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Fig. 5. Production and analysis of the 4318108"*# mouse line. (A) Site-specific replacement of the fgeo gene with a 2.6-kb Tmpf cDNA sequence through
Cre-mediated recombination. The replacement vector contains /ox66-Impp cDNA-pA-PGK promoter-pac-fox66 (top). Ayu8l108 ES cells were co-
electroporated together with the replacement vector and the Cre-expressing vector, pCAGGS-Cre. Through recombination between lox sites, the figeo
gene was replaced with the Impp cDNA sequence (bottom). Striped boxes indicate transcribed genomic DNA regions for the 1.3-kb transcript. Replaced
clones were selected in the presence of Puromycin (2 pg/ml). The integrated cDNA sequence was expressed as endogenous promoter activity which had
driven the Bgeo gene before replacement. Splicing patterns of transcripts for figeo and integrated cDNA are shown under the maps. Primers used for
confirmation of recombination and RT-PCR are indicated by arrowheads. Bg, Bg/il; N, Neol. (B) Confirmation of targeted recombination at the fox sites.
Results of representative 4 clones (1-4) are shown. Left, PCR with SA and B5 primers to detect the 5'-side junction. Right, Southern blot analysis with the
Pac-probe and Bg/II digestion to detect the 3’-side junction. Bands with expected sizes were detected in both analyses. (C) Genotyping of the 4yu8108""*
mouse line. Tail DNA was digested with NeoI and hybridized with a 3'-probe, From the wild and Ayu8108"*# allele, a 2.2-kb band (Fig. 1B) and a 1.6-kb
band were detected, respectively. (D) RT-PCR analysis of expression of the inserted or endogenous Impf transcripts in each genotype. RT-PCR was
performed using total RNAs from adult brain (B), kidneys (K), intestines (I}, and lungs (L). To detect transcripts from the integrated Impp cDNA and the
endogenous Kpnbl gene, E3/BS primer pair, and B3/B6 primer pair were used, respectively. B6 primer was in the 3'-untranslated region, therefore the B3/
B6 primer pair can specifically detect endogenous Kpnhl expression. In homozygous Ayu8108"H I mice both inserted Impf cDNA and endogenous
Kpubl gene were expressed. —, template without RT reaction.

probably because of maternal accumulation of Impf pro-
tein. In the case of importinfB-deficient eggs derived from
germline chimeras carrying Impp-deficient female germ
cells, embryogenesis did not start at all [13}. Post-implanta-
tion lethality in our homozygous mutants for the Ayu8108
allele suggested that maternal Impp mRNA or protein was
present in mouse embryos, and that these might become
depleted at the time of implantation.

In the Ayu8108 trap line, the trap vector was inserted in
the promoter region of the KpnbI gene in the reverse orienta-
tion. Recent genome and expression studies have revealed
that many pairs of genes were driven by the same promoter
sequence but in reverse direction [21,22], and that there were
also non-coding RNA genes of unknown functions [23,24].
We identified a 1.3-kb product as the transcript of the
trapped gene in Ayu8108 clones, but no ORF was found,
and its expression was under detectable levels using northern
blotting. As Ayu8108”7#1F homozygous mice were viable
and healthy by expressing Impp, but not the 1.3-kb tran-
script, the 1.3-kb transcript might not have a significant func-

tion in development. Yet, the 1.3-kb transcript might be a
non-coding RNA of unknown function.

pU-hachi was constructed as an exchangeable gene trap
vector using the Cre/mutant lox system. In this study, we
used this system to insert the Impp cDNA sequence, and
we successfully identified the responsible gene for the early
embryonic lethal phenotype. We clearly showed that Impp
was essential for early development in mice. Since there are
many overlapping genes, insertion of a targeting vector
may often result in disruptions of two genes. Our exchange-
able system is expected to be a useful tool for analysis of
such overlapping genes.

