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Abstract

Objective—SH3BP2 is a signaling adapter protein which regulates immune and skeletal systems. 

The purpose of this study was to investigate the role of SH3BP2 in arthritis in human TNF-α 

transgenic (hTNFtg) and collagen-induced arthritis (CIA) models.

Methods—First, SH3BP2-deficient (Sh3bp2–/–) and wild-type (Sh3bp2+/+) mice were crossed 

with hTNFtg mice. Inflammation and bone loss were examined by clinical inspection and 

histological and micro-CT analyses. Osteoclastogenesis was evaluated with primary bone marrow-
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derived M-CSF-dependent macrophages (BMMs). Second, CIA was induced in Sh3bp2–/– and 

Sh3bp2+/+ mice, and the incidence and severity of arthritis were evaluated. Anti-mouse type II 

collagen (CII) antibody levels were measured by ELISA. Lymph node cell responses to CII were 

also determined.

Results—SH3BP2-deficiency did not alter the severity of joint swelling but suppressed bone 

erosion in the hTNFtg model. Bone loss of talus and tibia was prevented in Sh3bp2–/–/hTNFtg 

mice compared to Sh3bp2+/+/hTNFtg mice. RANKL- and TNF-α-induced osteoclastogenesis was 

suppressed in Sh3bp2–/– BMM cultures. NFATc1 nuclear localization in response to TNF-α was 

decreased in Sh3bp2–/– BMMs compared to Sh3bp2+/+ BMMs. In the CIA model, SH3BP2-

deficiency suppressed the incidence of arthritis, which was associated with decreased anti-CII 

antibody production, while the antigen-specific T-cell responses in lymph nodes were not 

significantly different between Sh3bp2+/+ and Sh3bp2–/– mice.

Conclusion—SH3BP2-deficiency prevents bone loss via impaired osteoclastogenesis in the 

hTNFtg model and suppresses the induction of arthritis via decreased autoantibody production in 

the CIA model. Therefore, SH3BP2 could be a therapeutic target for rheumatoid arthritis.

Rheumatoid arthritis (RA) is a chronic inflammatory bone destructive disorder with 

autoimmune features. It is driven by diverse cellular and humoral immune responses, 

resulting in bone destruction. Bone loss in RA is caused by osteoclasts (1-3). Osteoclast 

differentiation is controlled mainly by receptor activator of nuclear factor-κB (RANK) and 

its ligand, RANKL. RANKL is expressed on osteoblasts and can be expressed by other cells 

such as fibroblasts and T cells in inflammatory conditions (4-6). In RA, tumor necrosis 

factor (TNF)-α augments RANKL expression in synovial fibroblasts and subsequently 

enhances osteoclastogenesis in inflamed joints (4-6). Additionally, TNF-α enhances 

osteoclastogenesis by acting on osteoclast precursors directly or synergistically with 

RANKL (7-10). Consequently, excessive osteoclast activity causes local and systemic bone 

loss (11, 12). Additionally, one of the characteristic features of RA is the presence of 

autoantibodies, notably rheumatoid factor and anti-citrullinated protein antibodies (3, 13). 

Autoantibody production by B cells is a major pathogenic mechanism leading to chronic 

inflammation in RA.

SH3 domain-binding protein 2 (SH3BP2) is an adaptor protein, which is expressed primarily 

in immune cells including T cells, B cells, and macrophages as well as osteoclasts. SH3BP2 

interacts with various proteins, including SYK (14), PLCγ (14, 15), and SRC (16, 17), and 

regulates intracellular signaling pathways in immune and skeletal systems (18-21). 

Previously we have reported that gain-of-function mutations in SH3BP2 cause a human 

craniofacial disorder, cherubism (OMIM#118400) (22, 23), characterized by excessive 

jawbone destruction (24). The cherubism jaw lesions consist mainly of fibroblastoid cells 

with numerous tartrate-resistant acid phosphatase (TRAP)-positive multinucleated giant 

cells (24, 25), suggesting that the excessive bone resorption is caused by increased osteoclast 

formation. We have generated a mouse model of cherubism by knocking-in a P416R 

SH3BP2 mutation (equivalent to the most common P418R mutation in cherubism patients) 

(21). Analysis of the mouse model has revealed that heterozygous (Sh3bp2P416R/+) mice 

exhibit osteopenia due to increased RANKL-induced osteoclastogenesis (21). Unexpectedly, 

homozygous mutants (Sh3bp2P416R/P416R) spontaneously develop severe arthritis. In 
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SH3BP2-deficient (Sh3bp2–/–) mice, B-cell proliferation and signaling in response to B-cell 

antigen receptor (BCR) ligation were impaired, although no noticeable abnormalities in T-

cell functions were observed (18, 19). Furthermore, SH3BP2 loss of function suppresses 

RANKL-induced osteoclastogenesis (16, 17, 26). These findings suggest a potential 

pathological link between SH3BP2 and arthritis through the SH3BP2 modulation of 

osteoclastogenesis and autoimmune reactions. However, the exact mechanisms by which 

SH3BP2 regulates arthritis have not been clarified.

