification of the enclosed areas in panel B. Markedly less
mineralization is seen in foscarnet-treated calvariae; note the region stained with alcian blue but not with alizarin red. (D and E) Transverse
sections of areas shown in boxes 1 and 2 in panel C. (D) Toluidine blue staining of plastic sections. A wider unmineralized seam (light blue staining)
is seen in foscarnet-treated calvariae. (E and F) Hematoxylin and eosin staining of decalcified paraffin sections. No detectable histological
differences other than the width of the osteoid seam, as shown in panel D, was seen between the two groups. Scale bars represent 50 pwm.
(G) Histomorphometric analyses of the osteoblast number (ectocranial surface), the width of the parietal bones, and the osteoid width in foscarnet-
versus vehicle-treated bones. Measurements were made between 200 and 600 wm laterally from the sagittal suture. **, P < 0.01, compared with
vehicle.
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FIG. 3. Pitl, the major type III NaP; transporter in osteoblasts, is essential for mineralization in vitro. (A) RT-PCR analysis of known NaP;
transporters in RC cells. Pit1, Pit2, and BNPI, but neither NPT1, NPT2a, nor NPT2b, were detected. RC, RC cells (day 13 cultures). Liver (Liv),
kidney (Kid), intestine (Int), and brain (Brn) tissues were used as positive controls. RT-PCR data are shown as a representative agarose gel.
(B) Relative levels of NPT mRNAs in osteoblast subcultures. Real-time RT-PCR reveals that Pitl mRNA is most abundantly expressed in
osteoblasts, followed by that of Pit2; BNPI is only faintly detected. (C) Pit mRNA expression and protein accumulation during osteoblast
development in primary RC cell cultures are shown. Real-time RT-PCR shows a decrease in Pitl and Pit2 mRNA levels during osteoblast
development. In contrast, a representative Western blot reveals a gradual increase in Pit1 and Pit2 proteins as osteoblasts mature (Fig. 1A). (D) AS
knockdown of Pitl but not Pit2 inhibits mineralization. Osteoblast subcultures were untreated or were treated with oligonucleotides (2 pM; AS,
antisense; SCR, scrambled; INV, inverted) specific to Pitl or Pit2 for 5 days. A representative Western blot shows specific effects of Pitl and Pit2
AS oligonucleotides on their corresponding protein levels. *, P < 0.05, compared with vehicle (—). (E) AS knockdown of Pitl decreases OPN but
not ALP mRNA levels in osteoblast subcultures. Semiquantitative RT-PCR was performed with cultures parallel to those used for mineralization
studies in panel D. (F) Cells overexpressing hPit1 express the phenotype opposite to those in the AS experiment. *, P < (.05, compared with empty
vector (pQE). hPitl mRNAs in day 3 cultures and Pitl, Pit2, and OPN mRNA levels in day 5 cultures and His-tagged hPitl in immunoblots at
day 3 cultures are shown. Lanes a and b indicate osteoblasts transfected independently with two different pQE-hPitl plasmids. Osteoblast
subcultures were transfected with pQE plasmids at day 1 and further incubated for 5 days. Mineralization effects are shown with a representative
agarose gel on the right (upper black lanes, RT-PCR) and Western blot (lower two lanes). L.32 and actin were used as internal controls, shown

in panels B, E, and F and in panels C, D, and F, respectively.

3F). Together with the cell death seen at high extracellular P;
levels (Fig. 1G), these data demonstrate that specific levels of
P; achieved via the Pitl NaP, transporter in osteoblasts are
required for mineralization.

STC1 is involved in P;-mediated mineralization in osteo-
blast subcultures. To elucidate the regulatory pathway that
links an osteoblast-resident P;-sensing system to matrix miner-
alization, we performed semiquantitative RT-PCR and screened
control versus foscarnet-treated (12 h) osteoblast subcultures for
differential expression of a candidate (foscarnet-sensitive
early) gene(s) that might regulate NaP; transport. In addition
to FGF23 (1) and sFRP-4 (9), we screened dentin matrix
protein 1 (DMP1) (12) and matrix extracellular phosphoglyco-
protein (MEPE) (32), which have been isolated from tumors
associated with hypophosphatemia. We also assessed a variety
of factors expressed in osteoblasts and previously shown to
alter NaP; transport in osteoblastic cell lines, such as PTH-
related peptide (PTHrP) (30), transforming growth factors
(TGFs) (30, 28), insulin-like growth factor (IGF)-I (29), plate-
let-derived growth factor (PDGF) (44), and basic fibroblast
growth factor (37). In addition, we assessed STC1, a molecule
we have shown to upregulate NaP; transport in differentiating

