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Osteopontin is a phosphorylated glycoprotein secreted to the
mineralizing extracellular matrix by osteoblasts during bone de-
velopment. It is believed to facilitate the attachment of osteoblasts
and osteoclasts to the extracellular matrix, allowing them to
perform their respective functions during osteogenesis. Several
other functions have been suggested for this protein, and its
up-regulation is associated with various disease states related to
calcification, including arterial plaque formation and the formation
of kidney stones. Although expression of this gene has been
demonstrated in multiple tissues, its regulation is not well under-
stood. Our previous studies on the roles of the retinoblastoma
protein (pRB) and p300/CBP in the regulation of osteoblast differ-
entiation revealed a link between osteopontin induction and the
synthesis of alkaline phosphatase. In this paper, we describe
results specifically linking induction of osteopontin to the enzy-
matic activity of alkaline phosphatase in the medium, which results
in the generation of free phosphate. This elevation of free phos-
phate in the medium is sufficient to signal induction of osteopontin
RNA and protein. The strong and specific induction of osteopontin
in direct response to increased phosphate levels provides a mech-
anism to explain how expression of this product is normally
regulated in bone and suggests how it may become up-regulated
in damaged tissue.

A s cells undergo terminal differentiation, various markers are
induced in an ordered and sequential manner, but required
steps in the induction process are not always clear because
individual events in the sequence are not easily separable. The
biology of the DNA tumor virus oncogene, adenovirus E1A,
points to the cellular E1A targets, retinoblastoma protein (pRB)
and p300/CBP, as important regulators of gene expression
during terminal differentiation (1-4). We have taken advantage
of E1A genetics to explore the roles of the pRB and p300/CBP
protein families in expression of early and late markers during
osteoblast differentiation. The MC3T3-E1 cell line is derived
from newborn mice calvaria (5). It is an established cell line, but
the cells maintain much of the tightly linked controls between
proliferation and differentiation that usually are seen only in
primary cells (6). Treatment with ascorbic acid stimulates these
cells to differentiate along the osteoblast line (6-8). Induced
cells deposit a collagenous extracellular matrix, accompanied by
the activation of specific genes associated with the osteoblast
phenotype, such as alkaline phosphatase, osteocalcin, and os-
teopontin. If a source of organic phosphate such as B-glycerol
phosphate is present, a discrete zone of hydroxyapatite-
containing mineral is formed within the collagen fibrils. The
sequence from induction to mineralization proceeds in a tightly
regulated order over a span of 2 to 3 weeks (see schematic in Fig.
1), which permits a detailed analysis of the order of events.
We previously have characterized two MC3T3-E1 cell lines
stably expressing the wild-type E1A 12S-cDNA splice product
(E1A 12S.WT) (9). The 12S-cDNA product contains all of the
cell cycle and differentiation-regulating functions of the E1A
gene. The E1A proteins directly bind and inhibit the functions of
the pRB and p300/CBP protein families. E1A expression can
therefore be used as a physiological inhibitor of their functions.
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The E1A-expressing MC3T3-E1 cells failed completely to min-
eralize in response to ascorbic acid. Expression of the early-stage
marker, alkaline phosphatase, an outer cytoplasmic membrane-
localized enzyme, was barely detectable and was not induced in
response to ascorbic acid. However, induction of typical later-
stage markers, including type I collagen and osteocalcin, was
relatively normal, indicating that their expression is regulated
through pRB/p300-independent pathways. The major late-stage
product affected by E1A 12S.WT expression coordinately with
alkaline phosphatase was osteopontin.

In this paper, we describe results specifically linking induction
of osteopontin to the enzymatic activity of alkaline phosphatase,
which results in the generation of free phosphate in the extra-
cellular medium. Active transport of the phosphate across the
cell membrane signals induction of osteopontin at the RNA and
protein levels. The ability of cells to transport phosphate has long
been recognized as a requirement for mineralization in bone.
The strong and specific induction of osteopontin in direct
response to increased phosphate levels indicates that the phos-
phate signal is part of a tightly coordinated program in which
osteopontin expression is tied to expression of alkaline phos-
phatase, which in turn is positively regulated by the central
control proteins of the pRB and p300/CBP families.

