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Abstract

Periodontitis is a bacterially induced chronic inflammatory condition of the oral cavity where 

tooth-supporting tissues including alveolar bone are destructed. Previously, we have shown that 

the adaptor protein SH3-domain binding protein 2 (SH3BP2) plays a critical role in inflammatory 

response and osteoclastogenesis of myeloid lineage cells through spleen tyrosine kinase (SYK). In 

this study, we show that SH3BP2 is a novel regulator for alveolar bone resorption in periodontitis. 

MicroCT analysis of SH3BP2-deficient (Sh3bp2−/−) mice challenged with ligature-induced 

periodontitis revealed that Sh3bp2−/− mice develop decreased alveolar bone loss (male: 14.9 

± 10.2%, female: 19.0 ± 6.0%) compared to wild-type control mice (male: 25.3 ± 5.8%, female: 

30.8 ± 5.8%). Lack of SH3BP2 did not change the inflammatory cytokine expression and 

osteoclast induction. Conditional knockout of SH3BP2 and SYK in myeloid lineage cells with 
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LysM-Cre mice recapitulated the reduced bone loss without affecting both inflammatory cytokine 

expression and osteoclast induction, suggesting that the SH3BP2-SYK axis plays a key role in 

regulating alveolar bone loss by mechanisms that regulate the bone-resorbing function of 

osteoclasts rather than differentiation. Administration of a new SYK inhibitor GS-9973 before or 

after periodontitis induction reduced bone resorption without affecting inflammatory reaction in 

gingival tissues. In vitro, GS-9973 treatment of bone marrow-derived M-CSF-dependent 

macrophages suppressed tartrate-resistant acid phosphatase (TRAP)-positive osteoclast formation 

with decreased mineral resorption capacity even when GS-9973 was added after RANKL 

stimulation. Thus, the data suggest that SH3BP2-SYK is a novel signaling axis for regulating 

alveolar bone loss in periodontitis and that SYK can be a potential therapeutic target to suppress 

alveolar bone resorption in periodontal diseases.
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Introduction

Periodontitis is a chronic oral inflammatory disorder with periodontal tissue destruction 

caused by pathogenic bacteria. Damage of gingival tissue in periodontitis provides oral 

bacteria with an infection route toward multiple organs, resulting in harmful events in health 

such as atherosclerotic disease, adverse pregnancy, rheumatoid arthritis (RA), and 

inflammatory bowel disease.(1,2) According to a recent study, periodontitis is a highly 

prevalent disease that affects 47% of adults in the USA(3) and is the most common cause of 

alveolar bone loss responsible for tooth loss(4). Periodontitis is the result of a cascade of 

inflammatory immune response initiated by bacterial invasion. Innate immune cells in 

periodontal tissues such as neutrophils and macrophages recognize pathogenic components 

of several bacteria species in dental plaque via pattern recognition receptors (PRRs) such as 

toll-like receptors (TLRs) and nucleotide oligomerization domain (NOD)-like receptors 

(NLRs).(5) Innate immune cells stimulated by pathogens produce abundant pro-

inflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, 

IL-8, and interferon (IFN)-γ to accelerate immune responses that induce subsequent 

activation of the acquired immune system.(4) T helper 17 (TH17) cells are the key drivers for 

pathogenic mucosal inflammation in periodontitis(6–8) and expansion of TH17 cells is 

dependent on the local dysbiotic microbiome.(8) TH17 cells also function as an 

osteoclastogenic helper T cell subset in inflammatory bone destruction.(9,10)

Osteoclasts are exclusively responsible for alveolar bone resorption in the sequence of 

events during periodontitis(4,5,11–13) and receptor activator of nuclear factor-kappaB ligand 

(RANKL), which is a member of the TNF cytokine family, is a pivotal cytokine for 

osteoclastogenesis.(14–16) Recently, it has been shown that osteoblasts and periodontal 

ligament cells as well as osteocytes are primary sources of RANKL for osteoclastogenesis in 

mouse experimental periodontitis models.(17,18) Notably, IL-17 produced by TH17 cells 

induces RANKL expression by osteoblastic and periodontal ligament cells in a ligature-

Kittaka et al. Page 2

J Bone Miner Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induced periodontitis model(17) and stimulates RANKL production by osteocytes in a bone 

loss model using continuous parathyroid hormone (PTH) treatment.(19)

The SH3-domain binding protein 2 (SH3BP2) is an adaptor protein dominantly expressed in 

hematopoietic lineage cells such as neutrophils, T cells, B cells, and macrophages. SH3BP2 

interacts with several proteins including spleen tyrosine kinase (SYK), 14-3-3, VAV, LYN, 

SHP-1, PLCγ1/2, indicating that SH3BP2 is involved in a variety of cellular functions.
(20–31) Gain-of-function mutations in SH3BP2 are responsible for a human craniofacial 

disorder, cherubism (OMIM#118400).(32) Analysis of a knock-in mouse model for 

cherubism revealed that a cherubism mutation increases osteoclastogenesis induced by 

RANKL and TNF-α and enhances macrophage responsiveness to pathogen-associated 

molecular patterns (PAMPs) via TLRs.(33–35) SYK is critically required for the increased 

activation of osteoclasts and macrophages carrying cherubism mutations.(33–35) The 

SH3BP2 gain-of-function mutation also alters the manifestation of autoimmune diseases in 

mice.(36,37) In contrast, loss-of-function of SH3BP2 suppresses osteoclast function(38,39) and 

reduces inflammation and joint destruction in mouse models for RA.(39) Thus, investigations 

from our group have established that SH3BP2 is a regulator of inflammation and 

osteoclastogenesis and demonstrated that the SH3BP2-SYK axis, as a key signaling pathway 

in the osteoimmune system, is involved in the pathological mechanisms of common 

inflammatory arthritis beyond its role in a rare craniofacial disorder.