In this study, we hypothesized that SH3BP2 plays a role in the pathogenesis of bone 

destructive inflammatory diseases such as RA, in which TNF-α and autoantibody 

production are critically involved (3). To test this hypothesis, we used two different murine 

arthritis models, a human TNF-α transgenic (hTNFtg) (27, 28) and a collagen-induced 

arthritis (CIA) model (29, 30). Here we demonstrate that SH3BP2-deficiency prevents bone 

loss via impaired osteoclastogenesis in the hTNFtg model and suppresses the induction of 

arthritis via decreased autoantibody production in the CIA model.

MATERIALS AND METHODS

Mice

hTNFtg mice (C57BL/6 background) were obtained from Taconic (Hudson, NY) (27) and 

crossed with Sh3bp2–/– mice (C57BL/6 background) (18) under a crossbreeding agreement. 

DBA/1J mice were purchased from Jackson Laboratory (Bar Harbor, ME). Sh3bp2–/– mice 

were backcrossed for 10 generations onto the DBA/1 background and used for CIA 

experiments. All mice were housed in a specific pathogen-free facility. All experimental 

procedures were approved by the Institutional Animal Care and Use Committees.

Reagents

Recombinant murine M-CSF, RANKL, and TNF-α were obtained from Peprotech (Rocky 

Hill, NJ). Chick type II collagen (CII), complete Freund's adjuvant (CFA), and anti-mouse 

CII antibody assay kits were purchased from Chondrex (Redmond, WA).

Evaluation of arthritis in the hTNFtg mice

Arthritis severity of Sh3bp2+/+/hTNFtg and Sh3bp2−/−/ hTNFtg mice was assessed once 

each week until 16 weeks of age in a blinded manner using the criteria as follows: 0 = 

normal; 1 = mild erythema or swelling of the wrist or ankle or erythema and swelling of 1 

digit; 2 = moderate erythema and swelling of the wrist or ankle or more than three inflamed 

digits; 3 = severe erythema and swelling of the 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. At 16 weeks of age, serum and hindlimbs were collected. Serum 

concentrations of human and mouse TNF-α were measured with ELISA kits (R&D, 

Minneapolis, MN). After fixation with 4% paraformaldehyde (PFA) in PBS, hindlimbs were 

subjected to radiological and histological analyses.
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Histological and histomorphometric analysis

Hindlimbs were decalcified in 0.5 M EDTA (pH 7.2) at 4°C for 4 weeks and embedded in 

paraffin. Sections (6 μm) were stained with hematoxylin and eosin (H&E) and Safranin O. 

The severities of inflammation and cartilage damage were evaluated in a blinded manner by 

two independent observers using the criteria: for inflammation, 0 = normal, 1 = mild diffuse 

inflammatory infiltrates, 2 = moderate inflammatory infiltrates, 3 = marked inflammatory 

infiltrates, 4 = severe inflammation with pannus formation; for cartilage damage, 0 = 

normal, 1 = mild loss of Safranin O staining with no obvious chondrocyte loss, 2 = moderate 

loss of staining with focal mild chondrocyte loss, 3 = marked loss of staining with multifocal 

marked chondrocyte loss, 4 = severe diffuse loss of staining with multifocal severe 

chondrocyte loss. TRAP staining counterstained with methyl green was performed to 

visualize TRAP-positive cells. Histomorphometric measurements were performed using 

OsteoMeasure software (OsteoMetrics, Atlanta, GA). TRAP-positive multinucleated cells 

(TRAP+ MNCs) containing 3 or more nuclei were defined as osteoclasts. Eroded surface per 

bone surface (ES/BS) and number of osteoclasts per bone surface (N.Oc/BS) of talus were 

determined. The terminology and units were described according to international guidelines 

(31).

Micro-computed tomographic (micro-CT) analysis

Left hindlimbs were scanned with vivaCT40 (Scanco, Bassersdorf, Switzerland). The 

threshold was set to 300 for hind paw, 260 for cortical bone of tibia, and 220 for trabecular 

bone of tibia to distinguish mineralized tissue. The talar bone volume was quantified to 

evaluate bone erosion (32). The regions of trabecular and cortical bone of tibia were selected 

as described previously (33). All micro-CT parameters were described according to 

international guidelines (34).

Osteoclast differentiation assay

Primary bone marrow cell culture was performed as described (21). Mouse bone marrow 

cells were isolated from long bones of 9-week-old Sh3bp2+/+ and Sh3bp2−/− female mice 

and cultured on Petri dishes for 2–4 hours. Non-adherent cells were re-seeded on 48-well 

plates at 2.1 × 104 cells/well and incubated for 2 days in α-MEM/10% FBS containing M-

CSF (25 ng/ml) at 37°C/5% CO2. The bone marrow-derived M-CSF-dependent 

macrophages (BMMs) were stimulated with RANKL and TNF-α in the presence of M-CSF 

(25 ng/ml) for additional 4 days. Culture media were changed every other day. TRAP+ 

MNCs (3 or more nuclei) were visualized by TRAP staining (Sigma-Aldrich, St. Louis, 

MO) and counted at 40X magnification (n = 4–6 wells/group).

