L)

Check for
updates

Received: 31 March 2020 Revised: 29 September 2020 Accepted: 1 November 2020

DOI: 10.1111/jcmm.16101

ORIGINAL ARTICLE

WILEY

Sphingosylphosphorylcholine blocks ovariectomy-induced
bone loss by suppressing Ca**/calmodulin-mediated osteoclast

differentiation

Ha Young Lee! | Kwang Min Cho' | Min Kyung Kim? | Mingyu Lee® | HunKim* |
Cheol Yong Choi' | Kyeong Kyu Kim* | Joon Seong Park® | Hong-Hee Kim? |

Yoe-Sik Bae'®

1Department of Biological Sciences,
Sungkyunkwan University, Suwon, Korea

2Department of Cell and Developmental
Biology, BK21 Program and Dental Research
Institute, Seoul National University, Seoul,
Korea

3Department of Health Sciences and
Technology, SAIHST, Sungkyunkwan
University, Seoul, Korea

4Department of Precision Medicine, Institute
for Antimicrobial Resistance Research and
Therapeutics, Sungkyunkwan University
School of Medicine, Suwon, Korea

5Department of Hematology-Oncology,
Ajou University School of Medicine, Suwon,
Korea

Correspondence

Yoe-Sik Bae and Ha Young Lee, Department
of Biological Sciences, Sungkyunkwan
University, Suwon 16419, Korea.

Emails: yoesik@skku.edu; hayoung@skku.
edu

Funding information

National Research Foundation of
Korea, Grant/Award Number: NRF-
2017R1A5A1014560 and NRF-
2018R1A2B3003868

1 | INTRODUCTION

Bones are crucial to the framework of vertebrates, and protect the

various organs of the body. Bones are also responsible for producing

Abstract

Osteoporosis is a disease in which bone mineral density decreases due to abnor-
mal activity of osteoclasts, and is commonly found in post-menopausal women who
have decreased levels of female hormones. Sphingosylphosphorylcholine (SPC) is an
important biological lipid that can be converted to sphingosine-1-phosphate (S1P)
by autotaxin. S1P is known to be involved in osteoclast activation by stimulating os-
teoblasts, but bone regulation by SPC is not well understood. In this study, we found
that SPC strongly inhibits RANKL-induced osteoclast differentiation. SPC-induced
inhibitory effects on osteoclast differentiation were not affected by several antago-
nists of S1P receptors or pertussis toxin, suggesting cell surface receptor independ-
ency. However, SPC inhibited RANKL-induced calcineurin activation and subsequent
NFATc1 activity, leading to decrease of the expression of Trap and Ctsk. Moreover, we
found that bone loss in an experimental osteoporosis mouse model was recovered
by SPC injection. SPC also blocked ovariectomy-induced body weight increase and
Nfatc1 gene expression in mice. We also found that SPC inhibits RANKL-induced os-
teoclast differentiation in human macrophages. Since currently available treatments
for osteoporosis, such as administration of female hormones or hormone receptor
modulators, show serious side effects, SPC has potential as a new agent for osteo-

porosis treatment.
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immune cells and storing minerals.! Such bones are maintained by
the balance between bone resorption by osteoclasts (OCs) and bone
formation by osteoblasts (OBs).? If this balance is broken, a variety of

bone diseases occur.® Osteoporosis is a skeletal disorder in which bone
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resorption occurs abnormally due to the imbalance between bone
cells, resulting in weakened and easily fractured bones.? Osteoporosis
can be caused by certain diseases, drugs or natural ageing, and, in many
cases, is found in post-menopausal women.*® Therefore, oestrogen is
used to treat osteoporosis,6 but causes serious side effects.””?

Osteoclasts are involved in bone resorption and are differentiated
from bone marrow-derived macrophages (BMDMs) by macrophage
colony-stimulating factor (M-CSF) and receptor activator of nuclear
factor kappa-B ligand (RANKL) stimulation.1®* RANKL activates TNF
receptor associated factor 6 and mitogen-activated protein kinase
(MAPK) signals through receptor activator of nuclear factor kappa-B
(RANK) and stimulates transcription factors such as nuclear factor-«B
(NF-kB), activator protein 1 (AP-1) and c-fos to regulate the expres-
sion of proteins important for OC differentiation.'?* RANKL also
regulates nuclear factor of activated T cells, cytoplasmic 1 (NFATc1)
activity through calmodulin, which mediates Ca?* signal activation.>™°
NFATc1 is a master regulator of OC differentiation, which is autoam-
plified and regulates the expression of several OC-related proteins
such as ATPase H+ transporting VO subunit D2 (ATP6év0d2), dendritic
cell-specific transmembrane protein (DC-STAMP), osteoclast stimu-
latory transmembrane protein (OC-STAMP), tartrate-resistant acid
phosphatase (TRAP) or cathepsin K (CTSK).}>1¢

