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Osteoblasts are the primary cells responsible for bone forma-
tion. They also support osteoclast formation from bone marrow
precursors in response to osteotropic factors by inducing recep-
tor activator of NF-kB ligand (RANKL) expression and down-
regulating osteoprotegerin (OPG) production. In addition to
the RANKL-RANK-OPG signaling axis, other factors produced
by osteoblasts/stromal cells are involved in osteoclastogenesis.
Here, we describe the identification and characterization of
leucine-rich repeat-containing 17 (LRRc17), a member of the
LRR superfamily that acts as a negative regulator of RANKL-
induced osteoclast differentiation. Osteoblasts showed high lev-
els of LRRcl7 expression, which was down-regulated in
response to the pro-osteoclastogenic factor 1,25-dihydroxyvita-
min D;. Recombinant LRRc17 protein inhibited RANKL-in-
duced osteoclast differentiation from bone marrow precursors,
whereas it did not affect the differentiation or activation of mac-
rophages and dendritic cells. These results suggest that among
the cell types derived from common myeloid precursors,
LRRc17 specifically regulates osteoclasts. Further analysis
revealed that LRRc17 attenuated RANKL-induced expression of
NFATcl by blocking phospholipase C-y signaling, which, in
turn, inhibited RANKL-mediated osteoclast differentiation.
Taken together, our results demonstrated a novel inhibitory
activity of LRRc17 in RANKL-induced osteoclastogenesis.
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Bone remodeling continuously renews the skeleton and
maintains its structure through a spatially coordinated balance
between bone resorption and bone formation. This process
involves the synthesis of organic matrix by osteoblasts and bone
resorption by osteoclasts. The development and functions of
both cell types are tightly regulated by various osteotropic fac-
tors and hormones. Mature matrix-secreting osteoblasts are
derived from mesenchymal stem cells through a series of pro-
genitor stages before being progressively transformed into
osteocytes. On the other hand, multinucleated mature oste-
oclasts differentiate from macrophage/monocyte lineage pre-
cursor cells following a sequential process that includes prolif-
eration, differentiation, fusion, and activation (1-4).

Receptor activator of NF-«B ligand (RANKL)* induces oste-
oclast formation from hematopoietically derived, myeloid line-
age monocyte precursor cells (1, 2,4, 5). The binding of RANKL
to its receptor, receptor activator of NF-«kB (RANK), activates
NF-kB, c-Jun N-terminal kinase (JNK), p38, extracellular sig-
nal-related kinase (ERK), and Akt, which mediate the differen-
tiation, activation, and survival of osteoclasts (4, 6, 7). RANKL
activates and/or induces the expression of transcription factors
known to be important for osteoclastogenesis in vitro and in
vivo, including c-Fos, microphthalmia transcription factor
(MITF), and NFATcl (1, 3, 4, 8). In particular, NFATc] is
thought to be a master downstream regulator of RANKL-in-
duced osteoclastogenesis because ectopic expression of
NFATCc1 causes precursors to efficiently differentiate into oste-
oclasts in the absence of RANKL, whereas NFATc1-deficient

“The abbreviations used are: RANK, receptor activator of NF-kB; RANKL, RANK
ligand; OPG, osteoprotegerin; LRR, leucine-rich repeat; LRRc17, leucine-
rich repeat-containing 17; PLCvy, phospholipase C-v; JNK, c-Jun NH,-termi-
nal kinase; ERK, extracellular signal-regulated kinase; MAP, mitogen-acti-
vated protein; MITF, microphthalmia transcription factor; 1,25(0H),Ds,
1,25-dihydroxyvitamin D5; PTH, parathyroid hormone; M-CSF, macro-
phage colony-stimulating factor; GM-CSF, granulocyte-macrophage colo-
ny-stimulating factor; OSCAR, osteoclast-associated receptor; a-MEM,
a-minimum essential medium; FBS, fetal bovine serum; BMM, bone mar-
row-derived macrophage; TRAP, tartrate-resistant acid phosphatase; MNC,
multinucleated cell; FACS, fluorescence-activated cell sorter; ALP, alkaline
phosphatase; LPS, lipopolysaccharide.
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embryonic stem cells fail to differentiate into osteoclasts in
response to RANKL (8 -10).

