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Abstract

Currently, it is believed that osteoclasts positive for tartrate-resistant acid phosphatase (TRAP+)
are the exclusive bone-resorbing cells responsible for focal bone destruction in inflammatory
arthritis. Recently, a mouse model of cherubism (SA36p25</K#) with a homozygous gain-of-
function mutation in the SH3-domain binding protein 2 (SH3BP2) was shown to develop auto-
inflammatory joint destruction. Here, we demonstrate that Sh36p25"K! mice also deficient in the
FBJ osteosarcoma oncogene (c-Fos) still exhibit noticeable bone erosion at the distal tibia even in
the absence of osteoclasts at 12 weeks old. Levels of serum ICTP, a marker of bone resorption
generated by matrix metalloproteinases (MMPSs), were elevated, while levels of serum CTX,
another resorption marker produced by cathepsin K, were not increased. Collagenolytic MMP
levels were increased in the inflamed joints of the Sh36p25"K! mice deficient in c-Fos. Resorption
pits contained a large number of F4/80+ macrophages and genetic depletion of macrophages
rescued these erosive changes. Importantly, administration of NSC405020, an MMP14 inhibitor
targeted to the hemopexin (PEX) domain, suppressed bone erosion in c-Fos-deficient Sh3bp2K/KI
mice. After activation of the NF-xB pathway, M-CSF-dependent macrophages from c-Fos-
deficient SA36p2<"K! mice expressed increased amounts of MMP14 compared to wild-type
macrophages. Interestingly, RANKL-deficient S/36p25"K! mice failed to show notable bone
erosion, while c-Fos deletion did restore bone erosion to the RANKL-deficient S#36p2K/K! mice,
suggesting that osteolytic transformation of macrophages requires both loss-of-function of c-Fos
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and gain-of-function of SH3BP2 in this model. These data provide the first genetic evidence that
cells other than osteoclasts can cause focal bone destruction in inflammatory bone disease and
suggest that MMP14 is a key mediator conferring pathological bone-resorbing capacity on c-Fos-
deficient Sh36p25<”K! macrophages. In summary, the paradigm that osteoclasts are the exclusive
cells executing inflammatory bone destruction may need to be re-evaluated based on our findings
with c-Fos-deficient cherubism mice lacking osteoclasts.
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Introduction

Osteoclasts are multinucleated cells of monocyte-macrophage origin that resorb mineralized
bone by localized secretion of acids and proteinases such as cathepsins and matrix
metalloproteinases (MMPs). Osteoclasts characteristically stain positive (+) for tartrate-
resistant acid phosphatase (TRAP) on bone surfaces.() The major cytokine that regulates
osteoclast differentiation is the receptor activator of nuclear factor-xB ligand (RANKL) and
activating signals from its receptor RANK are required for the differentiation.(:3) Signaling
mechanisms underlying osteoclastogenesis have been extensively studied and NFATc1
(nuclear factor of activated T-cells, cytoplasmic 1) was identified as the master transcription
factor for osteoclast differentiation and function.(2:3) FBJ osteosarcoma oncogene (c-Fos), a
member of the AP-1 family of transcription factors, plays an essential role in the robust
induction of NFATc1 in differentiating osteoclasts.(*) Therefore, mice lacking c-Fos or
RANK/RANKL exhibit osteopetrosis due to the lack of TRAP+ osteoclasts.(6-12) In view of
compelling genetic evidence that c-Fos- or RANKL-deficient mice with arthritis are
completely protected from bone resorption (13.14), there has been a strong consensus in bone
biology that osteoclasts are the only bone-resorbing cells that mediate bone erosion in
inflammatory arthritis. (3:15.16)

Cherubism (OMIM#118400) is an autoinflammatory disorder of the craniofacial skeleton
characterized by expansile maxillary and mandibular bone destruction due to the
development of fibrous/inflammatory lesions. Mutations in SH3-domain binding protein 2
(SH3BP2) that uncouple SH3BP2 from poly(ADP-ribose)polymerase tankyrase 1 and 2 are
responsible for this rare genetic condition.(17-18) Mutant SH3BP2 protein escapes from
ubiquitin-mediated proteasome degradation due to the lack of ADP-ribosylation, resulting in
stabilization of the SH3BP2 protein. Thus, increased levels of SH3BP2 activate downstream
signaling pathways in osteoclasts and macrophages in a gain-of-function manner leading to
tumor necrosis factor (TNF)-a-dependent bone destruction in the knock-in (K1) mouse
model of cherubism (Sh3pp2K<VKH (19-21)

Here, we show that Sh36p25”KI mice that also lack c-Fos still exhibit substantial bone
erosion at the distal tibia even though the mice have no TRAP+ osteoclasts. This result
demonstrates a novel mechanism of inflammatory bone resorption by cells other than
osteoclasts. Indeed, previous studies have suggested that cells other than osteoclasts can
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mediate bone resorption via different mechanisms.(22-25) Specifically, bisphosphonates
failed to provide significant protection against focal bone erosion in rheumatoid arthritis
(RA) patients, suggesting that a part of inflammatory bone destruction could occur
independently of osteoclasts.(26-29)

Our study provides the first genetic evidence for inflammatory bone destruction that occurs
independently of TRAP+ osteoclasts and demonstrates that macrophages can be converted to
osteolytic cells under inflammatory conditions when SH3BP2- and c-Fos-mediated
pathways are both dysregulated. The long-standing paradigm that osteoclasts are the
exclusive bone-resorbing cells in inflammatory bone diseases may need to be re-evaluated
based on our findings with c-Fos-deficient cherubism mice.

Materials and Methods

Mice

All animal experiments in this study were performed under an animal experimental protocol
approved by the UMKC IACUC. $h3bp2K”KI mice were reported previously.(19) c-Fos-
deficient (c-Fos™", #002293), RankI™ (#018978), El/a-Cre (#003724), Mx1-Cre
(#003556), and Csf1r (#021212) mice were obtained from the Jackson laboratory.
RANKL-deficient (Rank/~~) mice were created by crossing Rank/™”f mice with E//a-Cre
mice. All mice were crossed and created on the mix background of C57BL/6 and 129X1/SvJ
under specific pathogen free conditions. Csf1r™f mice with MxI-Cre were injected with
poly(1:C) (250 mg/body, GE Healthcare) intraperitoneally three times with 2-day intervals at
1 week old to induce Cre expression. Csf1r/ mice without MxI-Crewere also injected
with poly(l:C) as controls. There were no significant gender differences in phenotypes, thus
samples from both males and females were pooled for statistical analysis.

