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ABSTRACT

Endochondral bone formation is regulated by systemically and locally
acting growth factors. A role for vascular endothelial growth factor
(VEGF) in this process has recently been proposed, because inactivation
of VEGF inhibits endochondral bone formation via inhibition of angio-
genesis. Despite the known effect of VEGF as specific endothelial growth
factor, its effects on osteoblast differentiation have not been studied. We,
therefore, examined the expression of VEGF-A, -B, -C, and -D and their
receptors in a model of osteoblast differentiation using the mouse preos-
teoblast-like cell line KS483. Early in differentiation, KS483 cells ex-
press low levels VEGF-A, -B, and -D messenger RNA, whereas during
mineralization, KS483 cells express high levels.

In addition, expression of the VEGF receptors, VEGFR1, VEGFR2,
and VEGF165R/neuropilin, coincided with expression of their li-
gands, being maximally expressed during mineralization. VEGF-A

production during osteoblast differentiation was stimulated by insu-
lin-like growth factor I that enhances osteoblast differentiation and
was inhibited by PTH-related peptide that inhibits osteoblast differ-
entiation. Furthermore, continuous treatment of KS483 cells with
recombinant human VEGF-A stimulated nodule formation.

Although treatment of KS483 cells with soluble FLT1, an agent
that blocks binding of VEGF-A and -B to VEGFR]1, did not inhibit
nodule formation, this observation does not exclude involvement of
VEGFR2 in the regulation of osteoblast differentiation. As it is known
that VEGF-A, -C, and -D can act through activation of VEGFR2, other
isoforms might compensate for VEGF-A loss. The expression pattern
of VEGFs and their receptors shown here suggests that VEGF's play
an important role in the regulation of bone remodeling by attracting
endothelial cells and osteoclasts and by stimulating osteoblast dif-
ferentiation. (Endocrinology 141: 1667-1674, 2000)

N BONE, COMMUNICATION between osteoblasts and
osteoclasts is well recognized (1, 2). Besides osteoclasts,
osteoblasts are located in proximity to endothelial cells. Vas-
cular invasion is a prerequisite for endochondral bone for-
mation and fracture healing (3). Factors produced by endo-
thelial cells may therefore affect osteoblast function or
differentiation and vice versa (4-7). Osteoblasts are also able
to produce paracrine factors that influence endothelial cell
function (8, 9). In this cross-talk between endothelial cells and
osteoblasts, vascular endothelial growth factor (VEGF),
which acts as an angiogenic factor, may play an important
role (10). A recent study by Gerber et al. showed that blocking
the action of endogenous VEGF inhibited both bone forma-
tion and resorption in juvenile mice (11).

VEGEF is a glycoprotein that shares homology to platelet-
derived growth factor (12). It acts as both a permeability and
an angiogenic factor (13-15). The VEGF gene can be alter-
natively spliced, resulting in three distinct gene products
corresponding to 120, 164, or 188 amino acids in the mouse,
or five distinct gene products, respectively corresponding to
121,145,165, 189, and 206 amino acids in humans. Each splice
variant has specific characteristics (16, 17). In fetal tissues
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VEGF messenger RNA (mRNA) expression has been de-
scribed in various organs, including the skeleton (18, 19).
Recently, other angiogenic factors have been identified
that have sequence homology to VEGF, which is now termed
VEGEF-A. The biological effects of these VEGF family mem-
bers, named VEGEF-B, -C, and -D or c-fos-induced growth
factor (FIGF) and placenta growth factor-1 (PIGF-1), -2, and
-3 are still not completely elucidated. All members of the
VEGF family have in common the ability to stimulate en-
dothelial cell proliferation (20). Similar to VEGF-A, VEGF-B
can be alternatively spliced into two different splice variants
(VEGF-B, 4, and VEGE-B,g4). VEGF-B is thought to play a role
in vascularization of skeletal muscle (21), whereas VEGF-C
is most likely involved in lymphangiogenesis (20). VEGF-B
and VEGF-C are, like VEGF-A, associated with tumor an-
giogenesis (22). Recently, expression of VEGF-B and VEGF-D
mRNA has been shown during tooth and bone development
(23, 24). Expression of PIGF is restricted to the placenta (25).
Homo- or heterodimers of the VEGF family act as para-
crine factors through signaling via various type III tyrosine
kinase receptors (26): 1) VEGF receptor 1 or fms-like tyrosine
kinase receptor 1 (FLT-1/VEGFR1), which binds VEGF-A,
VEGF-B, and PIGF; 2) VEGFR?2 or fetal liver kinase 1 (FLK-1),
which binds VEGF-A, -C, and -D with high affinity, but not
PIGF (27, 28); 3) VEGFR3 or FLT4, which binds VEGF-C and
-D (29, 30). Recently, neuropilin has been identified as a new
isoform-specific VEGF receptor (VEGF,¢5R). Neuropilin acts
as a coreceptor of VEGFR2 and binds PIGF-2 and the isoform
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VEGFA 45, but not VEGFA ; (31-33). Whether neuropilin is
expressed in osteoblasts is at present unknown.

