Sphingosine-1-phosphate-mediated osteoclast
precursor monocyte migration is a critical point of
control in antibone-resorptive action of active vitamin D

Junichi Kikuta®®, Shunsuke Kawamura®®, Fumie Okiji*®?, Mai Shirazaki®®, Sadaoki Sakai‘, Hitoshi Saito®,

and Masaru Ishii®®"’

2Laboratory of Cellular Dynamics, Inmunology Frontier Research Center, Osaka University, Osaka 565-0871, Japan; ®Japan Science and Technology, Core
Research for Evolutionary Science and Technology, Tokyo 102-0075, Japan; and “Medical Affairs Division, Chugai Pharmaceutical Co., Ltd., Tokyo 103-8324, Japan

Edited by Hector F. DeLuca, University of Wisconsin, Madison, WI, and approved March 12, 2013 (received for review October 30, 2012)

The migration and positioning of osteoclast precursor monocytes
are controlled by the blood-enriched lipid mediator sphingosine-1-
phosphate (S1P) and have recently been shown to be critical points
of control in osteoclastogenesis and bone homeostasis. Here, we
show that calcitriol, which is the hormonally active form of vitamin D,
and its therapeutically used analog, eldecalcitol, inhibit bone
resorption by modulating this mechanism. Vitamin D analogs have
been used clinically for treating osteoporosis, although the mode of
its pharmacologic action remains to be fully elucidated. In this study,
we found that active vitamin D reduced the expression of S1PR2,
a chemorepulsive receptor for blood S1P, on circulating osteoclast
precursor monocytes both in vitro and in vivo. Calcitriol- or eldecalci-
tol-treated monocytoid RAW264.7 cells, which display osteoclast pre-
cursor-like properties, migrated readily to S1P. Concordantly, the
mobility of circulating CX3CR1* osteoclast precursor monocytes
was significantly increased on systemic administration of active vita-
min D. These results show a mechanism for active vitamin D in con-
trolling the migratory behavior of circulating osteoclast precursors,
and this action should be conducive to limiting osteoclastic bone re-
sorption in vivo.
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B one is a highly dynamic organ, and it is continuously remodeled
cooperatively by bone-resorbing osteoclasts and bone-replen-
ishing osteoblasts (1). Osteoclasts, which have bone-resorbing
capacity, are a unique cell type differentiated from monocyte/
macrophage lineage hematopoietic precursor cells termed osteo-
clast precursors. Previous studies have identified key molecular
signals, such as mediated by macrophage colony-stimulating factor
(M-CSF) and receptor activator of NF-kB ligand (RANKL), that
regulate osteoclastic differentiation and function (2, 3). Unlike
osteoblasts, which are of mesenchymal origin and essentially reside
in bone tissues, osteoclasts and their precursor monocytes are
highly dynamic. Their migratory mechanisms in systemic circula-
tion and homing into bone spaces have recently emerged as critical
points of control for osteoclastogenesis and thus, bone homeostasis.
We have recently used intravital two-photon microscopy to visu-
alize the bone tissues of live mice and found that sphingosine-1-
phosphate (S1P), a lysophospholipid mediator enriched in blood,
plays a vital role in regulating the migration and positioning of
osteoclast precursors on the bone surface (4, 5).

Osteoclast precursor monocytes express SIPR1 (formerly des-
ignated as S1P; or Edg-1), a cognate receptor for S1P, and can use
this receptor to migrate from bone tissues to blood that contains
S1P. The deletion of SIPR1 in monocytoid cells leads to an ac-
cumulation of osteoclast precursors and a resultant increase in
bone resorption, which suggests that the SIP-S1PR1 interaction is
essential for the recirculation of osteoclast precursors from bone
to blood (4). The expression of SIPR1 was suppressed on stimu-
lation with RANKL, representing a reasonable mechanism where
monocytoid precursors, after initiating a commitment to osteoclast
differentiation, can no longer recirculate into the blood.
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Successive studies have shown that osteoclast precursors also
express SIPR2 (S1P, or Edg-5), another cognate receptor that
negatively regulates S1P (4, 6). Although SIPR1 exerts positive
chemotaxis to an SI1P gradient, SIPR2 inhibits the positive che-
motaxis induced by S1PR1 or induces migration in the inverse
direction along the S1P gradient—so-called chemorepulsion (7).
The deletion of S1IPR2 led to moderate osteopetrosis attributable
to a decrease in osteoclast recruitment onto the bone surface, in-
dicating that SIPR2-mediated chemorepulsion against blood S1P
contributes to the homing of osteoclast precursors into bone
spaces (6). Most studies have shown that the migration of osteo-
clast precursors is reciprocally regulated by two counteracting
receptors, circulation-attractive SIPR1 and bone-tropic S1PR2,
and that their entrance into and exit from the bones are finely
tuned by these accelerators and brakes. More importantly, it was
shown that either activation of SIPR1 or blockade of SIPR2 could
relieve bone density loss in a murine osteoporosis model by
inhibiting bone homing of osteoclast precursor monocytes (4, 6).
These results have garnered great attention regarding drug dis-
covery. Many of the antibone-resorptive agents developed thus far,
including bisphosphonate (8) and cathepsin K inhibitors (9, 10),
target fully matured osteoclasts, whereas treatments targeting
monocytoid early osteoclast precursors, such as S1P modulators,
would provide a unique line of therapy for bone loss. Here, we
reveal that an antibone-resorptive drug with this type of pharma-
cologic profile already exists—the vitamin D hormone.