Osteoblasts support osteoclast formation from monocyte
precursors in response to such osteotropic factors as 1,25-dihy-
droxyvitamin D, (1,25(0OH),D;) and parathyroid hormone
(PTH) (2). Most of these catabolic factors induce osteoclast
formation by up-regulating the expression of M-CSF and
RANKL, whereas concomitantly reducing the levels of the sol-
uble RANKL decoy receptor osteoprotegerin (OPG) in osteo-
blasts (2, 4). In addition to the essential roles of these molecules
in osteoclastogenesis, a number of other proteins act as modu-
lators of osteoclast differentiation. Mice lacking ITAM-harbor-
ing DAP12 and FcRy, which activate calcium signaling in oste-
oclast precursors, exhibit an osteopetrotic phenotype due to
the defective osteoclast formation (8, 11, 12). These findings
suggest that DAP12- and FcRy-mediated ITAM signaling is
critical for RANKL-induced osteoclastogenesis. It has been
reported that costimulatory receptors, such as triggering recep-
tor expressed in myeloid cells 2 (TREM2), signal-regulatory
protein B1 (SIRPB1), paired Ig-like receptor A (PIR-A), and
osteoclast-associated receptor (OSCAR), interact with DAP12
or FcRvy (11); these receptors enhance calcium signaling and
subsequent RANKL-induced osteoclastogenesis (4, 8, 11,
13). Despite progress in understanding such costimulatory
receptors, OPG is the only well characterized inhibitory reg-
ulator of RANKL-induced osteoclast differentiation. Thus,
we screened osteoblasts, important mediators of pathophys-
iological bone remodeling, for additional inhibitors of oste-
oclastogenesis and identified a leucine-rich repeat-contain-
ing protein of previously unknown function (LRRc17). This
protein is highly expressed in osteoblasts, and its expression
is markedly suppressed in response to the pro-osteoclasto-
genic factor 1,25(0OH),D,. Moreover, we show that recom-
binant LRRc17 inhibits RANKL-induced osteoclast differen-
tiation, demonstrating that LRRc17 is a novel negative
regulator of osteoclastogenesis.

EXPERIMENTAL PROCEDURES

PCR-mediated c¢DNA Subtraction—Primary osteoblasts
were obtained from calvarias of newborn C57BL/6 mice using
conventional methods and collagenase as described previously
(14). In brief, calvarial cells were harvested from periosteum
following incubation with 0.2% collagenase/dispase in serum-
free a-minimum essential medium (a-MEM). The calvaria-de-
rived cells were cultured for 3 days in a-MEM containing 10%
fetal bovine serum (FBS). The 3-day-old immature osteoblasts
were cultured with 5 X 10~ % M 1,25(OH),D, for 2 days and used
to prepare a cDNA library. The enriched cDNA library was
generated using poly(A)* RNA from the 1,25(OH),D,-treated
cells and a fibroblastic cell line (NIH3T3) as described previ-
ously (13). Briefly, 2 ug of poly(A)* RNA from the
1,25(0OH),D;-treated and NIH3T3 cells was used to produce
tester and driver cDNA, respectively. A subtractive PCR was
performed using a PCR-Select cDNA subtraction kit (Clon-
tech) according to the manufacturer’s protocol (13, 15).

Identification of LRRc17—We compared the mRNA expres-
sion profile of primary osteoblasts treated with 1,25(OH),D,
with that of NIH3T3 cells using a PCR-based cDNA subtraction
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technique. The subtracted cDNA library was constructed as
described previously (13, 15). We randomly selected and tested
171 clones from the cDNA library. Among the 171 clones
tested, 85 clones showed higher expression levels in
1,25(0OH),D;-treated cells than in NIH3T3 cells, suggesting
that ~50% of the cDNA library was derived from genes that
were preferentially expressed in 1,25(OH),D;-treated cells, a
result that agrees with our previous experiences (13, 15).
Sequence analysis of the 85 clones revealed that they repre-
sented 42 independent genes. To examine the mRNA expres-
sion patterns of the 42 selected genes, we performed Northern
analyses. mRNA was prepared from NIH3T3 cells, primary cal-
varial osteoblasts, and primary calvarial osteoblasts stimulated
with 5 X 10® m 1,25(0OH),D; for 2 days. Among the 42 inde-
pendent genes, 29 showed higher mRNA expression levels in
osteoblasts than in NIH3T?3 cells and no change in response to
1,25(0OH),Ds. Eleven genes showed higher mRNA expression
levels in osteoblasts than in fibroblasts, differences that were
potentiated by 1,25(OH),D,. Interestingly, the mRNA levels of
two genes that were more highly expressed in osteoblasts than
in NIH3TS3 cells were significantly suppressed by 1,25(OH),D,
treatment. In this study, we further characterized one of these
genes (initially described as clone OB86). Sequence analysis
showed that OB86 contained a cDNA fragment representing
nucleotides 1961-2150 in the 3’-untranslated region of the
LRRc17 gene, the function of which was previously unknown.