Ceramides can be metabolized to sphingosine, which can be
converted to sphingosine 1-phosphate (S1P) via a specific enzyme.!’
Extracellular S1P stimulates OBs to produce RANKL, which is re-
ported to be involved in promoting OC differentiation.’® A previ-
ous report demonstrated that sphingosine kinase 1 expression and
activity are increased, resulting in increased S1P during RANKL-
induced OC differentiation.'® However, intracellular S1P produced
by RANKL in OCs has been reported to inhibit OC differentiation.
As such, S1P is known to be involved in the OC and OB balance.!®
Sphingosylphosphorylcholine (SPC) is a membrane lipid that is con-
verted to S1P by autotoxin.’” SPC is a bioactive lipid mediator that acts
in a variety of biological processes, including intracellular calcium in-
crease, cell migration, cell growth, proliferation and differentiation.”
SPC is known to share receptors with S1P and lysophosphatidic acid
(LPA), and to activate intracellular signal transduction through per-
tussis toxin (PTX)-sensitive G, protein.'”?° In addition to membrane
receptors, SPC is known to act on the ryanodine receptor or bind to

calmodulin to regulate intracellular Ca®* signalling.?%?? Ca?*

-binding
calmodulin is involved in OC formation by regulating cAMP-response
element binding protein (CREB) phosphorylation through Ca?*/calm-
odulin-dependent protein kinase (CaMK) activity or by regulating
NFATc1 nuclear translocation via calcineurin (CaN) activity.?® SPC has
been reported to bind to calmodulin and regulates calmodulin down-
stream signals.?? A previous report also demonstrated that calmodulin
inhibitors block OC formation.?* However, it remains to be elucidated
whether SPC has an effect on OC generation by RANKL.

In this study, we find that SPC blocks OC differentiation by inhib-
iting CaN activity and shows beneficial effects in an ovariectomized
(OVX)-osteoporosis mouse model. Based on these results, we pro-
pose SPC as a useful agent for the development of new therapeutics

to control osteoporosis.

2 | MATERIALS AND METHODS
2.1 | Materials

M-CSFand RANKL were purchased from Peprotech. Alpha-MEM was
purchased from Gibco. FBS was purchased from Access Biologicals.
TRAP staining solution kit was purchased from Sigma-Aldrich. Cell
Counting Kit-8 (CCK-8) solution was purchased from Dojindo. LPA
and S1P receptor antagonists (W146, JTE013, VPC23019,VPC24191
and VPC32183) were purchased from Cayman. PTX was purchased
from Calbiochem. All antibodies for phospho-MAPKs were pur-
chased from Cell Signaling Technology. NFATc1 antibody and total
MAPKs antibodies were purchased from Santa Cruz Biotechnology.
Lamin B antibody was purchased from Abcam.

2.2 | OC differentiation and TRAP staining

C57BL/6 mice were purchased from Orient Bio (Seongnam, Korea).
All animal experiments were performed in accordance with the
guidelines of the Korean Food and Drug Administration. All experi-
ments involving animals received the approval of the Institutional
Review Committee for Animal Care and Use at Sungkyunkwan
University (Suwon, Korea). Mouse BMDMs were differentiated into
OCs using 30 ng/mL M-CSF and 100 ng/mL RANKL, as previously
described.?® Peripheral blood was collected from healthy donors.
These experiments were approved by Ajou University Hospital's
Institutional Review Board for ethics. Human monocytes were iso-
lated from peripheral blood as previously described.?® The human
monocytes were differentiated into macrophages by adding 30 ng/
mL M-CSF for 3 days. Differentiated human macrophages were
further differentiated into OCs by adding 30 ng/mL M-CSF and
100 ng/mL RANKL for 17 days. The differentiated OCs were stained
for TRAP using an acid phosphatase leukocyte diagnostic kit, as de-
scribed previously.?” The TRAP* multinuclear cells (>3 nuclei) with a

value > 3 were considered to be OCs.

