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Abstract

We found that protease-activated receptor 1 (PAR1) was transiently induced in cultured osteoclast
(OC) precursor cells. Therefore, we examined the bone phenotype and response to resorptive
stimuli of PAR1 deficient (KO) mice. Bones and bone marrow (BM)—derived cells from PAR1 KO
and wild type (WT) mice were assessed using micro-computed tomography, histomorphometry, in
vitro cultures, and reverse transcription—polymerase chain reaction. Osteoclastic responses to
tumor necrosis factor-a (TNF) challenge in calvaria were analyzed with and without a specific
neutralizing antibody to Notch2 signaling (N2-NRR Ab). /n vivo under homeostatic conditions,
there were minimal differences in bone mass or bone cells between PAR1 KO and WT mice.
However, PAR1 KO myeloid cells demonstrated enhanced osteoclastogenesis in response to
receptor activator of NF-kB ligand (RANKL) or the combination of RANKL and TNF. Strikingly,
in vivo osteoclastogenic responses of PAR1 KO mice to TNF were markedly enhanced. We found
that N2-NRR Ab reduced TNF-induced osteoclastogenesis in PAR1 KO mice to WT levels
without affecting WT responses. Similarly, /n vitro N2-NRR Ab reduced RANKL-induced
osteoclastogenesis in PAR1 KO cells to WT levels without altering WT responses. We conclude
that PAR1 functions to limit Notch2 signaling in responses to RANKL and TNF and moderates
osteoclastogenic response to these cytokines. This effect appears, at least in part, to be cell
autonomous since enhanced osteoclastogenesis was seen in highly purified PAR1 KO OC
precursor cells. It is likely that this pathway is involved in regulating the response of bone to
diseases associated with inflammatory signals.
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INTRODUCTION

Osteoclasts (OC) are multinuclear giant cells with the unique ability to resorb bone (1). They
form from a mononuclear precursor cell of hematopoietic origin. Two cytokines,
macrophage colony stimulating factor (M-CSF) (2) and receptor activator of NF-xB ligand
(RANKL) (3), are critical regulators of OC formation. In addition, proinflammatory
cytokines like interleukin 1 (IL-1), tumor necrosis factor-a (TNF) and interleukin 6 (IL-6)
can contribute to the increased osteoclastogenesis and bone loss of inflammatory diseases

(4).

We previously characterized a highly enriched population of OC precursor cells in murine
bone marrow (5, 6). In the current study, we used gene array expression profiling to examine
highly purified OC precursor cells and identified protease-activated receptor 1 (PAR1), the
product of the F2rgene, to be transiently induced by RANKL during OC differentiation.

PAR1 is a member of a four-protein family of cell surface, G-protein coupled receptors
(GPCR) (PAR1-4) that are activated by proteolytic cleavage (7) and form both homo- and
heterodimers (8). Activation occurs with a variety of serine proteases. Among these,
thrombin is the most studied (9). However, activation also has been reported by coagulation
factor Xa (10), plasmin (11), matrix metalloproteinase 1 (12), matrix metalloproteinase 13
(13), elastase (14), proteinase-3 (14), activated protein C (15) and granzyme K (16). The
extracellular N-terminus of PAR1 contains multiple tethered-ligand domains that are
prevented from interacting with ligand-binding domains in PAR1 by peptide sequences in
the distal N-terminal extracellular domain (9). Cleavage of a section of the PAR1 distal N-
terminal extracellular domain by proteases “unmasks” specific ligand domains. Once
cleaved, the remaining tethered N-terminal extracellular domain (containing the unmasked
ligand domain) alters its conformation and binds to a specific sequence in the extracellular
region of PAR1. Depending on the protease, different ligand domains can be unmasked,
producing a variety of responses (9).

In developing rat bones, PAR1 was identified by immunohistochemistry in osteoblasts,
macrophages, muscle cells and endothelial cells (17). Significantly, no expression of PAR1
was observed in mature OC (17).

To determine whether PAR1 has a role in bone homeostasis, we examined the bone
phenotype of mice with a global PAR1 deletion (PAR1 KO) (18). Mice were studied under
basal conditions or after inducing inflammation as modeled in vitro by treating osteoclast
precursor cell cultures with RANKL and TNF or /n vivo by injecting mice with TNF over
the calvariae.

MATERIALS AND METHODS

Experimental Animals

Mice in a C57BL/6 background were used for all experiments. Mice deficient in PAR1
(PAR1 KO) (18) were purchased from Jackson Laboratory, Bar Harbor, ME (Stock No:
002862) and housed in the Center for Comparative Medicine at UConn Health under
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standard housing conditions. In some experiments, recombinant mouse TNF (2.0 pg) was
injected subcutaneously above the calvariae daily for 4 days and mice were sacrificed 24
hours later to analyze osteoclasts in their calvariae by histomorphometry.

Recombinant murine TNF was prepared in our laboratory as follows: A murine TNF-a
cDNA fragment encoding amino acid residues 83-235 was cloned by PCR, using primers
5’-CCCCATATGCTCAGATCATCTTCTCAA-3’ and 5’-
CCCCTCGAGTCACAGAGCAATGACTCC-3’. The PCR product was digested with Ndel
and Xhol, and cloned into a pET28a expression vector (EMD Biosciences, Billerica, MA) to
generate a HIS-fusion protein. HIS-TNF was expressed in Escherichia coli BL21 cells
(Stratagene, La Jolla, CA).

The Institutional Animal Care and Use Committee (IACUC) of UConn Health approved all
animal studies.

