g 9 E'FB-
g 6 g5,
= g2
3 1] _8

3 A

WT  PPARY WT PRARy*

fo)
o
-
X

o

(%)

L)
T

e
-
L

Serum insulin {ng/ml)
&

Serum leptin (ng/ml)
[+

=]

WT  PPARY*- WT  PPARy*
Figure 2

research article

Adipocyte no.
(cells/mm?®)

WT  PPARY-

= 04r 12
E =
g

=
g 29
< g
= [ =
2 g o
£ &
g E 3}
5 5
w a0

WT PPARy* WT  PPARy*-

Radiological analysis and blood chemistry of heterozygous PPARy-deficient (PPARy-} and WT littermates at 8 weeks {A and B) and 52 weeks
(C and D) of age. (A and C) Plain x-ray images of famora and tibtae (left) and three-dimensional GT images of distal femora (right) of represen-
tative PPARy* and WT littermates. {B and D} Trabecular BV expressed as percentaga of tota! tissue voluma (BV/TV [%)]) at the distal ferora was
measured on the CT image. The number of adipocytes in the bone marrow, measured histolagically, is shown here for collation with the BV/TV
data. Insulin and leptin levels in serum taken just before the sacrifice were quantified using immunoassay kits. Data are expressed as means
{bars) + SEMSs (error bars) for eight mice per group for PPARy* and WT mice. Significant difference from WT: *P < 0.01, *F < 0.05.

the cultures of ES cells berween PPARY- and WT (WT or PPARY)
genotypes isolated from blastocyses generated by mating PPARy-
mice {Figure 14), In the presence of troglitazone, a thiazolidinedione
that is a potent ligand of PPARY, a substantial amount of oil red
O-positive adipocytes was formed from WT ES cells, whereas adi-
pogenesis was not seen in the PPARY/- ES cell culrure (Figure 14,
upper row of phorographs). To confirm the direct association
between PPARY and adipogenesis, PPARY was reintroduced into
PPARY'- ES cells using a tetrovirus vector carrying the PPARygene
{Rx-PPAR7). Adipogenesis was restored to the level similar to that of
WT culeure, although introduction of the same retrovirus vector
without the PPARygene (Roc-vector) did not affect it. We then exam-
ined the osteogenesis in the PPARy/- and WT ES cell cultures. Sur-
prisingly, in DMEM/10% FBS without osteogenic supplemencs such
as dexarmechasone, J-glycerophosphate, ascorbic acid, or BMP, the
formation of von Kossa-positive bone nodules was potently induced
in the PPARy/- ES cell culcure, while this was not seen at all in the
WT culcure (Figure 1A, Jower row of photographs). Quantitative
analysis of the mRNA levels by the real-time RT-PCR method
revealed that the marker genes for osteoblasts — type I collagen ol
chain (COL1A1), osteocalcin, and Runx2 -- were upregulated in the
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PPARY/- ES cell culcure as compared wich the WT culture (Figure
1B). Reintroduction of PPARY into the PPARY/ culture by Rx-PPARY
significantly decreased the nodule formation and osteogenic mark-
er gene expressions, while the control Rx-vecror altered neither (Fig-
utre 1, A and B). When one takes these resules rogether, the observed
mitror image regulations between adipogenesis and osteogenesis by
loss and gain of the PPARy function suggest a switching mechanism
between the two differentiation pathways from common progeni-
tors through the PPARY signaling.

PPARyhaploinsufficiency leads to high bone mass in vive. To leacn the
effect of the PPARY insufficiency in vivo, we analyzed the bones of
PPARYy/- mice because the homozygous deficient feruses died too
early for their skelecal analyses to be performed. PPARY'/- mice
showed normal weight gain without visible general lipodystrophy
on a standard diet during the observation period of up o 52
weeks of age. The lengths of the trunk and long bones were also
similar to those of WT littermates, indicating that PPARY is not
involved in the regulation of skeletal growth. X-ray and three-
dimensional CT analyses of femora and tibiae, however, revealed
that PPARY"/- mice showed about 40% higher trabecular bone
mass than WT lirrermates ac 8 weeks of age (Figure 2, A and B).
March 2004
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Histological analysis of the proximal tibias
of PPARy* and WT littermates. (A) Histo-
logical features at proximal tbiae of
PPARy* and WT littermates. Villanueva-
Coldner staining, calcein double labeling,
and TRAP staining were done at 8 weeks;
toluidine blue staining was done at 52
weeks of age. In Villanueva-Goldner stain-
ing, mineralized bone s stained green and
unmineratized bone osteoid red; scale bar:
100 pm. In caleein double labeling, the min-
eralization front is stained as a green line;
scale bar: 10 pm. In TRAP staining, TRAP-
positive osteoclasts are stained red; scale
bar: 100 pm. In toluidine blue staining,
adipocytes are cbserved as oval vacuoles;
scale bar: 50 um. (B) Histomorphometric
parameters at 8 weeks of age. Ob.5/BS,
percentage of bene surface covered by
cuboidal osteoblasts; 0S/BS, percentage of
bone surface covered by osteoid; MAR,
mineral apposition rate; BFR, bone forma-
tion rate expressed by MAR times percent-
age of bone surface exhibiting double labels
plus ons-half single labels; Oc.N/B.Pm,
number of mature osteoclasts in 100 mm of
bone perimeter; ES/BS, percentage of erod-
ad surface. Data are expressed as means
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Concrarily, the number of adipocytes in the bone marrow detet-
mined as described below tended to be lower in the PPARY/-long
bones compared with WT (Figure 2B). Similar changes of bone
and fac were also seen in vertebral bodies (data nor shown). To
examine the involvement of systemic factors that are known to be
relared to bone and fat metabolism, the serum levels of insulin
and leptin were compared between the two mouse genotypes.
PPARy'!- mice showed lower, although not significantly lower,
serum insulin level and higher leptin level than WT lictermates as
reported previously (22, 29). Since insulin is known to be
osteogenic (30), whereas leprin is antiosteogenic (11, 13, 31), nei-
ther of the changes in these hotmones could explain the increased
bone mass in PPARY/- tnice.

Because age-related osteoporosis is known to be accompanied by
reciprocal increase of bone marrow adipocytes (7-9), we further
compared the bones of PPARY/- and WT littermates ar 52 weeks of
age (Figure 2, C and D). The BV of femora and tibiae was decreased
in both mouse genocypes at this age as compared with cthat at 8
weeks; however, the difference of BV between PPARY/- and WT
became more prominent at 52 weeks than at 8 weeks (95% versus
40%, respectively). The number of bone marrow adipocytes, which
are shown as oval vacuoles by the toluidine blue staining (Figure 34,
right), was significantly decreased in PPARy/- mice at this age. This
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tendency was similarly observed in verrebral bodies (data noc
shown). Both insulin and leptin levels at this old age showed pat-
terns similar to those ac 8 weeks, although significanc differences
berween the genotypes were not seen.

PPARyhaploinsufficiency leads to osteoblastogenesis in vivo, We further
performed histological analyses of the proximal tibiae of §-week-
old PPARy/- mice. Villanueva-Goldner staining indicated increas-
es of trabecular bones stained in green and osteoid surface stained
in red in PPARY"/- mice as compared with WT littermates; howev-
er, bone formation by individual osteablasts determined by the cal-
cein double labeling and che number of TRAP-positive osteoclasts
was similar for che two groups (Figure 3A). Bone hiscomorphome-
tric analyses (Figure 3B) confirmed the increase of BV by PPARY
haploinsufficiency to be about 40%. Among bone formartion
parameters, osteoblast surface and osteoid surface, both represen-
tative of the number of osteoblasts, were more than double in
PPARy'- than in WT lirtermates, while the mineral apposition rate
thar reflects the bone formation ability of individual osteoblasts
did not differ between them. Consequently, bone formation rate
that is determined by the number and the function of ostecblases
became about twice that by PPARY haploinsufficiency. Bone
resorption parameters, osteoclast number, and eroded surface did
not differ becween PPARYY- and WT mice. Taking these hiscologi-
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Radiological and histomorphometric analyses of OVX and sham-operated (Sham) femala littermates of PPARy- and WT genotypes. Female mice
underwent surgical operation at 26 weeks and were analyzed at 30 weeks of age. (A) Plain x-ray images of femora and tibias (lsft} and three-dimen-
slonal CT images of distal femara (right) of representative mice, {B) Histomorphometric parameters. Data are expressed as means (bars) + SEMs
(error bars) for eight mice per group for PPARy and WT mice. *Significant differenca from WT, P < 0.01. *Significant ditference from sham, P < 0.05.

cal observations together, PPARY/- mice exhibited high bone mass
with increased osteoblastogenesis but normal osteoblast and
osteoclast functions. The thickness of the growth plate at the prox-
imal tibiae was not differenc between PPARY/- and WT littermates
(80.4 £ 9.6 and 82.7 & 10.3 pm, mean + SEM of eight mice each,
respectively), confirming that PPARYsignaling is not important for
bone growth through chondrocyte functions.

PPARyhaploinsufficiency does not affect bone loss by OVX, To investi-
gate the involvement of the PPARY signaling in the mechanism of
bone loss by estrogen deficiency, OVX or sham operation was
undertaken on 26-week-old female PPARY /- and WT lictermates,
and BV was compared 4 weeks after the operation, X-ray and thrze-
dimensional CT analyses of femora and tibiae suggested that both
PPARy’- and WT mice showed similar bone loss by OVX (Figure
4A). Histomorphometric analyses (Figure 4B) showed that BV was
abour 30% decreased by OVX in both PPARy/- and WT mice. These
decreases were accompanied by increases in bone formation and
bone resorption parameters, indicating a state of high bone
turnover, in both genotypes. Hence, PPARY haploinsufficiency did
not affect the change of bone metabolism induced by QVX, sug-
gesting that the PPARY signaling does not contribute to osteope-
nia caused by estrogen deficiency.

PPARyhaploinsufficiency leads to osteoblastogenesis from cultured bone
marrow cells. To investigate the cellular mechanism underlying che
abnormality in the bone of PPARY/- mice, ex vivo cultures of bone
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marrow cells derived from Iong bones were performed. We first com-
pared the cell proliferation determined by the growth curve for 4 days
and found no difference berween PPARY/- and WT marrow cells (Fig-
ure 5A). Adipogenesis from marrow cells in the presence of troglita-
zone was confirmed to be inhibited by PPARY haploinsufficiency,
however, since the number of oil red O-positive adipocytes was
decreased in the PPARY/- culture to abour half that of the WT cul-
ture (Figure 5B). We further examined osteoblastogenesis in the bone
marrow cell culture by comparing the numbers of colonies posirive-
ly stained with ALP, Alizarin red S, and von Kossa (Figure 5C). All
colonies were markedly increased in the PPARY/- culture a5 compared
with the WT culcure, indicating the increase of osteoblastogenesis
from bone marrow progenicors by PPARy haploinsufficiency.