Since aberrant regulation of inflammatory response and osteoclastic bone resorption are the 

hallmarks of periodontitis, we hypothesized that SH3BP2 also mediates alveolar bone 

resorption in periodontitis. Here, we show that loss-of-function of SH3BP2 reduces 

susceptibility to alveolar bone loss in a ligature-induced periodontitis model. Deletion of 

SH3BP2 in myeloid lineage cells is sufficient for the reduced susceptibility without altering 

the induction of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts, the 

expression profile of inflammatory cytokines in gingiva, or the composition of oral 

microbiota. Lack of SYK, a key kinase interacting with SH3BP2, in myeloid cells also 

provides comparable protection against alveolar bone loss. Pharmacological inhibition of 

SYK by GS-9973 not only prevents alveolar bone loss but also ameliorates progressive 

alveolar bone resorption in a ligature-induced periodontitis model. Indeed, GS-9973 

treatment suppresses TRAP-positive osteoclast formation with a reduced capacity for 

mineral resorption in vitro. Our study demonstrates that the SH3BP2-SYK axis regulates 

alveolar bone resorption in periodontitis and suggests that SYK can be a target for 

preventing or treating alveolar bone resorption associated with periodontal diseases.

Materials and Methods

Mice

All animal experiments in this study were performed according to protocols approved by the 

IACUCs of the University of Missouri-Kansas City and Indiana University. Sh3bp2−/− mice 

have been created previously.(40) LysM-Cre mice (#004781) and Sykfl/fl mice (#017309) 

were obtained from the Jackson Laboratory (Bar Harbor, Maine, USA). All mice were bred 

in a C57BL/6J background and housed under specific-pathogen-free conditions.

Kittaka et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Generation of Sh3bp2 floxed mice

Sh3bp2-floxed (Sh3bp2fl/fl) mice were generated by inGenious Targeting Laboratory 

(Ronkonkoma, NY, USA). The targeting construct harboring Sh3bp2 exon 3 flanked by loxP 

sites and a neomycin-resistance cassette flanked by Frt sites was electroporated to hybrid 

(C57BL/6 x 129/SvEv) ES cells (Supplemental Fig. S1). Electroporated ES cells were then 

cultured in medium containing G418 for positive selection. Targeted ES cell clones were 

identified by PCR and confirmed by Southern blot, and one of the ES cell clones was used 

for generating chimera mice. Chimera mice were bred with FLP transgenic mice for in vivo 
excision of the neomycin cassette. Mice carrying a Sh3bp2-floxed allele in germline were 

backcrossed to C57BL/6J mice for at least 7 generations (N=7) and used for experiments.

A ligature-induced periodontitis model

5-0 silk suture (Ethicon, Somerville, NJ, USA) was tied around the maxillary left second 

molar of 10-week-old mice under anesthesia with ketamine (80 mg/kg) and xylazine (1 mg/

kg). The right second molar was untreated and served as the control for alveolar bone 

volume analysis. After 5 days of ligature placement, mice were euthanized and the maxilla 

was dissected out for analysis. Mice that were treated with antibiotics received an antibiotic 

cocktail in drinking water (ampicillin 1 g/L, vancomycin 0.5 g/L, kanamycin 1 g/L, 

metronidazole 1 g/L) ad libitum from 5 days before ligature placement until the day of 

analysis.

Ex-vivo microCT (μCT) analysis

Maxillae were subjected to alveolar bone analysis with μCT. Tissues were fixed with 4% 

paraformaldehyde (PFA) for 24 hours and soaked in 70% ethanol for a scan with the 

Skyscan1174 (Bruker, Kontich, Belgium) under the following conditions: 80 kV X-ray 

energy, 6.67 μm pixel size, and 0.4 degree rotation step with 3000 ms of exposure time. 

Scanned data were reconstructed with NRecon software (Bruker) with a dynamic image 

range from 0 to 0.22. Alignment of three-dimensional (3D) images was performed using the 

DataViewer (Bruker) with the occlusal plane oriented parallel to the transverse plane. The 

region of interest (ROI) for bone volume measurement was alveolar bone between two 

buccal roots underneath the second molar that is composed of 21 2D slices (approximately 

140 μm thickness). Segmentation of the ROI and following bone volume measurement were 

performed by CT-Analyser (Bruker) with a threshold value of 44. Susceptibility for alveolar 

bone loss (% reduction rate) was calculated with the following formula: {(bone volume of 

unligated side − bone volume of ligated side)/bone volume of unligated side} x 100. 3D 

images were created by CTVox software (Bruker) based on the volume rendering method.

16S rDNA amplicon sequencing

Ligatures were recovered 5 days after ligature placement. Each suture was vortexed in 500 

μL of sterile PBS for 3 minutes. Bacterial DNA was isolated using Meta-G-Nome DNA 

Isolation Kit (Epicentre, Madison, WI, USA). Isolated DNAs were used for 16S rDNA 

amplicon analysis at BGI America (Cambridge, MA, USA). The V4 region of 16S rDNA 

was amplified by PCR and PCR products were used for library construction followed by 
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sequencing and data analysis. Ribosomal Database Project Classifier v. 2.2 was used for 

taxonomic classification.(41)

RNA isolation from gingiva and jawbone

Maxillary gingival tissues (1 x 3 mm) at the palatal side and maxillary alveolar bone tissues 

including three molars from mice with ligatures on both sides were used for RNA extraction. 

Dissected gingival tissue was homogenized by a tissue grinder (Thermo Fisher Scientific, 

Waltham, MA, USA). Jawbones were snap-frozen in liquid nitrogen after removing soft 

tissues, then crushed into powder using a tissue pulverizer (Cellcrusher Limited, Portland, 

OR, USA). RNA was extracted by RiboZol RNA extraction reagent (Amresco, Solon, OH, 

USA). RNA samples from mice without ligatures were used for controls.

Reverse transcription-qPCR (RT-qPCR) analysis

Five hundred ng of total RNA was transcribed to cDNA using a High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). qPCR reactions 

were performed with StepOnePlus Real-Time PCR System (Applied Biosystems) using 

Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific). qPCR primers used in 

this study are listed in Supplemental Table 1. Relative gene expression levels were 

calculated using the relative-standard curb method. Each gene expression level was 

normalized by the expression level for Hprt.

Histology

Maxillae were fixed with 4% PFA for 24 hours, decalcified with EDTA (0.5M, pH 7.2) and 

embedded in paraffin. Six-μm sections cut in the sagittal plane were subjected to H&E and 

TRAP staining.