At present, we do not know why endogenous expression
of the Kpnbl gene in the Ayu8108™7F allele recovered. We
presume that there may be inhibitory element(s) for tran-
scription in the IRES-fgeo sequence. It is known that the
IRES sequence is quite GC rich and forms a complex sec-
ondary structure [25]. We have also produced the IRES-
Bgeo deleted allele by mating a Cre-expressing transgenic
mouse line [26]. Homozygous mice for the IRES-Bgeo
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deleted allele were also viable and expressed the endoge-
nous Kpnbl gene (data not shown). This supported the
hypothesis of the existence of inhibitory elements. Howev-
er, ImpP expression level from the Ayu8108™""allele
seemed to be lower than that of the wild-type allele,
because we could not obtain compound heterozygous mice
carrying both the Ayu8108°°° and the Ayu8108™"" alleles.
Since we produced several alleles showing different expres-
sion levels of the Kpnbl gene, further analyses using these
alleles would reveal the minimum requirements of Impp
expression level for development.
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Abstract

Adiponectin, an adipose-derived hormone, exhibits various biological functions, such as increasing insulin sensitivity, protecting
hypertension, and suppression of atherosclerosis, liver fibrosis, and tumor growth. Here, we report the role of adiponectin on bone
metabolism. C57BL/6J mice were treated with adenovirus expressing lacZ or adiponectin, and their bones were analyzed by three-
dimensional microcomputed tomography. Adiponectin-adenovirus treatment increased trabecular bone mass, accompanied by
decreased number of osteoclasts and levels of plasma NTx, a bone-resorption marker. In vitro studies showed that adiponectin
inhibited M-CSF- and RANKL-induced differentiation of mouse bone marrow macrophages and human CD14-positive mononu-
clear cells into osteoclasts and also suppressed the bone-resorption activity of osteoclasts. Furthermore, adiponectin enhanced
mRNA expression of alkaline phosphatase and mineralization activity of MC3T3-El osteoblasts. Our results indicate that adipo-
nectin exerts an activity to increase bone mass by suppressing osteoclastogenesis and by activating osteoblastogenesis, suggesting
that adiponectin manipulation could be therapeutically beneficial for patients with osteopenia.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Bone mass; Adiponectin; Adipose tissue; Adipocytokines; Osteoclasts; Osteoblasts; Bone metabolism; Osteopenia

Osteoporosis and related bone fractures are growing
medical problems especially with the enhanced longevity
in industrial countries [1,2]. - Therefore, it is important to
know the factors that regulate bone mass and to develop
eflective therapeutic methods. Bone and bone marrow
consist of various cells, including osteoblasts, osteo-
clasts, hematopoietic cells, and adipocytes. Bone adipo-
cytes share a common mesenchymal precursor with

* Corresponding author. Fax: +81 6 6879 3739,
E-mail address: ichi@imed2.med.osaka-u.ac.jp (I. Shimomura).
! These two authors contributed equally to this work.

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2005.03.210

osteoblasts and chondrocytes, and their numbers in
bone marrow are altered in various pathophysiological
conditions [3,4], but their roles in bone biology have
not been clarified.

Several studies of adipocyte function have revealed
that adipose tissue is not merely an energy-storing organ
but it secretes a variety of biologically active molecules,
which we conceptualized as “adipocytokines,” including
plasminogen activator inhibitor-1, tumor necrosis fac-
tor-a,, resistin, leptin, and adiponectin [5-8]. Recent
studies suggested that leptin, an anti-satiety adipocyto-
kine, might have enhancing effects on bone mass
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[9,10]. Administration of leptin partially prevented bone
loss in ovariectomized rats [11] and increased bone min-
eral density in leptin-deficient mice [12,13].

