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Table 1. Z scores for L2—4 bone mineral density (BMD) in each allele type (allelic frequency, percentage in the parentheses)

Overalt =10 years 10-20 years >20 years
Allele Number of (n =377, 754 (n = 131; 262 (n = 144; 288 (n = 102; 204
type CA repeat alleles) alleles) alleles) alleles)
1 14 0.186 = 0.130 (25.6%) 0.242 + 0.149 (28.2%) 0.155 = 0.128 (23.6%) 0158 = 0.105 (25.0%)
2 16 0.203 = 0.093 (44.4%) 0.231 * 0,106 (39.3%) 0.233 £ 0,150 (47.6%) 0.124 £ 0.102 (46.6%)
3 17 —0.130 = 0.171 (7.2%) —0.028 % 0.196 (7.6%) —0.106 = 0.241 (8.0%) —0.294 £ 0.246 (5.4%)
4 20 0.338 £0.325 (1.3%) 0.250 = 0.271 (1.1%) 0.031 = 0.371 (1.4%) 0.8385 = 0.379 (1.5%)
3 22 —0.282 % 0.229 (4.6%) 0.247 = (.198 (5.0%) —0.322 = 0.223 (3.8%) —0.868 + 0.465 (5.4%)
6 23 0.208 = 0.250 (2.7%) 0.308 = 0.242 (2.7%) 0.155 = 0.242 (2.4%) 0.155 % 0.247 (2.9%)
7 24 0.505 % 0.367 (5.7%) 0.104 % 0,110 (6.5%) 0.444 *+ (.296 (4.9%) 1.146 % 0.383 (5.9%)
3 25 0.337 % 0.243 (5.2%) 0.399 = 0.252 (5.7%) 0.315 *+ 0.267 (5.2%) 0.288 % 0.266 (4.4%)
9 26 0.278 = 0.367 (2.3%) 0.034 = 0.219 (2.7%) 0.482 * 0.416 (2.4%) 0303 £ 0.678 (1.5%)
19 27 0.180 £ 0.677 (1.1%) 0.020 = 0.338 (1.1%) 0.288 % 0.405{0.7%) 0.233 = 0.322 (1.5%)

Datz expressed as mean + SEM. =10 years, women not more than 10 years after menopause; 10-20 years, women more than 10 years and not more
than 20 years after menopause; >20 years, women mare than 20 years after menopauss.

body weight or height differ among allele types in any population
{data not shown),

None of the genotypes was associated with bone density in
the overall population or in the subpopulation =10 years after
menopause. Among allele types, types 3 and 7 showed the lowest
and the highest mean values of the Z score of L2-4 BMD,
respectively, in the overall population (Table 1). Type 5 alleles
showed lower bone density than other alleles in subpopulations
that were 10-20 years (p = 0.035) and >20 years after meno-
pause (p = 0.024) (Figure 1). The type 7 allele was associated
with high bone density in women >20 years after menopause (p
= 0.042) (Figure 1). These results indicate that the human kotho
gene polymorphism is significantly correlated with bone density
in aged women,

Association of Klotho Gene Polymorphism With Spondylosis of
Postmenopausal Women

We further investigated the association between the severity of
spondylotic change in the lumbar spine expressed as the Kell-
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Figure 1. Differences of L2-4 BMD Z score between the type 5 allcle
and other alleles (left); that between type 7 allele and other alleles (right}
in subpopulations =10 years after menopause (=10 yrs., n = 131; 262
alleles), >10 years and =20 years after menopause {10-20 yrs., n = 144;
288 alleles), and >20 years after menopause (20 yrs., n = 102; 204
aligles). BMD of the lumbar spine (L2-4, mg/em?) was measured by
dual-energy X-ray absorptiometry and expressed as a Z score, which is a
deviation from the weight-adjusted average BMD of each age. Data
expressed as mean (bars) % SEM (error bars} for the number of alleles
indicated under each bar. Numbers above the bars are the p values of the
difference in Z score. None of the other eight alleles was significantly
associated with Z score in any subpopulation.

gren-Lawrence score and the klotho gene polymorphism in the
221 postmenopausal women of the 377 for whom lateral X-rays
of the lumbar spine were available, The distribution of allelic
frequency was similar to that of all 377 women, and was not
different among the overall population (n = 221; 442 alleles), the
subpopulation equal to or younger than the average age (=63
years old, n = 119; 238 alleles), and that older than the average
age (>63 years old, n = 102; 204 alleles) (Table 2). Deviation
from Hardy-Weinberg equilibrium also was not significant in
any of the subpopulations (all p > 0.05). Neither body weight
nor height differed among allele types in any population (Table
2).

In the association study with the spondylosis score as well, no
allele type showed a significant association with the score at
either L-4/5 or L-5/5-1 levels in the overall population (Tabie 2),
However, the type 8 allele showed the lowest mean value in all
populations (Table 2), and was significantly associated with low
spondylosis score at L-4/5 (p = 0.019) and L-5/S-1 (p = 0.048)
levels in the younger population, but not in the older population
(Figure 2). These results indicate that the microsatellite poly-
morphism of the human klotho gene is correlated with lumbar
spondylosis in younger postmenopausal women, which is in
contrast to the results of the association with bone density at
older ages. In addition, the type 5 or type 7 allele, which was
associated with bone density, were not associated with the
spondylosis score in any population.

Discussion

Because we previously reported that the mouse homozygous for
a disruption of the klothe locus exhibited multi?lc aging pheno-
types, including osteopenia and osteoarthritis,'>?¢ the present
study investigated the contribution of & microsatellite polymor-
phism at the human klothe locus to bone density and spondylosis
of the lumbar spine in Japanese postmenopausal women, Two
types of alleles were associated with bone density in the older
population, whereas another distinct allele was associated with
spondylosis in the younger population, suggesting the contribu-
tion of the klothe gene to the etiology of osteoporosis and
spondylosis in independent ways. These results provide the first
evidence that the klotho gene may be involved in the etiology of
human diseases,

The fact that the association of the klotho pene with these
disorders is dependent on age cannot be explained by differences
in the distribution of allele types among generations, because the
allelic frequency was similar in all subpopulations (Tables 1 and
2). Tt is possible that the lack of change seen in the allelic
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Table 2. Kellgren-Lawrence score at L-4/5 and L-5/8-1 levels in each allele type (allelic frequency, percentage in the parentheses)

Overall {n = 221; 442 alleles)

Younger (n = 119; 238 alleles)

Clder (n = 102; 204 alleles)

Allele type L-4/5 L-5/S-1 L4/5 L-5/5-1 L-4/5 L-§/S-1

| 2.50 = 0.12 234 % 0.13 (23.5%) 215+ 0.15 1.94 = 0.16 (23.1%) 287 2 0.16 2,76 % 021 (24.0%)
2 242 + 0.08 2.33 * 0.15 (46.2%) 212+ 011 1.91 % 0.12 (46.2%) 2.74 + 0.1 277 = 0.13 (46.6%)
3 265+ 0.19 2,74 = 0.22 (6.8%) 233 £ 0.19 228 + 024 (1.1%) 3.02 = 0.37 322 + 0.36 (6.4%)
4 2.45 +0.22 2.25 = 0.26 (1.8%) 217+013 1.77 = 0.67 (1.7%) 2.75 % 0.25 2.75 = 0.25 (1.9%)
5 227+ 021 2.26 = 0.25 (5.0%) 1.97 + 0.48 1.87 = 0.33 (5.0%) 2.60 = 0.20 270 = 0.32 (4.9%)
6 2312019 2.25 +0.22 (2.7%) 1.96 = 0.21 171 + 020 (2.9%) 2.70 %037 2.80 = 0.42 (2.0%)
7 2,63 = 0.21 2.54 * 0.23 (5.4%) 2.25 + 028 2.08 = 0.34 (5.5%) 3.02 £ 0.24 3.01 + 0.31 (5.9%)
8 2.03 +0.21 1.99 = 0.27 (5.7%) 1.50 + 0.15 1.33 + 0.26 (5.5%) 258 % 0.23 2.67 * 0.20 (5.4%)
9 2.55 036 2.53 % 0.14 (L.6%) 2.27 + 0.67 2.17 =+ 0.11 (1.7%) 2.87 * 0.43 2.91 = 0.46 (1.5%)
10 257 = 0.15 247 = 027 (1.3%) 2.38 % 035 2.01 % 0.39 (1.3%) 2.79 £ 0.55 2.94 = 0.33 (1.5%)

Data expressed as mean * SEM. Younger, women equal to or younger than the average age (=63 years old); older women older than the average age

(=63 years old).

frequency with increasing age might suggest that the tlotho gene
is not associated with longevity, although more detailed study is
certainly essential to reach that conclusion.

Osteoporosis and spondylosis are representative age-related
skeletal disorders with an etiology that is dependent on both
genetic and environment factors. Bone density in women is
known to decrease rapidly just after menopause as a result of
estrogen withdrawal, and slowly with aging thereafter, The
association between the klotho locus polymorphism and bone
loss in the aged suggests that the klothe gene may be involved in
the pathophysiology of age-related osteoporosis rather than os-
teoporosis by menopause. In support of this notion, Alotho-
deficient mice develop low-turmnover osteopenia resembling se-
nile osteoporosis.'® It is further speculated that the product of the
klotho gene (KL protein) may have an important function in
regulating bone density after the influence of estrogen with-
drawal at younger ages weakens, An ags-related increase in the
association between genotypes and bone density was also re-
ported in a study of collagen [ 1 polymorphism.®® These results
raise the possibility that the polymorphisms of genes, such as
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Figure 2, Differences of spondylosis score between the type 8 zallele and
other alleles in the younger (=63 years old [average age] n = 119) and
the older (=63 years old, n = 102} subpopulations. The severity of
spondylotic change at L-4/5 and L-5/8-1 levels was graded on a five
point scale (0-4) according to Kellgren-Lawrence scoring on a lateral
radiograph of the lumnbar spine. Data expressed as mean (bars) * SEM
(error bars) for the number of alleles indicated under each bar. Numbers
above the bars are the p values of the difference in the Kellgren—
Lawrence score between carriers and noncariers of the allele. None of
the other ning alleles was significantly associated with the Kellgren-
Lawrence score in any subpopulation.

klotho and collagen I a1, may be markers for bone loss by aging,
rather than markers for the bone loss by menopause and the peak
bone density in adolescence. Regarding spondylosis, on the
contrary, it is believed that the most important environmental
factor is the accumulation of mechanical stress on the spine with
aging, and therefore the association of the klotho gene might
possibly be concealed by this environmental factor at older ages.

It is also of interest that the allele associated with spondylosis
is different from that associated with bone density. Osteoporosis
is a catabolic disorder of bone metabolism whereas osteoarthritis
includes an anabelic aspect of subchondral scleresis and ostzo-
phyte formation, implying the existence of some common ge-
netic backgrounds causing these opposite phenotypes. In fact,
several epidemiologic studies have shown that bone density in
patients with osteoarthritis is greater than that in controls,!%1#
However, the facts that the type 8 allele, which was associated
with spondylosis, was not associated with bone density, and that
the type 5 and 7 alleles, which were associated with bone densiry,
were not associated with spondylosis argue against this possibil-
ity, and suggest that the contribution of the Klotho gene to the
development of one disease is, at least in part, independent of the -
other, A recent report also supports independent genetic back-
grounds in these two diseases, although some common environ-
mentallofactors such as body weight are known to inversely affect
them.