Osteoclast Formation—Murine osteoclasts were prepared
from bone marrow cells as described previously (16). Bone mar-
row cells were cultured in a-MEM containing 10% FBS with
M-CSF (50 ng/ml) for 3 days, and the attached bone marrow-
derived macrophages (BMMs) were used as osteoclast precur-
sors. To generate osteoclasts, BMMs were cultured with
M-CSF (50 ng/ml) and RANKL (150 ng/ml) for 3 days. To gen-
erate osteoclasts from cocultures containing osteoblasts and
bone marrow cells, primary osteoblasts were prepared from
calvarias of newborn mice as described previously (13). Bone
marrow cells and primary osteoblasts were cocultured for 6
days in the presence of 1,25(OH),D5 (1 X 10~ ¥ m) or PTH (1 X
10~® m)/prostaglandin E, (5 X 10~7 m). Cultured cells were
fixed and stained for TRAP as described previously (17). TRAP-
positive multinucleated cells (TRAP" MNCs) that contained
more than three nuclei were counted.

Soluble LRRc17—A soluble form of LRRc17 was produced by
creating an LRRc17-Fc fusion protein in which LRRc17 was
fused to the constant region of human IgG1. LRRc17-Fc was
produced in Escherichia coli and purified using protein G affin-
ity column chromatography. In brief, E. coli BL21 (DE3) cells
transformed with LRRc17-Fc expression vector were incubated
at 37 °C in LB broth. When the absorbance at 600 nm reached
0.8, 1 mwM isopropyl-1-thio-B-galactopyranoside was added to
the culture to induce protein production, and the cells were
incubated for an additional 4 h. To isolate the insoluble protein
fraction containing LRRc17-Fc, cells were resuspended in lysis
buffer (50 mm Tris-Cl (pH 8.0), 100 mm NaCl, 5 mm EDTA, 0.1
mM phenylmethylsulfonyl fluoride, 1 mm dithiothreitol, and
0.5% Triton X-100), ultrasonicated at 150 watts for 15 min, and
centrifuged at 4500 X g for 15 min. This process was repeated
three times. Then, the separated intracellular insoluble protein
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fraction was solubilized in 8 M urea, 100 mm Tris-Cl (pH 8.0), 50
mM glycine, 5 mm GSH, and 0.5 mm GSSG at 25 °C. After solu-
bilization, the proteins were refolded using stepwise dialysis
with refolding buffer containing 100 mm Tris-ClI (pH 8.0), 400
mM L-arginine, 1 mM EDTA, and 0.2 mm phenylmethylsulfonyl
fluoride. To purify soluble LRRc17-Fc, affinity chromatography
was performed using protein G-agarose. Heat inactivation of
LRRc17-Fc was performed by incubating the samples at 95 °C
for 15 min. We used human IgG and heat-inactivated
LRRc17-Fc as control samples.

Retroviral Infection—To generate retrovirus stock, retroviral
vectors were transfected into the Plat E packaging cell line using
Lipofectamine 2000 (Invitrogen). Viral supernatant was col-
lected from cultured media 24— 48 h after transfection. BMMs
were incubated with viral supernatant for 8 h in the presence of
Polybrene (10 wg/ml). After removing the viral supernatant,
BMMs were further cultured with M-CSF (50 ng/ml) and
RANKL (150 ng/ml) for 3 days.

Measurement of Alkaline Phosphatase (ALP) Activity—Stro-
mal cells derived from bone marrow were cultured in a-MEM
containing 10% FBS. On the third day of culture, the initial
plating medium was replaced with a-MEM containing 10%
FBS, ascorbic acid (50 ug/ml), B-glycerophosphate (10 mm),
and BMP-2 (100 ng/ml) in the absence or presence of
LRRc17-Fc (1 ug/ml). After 7 days of culture, cells were washed
with phosphate-buffered saline and lysed with 400 ul of lysis
buffer (0.5 m Tris (pH 9.0), 150 mm NaCl, and 1% Triton X-100)
for 16 h at 4 °C. Fifty microliters of each lysate was incubated
with 100 ul of p-nitrophenyl phosphate substrate (Sigma-Al-
drich) for 1 h at room temperature. The absorbance was meas-
ured at 570 nm using a microplate reader.

Nodule Formation Assay—Stromal cells derived from bone
marrow were cultured for 21 days as described above. Cells
were fixed with 10% formalin for 30 min at room temperature.
After washing with distilled water, samples were stained with
1% Alizarin Red S (Sigma-Aldrich) for 30 min at room temper-
ature and then were washed three times with distilled water.

Phagocytosis Assay—BMMs were cultured for 3 days with
M-CSF (50 ng/ml) or M-CSF (50 ng/ml) and RANKL (150
ng/ml) in the absence or presence of LRRc17-Fc (1 ug/ml).
Fluorescein-conjugated zymosan A (Saccharomyces cerevisiae)
BioParticles (Molecular Probes) were added to the cultured
cells in 96-well culture plates (20 ng/0.2 ml in each well). After
1 h of incubation, cells were washed with phosphate-buffered
saline to remove the particles that were not incorporated by the
cells. Cells were fixed and observed with UV illumination under
the microscope.