2.3 | Cell viability assay

The cell viability assay was performed according to the manufac-

turer's instructions using the Cell Counting Kit-8 solution.

2.4 | RNA isolation and real-time qPCR

Total RNA from mouse and human OC was isolated using TRIzol rea-
gent (Invitrogen), and cDNA was synthesized using the RT Premix
Kit (iINtRON). Mouse femurs and tibiae were rapidly frozen in liquid
nitrogen, ground in a mortar and used for RNA isolation using TRIzol
reagent. The sequences of primers used include mouse Nfatcl-
forward, 5-CAACGCCCTGACCACCGATAG-3'; Nfatc1-
reverse, 5'-GGGAAGTCAGAAGTGGGTGGA-3"; mouse Trap forward,

mouse
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5'-CAGTTGGCAGCAGCCAAGGAGGAC-3’; mouse Trap-reverse,
5'-TCCGRGCTCGGCGATGGACCAGA-3'; mouse Atp6v0d2-forward,
5 - TTCTTGAGTTTGAGGCCGAC-3'; mouse Atp6v0d2-reverse, 5-CA
GCTTGAGCTAACAACCGC-3'; mouse Dc-stamp-forward, 5-GGGTG
CTGTTTGCCGCTG-3";mouse Dc-stamp-reverse, 5'-CGACTCCTTGG
GTTCCTTGCT-3'; mouse Oc-stamp-forward, 5'-TGGGCCTCCATAT
GACCTCGAGTAG-3";mouseOc-stamp-reverse,5-TCAAAGGCTTGT
AAATTGGAGGAGT-3'; mouse Ctsk-forward, 5-GGGAGAAAAACC
TGAAGC-3'; mouse Ctsk-reverse, 5'-ATTCTGGGGACTCAGAGC-3";
human NFATc1-forward, 5-GCATCACAGGGAAGACCGTGTC-3';
human NFATc1-reverse, 5-GAAGTTCAATGTCGGAGTTTCTGAG-3';
human CTSK-forward, 5-TTCTGCTGCTACCTGTGGTG-3'; human
CTSK-reverse,5-GCCTCAAGGTTATGGATGGA-3'; GAPDH-forward,
5'-TCCACCACCCTGTTGCTGTA-3'; and GAPDH-reverse, 5'-AATGT
GTCCGTCGTGGATCT-3". Target genes were amplified using a
Rotor-gene Q (2plex on PC) instrument from QIAGEN with SYBR
Green qPCR Mix (Biofact).

2.5 | Nuclear/cytoplasmic fractionation

Mouse BMDMs were differentiated into preOCs (pOCs) using
30 ng/mL M-CSF and 100 ng/mL RANKL for 2 days. After chang-
ing culture medium to serum-free alpha-MEM for 4 hours, the cells
were stimulated with 30 ng/mL M-CSF and 100 ng/mL RANKL for
2 hours in the absence or presence of SPC (10 pmol/L). Cells were
fractionated using Nuclear and Cytoplasmic Extraction Reagents

(Thermo Fisher Scientific) according to the manufacturer's protocol.

2.6 | Western blot analysis

Cell extracts were prepared in lysis buffer containing 20 mmol/L
HEPES (pH 7.2), 10% glycerol, 150 mmol/L NaCl, 1% Triton X-100,
50 mmol/L NaF, 1 mmol/L Na,VO,, 10 pg/mL leupeptin, 10 pg/mL
aprotinin and 1 mmol/L PMSF. Western blot analysis was conducted
as described previously.27

2.7 | Measurement of CaN activity

Cellular CaN phosphatase activity was measured in cell extracts
using a CaN cellular activity assay kit (Enzo Life Sciences). In brief,
cells were lysed in a lysis buffer containing protease inhibitors and
centrifuged. Proteins contained in the supernatant were used for the
CaN activity assay using equal amounts (5 pg). Colorimetric meas-

urements were performed at 620 nm.

