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Abstract

Emerging data suggest that megakaryocytes (MKSs) play a significant role in skeletal homeostasis.
Indeed, osteosclerosis observed in several MK-related disorders may be a result of increased
numbers of MKSs. In support of this idea, we have previously demonstrated that MKSs increase
osteoblast (OB) proliferation by a direct cell-cell contact mechanism and that MKs also inhibit
osteoclast (OC) formation. As MKs and OCs are derived from the same hematopoietic precursor,
in these osteoclastogenesis studies we examined the role of the main MK growth factor,
thrombopoietin (TPO) on OC formation and bone resorption. Here we show that TPO directly
increases OC formation and differentiation in vitro. Specifically, we demonstrate the TPO receptor
(c-mpl or CD110) is expressed on cells of the OC lineage, c-mpl is required for TPO to enhance
OC formation in vitro, and TPO activates the MAPK, JAK/STAT, and NFxB signaling pathways,
but does not activate the PISBK/AKT pathway. Further, we found TPO enhances OC resorption in
CD14+CD110+ human OC progenitors derived from peripheral blood mononuclear cells
(PBMCs), and further separating OC progenitors based on CD110 expression enriches for mature
OC development. The regulation of OCs by TPO highlights a novel therapeutic target for bone
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loss diseases and may be important to consider in the numerous hematologic disorders associated
with alterations in TPO/c-mpl signaling as well as in patients suffering from bone disorders.
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INTRODUCTION

TPO, the main MK growth factor, is critical for normal MK proliferation and differentiation
(Deng, et al., 1998; Broudy, et al., 1995; Bartley, et al., 1994; Kaushansky, et al., 1995; de
Sauvage, et al., 1994; Wendling, et al., 1994; Zeigler, et al., 1994), and is a key initiator of
thrombocytosis in many diseases. As we have previously reviewed (Kacena, et al., 2006g;
Kacena and Horowitz, 2006), MKs and/or TPO can play a role in skeletal homeostasis. In
brief, MKs have been shown to: 1) Express and/or secrete several bone-related proteins
(Thiede, et al., 1994; Kelm, et al., 1992; Breton-Gorius, et al., 1992; Chenu and Delmas,
1992; Frank, et al., 1993; Sipe, et al., 2004; Bord, et al., 2005; Pearse, et al., 2001;
Chagraoui, et al., 2003a); 2) Stimulate OB proliferation (Kacena, et al., 2004; Ciovacco, et
al., 2009; Lemieux, et al., 2010; Ciovacco, et al., 2010; Kacena, et al., 2012; Cheng, et al.,
2013; Miao, et al., 2004); 3) Alter OB differentiation (Bord, et al., 2005; Ciovacco, et al.,
2009); and 4) Inhibit OC formation (Beeton, et al., 2006; Kacena, et al., 2006b). Further, in
humans, myeloproliferative diseases in which increases in MKSs is accompanied by
osteosclerosis have been reported (Thiele, et al., 1999; Lennert, et al., 1975; Chagraoui, et
al., 2006), and at least 4 mouse models have been described in which MK number is
significantly elevated and these mice also exhibit an increased bone phenotype (Yan, et al.,
1995; Yan, et al., 1996; Villeval, et al., 1997; Frey, et al., 1998a; Frey, et al., 1998b; Kacena,
et al., 2004; Kacena, et al., 2005; Suva, et al., 2008). With respect to mouse models, mice
overexpressing TPO have approximately a 4-fold increase in MK number and have an
osteosclerotic bone phenotype (Villeval, et al., 1997; Yan, et al., 1996). While some
researchers (Chagraoui, et al., 2003b; Kakumitsu, et al., 2005) have implicated the
upregulation of osteoprotegerin (OPG), which inhibits OC development, as being
responsible for the high bone mass in TPO overexpressing mice, others have implicated
TPO itself (Wakikawa, et al., 1997). To test whether TPO inhibited OC development
Wakikawa et al. (1997) performed a series of in vitro studies which demonstrated that TPO
dose-dependently reduced OC number in bone marrow (BM) cultures. Importantly, TPO
treatment also increased MK number in cultures. Thus, the inhibition of OC formation seen
by Wakikawa et al. (1997) is most likely the result of increased number of MKs from TPO
stimulation inhibiting OC number rather than TPO directly inhibiting OC number. Indeed,
studies from our laboratory (Kacena, et al., 2006b; Ciovacco, et al., 2010) and others
(Beeton, et al., 2006) have shown that MKs cultured in the absence of TPO, dose-
dependently inhibit OC formation. In addition, TPO-free, MK conditioned medium also
dose-dependently inhibited OC formation (Kacena, et al., 2006b). Further, MKs derived
from OPG-deficient mice also inhibited OC development (Kacena, et al., 2006b). The
combination of these data suggests the following. First, MK-secreted OPG, alone, is not
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responsible for MK-mediated inhibition of osteoclastogenesis. Second, OC inhibition by
TPO likely has an indirect effect on OC formation by directly stimulating MKs and the MKs
in turn inhibit OC formation. Thus, in this study we examined whether TPO and/or its
receptor, c-mpl, also play a direct role in osteoclastogenesis.