VEGEF was reported to induce alkaline phosphatase activ-
ity in primary osteoblasts and to enhance their responsive-
ness to PTH. Furthermore, high affinity sites for VEGF-A
have been identified on primary osteoblasts, indicating the
presence of functional VEGFRs on osteoblasts (34). This sug-
gests that besides its established effects on endothelial cells,
VEGF might play a role in osteoblast differentiation. In ad-
dition, osteotropic factors, such as vitamin D3, insulin-like
growth factor I (IGF-I), and PGs, have been shown to increase
VEGF-A mRNA expression and VEGF secretion by osteo-
blast-like cells (35-38). In this study we examined expression
of VEGFs and their receptors in preosteoblast-like cells as
well as the potential role of VEGFs during differentiation of
KS483 cells, a nontransformed preosteoblast-like cell line.

Materials and Methods
Mineralization experiments

The KS483 cell line is a nontransformed stable subclone of the parental
cell line KS4. This preosteoblast-like cell line is derived from fetal mouse
calvaria as described earlier and has the ability to form mineralized
nodules in vitro (39, 40). For differentiation studies KS483 cells were
seeded in 6-well plates at a density of 15,000 cells/cm? in «MEM (Life
Technologies, Inc., Breda, The Netherlands) supplemented with 10%
FCS (Integro B.V., Zaandam, The Netherlands) and penicillin/strepto-
myecin (Life Technologies, Inc.). Three days after plating the cells reached
confluence and were subsequently cultured in presence of 50 ug/ml
ascorbic acid and in the presence or absence of growth factors [PTH-
related peptide (PTHrP)-(1-34); Bachem, Heidelberg, Germany], recom-
binant human (rh) VEGF,45, rhIGF-I (Santa Cruz Biotechnology, Inc.,
Breda, The Netherlands) or goat antimouse VEGF neutralizing antibody
(R&D Systems, Uithoorn, The Netherlands). Truncated VEGFR1 or sol-
uble fms-like tyrosine kinase receptor 1 (sFLT1) was provided by Dr. H.
Weich (National Center for Biotechnology, Braunschweig, Germany).
The medium was replaced every 3—-4 days. When nodules appeared
(between 14-18 days after plating), medium was replaced by medium
containing 5 mm B-glycerophosphate and ascorbic acid to further stim-
ulate osteogenic differentiation. At different time points, supernatants
and cell layers were collected separately. VEGF-A production and al-
kaline phosphatase activity were determined in the culture superna-
tants, whereas mRNA, DNA, and protein expression were determined
in the cell layer.

Nodule formation

After 18 days of culture the number of nodules was counted in control
cultures and in VEGF-A-, IGF-I-, PTHrP-, or sFLT1-treated cultures by
light microscopy at a 40-fold magnification. Cultures were performed in
quadruplicate, and three fields per well were counted.

DNA assay

At the end of each culture period the supernatants were aspirated, and
the cells were washed twice with PBS. DNA was released from the cells by
freeze-thawing in 1 X SSC (standard saline citrate) buffer containing 0.01%
SDS. DNA content was determined using Hoechst stain 2495 (ICN Bio-
medicals, Inc., Zoetermeer, The Netherlands) and calibrated againsta DNA
standard of 0.5-10 ug/ml DNA. Samples were excited with light (460 nm),
after which fluorescent emission was measured at 365 nm.