To further investigate the regulation of expression of genes relar-
ed ro bone metabolism by PPARY haploinsufficiency, we compared
mRNA levels of key or marker molecules for adipocyte and
osteoblast differentiations between PPARY/- and WT bone marrow
cells (Figure 5D), As expected, PPARY expression was reduced in the
PPARy' marrow cells compared with the WT. The levels of expres-
sion of other key factors for adipocyte differentiation, C/EBP-f and
C/EBP-8, in the PPARY!- marrow cells were comparable to those of
WT, indicating that PPARY was not essential for induccion of cthese
C/EBPs; contrarily, C/EBP-o was significantly reduced. Based on
previous observations (16, 17, 22, 32, 33) and these results, it appears
that C/EBP-B and C/EBP-8 lie upstream of PPARY, while C/EBP-tt is
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Adipogenesis and osteogenesis in the cultures of bone marrow cells from PPARy- and WT littermates. {A) Growth curves of bone marrow cells iso-
lated from PPARy+ and WT mice. The adherent bone marrow cells wers inoculated at a density of 3 x 105 cells/dish in 10-cm culture dishes. The
cells per dish were gounted at 1, 2, 3, and 4 days of culture. Data are expressed as means (symbols) * SEMs (error bars) for eight dishes per group,
(B) Adipogenesis deterrmined by oil red O staining in the culture of bone marrow cells In a-MEM/10% FBS with troglitazone. The graph Indicates the
number of positive cells per squars ¢entimeter. (C) Osteogenesis detarmined by ALP (upper row), Alizarin red (middle row), and von Kossa (lower
row) stainings in the culturs of bone marrow cells in a-MEM/10% FBS with ascorbic acid and B-glycerophosphate. The graphs below indicate the
number of ALP-positive (upper) and Alizarin red-positive {lower) colonies per well, Data are expressed as means (bars) £ SEMs (error bars) for eight
wells per group (B and C). *Significant difference from the WT culture, £ < 0.01. (D) Expression of key molacules for adipegenesis (PPARY, C/EBP-{3,
C/EBP-§, and C/EBP-u) and usteogenesis (Runx2, osterix, and LRP5), and marker prateins for osteogenesis {COL1A1, ALP, osteocalcin, and osteo-
pontin} determined by quantitative RT-PCR in the bone marrow cells at 14 days of culture under the conditions above. The ordinate axis indicates

the relztivé amount of MRNA as compared with that of WT.

regulated, at least in part, downstream of PPARY. Regarding
osteogenic factors, expressions of the putative central determinants
of major pathways for osteoblast differentiation, Runx2 (34), ostet-
ix (35), and LDL recepror-related protein 5 (LRPS) (36), were
increased in the PPARY/ culture as compared with WT, indicating
that the PPARY signaling directly or indirectly impacts chese major
pathways for osteoblast differentiation. Expressions of matrix pro-
teins representing osteogenesis, COL1A1, ALP, osteocalcin, and
osteopontin, were also higher in the PPARY/- culture than in the WT
culture, which was consistent with the in vivo histomorphometric
darea showing high bone mass with increased osteoblastogenesis.
When we examined the proliferation, differentiation, and matrix
synthesis of cultured calvarial osteoblasts, which we confirmed ro be

852 The Journal of Clinical Investigation

hetp:/fwwwid.org  Volume 113

more matute than bone marrow cells, none of them showed a differ-
ence between PPARY/- and WT mice (data not shown). This indicates
that PPARY haploinsufficiency affects only marrow progenitors, bue
not cells that are more commirred to osteoblastic lineage, Further-
more, studies using the coculture system of marrow cells/calvarial
osteoblasts and the M-BMM¢ culture system (28, 37) also failed o
show difference of differentiation, bone-resorbing activity, or survival
of the osteoclastic cells, suggesting that PPARY is not important for
osteaclast funcrions.

Discussion
Osteoblastogenesis was upregulated not only in the PPARy/-bone
in vivo, but also in the cultures of PPARY/- ES cells and PPARY/-
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primary bone marrow cells. Considering that the former culture
was performed in the absence of any osteogenic stimulation, under
which condition no WT stem cells can differentiate into
osteoblasts, the intrinsic PPARY signaling seems to function as a
potent suppressor of committnent and differentiation to the
osteoblastic lineage. Its molecular mechanism remains unclear,
however. A previous report showed thar a stable transfeccion of
PPARY and its activation with a thiazolidinedione-suppressed
Runx2, typel collagen, and osteocalcin syntheses in the culture of
a stromal cell line (38). Although the present study also showed
that sceady-stare mRNA levels of the key molecules for osteoblast
differentiation, Runx2, osterix, and LRPS, were upregulated in pti-
mary cultured marrow cells with PPARY haploinsufficiency (Fig-
ure 5D}, whether this is transcriptional regulation or secondary to
the increase in cells of osteoblast lineage in the culture is unknown.
The predicred region of the PPARY-responsive element PPRE
{TGACCTnTGACCT) has not been identified in the promoter of
these genes and was not found by our genomic search, at least in
the region between 4.0 kb upscream and 0.5 kb downstream of the
transcriptional start point of runx2 (GenBank accession number
NT 039655), osterix (NT 039621), and IrpS (NT 039634) genes. It
should, however, also be noted that several reports have indicated
that PPARYregulaces gene expression independently of PPRE, that
is, by interfering wich the function of AP-1, signal transducer and
activator of transcription 1 (STAT1), and NF-kB (39), or by inhibit-
ing the function of GHP-1, a transcription facror implicated in
pituitary-specific gene expression (40). The AP-1 family members
may possibly play a role in che mechanism, especially for mes-
enchymal cells. Activation of PPARY is reported to suppress c-fos
expression (41). Another AP-1 family member, DeltaFosB, is
known to be a positive regulator of osteoblast differentiation, and
the transgenic mouse leads to postnatal high bone mass with
increased osteoblastogenesis and decreased adipogenesis in bone
marrow (12), Another possible molecular mechanism is the inter-
action of PPARY with the TGF-f/Smad3 signaling, which inhibits
osteoblast differentiation (42, 43). Since Smad3 is reported to
interace physically wich Runx2 {42) and PPARY (44), the interfer-
ence by PPARY with the Smad3 inhibition of Runx2 might be
involved in the swirching mechanism between adipocyre and
osteoblast differentiation. The inceraction of PPARywith Wnt sig-
naling might be another issue to pursue. The canonical Wne path-
way, likely mediated by Wnt10b, is known to maintain pre-
adipocytes in an undifferenciaced state through stabilization of
cytosolic B-catenin (45, 46), Since activation of PPARywith trogli-
tazone is not sufficient to repress expression of Wnt10b, Wt sig-
naling might lie upstream of PPARY. Recently, in addition to LRPS,
which is a coreceptor of Wnt, the canonical Wnr-signaling
molecules B-catenin and glycogen synthase kinase-3B have been
reported to stimulare osteoblast differenciation (47, 48), indicar-
ing a swicching between adipogenesis and osteogenesis by the Wit
signaling. Further studies en functional interaction of PPARy with
the rranseriprional and signaling molecules above will elucidate
the switching mechanism between the two differenciation pach-
ways from common progenitors.

PPARY may also inhibit osteogenesis indirectly through its stim-
ulation of adipogenesis from marrow progenitors that can give
rise to either osteoblasts or adipocytes. In fact, many experimen-
tal models have provided substantial evidence for chis reciprocal
relationship berween cell lineages (6, 10-15), and chere is lictle
doubt thar adipogenesis increases as BV decreases, suggesting that
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marrow adipogenesis has important implications in osteogenic
disorders (7-9). Evidence of the transdifferentiation of stromal
cells actually suggeses a large degree of plasricity berween
osteoblasts and adipocytes (4, 49), although it is not clear at what
point the phenotype of these multipotential cells becomes com-
mitted to either osteoblast or adipocyte differentiation. Since dif-
ferentiated osteoblasts indicated by osteocalein expression are
reparted to undergo adipogenic differentiation (4}, it is possible
that the reciprocal relationship between osteogenesis and adipo-
genesis may, at least in part, be due to the transdifferentiation
becween racher differentiated cells of che two lineages. To deter-
mine the role of PPARY in more differentiated osteoblastic cells
than bone marrow cells, we used calvarial cells whose sportaneous
differentiation is known to follow not only the osteogenic path-
way buc also the adipogenic pathway (49). Despite che existence
of PPARY expression in these cells as well, its haploinsufficiency
did nor affect the cell functions, suggesting that PPARysignaling
may be involved in the earlier, but ot the lazer, stage of relation-
ship berween the two cell lineages.

Hermones regulating bone and fat metabolisms include insulin
and leptin, both of which are known to be related to the PPARYsig-
naling. Insulin is known to play important anabolic roles in bone
(30), and deficiency of insulin signaling is associated with osteope-
nia both in mice and humans (27, 50-52). A series of reporcs
demonscrated that leptin, a well-known anorexigenic hormone
secreted by adipocytes (53), also shows antiosteogenic action cen-
trally through the hypothalamic and sympathetic nervous systems
(11,13, 31). In che present study, neither insulin nor leptin seemed
to mediare the high bone mass in PPARY/- mice, since the serum
levels of these hormones were, quite unexpectedly, the opposite of
those causing osteogenic funcrions. PPARY activation is known to
cause insulin sensitvity, thus PPARY/- mice were assumed to devel-
op insulin resistance; however, the serum insulin level was normal
or somewhat decreased as previously reported (22, 29). This
appears, at least in part, due to hypersectetion of leptin, which was
also unexpected, given that the marrow adipocytes, a positive reg-
ularor of leptin expression, were decreased in PPARY/- mice. Our
previous studies clearly demonstrated thar cultured primary
adipocytes from PPARY/- mice expressed and secreted increased
levels of leptin as compared with those from WT (22, 29). In chis
respect, since leptin is known to have a functional PPRE whose
activity is suppressed by PPARYactivation in adipocytes (54, 55), it
is likely thac the increased level of leptin is due to a partial release
from the suppressive effect of PPARY on leptin gene transcription
by loss of onte PPARyallele.

Age-related bone loss has been suggested to be actriburable to
increased adipogenesis at the expense of osteoblastogenesis (7-9).
Indeed, studies of SAMPS6 mice, a murine model of age-relared
osteopenia, have established a tight association between osteope-
nia and enhanced adipogenesis (10, 15). The fact that the effects
of PPARY hapleinsufficiency on both che increase in bone volume
and the decrease in adipocytes were stronger at 52 weeks than ac
8 weeks suggests the involvement of the PPARY signaling in the
pathophysiology of human age-related osteoporosis. In fact, our
pteliminary examination of the bone marrow specimen from
patiencs with femoral neck fraceure actually showed increases of
both the PPARY mRNA level and fat mass in older patients (data
not shown) as compared with those in younger patients, alchough
the causality between PPARY level and adipogenesis remains
unknown since adipocytes can be both the source and the targer
March 2004
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of PPARY. An association study berween bone density and a genet-
ic polymorphism of PPARyin postmenopausal women implies the
involvement of PPARY in bone loss, although the funcrional rele-
vance remains unclear (§6). We should, however, keep in mind
that there are two distinet facrors thar determine involutional
osteoporosis: a rapid bone loss after menopause as a resulc of
estrogen withdrawal and a gradual age-relaced bone loss thereafter
(57). From the present study showing that PPARY insufficiency
did not affect bone [oss by OVX, PPARY may not be involved in the
former stage, but may play a role in the latter, To confirm the
involvemenc of PPARyin human osteoporosis, the next task ahead
of us will be to perform a genetic association study with scracified
analysis by age and menopausal state, and more imporrantly, to
use a cohort population.