This study was the first to demonstrate the involvement of the
human klotho gene in the etiology of the human age-related
diseases of osteoporosis and spondylosis. Considering the rather
weak associations in this study, this gene might have a relatively
small attributable risk fraction for these polygenic diseases.
However, we believe that identification of a possible discase
susceptibility/severity gene could lead to a better understanding
of the molecular pathogenesis of the disease. The mechanism
whereby the changs in the klotho gene affects bone density and
spondylosis remains to be identified. Because this microsatellite

- region is locatzd outside of the coding region, the polymorphism

itseif does not directly modulate the production or function of the
KL protein. The screening of variations in the coding region of
the gene that shows linkage disequilibrium with the associated
alleles shown in this study will be necessary to clarify the
functional relevance, In fact, our preliminary study has con-
firmed that single-nucleotide polymorphisms (SNPs) identified
in all five exons and the promoter region of the human lotho
gene show a significant association with bone loss in aged
women.'? However, it should be noted that evaluation of the
preduction er function of the KL protein is difficult at present.
This is because the klotho gene is expressed in specific tissues
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such as kidney and brain, despite the fact that a defect in kietho
expression causes systemic aging phenotypes. In addition, a
means of measuring the serum [evel of the human KL protein has
not yet been established, and the finction of the KL protein
remains unidentified. Further understanding of the klotho gene
and the KL protein would help us to recognize their contribution
to these age-related disorders.
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Insulin receptor substrate-2 maintains
predominance of anabolic function
over catabolic function of osteoblasts
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for intracellular signaling by sulin and insulin-like

growth factorl {IGF-D), anabolic regulators of bone meta-
bolism. Although mice lacking the IRS-2 gene (IRS-27'~
mice) developed normally, they exhibited osteopenia with
decreased bone formation and increased bone resorption.
Cultured /RS-2"~ osteoblasts showed reduced differentiation
and matrix synthesis compared with wild-type osteo-
blasts. However, they showed increased receptor activator
of nuclear factor kB ligand (RANXL) expression and ostec-
clastogenesis in the coculture with bone marrow cells,
which were restored by reintroduction of IRS-2 using an
adenovirus vector. Although IRS-2 was expressed and

I nsulin receptor substrates (IRS-1 and IRS-2} are essential

phosphorylated by insulin and 1GF-1 in both osteablasts
and osteoclastic cells, cultures in the absence of osteo-
blasts revealed that intrinsic IRS-2 signaling in osteoclastic
cells was not important for their differentiation, function,
or survival. It is concluded that IRS-2 deficiency in osteo-
blasts causes osteopenia through impaired anabolic function
and enhanced supporting ability of osteoclastogenesis. We
propose that IRS-2 is needed to maintain the predominance
of bone formation over bone resorption, whereas [RS-1
maintains bone turnover, as we previously reported; the
integration of these two signalings causes a potent bone
anabolic action by insulin and IGF-I.

Introduction

Bone is continually being remodelled according to physio-
logical ciccumstances through bone formation by osteoblasts
and resorption by osteoclasts. These two processes are closely
coupled, and bone mass is maintained withour change by
their balance in healthy aduls. A rupture of the balance

causing a predominance of bone resorption over bone for-
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mation resules in bone loss such as thar seen in osteoporosis.
Among many systemic and local factors involved in the
regulation of bone metabolism, insulin and insulin-like
growth factor-I (IGF-)* are known to play important anabolic
roles (Canalis, 1993; Thomas et al,, 1997). Patients with insulin
deficiency as exemplified by type 1 diabetes are associated
with osteoporosis (Krakauer et al., 1997; Piepkorn et al,
1997); those with Laron syndrome caused by IGF-I deficiency
also exhibit this condition (Laron et al.,, 1999). A reduction
in IGF-L is also implicated as an importanc factor in the etiology
of involuticnal osteoporosis, especially of age-related bone loss
(Nicolas et al.,, 1994; Rosen, 1994; Reed et al., 1995: Canalis,
1997). However, the cellular and molecular mechanism under-
lying bone loss due to the deficiency of insulin and IGF-I
signalings has not yet been clarified.

Insulin and IGF-I initiate cellufar responses by binding to
distinct cell surface receptor tyrosine kinases that regulate
a variety of signaling pathways conurolling merabolism,
growth, and survival. Insulin recepror substrates (IRSs) are
essencial substrates of both of the recepror tyrosine kinases,
which integrate the pleiotropic effects of insulin, IGF-I, and
other cytokines on cellufar funcrion (Kadowaki et al,, 1996;
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Figure 1. IRS$-2™'" mice showed osteopenia both
in trabecular and cortex bones. (A} Plain X-ray
images of femora and tibiae (left) and three-
dimensional CT images of distal femora (rdght)

of representative WT and IRS-2~~ littermates

(8 wk old). {B) BMD of the femora and tibiae of WT
and IRS-2™" littermates. {8, left) BMD of the whole
femora and tibiae at 4, 8, 12, and 16 wk of age, *,
significantly different from WT mice; P < 0.05.

(B, right) BMD of each of 20 equal lengitudinal
divisions of the femora and tibiae of 8-wk-

old mice. Data are expressed as means

(symbols) = SEMs (error bars) for 12 bones/group
for WT and IRS-2™"~ mice.
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White, 1998; Burks and White, 2001). The mammalian
IRS family contains at least four members, ubiquitous IRS-1
and IRS-2, adipose tissue-predominane IRS-3 (Lavan et al,,
1997b), and IRS-4, which is expressed in thymus, brain, and
kidney (Lavan et al,, 1997a). In bone cells, IRS-1 and IRS-2
are expressed, and we previously reported that IRS-1 in os-
teoblasts is indispensable for maintaining bone tumover be-
cause JRS-I7"" mice showed osteopenia with a low bone
trnover in which both bone formation and resorprion were
decreased (Ogara et al,, 2000).

IRS-1 and IRS-2 signalings are reported to have distinct
biclogical roles and to be differentially expressed in a variery
of cells. Regarding glucose homeostasis, IRS-1 plays an im-
portane role in the merabolic actions of insulin and IGF-I
mainly in skeletal muscle and adipose tissue, whereas IRS-2
does so in the liver (Yamauchi et al., 1996; Bruning et al,
1997). Most hemopoietic cells express IRS-2 but not IRS-1
(Sun et al,, 1997), and in bone cells as well, IRS-1 expres-
sion was limited to osteoblastic cells, whereas IRS-2 was ex-
pressed in both ostcablastic and osteoclastic cells (Ogara et
al,, 2000). In addition, IRS-2 is known as a signaling mole-
cule of interleukin (IL)-4 and IL-13, eytokines with inhibi-
tory effects on osteoclastogenesis (Wang et al., 1998; Scopes
ct al., 2001; Wurster et al., 2002). Hence, there is a possibil-

ity that IRS-2 has a different function in the regulation of
bone metabolism from thac of IRS-1, especially in the cata-
bolic phase by osteoclastic cells.

This scudy analyzed the bones of mice lacking the JRS-2
gene (/RS-27"" mice), which we generated by homologous
recombinadion (Kubora er al., 2000). /RS-27" mice were
normal in appearance with a body size similar 1o wild-type
{WT) mice and showed no abrormalities in major organs
such as brain, hearr, liver, spleen, or kidney, except that their
general adiposity was slightly increased and females were in-
fertile (Withers et al., 1998; Burks et 2., 2000; Kubota et
al., 2000; Tobe et al,, 2001). These phenotypes were also
different from JRS-1™'" mice whose growth was significantly
retarded and in which group both males and females were
fertile (Arzki er al,, 1994; Tamemoto et al,, 1994). Further-
more, JRS-27'" mice displayed type 2 diabetes with periph-
eral insulin resistance and pancreatic B cell dysfunction
characterized by reduction in f cell mass, whereas JRS-17'~
mice did not develop diabetes due to an enhanced B cell
mass that compensarted for the peripheral insulin resistance.

In this study, we first found osteopenia in JRS-27" mice,
and sought to determine the cellular and molecular mecha-
nism underlying the abnormality of bone metabolism using in
vivo morphological analyses and in vicro cell culture systems.
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Figure 2. [RS-Z™"" bone showed an uncoupling of decreased bone formation and increased bone resorption in vivo. (A} Histological features at
proximal tibiae of WT and IRS-2~ littermates (8 wk old). In Villanueva-Goldner staining (left), mineralized bone is stained green and unmineralized
osteoid red. Bar, 50 wm. In calcein double labeling (middle), mineralization front is stained as a green line. Bar, 10 um. In TRAP staining,
TRAP-pusitive osteoclasts are stained red. Bar, 50 m. Data of histomorphometric parameters are shown in Table . (B} Expression of matrix
proteins (type | callagen, ALP, osteocalcin, and osteopontin) and key molecules for differentiations of osteablasts (Runx2, Lrp5, and Id-1) and
osteoclasts (RANKL, osteoprotegerin, and MMP-13} in long bones of WT and IRS-2-"- littermates (5 wk old) by semiquantitative RT-PCR.

Results
IRS-2™/~ mice showed osteopenia with an uncoupling
of decreased bone formation and increased
bone resorption
Because the lengths of femora and tibiae did not differ be-
tween WT and JRS-27 littermates at 8 wk of age {Fig. 1
A), IRS-2 was suggested not to be involved in the regulation
of skeletal growth. However, JRS-27" mice showed osteope-
nia in these long bones by X-ray and three-dimensional CT
analyses (Fig. 1 A). This was also found in vertebral bodies
(unpublished data). Bone mineral density (BMD) of these
bones was decreased by ~10-15% in JRS-27"" mice ac 4, 8,
12, and 16 wk of age compared with their WT littermares
(Fig. 1 B, lefi). To determine the distribution of BMD of
long bones ar 8 wk, the femora and tibiac were analyzed by
dividing them longitudinally into 20 cqual regions (Fig, 1 B,
right). BMD of each fraction was similarly decreased in all
fractions of /RS-27"~ bones, suggesting thar both trabecular
and cortex bones were similarly affecred by IRS-2 deficiency.
Histological features of the proximal tibiac of 8-wk-old
IRS-27" mice displayed a decreasc in the trabecular bone
volume (Fig. 2 A, left). Calcein double labeling showed thar
the widch between the two stained [abels was narrower in
IRS-27- {Fig. 2 A, middle); however, the number of tar-
trate-resistant acid phosphatase (TRAP)-positive osteoclasts
was higher in JRS-27"" than in WT licermates (Fig. 2 A, right).
Histomorphomettic measurements revealed that bone volume
(BVITV) was ~30% decreased, and parameters for bone re-
sorption {Oc.N/B.Pm, Oc.8/BS, and ES/BS) were 70-80% in-

creased in JRS-27/" compared with WT liermates (Table I).
Regarding bone formation paramerters, ostcoblast number
(Ob.5/BS) was slightdy, although not significany, increased in
IRS-27"" bones. However, mineral appositon rate (MAR), re-
flecting the abiliry of an individual osteoblast to form bone, was
~50% decreased, and, consequenty, bone formation rate
(BFR/BS) was significantly lower in JRS-27~ cotnpared with
WT lirtermates. Taking these in vivo observations together,
IRS-27" mice exhibited osteopenia with increased osteoclastic
bone resorption and decreased osteoblastic bone formadon,
suggesting that the two actions were not coupled. The thickness
of the growth plate at the proximal ribiae was not different be-
tween JRS-27" and WT littermates (70.8 * 8.9 and 76.9 =+
10.8 pum, mean = SEM of eight mice each, respectively), indi-
cating that IRS-2 signaling is not importanc for chondrocyres.
To further investigate the regulation of expression of
genes related to bone metabolism by IRS-2 deficiency, we
compared mRNA levels of matrix proteins and key mole-
cules for osteoblast and osteoclast differentiations in long
bones berween fRS-27'" and WT litcermates (Fig. 2 B). Ex-
pression of matrix proteins such as type I collagen, alkaline
phospharase (ALP), osteocalcin, and osteopontin was de-
creased in JRS-27'" bones, which was consistent with the
histomorphomettic data showing reduced bone formacion.
However, expression of the putative central determinants of
major pathways for ostcoblast differentiation, e, Runx2
(Karsenty, 2001), LDL receptor—related protein 5 (Lip5)
{Patel and Karsenty, 2002), 2nd inhibitor of differentia-
tion-1-(1d-1} (Ogara er al., 1993}, was not different between
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Table I. Histomarphometry of trabecular and cortex bones of tibiae