Histomorphometry for osteoclasts

After TRAP staining, the number of osteoclasts (N.Oc), osteoclast surface (Oc.S), bone 

surface (BS), and the number of osteoclasts with ruffled border at alveolar bone between 2 

buccal roots of the maxillary second molar were measured using Bioquant Osteo software 

(Bioquant Image Analysis Corporation, Nashville, TN, USA). Either bone samples from 

unligated mice or from the unligated right side were used as controls. Two tissue sections 

separated by 20-50 μm were measured for each mouse and averaged. Measurements were 

performed by personnel blinded to genotypes and inhibitor administration.

SYK inhibitor treatment

Mice were administered with entospletinib daily (GS-9973, 100 mg/kg/day, 

intraperitoneally, MedChemExpress, Monmouth Junction, NJ, USA) starting from one day 

before or 2 days after ligature placement until the day of analysis.

Osteoclast differentiation assay

Bone marrow cells were collected from tibia, femur, and ilium of 6- to 12-week-old mice. 

After removal of red blood cells with RBC lysis buffer, bone marrow cells were incubated 

with alpha-MEM supplemented with 10% FBS and penicillin/streptomycin for 3 hours on 
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petri dishes to allow stromal cells to adhere to the dishes. Non-adherent cells were collected 

and seeded on 48-well plates at a density of 5.0 x 104 cells/well and incubated in the 

presence of M-CSF (25 ng/mL, PeproTech, Rocky Hill, NJ, USA) for 2 days to obtain bone 

marrow-derived M-CSF-dependent macrophages (BMMs, set as day 0 in Fig. 6C, 6D, 6E). 

BMMs were further stimulated with M-CSF (25 ng/mL) and RANKL (50 ng/mL, 

PeproTech), RANKL/TNF-α (100 ng/ml, PeproTech), or RANKL/IL-1β (10 ng/mL, 

PeproTech) for up to 4 days with or without GS-9973. To examine the effect of GS-9973 at 

the middle stage of osteoclast differentiation, GS-9973 treatment was started 1 day or 2 days 

after RANKL stimulation. Culture media were changed every other day. TRAP-positive 

cells were visualized with a TRAP staining kit (Sigma-Aldrich, St. Louis, MO, USA), and 

TRAP-positive cells with more than 3 nuclei were counted as osteoclasts (TRAP+ MNCs).

Osteoclast resorption assay

Non-adherent cells from bone marrow were seeded on 96-well Osteo assay plates (Corning, 

Corning, NY, USA) at a density of 2.0 x 104 cells/well and incubated in the presence of M-

CSF (25 ng/mL) for 2 days. BMMs were further stimulated with M-CSF (25 ng/mL) and 

RANKL (50 ng/mL) with or without GS-9973 (0.001 to 1 μM) for 10 days. After removing 

cells from the plate surface with 10% bleach solution for 5 min at room temperature, 

resorption areas were visualized by von Kossa staining.

Phalloidin staining

Non-adherent cells from bone marrow were seeded on 8-well chamber slides (Corning) at a 

density of 3.7 x 104 cells/well and cultured with M-CSF for 2 days to obtain BMMs. BMMs 

were stimulated with M-CSF and RANKL for 3 days to induce osteoclast differentiation 

with or without GS-9973 (1.0 μM). Cells were fixed with 4% PFA, permeabilized with 

0.25% Triton X-100 in PBS, then blocked with 1% BSA in PBS. Cells were stained with 

Alexa Fluor-488 conjugated phalloidin and DAPI (Santa Cruz Biotechnology, Dallas, USA). 

Fluorescent images were acquired with a Keyence BZ-X800 microscope (Keyence, Osaka, 

Japan).

Western blotting

3.0 x 106 non-adherent cells from bone marrow were seeded on 100 mm cell culture dishes 

and pre-cultured with M-CSF (25 ng/mL) for 2 days. RANKL (50 ng/mL) was added to the 

BMM culture for up to 4 days with or without GS-9973. At each time point, BMMs were 

lysed with cell lysis buffer (1% Triton X-100, 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 

mM EDTA, 10% glycerol, 2.5 mM sodium pyrophosphate, 0.7 mM β-glycerophosphate) 

with protease and phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO). Five 

micrograms of protein samples were resolved by SDS-PAGE under reducing conditions and 

transferred to nitrocellulose membranes. After blocking with 5% skim milk in TBS 

supplemented with 1% Tween-20 (TBST), membranes were incubated with anti-MMP9 

(ab38898, Abcam), anti-Cathepsin K (ab19027, Abcam), anti-NFATc1 (7A6, Santa Cruz), 

anti-SRC (32G6, Cell Signaling Technology, Danvers, MA), anti-ACTIN (A2066, Sigma-

Aldrich) in 5% BSA/TBST overnight at 4°C followed by incubation with HRP-conjugated 

secondary antibodies (Cell Signaling Technology). Anti-SYK (D3Z1E, Cell Signaling 

Technology) and anti-SH3BP2 (1E9, Abnova, Taipei City, Taiwan) antibodies were used for 
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BMMs stimulated with M-CSF for 4 days without RANKL stimulation. Bands were 

detected using SuperSignal West Dura or Femto chemiluminescent substrates (Thermo 

Fisher Scientific) and visualized by a Celvin S320 Imager (biostep, Burkhardtsdorf, 

Germany).

Statistics

Statistical analysis was performed by the two-tailed unpaired Student’s t-test to compare two 

groups or by one-way ANOVA with Tukey-Kramer post hoc test to compare three or more 

groups. GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA) and SPSS Statistics 20 

(IBM, Armonk, NY, USA) were used for all statistical analyses. Any p values less than 0.05 

were considered to be significant.

Results

Loss-of-function of SH3BP2 reduces alveolar bone loss in a ligature-induced periodontitis 
model

To determine the role of SH3BP2 in the pathoetiology of periodontitis, a mouse ligature-

induced periodontitis model was applied to the SH3BP2 knockout mice (Sh3bp2−/−), where 

an increased oral bacterial load due to accumulation of commensal bacteria within the silk 

ligature is responsible for periodontal inflammation and subsequent alveolar bone 

resorption.(42) This ligature model has been widely used to study the molecular mechanisms 

of periodontitis.(6,17,43) To confirm that ligature-induced periodontitis is dependent on 

bacterial accumulation surrounding a ligated tooth, we treated a group of 10-week-old wild-

type mice with an antibiotic cocktail (ampicillin, vancomycin, kanamycin, metronidazole) in 

drinking water from 5 days before ligature placement. MicroCT (μCT) analysis showed that 

antibiotic treatment suppresses alveolar bone loss (Supplemental Fig. S2). This result 

confirmed that the increased bacterial load around the gingiva is a primary trigger for 

alveolar bone resorption in this model.