Adiponectin is a fat-specific secretory factor that was
identified by our group in human fat cDNA [14]. The
mouse homologue of adiponectin was independently
cloned as adipoQ and Acrp30[15,16]. We and others have
shown that adiponectin has various biological functions,
such as increasing insulin sensitivity in the liver and skel-
etal muscle, and protecting vascular walls from athero-
sclerosis, hence low plasma adiponectin levels in obesity
might contribute to insulin resistance, diabetes, and ath-
erosclerosis [17-21]. Furthermore, we recently showed
that adiponectin inhibited liver fibrosis by suppressing
proliferation and activity of hepatic stellate cells produc-
ing fibrotic collagen and transforming growth factor-f3
[22]. Others also reported that adiponectin have tumor
growth inhibitory properties [23]. On the other hand,
receptors of adiponectin were cloned and found to be ex-
pressed ubiquitously [24-26], suggesting that adiponectin
might also play certain roles in bone biology.

The present study was designed to determine the effects
of adiponectin on bone metabolism. The results showed
that adiponectin increased bone mass by suppressing
osteoclastogenesis and by activating osteoblastogenesis,
suggesting that adiponectin could be potentially useful
therapeutically for patients with reduced bone mass.

Materials and methods

Animals. All animals were purchased from Clea Japan (Tokyo,
Japan) and housed in a room under controlled temperature (23 £ 1 °C)
and humidity (45-65%), and had free access to water and chow
(Oriental Yeast). All animal experiments were conducted In
accordance with the Institutional Guidelines for the Care and Use of
laboratory animals.

Adiponectin  adenovirus.  Adenovirus producing the full-length
mouse adiponectin was prepared as described previously [27]. Then,
2 x 10% plaque-forming units of adenovirus-adiponectin (Ad-adipo) or
adenovirus-lacZ (Ad-lacZ) were injected into the jugular vein of
8-week-old C57BL/6J male mice. Mice were sacrificed on day 14 after
virus injection.

Skeletal morphology. Three-dimensional microcomputed tomog-
raphy (3D-pCT) scan was undertaken and the trabecular bone area
(percentage of bone volume [BV] per tissue volume [TV]) was mea-
sured using a composite X-ray analysis system (Shimadzu,
SMX-100CT-SV, Kyoto, Japan). Bones were fixed in 10% buffered
formalin, decalcified in [4% ethylenediaminetetraacetic acid (EDTA),
and embedded in paraffin. The sections were stained with tartrate-re-
sistant acid phosphate {TRAP) and the number of TRAP-positive cells
was counted in five sections per mouse.

Bone marker measurement. The blood samples were collected on
day 14 after virus injection and processed within 30 min of collection,
and aliquots of plasma were kept frozen at —80°C until analyzed.
Plasma cross-linked N-telopeptide of type 1 collagen (NTx), which is a
marker of bone resorption, was measured by using an enzyme
immunoassay (EIA). NTx concentrations were expressed as nanomoles
of bone collagen equivalents (BCE) per liter (nM BCE/L).

Culture of mouse bone marrow macrophages. Mouse bone marrow
macrophages (M-BMMs) were obtained as reported previously [28].

Briefly, whole bone marrow cells prepared from the femur and tibia of
S-week-old C57BL/6J male mice were suspended in a-minimal essen-
tial medium («MEM) containing 10% heat-inactivated fetal bovine
serum (FBS) and recombinant human macrophage colony-stimulating
factor (M-CSF, 100 ng/ml) at 5x 10° cells in a 10-cm culture dish.
After 3 days in culture, the cells were washed, harvested with 0.02%
EDTA in phosphate-buffered saline (PBS), and seeded at 3 x 10° cells
into another 10-cm culture dish. After a further 3 days in culture, the
cells were harvested, plated at a density of 1.5 x 10 cells/cm? in 48-well
plates, and maintained for 5 days in the presence of recombinant hu-
man soluble receptor activator of nuclear factor-xB ligand (RANKL,
50 ng/ml) and M-CSF (100 ng/ml) with or without recombinant hu-
man adiponectin [29].