Vitamin D was first identified as an antirachitic factor and has
been clinically shown to improve calcium balance in both young
and elderly populations. Active vitamin D analogs have been used
clinically in several countries for treating bone and mineral dis-
orders associated with chronic kidney diseases or osteoporosis,
although their direct pharmacologic mechanisms in bone are not
fully understood (11, 12). Notably, active vitamin D metabolites,
such as calcitriol [1a,25(OH),Dj3 (1,25-D)], have been shown to
increase the expression of RANKL in bone marrow stromal cells,
thereby acting as osteoclastogenic, bone-resorbing factors (13, 14).
These findings have raised an intractable paradox regarding the
action on bone of vitamin D (15-17).

In the present study, we first show that the active form of vi-
tamin D, 1,25-D, and its clinically used analog, eldecalcitol (ELD),
significantly suppress the expression of bone-tropic SIPR2 in
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circulating osteoclast precursor monocytes and block osteoclastic
bone resorption by mobilizing precursor monocytes from the bone
to the blood. This study shows that the control of osteoclast pre-
cursor monocyte migration is a target of the antibone-resorptive
action of vitamin D.

Results

Active Vitamin D, 1,25-D, and Its Therapeutically Used Analog, ELD,
Suppress the Expression of S1PR2 in Circulating Osteoclast Precursor
Monocytes. To investigate the potential role of vitamin D signaling
in the control of osteoclast precursor monocyte mobilization, we
examined the effects of the active form of vitamin D, 1,25-D, and
its clinically used active vitamin D analog, ELD, on the expression
of several chemokine receptors in a monocytoid cell line,
RAW264.7, which because it can be differentiated into giant os-
teoclast-like cells on stimulation with RANKL, is considered to be
a cell line with osteoclast precursor-like capacity (18). Both 1,25-D
and ELD significantly suppressed the expression of SIPR2 in
a dose-dependent manner (Fig. 14), whereas the expression levels
of other chemokine receptors, including SIPR1, CXCR4, and
CX;CR1, were essentially unaltered (Fig. S1). This down-regu-
lation of SIPR2 was observed only in RAW264.7 cells that were
cultured under floating conditions; these cells tend to undergo
transformation into macrophage-like cells when grown in adher-
ent cultures (Fig. S24), which leads to reduced expression of the
vitamin D receptor (VDR) (Fig. S2B) and loss of responsiveness to
VDR stimulation (Fig. S2C). These results suggest that this regula-
tion of expression is critically dependent on VDR in these cell types.

S1P-mediated chemotaxis of osteoclast precursor monocytes
was previously shown to be reciprocally regulated by two coun-
teracting cognate receptors, SIPR1 and S1PR2 (4, 6). SIPR1 is
a major high-affinity receptor that induces positive migration along
an S1P concentration gradient, whereas SIPR2 has a lower affinity
and inhibits SIPR1-mediated chemotaxis and/or induces migra-
tion in an inverse direction (chemorepulsion). At lower doses of
SIP (10~® M), osteoclast precursor monocytes readily moved to
the S1P gradient. Their movement was abolished at higher doses of
S1P (107° M), because the negative receptor SIPR2 was activated.
Concordant with previously obtained results, the RAW?264.7 cells
hardly moved in 10~ M S1P under the control condition (Fig. 1 B,
Left and C). Conversely, the cells that were preincubated with
1,25-D (Fig. 1 B, Center and C) or ELD (Fig. 1 B, Right and C)
migrated to the higher concentration (107° M) of S1P; a similar
finding was reported for SIPR2-knockdown RAW264.7 cells (6).
These results clearly show that 1,25-D— or ELD-induced down-
regulation of SIPR2 leads to enhanced migration to a high con-
centration of S1P, such as found in the blood (19).