Ex-vivo microCT (UCT) imaging

Left hind limbs were subjected for bone erosion analysis with uCT. Tissues were fixed with
4% paraformaldehyde (PFA) for 24 hours and soaked in 70% ethanol for a scan with the
Skyscan1174 (Bruker) with following conditions: 80 kV X-ray energy, 6.67 um pixel size,
and 0.4 degree rotation step with 3000 ms of exposure time. Scanned data were
reconstructed with NRecon software (Bruker) with 0 to 0.15 of dynamic range. Three-
dimensional (3D) images were created using CTVox software (Bruker).

Quantification of bone erosion

Reconstructed data with NRecon were segmented by CTAn software (Bruker) to define the 1
mm from distal end of the tibia as a region of interest. 3D images of periosteal surface from
4 directions (anterior, posterior, lateral, and medial views) were used to measure eroded
bone surface area (%) using ImageJ (NIH). Measurements were performed by personnel
blinded to genotypes and inhibitor administration. Average value of 4 directions was used as
eroded bone area % for each mouse.
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In vivo uCT analysis

Right hind limbs were scanned with the vivaCT 40 (Scanco) with 10.5 um of resolution
under anesthesia with ketamine (80 mg/kg) and xylazine (10 mg/ml). /n vivo uCT scanning
was performed sequentially with 4-week intervals from 8 to 16 weeks old. A threshold of
270 was used to distinguish mineralized tissues from non-mineralized tissues.

Histology
Hind limbs were fixed with 4% PFA for 24 hours, decalcified with EDTA (0.5M, pH 7.2) for
3 weeks, and embedded in paraffin. Liver tissues were fixed with 4% PFA for 24 hours and
paraffin-embedded. Six pm sections were subjected to hematoxylin and eosin (H&E) and
TRAP staining. For immunohistochemical staining, tissues were decalcified with
Immunocal (Decal Chemical Corp.) for 24 hours.

Serum ELISA

Mice were fasted for 6 hours before blood collection. Mouse TNF-a Duo-Set ELISA kit
(R&D), mouse TRAP5b assay kit (Immunodiagnostic Systems), mouse ICTP ELISA kit
(Biotang Inc.), and RatLaps™ CTX-I EIA kit (Immunodiagnostic Systems) were used.
Serum was separated from blood with Vacutainer collection tube (BD) and stored at —80 °C
until use.

RNA and protein extraction from ankle joints or macrophages

Ankle joints without skin were dissected out, immediately frozen by liquid nitrogen, and
crushed in powder using a tissue pulverizer (Cellcrusher Limited) for RNA or protein
isolation. Cultured macrophages were washed with ice-cold PBS twice, and lysed for RNA
or protein extraction. RNA was extracted by Tripure reagent (Roche). Protein was extracted
by cell lysis buffer (1% Triton X-100, 25 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM
EDTA, 10% glycerol, 2.5 mM sodium pyrophosphate, 0.7 mM B-glycerophosphate) with
protease and phosphatase inhibitor cocktails (Sigma-Aldrich).

Reverse transcription-quantitative PCR (RT-qPCR) analysis

Five hundred nanograms of total RNA was transcribed to cDNA using the High Capacity
cDNA Reverse Transcription Kit (Life Technologies). qPCR reactions were performed with
the StepOne Plus system (Life Technologies) using Maxima SYBR green mix (Thermo
Scientific) or Tagman Gene Expression master mix (Life Technologies). gPCR primers and
probes used in this study are listed in Supplemental Table 1. Relative gene expression levels
were calculated using a relative-standard curb method. Each gene expression levels were
normalized by expression levels of Hprt.

Histomorphometry of liver inflammation

Inflammatory infiltrates in liver tissue were quantified as previously described.(?1) Briefly,
total inflammatory area in the liver stained with H&E was measured as pixels with ImageJ
(NIH), which was divided by the pixels of the entire tissue excluding areas of vasculature to
calculate the proportion of inflammatory area (%). Liver images were taken with a 4X
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objective lens (Nikon E800). Results from four images from different areas of each tissue
section were averaged.

Transmission electron microscope (TEM)

Distal tibiae were dissected, fixed with 2.5% glutaraldehyde, and decalcified with 0.5M
EDTA (pH 7.2). Samples were embedded in epoxy resin. One hundred nanometer sections
stained with uranyle acetate and lead citrate were observed using the Philips CM12 TEM at
the UMKC School of Dentistry.

Fetal liver-derived macrophage colony-stimulating factor (M-CSF)-dependent macrophage
culture and inhibitor treatment

Fetal livers obtained from E15.5 to 18.5 embryos were used as a source of M-CSF-
dependent macrophages (3:31), because adult c-Fos-deficient mice have little bone marrow
cells due to severe osteopetrosis.(®.7). After lysis of red blood cells, fetal liver cells were
incubated with a-MEM supplemented with 10% FBS and penicillin/streptomycin for 3
hours on petri dishes in order to let stromal cells adhere on the surface of petri dishes. Non-
adherent cells were collected and cultured on tissue culture-treated dishes in the presence of
M-CSF (25 ng/ml, Peprotech) to obtain M-CSF-dependent macrophages. Culture medium
containing M-CSF was changed every other day. For inhibitor assays, hon-adherent fetal
liver cells were cultured in the presence of M-CSF. After 48 hours, inhibitors were added.
RNA and protein were extracted at 48 to 96 hours after addition of inhibitors.
BMS-345541(32) (IKK inhibitor) and FK506(33) (NFAT inhibitor) were obtained from
Sigma-Aldrich. SP60012534) (JNK inhibitor), SB203580(3) (p38 inhibitor) were purchased
from Millipore. R406(38) (SYK inhibitor), U7312237) (PLC inhibitor) were obtained from
Selleck chemicals. U0126(3®) (MEK inhibitor) was purchased from Calbiochem. For
Western blotting analysis, non-adherent fetal liver cells were cultured in the presence of M-
CSF for 72 hours, then adherent M-CSF-dependent macrophages were harvested and re-
seeded (2.6 x 104 cells/cm?) on culture dishes with M-CSF. After 24 hours, macrophages
were starved for serum and M-CSF for 6 hours, then re-stimulated with M-CSF (25 ng/ml).