Dendritic Cell Culture and FACS Analysis—Dendritic cells
were prepared from BMMs as described previously with minor
modifications (18). The harvested cells were resuspended in
RPMI 1640 medium supplemented with 5% FBS, and BMMs
were seeded in 24-well plates with GM-CSF (10 ng/ml). Cells
were cultured for 4 days; cells were transferred to fresh
medium containing the same concentration of GM-CSF on
day 2. On day 4, 1 ml of fresh medium containing 1 pug/ml
LPS (Sigma-Aldrich) was added to the cultures to stimulate
the maturation of dendritic cells. The next day, the cells were
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FIGURE 1. LRRc17 mRNA expression. A, Northern blot analysis of NIH3T3
cells, osteoblasts (OB), and osteoblasts treated with 1,25(0H),D; for 2 days
(OB/1,25(0OH),D5). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a loading control. B, Northern blot analysis of LRRc17 in various
mouse tissues, osteoblasts, and bone marrow-derived osteoclasts. C, North-
ern blot analysis was performed using total RNA from primary calvarial osteo-
blasts stimulated with 1,25(0H),D5 for the indicated periods of time.
Sequences specific for LRRc17, OPG, and RANKL were used as probes.

harvested and analyzed with anti-CD86, anti-I-AP, and anti-
CD11c antibodies.

Northern Hybridization and Western Blot Analysis—North-
ern blot analysis was performed as described previously (19).
For immunoblotting analysis, BMMs were stimulated with
RANKL for the indicated periods of time. Cells were then
washed with ice-cold phosphate-buffered saline and lysed in
extraction buffer (50 mm Tris-HCI (pH 8.0), 150 mm NaCl, 1
mMm EDTA, 0.5% Nonidet P-40, and protease inhibitors). Cell
lysates were subjected to SDS-PAGE and Western blotting.

Real-time PCR—Real-time PCRs were performed using the
TagMan universal PCR master mix and an ABI Prism 7000
sequence detection system (Applied Biosystems). TagMan
primers for the indicated genes were obtained from Applied
Biosystems. For each reaction, 250 ng of cDNA template gen-
erated using SuperScript II (Invitrogen) was used.

RESULTS
LRRc17 Is Predominantly Expressed in Osteoblasts and Is

Down-regulated in Response to 1,25(0OH),D;—During a study
comparing the mRNA expression profiles of osteoblasts stim-
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mRNA isoform was detected in the

A [ Heat inactivated LRRc17-Fc
B LRRc17-Fc spleen (Flg lB) LRRcl17 was
Heat inactivated 400 - strongly expressed in primary
LRRc17-Fe LRRc17-Fe 350 1 osteoblasts but not in osteoclasts.
Sl E 300 A Upon stimulation with 1,25(0OH),D.,
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= : ? . expression of RANKL, an osteoclast
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§ PTH < in primary osteoblasts (Fig. 1C) and
. PGE, 104 UAMS32 cells, a stromal/osteoblas-

] tic cell line (supplemental Fig. S1).
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PP g 200 fusing LRRc17 to the Fc portion of
e g human IgGl (LRRcl7-Fc). To
190 determine the role of LRRcl7 in
1.0 0 osteoclastogenesis, LRRc17-Fc was
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osteoblasts were cocultured for 6 days with 1,25(0H),D; (1 X 108

ulated with 1,25(OH),D; under osteoclastogenic conditions
and NIH3T3 fibroblastic cells, which do not support osteoclas-
togenesis (see “Experimental Procedures”), we isolated LRRc17
as a gene with an expression profile characterized by higher
mRNA levels in osteoblasts than in fibroblasts and significant
suppression in response to 1,25(OH),D; treatment (Fig. 1A4).
The putative LRR-containing protein LRRc17, the function of
which was previously unknown, was originally identified as
p37NB using cDNA subtraction analysis of genes with higher
expression levels in an S-type neuroblastoma cell line than in an
N-type neuroblastoma cell line (20). The gene was also
described in a large scale mRNA screen of the human pancreas
(21) and as a result of the complete sequencing of human chro-
mosome 7 (22). The full-length LRRc17 ¢cDNA encodes a
secreted protein that contains five putative LRR domains. The
predicted mouse LRRc17 protein, which is composed of 443
amino acids, is 87% identical and 92% similar to the human
LRRc17 protein.

