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Abstract

Cherubism (OMIM#118400) is a genetic disorder with excessive jawbone resorption caused by
mutations in the signaling adaptor protein SH3BP2. Studies on the mouse model for cherubism
carrying a P416R knock-in mutation have revealed that mutant SH3BP2 enhances TNF-a
production and RANKL-induced osteoclast differentiation in myeloid cells. TNF-a is expressed in
human cherubism lesions, which contain a large number of TRAP-positive multinucleated cells,
and TNF-a plays a critical role in inflammatory bone destruction in homozygous cherubism mice
(Sh3bp2KI/Kl) The data suggest a pathophysiological relationship between mutant SH3BP2 and
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TNF-a-mediated bone loss by osteoclasts. Therefore, we investigated whether P416R mutant
SH3BP2 is involved in TNF-a-mediated osteoclast formation and bone loss. Here, we show that
bone marrow-derived M-CSF-dependent macrophages (BMMs) from the heterozygous cherubism
mutant (Sh3bp2K!*) mice are highly responsive to TNF-a and can differentiate into osteoclasts
independently of RANKL in vitro by a mechanism that involves SYK and PLCvy2
phosphorylation, leading to increased nuclear translocation of NFATc1. The heterozygous
cherubism mutation exacerbates bone loss with increased osteoclast formation in a mouse
calvarial TNF-a injection model as well as in a human TNF-a transgenic mouse model (hTNFtg).
SH3BP2 knockdown in RAW264.7 cells results in decreased TRAP-positive multinucleated cell
formation. These findings suggest that the SH3BP2 cherubism mutation can cause jawbone
destruction by promoting osteoclast formation in response to TNF-a expressed in cherubism
lesions and that SH3BP2 is a key regulator for TNF-a-induced osteoclastogenesis. Inhibition of
SH3BP2 expression in osteoclast progenitors could be a potential strategy for the treatment of
bone loss in cherubism as well as in other inflammatory bone disorders.
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Introduction

Cherubism (OMIM#118400) is an autosomal dominant craniofacial disorder with
disfiguring facial appearance in children due to focal resorption of maxillary and mandibular
bones and their replacement with excessively proliferating fibro-osseous tissue masses. The
lesions consist mostly of spindle-shaped fibroblastoid cells and a large number of tartrate-
resistant acid phosphatase (TRAP)-positive (+) multinucleated giant cells.(!) Our previous
studies have revealed that heterozygous gain-of-function mutations in the SH3 domain
binding protein 2 (SH3BP2) are responsible for cherubism.(2:3) SH3BP2 is an adaptor
protein originally discovered as one of the proteins that bind to the SH3 domain of the
protein tyrosine kinase ABL1.(4) SH3BP2 can interact with a variety of proteins including
SYK,®) 14-3-3,6) vAV,() LYN,® PLCy1 and PLCy2,:9) SHP-1,(10.11) BLNK,(12) and
SRC (13) in various hematopoietic cell types including T cells, B cells, mast cells,
neutrophils, and macrophages as well as in osteoblasts and osteoclasts, indicating that
SH3BP2 plays roles in modulating the immune and skeletal system under physiological
conditions.(13-15)

Analysis of the P416R knock-in (K1) mouse model for cherubism (equivalent to the most
common P418R mutation in cherubism patients) revealed that heterozygous mutants
(Sh3bp2KI/*+) exhibit systemic osteopenia due to increased osteoclast formation in response
to receptor activator of nuclear factor-xB ligand (RANKL). In addition, homozygous
mutants (Sh3bp2XV/Kl) spontaneously develop severe inflammatory bone loss and joint
destruction resulting from systemic macrophage-rich inflammation that overproduces tumor
necrosis factor (TNF)-a.(16) More recently, it has been discovered that SH3BP2 interacts
with TANKYRASE1 and TANKYRASE2, members of the poly (ADP-ribose) polymerase
(PARP) superfamily, and that cherubism mutant SH3BP2 protein undergoes reduced poly
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(ADP-ribosylation), resulting in decreased proteasomal degradation.(17:18) Therefore,
elevated levels of the mutant SH3BP2 protein in Sh3bp2K/KI myeloid cells lead to enhanced
osteoclast formation and TNF-a production in macrophages in a gain-of-function manner.
Because elevated levels of wild-type SH3BP2 protein are sufficient to induce enhanced
osteoclast formation and TNF-a, production by macrophages (16:17), effects shown by
Sh3bp2X1* and Sh3bp2XVKI myeloid cells are not specific for the P416R mutation, but are
due to the elevated amount of SH3BP2 protein.

In inflammatory bone diseases including rheumatoid arthritis, synovial macrophages and
fibroblasts as well as T cells in inflamed joints express a variety of proinflammatory
cytokines such as TNF-a, interleukin (IL)-1, IL-6, and 1L-17.(29 Among these cytokines,
TNF-a is a dominant cytokine that plays a critical role in the promotion of pathological
osteoclast formation leading to inflammatory bone destruction.(29-22) Clinical effectiveness
of anti-TNF-a treatment for rheumatoid arthritis has demonstrated the essential role of TNF-
a in inflammatory bone loss.(23) However, since previous in vitro studies have shown that
TNF-a alone does not efficiently induce osteoclast differentiation of bone marrow-derived
M-CSF-dependent macrophages (BMMs) as RANKL does,(24-26) TNF-a has been regarded
as a cytokine that synergistically potentiates osteoclast differentiation and function in the
presence of other cytokines such as RANKL, IL-1 and TGF-B in vitro.(2427-29) Similarly, in
vivo enhancement of osteoclast formation by TNF-a is largely dependent on the stimulation
of RANK, the receptor for RANKL, because it has been shown that TNF-a-challenged
Rank~/~ mice do not exhibit significant signs of bone resorption.(3%) Taken together,
previous reports implicate that TNF-a is much less potent in inducing osteoclast formation
compared to RANKL and that TNF-a alone cannot fully substitute for RANKL both in vitro
and in vivo.

Although many advances have been made towards understanding the pathogenesis of
inflammatory bone diseases and the role of TNF-a in pathological bone resorption by
osteoclasts,(2427.28:31.32) fyrther investigation is necessary to address the question of which
molecules and signaling pathways are involved in the mechanisms that control TNF-a-
induced or -assisted osteoclastogenesis. Since TNF-a is expressed in human cherubism
lesions (33) and is critically important for the pathogenesis of Sh3bp2XV/KI mice as
demonstrated by the rescued inflammatory bone destruction in TNF-a-deficient Sh3bp2KI/KI
mice,(16) a pathophysiological link between SH3BP2 and TNF-a-mediated inflammatory
bone loss via osteoclasts has been suggested. Therefore, we investigated whether P416R
mutant SH3BP2 is involved in TNF-a-mediated osteoclast formation and bone loss.

In the present study, we show that the gain-of-function P416R SH3BP2 mutation potentiates
the formation of TNF-a-induced TRAP+ multinucleated cells (MNCs) in the absence of
RANK-RANKL interaction in BMM cultures through increased nuclear translocation of
NFATc1. We also show that the mutant SH3BP2 exacerbates bone loss in a calvarial TNF-a
injection model as well as in transgenic mice expressing human TNF-a (hTNFtg), a model
for human rheumatoid arthritis. Furthermore, TRAP+ MNC formation is suppressed in
SH3BP2 knockdown RAW264.7 cells. Thus, we demonstrate that SH3BP2 plays a role in
TNF-a-induced osteoclastogenesis by modulating the sensitivity of osteoclast progenitors to
TNF-a. The data suggest that inhibition of SH3BP2 expression in osteoclast progenitors
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could be a potential strategy for the treatment of bone loss in inflammatory bone disorders as
well as in cherubism.

SH3BP2 P416R knock-in mutant mice on C57BL/6 background were previously
described.(16) Nfatc1-floxed (Nfatc1™/M) mice were kindly provided by Dr. Laurie H.
Glimcher. 34) Mx1-Cre and c-Fos-deficient (c-fos™~) mice on C57BL/6 background were
purchased from Jackson Laboratory (Bar Harbor, ME, USA). Human TNF-a-transgenic
(hTNFtg) mice were obtained from Taconic (Hudson, NY, USA)®5) and bred with
Sh3bp2X1* mice under a crossbreeding agreement. To generate Nfatc1-deleted (Nfatc12/2)
mice, Nfatc1™fl mice were crossed with Mx1-Cre mice, and Mx1-Cre/Nfatc1™/f mice were
injected intraperitoneally with 250 ug of pl:pC (GE Healthcare, Pittsburgh, PA, USA) in
PBS every other day for a total of 3 doses starting at postnatal day 10.(34) All procedures
were approved by the Institutional Animal Care and Use Committee.