VEGF-A enzyme-linked immunosorbent assay (ELISA)

VEGF-A levels in culture supernatants were assayed with a quanti-
tative sandwich ELISA (R&D Systems) according to the manufacturer’s
instructions. Values were assayed in triplicate and corrected for DNA
content. The sensitivity of the assay is 3 pg/ml, and it detects both
VEGF,,, and VEGF 4. Cross-reactivity with human VEGF,¢;, murine
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platelet-derived growth factor, or murine PIGF was less than 0.05%.
Cross-reactivity with other members of the VEGF family is not known.

RNA isolation

The cells were lysed in a solution of 4 M guandinium thiocyanate con-
taining 25 mm sodium citrate (pH 7.0), 0.5% sarkosyl, and 0.1 M 2-mer-
captoethanol, and total RNA was extracted by the addition of phenol and
chloroform followed by precipitation with isopropanol as previously de-
scribed (41). The concentration of the isolated RNA was determined by UV
absorption spectrophotometry at a wavelength of 260 nm. RNA quality was
checked on an agarose gel containing 0.5 ug ethidium bromide per ml.

Competitive RT-PCR

Total RNA (1 ng) was reversed transcribed into complementary DNA
(cDNA) as previously described (42). A RT-PCR mixture was prepared that
contained first strand buffer (50 mm Tris-HCI (pH 8.3), 75 mm KCl, and 3
mM MgCl,), 5 mm dithiothreitol, 200 ng random hexanucleotides, 2.5 U
murine Moloney leukemia virus reverse transcriptase, 0.375 mm deoxy-
NTPs (Life Technologies, Inc.), and 1 U RNAsin (Promega Corp., Leiden,
The Netherlands). To correct for differences in cDNA levels, 4-fold serial
dilutions of an internal standard plasmid pMUS that encode for the house-
keeping gene B,-microglobulin (8,-MG) were coamplified with 5 ng sample
c¢DNA by competitive RT-PCR. The synthetic internal standard pMUS was
provided by Dr. D. Shire (Sanofi Pharmaceuticals, Inc., Labege, France).
This method has been described in detail by Van Bezooijen ef al. (42). The
PCR reaction was carried out in a Hybaid Omnigene thermal cycler
(Biozym, Landgraaf, The Netherlands). cDNA was denatured at 94 C for
3 min, followed by repeated cycles consisting of 94 C for 30 sec, 56 C for
30 sec, and 72 C for 1 min. For quantification of 8,-MG levels, cDNA was
amplified over 33 cycles. Gels were photographed under UV light and
analyzed by computerized densitometry. Samples were regarded to con-
tain equal amounts of cDNA at a ratio of cDNA to construct of 1, as
described previously (42) (Fig. 1).

RT-PCR

Primers pairs for studying expression of PTH/PTHrP receptor; bone
sialoprotein (BSP); osteocalcin (OC); and VEGF-A, -B, -C, and -D and its
receptors, FLT1/VEGFR1, FLK1/VEGFR2, FLT4/VEGEFR3, and neuro-
pilin, are described in Table 1. Primers for VEGFR1 and VEGFR2 mRNA
were used as reported by Fong et al. (43), whereas other primers were
designed using Primer III Design software (http//www.genome.wi.
mit.edu) and checked against GenBank to avoid cross-reactivity with
other known sequences. A PCR mixture was prepared using 20 ng
c¢DNA /reaction, PCR buffer [10 mwm Tris-HCl (pH 9.6), 50 mm NaCl, and
0.2mg BSA /ml; Eurogentec, Seraing, Belgium], 0.25 pum oligonucleotide
primers (Eurogentec), 1.5 mm MgCl,, 0.2 mm deoxy-NTP (Promega
Corp.), and 0.5 U Goldstar DNA polymerase/ul (Eurogentec). The PCR
reactions were carried out in a Hybaid Omnigene Thermal cycler
(Biozym, Landgraaf, The Netherlands). cDNA was denatured at 94 C for
3 min, followed by repeated cycles to amplify the cDNA consisting of
94 C for 30 sec, 58 or 60 C for 30 sec, and 72 C for 1 min. PTH/PTHrP
receptor and VEGF-B were amplified over 30 cycles. BSP, osteocalcin,
VEGEF-A, VEGF-B, VEGF-D, FLT1, and VEGFR2/FLK1 cDNA were am-
plified over 35 cycles, VEGFR165/neuropilin over 30 and 35 cycles, and
VEGF-C and FLT4 over 38 cycles. Samples and a 100-bp ladder were
electrophoresed on a 1.5% agarose gel containing 0.5 pg ethidium bro-
mide/ml. PCR reactions were repeated at least three times. Relative
mRNA levels of three separate experiments were determined by den-
sitometry. Bands with the highest intensity were regarded as 100%.

