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Abstract Macrophage colony-stimulating factor (M-CSF)
is a key factor for osleoclastogenesis at the bone-pannus
interface in patients with rheumatoid arthritis as well as a
receptor activator of NF-xB ligand (RANKL). Tmatinib
mesylate inhihits the phosphorylation of c-fins, a receptor
for M-CSF. The present study investipates the cffect of
imatinib mesylate on joint destruction in rats with collagen-
induced arthritis (CIA) and on osteoclastogenesis in vitro.
Imatinib mesylate (50 or 150mghkg). dexamethasone. or
vehicle was administered daily to CLA rats for 4 weeks from
the onsel of arthritis. Hind-paw swelling and body weight
were measured weekly, At weeks 2 and 4, the metatar-
sophalangeal (MTP) joints and the ankle and subtalar joing
were tadiographically and histologically assessed. "The
effect of imatinib mesylate on osteoclast formation from
rat bone marrow cells with M-CSF and soluble RANKL
(sRANKL) in vitro was also examined. Radiographic as-
sessment showed that 130mg/kg imatinib mesylate sup-
pressed the destruction of the MTP and the ankle and
subtalar joints at week 2, and MTP joint destruction ar week
4 in CIA rats, although hind-paw swelling was not sup-
pressed. The number of TRAP-positive cells at the bone-
pannus interface was significantly reduced 1n the group
administered with 150mg/kg imatinib mesylate compared
with that piven vehicle at week 4. Imatinib mesylate
dose-dependently inhibited the proliferation of M-CSF-
dependent osteoclast precursor cells in vitro as well as os-
teoclast formation induced by M-CSF and sSRANKL. These
findings suggest that imatinib mesylate could prevent joint
destruction in patients with rheumatoid arthritis.
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Introduction

Rheumatoid arthritis (RA) is a chronic and progressive
inflammatory disease that is associated with joint destruc-
tion. Histopathological characterization of bone erosion in
patients with RA and in animal models of nflammatory
arthritis such as collagen-induced arthritis (C1A) has pro-
vided powerful cvidcnce that bone-resorbing osteoclasts
play an important role in the structural joint damage in-
volved in inflammatory arthritis {1].

Imatinib mesylate is a signal transduction inhibitor that
specifically targets a set of protein tyrosine kinases. for
example, abl, c-kir, and platelet-derived growth factor
receptor (PDGF-R) [2-4]. Imatinib mesylate 1§ widely ad-
ministered to treat chronic myeloid leukemia (CML) [2]
and c-kir-positive gastrointestinal stromal tamors [5].
Mivachi et al, recently reported that imatinib mesylate el-
fectively treats not only CML but also concomitant RA [6].
Eklund and Joensuu also showed that imatinib mesylate
might have considerable antirheumatic benefits [7].

A therapeutic dose of imatinib mesylate inhibits the
phosphorviation of c-fins, a receptor for macrophage
colony-stimulating factor (M-CSF) [8] that is an essential
factor for vsteoclast formation [9-12]. Osteoclast pre-
cursors express receptor activator of NF-xB (RANK) and
differentiate osteoclasts in the presence of receptor activa-
tor of NF-xB ligand (RANKL) and M-CSF [13-15]. RA
synovial tissues produce M-CSF, RANKL, and various
cytokines that could increase osteoclast formation or activ-
ity, including interleukin I-alpha (JL-1o) and -beta (1L-1B),
tumor necrosis factor-alpha (TNF-o), IL-6, IL-11. and 1L~
17 [16-19]. We recently demaonstraled that M-CSF secreted
by RA synovial cells might play an important role in the
pathogenesis under which osteoclast precursors are main-
tained [20]. Thus, we postulated that imatinib mesylate has
an antibone-resorptive cffect in RA. Therefore. this study
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investigated the effect of imatinib mesylate on arthritis and
joint destruction in rats with CIA and on osleoclastopenesis
in the presence of M-CSF and sSRANKL in vitro.

Materials and methods
Materials

We purchased the listed reagents from the following suppli-
ers: imatinib mesylate (Gleevee) from Novartis (Bascl,
Switzerland). bovine type 1T collagen [rom Cosmo Bio
{(Tokyo, Japan). dexamethasone and Freund's incomplete
adjuvant from Sigma (St. Louis, MO, USA), recombinant
human (rh) M-CSF and rh-sRANKL {rom PeproTech
FC (London, UK). alpha-minimum cssential medium (o-
MEM) and penicillin/streptomycin (rom Gibeo BRI Lile
Technologies (Rockville. MDD, USA), and fetal bovine se-
rum (FBS) from HyClone (Logan. UUT, USA). Lewis rats
were purchased from Clea Japan (Tokyo, Japan). All proce-
dures complied with the Osaka University Medical School
Cruidelines for the Care and Use of Laboratory Animals.

Induction of CIA in rats

We induced CIA using the described modificd method
[21.22]. In brief, 6-week-old female Tewis ruts were intrad-
crmally sensitized under anesthesia with 0.5mg bovine type
[T collagen in 0.5ml 0.1 M acetic acid at 4°C and emulsificd
in 0.5ml cold Freund's incomplete adjuvant. Seven days
later, the vats received an intradermal booster injection of
half the volume used for sensitization,

Experimental protocol

We investigated whether imatinib mesylate preveats arthri-
tis and joint destruction in vivo in 34 rats with induced CLA.
Immediately alter hind-paw swelling was visually obvious in
all the rats (at 14 days alter initial sensitization), 9 rats per
group received S0 or 130mg/kg imatinib mesylate in 0.05%
methyleellulose/phosphate-bulfered saline (PBS) daily p.o.,
and 8 rats per group received ceither daily dexamethasone
(Smg/kg in 0.05% methylcellulose/PRS; positive control) or
vehicle (0.05% methylcellalose/PBS: negative control) p.o.
until death. Three vats from each group were killed 2 weeks
later and the remainder 4 weeks later.

The rats were weighed and hind-paw swelling was mea-
sured weekly using a plethysmonteter {model TR-101 CMTP;
Unicom, Chiba, Japan).

Radivlogic and histological analysis

Atthe end of the experiments (week 2 and 4), the hind paws
were visualized by imaging on high-speed radiographic film
(Fuji Photo Film, Tokyo. Japan), using the MX-20 Speci-
men Radiography System (Faxitron N-ray, Wheeling, 7.,
USA). Radiographic scoving criteria were assessed accord-
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ing to a modified method [23]. using the following scale: (1.
no bonc crosion; 1. light (shape of ankle and subtalar joints,
or metatarsal head maintained) bone erosion: 2, severe (dis-
ordered anklc and subtalar joints or metatarsal head) bone
crosion; and 3, ankle and subtalar joints or metatarsal head
missing,

The metatarsophalangeal (MTP) joints were fixed with
4% paraformaldehyde, decaleificd with cthylene diamine
tetraacetic acid (EDTA), and embedded in paraffing 4-pim
sections were stained with hematoxylin and cosin. To inves-
tigate the activity of osteoclastic bone resorption in vivo,
sections were visualized using a tartrate-resistant ucid
phosphate (TRAP) staining kit (Hokudo. Sapporo. fapan).
Osteoclasts (TRAP-positive multinucleate cells containing
three or more nuclei) located at the site ol bone destruction
were counted.

Osteoclast differentiation assay

Osteoclast differentiation in vitro proceeded as described
|24]. Bone marrow cclls isolated from S-week-old female
Lowis rats were seeded at a density of S 10" in 10-cm Petri
dishes and incubated in o-MEM contuaining 10% FBS. 1%
penicillin/streptomyein, and 100ng/ml M-CSF. After a 3-
day incubation, nonadherent cells were removed [rom the
cultures by pipetiing. Adherent cells (3 x 10%) were seeded
again in {0-cm culture dishes and incubated in the same
medium including H00ng/ml M-CSF. Cells maintained in
M-CSF for an additional 3 days were used as osteoclast
precursors and seeded at a density of 1 x 10%well in 48-well
plates in the presence of M-CSF (100 ng/ml) and sSRANKL
(100ng/ml). Cultures were incubated in quadruplicate with
changes of medium on days 2 and 4, and then osteoclast
formation was evaluated on day 5. Imatinib mesvlate (0125,
(.25, 0.5, 1, 2, and 4uM) was added to some cultures during
this period. and then the cells were fixed and stained using
a TRAP staining kit. Multinucleated TRAP-positive cells
with three or more nuclet were counted as mature osteo-
clasts under a microscope (Eclipse TIZ 300; Nikon, Tokyo,
Japan).