Reagents and antibodies

Recombinant murine M-CSF, TNF-a, and RANKL proteins were purchased from Peprotech
(Rocky Hill, NJ, USA). Recombinant mouse osteoprotegerin Fc domain fusion protein
(OPG-Fc) was purchased from R&D systems (Minneapolis, MN, USA). Etanercept was
purchased from Pfizer (New York, NY, USA). FK506, BAY61-3606, R406, and U73122
were obtained from Sigma-Aldrich (St. Louis, MO, USA), Millipore (Billerica, MA, USA),
Selleck chemicals (Houston, TX, USA), and Calbiochem (Billerica, MA, USA),
respectively. Antibodies for Western blot were obtained from Cell Signaling Technology
(Danvers, MA, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA), GeneTex (lIrvin,
CA, USA), Abcam (Cambridge, MA, USA), Millipore, and Sigma-Aldrich.

Immunohistochemistry

Paraffin embedded cherubism lesions were sectioned (6 um) and rehydrated. Antigen
retrieval was performed using antigen unmasking solution (Vector Laboratories,
Burlingame, CA, USA), and endogenous peroxidase was blocked with 3% H,0,. After
blocking with normal horse serum, the sections were incubated overnight at 4°C with either
mouse anti-TNF-a (P/T2, Abcam)®3) or mouse anti-CD14 (Clone 7, Thermo Scientific,
Waltham, MA, USA) antibodies. After washing with PBS, sections were incubated with
biotinylated anti-mouse 1gG antibody for 10 min and treated with Vectastain elite ABC kit
(Vector Laboratories). TNF-a and CD14 were visualized using DAB and VIP peroxidase
reagents (ImmPACT DAB and VIP, Vector Laboratories), respectively. The sections were
counterstained with Mayer's hematoxylin. As negative controls, specimens were incubated
with normal mouse IgG in place of primary antibodies.

Osteoclast differentiation and resorption assay

Bone marrow cells were isolated from long bones of 6 to 10-week-old female mice.(6) Non-
adherent cells were collected, seeded on 48-well plates at a density of 2.1 x 10° cells/well,
and incubated in a-MEM supplemented with 10% FBS containing M-CSF (25 ng/ml). After
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2 days, bone marrow derived M-CSF-dependent macrophages (BMMs) were stimulated
with TNF-a or RANKL for additional 3—4 days in the presence of M-CSF (25 ng/ml). For
fetal liver cell culture, fetal livers (E13.5) were dissociated in a-MEM, and non-adherent
cells were treated as described above. Culture medium was changed every 2 days. TRAP+
MNC formation (3 and more nuclei) was visualized by TRAP staining (Sigma-Aldrich) and
counted (n = 4-6 wells/group). Biochemical assay for TRAP activity in the culture
supernatant was performed as described.(34:36) OPG-Fc and etanercept were used to
neutralize RANKL and TNF-a, respectively. To block calcineurin, SYK, PLC, and NF-xB
pathways, we used FK506, SYK inhibitors (BAY61-3606, R406), U73122, or NEMO-
binding domain peptide,37) respectively. For resorption assay, non-adherent bone marrow
cells were plated at a density of 8.5 x 104 cells/well (96-well plates) and cultured in the
presence of M-CSF (25 ng/ml) and TNF-a (100 ng/ml) for 7 to 21 days. After removing the
cells with 1M NH4OH, resorption areas were visualized with toluidine blue or von Kossa
staining followed by quantification with analySIS (Soft Imaging System GmbH, Munster,
Germany) attached to a Nikon NE600 reflective microscope.

Immunofluorescent staining

TNF-a-treated non-adherent bone marrow cells (1.8 x 10° cells/well in 8-well chamber
slides) were fixed in 4% PFA, permeabilized with 0.2% Triton X-100, blocked in 2%
normal goat serum/2.5% BSA/PBS, and incubated with anti-NFATc1 antibody (7A6, Santa
Cruz). NFATc1 was detected by Alexa Fluor-555 conjugated goat anti-mouse 1gG antibody.
Actin and nuclei were co-stained with Alexa Fluor-488 conjugated phalloidin (Life
Technologies, Grand Island, NY, USA) and DAPI, respectively. Fluorescent images of cells
were acquired with a TCS SP5 Il confocal microscope (Leica, Buffalo Grove, IL, USA). To
quantify nuclear localization of NFATc1, three images per each group were taken with a 4X
objective on a Nikon TE800 fluorescent microscope. Cells were considered positive for
NFATc1 nuclear localization when the fluorescence intensity of NFATc1 in nuclei exceeded
that in cytoplasm. Numbers of DAPI-and NFATc1-positive nuclei were counted using
ImageJ (NIH), and the percentages of NFATc1-positive nuclei per total nuclei were
calculated as described.(38) Approximately 1000 nuclei in each group were analyzed.

Real-time quantitative PCR (qPCR)

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). cDNA was
synthesized using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems,
Carlsbad, CA, USA). gPCR reactions were performed using Absolute Blue QPCR Master
Mixes (Thermo Scientific) with StepOne Plus system (Applied Biosystems). Gene
expression levels relative to Hprt were calculated by AACt method and were normalized to
baseline controls as indicated in each experiment. gqPCR primers used in this study are listed
in Supplemental Table 1. All gPCR reactions yielded products with single peak dissociation
curves.

Immunoprecipitation and Western blot

Cells were washed with ice-cold PBS and lysed with lysis buffer (25 mM Tris-HCI (pH 7.4),
150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100, 2.5 mM sodium
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pyrophosphate, 0.7 mM B-glycerophosphate) with protease inhibitor and phosphatase
inhibitor cocktails (Sigma-Aldrich). After pre-clearing with protein A/G-Plus-Agarose
(Santa Cruz Biotechnology), approximately 200-300 pg of total protein was incubated with
1-2 pg of indicated primary antibodies at 4°C for 2 hours, then incubated with 20 pl of
protein A/G-Plus-Agarose for additional 2 hours. After washing three times with lysis
buffer, the agarose was resuspended in Laemmli loading buffer and boiled for 5 min. For the
preparation of Triton X-100-solubilized protein, cells were washed with ice-cold PBS and
lysed with lysis buffer. For nuclear and cytoplasmic fractionation, cells were lysed on ice in
cytoplasmic lysis buffer (10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
DTT, 0.05% lgepal), and nuclei were sedimented by centrifugation and lysed in nuclear
lysis buffer (2% SDS, 2 M urea, 8% sucrose, 20 mM sodium B-glycerophosphate, 1 mM
NaF, and 5 mM Na,VOy,). Five pg of TritonX-100-solubilized protein, 1 pg of nuclear
protein and 4 pg of cytoplasmic protein were resolved by SDS-PAGE and transferred to
nitrocellulose membranes. After blocking with 5% skim milk in TBST buffer, membranes
were incubated with primary antibodies followed by incubation with appropriate HRP-
conjugated species-specific secondary antibodies (Cell Signaling Technology). Bands were
detected using SuperSignal West Dura or Femto chemiluminescent substrate (Thermo
Scientific) and visualized by ImageQuant LAS-4000 (GE Healthcare). Actin, HSP90, and
nuclear matrix protein p84 were used as loading controls.

Retrovirus production and SH3BP2 overexpression in RAW264.7 cells

C-terminal FLAG-tagged wild-type and P416R Sh3bp2 cDNA fragments were cloned into
pMXs-IP vector.(39) 293 GPG cells were transfected using FUGENE HD (Roche, Alameda,
CA, USA). After 48 hours, supernatants were collected and used for infection. RAW264.7
cells were cultured in medium containing retrovirus and polybrene (8 pug/ml) for 2 days.
Infected RAW264.7 cells were selected with puromycin (10 pug/ml), re-seeded on 48-well
plates at a density of 2000 cells/well, and stimulated with TNF-a (100 ng/ml) for 4-5 days.
For resorption assays, infected RAW?264.7 cells were plated at a density of 1.0 x 102 cells/
well in DMEM/10% FBS on Osteo-Assay Surface plates (Corning Life Sciences, Lowell,
MA). After 8 days of culture with TNF-a (100 ng/ml) at 10% CO,, the cells were removed
with 10% bleach solution, and wells were stained with 5% silver nitrate solution. Resorbed
area/well was quantified using ImageJ.

TNF-a calvarial injection

Ten-week-old Sh3bp2X!/* and Sh3bp2*/* male mice were subjected to daily supracalvarial
injections with TNF-a (1.5 ug/mouse/day) or PBS for 5 days.(0) Mice were euthanized 24
hours after the last injection, and the calvariae were fixed in 4% paraformaldehyde (PFA)
for 2 days. For RNA collection, calvariae were crushed under liquid nitrogen conditions
using a tissue pulverizer and immediately stored in TRIzol reagent.