Bone Marrow Cell Cultures

Mouse bone marrow cells were isolated from the femur and tibia by a modification of
published methods (19-21). Cells were then cultured (5 x 104 cells/well in 96-well plates)
with complete a-MEM medium (10% heat-inactivated fetal bovine serum [HIFBS] (GE
Healthcare - HyClone Laboratories, Logan, UT), 2 mM L-glutamine (Sigma-Aldrich, Saint
Louis, MO), 100 U/mL penicillin-streptomycin, (Sigma-Aldrich)) in the presence of
recombinant human M-CSF and/or human RANKL, which were purchased (Connstem,
Cheshire CT). Bone marrow macrophage/monocyte cells (BMM) were prepared by
incubating total bone marrow cells overnight in complete a-MEM on 100 mm tissue culture
plastic dishes. Non-adherent cells were collected and mononuclear cells were prepared using
Ficoll-Hypaque (Ficoll-Paque PLUS, GE Healthcare, Piscataway, NJ) density gradient
centrifugation. The interface between Ficoll-Hypaque and medium was collected and used
for BMM cultures (22).

In Vitro OC Formation Assay

Mouse BMMs were cultured at an initial plating density of 5000 cells per well in 96 well
culture plates with M-CSF (30ng/ml) and RANKL (30ng/ml). In some experiments, we
isolated the OC precursor population from fresh bone marrow cells, as described (5), for /n
vitro OC formation. The medium was replenished every 3 days and cells were fixed with
2.5% glutaraldehyde in phosphate-buffered saline (PBS) for 15 minutes at room temperature
prior to TRAP enzyme histochemistry using a commercial kit (Sigma-Aldrich). TRAP-
positive cells that contained 3 or more nuclei were considered to be OC. In some
experiments, cultures were stained with DAPI, in addition to TRAP, to identify nuclei so that
a frequency distribution of osteoclasts with different numbers of nuclei could be determined.

Tartrate Resistant Acid Phosphates Solution Assay

At the conclusion of an experiment, BMM cells were fixed in 4% paraformaldehyde for 10
minutes at room temperature. Cells were then permeabilized with a 1:1 mixture of ethanol
and acetone and incubated with TRAP substrate solution (0.1 M sodium acetate (pH 5.2), 1
mM ascorbic acid, 0.15 M KCI, 10 mM disodium tartrate, and 10 mM p-nitrophenyl
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phosphate) for 30 minutes at room temperature. The reaction was stopped with 0.3 N NaOH,
and absorbance was measured at 405 nm using a microplate reader (BioTek).

Inhibition of Notch2 Signaling

In vitro studies: BMM cultures from wild type (WT) and PAR1 KO mice (8 to 10 weeks
old) were treated with M-CSF and RANKL (30 ng/ml for both) and either a control anti-
ragweed antibody (Ab) or anti-Notch2-NRR Ab (10 ug/ml each) (both Ab were a gift from
Dr. Chris Siebel, Genentech, South San Francisco, CA) (23). After 5 days of culture, we
determined the number of multi-nucleated osteoclasts that formed.

In vivo studies: WT and PAR1 KO male mice (8 to 14 weeks old) were injected with
recombinant mouse TNF (2.0 pg/injection), above the calvaria daily for 4 days. Mice were
also treated intraperitoneally with either anti-ragweed control antibody (Ab) or anti Notch2-
NRR Ab (10 mg/kg, twice per week). Ab injections were started 3 days prior to TNF
injection and repeated every 3 days for a total of 3 injections per experiment. Mice were
sacrificed 24 hours after the last TNF injection to analyze osteoclasts in the calvariae by
histomorphometry.

Pit Formation Assay

Pit formation assays to analyze resorptive activity were performed by culturing WT or PAR1
KO BMM on UV-sterilized devitalized bovine cortical bone slices that were placed in 96-
well plates. BMMs were treated with M-CSF and RANKL (both at 30 ng/mL) for 14 days
(24). Pit perimeter and area per OC were measured using a light microscope (BX53,
Olympus Scientific, Waltham, MA) and image analysis software (Olympus CellSens).

Flow Cytometry and Fluorescence Activated Cell Sorting (FACS)

The antibodies used for flow cytometric analysis are all commercially available. These
include: anti-mouse CD45R (B220) for B-cell lineage cells; anti-mouse CD3 for T cell
lineage cells; anti-mouse CD11b (Mac-1) for macrophage lineage cells; anti-mouse CD117
(c-kit) and anti-mouse CD115 (c-fms). Unless indicated, all antibodies and secondary step
reagents were obtained directly conjugated to fluorochromes or biotinylated from either of 2
commercial sources (BD Biosciences, San Jose, CA, USA or eBiosciences, San Diego, CA,
USA). Labeling of bone marrow cells for flow cytometric analysis was performed by
standard staining procedures (6). Flow cytometric analysis was performed on a FACSCalibur
(BD Biosciences) and data analysis was done using FlowJo software (Tree Star, Ashland,
OR). The OC precursor population (CD45R~ CD3~ CD11b~/1° CD115*) was sorted in a BD-
FACS Aria Il (BD Biosciences) equipped with 5 lasers and 18 fluorescence detectors.

mMRNA Expression Profiling

Microarray expression profiling was performed on FACS-isolated C57BL/6 murine bone
marrow OC precursor cells (CD45R~, CD3~, CD11b™/19, CD115%) that were cultured with
M-CSF and RANKL (30 ng/ml for both) for 3 days. At the conclusion of the culture, RNA
was extracted and analyzed by cDNA microarray hybridization using a mouse whole
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genome chip (Illumina Whole-Genome Expression assay), which detects the binding of
fluorescent-tagged RNA from the cells to immobilized 50-mer cDNA oligonucleotides.

Data from the gene expression profiles of highly purified WT osteoclast precursor cells that
were cultured with M-CSF or M-CSF + RANKL for 3 days have been deposited in the Gene
Expression Omnibus of The National Center for Biotechnology Information, accession
number; GSE129334 (https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129334).