Western blotting

KS483 cells were lysed in 50 mm Tris buffer (pH 7.5) containing
0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 20 pg/ml
Trasylol, and protease inhibitors (Roche Molecular Biochemicals,
Mannheim, Germany) on days 3, 7, 10, 14, and 18 after plating.
Production of VEGFR2 protein was assessed by Western blotting.
Protein content was determined by bicinchoninic acid (Pierce Chem-
ical Co., Breda, The Netherlands) using serum albumin as a standard
according to the manufacturer’s protocol. Cell lysates (15 ug/lane)
were subsequently electrophoresed on a 7.5% polyacrylamide gel and
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FiG. 1. Quantification of household gene mRNA expression KS483 cells were seeded in 6-well plates at a density of 15,000 cells/cm?. At
confluence, 50 pg/ml ascorbic acid were added. B-Glycerophosphate was added when nodules appeared (day 18 onward). Seven, 10, 14, 18, and
21 days after plating, RNA was isolated and reversed transcribed into cDNA. A, Four-fold serial dilutions of an internal standard plasmid pMUS
that encodes for the housekeeping gene B,-MG were coamplified with 5 ng sample cDNA. After 33 cycles of PCR, mRNA levels were quantified
by computerized image analysis. B, Quantification of ratios between construct and sample cDNA from a representative experiment. MW, One

hundred-base pair ladder.

TABLE 1. Primers: oligonucleotides used in RT-PCR

Primer Ref. no.
Bs-Microglobulin Sense TGACCGGCTTGTATGCTATC 44
Bs-Microglobulin Antisense CAGTGTGAGCCAGGATATAG
Osteocalcin Sense GCAGCTTGGTGCACACCTAG
Osteocalcin Antisense GGAGCTGCTGTGACATCCAT
VEGF-A Sense CTGTGCAGGCTGCTGTAACG 45
VEGF-A Antisense GTTCCCGAAACCCTGAGGAG
VEGF-B Sense GATCCAGTACCCGAGCAGTC 21
VEGF-B Antisense GCACCTACAGGTGTCTGGGT
VEGF-C Sense CAAGGCTTTTGAAGGCAAAG 29
VEGF-C Antisense TGCTGAGGTAACCTGTGCTG
VEGF-D Sense CTCCAGGAACCCACTCTCTG 46
VEGF-D Antisense TCCTGGCTGTAGAGTCCCTG
VEGFR1 Sense CGCGGTCTTGCCTTACGCGCT 43
VEGFR1 Antisense CCATTTATGGGCTGCTTCCCCCCTGCA
VEGFR2 Sense AGAACACCAAAAGAGAGAGGAACG 43
VEGFR2 Antisense GCACACAGGCAGAAACCAGTAG
VEGFR3 Sense CGAGACTGGAAGGAGGTGAC 47
VEGFR3 Antisense GTACGTGTAGTTGTCCGCCC
Neuropilin Sense GACTTCCAGCTCACAGGAGG 32
Neuropilin Antisense AGAGCCGGACATGTGATACC

blotted on a Hybond-P membrane (Amersham Pharmacia Biotech,
Den Bosch, The Netherlands). Nonspecific binding sites were blocked
in 0.1 M Tris-buffered saline (pH 7.5)/0.1% Tween (TTBS) containing
3% BSA for 1 h, followed by incubation with polyclonal rabbit an-
timouse VEGFR2 antibody (C-20, Santa Cruz Biotechnology, Inc.)
diluted in TTBS/0.05% BSA overnight at 4 C. After repeated washing
with TTBS, the blots were incubated with peroxidase-conjugated
sheep antirabbit secondary antibody (Amersham Pharmacia Biotech)
diluted in TTBS/0.05% BSA for 1 h at room temperature. The signal
was visualized using the chemiluminescence detection system ECL
(Amersham Pharmacia Biotech) according to the manufacturer’s
protocol.

Statistics

Results are depicted as the mean = sem. Differences between groups
were determined by one-way ANOVA for multiple comparison, fol-
lowed by Fisher’s least significant difference test.

