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Secretion of a Truncated Osteopetrosis-associated
Transmembrane Protein 1 (OSTM1) Mutant Inhibits
Osteoclastogenesis through Down-regulation of the B
Lymphocyte-induced Maturation Protein 1 (BLIMP1)-Nuclear
Factor of Activated T Cells c1 (NFATc1) Axis™
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recessive osteopetrosis.

osteoclast differentiation and survival.
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(Bacl(ground: Genetic defects in the OSTMI (osteopetrosis-associated transmembrane protein 1) gene cause autosomal
Results: The loss of the transmembrane domain in the OSTM I gene produces a secreted form of truncated OSTM1 that inhibits

Conclusion: Extracellular secretion of a truncated OSTM1 is negatively involved in osteoclastogenesis.
Significance: We identified a novel function for the secreted form of truncated OSTM1 in osteoclastogenesis.
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Genetic mutations in osteoclastogenic genes are closely asso-
ciated with osteopetrotic bone diseases. Genetic defects in
OSTM1 (osteopetrosis-associated transmembrane protein 1)
cause autosomal recessive osteopetrosis in humans. In particu-
lar, OSTM I mutations that exclude the transmembrane domain
might lead to the production of a secreted form of truncated
OSTM1. However, the precise role of the secreted form of trun-
cated OSTM1 remains unknown. In this study, we analyzed the
functional role of truncated OSTMI1 in osteoclastogenesis.
Here, we showed that a secreted form of truncated OSTM1
binds to the cell surface of osteoclast (OC) precursors and inhib-
its the formation of multinucleated OCs through the reduction
of cell fusion and survival. Truncated OSTM1 significantly
inhibited the expression of OC marker genes through the down-
regulation of the BLIMP1 (B lymphocyte-induced maturation
protein 1)-NFATc1 (nuclear factor of activated T cells c1) axis.
Finally, we demonstrated that truncated OSTM1 reduces
lipopolysaccharide-induced bone destruction in vivo. Thus,
these findings suggest that autosomal recessive osteopetrosis
patients with an OSTM1 gene mutation lacking the transmem-
brane domain produce a secreted form of truncated OSTM1
that inhibits osteoclastogenesis.
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Osteoclasts (OCs)? are clinically important cells in bone-re-
lated diseases, such as osteopetrosis and osteoporosis; a loss of
function of the OCs leads to osteopetrosis, and accelerated
bone destruction by OCs results in osteoporosis (1). OCs are
multinucleated giant cells derived from monocyte/macrophage
lineage precursors through OC differentiation or osteoclasto-
genesis (2, 3). Macrophage colony-stimulating factor (M-CSF)
and receptor activator of nuclear factor kB (RANK) ligand
(RANKL), produced by bone-forming osteoblasts (OBs) or
immune cells, are key signaling cytokines in osteoclastogenesis
(2, 3). M-CSF binds to its receptor c-Fms (M-CSF receptor) to
activate downstream signaling pathways, such as Akt and ERK
(2,3). Upon RANKL stimulation, RANK recruits TNF recep-
tor-associated factor 6 (TRAF6), a key adaptor molecule in
the RANK-signaling complex, which activates downstream
targets of p38, ERK, JNK, Akt, nuclear factor kB (NF-«B),
c-Fos, cAMP-response element-binding protein (CREB), and
NFATcl (nuclear factor of activated T cells c1) (2, 3). The final
consequence of these signaling pathways is the induction of
osteoclastogenic genes, such as TRAP (tartrate-resistant acid
phosphatase), cathepsin K, DC-STAMP (dendritic cell-specific
transmembrane protein), Atp6v0d2 (V-ATPase subunit d2),
Blimpl (B lymphocyte-induced maturation protein 1), and
OSCAR (OC-associated receptor) (2, 3).

3 The abbreviations used are: OC, osteoclast; preOC, OC precursor; OB, osteo-
blast; pOB, primary OB; RANK, receptor activator of nuclear factor-«B;
RANKL, RANK ligand; M-CSF, macrophage-colony stimulating factor; PLC,
phospholipase C; OSCAR, OC-associated receptor; TRAP, tartrate-resistant
acid phosphatase; CREB, cAMP-response element-binding protein; ARO,
autosomal recessive osteopetrosis; VtDs, vitamin Ds; PGE,, prostaglandin
E,; aa, amino acids; BM, bone marrow; BMM, BM-derived macrophage;
BMOC, BM-derived OC; MNC, multinucleated OC.
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The murine Ostml (osteopetrosis-associated transmem-
brane protein 1) gene was first identified in the spontaneous
gray-lethal (gl//gl) mouse mutant, which exhibits neurological
defects, melanocyte maturation problems, and an osteopetrotic
phenotype (4—6). The murine OstmI gene encodes a 338-amino
acid protein (4). OSTML1 is a type I transmembrane protein con-
taining a signal peptide, a potential transmembrane domain, and a
glycosylated extracellular domain with a RING finger domain.
Interestingly, a recent report suggests that OSTM1 functions as a
B-subunit of CIC-7 to support bone resorption and lysosomal
function in OCs (7). Furthermore, the multifunctional roles
for OSTMI1 as an E3 ubiquitin ligase or a modulator for Wnt/
B-catenin signaling have been reported (8, 9).

The gl/gl mutation comprises a genomic deletion encom-
passing the 5’ region of the Ostml gene, including the pro-
moter, the first exon, and a large portion of the first intron,
resulting in a null phenotype with an absence of transcription
and protein expression (4). In gl/gl mice, an increase in the
number of functionally inactive OCs resulting from a defect in
cytoskeletal rearrangement during late stage OC maturation
has been reported (10, 11). However, a decrease in OC numbers
was observed in a human autosomal recessive osteopetrosis
(ARO) patient exhibiting a substitution at the donor splice site
of intron V, resulting in the production of 261 residues of a
truncated OSTM1 protein lacking the transmembrane domain
(10, 11). In contrast to the morphology of OCs in gl/gl mice,
OCs with an irregularly elongated shape were observed in a
histological analysis from an ARO patient (10). In addition, the
potential extracellular secretion of this truncated protein has
been suggested (7), but the precise role of this secreted mutant
protein in ARO patients remains unknown. Hence, it would be
interesting to explore the functional relevance of the truncated
OSTM1 mutant to OC differentiation or function.

In the present study, we analyzed the functional role of trun-
cated OSTM1, a putative secreted form reflecting a substitution
at the donor splice site of intron V of the OSTM 1 gene in ARO
patients, in osteoclastogenesis. Here we report that the secreted
form of truncated OSTM1 mutant is negatively involved in OC
differentiation through the down-regulation of the BLIMP1-
NFATcl axis.