Trabecutar Cortex
BV/TV Ob.5/BS MAR BFR Oc.N/B.Pm Oc.5/8S ES/BS C.Th
% % p/d mar ety 7108 mm % % X107" mm
WwT 9.86 = 0.74 893 %183 2032025 406%044 13619%1926 492+068 522+089 2.55+013
RS-~ 6.95+063" 13.71%251 108x0.16° 271 =038 24427 +2296" 871=1.03" 914=0mM° 218=0.12°

Parameters for the trabecular bone were measured in an area 1.2 mm in length from 0.5 mm below the growth plate at the proximal metaphysis of the tibiae
in Villanueva-Goldner and calcein double-labeled sections. Parameters for the cortex bone were measured at the midpoint of the tibiae. Data are expressed
as means % SEMs for eight bones/group for WT and IRS-2~ mice. BV/TV, trabecular bone volume expressed as a percentage of total tissue vatume; Qb.5/
BS, percentage of bone surface covered by cuboidal osteoblasts; MAR, mineral apposition rate; BFR, bone formation rate expressed by MAR X percentage
of bone surface exhibiting double labels plus one half single labels; Oc.N/B.Pm, number of mature osteaclasts in 10 ¢m of bone perimeter; Oc.5/BS,

percentage of bone surface covered by mature osteoclasts; ES/BS, percentage of eroded surface; C.Th, cortex thickness.

*Significantly different from WT mice; P < 0.05.
bSignificantly different from WT mice; P < 0.01.

WT and ZRS-27'~ bones, implying an independent signaling
pathway of IRS-2 in osteoblasts. Positive regulatory mole-
cules of bone resorption, such as recepror activator of nu-
clear factor kB ligand (RANKL) (Sudz er al, 1999) and ma-
trix metalloproteinase-13 (MMP-13) (Uchida et al., 2000},
were increased in JRS-27'~ bones, which was also consistent
with the histomorphometric data showing enhanced bone
resorption. The sumulation of expression of osteoproteg-
erin, a decoy receptor of RANKL and a negative regulator of
osteoclastic bone resorption, observed in JRS-27" bones
might possibly be due to a compensative response to en-
hanced bone resorption, as is reported in postmenopausal
women (Yano et al., 1999).

The serum insulin level was sipnificantly higher in JRS-27'~
mice than in WT littermates both before (0.91 = 0.08 vs.
0.25 £ 0.06 ng/ml at 8 wk and 1.23 % 0.16 vs. 0.44 %
0.07 ng/mal at 16 wk, mean = SEM of five mice cach) and
after (1.64 * 0.09 vs. 0.54 * 0.04 ng/ml at8 wkand 2.33 +
0.39 vs. 0.67 % 0.12 ng/ml at 16 wk) glucose load, as re-

ported previously (Kubota et al., 2000). Serum IGF-I level
was similar between fRS-27'" and WT liccermates (134.21 *
11.42 vs. 132.14 % 10.65 ng/ml, respectively) at 8 wk, with
no significant change at 16 wk in eicher type of mice.

IRS-2 was expressed and phosphorylated in both
osteoblasts and osteoclastic cells of WT mice

Because IRS-1 and IRS-2 are reperted to be differendally ex-
pressed in a variety of cells and tissues having different bio-
logical roles, we compared their expression patterns in pri-
mary calvarial osteoblasts. Macrophage ecolony-stimulating
factor (M-CSF)—dependent bone marrow macrophages
(M-BMMd) as osteoclast precursors and marture osteoclasts
isolared from the coculmure of osteoblasts and bone marrow
cells were taken from WT and JRS-27" liccermates. Both
IRS-1 and TRS-2 were expressed in WT osteoblasts, whereas
in IRS-27" osteoblasts, only IRS-1 was expressed with no
compensatory increase for IRS-2 deficiency (Fig. 3 A). Re-

A _Csteoblasts  __ WOMMa __Osicoclasts_ B «-iR8-2 nos-immuna
WT m|s2* WT R52* WT As2+

et Ko

o: N N
o [ g [y

c WT IAS-2+
Confrei jiauin 1GF:  Cotral, Enaufln IGF4

1P a2
1B: a-pTyr

Osteoblasts

M-BMMa

Figure 3. IRS-2 was expressed and phospherylated in both osteoblasts and
osteoclastic cells of WT mice. (A) Expression of IRS-1 and IRS-2 in osteoblasts,
preosteoclastic M-BMMd, and mature osteoclasts from WT and [RS-27" littermates

IR A g o was determined by semiquantitative RT-PCR. Total RNA was extracted from
cultured osteoblasts from necnatal calvariae, M-BMMd in the presence of soluble

RANKL and M-CSF, osteaclasts formed in the coculture of marrow cells, and osteoblasts. IRS-1 expression was not seen in osteoclastic cells
even when the amount of template cONA or the number of amplification cycles was increased. (B) Immunchistochemical stainings with an
anti-IRS-2 antibody (a-IRS-2, left) and a nonimmune serum as a control {right} in the proximal tibial metaphysis of 4-wk-old WT mice. Positive
and specific stainings shown in brown are seen in both osteoblasts on the bone surface and osteoclasts {arrowheads}. GP, growth plate. Bar,
50 pm. (C) Phasphorylation of IRS-2 in osteoblasts and M-BMMd from WT and IRS-27 mice in the control culture and cultures stimulated
by insulin or IGF-1. Osteoblasts and M-BMMd¢ from WT and IRS-2"/" littermates were cultured with and without insulin or IGF-i for 2 min,
and extracted cellular proteins were immunoprecipitated with an anti-IRS-2 antibody (a-IRS-2). After being subjected to SDS-PAGE, they
were immunoblotted with an antiphosphotyrosine antibody (a-pTyr).
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garding cells of osteoclastic lineage, IRS-1 expression was
not detected cicher in M-BMMd¢ or mature osteoclasts, and
only IRS-2 was expressed in both of these cells from WT
mice {Fig. 3 A).

Immunohistochemical analysis confirmed the expression
patcern of IRS-2 in the proximal tibial metaphysis of 4-wk-
old WT mice (Fig. 3 B). It was localized in both osteoblasts
and osteoclasts on the bone surface. This staining was spe-
cific to IRS-2 because neither of these cells was stained with
a nonimmune serum.

Fig. 3 C shows the immunoblotting with an antiphos-
photyrosine antibody for the extracts immunoprecipitated
with an anti-IRS-2 antibody in cultured osteoblasts and
M-BMMé. IRS-2 protein was confirmed to be expressed in
both cells from WT mice, but not in those from JRS-27~
mice. This protein was phosphorylated by insulin and IGE-I
potently in osteoblasts whereas slightly in M-BMMé.

Differentiation and anabolic function of osteoblasts
were impaired by IRS-2 deficiency

To learn the cellular mechanism underlying the abnormali-
ties in the bone of ZRS-2~" mice, we first compared the pro-
liferation, differentiation, and matrix synthesis of cultured
osteoblasts from WT and IRS-27 calvariae. Cell prolifera-
tion determined by [PH]thymidine uprake was similarly seen
between WT and 7RS-27" cultures (Fig. 4 A); however, cell
differentiation determined by ALP activity was significandy
decreased in ZRS-27" not only in the control culrure, but
also in the culrure with insulin or IGE-I (Fig. 4 B). Neither
porenc stimulation of cell proliferation by FGF-2 nor that
of cell differenciation by bone morphogenetic protein 2
(BMP-2) was decreased by IRS-2 deficiency. Alizarin red §
srainin% also showed decreased calcified matrix synthesis by
IRS-27'7 osteoblasts in cultures with and withour insulin/
IGE-I (Fig. 4 C). Here apain, similar potent stimulation by
BMP-2 was seen in WT and IRS-27 esteoblast cultures,
suggesting that IRS-2 and BMP-2 systems are independent
in osteoblasts. These results indicate that osteoblast differen-
tiation and anabolic function, but not its proliferation, were
impaired by IRS-2 deficiency.

We further compared the mRNA levels of Runx2, Lrps,
and Id-1, in addition to the matrix proteins type I collagen,
ALP, ostcocalcin, and osteopontin in cultured osteoblasts
(Fig. 4 D). The results were similar to those seen in vivo:
matrix proteins were decreased, but none of Runx2, Lrp5,
and Id-1 was affected by IRS-2 deficiency. This again indi-
cates that IRS-2 does nor directly impact these major path-
ways for osteoblast differentiation,

Osteoclastogenesis and RANKL expression in
osteoblasts were enhanced by IRS-2 deficiency
Osteoclasts are known to be derived from hemopoictic cells
and to require the cell-cell interaction with osteoblasts/stro-
mal cells for differendation. To investigate osteoclast forma-
tion, we measured the number of TRAP-positive multi-
nucleated osteoclasts formed in the coculture system of
osteoblasts and bone marrow cells. Osteoclastogenesis in the

coculture induced by the bone resorptive factors prostaglan-
din E; (PGEy), IL-11, and 1,25{(OH),13; was more in-

Role of insulin receptor substrate-2 in osteoblasts | Akunceral, 15!
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Figure 4. Osteoblast differentiation and matrix synthesis, but not
proliferation, were impaired by IRS-2 deficiency, (A) Proliferation
determined by PHITdR incorporation into osteoblasts from WT and
IRS-2™"~ calvariae cultured with and without insulin, IGF-l, or FGF-2
for 24 h. (B) ALP activity of osteoblasts from WT or IR5-2~" calvariae
cuitured with and without insulin, iIGF-l, or BMP-2 for 14 d. For A
and B, data are expressed as means (bars) = SEMs (error bars) for
eight wells/group. *, significant decrease by IRS-2 deficiency;

P < 0.05. (C} Calcified matrix synthesis determined by Alizarin red
$ staining of osteoblasts from WT or IR5-2~~ calvariae cultured
with and without insulin, IGF-I, or BMP-2 for 21 d. (D) Expression of
Runx2, Lps, Id-1, type | collagen, ALP, osteocalcin, and osteopontin
in cultured osteoblasts by semiquantitative RT-PCR,

creased when both cells were derived from 7RS-27" mice
than when both cells were derived from WT mice (Fig. 5 A,
top). IGF-I slightly, but not significantly, induced ostcoclas-
togenesis in both WT and JRS-2'~ coculeures. IL-4 and IL-
13 inhibited 1,25(0OH),D;-induced osteoclastogenesis in
the WT coculture. Although IRS-2 is known as a signaling
molecule of IL-4 and IL-13, neither of the inhibitory actions
was different berween WT and JRS-27" cocultures. These
results indicare that IRS-2 signaling acts inhibitorily on
the induction of osteoclastogenesis by PGE,, IL-11, and
1,25(0OH),D;, bur is not related to its inhibition by IL-4 or
IL-13. The results were reproducible when spleen cells were
used instead of bone marrow cells as a source of hemopoietic
cells {(unpublished data). Because RANKL is known to be a
key membrane-associated molecule expressed on osteoblasts/
stromal cells inducing osteoclastogenesis (Suda er al., 1999),
we exarnined the regulation of RANKL expression in ostco-

blasts from WT and JRS-27" mice by these factors (Fig. 5.