2.8 | Isothermal titration calorimetry (ITC) analysis

Isothermal titration calorimetry studies were performed to de-
termine the binding affinities between RANK and RANKL in the

presence of SPC using a VP-ITC microcalorimeter (MicroCal). PBS
was used as ITC buffer for both receptor and ligand reservoirs, and
all solutions were degassed immediately before reaction. The sam-
ple cell was filled with 1.5 mL of 20 pmol/L RANK, and the injection
syringe contained 200 pL of 140 pmol/L RANKL. To form a complex
with RANK or RANKL, SPC was incubated with each protein in PBS
at final concentration of 0.1 mmol/L for 30 minutes at RT. The titra-
tion consisted of 20 injections of 10 pL at 180-second intervals, with
the chamber maintained at 25°C. The heat changes of sample cell
vs reference cell in chamber were calibrated, and the binding iso-
therms were fitted to obtain the association constant (Ka), enthalpy
(AH) and entropy (AS). The data were analysed with the Origin 5.0
software (MicroCal).

2.9 | Ovariectomy (OVX) mouse model and
SPC injection

The OVX model is useful to see the effects of ovarian hormone
action in menopause-associated osteoporosis.?® For this pur-
pose, control mice, which produce ovarian hormone normally,
are needed. Eight-week-old C57BL/6 mice (female) were used for
OVX, as previously reported.?®?? Mice anaesthetized by inhala-
tion anaesthesia had bilateral ovaries removed through the dorsal
approach. SPC was injected three times a week via subcutane-
ous injection (s.c.) from day 1 post-operation. After 8 weeks, the
mice were killed and the femurs separated and used in subsequent

experiments.

2.10 | Microcomputed tomography (uCT)
analysis of the distal femur

All mice were killed 8 weeks after surgery, and their bones were
fixed in 4% paraformaldehyde solution. Bones were analysed
using the SkyScan 1172 pCT scanner (70 kV, 141 pA, 6.92 pixel
size; SkyScan). The data were analysed in 1-mm-thick areas of dis-
tal femurs, starting from 1 mm below the growth plate at thresh-
olds of 75 minimum and 255 maximum. Bone parameters were
calculated by a CT Analyzer program (version 1.7; SkyScan), and
three-dimensional images were obtained by CT-volume software

(version 1.11; SkyScan).

2.11 | Bone histology in OVX mice

All mice were killed 8 weeks after surgery, and their bones were
fixed in 4% paraformaldehyde solution for 2 days and embedded in
paraffin. For TRAP staining, bones were decalcified in 10% EDTA
solution for 5 weeks, with changes of solution 3 times a week before
embedding in paraffin. Bones were sectioned into 4 um slices by a
microtome and stained with haematoxylin and eosin for bone histo-

pathological changes or for TRAP to determine osteoclast formation.
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2.12 | Statistical analysis

The results were analysed with GraphPad prism software (GraphPad
Software, Inc). Statistical analysis was performed using Student's t
test. All results are expressed as the mean + SE. A P-value < .05 was

considered statistically significant.

3 | RESULTS

3.1 | SPCinhibits RANKL-induced OC formation

Mouse BMDMs were differentiated into OCs by treatment with
30 ng/mL M-CSF and 100 ng/mL RANKL for 4 days, and differenti-
ated OCs were identified by TRAP staining (Figure 1A). To examine
the effects of SPC on OC formation, we stimulated the BMDMs with
SPC (10 pmol/L) in the presence of 30 ng/mL M-CSF and 100 ng/mL
RANKL for 4 days. As shown in Figure 1A, SPC almost completely
inhibited RANKL-induced OC formation. SPC-induced inhibitory ef-
fects on OC formation were concentration-dependent and showed
significant effects at 1-10 pmol/L (Figure 1B). We then investigated
whether the inhibitory effects of SPC on RANKL-induced osteoclast
formation were due to cell death in an in vitro culture system. As

shown in Figure 1C, the viability of SPC-treated cells in the presence
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of M-CSF (30 ng/mL) and RANKL (100 ng/mL) was similar to that of
vehicle (PBS)-treated cells in the presence of M-CSF and RANKL.
These results indicate that the inhibitory effects of SPC on RANKL-
induced OC formation are not due to cell death.

The expression of many fusion-related genes is known to be in-
creased during OC formation.®>3! We investigated the effects of
SPC on the expression of genes involved in cell fusion during OC
formation. The expression of OC fusion-related genes (Atpév0d2,
Dc-stamp and Oc-stamp) was increased by RANKL treatment, and
this increase was inhibited upon SPC treatment (Figure 1D). These
results suggest that SPC inhibits RANKL-induced OC formation
through the regulation of RANKL-induced OC fusion-related gene

expression.