Resorption assay

Dentin slices were sterilized in 70% ethanol, washed with PBS, and placed on the bottom of 

96-well plates. Non-adherent bone marrow cells were plated at 8.5 × 103 cells/well. After 2-

day preculture with M-CSF, the BMMs were stimulated with RANKL and TNF-α in the 

presence of M-CSF (25 ng/ml) for 14 days. After removal of the cells with 1M NH4OH, 

resorption areas were visualized with toluidine blue, followed by quantification with ImageJ 

(NIH, Bethesda, MD).
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Real-time quantitative PCR (qPCR)

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). cDNA was transcribed 

using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Carlsbad, 

CA). qPCR reactions were performed using Absolute Blue QPCR Master Mixes (Thermo 

Scientific, Waltham, MA) with StepOne Plus system (Applied Biosystems). Gene 

expression levels relative to Hprt were calculated by ΔΔCt method and were normalized to 

baseline controls. Primers are as follows: Tnfa, 5’-catcttctcaaaattcgagtgaca-3’ and 5’-

tgggagtagacaaggtacaaccc-3’; Acp5, 5’-cagcagcccaaaatgcct-3’ and 5’-

ttttgagccaggacagctga-3’; Ctsk, 5’-cgaaaagagcctagcgaaca-3’ and 5’-tgggtagcagcagaaacttg-3’; 

Oscar, 5’-tctgccccctatgtgctatca-3’ and 5’-aggagccagaaccttcgaaac-3’; Hprt, 5’-

tcctcctcagaccgctttt-3’ and 5’-cctggttcatcatcgctaatc-3’. All qPCR reactions yielded products 

with single peak dissociation curves.

Western blot

For nuclear and cytoplasmic fractionation, BMMs were lysed on ice in cytoplasmic lysis 

buffer with protease inhibitors (Sigma-Aldrich), and nuclei were lysed in nuclear lysis buffer 

as described previously (33). Nuclear (1 μg/lane) and cytoplasmic protein (4 μg/lane) were 

resolved by SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 

5% skim milk, membranes were incubated with primary antibodies followed by incubation 

with HRP-conjugated secondary antibodies (Cell Signaling Technology). Bands were 

detected using SuperSignal West chemiluminescent substrates (Thermo Scientific) and 

visualized by LAS-4000 (GE Healthcare).

Induction of CIA

Nine-week-old Sh3bp2+/+ and Sh3bp2–/– male mice (DBA/1 background) were injected 

intradermally with 100 μg of chick CII with CFA at the base of the tail on day 0 (35, 36). On 

day 21, a booster injection was given containing 100 μg of chick CII in incomplete Freund's 

adjuvant. Arthritis severity was assessed twice each week in a blinded manner until day 70 

using the criteria applied for the hTNFtg mice.

ELISA assay for anti-mouse CII antibody

Serum levels of anti-mouse CII antibody (total IgG, IgG1, IgG2a, and IgG2b) were 

measured according to the manufacturer's protocol. Diluted serum samples were added to 

mouse CII-coated 96-well plates and incubated at 4°C overnight. Bound IgG was detected 

by incubation with HRP-conjugated anti-mouse IgG, followed by OPD substrate.

Cell proliferation and cytokine production in draining lymph node cell culture

Nine-week-old Sh3bp2+/+ and Sh3bp2–/– male mice were immunized with 100 μg of chick 

CII in CFA. At 10 days after the immunization, inguinal lymph nodes were isolated. Lymph 

node cells were cultured at 4 × 105 cells/well in 96-well U-bottom plates in RPMI1640 with 

10% heat-inactivated FBS, 50 μM 2-mercaptoethanol, and 1% L-glutamine at 37°C/5% CO2 

(37). The cells were stimulated with 50 μg/ml of denatured chick CII for 72 hours. Cell 

proliferation was determined by CellTiter96 Proliferation Assay (MTS) reagent according to 
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the manufacturer's protocol (Promega, Madison, WI). IFNγ and IL-17 levels in media were 

determined by ELISA (R&D).

Statistical analysis

All values are given as mean ± SEM. Statistical analysis was performed by the two-tailed 

unpaired Student's t-test to compare two groups and by one-way ANOVA (Tukey-Kramer 

post-hoc test) to compare three or more groups. Incidence of arthritis was compared by 

Fisher's exact test. GraphPad Prism 5 (GraphPad, San Diego, CA) was used for all statistical 

analysis. P values less than 0.05 were considered statistically significant.

RESULTS

Suppressed bone erosion in SH3BP2-deficient hTNFtg mice

To investigate the role of SH3BP2 in the pathogenesis of arthritis, we crossed SH3BP2-

deficient mice with hTNFtg mice, which spontaneously produce TNF-α and develop TNF-

α-dependent arthritis (27, 28). We found that both Sh3bp2+/+/hTNFtg and Sh3bp2−/−/

hTNFtg mice developed severe arthritis and that the severity of arthritis was comparable 

between them (Figure 1A). Serum levels of human and murine TNF-α were also similar in 

Sh3bp2+/+/hTNFtg and Sh3bp2−/−/hTNFtg mice (Figure 1B). These data suggest that 

SH3BP2 deficiency does not significantly affect the severity of joint inflammation and 

systemic TNF-α production.

