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Although histological studies have suggested that
ndothelial cells in bone (BDECs) are associated with
ome osteolytic bone diseases, it is still unclear how
DECs contribute to bone remodeling. Here we exam-

ned the response of BDECs to basic fibroblast growth
actor (bFGF, FGF-2) using primary and cloned mu-
ine BDECs isolated from the femurs of BALB/c mice.
reatment of primary and cloned BDECs with bFGF

nduced cyclooxygenase-2 (COX-2) mRNA and protein
xpression. Furthermore, bFGF promotes the produc-
ion of prostaglandin E2 (PGE2), which is known to be
potent stimulator of bone resorption and to induce

steoclast formation. Because the secretion of PGE2

as suppressed by COX-2 specific inhibitor NS-398 and
y COX-2 antisense oligodeoxynucleotides, bFGF pro-
otes the synthesis of PGE2 in a COX-2-dependent
anner. Therefore, endothelial cells in bone are asso-

iated with bone remodeling by controlling COX-2 ex-
ression and consequently PGE2 production. © 1999

cademic Press

Bone is a dynamic organ in which resorption and for-
ation continue throughout life (1). In normal bone re-
odeling, the formative and degradative processes are

arefully controlled by systemic hormones and by locally
roduced soluble factors in the adult skeleton (2). Distur-

1 This study was supported in part by a special grant for Advanced
esearch on Cancer; a Grant-in-Aid for Cancer Research from the
inistry of Education, Science, and Culture, Japan; a grant from the
inistry of Health and Welfare, Japan; and a grant from Public
rust Haraguchi Memorial Cancer Research Fund, Japan.

2 To whom correspondence should be addressed. Fax: 181-3-3816-
592. E-mail: ttsuruo@imcbns.iam.u-tokyo.ac.jp.
Abbreviations used: BDECs, endothelial cells in bone; bFGF, basic

broblast growth factor; PG, prostaglandin; COX, cyclooxygenase;
T-PCR, reverse-transcription polymerase chain reaction; ELISA,
nzyme-linked immunosorbent assay.
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iseases. Bone remodeling and production of soluble fac-
ors are regulated by complex interactions among bone-
orming osteoblasts, bone-degrading osteoclasts, and
ther cells present in the bone microenvironment (e.g.,
ndothelial cells and fibroblasts). Owing to the close prox-
mity of endothelial cells to osteoblasts and osteoclasts in
one tissue (3, 4), endothelial cells may play a crucial role
n normal bone remodeling and pathological states such
s osteoporosis, arthritis, and cancer metastasis to bone.
Prostaglandins are abundant in bone and are reported

o be produced largely from the cells of the osteoblast
ineage. Among PGs, PGE2 is a potent stimulator of bone
esorption in vitro and induces osteoclast formation in
ouse bone marrow culture. PGs synthesis is regulated

y cyclooxygenases (COXs), which catalyze the produc-
ion of PGs from arachidonic acids (5). Two isoform of
OXs are now identified. COX-1 is constitutively ex-
ressed, and COX-2 is inducibly expressed by a variety of
itogen and inflammatory stimuli (5–8). Basic fibroblast

rowth factor (bFGF) is known to be a potent modulator
f endothelial cell function and to be produced at the time
f neovascularization or tumor growth (9, 10). The ex-
ression level of COX-2 is promoted by bFGF in osteo-
lastic cells and SHE cells (11, 12). However, the effects
f bFGF on endothelial cells in bone are still unclear.
We have previously established mouse bone-derived

ndothelial cell lines (BDECs) from femurs of BALB/c
ice (13). In this study, we investigated the effects of

FGF on the expression of COX-2 in primary and
loned BDECs. We found that the endothelial cells in
one play an important role in bone remodeling by
roducing PGE2.

ATERIALS AND METHODS

Cell culture conditions. The mouse bone marrow-derived endo-
helial cell line BM-3 was established in our laboratory, as described
reviously (13). BM-3 cells were cultured on gelatin-coated dishes
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



(Iwaki, Tokyo, Japan). The mouse calvaria-derived osteoblast cell
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ine, MC3T3-E1, was obtained from the Riken Cell Bank (Ibaraki,
apan). All cells were maintained in Dulbecco’s modified Eagle’s
edium (DMEM; Nissui Phamaceutical Co., Tokyo, Japan) supple-
ented with 2 mM L-glutamine (Gibco Laboratories, Grand Island,
Y), 100 mg/ml of kanamycin (Meiji Seika Co. Ltd., Tokyo, Japan),
nd 10% heat-inactivated FBS (Gibco) (DMEM growth medium) at
7°C in a humidified atmosphere of 5% CO2-95% air.