3.2 | SPC-induced inhibitory effects on OC
formation are not mediated by cell surface receptors

SPC is known to share receptors with S1P or LPA.3%34 To inves-
tigate whether these receptors are involved in the inhibitory
effects of SPC on RANKL-induced OC formation, several antago-
nists for S1P and LPA receptors were used. Mouse BMDMs were
pre-incubated with these antagonists for 30 minutes according

to previous reports,35'38 prior to vehicle or SPC treatment in the
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FIGURE 1 SPCinhibits RANKL-induced OC formation. A, Mouse BMDMs were stimulated with vehicle (PBS) or SPC (10 umol/L) in the
presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 4 d. B, Mouse BMDMs were stimulated with different concentrations of SPC (O,
0.1, 1, 5, 10 pmol/L) in the presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 4 d. All cells were subjected to TRAP staining (A, B).
TRAP* MNCs (>3 nuclei) were counted (B). C, Mouse BMDMs were stimulated with vehicle (PBS) or SPC (10 umol/L) in the presence of

30 ng/mL M-CSF and 100 ng/mL RANKL for 0, 1, 2 and 3 d. After adding the CCK-8 assay solution, OD values were measured at 450 nm.

D, Mouse BMDMs were stimulated with SPC (10 pmol/L) in the presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 3 d. The cells

were harvested for RNA preparation. gPCR was performed using specific primers for Atp6v0d2, Dc-stamp, Oc-stamp and GAPDH. Data are
representative of at least three independent experiments (A). Data are presented as the mean + SE of three independent experiments (B-D).
Scale bar, 1 pm. *P < .05, **P < .01, ***P < .001 by Student's t test. M, M-CSF; MR, M-CSF + RANKL; MRSPC, M-CSF + RANKL +SPC; MNC,

multinuclear cell; ns, non-significant; NT, not treated
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presence of 30 ng/mL M-CSF and 100 ng/mL RANKL. All tested
S1P receptor antagonists, such as W146 (S1P, antagonist), JTE-
013 (S1P, antagonist), VPC 23019 and VPC 24191 (SlP1/3 an-
tagonists), did not affect the SPC-induced inhibitory effects on
OC formation (Figure 2A). The LPA, ; antagonist VPC32183 also
did not affect SPC-induced inhibitory effects on OC formation
(Figure 2B). To investigate the effects of other G, protein-cou-
pled receptors besides the S1P and LPA receptors, we examined
the effects of PTX, a G, protein inhibitor. Mouse BMDMs were
pre-incubated with 100 ng/mL of PTX for 4 hours according to a
previous report®? prior to vehicle or SPC treatment in the pres-
ence of 30 ng/mL M-CSF and 100 ng/mL RANKL. We found that
PTX did not affect the inhibitory effects of SPC on OC formation
(Figure 2C).

M-CSF and RANKL are essential factors for the regulation of OC
differentiation, and they are known to be involved in cell prolifera-
tion, survival, adhesion and cell fusion by affecting signal transduc-
tion through MAPK activation.*® Thus, we investigated the effects
of SPC on M-CSF- and RANKL-induced MAPK phosphorylation. For
this, mouse BMDMs, which are OC precursor cells, were treated with
100 ng/mL RANKL plus 30 ng/mL M-CSF in the absence or presence
of 10 pmol/L SPC. As previously reported,?”” RANKL plus M-CSF
stimulates MAPK phosphorylation in BMDMs (Figure 2D), showing
apparent phosphorylation at 5-10 minutes (for ERK), 2-5 minutes (for
p38) or 2-10 minutes (for JNK). However, SPC did not affect RANKL-
induced MAPK phosphorylation. Collectively, the results suggest
that the inhibition of OC formation by SPC is not mediated by cell
surface receptors or MAPK signalling.
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FIGURE 2 The inhibitory effect of SPC on RANKL-induced OC formation is independent of cell surface receptors. A and B, Mouse
BMDMs were incubated with vehicle (DMSO), different S1P receptor antagonists [W146 (2 pmol/L), JTEO13 (5 pmol/L), VPC23019