Culture of human CDI14" peripheral blood mononuclear cells, Hu-
man CD14-positive peripheral blood mononuclear cells (PBMCs) were
prepared as reported previously {30]. Briefly, peripheral blood was
obtained from healthy male volunteers and was carefully layered on
the Ficoll-Paque PLUS solution (Amersham Biosciences, USA), and
centrifuged at 1500 rpm for 30 min. PBMC layer was collected and
washed twice in PBS. CDI14-positive cells were selected using a mag-
netic isolation procedure (MACS CD14 Microbeads, Miltenyi Biotec,
Germany). The cells were plated at a density of 1 x 10° cells/cm? in 48-
well plates in «MEM containing 10% FBS and 1% penicillin/strepto-
mycin, and cultured for 7 days in the presence of M-CSF (25 ng/ml)
and RANKL (40 ng/ml) with or without recombinant human
adiponectin.

Tartrate-resistant acid phosphate staining. TRAP staining was
performed using a commercial TRAP staining kit (Hokudo, Sapporo,
Japan). The number of TRAP-positive multinuclear (>3 nuclei) cells in
each well was counted.

Calcium resorption assay. Calcified matrix-resorption activity of
osteoclasts was determined using BD BioCoat osteologic calcium
hydroxyapatite-coated 16-well chamber slides (BD Biosciences, Bed-
ford, MA), Human CD14-positive monocytes were seeded at a density
of 1 x 10° cells/cm? with M-CSF (25 ng/ml) and RANKL (40 ng/ml).
At day 0, 3 (pre-osteoclasts) or day 7 (mature osteoclasts), re-
combinant human adiponectin was added to the cuiture medium. At
day 14 cells were removed by vigorous washing, and resorption area
was measured using Win Roof software version 3.5 (Mitani, Fukui,
Japan).

Cell culture. Mouse pre-osteoblast MC3T3-El cells were cultured in
oMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
For cell differentiation study, the cells were seeded at a density of 2 x 10°
per well in 12-well plates. After the cultures reached confluence, the
medium was changed to oMEM with 10% FBS containing 50 pg/ml
L-ascorbic acid phosphate magnesium {Wako Pure Chemical, Osaka,
Japan) and 10 mM B-glycerophosphate (Wako Pure Chemical). Then,
the cells were further cultured for indicated time with or without
recombinant mouse adiponectin, which was generated in a manner
similar to recombinant human adiponectin as described previously [31].

RNA analysis. Total RNAs were extracted from cells with an RNA-
STAT-60 kit (Tel-Test “B”). The first-strand cDNA was synthesized
using ThermoSecript RT-PCR System (Invitrogen, San Diego, CA).
Real-time polymerase chain reaction (PCR) was performed on a Light
Cycler using the Fast Start DNA Master SYBR Green I (Roche Diag-
nostics) according to the protocol provided by the manufacturer [32].
Sequences of primers used for real-time PCR were as follows: alkaline
phosphatase (ALP), 5'-GCC CTC TCC AAG ACA TAT A-3' and 5'-
CCATGA TCA CGT CGATAT CC-3", 185, 5'-CGG CTA CCA CAT
CCA AGG AA-3" and 5'-GCT GGA ATT ACC GCG GCT-3".

Mineralization assay. MC3T3-El cells were incubated at 34 °C for
24 h in culture medium, and then the medium was refreshed with
culture medium with or without adiponectin. The degree of minerali-
zation was determined in the 12-well plates using Alizarin Red stain-
ing, as described previously {33]. Briefly, the differentiated MC3T3-E!l
cells were rinsed twice with PBS followed by fixation with 70% ethanol
for 1h at room temperature. Then cells were stained with 40 mM
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Alizarin Red S (Wako Pure Chemical) at pH 4.0 for 10 min at room
temperature, and were washed five times with deionized water and
twice with PBS. Then. staining was released from the cell matrix by
incubation in 10% cetylpyridinium chloride at pH 7.0 for 15 min. The
degree of mineralization was determined by measuring the absorbance
of supernatants at 562 nm.