EXPERIMENTAL PROCEDURES

Reagents, Cells, Mice, and Plasmids—Antibodies against
NFATc1, OSTM], c-Fos, and TRAF6 and mouse IgG were pur-
chased from Santa Cruz Biotechnology, Inc. Antibodies against
FLAG epitope and B-actin were purchased from Sigma-Al-
drich. Antibodies against phospho-p65, p65, phospho-p38,
p38, phospho-Akt, Akt, phospho-PLC-y, PLC-v, phospho-
ERK, ERK, phospho-JNK, JNK, phospho-CREB, and CREB
were purchased from Cell Signaling Technology (Beverly, MA).
The construction of recombinant human soluble RANKL and
human M-CSF has been previously described (12). Vitamin D,
(VtD;) and prostaglandin E, (PGE,) were purchased from
Wako Chemical (Osaka, Japan). General chemicals were pur-
chased from Sigma-Aldrich. The Raw264.7 (murine monocytic
cell line), NIH3T3 (murine fibroblastic cell line), 293T (human
kidney cell line), KMls-8.3.5.1 (murine T-cell hybridoma), S2
(Drosophila cells), MC3T3-E1 (murine osteoblastic cell line),
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and UAMS32 (murine osteoblastic cell line) cell lines and pri-
mary OBs (pOBs) were prepared and maintained as described
previously (12—14). The mice were purchased from Daehan
Biolink Co. (Umsung, Korea), and the animal study was
approved (approval no. CNU-00114) through the Animal
Experiment Ethics Committee of Chungnam National Univer-
sity. For the retroviral expression plasmids, the full-length ORF
(aa 1-338, pMX-puro-OSTM1) and truncated form (aa 1-268,
pMX-puro-OSTM1ATM) of the murine Ostml gene were
amplified through RT-PCR and subcloned into retroviral
vector pMX-puro-FLAG (13). Retroviral plasmids express-
ing the constitutively active form of NFATc1 (caNFATcl),
c-Fos, and BLIMP1 were prepared as described previously
(12, 15, 16). For protein expression in Drosophila S2 cells, the
truncated OSTM1 (aa 35-268, OSTM1ATM) was PCR-ampli-
fied, fused in frame to the hFc, and subcloned into the pCMV1-
FLAG vector (Sigma-Aldrich) harboring the leader sequence
tagged with FLAG epitope. The secreted form of OSTM1
(OSTM1ATM-hFc) was subcloned into the metal-inducible
expression vector pMT/V5-HisA (Invitrogen) through PCR
amplification. The following primers were used for the plasmid
construction: OSTMI1 (sense), 5'-CCC GGA TCC ATG GCT
CGG GAC GCG GAG CTG GCG-3'; OSTM1 (antisense),
5'-CCC CTC GAG CTA CTT GTC GTCATC GTC TTT GTA
GTC GGT GGC ATT TTC TTG AAT GT-3'; OSTM1-ATM
(antisense), 5'-CCC CTC GAG CTA CTT GTC GTC ATC GTC
TTT GTA GTC AAT GTT CAT TGC ATC CTC CAC ATC-3';
OSTM1-ATM-hFc (sense), 5'-CCC AAG CTT GCG CTC CCC
TTC ACC AGC AG-3’; OSTM1-ATM-hFc (antisense), 5'-CCC
AGA TCT CGT GTC GCT GCA GGT GAC CG-3'.

Osteoclastogenesis—Bone marrow (BM)-derived macro-
phages (BMM:s) and BM-derived OCs (BMOCs) were prepared
as described previously (13). Briefly, BM cells were collected
from the tibia and femur of 6 — 8-week-old C57BL/6 male mice
and cultured in a-minimal essential medium containing 10%
FBS and 5 ng/ml of M-CSF overnight. The non-adherent BM
cells were used in subsequent assays. For the differentiation of
BMMs, the non-adherent BM cells were seeded at 1 X 10° cells/
well in 96-well plates and further cultured in -minimal essen-
tial medium containing 10% FBS and M-CSF (50 ng/ml) for 3
days. For the BMOC formation assay, non-adherent BM cells
were seeded at 1 X 10° cells/well in 96-well plates and further
cultured with M-CSF (50 ng/ml) and RANKL (200 ng/ml) for 4
days. For the Raw264.7-derived OC-like cell formation assay,
Raw264.7 cells were seeded at 2 X 10° cells/well in 96-well
plates and further cultured with RANKL (200 ng/ml) for 4 days.
For the co-culture assay, non-adherent BM cells (1 X 10° cells/
well) were seeded with UAMS32 cells (5 X 10® cells/well) in
96-well plates and cultured with VtD, (10~ ® m) and PGE, (10~ ¢
M) for 5-6 days. The OC differentiation assay with transgene
expression through retroviral infection has been described pre-
viously (12). Briefly, retrovirus-transduced BMMs were cul-
tured with M-CSF (150 ng/ml) and puromycin (2 pg/ml) for 2
days. Puromycin-resistant BMMs (1.5 X 10 cells/well) were
further cultured with M-CSF (50 ng/ml) and RANKL (200
ng/ml) in 96-well plates for 4 days. The TRAP-positive
(TRAP™") multinucleated OCs (TRAP™ MNCs) were analyzed
as described below.
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Analysis of OCs—OCs were analyzed as described previously
(13). Briefly, OCs were fixed with 10% formalin for 10 min and
permeabilized in an ethanol/acetone (1:1) mixture for 1 min.
For the TRAP solution assay, the OCs were incubated with
p-nitrophenyl phosphate substrate for 30 min, and the TRAP
activities were analyzed at 405 nm using a microplate reader
(Bio-Rad). For the TRAP staining, the OCs used in the TRAP
solution assay were further washed twice with PBS and incu-
bated with fast red violet containing naphthol AS-phosphate at
room temperature for 30 min. The stained OCs were photo-
graphed under a microscope. The TRAP™ MNCs with more
than three nuclei were considered as multinucleated OCs. The
immunoblotting and Northern blot analyses for OC differenti-
ation were performed as described previously (17). The ana-
lyses for gene expression through real-time PCR were per-
formed as described previously (13). B-Actin expression served
as an internal control. The primers used for real-time PCR
amplification were as follows: cathepsin K (sense), 5'-ACG
GAG GCATTG ACT CTG AAG ATG-3'; cathepsin K (anti-
sense), 5'-GGA AGC ACC AAC GAG AGG AGA AAT-3/,
DC-STAMP (sense), 5'-TCC TCC ATG AAC AAA CAGTTC
CAA-3'; DC-STAMP (antisense), 5'-AGA CGT GGT TTA
GGAATGCAGCTC-3', Atp6v0d2 (sense), 5'-TTCAGT TGC
TAT CCA GGA CTC GGA-3'; Atp6v0d2 (antisense), 5'-GCA
TGT CAT GTA GGT GAG AAA TGT GCT CA-3', TRAP
(sense), 5'-AAA TCA CTC TTC AAG ACC AG-3'; TRAP
(antisense), 5'-TTA TTG AAC AGC AGT GAC AG-3/,
OSCAR (sense), 5'-TCT GCC CCC TAT GTG CTA TCA-3;
OSCAR (antisense), 5'-AGG AGC CAGAACCTT CGA AAC-
3', BLIMP1 (sense), 5'-TTC TTG TGT GGT ATT GTC GGG
ACT T-3’; BLIMP1 (antisense), 5'-TTG GGG ACA CTCTTT
GGG TAG AGT T-3', OSTM1 (sense), 5'-ACA AGA CTT
TGG CCT GCT TTG AGC-3'; OSTM1 (antisense), 5'-C TCB
AAGCCCGTT CAGTTT CTG CAT-3".