MATERIALS AND METHODS

Mice

For these studies c-mpl-/- and wild-type C57BL/6 mice were utilized. c-mpl-/- mice were
kindly provided by Genentech. Generation and breeding of c-mpl—/— mice was previously
described (Tong and Lodish, 2004; de Sauvage, et al., 1994). c-mpl-/- mice were
maintained on the C57BL/6 background. C57BL/6 mice were obtained from Jackson
Laboratories. All procedures (detailed below) were approved by the Indiana University
Institutional Animal Care and Use Committee (IACUC) and followed NIH guidelines as
well as the Guide for the Care and Use of Laboratory Animals.

Preparation of Murine Fetal Liver Derived MKs

Murine MKs were prepared as previously described (Kacena, et al., 2004, Kacena, et al.,
2006b). Briefly, fetal livers were obtained from C57BL/6 mice at E13-15 and single cell
suspensions generated. Cells were washed twice and cultured in DMEM + 10% FCS + 1%
murine TPO (Villeval, et al., 1997). After 5 days, MKs were obtained by separating them
from the lymphocytes and other cells using a one-step albumin gradient to obtain a 90-95%
pure MK population (Drachman, et al., 1997).

Preparation of Murine Bone Marrow (BM) Cells

Long bones were dissected from 6-10 week old mice, the epiphyses removed, and the
marrow flushed with ice cold a-MEM with 10% FCS. A single cell suspension was prepared
and the cells were washed twice prior to use.

Preparation of Murine Bone Marrow Macrophages (BMMs)

BM cells were prepared as above. 5x107 cells/ml were seeded into 100 mm tissue culture
dishes, in a-MEM supplemented with 10% FCS and 20 ng/ml of M-CSF (R&D Systems).
After 3 days in culture, adherent cells were lifted with trypsin, and seeded at 100,000
cells/ml for OC generation as described below.

Generation of Peripheral Blood Mononuclear Cells (PBMCs)

Following Indiana University Institutional Review Board approval in compliance with the
World Medical Association Declaration of Helsinki, peripheral blood was collected in
heparin-sulfate tubes from healthy adult volunteers or obtained as buffy coat preparations
from the Indiana Blood Center. Blood was diluted 1:4 with HBSS and centrifuged over
Ficoll/Hypaque (GE Healthcare Biosciences), and interphase low density cells were
collected and washed twice prior to seeding as detailed below.
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In Vitro OC-like Cell Formation Models

OC-like cells were generated as follows. Murine: 100,000 murine BMMs were cultured in
a-MEM supplemented with 10% FCS and 30 ng/ml of M-CSF (R&D Systems) and 50
ng/ml RANKL (R&D Systems). Media was changed every third day for 6-8 days (until OCs
formed). TPO was kindly provided by Genentech and was titrated (0-1000ng/ml) into
cultures. Human: PBMCs were seeded into 96-, 48- and 24-well culture dishes at an initial
density of 2.1x10° cells/mm? and cultured in alpha-MEM (Invitrogen) supplemented with
10% FBS (Hyclone) and 20 ng/ml of recombinant human M-CSF (Peprotech) for 2 days and
then supplemented with 20 ng/ml of recombinant human M-CSF and 80 ng/ml of
recombinant human RANKL (Peprotech) for the remaining duration of the experiment.
Cells were cultured in the absence or presence of TPO (100 ng/ml). The cell culture medium
was changed every third day until OCs were visible. For both mouse and human cells, once
OCs had formed, the cells were fixed with either 2.5% glutaraldehyde or 3.7%
formaldehyde in phosphate buffered saline for 30 minutes at room temperature, stained for
tartrate resistant acid phosphatase (TRAP, Sigma-Aldrich), and TRAP+, multinucleated (=3)
OC cells were counted.

The resorption activity of OCs cultured in the absence or presence of TPO (100 ng/ml) was
evaluated using a standard pit assay (Tanaka, et al., 1996). PBMCs were isolated as above
and plated into 6-well culture dishes at 2x106 cells/well. Cells were incubated in alpha-
MEM containing 10% FBS and 20 ng/ml M-CSF for 2 days. The media was removed and
replaced with fresh media containing 20 ng/ml M-CSF and 80 ng/ml RANKL until mature
OCs were observed. Mature OCs were detached by trypsinization, washed once, re-plated
onto dentin slices (Immunodiagnostics Systems Inc, Fountain Hills, AZ) and cultured for an
additional 48 hrs in media containing 20 ng/ml M-CSF and 80 ng/ml RANKL (+ 100 ng/ml
TPO). Dentin slices were washed, incubated in 6% NaOCI for 5 min, and sonicated for 20 s
to remove cells. Resorption pits were stained with a solution containing 1% toluidine blue
and 1% sodium borate for 1 min, washed with water and air-dried. Pit surface area was
quantified using the ImagePro 7.0 on a Leica DMI4000 with a 10X objective. Results were
normalized for TRAP+ OC number, as detailed above. Experiments were performed in
triplicate and results represent average pit area per dentin slice/OC number.