Osteoclast differentiation assay

Non-adherent fetal liver cells were cultured on petri dishes with M-CSF for 3 days.
Adherent M-CSF-dependent macrophages were harvested with Cellstripper (Corning) and
seeded on 8-well chamber slides, 48-well culture plates, or 100 mm culture dishes at a
density of 2.6 x 10 cells/cm?2. After 24 hours, M-CSF-dependent macrophages were
stimulated with mouse RANKL (50 ng/ml, Peprotech) or RANKL/TNF-a (50 ng/ml and
100 ng/ml, respectively, Peprotech) for up to 10 days to induce osteoclast differentiation.
Culture medium containing the cytokines was replaced every other day. TRAP-positive cells
on 48-well plates were visualized with a TRAP staining kit (Sigma-Aldrich) and TRAP
positive cells that have more than 3 nuclei were counted as TRAP-positive multinucleated
cells (TRAP+ MNCs). For visualization of actin ring and nuclei, cells were co-stained with
Phalloidin conjugated with CruzFluor™ 488 (Santa Cruz) and DAPI on 8-well chamber
slides, and observed with the Nikon TE80O fluorescent microscope.
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Western blotting

Five pg of protein samples were resolved by SDS-PAGE with reducing condition and
transferred to nitrocellulose membrane. After blocking with 5% skim milk in TBS
supplemented 1% Tween-20 (TBST), membranes were incubated with primary antibodies in
5% BSA/TBST for overnight at 4°C 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 the ImageQuant LAS-4000 (GE Healthcare). Antibodies
against MMP2 (ab37150) and MMP14 (ab53712) were obtained from abcam. Anti-SH3BP2
monoclonal antibody (clone 1E9) was purchased from Abnova. Antibody against NFATc1
(7A6) was obtained from Santa Cruz Biotechnology. Antibodies against phospho-IKKa/p
(#2697), IKKp (#2678), phospho-JNK (#4668), INK (#9258), phospho-ERK (#4370), ERK
(#4695), phospho-p38 (#4511), and p38 (#9212) were obtained from Cell Signaling
Technology.

Immunohistochemical staining

Tissue sections were deparaffinized and rehydrated. For antigen retrieval, sections were
treated with 20 pug/ml of proteinase K for 3 min and endogenous peroxidase was blocked
with 3% H,0,/PBS solution. After blocking with 2% serum, which is from the same species
as the secondary antibodies, sections were incubated overnight at 4°C with antibodies
against F4/80 (Clone A3-1, AbD serotec), MMP2 (ab37150, abcam), or MMP14 (ab53712,
abcam). After washing with PBS, sections were incubated with appropriate biotinylated
secondary antibodies (Vector Labratories) for 60 min at room temperature and treated with
Vectastain elite ABC kit (\Vector Laboratories). Sections were colored using InmPACT DAB
(\Vector Laboratories) and counter stained with Hematoxylin.

MMP14 inhibitor treatment

For inhibition of MMP14 activity in vivo, c-Fos™~ Sh3abp25VK! mice were administrated
with NSC405020(39) (50 mg/kg/day, AdooQ Bioscience) or DX-2400(4%) (40 and 200
mg/kg, every other day, Kadmon Corp.) subcutaneously from 4 to 10 weeks old. For the
control of DX-2400 administration, human 1gG (Equitech Bio.) was injected.

In vitro osteolytic activity assay

Collagenolytic activity of M-CSF-dependent macrophages was assessed by measuring
fluorescence intensity of europium-labeled type I collagen fibers in culture supernatant using
the OsteoLyse Assay Kit (Lonza). Mineral absorption capacity was assessed by measuring
fluorescence intensity of fluoresceinamine-labeled calcium phosphate in culture supernatant
using the Bone Resorption Assay Kit (Cosmo Bio). After culture of non-adherent fetal liver
cells for 3 days with M-CSF on petri dishes, M-CSF-dependent macrophages were harvested
and seeded on the plates from the kits described above at a density of 7.8 x 104 cells/cm?
and treated with 50 ng/ml of RANKL or 100 ng/ml of TNF-a in the presence of M-CSF for
7 days. Fluorescence intensity in culture supernatant was measured with the DTX880
Multimode Detector (Beckman Coulter).
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Dentin resorption assay

Statistics

Results

Following the 3-day culture of non-adherent fetal liver cells with M-CSF on petri dishes, M-
CSF-dependent macrophages were harvested and seeded on dentin slices in 96-well culture
plates at a density of 7.8 x 104 cells/cm?. After 24 hours, M-CSF-dependent macrophages
were stimulated with mouse RANKL (50 ng/ml) and TNF-a (100 ng/ml) for 28 days.
Culture medium containing the cytokines was replaced every other day. Cells were removed
mechanically by scrubbing with toothbrush and Kimwipes. Resorption pits on dentin slices
were observed using the Philips XL30 scanning electron microscope (SEM) at the UMKC
School of Dentistry.

Statistical analysis was performed by the two-tailed unpaired Student’s #test to compare two
groups or by one-way ANOVA with Tukey-Kramer post-hoc test to compare three or more
groups. GraphPad Prism 5 (GraphPad Software) and SPSS Statistics 20 (IBM) were used for
all statistical analyses. p values less than 0.05 were considered to be significant.