Osteoblast Differentiation and Activation—pOB progenitors
were isolated from the calvarial bone of newborn mice and cul-
tured in a-minimal essential medium containing 10% FBS, 10 mm
B-glycerophosphate, 50 uM ascorbic acid 2-phosphate, and 10 nm
dexamethasone as described previously (12, 13). An alkaline phos-
phatase assay was performed after 3—7 days of culture as described
previously (12, 18). An alizarin red S assay was performed after
1421 days of culture as described previously (12, 18).

Cellular Toxicity Test—For the cellular toxicity test of puri-
fied proteins, NIH3T3 cells were cultured with 25 ug/ml of the
purified recombinant proteins for 4 days. Subsequently, cell
viability was tested using the Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Kumamoto, Japan). The CCK-8 activity
was measured at 450 nm using a microplate reader.

Cell Fusion and Survival Assay—The cell fusion assay was
performed as described previously (13). Briefly, BM cells (2 X
10° cells/ml) were co-cultured on UAMS32 (2 X 10° cells/ml)
with VtD, (10™® m) and PGE, (10~ ° m) for 6 days to prepare
mononuclear TRAP™ OC precursors (preOCs). Subsequently,
the preOCs were collected through gentle pipetting. To induce
cell-cell fusion, purified preOCs (5 X 10° cells/ml) were seeded
in 96-well plates and cultured with M-CSF (50 ng/ml) and
RANKL (200 ng/ml) for 24 h in the presence of hFc (25 pug/ml) or
OSTMIATM-hEFc (25 ug/ml). The OCs formed after cell fusion
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were analyzed through TRAP staining. The OC survival assay was
performed as described previously (17). Briefly, BMOCs were pre-
pared from BM cells after culturing with RANKL (200 ng/ml) and
M-CSEF (50 ng/ml) for 4 days. To induce the apoptosis of BMOCs,
OCs were further cultured without a fresh medium change and
cytokine supplementation for 1-3 days. Finally, the surviving OCs
were analyzed through TRAP staining.

Secretion Analysis of Truncated OSTM1—NIH3T3 and 293T
cells were seeded onto 6-well plates at 1 X 10° cells/well and
respectively transfected with 5 ug of pMX-puro-OSTM1
(OSTM1), pMX-puro-OSTMIATM (OSTMIATM), and pMX-
puro-FLAG vector using TurboFect transfection reagent (Fer-
mentas). Retrovirus-transduced BMOCs or BMMs expressing
the truncated form of OSTM1 (OSTM1ATM) were prepared as
described above. To collect the secreted proteins, the culture
medium was changed to serum-free medium at 16 h after trans-
fection or retroviral infection, and the supernatant was col-
lected 48 h later. The supernatants were precipitated with 10%
TCA at4 °C for 16 h, followed by centrifugation at 1,500 X g for
15 min. The pellets were washed twice with 1 ml of ice-cold
acetone and dissolved in loading buffer for SDS-PAGE. The
secreted form of OSTM1 was detected through immunoblot-
ting using an anti-FLAG antibody.

Protein Purification—The truncated OSTM1 fused to the hFc
domain (OSTM1ATM-hFc) was prepared as described previously
(19). Briefly, S2-stable cell lines expressing OSTM1ATM-hFc
were prepared using a Drosophila expression system (Invitro-
gen), according to the manufacturer’s instructions. The hFc
fusion protein was purified using a protein A affinity column
(Invitrogen), according to the manufacturer’s instructions. The
purified proteins were subsequently dialyzed in PBS, filtrated
through a 0.22-um membrane, and stored at —70°C. The hFc
protein alone was also generated as a control. The purity of the
protein preparation was determined using SDS-PAGE and
the Agilent 230 kit assay (Agilent Technologies, Santa Clara, CA).
The purified proteins were tested for endotoxin contamination
using the limulus amebocyte lysate test kit (Associates of Cape
Cod, East Falmouth, MA). To further test endotoxin contamina-
tion, the purified proteins were heat-inactivated as described pre-
viously (20).

Flow Cytometric Analysis—The cells were seeded at 5 X 10°
cells/well onto 24-well plates and cultured for 12 h. The cells
were detached through gentle pipetting in cell dissociation
solution (Sigma-Aldrich), followed by incubation with purified
hFc or OSTM1-ATM-hFc (25 pg/ml) for 2 h. The treated cells
were subsequently stained with an anti-FLAG antibody (100
ng/ml) at 4 °C for 20 min. After two washing steps with 1 ml of
PBS containing 2% FBS, the cells were incubated at 4 °C for 20
min with PE-conjugated goat anti-mouse IgG secondary anti-
body. The stained cells were analyzed through flow cytometry
using a FACSCalibur flow cytometer with CellQuest software
(BD Biosciences).