Next, we examined the severity of inflammatory cell infiltrates, cartilage damage, and bone 

erosion in tibio-talar joints. Histological examination showed that both Sh3bp2+/+/hTNFtg 

mice and Sh3bp2−/−/hTNFtg mice developed severe inflammation, but Sh3bp2−/−/hTNFtg 

mice exhibited less bone erosive changes (Figure 1C). Quantitative histological analysis 

revealed that inflammation score and cartilage damage score were comparable between 

Sh3bp2+/+/hTNFtg and Sh3bp2−/−/hTNFtg mice (Figure 1D). Histomorphometric analysis 

showed that ES/BS and N.Oc/BS were smaller in Sh3bp2−/−/hTNFtg mice than in 

Sh3bp2+/+/hTNFtg mice (Figure 1D). These data suggest that SH3BP2 deficiency 

suppresses osteoclast formation and bone erosion in inflamed joints without significantly 

affecting the severity of inflammation.

Decreased focal and systemic bone loss in SH3BP2-deficient hTNFtg mice

Arthritic conditions cause focal bone loss in inflamed joints as well as systemic bone loss 

(11, 12). To evaluate the focal and systemic bone loss, we analyzed the bone properties of 

the talus and the tibia as parameters for focal and systemic bone loss, respectively. Micro-

CT analysis revealed that both Sh3bp2+/+/hTNFtg and Sh3bp2−/−/hTNFtg mice exhibited 

bone erosion on the talus, but bone erosion was milder in the Sh3bp2−/−/hTNFtg mice 

(Figure 2A). To quantify the focal bone loss, the bone volume (BV) of talus and % change 

of BV of the talus relative to non-inflamed control mice were determined as reported (32). 

The average BV of the talus in Sh3bp2−/−/hTNFtg mice was greater than in Sh3bp2+/+/

hTNFtg mice, and the % change of BV of the talus was less in Sh3bp2−/−/hTNFtg mice 

(Figure 2B). To examine if SH3BP2 deficiency suppresses systemic bone loss, properties of 

trabecular and cortical bone of the tibia were determined. We found that bone volume per 
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total volume (BV/TV) in Sh3bp2−/−/hTNFtg mice was larger than in Sh3bp2+/+/hTNFtg 

mice, and that the rate of trabecular bone loss was smaller in Sh3bp2−/−/hTNFtg mice than 

in Sh3bp2+/+/hTNFtg mice (Figure 2C). Similar findings were observed in cortical thickness 

(Ct.Th) of the tibia (Figure 2D). In summary, our data show that loss-of-function of SH3BP2 

prevents focal and systemic bone loss in the hTNFtg arthritis model.

TNF-α mRNA expression in primary BMMs

We have previously reported that SH3BP2 plays a role in TNF-α production by 

macrophages as shown by the observation that the P416R SH3BP2 gain-of-function 

mutation in macrophages resulted in greater TNF-α production in response to M-CSF 

compared to that of Sh3bp2+/+ macrophages (21). To examine if SH3BP2 deficiency 

suppresses TNF-α expression in macrophages, we determined the TNF-α mRNA expression 

levels in Sh3bp2+/+ and Sh3bp2−/− BMMs in response to M-CSF and TNF-α. M-CSF 

stimulation did not increase TNF-α mRNA expression during the culture periods (Figure 

3A). TNF-α + M-CSF stimulation increased TNF-α mRNA expression by 4-fold at 24 hours 

after the stimulation, but the expression levels were comparable between Sh3bp2+/+ and 

Sh3bp2−/− BMMs (Figure 3A). These results suggest that SH3BP2 deficiency does not 

significantly change the TNF-α expression in BMMs, which is consistent with the result that 

there is no difference in serum TNF-α levels between Sh3bp2+/+/hTNFtg and Sh3bp2−/−/

hTNFtg mice (Figure 1B).

Impaired osteoclastogenesis in SH3BP2-deficient primary BMMs

Decreased osteoclasts formation and bone erosion in the inflamed joints of Sh3bp2−/− mice 

led us to investigate the role of SH3BP2 in osteoclastogenesis. Since RANKL and TNF-α 

are involved in the mechanisms of inflammatory bone resorption (4-6), we examined the 

role of SH3BP2 in RANKL- and TNF-α-induced osteoclastogenesis. Sh3bp2+/+ and 

Sh3bp2−/− BMMs were stimulated with RANKL and/or TNF-α in the presence of M-CSF. 

We found that cell proliferation was comparable between Sh3bp2+/+ and Sh3bp2−/− BMMs 

after the stimulation (data not shown). RANKL and TNF-α stimulation, respectively, 

induced TRAP+ MNCs formation in both Sh3bp2+/+ and Sh3bp2−/− BMMs (Figure 3B). 