Preparation of primary BDECs. Isolation of the primary endo-
helial cells in bone marrow was performed by the method described
reviously (13). Briefly, femurs and tibias of BALB/c mice (Charles
iver Japan Inc., Kanagawa, Japan) were isolated and washed with
hosphate-buffered saline (PBS). After removing the smooth muscle
nd periosteum, the bone marrow was washed out of the femurs and
ibias with PBS. The cells were collected and resuspended in DMEM
rowth medium containing 598 mg/ml of D-valine (Sigma, St. Louis,
O). The cells were plated on gelatin-coated dishes and cultured for

bout 2 weeks.

RT-PCR. mRNA was extracted using a QuickPrep mRNA isola-
ion kit, according to the manufacturer’s instruction (Pharmacia,
ppsala, Sweden). RT-PCR was carried out using a GeneAmp RNA
CR core kit (Perkin–Elmer, Norwalk, CT) (14). The sense and
ntisense primers of mouse glyceraldehyde-3-phosphate dehydroge-
ase (mG3PDH) were purchased from Clontech Laboratories, Inc.
Palo Alto, CA). Murine COX-1 sense (59-TGCATGTGGCTGTG-
ATGTCATCAA-39) and antisense (59-CACTAAGACAGACCCGT-
ATCTCCA-39) primers were designed according to the cDNA
equence. Murine COX-2 sense (59-ACTCACTCAGTTTGTTGAG-
CATTC-39) and antisense (59-TTTGATTAGTACTGTAGGGTTA-
TG-39) primers were designed according to the cDNA sequence (15).
he amplified fragments were detected in the expected sizes by
thidium bromide staining in a 1.8% agarose gel plate.

Nuclear run-off assay. BM-3 cells were seeded at a density of 1 3
05 cells/well onto six-well gelatin-coated dishes and grown to 50-
0% confluence in DMEM growth medium. MC3T3-E1 cells were
eeded at the same density onto six-well dishes and grown in DMEM
rowth medium. After incubation for 18–24 h, the cells were rinsed
wice with PBS. Then 2 mg of reporter plasmid DNA (TIS10L; gen-
rously provided by Dr. Harvey Herschman, University of California,
os Angeles, CA) (16, 17) was introduced into cells using 8 mg of
ipofect Amine (Gibco), according to the manufacturer’s instruc-
ions. After incubation for 5 h, medium was replaced with DMEM
rowth medium. After incubation for additional 18 h, the cells were
ashed twice with PBS and then cultured in serum-free DMEM
edium containing 0.1% bovine serum albumin (BSA; Sigma) with

0 ng/ml of bFGF (Calbiochem, Cambridge, MA). Luciferase activity
as measured using luciferase assay system as per the manufac-

urer’s instructions (Promega, Madison, WI). Luciferase activity in
he lysate was measured using MicroLumat LB96P luminometer
Berthold, Bad Wildbad, Germany). Activities were normalized by
easuring protein concentrations in the cell lysates with a BCA

rotein assay kit (Pierce, Rockford, IL).

Western blot analysis. Western blot analysis was performed as
escribed previously (18). Briefly, BM-3 cells were cultured in serum-
ree DMEM medium containing 0.1% BSA and incubated with or
ithout bFGF. The cells were harvested and solubilized with lysis
uffer containing Nonidet P-40 and 0.2% SDS. Then the cell lysates
50 mg/lane) were applied to a 4–20% gradient polyacrylamide gel.
he electrophoresed proteins were transblotted onto a nitrocellulose
embrane. After blocking, the membranes were incubated with an

nti-mouse COX-1 polyclonal antibody (Santa Cruz Biotechnology,
anta Cruz, CA) or an anti-mouse COX-2 monoclonal antibody