osteoblastic cells (42). Among the molecules screened (Table
2) in cells treated transiently with foscarnet, we found only
STC1 mRNA significantly upregulated within 12 h in response
to foscarnet, concomitant with upregulation of ALP (~12 h)
and followed by sequential increases in Pitl (~24 h) and Pit2
(~48 h) mRNA levels (Fig. 4A). OPN mRNA expression was
initially decreased (~12 h) and then returned to the basal level
within 48 h.

To confirm that STC1 expression is sensitive to changes in
NaP; transport and P; levels, we also determined whether P;
loading (treatment with 10 mM BGP) alters STC1 mRNA
expression in osteoblast subcultures. STC1 was downregulated
by 48 h after the addition of BGP when the cultures were
completely mineralized but not at 24 h when mineralization
was in progress (Fig. 4B). We next asked whether STCI is
involved in matrix mineralization independently of its stimu-
latory effect on osteoblast differentiation seen in primary RC
cell cultures (data not shown) (42). To do this, we again used
the osteoblast subculture model and found that recombinant
human STC1 (rhSTC1) increased NaP; transport, concomitant
with increased mineralization and OPN mRNA levels (Fig.
4C). Because AS knockdown of STC1 elicited a mirror image
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TABLE 2. Candidates for a regulatory factor that are expressed in
osteoblasts and that link the osteoblast Pit1-P; system
to mineralization”

MoL. CELL. BIOL.

effect of the recombinant protein and further decreased Pitl
mRNA expression (Fig. 4D), we conclude that STC1 is in-
volved in P;-mediated mineralization in the osteoblast subcul-

Group Factor Reference(s) ture model.

P,-regulating factors FGE23 ADHR Consortium (1) . ST.CI i:unctlonal.ly c?ntrlbutes to Pitl-mediated mln.erallza-
isolated in tumor-induced  SsFRP 4 Berndt et al. (9) tion in vitro and in vivo. To address whether STCI is func-
osteomalcia DMP-1 De Beur et al. (12) tionally linked to Pitl-mediated mineralization, we treated os-

MEPE Rowe et al. (32) teoblast subcultures with rhSTC1 in combination with Pitl AS

Osteotropic factors PTHrp Pizurki et al. (30) oligonucleotides (Fig. 5A). Notably, rhSTC1 part.lally {esc.ued

TGFs Pizurki et al. (30); cultures from the decreases in NaP; transport, mineralization,
Palmer et al. (28) and OPN mRNA expression (Fig. 4C) that resulted from AS

IGF-1 Palmer et al. (29) knockdown of Pitl. Treatment of osteoblast subcultures for 3 h

PDGF Zhen et al. (44) with rhSTC1 under serum-free conditions increased Pitl

Basic FGF  Suzuki et al. (37) RNA wh loheximid | t i

STC1 Yoshiko et al. (42) m when cycloheximide was also present, suggesting su-

perinduction (conventionally regarded as a secondary conse-
quence of translational arrest) (14) (Fig. 5B). We also exam-
ined the consequence of AS knockdown of STC1 in osteoblast
subcultures overexpressing hPitl by transfection of pQE-hPit1.
While AS knockdown of STC1 decreased mineralization con-
comitantly with lower levels of Pitl and OPN mRNA (Fig.
4D), it did not reverse the increases seen after transfection of