To further examine the distribution of LRRc17 mRNA, var-
ious mouse tissues were analyzed using Northern blots. Similar
to humans, two isoforms of LRRc17 mRNA were detected,
likely a result of alternative splicing (20-22). LRRc17 mRNA
expression was weakly detected in heart and lung tissues,
whereas a strong signal representing the smaller LRRc17
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FIGURE 2. Role of LRRc17 in osteoclast differentiation. A, mouse bone marrow cells and primary calvarial
M) or PTH (1 X 1078
(PGE,, 5 X 1078 m) in the presence of 3 ug/ml heat-inactivated recombinant murine LRRc17-Fc or native
LRRc17-Fc. Cells were fixed and stained for TRAP (left). The TRAP" MNCs were counted as osteoclasts (right).
B, BMMs were cultured for 4 days with M-CSF (30 ng/ml) and RANKL (150 ng/ml) in the presence of various
concentrations of heat-inactivated recombinant murine LRRc17-Fc or native LRRc17-Fc as indicated. Cells were
fixed and stained for TRAP (left). TRAP* MNCs were counted as osteoclasts (right).

added to cocultures containing
bone marrow precursor cells and
osteoblast/stromal cells in the pres-
ence of the osteotropic factor
1,25(OH),D;. The addition of
LRRc17-Fc significantly inhibited
the formation of multinucleated
TRAP™ osteoclasts (TRAP* MNCs)
in the cocultures containing 1,25(OH),D; (Fig. 2A4). The
inhibitory effect of LRRc17 on osteoclastogenesis was also
observed in cocultures containing PTH and prostaglandin
E,, two additional osteotropic factors (Fig. 24). These results
indicate that LRRc17 plays a negative regulatory role in
development of mature osteoclasts from osteoblast-stimu-
lated bone marrow precursor cells. The levels of M-CSF and
RANKL expression induced by 1,25(OH),D; in osteoblasts,
however, were not affected by treatment with LRRc17-Fc
(supplemental Fig. S2).

LRRc17-Fc also inhibited osteoclastogenesis from BMMs
treated with a combination of recombinant M-CSF and
RANKL in the absence of osteoblasts/stromal cells (Fig. 2B),
suggesting that LRRc17 may act directly on osteoclast precur-
sors to inhibit osteoclast differentiation. We confirmed that
recombinant LRRc17-Fc did not affect the proliferation or sur-
vival of BMMs using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay (data not shown). Taken
together, our results suggest that LRRc17 directly acts on oste-
oclast precursors and thereby inhibits RANKL-induced oste-
oclast differentiation.

Macrophages, osteoclasts, and dendritic cells originate from
common myeloid lineage precursors (3, 4, 8, 23). Therefore, we
determined whether LRRc17 affects the fates of monocyte lin-

m)/prostaglandin E,
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FIGURE 3. Effect of LRRc17 on dendritic cell differentiation and the phagocytic activity of macrophages. A, BMMs were cultured for 3 days with M-CSF
alone or M-CSF and RANKL in the presence of 1 ug/ml murine LRRc17-Fc or control IgG. Cultured cells were incubated with fluorescein-conjugated zymosan
particles for 1 h and washed with phosphate-buffered saline. Cells were fixed and observed with UV illumination under a microscope. Fluorescein-conjugated
zymosan particles incorporated by the cells appear as bright dots in the dark field. B and C, BMMs were cultured for 4 days with GM-CSF to generate dendritic
cells in the presence of 1 ug/ml murine LRRc17-Fc or control IgG. B, the cells were harvested and stained for FACS analysis with anti-CD11c antibodies (dotted
lines) or control IgG (solid lines). C, LPS (1 g/ml) was added to cultures to induce dendritic cell maturation. The cells were harvested the next day and stained
for FACS analysis with anti-CD86 or anti-I-A® antibodies (solid lines, without LPS; dotted lines, with LPS).

eage-derived cell types other than osteoclasts. Bone marrow
cells were cultured in the presence of M-CSF alone to generate
BMMs, the functions of which were measured by examining the
phagocytosis of zymosan particles. The results showed that
LRRc17-Fc did not inhibit the phagocytic activity of BMMs
(Fig. 3A4). On the other hand, we showed that RANKL treatment
inhibited the phagocytic activity of BMMs (24). Because recom-
binant LRRc17-Fc protein inhibited osteoclastogenesis, we rea-
soned that BMMs treated with LRRc17-Fc might retain a phag-
ocytic activity even in the presence of RANKL. When we
cultured BMMs for 3 days with M-CSF and RANKL, BMMs

15312 JOURNAL OF BIOLOGICAL CHEMISTRY

treated with LRRC17-Fc were able to phagocytose the zymosan
particles, whereas control IgG-treated BMMs lost their phago-
cytic activity under the same conditions.