RNA Extraction and Real-Time PCR

Cells were washed 2 times with PBS. RNA was isolated from the cells using a NucleoSpin
Il RNA Purification kit (BD Biosciences) incorporating an on-column DNase treatment to
remove contaminating genomic DNA. For real-time PCR, cDNA was prepared from 5ug of
total RNA using Sprint PowerScript Reverse Transcriptase (BD Biosciences) and
oligo(dT)1o_1g primers. The cDNA was purified using an Amicon YM30 filter device
(Millipore). Quantitative real-time PCR was performed on a Cepheid Smart Cycler using
Platinum Taq polymerase (Invitrogen) and Sybr Green | (Molecular Probes) incorporation.

The quantitative comparison between samples was calculated using the comparative Ct
method. The following primer sequences were used:

c-mpl forward primer: 5 TCACCTTGGTGACTGCTCTG
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c-mpl reverse primer: 5 GGACTTAGGGCTGCAGTGTC
GAPDH forward primer: ¥ CGTGGGGCTGCCCAGAACAT
GPADH reverse primer: 5 TCTCCAGGCGGCACGTCAGA

Western Blotting

Seventy-five percent confluent cultures of C57BL/6 BMM, RAW 264.7, C57BL/6 MKSs, or
Ba/F3 cells were placed in reduced serum media (0.5%) for 16—18 hours. The cells were
stimulated with recombinant human (rh) TPO (100 ng/ml) for 0, 1, 3, 5, 10, and 30 minutes
in the presence of 100 pM sodium orthovanadate. In studies using pharmacological
inhibitors BMMs were treated for 30 minutes with 100 ng/ml TPO and pharmacological
inhibitors (Calbiochem) of the JAK-STAT (1,2,3,4,5,6-Hexa-bromocyclohexane), MAPK
(PD98059), or NF-xB (Wedelolactone) pathways and cell lysates collected in the presence
of inhibitors (Halt Protease Inhibitor Cocktail and Halt Phosphatase Cocktail, Pierce). For
immunoprecipitation, cell lysates (200-500 pg) were precleared with Protein A-Sepharose
for 1 hour at 4°C. Protein A-Sepharose was removed and cell supernatants were incubated in
the appropriate antibody (e.g. aP-Tyr) for 2-16 hours at 4°C. STAT3, p-AKT, aP-Tyr, and
IgG antibodies were purchased from Millipore, and ERK1/2 (MAPK) was purchased from
Chemicon International. The antigen-antibody complexes were recovered during a 30-60
minute incubation using rabbit anti-mouse immunoglobulin and protein A-Sepharose or
protein A-Sepharose alone. The immune complexes were washed 3-5 times with lysis buffer
and the immunoprecipitated proteins were eluted into SDS-PAGE sample buffer (3% SDS,
60mM Tris, pH 6.9, 2 mM EDTA, 4% glycerol) by heating the samples to 100°C for 5
minutes.

Immunoprecipitated material (or aliquots of the total cell lysates, 25-30 pg), was analyzed
by 10% SDS-PAGE under reducing conditions. Proteins were transferred to nitrocellulose
via electrophoresis. Western blotting procedures were performed essentially as outlined in
the ECL system (Amersham). To reprobe blots, nitrocellulose filters were stripped of
antibodies in a solution containing 0.1M glycine pH2.8, at 55°C for 30 minutes.

Electrophoretic Mobility Shift Assay (EMSA)

Seventy-five percent confluent cultures of C57BL/6 BMM cells were placed in reduced
serum media (0.5%) for 16-18 hours. The cells were stimulated with human recombinant
TPO (100 ng/ml) for 30 minutes and nuclear proteins extracted as described by Andrews et
al. (1991) EMSA was performed on 7ug of nuclear protein using a commercially available
EMSA kit and NF-kB probe according to the manufacturer’s instructions (Panomics).

Flow Cytometric Sorting

PBMCs were isolated as detailed above. Cells were washed 2X with HBSS containing 2%
FBS. Staining was performed in HBSS with 2% FBS. The following antibodies were
purchased from PharMingen: CD110 (c-mpl), CD11b, and CD14. Light scatter and
fluorescence of individual cells was measured by a FACS ARIA flow cytometer (BD), and
cells were sorted based on their antigen expression.
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Unless otherwise stated, all data are presented as the Mean + SD and a Student’s t-test was
used to determine significant differences, with p<0.05 (Systat 6.0 for Microsoft Windows,
SPSS Inc., Chicago). Within individual experiments, data points are based on a minimum of
triplicate representative samples and experiments were repeated at least twice.