Cherubism mice also deficient in c-Fos exhibit bone erosion

A knock-in (KI) mouse model of cherubism (Sh36p25/K%) develops auto-inflammation
responsible for joint destruction.(9 We initiated this study with a hypothesis that depletion
of TRAP+ osteoclasts would rescue the $A36p25"K! mice from bone destruction. Because c-
Fos is a transcription factor essential for osteoclastogenesis (¢:7), Sh36p2K/KI mice were
bred on a c-Fos-deficient background to generate Sh36p2K<”K! mice lacking osteoclasts. At
12 weeks of age, uCT analysis was performed on the ankle joints of the double mutant mice.
Unexpectedly, all c-Fos-deficient (c-Fos™") Sh3bp25"K! mice still developed profound
eroded surfaces on the tibia, talus, and calcaneus (Fig. 1A), while eroded surface was
approximately 60% less than c-Fos-sufficient (c-Fos**) Shabp2K/KI mice (Fig. 1B). /n vivo
UCT analysis suggested that the erosion occurs postnatally (Fig. 1C). H&E staining revealed
that c-Fos-deficient Sh36p25"K! mice developed inflammatory infiltrates on their distal
tibial surfaces that appeared to be responsible for the formation of erosion pits (Fig. 1D).
Inflammation in the mice was associated with elevation of serum TNF-a levels compared to
c-Fos-deficient Sh3bp2** and wild-type (c-Fos™* Sh3bp2*/*) mice (Fig. 1E). Tnf
expression levels in the ankle joints and areas of inflammation in the liver were comparable
to c-Fos-sufficient SA36p25"K mice (Fig. 1, F and G). Transmission electron microscopic
analysis revealed exposed collagen fibers from mineralized bone matrix underneath
inflammatory cells on bone surfaces of the c-Fos-deficient $A36p2<"K! mice, but ruffled
borders commonly associated with osteoclasts were absent (Fig. 1H). While almost all cells
in inflammatory lesions were mononucleated cells, a small number of multinucleated cells
were observed on the bone surface of the double mutant mice (Supplemental Fig. 1). In
contrast to a previous c-Fos-deficient mouse model of inflammatory bone disease (13, our
results show that $h35p2K"K! mice develop erosive bone destruction in the absence of c-Fos.
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c-Fos-deficient Sh3bp2K/Kl mice have no TRAP-positive osteoclasts

To confirm the lack of canonical osteoclasts in c-Fos-deficient S/36p257K! mice, TRAP
staining was performed on bone tissue adjacent to the inflammatory lesions. Consistent with
previous results (8:1341) |ack of c-Foscompletely blocked the formation of TRAP+
osteoclasts in SA36p25"K! mice (Fig. 2A). Also, serum levels of TRAP5b, a marker for
active osteoclasts, were lower than in c-Fos-sufficient Sh36p25"K! and wild-type mice (Fig.
2B). Activated macrophages are most likely to be the source of the TRAP5b slightly
elevated in c-Fos-deficient Sh36p2K"K! mice compared to c-Fos-deficient Sh35p2%/* mice
(Fig. 2B).(4243) Absence of osteoclasts at the inflamed ankle joint of the c-Fos-deficient
Sh3bp2KKI mice was further confirmed by Oscarand Ocstamp expression levels lower than
wild-type mice (Fig. 2C). No significant increase in expression of Acp5, Oscar, Ocstamp,
Ctsk, Car2, Calcr, and Rank compared to c-Fos-deficient $Sh3bp2*/* mice verified the lack of
osteoclasts in c-Fos-deficient SA36p25"K! mice (Fig. 2C). Interestingly, Dcstamp, Clcn?,
and Tcirgl expression in c-Fos-deficient $h36p25"K! mice was higher than wild-type mice
and comparable to c-Fos-sufficient Sh3p2<"K! mice (Fig. 2C). These data demonstrate that
knocking out of the ¢-Fos gene effectively blocks the formation of osteoclasts in
Sh3bp2KIK mice.

Osteoclast precursors from c-Fos-deficient Sh3bp2X/Kl mice fail to form TRAP-positive

osteoclasts

To confirm the lack of /n vitro capacity of c-Fos-deficient Sh36p25”K! myeloid cells to
differentiate into osteoclasts, M-CSF-dependent macrophages from fetal liver of the c-Fos-
deficient Sh36p25"K! mice were stimulated either with RANKL or with RANKL/TNF-a..
Formation of TRAP+ multinucleated cells was completely abrogated in the M-CSF-
dependent macrophages from c-Fos-deficient SA36p25/K! mice under both culture
conditions (Fig. 3, A and B). No increase in osteoclast marker gene expression was observed
during the culture period compared to M-CSF-dependent macrophages from c-Fos-sufficient
Sh3bp2X<7KI and wild-type mice (Fig. 3C). Actin ring formation typically seen in TRAP+
multinucleated osteoclasts was not observed in c-Fos-deficient S#36p25"K! macrophage
cultures with RANKL/TNF-a (Fig. 3D).

Since robust induction of NFATc1 is a molecular hallmark of differentiating osteoclasts®),
we next examined whether NFATc1 increases in M-CSF-dependent macrophages from c-
Fos-deficient SA36p25"K! mice in response to RANKL or RANKL/TNF-a. In agreement
with a previous report 4), lack of c-Fos failed to induce NFATc1 auto-amplification even
with the gain-of-function mutation of SH3BP2 (Fig. 3E), suggesting that c-Fos is a
transcription factor downstream of SH3BP2 in osteoclastogenesis. Lack of c-Fos did not
affect SH3BP2 protein levels in the macrophages (Supplemental Fig. 2). Taken together, our
results show that osteoclast precursor cells from c-Fos-deficient $h3602</K! mice are not
able to differentiate into mature TRAP+ osteoclasts, suggesting that bone erosion in c-Fos-
deficient SA36p2<"K! mice was due to cells other than osteoclasts.

Increased MMP expression in joint tissue of c-Fos-deficient Sh3bp2KI/Kl mice

We found that serum levels of cross-linked carboxyterminal telopeptide of type I collagen
(ICTP), a marker of bone resorption generated by MMPs (44), were elevated in c-Fos-
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deficient $h36p2K/K! mice compared to c-Fos-deficient SA36p2*/* mice (Fig. 4A). In
contrast, serum C-terminal crosslinked telopeptide of type I collagen (CTX) levels, another
bone resorption marker produced by cathepsin K from osteoclasts (44), were comparable
between c-Fos-deficient Sh3bp25"K! and c-Fos-deficient $h36p2%/* mice (Fig. 4B). These
results suggest that MMPs participate in the degradation of bone matrices in c-Fos-deficient
Sh3bp2KKI mice. Expression analysis of collagenolytic MMPs (45) in ankle joint tissue
(without skin) revealed that Mmp2and Mmp14 levels in c-Fos-deficient Sh36p25"K! mice
are higher than c-Fos-deficient $Sh35p2*/* mice, which correlated with the appearance of
bone erosion (Fig. 4C). Expression levels of non-collagenolytic MMPs were also elevated
(Supplemental Fig. 3). Western blotting analysis confirmed the elevation of MMP2 and
MMP14 proteins in the joint tissue of the c-Fos-deficient S#36p25”K! mice compared to c-
Fos-deficient S#3bp2*/* mice that do not have bone erosion (Fig. 4D). Consistent with these
results, lesions within pits and on the surface of bone were positive for MMP2 and MMP14
(Fig. 4, E and F). Collectively, our results suggest that MMP2 and/or MMP14 participate in
an osteoclast-independent degradative mechanism of bone in c-Fos-deficient Sh3bp2KI/KI
mice.