The effect of imatinib mesylate on the calcified matrix
resorption activity of osteoclast-like cells was assessed us-
ing calcium  hydroxyapatite-coated shides (BD BioCoat
QOstealogic: BD Biosciences, Bedfold. MA, USA). Tmatinib
mesylate (M) was added at day 5 when osteoclasts
had already differenuated in the presence of M-CSF and
sRANKL., After an additional 5 days ol culiure with
imatinib mesylate, the cells were removed by vigorous
washing. and vsteological slides were observed by light mi-
croscopy (SMZ-U7; Nikon) at Ix magnification. The total
resorption arca on photographs was evaluated using the
image analvsis software Win ROOF version 3.0 (Mitani.
Fukui. Japan).

Profiferation assay of osteoclast precursors

Cell proliferation was evaluated by counting cells and using
the Premix WST-1 Cell Prolileration Assay System (Takara
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Fig. 1. Paw volumie and body weight. Sevial measurcments of hind-paw Some/kg imatinib moesylate (dmal300 0= 6), dexamcethasone
volume (A} and body weight (BY in collagen-nduced arthritis (CIA) (I)(\ no= 3) and vehicle (VIO 1= TP 005 FEP 001
vats administered with S0my/ke imatinib mesylate (fmad0; 0= 6),  #P < (0001, comparcd with vehicle, Bury mean & SD

Bio. Otsu, JTapan) as described in the supplicd protocol, M-
CSF-dependent osteoclast precursors collected [rom bone
marrow as described above or fresh adberent cells obtained
from bone marrow cells of the same rats were seeded at a
density of 5.0 x 107 fwells in 96-well plates in medium with or
without M-CST respectively. Imatinib mesylate was added
toa final concentration of 0-41tM as deseribed in quadrupli-
cate. and cells were incubated for 2 or 5 days. The cells were
harvested with trypsin-EDTA and counted using a hemocy-
tomicter. In other wells, the cell proliferation reagent WST-
1 (10ptAwelly was added at cach time point and the cells
were incubated for 2he Absorbance of the exiracted prod-
ucts was measured at 440nm using a Viento spectropho-
tometer {Dainippon, Osaka, Japun).

Statistical unalysis

Data were statistically analyzed using an unpaired ¢ test,
the Mann~Whitney 7 test. and analysis ol variance with
Fisher's protected least signiticant dilference test, StatView
version 3.5 softwarce performed statistical caleulations (SAS
Institute, Cary, NCOUSA)Y, and a 72 value ol 0.05 indicated
statistical significance.

Resulis
Effect of imatinib mesylate in CIA ratls

The increased paw swelling induced in CUA rats was de-
creased by dexamethasone to the fevels before clinical onset

of arthritis. However, imatinib mesylate (50 or 150mg/ky)

could not reduce paw swelling (Fig, TA). Morcover, the
paws of rats given [50mg/kg imatinib mesylate were more
swollen 1hzm those nf rats given vehicle at weeks 3 (/7 =
0.011)

Ihc rats slopmd growing at 3 weeks afier sensitization,
but growth resumed after the administration of either
imatinib mesylate (30 or 150mg/kg) or vehicle (Fig. 1B). In
conlrast, growth did not resume in CTA rats given dexam-
cthasone. Gains in body weight during the last 2 weceks
significantly differed between the groups given dexametha-
sone and the other three groups (£ < 0.001).

Radiographic assessment

Radiographic examination showed thut 150myg/ke imatinib
mesylate reduced destruction of the ankle and subtalar
joints (Fig. 2A) and the MTP joints (Fig. 3A) at week 2. At
week 4, radiographic destruction was reduced in the MTP

joint but not in the ankle and subtalar joints. Tmatinib

mesylate at S0mg/ke slightly inhibited destruction of the
MTP joint at weeks 2 and 4. bul not that of the ankle and
subtalar joints. [)L.x(nmlhfmmu almuost completely pre-
vented the destruction of both the MTP and the ankle and
subtalur joints al weeks 2 and 4. The radiographic scores of
the ankle and subtalar joint destraction (Fig. 2B3) were
significantly lower in rats given 150mg/ke (1.50 # 0.55) than
S0mye/ke (2.67 £ 0.52) of imatinib mesylate or vehicle (2.50
£ 055) at week 2 (7= 0.010 compared with vehicle), How-
ever, the three groups did not differ significantly at week 4.
The mean radiographic scores of 0.20 & 041 (week 2) and
LO8 £ 0.56 (week 4) for MTT joint destruction (Fig. 3B) in
rats given 150merkg imatinib mesylate were x'ioniﬁcumly
lower than those of .43 £ (.89 (week 2) and 2.18 & 0.69
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tweek AY inrats given vehicle (7= 0004 and <0.001 st weeks
2und 4, respectivelyr The MTT jomt destruction scores ol
O£ 085 and FRO 4 084 at weeks 2 and 4 respectively. in
rafs given S0mgke imatinib mesylate were also lower than
those of the control group given vehicle, but the differences
did not reach statistical significance. The scores of the group
treated with dexamethasone were 0.00 2 0.00 and 0.04 +0.20
on the same respective days. These values (rom the groups
treated with dexamethasone were significantly lower than
those of the other eroups (£ < G.UOL).

Histological assessment

Histological assessment revealed severe destruction in the
MU joints of rats given vehicle at week 2 (Fig, 4A). Syno-
vitis, pannus formation, and articular cartilage and bone
destruction with severe infiltration of neutrophils and lym-
phocytes characterized this fesion.

In the group eiven 50mg/ke imatinih mesvlate, less pan-
nus had formed than in the group given vehicle at both
weeks 2 and 4 (Fig. 4B), adthough synovitis developed at the
juint space similarly to that in the group given vehicle, The
number of TRAP-pasitive multinucleated cells (Fig. 4C) at
the bone—pannus interface was significantly reduced in the
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Fig. 2. Radiographic tlindings of ankle and subtalar jomts. A Radho-
eraphs of ankle and subialar jouints of CEA rats al weeks 2 (upper row)
and A4 ower row ) CIA ns were teated with 30 (I’ or
LSO timal 30y mgfkp imatini mesvlate, dexamethasone (Dex). or
vebiele (V) Ankle and subtalar joint destruction was reduced by
BSomeka imatiaib mesyhite atweek 2 but sot al week 4 compated
with vehicle, Destruction of these joints was not atlected by Simedkg
imatinib mesylate at both weeks 2 and 4. Dexamethasone almost
completely prevented ankle and subtalar joint destruction at both
lime points. B Scores of ankle and subtalar joint destruction with
radiographic criteria clarification are shown as means & 8D of radio-
praphic cvaluation {6 ankle joints of 3 vats in all groups at week 2:
12 ankle joints of 6 rats given 50 and 130 me/kg imatinib moesylate:
10 ankle joints of 5 cte given dexamethasone and vehicle a week 4).
PP OB ED 0001, comprred with vehiele

group given [SOmp/ke imatinih mesviate (3.1 + 149, P =
U.028) compared with that of the group given vehicle (77.0
2497 In the group given Sttmgrke imatinib mesvlae. al-
though less pannus had formed at week 20 the amount
formed at week 4 was identical to that of the group given
veliicle, and the number of TRAP-postiive multinucieated
cells did not sipgmificantly differ (550 - 2080 /' = .2438),
Synovilis. pannus formation, and joint destruction did not
develop in the group given dexamethasone,

Imatinth mesylate inhibits prohiferation of osteoclast
precursors maintained by M-CSE

Imatimib mesviate dose-dependently inhibited the prolif-
cration of osteoclast precursor cells in the presence of
M-CSE (Fig. 5). Alter culture with imatinib mesylate for
2 days, the relative changes in the number of M-CSE-
dependent osteoclast precursors (pre-0¢) caused by | and
2UMimatinib mesyiate were 61.24% and 36.9%. respec-
tively. On the other hand, those of fresh adherent bone
marrow cells (BM cellsy were 87.0% and 801 %, respec-
tively (Fig. SA). The WST-1 assay revealed that the relative
absorbance of pre-OC was reduced to 65.8% and 19.3%, by
TuM and 2uM imatinib mesvlate, respectively, In contrast,
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that of BM cells was reduced 1o 84.5% and 82.0% by |
and 2N fmatinib wesylate. respectively (Fig, SB). Aflter

culture with imatinib mesylate for 5 days. the growth of

M-CSF-dependent osteociast precursors maintained with
M-CSF was reduced to 20.5% by TuM and was abrogated
by 2pM imatinib mesylate (Fig, 30,

Imatinib mesvlate inhibits osteoclast tormation

Imatinib mesylute dose-dependently inhibited osteoclast
formation (Fig. 6A). The aumbers ol osteoclasts at day S
were significantly reduced (0 2868 £ 59.8 (1 = 0.016), 1463
1750 (P = 0,000, and 3.5+ 3.7 (7 < 0.000) cellsH8 wells
after 5 days exposure to (.25 0.5, and TuM imatinib
mesylate. respectively. compared with the nontreated group
(403.5 + 37.6 cellsids wells). Cells did not change into
TRAP-positive osteoclasts after exposure to concentrations
of imatinib mesylate above 2uM.