Next, we induced periodontitis in Sh3bp2+/+ and Sh3bp2−/− mice and compared the 

susceptibility to bone loss. Ligature placement caused alveolar bone loss in Sh3bp2+/+ and 

Sh3bp2−/− mice (Fig. 1A). μCT analysis showed that alveolar bone volume of the unligated 

right side is not significantly different between Sh3bp2+/+ and Sh3bp2−/− mice. However, 

significantly more alveolar bone was maintained on the ligated left side of Sh3bp2−/− mice 

compare to Sh3bp2+/+ mice (Fig. 1B, top). Calculation of susceptibility to bone loss (% 

bone loss) against the unligated side revealed that male Sh3bp2−/− mice had 41.1% less bone 

loss and female Sh3bp2−/− mice had 38.3% less bone loss than Sh3bp2+/+ mice (Fig. 1B, 

bottom). Because loss-of-function of SH3BP2 causes defects in immune cell response in 
vitro and in vivo,(31,39,40,44) we hypothesized that knocking out Sh3bp2 may reduce 

inflammation in the gingiva and that the lower susceptibility to alveolar bone loss in 

Sh3bp2−/− mice may be attributed to reduced inflammation. However, H&E staining showed 

comparable amounts of inflammatory cell infiltration underneath the suture in Sh3bp2+/+ 

and Sh3bp2−/− mice (Fig. 1C). Supporting this result, qPCR analysis of gingival tissue 

showed comparable expression levels of Ly6g, a marker gene for neutrophils, and Cxcr2, a 

receptor for chemokines expressed in granulocytes and neutrophils, between ligated 
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Sh3bp2+/+ and Sh3bp2−/− mice (Fig. 1D). Expression levels for genes associated with 

periodontitis progression and osteoclastic bone resorption such as Il1β, Il6, Tnf, and Il17a in 

gingiva were not significantly different between the two ligated groups (Fig. 1E).

Next, we asked whether loss-of-function of SH3BP2 causes a dysbiotic change in the oral 

microbiome that may be associated with a reduction in alveolar bone loss in Sh3bp2−/− 

mice. We examined the taxonomic composition of bacteria that accumulated in the silk 

suture. Taxonomic analysis on an order level showed that the bacteria flora is mostly 

composed of Pasteurellales, Lactobacillales, Bacteroidales, Bifidobacteriales, 
Erysipelotrichales, and Enterobacteriales and the composition of each order of bacteria is 

comparable between Sh3bp2+/+ and Sh3bp2−/− mice (Supplemental Fig. S3). This result 

suggests that loss-of-function of SH3BP2 does not alter the oral bacterial flora and that a 

dysbiotic change is not responsible for the reduced alveolar bone loss in Sh3bp2−/− mice. 

Taken together, these data show that loss-of-function of SH3BP2 decreases alveolar bone 

loss without affecting gingival inflammation or the composition of oral microbiota in a 

ligature-induced periodontitis model.

Loss-of-function of SH3BP2 does not alter osteoclast induction in ligature-induced 
periodontitis

Because osteoclasts are the predominant cells responsible for inflammatory bone resorption, 

we investigated whether loss-of-function of SH3BP2 affects osteoclast induction in ligature-

induced periodontitis. TRAP staining showed that ligature placement induces osteoclasts on 

the alveolar bone surface in both Sh3bp2+/+ and Sh3bp2−/− mice (Fig. 2A). Those 

osteoclasts did form ruffled borders (Fig. 2B). However, histomorphometric analysis for 

osteoclasts revealed that there is no significant difference in the number of osteoclasts/bone 

surface (N.Oc/BS), osteoclast surface/bone surface (Oc.S/BS), or percentage of osteoclasts 

with ruffled borders between the Sh3bp2+/+ and Sh3bp2−/− groups (Fig. 2C). Since 

osteoblasts and periodontal ligament cells as well as osteocytes are primary sources for 

RANKL for osteoclastogenesis in mouse experimental periodontitis models,(17,18) we 

investigated Rankl levels in gingiva and jawbone. Baseline levels of Rankl in jawbone of 

unligated mice were higher in Sh3bp2−/− mice than in Sh3bp2+/+ mice. Rankl levels in 

ligated mice were similar in male Sh3bp2−/− and Sh3bp2+/+ mice, but significantly higher in 

female Sh3bp2−/− mice compared to Sh3bp2+/+ mice. Gingival tissue was not a major 

RANKL source in ligature-induced periodontitis (Fig.2D). Osteoprotegerin (Opg) levels and 

Rankl/Opg ratio were comparable between Sh3bp2+/+ and Sh3bp2−/− mice in both unligated 

and ligated conditions (Fig.2D).

qPCR analysis for marker genes of osteoclast differentiation and function showed that 

expression levels of Acp5, Oscar, and Ocstamp do not correlate with decreased jawbone loss 

in Sh3bp2−/− mice, although induction of Ctsk, which codes for Cathepsin K that is secreted 

by mature osteoclasts to degrade type I collagen, were significantly decreased in alveolar 

bone from ligated Sh3bp2−/− mice compared to ligated Sh3bp2+/+ mice (Fig. 2E). These 

results suggest that reduced bone loss in Sh3bp2−/− mice is attributed to impaired function of 

Sh3bp2−/− osteoclasts rather than to impaired differentiation of Sh3bp2−/− osteoclasts. 