Cell Lines, Culture Supernatant Transfer, Direct Co-culture,
and Neutralizing Antibody Treatment—For the construction of
stable osteoblastic cell lines, the DNA from the OSTM1 expres-
sion plasmid (20 ng) was introduced into UAMS32 cells (5 X
10° cells/ml) through electroporation (600 V and 50 microfar-
ads) using a Gene Pulser Xcell (Bio-Rad). The cells were
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selected using puromycin (2.5 pug/ml) for 14 days. The puromy-
cin-resistant cells were separated in 96-well plates through
serial dilution to isolate individual stable cell lines. The secreted
protein was analyzed using TCA precipitation. For the transfer
assay, non-adherent BM cells (1 X 10° cells/well) were co-cul-
tured with pOBs (5 X 10 cells/well) in 96-well plates contain-
ing VtD, (10 ® M) and PGE, (10~ ° m). During co-culture, the
culture supernatants derived from the UAMS32-stable cell
lines expressing OSTM1 or OSTMIATM were transferred
daily into the co-culture wells with VtD, (10~® m) and PGE,
(107° m) for 5-6 days. For the direct co-culture assay, non-
adherent BM cells (1 X 10° cells/well) were seeded directly onto
UAMS32-stable cell lines (1 X 10* cells/well) expressing
OSTM1 or OSTMI1ATM,, instead of pOBs, in 96-well plates and
cultured with VtD, (10~ ® M) and PGE, (10~ ¢ m) for 5-6 days.
For the neutralizing antibody treatment assay, polyclonal anti-
OSTMLI antibodies (4 ng/ml) were dialyzed and added directly
to the wells on the direct co-culture plate for 5-6 days. The
human IgG antibody (Sigma-Aldrich) and PBS were used as
controls. The OC formation was analyzed using TRAP assays.
For the construction of the stable T-cell hybridoma line, the
murine T cell hybridoma cell line KMIs-8.3.5.1 was infected
with retroviral supernatants and selected using puromycin (2.0
pg/ml) for 14 days.

LPS-induced Osteoclastogenesis and Bone Destruction—LPS-
induced osteoclastogenesis was performed as described previ-
ously (21). Briefly, BMMs (1.5 X10* cells/ml) were pretreated
with RANKL (100 ng/ml) and M-CSF (50 ng/ml) for 1 day.
BMMs were further cultured with M-CSF (50 ng/ml) and LPS
(10 pg/ml) for 4 days in the presence or absence of hFc or
OSTM1-ATM-hFc (25 ug/ml). For the LPS-induced bone
destruction, a 150-ul dose of LPS (25 mg/kg body weight) was
injected into the subcutaneous tissue overlying the periosteum
of 7-week-old mouse calvaria. One day later, OSTM1-ATM-
hFc (2 mg/kg body weight) or PBS control was injected daily for
4 days. Whole calvaria was fixed with 4% paraformaldehyde and
stained using the TRAP assay. The bone mineral density unit was
measured and calculated using the microcomputed tomography
system (GE Healthcare). The calvarial bones were decalcified in
15% EDTA solution at 4 °C for 21 days, followed by dissection and
H&E staining. The TRAP* MNCs were visualized by TRAP stain-
ing and counterstained with hematoxylin.

Statistical Analysis—All experiments were performed at
least three times. The data represent the means = S.D. (n =
3/group). Student’s ¢ test was used to determine the significance
of the differences between the experimental samples.

RESULTS

The Truncated OSTM1 Mutation Is Negatively Involved in
Osteoclastogenesis—To examine the extracellular secretion of
the truncated OSTM1 (OSTM1ATM) in BMOCs, we con-
structed a retroviral plasmid expressing truncated OSTM1 (aa
1-268, which contains three additional residues at the C-termi-
nal region compared with the mutant form created by a substi-
tution at the donor splice site of intron V of the OSTMI gene in
a human ARO patient) lacking the C-terminal 70 amino acid
residues that comprise the transmembrane domain and cyto-
plasmic tail (Fig. 1A4). The culture supernatants derived from
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OSTM1ATM-transduced BMOCs were prepared and ana-
lyzed by immunoblotting with an anti-FLAG antibody. We
observed that a protein band of ~44 kDa, corresponding to
truncated OSTM1, was detected in the culture supernatants of
OSTMI1ATM-transduced BMOCs (Fig. 1B). Similar results
were obtained in BMMs and 293T and NIH3TS3 cell lines (Fig.
1B). We analyzed whether the expression of OSTMIATM is
involved in osteoclastogenesis. BMOC differentiation was
reduced (21-45% reduction) compared with the vector control
(mock) in both TRAP solution and the TRAP staining assay in
response to truncated OSTM1 (OSTM1ATM) expression (Fig.
1C). In addition, we observed that the inhibitory function of
truncated OSTM1 in OC differentiation was retained in the
RING domain of OSTM1 (Fig. 1, A and C). Next, we analyzed
whether the expression of Ostm1 is regulated during OC or OB
differentiation. The expression of OstmI was induced 1.8 -3.2-
fold during OC or OB differentiation, but the -fold induction
was significantly lower than the expression of OC or OB marker
genes (Fig. 1, D and E). Similar results were obtained by immu-
noblotting analysis (Fig. 1, F and G). Hence, these results indi-
cate that the truncated form of OSTM1, secreted from OCs or
OBs, is negatively involved in OC differentiation through its
extracellular inhibitory function.

To address this possibility, we designed a strategy to test the
functional role of the truncated OSTM1 in osteoclastogenesis
(Fig. 24). We thus generated a stable UAMS32 cell line express-
ing OSTM1 or OSTM1ATM based on a retroviral expression
system through puromycin selection. From the puromycin-re-
sistant stable cell line pools, we isolated three individual stable
clones. The secreted form of truncated OSTM1 was observed in
the individual clones of the UAMS32-OSTMI1ATM cell line
(clones B1, D3, and H3), but not in the UAMS32-OSTMI1 cell
line (clones C11, D9, and F12) (Fig. 2B). These individual clones
were phenotypically normal in osteoblastic functions, such as
cell proliferation (CCK-8 assay), OB differentiation (alkaline
phosphatase assay), and bone forming activity (alizarin red S
assay), compared with the parental UAMS32 cell line (Fig. 2C).
Next, we performed a transfer assay using the culture superna-
tants derived from the UAMS32-stable clones in a co-culture of
pOBs and BM cells, as shown in Fig. 2A. We observed that
OC differentiation was significantly reduced through the
daily transfer of the culture supernatants from the UAMS32-
OSTMI1ATM clones, whereas the transfer of the culture super-
natants from UAMS32-OSTM1 clones did not show any effect
(Fig. 2D). Furthermore, we observed stronger inhibitory effects
in the direct co-culture of UAMS32-OSTM1ATM clones and
BM cells (Fig. 2E).