Fig. 3. Radiographic eviduation of metatarsophadangead (MTP) joints,
A Radiographs of MTP joints in CIA vats at weeks 2 qupper row) and
4 {lower row ) treated with 30 (dma3O) or 130 (bnal30) me/ke imatimib
mesylate, dexamethasone (Ded). or vehicle (VIIC). Shape of metatar-
sal heads was preserved at weeks 2 und 4 by 150mgikg imatinib
mesylate and at week 2 by SUmp/kg imatinib mesylate compared with
vehicle, Sesamaoid bone wis deviated by NP joint swelling in rags
piven imatinib mesylate as well as by vehicle. Devamethasone almost
completely prevented destruction ol MTP joints at both weeks, B
Scores of MTP joint destruction with modilied radiographic criteria
claritication are shown as means 2 8D of radiographic evaluation (30
MTP joints of 3 vats in all groups at week 2: 60 MTP joints of 6 rats
given 50 or 150 mg/kg imatinib mesylate; 30 MTP joints of S rats given
dexamethasone and vehicle atweek 4). 7P < .01 #P < 0,001 compured
with vehicle

hmatinib mesvlate does not influence osteoclastic bone
resorption activity

Resorption arcas in hydroxyapatite-coated slides after day
3 when osteoclasts had already differentiated were not ve-
duced by imatinib mesylate, Resorption arcas at day 10 with
and without imatinib mesylate did not ditfer sipnificantly
(12.9% 4+ 6.2% and 13.1% 2 349%. respectivelvosee g, 613).

Discussion

We are the first to reveal the positive cltects of imatinib
mesylate on joint destruction in arthritis model rats and a
suppressive clfect on osteoclastogenests in vitro, Miyachi ¢t
al. 16 found that imatinib mesylate was therapeutically cf-
feetive in o patient with RA. Fklund aund Joensuu {71 also
showed that imatinib mesylate was clinically cffective in
three pationts with RA and postulated that one mechanism -
ol action against arthritis is KI'T receptor inhibition on mast
cells. The present study found that imatintb mesylate alone
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did not improve inflammation in an animal model of RA
but inhibited joint destruction and reduced the numbers of
osteoclasts at the bone—punnus interface. This finding in-
vokes the question of why imatinib mesylate was reasonably
cffective against clinical RA. All RA patients who were
treated with imatinib mesylate in previous studies [6.7]
received concomitant antiinflammatory drugs including
slucocorticoids, However, the protective effect of glucocor-
ticoids against joint destruction is not clear. Kirwan de-
seribed that low-dose glucocorticoids administered for less
than 2 years inhibits joint destruction [25], but Paulus ¢t al.
reported that glucocorticoid alone docs not protect against
joint destruction in RA patients {26]. Thercfore. we specu-

Ima 150
g N
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Fig, 4. Histological evaluation of MTP joints. A Histological examina-
tion of MTT joints stained with hematoxylin and cosin at weeks 2 (upper
row) and 4 (lawer yow) in CIA rats treated with SOmg/ke imatinib
mesyliate (Tma30), 150mg/kg imatinib mesylate (Tmal30), dexametha-
sone (Dex), or vehicle (VHO). Destruction of the metatarsal head was
inhihited by [5S0mg/kg imatinib mesylate at weeks 2 and 4 despite
severe synovitis. B Turtrate-resistant acid phosphatase (TRA P) stuining
of metatirsal heads Grom CTA vuts inoarca enclosed by doged recrangles
in A at week 4 with higher magnification. CLA rats received 30 mgikg
imatinib mesylate (Imas0), 130 mg/kg bnatinib mesylate (Ima130), dex-
amethasone (Dex). or vehicle (VHC). Arrows, TRAP-pasitive cells. €
Means L SD of osteoclast numbers at bone-pannus interface {6 sections
frome 6 fas given S0 and 150mg/ke imatinib mesylate, and 5 seetions
front § rats given dexamcthasone and vehicle at week 4y, *1 « 0.05;
#17 2 0.001, compared with vehicle. Bary A 300pm; B 100 un

fated that the remarkable antirhcumatic effects in the
clinical setting reported by others [6.7] are the result
of synergy between the antiinflammatory action of glu-
covorticoid and the antiosteoclastogenic elfect ol imatinib
mesylafe.

The cytokine M-CSF is essential for osteoclast formation
[27]. We recently demonstrated that nurse-like cells estab-
lished from RA synovium {28.29] secrete M-CSF, maintain
osteoclast precursors for long periods. and might play an
important role in the pathogenesis of joint destruction [20].
Tmalinib mesvlate is a tyrosine Kinase inhibitor that inhibits
her-abl expressed by CML progenitors, as well as PRDGF
and c-kit, which is a tyrosine kinase (ransmembranc

~28b-
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Fig. 5. Effect of imatinib mesylate on maintenance of osteoclast
precursors, A Proliferation assay evaluated by counting the
numher of val macrophage colony stimulating factor (M-CSF)-
dependent osteoclast precursors (re-0CY o bone maarrow cells
(RM cellsy cultwred v gquadruplicate Tor 2 days with 0-4pM
imatinib mesylate. Graph shows vatio of cell number relative (o
controls (OuM imatinib mesylate). B Prolileration evaluated by
WET-1 assay of pre-OC or BM colls cultired in quadruplicate for
2 days with 0-4 M inudinib mesvlate. Graph shows ratio of absor-
hance relative (o controls (0pM imatimb mesylate). € Proldifera-
von eviduated by WST-I assay of rat osteoctast precursors
cubtured in quadruplicate for S days with 100 ng/ml M-CSF and -
M imatinib mesylate. Graph shows vatio of absorbunee relative
o controls (UM imatinib mesyvlate). *P o« .05, ¥¥P < (.01
1< 0.001 compared with controls (0pM imatinib mesviate). Bury
means & S
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Fig. 6. Eilect of imatinib mesviate on osteoclast differentiation and
calcificd matrix bone resorption by osteochasts. A Numbers of TRAP-
positive multinucteate cells (3 o more nuclen no= Jo means L SD)
induced by 10U ngamt M-C ST ano 10U neaind soluble receptor activator
of NIF-xB ligand (sRANK.L) topether with 0-4 M imatinib mesylate in
quadruplicate, * P < (05 7P < 0108 < 0007 compared with O pM

imatini{-) imatinib{+)

imatinib mesviate. B Ratio of resorption area to initial surface of
hivdroxyapatite-voated arca at day 10 was not changed compared with
that i guadiuplicate cultures without matinib mesylate. Tmatinib
mesviate (10uM) was added to medium at day 5 when osteoclasts had
differentiated. N.8., not signiticant. Bary means ® D
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receptor that belongs to the FMS/PDGF receptor family of

tyrosine protein kinases. Dewar et al. reported that imatinib
mesylate inhibits the development of the monocyte/mac-
rophage lineage from normal human bone marrow progeni-
tors in vitro [30] and subscquently demonstrated that
therapeutic concentrations of imatinib mesylate inhibit the
phosphorylation of c-fins without downregulation of its
expression [8]. These data suggest that imatinib mesylate
mhibits the maintenance of vsleoclast precursors by selec-
tively blocking c-frus signaling and subscquently inhibits
osteoclastogenesis in pannus as well as bone destruction in
CLA rals. )

However, this inhibitory effect on osteoclastogenesis
and bone destruction was incomplete, Vascular endothelial
growth factor (VEGF) as well as M-CSF plays a crucial role
in the pathogenesis of inflammuatory joint disease. including
osteoclastogenesis [31]. Tmatinib mesylate does not inhibit
ligand-induced phosphorylation of VEGIRI and VEGFR2
[32]. These findings might explain why osteoclastopenesis
wits not completely suppressed in vivo in our study. The
partial suppression of osteoclastogenesis and the absence of
a suppressive effect on the bone resorptive function of dif-
[crentiated osteoclasts by imatinib mesylate might explain
its incomplete suppressive cflect on bone destruction.

Imatinib mesylate does not inhibit the tyrosine kinasc,
sre [33.34]. which is essential for osteoclast function [35).
Our flinding thatimatinib mesylate does not influence osteo-
clastic bone resorption activily is consistent with this fact.