Micro-computed tomographic (microCT) analysis

PFA-fixed calvariae and hind limbs were immersed in 70% ethanol and scanned with a
vivaCT 40 (Scanco Medical AG, Bassersdorf, Switzerland) with an X-ray energy of 55 kVp
(145 pA), a voxel resolution of 15 pm, and an integration time of 200 ms. Trabecular and
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cortical bone properties of tibia and talus bone volume were analyzed using Scanco bone
evaluation software. The talus bone volumes were evaluated for a quantitative measurement
of bone erosion.Y) For three-dimensional (3D) reconstruction of calvarial and hind paw
bones, threshold was set to 300. The region of trabecular bone analysis comprised 70 slices
of secondary spongiosa beginning just beneath primary spongiosa of the tibia; the region of
cortical bone analysis comprised 30 slices of midshaft (1 mm proximal to the tibio-fibular
junction) of the tibia. All microCT parameters were described according to American
Society for Bone and Mineral Research (ASBMR) guidelines.2)

Histomorphometry

Bone samples fixed in 4% PFA in PBS were decalcified for 4 weeks in 0.5 M EDTA (pH
7.2) at 4°C. Six um paraffin sections were stained with hematoxylin and eosin (H&E), and
osteoclasts were visualized by TRAP staining. Methyl green was used for counterstaining.
Histomorphometric measurements were performed in a blinded manner using the
OsteoMeasure analysis system (OsteoMetrics Inc., Atlanta, GA, USA) interfaced with
Nikon E800 microscope. Eroded surface per bone surface (ES/BS), number of osteoclasts
per bone surface (N.Oc/BS), and osteoclast surface per bone surface (Oc.S/BS) were
determined. The terminology and units used are those recommended by the
Histomorphometry Nomenclature Committee of the ASBMR.(43)

Evaluation of TNF-a-mediated arthritis and bone loss

Sh3bp2X!* mice were crossed with hTNFtg mice, and inflammation and bone loss were
evaluated as described.(2% Arthritis severity was assessed once a week in a blinded manner
using the following criteria: 0 = Normal; 1 = Mild erythema or swelling of the wrist or ankle
or erythema and swelling of any severity for 1 digit; 2 = More than three inflamed digits or
moderate erythema and swelling of the ankle or wrist; 3 = Severe erythema and swelling
inflammation of wrist or ankle; 4 = Complete erythema and swelling of the wrist and ankle
including all digits. Each limb was graded, giving a maximum score of 16. After fixation,
hind limb samples were subjected to microCT analysis. Tibio-talar joints and tibiae were
analyzed to determine focal and systemic bone loss, respectively. Severity of inflammation
around ankle joints was evaluated on H&E staining sections using the following criteria: 0 =
normal, 1 = mild diffuse inflammatory infiltrates, 2 = moderate inflammatory infiltrates, 3 =
marked inflammatory infiltrates, 4 = severe inflammation with pannus formation.

ELISA assay for human and mouse TNF-a

Human and mouse TNF-a concentrations in serum collected from 16-week-old hTNFtg
mice were measured with DuoSet ELISA Development kits (R&D).

SH3BP2 knockdown in RAW264.7 cells

GIPZ lentiviral ShARNAmir (mouse SH3BP2 shRNA and non-silencing ShRNA) were
obtained from Thermo Scientific. Clone numbers are: #1 (V3LMM_444790), #2
(V3LMM_444792), non-silencing (RHS4348). RAW264.7 cells were transduced with the
lentiviral particles at a multiplicity of infection (MOI) of 30 diluted in DMEM containing 8
ug/ml of polybrene (Sigma-Aldrich). After 6-hour incubation, equal amount of DMEM/

J Bone Miner Res. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mukai et al.

Page 8

20%FBS was added to each well. The transfection medium was removed after 2 days and
replaced with complete culture medium. RAW264.7 cells expressing SH3BP2 shRNA were
selected with puromycin (10 pg/ml). To evaluate osteoclastogenesis, the infected and non-
infected cells were seeded on 48-well plates at a density of 2000 cells/well and stimulated
with TNF-a (100 ng/ml) for 5 days. Knockdown efficiency was confirmed by Western blot.
Resorption assay was performed as described in the retroviral SH3BP2 overexpression
section.

Statistical analysis

Results

All results are given as mean + SD. Statistical analysis was performed by the two-tailed
unpaired Student's t test to compare two groups and by one-way ANOVA (Tukey post-hoc
test) to compare three or more groups using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA) and SPSS Statistics 20 (IBM, Armonk, NY, USA). P values less than 0.05
were considered statistically significant.

TNF-a- and CD14-positive cells in human cherubism lesions

To investigate the involvement of TNF-a and osteoclast precursors in human cherubism
lesions, we performed immunohistochemical analyses for TNF-a and CD14, a marker for
monocytes/macrophages. Cherubism lesions contained a number of multinucleated giant
cells embedded in fibrous stromal cells (Fig. 1, left). Both giant cells and fibrous cells were
positive for TNF-a (Fig. 1, middle), which is consistent with a previous report by Hero et
al.33) CD14+ monocytes, which have the potential to differentiate into osteoclasts,44:45)
were also present (Fig. 1, right). These findings suggest that in human cherubism lesions
osteoclast precursor cells are constantly exposed to TNF-a and indicate a pathological link
between TNF-a, and TRAP+ MNC formation in cherubism lesions.(346) Therefore, we
hypothesized that mutant SH3BP2 enhances TNF-a-induced osteoclastogenesis.

Increased TNF-a-induced osteoclast formation in Sh3bp2K/* BMMs

Here we use heterozygous Sh3bp2K!/+ mice for further analyses, since spontaneous
development of systemic inflammation in homozygous Sh3bp2K/KI mice results in short
lifespan (16) which could hinder future in vivo experiments (as described in Fig. 7 and 8) and
because cherubism occurs as an autosomal dominant disease in humans with a heterozygous
SH3BP2 mutation.(® To examine whether the P416R SH3BP2 mutation regulates TNF-a-
induced osteoclastogenesis of osteoclast precursors, we performed in vitro osteoclast
differentiation assays using BMMs. The expression level of SH3BP2 protein was higher in
Sh3bp2X!*+ BMMs than in Sh3bp2+/* BMMs as reported by Levaot et al.,(33) and both TNF-
a receptors (TNFR1 and TNFR2) were equally expressed in Sh3bp2K!/+ and Sh3bp2*/*
BMMs (Fig. 2A). As we have previously reported, 5 Sh3bp2Kl/+ BMMs formed more
TRAP+ MNCs than Sh3bp2*/* BMMs in response to RANKL (Fig. 2B, upper panels).
Sh3bp2K'+ BMMs stimulated with TNF-a formed more TRAP+ MNCs than Sh3bp2*/+
BMMs (Fig. 2B, lower panels), which was confirmed by the quantitative measurements of
the number of TRAP+ MNCs (Fig. 2C). TNF-a consistently induced 12 to 37 times more
TRAP+ MNC formation in Sh3bp2K!/* BMM s throughout the culture period (Fig. 2D).
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Homozygous Sh3bp2X/KI BMMs formed similar numbers of TRAP+ MNCs compared to
heterozygous Sh3bp2K!/+ BMMs (data not shown). M-CSF stimulation alone did not induce
TRAP+ MNC formation in Sh3bp2*/*, Sh3bp2K/+, and Sh3bp2KI/KI BMM cultures (data
not shown). TRAP activity in culture medium as well as the number of nuclei per TRAP+
MNC were significantly increased in Sh3bp2X!/* BMM cultures (Fig. 2E, 2F). Sh3bp2KI/+
TRAP+ MNCs formed actin rings (Fig. 2G) and exhibited higher dentine and calcium
phosphate resorption activity compared to Sh3bp2*/* BMM:s after TNF-q stimulation (Fig.
2H, 21, and 2J). These results indicate that SthpZK'/+ BMMs stimulated with TNF-a can
differentiate into fully functional osteoclasts which can resorb mineralized matrices. In
agreement with a previous report by Kobayashi et al.,(?") Sh3bp2*/* TRAP+ MNCs induced
by TNF-a did not form resorption pits (Fig. 2H, 21, and 2J).