To exclude cell line-specific effects, we established a stable
T-cell hybridoma cell line (KMls-8.3.5.1) expressing OSTM1 or
OSTMI1ATM. Consistent with the results for UAMS32-
OSTMI1ATM clones, we observed significantly reduced OC
differentiation in KMIs-8.3.5.1-OSTM1ATM-stable cell lines
in both transfer and direct co-culture assays (Fig. 2F). Further-
more, we conducted an OSTM1-neutralizing antibody treat-
ment assay to exclude the effects of other secreted cellular fac-
tors derived from UAMS32-OSTM1ATM clones. In the direct
co-culture assay, the inhibition of OC differentiation by truncated
OSTM1 was significantly rescued after treatment with anti-
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FIGURE 1. Negative effects of the truncated OSTM1 mutant on osteoclastogenesis. A, schematic illustration of the murine Ostm1 cDNA structure and the
OSTM1 expression plasmids. The putative RING domain (gray box) and leader/transmembrane sequences (hatched box) are indicated with amino acid residues.
Flag, FLAG epitope (black box). The inhibitory effects of OSTM1 deletion mutants in osteoclastogenesis are summarized. B, extracellular secretion of truncated
OSTM1 in BMOCs, BMMs, 293T, and NIH3T3 cells. Extracellular secretion of FLAG-tagged OSTM1ATM from culture supernatants of cells was detected through
immunoblotting with antibodies against the FLAG epitope. n.s., nonspecific band. C, effect of truncated OSTM1 overexpression on OC differentiation. BMMs
transduced with retroviral supernatants expressing OSTM1 or OSTM1 truncated mutants were cultured with RANKL and M-CSF. OCs were analyzed and
photographed (left; original magnification, X 100) after TRAP staining. The TRAP solution assay was performed (top right panel). The number of TRAP™ MNCs
(=3 nuclei) was counted (bottom right panel). D, analysis of Ostm1 gene expression in BMOCs through real-time PCR. BM cells were differentiated into BMOCs
using both M-CSF and RANKL stimulation. B-Actin expression served as an internal control. TRAP, tartrate-resistant acid phosphatase; OSCAR, OC-associated
receptor. £, analysis of Ostm1 gene expression in pOBs through real-time PCR. Murine calvaria-derived stromal cells were differentiated into OBs for 8 days. F,
immunoblot analysis of Ostm1 gene expression in BMOCs. BMOCs were prepared and analyzed by immunoblotting with specific antibodies. 8-Actin was used
as the loading control. G, immunoblot analysis of OstmT gene expression in pOBs. *, p < 0.05; **, p < 0.01. Error bars, S.D.

OSTMI1-neutralizing antibodies (clone S-15 or E-12) or antibody
mixtures (S-15 and E-12 (1:1 ratio)), whereas treatment with PBS
or IgG controls did not produce this effect (Fig. 2G). Hence, these
results indicate that osteoclastogenesis is inhibited through the
extracellular secretion of truncated OSTML.

Inhibition of OC Differentiation, Fusion, and Survival through
Truncated OSTM1—To further address the precise role of trun-
cated OSTM1 in osteoclastogenesis, we purified the truncated
OSTM1-hFc fusion protein (OSTM1ATM-hFc) or hFc alone

35872 JOURNAL OF BIOLOGICAL CHEMISTRY

from the culture supernatants of S2-stable cell lines grown in
spinner cultures (Fig. 3, A and B). The purity of the protein
preparations was >98%, as determined by an Agilent 230 kit
assay (data not shown). We did not observe any cytotoxicity
from the purified proteins in NIH3T3 cells after 4 days of cul-
ture (data not shown).

Thus, we examined whether purified OSTMI1ATM-hFc
could bind to the cell surface of preOCs. The surface attach-
ment of purified OSTM1ATM-hFc was detected predomi-
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FIGURE 2. Inhibition of OC differentiation, fusion, and survival by the truncated OSTM1 treatment. A, schematic diagram of the culture supernatant
transfer assay. B, extracellular secretion of truncated OSTM1 in UAMS32-stable cell lines. C, effects of truncated OSTM1 on OB proliferation, differentiation, and
activation. Shown is a cell proliferation assay of the individual cells of UAMS32-stable cell lines expressing OSTM1 or OSTM1ATM (left). UAMS32-stable cell lines
were cultured with VtD; (108 m) and PGE, (10~ m) for 4 days. Cell viability was measured using the CCK-8 assay. Gray box, mock; black box, OSTM1-stable cell
lines; open box, OSTM1ATM-stable cell lines. The differentiation of OBs was measured using the alkaline phosphatase assay (middle). The formation of
mineralized nodules in OBs was measured using the alizarin red S assay (right). D, inhibitory effects of the truncated OSTM1 derived from UAMS32-stable cell
lines in OC differentiation using the culture supernatant transfer assay. E, inhibitory effects of the truncated OSTM1 derived from UAMS32-stable cell lines on
OC differentiation detected using a direct co-culture assay. F, inhibitory effects in OC differentiation through culture supernatants derived from KMIs-8.3.5.1 cell
lines expressing OSTM1ATM. The top panel shows results for the culture supernatant transfer assay. The bottom panel shows results for the direct co-culture
assay. G, rescue experiment using an OSTM1-neutralizing antibody to assess the inhibitory effect of the truncated OSTM1 on osteoclastogenesis. Anti-OSTM1-
neutralizing antibodies (clone E-12 or S-15) or antibody mixtures (E-12 + S-15, 1:1 ratio) were added to the direct co-culture plate with non-adherent BM cells
and UAMS32-stable cell lines. The human IgG (IgG) antibody (Sigma-Aldrich) and PBS were used as controls. *, p < 0.05; **, p < 0.01. Error bars, S.D.

mock mock

nantly on Raw264.7 cells but not on NIH3T3, 293T, or assay, OSTM1ATM-hFc-treated cells showed a marked reduc-

MC3T3-E1 cells (Fig. 3C). Raw264.7 cells are well known pre-
OCs that easily differentiate into OC-like cells in response to
RANKL stimulation in vitro (3). Hence, we postulate that the
attachment of the secreted OSTM1 mutant to the cell surface of
preOCs is negatively involved in OC differentiation. Therefore,
we determined whether the process of osteoclastogenesis
could be inhibited through truncated OSTM1 using three
standard in vitro culture methods. In the BMOC formation
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tion (26.3—88.2%) in the formation of TRAP" MNCs in a dose-
dependent manner compared with hFc-treated control cells
(Fig. 3D, left). Similarly, we observed reduced TRAP* MNC
formation after OSTM1ATM-hFc treatment in Raw264.7-de-
rived OC-like cell formation (Fig. 3D, middle) and co-culture
assays (Fig. 3D, right). Next, we examined the effect of
OSTMI1ATM-hFc treatment on OC fusion and survival. We
observed that the fusion of preOCs was significantly reduced
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following OSTM1ATM-hFc treatment (Fig. 3E). Further-
more, OC survival was also reduced after OSTM1ATM-hFc
treatment (Fig. 3F). However, the bone-resorbing activities of
purified mature OCs were not changed after OSTM1ATM-hFc
treatment in the presence of M-CSF and RANKL (data not
shown).