Previously, we demonstrated that BMMs developed into
dendritic cells in response to stimulation with GM-CSF in vitro
(24). Therefore, we tested whether LRRc17 affected the differ-
entiation of BMMs into dendritic cells. After BMMs were cul-
tured with GM-CSF for 4 days, immature dendritic cells were
treated with LPS overnight in the presence of LRRc17-Fc or
control IgG. The cells were then harvested and examined for
dendritic cell markers, including CD11c, CD86, and I-AP. As
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FIGURE 4. Effect of LRRc17 on osteoblast differentiation. A, Northern blot analysis was performed using total
RNA from primary calvarial osteoblasts stimulated with ascorbic acid and B-glycerophosphate for the indi-
cated periods of time. Sequences specific for LRRc17, OPG, ALP, and bone sialoprotein (BSP) were used as
probes. B and C, stromal cells derived from bone marrow were cultured with ascorbic acid, B-glycerophos-
phate, and BMP-2 in the presence of various concentrations of murine LRRc17-Fc or control IgG as indicated.
B, on days 6 and 12 of culture, ALP activity was measured at 570 nm. C, on day 12, cells were fixed and stained
for nodules. W/O OB medium, without osteogenic medium; W/OB medium, with osteogenic medium.
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FIGURE 5. LRRc17 does not affect immediate RANKL-induced signaling.
BMMs were stimulated with 500 ng/ml RANKL for the indicated periods of
time in the presence of 1 ug/ml human IgG (hlgG), heat-inactivated murine
LRRc17-Fc, or murine LRRc17-Fc. Whole-cell extracts were subjected to West-
ern blot analysis with specific antibodies as indicated. p-JNK, phospho-JNK, ;
p-ERK, phospho-ERK; p-p38, phospho-p38; p-IkB, phospho-IB.

asEvie

MAY 29, 2009+VOLUME 284 -NUMBER 22

lgG

LRRc17-mediated Inhibition of Osteoclastogenesis

reported previously (24), BMM-de-
rived dendritic cells expressed high
levels of CD11c, CD86, and I-AP,
and LPS up-regulated the expres-
sion of CD86 and I-AP. The addition
of LRRc17-Fc to the cultures did not
affect the differentiation of den-
dritic cells from BMMs or LPS-in-
duced activation of dendritic cells
(Fig. 3, B and C). Taken together,
these data suggest that LRRc17 spe-
cifically regulates RANKL-induced
osteoclast differentiation rather
than affecting other cell types derived
from the common precursor cells,
dendritic maturation, or the phago-
cytic activity of macrophages.

Effects of LRRc17 on Osteoblast
Differentiation—It is well known
that the destruction of the bone
LRRc17- matrix by osteoclasts is coupled

Fc with the formation of new matrix by
osteoblasts. Because LRRc17 affects
osteoclast differentiation and osteo-
blasts abundantly express LRRc17,
we investigated whether LRRc17
plays a role in osteoblast differenti-
ation. To examine the expression
profile of LRRc17 during osteoblast
differentiation, Northern blot anal-
ysis was performed using total mRNA from primary osteoblasts
cultured for the indicated periods of time in the presence of
ascorbic acid and B-glycerophosphate (Fig. 44). During osteo-
blast differentiation, the expression of ALP and bone sialopro-
tein (BSP), markers of osteoblast development, was strongly
induced. Moreover, the expression of LRRc17 was slightly
reduced during osteoblast differentiation, whereas OPG
expression increased. We then tested whether LRRc17-Fc
affected the proliferation and differentiation of osteoblasts.
ALP activity and nodule formation were similar in control IgG-
and LRRc17-Fc-treated osteoblasts (Fig. 4, B and C). Together,
these results suggested that LRRc17 had no significant effect on
osteoblast differentiation or proliferation.

LRRc17 Inhibits RANKL-mediated NFATcl Expression by
Blocking PLCvy Signaling—RANKL, a critical osteoclastogenic
factor, activates NF-«B, INK, p38 MAP kinase, ERK, and Akt.
To examine whether LRRc17 affects immediate early signaling
pathways that are important for osteoclastogenesis, BMMs
were treated with human IgG (hlgG), heat-inactivated LRRc17-
Fc, or LRRc17-Fc and then were stimulated with RANKL for
the indicated periods of time (Fig. 5). Consistent with previous
results, RANKL activated JNK, p38, NF-kB, ERK, and Akt in
control BMMs treated with human IgG or heat-inactivated
LRRc17-Fc. Somewhat surprisingly, treatment with LRRc17
did not affect the RANKL-induced activation of NF-«B, JNK,
p38 MAP kinase, ERK, or Akt. To investigate the potential
inhibitory mechanism of LRRc17, we used real-time PCRs to
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FIGURE 6. LRRc17 blocks PLCy2 signaling and the induction of NFATc1 expression during RANKL-medi-
ated osteoclastogenesis. A, real-time quantitative PCR analysis of RANK, MITF, c-Fos, NFATc1, OSCAR, TRAP,
and CSF1R.RNA was isolated on the indicated days after stimulation with M-CSF and RANKL. Day O indicates the
day RANKL was added to the BMM cultures. B, BMMs were cultured for 2 days with M-CSF and RANKL. The
cultured cells were starved in 0.5% FBS for 6 h and then stimulated with 500 ng/ml RANKL (left panel) or
anti-OSCAR antibodies cross-linked with secondary anti-rat IgG antibodies (right panel) for the indicated period
time in the presence of 1 wg/ml heat-inactivated murine LRRc17 (mLRRc17) or murine LRRc17. Whole-cell
extracts were subjected to Western blot analysis with specific antibodies as indicated. The numbers below the
lanes indicate the fold induction of PLCy2 phosphorylation (pPLCy2) relative to control samples.