C-mpl Expression in OC Progenitors

Previously, it was believed that the TPO receptor, the proto-oncogene c-mpl, was primarily
restricted to cells of the MK and hematopoietic stem cell lineages (Methia, et al., 1993;
Gurney, et al., 1994; Bartley, et al., 1994; de Sauvage, et al., 1994; Solar, et al., 1998). Our
real-time PCR data demonstrate the novel finding that purified OC progenitors express
mRNA for c-mpl. Specifically, the comparative Cy method was used to compare c-mpl
expression in different types of cells. MKs served as a positive control and had the greatest
expression (normalized minimum threshold cycle, ACt = 25.0+1.1). All OC progenitors
tested expressed c-mpl (all above acceptable threshold levels), with C57BL/6 bone marrow
macrophages (BMM, 29.5+1.7) > RAW264.7 cells (33.08+0.04) > Pax5—/- spleen cell line
(OC progenitor cell line, 33.2+2.2). Of importance, although these data demonstrate that c-
mpl is expressed in BMMs, they do not confirm that these mMRNAs are translated into
proteins. However, we subsequently demonstrated by both Western blot analysis and
immunocytochemistry techniques that c-mpl protein is indeed expressed in OC progenitors
(Fig. 1A-C). Importantly, we also examined c-mpl expression by real-time PCR, Western
blot, and immunocytochemistry and found that mature, multinucleated, murine, TRAP* OC
cells (developed in the presence of M-CSF and RANKL) did not express c-mpl (data not
shown). The fact that c-mpl is expressed in OC progenitors but not in mature OCs suggests
that TPO/c-mpl exerts its effect during the early stages of OC proliferation/differentiation.

TPO Enhances OC Formation In Vitro

While our data show that c-mpl is expressed in OC progenitor cells, it is critical to determine
whether this expression results in a functional change in OC proliferation/differentiation.
Here we show that stimulation of OC progenitor cells with TPO enhances OC formation in
vitro.

OCs were generated using C57BL/6 BMMs as a source of OC precursors. BMMs were
selected for these studies to minimize possible contamination of cultures with MKs so that
the effects of TPO directly on OC progenitors could be assessed. rhTPO was titrated into the
OC-like cell formation models at day 0 and remained in the cultures for the growth duration.
Fig. 1D&E are representative micrographs showing the TPO-mediated enhancement in OC
formation. As Fig. 1F illustrates, when C57BL/6 BMMs were cultured in the presence of M-
CSF and RANKL, stimulation with TPO resulted in a dose-dependent increase in OC
formation. Indeed, stimulation with 100 ng/ml of TPO results in up to a 6-fold increase in
OC number.
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Importantly, we have used recombinant human TPO from 3 separate vendors (R&D
Systems, Peprotech, and Genentech) and all perform similarly and report that endotoxin
levels are less than 1.0EU/ug of protein, suggesting that lipopolysaccharide (LPS) activity or
other contaminants are not responsible for the increase in osteoclastogenesis observed (data
not shown). We have also found that several different OC progenitor cell lines (including
RAW 264.7 cells) which do not contain MKs/MK progenitors, express c-mpl, and have
observed similar increases in OC number with TPO stimulation (Figure 1A and data not
shown).

Requirement of c-mpl for TPO to enhance OC formation in vitro

To demonstrate that binding of TPO to c-mpl is required for TPO to enhance OC formation
we cultured BMMs from C57BL/6 control and c-mpl—-/— mice. BMMs were cultured in the
presence of M-CSF and RANKL and with or without 100 ng/ml of TPO. Once OCs were
formed, cells were fixed, stained for TRAP, and TRAP+ multinucleated cells (=3 nuclei)
were counted. As shown in Figure 1G, when wild-type control BMMs were treated with
TPO, OC number was significantly elevated. However, when c-mpl-/- BMMs were treated
with TPO, there was no difference in the number of OCs generated. It is important to note
that significantly fewer OCs were formed when OC progenitors were generated from c-mpl
—/- mice as compared to those generated from control mice, likely owing to the disruption
in myeloid lineage cells previously documented in c-mpl-/- mice (Carver-Moore, et al.,
1996).

TPO Signaling Pathways Augment Osteoclastogenesis

To determine whether TPO alone could stimulate OC formation we cultured BMMs with or
without 100 ng/ml of TPO. In addition to cultures containing 0 or 100 ng/ml of TPO alone,
other cultures contained 0 or 100 ng/ml of TPO in addition to the following
supplementation:; both M-CSF and RANKL, M-CSF alone, and RANKL alone. Importantly,
only those cultures containing both M-CSF and RANKL generated TRAP+ OC-like cells
(data not shown).