Previous reports that SH3BP2 is required for osteoclast function but not differentiation 
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under physiological conditions and that Sh3bp2−/− osteoclasts are defective in bone 

resorption capacity in inflammatory conditions in vitro support this interpretation.(38,39)

SH3BP2 in myeloid cells regulates susceptibility to alveolar bone loss in ligature-induced 
periodontitis

To determine whether loss-of-function of SH3BP2 in osteoclast lineage cells plays a 

protective role against bone loss in ligature-induced periodontitis, we created Sh3bp2 
conditional knockout mice (Sh3bp2fl/fl) on LysM-Cre knock-in background, where Sh3bp2 
is knocked out in LysM-expressing myeloid lineage cells such as macrophages, osteoclasts, 

and neutrophils. A validation experiment for Sh3bp2 gene deletion in bone marrow-derived 

M-CSF-dependent macrophages (BMMs), which are progenitors for osteoclasts, showed 

that homozygous expression of LysM-Cre (LysMcre/cre) is necessary for sufficient Sh3bp2 
deletion (Supplemental Fig. S4). Therefore, we considered LysMcre/cre Sh3bp2fl/fl mice as 

conditional knockouts for Sh3bp2 and used LysMcre/cre Sh3bp2+/+ and/or LysM+/+ 

Sh3bp2fl/fl mice as controls.

Lack of SH3BP2 in myeloid cells recapitulated the decreased susceptibility to alveolar bone 

loss of Sh3bp2−/− mice with periodontitis (Fig. 3A, 3B). Osteoclast induction in LysMcre/cre 

Sh3bp2fl/fl mice was comparable to control mice (Fig. 3C), which was confirmed by 

histomorphometric analysis of osteoclast parameters (Fig. 3D). Also lack of SH3BP2 in 

myeloid cells did not affect expression levels of osteoclast-related genes in jawbone or 

inflammatory genes in gingival tissue (Supplemental Fig. S5). Considering the fact that 

BMMs are precursors for osteoclasts and the inflammatory status in gingiva is not altered in 

LysMcre/cre Sh3bp2fl/fl mice, the data suggest that loss-of-function of SH3BP2 in osteoclasts 

is responsible for the reduced bone loss in Sh3bp2−/− mice with ligature-induced 

periodontitis.

SYK deletion in myeloid cells decreases susceptibility to alveolar bone loss in ligature-
induced periodontitis

SYK interacts with SH3BP2 and plays an important role in mechanisms for macrophage and 

osteoclast activation in cherubism mice that harbor a gain-of-function mutation in SH3BP2.
(20,33,34) Rescue of inflammatory bone destruction in cherubism mice by selective deletion 

of SYK in LysM-Cre expressing cells suggested that SYK is required for SH3BP2 to 

regulate osteoclast function in periodontitis.(34) To examine whether SYK in myeloid cells 

mediates the reduction of susceptibility to alveolar bone loss, Sykfl/fl mice were crossed with 

LysM-Cre mice. Homozygous LysM-Cre expression was necessary for sufficient Syk 
deletion, which is similar to our finding for Sh3bp2 deletion (Supplemental Fig. S6). Similar 

to Sh3bp2−/− mice, LysMcre/cre Sykfl/fl mice showed reduced susceptibility to alveolar bone 

loss compared to LysMcre/cre Syk+/+ and LysM+/+ Sh3bp2fl/fl mice (Fig. 4A, 4B) without 

affecting osteoclast induction (Fig. 4C, 4D). mRNA expression levels of genes related to 

osteoclasts in jawbone and inflammatory cytokines in gingiva were not affected by 

conditional deletion of Syk in LysM expressing cells (Supplemental Fig. S7). Conditional 

deletion of Syk in LysM-expressing cells in Sh3bp2−/− mice further suppressed the alveolar 

bone loss (Supplemental Fig. S8), indicating that other pathways independent of SH3BP2 is 

regulating SYK and that SYK controls alveolar bone loss with SH3BP2 in ligature-induced 
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periodontitis. Collectively, the data suggest that SYK plays an important role in controlling 

alveolar bone loss by genetically interacting with SH3BP2.

Pharmacological inhibition of SYK with entospletinib reduces bone loss in ligature-
induced periodontitis

Because loss-of-function of SH3BP2 reduces alveolar bone resorption without affecting 

inflammatory response, SH3BP2-mediated signaling pathways may be therapeutic targets to 

protect against bone loss while maintaining the capability of host immune defense against 

pathogenic oral microorganisms. However, no chemical inhibitors or neutralizing antibodies 

are currently available to suppress the adaptor function of SH3BP2. Because SYK is a key 

signal transducer for SH3BP2, we hypothesized that SYK inhibition may be an alternative 

approach to suppress SH3BP2-mediated signals. To examine whether pharmacological 

inhibition of SYK prevents alveolar bone loss, wild-type mice were treated with 

entospletinib (GS-9973) daily starting from one day before ligature placement (Fig. 5A). We 

administered 100 mg/kg GS-9973 intraperitoneally, because this dose successfully 

ameliorated the established inflammation and bone destruction in cherubism mice.(45) We 

found that bone loss by ligature placement was reduced by 42.1% in males and 41.6% in 

females in the GS-9973 treatment group (Fig. 5B, 5C). Histomorphometric analysis showed 

that GS-9973 treatment reduced N.Oc/BS and Oc.S/BS only in males (Fig. 5D, 5E) without 

affecting ruffled border formation (Fig. 5F) or the percentage of osteoclasts with ruffled 

borders (data not shown). GS-9973 administration showed no impact on inflammatory 

cytokine gene levels in gingiva (Supplemental Fig. S9).

In clinical settings, pharmacological treatment of periodontitis will most likely be initiated 

after onset of the pathological inflammatory cascade in the gingiva. Thus, we next examined 

whether GS-9973 administration can reduce alveolar bone loss even when administered after 

ligature placement (Fig. 5G). As significant induction of osteoclasts occurs 2 days after 

ligature placement (Supplemental Fig. S10A–C), GS-9973 treatment was started 2 days after 

ligature placement. Mice treated with GS-9973 showed a reduction in alveolar bone loss by 

33.4% in males and 23.9% in females (Fig. 5H, 5I). GS-9973 treatment in the experimental 

group reduced osteoclast induction also only in males (Fig. 5J, 5K) without affecting ruffled 

border formation (Fig. 5L) or the percentage of osteoclasts with ruffled borders (data not 

shown). GS-9973 treatment did not affect inflammatory reaction in gingival tissues 

(Supplemental Fig. S10D). No abnormalities in histology and function of the liver and 

kidney were observed after GS-9973 administration (Supplemental Fig. S11). These data 

suggest that SYK inhibitor treatment is effective not only in protection from alveolar bone 

loss but also in treatment of alveolar bone loss in ligature-induced periodontitis.