examine the expression profiles of various genes that are
important for RANKL-induced osteoclastogenesis (Fig. 6A).
The expression levels of RANK, MITF, and c¢-Fos were similar
in control and LRRc17-Fc-treated samples during RANKL-me-
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diated osteoclast differentiation.
However, the induction of NFATc1
expression, a key regulator of oste-
oclastogenesis, was strongly attenu-
ated by LRRc17-Fc treatment. Con-
sistent with the reduced levels of
NFATCcl, the expression levels of
TRAP and OSCAR, two down-
stream target genes of NFATc1, was
also inhibited by LRRcl7-Fc.
Because costimulatory signaling via
DAPI12 and FcRy is important for
RANKL-induced osteoclastogen-
esis (11), we tested whether LRRc17
affected RANKL-mediated PLCy
activation. In preosteoclasts, treat-
ment with LRRcl7-Fc strongly
attenuated the PLCvy2 activation
induced by either RANKL stimula-
tion or cross-linking of anti-OSCAR
antibodies (Fig. 6B).

Taken together, these results sug-
gest that the inhibitory activity of
LRRc17 functions through a down-
regulation of NFATcl expression.
To test this directly, we examined
whether overexpression of NFATc1
counteracted the inhibitory effect
of LRRc17 on RANKL-mediated
osteoclastogenesis. LRRc17-Fc sig-
nificantly attenuated RANKL-in-
duced osteoclast formation in
control, vector-infected BMMs.
Overexpression of constitutively
active NFATcl, however, overcame
the inhibitory effect of LRRc17 on
osteoclastogenesis (Fig. 7). There-
fore, these data indicate that
LRRc17 attenuates RANKL-in-
duced up-regulation of NFATcl
expression, which, in turn, inhibits
osteoclast differentiation.

DISCUSSION

Osteoblasts and osteoclasts are
the principal cell types responsible
for bone remodeling. Various fac-
tors and hormones continuously
regulate these cells to maintain
bone homeostasis. Osteoblasts pro-
duce bone matrix and regulate the
differentiation and activity of oste-
oclasts by responding to osteotropic
factors and producing such cyto-

kines as M-CSF and RANKL. To identify proteins produced by
osteoblasts that negatively regulate osteoclast formation, we
compared the mRNA profiles of osteoblasts stimulated with
1,25(0OH),D, with those of the NIH3T3 fibroblastic cell line,
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may be limited to the fate of oste-
oclasts rather than such immuno-
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which does not support osteoclastogenesis even in the presence
of osteotropic factors. As a result, we identified LRRc17, a
secreted protein composed of LRR domains; expression of this
protein is down-regulated in osteoblasts in response to pro-
osteoclastogenic factors, resulting in the inhibition of
osteoclastogenesis.

Using flow cytometry and an LRRc17-Fc fusion protein, we
demonstrated that a putative LRRc17 receptor is expressed on
the surface of osteoclast precursors, including BMMs and
RAW264.7 cells (supplemental Fig. S3). We also found that
LRRc17 attenuated RANKL-induced expression of NFATc1.
Thus, our data suggest that LRRc17 acts directly on osteoclast
precursors through a putative LRRc17 receptor. In addition to
osteoclasts, osteoblasts also express a surface molecule that can
interact with LRRc17 (supplemental Fig. S3). LRRc17, however,
did not affect the osteoblastic expression of M-CSF and
RANKL driven by such osteotropic factors as 1,25(0OH),D,
(supplemental Fig. S2). In addition, we did not observe any
effects of recombinant LRRc17 on osteoblast differentiation
and proliferation, suggesting that the effects of LRRc17 on bone
remodeling are limited to osteoclasts. We, however, cannot rule
out the possibility that LRRc17 may affect osteoblast lineage
cells or other cell types in vivo. Detailed studies using LRRc17-
deficient mice are needed to elucidate the physiological roles of
LRRc17 beyond osteoclasts.