Since these data support the idea that TPO acts to augment M-CSF and RANKL mediated
OC formation, we then determined which signaling pathways were activated by TPO
stimulation of OC progenitors. To do this BMMs were serum starved overnight and then
stimulated with 100 ng/ml of rhTPO for 0, 1, 3, 5, 10, or 30 minutes. As a positive control,
primary MKs derived from the fetal livers of E13-15 C57BL/6 mice or BaF3 (c-mpl
transfected cells) were stimulated with TPO for 0 or 10 minutes. Lysates were collected and
immunoblotted with appropriate anti-phosphotyrosine antibodies for JAK/STAT, MAPK,
and PIBK/AKT pathways. The JAK/STAT and MAPK pathways were examined because
they are major TPO/c-mpl mediated signaling pathways in MKs (see Supplemental Fig. 1).
The PI3K/AKT pathway was examined because it is a nodal point whereby c-mpl and c-Fms
signaling may converge (see Supplemental Fig. 1). As seen in Figure 2A&B, Western
blotting demonstrated that treating BMMs with 100 ng/ml of TPO activates a variety of
intracellular signaling mechanisms, including phosphorylating members of the MAPK and
STAT signaling pathways (ERK1/2 and STATS3, respectively). Western blotting also
illustrated that AKT is not phosphorylated in BMMs treated with TPO (data not shown). We
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then performed similar studies using pharmacological inhibitors which target the JAK/STAT
pathway (1,2,3,4,5,6-Hexa-bromocyclohexane) or the MAPK pathway (PD98059). These
studies confirmed that TPO stimulation specifically activates both of these pathways (Fig.
2A&B). We next examined the importance of the NF-xB signaling pathway in OC
progenitors stimulated with TPO as the NF-xB signaling pathway is of critical importance in
RANKL mediated OC differentiation (see Supplemental Fig. 1). For NF-xB studies,
following stimulation with or without TPO, nuclear extracts were prepared and
electrophoretic mobility shift assays (EMSAS) were performed. Fig. 2C demonstrates that
TPO induces NF-xB activation in OC precursors. Similar to the studies outlined above, we
repeated the NF-xB gel mobility shift assays using a specific pharmacological inhibitor
which targets the NF-xB pathway (Wedelolactone). Again, these studies confirmed that
TPO stimulation specifically activates the NF-xB pathway (Fig. 2C).

Effects of TPO Stimulation and c-mpl Expression in Human OC Progenitors

As all of the previous studies were conducted using murine cells, we next determined
whether these findings could be replicated using human derived OC progenitors. PBMCs
from normal healthy donors were cultured with M-CSF (20 ng/ml), RANKL (80 ng/ml), and
TPO (0 or 100 ng/ml) as detailed in the Methods section. As depicted in Figure 3A, culture
of PBMCs with M-CSF and RANKL was able to induce OC formation in all 8 specimens
tested, although a large variability in the total numbers of OCs was observed. However,
treatment with TPO did not alter the number of OCs formed (Fig. 3A). This may suggest
that the heterogeneous population of cells contained within PBMCs as a group are not
responsive to TPO, but does not address whether human OC progenitors alone are
responsive to TPO. Thus, we next attempted to address this question by examining
phenotypically defined OC progenitors isolated flow cytometrically based on the expression
of CD11b or CD14 which are both commonly used to separate OC progenitors and we
added to these well characterized OC cell surface markers, c-mpl (CD110). Specifically, in
our design, CD11b and CD14 subpopulations were further separated based on the expression
of CD110. As would be expected, compared to unsorted cells seeded at the same density,
enriching for OC progenitors resulted in higher production of more mature OCs/cells seeded
as long as the OC progenitors were CD110+ (Fig. 3B). However, few TRAP+ OCs were
observed when CD11b+CD110- or CD14+CD110- populations were used as the OC
progenitor populations. On the other hand, numerous TRAP+ OCs were observed when
CD11b+CD110+ or CD14+CD110+ cells were used as OC progenitors and TPO further
enhanced OC number in these subpopulations. Next we examined the dentin-resorbing
activity of the OCs generated from the unsorted population as well as the subpopulations of
OC progenitors (Fig. 3C). Mature, multinucleated OCs were re-plated on dentin slices for 48
hrs and the area resorbed (defined as the total resorption pit area on the dentin slice/TRAP+
OC) was quantified and normalized for TRAP+ OCs. When normalized for the number of
TRAP+ OCs, the activity of the OCs was highest in the unsorted PBMC population. Activity
was significantly lower in all of the sorted populations examined. Due to the limited number
of TRAP+ OCs observed in cultures generated from CD11b+CD110- and CD14+CD110-
cells (panel B) we were unable to obtain activity data for this population. Overall, these
activity data suggest that accessory cells in total PBMCs cultures augment osteoclastic
resorption. Of interest, while TPO treatment only modestly enhanced the bone resorbing
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activity of CD11b+CD110+ cells, it robustly enhanced the activity in CD14+CD110+ cells
when compared to any of the other populations tested. Finally, as detailed in Fig. 3D, c-mpl
expression on CD14+ cells resulted in an expression-dependent increase in mature OC
formation. Specifically, we found that CD14+ cells could be divided into 3 subpopulations
based on CD110 expression (CD110+ or high expression, CD110dim or low expression, and
CD110- or no detectable expression) and the numbers of OCs generated from these
populations positively correlated with the level of c-mpl expression. It should be noted that
we did not assess c-mpl expression profile in CD11b+ cells due to the expected difficulty in
obtaining sufficient numbers of cells from cell sorting.