Macrophages are responsible for bone erosion of c-Fos-deficient Sh3bp2X/Kl mice

Erosion pits were filled with cells that stain strongly for F4/80, a marker for macrophages
encoded by the Adgrel gene (Fig. 5A). Expression levels of macrophage marker genes were
elevated in the ankle joint of c-Fos-deficient SA36p25<”K! mice compared to c-Fos-deficient
Sh3bp2*’* and wild-type mice (Fig. 5B). These results led us to hypothesize that
macrophages are primarily responsible for the bone erosion in c-Fos-deficient Sh3bp2KI/KI
mice.

Colony-stimulating factor 1 receptor (CSF1R) is a receptor for M-CSF that is required for
the maintenance of tissue macrophage populations. Functional ablation of CSF1R or M-CSF
causes severe deficiency of macrophages and osteoclasts.(4647) To determine whether
macrophage depletion suppresses bone resorption in c-Fos-deficient $h36p25"K! mice,
Mx1-Cre Csf1r"f mice were created on an osteoclast-free c-Fos™~ Shabp25VK! background
and depletion of M-CSF-dependent macrophages was induced in the mice by administrating
pl:pC three times at one week of age.(#8) MicroCT analysis revealed that macrophage
depletion effectively ameliorates bone erosion in the c-Fos-deficient Sh3bp2K/K! mice at 12
weeks of age (Fig. 5, C and D). This suppression was accompanied by a reduction in 7nf
expression in the ankle joints (Fig. 5E). Mmpl4 expression was also suppressed in the joints
of macrophage-depleted c-Fos-deficient $h35p25"K! mice compared to non-depleted control
c-Fos-deficient Sh36p25"K! mice, while Mmp2 expression was comparable (Fig. 5F).
Consistent with the results, MMP14 protein levels were also decreased, although MMP2 was
elevated (Fig. 5G). These data indicate that macrophages that express MMP14 are
responsible for bone erosion in c-Fos-deficient SA36p2K/K! mice.

Next, we examined whether pharmacological inhibition of MMP14 rescues the bone
erosion. Administration of NSC405020, an MMP14 inhibitor that suppresses the
collagenolytic activity of MMP14 by interacting with its hemopexin (PEX) domain (39),
reduced bone erosion in c-Fos-deficient Sh36p25"K! mice (Fig. 5, H and I). Also, we
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discovered that Mmp14 expression in M-CSF-dependent macrophages derived from fetal
liver of c-Fos-sufficient Sh3bp2K"K! mice is increased compared to wild-type macrophages,
and this increase was further augmented by the lack of c-Fos by 3.8-fold (Fig. 5J). These
findings suggest that the SH3BP2- and c-Fos-mediated signaling mechanisms regulating
MMP14 expression in macrophages merits further study.

To confirm whether c-Fos-deficient Sh36p25"K! macrophages have the capacity to degrade
bone collagen and demineralize bone, M-CSF-dependent macrophages from c-Fos-deficient
Sh3bp2KIKI mice were cultured on plates coated either with europium-labeled type |
collagen fibers or with fluorescein-labeled calcium phosphate. The fluorescent intensity of
culture supernatants revealed that c-Fos-deficient SA36p25<”K! macrophages have an
increased capacity for collagen degradation compared to wild-type macrophages and that
this capacity is enhanced in the presence of TNF-a (Fig. 5K). This increase was abrogated
by treatment with NSC405020 (Fig. 5L). In contrast, the capacity for mineral dissolution
was comparable between c-Fos-deficient $h36p2K/K! and wild-type macrophages in the
presence or absence of TNF-a. (Fig. 5M). Finally, we confirmed that c-Fos-deficient
Sh3bp2KKI macrophages do create resorption pits on dentine slices when stimulated with
RANKL and TNF-a, although resorption area and depth of pits were smaller than those in
wild-type macrophage cultures (Supplemental Fig. 4). In summary, the data indicate that
macrophages in c-Fos-deficient $h36p25"K! mice have an increased capacity to degrade
collagen and that MMP14 plays a critical role in macrophage-mediated bone resorption in c-
Fos-deficient Sh36p25VK! mice.

NF-xB signaling mediates increased Mmp14 expression in c-Fos-deficient Sh3bp2K//KI
macrophages

We next sought to determine the molecular mechanism by which c-Fos-deficient
Sh3bp2XVKI macrophages increase Mmp14 expression. Fetal liver cells were cultured in the
presence of M-CSF with or without inhibitors that block a series of signaling pathways.
Among all inhibitors tested, BMS-345541, an kB kinase (IKK) inhibitor that blocks NF-
xB-dependent transcriptional activation, was most effective in suppressing the expression of
Mmp14in c-Fos-deficient Sh36p25<"K! macrophages in a dose-dependent manner (Fig. 6A,
Supplemental Fig. 5). MMP14 protein levels were also decreased in c-Fos-deficient
Sh3bp2XVKI macrophages when cultured with BMS-345541 (Fig. 6B). We further found that
the basal phosphorylation level of IKKp is elevated in the M-CSF-dependent c-Fos-deficient
Sh3bp2X<"KI macrophages, and which was further elevated after re-stimulation with M-CSF
(Fig. 6C). Activation of ERK and p38 pathways downstream of CSF1R was not significantly
changed in c-Fos-deficient Sh36p25<”K! macrophages compared to wild-type macrophages
(Supplemental Fig. 6). Finally, phosphorylation of JNK was sustained longer in c-Fos-
deficient Sh3bp25"K! macrophages, but a JNK inhibitor SP600125 failed to suppress the
elevated Mmp14 expression in the double mutant macrophages (Supplemental Fig. 5). All
the above inhibitors are commercially available and their selectivities have been widely
accepted. These data suggest that increased MMP14 expression in c-Fos-deficient
Sh3bp2KKI macrophages is mediated primarily by activation of the NF-xB pathway.
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RANKL deficiency protects against bone erosion in Sh3bp2X/KI mice and c-Fos deficiency
restores bone erosion to the RANKL-deficient Sh3bp2X/Kl mice