We conclude herein that PPARY haploinsufficiency leads to che
increase of bone mass by stimulating osteoblastogenesis from bone
marrow progenitors without affecting differentiated ostecblases or
osteoclast lineage cells, Based on the present and previous evidence
presented, we believe that PPARY may be a novel targer for thera-
peuticintervention of osteopenic disorders, although the mecha-
nism remains to be clarified. Appropriate functional antagonism of
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PPARY may provide a potentially novel approach to increasing bone
formation and cherefore, as a stand-alone therapy or in combination
with 2n anriresorptive medication, may provide more efficacious
prevention or trearment of osteoporosis.
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Insulin receptor substrate-1 (IRS-1) is an essential
molecule for intracellular signaling of insulin-like
growth factor (IGF)-I and insulin, both of which are
potent anabolic regulators of bone and cartilage metab-
olism. To investigate the role of IRS-1 in bone regener-
ation, fracture was introduced in the tibia, and its heal-
ing was compared between wild-type (WT) mice and
mice lacking the IRS-1 gene (IRS-I™"" mice), Among 15
IRS-I7~ mice, 12 remained in a non-union state even at
10 weeks after the operation, whereas all 15 WT mice
showed a rigid bone union at 3 weeks. This impairment
was because of the suppression of callus formation with
a decrease in chondrocyte proliferation and increases in
hypertrophic differentiation and apoptosis. Reintrodue-
tion of IRS-1 to the IRS-1"" fractured site using an
adenovirus vector significantly restored the callus for-
mation. In the culture of chondrocytes isolated from the
mouse growth plate, JRS-I™'~ chondrocytes showed less
mitogenic ability and Akt phosphorylation tham WT
chondrocytes. An Akt inhibitor decreased the IGF-I-
stimulated DNA synthesis of chondrocytes more po-
tently in the WT culture than in the IRS5-17'~ culture. We
therefore conclude that IRS-1 deficiency impairs bone
healing at least partly by inhibiting chondrocyte prolif-
eration through the phosphatidylinositol 3-kinase/Akt
pathway, and we propose that IRS-1 can be a target
molecule for bone regenerative medicine.

In efforts to develop more advanced skeletal regenerative
medicine through genetie manipulation, we have been attempt-
ing to identify genes implicated in bone and cartilage formation
in vivo. Healing of bone fracture is composed of complex mul-
tistep processes involving a variety of cellular events for bone
and cartilage regeneration (1, 2). Under the periosteum adja-
cent to the fracture gap, undifferentiated mesenchymal cells
start differentiation directly to cells of osteoblastic lineage for
the membranous ossification, whereas in granulation tissue
inside the fracture gap, these mesenchymal cells undergo en-

dochondral bone formation; they differentiate first into chon-
drocytes to form cartilage which is subsequently replaced by
calcified tissues. The size and quality of fracture callus that
determine the mechanical property of the fracture site are
mostly dependent on the latter process. Because the endochon-
dral bone formation also takes place in emhbryonic development
and in skeletal growth after birth, understanding the molecu-
lar mechanism of fracture healing may not only help treat
non-union and delayed union of fracture itself but also help
advance bone regenerative medicine,

Insulin-like growth factor-1 (IGF-I)* plays important roles in
the anabolic regulation of bone and cartilage metabolism (3).
Osteoblasts and chondrocytes produce this growth factor, ex-
press its receptor, and respond to it (3, 4). IGF-I appears es-
sential for normal bone development because deletion of IGF-I
or its receptor leads to a reduction in bone size at birth (5, 6).
Clinically, patieats with Laron syndrome caused by IGF-I de-
ficiency exhibit growth retardation and osteoporosis (7). IGF-I
is also reported to be expressed during fracture healing and to
stimulate it, suggesting a role as an autocrine/paracrine factor
potentiating bone regeneration (8, 9). Insulin also plays impor-
tant roles in the anabolic regulation of bone and cartilage
metabolism (10). Although the anabelic effect of insulin on bone
may be primarily related to its ability to stimulate osteoblast
proliferation, that on cartilage may involve the acceleration of
chondrocyte differentiation (11, 12). Patients with insulin de-
ficiency as exemplified by type 1 diabetes mellitus are associ-
ated with osteoporosis (13, 14). Diabetes has also been shown to
impair fracture healing, which is restored by treatment with
insulin in both humans and animals (2, 15, 16).

Both IGF-I and insulin initiate cellular responses by binding
to distinct cell-surface receptor tyrosine kinases that regulate a
variety of signaling pathways controlling metabolism, growth,
and survival, Insulin receptor substrates (IRSs) are essential
substrates of the receptor tyrosine kinases, which integrate the
pleiotropic effects of IGF-I and insulin on cellular function (17,
18). The mammalian IRS family contains at least four mem-
bers: ubiquitous IRS-1 and IRS-2, adipose tissue-predominant
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A

Fic. 1. X-ray features of bone heal-
ing in WT and IRS-17'~ mice. A, the
fracture model used in this study. After
exposing the right tibiae of 8-week-gld
mice, a transverse osteotomy was per-
formed at the midshafi with a bone saw.
The bone marrow cavity was then stabi-
lized with an intramedullary nail. B, time
course of the fracture healing in repre-
sentative WT and IRS-I™"" mice. C, x-ray
features of the fracture sites of all WT
mice {n = 15) and IRS-1"'" mice (n = 15)
at 3 weeks after the fracture. Bone union
was completed in all 15 WT mice, whereas
in IRS-17"" mice, 12 out of 15 showed
non-union {the I2 panels at lefi).

IRS-3, and IRS-4 which is expressed in the thymus, brain, and
kidney. We reported previously that IRS-1 and IRS-2 are ex-
pressed in bone (19, 20). Qur further studies on bone metabo-
lism of mice lacking the IRS-1 gene (IRS-17'~ mice) or the
IRS-2 gene (IRS-2~'~ mice) revealed that IRS-1 is important
for maintaining bone turnover (19}, whereas IRS-2 is important
for maintaining predominance of anabolic function over cata-
belic function of osteoblasts (20). Regarding the role of these
molecules on bone growth, IRS-1, but not IRS-2, seems to
play an important role in the growth plate function, because
IRS-17~ mice were about 20-30% shorter in limbs and
trunk, whereas IRS-27/~ mice were normal in size as com-
pared with wild-type (WT) littermates (19-22). These data
raise an interesting possibility that IRS-1 may be essential
for endochondral ossification. To assess this possibility, the
present study investigated the role of IRS-1 in bone healing
and its mechanism by an in vivo fracture model and an in vitro
culture system.

EXPERIMENTAL PROCEDURES

Arimals—Mice in a C57BL6/CBA hybrid background were gener-
ated and maintained as reported previously (21). WT and IRS-17~
male littermates generated from the intercross between heterozygous
IRS-1*/~ mice were compared. All experiments were performed accord-
ing to the protacol approved by the Animal Care and Use Committee of
the University of Tokyo.

Fracture Model—Twenty five male mice at 8 weeks of age were used

in each group, Under general anesthesia with pentobarbiturate (0.5

mg/10 g body weight, Sigma), the bilateral hind limbs were shaved and
sterilized. A 15-mm incision was made longitudinally over the right leg,
and a blunt dissection of the muscle was made to expose the tibia. The
middle point of the tibia was marked with a surgical marker, and a
transverse osteotomy was performed using a bone saw (Volvere GX,
NSK Nakanishi Inc., Tochigi, Japan). The fracture was repositioned,
and then the full-length of the bone marrow cavity was internally
stabilized with an intramedullary nail using the inner pin of a spinal
needle of 22- or 23-gauge diameter depending on the size of the eavity.
After irrigation with saline, the skin was sutured. The left tibia (un-
fractured side) was sham-operated and an intramedullary nail of the
same size as the control was inserted. No external fixation was used,
and the animals were allowed unrestricted activity as well ag diet and
water ad libitum. For histological analyses, animals were killed at 1
(n = 4/group), 3 (n = 3/group), and 6 weeks {n = 3/group) after the
aperation by diethyl ether, and bilateral tibiae were excised. After
extracting the intramedullary nail gently so as not to injure the fracture
site, the soft tissue surrounding the tibiae, except for the soft callus
around the fracture site, was removed.

Radiological Analysis—X-ray pictures of the right tibiae of WT and
IRS-1™'~ mice (n = 15 each) were taken at 0 (immediately after the
operation), 1-3, 6, and 10 weeks after the operation under general
anesthesia using a soft x-ray apparatus (CMB-2; Softex Co., Tokyo,
Japan). To determine whether there was bone unian, bany bridging on

IRS-1+

radiographs was evaluated by individuals who were blinded with re-
gard to the genotype of mice.

Measurement of Callus Area and Bone Mineral Content (BMC)—Area
and BMC of the entire bilateral tibia were measured by a single energy
x-ray absorptiometry utilizing a bone mineral analyzer for small ani-
mals (PIXIMUS, Lunar Co., Ltd, WI) at 0 (immediately after the
operation), 1-4, and 6 weeks after the operation. A preliminary exper-
iment revealed that the intramedullary nai! did not affect the BMC
value. The gain of area and the % gain of BMC during observation
periods as compared with those at time 0 were calculated for both
fractured and unfractured sides, and the differences were compared
between WT and IRS-1-/~.

Histological Analysis—Specimens of the harvested tibiae were
fixed with 4% paraformaldehyde in 0.1 molliter phosphate buffer, pH
7.4, at 4 *C overnight. After decalcification with 4.13% EDTA at 4 *C
for 14 days, the tibiae were dehydrated with an increasing concen-
tration of ethanol, embedded in paraffin, and cut into 4-pm-thick
sections. The sections were stained with hematoxylin-eosin (HE) or
toluidine blue.