Next, to test if TNF-a induces osteoclast differentiation of Sh3bp2K!/* BMM:s independently
of RANKL, recombinant murine osteoprotegerin (OPG-Fc) was added to the BMM cultures.
OPG-Fc completely failed to inhibit TNF-a-induced osteoclastogenesis in Sh3bp2Kl/+ BMM
cultures, while RANKL-induced osteoclastogenesis was suppressed in a dose-dependent
manner (Fig. 2K), confirming that TNF-a stimulation of Sh3bp2K/+ BMMs can induce
osteoclast formation independently of RANKL in vitro. In contrast, etanercept, a TNF-a
inhibitor, effectively blocked TNF-a-induced osteoclastogenesis in Sh3bp2K/+ BMM
cultures (Fig. 2L). Taken together, these data demonstrate that the P416R mutant SH3BP2,
which acts in a gain-of-function manner, potentiates TNF-a-induced formation of TRAP+
MNCs independently of RANKL and that Sh3bp2K/+ TRAP+ MNCs induced by TNF-a are
functionally mature osteoclasts.

Increased mRNA expression levels of osteoclast-associated genes and NFATc1 nuclear
translocation in TNF-a-stimulated Sh3bp2K/* BMMs

Next, we measured mRNA expression levels of genes that are associated with osteoclast
differentiation and function, such as acid phosphatase 5 (Acp5), cathepsin K (Ctsk),
osteoclast-associated receptor (Oscar), carbonic anhydrase 11 (Car2), dendritic cell-specific
transmembrane protein (Dcstamp), osteoclast stimulatory transmembrane protein (Ocstamp),
and the d2 isoform of the vacuolar (H*) ATPase VO domain (Atp6v0d2). Real-time PCR
analysis revealed that TNF-a stimulation induces increased expression of osteoclast-
associated genes in Sh3bp2X!/* BMMs primarily at 72 to 96 hours after TNF-a stimulation
compared to those in Sh3bp2*/* BMMs (Fig. 3A).

Nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) isoform A (NFATc1/A) isa
master regulator of the osteoclast transcriptome, promoting the expression of numerous
genes required for osteoclast differentiation and bone resorption.(4748) Since the expression
of osteoclast-associated genes is primarily under the control of NFATcl in RANKL-induced
osteoclasts,34 increased expression of such genes in TNF-a-stimulated Sh3bp2KI/+ BMMs
suggested that the P416R SH3BP2 mutation potentiates TNF-a induction of
osteoclastogenesis through robust induction of NFATc1 similar to autoamplification,#8) a
mechanism of NFATc1 induction by NFATc1 itself, in RANKL-induced osteoclastogenesis.
As expected, Nfatc1/A mRNA expression was significantly increased in TNF-a-stimulated
Sh3bp2X!* BMMs compared to Sh3bp2*/* BMM:s at 72 to 96 hours after TNF-a
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stimulation due to the sustained Nfatc1/A expression, but was transient in Sh3bp2*/* BMMs
(Fig. 3A).

Osteoclast differentiation is regulated by several other transcription factors such as Nfkb1,
Nfkb p65, c-fos, c-jun, PU.1, and Mitf.(19 mRNA expression of these transcription factors
were comparable between Sh3bp2K!/+ and Sh3bp2*/* BMMs stimulated with TNF-a
(Supplemental Fig. 1). Expression of other regulators of RANKL-induced osteoclast
differentiation (Irf8, Mafb, Bcl6, Blimp1)©9-52) as well as Rbpj, a nuclear DNA-binding
protein involved in TNF-a-induced osteoclastogenesis,(?®) were not different between
Sh3bp2Kl* and Sh3bp2*/* BMMs (Supplemental Fig. 1). Collectively, these results indicate
that expression of osteoclast-associated genes that are controlled by NFATc1 is increased in
TNF-a stimulated Sh3bp2K/+ BMM:s.

TNF-a induces NFATc1 nuclear localization in human macrophages.(53) Therefore,
increased Nfatc1/A mRNA expression in Sh3bp2Kl/+ BMM:s led us to investigate the
NFATc1 nuclear translocation in Sh3bp2X!* BMM:s in response to TNF-a.
Immunofluorescent staining revealed that NFATc1 nuclear localization is observed
predominantly in giant cells (Fig. 3B) and that the percentages of NFATc1+ nuclei were
greater in Sh3bp2X!* BMM cultures (25.5 + 5.2% in Sh3bp2K!/*+ vs. 9.0 + 1.5% in
Sh3bp2+/* BMMs at 72 hours) (Fig. 3C). Consistent with this observation, nuclear NFATc1
protein levels were elevated 1.9 to 3.1-fold in TNF-a-stimulated Sh3bp2K!/* BMM:s at 48 to
96 hours after TNF-a stimulation compared with those in Sh3bp2*/* BMMs (Fig. 3D, left,
and Fig. 3E). To confirm whether NFATc1 is located downstream of mutant SH3BP2,
Sh3bp2XI*+ BMMs were stimulated with TNF-a in the presence of a calcineurin inhibitor
FK506. FK506 inhibited the formation of TRAP+ MNCs in a dose-dependent manner (Fig.
3F). Furthermore, Nfatc1-deleted (Nfatc12/A) Sh3bp2KI/+ BMMs cultured with TNF-a did
not form TRAP+ MNCs. This indicates that NFATc1 is downstream of SH3BP2 in BMMs
stimulated with TNF-a and necessary for the increased TRAP+ MNC formation (Fig. 3G,
3H), which is consistent with the requirement of NFATc1 in RANKL-induced osteoclast
differentiation of Sh3bp2X!/* and Sh3bp2K/KI BMMs.(34)

It has been shown that nuclear translocation of NF-xB family transcription factors and c-Fos
precedes the robust induction of NFATc1.(1948) To examine whether P416R mutant
SH3BP2 enhances NF-xB and c-Fos activation prior to the induction of NFATc1, we
determined the protein levels in the nucleus. Immunoblot analysis revealed that TNF-a
induces nuclear localization of NF-xB (p50, p52, and p65) and c-Fos, but expression levels
of the transcription factors in the nuclear fraction were comparable between TNF-a-
stimulated Sh3bp2X!/* and Sh3bp2*/+ BMMs (Supplemental Fig. 2). On the other hand,
inhibition of NF-xB or c-Fos function suppressed TNF-a-induced TRAP+ MNC formation
in Sh3bp2K!* BMMs (Supplemental Fig. 3A-D). Collectively, these data indicate that the
P416R SH3BP2 mutation promotes TRAP+ MNC formation via increased NFATc1 nuclear
translocation without affecting NF-xB and c-Fos expressions, but NF-xB and c-Fos are
necessary for the induction of TRAP+ MNCs.
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P416R mutant SH3BP2 increases SYK and PLCy2 phosphorylation and SYK-dependent
pathway is required for increased NFATc1 nuclear localization in Sh3bp2X/* BMMs

Having shown that the P416R mutation enhances TNF-a-induced osteoclast formation, we
moved to the analysis of the mechanism by which mutant SH3BP2 modulates the signaling
pathway downstream of TNF-a receptors in BMMSs. The protein levels of SH3BP2 were
constantly high in Sh3bp2X!/* BMMs before and after TNF-a stimulation (Fig. 4A). In
COS-7 and DT40 B cell lines, SYK phosphorylates SH3BP2,(8.12:54) and they cooperatively
control downstream signaling events leading to the activation of NFAT,(12) suggesting the
possibility that SYK activation is involved in the increased TRAP+ MNC formation of
Sh3bp2Xl*+ BMMs. Therefore, we examined whether phosphorylation levels of SYK are
altered in Sh3bp2K!/+ BMMs treated with TNF-a.. We found that total tyrosine
phosphorylation of SYK in Sh3bp2X!* BMMs was increased at 72 to 96 hours after TNF-a
stimulation (Fig. 4B, upper panels). Since elevated phosphorylation of Y346 in SYK has
been reported in RANKL-stimulated Sh3bp2KI/+ BMM:s,(16) we next investigated the
phosphorylation levels of the specific tyrosine residues in SYK. TNF-a did induce SYK
expression and phosphorylation of Y317, Y346, Y519/520 in both Sh3bp2X!/* and
Sh3bp2*/* BMMs at comparable phosphorylation levels (Fig. 4C), indicating that
phosphorylation of tyrosine residues other than Y317, Y346, Y519/520 are elevated in
Sh3bp2Xl*+ BMMs compared to Sh3bp2+/+ BMMs.