The present study {ound that the ankle and subtalar
joints were more damaged than the MTP joints. This
difference might have resulied from the incomplete sup-
pression of joint destruction and a difference in the me-
chanical stress loaded on these joints. The vertically loaded
ankle and subtalar joints might be more susceptible to nie-
chanical destruction than the nonvertically loaded MTP
joints,

We found that dexamethasonce suppressed synovitis and
osteoclastogenesis in CTA rats. although dexamethasone
increases osteaclast formation and lacunar resorption in the
presence of M-CSF and RANKL in vitro [36]. On the othuer
hand, dexamethusone suppresses the expression of acti-
vated NF-xB. which is involved in the inflammation process
associated with adjuvant arthritis [37]. and prolilerating
synoviocytes in pannus produce the Taclors essential for
osteoclastogenesis such as M-CSF [20] and RANKL [38].
We therefore considered that the complete inhibition of
synovitis with dexamethasone might result in the complete
suppression of osteoclastogenesis,

In conclusion. imatinib mesylate prevents joint destruc-
tion in CTA rats by reducing osteoclastogenesis at the
hone—pannus interface without affecting the inflammatory
response. It also inhibited the proliferation of osteoclast
precursors that results in a reduction of osteoclastogencsis
in vitro. Imatinib mesylate inhibits osteoclastogencsis as
well as joint destruction and therefore shows promise as a
therapeutic agent against RA.
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Bone Morphogenetic Proteins in Bone Stimulate Osteoclasts and
Osteoblasts During Bone Development

Mina Okamoto, Junko Murai, Hideki Yoshikawa, and Noriyuki Tsumaki

ABSTRACT: In this study, overexpression of noggin, a BMP antagonist, in developing bone caused signifi-
cantly decreased osteoclast number as well as bone formation rate, resulting in increased bone mass with
immature bone quality. BMP signaling plays important roles in normal bone development and regulation of
bone resorption.

Introduction: Bone morphogenetic proteins (BMPs) act on various types of cells. Although involvement of
BMP signals in osteoblast differentiation has been studied extensively, the effects of BMPs on osteoclasts have
not been widely researched. Consequently, the net effects of BMPs on bone remain unclear. The purpose of
this study was to delineate more fully the role of BMPs in skeletal biology.

Materials and Metheds: We generated transgenic mice that express BMP4 or noggin in bone under the control
of the 2.3-kb «1(I) collagen chain gene (Collal) promoter, and analyzed their bone phenotype. We also
analyzed bone of transgenic mice expressing BMP4 specifically in cartilage.

Resulis: Mice overexpressing BMP4 in bone developed severe osteopenia with increased osteoclast number.
Mice overexpressing noggin, a BMP antagonist, in bone showed increased bone volume associated with
decreased bone formation rate and decreased osteoclast number. The noggin-transgenic tibias exhibited
reduced periosteal bone formation and reduced resorption of immature bone in marrow spaces, associated
with frequent fractures at the diaphysis. Co-culture of primary osteoblasts prepared from noggin-transgenic
calvariae and wildtype spleen cells resulted in poor osteoclast formation, which was rescued by addition of
recombinant BMP2, suggesting that noggin inhibits osteoclast formation by attenuating BMP activities in
noggin-transgenic mice. The expression levels of Rankl were not decreased in primary osteoblasts from noggin
transgenic mice. Immunoblot analysis showed increased phosphorylation of Smad1/5/8 in osteoclast precursor
cells after 20-minute treatment with BMPs, suggesting that these cells are stimulated by BMPs. Mice over-
expressing BMP4 in cartilage had enlarged bones containing thick trabeculae, possibly because of expansion
of cartilage anlagen.

Conclusions: Overexpression of noggin in bone revealed that BMP signals regulate bone development through
stimulation of osteoblasts and osteoclasts. :

J Bone Miner Res 2006;21:1022~1033. Published online on May 15, 2006; doi: 10.1359/JBMR.060411
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INTRODUCTION

ONE MORPHOGENETIC PROTEINS (BMPs) were originally

I _Pidentified as secreted substances capable of inducing
ectopic formation of cartilage and bone when implanted
subcutaneously or in muscle pouches.®> Subsequent mo-
lecular cloning studies have revealed that BMPs comprise a
large subfamily of the TGF- superfamily.® BMPs bind to
BMP receptor types I and II, and their signal is mediated by
phosphorylation of receptor-regulated Smads (R-Smads)
such as Smads 1, 5, and 8. Phosphorylated R-Smads form
heteromers with Smad4, which is a common-partner Smad
(Co-Smad), and the heteromers translocate into the

The authors state that they have no conflicts of interest.

nucleus. BMP signaling is delicately regulated at multiple
levels: extracellularly, at the membrane site, and intracellu-
larly. In the extracellular space, several molecules an-
tagonize BMPs. One of those antagonists is noggin, which
binds to BMPs 2, 4, and 7 and prevents them from inter-
acting with their receptors.“* Recent studies of co-crystal
structure clearly show that noggin very specifically inhibits
BMPs. Noggin has been used to block BMP action and
study its role in certain tissues.

Limb bones are formed through a process called endo-
chondral bone formation. During this process, mesenchy-
mal cells first differentiate into chondrocytes, which form
the cartilage anlagen of the bones. Then, the central region
of each cartilage anlage is invaded by blood vessels, osteo-
blasts, osteoclasts, and hematopoietic cells, resulting in for-

Department of Orthopaedic Surgery, Osaka University Graduate School of Medicine, Suita, Osaka, Japan.

-289-



BMPs IN BONE STIMULATE OSTEOCLASTS

mation of primary ossification centers. Bone gradually re-
places the cartilage. Osteoblasts form woven bone on the
remnant of the calcified cartilage matrix, modeling the tra-
beculae of the primary spongiosa. Trabecular bone then
undergoes remodeling consisting of resorption by osteo-
clasts and apposition of newly formed bone matrix by os-
teoblasts, creating secondary spongiosa.”” Bone remodel-
ing continues in postnatal life to maintain bone mass.
Osteoblasts develop from mesenchymal cells, whereas os-
teoclasts develop from hematopoietic cells of the monocyte/
macrophage lineage. Osteoclastic bone resorption and os-
teoblastic bone formation are coupled on the surface of
trabeculae of secondary spongiosa. Osteoblasts and stromal
cells regulate osteoclast differentiation by producing
RANKL (which supports osteoclast differentiation) and os-
teoprotegerin (OPG; which inhibits RANKIL function by
competing with RANK for RANKL).®

Conventional gene knockout experiments have shown
that BMPs have diverse biological activities during early
embryogenesis and various aspects of organogenesis, medi-
ated by their ability to regulate proliferation, differentia-
tion, and apoptosis of various types of cells.” Recent os-
teoblast-specific downregulations of BMP signals in mice
have clarified the role of BMPs in osteoblast differentia-
tion. In 4-week-old to 6-month-old mice, osteoblast-specific
expression of dominant-negative BMP receptor type IB4®
and osteoblast-specific gene ablation of BMP receptor type
IAGY cause inhibition of osteoblast differentiation and a
decrease in bone volume but do not change the osteoclast
number, indicating that BMP signals are important for
maintenance of bone mass by osteoblasts in postnatal life.
In 10-month-old mice, osteoblast-specific gene ablation of
BMP receptor type IA causes a decrease in osteoclastic
bone resorption activity. Such findings have led to specula-
tion that loss of BMP signaling in osteoblasts leads to im-
pairment of osteoclast-supporting activities, causing down-
regulation of osteoclast function as the mice age.*" In mice
older than 4 weeks, overexpression of noggin in mature
osteoblasts under the control of the osteocalcin promoter
sequence causes osteopenia (bone loss) and reduction of
the bone formation rate, but does not change the osteoclast
number.®? Thus, BMP signals are important for osteoblast
differentiation and function.

On the other hand, several reports indicate that osteo-
clasts express BMP receptors and that BMPs directly stimu-
late osteoclast differentiation in vitro.***5 Osteoclast dif-
ferentiation supporied by macrophage colony-stimulating
factor (M-CSF) and RANKL is enhanced in the presence of
BMPs. However, there have been no reported studies of
the effects of BMPs on osteoclasts during bone formation in
vivo. The process of endochondral bone formation during
skeletogenesis is recapitulated in fracture repair, %17
BMPs have been clinically used to promote healing of frac-
tures. **2 Further clarification of effects of BMPs in bone
is needed to improve our understanding of skeletal biology
and improve the efficacy of BMPs in bone repair.

The aim of this study was to examine more fully roles of
BMPs in skeletal biology. We generated transgenic mice
overexpressing BMP4 or noggin under the control of the
bone-specific 2.3-kb a1(I) collagen chain gene (Collal)

1023

promoter sequence. Transcriptional activity of the Collal
promoter in osteoblasts is much stronger than that of the
osteocalcin promoter.®? Also, we examined bones of mice
with cartilage-specific overexpression of BMP4 to assess the
stage-specific effects of BMP4 on endochondral bone for-
mation.