A, bortom). The regulation of RANKL expression showed
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Figure 5. Osteoclastogenesis was increased A ava

through the upregulation of RANKL expression in oxtmociuets £ well .
osteoblasts by IRS-2 deficiency. (A} The number of 1o Gl wr:wr

TRAP-positive multinucleated osteoclasts formed o~ Pipsa:meze

in the cocuiture of osteoblasts and bone marrow 0 (Otockierms : Macmow onfc)

cells from WT or IRS-27~ littermates was counted

after 6 d of culture with and without IGF-1, PGE;, -

IL-11, 1,25(0H);0D, (VDy), IL-4, or IL-13. Data are 106

expressed as means (bars) = SEMs {error bars) for
eight wells/group. *, significantly different from
WT cultures; P <0 0.01 {top). Messenger RNA levels
of RANKL in cultured WT and IRS-2™/~ osteoblasts
were determined by Northem blot analysis after 24 h
of culture with and without the factors above
(bottom). (B) The number of osteoclasts formed in
the coculture of osteoblasts and bone marrow cells
from WT and IRS-27 littermates in the presence
of 1,25(CH);D; (10 nM) (top) and the pit area B
resorbed by osteoclasts for an additional 48 h of
the coculture on a dentine slice (bottorn). Data are
expressed as means {bars) * SEMs {error bars) for
12 wells/group. ¥, significandy different from WT:
WT culture; P < 0.01. (C) Restoration of osteoclasto-
genesis by reintroduction of IRS-2 in IRS-27~
osteoblasts using an adenovirus vector carrying
IRS-2 gene (AxIRS2). IRS-2~~ osteoblasts infected
with AxIRS2 or the control AxLacZ at indicated

vo,
r4 L3

@ Wr
Numbar of
s o O RS2 AxLacZ
hctasts /wel ® ASZaR52

MO!s were cocultured with WT marrow cells in
the presence of 1,25(QH),D; for 6 d, and the number
of TRAP-positive osteoclasts was counted (top).
Data are expressed as means {symbols) % SEMs
(error bars) for eight wells/group. *, significantly
different from AxLacZ-infected cultures; P < 0.01.
IRS-2 protein level in JRS-2™/~ cultured osteoblasts
was determined by Western blotting after 2 d of

infection of AxLacZ or AxIRS2 (bottom). (D) RANKL

i8: e 1R5-2

expression by introduction of IRS-2 in WY and
IRS-27/~ osteoblasts. Osteoblasts infected with
AxIRS2 or AxLacZ at 10 MOI were cultured in the
prasence of 1,25(0H);0; for 24 h. RANKL mRNA
level was determined by Northern blotting,

G3POH

good correlation with that of osteoclastogenesis: RANKL in-
duction by the resorptive factors was increased in IRS-27"~
osteoblasts compared with WT osteoblasts, whereas the in-
hibition by IL-4 and IL-13 was identical in both osteoblasts.

In the presence of 1,25(0H);D;, enhanced osteaclasto-
genesis in the coculture of JRS-27~ osteoblasts and ZRS-27'~
marrow cells (/RS-27/7:IRS-27'") was normalized by replac-
ing JRS-27'~ osteoblasts with WT osteoblasts (WT:/RS-27),
but not by replacing /RS-27"" marrow cells with WT mar-
row cells (ZRS-27/":WT) (Fig. 5 B, top). When the cocul-
ture was furcher performed on a dentine slice for 2 d, the
area of resorption pits was cotrelated with the number of os-
teaclasts formed, indicating no difference of bone resorptive
function berween individual WT and IRS-27" osteoclasts
(Fig. 5 B, botrom). These results indicate thar the increase in
bone resorption in JRS-27" mice is caused by the abnormal-
ity of osteoblasts to support osteoclastogenesis by inducing
RANKL, bur is not due to abnormalities of osteoclast pro-
genitors or osteoclast function,

To further investigate che association between IRS-2 defi-
ciency and the upregulation of osteoclastogenesis/RANKL
expression, we examined their restoration by reintroduction
of IRS-2 in [RS-2™'" osteoblasts using an adenovirus vector.

When IRS-27'~ osteoblasts infected with an adenovirus vec-
tor carrying the JRS-2 gene (AxIRS2) were cocultured with
WT marrew cells in the presence of 1,25(0H),D;, osteo-
clastogenesis was decreased in 2 dose-dependent manner
based on the AxIRS52 mulriplicity of infection (MOI} and
on the IRS-2 protein level determined by Wescern blotcing,
whereas the control adenovirus vector carrying the LacZ
gene (AxLacZ) did not affeet it (Fig. 5 C). Enhanced
RANKL expression in cultured JRS-27"" osteoblasts deter-
mined by Northern blotting was also decreased by AxIRS2
infection; but not by AxLacZ (Fig. 5 D). These results were
reproducible in the stimulation of other bone resorptive fac-
tors, PGE; and IL-11 (unpublished data). It was therefore
confirmed that the IRS-2 signaling pathway acts inhibicorily
on enhanced osteoclastogenesis and RANKL expression in
osteoblasts by these resorptive factors.

To confirm the role of IRS-2 intrinsic to osteoclastic cells,
we investigated the differentiacion and survival of osteoclasts
using the M-BMMd& culrure system without supporting
cells such as osteoblasts/stromal cells. Osteoclastogenesis
from cultured M-BMM¢ in the presence of soluble
RANKL for 3 d was similar between WT and JRS-27" cul-
tures (674 * 71 and 641 % 83 cells/well, mean * SEM of

00z ‘g (1dy 1o Bio gol mmam WOJ) PapEOIUMDQ



12 wells, respectively). In addition, the survival of marure
ostsoclasts isolated from the M-BMM¢ culrure did nort dif-
fer between WT and JRS-27'" osteoclasts (the average half
life of 12 wells was 6.4 and 5.7 h, respectively). Hence, it
was concluded that intrinsic IRS-2 signaling is rot impor-
wnt for osteoclast funcrion.

Discussion

In vivo mor;:)hological analyses in this study demonstrared
that JRS-27"" mice cxhibited osteopenia with decreased
bone formation and increased bone resorption. In vitro cell
culture analyses revealed that JRS-2™ osteoblasts showed
reduced ability of their differentiation and marrix synchesis.
The increased osteoclastogenesis was due to the upregulation
of RANKL in osteoblasts by IRS-2 deficiency. Although
IRS-2, but not IRS-1, was expressed and phosphorylated by
insulin/IGF-I in osteoclastic eells, intrinsic IRS-2 signaling
in these cells was not important for their differentiation,
function, or survival.

The present study revealed the difference in the physiolog-
ical roles of IRS-1 and IRS-2 in bone metabolism. JRS-27"-
mice exhibired an uncoupling state wich decreased bone for-
mation and increased bone resorption, whereas our previous
study found that JRS-I ™~ mice displayed a decrease in both
bone formation and bone resorption, indicating a low turn-
over osteopenia (Ogara et al,, 2000). Hence, IRS-1 and IRS-2
scem to have opposite cffccts on osteoclastogenesis and
RANKL expression in osteoblasts. The signaling specificity
through the two IRSs may be accomplished by distincr
phospherylation patterns during interaction with various ac-
tivated receprors (Sun et al., 1997). For example, phosphaii-
dylinosicol 3 (PI3) kinase acrivities in muscle and liver cells
have functional differences in the ability of the two IRSs
{(Kadowaki et al., 1996; Burks and White, 2001). In this
study, effects of bone resorptive factors, i.e., PGE,, IL-11, or
1,25(0OH);Ds;, on osteoclastogenesis and RANKL expres-
sion were shown to be pardy inhibited by IRS-2 signaling,
suggesting some convergence of signaling pathways between
these factors and IRS-2. Because the main signaling path-
ways downstream of IRS-2 are known to be those of PI3 ki-
nase and MAPK (Kadowaki er al,, 1996; Withers er al,
1998; Burks and White, 2001), cither pathway could con-
ceivably be connected with the signaling of these resorptive
factors, In fact, signalings of PGE; and IL-11 through cheir
specific prostaglandin E and gp130 receptors, respectively,
are known to utilize both PI3 kinase and MAPK (Fukada et
al., 1999; Breyer et al., 2001). 1,25(OH),D; signaling is also
reported to be inhibited by MAPK pathway by the phosphor-
ylation of retinoid X receptor o, the heterodimer of the nu-
clear vitamin D receptor, in human keratinocytes (Solomon
etal., 1999). However, our preliminary study on the mecha-
nism of RANKL induction failed to show the involvement
of PI3 kinase, p42/44 MAPK, and p38 MAPK pathways be-
cause none of their inhibitors, LY294002, PD98059, or
SB203580, altered the upregulation of the RANKL mRNA
level by IRS-2 deficiency in cultured osteoblasts (unpub-
lished data). We thercfore speculate that signaling(s) other
than PI3 kinase and these MAPKs may be involved in the
suppression of RANKL expression and osteoclastogenesis by
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IRS-2. The next task ahead of us will be to elucidate the dif-
ference of signaling through IRS-1 and IRS-2 in osteoblasts.
IGF-1 is a potent autocrine/paracrine factor for osteoblast
proliferation and differentiation (Canalis, 1993). A relation-
ship between bone density and IGF-1 is suggested by a study
showing a correlation of serum and skeleral IGF-I levels with
bone density between two healthy inbred strains of mice
(Rosen eral, 1997). In humans, accumulating evidence has
suggested a positive correlation berween the serum IGF-I
level and bone density in postmenopausal women (Nicolas et
al,, 1994; Rosen, 1994; Reed et al., 1995; Canalis, 1997).
The anabolic effect of insulin on bene formation may be pri-
marily related to its ability to stimulare cell proliferation
(Thomas et al,, 1997), Steprozotocin-induced diabetic ani-
mals with impaired pancreatic insulin produetion lose bone
rapidly, and this loss is offset by insulin replacement (Hough
et al,, 1981). Clinically, type 1 diabetes with insulin defi-
cieney is associated with decreased bone mass; however, the
change of bone mass in type 2 diabetic patients is controver-
sial. Alchough previous reports demonstrared a decrease in
bone mass in these latter patients, accumulating evidence has
revealed thar obese type 2 diaberic patiencs have normal or
even increased bone mass (Kao eral., 1993; van Daele et al.,
1995; Krakauer et al.,, 1997; Piepkorn et al, 1997). This
might be due to the increased physical stress on the skelcron,
or hyperinsulinemia seen in the carlier stage of rype 2 diabe-
tes. In fact, we previously demonstrated that patents with
hyperinsulinemia are associated with the increased ossifica-
tion of the spinal ligaments {Akune er al., 2001). Whether or
not the response of bone cells to insulin is affected similarly
to that of cells responsible for glucose metabolism, such as
muscle, liver, and adipose tissue, in type 2 diaberic patiencs is
an imporrant point to be elucidated. Although the IRS-27/~
mice develop type 2 diabetes characterized by defects in both
insulin action and insulin secretion, clinical studies on ge-
netic polymorphisms have so far failed to show a pathogenic
contribution of IRS-2 to the development of this condition
(Sesti et al,, 2001; Wang et al,, 2001). Hence, we do not re-
gard the JRS-2™"" mice as a model to define mechanisms of
abnormalities of bone metabolism by type 2 diabetes. The
mice may speak for themselves as a rare model showing an
uncoupling state berween bone formation ard resorption,