Results
Expression of VEGFs during differentiation of KS cells

In the presence of ascorbic acid and B-glycerophosphate,
mouse preosteoblast-like KS483 cells differentiate into mature
osteoblasts, as indicated by the formation of alkaline phospha-
tase positive nodules between days 14 and 18 after plating and
their subsequent mineralization. The characterization of this
cell line has been described in detail previously (39, 40). Ex-
pressions of PTH/PTHrP receptor, BSP, and OC mRNA were
studied in cultures of KS483 cells by semiquantitative PCR.
Differences in cDNA levels among the samples were first cor-
rected by competitive quantitative RT-PCR as previously de-
scribed (42). Samples were regarded to contain equal amounts
of cDNA at a ratio of construct to cDNA of 1. The quantification
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of a representative experiment is depicted in Fig. 1. As shown
inFig. 2A, PTH/PTHrP was expressed at low levels 7 days after
plating, and this expression increased during further differen-
tiation. The differentiation markers BSP and OC were expressed
atlow levels when nodules appeared (14 days after plating) and
increased during further differentiation (Fig. 2, B and C). In the
same experiment mRNA expressions of VEGF-A isoforms were
compared, with the expression of osteoblast differentiation
markers. For this, primers were designed that can hybridize to
three different splice variants of the mouse VEGF-A gene
(VEGF-A 5o, VEGF-A ¢, and VEGF-A &), resulting in the am-
plification of VEGF-A 5, (230 bp) and VEGF-Ay4, (360 bp)
mRNA levels. In parallel with PTH/PTHrP receptor mRNA
expression, VEGF-A,; and VEGF-A ¢, mRNA were expressed
at low levels early in differentiation (7 days after plating) and
were strongly increased during mineralization, when BSP and
OC were abundantly expressed (Fig. 3A). The matrix-bound
isoform VEGEF-A g5, was not expressed by KS483 cells, but was
expressed by fetal liver, which was used as a positive control
(data not shown).

VEGF-B, -C, and -D mRNA expression during
differentiation of KS483 cells

The expression of other members of the VEGF family
(VEGE-B, -C, and -D) during osteoblast differentiation was
examined by RT-PCR. Two separate bands of VEGF-B
mRNA expression were detected, namely VEGF-B;4, and
VEGEF-B g, (Fig. 3B). In line with VEGF-A mRNA expression,
VEGEF-B mRNA expression was expressed at low levels 7
days after plating; then its expression increased, and it was
maximally expressed 21 days after plating (Fig. 3B). VEGF-D
mRNA expression paralleled VEGF-B mRNA expression; it
was expressed at low levels early in differentiation and
highly expressed during mineralization (Fig. 3D). In contrast,
expression of VEGF-C was only detected at very low levels
after 21 days of culture. This was not due to suboptimal PCR

Fic. 2. Expression of PTH/PTHrP re-
ceptor, BSP, and OC during differenti-

ation of KS483 cells. KS483 cells were
cultured as described in Fig. 1. After
standardization for household gene ex-
pression, equal amounts of cDNA from

each sample were subjected to 30 cycles

of PCR to amplify PTH/PTHrP receptor B.
mRNA expression (A), BSP mRNA ex-
pression (B), and OC mRNA expression
(C). Lane 1, Day 7; lane 2, day 11; lane
3, day 14; lane 4, day 18; lane 5, day 21
after plating; lane 6, water control. The
sizes of the products are indicated by
arrows. NC, Negative control. Repre-
sentative pictures from three experi-
ments are depicted in the left panel, and
quantifications of three independent
experiments are depicted in the right
panel as relative mRNA levels = SEM

PTH-R»
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conditions, because in fetal lung, which was used as a pos-
itive control, VEGF-C was abundantly expressed (Fig. 3C).

Expression of VEGF receptors during differentiation of
KS483 cells

VEGFR1, VEGFR2, and VEGF165R/neuropilin, but not
VEGEFR3, were expressed in a differentiation-dependent
manner (Fig. 3, E-H). Low levels of VEGFR1 were only
detected in differentiating osteoblasts during the mineral-
ization phase (18 and 21 days after plating). VEGFR2 mRNA
expression was low from days 7-14 and was strongly in-
creased at the start of mineralization (Fig. 3F). VEGF,¢5R/
neuropilin mRNA was maximally expressed during the min-
eralization phase (Fig. 3G). The gradual increase in
VEGF,45R /neuropilin mRNA expression was confirmed us-
ing 30 cycles of amplification (data not shown). VEGFR3
mRNA expression was not detected in these cultures even
after 38 cycles of amplification, although in fetal lung, which
was used as a positive control, VEGFR3 mRNA expression
was found (Fig. 3H).

