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JEM Brief Definitive Report
Chemorepulsion by blood S1P regulates
osteoclast precursor mobilization and bone
remodeling in vivo

Masaru Ishii,!? Junichi Kikuta,! Yutaka Shimazu,’
Martin Meier-Schellersheim,? and Ronald N. Germain??

'Laboratory of Biological Imaging, WPI-Immunology Frontier Research Center, Osaka University, Osaka 565-0871, Japan
Zymphocyte Biology Section, Laboratory of Immunology, and 2Program in Systems Immunclogy and Infectious Disease
Modeling, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892

Sphingosine-1-phosphate (S1P), a lipid mediator enriched in blood, controls the dynamic
migration of osteoclast (OC) precursors (OPs) between the blood and bone, in part via the
S1P receptor 1 (S1PR1) which directs positive chemotaxis toward S1P. We show that OPs
also express STPR2, an S1P receptor which mediates negative chemotaxis (or chemorepulsion).
OP-positive chemotaxis is prominent in gradients with low maximal concentrations of

S1P, whereas such behavior is minimal in fields with high maximal S1P concentrations.
This reverse-directional behavior is caused by S1PR2-mediated chemorepulsion acting to
override S1PR1 upgradient motion. S1PR2-deficient mice exhibit moderate osteopetrosis as
a result of a decrease in osteoclastic bone resorption, suggesting that S1PR2 contributes to
OP localization on the bones mediated by chemorepulsion away from the blood where S1P
levels are high. Inhibition of S1PR2 function by the antagonist JTEO13 changed the
migratory behavior of monocytoid cells, including OPs, and relieved osteoporosis in a mouse
model by limiting OP localization and reducing the number of mature OCs attached to the
bone surface. Thus, reciprocal regulation of S1P-dependent chemotaxis controls bone
remodeling by finely regulating OP localization. This regulatory axis may be promising as a
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therapeutic target in diseases affecting OC-dependent bone remodeling.

Osteoclasts (OCs) are a specialized cell subset
with bone-resorbing capacity that plays a criti-
cal role in normal bone homeostasis (bone re-
modeling), degrading old bones and facilitating
new bone formation by osteoblasts (Teitelbaum,
2000). OCs are differentiated from monocyte/
macrophage-lineage hematopoietic precursor
cells, termed OC precursors (OPs), and previ-
ous studies have revealed key molecular signals,
such as those mediated by M-CSF and RANKL,
that regulate OC differentiation (Karsenty and
Wagner, 2002; Teitelbaurn and Ross, 2003).
In contrast to the detailed information available
concerning molecular signals for differentiation
of OC, the factors controlling migration and
localization of OPs onto the bone surface, the
site of OC terminal differentiation, are less
well analyzed. We have recently used intravital
two-photon microscopy to visualize the bone
cavity in live mice, and found that sphingosine-
1-phosphate (S1P), a lipid mediator entiched in

blood, plays a critical role in controlling the res-
idence stability of OPs on the bone surface via
the cognate receptor S1P receptor 1 (S1PR1;
also designated S1P; or Edg-1; Ishii et al., 2009;
Klauschen et al., 2009). The mechanisms con-
trolling the initial localization of OPs into the
bone space or counteracting the tendency of
S1P to promote movement of OPs from bone
to blood, however, have not yet been clarified.
In this paper, we show that bone attraction is
also contributed to in part by S1P, through a
distinct but related receptor, SIPR2 (also desig-
nated as S1P, or Edg-5).

Although both S1PR1 and S1PR2 belong
to the heptahelical heterotrimeric G protein—
coupled Edg receptor family, their signal

© 2010 Ishii et al.  This article is distributed under the terms of an Attribution-
Noncommercial-Share Alike-No Mirror Sites license far the first six months after
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transduction pathways are completely different (Takuwa,
2002; Rosen and Goetzl, 2005). S1IPR1 (via its associated
G;a subunit) activates the small G protein Rac and induces
positive chemotaxis. In contrast, SIPR2 (signaling through
Gi2/130) activates another small G protein, Rho. Active Rho
can inhibit activation of Rac, which can limit S1P-induced
chemotaxis (Fig. 1 A). It was previously reported that SIPR2-
expressing cells show reduced migration to S1P in vitro
(Okamoto et al., 2000).