Transduction Laboratories, Lexington, KY). The membranes were
hen incubated with appropriate peroxidase-conjugated second anti-
ody and developed with enhanced chemiluminescence mixture
Amersham, Buckinghamshire, UK).
260
ishes (2 3 105 cells/well) and grown to confluence. After washing twice
ith PBS, the cells were incubated in DMEM medium containing 0.1%
BS with appropriate concentrations of bFGF. In some experiments,
M-3 cells were pretreated with COX inhibitors, 0.1 mM indomethacin,
.2 mM dexamethasone, or 1 mM NS-398, 3 h before adding bFGF. The
ppropriate concentration and time of inhibitors was determined ac-
ording to previous reports (19–23). In some experiments, 15 mM
OX-2 antisense phosphorothioate oligodeoxynucleotide (59-GCAGAG-
AGCACCGA-39) and sense phosphorothioate oligodeoxynucleotide

59-TCGGTGCTGCTCTGC-39) (24) were transiently transfected into
M-3 cells using Lipofect Amine 18–24 h before adding bFGF. The
edium was filtered and frozen at 280°C until use. PGE2 concentration

n the culture medium was evaluated using the enzyme immunoassay
it, according to the manufacturer’s instructions (Cayman Chemical
o., Ann Arbor, MI).

ESULTS

Effect of bFGF on COX-2 mRNA expression in
DECs. Osteoblast-lineage cells are reported to reg-
late bone remodeling by secreting PGE2 in response to
FGF (11). We, therefore, examined the change of
OX-2 mRNA expression in primary mouse BDECs
nd in cloned mouse bone marrow-derived endothelial
M-3 cells by RT-PCR analysis (Fig. 1). As shown in
ig. 1A (upper panel), the expression level of COX-2
RNA in the primary BDECs was rapidly induced by

0 ng/ml of bFGF within 1 h (Fig. 1A, lane 2). Then the
mount of COX-2 mRNA declined slightly in a time-
ependent manner. In contrast, the expression levels
f COX-1 and G3PDH were not changed by the bFGF
reatment (Fig. 1A, middle and lower panels). The in-
rease in COX-2 mRNA expression was similarly ob-
erved in BM-3 cells (Fig. 1B).
When primary BDECs were treated with various

oncentrations of bFGF, the amount of COX-2 mRNA
ncreased in a dose-dependent manner (Fig. 1C, upper
anel). The maximum COX-2 mRNA expression was
bserved when primary BDECs were treated with 1–10
g/ml of bFGF. The expression levels of COX-1 and
3PDH mRNA were not affected by bFGF treatment

Fig. 1C, middle and lower panels). BM-3 cells exhib-
ted similar responses to bFGF (data not shown).

To further quantify the transcriptional regulation of
OX-2 by bFGF, we performed nuclear run-off assay.
M-3 and MC3T3-E1 cells were transiently trans-

ected with COX-2 promoter-luciferase fusion gene con-
aining 963 bases of 59 flanking sequence (TIS10L) (16,
7). The addition of bFGF immediately increased the
uciferase activity in TIS10L-transfected BM-3 and

C3T3-E1 cells (Fig. 2). This activity increase maxi-
ized at 3 h and was maintained for more than 24 h in
M-3 cells (Fig. 2A). In MC3T3-E1 cells the activity
apidly decreased (Fig. 2B).

bFGF stimulation of COX-2 protein expression and
GE2 production. To confirm that bFGF stimulated
OX-2 protein expression in BDECs, we performed
estern blot analysis using an anti-COX-2 monoclonal
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ntibody. After pretreatment with serum-free medium
or 12 h, BM-3 cells were incubated with 10 ng/ml of
FGF for 1, 3, 6, 12, 24, and 48 h (Fig. 3A). The
xpression level of the COX-2 protein increased in a
ime-dependent manner, and it continued for 24 h,
hile that of the COX-1 protein was not changed by
FGF. When BM-3 cells were treated with various
oncentrations of bFGF for 6 h, the maximum COX-2
rotein expression was observed at 1–30 ng/ml of
FGF. Consistent with RT-PCR analysis (Fig. 1), the
xpression level of COX-1 protein was not affected by
FGF treatment (Fig. 3).
Because COX-2 was associated with the production

f PGs, we measured the concentrations of PGE2 in
M-3 cell culture medium using an ELISA kit specific

or PGE2. Among the prostaglandins, PGE2 is a potent
timulator of bone resorption (25–29). bFGF increased