Microcomputed Tomography Analysis (UCT)

The femurs from WT and PAR1 KO mice were removed and fixed in 70% ethanol at 4°C.
Metaphyseal trabecular and mid-diaphysis cortical morphometry within the femur were
quantified using UCT (UCT40; Scanco Medical AG,). Three-dimensional images were
reconstructed using standard convolution back-projection algorithms with Shepp and Logan
filtering, and rendered at a discrete density of 578, 704 voxels/mm?3 (isdmetric 12-um
voxels). Trabecular morphometry was characterized by measuring the bone volume fraction
(BVITV), trabecular thickness (Th.Th), trabecular number (Tbh.N), and trabecular spacing
(Th.Sp). Cortical morphometry was analyzed within a 600-um-long section at mid-diaphysis
of the femur and included measurements of average thickness and cross-sectional area. The
measurement terminology and units used for pCT analysis were those recommended by the
Journal of Bone and Mineral Research (25).

Histomorphometric Analysis

Bone histomorphometry was performed on mouse femurs and calvariae from WT and PAR1
KO male mice in a blinded, non-biased manner using a computerized semiautomated system
(Osteomeasure, OsteoMetrics, Decatur, GA) with light microscopy. Static histomorphometry
and quantification of OC were performed on paraffin embedded tissues that were stained for
TRAP. OC were identified as multinucleated TRAP-positive cells adjacent to bone. A
separate analysis for dynamic histomorphometry was performed on the contralateral femur,
embedded in methylmethacrylate. The measurement terminology and units used for
histomorphometric analysis were those recommended by the Nomenclature Committee of
the American Society for Bone and Mineral Research (26). All measurements in the femoral
trabecular bone were confined to the secondary spongiosa and restricted to an area between
200 and 1000 pm distal to the growth plate-metaphyseal junction of the distal femur.

For the analysis of the resorptive activity in calvaria, we measured: eroded surface per bone
perimeter, osteoclast number per bone perimeter, osteoclast surface per bone perimeter and
periosteum area using a computerized semiautomated system (Osteomeasure).

RNA Extraction and RT-PCR

Total RNA was extracted from both WT and PAR1 KO BMM cells at the indicated time
with TRI reagent (Molecular Research Center, Cincinnati, OH) according to the
manufacturer’s recommendation (27). Total RNA was extracted from femurs and calvaria
using a tissue homogenizer (PowerGen Model 1000; Fisher Scientific) and TRI reagent. For
all samples, mMRNA was converted to cDNA by reverse transcriptase (High Capacity cDNA
Reverse Transcription Kit; Applied Biosystems) using random hexamer. Real-time PCR
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amplification was performed with multiple samples using gene-specific PCR primers and
gene-specific TagMan probes (Applied Biosystems, Foster City, CA). The PCR mixture
(including TagMan primer) was run in an ABI PRISM 7500 Sequence Detection System
(Applied Biosystems). Reagents used for the PCR reaction were purchased from Applied
Biosystems. The relative quantification of target gene expression was normalized to the
expression of a housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (Gapadh), for
each sample using the AACT method.

Western blot analysis.

For experiments that examine whole cell lysates, BMMs were cultured with M-CSF and
RANKL for various periods of time and then processed for western analysis. For all western
blot analysis, equal amounts of lysates were loaded and electrophoresed on sodium dodecyl
sulfate—polyacrylamide electrophoresis gels using a 10% running gel under reducing
conditions. Separated proteins were transferred to nitrocellulose membranes, and the
membranes were probed with the indicated antibodies, which except for the antibody to
PAR1 from LifeSpan Biosciences (Seattle, WA), were all from Cell Signaling Technology
(Danvers, MA).

Reactive bands were detected by enhanced chemiluminescence using Chemiluminescence
LumiGLO (CellSignaling Technology). Detection was by autoradiography. Quantification
was achieved by digitalizing the blots using an imaging station (BioRad, Hercules, CA) and
then measuring band density

To detect p65 and phospho-p65, BMMs (5x10°cells/well in 6-well plates) were treated with
M-CSF + RANKL (30 ng/ml M-CSF and 60 ng/ml RANKL) for 3 days to assure induction
of PAR1, transferred to serum free medium for 3 hours and then treated with RANKL (60
ng/ml) for 15 minutes. Cells were lysed in cold lysis buffer and separated into cytoplasmic
and nuclear fractions using a commercial kit (Cell Signaling Technology).

Overexpression of PAR1 in Murine Bone Marrow Macrophage (BMM) cells

A retroviral vector encoding the cDNA for PAR1 was purchased from Addgene (Watertown,
MA) and inserted into the pMX-Puro retroviral vector (Cell Biolabs, San Diego, CA).
Retroviral vectors (vector with PAR1 or empty vector) were transfected into Plat E
packaging cells (Cell Biolabs) using Lipofectamine 2000 (Thermo Fisher Scientific) and
retroviruses were collected 48h after transfection. BMM cells were cultured with M-CSF
(150 ng/ml) for 2 days, transduced in the presence of 8 pg/ml polybrene (Millipore,
Burlington, MA) for 6h and cultured overnight with M-CSF. Cells were subcultured further
with 30 ng/ml M-CSF and 2 pg/ml puromycin (Millipore) for 2 days. Puromycin-resistant
BMM cells were used for experiments.

Statistical Analysis

All experiments were conducted at least twice. Statistical analysis was performed by
Student’s ¢test when comparing two groups or one-way analysis of variance (ANOVA) and
the Tukey’s multiple comparison test when comparing multiple groups. Significant
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differences in the percentage of osteoclasts with different numbers of nuclei were calculated
by chi-squared analysis.

