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Figure 6. Inhibitory effects of anti-fibroblast growth factor 2 (anti-FGF-2) monoclonal
antibody {mAb), anti-intercellular adhesion molecule 1 (anti-ICAM-1} mAb, osteoprote-
gerin (OPG), or heparitinase on FGF-2-induced tartrate-resistant acid phosphatase
(TRAP)-positive multinucleated cells {MNCs) from coculture of rheumatoid arthritis
synovial fibraoblasts (RASFs) and peripheral blood mononuclear cells (PBMCs). On day 4,
anti-FGF-2 antibody (10 pg/ml), goat I1aG (control), ICAM-1 mAb 84H10 (1 pg/ml), or
mouse IgG1 (control) (A), OPG (10 ng/m! or 100 ng/ml} (B), or RASFs pretreated with a
heparitinase mixture (100 mU/ml), heparinase (100 mU/ml), or chondroitinase (100 mU/ml)
(C) were added to the cocuiture system. Values are the mean and SD. * = P < (.05 and
*+ = P < (.01 versus no block, by unpaired #-test.

gesting that FGF-2 plays a pivotal role in osteoclasto-
genesis through the up-regulation of ICAM-1 and
RANKL on RASFs (Figure 6A). The formation of
TRAP-positive multinucleated cells from PBMCs in the
presence of RASFs was also abrogated by the addition
of anti-ICAM-1 mAb. The addition of 10 ng/m! of OPG
to the cocultures on the fourth day also reduced the
number of TRAP-positive multinucleated cells in a
dose-dependent manner, reaching basal levels with the
addition of 100 ng/ml of OPG (Figure 6B). These results
imply that the high-affinity adhesion of PBMCs and
RASFs is a prerequisite for the efficient signaling of
RANKL on RASFs during osteoclast maturation. Fur-
thermore, pretreatment of RASFs with 100 mU/m! of
heparitinase, but not the same concentration of hepari-
nase or chondroitinase, significantly reduced the forma-
tion of TRAP-positive multinucleated cells from the
RASF and PBMC ceculture (Figure 6C), suggesting that
the heparan sulfate on RASFs, which holds FGF-2 as a

coreceptor and sends it to the FGFR-1 signaling recep-
tor, plays a pivotal role in the osteoclastogenesis involv-
ing FGF-2/RANKL on RASFs,

In fibroblast proliferation, activation of MAPKs
followed by autophosphorylation of FGFR is known to
be involved in FGF-2 signaling. To study the association
between MAPK activation and FGF-2-mediated
RANKL expression on RASFs, we pretreated RASFs
with PD 98059 (a specific inhibitor of ERK) and SB
202190 (a specific inhibitor of p38 MAPK). PD 98059,
but not SB 202190, inhibited the up-regulation of
RANKL on RASFs in a dose-dependent manner (Fig-
ure 7A). These results suggest that the FGF-2-mediated
RANKL expression on RASFs requires activation of the
ERK cascade. Furthermore, when we added RASFs
pretreated with PD 98059 or SB 202190 to cocultures,
we found that the formation of TRAP-positive multinu-
cleated cells was also inhibited by PD 98059 in a
dose-dependent manner (Figure 7B).
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Figure 7. Involvement of MAPK activation in fibroblast growth factor 2 (FGF-2)-
mediated RANKL expression on rheumatoid arthritis synovial fibroblasts (RASFs) and on
osteoclast formation in a coculture system. A, RASFs were treated with PD 98059 (1, 10, or
30 uM) or 5B 202190 (30 uM) at 37°C for 30 minutes. After washing, RASFs were incubated
with or without FGF-2 (10 ng/ml) for 6 hours. RANKL expression was determined by
FACScan. Values are from a representative experiment of cells from 3 rheumatoid arthritis
patients. Dotted vertical line indicates without treatment with MAPK inhibitor. B, For
coculture of RASFs and peripheral blood mononuclear cells (PBMCs) for the generation of
osteoclasts, RASFs were treated with PD 98059 or SB 202190 at 37°C for 30 minutes. After
washing, RASFs were added to adherent PBMCs. Cocultures were maintained in the
presence of 50 ng/mi of macrophage colony-stimulating factor and 10~7M 1,25-
dihydroxyvitamin D, for 9 days, and then the dishes were stained for tartrate-resistant acid
phosphatase (TRAP). TRAP-positive multinuclcated cells (MNCs) that contained >3
“nuclei were identified as osteoclasts, and these were counted by light microscopy. Values are
the mean and 8D of triplicate measurements. * = P < 0.05 versus no inhibitor, by unpaired

I-test.