“ Under our treatment protocol conditions, most factors either did not change
or changed expression levels <50% in response to foscarnet; STC1 increased
expression fourfold.
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FIG. 4. STC1 is coupled with P;-mediated mineralization in vitro. (A) Sequential changes in expression levels of OPN, Pitl, STCI1, and ALP
mRNAs in cells treated with foscarnet. Osteoblast subcultures were treated with 0.5 mM foscarnet for 12 h and then screened for foscarnet-
sensitive rapid response genes by semiquantitative RT-PCR. Among molecules screened (Table 2), only STC1 changed significantly (fourfold
increase) by 12 h, and this was followed by an increase in Pitl mRNA levels by 24 h. (B) STC1 mRNA levels were downregulated by BGP.
Osteoblast subcultures were treated with 10 mM BGP at the times indicated and then subjected to real-time RT-PCR. STC1 mRNA levels
decreased when mineralization was completed (~48 h). (C) rhSTCI increases NaP; transport, mineralization, and OPN mRNA expression in
osteoblast subcultures. Cultures were grown under the same conditions as described for panel B; cultures were treated with 20 ng/ml rhSTC1 for
3 days under serum free-conditions for the NaP; transport assay and for 5 days under normal conditions for mineralization and OPN mRNA
expression (semiquantitative RT-PCR). *, P < (.05, compared with vehicle (—). (D) Cells with AS knockdown of STC1 expressed the opposite
phenotypes to those treated with thSTC1. Osteoblast subcultures were untreated or were treated with oligonucleotides (3 pM; AS, antisense; SCR,
scrambled; INV, inverted) specific to STC1 for 5 days. *, P < 0.05, compared with vehicle (—). Semiquantitative RT-PCR reveals the downregu-
lation of Pitl as well as OPN mRNA. The inset in the right-hand graph shows Western blotting documenting the specific knockdown of STC1 by
AS but not two control oligonucleotides. See above for semiquantitative RT-PCR and Western blotting. .32 and actin were used as internal
controls in assays shown in panels A to C and D, respectively.
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FIG. 5. STC1 is functionally coupled to Pitl for mineralization in vitro. (A) Coupling of Pitl and STC1 is involved in mineralization. rhSTC1
partially rescued the decrease in NaP; transport, mineralization, and OPN mRNA expression elicited by AS knockdown of Pitl (AS Pitl oligo).
Western blotting (inside the right-hand graph) and semiquantitative RT-PCR reveal that Pitl protein and OPN mRNA levels were highly
synchronized with NaP; transport activity and mineralization. Osteoblast subcultures were treated with or without 2 wM Pit1 oligonucleotides (Pit1
oligo, AS, or INV) in combination with or without 20 ng/ml rhSTC1 for 5 days. *, P < 0.05, and #, P < 0.05, compared with AS and vehicle (—),
respectively. (B) Superinduction of Pitl mRNA expression in response to rthSTC1 in the presence of cycloheximide (CHX). Osteoblast subcultures
under serum-free conditions were treated with 20 ng/ml rhSTC1 in the presence or absence of 2 pg/ml CHX for 3 h and subjected to
semiquantitative RT-PCR analysis. *, P < 0.01, compared with vehicle (—). (C) AS knockdown of STC1 had no detectable effect on the increased
mineralization seen with hPit1-overexpressing cultures. Osteoblast subcultures were transfected with pQE-hPit1, followed by treatment with STC1
oligonucleotides (3 .M AS or INV) for 6 days. Western blotting shows that overexpression of hPit1 by pQE-hPit1 is not affected by AS knockdown
of STCI1. L32 and actin were used as internal controls for assays shown in panels B and A and C, respectively.

pQE-hPitl (Fig. 5C). These data demonstrate an STC1-Pitl
pathway linked to mineralization, in which STC1 stimulates
Pitl mRNA expression, resulting in increased NaP; transport
in mature osteoblast cultures and, vice versa, STCI1 expression
is regulated by P, levels in a sensing system in which Pit1 rather
than STC1 may be rate limiting.

Finally, we asked whether rhSTC1 alters osteoid mineraliza-
tion during de novo bone formation in vivo, using the same
newborn rat calvaria model described above. The thickness of
the osteoid layer in the rhSTCl1-treated group was thinner than
that in vehicle-injected control animals, but no changes were
detectable either in other histomorphometric features (Fig. 6A
to C) or in the systemic serum parameters described above
(Table 3). In addition, Pit] and OPN mRNA levels were higher
in the calvaria treated with thSTCI than those of the controls
(Fig. 6D). These in vivo results were entirely consistent with
those in the osteoid nodule culture model and suggest that
STC1 is a potent regulator of osteoid mineralization.