RESULTS

Expression of PAR1 during Osteoclastogenesis

To examine genes that were induced by RANKL in purified OC precursor cells (5, 6), we
isolated CD45R~ CD3~ CD11b~1° CD115* murine bone marrow cells from male mice by
FACS and cultured them with either M-CSF alone or M-CSF + RANKL (30 ng/ml for both)
for 3 days. Cells were then analyzed by cDNA microarray hybridization using a mouse
whole genome chip for genes that were differentially expressed in cells cultured with M-
CSF + RANKL compared to cells cultured with M-CSF alone. This analysis identified
known RANKL-induced genes including Mmp9 (matrix metalloproteinase 9) (28) (285 fold
induction), Ctsk (cathepsin K) (29) (224 fold induction) and Oscar, (osteoclast associated
receptor) (30) (63 fold induction). In addition, we found that F2r (protease-activated receptor
1, PAR1) was induced by RANKL (151-fold induction).

To confirm that PAR1 mRNA was induced in these cultures by RANKL, we performed qRT-
PCR for £2rmRNA on the same samples that were used for gene-chip expression analysis
(Figure 1A). This demonstrated an approximate 25-fold induction of F2r mRNA with
RANKL.

A time course study of BMMSs from male mice treated with either M-CSF alone or M-CSF
and RANKL (Figure 1B) found that at day 1 £2r mRNA levels in the two groups were
similar. However, expression in RANKL + M-CSF-treated cultures peaked between days 2
to 3 and returned to that of M-CSF-treated cultures by day 6.

To confirm that PAR1 protein was upregulated in OC precursor cells, we examined its
expression by western blot analysis in BMM cultures of 1-, 3- and 6-days duration that were
treated with M-CSF and RANKL (Figure 1C). Consistent with the mRNA expression level
(Figure 1B), we found that PAR1 protein were easily detected in 3-day cultures and minimal
to undetectable in 1-day or 6-day cultures.

BMM Cultures from PAR1 Deficient Mice Form More OC In Vitro

We examined /n vitro osteoclastogenesis in BMMs from PAR1 KO mice (18) (Figures 2).
Male and female WT and PAR1 KO BMMs were cultured with M-CSF and RANKL (30
ng/ml for both) for 4, 5 or 6 days (Figures 2A and 2B). Osteoclastogenesis was accelerated
in PAR1 KO cells from both male and female mice. At days 4 and 5, all PAR1 KO cultures
contained more OC than did WT cultures. In 6-day cultures OC formation in male PAR1 KO
and WT BMM cultures were similar, whereas cultures of female PAR1 KO cells contained
30% more OC.

We also examined total tartrate-resistant acid phosphatase (TRAP) activity in 4-day BMM
cultures from male mice, using a TRAP solution assay (Figure 2A far right). This
demonstrated that in contrast to the approximate doubling of the number of multinucleated,
TRAP-positive cells in male PAR1 KO BMM cultures at day 4, total TRAP activity in the
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PAR1 KO cells at this time point was only minimally elevated. This suggested that PAR1
deletion predominantly enhanced mononuclear cell fusion. To further explore this
hypothesis, we examined the expression of genes associated with mononuclear osteoclast
precursor cell fusion: v-ATPase VO subunit d2 (A6v0d2) (31), dendritic cell-specific
transmembrane protein (Dcstamp) (32) and OC-stimulatory transmembrane protein
(Ocstamp) (33), in 3-day wild type and PAR1 KO BMM cultures that were treated with M-
CSF + RANKL (Supplemental Figure 1). We found that expression of Afp6v0d2and
Ocstamp was significantly increased in PAR1 KO cultures. In addition, there was a trend
(p=0.08) for Dcstamp to be greater in PAR1 KO cells.

We next analyzed the frequency distribution of osteoclasts with a different number of nuclei
in male WT and PAR1 KO BMMs, treated with RANKL and M-CSF (30 ng/ml for both) for
5 days (Figure 2C). This demonstrated that PAR1 KO BMMs formed more osteoclasts with
6 to 9 nuclei (12.7% in WT and 27.1% in PAR1 KO, p< 0.02), a finding which further
argues that PAR1 KO cells have an increased fusion capacity.

BMM cultures contain a mixture of cell types. To determine if the effect of PAR1 deletion
on osteoclastogenesis was cell autonomous, we generated highly purified WT and PAR1 KO
OC precursors by FACS (CD45R~, CD3~, CD11b™1°, CD115%) (5, 6), and treated them with
10 or 30 ng/ml of RANKL together with 30 ng/ml of M-CSF (Figure 2D). At both 4 and 5
days, PAR1 KO cells generated more osteoclasts than WT cells.

To measure resorptive activity of the osteoclasts that formed in PAR1 KO and WT BMM
cultures, cells were plated on bovine cortical bone slices and cultured for 14 days with M-
CSF and RANKL (30 ng/ml for each). PAR1 KO cultures produced significantly more pits
per slice (Supplemental Figure 2). However, the resorptive activity of individual osteoclasts
as measured by the mean perimeter per pit or mean area per pit did not differ between
groups.

PAR1 deletion did not enhance RANKL-induced NFATcl1 or NF-xB signaling in BMM

cultures

To better understand the mechanism regulating the enhanced osteoclastogenesis in PAR1 KO
BMM cultures, we examined the mRNA levels of nuclear factor of activated T cells c1
(NFATc1) in WT and PAR1 BMM cultures at 2, 3 and 5 days of treatment with M-CSF +
RANKL (both at 30 ng/ml) (Figure 3A) and found no differences. We also examined nuclear
localization of p65, a component of NF-xB signaling and found no differences in cultures of
WT and PAR1 KO BMM cells that were stimulated with M-CSF + RANKL for 3 days to
induce PAR1 protein, rested, without cytokines, for 3 hours and then re-challenged with
RANKL for 15 minutes (Figure 3B).