Immunohistochemistry—Immunchistochemical localizations  of
IRS-1, IRS-2, type X collagen, and proliferating cell nuclear antigen
(PCNA) were examined in 4-um dewaxed paraffin sections. After dehy-
dration, the sections were treated with 0.3% hydrogen peroxide in
phosphate-buffered saline (PBS) for 30 min at room temperature. After
blocking by PBS containing 1% bovine serum albumin (Sigma) for 1 h at
room temperature, the sections were incubated in polyclonal rabbit
antibody against IRS-1, IRS-2, or type X collagen (Santa Cruz Biotech-
nology) or monoclonal mouse antibody against PCNA (PC10, Sigma)
(23), at a dilution of 1:100 for 24 h at 4 °C. As negative controls, we used
non-immune rabbit IgG and mouse IgG of the same dilution instead of
the primary antibodies. Then the sections were rinsed in PBS and
incubated with the horseradish peroxidase-conjugated goat antibody
against rabbit IgG (Dakopatts, Glostrup, Denmark) for immunohisto-
chemistry of IRS-1, IRS-2, and type X collagen, and with the horserad-
ish peroxidase-conjugated goat antibody against mouse IgG (EY Labo-
ratories, Inc., San Mateo, CA) for that, of PCNA, respectively, for 1 h at
room temperature. After washing with PBS, the sections were im-
mersed in a diaminobenzidine solution for 10 min at room temperature
to visualize immunoreactivity. Terminal transferase dUTP nick-end
labeling (TUNEL) staining was performed using an Apoptosis in Situ
Detection kit (Wako Pure Chemical Co., Ltd., Osaka, Japan) according
to the manufacturer's instructions.

Generation of Adenoviruses and Gene Transfer—The recombinant
adenovirus vector carrying human IRS-I gene engineered to express
hemagglutinin tag at its N terminus was constructed using an Adenc-
virus Expression Vector kit {Takara Shuzo Co., Ltd., Shiga, Japan)
following the manufacturer’s protocal. The adenovirus vector carrying
B-galactosidase gene (AxLacZ) was kindly provided by Dr. I. Saito
(University of Tokyo). Two days after the operation, a 1 X 10* plaque-
forming units suspension of AXIRS-1 or AxLacZ was injected into the
fracture site of IRS-1~'~ mice as deseribed previously (24, 25). The same
dose of AxLacZ was also injected ta WT mice as a positive contral.
Animals were sacrificed at 1 week (n = 3/group) and 3 weeks (n =
3/group) after the injection. To confirm the infection efficiency, expres-
sion of lacZ was examined by histochemical staining by X-gal staining
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Fig. 2. Time course of the number of mice with bone union (A), the gain of area (B}, and the % gain of BMC (C) at the fracture sites
of WT and IRS-I"'~ mice. To determine the bone union, the bony bridging at the fracture site on x-rays was judged by individuals blinded with
regard to the genotype. The gain of area and the % gain of BMC during observation periods as compared with those at time 0 were calculated for
the entire tibiae of fractured and unfractured sides, and the differences were compared between WT and [RS-1-/ callus. Because the fracture site
became too displaced to measure these parameters correctly at the later stage in IRS-17'~ mice, the number of mice was decreased as shown in
parentheses. Data in B and C are expressed as the mean (symbols) = S.E, (error bars) for 15 WT mice, and the number shown in parentheses for

IRS-1"'~ mice. #, p < 0.05; *, p < 0.01 versus WT.

buffer (1 mg/m] X-gal, 5 mM potassium ferrocyanide, and 5 mm potas-
ginm ferricyantde) (Wako). .

Isolation and Culture of Mouse Growth Plate Chondrocytes—Chon-
drocytes were isolated from epiphyseal growth plates of WT and IRS-
17" mice at 3.5 weeks of age. Mice were sacrificed, and tibiae were
harvested and eleaned of perichondrium in an aseptic manner, Tibiae
were pretreated with 0.3% collagenase in serum-free Dulbecco’s modi-
fied Eagle's medium (DMEM; Sigma) at 37 °C for 30 min to remove
residual tissue. By washing the tibiae with PBS, all soft tissues were
detached. Growth plates were dissected microscapically by inserting a
26-gauge needle. Subsequently, tibiae were digested with 0.3% colla-
genase in serum-free DMEM at 37 °C for 5§ h, and matrix debris was
removed by filtering through a 70-pm cell strainer (BD Biosciences),
Chondrocytes were pelleted by centrifugation and washed twice with
PBS. Cells were plated in 6-multiwell dishes at a density of 5,000
cells/cm?® and grown to confluence in DMEM containing 10% FBS and
antibiotics in a humidified CO, incubator,

X-gal Staining of Chondrocytes Isolated from Transgenic Mice with
Type I Collagen Promoter or Type II Collagen Promoter Driving the lacZ
Gene—To confirm the purity of chondrocytes isolated by the method
above, transgenic mice expressing osteoblast- or chondrocyte-specific
marker gene construct (the 2.3-kb fragment of the «1(I} collagen gene
promoter or the 1.0-kb fragment of al(II) collagen promoter and 0.6-kb
enhancer) linked to the Escherichia coli lacZ gene were used (26, 27).
Expression of lacZ was examined by histochemical staining with X-gal.
Cells were isolated from the growth plates of transgenic mice by the
method above and were cultured for 2 days. They were rinsed in PBS
twice and fixed with 0.25% glutaraldehyde in PBS on ice for 10 min.
After fixed samples were washed in PBS, staining was carried out by
the X-gal staining buffer described above at 37 °C overnight.

Western Blot Analysis—Te examine the IRS-1 and IRS-2 protein
levels, chondrocytes isolated from WT and IRS-17"~ growth plates de-
scribed above were plated in 6-multiwell plates at a density of 10°
cellswell and incubated in DMEM containing 10% FBS for 24 h. For
comparison, we alse examined the protein levels in primary osteoblasts
that were isclated from neonatal mouse calvariae and cultured in
e-minimum Eagle's medium containing 10% FBS as described previ-
ously (28). To investigate the signaling pathways through phosphati-
dylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinases
(MAPKs}, primary chondrocytes were pre-incubated in DMEM contain-

ing 10% FBS for 24 h, and treated with IGF-1 (10 nM) in the presence
and absence of LY294002 (10 p34), PD98059 (10 pn), and SB203580 (10
#M) (all from Calbiochem-Novabiochem) for 30 min. Cells were lysed
with TNE buffer (10 mm Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 1
muM EDTA, 10 mM NaF, 2 mM Na,VO,, 1 mMd aminoethylbenzenesulfo-
nyl fluoride, and 10 ug/ml aprotinin), and the protein concentration in
the cell lysate was measured using a Protein Assay Kit I (Bio-Rad).
Equivalent amounts (20 pg) of cell lysates were electrophoresed by 8%
SDS-PAGE and transferred to nitrocellulose membrane. After blocking
with 5% bovine serum albumin, the membrane was incubated with
polyclonal rabbit antibodies against IRS-1 and IRS-2 as described
above, Akt, phospho-Akt, extracellular signal-regulated kinase (ERKD,
phospho-ERK, p38, phospho-p38 MAPK (all from Cell Signaling Tech-
nolegy, Inc. Beverly, MA) and against actin (Sigma). Immunoreactive
bands were visualized using the ECL chemiluminescence reaction (Am-
ersham Biosciences) following the manufacturer’s instructions. Signals
were quantified by densitometry (Bio-Rad).

DNA Synthesis and Proliferation Assays—DNA synthesis and prolif-
eration of isolated chondrocytes were determined by the PH]thymidine
(TdR} uptake and the growth curve, respectively. For the former assay,
primary chondrocytes from WT or IRS-I™"" mice were inoculated at a
density of 5 X 10* cells/well in a 24-multiwell plate and cultured to
confluency in DMEM, 10% FBS for 2 days. Serum was withheld for 12 h
before adding the experimental medium with or without IGF-I (10 nnm),
LY294002 (1, 3, and 10 pm), PD98059 (1, 3, and 10 pm), and SB203580
(1, 3, and 10 uM). Uptake of *H]TdR (1 pCi/ml in the medium) added for
the final 2 h was measured at 18 h, For the growth curve assay, primary
chondrocytes from WT or IRS-1/~ mice were inoculated at a density of
10° cells/well in 6-multiwell plates in DMEM, 10% FBS and cultured
with or without IGF-I (10 nM). The number of cells/well was counted 1,
3, 5, 7, and 9 days after the seeding.

Statistical Analysis—Means of groups were compared by analysis of
variance, and significance of differences was determined by post-hoc
testing using Bonferroni's method.

RESULTS

Radiological Findings—Fig. 14 shows an x-ray feature of the
fracture model that we used in this study. This model was
confirmed to show the bone healing process similar to that in
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F1G. 3. Immunolocalization of IRS-1 and IRS-2 (A4) and time course of histological findings (B) at the fracture sites of WT and
IRS-17"" mice. A, immunochistochemical stainings with an anti-IRS-1 antibody (a-IRS-1, l2ft) and an anti-IRS-2 antibody (a-IRS-2, right) were
performed on the fracture callus of WT and IRS-1™'~ mice at 3 weeks. Positive and specific stainings by o-IRS-1 shown in brown are seen in
fibroblasts and chondrocytes of the WT callus, No immunestaining was observed by the respective non-immune rabbit IgGs as negative controls
(data not shown). Bar, 100 um. B, 1, 3, and 6 weeks after the fracture, specimens of the harvested tibiae were stained with HE. At 1 week after
fracture, the soft callus outlined by arrowheads is much larger in the WT fracture site than in JRS-17/~. At 3 weeks, the WT callus was mineralized
as outlined by arrowheads, which was hardly seen in the JRS-17/~ specimen. Bar, 1 mm.

humans in a definite temporal sequence by the time course of
x-ray examination in WT mice (Fig. 1B, upper panel). Callus
formation could be detected at 1 week, and bony bridging at the
fracture site was completed 2 or 3 weeks after the fracture,
After the callus size and density reached maximum arcund 3
weeks, they decreased gradually due to bone remodeling up to
10 weeks. In JRS-17/" mice, however, neither callus formation
nor bridging between the fracture stumps was seen at the early
stage, and the fracture site became atrophic without bone
union at 10 weeks. Fig. 1C shows x-ray features of the fracture
site of all 15 mice in each of WT and IRS-17'~ groups at 3 weeks
after fracture. In WT mice, bone union with substantial hard
callus formation was observed in all 15 animals. In IRS-17/~
mice, however, fracture healing was extremely impaired, and
12 out of 15 mice showed no bone union (the 12 panels ot lef?).
Although bone union was seen in 3 IRS-17" mice (the 3 panels

at right), the callus looked much smaller and fainter than that
of WT mice,

The time course of the number of animals with fracture
union determined by bony bridging on x-ray revealed that 4 WT
mice achieved bone union at 2 weeks after the operation, and
all 15 mice did so at 3 weeks. However, only 3 IRS-17"" mice
showed bone union at 3 weeks, but the other 12 animals re-
mained in a non-union state even at 10 weeks (Fig, 24).

Callus Area and BMC—To quantify the callus formation,
differences in the gain of area and the % gain of BMC be-
tween the fractured and unfractured tibiae were measured by
a bone densitometer (Fig. 2, B and C). Significant differences
between WT and IRS-17/~ mice were seen from 1 to 4 weeks
in the callus area, and from 2 weeks to the end in the BMC.
In WT mice, both parameters were increased at the early
stage of healing due to the acceleration of the medeling
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process and decreased thereafter due to remodeling. In IRS-
17"~ mice, these parameters remained at low levels through-
out the observation period. At the later stage in the IRS-17/~
mice, the fracture site became displaced due to non-union,
and at 10 weeks more than half the IRS-17'~ mice showed
severe displacement which was beyond evaluation. To ex-
clude the possibility of other parts of tibiae outside the frac-
ture site affecting BMC, BMC at the bilateral femurs and
distal third tibiae was measured at 3 and 6 weeks. Because

there were no differences between the fractured and _

unfractured sides (data not shown), the BMC decrease in
IRS-17/~ mice was caused by the decrease in that of the
callus itself.