Sh3bp2−/− BMMs formed less TRAP+ MNCs in response to TNF-α, while the numbers of 

TRAP+ MNCs were comparable when the BMMs were treated with RANKL and the 

combination of RANKL and TNF-α (RANKL+TNF-α) (Figure 3B). Consistent with a 

previous report (16), size of the TRAP+ MNCs from Sh3bp2−/− BMMs was smaller than 

that from Sh3bp2+/+ BMMs (data not shown). Next, we investigated bone-resorbing 

function of BMMs after stimulation by RANKL and TNF-α. Although TNF-α alone did not 

induce detectable resorption pits in Sh3bp2+/+ BMMs cultures, it enhanced the resorption 

synergistically with RANKL in Sh3bp2+/+ osteoclasts (Figure 3C). In contrast, the 

synergistic induction was much lower in Sh3bp2−/− BMMs than that in Sh3bp2+/+ BMMs.

Taken together, the data demonstrate that SH3BP2 deficiency decreases TRAP+ MNCs 

formation by TNF-α and inhibits osteoclastic resorbing function in response to RANKL, 

particularly in the presence of TNF-α, suggesting that loss of SH3BP2 function ameliorates 

focal and systemic bone loss in the hTNFtg arthritis model by decreasing the formation of 

functional osteoclasts in response to RANKL and TNF-α.
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Decreased NFATc1 nuclear localization in TNF-α-stimulated Sh3bp2−/− BMMs

We next investigated the mechanism by which lack of SH3BP2 impairs RANKL- and TNF-

α-induced osteoclastogenesis. Since previous reports have shown that SH3BP2 regulates 

RANKL-induced osteoclastogenesis via activation of nuclear factor of activated T-cells, 

cytoplasmic 1 (NFATc1) (17, 21, 26, 38) that is an essential transcription factor for 

osteoclastogenesis (38, 39), we focused on the NFATc1 levels in BMMs. We found that 

nuclear expression of NFATc1 was decreased in Sh3bp2−/− BMMs at 48 to 72 hours after 

RANKL, RANKL+TNF-α, and TNF-α stimulation compared to those in Sh3bp2+/+ BMMs. 

Particularly, the nuclear NFATc1 expression in Sh3bp2−/− BMMs was greatly decreased 

when BMMs were stimulated with TNF-α alone (Figure 4A). Nuclear expression patterns of 

other transcription factors such as NF-κB, c-Fos, c-Jun, and IRF8, which also regulate 

osteoclastogenesis (40, 41), were not different between Sh3bp2+/+ and Sh3bp2−/− BMMs in 

response to TNF-α (data not shown). These results suggest that decreased NFATc1 nuclear 

localization in Sh3bp2−/− BMMs is, at least in part, responsible for the diminished 

formation of active osteoclasts in vivo and in vitro.

Since osteoclast-associated genes are primarily regulated by NFATc1 (38), we next 

examined the mRNA expression of Acp5, Ctsk, and Oscar in Sh3bp2+/+ and Sh3bp2−/− 

BMMs stimulated with RANKL, RANKL+TNF-α, and TNF-α. We found that expression 

levels of the genes were reduced in RANKL- and TNF-α-stimulated Sh3bp2−/− BMMs 

compared to those in Sh3bp2+/+ BMMs (Figure 4B). These findings were similar to the 

previous findings that reduced function of SH3BP2 suppresses the expression of osteoclast-

associated genes in RANKL-induced osteoclastogenesis (17, 26) and support the 

observation that NFATc1 nuclear localization was decreased in Sh3bp2−/− TRAP+ MNCs. 

However, expression levels of the osteoclast-associated genes were not significantly 

decreased in response to the simultaneous stimulation with RANKL and TNF-α (Figure 4B), 

the condition in which Sh3bp2−/− TRAP+ MNCs exhibit significantly decreased resorption 

area (Figure 3C). These findings suggest that SH3BP2 could regulate bone resorption 

independently of NFATc1 activation, at least, in response to the combination treatment of 

RANKL and TNF-α.

Lower incidence and severity of arthritis in CII-immunized Sh3bp2−/− mice

SH3BP2 is expressed in various immune cells including T and B cells (18, 19). Next we 

investigated if SH3BP2 regulates the development of arthritis in a model in which T and B 

cells play essential roles in the pathogenesis. To this end, we induced CIA in Sh3bp2+/+ and 

Sh3bp2−/− DBA/1 mice. As shown in Figure 5A, Sh3bp2+/+ mice developed arthritis at a 

rate of 100% (10 out of 10 mice), while the induction of arthritis in Sh3bp2−/− mice was 

significantly suppressed (15%, 2 out of 13 mice). Additionally, the severity of arthritis in 

Sh3bp2−/− mice was much lower than that of Sh3bp2+/+ mice (Figure 5B). These data 

indicate that SH3BP2 deficiency suppresses the development of arthritis in the CIA model.