In the histomorphometric analysis, osteoblast function
was shown to be decreased by IRS-2 deficiency; however,
the number of osteoblasts (Ob.S/BS) was either nor affected
or was increased (Table I). We speculate that this increase
may be secondary to the upregulation of osteoclastic bone
tesorption through the coupling mechanism berween osteo-
clasts and osteoblasts. In fact, in the osteoblast culture sys-
tem in which osteoclastic cells were absent, cell prolifesation
was not different between WT and JRS-27" (Fig. 4 A),
whereas cell differentiation and maurix synchesis were de-
creased in the JRS-2™~ culture. Hence, IRS-2 in osteoblasts
seems to be related to the signaling of their differentiation
and function, but not to their mitogenic or anti-apoprotic
signaling directly.

The decrease in anabolic function of R$-27" osteoblasts
was seen not only in the culture with insulin or IGE-I bus
also in the control culture (Fig. 4, B, C, and D). This may
possibly be due to the blockage of signals of endogenous
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IGF-I acting as an autocrine/paracrine factor in the culture.
The concentrations of IGF-I in the culeure medium were
0.39 * 0.12 and 0.48 * 0.10 oM (mean £ SEM) in the
control cultures of WT and JRS-27 osteoblasts, respec-
tively. In addicion, serum IGF.I levels were similar berween
WT and /RS-27" mice in the age from 8 to 16 wk, suggest-
ing the absence of systemic compensation for impaired
IGF-I bioactivity. Hence, the decreased bone formation in
vivo in JRS-27 mice may be at least in part due to the defi-
cit of anabolic signaling of endogenous IGF-I produced by
osteoblasts acting as an aurocrine/paracrine factor.

Intrinsic IRS-2 in osteoclastic cells was proven not to be
important for their differendartion, function, or survival de-
spite the fact that IRS-2 and receptors of IGF-I and insulin
are expressed in these cells (Fiorelli er al., 1996; Hou et al.,
1997; Thomas et al., 1998). Whether or not IGF-I or insulin
directly acts on osteoclastic cells is controversial (Mochizuki
et al,, 1992; Hill et al,, 1995), and we, in fact, failed o show
the direct action of IGF-I or insulin in the culture of
M-BMM4¢ in the absence of osteoblasts/stromal cells (un-
published dara). Furthermere, IRS-1 and IRS-2 are reported
to regulare cell apoprosis through phosphorylation of Bel-2 in
a mycloma cell line (Ueno et al., 2000), however, these pro-
teins did not affect osteoclast survival in our previous and
present studies (Ogata et al,, 2000). Hence, IGE-I/insulin
and IRS signalings aze likely to regulate bone resorption more
predominantly by their indirect actions through osteoblasts/
stromal cells than by their direct actions on osteoclastic cells.

Clinically, loss of anabolic actions of insulin and IGF-I en
bone merabolism is implied 1o cause various bone merabolic
discases. Taken together with our previous study, we hereby
propose that these anabolic actions are maintained as an in-
tegeation of two proteins that have distinct biological roles
in osteoblasts, IRS-1 and IRS-2. The former is essential w0
maintain bone turnover by upregulating anabolic function
and RANKL expression, whereas the latter is needed o re-
tain the predominance of the anabolic function over the cat-
abolic function, Distinct regulation of these two IRS pro-
teins in osteoblasts may play a key role in controlling bone
metabolism and maintaining bone homeostasis.

Materials and methods

Animals

In each experiment, homozygous WT and IRS-2™ mice that were litter-
mates generated from the intercross between heterozygous mice were com-
pared. All experiments were performed on male mice unless otherwise de-
scribed, All experiments were performed according to the protocol approved
by the Animal Care and Use Committee of the University of Tokyo.

Analysis of skeletal morphology

Bone radiograph was taken with a soft X-ray apparatus (SOFTEX; CMB-2).
Three-dimensional CT scan was taken using a composite X-ray analyzing
system (NX-HCP; NS-ELEX Inc.). BMD was measured by single energy
X-ray absorptiometry using a bone mineral analyzer {DCS-600R; Aloka Co.).
Al histological analyses were performed using 8-wk-old WT and IRS-2™
littarmates, For Villanueva-Goldner staining, tibiae were fixed with etha-
nol, embedded in methy! methacrylate, and sectioned in 6-um slices. For
double labeling, mice were injected subcutanecusly with 8 mgrkg body
weight of calcein at 10 and 3 d before sacrifice. TRAP-positive cells were
stained at pH 5.0 in the presence of L{+)-tartaric acid using naphthol AS-
MX phosphate (Sigma-Aldrich) in N,N-dimethyl {ormamide as the sub-
strate. The specimens were subjected to histomorphometric analyses using
animage analyzer (System Supply Co.), Parameters for the trabecular bone

were measured in an area 1.2 mm in length from 0.5 mm below the
growth plate at the proximal metaphysis of the tibiae, Parameters for the
cortex bone were measured at the midshaft of the tibiae. The thickness of
the growth plate was measured at the proximal tibiae,

Immunochistochemistry

After perfusion of 4-wk-old WT mice with 4% buffered paraformaldehyde,
tibiae were removed and immersed in the same fixative for paraffin sec-
tions. 3-mm-thick paraffin sections were treated with (.3% hydrogen per-
oxide in P83, After blocking with 1% albumin in PBS, they were incubated
with a rabbit polyclonal anti-mouse IRS-2 antibody (Upstate Biotechnol-
ogy} at a dilution of 1:50 for 24 h at 4°C, The sections were incubated with
HRP-conjugated goat antibodies against rabbit IgG (Dakopatts) for 1 h at
room temperature. After washing with PBS, they were immersed in a di-
aminobenzidine solution for 10 min at room temperature to observe any
immunoreactivity, As a control, we used a rabbit nonimmune serum (Up-
state Biotechnology) of the same dilution instead of the primary antibody.

In vitro osteablast cultures

Osteoblasts were isolated from calvariae of neonatal WT and IR5-27~ lit-
termates. Calvariae were digested for 10 min at 37°C in an enzyme solu-
tion containing 0.1% collagerase and 0.2% dispase five times. Cells iso-
lated by the last four digestions were combined as an osteoblast
population and cultured in aMEM containing 10% FBS. For cell prolifera-
tion assay, primary osteoblasts were inoculated at a density of 1 X 104
cellsiwell in a 24-multiwell plate, cultured in the same medium for 43 h,
and deprived of serum for 12 h before adding the experimental medium
with and without IGF-1 {10 nM), insulin {100 nM}, or FGF-2 {1 nM)}, Incor-
poration of PHthymidine (1 wCi/ml in the medium} added for the final 3 h
was measured after 24 h of culture, For ALP activity measurement, primary
osteoblasts were inoculated at a density of 1 X 10 cellsiwell in a 24-mul-
tiwell plate and cultured in «MEM containing 10% FBS and 50 pg/mi
ascorbic acid with and without IGF-E {10 nMY), insulin {100 nM), or BMP-2
(30 ng/ml). At 14 d of culture, cells were sonicated in 10 mM Tris-HCI
butfer (pH 8.0) containing 1 mM MgCl; and 0.5% Triton X-100. ALP activ-
ity in the lysate was measured using a Wako ALP kit (Wako Pure Chemical
Industry, Ltd.). The protein content was determined using BCA protein as-
say reagent (Pierce Chemical Co.). For Alizarin red S staining, osteablasts
were inoculated at a density of 5 X 10* cellshwell in a six-multiwell plate
in aMEM containing 10% FBS and 50 pg/ml ascorbic acid and 10 mM
B-glycerophosphate, At day 21 after canfluency, cultured cells were fixed

. in 10% buffered formalin and stained for 10 min with 2% Alizarin red S

{pH 4.0} (Sigma-Aldrich).

Coculture of osteoblasts and bone marrow cells

Bone marrow cells were collected from long bones of 8-wk-ald WT or IRS-
27" littermates. TRAP-positive multinucleated osteoclasts were generated
by coculturing osteoblasts (1 % 10* cellsiwel!} and bone marrow cells (5 X
10° cellsiwell) derived from either WT or IRS-2™~ littermaltes in a 24-multi-
well plate in «MEM containing 10% FBS for 6 d with and without IGF- (10
nMy, 1,25(0H), 05 (10 nM), PGE; (100 nM), IL-11 (10 ng/mB), iL-4 (100 ng/
ml), or iL-13 (100 ng/mi). Cells positively stained for TRAP containing more
than three nuclei were counted as osteoclasts. To determine bone resorp-
tion activity, osteoclasts formed by the coculture on 0.24% collagen gel
coated on 100-mm dishes were digested with 0.2% collagenase solution,
and a 1/50 aliquot including osteoclasts was seeded on a dentine slice, Af.
ter 48 h of culture in aMEM containing 10% FBS, the total area of pits
stained with 0.5% toluidine blue was evaluated using an image analyzer,

M-BMMd culture

We used the M-BMMd culture system as described previously {Kobayashi
et al., 2000). In brief, bone marrow cells from WT or IR5-2~~ mice were
seeded at a density of 3 X 10° cells/well in a 24-multiwell ptate and cul-
tured in @MEM containing 10% FBS with M-CSF (100 ng/mi). After cultur-
ing for 3 d, adherent cells (M-BMMa) were further cultured with M-CSF
(100 ng/ml} and solubte RANKL (100 ng/ml) for 3 d. TRAP-positive osteo-
clasts were counted. To determine the survival, osteoclasts generated as
above were deprived of M-CS5F/soluble RANKL and cultured for an addi-
tfonal 48 h, At 3, 6,12, 24, and 48 h, the number of TRAP-positive and try-
pan blue-negative osteoclasts was counted.