Statistical analysis and ethical considerations. Results were expressed
as means = SEM. Differences between groups were examined for sta-
tistical significance using Student’s 7 test or analysis of variance with
Fisher's protected least significant difference test. A Pvaluc less than 0.05
denoted the presence of a statistically significant diflerence. The experi-
mental protocol was approved by the Ethics Review Committee for
Animal Experimentation of Osaka University School of Medicine.

Results

Adenovirus-mediated overexpression of adiponectin in
vivo

To investigate the in vivo role of adiponectin in bone
metabolism, we treated C57BL/6J mice with adenovirus
producing adiponectin (Ad-adipo) or lacZ (Ad-lacZ).
Two weeks after injection, we estimated structural
changes in the bone by analyzing cortical and trabecular
bones with 3D-uCT. Fig. 1A shows representative
3D-uCT images of the proximal tibia of Ad-lacZ- and
Ad-adipo-treated mice, demonstrating a significantly
larger trabecular bone volume in Ad-adipo-treated mice
than in Ad-lacZ-treated mice. The trabecular bone vol-
ume of the proximal tibia at two different areas located
50-250 and 500-700 um from the growth plates of the
proximal tibia (representing the most active areas for
bone remodeling, Fig. 1B) was significantly higher in
Ad-adipo-treated mice than in the control Ad-lacZ-trea-
ted mice (Fig. 1B). Similar findings were observed in the
femur, by 3D-uCT analysis (data not shown).

To investigate whether adiponectin modulates osteo-
clastogenesis, we analyzed TRAP-stained sections of the
distal femur in Ad-lacZ- and Ad-adipo-treated mice.
Examination of these sections demonstrated fewer
TRAP-positive osteoclasts in Ad-adipo-treated mice
than in Ad-lacZ-treated mice (Fig. 2A). Quantitative
analysis confirmed that the number of TRAP-positive
osteoclasts was significantly lower in adiponectin-adeno-
virus-treated mice than in Ad-lacZ-treated mice (Fig.
2B). Furthermore, in Ad-adipo-treated mice, plasma
levels of NTx, a marker of bone resorption, were signif-
icantly lower than in Ad-lacZ-treated mice (Fig. 2C).
Taken together, our in vivo data indicated that adipo-
nectin suppresses osteoclastogenesis.

Lffects of adiponectin on osteoclast differentiation and
activity

Next, we investigated the effects of adiponectin on the
differentiation of osteoclasts in vitro by treating primary
cultures of bone marrow stromal cells, which contain
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Fig. 1. Increased trabecular bone mass in adiponectin-adenovirus-
treated mice. (A} Three-dimensional uCT scan images of the proximal
tibia of C57BL/6J mice treated with lacZ- (upper panels) or
adiponectin-adenovirus (lower panels). The left-side panels show
anterior—posterior view and the right-side panels show lateral-medial
view. (B) Quantitative data of trabecular bone volume at indicated two
areas; 50-250 pm (a) and 500--700 um (b) from the distal end of the
growth plate, in the proximal tibia of C57BL/6] mice treated with
lacZ- (L, n=28) and adiponectin-adenovirus (A, n = 8). Data are
expressed as percentage of total tissue volume (BV/TV [/4]). Data are
means + SEM. *P < 0.05, **P -20.01, compared with lacZ-adenovi-
rus-treated mice.

osteoclast progenitor cells, with or without recombinant
adiponectin. Previous studies reported that M-CSF and
RANKL induced differentiation of progenitor cells into
TRAP-positive osteoclasts [34,35]. In the present study,
treatment of bone marrow stromal cells with adiponec-
tin suppressed M-CSF/RANK L-induced differentiation
of these cells into osteoclasts, in a dose-dependent
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Fig. 2. Reduction of TRAP-positive osteoclasts in mice treated with adiponectin-adenovirus. (A) Histological examination of the distal femur with
TRAP staining (left; lacZ, right; adiponectin). TRAP-positive osteoclasts are stained red. (B) Quantitative analysis of the number of TRAP-positive
osteoclasts in C57BL/6J mice treated with lacZ- (L, n = 8) and adiponectin-adenovirus (A, n = 8). Data are means &= SEM. *P < 0.05, compared with
lacZ-adenovirus-treated mice. (C) Plasma NTx levels of C57BL./6J mice treated with lacZ- (L, n = 8) and adiponectin-adenovirus (A, # = 8). Data are
means + SEM. **P < (.01, compared with lacZ-adenovirus-treated mice. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this paper.)