Materials and Methods

Materials. Penicillin and streptomycin were purchased from
Mediatech (Herndon, VA). Ascorbic acid; B-glycerol phosphate;
sodium phosphate mono- and dibasic; Tris[hydoxymethyl]ami-
nomethane (Trizma) -base, -sulfate, and -phosphate; phospho-
noformic acid (foscarnet); alizarin red S; acetyl-CoA; and pro-
tease inhibitors were obtained from Sigma. Sodium sulfate was
purchased from ICN, and radiochemicals were obtained from
NEN.

Cell Culture. Low-passage MC3T3-E1 cells were a gift from
Roland Baron (Yale University, New Haven, CT). Cells were
maintained in «eMEM (Irvine Scientific) plus 10% FBS (Summit
Biotechnology, Ft. Collins, CO) as described previously (9).
Differentiation was induced by addition of 50 ug/ml final
concentration ascorbic acid and 10 mM final concentration
B-glycerol phosphate to standard growth medium. Where indi-
cated, calf intestinal alkaline phosphatase (New England Bio-
labs) was added to the medium at a final enzyme concentration
ranging from 0.5 to 1.0 units/ml. The inducing agents were
replaced with each medium change (3-4 days). Isolation of the
stable transfectant lines has been described previously (9). F9
cells, purchased from American Type Culture Collection (CRL
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Fig. 1. Temporal expression pattern of markers typical of osteoblast devel-
opment in MC3T3-E1 cells. The cells progress through three general phases: (/)
proliferation, (i) extracellular matrix deposition and maturation, and (iii)
mineralization. High-level expression of genes thought to contribute to the
differentiated state of osteoblasts occurs at discrete time points during the
differentiation process. Alkaline phosphatase (ALP), a1-collagen (COL), and
osteonectin (OSN) are expressed at high levels near the end of the proliferative
period and during the period of extracellular matrix deposition and matura-
tion. Genes expressed at or near the time of mineralization include osteopon-
tin (OPN) and osteocalcin (OSC).

1720), were grown in DMEM supplemented with 15% FBS and
penicillin and streptomycin on 0.1% gelatin (Sigma)-coated
plates. NIH 3T3 cells, kindly provided by Scott Shore (Temple
University), were grown in DMEM supplemented with penicillin
and streptomycin and 10% FBS.

Northern Blots. Total cell RNA was prepared by using Trizol
Reagent (GIBCO/BRL) or Tri Reagent (Sigma) according to
manufacturer’s recommendations. RNA (20 pg) was loaded per
lane and separated by electrophoresis through a 1% formalde-
hyde-agarose gel. The RNA was transferred to a Hybond-N
nylon membrane (Amersham Life Science) and crosslinked by
UV irradiation and baking at 80°C. 3?P-labeled probes were
prepared with a random prime labeling kit (Boehringer Mann-
heim). Between successive probes, blots were stripped by treat-
ment with boiling 0.1% SDS.

Immunoblotting. Preconfluent MC3T3-E1 cells were treated with
10 mM sodium phosphate for 48 h and harvested in PBS. pH
concentrations in a range from 6.5 to 8.0 were tested and found
to be equally effective. Most experiments were done at pH 6.5.
Cells were lysed, and proteins were separated and transferred to
Immobilon P membrane (Millipore) and visualized as described
previously (10). Larry Fisher (National Institute of Dental
Research) kindly provided the osteopontin-specific antibody
LF-123 (11).

Promoter Expression Assay. MC3T3-E1 cells were transfected with
5 ng of DNA by using Lipofectamine reagent according to the
prescribed protocol (GIBCO/BRL). The osteopontin promoter
chloramphenicol acetyltransferase (CAT) construct,
pSV2arCAT (=777 to +79), described previously (12), was
kindly provided by David Denhardt (Rutgers University). Pre-
confluent cells were exposed to DNA and Lipofectamine for 6 h
then treated with either 10 mM sodium phosphate or sodium
sulfate and incubated for an additional 40 h. CAT activity in 100
pg of total cell lysate was assayed as described by Gorman et al.
(13) and quantified with a Fuji phosphorimager.