Generation of adenoviruses and gene transfer

The recombinant adenovirus vector carrying /RS-2 gene containing CAG
(cytomegalovirus immediate early enhancer + chicken actin promoter +
rabbit globin poly A signal) promoter was constructed using the Adenovi-
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rus Expression Vector Kit (Takara Shuzo Co., Ltd.) following the manufac-
ture’s protocal. The adenovirus vector carrying the B-galactosidase gene
(AxLacZ) was provided by Dr. I. Saito (University of Tokye). IRS-2~~ os-
tecblasts were seeded at a density of 1 X 10* cells/well in a 24-multiwell
plate and treated with viral suspensions for 1 h at 37°C at a concentration
indicated as the MOI for 2 d. infection efficiency was confirmed by p-galac-
tosidase assay using X-gal as a substrate, and Western blot analysis of IRS-2.
IR$-2 protein level was also confirmed by Western blotting. For the experi-
ment of osteoclastogenesis, they were then washed three times with PBS,
and WT bane marrow cells were added at a density of 5 X 10° cells/well
with and without 1,25(CH),D, (10 aM), PGE; (100 nM), or IL-11 {10 ng/
ml) and cocultured for & d. The number of TRAP-positive osteactasts was
counted. For the experiment of RANKL expression, osteoblasts infected
with 10 MOI of AxIR52 or AxLacZ were further cultured with and without
the resorptive factors above for 24 b, and the mRNA level was determined
by Northern blotting,

Immunoprecipitation and Western blot analysis

After stimulation by IGF- (10 nM) or insulin (100 nM), cultured cells were
lysed with TNE buffer (10 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1 mM
EDTA, 10 mM NaF, 2 mM Na,VO,, 1 mM aminoethyl-benzenesulfony! flu-
oride, and 10 pg/ml aprotinin). Immunoprecipitation was performed us-
ing antibodies either noncovalently bound or canjugated to protein
G-Sepharose (GIBCO BRL). Equivalent amounts (20 pg) of cell lysate were
immunoprecipitated with a polyclonal anti-mouse IRS-2 antibody (Upstate
Biotechnology} for 4 h at 4°C. Each cell lysate or immunoprecipitated pro-
tein containing an equivalent amount of protein was electropharesed by 8%
SD5-PAGE and transferred to nitrocellulose membrane. After blocking with
5% albumin sotution, they were incubated with an antiphosphotyrosine an-
tibody (Upstate Biotechnotogy). Immunoreactive bands were stained using
the ECL chemiluminescence reaction (Amersham Biosciences).

Northern blotting and semiquantitative RT-PCR

Far Northern blot analyss, osteoblasts were cultured in aMEM containing
10% FBS with and without IGE-1 (10 nM), 1,25(0HYD; (10 nb), PGE, (100
nM}, IL-11 {10 ng/mD, IL-4 (100 ng/ml), or IL-13 (100 ng/ml). Total RNA was
extracted using an ISOGEN kit (Wako Pure Chemical). 30 pg of total RNA
was electrophoresed in 1.2% agarose—formaldehyde gels and transferred
onto nylon membrane filters (Hybond-N; Amersham Biosciences). The
membranes were hybridized for 12 h at 42°C with cDNA probes for mouse
RANKL, which were labeled using a multirandom primer oligonucleotide la-
beling kit {Boehringer) and [?PIJCTP. Semiguantitative RT-PCR was per-
formed within an exponential phase of the amplification. Total mRNA (1 wg
was reverse transcribed using Super Script reverse transcriptase (Takara
Shuzo Co., Ltd.) with random hexamer (Takara Shuzo Co., Ltd.), and 5% of
the reaction mixture was amplified with LA-Tag DNA polymerase (Takara
‘Shuzo Co., Ltd.) using the following primer pairs: 5'-GCAGCCCCACCTCC-
CTCCAAAGGTAGACAC-3 and 5'-CAGCAATGCCTGTCCGCATGTCAG-
CATAGC-3' for IRS-1; 5'-GAAGACAGTGGGTACATGCGAATG-3 and 5'-
CCTCATGGAGGAAGGCACTGCTG-3' for IRS-2; 5'-CATCTAGGCCAT-
CAGGTCCACCAC-3' and 5'-TCAAGGTCGGTGTGAACCGATITCGC-3
for GIPOH; 5'-GCACCGCCCACATGGACTGCTGAA-3 and 5'-CGCG-
GAAAGAGCATGGAGGTGACG-3' for Runx2; 5'-CCTGCTGCCTCCCTC-
TAA-3' and 5"-CTTCACCGCTCACATTTCTC-3' for Lrp5; 5'-ACTGAGG-
CACCAGATGGACTCCAG-3" and 5'-CCCAGTCATCATTGTAATATACA-3!
for Id-1; 5"-CTGGGATCCACAAGGAGAGT-3" and 5'-AAGCCTCAGAG-
CCTATGGTG-3' for type | colfagen; 5'-GCCCTCTCCAAGACATATA-3! and
5'-CCATCATCACGTCCATATCC-3' for ALP; 5'-AGTCCACATGACATTG-
GCAGTCATTTGC-3' and 5'-ACTCGAGGCCTCTTCTTITAGTTGACCTC-3
for osteopontin; 5~TCGTTTCTTTCTGCTGGTCA-3' and 5°-CTTATTGC-
CCTCCTCCITGG-3 for osteocalcin; 5'-GCATCGCTCTGTTCCTGTA-S
and 5-GTGCTCCCTCCTTTCATCA-3' for RANKL; 5'-TCCTCGCACCTAC-
CTAAAACAGCA-3" and 5'-CTACACTCTCGGCATTCACTTTGG-3" for as-
teoprotegerin; and 5'-CATTCAGCTATCCTGGCCACCTTC-3' and 5'-CATC-
CACATGGTTGGCAAGTTCTG-3" for MMP-13. Up to 25 cycles of am-
plification were performed with a PerkinElmer PCR thermal cycler (PE-2400)
at 94°C for 30 s, at 52-60°C for 60 s, and at 72°C for 90 5,

Statistical analysis
Means of groups were compared by ANOVA and significance of differ-
ences was determined by post-hog testing using Bonferroni’s method,
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This study investigated the actions of fibroblast
growth factor (FGF)-18, a novel member of the FGF fam-
ily, on osteoblasts, chondrocytes, and osteoclasts and
compared them with those of FGF-2 and FGF-10. FGF-18
stimulated the proliferation of cultured mouse primary
osteoblasts, osteoblastic MC3T3-E1 cells, primary chon-
drocytes, and prechondrecytic ATDCS cells, although it
inhibited the differentiation and matrix synthesis of
these cells. FGF-18 up-regulated the phosphorylation of
extracellular signal-regulated kinase in both ostecoblasts
and chondrocytes and up-regulated the phosphoryla-
tion of p38 mitogen-activated protein kinase only in
chondrocytes. FGF-18 mitogenic actions were blocked
by a specific inhibitor of extracellular signal-regulated
kinase in both osteoblasts and chondrocytes and by a
specific inhibitor of p38 mitogen-activated protein ki-
nase in chondrocytes. With regard to the action of
FGF-18 on bone resorption, FGF-18 not only induced
osteoclast formation through receptor activator of nu-
clear factor-«B ligand and cyclooxygenase-2 but also
stimulated osteoclast function to form resorbed pitson a
dentine slice in the mouse coculiure system, All these
effects of FGF-18 bore a close resemblance to those of
FGF-2, whereas FGF-10 affects none of these cells,
FGF-18 may therefore compensate for the action of
FGF-2 on bone and cartilage.

Fibroblast growth factors (FGFs)! are potent mitogens for a
wide variety of cells of mesenchymal and neuroectodermal or-
igin (1). FGF's also play a role in the differentiation of a variety
of cells and are involved in morphogenesis, angiogenesis, and
development, The FGF family now consists of 23 members,
FGF-1 to FGF-23, and there are 4 structurally related high-
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affinity receptors (FGFR1 to FGFR4) belonging to receptor
tyrosine kinases that have an intrinsic protein tyrosine kinase
activity and elicit tyrosine autophosphorylation of the receptor
(1, 2). Recent reports showing that mutations of FGFRs canse
several genetic diseases with severe impairment of bone and
cartilage formation, such as achondroplasia (3, 4) and thana-
tophoric dysplasia type II (5), indicate the essential role of FGF
signalings on bone and cartilage metabolism.

Among FGFs, FGF-2 is well known as a potent regulator of
functions of bone and cartilage cells. It is produced by cells of
osteoblastic lineage, accumulated in bone matrix, and acts as an
autocrine/paracrine factor for bone cells (6-8). We and others
have reported that the exogenous application of FGF-2 has stim-
ulatory effects on bone formation in several in vivo models as a
pharmacological action (3-11). In addition, the Fgf-2-deficient
mouse exhibits decreased bone mass and bone formation, al-
though these changes were rather moderate (12). Paradoxicaily,
FGF-2 is also known as a potent stimulator of bone resorption
(13-17) and is involved in joint destruction of rheumatoid arthri-
tis patients (18), The stimulatory effect of FGF-2 on osteoclast
formation is mediated by the induction of eyclooxygenase-2, a
main regulatory enzyme for prostaglandin production in bone,
and receptor activator of nuclear factor-«B ligand (RANKL), a
key membrane-associated molecule regulating osteoclast differ-
entiation, in osteoblasts (13-15, 17). Other than this indirect
action through the mediation of osteoblasts, we racently reported
that FGF-2 acts directly on mature osteoclasts to stimulate bone
resorption (15, 16).

Ancther FGF, FGF-10, was recently cloned and shown to be
expressed predominantly in the embryo and adult lung (19).
Further investigation revealed that it emanated from the pro-
spective limb mesoderm to serve as an endogenous initiator for
limb bud formation and that eectopic application of FGF-10
induced FGF-8 expression in the adjacent ectoderm (20).
FGF-10 was recently shown to be essential for limb bud forma-
tion because the Fgf-I0-deficient mouse exhibited complete
truncation of imbs (21). However, the effect of FGF-10 on hone
and cartilage cells remains unknewn.

Two different groups have recently cloned a novel member of
the FGF family, designated FGF-18 (22, 23), Sequence compar-
ison indicates that FGF-18 is highly conserved between hu-
mans and mice and is most homologous to FGF-8§ and FGF-17
among the FGF family members. FGF-18 is expressed primar-
ily in the adult lungs and kidneys as well as in several discrete
regions at embryonic days 14.5 and 19.5. The temporal and
spatial patterns of FGF-18 expression in embryos are quite
different from those of FGF-8 and FGF-17, suggesting that
FGF-18 is a unique secreted signaling molecule in several adult
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and developing tissues. It is a pleiotropic growth factor that
stimulates proliferation in some tissues such as the liver and
small intestine (23, 24); however, its role in bone and cartilage
remains undetermined. This study therefore investigated the
actions of FGF-18 on cultured ostecblasts, chondrocytes, and
osteoclasts and compared them with those of FGF-2 and
FGF-10.