manner (Fig. 3A). Similarly, adiponectin also dose-de-
pendently suppressed differentiation of human CDI14-
positive PBMCs into osteoclasts (Fig. 3B).

Next, we performed bone-resorption analyses with or
without adiponectin treatment, using human CD14-posi-
tive cells. Treatment of these cells with adiponectin for 14
days (days 0-14) after M-CSF-and RANKL-induced dif-
ferentiation resulted in a significant reduction of the
resorption area in a dose-dependent manner (Fig. 3C).
Furthermore, a significant reduction of the resorption
area was also noted with adiponectin treatment from
day 3 or 7 when human CD14-positive cells were already
differentiated (days 3—14, 7-14) (Figs. 3D and E). These
results suggest that adiponectin could suppress osteo-
clastogenesis and bone-resorption activity of osteoclasts.

Effects of adiponectin on MC3T3-EI osteoblasts

To investigate the effects of adiponectin on osteo-
blasts, we treated MC3T3-E1 osteoblasts with adiponec-
tin for 18 days and measured mRINA levels of alkaline
phosphatase (ALP) and the mineralization activity of
MC3T3-E1 osteoblasts. Treatment with adiponectin sig-
nificantly increased ALP mRINA level on day 12 and 18
compared with the control (Fig. 4A), suggesting that
adiponectin might enhance the differentiation of osteo-
blasts. Previous reports indicated increased mineraliza-
tion activity of MC3T3-El cell matrix in the presence
of ascorbic acid [33,36]. Treatment of these cells with
adiponectin significantly increased mineralization of
the matrix (Fig. 4B).
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Fig. 3. Effects of adiponectin on primary cultures of osteoclasts. (A,B) TRAP assay of primary cultures of mouse bone marrow macrophages (A) and
human CD14-positive PBMCs (B) stimulated by M-CSF and RANKL and treated with the indicated amounts of adiponectin. Data are expressed as
means + SEM. *P < 0.05, compared with cells that were not treated with adiponectin (0-30 pg/ml). (C, D, and E) Bone-resorption assay of human
CD14-positive PBMCs stimulated by M-CSF and RANKL, and treated with the indicated amounts of adiponectin from day 0 to 14 (C), from day 3
to 14 (D), and from day 7 to 14 (E). Data are means & SEM. *P <0.05, **P <0.01, compared with cells that were not treated with adiponectin

(0-30 pg/ml).

Discussion

In the present study, we investigated the role of
adiponectin on bone formation in vivo, using an adipo-
nectin-producing adenovirus. The major finding of the
present study was that adiponectin supplement in-
creased bone mass in trabecular bone. Analysis of the
mechanism of this action revealed that adiponectin acts
by reducing the differentiation and bone-resorption
activity of osteoclasts, and possibly by enhancing the
differentiation and mineralization activity of osteoblasts.

We observed the increase of bone mass only in tra-
becular bone, but not in cortical bone, of adiponectin-
adenovirus-treated mice. The duration of adiponectin
overproduction by adenovirus treatment is at most 2
weeks. This could explain, at least in part, the effect of
adiponectin on trabecular bone and the lack of such ef-
fect on cortical bone, since the former has a higher
remodeling activity than the latter {37]. We also ob-
served a significant decrease in osteoclast count and
plasma NTx levels in adiponectin-adenovirus-treated

—293~

mice, indicating that adiponectin inhibits bone resorp-
tion. These findings were confirmed in tissue culture
experiments. In mouse bone marrow macrophages (M-
BMMs) and CD14-positive human peripheral blood
mononuclear cells (PBMCs), adiponectin inhibited the
M-CSF- and RANKL-induced differentiation of these
cells into osteoclasts, as well as the bone-resorption
activity of mature osteoclasts. Furthermore, we found
that both bone tissue and primary osteoclasts expressed
both adipoR1 and R2 (Supplemental Fig. 1), suggesting
that adiponectin directly targets octeoclast cells. These
results demonstrate that adiponectin suppresses bone-
resorption activity by inhibiting osteoclastogenesis.