Parathyroid Hormone Increases the Number of OC in PAR1 KO Whole Bone Marrow
Cultures without Differences between WT and PAR1 KO Cells in RANKL or
Osteoprotegerin (OPG) mRNA Levels or their Ratio

It was previously found that PAR1 KO mice have lower RANKL and higher OPG levels in
serum than WT mice, resulting in a lower RANKL/OPG ratio (34). Therefore, we examined
the ability of bovine parathyroid hormone 1-34 (b-PTH 1-34, 10 and 100 ng/ml) to
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stimulate OC formation in male whole bone marrow cultures and alter RANKL ( 7rfsf11)
and osteoprotegerin (OPG, 7nfrsfl116) mRNA levels (Supplemental Figure 3). Unlike the
BMM assay, b-PTH stimulates RANKL and inhibits (OPG) production in bone marrow
stromal/mesenchymal cells, which also produce M-CSF (19, 35, 36). OC formation was
increased in cultures of PAR1 KO cells at both doses of bPTH1-34 after 5 and 6 days
compared to WT cultures (Supplemental Figure 3A). In cultures of cells from male mice
after 3 days, both concentrations of PTH significantly increased RANKL mRNA,
significantly inhibited OPG mRNA and significantly increased their ratio. However, there
were no differences in these responses between PAR1 KO and WT cells (Supplemental
Figure 3B).

We also examined expression levels of RANKL and OPG mRNA in freshly extracted
femurs, which had their bone marrow flushed, from PAR1 KO and WT mice. These studies
demonstrated similar levels of RANKL and OPG mRNA and their ratio in bones from both
genotypes (Supplemental Figure 4). In addition, we found no difference in the level of M-
CSF (CsfZ) mRNA between WT and PAR1 KO hones.

PAR1 Deletion had Little Effect on Bone Mass or Bone Cells under Homeostatic Conditions

Using uCT, we found a trend for trabecular bone volume (BV/TV) to be decreased (p =
0.08) and trabecular spacing to be increased (p = 0.08) in the distal femurs of male 8-week-
old PAR1 KO mice relative to male WT mice (Table 1). In addition, trabecular number and
connectivity density were decreased. There was no effect of PAR1 deletion on cortical
thickness or area in femurs. Measurement of histomorphometric indices by static and
dynamic histomorphometry using 8-week-old male femurs revealed no difference in any
parameter between PAR1 KO and WT mice (Table 2).

PAR1 KO Cells have an Enhanced Osteoclastogenic Response to TNF in vitro

Because PAR1 KO OC precursor cells produced more osteoclasts in response to RANKL, a
tumor necrosis factor superfamily member, we examined whether the response of PAR1 KO
BMMs to TNF was also enhanced. Treatment of BMMs with TNF + RANKL (10 or 30
ng/ml for each) produced an enhanced osteoclastogenic response in PAR1 KO cultures
compared to WT (Figures 4A and B).

Overexpression of Parl in BMM cultures inhibited the response to TNF +low dose RANKL
but not low dose RANKL alone.

We generated a retrovirus that overexpressed PAR1 in BMM cultures and compared
osteoclastogenic responses of cells cultured with M-CSF + low dose RANKL (10 ng/ml) to
cells cultured with M-CSF + low dose RANKL and increasing doses of TNF (Figure 5A). In
these experiments cells transduced with an empty vector retrovirus served as a control. We
found that overexpression of PAR1 had little effect on the osteoclastogenic response to the
low dose of RANKL but significantly inhibited the ability of TNF at 10 to 100 ng/ml to
enhance the osteoclastogenic response (Figure 5B). These results argue that PAR1 is a more
potent inhibitor of the /in vitro osteoclastogenic response to TNF than to RANKL.
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PAR1 KO Cells have an Enhanced Osteoclastogenic Response to TNF in vivo

We examined if the /n vivo osteoclastogenic response of PAR1 KO mice to TNF was also
enhanced. We treated WT and PAR1 KO mice with daily subcutaneous injections of TNF (2
ug,) over their calvariae for 4 days (Figure 6) and examined three parameters of the
osteoclastogenic response (eroded surface per bone perimeter, osteoclast number per bone
perimeter and osteoclast surface per bone surface) 1 day after the last TNF injection. In WT
mice TNF induced a 10.6-fold increase in eroded surface per bone perimeter, a 2.8-fold
increase in osteoclast number per bone perimeter and a 3.3-fold increase in osteoclast
surface per bone surface. Strikingly, in PAR1 KO mice the osteoclastogenic response to TNF
was significantly greater than in WT mice (p<0.01 for all three parameters). Eroded surface
per bone perimeter was increased by 23.8-fold, osteoclast number per bone perimeter was
increased by 12.9-fold and osteoclast surface per bone surface was increased by 15.5-fold. In
contrast, periosteal area, a measure of the size of the total inflammatory response, was not
different between WT and PAR1 KO mice (a 4.4-fold increase with TNF in WT mice and a
4.3-fold increase with TNF in PAR1 KO mice).