Entospletinib suppresses osteoclast differentiation and function in vitro

To investigate the mechanism by which GS-9973 reduces bone loss by osteoclasts, GS-9973 

was added to in vitro osteoclast cultures at the same time as RANKL stimulation. 

Osteoclasts were induced by RANKL in the presence and absence of TNF-α or IL-1β. 

GS-9973 treatment suppressed TRAP-positive multinucleated osteoclast formation from 

BMMs in all conditions in a dose-dependent manner (Fig. 6A). GS-9973 treatment also 

effectively inhibited the mineral resorption capacity of osteoclasts (Fig. 6B). Since GS-9973 
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treatment had a protective effect against bone loss when administered 2 days after 

periodontitis induction (Fig. 5H, 5I), we next investigated whether GS-9973 has an impact 

on later phases of osteoclastogenesis. GS-9973 was added to BMM cultures 1 or 2 days after 

RANKL stimulation. We found that osteoclast formation is suppressed even when GS-9973 

was added after RANKL stimulation (Fig. 6C). Western blotting showed a reduced induction 

of NFATc1, MMP9, and Cathepsin K in the presence of GS-9973 (Fig. 6D). SRC protein 

that is critical for ruffled border formation is induced during osteoclastogenesis.(46–50) 

Consistent with reduced osteoclast function, SRC protein induction was suppressed in the 

presence of GS-9973 (Fig. 6D). No osteoclasts with actin ring were formed in the BMM 

culture stimulated with RANKL in the presence of GS-9973 (Fig. 6E). There was no 

significant sex difference in the effect of GS-9973 (data not shown). These results confirm 

that SYK is an important kinase for both osteoclast differentiation and function in vitro and 

that the SYK inhibitor GS-9973 can suppress the SYK signaling pathway at the beginning 

and in the middle phases of osteoclastogenesis. Taken together, the data suggest that 

GS-9973 decreases alveolar bone loss in ligature-induced periodontitis by inhibiting the 

formation of functional osteoclasts.

Discussion

Previously, we have shown that gain-of-function mutations in the adaptor protein SH3BP2 

are responsible for cherubism and that mutant SH3BP2 potentiates osteoclast formation and 

macrophage activation via SYK.(32–34) In contrast, loss-of-function of SH3BP2 has been 

shown to protect against inflammatory bone loss in mouse models of RA.(39) In this study, 

we showed that the SH3BP2-SYK pathway, which is the pathogenic pathway responsible for 

the rare craniofacial disorder cherubism, is also critically involved in the regulation of 

alveolar bone resorption in a ligature-induced mouse periodontitis model. Therefore, the 

current study provides a new example for the concept that studying molecular defects in rare 

craniofacial diseases can result in a better understanding of the basic pathology of more 

common diseases and lead to opportunities for novel treatment strategies.(51)

In the current clinical practice, standard treatment for periodontal diseases is mechanical 

debridement of dental plaque harboring pathogenic bacteria to reduce gingival inflammation 

and subsequent alveolar bone loss. The majority of patients with periodontitis respond 

favorably to the standard treatment, but some patients diagnosed with aggressive 

periodontitis, which affects younger populations, do not respond to the treatment and show 

rapid progression of periodontal tissue destruction.(52) Therefore, systemic antibiotic 

treatment has been employed when patients do not respond to conventional mechanical 

debridement or have acute periodontal infections associated with systemic diseases.(53) 

However, currently there are no established pharmacological approaches available for the 

treatment of periodontal bone loss except for antibiotic treatment, which can have other side 

effects. Here, we showed that genetic ablation of the SH3BP2-SYK axis in myeloid lineage 

cells reduces bone resorption in a ligature-induced experimental periodontitis model. 

Furthermore, pharmacological inhibition of SYK with GS-9973 exhibited the same 

protective effect against alveolar bone loss. These findings indicate that SYK inhibition may 

be a new treatment option for bone resorption in periodontitis. Notably, the advantage of 

GS-9973 treatment is that it shows suppressive effect in bone loss even when administered 
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after periodontitis induction, suggesting that the SYK inhibitor may be able to slow down 

progressive bone loss in human periodontitis. This is different from anti-IL-17A antibody 

administration in the same periodontitis model.(8) The SYK inhibitor treatment may meet 

the requirements of clinical practice, because intragingival injection, which would allow to 

reduce the dose and frequency of SYK inhibitor administration and lessen the risk for 

potential adverse events, could be considered as a route for administration in humans. 

Recent investigations demonstrated that TH17 cells that produce IL-17A and IL-17F are the 

primary drivers for the pathogenesis of periodontitis in mice and humans.(8,17) These studies 

provided mechanistic and genetic justification that inhibition of IL-17 family members or 

suppression of TH17 cell development may be a plausible therapeutic option for treatment of 

alveolar bone resorption in periodontitis. Because anti-SYK treatment preferentially inhibits 

osteoclastic bone resorption without affecting inflammation, anti-IL-17 therapy in 

combination with SYK inhibitor may provide a synergistic effect in treating alveolar bone 

loss.

SH3BP2-deficient mice (Sh3bp2−/−) are reported to exhibit osteoporosis at 12 weeks of age 

because of a net effect of impaired osteoblastic bone formation and osteoclastic bone-

resorption.(38) However, alveolar bone volume was comparable between the SH3BP2-

deficient mice and wild-type controls at 10 weeks of age (Fig. 1B). Because SH3BP2 has a 

profound impact on both osteoblast and osteoclast function, we aimed to determine the cell 

type(s) responsible for the protection against alveolar bone loss in SH3BP2-deficient mice. 

We found that Sh3bp2fl/fl mice with LysM-Cre expression, which lack SH3BP2 in myeloid 

lineage cells including osteoclast precursor cells exhibit a reduction in bone loss comparable 

to mice with global SH3BP2 deficiency (Fig. 1B, 3B). Furthermore, Sh3bp2 deletion in 

myeloid cells did not change osteoclast induction on the alveolar bone surface (Fig. 3C, 3D) 

or expression levels of osteoclast markers and inflammatory cytokines (Supplemental Fig. 