In RANKL-induced osteoclastogenesis, activated PLCy2 is a key downstream effector of
SYK, and this pathway is crucial for robust NFATc1 induction.(9:5%) We also found that
tyrosine phosphorylation levels of PLCy2 are approximately 2-fold higher in Sh3bp2K!/+
BMM s than in Sh3bp2*/* BMM:s after TNF-q, treatment (Fig. 4B, lower panels). We
observed that TNF-a induces PLCy2 expression in both Sh3bp2K!/* and Sh3bp2*/* BMMs
and that the phosphorylation levels of the Y1217 are constantly increased in Sh3bp2KV/+
BMMSs compared to Sh3bp2*/* BMMs (Fig. 4C). Expression and phosphorylation patterns
of other pathways important for osteoclast differentiation including NF-xB and MAP
kinases (ERK, p38, JNK) were comparable between Sh3bp2X!/* and Sh3bp2*/+ BMMs
stimulated with TNF-a (Supplemental Fig. 4A). Expression of TRAF family proteins and
phosphorylation of SRC, LYN, FYN, VAV1, RAC, PLCy1, and AKT, which are potentially
involved in SH3BP2-mediated signaling pathway, were similar in Sh3bp2K!/+ and
Sh3bp2*/* BMMs stimulated with TNF-a (Supplemental Fig. 4B).

To examine the involvement of SYK- and PLC-mediated pathways in TNF-a-induced
osteoclastogenesis, SYK and PLC inhibitors were tested. Two SYK inhibitors
(BAY61-3606 and R406) as well as a PLC inhibitor (U73122) suppressed the formation of
TRAP+ MNCs in Sh3bp2K/+ BMM cultures treated with TNF-a in a dose-dependent
manner (Fig. 4D, 4E, and 4F). Furthermore, treatment with BAY61-3606 suppressed the
nuclear translocation of NFATc1 in Sh3bp2Kl* BMMs (Fig. 4G). These results suggest that
mutant SH3BP2 increases NFATc1 nuclear translocation through mechanisms that involve
the SYK-PLCy2 pathway.
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SH3BP2 overexpression in RAW264.7 cells enhances TNF-a-induced TRAP+ MNC
formation and resorption function

We next asked which factor, mutation-specific function or expression level of SH3BP2, is
critical in the increased formation of TRAP+ MNCs in response to TNF-a. We
overexpressed P416R mutant or wild-type SH3BP2 in the RAW264.7 osteoclast precursor
cell line by retroviral transfection (Fig. 5A). Overexpression of wild-type SH3BP2
augmented TNF-a-induced TRAP+ MNC formation comparable to that of mutant SH3BP2
(Fig. 5B upper panels and 5C). Moreover, overexpression of wild-type SH3BP2 increased
mineralized matrix resorption of the RAW264.7 cells comparable to mutant SH3BP2 (Fig.
5B lower panels and 5D). These results demonstrate that increased wild-type SH3BP2
expression can also enhance the sensitivity of osteoclast precursors to TNF-a and that the
increased sensitivity is not due to specific properties of the SH3BP2 mutation, but is
determined by the total amount of SH3BP2 protein, which is in agreement with previous
reports.(16.17)

Comparison of the efficacy of TNF-a and RANKL on Sh3bp2KV* osteoclastogenesis

We examined how potently TNF-a induces osteoclastogenesis compared to RANKL in
Sh3bp2Kl/* BMMs. BMMs were treated with TNF-a (100 ng/ml) or RANKL (10 and 50 ng/
ml), and osteoclast-associated gene expression, bone-resorbing capacity, and nuclear
localization of NFATc1 were compared between TNF-a and RANKL stimulation. We
found that the expression levels of osteoclast-associated genes in Sh3bp2K/* BMMs in
response to TNF-a (100 ng/ml) were equal to or greater than those induced by 10 ng/ml of
RANKL (Fig. 6A-D). Similarly, bone resorption activity of TNF-a-stimulated Sh3bp2KV/+
BMMs was comparable to that of 10 ng/ml of RANKL (Fig. 6E, 6F). Finally, in Sh3bp2Kl/*
BMMs, nuclear localization of NFATc1 at 72 hours after TNF-a stimulation was
comparable to that induced by 10 ng/ml RANKL (Figure 6G). Induction of osteoclast-
associated gene expression, resorption activity, and NFATc1 nuclear localization in
Sh3bp2XI* BMMs by 100 ng/ml TNF-a was greater than that in Sh3bp2*/* BMMs by 10
ng/ml RANKL, but not as effective as 50 ng/ml RANKL (except for resorption activity).
These data suggest that 100 ng/ml TNF-a is able to induce osteoclast differentiation and
function in Sh3bp2X!* BMM:s as efficiently as 10 ng/ml RANKL in Sh3bp2X/* BMMs, and
with higher efficiency than 10 ng/ml RANKL in Sh3bp2+/* BMM:s.

In vivo effect of TNF-a on osteoclast formation in SH3BP2 cherubism mutant mice

To determine whether the P416R SH3BP2 mutation plays a role in TNF-a-mediated TRAP+
MNC formation in vivo, we conducted TNF-a injection experiments on calvarial bone of
Sh3bp2KI"* mice.(9) Ten-week-old male Sh3bp2K!/+ and control Sh3bp2*/* mice were
injected with TNF-a (1.5 pg/day) or PBS subcutaneously over the calvariae for 5 days.
MicroCT analysis showed that the number of erosion pits on calvarial bone surface in TNF-
a-injected Sh3bp2KY* mice is increased compared to Sh3bp2*/* mice (Fig. 7A), and
calvarial bone destruction was more severe in TNF-a-injected Sh3bp2KXV/* mice (Fig. 7B).
Consistent with these results, increased numbers of TRAP+ MNCs were observed in TNF-
a-injected Sh3bp2K+ mice (Fig. 7C). Histomorphometrical measurements of eroded
surface per bone surface (ES/BS), number of osteoclasts per bone surface (N.Oc/BS), and
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osteoclast surface per bone surface (Oc.S/BS) at the sagittal suture confirmed increased
osteoclast formation in TNF-a-injected Sh3bp2K/+ mice (Fig. 7D, 7E, and 7F). The Rankl
and Opg mRNA expression ratio in the calvarial bone tissues injected with TNF-a was
comparable between Sh3bp2K!/* and Sh3bp2*/* mice (Supplemental Fig. 5A-C).
Collectively, these data indicate that Sh3bp2K!"* mice are more susceptible to TNF-a
stimulation than Sh3bp2*/* mice, resulting in increased osteoclast formation and
inflammatory bone loss.

hTNFtg mice in Sh3bp2K"* background exhibit increased rate of bone loss

We next questioned whether the gain-of-function P416R mutation enhances TNF-a-driven
inflammatory bone loss in a rheumatoid arthritis model. The Sh3bp2K!/* mice were crossed
with transgenic mice expressing human TNF-a (hTNFtg), which spontaneously develop
arthritis and systemic bone loss.(3% Swelling of the paws was assessed in Sh3bp2*/* (n =
11), Sh3bp2K¥/+ (n = 11), Sh3bp2*/*/hTNFtg (n = 8), and Sh3bp2K/*/hTNFtg (n = 10) male
mice until age of 16 weeks when serum and hind limbs samples were collected. Both
Sh3bp2K/*/hTNFtg and Sh3bp2*/*/hTNFtg mice developed severe paw swelling (arthritis),
and the severity of arthritis was similar in both double mutants (Fig. 8A). Serum levels of
human and mouse TNF-a were not different between Sh3bp2X!/*/hTNFtg and Sh3bp2*/*/
hTNFtg mice (Fig. 8B), indicating that osteoclast progenitor cells in both mutant lines are
exposed to equivalent amount of TNF-a.

MicroCT images of hind paws and talus bones showed severe joint destruction in
Sh3bp2X!*/hTNFtg mutants. MicroCT analysis revealed that Sh3bp2X!/*/hTNFtg mutants
exhibit more severe focal bone loss as shown by 2.9-fold greater reduction rate of talus bone
volume in Sh3bp2K"*/hTNFtg mutants (Fig. 8C). Histological analysis of ankle joints
showed an increased inflammatory bone destruction (Fig. 8D, H&E) and greater numbers of
osteoclast formation on the surface of talus bones in Sh3bp2K!/+/hTNFtg mice than in
Sh3bp2+/*/hTNFtg mice (Fig. 8D, TRAP). Inflammation score of ankle joints, ES/BS,
N.Oc/BS, and Oc.S/BS were all increased in Sh3bp2KX/*/hTNFtg mice compared to
Sh3bp2*/*/hTNFtg mice (Fig. 8D). Further microCT analysis revealed that Sh3bp2KV/*/
hTNFtg mice exhibit approximately 2-fold greater reduction rate of systemic bone mass as
represented by trabecular bone volume per total volume (BV/TV), trabecular bone number
(Th.N), trabecular bone separation (Th.Sp), and trabecular thickness (Th.Th) at proximal
tibia (Fig. 8E). The reduction rate of cortical bone thickness (Ct.Th) at the midshaft of tibiae
was also 1.6-fold increased (Fig. 8F). These results indicate that the P416R mutation
promotes osteoclast formation and subsequent bone erosion and systemic bone loss in
response to TNF-a in hTNFtg mice.