(10 pmol/L), VPC24191 (10 umol/L)] (A), or an LPA receptor antagonist [VPC32181 (10 pmol/L)] (B) for 30 min prior to vehicle (PBS) or SPC
(10 pmol/L) treatment in the presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 4 d. C, Mouse BMDMs were incubated with vehicle
(DW) or the G, protein inhibitor PTX (100 ng/mL) for 4 h prior to vehicle (PBS) or SPC (10 pmol/L) treatment in the presence of 30 ng/mL
M-CSF and 100 ng/mL RANKL for 4 d. All cells were subjected to TRAP staining. TRAP* MNCs (>3 nuclei) were counted (A-C). D, Mouse
BMDMs were stimulated with SPC (10 umol/L) in the presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 0, 2, 5, 10 and 30 min. Total
cell lysates were separated by SDS-PAGE. The levels of phosphorylated MAPKs (ERK, p38MAPK and JNK) were determined by Western blot
analysis and quantified. Data are presented as the mean + SE of three independent experiments (A-C, D bottom). Data are representative of
three independent experiments (D top). *P < .05, **P < .01, ***P < .001 by Student's t test
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3.3 | SPCinhibits OC formation via inhibition of
CaN activity

Since we found that the inhibitory effects of SPC on RANKL-
induced OC formation are independent of cell surface receptors,
we investigated whether SPC acts directly on intracellular modula-
tors. According to previous reports, calmodulin is an endogenous
intracellular SPC receptor.?>** Calmodulin is known to be involved
in RANKL-induced OC formation through CREB phosphorylation or
NFATc1 activation.?® Therefore, we investigated the effects of SPC
on M-CSF plus RANKL-induced CREB phosphorylation and NFATc1
nuclear translocation. Mouse pOCs were treated with M-CSF
(30 ng/mL) plus RANKL (100 ng/mL) in the absence or presence of
SPC (10 pmol/L) for 0, 2, 5, 10 and 30 minutes. M-CSF plus RANKL
stimulates CREB phosphorylation, but SPC did not inhibit this phos-
phorylation (data not shown). Next, we investigated the effects of
SPC on M-CSF plus RANKL-induced NFATc1 nuclear translocation.
pOCs were treated with M-CSF (30 ng/mL) plus RANKL (100 ng/mL)
in the absence or presence of SPC (10 pmol/L) for 2 hours. M-CSF
plus RANKL stimulated NFATc1 nuclear translocation, and SPC
inhibited this translocation (Figure 3A left). Quantitative analysis
showed that SPC significantly inhibits NFATc1 nuclear translocation
by M-CSF plus RANKL at 2 hours (Figure 3A right). NFATc1 nuclear
translocation is regulated by CaN, which is a calmodulin downstream
signalling molecule. Therefore, we investigated the effects of SPC
on RANKL-induced CaN phosphatase activity. Mouse BMDMs were
treated with vehicle or SPC (10 pmol/L) in the presence of 100 ng/
mL RANKL for 30 minutes. As shown in Figure 3B, RANKL increased
CaN activity; however, SPC almost completely abolished RANKL-
induced CaN activity in BMDMs.

NFATc1 is known as a master regulator of osteoclastogenesis
and is involved in OC-specific gene expression.'>1¢*2 We investi-
gated the effects of SPC on the expression of several OC-related
genes (Nfatcl, Trap, and Ctsk) during RANKL-induced OC formation.
RANKL increased the expression of OC-specific genes; however,
SPC strongly inhibited this increased gene expression (Figure 3C).
These results suggest that SPC inhibits RANKL-induced OC forma-
tion by inhibiting OC-specific gene expression through inhibition of
NFATc1 nuclear translocation and down-regulation of CaN activity.

In separate experiments, we also tested whether SPC inhibits
RANKL-induced OC formation through direct binding with RANKL
or RANK. Using ITC analysis, although we observed direct binding
of RANK and RANKL, we found that SPC does not bind to RANK or
RANKL directly (Figure 3D).