S5). These data suggest that suppressed osteoclast function rather than osteoclast 

differentiation is responsible for decreased bone loss in SH3BP2-deficient mice in ligature-

induced periodontitis. Indeed, SH3BP2-deficient osteoclast progenitors that are stimulated 

with RANKL are significantly defective in their bone resorption capacity particularly under 

inflammatory conditions in cell culture, while maintaining the induction of the master 

osteoclastogenic transcription factor NFATc1.(38,39) They also fail to develop an organized 

actin cytoskeleton, which is required for sealing zone formation of bone-resorbing 

osteoclasts.(38,54) In addition, it has been shown that deletion of Sh3bp2 in osteoclast 

progenitors by LysM-Cre suppressed in vitro osteoclast bone resorption capability.(55) These 

data establish SH3BP2 as a crucial regulator for osteoclast function rather than for 

differentiation(38) and support our conclusion that lack of SH3BP2 decreases alveolar bone 

loss by suppressing osteoclast function.

SYK is a cytoplasmic protein tyrosine kinase predominantly expressed in the hematopoietic 

cell lineage. SYK signaling mediates diverse immune functions particularly in B cells, 

neutrophils, macrophages, mast cells, and osteoclasts by coupling immune cell receptors to 

intracellular signaling pathways.(56) Thus, SYK has been a hopeful drug target for immune 

and inflammatory disorders including RA and cherubism.(45,57–59) In this study, we 

employed the SYK inhibitor entospletinib (GS-9973), because this second-generation 

compound has greater selectivity against SYK than tamatinib (R406), which is the active 
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metabolite of fostamatinib (R788)(60–63) and has a longer half-life in mouse plasma 

compared to R406.(61,64) While GS-9973 has relatively high selectivity to tyrosine kinase 

non-receptor 1 (TNK1, Kd: TNK1 86 nM vs. SYK 10.5 nM)(60,62), the most comprehensive 

clinical experience of SYK inhibitors to date has been obtained with GS-9973.(63,65) Clinical 

trials for the use of GS-9973 in certain types of leukemia and lymphoma are currently 

ongoing (https://clinicaltrials.gov). Because we showed that GS-9973 is highly potent in 

suppressing alveolar bone loss in a mouse model for periodontitis (Fig. 5) and is capable of 

inhibiting differentiation and function of osteoclasts in vitro (Fig. 6), clinical trials of 

GS-9973 for periodontal diseases may be contemplated.

Similar to SH3BP2-deficient osteoclasts, SYK-deficient osteoclast precursor cells stimulated 

with RANKL have deficiencies in forming functional osteoclasts.(66) SYK-deficient 

osteoclasts have a disturbed cytoskeleton, because they fail to spread or form actin rings in 
vitro and are incapable of adhering to the bone surface in vivo.(67,68) However, osteoclast 

numbers in SYK-deficient chimeric mice are indistinguishable from those in irradiated 

control animals transplanted with wild-type fetal liver cells whether with or without 

stimulation with PTH.(67) Despite the clear defects in osteoclast function, SYK-deficient 

osteoclasts express osteoclastic marker genes and exhibit intracellular signaling activation 

required for efficient osteoclast differentiation at levels comparable to SYK-sufficient 

osteoclasts.(66,67) These results demonstrate that genetic depletion of SYK impairs primarily 

osteoclast function but not differentiation in vitro and in vivo. We have shown that GS-9973 

suppresses osteoclast differentiation and function in vitro, suggesting that pharmacological 

inhibition of SYK by GS-9973 protects against alveolar bone loss by inhibiting osteoclast 

function and differentiation in vivo. However, only male mice exhibited decreased osteoclast 

numbers after GS-9973 administration (Fig. 5E, 5K), suggesting that GS-9973 is able to 

inhibit osteoclast differentiation in male mice more efficiently than female mice. The 

mechanism responsible for this sex difference and the precise role of SYK and GS-9973 in 

osteoclast differentiation in vitro and in vivo need to be further investigated. Importantly, 

GS-9973 suppressed osteoclast formation of progenitor cells that were already stimulated 

with RANKL in vitro. The great suppressive potency of GS-9973 against osteoclast 

differentiation and function may restore alveolar bone mass in active and progressive 

periodontitis patients who failed to respond to standard removal of dental plaque biofilms.

We showed that double knockout of SH3BP2 and SYK in LysM-expressing cells increases 

the protective effect of the SH3BP2 deletion (Supplemental Fig. S8). This result provides a 

confirmation that there are alternative pathways for activating SYK in osteoclasts other than 

via SH3BP2 and suggests that SH3BP2 regulates osteoclast function by interacting with 

SYK. Pro-osteoclastogenic factors other than RANKL may also regulate osteoclast function 

via SYK phosphorylation in the ligature-induced periodontitis model.

In conclusion, our study demonstrated that the SH3BP2-SYK axis, when dysregulated, is not 

only responsible for cherubism(34), but also plays a key role in regulating osteoclast function 

responsible for alveolar bone loss in periodontitis. Anti-resorptive drugs that selectively 

dampen osteoclast function but not the osteoclast number are expected to be more effective 

in treating pathological bone loss.(69) Because SYK is especially critical for osteoclast 

function, we propose that SYK can be a therapeutic target to ameliorate and protect against 
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alveolar bone resorption driven by functionally active osteoclasts in periodontal diseases. 

Periodontitis patients may benefit from anti-SYK therapy for preventing tooth loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss-of-function of SH3BP2 reduces alveolar bone loss in ligature-induced 
periodontitis.
(A) Two-dimensional (2D) coronal plane μCT images through the middle of maxillary 

second molar (bottom) and three-dimensional (3D) μCT images surrounding the maxillary 

second molar (top). Yellow arrowheads indicate areas of alveolar bone loss. Yellow line in 

3D image indicates the coronal plane for 2D image. P: palatal side. B: buccal side. (B) 

Alveolar bone volume and percentage (%) of bone loss against contralateral unligated side. 