PAR1 Deletion Causes Enhanced Osteoclastogenesis in Response to Inflammatory
Signals through a Notch2-dependent Mechanism

TNF-mediated inflammatory osteolysis occurs, in part, through increased Notch signaling at
sites of inflammation (37) and Notch2 signaling was previously found to stimulate
osteoclastogenesis (47). Therefore, we examined whether inhibiting Notch2 activation in
cells from PAR1 KO mice abrogated their enhanced OC response to TNF (Figure 7). WT
and PAR1 KO mice were treated with TNF over the calvariae and either a control Ab or an
Ab to the Notch2 negative regulatory region (N2-NRR Ab), which specifically blocks
Notch2 signaling (23). In mice treated with the control antibody, TNF treatment of PAR1
KO mice produced significantly greater levels of eroded surface per bone surface and
osteoclast surface per bone surface than did TNF treatment of WT mice (P<0.01). Osteoclast
number per bone perimeter was borderline significantly greater in control antibody-treated
PAR1 KO mice compared to WT mice (p=0.05). We found that treatment of PAR1 KO mice
with N2-NRR Ab reduced TNF-induced osteoclastogenesis to WT levels without affecting
TNF responses in WT mice as measured by all three parameters of the osteoclastogenic
response (eroded surface per bone perimeter, osteoclast number per bone perimeter and
osteoclast surface per bone surface) (p < 0.01 for all three). In addition, Notch2 inhibition
had non-significant effect on periosteum area, implying that the overall inflammatory
response to TNF was less affected than the osteoclastogenic response.

We also examined the effect of the N2-NRR antibody on osteoclastogenesis in WT and
PAR1 KO cells (Figure 8). We found that it blocked the enhanced M-CSF + RANKL-
stimulated osteoclastogenesis of 5-day PAR1 KO cultures without affecting responses in WT
cells. However, when we examined a variety of gene that are critical for Notch2 signaling
and osteoclast formation and function in these cultures, we found that the effect of PAR1
deletion and the antibody varied between 3-day and 5-day cultures. Notch2 mRNA levels
were enhanced at day 3, when PARL (F21) is also expressed in these cultures (Figurel), but
not at day 5 when PAR1 message and protein are extinguished. Interestingly, HesI mRNA a
principal downstream target of canonical Notch signaling in osteoclasts (38), was not
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increased in the cultures at 5 days, a time when its expression is greatest (38). Significantly,
its levels were equally inhibited by the N2-NRR antibody in 5 day cultures of WT and PAR1
KO cells. Expression of Nfatcl, the master regulator of osteoclastogenesis (39) was not
significantly different between WT and PAR1 KO cells treated with control antibody at days
3 or 5 of culture. However, Nfatcl expression was inhibited equally in WT and PAR1 KO
cells at day 5 (but not day 3) by the N2-NRR antibody. Expression levels of calcitonin
receptor and tartrate -resistant acid phosphatase MRNA in day 5 cultures, treated with the
control antibody, were greater in PAR1 KO cells. In contrast, there was no difference in
expression levels of cathepsin K in the control antibody-treated WT and PAR1 KO cultures.
Calcitonin receptor, tartrate -resistant acid phosphatase and cathepsin K are markers of the
mature osteoclast phenotype (1, 40, 41). Consistent with the downregulation of Nfatc1 by
the N2-NRR antibody at 5 but not 3 days of culture, we found that the N2-NRR antibody
inhibited all three osteoclast-associated genes equally in WT and PAR1 KO cells at day 5.
The effect of the N2-NRR antibody on mRNA levels of Nfatcl and the three osteoclast-
associated genes suggest that at longer time points, Notch2 signaling may inhibit resorptive
responses equally in WT and PAR1 KO to M-CSF + RANKL. Unfortunately, this is difficult
to examine in osteoclasts /n vitro that form on tissue culture plastic as these cells typically
undergo apoptosis at around day 7 of culture (42).

DISCUSSION

We found that PAR1 mRNA and protein were transiently expressed in OC precursor cells
during their differentiation into mature OC. This result is consistent with a previous study
(17) that found PAR1 protein was not expressed in mature OC /n vivo. Recently, another
group identified PAR1 mRNA and protein expression in osteoclast precursor cells (43).

OC precursors are not the only bone cells that express PAR1. Osteoblast expression has been
shown to have functional consequences (17, 44). For example, the ability of thrombin to
enhance cell proliferation in osteoblasts and inhibit alkaline phosphatase activity is PAR1-
dependent (45), as is thrombin’s ability to increase growth factor and cytokine expression
(46, 47). Transforming growth factor-p is known to stimulate PAR1 expression in
osteoblasts (44) and PAR1 KO mice have a decreased rate that tibial drill-hole lesions heal
(48).

To further study the role that PAR1 has in bone cells, we examined OC development and
function /n vitro and in vivo and the bone phenotype of PAR1 KO mice. BMM and highly
purified osteoclast precursor cell cultures from PAR1 KO mice as well as whole bone
marrow cultures from PAR1 KO mice formed significantly more osteoclasts than cultured
cells from WT mice. Our finding of an increase in osteoclastogenesis in cultures of highly
purified PAR1 KO OC precursor cells (Figure 2D) argues that this response is cell
autonomous.

It is unlikely that the increased osteoclastogenic potential of PAR1 KO whole bone marrow
cultures was related to changes in RANKL, OPG or their ratio since we saw little difference
between WT and PAR1 KO cells in the ability of PTH to regulate the mRNA levels of
RANKL and OPG or their ratio. Furthermore, we found no significant differences between
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PAR1 KO and WT mice in the mRNA levels of RANKL or OPG or their ratio in femurs. It
also does not appear that PAR1 deletion affected either RANKL-induced p65 NF-xB
signaling or NFATc1 activation as neither of these parameters differed between WT and
PAR1 KO BMM cultures that were stimulated by RANKL for 3 day (Figure 3), a time when
PARL1 is known to be induced (Figure 1). Rather, our result argue more that the predominant
effect of PAR1 deletion on osteoclastogenesis is to enhance the rate of mononuclear cell
fusion into mature OC.

Our results contrast to those of Tudpor (34), who found a decrease in serum levels of
RANKL and an increase in serum levels of OPG in PAR1 KO mice, leading to a decreased
RANKL/OPG ratio. However, how serum levels of RANKL and OPG, which are produced
in a variety of tissues (49), relate to production of RANKL and OPG in the bone
microenvironment where they act to regulate OC formation, is unknown.