To exclude the possibility of endotoxin contamination in the
purified proteins, we performed a limulus amebocyte lysate
assay. The endotoxin contamination in 25 ug of recombinant
proteins was below the detectable level of 0.125 endotoxin
units/ml. The endotoxin contamination was further examined
using the heat inactivation approach (20). When the purified
proteins were denatured through heat inactivation, treatment
with denatured OSTM1ATM-hFc did not inhibit osteoclasto-
genesis (Fig. 3G), indicating that the inhibition of osteoclasto-
genesis resulted from OSTM1ATM-hFc treatment and not
endotoxin contamination during protein preparation. Taken
together, these results suggest that truncated OSTM1 is nega-
tively involved in OC differentiation, fusion, and survival in
osteoclastogenesis but does not affect the bone-resorbing func-
tions of the already formed mature OCs.

Truncated OSTM1 Inhibits the Expression of OC Markers
through the Down-regulation of BLIMPI and NFATcl—Activa-
tion of NF-kB and MAP kinases is crucial for OC differentia-
tion, maturation, and survival (1-3). Thus, we examined
whether truncated OSTM1 is involved in the modulation of the
RANKL- and M-CSF-mediated signaling pathway in osteoclas-
togenesis. We observed that both RANKL-induced p38 and
JNK activation and M-CSF-induced Akt and ERK activation
were significantly reduced in OSTMI1ATM-hFc-treated
BMMs compared with the hFc-treated control cells (Fig. 4, A
and B); however, RANKL-mediated costimulatory signaling
through the phosphorylation of PLC-y was not changed in
OSTMI1ATM-hFc-treated BMMs (Fig. 4C). These results indi-
cate that a secreted form of the truncated OSTM1 may lead to
distinct negative signals for both M-CSF and RANKL activa-
tion. Thus, we tested the effect of OSTM1ATM-hFc treatment
on the stimulation of both RANKL and M-CSF. The phosphor-
ylation of p38 and JNK by both RANKL and M-CSF stimulation
was significantly reduced in OSTM1ATM-hFc-treated BMMs
compared with the hFc-treated control cells (Fig. 4D). Further-
more, the surface expression of RANK and c-Fms (M-CSF
receptor) was not affected after OSTM1ATM-hFc treatment
(Fig. 4E).

Thus, we analyzed the effect of truncated OSTM1 on the
expression of OC marker genes during osteoclastogenesis.
OSTMI1ATM-hFc-treated OCs showed a marked reduction of
OC markers, such as OSCAR, TRAP, DC-STAMP, Atp6v0d?2,
cathepsin K, and BlimpI, compared with hFc-treated control
cells (Fig. 5A4). BLIMP1 functions as a transcriptional repressor
that mediates the repression of anti-osteoclastogenic genes,
such as Bcl6 (B-cell lymphoma 6), IRFS8 (interferon regulatory
factor 8), and MafB (v-Maf musculoaponeurotic fibrosarcoma
oncogene family homolog B) (18, 22-24). Thus, we examined
the effect of truncated OSTM1 on the expression of anti-oste-
oclastogenic genes. OSTM1ATM-hFc-treated OCs showed
relatively higher levels of anti-osteoclastogenic gene expression
(Fig. 5B). Consistently, BLIMP1 promoter activity was down-
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regulated in OSTM1ATM-hFc-treated Raw264.7 cells (data
not shown).

NFATCcl1 is a master transcriptional regulator of osteoclasto-
genesis, involved in both the induction of OC marker genes and
the repression of anti-osteoclastogenic genes (22—24). Interest-
ingly, we observed that the transcription of the NFATcI gene
was significantly reduced (33-59%) after OSTM1ATM-hFc
treatment compared with the expression of this gene in con-
trols (Fig. 5C). Consistently, the level of NFATcl protein was
also significantly decreased in OSTM1ATM-hFc-treated OCs,
but the expression of TRAF6 or actin was not affected (Fig. 5D).
The NFATcl promoter activity was also down-regulated in
OSTM1ATM-hFc-treated Raw264.7 cells (data not shown).
NFATCcl induction is regulated by the calmodulin-dependent
kinase-CREB activation through Ca®>" signaling, NF-«B, and
c-Fos pathways in RANKL-mediated osteoclastogenesis (25—
28). We observed that the level of c-Fos protein was signifi-
cantly decreased in OSTM1ATM-hFc-treated OCs, but the
phosphorylation of CREB was not affected (Fig. 5D). Further-
more, the inhibition of OC differentiation after OSTM1ATM-
hFc treatment was completely rescued through NFATc1, c-Fos,
or BLIMP1 expression in OSTM1ATM-hFc-treated OCs (Fig.
5, E-G). These data indicate that truncated OSTM1 is nega-
tively involved in the regulation of OC marker genes expression
through the down-regulation of the NFATc1-BLIMP1 axis in
osteoclastogenesis.

Inhibitory Effect of Truncated OSTM1 on LPS-induced OC
Formation and Bone Loss—We examined the effect of trun-
cated OSTM1 on OC differentiation under the LPS-induced
pathological conditions. To induce OC differentiation through
LPS stimulation, BMMs were cultured with M-CSF (30
ng/ml) and LPS (10 wg/ml) for 4 days in the presence or
absence of truncated OSTM1. We observed that LPS-in-
duced OC formation was reduced following OSTM1ATM-hFc
treatment, whereas no inhibition was observed for the hFc
control (Fig. 6A). Consistent with these results, NFATc1 and
c-Fos protein expression was also significantly decreased in
OSTM1ATM-hFc-treated OCs, but the phosphorylation of
CREB was not affected (Fig. 6B).