3.4 | SPC administration shows beneficial effects
on the OV X-induced osteoporosis mouse model

The OVX mouse model is often used as a post-menopausal osteo-
porosis mouse model.*® Eight-week-old C57BL/6 female mice were
divided into three groups: sham, OVX + vehicle and OVX + SPC

(n = 8). Mice in the OVX group had their ovaries surgically removed

and were injected with vehicle or SPC (2 mg/kg) three times a week
for 8 weeks. As shown in Figure 4A, uCT analysis of mouse femurs
showed that bone density of OVX mice was decreased compared
to sham control mice, and this decrease was dramatically recovered
upon SPC injection. Haematoxylin and eosin and TRAP staining
analyses showed that OV X surgery elicited increased bone porosity
and numbers of OCs in mouse femurs, which changes were mark-
edly attenuated by SPC injection (Figure 4A). OVX mice also showed
decreased bone volume compared to trabecular volume (BV/TV),
and also decreased trabecular numbers (Tb.N), which were recov-
ered upon SPC injection (Figure 4B). Trabecular separation (Th.Sp)
was also reduced by SPC injection (Figure 4B). Ovariectomized mice
have been reported to show increased body weight and decreased
uterus size.** We also observed that OVX surgery causes an increase
in body weight and decrease in uterus size (Figure 4C). SPC adminis-
tration blocked these effects (Figure 4C). Femurs and tibiae isolated
from sham, OVX and OVX + SPC mice were rapidly frozen with ni-
trogen, ground in a mortar and used for RNA isolation using TRIzol
reagent. We found that the levels of Nfatc1 mRNA expression were
increased in OVX mice, and these levels decreased upon SPC injec-
tion (Figure 4D). These results suggest that SPC shows beneficial ef-
fects against the OVX-induced osteoporosis mouse model through

regulation of OC differentiation and activation.

3.5 | SPCinhibits OC formation from human
macrophages

To investigate the effects of SPC on human OC formation, we used
human monocyte-derived macrophages. Human macrophages were
obtained by treatment of primary human monocytes with 30 ng/
mL M-CSF for 3 days. Differentiated human macrophages were in-
cubated with 30 ng/mL M-CSF and 100 ng/mL RANKL for 17 days
to differentiate into OCs, which were identified by TRAP staining.
When 10 pmol/L SPC was administered under OC-forming condi-
tions, RANKL-induced OC formation was inhibited by SPC treatment
(Figure 5A,B). RANKL-induced expression of OC-specific genes
(NFATc1and CTSK) was also significantly inhibited by SPC treatment
(Figure 5C). These results indicate that SPC can inhibit OC formation
in humans as well as in mice, suggesting a potential beneficial role of

SPC on human osteoporosis.

4 | DISCUSSION

SPC is an important bioactive lipid that mediates a variety of bio-
logical processes.r”” SPC can be converted to S1P, another impor-
tant bioactive lipid, by autotoxin.'” Previous studies have reported
that S1P is involved in the regulation of bone formation and resorp-
tion in bone metabolism in addition to various cellular responses.®
Although SPC has been reported to modulate the activity of pre-OB
cell lines,*® little has been reported about its effects on OCs. In this

study, we investigated the effects of SPC on OC formation and the
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FIGURE 3 SPC decreases RANKL-induced CaN activation. A, Mouse pOCs were treated with 30 ng/mL M-CSF plus 100 ng/mL RANKL
in the absence or presence of 10 pmol/L SPC for 2 h. Cytoplasm and nuclear extract were separated by SDS-PAGE. The levels of NFATc1
were determined by Western blot analysis. B, Mouse BMDMs were treated with 30 ng/mL M-CSF plus 100 ng/mL RANKL in the absence or
presence of 10 pmol/L SPC for 30 min. Cytosolic phosphatase activity of CaN was measured by a CaN cellular activity assay kit. C, Mouse
BMDMs were stimulated with SPC (10 umol/L) in the presence of 30 ng/mL M-CSF and 100 ng/mL RANKL for 3 d before being harvested
for RNA preparation. gPCR was performed using specific primers for Nfatc1, Trap, Ctsk and GAPDH. D, The binding affinities between RANK
and RANKL in the presence of SPC were determined by using isothermal titration calorimetry. The sample chamber was filled with 1.5 mL
of 20 pmol/L RANK, and then, 10 pL of 140 pmol/L RANKL was injected 20 times in 180-s intervals at 25°C. SPC was pre-incubated with
RANK or RANKL in PBS at a final concentration of 0.1 mmol/L for 30 min at RT. Data are representative of three independent experiments
(A left, D). Data are presented as the mean + SE of three independent experiments (A right, B, C). *P < .05, **P < .01, ***P < .001 by Student's
t test. M, M-CSF; MR, M-CSF + RANKL, MRSPC, M-CSF + RANKL + SPC