DISCUSSION

Prevention of bone and cartilage destruction is
the most important issue in the treatment of RA, but it
has never been completely achieved by conventional
drug therapy, which mainly targets the suppression of
inflammation. Recently, some centers have used
bisphosphonates to inhibit osteoclast activity, but this is
not a specific therapy for the pathologic process of RA.
In this regard, the mechanisms underlying osteoclast
differentiation within the synovium, away from osteo-
blasts or bone marrow stromal cells, which are thought
to be indispensable for osteoclastogenesis, have not yet
been delineated. However, it has been reported that
RASFs in coculture with PBMCs induce osteoclast

formation and that this system requires cell-to-cell in-
teraction between RASFs and PBMCs (17), but the
underlying mechanism(s) of this interaction is not yet
clear. In the present study, we showed that FGF-2, which
is produced by RA synovial tissue, induced ICAM-1 and
RANKL expression on RASFs.

We and other investigators have reported that
osteoblasts, which express ICAM-1 (14) and RANKL
(18), promote ostecclast formation by adhesion to
PBMCs. It was suggested that in RA synovial tissue,
RASFs direct osteoclast formation under the same
mechanism as osteoblasts. Furthermore, we found that
differences in RANKL and ICAM-1 expression levels on
RASFs and OASFs by FGF-2 were not due to differ-
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ences in levels of FGFR-1 expression, but rather, differ-
ences in levels of HSPG expression, which is a corecep-
tor of FGFR-1. These results suggest that control of the
expression of HSPG is linked to the specific control of
bone resorption in RA.

It has been reported that the actions of FGF-2

save RASFs from apoptosis {(19), that RASFs express

the HOXD9 gene, and FGF-2 promotes the autono-
mous production of FGF-2 (20), and that the synovial
fluid concentration of FGF-2 correlates with the degree
of bone destruction more so than do the synovial fluid
concentrations of inflammatory cytokines, such as tumor
necrosis factor e, interleukin-le, and interleukin-6 (6).
According to these reports, FGF-2 plays a leading roie in
the pathologic changes of RA, such as cell proliferation
and bone and cartilage destruction, and is thought to be
an attractive target in any disease-specific treatment.

Since Yayon et al (8) first demonstrated the
importance of HSPG for high-affinity binding of FGF-2
to FGFR-1, extensive biochemical and biologic data
have been reported. These data indicate that HSPG is
essential for FGF/FGFR signaling (9-11,21,22). Al-
though several models have been proposed from binding
studies, functional analyses, and crystal structure analy-
ses, the mechanism(s) through which HSPG/heparin
assists FGF/FGFR signaling remains poorly understood.

Preincubation of RASFs with heparinase and
heparitinase strongly inhibited FGF-2-stimulated ex-
pression of RANKL on RASFs. Furthermore, preincu-
bation of RASFs with heparitinase strongly controlled
osteoclast formation, whereas preincubation of RASFs
with heparinase failed to control osteoclastogenesis.

Extrapolating from the current structural models,
we suggest that FGFR. dimerization and autophosphor-
ylation is supported by cooperative “heparin-like end
structures,” and that cell surface association and concen-
tration of these end structures compensate for the
relative scarcity of such end structures in native HSPG
(23,24). Heparitinase catalyzes the eliminative cleavage
of a-N-acetyl-p-glucosaminidic linkage in heparan sul-
fate, whereas heparinase mainly acts on heparin. In this
osteoclast formation assay, we found that heparitinase
resolved the heparan sulfate chains of cell surface HSPG
most effectively and inhibited FGF receptor dimeriza-
tion, activation, and signaling.