In adiponectin-adenovirus infected mice, plasma glu-
cose and insulin levels did not change compared to con-
trol-adenovirus infected mice, indicating that this
adenovirus treatment did not affect glucose metabolism
systemically (data not shown). This is consistent with
our previous report, in which we demonstrated that
adiponectin-KO mice showed normal glucose and insu-
lin levels in plasma, and adiponectin-adenovirus has no
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Fig. 4. Effects of adiponectin on MC3T3-El osteoblasts. (A) ALP
mRNAs in MC3T3-E1 cells treated with or without adiponectin for 12
or 18 days were measured by real-time quantitative reverse transcrip-
tase-PCR as described in Materials and methods. Data are normalized
with 18S RNAs and expressed as means &= SEM of three independent
experiments. **P < 0.01, compared with the control. (B) The miner-
alization activity of MC3T3-El cells treated with or without adipo-
nectin for 12 or 18 days was measured as described in Materials and
methods. Data are expressed as means = SEM of three independent
experiments. **P < (.01, compared with the control.

effect on plasma glucose and insulin levels under
control diet, although when adiponectin-KO mice are
fed with high fat diet, their plasma glucose and insulin
levels significantly elevate compared to wild-type mice
and adiponectin-adenovirus reverses them to the level
of wild-type mice [19]. Therefore, this effect of adiponec-
tin should not be mediated by its systemic insulin-sensi-
tizing effect in normal mice. However, whether it is
mediated by local insulin-sensitizing effect remains to
be elucidated.

The bone-forming activity of osteoblasts is also
important in determining bone mass [37,38]. Our study
revealed that adiponectin increased mRNA expression
of ALP and mineralization activity of mouse MC3T3-
El osteoblasts. We also investigated the effect of
adiponectin on the osteoblastogenesis of primary mouse
osteoblasts and mouse bone marrow cells. However, the
effect was not significant on these cells (data not shown),
indicating that adiponectin may have the potential to
activate osteoblasts, but its effect may be dependent on
the cell types.

In conclusion, we have demonstrated in the present
study that adiponectin increases bone mass by suppress-
ing osteoclastogenesis and possibly by activating osteo-
blastogenesis. These results suggest that increasing the
concentration and/or enhancing the activity of adipo-
nectin might be therapeutically beneficial for patients
with reduced bone mass.
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The receptor activator of NF-«B ligand (RANKL), a critical regu-
lator of osteoclastogenesis, is synthesized as a membrane-anchored
protein and cleaved into a soluble form by ectodomain shedding.
We developed an assay system to identify molecules regulating the
RANKL shedding. Using this system, we found that a splice variant
of Ca®**-promoted Ras inactivator (CAPRI), ACAPRI, which is
expressed in primary osteoblasts, promoted the RANKL shedding.
The wild type CAPRI is a member of the Ras GTPase-activating
protein (GAP) family and suppresses Ca>*-dependent Ras activa-
tion, whereas ACAPRI, which lacks one exon in the GAP-related
domain, activated the Ras pathway. Overexpression of ACAPRI or a
constitutive active form of Ras up-regulated the expression level of
matrix-metalloproteinase 14 (MMP14), which directly cleaves the
ectodomain of RANKL, whereas Erk activation by expressing the
constitutive active Mekl did not affect the MMP14 expression or
RANKL shedding. These results suggest that ACAPRI is a possible
regulator of RANKL shedding by modulating MMP14 expression
through Ras signaling cascades other than the Erk pathway.