Histological Findings—To assess the involvement of IRS-1
and IRS-2 in bone healing, we examined the localizations of
these proteins at the fracture site in WT and IRS-17/~ mice at
3 weeks after fracture (Fig, 34). Immunochistochemical analysis
of WT callus revealed that IRS-1 was localized at various cells
including chondrocytes and fibroblasts, although IRS-2 immu-
noactivity was very faint. In IRS-I~/" mice, both IRS-1 and
IRS-2 proteins were barely detectable at the fracture site, sug-
gesting that there was no compensatory up-regulation of IRS-2
by IRS-1 deficiency.

Fig. 38 shows the temporal comparison of histology between
WT and IRS-17'" fracture sites. At 1 weel after fracture, tissue
reaction was seen in the large areas around the fracture gap in
WT mice, whereas in IRS-1™/" mice it was markedly decreased,
resulting in the reduced size of soft callus. At 3 weeks, miner-
alized and hard eallus due to endochondral ossification was
abundantly observed in WT mice, whereas fibrous tissue re-
mained at the fracture gap in IRS-17/" mice. At 6 weeks, hony
union after the remodeling was completed in WT mice. How-
ever, in IRS-17'" mice, fibrous tissue still remained in the
fracture gap, indicating a state of non-union. Thus, the impair-
ment of fracture healing in IRS-7~/ mice was seen from the
early stage of fracture healing, at which time the required
amount of soft callus must be formed.

To learn the cellular and malecular mechanisms of impaired
bone healing at the early stage due to IRS-1 deficiency, we
performed more detailed histological analyses of the fracture
callus at 1 week (Fig. 4). Although the size of soft callus was
much smaller in IRS-17"" mice than in WT mice, the chondro-
cyte differentiation in this small cartilage of IRS-I~/~ mice was
more advanced than that of WT mice as shown by the toluidine
blue staining (Fig. 4, A and B). Type X collagen, a marker for
hypertrophic chondrocytes, was much more prevalent in IRS-
17"~ cartilage than in WT cartilage (Fig. 4, C and D). We
further investigated the proliferation and apoptosis of chondro-
cytes by PCNA and TUNEL stainings, respectively. PCNA-
positive proliferative cells were found massively at the WT
callus, although they were faint and scant in the IRS-17/~
callus (Fig. 4, E and F). In contrast, TUNEL-positive apoptotic
cells were hardly visible in WT, whereas they were abundant in
hypertrophic chondrocytes of IRS-17/~ (Fig. 4, G and H). These
findings indicate that the suppression of callus formation in the
IRS-17'~ fracture site was associated with a decrease in chon-
drocyte proliferation and increases in hypertrophic differenti-
ation and apoptosis.

Restoration by Reintroduction of IRS-1 in the IRS-1"'~ Frac-
ture—To confirm that the impairment in fracture healing was
due simply to the IRS-1 deficiency in these mice, we injected an
adenovirus vector carrying IRS-I gene (AxIRS1) or lacZ (Ax-
LacZ) to the fracture site 2 days after the fracture. The trans-
gene expression was confirmed by the X-gal staining in and
around the AxLacZ-injected fracture sites, which was posi-
tively observed intracellularly in various differentiation stages

IRS-1 Signaling in Bone Healing
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Fia. 4. Histological and immunohistockemical findings of the
soft callus of WT (4, C, E, and G) and IRS-1™"" mice (B, D, F, and
H) 1 week after the fracture; toluidine blue (4 and B), type X
collagen (C and D), PCNA (E and F), and TUNEL (G and H)
stainings. The 4-pum-thick sections prepared as described for the HE
staining were used for the toluidine blue staining. In the WT specimen,
the entire fibrous tissue below the fracture site, which is hardly stained
with toluidine blue, is the soft callus, whereas in tha IRS-1~'~ speci-
men, the soft callus outlined by arrowheads was much smaller but more
positively stained (A and B), Immunchistochemical stainings for type X
collagen and TUNEL were examined in 4-um dewaxed paraffin sections
as described under “Experimental Procedures.” Both type X collagen-
expressing hypertrophic chondrocytes {C and D) and TUNEL-positive
apoptotic cells (G and H) were more prevalent in the JRS-I" callus
than in WT. On the contrary, PCNA-positive proliferative cells were
rarely seen in the IRS-1~' callus (£ and F). No immunostaining was
observed by the respective non-immune IgGs as negative controls (data
not shown). Bar, 1 mm (A and B) and 10 um (C-H).

of mesenchymal cells (data not shown), AxIRS1 reintroduction
to the IRS-17'~ fractured site restored the callus area at 1 and
3 weeks, and the callus BMC at 3 weeks after the injection (Fig.
5A). Although the restorations did not fully reach the levels of
the WT callus injected with AxLacZ, AxIRS1 produced a sub-
stantial callus at 1 week (Fig. 5B), and all 3 IRS-I™~ mice
injected with AxTRS-1 showed bony union at 3 weeks, whereas
all those injected with AxLacZ remained in a non-union state,
It was therefore confirmed that the IRS-1 deficiency in situ
caused the impaired fracture healing,

Analyses of Cultured Primary Chondrocytes—To clarify fur-
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Fic. 5. Restoration of callus formation by reintroduction of IRS-1 in the JRS-1-"~

fracture using an adenovirus vector carrying

IRS-1 gene (AXIRSI) or lacZ (AxLacZ). A, the gain of area (upper panel) and the % gain of BMC (lower panel) of the callus in AxLacZ- or

AxIRS1-injected IRS-17/~ mice and AxLacZ-injected WT mice. AxIRS-1 or AxLacZ was injected into the fracture site of IRS-7~/~

after the fracture,

or WT mice 2 days

and animals were sacrificed at 1 week and 3 weeks after the injection. The parameters during the observation periods as
compared with those at time 0 were caleulated for the entire tibiae of fractured and unfractured sides,

and the differences were compared between

WT and IRS-1~". Data are expressed as the mean (bars} + S.E. (error bars) for 3 mice/group. #, p < 0.05; *, p < 0.01 versus IRS-1-'~+AxLacZ.

B, HE staining of the callus 1 week after the injection.

ther the cellular mechanisms underlying these abnurmalities,
we used our original method to isolate chondrocytes from the
growth plate. We first confirmed the purity of the growth plate
chondrocytes by the X-gal staining of cultured chondrocytes
isolated by this method from the transgenic mice expressing
the lacZ reporter gene driven by a promoter fragment of type I
collagen (COLI-LacZ) or type Il collagen gene (COL2-LacZ)
(26, 27). More than 99% of the cells isolated from transgenic
mice with the type II collagen promoter were stained X-gal-
positive, indicating positive lacZ transgene expression,
whereas none of the cells from type I collagen promoter-driving
transgenic mice exhibited the expression (Fig. 64). These re-
sults demonstrate that almost all cells isolated from the growth
plate by this method are cells of chondrocyte lineage and are
not contaminated by other cells such as osteoblasts or fbro-
blasts, which express type I collagen.

To confirm the expression patterns of IRS-1 and IRS-2 as
shown in Fig. 34, we examined the protein levels in the
growth plate chondrocytes by Western blottings using the
same antibodies as Fig, 3A (Fig. 6B). WT chondrocytes, but
not JRS-17/~ chondrocytes, were shown to express the IRS-1
protein; however, neither WT nor IRS-1-/~ chondrocytes ex-
pressed IRS-2. This was not due to the lack of immunoreac-
tivity of the IRS-2 antibody since IRS-2 protein could be
detected in primary osteoblasts, the positive control cells that
we studied previously (20).

We then compared DNA synthesis and proliferation of the
primary chondrocytes between WT and IRS-I7'~ by the
[PHITdR uptake (Fig. 6C) and the growth curve (Fig. 6D),
respectively. IRS-17/~ chondrocytes showed significantly re-
duced PHITAR uptake as compared with WT chendrocytes in
the control culture (Fig. 6C). Both IGF-I and insulin signifi-
cantly stimulated the DNA synthesis of WT chondrocytes but

not that of IRS-1~/~ chondrocytes. On the other hand, the
stimulation by FGF-2 was similarly seen in both WT and IRS-
17" chondrocytes, indicating that impaired DNA synthesis in
cultured JRS-I~"" chondrocytes was specific to IGF-I and in-
sulin. The growth curve for 9 days after the seeding confirmed
the impaired mitegenic ability of IRS-1™"" chondrocytes (Fig.
6D). The number of these chondrocytes was significantly lower
than that of WT chondroceytes at 7 days and thereafter in the
control cultures, and the difference was enhanced in the pres-
ence of IGF-I.

Signal Transduction in Cultured Primary Chondrocytes—To
provide some insight into signaling pathways that are affected
by the IRS-1 deficiency in chondrocytes, we compared the
activation of PI3K/Akt and MAPKs, the main signals lying
downstream of IRS-1, betweer WT and JRS-1~/~ growth plate
chondrocytes (Fig. 7A). Western blot analyses of the WT chon-
drocytes revealed that IGF-I induced phosphorylations of Akt
and ERK but not that of p38 MAPK. Specific inhibitors,
LY294002, PD98059, and SB203580, were confirmed to inhibit
the phosphorylations of Akt, ERK, and p38 MAPK, respec-
tively. In the JRS-17'~ chondrocytes, the Akt phosphorylation
by IGF-1 was reduced as compared with that of WT chondro-
cytes; however, phosphorylations of ERK and p38 MAPK were
similar between WT and IBS-17" chondrocytes. The decrease
in the Akt phosphorylation by the IRS-1 deficiency was con-
firmed by quantitative analyses using densitometry in inde-
pendent Western blottings of three separate experiments
(Fig. 7B). These results indicate that the IRS-1 deficiency led
to impairment of the PISK/Akt pathway but not the MAPK
pathways.