VEGF-A production and VEGFR2 protein expression during
differentiation of KS cells

Concurrently with the rise in mRNA expression, VEGF-A
protein, measured by ELISA, accumulated in the culture
medium (Fig. 4A). The levels significantly rose from 245
pg/ml in confluent cultures (3 days after plating) to 750
pg/ml during the mineralization phase (21 days after plat-
ing; Fig. 4A). It is important to note that the unconditioned
culture medium («MEM containing 10% FCS) did not con-
tain detectable levels of VEGF-A protein (<3.0 pg/ml). In
contrast to VEGF-A, there are no ELISAs commercially avail-
able to measure VEGF-B and D levels.
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Fic. 3. VEGF and VEGFR mRNA ex-
pression during differentiation of KS483
cells. KS483 cells were cultured as de-
scribed in Fig. 1. After standardization
for household gene expression, equal
amounts of ¢cDNA from each sample
were subjected to PCR using specific
primers to amplify the splice variants of
murine VEGF-A over 35 cycles yielding
products of 360 (VEGF4,) and 230 bp
(VEGF;50), respectively (A), the splice
variants of VEGF-B over 30 cycles (B),
and VEGF-C mRNA levels after 38 cy-
cles of PCR (C). Lane 1, Day 11; lane 2,
day 14; lane 3, day 18; lane 4, day 21;
lane 5, fetal lung (E17); lane 6, water
control. D, VEGF-D mRNA over 30 cy-
cles; E, mouse VEGFR1/FLT1 over 35
cycles of PCR; F, VEGFR2/FLK1 over
35 cycles of PCR; G, VEGF4;R/meuro-
pilin over 35 cycles of PCR. The prod-
ucts were separated on a 1.5% agarose
gel. Lane 1, Day 7; lane 2, day 11; lane
3, day 14; lane 4, day 18; lane 5, day 21
after plating; lane 6, water control. H,
VEGFR3 mRNA levels after 38 cycles of
PCR. Lane 1, Day 11; lane 2, day 14;
lane 3, day 18; lane 4, day 21; lane 5,
water control; lane 6, fetal lung (E17).
NC, Negative control; PC, positive con-
trol. The sizes of the products are
indicated by arrows. Representative
pictures from three experiments are
depicted in the left panel, and quantifi-
cations of three independent experiments
are depicted in the right panel as relative
mRNA levels + SEM.

In addition, VEGFR2 protein expression was examined by
Western blotting (Fig. 4B). In line with the PCR data, VEGFR2
expression was low at the beginning of the culture and in-
creased, with differentiation being maximally expressed dur-
ing the mineralization phase. Under reducing conditions
VEGFR2 migrated as two bands of approximately 220 and
230 kDa (Fig. 4B). Using fetal lung as a positive control,
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proteins of identical size were detected, which most likely
represent differentially glycosylated VEGFR2s. In contrast
to VEGFR2 protein levels, we did not analyze VEGFR1 and
VEGEFR3 protein expression, because PCR data showed
that VEGFR1 mRNA and 3 mRNA levels are very low or
below the detection limit of PCR, whereas VEGFR2 increased
with differentiation.
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Fic. 4. VEGF-A and VEGFR2 protein production during differenti-
ation of KS483 cells. KS483 cells were cultured as described in Fig.
1. A, VEGF-A protein content was assayed in culture supernatants by
VEGF-A ELISA at the time points indicated. Mean values from trip-
licate experiments are depicted + SEM. B, Protein was extracted and
subjected to SDS-PAGE, blotted, and stained with anti-VEGFR2 an-
tibody. Lane 1, Day 3; lane 2, day 7; lane 3, day 14; lane 4, day 21 after
plating; lane 5, fetal lung (E17). VEGFR2 protein is indicated by
arrows.

Effects of IGF-I and PTHrP on VEGF-A production by
KS483 cells

Continuous treatment of KS cells with IGF-I stimulated os-
teoblast differentiation dose dependently, as shown by a sig-
nificant increase in nodule formation after 21 days of culture
(Fig. 5A). In contrast, continuous treatment with PTHrP sig-
nificantly inhibited nodule formation after 21 days of culture
(Fig. 5A). VEGF levels were determined in the culture medium
after 21 days of culture. IGF-I treatment significantly increased
VEGF-A levels, whereas PTHrP treatment significantly de-
creased VEGF-A levels (Fig. 5B).