Decreased inflammation and cartilage damage in joints of Sh3bp2−/− mice

To determine the effect of SH3BP2 deficiency on inflammation, cartilage damage, and bone 

erosion in the CIA model, histological analysis was performed on the ankle joints of CII-

immunized Sh3bp2+/+ (n = 10) and Sh3bp2−/− (n = 13) mice as well as their non-
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immunized Sh3bp2+/+ (n = 7) and Sh3bp2−/− (n = 7) controls. We found that CII-

immunized Sh3bp2+/+ mice developed severe inflammation, cartilage damage, and bone 

erosion with osteoclast formation, while CII-immunized Sh3bp2−/− mice developed much 

milder inflammation, cartilage damage, and bone erosion with decreased osteoclast 

formation compared with CII-immunized Sh3bp2+/+ mice (Figure 5C). The findings were 

confirmed by quantitative analysis of inflammation and cartilage damage and by 

histomorphometric analysis (Figure 5D). These data indicate that the SH3BP2 deficiency 

decreases the severity of inflammation, cartilage damage, and bone erosion, reflecting 

decreased joint inflammation and osteoclast formation in Sh3bp2−/− mice.

Suppressed serum anti-mouse CII antibody levels in Sh3bp2−/− mice

To dissect the mechanisms underlying the suppressed induction of arthritis in Sh3bp2−/− 

mice in the CIA model, we determined the serum levels of autoantibody, which is important 

for the induction of CIA (29, 30). As shown in Figure 6A, total IgG levels against mouse CII 

at day 70 were increased in CII-immunized Sh3bp2+/+ mice, while SH3BP2 deficiency 

dramatically suppressed the serum levels of the antibody. IgG1, IgG2a, IgG2b subclasses of 

anti-CII antibody were all decreased in CII-immunized Sh3bp2−/− mice compared with CII-

immunized Sh3bp2+/+ mice (Figure 6A). These results indicate that suppressed induction of 

arthritis in Sh3bp2−/− mice is associated with decreased anti-mouse CII antibody 

production.

No significant abnormality in proliferation and IFNγ and IL-17 production in Sh3bp2−/− 

draining lymph node cell culture

T cells also play critical roles in the initiation of arthritis in the CIA model (29, 30). To 

evaluate if impaired T-cell function is involved in the decreased CIA development in 

Sh3bp2−/− mice, inguinal lymph nodes were isolated at 10 days after the CII immunization. 

Proliferation of the cells and levels of IFNγ and IL-17 production in response to chick CII 

were determined. We found that the cell proliferation and the cytokine levels in the media 

were comparable between the CII-immunized Sh3bp2+/+ and Sh3bp2−/− cells (Figure 6B–

C). These results suggest that SH3BP2 deficiency does not significantly alter the pathogenic 

T-cell responses in CIA, in contrast to impaired production of the associated autoantibodies.

DISCUSSION

Previous studies on SH3BP2-deficient mice have shown that, in physiological conditions, 

SH3BP2 is important for RANKL-induced osteoclastic bone resorption (16). In this study, 

we demonstrated that the lack of SH3BP2 suppresses inflammatory bone destruction using 

two different arthritis models, hTNFtg mice and CIA.

Accumulating evidence suggests that RANKL and TNF-α play important roles in 

inflammatory bone destructive diseases such as RA (4-6). We hypothesized that SH3BP2 

contributes to RANKL- and TNF-α-induced osteoclastogenesis in pathological 

inflammatory conditions, and obtained several pieces of evidence to support this hypothesis. 

First, loss-of-function of SH3BP2 ameliorated inflammatory bone destruction in hTNFtg 

mice associated with reduced numbers of TRAP+ MNCs. Second, RANKL- and TNF-α-

Mukai et al. Page 9

Arthritis Rheumatol. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



induced osteoclastogenesis was impaired in SH3BP2-deficient BMMs. Third, NFATc1 

induction and expression of osteoclast-associated genes (Acp5, Cathepsin K, and Oscar) 

were reduced in Sh3bp2−/− BMMs in response to TNF-α. In addition to its direct effect on 

TRAP+ MNC formation, TNF-α potentiates functional osteoclast formation synergistically 

with RANKL (7, 9, 10). Based on these results, we conclude that SH3BP2 plays an 

important role in both RANKL- and TNF-α-induced osteoclastogenesis and regulates bone 

destruction in pathological inflammatory conditions through modulating the responsiveness 

to RANKL and TNF-α.

Consistent with the previous report (16), we showed that SH3BP2 deficiency suppresses 

RANKL-induced osteoclastic bone resorption, but not TRAP+ MNC formation (Figure 3B, 

C). Interestingly, our study also revealed that SH3BP2 deficiency suppresses the TRAP+ 

MNC formation in response to TNF-α (Figure 3B), suggesting that the mechanism by which 

SH3BP2 regulates osteoclastogenesis differs between RANKL and TNF-α stimulation. In 

fact, the involvement of NFATc1 is different. Levaot et al. reported that SH3BP2 deficiency 

does not alter the levels of NFATc1 nuclear localization in RANKL-stimulated BMMs (16), 

while we found decreased NFATc1 nuclear localization in TNF-α-stimulated Sh3bp2−/− 

BMMs. These findings suggest that in osteoclast precursors SH3BP2 modulates multiple 

pathways depending on the type of stimulation, presumably by interacting with different 

signaling molecules. Indeed, several differences have been reported in the regulatory 

mechanisms between RANKL- and TNF-α-induced osteoclastogenesis (41, 42). We showed 

that SH3BP2 deficiency dramatically suppresses resorption area in response to RANKL

+TNF-α (Figure 3C), but exhibits a relatively small suppressive effect on nuclear NFATc1 

localization in response to RANKL+TNF-α (Figure 4A). These findings raise a possibility 

that SH3BP2 could regulate bone resorption independently of NFATc1-mediated pathways. 