To examine further the involvement of these signaling path-
ways in the mitogenic action of [GF-I on the WT and JRS-17/~
chondrocytes, the inhibitors above were added to the chondro-
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Fia. 6. Characterization and proliferation of chondrocytes isolated from WT and IRS.1~/- growth plates. A, chondrocytes were
isolated from epiphyseal growth plates of WT and IRS-1"'~ mice at 3.5 weeks of age as described under “Experimental Procedures.” To confirm

the purity of chondrocytes, cells were isolated from the growth plates of transgenic mice expressing the lacZ reporter gene driven by the type I
collagen pramaoter gene fragment (COLI-LacZ) or the type II collagen promoter gene fragment (COL2-LacZ). LacZ activity was visualized as blue
with X-gal staining. B, Western blottings for the IRS-1 and IRS-2 expressions in the growth plate chondrocytes and calvarial osteoblasts derived
from WT and IRS-17/~ mice. Antibodies for IRS-1 and IRS-2 (a-IRS-1 and o-IRS-2) were the same as those used in the immunohistochemical
analyses (Fig. 34). C, DNA synthesis determined by PHJTdR uptake in chondrocytes isolated from WT and JRS-1-/~ growth plates cultured with
and without insulin (200 nM), IGF-I (10 n&), or FGF-2 (10 nM) for 18 h. Data are expressed as the mean (bars) = S.E. (error bars) for 8 wells/group.
#,p <0.05; % p < 0.01 versus WT culture. D, cell proliferation determined by growth curves of chondrocytes that were isolated from WT and
IRS-1™"" growth plates and cultured in the presence and absence of IGF-I, Chondrocytes were inocculated at a density of 10® cellsiwell in

6-multiwell plates, and the number of the cells/vell was counted 1, 3,5, 7, and 9 days after the seeding. Data are expressed as the mean (symbols} =
S.E. {error bars) for 6 wells/group. *, p < 0.01; significant decrease by the IRS-1 deficiency,

cyte cultures (Fig. 7C). LY294002, an Akt inhibitor, dose-de-
pendently decreased the stimulation of [PHITdR uptake by
IGF-1 in the WT culture; however, in the IRS-1~"" culture, the
inhibition was not statistically significant (p > 0.05). PD98059,
an ERK inhibitor, decreased the IGF-I mitogenic effect at the
highest concentration of 10 um both in the WT and IRS-17/~
cultures (p < 0.01), whereas SB203580, a p38 inhibitor, did not
affect it in either culture. Taken together, these results suggest
that the mitogenic action of IGF-I is mediated largely by the
IRS-1-dependent pathway through the PISK/Akt activation
and partly by IRS-l-independent pathway through the ERK
activation,

DISCUSSION

Although IRS-1 and IRS-2 are known to be essential for
intracellular signaling of IGF-I/insulin, these two adaptor mol-
ecules have distinct biclogical roles and are differentially ex-
pressed in a variety of cells, Regarding glucose homeostasis,
IRS-1 plays an important role in the metabolic actions of insu-
lin mainly in skeletal muscle and adipose tissue, whereas
IRS-2 does so in the liver (29, 30). For bone metabolism, al-
though both are expressed in osteoblasts, they play distinct
roles in the anabolic function of IGF-I and insulin (19, 20). The
present study, however, failed to detect the IRS-2 expression in
isolated chondrocytes or fracture callus. Our previous studies
also revealed that IRS-2 was not expressed in the epiphyseal

cartilage (31) and that JRS-2™'~ mice showed normal epiphy-
seal cartilage and skeletal growth as opposed to IRS-1™'" mice
(20). We therefore speculate that IRS-2 is much less important
than IRS-1 in bone regeneration through endochondral ossifi-
cation such as bone healing and skeletal growth. In fact, our
preliminary experiment showed no abnormality of bone healing
in IRS-27/~ mice (data not shown).

Because histological examinations suggested the central role
of abnormal chondrocyte functions in the impairment of bone
healing by the IRS-1 deficiency, we focused on the chondrocyte
culture to study the cellular and molecular mechanisms. For
this study, we avoided using the conventional chondrocyte cul-
ture system derived from the rib cartilage of neonatal mice (32),
because most of the cartilage belongs to the permanent carti-
lage that does not underge endochondral ossification but main-
tains cartilage phenotypes. Instead, we succeeded in isolating
chondrocytes from the growth plate with more than 99% purity,
as confirmed by the X-gal staining of cultured cells from trans-
genic mice expressing osteoblast- or chondrocyte-specific
marker genes (Fig. 64). Our preliminary study has confirmed
that the growth plate chondrocytes showed much higher ability
of proliferation than the rib chondrocytes. However, neither
hypertrophic differentiation nor apoptosis could be clearly ob-
served even after long term culture of the growth plate chon-
drocytes. Hence, although we believe that the present chon-
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Fic. 7. Intracellular signaling in the WT and IRS-1~'~ growth
plate chondrocytes. A, effects of IGF-1 and specific inhibitors on
phospherylations of Akt, ERE, and p38 MAPK in cultured chondro-
eytes. The chondrocytes were isolated as above and cultured with and
without IGF-I (10 nM) in the presence and absence of an Akt inhibitor
LY294002 (LY, 10 ), an ERK inhibitor PD98059 (PD, 10 pM), and p38
MAPK inhibitor §B203580 (SB, 10 uM) for 30 min, Western blottings
were performed as deseribed under “Experimental Procedures.” B,
quantitative analysis of phospho-Akt (p-Akt) levels determined by three
independent Western blottings using samples from separate experi-
ments including that above (A). The ordinate axis shows the intensity of
the p-Akt band normalized to that of B-actin measured by densitometry.
The graph indicates means (bars) = S.E. (error bars) of the ratio values
as compared with that of WT control group in three independent ex-
periments. #, p < 0.05; significant decrease by the IRS-1 deficiency. C,
effects of specific inhibitors on the mitogenic action of IGF-I in cultured
primary chondrocytes. The primary chondrocytes were cultured with
and without IGF-T (10 nm), LY294002 (1, 3, and 10 um), PD98059 (1, 3,
and 10 M), and SB203580 (1, 3, and 10 uM). After 18 h of culture, DNA
synthesis was determined by [PH]TdR uptake, Data sre expressed as
means (symbols) = S.E. (error bars) for 8 wells/group, *, p < 0.01,
significant inhibition by LY294002, PD98059, or SB203580.

drocyte culture system is more suitable for studies on the
proliferation of chondrocytes than the conventional culture
system, a culture system of primary cells isolated directly
from the fracture callus will be much more appropriate to
study the mechanisms underlying impaired fracture healing
in IRS-17'" mice. In fact, we initially tried to use these
callus-derived cells for the culture; however, the callus was
composed of cells of heterogeneous kinds at various differen-
tiation stages so that the data were too inconsistent to com-
pare among animals,

The IRS-17'" caltus exhibited not only a decrease in prolif-
eration of chondrocytes but also increases in hypertrophic dif-
ferentiation and apoptosis (Fig, 4). This is compatible with our
histological findings of the IRS-1~'~ growth plate, which
showed a decrease in the height of the proliferating zone and an
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early closure of the growth plate, resulting in a reduced longi-
tudinal bone growth (31). Although the mechanism of the de-
crease in chondrocyte proliferation by the IRS-1 deficiency was
shown by the growth plate chondrocyte cultures, that of the
increase in differentiation or apoptosis remains unclarified.
Because chondrocytes are known to start hypertrophic differ-
entiation in synchrony with the cessation of proliferation, the
acceleration of chondrocyte differentiation and the subse-
quent apoptosis seen in the IRS-I" fracture callus and
growth plate might be secondary to the impairment of prolif-
eration. However, there are several reports (33-38) showing
that IRS-1 directly inhibits differentiation and apoptosis in
hemopoietic and neuronal cells and that these inhibitions are
partly associated with an increase in the cell size. Although
the present in vive and in vitro studies did not find the
change of cell size of chondrocytes by the IRS-1 deficiency,
the possible involvement of direct action of IRS-1 signaling in

" differentiation and apoptosis cannot be denied. As mentioned

above, studies on these aspects using a culture system of
other primary chondrocytes in which both hypertrophy and
apoptosis can be properly assessed will be the next tazk for
investigation.

The decreased [PH]TAR uptake in IRS-17"" chondrocytes
wasg seen not only in the stimulated culture by IGF-I or insulin
but also in the control culture (Fig. 6C). This may be due to the
blockage of signalings of endogenous IGF-I as an autocrine/
paracrine factor in the culture. The concentrations of IGF-I in
the culture medium were 0.79 = 0.20 and 0.66 = 0.15 oM
(mean % S.E.) in the control WT and IRS-17'~ cultures, respec-
tively. In addition, our previous study has shown that serum
IGFI levels were similar between WT and IRS-1~'~ mice,
suggesting the absence of systemic compensation for impaired
IGF-1 activity (19). Hence, the impaired fracture healing in
IRS-17'~ mice might be due to the deficit of anabolic signaling
of endogenous IGF-I produced by chondrocytes acting as an
autocrine/paracrine factor. Impairment of IRS-I™"" fracture
healing might partly be caused by systemic hormones, of which
actions are mediated by IGF-I. Growth hormone is a well
known stimulus of IGF-1 production in a variety of tissues,
including bone, and exerts its effects on bone mainly through
IGF-I mediation (39). Parathyroid hormone also increases
IGF-I production, and decreases of IGF-I signaling can block
selective anabolic actions of parathyroid hormone on bone
(40, 41). Similarly, other hormones with effects on bone such
as cortisol (42), thyroid hormone (43), estrogen (44), and
androgens (45) alter IGF-I levels in bone in a manner con-
sistent with IGF-I playing a role in the actions of these
hormones on bone.

It is noteworthy that skeletal phenotypes of IGF-I receptor
(IGF-IR) and IGF-I-deficient mice are rather different from
that of IRS-17" mice. First, they exhibit more severe growth
retardation than do IRS-1~'" mice (5, 6, 46). More important,
the closure of the growth plate is delayed in IGF-I~'~ mice (5,
6), whereas it is accelerated in JRS-I~"" mice (31). These dis-
crepancies might be due to the 66-kDa Src homology collagen
(SHC), another adaptor protein phosphorylated by the IGF-IR
activation, which is reported to be expressed in chondrocytes
and osteoblasts (47, 48). SHC is known to associate with
growth factor receptor-bound praotein 2, p21 Ras, and a serine/
threonine kinase cascade leading to the activation of ERK in
chondrocytes (47, 49, 50}, Qur Western blotting data that IGF-I
induced phosphorylations of both Akt and FRK, whereas IRS-I
deficiency decreased only the Akt phosphorylation in Fig. 74,
support the existence of SHC/ERK pathway in chondrocytes.
Inhibition of this pathway by PD98059 may cause the suppres-
sion of the IGF-I mitogenic effect in both WT and IRS-1'~
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cultures (Fig. 7C). Most interesting, IGF-I induced the Akt
phosphorylation not only in WT but also in IRS-1~"" chondro-
cytes (Fig. 7, A and B), suggesting the involvement of SHC/Ark
pathway in a downstream signaling of IGF-IR activation. This
pathway, however, seems functionally less important than
TRS-1/Akt and SHC/ERK pathways, because the inhibition by
LY294002 was not statistically significant in the JRS-1"~ cul-
ture (Fig. 7C). It is also important that the SHC signaling
positively regulates apoptosia (51). A decrease in the apop-
totic pathway through SHC may cause the delay of the
growth plate closure in the JGF-I~'~ mice, whereas the com-
pensatory up-regulation of the SHC signaling might lead to
accelerated apoptosis of chondroeytes at the fracture callus
and the growth plate in IRS-17/~ mice. Studies or: the skel-
etal phenotype of the SHC-deficient mice will lead to eluci-
dation of the differential regulation of bone regeneration by
IRS-1 and SHC signalings.