Decreased SH3BP2 levels suppress TNF-a induction of TRAP+ MNC formation and
mineralized matrix-resorbing capacity in RAW264.7 cells

Since overexpression of wild-type SH3BP2 increased the TRAP+ MNC formation and
mineralized matrix-resorbing capacity of RAW264.7 cells in response to TNF-a (Fig. 5), we
investigated whether reduced SH3BP2 expression affects the TNF-a-induced TRAP+ MNC
formation and the resorption capacity. Lentiviruses that overexpress shRNA against Sh3bp2
were used to knockdown SH3BP2 in RAW264.7 cells. Two independent SH3BP2
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knockdown cell lines, non-silencing shRNA-infected cells, and non-infected parent
RAW264.7 cells (Fig. 9A) were stimulated with TNF-a for 5 days. The two knockdown cell
lines formed smaller numbers of TRAP+ MNCs in response to TNF-a compared to the non-
infected cells and non-silencing shRNA infected cells (Fig. 9B, 9C), and TRAP activity in
the culture supernatant was decreased in both knockdown cell lines (Fig. 9D). Consistent
with suppressed formation of TRAP+ MNCs, mRNA expression of osteoclast-associated
genes such as Acpb, Oscar, and Ctsk was decreased in the knockdown cells (Fig. 9E, 9F, and
9G). Furthermore, SH3BP2 knockdown in the RAW264.7 cells suppressed TNF-a-induced
resorption of mineralized matrix (Fig. 9H, 9l). These results demonstrate that reduced level
of SH3BP2 results in less potential for osteoclast progenitors to differentiate into mature
osteoclasts in response to TNF-a.

Discussion

Under inflammatory conditions, proinflammatory cytokines such as TNF-a and IL-1 can
cooperate with RANKL and synergistically potentiate bone resorption by osteoclasts.(22:29)
TNF-a is known as a dominant proinflammatory cytokine that plays a critical role in the
promotion of osteoclastogenesis leading to inflammatory bone resorption.(22) Therefore,
obtaining insights into the mechanisms that modulate inflammatory cytokine-induced or -
assisted osteoclast differentiation and function will propel the development of novel
treatments for inflammatory bone diseases. Our data suggest that SH3BP2 plays a role in
TNF-a-induced osteoclastogenesis.

Our in vitro studies showed that the P416R cherubism gain-of-function mutation in SH3BP2
enhances TNF-a induction of osteoclast formation comparable to the level of RANKL
stimulation of wild-type BMMs (Fig. 2C), although previous cell culture studies have shown
that TNF-a is less potent in inducing osteoclast differentiation of BMMs than
RANKL.(24-26) This result demonstrates that SH3BP2 regulates TNF-a-induced
osteoclastogenesis by modulating the sensitivity of osteoclast precursor cells to TNF-a in
vitro. We further showed that SH3BP2 gain-of-function exacerbates bone volume loss in
hTNFtg mice, a mouse model for human rheumatoid arthritis, demonstrating that SH3BP2
serves as a regulatory protein for TNF-a-mediated inflammatory bone loss in vivo.

Interestingly, overexpression of wild-type SH3BP2 increased the TRAP+ MNC formation
and mineralized matrix-resorbing function of RAW264.7 cells in response to TNF-a (Fig.
5). In contrast, knockdown of wild-type SH3BP2 decreased the TRAP+ MNC formation and
mineralized matrix resorption (Fig. 9). These results suggest that wild-type SH3BP2 plays a
role in TNF-a-induced osteoclastogenesis and that SH3BP2 could be a potential therapeutic
target of the osteoclast-driven bone loss in inflammatory diseases that involve TNF-a.
Taking into account the previous findings that SH3BP2 is important for RANKL-induced
osteoclastogenesis,(13:16:3456) our results imply that SH3BP2 controls both physiological
and pathological bone remodeling by osteoclasts through mechanisms that modulate the
sensitivities of osteoclast progenitors to RANKL and TNF-a, respectively.

In addition, our data suggest that TNF-a could be an inducer of TRAP+ MNC formation in
cherubism lesions. Given the fact that cherubism lesions contain CD14+ osteoclast
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progenitor cells as well as TNF-a-expressing stromal cells (Fig. 1), it is reasonable to
assume that formation of TRAP+ MNCs embedded in the cherubism lesions is attributed to
the increased responsiveness of mutant osteoclast progenitors to TNF-a as well as to
RANKL in the lesions.(37:58) This concept is supported by our finding that BMMSs from
Sh3bp2K!"+ mice responded to TNF-a (100 ng/ml) at a comparable level to RANKL (10
ng/ml) in in vitro osteoclastogenesis (Fig. 6).

Consistent with Kobayashi et al.,(") wild-type (Sh3bp2*/*) TRAP+ MNCs induced by
TNF-a did not form resorption pits in our resorption assays (Fig. 2H, 21, and 2J), suggesting
that osteoclasts induced solely by TNF-a might lack or have significantly lower bone-
resorbing activity (quiescent osteoclast (27)), compared to TRAP+ MNCs induced by
RANKL. Interestingly, we found that Sh3bp2K/* TRAP+ MNCs induced only by TNF-a
are able to form resorption pits (fully functional osteoclasts). Kobayashi et al. also
demonstrated that IL-1a treatment together with TNF-a is able to induce bone resorption
activity in wild-type TRAP+ MNCs. (¢7) Therefore, formation of the bone resorbing TRAP+
MNCs from TNF-a-stimulated Sh3bp2K/* BMM:s is likely due to the involvement of
mutant SH3BP2 in enhanced production of inflammatory cytokines other than TNF-a, (59
that induce the formation of bone-resorbing TRAP+ MNCs synergistically with TNF-a in
the BMM cultures.

Our results demonstrate that the mutant SH3BP2 enhances TNF-a-induced TRAP+ MNC
formation via induction of NFATc1. In RANKL-induced osteoclast formation, NFATc1
induction is required for the full differentiation and activation of osteoclasts. Initiation of
this induction is dependent on both the TRAF6-NF-«B and c-Fos pathways.#7:69) However,
nuclear expressions of NF-xB (p50, p52, p65) and c-Fos in TNF-a-stimulated BMMs were
not affected by the gain-of-function of SH3BP2 (Supplemental Fig. 2), suggesting that
mutant SH3BP2 regulates TNF-a-induced TRAP+ MNC formation by exclusively
modulating robust and sustained NFATc1 induction and nuclear translocation mechanism
following TNF-a stimulation,53) which is similar to the NFATc1 autoamplification
mechanism in RANKL-induced osteoclastogenesis.(®) Sustained expression of Nfatc1/A
and osteoclast marker genes (Fig. 3A) further suggests that elevated levels of SH3BP2
protein might increase the survival of TRAP+ MNCs under TNF-q, stimulation.(61)

RBPJ-Blimp1-IRF8 is an important axis for the regulation of TNF-a-induced osteoclast
differentiation through mechanisms that also control NFATc1 expression.(26:49) Qur
Western blotting analysis with Sh3bp2K!/* BMMs did not show marked differences in the
expression of IRF8 in the nucleus following TNF-a stimulation (Supplemental Fig. 2),
suggesting that the mutant SH3BP2 is unlikely to control TNF-a-induced TRAP+ MNC
formation by mechanisms that involve the RBPJ-Blimp1-IRF8 axis. Mafb, Bcl6, and NF-xB
p100, which are negative transcription factors for osteoclastogenesis, (255051) are not likely
to be involved in the SH3BP2 control of TNF-a-induced TRAP+ MNC formation either
(Supplemental Fig. 1 and Supplemental Fig. 2).