Expression Schema Enriching for OC Progenitors

Next, as both CD11b+CD110+ and CD14+CD110+ populations generated large numbers of
mature OCs, we determined whether the cells giving rise to mature OCs were an
overlapping cell population (e.g. CD14+CD11b+CD110+). Fig. 4A shows the cell sorting
strategy used to obtain the cell populations of interest. As detailed in Fig. 4B, cells positive
for all three surface proteins (CD14+CD11b+CD110+ cells) gave rise to 320+87 mature
OCs whereas all of the other populations tested (CD14-CD11b+CD110+, CD14+CD11b
-CD110+, CD14-CD11b-CD110+, and all of the CD110- cells which were either CD14+
and/or CD11b+) gave rise to less than 18+10 OCs, with no visible OCs in either of the
CD14- populations tested. Finally, it should be noted that we attempted to confirm these
human PBMC data using bone marrow from C57BL/6 mice, but were unable to conduct
these studies as none of the commercially available anti-mouse CD110 antibodies were
suitable for multicolor flow cytometric assessment and few displayed unmanageable non-
specific binding. Nevertheless, our data demonstrates that, in humans, an enriched
population of OC progenitors can be obtained using the following cell sorting schema
CD14+CD11b+CD110+.

DISCUSSION

In 1997, Wakikawa et al. published a manuscript entitled “Thrombopoietin inhibits in vitro
osteoclastogenesis from murine bone marrow cells”. In this study they demonstrated that in
vitro treatment of BM cells with TPO inhibited OC formation. As would be expected, BM
cultures treated with TPO also contained high numbers of MKs. Of importance, when OC
progenitors are cultured with MKs, or MK conditioned medium, OC development is
inhibited by up to 10-fold (Beeton, et al., 2006; Kacena, et al., 2006b). Further, OPG
expression alone was not responsible for this inhibition as MKs derived from OPG deficient
mice were similarly able to inhibit OC formation (Kacena, et al., 2006b). Interestingly, in
the study by Wakikawa and colleagues (1997) it is the indirect effect of TPO which
mediates an increase in MK numbers that is responsible for the inhibition of OC formation
in vitro, rather than the direct action of TPO on OC progenitor cells. Thus, if whole bone
marrow is used, as used by Wakikawa et al. (1997), which contains mature MKs or MK
progenitors, the inhibitory effects of MKs on OC formation appear to outweigh the positive
effects of TPO on OC formation, resulting in a net inhibition of OC formation.
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Therefore TPO, with both indirect and direct effects on osteoclastogenesis, has a somewhat
paradoxical effect on OC number. This may in part be due to the fact that MKSs, which
express increased levels of c-mpl, are competing with OC progenitors for the TPO present
within the bone marrow cavity (Sungaran, et al., 1997). Importantly, in normal bone
homeostasis, the bone marrow cavity contains all four of these elements: TPO, MKs, OBs,
and OCs. Thus, elucidation of the interactions between these elements will allow a better
understanding of normal and pathological skeletal regulation.

Fig. 5 describes our current working model of the complex interactions between OBs, OCs,
MKs, and TPO. Specifically, MKs induce OB activation in vitro via mechanisms requiring
direct physical contact between the two cell types (Kacena, et al., 2005; Kacena, et al., 2004;
Kacena et al., 2012; Cheng et al., 2013). MKSs also inhibit OC development in vitro via the
secretion of as-yet unidentified soluble factor(s) (Beeton, et al., 2006; Kacena, et al., 2006b).
The net result, as demonstrated in vivo, is an increase in MK numbers that can lead to
concomitant increases in bone mass (Kacena, et al., 2005; Kacena, et al., 2004; Cheng et al.,
2013).

However, a study by Perry et al. (2007) examined the phenotype of c-mpl deficient mice. In
these mice there is a significant reduction in MK number (~90%) and bone volume was
predicted to decrease as a result of the decrease in MK number. Yet, they found no change
in bone volume. Our data may explain this observation. Here we show TPO activation of
multiple signaling cascades in OC progenitors which results in increases in OC number.
However, in c-mpl deficient mice (global knockout) OC progenitors would not express c-
mpl, and therefore TPO cannot directly enhance OC formation. Thus, compared to normal
mice in which BM TPO can directly increase OC number, in c-mpl deficient mice OC
number in response to TPO is unchanged. Therefore, in c-mpl deficient mice there may be a
relative “reduction” in OC number which could result in a decrease in bone resorption. This
relative “reduction” in OC number could lead to a net increase in bone volume as compared
to what would be predicted if c-mpl were functional in OC progenitors (or if
osteoclastogenesis was not enhanced with TPO stimulation) but not in MKs. In their
manuscript, Perry et al. (2007) did not report on the in vitro or in vivo OB or OC
populations. This analysis is of critical importance to better understand the potential role of
MK-mediated skeletal effects. This is particularly true in light of our data showing that OC
progenitors express c-mpl and that in vitro stimulation of these cells with TPO enhances OC
development; and in light of previous studies by de Sauvage and colleagues (Carver-Moore,
et al., 1996) demonstrating that c-mpl deficient mice have fewer myeloid lineage cells as
well as our data presented here showing that fewer OCs are generated from c-mpl deficient
mice as compared to that observed from wild-type mice. In other studies we are working to
better characterize the bone phenotype of the c-mpl deficient mice in terms of OB- and OC-
specific parameters.