To examine whether other Sh36p2K”K! mice lacking osteoclasts also develop bone erosion,
Sh3bp2KKI mice also deficient in RANKL were created. Similar to the c-Fos-deficient
Sh3bp2KKI mice, RANKL-deficient Sh3bp25K! mice developed inflammatory lesions at
the distal tibia (Fig. 7A) with no TRAP+ multinucleated osteoclasts on the bone surfaces
(Fig. 7B). Interestingly, a few of TRAP+ cells were detected in a small number of RANKL-
deficient SA36p2K<"K! mice (Supplemental Fig. 7).(29) We found that RANKL-deficient
Sh3bp2XVKI mice exhibit significantly less bone erosion compared to the ¢c-Fos-deficient
Sh3bp2KKI mice (Fig. 7, C and D). We have further deleted the c-~os gene on the RANKL-
deficient Sh36p2K<"K hackground. We discovered that c-Fos/RANKL-deficient Sh3pp2KVK!
mice develop inflammatory lesions comparable to the c-Fos-deficient SA360257K! mice with
no TRAP+ osteoclasts (Fig. 7, E and F) and that c-Fos deletion restores bone erosion to the
RANKL-deficient Sh36p25"K! mice (Fig. 7, G and H). These results suggest that both loss-
of-function of c-Fos and gain-of-function of SH3BP2 are required for the macrophage-
mediated bone erosion in c-Fos-deficient SA36p2K</K! mice. Comparison of Mmp14
expression levels in ankle joint tissue between RANKL-deficient SA36p2K/K! mice without
noticeable bone erosion and c-Fos/RANKL-deficient Sh36p25"K! mice with a considerable
amount of bone erosion revealed that elevated MmpZ4 mRNA expression correlates well
with the appearance of bone erosion (Fig. 71). In agreement with this result, MMP14 protein
level was elevated in the joint of c-Fos/RANKL-deficient Sh36p2K"K! mice compared to
that for RANKL-deficient $h36p25"K! mice (Fig. 7J). In contrast, MMP2 levels were not
significantly changed (Fig. 7, | and J). These data support MMP14’s role as a key mediator
of bone resorption in c-Fos-deficient SA36p2K/K! mice.

Discussion

Previous studies have shown that osteoclasts play an indispensable role in inflammatory
bone destruction and established a definitive consensus that osteoclasts are the exclusive
cells responsible for bone resorption in pathological conditions.(31549) This dogma is based
on convincing genetic evidence that bone erosion is absent in osteoclast-free mouse models
of inflammatory bone disease such as c-Fos-deficient mice that overexpress TNF-a. (13) and
RANK L-deficient mice that develop autoimmune arthritis.(14) However, this paradigm
should now be re-evaluated as a result of our studies with osteoclast-free SA36p25"K! mice.

We have shown that Sh36p25"K! mice also deficient in c-Fos display a considerable amount
of inflammatory focal bone erosion, although the mice have no TRAP+ osteoclasts. We have
further shown that myeloid cells from the mice are not able to differentiate into TRAP+
osteoclasts under RANKL or RANKL/TNF-a stimulation. These data demonstrate that c-
Fos-deficient Sh36p2<"K! mice are the first compelling animal model of inflammatory
arthritis that develops bone erosion independently of osteoclasts. Mechanistically, we have
shown that macrophages expressing MMP14 are primarily responsible for this osteoclast-
independent bone resorption. Taken together, our results provide the evidence that
dysregulated macrophages can substitute for osteoclasts in arthritis to cause bone
destruction. Given the bone-resorbing capacity of c-Fos-deficient $h36p25”K! macrophages,
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we suggest classifying these cells as a subtype of osteoclasts (e.g. non-canonical osteoclasts
or osteolytic macrophages).

Indeed, the possibility of osteoclast-independent pathological bone destruction has been
implied previously. Nakamura et al. reported that administration of bisphosphonates to
collagen-induced arthritis mice failed to provide full protection against focal bone erosion.
(24) One explanation for this unsuccessful protection is that bone resorption could be caused
by cells other than osteoclasts such as macrophages and/or granulocytes under inflammatory
conditions. Ralston et al., also discussed this possibility in human RA.(26) Supporting this
assumption, Kadono et al. reported a rare case of osteopetrosis associated with joint
inflammation due to RA.(0) In this patient, the protection against bone destruction was not
complete, and bone erosion was still observed in the patient’s carpal bones. These clinical
findings demonstrate that cells other than fully functional canonical osteoclasts can cause
significant inflammatory bone destruction in human arthritis.

On the other hand, we have previously shown that bone structural properties are impaired in
Sh3bp2KIKT mice.51) In addition, our preliminary study showed that c-Fos-deficient mice
exhibit reduced bone mineral density compared to wild-type mice and that Sh3pp2K/K!
alleles decrease the density further (data not shown). These data suggest that impaired
matrix composition and reduced mineral deposition of bone may increase the susceptibility
to bone degradation by activated macrophages in c-Fos-deficient S#36p25"K! mice. In this
context, we presume that bone fragility due to chronic exposure to inflammatory cytokines
or gene mutations/polymorphisms that affect the function of osteoblasts and/or osteocytes is
a prerequisite for bone destruction mediated by non-canonical bone resorbing cells.

Interestingly, we found that expression levels of the chloride channel Clcn7and V-ATPase
subunit 7cirg1, both of which are required in osteoclasts for reducing the local pH to resorb
bone inorganic minerals, are elevated in the joins of c-Fos-deficient $h36p25"K! mice
compared to c-Fos-deficient S#3bp2*"* mice (Fig. 2C). This suggests that activated
macrophages in inflammatory lesions of the c-Fos-deficient S#36p2K”K! mice can create an
acidic extracellular environment suitable for removing bone minerals.