SYK activation precedes NFATc1 induction in RANKL-induced osteoclastogenesis, (1% and
the activation of SYK plays a critical role in differentiation and function of osteoclasts by
associating with phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMSs)
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within FcRy and DAP12 adaptors,(62) where PLCy2 mediates the activation signal to induce
robust expression of NFATc1.(1955) |n fact, SYK-, PLCy2-, and NFATc1-deficient
osteoclast progenitors are all defective in osteoclast development.(34:62-64) |ncreased
phosphorylation of SYK was observed in Sh3bp2K!/* BMMs stimulated with TNF-.
compared to Sh3bp2*/* BMMs (Fig. 4B). Interestingly, phosphorylation levels of tyrosine
346 (Y346) in SYK, which are elevated in RANKL-stimulated Sh3bp2KI/+ BMMs
compared to Sh3bp2*/* BMMs,(16) were comparable between TNF-a-simulated Sh3bp2KI/+
and Sh3bp2*/* BMMs (Fig. 4C). This result indicates that the signaling pathway through
which mutant SH3BP2 regulates TNF-a-induced osteoclast differentiation is different from
the RANKL-stimulated pathway, although increased NFATc1 induction is the common final
consequence of Sh3bp2X!+ BMM stimulation by the two different cytokines.( It has been
reported that TNF-a rapidly (within 30 seconds) activates SYK in human T cells (Jurkat)
and myeloid cells (U937 and KBM-5) following the recruitment of SYK in the TNFR1 and
TNFR2 complex, but how TNF-a stimulation activates SYK is not clear.(®%) Because
SH3BP2 associates with SYK (5:56.66) and P416R mutant SH3BP2 increases SYK
phosphorylation in Sh3bp2KXI/+ BMMs, it is evident that SH3BP2 mediates TNF-a-induced
SYK activation. Nevertheless, SH3BP2 is unlikely to phosphorylate SYK directly, since
SH3BP2 is an adaptor protein with no kinase activity. Therefore, identification of a kinase
(including SYK itself) that phosphorylates SYK in cooperation with SH3BP2 upon TNF-a
stimulation would advance our understanding of the SH3BP2 function and allow us to
decipher the differences in signaling pathway between TNF-a- and RANKL-induced
osteoclastogenesis.

PLCy2 regulates RANKL-induced osteoclastogenic transcriptional activation by two distinct
mechanisms: adaptor function that mediates GAB2 phosphorylation and enzyme function
that activates calcium signaling.(47:64.67) Y1217 of PLCy2 was hyperphosphorylated in
Sh3bp2KI* BMMs stimulated with TNF-a, (Fig. 4C), which was also the case in RAW264.7
cells overexpressing human P418R mutant SH3BP2 (equivalent to P416R in mice).(68)
Therefore, it can be speculated that increased activation of PLCy2 by Y1217
hyperphosphorylation (69 leads to either modulated adaptor function of PLCy2 or elevated
Ca?*-calcineurin signaling in TNF-a-stimulated Sh3bp2K/* BMM:s.

We have previously reported that cherubism mutant SH3BP2 controls both inflammation
and osteoclastogenesis by two distinct pathways, which are mediated through ERK and
SYKNFATc1, respectively.(6:34) In the mouse model, spontaneous inflammation is
observed only in homozygous Sh3bp2K/KI mice, in which SH3BP2 expression is even
higher than in heterozygous Sh3bp2K!/* mice.(”) In this current study, we found that the
heterozygous P416R SH3BP2 mutation does not significantly influence the arthritis scores
(inflammation), but it affects the focal and systemic bone loss in the hTNFtg model (Fig. 8).
We speculate that this is because the increased amount of SH3BP2 protein in heterozygous
Sh3bp2X1* macrophages is not sufficient to enhance TNF-a production and TNF-a-
mediated inflammation in the hTNFtg model but adequate for enhancing osteoclastogenesis.
The dissociation of inflammation from bone loss indicates the diverse function of SH3BP2
in modulating immune and skeletal homeostasis, which presumably depends on cellular
levels of SH3BP2 protein.
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The RANKL-RANK pathway is critically important for inflammatory bone loss, because
TNF-a induces RANKL expression in stromal cells and RANK expression in osteoclast
progenitors synergistically with RANKL.(20-22.70) Since SH3BP2 regulates both RANKL-
and TNF-a-induced osteoclast formation in vitro, it is reasonable to conclude that
exacerbation of bone loss in Sh3bp2X!/*/hTNFtg mice is due to the accumulative effects of
osteoclastic bone resorption controlled by SH3BP2 downstream of both RANK and TNF-a
receptors.

In summary, we demonstrated that the cherubism mutation in SH3BP2 enhances TNF-a-
induced osteoclast formation in vitro and TNF-a-mediated osteoclast formation in vivo,
resulting in increased bone loss and destruction. We also showed that wild-type SH3BP2
knockdown in RAW264.7 cells exhibit decreased TRAP+ MNC formation in response to
TNF-a. SH3BP2 inhibition in osteoclast precursors, which could prevent TNF-a-mediated
inflammatory bone loss, may benefit not only cherubism patients but also individuals with
inflammatory bone diseases including rheumatoid arthritis that impair both the immune and
the skeletal system.
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H&E TNF-a CD14

40X

Fig. 1. TNF-a- and CD14-positive cellsin human cher ubism lesions
H&E (left) staining and immunohistochemical analysis of human cherubism jaw lesion

(family A (23)) by specific antibodies against TNF-a (middle) and CD14 (right). As
controls, tissue specimens were incubated with normal mouse IgG in place of the specific
primary antibodies.
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Fig. 2. P416R SH3BP2 cherubism mutation enhances TNF-a-induced osteoclast differentiation
independently of RANKL in vitro

Bone marrow cells were isolated from Sh3bp2*/* and Sh3bp2X!/* mice. Non-adherent bone
marrow cells were seeded at a density of 2.1 x 10%/well on 48-well plates. After 2-day
preculture with M-CSF (25 ng/ml), BMMs were stimulated with RANKL or TNF-a for 72
or 96 hours, respectively. (A) Western blot analysis for SH3BP2, TNFR1, and TNFR2 in
Sh3bp2*/* and Sh3bp2X!*+ BMM:s after 2-day preculture with M-CSF. (B) TRAP staining of
BMMs stimulated with either RANKL or TNF-a at indicated concentrations. (C)
Quantitation of TRAP-positive MNCs (TRAP+ MNCs) per well after RANKL or TNF-a
stimulation. (D) Number of TRAP+ MNCs. BMMs were stimulated with TNF-a, (100 ng/
ml). (E) TRAP activity in the culture supernatant after 96-hour treatment with or without
TNF-a (100 ng/ml). (F) Number of nuclei per TRAP+ MNCs. BMMs were stimulated with
TNF-a (100 ng/ml) for 96 hours. (G) Phalloidin and DAPI staining of TNF-a-stimulated
BMMs. Cells were fixed 96 hours after TNF-a treatment (100 ng/ml). Actin and nuclei were
visualized with phalloidin (green) and DAPI (blue), respectively. (H-J) Resorption assays.
BMMs were cultured with TNF-a (100 ng/ml) on dentin slices for 14 days and on calcium
phosphate-coated plates for 21 days. After removal of the cells, resorption areas were
visualized by toluidine blue or von Kossa staining. Resorbed areas (%) on dentin slices (I)
and on calcium phosphate-coated plates (J) were quantified (n = 3-4/group). (K, L)
Quantitation of TRAP+ MNCs. Sh3bp2X!/* BMMs were stimulated with TNF-a (100
ng/ml) for 96 hours or RANKL (50 ng/ml) for 72 hours in the presence of (K)
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osteoprotegerin-Fc fusion protein (OPG-Fc) or (L) soluble TNFR2-Fc fusion protein
(etanercept). +/+: Sh3bp2*/*, K1/+: Sh3bp2K!/*+. Data are presented as mean + SD. * P <
0.05, NS: not significant.
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Fig. 3. P416R SH3BP2 mutation augments osteoclast-associated genes expression and nuclear
translocation of NFATcl

(A) Quantitative-PCR analysis of osteoclast associated genes. Bone marrow cells were
isolated from Sh3bp2*/* and Sh3bp2K!/+ mice. After 2-day preculture with M-CSF (25 ng/
ml), BMMs were stimulated with TNF-a (100 ng/ml) for 96 hours. RNA samples were
collected at indicated time points. Gene expression levels relative to Hprt were calculated
and normalized to the expression level of Sh3bp2+/* BMMs at 0 hour. The data are
representative of three independent experiments. (B) Immunofluorescent staining of actin,
nuclei, and NFATc1 visualized by phalloidin, DAPI, and anti-NFATc1 antibody (clone:
7AB), respectively. BMMs were fixed 72 hours after TNF-a (100 ng/ml) treatment. (C)
Quantitation of NFATc1-positive nuclei. The percentage of NFATc1-positive nuclei per
total nuclei was measured at the indicated time points. (D) Western blot analysis for
NFATc1l. NFATc1 expression levels in nuclear and cytoplasmic fractions were determined
at the indicated time points. (E) Relative NFATc1 expression. Ratio of NFATc1 to nuclear
matrix protein p84 in nuclear fractions were calculated and normalized to the ratio of
Sh3bp2*/* at 0 hour (n = 3). (F) Quantitation of TRAP+ MNCs. BMMs were stimulated
with TNF-a (100 ng/ml) for 96 hours in the presence of FK506. (G, H) TRAP staining
images and quantitation of TRAP+ MNCs. Sh3bp2K!/* mice were crossed with Nfatc1-
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floxed (Nfatc1/M) Mx1-Cre mice. Nfatc1 gene was deleted in hematopoietic cells by the
injection of pl:pC. Nfatc1-deleted (Nfatc12/2) bone marrow cells were isolated and
stimulated with TNF-a (100 ng/ml) for 96 hours. Data are presented as mean + SD. +/+:
Sh3bp2*/*, KI/+: Sh3bp2K!/*+, * p < 0.05, NS: not significant.
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Fig. 4. P416R SH3BP2 cherubism mutation increases SYK and PL Cy2 phosphorylation during
TNF-a-induced osteoclastogenesis
Bone marrow cells were isolated from Sh3bp2+/* and Sh3bp2K/+ mice. After 2-day