FIG. 1. Induction of COX-2 mRNA expression in primary BDECs
nd in BM-3 cells by bFGF treatment. (A and B) The primary BDECs
A) and BM-3 cells (B) were pretreated with serum-free DMEM for
2 h and then incubated with 10 ng/ml of bFGF for the indicated
ime. (C) The primary BDECs were pretreated with serum-free
MEM for 12 h and then incubated with the indicated concentra-

ions of bFGF for 1 h. The mRNA of each sample was extracted, and
T-PCR was carried out using COX-2, COX-1, and G3PDH primer
ets. The amplified products of COX-2 (583 bp), COX-1 (449 bp), and
3PDH (983 bp) were stained with ethidium bromide, electropho-

esed in a 1.8% agarose gel plate, and visualized by UV illumination.
he molecular size marker was the 100-bp DNA ladder. Similar
esults were obtained in three independent experiments.
261
GE2 secretion from BM-3 cells, and the maximum
oncentration of PGE2 in BM-3 cell culture medium
as observed after 24 h of bFGF treatment (Fig. 4A).
FGF promoted PGE2 synthesis in a dose-dependent
anner (Fig. 4B).

FIG. 2. Up-regulation of COX-2 promoter activity by incubation
ith bFGF in BM-3 and MC3T3-E1 cells. BM-3 (A) and MC3T3-E1

B) cells were transiently transfected with the vector containing the
uciferase reporter gene (TIS10L). After incubation for 5 h, the cells
ere incubated with serum-free DMEM for 12 h. The cells were then

ncubated with 10 ng/ml of bFGF. At the indicated time points, cells
ere harvested, and luciferase activity in the cell lysate was mea-

ured, as described under Materials and Methods. The luciferase
ctivity was represented by the relative light unit (RLU; activity/mg
f protein). Repeated experiments gave similar results.

FIG. 3. Effects of bFGF on the COXs protein expression. (A) BM-3
ells were pretreated with serum-free DMEM for 12 h and then incu-
ated with 10 ng/ml of bFGF for the indicated time points. (B) BM-3
ells were pretreated with serum-free DMEM for 12 h and then incu-
ated with the indicated concentrations of bFGF for 6 h. The cell lysates
ere electrophoresed and blotted onto a nitrocellulose membrane. The
embrane was developed with an anti-mouse COX-1 polyclonal anti-

ody (upper panels) or an anti-mouse COX-2 monoclonal antibody
lower panels), as described under Materials and Methods. BM-3 cells
ultured in DMEM growth medium (10% FBS) were used as the posi-
ive control. Repeated experiments gave similar results.



d
f
t
a
b
t
a
1
a
B
p
5
p

C
a
a
c
s
p
fi
w
t

DISCUSSION

b
m
h
T
b
l
t
p
t
C
e
8
t
i

m
b
p
i

t
a
(
o
s
s
w
l
c
u
d

B
i
c
6
e
d
i

Vol. 254, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Involvement of COX-2 in bFGF-mediated PGE2 pro-
uction in BDECs. After pretreatment with serum-
ree medium for 12 h, BM-3 cells were incubated with
hree kinds of COX inhibitors 3 h before bFGF was
dded. Then the cells were incubated with 10 ng/ml of
FGF for 3 h. We used 0.1 mM indomethcin, nonselec-
ive COX-1/COX-2 inhibitor, 0.2 mM dexamethasone,
n inhibitor of the transcription of the COX-2 gene and

mM NS-398, which inhibits the COX-2 enzymatic
ctivity by binding to the COX-2 enzyme active site.
ecause the COX-2 specific inhibitor, NS-398, sup-
ressed the secretion of PGE2 from BM-3 cells (Fig.
A), COX-2 might be involved in the bFGF-induced
roduction of PGE2.
To confirm the role, BM-3 cells were treated with
OX-2 sense or antisense oligodeoxynucleotides before
dding bFGF. The treatment of BM-3 cells with COX-2
ntisense oligonucleotides specifically reduced the se-
retion of PGE2 from BM-3 cells (Fig. 5B). The COX-2
ense oligonucleotides had marginal effects on PGE2

roduction in BM-3 cells. These results further con-
rmed that bFGF-induced PGE2 production in BDECs
as mediated through the up-regulation of COX-2 pro-

ein expression.