DISCUSSION

We have shown that NaP; transport in osteoblasts is indis-
pensable for osteoid mineralization in rapidly growing rat
bones. By using the osteoblast subculture model (fully differ-
entiated osteoblast cultures), we have also shown that a care-
fully regulated level of NaP; transport via the type III NaP;
transporter Pitl is required for mineralization independently
of effects on cellular proliferation and differentiation. STC1
expression is sensitive to P; levels and, vice versa, regulates Pit1
expression and thereby NaP; transport. Thus, our results
strengthen the hypothesis that mature osteoblasts control bone
mineralization via an endogenous P;-sensing system (Fig. 7),
whose disruption may cause mineralization defects indepen-
dently of systemic P; homeostasis.

It has been generally assumed that P; is required for bone
formation, and growing evidence implicates P; signaling in the
induction of OPN, among other genes, and osteoblast differ-
entiation (3, 5), although the underlying mechanisms are still
largely unknown (4). Because mineralization defects are seen
with increasing osteoid width in autosomal dominant hy-
pophosphatemic rickets (ADHR) (1) and Fgf23-null mice (34,
35) and Hyp mice (18), it is becoming increasingly important to
separate the mineralization effects of P; from cellular prolifer-
ation and differentiation effects. To this end, we manipulated
the RC cell culture model to separate responses to P; during
osteoblast development from those during the mineralization
phase. We combined this with Pit1 and STC1 gain-of-function,
loss-of-function, and rescue experiments at specific differenti-
ation stages in vitro and in vivo. By these approaches, we show
for the first time the functional role of osteoblast Pitl in min-
eralization without its possible confounding effects on osteo-
blast proliferation and differentiation. Taken together with
recent data for MC3T3-E1 cells treated long term with BMP2
(36), the data provide strong support for Pitl-mediated P;-
dependent regulation of bone formation. Indeed, P; has been
shown to regulate multiple genes during MC3T3-E1 osteoblast
differentiation, including the transcription factor Nrf2 (4).

Not only our data but also other recent observations such as
those with Fgf23-null mice, which exhibit mineralization de-
fects even under hyperphosphatemic conditions (34, 35), un-
derscore the need to determine whether and how locally pro-
duced phosphaturic factors act to regulate local P; homeostasis
in bone. For example, loss of DMP1, which is abundant in
osteocytes, was found to cause a mineralization defect with
elevated FGF23 levels in both human and mouse models (15),
providing new insights into osteocyte function and mineral
metabolism. Notably, we identified STC1 but not several
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FIG. 6. Bone mineralization progresses rapidly in response to in-
jection of thSTCI1 over the sagittal suture of calvariae of newborn rats.
(A and B) Transverse sections of the parietal bone treated with (B) or
without (control) (A) rhSTCI (5 pg/kg/day) for 5 days. Decalcified and
paraffin-embedded sections stained with hematoxylin and eosin (upper
panels) and plastic sections stained with toluidine blue (lower panels),
respectively. Scale bars represent 50 wm. (C) A decrease in osteoid
seams without any detectable change in either total bone thickness or
osteoblast number in rhSTCl-treated calvariae (closed column). =*,
P < 0.05, compared with vehicle (—). (D) Pitl and OPN mRNA levels
are increased in RNA samples from individual calvaria of animals
treated with thSTC1 (+) compared to those of vehicle-treated animals
(—)- Mn indicates individual mothers and their pups; M1 to M3 each
had four pups and M4 had two pups treated as indicated. Semiquan-
titative PCR was used to estimate changes in gene expression (see
Materials and Methods); a representative agarose gel is shown. L32
was used as an internal control.

known phosphaturic factors, including FGF23 and DMP1, in
our screening of candidate early response genes differentially
expressed in control versus foscarnet-treated osteoblasts. STCI,
similarly to many other osteotropic factors capable of increas-
ing NaP; transport as described above, not only increases min-
eralization but also increases osteoblast differentiation in par-

MoL. CELL. BIOL.