EXPERIMENTAL PROCEDURES

Materiols—Neonatal and 8-week-old ddY mice were purchased from
Shizuoka Laboratories Animal Center {Shizwoka, Japan). Rat re-
combinant FGF-18 was generously provided by Amgen Inec. (Thousand
Qaks, CA), human recombinant FGF-2 was provided hy Kaken Phar-
maceutical Co., Ltd. (Chiba, Japan), rat recombirant FGF-10 was
provided by Sumiterno Pharmaceutical Co., Lid. (Osaka, Japan), bone
morphogeneti¢ protein (BMP)-2 was provided by Yamanouchi Pharma-
ceutical Co., Ltd. (Tokyo, Japan), N5-398 was provided by Taisho
Pharmaceutical Co., Ltd. (Tokyoe), and osteoprotegerin was provided by
Snow Brand Milk Products Co., Ltd. (Tochigi, Japan). a Modified
minimum essential medium (eMEM) was purchased from Invitrogen,
and fetal bovine serum (FBS) was from the Cell Culture Laboratory
(Cleveland, OH). Bacterial collagenase and 1,25(0H), vitamin D, were
purchased from Wako Pure Chemicals Co. {Osaka, Japan), and dispase
was purchased from Nitta Gelatin Co, (Osaka, Japan). Polyclonal rabbit
antibody against phosphotyrosine was obtained from Upstate Biotech-
nology Ine, (Lake Placid, NY). Polyclonal rabbit antibodies against
phospho-ERK, phospho-p38 MAPK, phospho-JNK, and PD98059 (2'-
amino-3'-methoxyflanone) were obtained from New England Biolabs,
Inc. (Beverly, MA). SB203580 (4-(4-fluorophenyl)-2-{4-methyl-
sulfinylphenyl)-5-(4-pyridyl)1H-imidazole) and Pronase were pur-
chased from Calbiochem-Novabiochem. Other chemicals were obtained
from Sigma,

Mouse Primary Osteoblast and Chondrocyte Culfures—All animal
experiments were performed according to the guidelines of the Inter-
national Association for the Study of Pain (25). In addition, the exper-
imental work was reviewed by the committee of Tokyo University
charged with confirming ethics, Calvariae dissected from 1-4-day-eld
mice were washed in phosphate-buffered saline (PBS) and digested
with 1 ml of trypsin/EDTA (Invitrogen) containing 10 mg of collagenase
(Sigma; type 7) for 10 min X 5 times, and cells from fractions 3—-5 were
pooled. Cells were plated in 6-multiwell dishes at a density of 5,000
cellg/em? and grown to confluence in eMEM containing 10% FBS. Chon-
drocytes were isolated from the ventral parts of the rib cages of 2-day-
old mice digested with cellagenase D as described previously (26). Cells
were plated in 6-multiwell dishes at a density of 5,000 cells/fcm?® and
grown to confluence in Dulbecco’s modified Eagle’s medium containing
10% FBS.

MC3T3-E1 and ATDC3 Cell Cultures—Mouse ostecblastic
MC3T3-El cells were maintzined and subcultured for 3 or 4 days at
87 °C in a humidified atmosphere of 95% room air:5% CO, in eMEM
containing 10% FBS, 50 units/m) penicillin, 50 mg/m] streptomyecin, and
0.2 mM L-ascorbic acid phosphate ester sodium salt in a humidified CO,
incubator. Mouse prechondrocytic ATDCS cells were obtained from
Riken Cell Bank {Saitama, Japan). The cells were grown in a medium
consisting of a 1:1 mixture of Dulbecco’s modified Eagle’s medium and
Ham's F-12 medivm containing 5% FBS, 10 ug/ml bovine insulin, 10
pg/ml transferin, 83 X 107% M sodium selenite (Roche Malecular Bio-
chemicals), and antibiotics in a humidified CO, incubator.

PH]Thymidine Incorporation—Mouse primary osteoblastic cells,
MC3T3-E1 cells, mouse primary chondroeytes, or ATDCS cells were
inoculated at, a density of 5 X 10* cells/well in 24-multiwell plates and
cultured to confluence in eMEM or Dulbecco’s modified Eagle’s medium
with 10% FBS for 2 days. The medium was deprived of serum for 12 k
before the addition of experimental medium with or without FGFs
(FGF-18 at 107" to 107°% M, FGF-2 at 107% M, and FGF-10 at 107% M),
heparin (2 pg/ml), PD98059 (1, 3, 10, and 30 pM), and SB203580 (1, 3,
and 10 pM). [P*H)Thymidine (1 pCi/ml in the medium) incorporated for
the final 2 h was measured at 18 h.

Alkaline Phosphatase and Alizarin Red Stainings—For alkaline
phosphatase staining, primary ostecblasts or MCST3-E1 cells were
inoculated at a density of 10° cells/well in 12-muliwell plates and
cultured in «MEM containing 10% FBS and 50 pg/ml ascorbic acid with
or without FGFs or BMP-2 (300 ng/m!). After 14 days of culture, the
cells were fixed with 3.7% (v/+) formaldehyde in PBS and stained for
alkaline phosphatase using naphthol AS-MX phosphate (Sigma) in
N N-dimethyl formamide as the substrate and Fast BB salt (Sigma) as
coupler. For matrix nodule formation, these cells were inoculated at a
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density of 107 cellsfwell in 12-multiwell plates and cultured in oMEM
containing 10% FBS, 50 pg/ml ascorbie acid, 10 ni dexamethasone, and
10 mu B-glycercphosphate with or without FGFs or BMP-2 for 21 days.
The cells were fixed with 3.7% formaldehyde in PBS and stained for
Alizarin red at pH 4.0

Alcian Blue Staining—Primary chondrocytes or ATDCS cells were
inoculated at a density of 10°% cells/well in 12-multiwell plates and
cultured in the medium described above with or without FGFs or
BMP-2 (300 ng/ml). After 21 days of culture, the cells were fixed with
3.7% formaldehyde in PBS, stained for 0.1% Alcian blue (Wako Pure
Chemicals Ce.} in 0.1 ¥ HCI overnight, and rinsed with distilled water.
For guantitative analyses, the amount of extractable dys was meas-
ured. Alcian blue-stained cultures were extracted with 1 ml of 6 M
guanidine-HCl for 6 h at room temperature. The optical density of the
extracted dye was measured at a wavelength of 630 nm with a micro-
plate reader (MTP-300; Corona Electric Co.).

Western Blot Analysis for Tyrosine Phosphorylation of Cellular Pro-
teins—Mouse primary osteoblasts and chondrocytes and MC3T3-E1
and ATDC5 cells were incubated in oMEMA.5% FBS for 24 h before
treatment with FGF-18 (5 X 10*® M) for various periods (0—30 min) and
lysed with TNE buffer (10 ms Tris-HCl, 150 mmM NaCl, 1% Nonidet
P-40, 1 mym EDTA, 10 mM NaF, 2 mM Na,VO,, 1 mm aminoethyl-
benzenesulfonyl fluoride, and 16 pg/ml sprotinin), The protein concen-
tration in the cell lysate was measured using a Protein Assay Kit II
{Bio-Rad). Equivalent amounts (30 pg) of cell lysates were electrophore-
sed by 8% SDS-PAGE and transferred to mitrocellulose membrane.
After blocking with 5% bovine serum albumin, the membrane was
incubated with monocloral mouse antibody against phosphotyrosine
and with peroxidase-conjugated anti-mouse IgG antibody. Phosphoty-
rosine-containing proteins were visualized using the ECL chemilumi.
nescence reaction (Amersham Biosciences, Ine,) following the manufac-
turer's instructions. After the antibody was stripped from the
membrane, to block nonspecific binding, membranes were incubated
with 5% bovine serum albumin and then incubated with moneclonal
mouse antibodies against phospho-ERK and phospho-JNK and poly-
clonal rabbit antibodies against phospho-p38 MAPK, and the immune-
reactive bands were visualized as described above.

Tarirate-resistant Acid Phosphatase-positive Multinucleated Oste-
oclast Formation in the Coculture of Mouse Primary Ostecblasts and
Bore Morrow Cells—Mouse calvarial primary osteoblasts described
above (2 X 10* cells/well) and bone marrow cells prepared from 8-week-
old mice (1 X 10°% cells/well) were cocultured in 24-multiwell dishes
containing aMEM/10% FBS with or without FGFs for 6 days with a
medium change at 3 days. After 6 days of culture, the cells were fixed
with 3.7% formaldehyde in PBS and ethanol-acetone (50:50, v/v} and
stained at pH 5.0 in the presence of L(+)-tartaric acid using naphthol
AS-MX phosphate in N,N-dimethyl formamide as the substrate. Tar-
trate-resistant acid phosphatase-positive-multinucleated cells contain-
ing more than three nuclei were counted ag osteoclasts.

Resorbed Pit Formation Assay in the Coculture of Mouse Primary
Osteoblusts and Bone Marrow Cells—Mouse osteoblasts (1 X 108 cells/
dish) and bone marrow cells (2 X 107 cells/dish) prepared as described
above were cocultured on 10-cm culture dishes coated with 0.24% col-
lagen gel matrix (Nitta Gelatin, Tokyo, Japan) containing «MEM with
10% FBS, 1,25(0H), vitamin D, (10~® M), and prostaglandin E, (137 »)
for 6 days, with a medium change every 3 days, and for 1 additional day
in «aMEM/10% FBS without bone-resorbing factors. After 7 days of
culture, nonadherent cells were washed with PBS, and adherent cells
were stripped by 0.2% bacterial collagenase. An aliquot of crude oste-
oclast preparation (0.1 ml} was further cultured on a dentine slice
placed in each well of 96-well dishes containing e MEM/10% FBS in the
presence or absence of FGFs. After 24 h of culture, cells were removed
with 1 5 NH,OH solution, and stained with 0.5% toluidine blue. Total
area was estimated under a light microscope with a micrameter to
assess osteoclastic bone resorption using an image analyzer (System
Supply Co., Nagane, Japan). At the same time, cells on a dentine slice
in the independent culture were fixed with 3.7% (v/v) formaldehyde in
PBS and ethanol-acetone (50:50, v/v), and stained at pH 5.0 in the
presence of L{+)-tartaric acid using naphthol AS-MX phosphate (Sigma)
in N,N-dimethyl formamide ag substrate. Tartrate-resistant acid phos-
phatase-positive multinucleated cells containing more than three nuclei
were counted as osteoclasts.

Statistical Analysis—Means of groups were compared by analysis of
variance, and the significance of differences was determined by post hoc
testing using Bonferroni’s method.
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Fig. 1. Effect of FGF-18 on proliferation of osteoblasts, Mouse primary osteoblasts were cultured with or without FGF-18 {10-%2 ta 10~#
M), FGF-2 (107® M)}, or FGF-10 (107* M) for 16 h, and cell proliferation wag determined by [*HJthymidine incorporation inte DNA. Data are
expressed as means (bars) = 8., {error bars) for 8 wells/group, *, p < 0.0, significant stimulation by FGFs.

RESULTS

Effects of FGF-18 on Functions of Osteoblasts—Effects of
FGF-18 (1071240 10~ % M), FGF-2 (102 »), and FGF-10 (108 n)
on the proliferation of primary osteoblasts were determined by
[*Hithymidine incorporation into DNA (Fig. 1). FGF-18 (=10~°
M) dose-dependently stimulated cell proliferation up to approx-
imately10-fold of control cultures. Although heparan sulfate or
heparin is reported to modulate the mitogenic activity of sev-
eral FGFs (27, 34), the mitogenic effect of FGF-18. was not
altered by adding heparin to the culture (data not shown), This
mitogenic action was similar to those of FGF-2, whereas
FGF-10 did not affect cell proliferation. All of these results
were reproducible in the culture of mouse osteoblastic
MC3T3-E1 cells (data not shown).