therapeutic effects of SPC in an osteoporosis mouse model. SPC no effects on the inhibitory effects of SPC on RANKL-induced
inhibits RANKL-induced OC formation in a concentration-depend- OC formation (Figure 2A,C). SPC is also known to act through the
ent manner (Figure 1). Although SPC is known to share receptors PTX-sensitive G; protein, but PTX did not affect the SPC-induced in-
with S1P or LPA, antagonists for the S1P and LPA receptors showed hibition of RANKL-induced OC formation (Figure 2C). We also found
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FIGURE 4 SPC has beneficial effects in ovariectomy-induced osteoporosis in mice. A-D, Mice were killed after 8 wk of experiments
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and eosin and TRAP histological staining of mouse femurs of sham, OVX and OVX + SPC mice 8 wk after OVX surgery. B, Structural
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are mean + SE of experiments (n = 8) (B, C left, D). Scale bar, 100 pm. *P < .05, **P < .01 by Student's t test

SPC does not bind to RANK or RANKL directly (Figure 3D).Taking
our results together, SPC-induced inhibitory effects on OC genera-
tion do not appear to be mediated by cell surface receptors, includ-
ing the S1P receptors, LPA receptors and RANK/RANKL. A previous
report on calmodulin (CaM) as a known intracellular SPC receptor??
led us to test the effects of SPC on CaM-mediated signalling. CaM is
known to activate CaMK or CaN by binding to Ca?*.2® SPC inhibits
Ca?* binding to CaM by binding to CaM and inhibits CaMK or CaN
activity downstream of CaM.?2 SPC did indeed inhibit CaN activa-
tion by RANKL and inhibited Nfatc1 gene expression (Figure 3A,B).
However, SPC did not inhibit CaMK activity induced by RANKL (data
not shown). Rather, CREB phosphorylation was observed to further
increase upon SPC treatment (data not shown). Thus, it appears
that SPC strongly inhibits phosphatase activity but not kinase activ-
ity in CaM downstream signalling induced by RANKL, although the

molecular details are yet unknown. Collectively, our results suggest
that SPC shows inhibitory effects on OC differentiation by modulat-
ing the CaM-mediated pathway and not by binding to cell surface
receptors.

Osteoporosis is a bone disease commonly found in post-meno-
pausal woman. Oestrogen is a representative female hormone
mainly produced in ovaries and decreases with age or in post-meno-
pausal woman. Oestrogen is known to induce the apoptosis of OCs
involved in bone resorption, and thus, it has been reported that os-
teoporosis is alleviated by oestrogen treatment in an osteoporosis
animal model.***” For this reason, in many cases, ovarian resection
is used as a model for post-menopause osteoporosis. Oestrogen is
known to inhibit the accumulation of ceramides, and ceramide levels
have been reported to be increased in older and post-menopausal

woman.*® Ceramides can be metabolized to S1P by ceramidase
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FIGURE 5 SPCinhibits RANKL-induced OC formation in human monocyte-derived macrophages. A and B, Human monocyte-derived
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and S1P phosphatase, and S1P stimulates OBs to promote RANKL
production and to promote OC differentiation.’”® OCs are known
to produce autotoxin,*’ which can convert SPC to S1P. Based on
previous literature, it is reasonable to assume that as autotoxin in-
creases, the levels of SPC decrease, and eventually, osteoporosis
will worsen as SPC decreases. In support of this hypothesis, in this
study, we demonstrated that SPC shows beneficial effects against
OVX-induced osteoporosis. SPC also reverses the effects of OVX
on body weight and uterine size (Figure 4C). To the best of our
knowledge, there has been no report on the oestrogenic effects of
SPC. Therefore, it is very difficult to explain how SPC reverses OVX-
induced changes in body weight and uterine size. Detailed mecha-
nisms of action of SPC on the OVX model should be examined in
the future.

In conclusion, the results of this study show that SPC is effective
in the treatment of mouse osteoporosis by inhibition of OC differ-
entiation. Since SPC also showed inhibitory effects on human OC
differentiation, we suggest that SPC can be used as a new therapeu-
tic agent for the treatment of osteoporosis, which can avoid the side
effects of currently used treatments such as oestrogen.
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