We showed that depletion of RANKL results in protection against bone destruction in
Sh3bp2KVKI mice. Specifically, denosumab, an inhibitory antibody against RANKL, is
effective for the treatment of giant cell tumors that exhibit indistinguishable histological
characteristics from cherubism.(2) These findings suggest that RANKL is a therapeutic
target for prevention and treatment of excessive jawbone resorption in cherubism. Our study
may also have implications for the treatment of osteopetrosis due to lack of canonical
osteoclasts (53 through the induction of osteolytic macrophages.

Both RANKL and c-Fos are essential for TRAP+ osteoclast formation.(-10) However, while
the absence of RANKL rescues bone erosion in S#36p25"K! mice, an absence of c-Fos
failed to protect against bone erosion. The phenotypic difference in bone erosion between
the two distinct osteoclast-depleted Sh35p25"”K! models may be due to the greater activity of
inflammatory macrophages in c-Fos-deficient S/36p25<”K! mice than in RANKL-deficient
Sh3bp2K”KI mice. In fact, the average 7nflevel in joint tissue of c-Fos-deficient
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Sh3bp2K/KI mice is 2.1-fold higher than RANKL-deficient $h36p25"K! mice (data not
shown). Previous reports that c-Fos limits inflammatory responses and acts as an anti-
inflammatory factor in macrophages and dendritic cells by suppressing NF-xB pathway and
inflammatory cytokine production (34-36) support this notion.

Collagenase MMP14 is the major MMP expressed by synoviocytes in RA.(57:58) This fact
identified MMP14 as a promising drug target for the protection against joint damage in
inflammatory bone diseases. For example, DX-2400 is a human MMP14 inhibitory antibody
that targets the catalytic domain of MMP14. It represses proteolytic activity of MMP14
leading to a blockade of proMMP2 processing required for collagen degradation by active
MMP2.(40) A recent study showed that treatment of the mice with collagen-induced arthritis
with this antibody had minimal protective effect on bone erosion, while it reduced the
progression of the joint inflammation and prevented cartilage degradation.(>® When we
administered DX-2400 to c-Fos-deficient Sh36p25"K! mice from 4 to 10 weeks of age, bone
erosion was not suppressed compared to the human IgG control group (data not shown). In
contrast, we have shown that administration of NSC405020 successfully suppresses the bone
erosion of c-Fos-deficient $h36p25"K! mice.(39) NSC405020 inhibits collagen degradation
differently by interacting with the hemopexin (PEX) domain of MMP14. The PEX domain
of MMP14 is known to be critical for the homodimerization of MMP14 that is essential for
type | collagen degradation, but the domain is not required for the activation of proMMP2 on
cell surface.(69:61) |t is also reported that NSC405020 suppresses the collagenolytic activity
of MMP14 without affecting the catalytic function of MMP14 necessary for proMMP2
processing.(39) Therefore, comparison of the effect of these two MMP14 inhibitors that
target the different domains of MMP14 suggests that inhibition against the PEX domain
suppresses MMP14-mediated bone resorption more efficiently than against the catalytic
domain.

In addition to its effectiveness in the treatment of giant cell tumors 2), denosumab also
suppresses the progression of bone erosion in RA patients.(62) This result presents clear
evidence that osteoclasts play a definitive role in bone destruction in RA in humans and
suggests that the potential contribution of inflammatory macrophages to bone resorption in
common forms of inflammatory bone disease is minimal. Nonetheless, insights into the
mechanism of bone resorption in c-Fos-deficient Sh36p2K<”K! mice should lead us to rethink
current therapeutic approaches towards inflammatory bone diseases. In particular, new
attention should be focused on osteolytic macrophages and collagenolytic activity of
MMP14 as therapeutic targets not only for cherubism but also for RA, which showed an
inadequate response to current anti-inflammation and anti-bone resorption therapies. (63.64)

Moreover, our discovery of osteolytic transformation of c-Fos-deficient Sh3pp2<VK!
macrophages may contribute to a new understanding of the pathology of diseases where an
osteoclastic mechanism of bone resorption cannot be fully rationalized.(®566) Signaling
molecules involved in the macrophage-mediated bone resorption and remodeling might also
be involved in the mechanisms of bone metastasis of tumors. (67)

In summary, inflammatory bone resorption in c-Fos-deficient $A36p2K/K! mice is mediated
by MMP14-expressing macrophages even in the absence of osteoclasts. This non-canonical
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bone resorption in mice provides new insights into the mechanism and treatment of bone
loss in inflammatory bone diseases and offers an opportunity to re-evaluate what type of

cells can resorb bone and whether activated macrophages are responsible for pathological
bone resorption in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. c-Fos-deficient Sh3op2K!’K!I mice develop inflammatory bone erosion
(A) UCT images of the ankle joint at 12 weeks old. (B) Quantitative measurement of eroded

bone surface area at the distal tibia. (C) /n vivo uCT images of the distal tibia from the same
c-Fos™~ Sh3bp2XVKI mouse at different ages. Arrows indicate a location of bone erosion
that appeared after 12 weeks old. (D) H&E staining of the distal tibia showing inflammatory
lesions invading into marrow spaces (arrow). 12 weeks old. Bar = 200 um. (E) Serum TNF-
a levels quantitated by ELISA at 12 weeks old. (F) gPCR analysis of 7nfmRNA expression
levels in ankle joint tissue at 12 weeks old. Average expression level in wild-type mice is set
as 1. (G) Histomorphometric analysis of liver lesions in 12-week-old mice. (H) Transmitted
electron microscope images on the surface of the distal tibia. 12 weeks old. Arrow and
arrowhead indicate collagen fibers and ruffled border, respectively. Bar = 5 um. Data are
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presented as mean £ SD. *p < 0.05. ANOVA with Tukey-Kramer post-hoc test. NS = not
significant.
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Fig. 2. c-Fos-deficient Sh3bp2K”KI mice develop no TRAP+ osteoclasts
(A) TRAP staining of inflammatory lesions at the distal tibia. 12 weeks old. Bar = 100 pm.