MATERIALS AND METHODS
Generation of transgenic mice

The Collal-LacZ, Collal-noggin, and Collal-Bmp4
transgene constructs were created by replacing the Collla2
promoter sequence of the Collla2-LacZ, Collla2-noggin,
and Collla2-Bmp4 transgene constructs,”? respectively,
with the 2.3-kb Collal promoter sequence.®® The plas-
mids were digested to release the inserts from the vector
backbone and the Collla2 enhancer sequences. The
Collla2-Bmp4 insert was prepared as described previ-
ously.®? Transgenic mice were produced by microinjecting
each of the inserts into the pronuclei of fertilized eggs from
F1 hybrid mice (C57BL/6 x DBA) as described previ-
ously.®® Wildtype littermates were used as controls. All
present animal experiments were approved by the insfitu-
tional review board of Osaka University Graduate School
of Medicine.

Real-time RT-PCR analysis

Total RNA was extracted from various tissues of 3-week-
old mice and primary osteoblasts using Isogen (Wako Pure
Chemical Co., Osaka, Japan). The RNA was digested with
DNase to eliminate any contaminating genomic DNA be-
fore real-time quantitative RT-PCR. RNA samples were
further purified using RNeasy Mini Kits (Qiagen, Santa
Clarita, CA, USA). Real-time RT-PCR was performed as
described previously.® The primer pair for noggin was as
follows: up, 5'-CGGCCAGCACTATCTACACA-3;
down, 5-GCGTCTCGTTCAGATCCTTC-3'. The prod-
uct size for noggin was 116 bp. Primer pairs for Rankl and
Opg were prepared using previously reported methods. %
The quantified individual RNA expression levels were nor-
malized to the respective tubulin expression levels.

pCT analysis

The tibias were dissected and scanned using a microfocus
X-ray CT system (SMX-100CT-SV; Shimadzu, Kyoto, Ja-
pan). The proximal metaphyseal region and the diaphyseal
region where the fibula attaches to the tibia were scanned at
the following resolutions: 2.4 pm for 17.5 days postcoitum
(d.p.c.) tibia; 3.3 pm for 2-week-old tibia; 10.7 wm for
3-week-old tibia; 10.6 pm for 8-week-old tibia. The data
were reconstructed to produce images of the tibia, using 3D
visualization and measurement software (Vay Tek).

Histological analysis and histomorphometry

Mice were dissected using a sterecomicroscope, and tissue
samples were fixed in 4% paraformaldehyde and dehy-
drated. Samples from mice older than 0 days were decalci-
fied. Samples were processed, embedded in paraffin, and
sectioned. Each serial section was stained using one of the
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following procedures: H&E staining; the von Kossa reac-
tion; or TRACP staining, using a TRACP staining kit
(Hokudo). Immunohistochemistry and in situ hybridization
were performed as previously described.®*> Dynamic his-
tomorphometric indices were determined by double fluo-
rescence labeling in tibias and vertebral bodies. Three-
week-old wildtype and transgenic mice were administered
tetracycline (20 mg/kg body weight, IP; Sigma-Aldrich), fol-
lowed 2 days later by administration of a calcein label (10
mg/kg body weight; Wako). At 48 h after calcein adminis-
tration, the mice were killed. Bones were fixed with etha-
nol, embedded in methylmethacrylate, and sectioned. Sec-
tions were examined using a fluorescence microscope. The
histomorphometric analyses were performed by staff at the
Niigata Bone Science Institute (Niigata, Japan).

Osteoblast and osteoclast culture

Primary osteoblasts were isolated from calvariae of neo-
natal mice, using previously described methods.®?? Co-
culture experiments were performed using previously de-
scribed methods.®® Briefly, primary osteoblasts (1 x 10*
cells/cm®) prepared from wildtype or Collal-noggin trans-
genic mice were co-cultured with spleen cells (5 x 105 cells/
.cm?) prepared from wildtype mice in «-MEM containing
10% FCS and 107 M 1a,25(0H),D;-dihydroxyvitamin D,
in 48-well plates. Co-cultures containing transgenic osteo-
blasts were also performed in the presence of recombinant
human BMP?2 proteins (thBMP2; AstellasPharma) at vari-
ous concentrations. Osteoclast differentiation was evalu-
ated by TRACP staining. Multinucleated TRACP* cells
with more than three nuclei were counted under a micro-
scope. To test resorption activity, co-cultures were per-
formed on 16-well hydroxyapatite-coated slides (Osteo-
logic; Becton Dickinson) for 14 days, and the resorption
area was calculated by computer-assisted image analysis.
Primary osteoblasts were cultured for 3 days in o-MEM
containing 10% FCS and 1078 M 1¢,25(0H),D; in the ab-
sence or presence of various concentration of thBMP2, fol-
lowed by analysis of Rankl/Opg expression of the osteo-
blasts by real-time RT-PCR.

Smad pathways in macrophages

Nearly pure macrophages were prepared from mouse
bone marrow cultures treated with M-CSF, using previously
described methods.** Macrophages were incubated for 20
minutes in the presence or absence of rhBMP2 at various
concentrations. The macrophages were lysed and subjected
to Western blotting using a rabbit polyclonal antibody
against phospho-Smad1/5/8 (Cell Signaling Technology)
and an anti-Smad 1 antibody (Calbiochem).

Statistical analysis

Results are expressed as mean + SD. The unpaired test
was used to compare data between wildtype and transgenic
mice. A p value of <0.05 was considered to indicate signifi-
cance.

OKAMOTO ET AL.

RESULTS

Overexpression of BMP4 in bone caused severe
bone loss associated with increased osteoclast
number during endochondral bone development

When ligated to the LacZ reporter gene, the 2.3-kb
Collal promoter sequence directed expression specifically
to bone at birth (Figs. 1A and 1B), as previously re-
ported.® The pattern of LacZ expression indicated by
X-gal staining was specific to ossification centers of skeletal
components in limbs, rib bones, and calvariae. LacZ was
not expressed in cartilage or other tissues. We prepared the
Collal-Bmp4 transgene by ligating the promoter sequence
to the Bmp4 cDNA (Fig. 1C) and injected the construct to
pronuclei of ova. The Collal-Bmp4 transgenic mice died
shortly after birth, probably because of impaired locomo-
tion caused by fragility of bones. We obtained five trans-
genic founder embryos that exhibited similar obvious ab-
normalities. X-ray photographs taken 18.5 d.p.c. showed
irregularly shaped bones in Collal-Bmp4 transgenic em-
bryos (Fig. 1D). Bones, including the humeri and femora, of
transgenic mice were more radiolucent than the wildtype.
Alcian blue and alizarin red staining showed deformity of
bones including humeri (Figs. 1E and 1F). pCT analysis
revealed osteopenia (loss of bone) in the ossification center
of humeri of Collal-Bmp4 transgenic mice (Fig. 1H) com-
pared with the wildtype (Fig. 1G). Trabecular bone was
almost completely absent from the marrow cavities of trans-
genic mice (Fig. 1H).

Histological analysis (von Kossa staining of semiserial
sections of H&E-stained sections {Figs. 2A and 2B]) of
proximal humeri at 18.5 d.p.c. showed reduced calcification
in ossification centers of Collal-Bmp4 transgenic mice
(Fig. 2D) compared with the wildtype (Fig. 2C). Magnified
images of bone marrow cavities showed absence of bony
matrix in Collal-Bmp4 transgenic mice (Fig. 2F), whereas
solid bone matrix was clearly present in the wildtype (Fig.
2E). When the semiserial sections were immunostained us-
ing anti-phospho-Smad1/5/8, cells in bone marrow cavities
of Collal-Bmp4 transgenic mice (Fig. 2H) exhibited
greater immunoreactivity than their wildtype counterparts
(Fig. 2G), suggesting that BMP signals were overactivated
in bone marrow of transgenic mice. There were many
TRACP”* osteoclasts in bone marrow cavities of Collal-
Bmp4 transgenic mice (Fig. 2J) compared with the wildtype
(Fig. 2I). Because the Collal-Bmp4 transgenic mice had
markedly lower bone surface area than the wildtype, the
number of TRACP™ cells per bone surface area was mark-
edly greater in the transgenic mice. These results suggest
that BMP4 overexpression in bone of Collal-Bmp4 trans-
genic mice caused osteopenia associated with enhanced
Smad phosphorylation in various cells and increased num-
ber of TRACP™ cells in bone marrow cavities.