Effects of VEGF-A, anti-VEGF, and sFLT1 on
differentiation during differentiation of KS483 cells

KS483 cells were continuously treated with 1, 2.5, 10, or 25
ng/ml thVEGF-A. As depicted in Fig. 5, A and B, treatment
with 10 and 25 ng/ml rhVEGEF-A stimulated nodule forma-
tion to a similar extent as IGF-I. Treatment of cultures with
a functional blocking antibody directed against murine
VEGF-A in the presence or absence of IGF-I did not have an
effect on alkaline phosphatase activity (data not shown).
Furthermore, treatment of KS483 cells with 50, 100, and 200
ng/ml truncated VEGFRI1 (sFLT1) did not affect nodule for-
mation 21 days after plating (Fig. 5C). It should be noted that
sFLT1 is able to block endothelial proliferation and endo-
thelial sprouting in vitro at the concentrations used (our un-
published results).
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Fic. 5. Effects of IGF-I, PTHrP, VEGF-A, and sFLT1 on nodule for-
mation by KS483 cells. KS483 cells were plated in 24-well plates at
a density of 15,000 cells/cm?. At confluence, 50 ug/ml ascorbic acid and
various concentrations of rhIGF-I and PTHrP-(1-34) were added.
B-Glycerophosphate was added when nodules appeared (day 15 after
plating). The number of mineralized nodules was determined 21 days
after plating by light microscopy. Cultures were performed six times,
and nodules were counted in triplicate. Values were significantly
different from controls as indicated (#, P < 0.05). B, In the superna-
tant, VEGF-A production was measured by ELISA after 21 days of
culture. Values represent the mean protein concentration + SEM cor-
rected for DNA content calculated from triplicate experiments. Values
were significantly different from controls as indicated (#, P < 0.05).
C, At confluence, various concentrations of rhVEGF, 45 and sFLT1
were added to the culture medium for 21 days. The number of min-
eralized nodules was determined as described above.

Discussion

In the present study using an in vitro model of osteoblast
differentiation we demonstrate the following: 1) the expres-
sion and production of VEGFs and their receptors by non-
malignant untransformed osteoblast-like cells depend on the
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state of differentiation of these cells; 2) the production of
VEGF-A increases with differentiation, and this can be mod-
ulated by factors that alter the differentiation state of the cells;
and 3) exogenous VEGEF-A stimulates osteoblast differentia-
tion.

Osteoblast differentiation in vitro is characterized by tem-
poral and sequential gene expression, resulting finally in
calcium deposition (39, 49). We show here that VEGF-A, -B,
and -D are expressed at low levels at the beginning of os-
teoblast differentiation before BSP and OC mRNA expres-
sion. VEGF-A, -B, and -D mRNA expression strongly in-
creased during terminal differentiation in parallel with BSP
and OC mRNA expression and were maximally expressed
during mineralization. In line with the mRNA expression of
VEGF-A, maximum protein levels were found by ELISA
during the mineralization phase. When KS483 cells were
treated with the osteotropic factors IGF-I and PTHrP, a cor-
relation between osteoblast differentiation and VEGF pro-
duction was found. Continuous treatment of KS483 cells with
PTHrP, a condition that is known to inhibit osteoblast dif-
ferentiation (50, 51), also inhibited VEGF-A production sig-
nificantly. In contrast, IGF-I, which stimulated differentia-
tion of K5483 cells, as shown by enhanced nodule formation,
significantly and dose dependently increased VEGF pro-
duction.