We hereby conclude that the IRS-1 deficiency impairs bone
healing at least partly by inhibiting the chondrocyte prolifera-
tion through the PI3K/Akt pathway, and we propose that IRS-1
can be a target molecule for bone regenerative medicine, There
are several recent reports (52, 53} that used bone fracture
models to identify in vivo signalings, such as tumor necrosis
factor-a and eyclooxygenase-2, which play essential roles in the
osteogenic process. Because IRS-1 is an intracellular protein,
we are planning to use the gene transfer into precursor cells by
using conventional natural viruses or nonviral vectors that we
are now developing (54). In the present study, the in vive
fracture system and the in vitro chondrocyte culture system
were applied for the first time in combination to investigate the
role of a certain molecule in knockout mice. This approach
seems useful for elucidating a rietwork of molecules implicated
in bone regeneration.
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Osteoclast Differentiation by RANKL Requires NF-xB—Mediated
Downregulation of Cyclin-Dependent Kinase 6 (Cdk6)

Toru Ogasawara,' Mika Katagiri,' Alichiro Yamamoto, Kazuto Hoshi,' Tsuyoshi Takato,' Kozo Nakamura,' Sakac Tanaka,!
Hiroto Okayama,” and Hiroshi Kawaguchi®

ABSTRACT: This study investigated the involvement of cell cycle factors in RANKL~induced osteoclast
differentiation. Among the G1 cell cycle factors, Cdké was found to be a key molecule in determining the
differentiation rate of osteoclasts as a downstream effector of the NF-xB signaling.

Introduction: A temporal arrest in the G1 phase of the cell cycle is a prerequisite for cell differentiation, making it
possible that cell cycle factors regulate not only the proliferation but also the differentiation of cells, This study
investigated cell cycle factors that critically influence differentiation of the murine monocytic RAW?264.7 cells to
osteoclasts induced by RANKL.

Materials and Methods: Growth-arrested RAW cells were stimulated with serum in the presence or absence of
soluble RANKL (100 ng/ml), Expressions of the G1 cell cycle factors eyclin D1, D2, D3, E, cyclin-dependent kinase
(Cdk) 2, 4, 6, and Cdk inhibitors (p18 and p27) were determined by Western blot analysis. Involvement of NF-«xB
and c-jun N-terminal kinase (JNK) pathways was examined by overexpressing dorminant negative mutants of the /xB
kinase 2 (IKK®Y) gene and mitogen-activated protein kinase kinase 7 (MKK7™™) gene, respectively, using the
adenovirus vectors. To determine the direct effect of Cdk6 on osteoclast differentiation, stable clones of RAW cells
transfected with Cdks cDNA were established. Osteoclast differentiation was determined by TRACP staining, and
cell eycle regulation was determined by BrdU uptake and flow cytometric analysis.

Results and Conclusion: Among the cell cycle factors examined, the Cdk6 level was downregulated by RANKL
synchronously with the appearance of multinucleated osteoclasts. Inhibition of the NE-kB pathway by IKKPN
overexpression, but not that of the JNK pathway by MKK7°" overexpression, caused the decreases in both Cdk6
downregulation and osteoclastogenesis by RANKL. RAW cells overexpressing Cdk6é resist RANKL-induced
osteoclastogenesis; however, cell cycle regulation was not affected by the levels of Cdk6 overexpression, suggesting
that the inhibitory effect of Cdk6 on osteoclast differentiation was not exerted through cell cycle regulation. These
results indicate that Cdk§ is a critical regulator of RANKL-induced ostecclast differentiation and that its NF-xB-
mediated downregulation is essential for efficient asteoclast differentiation.

J Bone Miner Res 2004;19:1128-1136. Published online on May 24, 2004; doi: 10.1359/JBMR.040513
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INTRODUCTION togenesis on ligand binding or agonistic anti-RANK anti-

. .. body stimulation.*®” Like other TNF receptor superfamily

OSTEOCL‘°‘S"'S ARE DERIVED from hemat(?pOIeuc myeloid  members, RANK stimulation can induce NF-«B, probably
precursors of monocyte/macrophage lineage under the through association with several TNF receptor—associated
control of systemic and local factors produced by support- factors (TRAFs): TRAF2, TRAFS, and TRAF6.6%-10 Mice

ing cells such 25 osteoblasts and bone marrow stromal cells. deficient in both p50 and p52 subunits of NF-«B have been
Amon_g these factors, . KL 182 related cyto%m}c found to be osteopetrotic because of the failure in osteoclast
that stimulates osteoclast differentiation from hematopoietic differentiation, indicating a crucial role of NE-kB in oste-

in vitr in vivo.""® Mice lacking in . . . ;
precursor cells both in vitra and in viyo.™™ Mice lacking oclastogenesis, "> NF-«B activation requires sequential
either RANKL or its receptor RANK have defects in oste- . S . .
phosphorylation, ubiquitination, and degradation of the in-

oclast differentiation that lead to severe osteopetrosis. =6 P10 b

RANK is expressed on the surface of osteoclast progenitor hibitory subuFut _IKB a8 well as conseqt(x::qn_tl;xposurc_ of a

cells and induces intracellular signals, leading to osteoclas-  Puclear [Iocalization signal on NF-«B. IkB kinase
(IKK) signalsome is the protein complex that contains the

inducible I«kB kinase activity and consists of IKK1 (IKK a3,

IKK2 (IKKf), and the NF-«B essential modulator (NEMO
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or IKK9). Among these three components of IKK signal-
some, both IKK1 and IKK2 seem to play a critical role in
I«B phosphorylation, However, the studies of IKK1 and
IKK2 knockout mice indicate that IKK2 is more potent for
NF-«B activation by proinflammatory stimuli than
IKK1.7" This evidence suggests that IKK2 may have a
vital function in RANKL-induced NF-«B activation, and in
fact, we previously reported that the dominant negative
IKK2 (IKK2"™) overexpression suppressed both NF-«B
activity and osteoclast formation induced by RANKL using
the murine monocytic RAW264.7 cell culture. 2!

Proliferation of eukaryotic cells depends on their progres-
sion through the cell cycle, and at least 2 temporal cell cycle
arrest at the G1 phase is thought to be a prerequisite for cell
differentdation.“? Cell cycle control is achieved through the
actions of a family of cyclins and cyclin-dependent protein
kinases (Cdk's), which phosphorylate and thereby activate
cell cycle factors essential for the onset of the next cell cycle
phase. In mammalian cells, traverse through Gl and subse-
quent S phase entry require the activities of the cyclin
D-dependent kinases Cdk4 and/or Cdk6 and the cyclin
E-dependent kinase Cdk2. These Cdk’s are negatively reg-
ulated by inhibitory proteins (CKIs) through direct binding
to themselves.®*** CKIs have been classified into two
families: INK4 and Cip/Kip. INK4 (p16, p15, p1&, and pl9)
inhibits only Cdk4 and Cdk6, whereas Cip/Kip (p21, p27,
and p37) inhibits all the Cdk’s except for the Cdk6-cyclin
D3 complex.®* Because the control of cell cycle factors
driving S phase onset greatly influences the commitment to
cell differentiation in lower eukaryotes, this study investi-
gated the possibility of crucial participation of some cell
cycle start factors in RANKL-induced osteoclast differenti-
ation and found that on RANKL treatment Cdké was down-
regulated primarily by RANKL/NF-«B signal-invoked tran-
scriptional repression and that its downregulation was
essential for efficient osteoclast differentiation,

MATERIALS AND METHODS
Reagents and antibodies

Human soluble recombinant RANKL was purchased
from Wako Pure Chemicals {Osaka, Japan). Recombinant
human macrephage-colony stimulating factor (M-CSF) was
purchased from R&D Systems {Minneapolis, MN, USA),
Antibedies against Cdk2 (H-298), Cdk4 (C-22), Cdké (C-
21), cyclin DI (C-20), cyclin D2 (M-20), cyclin D3 (C-16),
cyclin E (M-20}, p18 (M-20), p27 (F-8), mitogen-activated
protein kinase kinase 7 (MKK7; MEKT), and IKK?2 (H-470)
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against B-actin (AC-15) were
purchased from Sigma Chemical (St Louis, MQ, USA).
DMEM and FBS were also purchased from Sigma Chemi-
cal. oMEM was purchased from Life Technologies (Rock-
ville, MD, USA).

Cell culture and osteoclast differentiation assay

The RAW264.7 cell line was purchased from the Riken
Cell Bank (Tsukuba, Japan). The cells were inoculated at
5 X 10° cells in a 6-well plate or 5 X 10° cells in a 10-cm
plate and were cultured with DMEM containing 10% FBS
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at 37°C in 5% CO, in air. For osteoclast differentiation
assay, RAW cells were grown in DMEM containing 10%
FBS for 16-24 h. The culture medium was changed to
DMEM containing 0.5% FBS, and the cells were cultured
under serum starvation for 24—48 h. The growth-arrested
RAW cells were stimulated with 10% FBS in the presence
or absence of RANKL (100 ng/ml) for 1-7 days, fixed with
3.7% (vol/vol) formaldehyde in PBS), and stained at pH 5.0
in the presence of L{+)-tartaric acid using 3-hydroxy-2-
naphthoic acid 2,4-dimethylanilide phosphate (Sigma) in
NN-dimethyl formamide (Sigma) as the substrate.
TRACP* cells containing more than three nuclei were
counted as osteoclasts.

For studies on primary osteoclast precursors, we used the
M-CSF-dependent bone marrow macrophage (M-BMM¢)
culture system as described previously.®® Briefly, bone
marrow cells from 8-week-old male ddY mice (Sankyo
Laboratories Animal Center, Tokyo, Japan) were seeded at
2 X 10° cells in 2 6-multiwell plate and cultured in eMEM
containing 10% FBS with M-CSF (10 ng/ml). After 2 days,
adherent cells were used as M-BMM¢ after washing out the
nonadherent cells including lymphocytes, The cells were
then cultured in «MEM containing 0.5% FBS for 24 h and
were further cultured in the presence of M-CSF (10 ng/ml)
and RANKL (100 ng/ml) for 4 days. This experiment was
performed according to the protocol approved by the Ani-
mal Care and Use Committee of the University of Tokyo.

Western blot analysis

Cells were rinsed with ice-cold PBS and lysed with RIPA
buffer (100 pl for a well in 6-multiwell plate or 500 pl for
a [0-cm plate) containing 10 mM Tris-HCI (pH 7.5), 150
mM NaCl, 1% Nonident-P40 (NP-40), 0.1% SDS, 10 pg/ml
aprotinin, 0.1 M NaF, 2 mM Na,V0,, and 10 mM
B-glycerophosphate. The cell lysates were sonicated briefly
and clarified by centrifugation at 13,000z for 20 minutes at
4°C. The protein concentration in the cell lysate was mea-
sured using a Protein Assay Kit IT (Bio-Rad). Equivalent
amounts (10 ug) of cell lysate were electrophoresed by
7.5%, 10%, or 12.5% SDS-PAGE according to the molec-
ular size of the proteins to be detected and were electro-
transferred to polyvinylidene difluoride membranes (Immo-
bilon-P; Millipore, Bedford, MA, USA). After blocking
nonspecific binding with 5% skim milk, proteins were im-
munoblotted with respective antibodies and visualized using
the ECL Plus Western Blotting Detection System {Amer-
sham Pharmacia Biotech, Buckinghamshire, UK), follow-
ing the manufacturer’s instructions. Signals were quantified
by densitometry (Bio-Rad). Experiments were performed at
least three times, and a representative blotting was pre-
sented.