RESULTS AND DISCUSSION

We found that OPs express SIPR2 as well as SIPR 1, and the
positive migratory response to S1P was highly concentration
dependent, being more vigorous at low S1P concentrations

(<1077 M) and less marked at higher concentrations (Fig. 1 B).
In addition, blockade of SIPR1 signaling with pertussis toxin
led to a reduction in migration below the basal level seen in the
absence of S1P, suggesting that S1P could have a negative
effect on cell migration under these conditions. We also found
that SIPR2 deficiency enhanced positive S1P chemotaxis.
To better analyze the effects of varying S1P concentrations on
migration, we examined the dynamics of S1P chemotaxis in an
in vitro image-based system (Fig. 1, C and D). In these experi-
ments, cells were applied in the one chamber and S1P was
added in the other chamber. In this device, a narrow plateau
between the chambers generates a linear gradient experienced
by the cells on the opposite side of the chemokine-filled cham-
ber, and the motility of the cells can be assessed throughout
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Figure 1. Reciprocal control of S1P che-
motaxis by counteracting the receptors
S1PR1 and S1PR2. (A) Scheme of function
and signal transduction of STPR1 and S1PR2.
(B) In vitro chemotactic response of BM-MDM
isolated from wild-type and S1PR2-deficient
mice. Before the chemotaxis assay, some cells
were treated with 100 nM pertussis toxin
(PTX). Error bars represent SD (n = 6, from

inhibition of three independent experiments). (C) In vitro
ehemotexts 'c:ehl:g‘;t::l(li:ion' S1P S1P-directed chemotaxis of RAW264.7 cells
dynamically visualized using EZ-Taxiscan.
Co D 200) S1P low Cells were loaded in one side of the chamber
= 100 and the other side was filled with medium
5 containing indicated concentration of S1P
8 0y 20 60 80 100 (Videos 1-3). Cells migrate into the terrace
8 20 S$1P medium between the loading chambers. The height
s1pP :g 100 | 3t from floor to ceiling of the terrace is 8 pm.
> I e Bar, 100 pm. (D) Tracking courses from the
b 20% 20 40 60 80 100 start line of representative cells in low, me-
- S1P high dium, and high S1P conditions. Each curve
» . , 100 shows the data from one experiment and
P low i j - represents the averaged tracking distance of
(109 M) 81:‘:‘79;:;“ s(::-e? ﬁ;‘ S tl4n?e (slgin?o 100 multiple cells over time. The EZ-Taxiscan ex-
periments were independently performed six
E control RNA S1PR1siRNA  S1PR2siRNA F _RTEF) _RT()  timesand the data were largely consistent,
O\ e 3 T w g S1PR1» although the extent of the toward-and-away
motions of cells in 10=7 M S1P was variable
sﬁ:m_ depending on the experiment. Obvious away
motion could clearly be observed in five of the
S1P .@“%ﬁgﬁ{&@{@‘@v six experiments (62 in 83 total cells), and the
6&25@&‘:@\25”&6 cells simply stopped in the middle of the
906484800048 ,.9'8 chamber without clear backward migration in
one of the six experiments (11 in 83 cells).
(E) In vitro S1P-directed chemotaxis of
high RAW264.7 cells treated with siRNAs. Cells
(10 M) pretreated with control RNA duplex, siRNA

against S1PR1, or siRNA against S1PR2
(Videos 4-6) were loaded into the EZ-Taxiscan
chamber filled with a high concentration of
S1P (1072 M) in the other side. (F) RT-PCR

50 100 150
time (min)

detection of STPR1 and S1PR2 in siRNA-pretreated RAW264.7 cells. Cells were pretreated with control RNA duplex (control siRNA), siRNA against S1PR1
(STPR1 siRNA), or siRNA against STPR2 (S1PR2 siRNA). (G) Migration distance data from microscopic analysis of control (red), STPR1 knockdown (green),
and S1PR2 knockdown (blue) cells. The experiments were independently performed three times and the data were largely consistent. Each dot represents

the mean value of six independent cells and error bars represent SD.
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activities of cells around sinusoids are significantly higher than
those of cells in the parenchyma around large collecting
venules. Together, these findings suggest that sinusoids are the
plausible locations for mobilization of these cells.

Consistent with these findings, we also observed an ele-
vated percentage and absolute number of monocytoid cells in
peripheral blood from JTE013-treated mice (Fig. 2 C). This
phenomenon was largely absent in S1PR2-deficient mice,
suggesting that the effect of JTE013 is exclusively mediated
by S1PR2. These results are consistent with the idea that an
S1PR2 antagonist can block OP chemorepulsion mediated
by the high S1P concentration in blood vessels, facilitating
the recirculation of OPs.