Plasmids and Probes. The E1A and bone-related plasmids have
been described previously (9). The osteopontin plasmid, mop3,
used for Northern probes was kindly provided by Marian Young
(National Institute of Dental Research) and described in ref. 11.
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Fig.2. Characterization of the 12S.WT E1A-expressing cell line. (A) Northern
blot characterization of differentiation markers in MC3T3-E1 cell lines. Cells
were cultured with differentiation media (see Materials and Methods) and
total RNA was prepared at days 0, 3, 7, and 21. The same blot was hybridized
sequentially with cDNA probes to alkaline phosphatase (ALP), osteopontin
(OPN), osteocalcin (OSC), osteonectin (OSN), a1-collagen (COL), and B-actin
(actin), and is described in more detail in ref. 9. (B) In situ analysis of alkaline
phosphatase activity. The cells were cultured in a six-well plate and stained
with 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/
NBT) as described previously (9). Parental-not induced, growth medium;
parental-induced, differentiation medium; 12S.WT-induced, differentiation
medium. [Reproduced from ref. 9 with permission of John Wiley & Sons, Inc.
(copyright 1998 Wiley-Liss, Inc.), http://www.interscience.wiley.com/jpages/
0730-23121.]

Results

Osteopontin Is Induced in Direct Response to Extracellular Levels of
Phosphate in Ascorbic Acid-Stimulated MC3T3-E1 Cells. Our previous
studies suggested that induction of osteopontin expression in
response to ascorbic acid is specifically linked with increased
extracellular levels of alkaline phosphatase. MC3T3-E1 cells
expressing E1A.12S.WT fail to express alkaline phosphatase and
osteopontin, although expression of other markers of osteoblast
differentiation is relatively normal (ref. 9 and Fig. 24). E1A
expression represses alkaline phosphatase activity even below
basal levels (ref. 9 and Fig. 2B). Osteopontin expression re-
sponds to exogenously added alkaline phosphatase in the ab-
sence of expression of the endogenous gene (9). This observation
indicates that induction of osteopontin is tied to some property
of the enzyme, as opposed to dependence on the actual tran-
scriptional mechanisms required for alkaline phosphatase ex-
pression. To examine the mechanisms underlying the effect of
the extracellular enzyme, we have considered the possibilities
that the enzyme itself acts as a rate-limiting positive signal for
osteopontin expression, or that enzyme hydrolysis depletes an
inhibitor or generates a positive effector in the medium.

A model in which a hydrolysis product is a required positive
signal predicts that the induction of osteopontin, irrespective of
the actual process of mineralization, would depend not just on
the addition of exogenous alkaline phosphatase but also on the
presence in the medium of the organic phosphate source. We
first examined the induction of osteopontin expression in
12S.WT-expressing cells, which lack endogenous alkaline phos-
phatase activity (Fig. 2B), in the presence of exogenously added
alkaline phosphatase with and without added B-glycerol phos-
phate substrate (Fig. 34). Cells were treated for 21 days, RNA
was extracted, and osteopontin expression was probed on North-
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Fig. 3. Northern blot analysis of osteopontin expression after addition of
exogenous alkaline phosphatase (EXALP) or sodium phosphate. (A) The
12S.WT.G1 cell line was cultured for 21 days with growth medium supple-
mented with EXALP, B-glycerol phosphate (BGP), or ascorbic acid (AA) as
stated above each lane. (B) The 12S.WT.G1 and parental (MC3T3-E1) cell lines
were cultured with growth medium and AA, supplemented with EXALP and
BGP or a solution in which EXALP and BGP were incubated and then boiled to
inactive the enzyme (Boiled), as stated above each lane. (C) The 12S.WT.G1 cell
line was cultured for 21 days in the presence of AA and in the presence or
absence of 10 mM sodium phosphate (NaPOj). Blots were hybridized sequen-
tially with cDNA probes to osteopontin (OPN) and g-actin.

ern blots. Osteopontin is not induced by normal induction
medium in these cells (Fig. 34, lane 1), but is induced strongly
if alkaline phosphatase is supplied directly to the culture medium
(Fig. 34, lane 2). If B-glycerol phosphate is omitted from the
differentiation medium, induction rises only slightly above the
background level (lane 3). Thus, addition of the enzyme alone is
not sufficient for induction of osteopontin; apparently a hydro-
lysis product of B-glycerol phosphate is a required positive
effector.