To further study the effects of FGFs on differentiation and
matrix synthesis of osteoblasts, cultured primary osteoblasts
were stained with alkaline phosphatase, a marker for osteo-
blast differentiation, at 14 days and with Alizarin red, a
marker for matrix synthesis, at 21 days, respectively (Fig. 2).
FGF-18 dose-dependently decreased both stainings in both cel}
culture systems. These inhibitory actions on differentiation
and matrix synthesis were similarly seen in FGF-2-treated
cultures, whereas FGF-10 affected none of these stainings.
BMP-2, a positive control, potently stimulated both stainings.
The effects of these growth factors were similarly seen in the
MC3T3-E1 cell culiure (data not shown).

Signal Transduction of FGF-I8 in Osteoblasts—Fig. 34
shows the time course of effects of FGF-18 on tyrosine phos-
phorylation of cellular proteins in the primary osteoblast cul-
ture. Several proteins were selectively phosphorylated by
FGF-18 (107° M) at a time as early as 2 min, Western blot
analyses using antibodies against specific proteins related to
MAPXSs revealed that phosphorylation of ERK was induced by
FGF-18 at 2 min and was maintained for 30 min, although
neither p38 nor JNK MAPK phosphorylation was affected for
30 min (Fig. 34). To examine the functional relevance of the
activation of MAPKs by FGF-18 in osteoblasts, PD88059, a
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Fic. 2. Effect of FGF-18 on differentiation and matrix synthe-
sis of osteoblasts. Mouse primary osteoblasts were cultured with or
without FGF-18 (10722 to 102 M), FGF-2 (10~% M), FGF-10 (1073 M), or
BMP-2 (300 ng/ml). Alkaline phosphatase and Alizarin red stainings
were performed after 14 and 21 days of culture, respectively.

specific inhibitor of the upstream kinase of ERK (28), and
8§B203580, a specific inhibitor of p38 MAPK (29), were added to
the primary osteoblast culture, PD98059 and SB203580 were
confirmed to show specific inhibition of the phosphorylation of
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ERK and p38 MAPK, respectively, in both the presence and FGF-18 on [*H]thymidine incorporation to the levels of the
absence of FGF-18 by Western blot analyses (data not shown). control culture (Fig. 3B), whereas SB203580 (up to the maxi-
PD98059 dose-dependently inhibited the stimulation of mum concentration of 10 pM) did not affect PGF-18 stimulation
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TaptE I
Effects of FGFs on proliferation and differentiation of cultured
primary chondrocytes
Data are expressed as means = S.D. for 8 wells/group.
Thymidi .
incoyr;niw;g:n Alcian blue
X10* dpm x10~' 0D
Control 3.53 = 0,27 409 =011
FGF-18
10732 3.74 % 0.47 3.80 = 0.04
107 M 5.94 £ 1.07 3.85£0.13
10710 23.00 + 3.17° 374 =011
107 M 25.06 * 2.67¢ 2.72 * 0.11°
1073 M 28.05 = 471% 197 £ 0.12°
FGF-2 (1072 m) 32.08 + 3.08° 1.96 £ 0,08
FGF-10 (1073 M) 38672034 4.00 £ 0.13
BMP-2 (300 ng/ml) 5.54 = 0.19°

" p < 0.01, significantly different from control.

(data not shown). Similar results were seen when MC3T3-E1
cells were used instead of primary osteoblasts (dataz not
shown). These results suggest that the ERK pathway function-
ally contributes to the FGF-18 mitogenic action on osteoblasts.

Effects of FGF-18 on Functions of Chondrocytes—Similar to
the investigation on osteoblasts, the effects of FGF-18, FGF-2,
and FGF-10 on chondrocyte proliferation were examined by
(PHlthymidine incorporation inte cultured primary chondro-
cytes {Table I). FGF-18 (=107 *° ) stimulated cell proliferation
in the cultures. These effects also did not differ in the presence
or absence of heparin (data not shown). These mitogenie effects
were similar to those of FGF-2, whereas FGF-10 did not affect
these cells, To study the effects of FGFs on differentiation/
matrix synthesis of chondrecytes, accumulation of sulfated gly-
cosaminoglycan in cultured primary chondrocytes was deter-
mined by Alcian blue staining (Table I), FGF-18 (=107% M)
decreased the intensity of Alcian blue staining, whereas BMP-2
significantly stimulated it. This inhibitory action on chondro-
cyte differentiation was also seen in FGF-2-treated cultures,
but not in FGF-10-treated cultures, These results were repro-
ducible when mouse prechondrocytic ATDC5 cells were used
instead of primary chondrocytes {data not shown).

Signal Transduction of FGF-18 in Chondrocytes—Immuno-
blot analysis using an anti-phosphotyrosine antibody revealed
that several intracellular proteins were phosphorylated by
FGF-18 (107" M) at a time as early as 2 min in cultured primary
chondrocytes (Fig. 44). Among MAPKs, FGF-18 induced not
only phosphorylation of ERK but alse that of p38 MAPK at 2-5
min, although JNK MAPK was hardly phosphorylated for 30
min. Beth PD98059 and 8B203580, whose specific inhibitions
of phosphorylation were also confirmed by Western blottings in
this culture system, dose-dependently inhibited the stimula-
tion of FGF-18 on PH]thymidine incorporation to the levels of
the control culture (Fig. 4B). This result indicates the involve-
ment of the activation of ERK and p38 MAPK iu chondrocyte
proliferation by FGF-18. Similar results were seen when the
ATDCS cell eulture system was used {data not shown).

Effects of FGF-18 on Osteoclast Formation and Function—To
study the effects of FGF-18 on bone resorption, tartrate-resis-
tant acid phosphatase-positive multinucleated osteoclast for-
mation in the coculture system of mouse primary osteoblasts
and bone marrow cells was examined. FGF-18 (=1071° u)
dose-dependently stimulated osteoclast formation (Table II).
This induction was similar to that of FGF-2, whereas FGF-10
did not affect it. Because we reported previcusly that FGF-2
stimulated osteoclast formation through induction of eyclooxy-
genase-2 and RANKL (13-15, 17), we added NS-398 (10~8 M), a
specific inhibitor of cyclooxygenase-2, and osteoprotegerin (10
ng/ml), a soluble decoy receptor of RANKL. The stimulation of
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osteoclastogenesis by FGF-18 was decreased ~80% by NS-398
and almost completely abolished by osteoprotegerin. Hence,
like FGF-2, FGF-18 stimulation of osteoclastogenesis was
shown to be mediated by both cyclooxygenase-2 and RANKL,.

To determine the direct action of FGF-18 on mature oste-
oclast function, the pit area on a dentine slice resorbed by
osteoclasts formed in the coculture of mouse osteoblasts and
bone marrow cells was measured. FGF-18 (=102 ») dose-de-
pendently stimulated the resorbed pit area up to 5.7-fold of the
control cultere (Table III). This stimulation was not due to the
increase in the number of osteoclasts but rather to the activa-
tion of each osteoclast function because the number of tartrate-
resistant acid phosphatase-positive multinucleated osteoclasts
on a dentine when the resorbed pit area was measured was not
affected by FGF-18 (Table III). In fact, the effect of FGF-18 on
the pit area per osteoclast {resorbed pit area/osteoclast number
in a dentine slice) showed a pattern similar to that seen on the
resorbed pit area (Table III). This stimulatory action of FGF-18
on mature osteoclast function was reproducible in the culture
system of osteoclasts that were isolated from neonatal rabbit
long bones with higher purity (30) (data not shown). These
results suggest that FGF-18 directly stimulates mature oste-
oclast function as seen in FGF-2, but not in FGF-10.

DISCUSSION

This study demonstrated that FGF-18, a novel member of
the FGF family, stimulated the proliferation of osteoblasts
through ERK activation and stimulated that of chondrocytes
throngh ERK and p38 MAPK activation. FGF-18, however,
showed inhibitory actions on the differentiation and matrix
synthesis of both kinds of cells. With regard to the effect on
osteoclasts, FGF-18 stimulated osteoclast formation through
cyclooxygenase-2 and RANKL. It also exhibited a stimulatory
action on osteoclasts to resorb bone. All of these findings were
similar to those of FGF-2, as shown in our present and previous
studies (10, 11, 13, 15-17). FGF-10, on the other hand, did not
show any regulation on these bone and cartilage cells.

The FGFR family consists of four distinct tyrosine kinase
receptors and several isoforms of these receptors that are gen-
erated by alternative RNA splicing (1, 2). The main difference
between FGF-18 and FGF-2 is their specificities to receptors:
FGF-18 activates FGFR3c strongly and FGFR2c weakly but
does not activate other receptors, whereas FGF-2 can activate
all FGFRs (FGFR1 to FGFR4) (31, 32). FGF-2 is recognized as
a potent mitogen for a variety of mesenchymal cells (32).
FGF-18 is also reported to activate cell proliferation of cultured
NIH 3T3 fibroblastic cells; however, this activity was much
lower than that of FGF-2 (23, 24). In the present study, the
mitogenic actions of FGF-18 on osteoblasts and chondrocytes
were as strong as those of FGF-2, suggesting that FGF-18 is
more specific to bone and cartilage cells than FGF-2. Further-
more, Fgf-2-deficient mice showed mild abnormalities in bone
and cartilage development (12), whereas Fgf-18-deficient mice
exhibited severe developmental retardation of calvariae and
long bones.? From these results, it is speculated that FGF-18
can almost fully compensate for the role of FGF-2, although
FGF-2 cannot replace FGF-18, for bone and cartilage forma-
tion. We further propose that the signalings through FGFR3c
and FGFR2¢ might be important for the regulation of bone and
cartilage formation.

The mechanism by which FGF's stimulate cell proliferation is
thought to be mediated by heparan sulfate proteoglycans at the
cell surface (33, 34). Heparan sulfate is the most structurally
complex glycosaminoglycan made by animal cells and is chem-
ically related to heparin but markedly different from it in

#N. Ohbayashi and N. Itoh, unpublished observation.
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Fic. 4. Intracellular signaling of FGF-18 in chendrocytes. A, effect of FGF-18 on phosphorylation of cellular proteins and MAPKs in
primary chondrocytes. Mouse primary chondrocytes were cultured with and without FGF-18 (1072 M) for the indicated time periods (230 min) and
lysed with TNE buffer. Immunoeblottings with polyclonal antibodies against phosphotyrosine, phospho-ERK, phospho-p38 MAPK, and phospho-
JNK were performed 23 described under “Experimental Procedures.” B, effects of PD38059 (PD) and SB203580 (SB) on FGF-18-stimulated
[*Hlthymidine incorporation into primary chondrocytes. Mouse primary chondrocytes were cultured with and without FGF-18 (10~° M), PD98059
(1, 3, 10, and 30 uM), and SB203580 (1, 3, and 10 uM). After 16 h of culture, cell proliferation was determined by [*H]thymidine incorperation into
DNA, Data are expressed as means (bars) = 8.D. {error bars) for 8 wells/group. », p < 0.0], significant stimulation by FGF-18; #, p < 001,
significant inhibition by PD98059 or SB203580.