Further study would be required to test this hypothesis.

Blocking of SH3BP2 function may provide another benefit for the treatment of autoimmune 

inflammatory diseases. In the present study, we found that SH3BP2 deficiency suppresses 

the induction of CIA associated with decreased autoantibody production, while T-cell 

responses against CII are not significantly affected. These results are supported by previous 

reports demonstrating essential roles of SH3BP2 in B-cell activation. SH3BP2 is shown to 

be required for optimal B-cell responses without noticeably affecting T-cell function in 

Sh3bp2−/− mice (18, 19). In B cells, SH3BP2 regulates cell proliferation, cell cycle 

progression, and intracellular signaling pathways downstream of BCR. Intriguingly, 

SH3BP2 activates NFAT in B cell through the similar mechanisms that SH3BP2 employs in 

osteoclasts (43, 44). Considering the fact that SH3BP2-deficiency decreases pathogenic 

autoantibody production in the CIA model, therapeutic strategies designed to suppress 

SH3BP2 function may be effective for antibody-induced diseases such as systemic lupus 

erythematosus or refractory immune thrombocytopenia.

Other than monocyte lineage cells and B cells, SH3BP2 plays functional roles in various 

immune cells including NK cells, neutrophils, and mast cells (15, 45, 46). Given the fact that 

these cells are also involved in the pathogenesis of RA (3, 47-49), SH3BP2 might contribute 

to the development of the disease through its roles on the immune cells. Additionally, we 

cannot exclude the possibility that SH3BP2 regulates osteoclastogenesis indirectly via 
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osteoblasts and synovial fibroblasts in vivo (50). To achieve better understanding of 

SH3BP2 function, in vitro analysis with specific cell types isolated from SH3BP2-deficient 

mice and analysis of SH3BP2 conditional knockout mice or bone marrow chimera models 

between SH3BP2-deficient and wild-type mice would be beneficial.

In conclusion, we demonstrate that lack of SH3BP2 decreases inflammatory bone loss via 

impaired osteoclastogenesis in the hTNFtg arthritis model and that SH3BP2 deficiency 

suppresses induction of arthritis via decreased autoantibody production in the CIA model. 

These findings suggest that SH3BP2 could be a potential therapeutic target for RA. 

Although a direct association between SH3BP2 and RA has not yet been identified, genetic 

variations that affect the expression or functional level of SH3BP2 may regulate the 

susceptibility and severity of RA, especially through the mechanisms that control 

autoantibody production by B cells and bone loss by osteoclasts. Further analysis would be 

required to determine whether activation of SH3BP2-mediated pathways in B cells and 

osteoclast precursors are involved in the autoimmune and bone destructive features of 

human diseases.
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Figure 1. 
Decreased osteoclast formation and bone erosion in SH3BP2-deficient human TNF-α-

transgenic mice. Sh3bp2+/+ and Sh3bp2−/− mice were crossed with human TNF-α 

transgenic (hTNFtg) mice. Joint inflammation was monitored until the age of 16 weeks. 

Serum and hindlimbs were collected and subjected to ELISA and histological analysis, 

respectively. A, Changes in clinically assessed joint inflammation scores in the Sh3bp2+/+ 

(n = 9), Sh3bp2−/− (n = 7), Sh3bp2+/+/hTNFtg (n = 7), and Sh3bp2−/−/hTNFtg (n = 9) male 

mice. B, Serum concentrations of human and mouse TNF-α. C, Representative staining 
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images of the ankle joint tissues. Ankle joint sections were stained with hematoxylin and 

eosin (H&E), Safranin O, and tartrate-resistant acid phosphatase (TRAP). Original 

magnification: 40X. D, Histological scores of inflammation and cartilage damage and 

histomorphometric analysis of talar bones. Bone erosion on the surface of the talus was 

traced, and attached osteoclasts were counted. Eroded surface per bone surface (ES/BS) and 

number of osteoclast per bone surface (N.Oc/BS) of the talus were determined. Values are 

presented as the mean ± SEM. +/+ = Sh3bp2+/+; −/− = Sh3bp2−/−. * = P < 0.05; NS = not 

significant; ND = not detectable.
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Figure 2. 
Decreased focal and systemic bone loss in SH3BP2-deficient human TNF-α-transgenic 

mice. Left hindlimbs were collected from 16-week-old Sh3bp2+/+ (n = 9), Sh3bp2−/− (n = 

7), Sh3bp2+/+/hTNFtg (n = 7), and Sh3bp2−/−/hTNFtg (n = 9) male mice. The hind paws 

and tibiae were analyzed with micro-CT. A, Representative micro-CT images of hind paws, 

talar bones, and trabecular and cortical bones of tibiae. Scale bars: 1 mm for hind paw and 

400 μm for talus and tibia. B, Bone volume (BV) of talus and % change of the BV. % 

change was calculated relative to Sh3bp2+/+ and Sh3bp2−/− control mice. C, Bone volume 

per total volume (BV/TV) in trabecular bone of proximal tibia and % change of the 

trabecular BV/TV. D, Cortical thickness (Ct.Th) of midshaft of tibia and % change of the 

Ct.Th. Values are presented as the mean ± SEM. +/+ = Sh3bp2+/+; −/− = Sh3bp2−/−. * = P 

< 0.05.
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Figure 3. 
Impaired osteoclast differentiation and bone-resorbing function in Sh3bp2−/− bone marrow-

derived macrophages. Primary bone marrow cells were isolated and cultured as described in 

Methods section. A, TNF-α mRNA expression. Bone marrow-derived macrophages 

(BMMs) were stimulated with TNF-α (100 ng/ml) in the presence of M-CSF (25 ng/ml). 