Macrophages, osteoclasts, and dendritic cells are derived
from common precursors, and consequently, share a number of
molecular signatures. Indeed, many factors that are critical for
osteoclasts, such as RANKL, also regulate macrophages or den-
dritic cells (4, 8). Therefore, it is not unexpected that a putative
LRRc17 receptor was also detected in macrophage/monocyte
lineage cells. When we examined whether LRRc17 affected the
differentiation of BMMs into each of these cell types, however,
we found that LRRc17 does not appear to affect the phagocytic
activity of macrophages or the differentiation of BMM into
dendritic cells. These results suggest that the effects of LRRc17
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FIGURE 7. Overexpression of NFATc1 overcomes the inhibitory effect of LRRc17 on RANKL-induced oste-
oclastogenesis. BMMs were transduced with pMX-IRES-EGFP (pMX, control) or retrovirus containing sequence
for a constitutively active form of NFATc1 (CaNFATcT), where IRES indicates internal ribosomal entry site and
EGFP indicates enhanced green fluorescent protein. BMMs were cultured for 4 days with M-CSF and RANKL in
the presence of various concentrations of murine LRRc17-Fc or control IgG as indicated. A, cultured cells were
fixed and stained for TRAP. B, TRAP" MNCs with more than three nuclei were counted as osteoclasts.

cellular bone matrix, where they
influence the differentiation and
proliferative activity of bone cells
(25). Small leucine-rich repeat pro-
teins and proteoglycan-deficient
mice develop an osteoporotic phe-
notype, characterized by a failure to
achieve peak bone mass due to
decreased bone formation (26). LRRc17, which is also abun-
dantly expressed in osteoblast cells, appears to play a different
role than biglycan and decorin. In fact, LRRc17 directly regu-
lates the differentiation of osteoclasts rather than osteoblasts.

OPG is the best characterized inhibitor of osteoclast differ-
entiation. When compared with LRRc17, however, OPG is
more broadly expressed and has been detected in lung, liver,
heart, and kidney (27). Nevertheless, the expression of both
LRRc17 and OPG is suppressed in osteoblasts in response to the
pro-osteoclastogenic factor 1,25(OH),D,. Although both
secreted molecules act as negative regulators of RANKL-in-
duced osteoclastogenesis, the underlying inhibitory mecha-
nisms are clearly different. OPG directly binds to RANKL,
whereas LRRc17 does not (supplemental Fig. S4). Instead,
LRRc17 binds to a putative receptor on osteoclast precursor
cells and inhibits RANKL-induced NFATcl expression by
blocking PLCy signaling. In general, when RANKL expression
is up-regulated, OPG expression is relatively suppressed,
although the published data are somewhat contradictory (28,
29). Laboratory studies have shown that the relative expression
levels of OPG and RANKL are critical for the regulation of
osteoclastic activity, and in turn, physiologic and pathologic
bone turnover. Studies designed to assess the relationship
between serum OPG and RANKL levels and bone metabolism/
osteoporosis in postmenopausal women, however, have yielded
conflicting results (28), suggesting that other factors, such as
LRRc17, may be involved in pathogenic bone metabolism. Fur-
ther examination of the LRRc17 expression levels in animal
models and osteoporotic patients are needed to elucidate the
roles of LRRc17 in bone metabolism and diseases.

In conclusion, our data strongly suggest that LRRc17 func-
tions as an inhibitory molecule for osteoclastogenesis. In addi-
tion, the regulation of LRRc17 expression in osteoblasts by
1,25(0OH),D, suggests that LRRc17 is produced by osteoblasts
and contributes to the interactions between osteoblasts and
osteoclasts, which are critical to ensuring proper regulation of

JOURNAL OF BIOLOGICAL CHEMISTRY 15315


http://www.jbc.org/cgi/content/full/M807722200/DC1
http://www.jbc.org/cgi/content/full/M807722200/DC1
http://www.jbc.org/cgi/content/full/M807722200/DC1
http://www.jbc.org/cgi/content/full/M807722200/DC1

LRRc17-mediated Inhibition of Osteoclastogenesis

bone metabolism in response to osteotropic factors. To our
knowledge, LRRc17 is the first LRR superfamily member that
has been shown to directly regulate osteoclastogenesis. Of note,
in addition to RANKL, RANK, and OPG, which are critical for
osteoclast differentiation, LRRc17 appears to be another
important regulator of osteoclast development. Therefore, our
work highlights an additional regulatory layer in bone homeo-
stasis. Further studies examining the detailed mechanisms of
this regulation will allow for a clearer understanding of the roles
of LRRc17 and its potential as a therapeutic target to treat bone
diseases, including osteoporosis and rheumatoid arthritis.
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