FIG. 4. Induction of PGE2 production by bFGF in BM-3 cells. (A)
M-3 cells were pretreated with serum-free DMEM for 12 h and then

ncubated with 10 ng/ml of bFGF for the indicated times. (B) BM-3
ells were incubated with the indicated concentrations of bFGF for
h. The concentration of PGE2 in the BM-3 cell culture medium was

stimated by ELISA, as described in Materials and Methods. All
ata represent means of duplicate determinations. Repeated exper-
ments gave similar results.
262
PGs are abundantly produced from cells of the osteo-
last lineage cells and are complex regulators of bone
etabolism. Many osteoclast- and osteoblast-regulating
ormones and cytokines, such as PTH, TGFs, IL-1,
NFs, and FGFs, are known to affect PG production from
one. Among PGs, PGE2 is known to be a strong stimu-
ator of bone resorption (25–29). Two types of COX (pros-
aglandin G/H synthetases) are associated with the PGs
roduction. COX-1 is an enzyme that is expressed consti-
utively in many tissues. In contrast, the expression of
OX-2 is induced by appropriate stimuli in fibroblasts,
ndothelial cells, macrophages, and osteoblastic cells (5–
). The reason for acute increase in PGE2 in inflamma-
ory conditions might depend on the rapid and transient
ncrease in COX-2 expression.

Basic fibroblast growth factor (bFGF; FGF-2) is a
ember of the FGF family that comprises nine mem-

ers (30). bFGF has many biological effects during such
hysiological or pathological processes as neovascular-
zation, tissue repair, growth of smooth muscle cells,

FIG. 5. Involvement of COX-2 in bFGF-induced PGE2 produc-
ion. (A) BM-3 cells were pretreated with serum-free DMEM for 12 h
nd then the cells were incubated with COXs inhibitors, indomethcin
IND), NS-398 (NS), or dexamethasone (DEX) 3 h before the addition
f bFGF. (B) BM-3 cells were transiently transfected with 15 mM
ense or antisense phosphorothioate oligodeoxynucleotide, as de-
cribed under Materials and Methods. Then the transfected cells
ere stimulated with bFGF. BM-3 cell culture medium were col-

ected after stimulation with 10 ng/ml of bFGF for 12 h. The PGE2

oncentration in the medium was estimated by ELISA, as described
nder Materials and Methods. All data represent means of duplicate
eterminations. Repeated experiments gave similar results.
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he nervous system. bFGF, which also plays an impor-
ant role in the differentiation and the function of the
keleton, is produced from osteoblast-lineage cells and
tored in the extracellular matrix in association with
eparin sulfate. bFGF stimulates new bone formation
hrough regulating the proliferation and differentia-
ion of osteoblast-lineage cells. In contrast, it is also
nown to stimulate bone resorption (6, 31). Thus bFGF
lays some roles in bone metabolism.
Since the vascular endothelial cells in bone (BDECs)

re thought to play an important role in bone metabo-
ism (13, 32), we previously established BDECs from
emurs of BALB/c mice by transformation with the
V40 virus (13). The established and primary BDECs
romoted bone resorption in vitro by secreting bone-
esorption inducing factors in response to several stim-
li. These results indicate that bone endothelial cells
re certainly involved in the bone remodeling. We here
ound that bFGF promoted the expression of COX-2
RNA and protein in the SV40-transformed BM-3

ells. Because freshly prepared non-transformed pri-
ary BDECs also expressed COX-2 mRNA in response

o bFGF, the expression of COX-2 mRNA in BM-3 cells
ight not due to SV40 transformation.
This is the first report proving that bFGF increased

roduction of COX-2 and PGE2 in BDECs, though
FGF was known to induce the expression of COX-2 in
steoblastic cells (11). Because several reports proved
hat endothelial cells in different organs had different
haracteristics (13, 33), it is important to examine the
ffects of systemic hormones and soluble factors on
ndothelial cells in bone microenvironments to clarify
he role of endothelial cells in bone remodeling. Our
resent results strongly indicate that vascular endo-
helial cells in bone are the important component of
one metabolism, like osteoblasts and osteoclasts.
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