preculture with M-CSF (25 ng/ml), cells were stimulated with TNF-a (100 ng/ml). Protein
samples were collected at the indicated time points. (A) Western blot analysis for SH3BP2 in
Sh3bp2*/* and Sh3bp2X!* BMM:s stimulated with TNF-a.. (B) Immunoprecipitation and
Western blot analysis for the phosphorylation of SYK and PLCy2. SYK and PLCy2 proteins
were immunoprecipitated using anti-SYK (N2C2) and anti-PLCv2 (Q20) antibodies,
respectively, and probed by anti-phosphotyrosine antibody (clone: 4G10). Intensities of
bands were quantified, and ratio of phosphotyrosine to SYK or to PLCy2 were calculated
and normalized to that of Sh3bp2*/* samples at 72 hours. (C) Western blot analysis for
phosphorylated SYK and PLCy2. (D-F) Quantitation of TRAP+ MNCs. BMMs were
stimulated with TNF-a (100 ng/ml) for 96 hours in the presence of SYK inhibitors
(BAY61-3606 (D) and R406 (E)), PLC inhibitor (U73122 (F)), and DMSO (as control). (G)
NFATc1 protein levels in nuclear and cytoplasmic fractions. Protein samples were collected
at 72 hours after TNF-a, (100 ng/ml) treatment in the presence of BAY61-3606. Data are
presented as mean + SD. +/+: Sh3bp2*/*, Kl/+: Sh3bp2KI/+.
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Fig. 5. Overexpression of SH3BP2 in RAW264.7 cells enhances TNF-a-induced TRAP+ MNC
formation and resor ption function

RAW264.7 cells were infected with pMXs-WT-IP or pMXs-P416R-IP retrovirus to
overexpress wild-type or PA16R mutant SH3BP2, respectively. Empty retrovirus (pMXs-IP)
was used as a control. After selection with puromyecin (10 ug/ml), cells were cultured with or
without TNF-a (100 ng/ml) for 120 hours. (A) Western blot analysis for SH3BP2. Total cell
lysates were subjected to Western blot analysis for SH3BP2 expression. (B) Infected
RAW?264.7 cells were stimulated with TNF-a (100 ng/ml) for 120 hours, followed by TRAP
staining (upper panels). Infected RAW?264.7 cells were stimulated with TNF-a (100 ng/ml)
on calcium phosphate-coated plates for 8 days. After removal of the cells, resorption areas
were visualized by von Kossa staining (lower panels). (C) Quantitation of TRAP+ MNCs
(from B). (D) Percentages of resorption area per total area were determined (from B). Data
are presented as mean + SD. * P < 0.05.
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Fig. 6. Comparison of the effects of TNF-a and RANKL on osteoclastogenesis
(A-D) Quantitative PCR of osteoclast-associated genes. BMMs were stimulated with TNF-a

(100 ng/ml) and RANKL (10 and 50 ng/ml). Gene expression levels of Acp5 (A), Ctsk (B),
Oscar (C), and Nfatc1/A (D) were determined. Gene expression levels relative to Hprt were
calculated and normalized to the expression level of Sh3bp2*/* BMMs at 0 hour. (E, F)
Resorption assay. BMMs were cultured with TNF-a or RANKL at indicated concentrations
for 14 days on dentin slices. After removal of the cells, resorption areas were visualized by
toluidine blue (E). Resorbed areas per total surface area were quantified (F). (G) Western
blot analysis for NFATc1. BMMs were stimulated with TNF-a (100 ng/ml) or RANKL (10
and 50 ng/ml) for 72 hours. NFATc1 expression levels in nuclear and cytoplasmic fractions
were determined. Data are presented as mean + SD. +/+: Sh3bp2*/*, KI/+: Sh3bp2K!I/+ # p
< 0.05 compared to TNF-a-stimulated Sh3bp2K//+ BMM:s at each time point.
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Fig. 7. In vivo effect of TNF-a on osteoclast for mation in SH3BP2 cher ubism mutant mice
(A-F) Ten-week-old male Sh3bp2*/* and Sh3bp2X!* mice were subcutaneously injected

with either PBS or mouse recombinant TNF-a protein (1.5 pg/mouse/day) for 5 days over
the calvarial bone (n = 5-8/group). Calvarial bone samples were harvested 24 hours after the
last injection. (A) Representative microCT images of calvarial bone erosion after TNF-a
injection (right panel). (B) H&E staining of calvarial tissue sections. (C) TRAP staining of
calvarial tissues. (D—F) Histomorphometric analysis. (D) Eroded surface per bone surface
(ES/BS), (E) number of osteoclasts per bone surface (N.Oc/BS), and (F) osteoclast surface
per bone surface (Oc.S/BS) at the sagittal suture (100-200 um posterior from bregma). +/+:
Sh3bp2*/*, K1/+: Sh3bp2K!/*. Data are presented as mean + SD. * P < 0.05, NS: not
significant.
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Fig. 8. P416R SH3BP2 cherubism mutation exacerbates bonelossin a TNF-a-mediated arthritis
model

Sh3bp2*/* and Sh3bp2K!* mice were crossed with human TNF-a transgenic ("TNFtg)
mice. Joint inflammation was monitored until the age of 16 weeks. Serum and bone samples
were collected and subjected to ELISA, microCT and histological analysis. (A) Changes in
clinically assessed joint inflammation scores in Sh3bp2*/* (n = 11), Sh3bp2Kl'* (n = 11),
Sh3bp2+*/hTNFtg (n = 8), and Sh3bp2K/*/hTNFtg (n = 10) male mice. (B) Serum
concentrations of human and mouse TNF-a. ND: not detectable. (C) Representative
microCT images of hind paws and talus bones. Bone volumes (BV) of talus and % change
of the BV of talus are shown. (D) H&E (upper) and TRAP staining (lower) images of tibio-
talar joints. Inflammation score, eroded surface per bone surface (ES/BS), number of
osteoclasts per bone surface (N.Oc/BS), and osteoclast surface per bone surface (Oc.S/BS)
were quantitated. (E) Representative microCT images of trabecular bone of proximal tibia
(top). Bone volume per total volume (BV/TV), trabecular number (Th.N), trabecular
separation (Th.Sp), trabecular thickness (Th.Th) in trabecular bone of proximal tibia
(middle), and % change of the parameters (bottom). (F) Representative microCT images of
midshaft of tibia (top). Cortical thickness (Ct.Th) of midshaft of tibia (bottom left) and %
change of the Ct.Th (bottom right). (D). Data are presented as mean + SD. +/+: Sh3bp2*/*,
Kl1/+: Sh3bp2KI/*+, * p < 0.05, NS: not significant.
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Fig. 9. SH3BP2 knockdown suppresses TNF-a-induced TRAP+ MNC formation and resorption
function in RAW264.7 cells
RAW?264.7 cells were infected with non-silencing (shCont) and SH3BP2 shRNA

(shSH3BP2 #1 and #2) lentiviruses. After puromycin selection, the infected RAW264.7
cells and non-infected RAW264.7 cells (Control) were stimulated with TNF-a (100 ng/ml)
for 120 hours. (A) Western blot analysis for SH3BP2. Total cell lysates were subjected to the
Western blot analysis for SH3BP2 expression. (B) TRAP staining, (C) quantitation of TRAP
+ MNCs, and (D) TRAP activity in the culture supernatant were determined 120 hours after
TNF-a treatment. (E-G) Osteoclast-associated gene expression. RNA samples were
collected 96 hours after TNF-a treatment and subjected to gPCR analysis for Acp5, Oscar,
and Ctsk mRNA expression. Expression levels relative to Hprt were calculated and
normalized to the expression level of non-stimulated shCont cells. (H, 1) Infected
RAW264.7 cells were stimulated with TNF-a (100 ng/ml) on calcium phosphate-coated
plates for 8 days. After removal of the cells, resorption area was visualized by von Kossa
staining (H). Percentages of resorption area per total area were determined (1). The data are
representative of two independent experiments. Data are presented as mean = SD. * P <
0.05.
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