Transduction of IRK2°Y and MKK7"Y using
adenovirus

The recombinant adenovirus vectors carrying the IKK2PY
(Serl77 and Serl81 to Ala; AxIKK2®™) and the
B-galactosidase gene (AxLacZ) were kindly provided by
Inder Verma (Salk Institute, Lz Jolla, CA, USA} and Izumu
Saito (Tokyo University), respectively. The rscombinant
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adenovirus  vector carrying kinase megative MKK7
(AXMKK7™¥, replaced ATP-binding lysine with glutamate
residue) was constructed as described," Preparation and
infection of AxIKK2PY, AXMKK7™™, and AxLacZ were
performed as previously reported.®" Titers of the viral
stock were determined by modified endpoint cytopathic
effect assay with the following modifications. Fifty micro-
liters of DMEM containing 10% FBS was dispensed into
cach well of a 96-well tissue culture plate, and eight rows of
3-fold serial dilutions of the virus starting from 10~ dilu-
tions were prepared. HEK293 cells (3 X 10%) in 50 pl of
DMEM containing 10% FBS were added to each well. The
plate was incubated at 37°C in 5% CO, in air, and 50 pl of
DMEM containing 10% FBS was added to each well every
3 days. Twelve days later, the endpoint of the cytopathic
effect was determined by micrescopy, and the 50% tissue
culture infectious dose (TCIDs;) was calculated. One
TCIDse per milliliter approximately comesponds to one
plaque-forming unit (PFU} per milliliter. The multiplicity of
infection (MOX) is expressed as a measure of titer of how
many PFUs are added to every cell. Infection of adenovirus
vectors to RAW cells was carried out as follows. The cells
were inoculated at the density of 5 X 10* cells per 6-well
plate and incubated for 20 h with DMEM containing 10%
FBS at 37°C. After further incubation with a small amount
of DMEM containing the recombinant adenovirus for 2 h at
37°C at 100 MOJ, the cells were washed twice with PBS
and again incubated in DMEM containing 10% FBS. Ex-
periments were performed 2 days after the infection.

Establishment of RAW cells stably transfected with
Cdk6

RAW cells were inoculated at the density of 5 X 10° cells
per 6-cm plate, incubated for 24 h, and transfected with
pEF/neol that carries human Cdk6 ¢cDNA®® using Lipo-
fect AMINE reagent (Life Technologies) following the man-
ufacturer's instructions. Twenty-four hours after transfec-
tion, the cells were passaged 1:10-1:100 into DMEM
containing 10% FBS and 400 pa/ml G418 (Geneticin; Life
Technologies) for stable expression. After colony forma-
tion, each colony was isolated and passaged. We picked up
more than 100 drug-resistant colonies, each of which was
derived from a single clone. The expression levels of Cdk6
were quantified by Western blotting, and 12 high-
expressing clones and 10 low-expressing clones were estab-
lished.

RT-PCR

Total RNA (1 ug) was exiracted from RAW cells using
ISOGEN (Wako Pure Chemicals, Osaka, Japan) following
the manufacturer’s instructions, reverse transcribed using
SUPERSCRIPT First-Strand Synthesis System for RT-PCR
(Life Technologies), and amplified within an exponential
phase of the amplification with a Perkin Elmer PCR Ther-
mal Cycler (PE-2400). Gene-specific primer pairs were as
follows: 3'-GCAACCTCCAGTCAGCA-3 and 5'-GAAGT-
CACAGCCCTCAGAATC-3' for RANK and 5'-CATGT-
AGGCCATGAGGTCCACCAC-3' and 5'-TGAAGGTCG-
GTGTGAACGGATTITGGC-3' for GAPDH, The cycling
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parameters were 30 s at 94°C, 30 s at 49°C, and 90 s at 72°C
for RANK and 30 s at 94°C, 30s at 55°C, and 90 s at 72°C
for GAPDH. Each band intensity was quantified by densi-
tometry (Bio-Rad).

Flow cytometric analysis

About 1 X 10° cells were suspended in 0.02 ml citrate
buffer, to which was added 0.18 ml Soln. A (0.03 mg/m!
trypsin, 3.4 mM trsodium citrate, 0.1% NP40, 1.5 mM
Spermine 4 HCl, and 0.5 mM Tris-HCl [pH 7.6]) and
incubated for 10 minutes, and then added with 0.15 ml Soln.
B (3.4 mM trisodium citrate, 0.1% NP40, 1.5 mM Spermine
4 HCL, 0.5 mM Tris-HCl [pH 7.6], 0.5 mg/ml trypsin
inhibitor, 0.1 mg/ml Ribonuclease A) and incubated for 10
minutes; 0.15 ml Soln. C (4.16 mg/ml propidium iodite, 3.4
mM trisodium citrate, 0.1% NP40, 4.8 mM Spermine 4 HCY,
0.5 mM Tris-HCl [pH 7.6]) was finally added, and the
mixture was again incubated for 10 minutes. All procedures
were performed at room temperature. The DNA content was
analyzed by EPICS XL, (Beckman), and the data were
analyzed by XL EXPC32 (Beckman).

BrdU incorporation assay

RAW cells were inoculated at a density of 1 X 10% cells
per well in a 96-well plate and cultured in DMEM contain-
ing 10% FBS with or without BRANKL (100 ng/ml). At 3
days of culture, cells were labeled with BrdU for 2 h, and
cell proliferation was determined by BrdU incorporation
using a kit (Cell Proliferation ELISA; Roche Molecular
Biochemical, Mannheim, Germany) following the manufac-
turer’s instructions.

Statistical analysis

Means of groups were compared by ANOVA, and sig-
nificance of differences was determined by posthoc testing
using the Bonferroni method.

RESULTS
Cdké is downregulated by RANKL in RAW cells

We initially confirmed that RAW eells differentiated into
TRACP" multinucleated osteoclasts after 5 days of treat-
ment with soluble RANKL (100 ng/ml; Fig. 1A), We ana-
lyzed the regulation by RANKL of cell cycle factors that
critically regulate the onset of S phase: Cdk2, Cdk4, Cdké,
cyclins (D1, D2, D3, and E), and CKIs (p18, p2L, and p27)
in RAW cells (Figs. 1B and 1C). Westemn blot analysis
revealed that the Cdké protein level was decreased by
RANKL after 5 days of culture and thereafter, whereas
those of cyclins were hardly affected throughout the culture
period up to 7 days. Although Cdk4 and Cdk6 have about
70% homology of amino acid sequence®” and share D
cyclins as their catalytic partners, only Cdk6 was regulated
by RANKL. Levels of Cdk2, pl8, and p27 were somewhat
decreased by RANKL treatment, and neither p21 nor p57
was detected throughout the experiments in this cell line
(data not shown).

To investigate whether the Cdk6 downregulation is spe-
cific to this cell line or a more general phenomenon, we
performed the same Western blot analysis with a culture of
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FIG.1. (A)Time course of osteoclastogenesis
from muzine monocytic RAW264.7 cells, (B and
C) expression of cell cycle factors by RANKL in

CyclinD2 )
CyclinD3 B

the RAW254.7 cell culture, and (D) the murine
primary osteoclast precursor M-BMMd culture.
Cells were stimulated with serum in the presence
or absence of RANKL {100 ng/ml) for the indi-
cated days. (A) Osteoclastogenesis formed from
cultured RAW cebls was determined by TRACP
staining, and the number of positively stained
¢ells containing more than theee nuclei was
counted. Bar, 400 um, The graph is expressed as
means (bars) = SE (error bars) for 3 wells/
group. (B-D) The protein levels of cell cycle
factors controlling the G1-S transition were de-
termined at the indicated days of culmre by
Western blot analysis. B-actin was used as a
loading control. B and C are from different cul-
tures of RAW cells to confirm the regulation of
Cdk’s. Db is from the M-BMM¢ culture for 4
days. The number under each band is the treated/
control ratio of the intensity of each band nor-

Cdk2 [ e = ot malized to that of B-actin measured by densi-

Y 1 10 “oo 1077 24 tometry. In each figure a represemtative blotting

s T e T e iy a1 was shown among at least three independent
R-actin p T B-actin ﬂhﬁﬂ, experiments that showed similar results.

primary osteoclast precursor M-BMM¢. Treatment with
RANKL inhibited induction of Cdk6 at 4 days, whereas
Cdk4 was uninfluenced (Fig. 1D). Cdk2 was not decreased
but was rather increased in this culture system. These results
show that Cdké was specifically downregulated during the
commitment to RANKL-induced osteoclast differentiation.

NF-xB mediates RANKL-induced downregulation of
Cdk6

To examine the mediation of the NF-«B pathway, a major
signaling pathway of RANKL, in the downregulation of
Cdké, we overexpressed IKK2PN in RAW cells using an
adenovirus vector and examined its effect on RANKL-led
CdkS downregulation. In our previous report, we confirmed
that the adenovirus vector could efficiently transduce the
IKK2°Y gene into RAW cells and specifically suppressed
the NF-«B activation in response to RANKL.?" Both the
inhibition of Cdké and the induction of osteaclastogenesis
by RANKL were markedly reversed by the IKK2™™ over-
expression in RAW cells, whereas the control LacZ adeno-
virus infection did not affect the RANKL actions (Fig. 2A).
These results indicate that the NF-«B signaling mediates not
only osteoclast differentiation, but also the Cdk§ downregu-
lation by RANKL.,

We further investigated the possible involvement of the
c-jun N-terminal kinase (TNK), another major signaling
pathway of RANKL, in the downregulation of Cdk6 by
RANKL. We previously reported that MKK7 is a vital
function in JNK activation and osteoclast formation induced
by RANKL, because MKK7™ overexpression using an
adenovirus vector suppressed both of them.®V Thus, we
examined the effect of the adenovirus-mediated MKK7™M
overexpression on RANKL-led Cdké downregulation in
RAW cells. The MKK7™ overexpression suppressed the
induction of osteoclastogenesis by RANKL as previously
reported®!; however, it did not restore the inhibition of
Cdk§ in response to RANKL, unlike IKK2PY overexpres-
sion (Fig. 2B), indicating that the RANKL-led Cdk6 down-
regulation was not mediated by the INK signaling.

RAW cells overexpressing Cdk6 resist RANKL-induced
differentiation

As shown above, Cdk6 downregulation occurred during
RANKL-induced osteoclast differentiation. Consequently, a
critical question is whether or not this downregulation is
essential for osteoclast differentiation. To address this, we
generated RAW cell clones stably expressing various levels
of Cdk6 by transfecting with an expressing vector harboring