To evaluate the in vivo impact of such S1PR2-mediated
chemorepulsion of OPs on bone remodeling, we examined
mice deficient in SIPR2 (Kono et al., 2004). Morphohisto-
metric analyses using uCT showed that femora of mice geno-
typed as SIPR2 were moderately osteopetrotic, compared
with those of control littermates (Fig. 3 A). Bone tissue den-
sity (Fig. 3 B, B.V./T.V.) of SIPR27/~ mice was significantly
higher than that of controls, and concordantly trabecular den-
sity (Fig. 3 B, Tb.N.) was increased in SIPR27/~ bones.
Conventional bone morphohistometrical analyses demon-
strated a significant decrease in osteoclastic bone resorption
(Fig. 3 C, E.S./B.S.) in SIPR27/~ bones, whereas osteoblast
formation was not significantly affected. These results clearly
suggest that OC attachment to and function on the bone sur-
face was impaired in SIPR27/~ animals, leading to reduced

0 001 0.02

Jp=0.019

10 B.VITV. (%)
p=0.054

0.03 Tb.Th. (mm)

Jp=0.018

1.5 Ob.S./B.S. (%)

3 ESI/BS. (%)

bone resorption and moderate osteopetrosis. Because the ex-
pression of STPR2 is high in monocytoid OPs and is hardly
detected in osteoblast-lineage cells (unpublished data), and
because SIPR2 deficiency did not alter the capacity of OP
to differentiate into OCs (Fig. S1), this result indicates that
S1PR2-mediated chemorepulsion of OPs in response to the
high blood S1P concentration contributes to their localiza-
tion at the bone surface and promotes osteoclastogenesis
in vivo.

This newly revealed role of S1PR2-mediated control of
OP migration prompted us to examine their therapeutic im-
plications. i.p. administration of RANKL induces substantial
osteoporosis within 2 d (Tomimori et al., 2009). We added
daily administration of 3 mg/kg of the SIPR2 antagonist
JTEO13 to this regimen and examined the effect on bone
mineral density (Fig. 3 C). Addition of JTE013 significantly
reversed the bone density loss induced by RANKL adminis-
tration (Fig. 3 C, left) by limiting osteoclastic bone resorption
(Fig. 3 C, right, E.S./B.S.). This therapeutic effect of JTE013
was absent in S1PR2-deficient mice, suggesting that the
function of JTE013 is dependent on this receptor. We also
tested the effect of JTE013 by using ovariectomized mice, a
conventional model for postmenopausal osteoporosis, and
confirmed the significant therapeutic potentials (Fig. S3).

We have previously shown that the SIP-S1PR1 axis
contributes to recirculation of OPs into the blood stream
(thus acting as a circulation-attractive factor), whereas bone-
attractive factors have not been fully elucidated. In this study,

Figure 3. In vivo impact of STPR2 on bone re-
modeling. (A) Morphohistometric analyses of control
and S1PR2-deficient (S1PR2-/~) littermates. Femoral
bone samples were analyzed by cone-beam uCT (top)
and conventional histological examination (bottom).
Bars: (top) 1 mm; (bottom) 200 um. (B) Summary of
the data of bone matrix density (bone volume/tissue
volume = B\.[T\V.), trabecular thickness (Tb.Th.), tra-
becular density (Tb.N.; calculated from pCT images),
osteoblast surface per bone surface (0b.S./BS.), and
osteoclastic erosion surface per bone surface (E.S./
B.S.; calculated by conventional morphohistometrical

3 Tb.N. (/mm)
analyses). Error bars represent SD. n = 3 for each
(from three littermates). (C) Therapeutic effect of
]P =013 S1PR2 antagonist JTEO13 on osteoclastic bone re-

sorptive changes. Femurs were collected from each
mouse (wild-type and STPR2-/-) after three different
treatments: PBS + vehicle, RANKL + vehicle, and
RANKL + JTEO13. RANKL was dissolved in PBS, and
JTEO13 was dissolved in a vehicle (PBS containing 5%
acidified DMSO and 3% fatty acid-free BSA). Mice

C vehicle were i.p. injected with PBS or RANKL, and with JTE or
WT RANKL _ vehicle, every day for 2 d. Bone samples were ana-
RANKL * J7 Jp=0.016 ]p=0.028 lyzed by cone-beam uCT and conventional morpho-
histological examination. Data of bone matrix density
vehicle (B.V.[TV.) calculated from pCT images (left) and os-
S1PR2™ RANRANKL ]p =0.74 ] p =068 teoclastic erosion surface per bone surface (E.S./B.S.)
KL T8 . . ; calculated by conventional morphohistometrical
0 0 5 10 analyses (right) were shown. Error bars represent SD.
B.VITV. (%) E.S./B.S. (%) n = 3 for each (from three littermates).
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