To test directly whether hydrolysis of the phosphate substrate
is sufficient for the alkaline phosphatase effect, B-glycerol
phosphate was incubated with alkaline phosphatase in the
absence of cells or medium. This solution then was boiled
to inactivate the enzyme. Cell cultures were incubated in
the presence of this enzyme-inactivated solution throughout the
differentiation period, in parallel with cells incubated in
the presence of exogenously added alkaline phosphatase. At day
21, osteopontin RNA levels were analyzed by Northern blotting
(Fig. 3B). A comparison of lanes 1 and 4 illustrates again the
failure of induction in 12S.WT-expressing cells in the absence of
alkaline phosphatase. Lane 3 compared with lane 2 indicates
that the hydrolyzed B-glycerol phosphate was as effective as
exogenously added alkaline phosphatase and B-glycerol phos-
phate were in inducing expression of osteopontin. The induced
levels were comparable to those observed in parental cells under
similar conditions (compare lanes 2 and 3 to lanes 5 and 6). An
actin probe was used as a control for variations in RNA loading.

These results suggest that phosphate released from hydrolysis
of the organic substrate is a positive effector for osteopontin
expression and argue against depletion of an inhibitor as a
required step. This suggestion was tested directly by incubating
ascorbic acid-induced 12S.WT-expressing cells in the presence
of added sodium phosphate without exogenous alkaline phos-
phatase. The basal medium contained 1 mM phosphate salts.
Induction medium contained 10 mM pB-glycerol phosphate.
Various concentrations of sodium phosphate were tested in cells
harvested at time points ranging from 11 to 21 days after
induction in the absence of B-glycerol phosphate. Sodium phos-
phate (4 mM) was the minimal concentration that consistently
induced a detectable increase in osteopontin expression,
whereas concentrations in the area of 10 mM were maximally
effective at any time point. A typical experiment is shown in Fig.
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3C. Incubation in 10 mM sodium phosphate for 14 days after
ascorbic acid induction in the absence of B-glycerol phosphate is
sufficient to induce osteopontin expression to the approximate
level seen with exogenously added alkaline phosphatase (Fig. 3B,
lane 2) or in normally induced parental cells incubated with the
standard addition of 10 mM B-glycerol phosphate in the differ-
entiation medium (Fig. 3B, lane 4). The induction does not
appear to follow a linear dose-response; rather, it seems that
concentrations below 4 mM are ineffective, and concentrations
very near 10 mM are required for strong induction (data not
shown).

Properties of the Phosphate Signal Resulting in Increased Osteopontin
RNA Levels. In the previous experiments, cells were exposed to
increased phosphate levels from the start of the differentiation
process (day 0) to the time of harvesting. To determine the
minimal time necessary for the osteopontin response to
the phosphate signal, the 12S.WT-expressing cells were grown in
the presence of ascorbic acid and treated with sodium phosphate
at 0, 24, 48, and 72 h before harvesting for RNA analysis at day
11. The results (Fig. 44) indicate that cells respond to the
phosphate signal with increased levels of osteopontin RNA
within 24 h and reach a maximum within 48 h.

Ascorbic acid is an important inducer of osteoblast differen-
tiation. The comparatively rapid response of osteopontin to
phosphate prompted us to ask whether ascorbic acid is required
directly for osteopontin induction or whether induction will
occur independently of ascorbic acid as long as alkaline phos-
phatase activity or free phosphate levels rise in the medium.
Because this experiment was done in the absence of ascorbic
acid, this question can be addressed with the parental cell line.
One set of MC3T3-E1 cells was treated with ascorbic acid in the
absence of B-glycerol phosphate; another set was untreated. At
day 9, both sets received 10 mM sodium phosphate, and incu-
bation was continued for 48 h. Cells were harvested and probed
for osteopontin expression by Northern analysis (Fig. 4B).
Comparison of lane 4 with lane 2 shows that osteopontin is
induced to a similar level in either the presence or absence of
ascorbic acid, as long as the cells receive the phosphate signal.
This result indicates that ascorbic acid does not provide any
direct signal required for induction of osteopontin. When phos-
phate levels are elevated directly, bypassing the requirement for
ascorbic acid-dependent induction of alkaline phosphatase, os-
teopontin expression is induced in MC3T3-El cells in the
absence of any signal other than the effect of confluency.

We also have examined the effect of salts other than phos-
phate and the effect of treating with organic, rather than
inorganic, phosphate salts. The Na* is unlikely to be having an
effect, because the medium contains 150 mM NaCl. MC3T3-E1
cells, at day 4 postconfluency, were treated with various salts as
indicated in Fig. 4C and harvested 3 days later. In the presence
of 10 mM sodium phosphate (lane 2) osteopontin expression was
induced as described above, whereas mock treatment (10 mM
NaCl) had no effect (lane 1). The organic phosphate salt,
Tris-phosphate, induced osteopontin very effectively (lane 4).
However, Tris-sulfate had no effect on osteopontin levels (lane
3). Sodium sulfate also had no effect (data not shown). Thus,
osteopontin seems to be regulated specifically in response to
phosphate levels rather than to any less specific change in ionic
concentration in the environment of the cells.