TNF-α mRNA expression levels relative to Hprt were calculated and normalized to the 

expression level of Sh3bp2+/+ BMMs at 0 hour. B, Representative TRAP staining images 

and number of TRAP-positive multinucleated cells (TRAP+ MNCs). BMMs were 

stimulated with RANKL (50 ng/ml) and/or TNF-α (100 ng/ml) in the presence of M-CSF 

(25 ng/ml) for 4 days. Original magnification: 40X. C, Representative images and 

quantification of resorption area on dentine. BMMs were stimulated with RANKL (50 

ng/ml) and/or TNF-α (100 ng/ml) in the presence of M-CSF (25 ng/ml) for 14 days. After 

removal of the cells, resorption areas were visualized by toluidine blue. Original 

magnification: 50X. Percentages of the resorption areas relative to total surface area were 

quantified.
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Figure 4. 
Decreased NFATc1 nuclear localization in TNF-α-stimulated Sh3bp2−/− bone marrow-

derived macrophages. A–B, BMMs were stimulated with RANKL alone (50 ng/ml), the 

combination of RANKL (50 ng/ml) and TNF-α (100 ng/ml), and TNF-α alone (100 ng/ml) 

in the presence of M-CSF (25 ng/ml). A, Western blot analysis of NFATc1. Nuclear and 

cytoplasmic protein samples were isolated at indicated time points after stimulation. Nuclear 

matrix protein p84 (p84) and heat shock protein 90 (HSP90) were used as loading controls. 

B, qPCR analysis for Acp5, Ctsk, and Oscar gene expressions. mRNA expression levels 

relative to Hprt were calculated and normalized to the average expression levels of 

Sh3bp2+/+ BMMs at 0 hour. Values are presented as the mean ± SEM. +/+ = Sh3bp2+/+; −/

− = Sh3bp2−/−. * = P < 0.05.
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Figure 5. 
Lower incidence and severity of arthritis in Sh3bp2−/− mice in the CIA model. Nine-week-

old Sh3bp2+/+ (n = 10) and Sh3bp2−/− (n = 13) male mice were immunized with chick type 

II collagen (CII) in complete Freund's adjuvant on day 0, followed by boost injection at day 

21. Swelling of the paws was evaluated until day 70. A, Incidence of arthritis. B, Arthritis 

score of CII-immunized mice. Sh3bp2+/+ (n = 10) and Sh3bp2−/− (n = 13) mice. C–D, Left 

hindlimbs were collected from CII-immunized Sh3bp2+/+ (n = 10) and Sh3bp2−/− (n = 13) 

male mice at day 70. Age-matched non-immunized Sh3bp2+/+ (n = 7) and Sh3bp2−/− (n = 

7) mice were used as controls. C, Representative staining images of the ankle joint tissues. 
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Ankle joint sections were stained with H&E, Safranin O, and TRAP. Original magnification, 

40X. D, Histological score of inflammation and cartilage damage and histomorphometric 

analysis of talar bones. Bone erosion on the surface of the talus was traced, and attached 

osteoclasts were counted. ES/BS and N.Oc/BS of the talus were determined. Values are 

presented as the mean ± SEM. +/+ =Sh3bp2+/+; −/− = Sh3bp2−/−. * = P < 0.05.
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Figure 6. 
Impaired anti-mouse CII antibody production in Sh3bp2−/− mice. A, Serum samples were 

collected from CII-immunized Sh3bp2+/+ (n = 10) and Sh3bp2−/− (n = 13) male mice at day 

70. Serum samples from age-matched non-immunized Sh3bp2+/+ (n = 7) and Sh3bp2−/− (n 

= 7) male mice were used as controls. Total IgG, IgG1, IgG2a, and IgG2b against mouse CII 

were measured by ELISA. B–C, Inguinal lymph nodes were isolated from CII-immunized 

mice at 10 days after the immunization with chick CII and from age-matched non-

immunized mice as controls. Lymph node cells (4 × 105 cells/well) were stimulated with 

chick CII (50 μg/ml) for 72 hours. Proliferation of the cells was determined by a 

colorimetric assay using MTS reagent (B). Levels of IFNγ and IL-17 in culture supernatant 

were measured by ELISA (C). The lower limit of detection is 10 pg/ml. Values are 

presented as the mean ± SEM. +/+ = Sh3bp2+/+; −/− = Sh3bp2−/−. * = P < 0.05; NS = not 

significant; ND = not detectable.
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