Collal-noggin transgenic mice exhibited increased
bone volume associated with decreased osteoclast
number from embryonic stage

Figure 3A shows the procedure in which the Collal-
noggin transgene was constructed by ligating the 2.3-kb
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e SRR
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e

D wid-type Col1a1-Bmp4

FIG. 1. Osteopenia in Collal-Bmp4 transgenic mice. (A) X-gal
staining of wildtype and Collal-LacZ transgenic mice at birth.
The 2.3-kb Collal promoter sequence directed LacZ reporter
gene expression specifically in bone. Scale bar, 2 mm. (B) Sagittal
sections of Collal-LacZ transgenic tibias stained with X-gal. Note
the X-gal staining in osteoblasts on the trabecular bone in distal
metaphysis (top) and osteoblasts around cortical bone in diaphy-
sis (bottom). No X-gal staining in chondrocytes (top). Counter-
stained with eosin. Scale bars, 100 pm. (C) Schematic represen-
tation of Collal-Bmp4 transgene construct. (D) X-ray
photograph of wildtype embryo (left) and Collal-Bmp4 trans-
genic embryo (right) at 18.5 days postcoitum (d.p.c.). Bones of
Collal-Bmp#4 transgenic embryo were irregular and radiolucent.
Scale bars, 2 mm. (E and F) Alcian blue and alizarin red staining
of humerus from (E) wildtype embryo and (F) Collal-Bmp4
transgenic embryo at 18.5 d.p.c. Scale bar, 200 wm. (G and H)
wCT images of ossification center of humerus of (G) wildtype and
(H) Collal-Bmp4 transgenic mice at 18.5 d.p.c. Reconstructed
sagittal views. Scale bar, 200 pm.

Collal promoter to noggin cDNA. Collal-noggin trans-
genic mice were viable and fertile, and 2 Collal-noggin
transgenic lines were established. The phenotypes of the
two transgenic lines were similar, and one line was sub-
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FIG. 2. Histological analysis of proximal humerus of Collal-
Bmp4 transgenic mice at 18.5 d.p.c. (A, C, E, G, and I) Wildtype
mice and (B, D, F, H, and J) Collal-Bmp4 transgenic mice. (A
and B) H&E staining. Semiserial sagittal sections of A and B,
stained using von Kossa method, are shown in C and D, respec-
tively. Magnification of boxed regions in A and B are shown in E
and F, respectively. Semiserial sagittal sections of E and F, im-
munostained using anti-phospho-Smad1/5/8 antibody, are shown
in G and H, respectively. This antibody recognizes only phosphor-
ylated forms of Smad1/5/8. Semiserial sections of E and F, stained
for TRACP, are shown in I and J, respectively. Scale bar, 200 pm.

jected to close examination. Until 1 week after birth,
Collal-noggin transgenic mice were not visibly distinguish-
able from the wildtype. Staining of skeletal components of
transgenic embryos with Alcian blue at various stages
showed that the shapes and sizes of primordial cartilage
were normal (data not shown). One week after birth, trans-
genic mice began to develop dwarfism, which was clearly
evident in 3-week-old mice (Fig. 3B). X-ray photographs
showed that Collal-noggin transgenic mice had thicker tra-
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FIG. 3. Phenotype and noggin expression in Collal-noggin
transgenic mice. (A) Schematic representation of the Collal-
noggin transgene construct. (B) Three-week-old wildtype and
Collal-noggin transgenic mice. Transgenic mice developed post-
natal dwarfism. Scale bar, 1 cm. (C) X-ray image of the tibia at 3
weeks of age. Note thick trabecular (arrows) and cortical (arrow-
heads) bonc in Collal-noggin transgenic mice, compared with
wildtype mice. Scale bar, 2 mm. (D) Relative expression levels of
noggin mRNA in total femur + tibia and in calvaria at 3 weeks of
age, measured by real-time RT-PCR. Real-time RT-PCR was per-
formed three times. Data are presented as mean = SD. Wt, wild-
type mice; Tg, Collal-noggin transgenic mice. The wildtype ex-
pression level was designated as 1. (E) Relative expression levels
of noggin mRNA in various tissues from 3-week-old Colial-
noggin transgenic mice, measured by real-time RT-PCR. RT-PCR
was performed three times. Data are presented as mean + SD. (F)
pCT images of proximal metaphysis of tibia of wildtype and
Collal-noggin transgenic mice at 17.5 d.p.c., 2 weeks of age, and
3 weeks of age. Sagittal views were reconstructed. Scale bar, 500
pm. (G) Axial views of pCT images of distal one third of diaph-
ysis of tibia associated with fibula of wildtype and Collal-noggin
transgenic mice at 2, 3, and 8 weeks of age. Scale bar, 500 wm.
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becular bone and cortex than the wildtype, especially in
tibias (Fig. 3C). Real-time RT-PCR using total RNA ex-
tracted from femur + tibia or calvaria showed that Collal-
noggin transgenic mice had much higher expression levels
of noggin mRNA than the wildtype (Fig. 3D). It seems that
the Collal-noggin transgene was expressed at much higher
levels in bone (femur + tibia or calvaria) than in other
tissues (Fig. 3E). pCT analysis revealed that from the em-
bryonic stage (17.5 d.p.c.) to 3 weeks after birth, the tibias
of Collal-noggin transgenic mice (Fig. 3F) had a greater
volume of trabecular bone than the wildtype. In the diaph-
yseal region of transgenic tibias, marrow cavities progres-
sively filled with cortical bone from 2 to 8 weeks of age (Fig.
3G).

In histological analysis of primary ossification centers of
tibias, there was no marked difference in the number of
osteoblasts expressing Collal mRNA (a marker of osteo-
blasts) between, Collal-noggin transgenic mice and wild-
type mice, whereas there were fewer TRACP* osteoclasts
in transgenic mice than in wildtype mice at 17.5 d.p.c. (Fig.
4A). In the primary ossification centers of tibias at birth and
the proximal metaphyseal region of tibias at 3 weeks after
birth, the number of TRACP™ cells was lower in transgenic
mice than in wildtype mice (Figs. 4B and 4C). At the di-
aphysis of growing long bones, an increase in diameter is
the result of deposition of new bone at the outer (perios-
teal) surface and is accompanied by enlargement of the
marrow cavity caused by resorption exceeding formation at
the inner (endosteal) surface. In wildtype mice, TRACP*
osteoclasts were located at the inner surface of the cortex,
whereas no TRACP™ cells were observed in transgenic
mice (Fig. 4D). These results suggest that overexpression of
noggin under the control of Collal promoter in developing
bone causes thickening of trabecular bone and elimination
of marrow cavities in cortical bone, associated with a re-
duced number of osteoclasts.

Collal-noggin transgenic mice exhibited increased
bone volume, reduced bone formation rate, and
reduced osteoclastic bone resorption

Figure 5 shows the results of bone histomorphometric
assays. At the metaphyseal region of the proximal tibia at 3
weeks of age, trabecular bone volume was significantly
greater in Collal-noggin transgenic mice than in wildtype
mice (Fig. 5A). The osteoblast number (osteoblast surface
area per bone surface area) was greater in transgenic mice
than in wildtype mice (Fig. 5SB). Significantly increased tra-
becular bone volumef/tissue volume was also noted in lum-
bar vertebral bodies of Collal-noggin transgenic mice at 3
weeks of age (10.2 £ 2.9% in wildtype and 13.6 + 4.7% in
Collal-noggin transgenic mice, n = 6, p = 0.01). We ana-
lyzed dynamic changes in bone remodeling by injecting tet-
racycline and calcein at 2-day intervals. Vertebral bodies
were subjected to dynamic analysis because of their suffi-
cient areas of spongiosa for analysis at 3 weeks of age. The
distance between the two consecutive labels in lumbar ver-
tebral bodies was significantly less in transgenic mice (Fig.
5D), as indicated by a decreased mineral apposition rate
(Fig. 5C), compared with wildtype mice. There was no sig-
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FIG. 4. Histological analysis of tibia of wildtype and Collal-
noggin transgenic mice. (A) Semiserial sagittal sections prepared
from 17.5 d.p.c. mice were stained with H&E, hybridized with
Collal antisense cRNA probe (Collal), and stained for TRACP.
Scale bar, 500 wm. (B) Sagittal sections from mice at birth. Semi-
serial sections were stained with H&E and for TRACP. Scale bar,
500 pm. (C) Sagittal sections of proximal metaphysis of tibias
from 3-week-old mice. Semiserial sections were stained with H&E
and for TRACP. Scale bar, 200 um. (D) Axial sections of diaph-
ysis of tibias from 3-week-old mice. Semiserial sections were
stained with H&E and for TRACP. Scale bar, 200 pm.
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nificant difference in the mineralization surface area per
bone surface area (Fig. SE). The data indicate that the bone
formation rate was significantly decreased in the transgenic
mice (Fig. 5F). These results suggest that overexpression of
noggin in bone disturbs the function of osteoblasts.