Previous experiments were all performed on confluent cells.
Confluency alone is sufficient to activate some aspects of the
differentiation process in MC3T3-E1 cells (6, 14). To determine
whether any signal at all other than a sufficient rise in phosphate
levels is required for induction of osteopontin, we assayed the
effect of the phosphate signal in actively proliferating cells.
Proliferating MC3T3-E1 cells were treated with 10 mM sodium
phosphate and harvested 48 h later. The results (Fig. 4D, Upper,
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Fig. 4. Properties of phosphate-signal-regulated osteopontin expression. (A) Northern blot (NB) analysis of 12S.WT.G1 cells grown in the presence of ascorbic
acid (AA) and treated with 10 mM sodium phosphate (NaPO,) for 0, 24, 48, and 72 h before harvesting the cells at day 11 for RNA isolation. (B) NB analysis of
the parental cells grown in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of AA and then treated (lanes 2 and 4) with 10 mM sodium phosphate for 48 h.
The cells were harvested for RNA analysis at day 11. (C) NB analysis of the parental cells given growth medium for 4 days postconfluency and then treated with
10 mM NacCl, 10 mM sodium phosphate, 10 mM Tris-sulfate (TrisSO4), or 10 mM Tris-phosphate (TrisPO4) for 60 h and harvested for RNA analysis. (D) NB analysis
of preconfluent MC3T3-E1 (lanes 1 and 2) and day 21 (lane 3) probed with osteopontin (OPN) and osteocalcin (OSC). Treatment conditions are stated above each
lane. (E) Western blot analysis of osteopontin in response to 10 mM sodium phosphate. Preconfluent MC3T3-E1 were treated in the presence or absence of 10
mM sodium phosphate for 48 h and analyzed by PAGE. Membranes were probed with the osteopontin-specific antibody LF-123. (F) CAT assay analysis of the
osteopontin promoter in response to 10 mM sodium phosphate. Transiently transfected cells were treated with either sodium sulfate (white bar) or sodium

phosphate (shaded bar). The graph shows the percentage conversion of chloramphenicol to acetylated forms.

lane 1 versus lane 2) indicate that osteopontin expression is
induced in direct response to the phosphate signal in the absence
of any other stimulus associated with confluency.

Other than osteopontin, no other gene product characteristi-
cally induced in differentiating osteoblasts that we tested was
inhibited concomitantly with the inhibition of alkaline phospha-
tase in the 12S.WT-expressing MC3T3-El1 cells (Fig. 2). Thus, it
seems that within this differentiation program, osteopontin is
specifically designed to respond to phosphate levels. To examine
this idea directly, we probed for induction of osteocalcin, another
late marker of osteoblast differentiation. When the same blot
(Fig. 4D, Lower) was hybridized with an osteocalcin probe, no
signal was detected in lane 1. A lane containing RNA from
normally induced cells harvested at day 21 (lane 3) is included
to verify the activity of the osteocalcin probe. Similar experi-
ments showed no influence of phosphate on expression of a-1
collagen or osteonectin (data not shown).

If phosphate were not a normal physiological signal for
induction of osteopontin gene expression, it would be possible
that phosphate induces osteopontin RNA levels in some manner
that is not reflected at the protein level. To address the question
of protein expression, cells were treated again as described in
Fig. 4D. Phosphate-treated and untreated cells were analyzed by
Western blotting with osteopontin-specific antibody LF-123
(11). The results (Fig. 4F) indicate that osteopontin protein
levels increase markedly within 48 h of exposure of the cells to
the phosphate signal. Thus, increased extracellular phosphate
concentration up-regulates osteopontin expression at the RNA
level, and the increased RNA level is reflected directly at the
protein level in the cell.