Next, we determined whether truncated OSTM1 is involved
in the modulation of LPS-induced bone destruction in vivo.
Bone destruction was induced through the injection of LPS (25
mg/kg body weight) into the subcutaneous tissue overlying the
periosteum of mouse calvaria in the presence or absence of
truncated OSTM1. We observed that LPS-induced OC forma-
tion on mouse calvaria was reduced following OSTM1ATM-
hFc treatment (Fig. 6C, top panels). Consistent with these results,
LPS-induced bone destruction on mouse calvaria was significantly
restored after OSTM1ATM-hFc treatment (Fig. 6, C (bottom pan-
els) and D). Next, we performed a histological evaluation of mouse
calvaria using H&E or TRAP staining. LPS-induced bone ero-
sion was significantly restored after OSTM1ATM-hFc treat-
ment (Fig. 6E, left panels). Similarly, TRAP staining revealed
reduced TRAP" MNC formation in the calvarial section fol-
lowing OSTM1ATM-hEFc treatment (Fig. 6, E (right panels) and
F). Hence, these results indicate that truncated OSTM1 reduces
LPS-induced bone destruction through the inhibition of OC
differentiation in vivo.

JOURNAL OF BIOLOGICAL CHEMISTRY 35875



OSTM1 Mutation Inhibits Osteoclastogenesis

A Ostm1ATM
mock hFe -hFc o mocx
hF
(200'3;3',',',% 051530 051530 0 51530 min s ostmumaenre
20 4 p-p65

PR

pP-pé5

1
t 3

g

p-Akt

>
a

Relative density

s
m
.Y
=

ERK

p-JNK
10 -
& \.
K =
i 0 5 15 30mi
B-actin RANKL i
B Ostm1ATM
mock hFe -hFc O~ mock
M.CSF 4
(50 ng/ml) 0 51530 051530 0 51530min -+ ostmisranee
pove T —
it e e =
[
p-ERK [ I -
i 0 5 15 30min
pectin [
C OstmiATM
mock hFc -hFe O mock
RANKL . - nFc
(200 ng/ml) 051530 051530 0 51530 mg ‘-.- Ostm1ATM-nFe
alad 000000 HiRaie
o |2 :
L [P — < || Tt
i = 0 5 15 30min
Poctin NN—— —— L

D

Ostm1ATM
mock hFc -hFe o mocx
RANKL , b hFe
+ 051530 051530 0 51530 min -*- OstmiiTM-nFe
M-CSF 10 p-p65
reos [ "] -
PS5 (B . see. ||
= R
1o
s
prakt S —— ] p A
2 |10
S HNaead
@
e [10 -
PERK Sme <@ dme PERK
5
e . Eaiey
140 =
INK RERT BEPT weeT ffi
. 0 5 15 30min
pactin [EESSISSSSISSSS  ravncer
2100 — mock gwo — mock
°® . hFc [ « hFc
o =  Ostm1ATM-hFc © =  Ostm1ATM-hFc
L L3
1) o
® ®
2 Day1 .g ) Day1
E 10° 10" 102 10° 10* é 10° 10" 102  10° 10%
100 100
Ao Tk A | ook
= Ostm1ATM-hFc = Ostm1ATM-hFc
Day2 .  Day2
10° 10" 102 10* 10 °1:° 10" 102 10° 10¢
1001 mock 100 mock
«  hFc «= hFc
Ostm1ATM-hFc = Ostm1ATM-hFc
Day3| Day3|
10° 10" 102 10% 10 0100 10" 102 10° _ 10*
RANK L—  » cFms

FIGURE 4. The effect of the truncated OSTM1 on the signaling pathways involved in OC differentiation. A, effect of OSTM1ATM-hFc treatment on
RANKL-induced signaling. BMMs pretreated with purified proteins (25 ug/ml) for 2 h. The pretreated BMMs were further stimulated with RANKL for the
indicated times. The cells were then analyzed through immunoblotting with antibodies recognizing phosphorylated and total p65, p38, Akt, ERK, and JNK.
B-Actin was used as the loading control. The relative level of phosphorylated forms was calculated after normalization to total protein input (right). B, effect of
OSTM1ATM-hFc treatment on M-CSF-induced signaling. The M-CSF-induced signals were analyzed through immunoblotting with antibodies recognizing
phosphorylated and total Akt and ERK. The relative level of the phosphorylated form was calculated after normalization to total protein input (right). C, effect
of OSTM1ATM-hFc treatment on RANKL-induced co-stimulatory signaling. The RANKL-induced co-stimulatory signals were analyzed through immunoblot-
ting with antibodies recognizing phosphorylated and total PLC-vy. The relative level of the phosphorylated form was calculated after normalization to total
protein input (right). D, effect of OSTM1ATM-hFc treatment on the stimulation of both RANKL and M-CSF. The relative level of the phosphorylated form was
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DISCUSSION

Genetic mutations in osteoclastogenic genes, such as RANK,
RANKL, M-CSF, TRAF6, TCIRG1, CLCN7, and OSTM]1, are
closely associated with osteopetrotic bone diseases (29). In par-
ticular, genetic mutations in the OSTM1I gene lead to the most
severe forms of ARO in humans (30). Human OSTM1 contains
334 amino acid residues, encoding a type I transmembrane pro-
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tein with a putative signal peptide and a potential transmem-
brane domain (4). Six mutations in the human OSTM1 gene
have been implicated in ARO, with an increased risk of early
death in clinical reports (4—6,10,30-33). These six human
OSTM1 mutations could lead to truncated OSTM1 proteins
containing 11, 85, 134, 139, or 261 residues with short unrelated
sequences or premature stop codons through frameshift or
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FIGURE 5. The truncated form of OSTM1 inhibits the expression of OC markers through the down-regulation of BLIMP1 and NFATc1 expression. A,
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The empty vector was used as a control (mock; black box). F, effects of c-Fos overexpression. Open boxes, retrovirus-transduced c-Fos. The empty vector was
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(mock; black box). **, p < 0.01. Error bars, S.D.

DECEMBER 26, 2014-VOLUME 289-NUMBER 52 SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 35877



OSTM1 Mutation Inhibits Osteoclastogenesis

A

M-CSF

O M-CSF

M-CSF +LP$S M-CSF+
ot 7 3R . M-CSF+LPS M-CSF LPS
- 3. 2 1 *%
] | & — g P
2 > ~151 b =
B E = =
cg ' EE
| 305 1. E1.
o = 0 4 EECEEO
- 250 - NFATC1 -
O 20 | c-Fos~ NS
= By p-CRED > [—
= T 2 CREB > e
<o & @100
cw > TRAF6 - [ ——
E £ %8 50
EF o =S 0 _m noM ND| B-aCHin » | —
le]
o &© <
« \bxs(a
o
C LPS+ D 'F
300, Cr
o 9
[ 5 5,200
2 £E
g ET
2 % 100
[- 3
o 03
0
E LPS + o+ o+
hFc L
Ostm1ATM .
-hFc
E H&E TRAP F
mock |+ %
PR 1
307 .. "Ns
25 i
[
LPS §_E 20
3.2 15
> 10
LPS + ES -
hFc
0
LPS + o+
LPS+|[ hFc - -
Ostm1ATM-hFc | Ostm1AhTFM *
-hFc