FGF-2/FGFR signaling enhanced cell prolifera-
tion to fibroblasts through ERK (25,26). In studies of the
osteoclastogenesis of the murine monocytic cell line
RAW?264.7, it was reported that the ERK pathway
negatively regulated RANKL-induced osteoclast matu-
ration, whereas the p38 MAPK pathway positively reg-

ulated it (27,28). Our results showed that activation of
ERK was necessary for RANKL expression on RASFs.
Osteoclast formation was suppressed, a finding similar
to that when RASFs were preincubated with hepariti-
nase under the control of ERK activation. Previous
studies indicated that FGF-2 acts on osteoblasts through
activation of FGFR-1 and ERK, causing the expression
of RANKL and the stimulation of bone resorption at
physiologic or pathologic concentrations (29). It is pos-
sible that the same mechanism also exists in RASFs,

In conclusion, the present study demonstrated
that FGF-2 binds to FGFR-1 through HSPGs, which are
characteristically expressed on RASFs, and results in
RANKL- and ICAM-1-mediated maturation of oste-
oclasts via ERK activation. Thus, FGF-2 is involved in
osteoclast maturation, which leads to bone destruction
and osteoporosis in RA. These results suggest that
FGF-2- and HSPG-mediated signaling could be a suit-
able target for the treatment of RA.

REFERENCES

1. Shimizu 8, Shiozawa S, Shiczawa K, Imura 3, Fujita T. Quantita-
tive histologic studies on the pathogenesis of periarticular osteo-
porosis in rheumatoid arthritis. Arthritis Rheum 1985;28:25-31.

2. Kotake §, Sato K, Kim K, Takahashi N, Udagawa N, Nakamura
I, et al. Interleukin-6 and soluble interleukin-6 receptors in the
synovial fluids from rheumatoid arthritis patients are responsible
for osteoclast-like cell formation. T Bone Miner Res 1996;11:
88-95.

3. Rifkin DB, Moscatelli D. Recent developments in the cell bioclogy
of basic fibroblast growth factor. J Cell Biel 1989;109:1-6.

4. Simmons HA, Raisz LG. Effects of acid and basic fibroblast
growth factor and heparin on resorption of cultured fetal rat long
bones. J Bone Miner Res 1991;6:1301-5.

5. Hurley MM, Lee SK, Raisz LG, Bernecker P, Lorenzo L. Basic
fibroblast growth factor induces osteoclast formation in murine
bone marrow cultures. Bone 1998:22:309-16.

6. Manabe N, Oda H, Nakamura K, Kuga Y, Uchida S, Kawaguchi
H. Involvement of fibroblast growth factor-2 in joint destruction of
rheumatoid arthritis patients. Rheumatology (Oxford) 1999;38:
714-20.

7. Yamashita A, Yonemitsa Y, Okano S, Nakagawa K, Nakashima Y,
Irisa T, et al. Fibroblast growth factor-2 determines severity of
joint disease in adjuvant-induced arthritis in rats. J Immunol
2002;168:450-7.

8. Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell
surface heparin-like molecules are required for binding of basic
fibroblast growth factor to its high affinity receptor. Cell 1991;64:
841-8.

9. Steinfeld R, Van Den Berghe H, David G. Stimulation of fibro-
blast growth factor receptor-1 occupancy and signaling by cell
surface-associated syndecans and glypican. J Cell Biol 1996;133:
405-16.

10. Tanaka Y, Kimata K, Adams DH, Eto S. Modulation of cytokine
function by heparan sulfate proteoglycans: sophisticated models
for the regulation of cellular responses to cytokines. Proc Assoc
Am Physicians 1998;110:118-125.

11. Lin X, Buff EM, Perrimon N, Michelson AM. Heparan sulfate
proteoglycans are essential for FGF receptor signaling during

—105—



2458

12.

13,

14.

15.

16,

17.

18.
19.

20.

Drosophila embryonic development, Development 1999;126:
3715-23.

Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,
Cooper NS, et al. The American Rheumatism Association 1987
revised criteria for the classification of rheumatoid arthritis.
Arthritis Rheum 1988;31:315-24.

Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et
al. Development of criteria for the classification and reporting of
osteoarthritis: classification of osteoarthritis of the knee. Arthritis
Rheum 1986;29:1039-49.