Osteopontin is believed to be regulated primarily at the
transcriptional level (15). To determine specifically whether the
change in RNA levels seen in response to phosphate is reflective
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of changes at the transcriptional level, promoter expression was
assayed in a CAT reporter assay. A CAT reporter construct
containing base pairs —777 to +79 of the mouse osteopontin
gene was transiently transfected into MC3T3-E1 cells, which
were subsequently treated with sodium phosphate. The results
(Fig. 4F) indicate that osteopontin promoter expression is
induced sharply in phosphate-treated cells as compared with
control cells. Promoter expression increased approximately
9-fold in response to phosphate, consistent with the Northern
blots, which show an approximate 8-fold increase averaged over
multiple experiments.

Increased Osteopontin Expression in Response to the Phosphate
Signal Is Blocked by the Phosphate-Transport Inhibitor Foscarnet.
Inorganic phosphate enters cells through a Na*-dependent
transport system present in the plasma membrane. In osteo-
blasts, this transport is mediated by an enzyme also identified
as the gibbon ape leukemia virus receptor-1 (16, 17). The
phosphate analog foscarnet (phosphonoformic acid) is a com-
petitive inhibitor of sodium phosphate cotransport and is
known to inhibit the formation of calcium phosphate crystals
(18) and hydroxyapatite (19). We examined the effect of
foscarnet on expression of osteopontin in the presence of
elevated levels of inorganic phosphate added to the cell
medium. The results (Fig. 5) show that foscarnet completely
inhibits the induction of osteopontin in response to the
phosphate signal (lane 3 as compared with lane 2). This finding
suggests that the effect of phosphate on osteopontin gene
expression requires that the phosphate actually enter the cell
through normal transporter mechanisms and argues against
the possibility that it results from a nonspecific disturbance in
the cell environment.
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Fig. 5. The phosphate transport inhibitor foscarnet blocks up-regulation of
osteopontin in response to phosphate. MC3T3-E1 cells 4 days postconfluency
were pretreated with 300 uM foscarnet (lane 3) for 3 h and then treated with
10 mM sodium phosphate (NaPOa) for 72 h (lanes 2 and 3) in the continued
presence of foscarnet (lane 3) and analyzed by Northern analysis.

Phosphate Is a Sufficient Signal for Induction of Osteopontin Gene
Expression in Proliferating Cells and in Cells Outside of the Osteoblast
Lineage. Osteopontin is expressed under various conditions in
several types of tissue, including kidney, smooth muscle, and
transformed cells. To determine the effect of phosphate on the
expression of osteopontin in cells other than osteoblast precur-
sors, the same experiment was performed in NIH 3T3 cells,
which do not retain an ability to differentiate into osteoblast-like
cells. The results (Fig. 6, lanes 5 and 6) show an induction of
osteopontin in response to increased phosphate levels similar to
the effect seen in MC3T3-E1 cells. Thus, the regulation of
osteopontin by phosphate is not restricted to cells in the osteo-
blast lineage. The effect of phosphate is not indiscriminate,
however; F9 cells, a murine embryonal carcinoma cell line, do
not show increased osteopontin expression in the presence of
increased phosphate levels (Fig. 6, lanes 3 and 4).

Discussion

The ability of cells to actively transport phosphate is recognized
as a requirement for mineralization in bone, but the underlying
reasons are not well understood. Phosphate is not generally
thought to act as a specific signal for induction of gene expres-
sion, although it has been implicated as a negative regulator of
expression of the osteoblast phosphate transporter gibbon ape
leukemia virus receptor-1 (16). Our results indicate that os-
teopontin expression is strongly regulated at the RNA level in
response to elevated extracellular phosphate levels. In bone, this
signal is an integral part of a tightly coordinated program that
ensures that mineralization is not induced before osteoblasts
cease proliferation (illustrated schematically in Fig. 7). The
phosphate signal ties osteopontin expression to alkaline phos-
phatase, which in turn is positively regulated by the cell growth
control proteins of the pRB and p300 families (9). In the
differentiating cell, these signals ensure that induction of the