Tudpor (34) also found that PAR1 KO mice had increased bone volume as determined by
UCT analysis with no change in OC or osteoblast numbers. In contrast, Aronovich (50)
found that PAR1 KO mice had decreased bone volume. We found a trend for PAR1 KO
bones to have a small decrease in trabecular bone volume with a decrease in trabecular
number and connectivity density. Our data, which are more consistent with those of
Aronovich (50), argue that under basal conditions in eight-week old mice, PAR1 deletion
produces a weak phenotype of decreased trabecular bone mass. It is unknown exactly why
there are differences in the bone phenotype of PAR1 KO mice among different investigators
since all used the same strain (18). However, our finding that challenging PAR1 KO mice
with the proinflammatory cytokine, TNF, produced an enhanced resorptive response relative
to WT raises the possibility that differences in the inflammatory state of mice among
different investigators contributed to the variations in bone phenotype that have been
reported.

The role of PARL in inflammation is variable. Deficiency of PARL in mice resulted in a
reduced inflammatory response to influenza infection (51). It was also shown that PAR1 is
part of a signaling cascade in osteoclasts that inhibits lipopolysaccharide (LPS)-induced
osteoclastogenesis through a mechanism involving Ca**, CaMKK and AMPK (52).

We found that the enhanced osteoclastogenic response both to RANKL /7 vitroand TNF in
vivo was mediated by mechanisms that were dependent on Notch2 signaling since they were
abrogated by a specific neutralizing antibody to the Notch2 NRR (23). These results identify
a previously unknown interaction of Notch2 signaling and PARL in osteoclastic responses to
RANKL and TNF. There are only a few previous studies that demonstrate interactions of
Notch signaling with PARL. Activation of PAR1 on human neuronal cells was associated
with increased expression and translocation of the voltage gated potassium channel, Kv1.3,
to the neuronal cell membrane and activation of Notchl (53). It has also been shown that
overexpression of the Notch ligand, Jaggedl, in PAR1 KO cells results in a rapid thrombin-
induced export of FGF1 (54).

In bone, Notch signaling has been found to critically regulate both osteoblast and osteoclast
function (55). In osteoclasts, Notch signaling can have variable effects (56). However, in
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general, Notchl signaling inhibits osteoclastogenesis (57), while Notch2 signaling is
stimulatory (58).

RBP-Jx has a variety of functions, among which is being an intermediate in Notch signaling
(55). Zhao (59) showed that deletion of RBP-Jx in myeloid lineage cells in mice produced a
phenotype that was similar to that of the PAR1 KO mouse (i.e., a minimal bone phenotype
under basal conditions and an exaggerated osteoclastogenic response to TNF /in vivo). Given
our current findings, it is possible that some of the effects that myeloid-specific deletion of
RBP-Jx has in mice result from alterations of Notch2 signaling in OC precursor cells.
However, the exact mechanism by which PAR1 and Notch influence osteoclastogenesis and
the response to inflammation remains to be determined.

In summary, we found that PARL1 is transiently expressed in maturing OC precursors and its
global deletion in mice has minimal effects on bone mass under homeostatic conditions. Our
data are consistent with the hypothesis that PAR1 expression during osteoclast
differentiation is anti-osteoclastogenic. This is supported by our data demonstrating
enhanced osteoclast formation in cultured cells from PAR1 KO mice that were stimulated
with RANKL alone or RANKL + TNF /n vitroand TNF in vivo and by the decreased
osteoclastogenic potential of WT cells that overexpress PAR1. Our results suggest that PAR1
is an inhibitor of a pro-osteoclastogenic Notch2 signaling pathway that is activated by
inflammatory cytokines. This pathway is likely involved in regulating the response of bone
to diseases associated with an abnormal immune system such as rheumatoid arthritis or
osteomyelitis.
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Key Points:

PARL1 is transiently expressed in osteoclast precursor cell during
differentiation.

PAR1 deletion enhances osteoclastogenesis while PAR1 overexpression
inhibits it.

The enhanced osteoclastogenesis of PAR1-deletion is mediated Notch2.
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Figure 1.

A) gRT-PCR expression of £2rmRNA in highly purified myeloid precursor cells from male
mice that were cultured with M-CSF or M-CSF + RANKL (30 ng/ml for both). B) Upper
Panel: Time course for expression of £2r mRNA as detected by RT-PCR relative to 18s
MRNA in male BMM cultures treated with M-CSF or M-CSF + RANKL (30 ng/ml for
both) for 1 to 6 days. Lower Panel: Time course for expression of F2r mRNA as detected by
gRT-PCR in male BMM cultures treated with M-CSF or M-CSF + RANKL (30 ng/ml for
both) for 1 to 6 days. C) Expression of PAR1 protein as detected by western blot assay in 3
replicate male BMM cultures treated with M-CSF + RANKL (30 ng/ml for both) for 1, 3 or
6 days. Upper panel is images of the blot probed for PAR1 or Actin. Lower panel is a graph
of the ratio of the PARL1 to actin band densities.

N = 3 to 6 for each group, * Significantly different from M-CSF alone, p<0.01.