Tanaka Y, Maruo A, Fujii K, Nomi M, Nakamura T, Eto S, et al.
Interceliular adhesion molecule 1 discriminates functionally dif-

ferent populations of human osteoblasts: characteristic involve--

ment of cell cycle regulators. J Bone Miner Res 2000;15:1912-23.
Fujii K, Fujii Y, Hubscher S, Tanaka Y. CD44 is the physiological
trigger of Fas up-regulation on rheumatoid synovial cells, I Immu-
nol 2001;167:1198-203.

Okada Y, Lorenzo LA, Freeman AM, Tomita M, Morham §G,
Raisz LG, et al. Prostaglandin G/H synthase-2 is required for
maximal formation of osteoclast-like cells in culture, J Clin Invest
2000;105:823-32.

Takayanagi H, lizuka H, Juji T, Nakagawa T, Yamamoto A,
Miyazaki T, et al. Involvement of receptor activator of nuclear
factor «B ligand/osteoclast differentiation factor in osteoclasto-
genesis from synoviocytes in theumatoid arthritis. Arthritis Rheum
2000;43:259-69. |

Katagiri T, Takahashi N. Regulatory mechanisms of osteoblast
and osteoclast differentiation. Oral Dis 2002;8:147-59.

Kobayashi T, Okamoto K, Kobata T, Hasunuma T, Kato T,
Hamada H, et al. Differential regulation of Fas-mediated apopto-
sis of rheumatoid synoviocytes by tumor necrosis factor o and basic
fibroblast growth factor is associated with the expression of
apoptosis-related molecules. Arthritis Rheum 2000;43:1106-14.
Khoa ND, Nakazawa M, Hasunuma T, Nakajima T, Nakamura H,
Kobata T, et al. Potential role of HOXD? in synoviocyte prolifer-
ation. Arthritis Rheurn 2001;44:1013-21.

21,

22,

23

24.

25,

26,

27.

29.

—106—

NAKANO ET AL

Rapraeger AC, Krufka A, Olwin BB. Requirement of heparan
sulfate for bFGF-mediated fibroblast growth and myoblast differ-
entiation. Science 1991;252:1705-8.

Aviezer D, Hecht D, Safran M, Eisinger M, David G, Yayon A.
Periccan, basal lamina proteoglycan, promotes basic fibroblast
growth factor-receptor binding, mitogenesis, and angiogenesis.
Cell 1994;79:1005-13,

Plotnikov AN, Hubbard SR, Schlessinger J, Mchammadi M.
Crystal structures of two FGF-FGFR complexes reveal the deter-
minants of ligand-receptor specificity. Cell 2000;101:413-24,
Schlessinger J, Plotnikov AN, Ibrahimi QA, Eliseenkova AV, Yeh
BK, Yayon A, et al. Crystal structure of a ternary FGF-FGFR-
heparin complex reveals a dual role for heparin in FGFR binding
and dimerization. Mol Cell 2000,6:743-50.

Tortorella LL, Milasincic DJ, Pilch PF. Critical proliferation-
independent window for basic fibroblast growth factor repression
of myogenesis via the p42/p44 MAPK signaling pathway. J Biol
Chem 2001;276:13709-17.

Reilly JF, Martinez 8§D, Mickey G, Maher PA. A novel role for
farnesyl pyrophosphate synthase in fibroblast growth factor-medi-
ated signal transduction. Biochem I 2002;366:501-10.

Tortorella LL, Milasincic DJ, Pilch PF. Critical proliferation-
independent window for basic fibroblast growth factor repression
of myogenesis via the p42/pd4d MAPK signaling pathway. J Biol
Chem 2001;276:13709-17.

. Matsumoto M, Sudo T, Saito T, Osada H, Tsujimoto M. Involve-

ment of p38 mitogen-activated protein kinase signaling pathway in
csteoclastogenesis mediated by receptor activator of NF-«B ligand
{RANKL). J Biol Chem 2000;275:31155-61.

Chikazu D, Katagiri M, Ogasawara T, Ogata N, Shimoaka T,
Takato T, et al. Regulation of osteoclast differentiation by fibro-
blast growth factor 2: stimulation of receptor activator of nuclear
factor «B ligand/osteoclast differentiation factor expression in
osteoblasts and inhibition of macrophage colony-stimulating factor
function in osteoclast precursors. J Bone Miner Res 2001;16:
2074-81.