Since our data support the idea that TPO acts to augment M-CSF and RANKL mediated OC
formation, we began determining which signaling pathways were activated by TPO
stimulation of OC progenitors. Our data suggest that TPO can activate the JAK/STAT,
MAPK, and NF-xB signaling pathways in OC progenitors, but not the PI3K/AKT pathway
(data not shown). Of particular importance to osteoclastogenesis, the main signaling
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pathway activated by RANKL, the NF-xB pathway, was activated in response to TPO
stimulation. Interestingly, the NF-xB pathway has also been reported to be activated in MKs
and hepatoblastoma cells in response to TPO stimulation. One study demonstrated that TPO
treatment of a megakaryocytic cell line resulted in the immediate increase in Ik activity
(Zhang, et al., 2002). Another study showed that incubation of hepatoblastoma cells with
TPO resulted in a marked increase in IxBa phosphorylation which was similar to the
observed appearance of nuclear NF-xB (Romanelli, et al., 2006). Taken together, these
observations suggest that stimulation of OC progenitors with TPO results in enhanced
mature OC formation through augmented activation of the NF-«xB signaling pathway.

Next, using human peripheral blood cells we were able to assay more purified populations of
cells. TPO treatment of whole human PBMC cultures did not alter OC number. However,
when we enriched for OC progenitors based on the expression of CD11b+ or CD14+ in
conjunction with c-mpl expression (CD110+), we found that TPO treatment enhanced OC
number, especially in CD14+ cells. These data also confirm that human OC progenitors
express c-mpl. The fact that few, if any, mature OCs were formed from CD110-, CD11b-,
and CD14~ cell populations suggests that CD14+CD11b+CD110+ cells are an enriched
population of OC progenitors.

With respect to osteoclastic bone resorption two intriguing findings were noted. First, while
OC progenitor cultures enriched for CD11b+ or CD14+ cells generated higher numbers of
mature OCs, the resulting OCs were less active than their unsorted counterparts. This is
likely due to the secretion of additional growth factors/cytokines by accessory cells
contained in the unsorted population, which positively impacted osteoclastic resorption.
Second, while TPO treatment modestly enhanced CD11b+CD110+ activity, it robustly
enhanced the activity in CD14+CD110+ cells.

Based on the enhancements observed in CD14+ cell populations as compared to CD11b+
cell populations, we then sought to determine whether an overlapping population of cells
was responsible for the promotion of osteoclastogenesis and bone resorption in these sorted
populations. The data in Figure 4B demonstrate significant overlap in the populations and
that CD14+CD11b+CD110+ cells give rise to more mature OCs than do any of the other
populations tested. This suggests that cells with the phenotype CD11b+CD14+CD110+ are
the major contributors to the osteoclastogenesis. The fact that only ~24% of CD11b+ cells
are CD110+ whereas a much higher percentage of CD14+ cells are also CD110+ (~89%)
may explain why CD14+ cells better promote osteoclastogenesis than do their CD11b+
counterparts.

In closing, our research has demonstrated a novel role for TPO as a stimulatory cytokine
promoting osteoclastogenesis. Moreover, we show not only is c-mpl expressed on OC
progenitor cells, but it is also a functional receptor, likely responding to activation by TPO.
Increasing evidence implicates a role for MKs in skeletal homeostasis (Lennert et al., 1975;
Thiele et al., 1999; Chagraoui et al., 2006). However, until now, the role of TPO has not
been studied independently of MKs. Here we show that TPO potentially plays a direct role
in skeletal homeostasis by enhancing OC development. Better understanding the interactions
between bone cells and MKs and TPO may reveal mechanisms underlying skeletal
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homeostasis and may provide insight regarding the development of novel therapeutic
treatments for bone loss diseases such as osteoporosis. As there are numerous hematologic
disorders with alterations in TPO concentrations or mutations in c-mpl and or c-mpl
signaling (Moliterno et al., 1998; Pardanani et al., 2006; Khan and Mikhael, 2010),
knowledge that c-mpl is expressed and functioning in OC progenitors may allow physicians
to better treat these patients in terms of potential secondary bone-related complications such
as osteosclerosis and/or bone loss. Finally, as about half of RA patients have thrombocytosis
with elevated TPO levels (Ertenli et al., 1998; Farr et al., 1983), and these patients have
more severe disease and more osteoclastic joint destruction, it is possible that addition of a
thrombocyte-targeted therapy (e.g. therapy targeted to TPO or c-mpl) may serve to increase
the effectiveness of treatments for these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. OC progenitors express c-mpl protein and TPO stimulation increases OC formation
A) Western blot analysis of protein lysates from Baf3 cells (transfected with c-mpl), four