The transgenic mice had a significantly lower osteoclast
number per bone surface area and a significantly lower
erosive surface arca per bone surface area (Figs. 5G and
SH), suggesting that overexpression of noggin in bone in-
hibited osteoclastic bone resorption. The increased bone
volume in Collal-noggin transgenic mice indicates that the
decrease in bone resorption was greater than the decrease
in bone formation.

Cortex of Collal-noggin transgenic mice was thick,
but was woven and frequently suffered fractures

In the morphometric assays using the distal one third of
the diaphysis of tibias of 3-week-old mice, total tissue vol-
ume was lower in Collal-noggin transgenic mice than in
wildtype mice (Fig. 5I), but the cortical area in this region
was significantly greater in transgenic mice (Figs. 5J and
51). The marrow area was markedly lower in transgenic
mice (Figs. 5K and 5L). Microscopic examination using po-
larized light revealed that the cortical bone of transgenic
mice consisted mainly of immature bone (also known as
woven bone, in which collagen fibers run in all directions),
rather than the mature lamellar bone (which contains
highly ordered parallel collagen fibers) found in the wild-
type mice (Fig. 5L). Dynamic histomorphometric assays us-
ing consecutive labeling with tetracycline and calcein
showed that bone formation rates were significantly de-
creased at the periosteal (Fig. SM) and endosteal (Fig. SN)
surfaces of the diaphysis of tibias in 3-week-old Collal-
noggin transgenic mice compared with wildtype mice. To-
gether with the reduced osteoclast number at the endosteal
surface of the noggin-transgenic tibial cortex (Fig. 4D),
these results suggest that the presence of woven bone in the
diaphyseal marrow spaces of noggin-transgenic mice was
caused by failure to resorb initially formed immature bone
and that the reduced cortical expansion in noggin-
transgenic mice was caused by decreased periosteal model-
ing. Transgenic mice frequently suffered fractures at this
region of the tibial shaft in the later stages of life, suggesting
mechanical weakness of the bone (Fig. 50). X-ray imaging
of 8-week-old mice revealed that 7 of the 12 tibias of trans-
genic mice were broken, whereas none of the 12 tibias of
wildtype mice were broken. This bone fragility in noggin-
transgenic mice may be caused by a combination of im-
paired architecture and retention of immature woven bone.

Impaired osteoclast formation caused by noggin
overexpression was rescued by BMP2
administration in vitro

To study the effects of noggin expressed by transgenic
osteoblasts on osteoclast formation, we performed co-
culture experiments using primary osteoblasts prepared
from calvariae of wildtype or Collal-noggin transgenic
neonates and spleen cells from wildtype mice. The number
of TRACP* osteoclasts (Figs. 6A and 6B) and the resorp-
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FIG. 5. Bone turnover and remodeling in
wildtype and Collal-noggin transgenic mice.
(A and B) Bone histomorphometric analysis
of proximnal metaphysis of tibia of 3-week-
old mice. (A) Trabecular bone volume per
tissue volume (BV/TV) and (B) osteoblast
surface area per bone surface area (Ob.S/
BS). (C-H) Bone histomorphometric analy-
sis of fourth lumbar vertebral bodies of
3-week-old mice. (C) Mineral apposition
rate (MAR). (D) Fluorescent micrograph of
labeled mineralization fronts in the fourth
lumbar vertebral bodies. Arrows indicate
distance between the two consecutive labels.
Scale bar, 20 pm. (E) Mineralizing surface
area per bone surface area (MS/BS), and (F)
bone formation rate per bone surface area
(BFR/BS). (G) Osteoclast number per bone
surface area (N.Oc¢/BS), and (H) eroded sur-
face area per bone surface area (ES/BS). (I~
N) Bone histomorphometric analysis of dis-
tal one third of diaphysis of tibias of 3-week-
old mice. (I) TV, tissue volume; (J) Ct. Ar,
cortical area; (K) Ma. Ar, marrow area. Sag-
ittal histological sections of distal one third
of diaphysis of tibias of 3-week-old mice
were subjected to Villanueva bone staining.
(L) Sections were viewed under a micro-
scope using normal light and polarized light.
Scale bar, 100 pm. (M) Periosteal bone for-
mation rate per periosteal bone surface area
[Ps. BFR/Ps(BS)]. (N} Endosteal bone for-
mation rate per endosteal bone surface area
[Es. BFR/Es(BS)]. (O) X-ray images of hind
limbs of 8-week-old mice. Note fractures of
tibias of Collal-noggin transgenic mice
(white arrows). Scale bar, 5 mm. Error bars
indicate means + SD. *p < 0.05 and **p <
0.01 between wildtype and transgenic mice,
as determined by r-test. Wi, wildtype mice;
Tg, Collal-noggin transgenic mice.

tion of hydroxyapatite (Fig. 6C) were significantly lower for  creased by addition of thBMP2 to the medium in a dose-
transgenic osteoblasts than for wildtype osteoblasts. In co-  dependent manner. These results suggest that noggin inhib-
cultures with transgenic osteoblasts, numbers of TRACP™  its osteoclastogenesis by attenuating BMP activity in
cells and osteoclastic resorption of hydroxyapatite were in-  Collal-noggin transgenic mice.
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To examine whether the RANKL/OPG system was in-
volved in changes in osteoclast numbers in Collal-noggin
transgenic rice, we measured expression of Rankl and Opg
mRNA in primary osteoblasts prepared from calvariae by
performing real-time RT-PCR three times (Fig. 6D). Pri-
mary osteoblasts from Collal-noggin transgenic calvariae
did not exhibit decreased expression of Rankl mRNA, and
they exhibited only slightly increased expression of Opg
mRNA. Treatment with thBMP?2 at various concentrations
for 3 days did not much affect levels of Rankl or Opg
mRNA in noggin-transgenic primary osteoblasts.

BMPs increased phosphorylation of Smads 1/5/8
in macrophage

We examined whether BMPs stimulate cells in the osteo-
clastic lineage by analyzing phosphorylation of R-Smads in
those cells. Western blot analysis showed that bone marrow
macrophages prepared by M-CSF treatment expressed
Smadl proteins. Amounts of phosphorylated Smads 1/5/8
in bonie marrow macrophages were increased by 20-minute

Opg

Coltat noggin

Co-cultures containing transgenic osteoblasts
were also performed in the presence of
rhBMP2 at various concentrations. (B) Num-
ber of multinucleated TRACP* cells in co-
cultures. Error bars indicate means = SD. *p <
0.03, as determined by rtest. (C) Resorption
of hydroxyapatite in co-cultures. Error bars
indicate means + SD. *p < 0.05 and **p < 0.01
between wildtype and transgenic mice, as de-
termined by r-test. (D) Relative expression
levels of Rankl and Opg mRNA in primary
osteoblasts prepared from calvariae of neo-
nate wildtype and Collal-noggin transgenic
mice, measured by real-time RT-PCR. Ex-
pression levels of Rankl and Opg mRNA was
also examined in Collal-noggin transgenic
primary osteoblasts cultured in the presence
of thBMP2 at various concentrations for 3
days. The wildtype expression level was des-
ignated as 1. RT-PCR was performed three
times. Data are presented as mean = SD. (E)
Activation of Smad pathways in bone marrow
macrophages by BMP stimulation. Western
blots of lysates from bone marrow macro-
phages incubated with thBMP2 at various
concentrations for 20 minutes. Blots were
probed with antibodies against phospho-
Smads 1/5/8 and Smad 1.

10 S0
(ng/ml) —

280

{n=23each)

treatment with ThBMP2 in a dose-dependent manner (Fig.
6E), suggesting that BMPs directly activate Smad pathways
in macrophages. In addition, immunohistochemistry using
anti-phospho-Smads 1/5/8 (Fig. 2H) showed that in Collal-
Bmp4 transgenic mice, Smads 1/5/8 were phosphorylated in
various types of cells including osteoclasts.