FIGURE 6. The effect of the truncated OSTM1 on LPS-induced OC formation and bone loss. A, effect of OSTM1ATM-hFc treatment on LPS-induced OC
differentiation. The OCs were differentiated through LPS stimulation for 4 days. LPS-induced OCs were analyzed and photographed (left panels; original
magnification, X 100) after TRAP staining. The TRAP solution assay was performed (top right panel). The number of TRAP* MNCs (=3 nuclei) was counted
(bottom right panel). N.D., not detected. B, down-regulation of NFATc1 expression after OSTM1ATM-hFc treatment in LPS-induced OCs. TRAF6 was used as the
internal control. B-Actin was used as the loading control. C, effect of OSTM1ATM-hFc treatment on LPS-induced bone loss. The TRAP* OCs on calvaria were
visualized after TRAP staining (top panels). Three-dimensional microcomputed tomography images of calvaria are shown in the bottom panels. D, bone mineral
density units on calvarial bone were measured through microcomputed tomography analysis. E, effect of OSTM1ATM-hFc treatment on LPS-induced OC
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original magnification, X200). F, TRAP™ MNCs on calvaria were counted. NS, not significant. **, p < 0.01. Error bars, S.D.

nonsense mutations (4-6,10,30-33). Although many case
studies of human ARO patients have been reported, the func-
tional relevance of these truncated forms of OSTMI is not
clear.

The morphological observation of OCs in bony tissue can be
used to evaluate OC differentiation or function. In a recent case
study, an ARO patient with a nonsense mutation in the first
exon of the OSTMI gene showed the production of a short
85-residue truncated protein, demonstrating that multinucle-
ated OCs, which are most likely nonfunctional cells, are nor-
mally differentiated from precursor cells (31). This phenome-
non is similar to the morphological phenotype of OCs resulting
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from the null mutation in gl//gl mice, showing an increased
number of functionally inactive multinucleated OCs (4). How-
ever, contrary to these studies, a decrease in OC numbers was
observed in another ARO patient with a substitution at the
donor splice site of intron V, resulting in the production of a
261-residue truncated protein lacking the putative transmem-
brane domain (4, 10). In addition, abnormally elongated OCs
were observed in this patient, indicating that OC differentiation
or maturation might be altered (10). Furthermore, Lange et al.
(7) suggested the possibility of extracellular secretion of trun-
cated OSTM1 in ARO patients, although the precise role of the
truncated form of OSTM1 remains unknown. Therefore, it is
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valuable to examine whether the extracellular secretion of trun-
cated OSTML is involved in osteoclastogenesis. Interestingly,
Chalhoub et al. (4) provided data supporting this possibility in
studies involving BAC transgene complementation analyses in
gl/gl mice. These authors reported an exceptional BAC 373N3
transgenic clone that failed to rescue the gl/gl phenotype,
whereas the other BAC 373N3 transgenic clones showed a fully
rescued phenotype (4). This BAC 373N3 transgenic clone has a
large genomic deletion beginning in the third intron and
extending beyond the 3’ end of the Ostm I gene, resulting in the
production of a 207-residue truncated protein lacking the puta-
tive transmembrane domain (4). This mutation is similar to the
substitution mutation at the donor splice site of intron V, which
results in the production of a 261-residue truncated protein and
has been reported in human ARO patients (10). In addition, we
observed that truncated OSTM1 reduced OC differentiation
(Fig. 3), suggesting a negative role for the secreted form of trun-
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cated OSTML1 in osteoclastogenesis. Accordingly, it is reason-
able to presume that this truncated OSTM1 is an extracellular
secreted mutant form.

OSTML1 is ubiquitously expressed in various tissues, includ-
ing brain, heart, liver, kidney, and bone (4, 9). However, the
primary cell sources of the secreted form of the truncated
OSTM1 remain unknown. Interestingly, the gray-lethal muta-
tion leads not only to osteopetrosis but also to coat color defects
and neurological damage (5). Furthermore, a recent study dem-
onstrated that a loss of function of the Ostm1 gene results in the
deregulation of multiple hematopoietic lineages, including T-
and B-cells, in addition to OC lineage cells (34). In rescue exper-
iments in Ostm1-transgenic mice, OSTM1 overexpression in
the committed OC lineage under the control of the TRAP pro-
moter was not sufficient to rescue the g/ osteopetrotic defect,
whereas both g/ osteopetrosis and hematopoiesis were fully res-
cued by the PU.I promoter in Ostml-transgenic mice (34).
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Thus, these data indicate that OSTM1 is involved in intercellu-
lar cross-talk in the hematopoietic compartment; however, the
complete mode of action is currently unknown. In fact, the
involvement of intercellular cross-talk in the hematopoietic lin-
eage cells in g//gl mice has been previously proposed based on
the results of hematopoietic stem cell transplantation experi-
ments (35). Consistent with previous reports, we also observed
that osteoclastogenesis is reduced through culture superna-
tants containing a secreted form of truncated OSTM1 derived
from osteoblastic cell lines or T-cell hybridomas (Fig. 2). In
addition, we observed that OSTM1 is expressed in bone cells,
such as OCs and OBs, in response to differentiation signals (Fig.
1). Thus, these results suggest that a secreted form of the trun-
cated OSTM1 is not only expressed in OC lineage cells but also
in various hematopoietic or marrow stromal cells in both
humans and mice with ARO.

In conclusion, we identified a novel function for the secreted
form of truncated OSTM1 in osteoclastogenesis. Here, we
show that a secreted form of truncated OSTM1 is negatively
involved in OC differentiation and survival through the down-
regulation of BLIMP1 and NFATc1 expression as illustrated in
Fig. 7. The formation of multinucleated OCs through cell-cell
fusion and OC marker gene expression was significantly
reduced through the expression of truncated OSTM1. More-
over, we demonstrated that truncated OSTM1 inhibits oste-
oclastogenesis via the attenuation of RANKL-induced p38 and
JNK activation and M-CSF-induced Akt and ERK activation.
Finally, we demonstrated that truncated OSTM1 reduces LPS-
induced bone destruction in vivo. Thus, these findings suggest
that the loss of the putative transmembrane domain in the
OSTM1 gene in ARO patients produces a secreted form of
truncated OSTM1 that inhibits osteoclastogenesis.
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