In this and all subsequent figures “N” is the number of biologic replicates. Values for all
groups are mean + SEM.
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Figure 2.
A) Left two figures: OC formed in cultures of BMM cells treated with M-CSF + RANKL

(30 ng/ml for both) from WT and PAR1 KO female or male mice that were cultured 4, 5 or 6
days. Far right figure: TRAP solution assay for male BMM cultures from WT or PAR1 KO
mice treated with M-CSF + RANKL (30 ng/ml) for 4 days. N = 6 for each group, *
Significantly different from WT, p<0.05. B) Representative images of male BMM cultures
from A) stained for TRAP activity (purple color). C) Frequency distribution of nuclei in
osteoclasts from cultures of male WT and PAR1 KO BMMs that were treated with RANKL
and M-CSF (30 ng/ml for both) for 5 days. 118 WT cells and 166 PAR1 KO cells were
analyzed. Groups were cells with 3-5 nuclei, 6-9 nuclei, 10-20 nuclei and greater than 20
nuclei. Differences were analyzed by chi-squared analysis. * Significantly different from
WT, p<0.05.

D) OC formed in cultures of highly purified osteoclast precursor cells (OCP) from male WT
and PAR1 KO male mice that were treated with M-CSF (30 ng/ml) and either 10 ng/ml or 30
ng/ml of RANKL for 3, 4 or 5 days. N = 3 for each group. * Significantly different from
WT, p<0.05
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Figure 3.

A) mRNA expression of Nfatc1-Gapdhratios in male BMM cultures from WT and PAR1
KO mice treated with M-CSF and RANKL (30 ng/ml for both) for 2, 3 or 5 days. N = 3 for
each group. B) Cytoplasmic and nuclear p65 protein in 3 replicate male BMM cultures from
WT and PAR1 KO mice. Cells were cultured with M-CSF and RANKL (30 ng/ml for both)
for 3 days to stimulate PAR1 expression in WT cells and then transferred to serum free
media for 3 hours before being challenged with RANKL for 15 minutes. Cytoplasmic and
nuclear fractions were isolated and run in western blot assay. Control protein blots were for
actin in the cytoplasmic fraction and TATA box binding protein (TBP) in the nuclear
fraction. Lower graphs are the ratio of p65 to actin band density in the cytoplasmic fraction
and p65 to TBP band density in the nuclear fraction.
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Figure 4.
A) OC formed in cultures of male BMMs treated with M-CSF + RANKL (30 ng/ml for

both) and 0, 10 or 30 ng/ml of TNF. Cells were from WT or PAR1 KO male mice that were
cultured for 4 days. N = 3 — 4 for each group. * Significantly different from WT, p < 0.05.
B) OC formed in cultures of male BMMs treated with M-CSF (30 ng/ml) + TNF (10 ng/ml)
and 0, 10 or 30 ng/ml of RANKL. Cells were from WT or PAR1 KO male mice that were
cultured for 4 days. N = 3 — 4 for each group. * Significantly different from WT, p < 0.05.
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Figure 5.
A) mRNA expression of PARL (£2r) in WT male BMM cells measured by gRT-PCR. Cells

were transduced with a retrovirus expressing either an empty vector (EV) or a vector
expressing PAR1 (PAR1 Vector). Cells were then treated with M-CSF + RANKL (M+R) or
M-CSF + RANKL +TNF (M+R+TNF) (30 ng/ml for each) for 3 days and extracted to
analyze PAR1 (F2r) mRNA expression by gRT-PCR. N = 3 per group. * Significantly
different from respective vehicle-treated group, p < 0.01.

B) OC formed in cultures of male BMM cells, which were transduced with either an empty
vector (EV) or a PAR1-expressing vector (PAR1 Vector) and then treated with the indicated
concentrations of M-CSF + RANKL and varying concentrations of TNF for 3 days. N =3
per group. * Significantly different from respective EV group, p< 0.01.
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Figure 6.
WT or PAR1 KO male mice were injected once daily with either vehicle or TNF (2 ug)

subcutaneously over the calvariae for 4 days and sacrificed 1 day later. Images are
representative histology slides stained for TRAP. The graphs below the images show the
ratio of eroded surfaces-bone perimeter, OC number (#)-bone perimeter, OC surface-bone
surface and periosteum area (um?2). N = 6 — 9 per group. * Significantly different from
respective vehicle-treated group, p < 0.01. # Significantly different from WT vehicle-treated
group, p < 0.01. Scale bar = 100 um. All images are the same magnification.
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Figure 7.
WT or PAR1 KO male mice were injected once daily with TNF (2 ug) subcutaneously over

the calvariae for 4 days and sacrificed 1 day later. Mice were also treated with control or N2
NRR Ab starting 3 days prior to the first TNF injection. Images are representative histology
slides stained for TRAP. The graphs below the images show the ratio of eroded surfaces-
bone perimeter, OC number (#)-bone perimeter, OC surface-bone surface and periosteum
area (um?2). N = 6 — 9 per group. N = 3 — 4 per group. * Significantly different from
respective WT control Ab-treated group, p < 0.01. # Significantly different from PAR1 KO
control Ab-treated group, p< 0.01. Scale bar = 100 pm. All images are the same
magnification.
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Figure 8.

A) OC formed in cultures of male BMM cells treated with M-CSF + RANKL (30 ng/ml for
both) from WT and PAR1 KO male mice that were cultured for 5 days with either control
Ab or N2-NRR Ab. N = 3 — 4 per group. * Significantly different from respective WT
control Ab-treated group, p < 0.01. # Significantly different from PAR1 KO control Ab-
treated group, p< 0.01

B) mRNA expression in BMM cultures from WT and PAR1 KO mice that treated with either
control or N2-NRR Ab. Cultures were continued for either 3 or 5 days as indicated and
analyzed for 3 or 5 days and analyzed for expression of Notch2, Hesl1, Nfatc1, calcitonin
receptor (Calcr), cathepsin K (Ctsk) or tartrate resistant acid phosphatase (Acp5) by qRT-
PCR. N = 3 — 4 per group. * Significantly different from respective WT control Ab-treated
group, p< 0.01. # Significantly different from PAR1 KO control Ab-treated group, p< 0.01
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