The receptor activator of NF-«B ligand, RANKL (also known as TNE-
related activation-induced cytokine, TRANCE, osteoprotegrin ligand,
OPGL, and osteoclast differentiation factor, ODF) is a type II trans-
membrane glycoprotein with a molecular mass of ~45 kDa, which
belongs to the tumor necrosis factor (TNF)” ligand family (1-5).
RANKL is expressed on the membrane of osteoblasts and bone marrow
stromal cells and binds to and activates TNF family receptor RANK
expressed on monocyte-macrophage lineage osteoclast precursors (3,
4). Upon binding to RANKL, RANK activates the intracellular signaling
pathways including NF-«B, Erk, INK, and NFATc], and leads to oste-
oclast differentiation, activation, and survival (6, 7). The essential role of
RANKL in normal bone turnover was further established by a series of
knock-out mice, i.e. both RANKL- and RANK-deficient animals exhib-
ited severe osteopetrosis because of the lack of osteoclast differentiation
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Sports, Science and Technology of Japan and the Health Science research grants from
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placental alkaline phosphatase; wt, wild type; Mek, mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase.
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(8, 9), whereas the targeted disruption of osteoprotegerin, a natural
inhibitor of RANKL, developed severe osteoporosis because of
enhanced osteoclastogenesis (10).

Some transmembrane proteins are extracellularly cleaved and
released into the surrounding environment. RANKL is also made as a
membrane-bound protein, cleaved by some proteinases, and converted
to the soluble RANKL (11, 12). This process, known as ectodomain
shedding, has a diverse effect on a wide variety of membrane-bound
proteins. For example, when TNF-« is cleaved by the TNF-a converting
enzyme and released into the circulatory system, it exhibits strong sys-
temic effects (13, 14). In contrast, the Fas ligand is a strong apoptosis
inducer in its membrane-bound form, but the soluble Fas ligand has
fewer effects on apoptosis induction (15).

Although some proteinases have been demonstrated to have the
RANKL shedding activity, no definite RANKL sheddase(s) have yet
been identified. TNF-a converting enzyme was reported to be a candi-
date of RANKL sheddase (11); however, a more recent study has shown
that TNF-« converting enzyme had no apparent effect on the RANKL
shedding and that the RANKL shedding in TNF-a converting enzyme-
deficient cells was indistinguishable (16). A disintegrin and metallopro-
teinase domain family (ADAM)19 has also been reported to exhibit
RANKL shedding activity (17), but embryonic fibroblasts from
ADAMI9 knock-out mice showed almost the same RANKL shedding
activity as the cells from the wild type animals (16). Matrix metallopro-
teinase 14 (MMP14, also called the membrane-type 1 matrix metallo-
proteinase, MT1-MMP) can also cleave RANKL, although its cleavage
site differs from that previously reported (16). These results suggest that
there are other molecules implicated in RANKL shedding.

To identify molecules involved in the regulation of RANKL shedding,
we developed a novel screening system, in which expression plasmids
encoding secreted placental alkaline phosphatase (SEAP) fused with
mouse C-terminally truncated RANKL (tRANKL-SEAP) were
co-transfected with ¢cDNA library pools of ST2 cells. Utilizing this
screening system, we found that an alternatively spliced variant of Ca®* -
promoted Ras inactivator (CAPRI), ACAPRI led to an increase in the
RANKL shedding.

MATERIALS AND METHODS

Reagents—p-Nitrophenyl phosphate was purchased from Sigma-Al-
drich. DNA polymerase, Pyrobest (for subcloning), was purchased from
Takara biochemicals (Shiga, Japan), KOD plus (for reverse transcrip-
tion-PCR} was from Toyobo (Osaka, Japan), and ionomycin was from
Merck. Antibodies were purchased as follows: for the His tag, Erk, phos-
phorylated Erk, integrin-B and HSP-90 from Santa Cruz Biotechnology,
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