(C) H&E staining of sagittal plane sections of maxilla. Arrowheads indicate inflammatory 

infiltrates underneath the ligated silk sutures. 10-week-old male mice. Bar = 100 μm. (D, E) 
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qPCR analysis with RNA isolated from gingiva. Average levels in unligated wild-type mice 

were set as 1. Data are presented as mean ± SD. *p < 0.05. NS = not significant. Student’s t-

test for bone loss in (B) or ANOVA with Tukey-Kramer post hoc test for bone volume in (B) 

and in (D, E).
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Figure 2. Loss-of-function of SH3BP2 does not affect induction of osteoclast formation in 
ligature-induced periodontitis.
(A, B) TRAP staining of alveolar bone between two buccal roots of the ligated second 

molar. Arrowheads indicate ruffled borders. Images in (B) are high magnification of the 

boxed area in (A). 10-week-old male mice. Bar = 100 and 10 μm, respectively. (C) 

Histomorphometric analysis for TRAP-positive cells. (D) qPCR analysis for Rankl and Opg 
expression and their ratio in gingiva and alveolar bone. Average levels in gingiva of 

unligated wild-type mice were set as 1. (E) qPCR analysis for osteoclast marker genes using 

RNA from alveolar bone. Average levels in unligated wild-type mice were set as 1. Data are 
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presented as mean ± SD. *p < 0.05. NS = not significant. Student’s t-test (D) or ANOVA 

with Tukey-Kramer post hoc test (C, E).
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Figure 3. SH3BP2 in myeloid cells regulates susceptibility to alveolar bone loss in ligature-
induced periodontitis.
(A) Two-dimensional coronal plane μCT images through the middle of maxillary second 

molar. P: palatal side. B: buccal side. (B) Percentage (%) of alveolar bone loss against 

contralateral unligated side. (C) TRAP staining of alveolar bone between two buccal roots of 

the ligated second molar. 10-week-old male mice. Bar = 100 μm. (D) Histomorphometric 

analysis for TRAP-positive cells. Data are presented as mean ± SD. *p < 0.05. NS = not 

significant. ANOVA with Tukey-Kramer post hoc test. + = +/+, cre = cre/cre, fl = fl/fl.
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Figure 4. SYK deletion in myeloid cells decreases susceptibility to bone loss in ligature-induced 
periodontitis.
(A) Two-dimensional coronal plane μCT images through the middle of maxillary second 

molar. P: palatal side. B: buccal side. (B) Percentage (%) of alveolar bone loss against 

contralateral unligated side. (C) TRAP staining of alveolar bone between two buccal roots of 

the ligated second molar. 10-week-old male mice. Bar = 100 μm. (D) Histomorphometric 

analysis for TRAP-positive cells. Data are presented as mean ± SD. *p < 0.05. NS = not 

significant. ANOVA with Tukey-Kramer post hoc test. + = +/+, cre = cre/cre, fl = fl/fl.
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Figure 5. SYK inhibitor GS-9973 restores alveolar bone volume in ligature-induced periodontitis.
(A) Procedure of GS-9973 administration started one day before ligature placement. (B) 

Two-dimensional (2D) coronal plane μCT images through the middle of maxillary second 

molar (bottom) and three-dimensional (3D) μCT images surrounding the maxillary second 

molar (top). P: palatal side. B: buccal side. (C) Percentage (%) of alveolar bone loss against 

contralateral unligated side. (D) TRAP staining of alveolar bone between two buccal roots of 

the ligated second molar. 10-week-old male mice. Bar = 100 μm. (E) Histomorphometric 

analysis for TRAP-positive cells. p = 0.0195 (male) & 0.7118 (female) for N.Oc/BS. p = 
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0.0472 (male) & 0.9751 (female) for Oc.S/BS. (F) TRAP-positive osteoclasts with ruffled 

borders indicated by arrowheads. High magnification of the boxed area in (D). 10-week-old 

male mice. Bar = 10 μm. (G) Procedure of GS-9973 administration started two days after 

ligature placement. (H) 2D coronal plane μCT images through the middle of maxillary 

second molar (bottom) and 3D μCT images surrounding the maxillary second molar (top). P: 

palatal side. B: buccal side. (I) Percentage (%) of alveolar bone loss against contralateral 

unligated side. (J) TRAP staining of alveolar bone between two buccal roots of the ligated 

second molar. 10-week-old male mice. Bar = 100 μm. (K) Histomorphometric analysis for 

TRAP-positive cells. p = 0.0216 (male) & 0.9469 (female) for N.Oc/BS. p = 0.0185 (male) 

& 0.5551 (female) for Oc.S/BS. (L) TRAP-positive osteoclasts with ruffled borders 

indicated by arrowheads. High magnification of the boxed area in (J). 10-week-old male 

mice. Bar = 10 μm. Data are presented as mean ± SD. *p < 0.05. NS = not significant. 

Student’s t-test.
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Figure 6. SYK inhibitor GS-9973 suppresses osteoclast differentiation and function in vitro.
(A) TRAP-positive osteoclast formation in the presence of GS-9973. BMMs were stimulated 

with RANKL (50 ng/mL), or RANKL/TNF-α (100 ng/mL), or RANKL/IL-1β (10 ng/mL) 

in the absence or presence of GS-9973 for 3 days. (B) Resorption assay for calcium 

phosphate. BMMs stimulated with RANKL, RANKL/TNF-α, or RANKL/IL-1β were 

cultured with or without GS-9973 for 10 days. Cells were removed and remaining calcium 

phosphate was stained with silver nitrate to visualize resorbed area. (C) TRAP-positive 

osteoclast formation in the presence of GS-9973. BMMs were stimulated with RANKL, or 

Kittaka et al. Page 27

J Bone Miner Res. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RANKL/TNF-α, or RANKL/IL-1β for 3 days. GS-9973 treatment was started at the same 

time as RANKL stimulation or 1 or 2 days after RANKL stimulation (day 0, day 1, and day 

2, respectively). (D) Western blot analysis of osteoclast-associated proteins. BMMs were 

stimulated with RANKL for up to 4 days in the absence or presence of GS-9973. (E) Actin 

ring staining with phalloidin conjugated with Alexa Fluor488. BMMs were stimulated with 

RANKL for 3 days. (A-E) Culture studies with male wild-type BMMs. (A, B, C, E) Bar = 

100 μm. Data are presented as mean ± SD. *p < 0.05 with ANOVA with Tukey-Kramer post 

hoc test.
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