It is well known that members of the VEGF family act as
paracrine factors through activation of VEGFRs present on
endothelial cells. Early observations by Midy and Ploet (34)
showed binding of labeled VEGF to high affinity sites on
bovine calvarial osteoblasts. Recently, VEGFR1T mRNA ex-
pression was reported in murine trabecular osteoblasts (11).
In agreement with these studies we demonstrated VEGFR1
mRNA expression by murine K5483 cells. Moreover, this
expression was dependent on the differentiation state of the
cells. VEGFR2 mRNA expression has been shown in inter-
segmental regions of vertebrae by in situ hybridization (19,
52, 53). We found that VEGFR2 mRNA and protein were
expressed in a differentiation-dependent manner. VEGFR2
protein was detected, by immunoblotting, as a 230-kDa ma-
ture protein that corresponds to the molecular mass of the
mature form of VEGFR2 thatis involved in receptor signaling
(54). Other studies, however, failed to demonstrate VEGFR2
mRNA in postnatal human trabecular osteoblasts (36) or
showed very low VEGFR2 mRNA expression in postnatal
mouse trabecular osteoblasts in vivo (11). Possible explana-
tions for the differences between our and the other obser-
vations include 1) age difference (fetal vs. postnatal), as
VEGFR2 mRNA levels are described to decline postnatally
(63); 2) difference of origin (calvarial bone vs. trabecular
bone); and 3) cell line-specific properties (cell line vs. primary
cells). The most recently identified VEGF receptor, VEGF, 4R/
neuropilin, was also expressed in a differentiation-depen-
dent manner. To our knowledge we are the first to report
expression of this receptor in osteoblast-like cells. This re-
ceptor has been identified on endothelial cells and tumor-
derived cell lines and acts as an isoform specific coreceptor
of VEGFR?2 by specifically binding the isoform VEGF-A s,
butnot VEGF-A,,, (31, 32). These findings combined with the
observation of limb deformities in mice overexpressing neu-
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ropilin support a role for this receptor in bone physiology
(55).

Treatment of KS483 cells with rhVEGF-A stimulated nod-
ule formation. Interestingly, the effects of thVEGEF-A on dif-
ferentiation were noted during mineralization at the time
when VEGFRs are maximally expressed. These findings,
therefore, suggest that VEGF-A might stimulate osteoblast
differentiation in an autocrine manner. However, treatment
of KS cells with a neutralizing antibody directed against
murine VEGF-A or with a truncated VEGF receptor (sFLT1)
that can bind both VEGF-A and -B, thereby neutralizing their
action, did not affect nodule formation in unstimulated cul-
tures, although both agents were able to inhibit angiogenesis
in an in vitro model using fetal mouse bone explants (our
unpublished results). This suggests that enhanced VEGF-A
production by terminal differentiated osteoblasts is not an
essential step in the regulation of nodule formation in vitro,
but that it is instead a marker of osteoblast differentiation.
However, we cannot exclude involvement of other VEGF
family members in osteoblast differentiation, because
VEGF-A loss might be compensated by both VEGF-B and
VEGF-D, which are also expressed in a differentiation-de-
pendent manner, as shown here. Observations made in
sFLT1-treated cultures make it less likely that VEGF-B can
compensate for VEGF-A loss, because both VEGF-A and
VEGEF-B act through the same receptor (VEGFR1). As it is
known that VEGF-A can act not only through VEGFR1 but
also through VEGR2, VEGF-A loss might be compensated by
VEGE-C or VEGF-D, as these isoforms act through binding
of VEGFR2.

The expression pattern of VEGFs and their receptors by
KS483 cells before mineralization shown here combined with
the recent observation that VEGF substitution can rescue
osteoclast formation in mice deficient in osteoclasts due to
the absence of macrophage colony-stimulating factor (56)
support a novel role for VEGFs in the regulation of bone
remodeling. Osteoblast-derived VEGFs may not only act as
chemotactic factors on endothelial cells, but may also act on
osteoclasts to stimulate their formation and activity.

In conclusion, we show here for the first time that VEGF-A,
-B, and -D mRNA and, to a lesser extent, VEGF-C are ex-
pressed by the murine osteoblast-like KS483 cell line in a
differentiation-dependent manner. Furthermore, exogenously
added VEGEF-A enhances osteoblast differentiation. VEGF-A
may act through various VEGFRs (VEGFR1, VEGFR2, and
neuropilin) that are also expressed by osteoblasts in a dif-
ferentiation-dependent fashion. Continuous treatment of
KS483 cells with IGF-I and PTHrP, which modulate osteo-
blast differentiation, is associated with a change in VEGF-A
production. We therefore propose that osteoblast-derived
VEGFs may act as paracrine factors, modulating endothelial
and osteoclast functions, but may also act as autocrine fac-
tors, modulating osteoblast differentiation. These observa-
tions might be of importance in processes such as endochon-
dral bone formation and fracture healing, where a close
association between angiogenesis and bone formation exists.
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