MC3T3-E1 F9 NIH3T3
NaPO, - + - + - +

OPN ‘

1 2 3 4 5 6

Fig.6. Northern blot analysis of osteopontin (OPN) expression in various cell
types. Preconfluent MC3T3-E1, NIH 3T3, and F9 cells were treated with 10 mM
sodium phosphate (NaPO,) for 48 h and harvested for RNA analysis.
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Fig. 7. Schematic representation of the coordination of alkaline phospha-
tase activity and osteopontin levels in osteoblasts. Alkaline phosphatase (ALP)
activity isinduced by ascorbic acid (AA) in a process that requires the p300/CBP
and pRB families. ALP then is localized to the plasma membrane and oriented
such that its catalytic subunit is ectoplasmic. Within the extracellular environ-
ment, ALP cleaves a phosphate (P) from B-glycerol phosphate (3GP) to leave
free glycerol (G). The free phosphate enters the cell through a Na-dependent
phosphate transporter, which is subject to inhibition by foscarnet. Transport
of the phosphate resultsin the up-regulation of osteopontin (OPN) RNA levels.
During the differentiation process, the requirement for the pRB and p300
families ensures that induction of the early differentiation marker, alkaline
phosphatase, does not begin until proliferation has shut down, and expres-
sion of osteopontin is not induced until alkaline phosphatase is active at the
cell surface.

early differentiation marker alkaline phosphatase does not begin
until antiproliferation signals are enacted, and expression of
osteopontin is not induced until alkaline phosphatase is active at
the cell surface.

The ability of phosphate to signal induction of osteopontin
gene expression depends on the function of the phosphate
transport system. The ability of the phosphate analog foscarnet
to inhibit induction of osteopontin suggests that the extracellular
phosphate must be transported into the cell to exert its effect on
osteopontin, so that the actual response is mediated by the rise
in the intracellular phosphate level. Numerous factors other than
ascorbic acid (and hence an increase in alkaline phosphatase)
are known to stimulate osteopontin expression at the RNA level
in osteoblasts. These factors include transforming growth fac-
tor-B, retinoic acid, endothelin, bone morphogenic protein, and
vitamin D (15). Several of these factors also are known to induce
alkaline phosphatase and, presumably, elevated phosphate lev-
els. Therefore, it is likely that the phosphate signal for osteopon-
tin induction is a feature shared by these agents. However, the
5" upstream regulatory region of the osteopontin gene contains
elements similar to various known cis-acting elements, consistent
with the possibility that multiple signals act on the osteopontin
gene. For example, there are apparently functional response
elements for the vitamin D receptor (20) and the estrogen
receptor-related a receptor (21) in the osteopontin promoter.

A variety of cells of other tissue types express phosphate
cotransporter enzymes on their cell surface. Similarly, osteopon-
tin is expressed in various cells other than those in the connective
tissue lineages (22). Interestingly, osteopontin protein levels are
up-regulated during cell injury and are associated with the
pathology of many diseased tissues. For example, osteopontin
has been detected in kidney (23), particularly the distal tubules,
and is elevated by ischemic injury (24). Osteopontin is also a
major matrix component of kidney stones (25-27). Arterial
smooth muscle cells express osteopontin, which is associated
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with the calcification of arterial plaque in atherosclerosis (28,
29). The phenotype of osteopontin-null mice is consistent with
a role for osteopontin in wound healing (30). Osteopontin also
is expressed in many types of cells that are subject to high
turnover (31), as well as in transformed cells (32, 33).

The precise biochemical function of osteopontin is not known
in either bone or other tissues but functional motifs have offered
clues (34-36). Experiments prompted by the presence of an
arginine-glycine-aspartate (RGD) integrin-binding motif in os-
teopontin support the suggestion that osteopontin facilitates the
attachment of osteoblasts and osteoclasts to the extracellular
matrix (35, 37). Osteopontin can act as a cytokine (38), and
exposure of cells to purified osteopontin leads to downstream
events that include calcium mobilization (39, 40) and possible
activation of the calcium ATPase pump (41). There is evidence
that osteopontin binds calcium (42, 43), leading to the hypothesis
that osteopontin has a normal physiological role in inhibiting
crystal growth in urine and in other biological fluids by binding
to calcium on the crystal faces (44). Similarly, osteopontin is
thought to modulate hydroxyapatite crystal elongation during
bone formation (45). One scenario suggested by our results is
that osteopontin is induced in tissues under conditions where
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phosphate levels rise significantly above the normal physiolog-
ical level. In bone, this rise is part of the normal mineralization
process. In cells other than bone, this rise may occur when
normal regulation of phosphate is aberrant, in conditions such as
tissue damage or cardiac, vascular, or renal insufficiency. The
tight link between osteopontin expression and phosphate levels,
combined with the ability of osteopontin to modulate calcium
levels, suggests that the various biological activities attributed to
osteopontin may be related to an overall role in regulating
calcium localization or transport in conditions of high cellular
phosphate levels.
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