Cartilage-specific expression of BMP4 causes
enlargement of bone and thickening of trabeculae
during endochondral bone development

1t has generally been believed that BMPs induce cartilage
formation.®® We previously reported that transgenic mice
overexpressing growth and differentiation factor 5 (GDFS,
also termed CDMP1, a member of BMP family) or BMP4
in chondrocytes exhibited expansion of cartilage.®**® To
assess the effects of BMPs on bone formation when applied
to cartilage during endochondral ossification, we examined
bone of transgenic mice overexpressing BMP4 in chondro-
cytes under the control of the «2(XI) collagen promoter/
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enhancer sequences (Collla2-Bmp4 transgenic mice)®?
(Fig. 7A). At 185 d.p.c, epiphyseal cartilage of humeri in
Collla2-Bmp4 transgenic mice (Fig. 7C) had expanded
compared with the wildtype (Fig. 7B). Ossification centers
in the transgenic mice also expanded (Figs. 7B and 7C).
Histological analysis further revealed that transgenic mice
had thicker trabecular bone in marrow cavities than wild-
type mice (Figs. 7D-7G). It seems that the large ossification
centers with thick trabeculae in Collla2-Bmp4 transgenic
mice might be the result of an expanded cartilage template.
These findings suggest that BMPs expressed in cartilage
induce expansion of cartilage anlagen, resulting in expan-
sion of bone.

DISCUSSION

In this study, we generated transgenic mice expressing
BMP4 or noggin in osteoblasts under the control of the

FIG. 7. Bone enlargement with thick tra-
beculae in Collla2-Bmp4 transgenic mice.
(A) Schematic representation of Collla2-
Bmp4 transgene construct. Humeri of (B)
wildtype and (C) Collla2-Bmp4 transgenic
mice at 18.5 d.p.c. were stained with Alizarin
red and Alcian blue. Scale bar, 200 pm. His-
tological analysis of proximal humerus of (D
and F) wildtype and (E and G) Collla2-
Bmp4 transgenic mice at 18.5 d.p.c. H&E
staining. Magnification of boxed regions in
D and E are shown in F and G, respectively.
Scale bar, 200 pm.

Collal promoter sequence. BMP overexpression in bone
caused severe osteopenia, whereas noggin overexpression
in bone resulted in thickening of trabecular and cortical
bone. BMPs and noggin are secreted proteins and they dif-
fuse in extracellular spaces. Thus, in Collal-Bmp4 and
Collal-noggin transgenic mice, in addition to autocrine ac-
tion, BMP4 and noggin, respectively, produced by osteo-
blasts may also directly act on various cells in bone marrow
cavities such as osteoclasts, stromal cells, and hematopoietic
cells. In Collal-noggin transgenic mice, the bone formation
rate was decreased, but the number of osteoblasts did not
decrease, suggesting impairment of osteoblast function. Im-
pairment of osteoblast function has previously been ob-
served in mice in which BMP signaling in osteoblasts is
blocked (e.g., mice with targeted disruption of BMP recep-
tor type 1A in osteoblasts)*? and mice expressing domi-
nant-negative BMP receptor type IB in osteoblasts.*®

297~



BMPs IN BONE STIMULATE OSTEOCLASTS

Those findings and these results suggest that, in Collal-
noggin transgenic mice, noggin acts through an autocrine
mechanism by preventing BMPs from interacting with
BMP receptors on osteoblasts that overexpress noggin.

In addition to impairment of osteoblast function, Collal-
noggin transgenic mice exhibited a significant decrease in
osteoclast number. In a previous study, exogenous recom-
binant noggin attenuated osteoclast formation in stromal
cell/hematopoietic cell co-cultures, and this effect is medi-
ated by osteoblasts/stromal cells; this suggests that BMPs
act on osteoclasts indirectly through osteoblasts or stromal
cells.®? In mice older than 10 months, conditional disrup-
tion of BMP receptor type IA in osteoblasts causes a de-
crease in the osteoclast number,®® On the other hand, the
osteoclast number was not decreased by expression of dom-
inant-negative BMP receptor type IB in osteoblasts under
the control of the 2.3-kb Collal promoter sequence that we
used to direct noggin expression in this study.®? In those
mice, BMP signals may not be blocked in célls other than
osteoblasts. Several in vitro studies suggest that BMPs also
act on osteoclasts directly and that osteoclasts express BMP
receptors.***%) Such findings suggest that, in Collal-
noggin transgenic mice, noggin overexpressed by osteo-
blasts also acts on ostecclasts through paracrine action by
preventing BMPs from interacting with BMP receptors on
osteoclasts. This hypothesis is consistent with the present
finding that Rankl expression in Collal-noggin transgenic
primary osteoblasts was not decreased compared with wild-
type and was not increased by incubation with thBMP2-for
3 days or 6 h (data not shown), although it is possible that
the Rankl expression level changed at other time-points
during incubation with thBMP2. This hypothesis is sup-
ported by the present finding that exogenous BMP2 in-
creased phosphorylation of Smad1/5/8 in cultured bone
marrow monocytes/macrophages. We speculate that BMPs
also stimulate osteoclasts directly in vivo.

Impaired osteoclast formation in co-culture with Collal-
noggin transgenic osteoblasts/spleen cells was rescued by
adding rhBMP?2, suggesting that noggin exerted their ef-
fects by attenuating BMP activity. Noggin binds with vari-
ous degrees of affinity to BMPs 2, 4, 5, 6, and 7, growth
differentiation factor 5 (GDFS), GDF6, and Vg1, but not to
other members of the TGF- family.©*>*® Noggin binds to
BMP2 and BMP4 effectively and to BMP7 less tightly.
Bone phenotype of Collal-noggin transgenic mice might
be mainly caused by blocking activities of BMP2 and
BMP4, although it is possible that blockage of activity of
other BMPs contributed to abnormalities in Collal-noggin
transgenic mice. These results do not exclude the possibility
that some of the effects of noggin are independent of
BMPs.

It has been reported that 4-week-old transgenic mice
overexpressing noggin under the control of the 1.7-kb rat
osteocalcin promoter exhibit decreased bone mass.(!?
Transgenic mice overexpressing noggin under the control
of the 1.3-kb murine osteocalcin promoter develop nor-
mally until they are 4 months old and exhibit decreased
bone mass at 8 months of age.®* The phenotypic differ-
ence between those mice and the present Collal-noggin
transgenic mice may be caused by differences in transcrip-
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tional activity between osteocalcin and Collal promoters.
The osteocalcin promoter directs noggin expression only in
mineralizing osteoblasts, which represent a minor and lo-
calized fraction of all osteoblastic cells in situ.®* The os-
teocalcin promoter directs strong expression at 4 and 8
weeks of age.(!?) In contrast, the 2.3-kb Collal promoter
sequence directs expression in most osteoblasts®® begin-
ning in the embryonic stage (Figs. 1A and 1B). This helps
explain why bone abnormalities in the present Collal-
noggin transgenic mice were detectable beginning in the
embryonic stage at 17.5 d.p.c. It has been reported that, in
osteoblasts, transcriptional activity of the Collal promoter
is much stronger than that of the osteocalcin promoter.??
From these lines of observation, we speculate that strong
activities of the Collal promoter sequence might be impor-
tant for disclosure of the effect of BMPs on osteoclasts,
especially for direct effects through paracrine mechanism.

The reduced bone formation and resorption associated
with frequent fractures in Collal-noggin transgenic mice
suggests important functions of BMP signals in bone. Be-
cause noggin overexpression affected both osteoblast func-
tion and osteoclast number in this study, we speculate that
a physiological function of BMPs in bone is acceleration of
bone turnover, which improves the quality and mechanical
strength of bone. Strict control of BMP activity may be
necessary for formation of high-quality bone, as suggested
by the present finding that both Collal-noggin and Collal-
Bmp4 transgenic mice exhibited fragile bone.

In this study, Collla2-Bmp4 transgenic mice exhibited
expanded cartilage as well as expanded bone containing
thick trabeculae. Coll1a2 promoter/enhancer sequences di-
rect expression in mesenchymal condensation and cartilage,
but not in bone.®*?9 These results are consistent with our
previous report that noggin overexpression in cartilage un-
der the control of the Collla2 promoter/enhancer se-
quences caused cartilage and bone to become very hypo-
plastic.®® We have not analyzed the mechanism by which
expansion of cartilage led to bone enlargement and thick-
ening. In addition to its effects as anlagen, expanded carti-
lage may produce signaling molecules that promote en-
largement of bone. The events observed in the skeleton of
the present Collla2-Bmp4 transgenic mice may resemble
the processes that occur during healing of fracture treated
with BMPs. BMPs have been used to promote fracture
healing.**2% BMPs applied to fracture sites may act on
mesenchymal cells and chondrocytes, causing formation of
a large cartilaginous callus that promotes solid bone forma-
tion. Exogenous BMP also contribute to bone formation by
stimulating osteoblast function and remodeling. The bone
phenotype of Collal-Bmp4 transgenic mice suggest that
persistent application of large amount of BMP4 to bone
stimulate osteoclastic bone resorption continuously and
cause bone loss. These finding may be helpful in planning
schedule of BMP application to further improve clinical
results of fracture treatment.
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