BGP —

Pi
ALP
il ;

}L:ALP o
(5 D. . l\ l\ :(fl“h.
Pt [>STC T [ %
® [ sSTC1-R?
Mineralization
o
L X

FIG. 7. A schematic of the STC1-Pitl-P;-sensing system in osteo-
blasts, deduced from this study. Among all elements that act to en-
hance bone mineralization, NaP; transport via Pitl is a rate-limiting
step in mineralization. Low levels of NaP; transport stimulate STCI
and ALP expression. STC1, as an autocrine/paracrine factor via a
putative unknown receptor (perhaps STC1-R), induces Pitl expression
directly to increase NaP; transport. Increased intracellular P; increases
OPN expression and stimulates mineralization.

allel with its NaP; transport activity (42). Two different TG
mouse lines overexpressing STCI via either a muscle-specific
myosin light chain promoter (16) or a metallothionein I pro-
moter (40) have been made. Among the effects observed,
growth was retarded with elevated P; and decreased ALP levels
in sera of both models; and bone formation, but not mineral-
ization, was decreased with a suppression of osteoclast activity
only in the former TG mouse model (16). In contrast to these
two TG mouse lines, Stcl-null mice display no detectable
anomalies in growth, reproduction, or a variety of other phe-
notypic parameters tested (10). The reasons for these discrep-
ancies are currently not known; however, in addition to the
complexity of both systemic (see introduction) and skeletal
(see below) P; regulation, the existence of STCI variants (27)
and STC2 (which has 35% sequence identity with STC1) (19
and see below) may play a compensatory and/or an interacting
role(s) when STC1 expression is chronically altered. Together
with the fact that an STCl-specific receptor has not yet been
identified, the data suggest that it may be difficult to detect
direct effects on osteoblasts and mineralization from indirect
effects in these genetically engineered models. An alternate
approach used here was to acutely and locally modify STC1
expression levels at specific developmental times, an approach
that is achievable in both our in vivo and in vitro models and
that uncovered the functional involvement of STC1 in Pitl-

TABLE 3. Effects of local injections of STC1 over the newborn rat calvaria for 5 days on serum and body weight parameters

Effects of STC1 injection (+ SD) on the indicated parameters”

STC1 dosage Body wt (g) Serum concn
(ng/kg/day)
ALP 1,25(OH),D
Day 0 Day 4 Ca (mg/dl) P; (mg/dl) (Ufliter) ([()g/m%)z 3
Control 6.16 = 0.33 13.1 = 0.41 10.6 = 0.43 8.9 +0.32 233 =13 151
2 6.40 = 0.36 13.3 = 0.35 10.2 = 0.33 9.1 +0.43 242 =19 160
5 6.17 = 0.38 12.9 = 0.29 10.7 = 0.25 9.2 +0.44 237 £ 15 149
15 6.24 = 0.39 13.5 =045 10.6 = 0.35 9.1 +0.27 240 = 19 156

“ Values shown are means * standard deviations. 1,25(OH),D5 concentrations were measured in serum pooled from 7 rats per group.
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mediated mineralization. Likewise, the administration of re-
combinant STCI in vitro or in vivo revealed another biological
activity; i.e., STC1 protects neural cells from ischemic chal-
lenges with increasing NaP; transport (43).

Stimulation of NaP; transport above a critical threshold, e.g.,
by very high levels of extracellular P; (over 5 mM [25]), by high
overexpression of Pitl (which, similarly to high P; levels, causes
cell death, see above and Fig. 1G), by hyperphosphatemia, as
seen in Fgf23-null mice (34, 35), and possibly by high systemic
STCI1 levels (16, 40), impacts negatively on osteoblast devel-
opment. Similarly, we found that exogenous overexpression of
hPit]l may culminate in the downregulation of endogenous
Pitl. However, smaller increases in NaP; transport such as
those we show here with concomitant smaller changes in in-
tracellular P; act positively on mineralization and osteoblast-
specific signaling, consistent with observations made initially by
Bellows et al. (7) and recently by Beck et al. (3). Thus, osteo-
blast development and activity, including mineralization, func-
tion appropriately over a relatively narrow range of NaP; trans-
port, consistent with Pit1 rather than STC1 being rate limiting
in an osteoblast-autonomous Pit1-P; sensing system for bone
mineralization. The manipulation of this autonomous regula-
tory system, therefore, may offer a novel approach to clarifying
the cellular basis of certain skeletal and mineral disorders.
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