separate BMM samples, RAW 264.7 cells, and MKs probed with antibodies raised against
c-mpl. B&C) BMM s stained via standard immunocytochemistry with a c-mpl antibody
(green) and counter stained with DAPI (blue). C) c-mpl antibody control. D&E)
Micrographs of BMMs cultured in the absence (D) and presence (E) of 100ng/ml of rhTPO.
F) Quantitation of mature OC number when C57BL/6 BMMs were stimulated with rhTPO
(0.1-100 ng/ml). TPO enhances mature C57BL/6 OC number by >2-fold. G) Quantitation of
mature OC number when C57BL/6 and c-mpl-/- BMMs were cultured in the absence and
presence of rhTPO (100 ng/ml). TPO significantly enhanced OC number in cells generated
from C57BL/6 mice. OC number was unchanged with TPO treatment in c-mpl —/- cultures
(G). Significantly fewer OCs were generated from c-mpl —/— mice as compared to C57BL/6
mice (G). Data are presented as the mean=SD. *Indicates statistically significant differences
(p<0.05) compared to C57BL/6 BMMs cultured without TPO. It should be noted that we
normalized OC cell count to 100 in the control (0 ng/ml TPO) for ease of comparison
between data in Figures 1F and 1G.
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Figure 2. TPO treatment activatesthe JAK/STAT, MAPK, and NF-kB signaling pathwaysin
OC progenitors
A&B) Western blot analysis of BMMs treated for 30 minutes with 100 ng/ml TPO and

pharmacological inhibitors of the JAK/STAT (1,2,3,4,5,6-Hexa-bromocyclohexane) or the

MAPK (PD98059) pathways probed with antibodies against phosphorylated and
unphosphorylated STAT3 (A) and phosphorylated and unphosphorylated MAPK (B). C)
EMSA of BMMs treated for 30 minutes with 100 ng/ml of TPO and pharmacological
inhibitor of the NF-xB pathway (Wedelolactone) probed for NF-xB.
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Figure 3. Effects of TPO stimulation and c-mpl expression on OC formation and resor ption
A) PBMCs, from healthy volunteers, were isolated and cultured with M-CSF (20 ng/ml),

RANKL (80 ng/ml), and TPO (0 or 100 ng/ml). Although OCs formed in all specimens
tested, treatment with TPO did not alter OC number. B &C) PBMCs were separated into
subpopulations based on the expression of either CD11b or CD14, cell surface markers for
OC progenitors, and then further separated based on c-mpl (CD110) expression.
Representative data from one of the healthy volunteers is shown. B) Few TRAP+ OCs were
generated from CD11b+CD110- or CD14+CD110- populations. Numerous TRAP+ OCs
were generated from CD11b+CD110+ or CD14+CD110+ populations. C) The activity of the
OCs generated from these subpopulations was also assessed. When normalized for the
number of TRAP+ OCs, the activity of the OCs (defined as the total resorption pit area on
the dentin slice/ TRAP+ OCs) was highest in the unsorted PBMC population. Activity was
significantly lower in all of the sorted populations examined. Of interest, TPO treatment
significantly enhanced the activity, in CD14+CD110+ cells. Due to the limited number of
TRAP+ OCs generated from CD11b+CD110- and CD14+CD110- cells (panel B) we were
unable to obtain activity data for these populations. D) In another study CD14+ cells were
further separated into CD110+, CD110dim, and CD110- populations, cultured as above,
and OC number determined. A CD110 expression-dependent increase in OC number was

observed.
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Figure 4. Céll sorting schemato obtain an enriched population of OC progenitors
A) Histogram and dot plots showing the fluorescence activated cells sorting strategy used to

obtain the populations of cells tested. The numbered populations in panel A correspond to
the populations in panels B. CD14+CD11b+CD110+ cells give rise to more mature OCs
than do any other population of cells tested.

J Cell Physiol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bethel et al. Page 21

TPO

S Q
& 2

MK | OC progenitor cell

RANK-L

OB lineage cells OC activation

OB

Coupled remodeling
(net gain in bone mass)

Figure 5. Working model showing how TPO directly stimulates OC progenitor cellswhile
indirectly stimulating OB proliferation through MKs

MKs also elaborate unidentified soluble factor(s) which are likely to inhibit OC formation.
The enhancement in OB lineage cell number by MKs also increases overall RANKL
expression and subsequent activation of OCs.
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