(B) ELISA of serum TRAP5b at 12 weeks old. (C) gPCR analysis of osteoclast-associated
genes in ankle joint tissue at 12 weeks old. Average expression levels in wild-type mice are
set as 1. Data are presented as mean + SD. *p < 0.05. ANOVA with Tukey-Kramer post-hoc
test. NS = not significant. #: p < 0.05 with two-tailed #test (B, C).
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Fig. 3. M-CSF-dependent macrophages from c-Fos-deficient Sh3bp2K”KI mice fail to
differentiate to TRAP+ osteoclasts

(A) TRAP staining of M-CSF-dependent macrophages from fetal liver cultured in the
presence of RANKL or RANKL/TNF-a for 5 days. Bar = 100 pm. (B) Number of TRAP+
multinucleated cells per well of cultures in (A). n = 6. (C) gPCR analysis of osteoclast-
associated genes in fetal liver-derived M-CSF-dependent macrophages stimulated with
RANKL or RANKL/TNF-a. Average expression levels in wild-type mice at 0 hour are set
as 1. n = 3. (D) Phalloidin staining of actin rings. Fetal liver-derived M-CSF-dependent
macrophages were stimulated with RANKL/TNF-a for 5 days. Bar = 100 pm. (E) Western
blotting analysis of NFATc1 with cell lysates from fetal liver-derived M-CSF-dependent
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macrophages cultured in the presence of RANKL or RANKL/TNF-a.. Data are presented as
mean + SD. *p < 0.05 vs. c-Fos-sufficient mice. ANOVA with Tukey-Kramer post-hoc test.
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(A) ELISA for serum ICTP at 12 weeks old. (B) ELISA for serum CTX at 12 weeks old. (C)
gPCR analysis of collagenotylic MMPs in joint tissue at 12 weeks old. Mmp1 expression
was not analyzable due to low expression levels in both SYBR green and Tagman assays

(Supplemental Table 1). Average expression levels in wild-type mice are set as 1. (D)

Western blotting analysis for MMP2 and MMP14 with cell lysates from the ankle joints. (E,
F) Immunohistochemical staining of MMP2 and MMP14 with tissue sections of the distal
tibia. Bar = 100 um. Data are presented as mean = SD. *p < 0.05 with two-tailed #test (A,
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B) or ANOVA with Tukey-Kramer post-hoc test (C). NS = not significant. #: p < 0.05 with
two-tailed ~test.
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Fig. 5. Macrophages expressing MMP14 are responsible for bone erosion in c-Fos-deficient

Sh3pp2KI/KI

mice

(A) Immunohistochemical staining of inflammatory lesions at the distal tibia from c-Fos-
deficient Sh36p25"K! mouse with anti-F4/80 antibody. 12 weeks old. Bar = 100 um. (B)
gPCR analysis of macrophage marker gene expression in the ankle joints. (C) uCT images
of the distal tibia at 12 weeks old. (D) Quantitative measurement of eroded bone surface area
at the distal tibia. (E) gPCR analysis of 7nfexpression in the ankle joints. (F) gPCR analysis
of MmpZ2and Mmp14 expression in the ankle joints. (G) Western blotting analysis of
MMP2 and MMP14 with cell lysates from the ankle joints. (H) uCT images of the distal
tibia from Sh3bp2K/K! mice treated with or without an MMP14 inhibitor NSC405020 (50
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mg/kg/day) from 4 to 10 weeks old. (1) Quantitative measurement of eroded bone surface
area at the distal tibia of $h36p25”K! mice treated with or without NSC405020 from 4 to 10
weeks old. (J) Comparison of Mmp14 expression levels in fetal liver-derived M-CSF-
dependent macrophages by gPCR. n = 3. (K) Measurement of collagenolytic activity of fetal
liver-derived M-CSF-dependent macrophages. n = 6. (L) Measurement of collagenolytic
activity of fetal liver-derived M-CSF-dependent macrophages in the presence or absence of
NSC405020. n = 6. (M) Measurement of mineral resorption capacity of fetal liver-derived
M-CSF-dependent macrophages. n = 6. Macrophages were cultured for 7 days on the plates
coated with europium-labeled type | collagen fibers (K, L) or on the plates coated with
fluoresceinamine-labeled calcium phosphate (M). Average expression levels in wild-type
mice are set as 1 (B, E, F). Average expression level in wild-type mice at day 2 is set as 1
(J). Data are presented as mean + SD. *p < 0.05 with two-tailed £test (D, E, F, I) or ANOVA
with Tukey-Kramer post-hoc test (B, J, K, L, M). NS = not significant.
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Fig. 6. NF-xB pathway is responsible for increased MMP14 expression in c-Fos-deficient
SthpZK'/KI macrophages

(A) Comparison of Mmp14 expression levels in fetal liver-derived M-CSF-dependent
macrophages by gPCR. Non-adherent fetal liver cells were cultured with M-CSF for 2 days,
then further cultured with M-CSF in the presence or absence of BMS-345541 for 2 days.
Average expression level in wild-type mice with no inhibitor is set as 1. n = 3. Data are
representative of three independent experiments. (B) Western blotting analysis of MMP14 in
M-CSF-dependent macrophages treated with or without BMS-345541. Non-adherent fetal
liver cells were cultured with M-CSF for 2 days, then further cultured with M-CSF in the
presence or absence of BMS-345541 for 4 days (day 3-6). (C) Western blotting analysis of
phosphorylated IKKa/B. Non-adherent fetal liver cells were cultured with M-CSF for 4
days, then M-CSF-dependent macrophages were starved for serum and M-CSF for 6 hours
followed by re-stimulation with M-CSF (25 ng/ml). *p < 0.05 decreased vs. 0 UM in each
group. ANOVA with Tukey-Kramer post-hoc test.
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Fig. 7. Both c-Fos deficiency and SH3BP2 gain-of-function are required for osteolytic
transformation of macrophages

(A, E) H&E staining of the distal tibia showing inflammatory lesions (arrows). 12 weeks
old. Bar = 200 um. (B, F) TRAP staining images of inflammatory lesions at the distal tibia
at 12 weeks old. Bar = 200 pm. (C, G) uCT images of the distal tibia at 12 weeks old. (D,

H) Quantitative measurement of eroded bone surface area at the distal tibia. (I) MmpZ2and
Mmpl4expression levels in the ankle joints. Average expression levels in wild-type mice
are set as 1. (J) Western blotting analysis of MMP2 and MMP14 with cell lysates from ankle
joint tissue. Data are presented as mean + SD. *p < 0.05. ANOVA with Tukey-Kramer post-
hoc test. NS = not significant.
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