Although the definition of osteoclast precursors remains con-
troversial, monocytoid cells that express colony stimulating factor
1 receptor (CSF1R)/c-Fms are thought to contain precursor cells
that can differentiate into osteoclasts (20). In addition, CX3CR1,
which is a cognate receptor for CX;CL1/fractalkine that is
preferentially expressed in monocytoid cell types, is considered
a good marker of osteoclast precursors (6, 21, 22). We sorted
CSF1R- or CX;CR1-positive cells from CSF1R-EGFP trans-
genic (20) or CX3;CR1-EGFP knockin (21) mice, respectively,
and treated the sorted cells with ELD (10~ to 10~® M) in
floating cultures. The expression levels of SIPR2 in both cell types
were significantly and dose-dependently suppressed by VDR
stimulation (Fig. S3). The decrease in SIPR2 expression was more
prominent in these cases compared with the decrease in expres-
sion observed in floating RAW264.7 cells.

1,25-D and ELD Ameliorate Ovariectomy-Induced Bone Density Loss
and Suppress the Expression of S1PR2 in Circulating Monocytoid
Osteoclast Precursors in Vivo. Next, we examined the effects on
mice of in vivo treatment with 1,25-D and ELD. According to the
previously reported protocol, 1,25-D or ELD (dosage of 50 ng/kg
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Fig. 1. Suppression of STPR2 expression and gain of chemotactic activity to
S1P in RAW264.7 osteoclast precursors after treatment with 1,25-D or ELD.
(A) Quantitative real-time PCR analysis of STPR2 mRNA expressed by
RAW264.7 cells in floating cultures. Both 1,25-D and ELD suppress the ex-
pression of S1PR2 in a dose-dependent manner in floating cultures. Error
bars represent + SEM (n = 3 for each). (B) In vitro S1P-directed chemotaxis of
RAW?264.7 cells pretreated with vehicle (Left) (Movie S1), 1,25-D (Center)
(Movie S2), or ELD (Right) (Movie S3) and dynamically visualized using EZ-
Taxiscan. The cells are loaded into the lower chamber. The upper chamber is
filled with medium that contains 10°® M S1P. Cells migrate into the terrace
between the loading chambers. The height from the bottom to the top of
the terrace is 8 pm. (Scale bar: 100 pm.) (C) Migration distances derived from
microscopy analyses of RAW264.7 cells pretreated with vehicle (red), 1,25-D
(green), or ELD (blue). The experiments were independently performed
three times, and the data are largely consistent. Each dot represents the
mean value of 10 independent cells, and error bars represent + SEM.

body weight for each) dissolved in a vehicle [medium chain tri-
glyceride (MCT)] was orally administered to the mice for 4 wk.
Concordant with the previous data (23, 24), oral treatment with
1,25-D or ELD prevented ovariectomy-induced bone loss and
significantly recovered the bone mineral densities compared with
vehicle control (Fig. 2 4 and B). Under this condition, we ex-
amined the expression of SIPR2 in CD11b*-circulating mono-
cytes, including osteoclast precursors. The CD11b™ cells in mice
that were treated orally with 1,25-D or ELD expressed lower
levels of S1PR2 than cells that were subjected to the control
conditions (Fig. 2C). These results suggest that oral adminis-
tration of active vitamin D, or analogs thereof, suppresses SIPR2
expression in osteoclast precursor monocytes in vivo.
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Fig. 2. In vivo impacts of 1,25-D and ELD on bone remodeling. (A) Preventive effects of 1,25-D and ELD on ovariectomy-induced osteoporosis. Lumbar
vertebrae were collected from mice that were sham-operated; ovariectomized and vehicle-treated; ovariectomized and 1,25-D-treated; and ovariectomized
and ELD-treated. Bone mineral density was measured by dual-energy X-ray absorptiometry. Error bars represent + SEM (n = 6 or 7 for each). (B) Micro-
computed tomography images of lumbar vertebrae from ovariectomized mice treated with vehicle (Left), 1,25-D (Center), and ELD (Right). (C) Quantitative
real-time PCR analysis of STPR2 mRNA expressed by CD11b™ cells sorted from WT mice that were treated orally with vehicle only, 1,25-D, or ELD daily for 5 d.
Error bars represent + SEM (n = 10 for vehicle-treated; n = 5 for 1,25-D-treated; n =10 for ELD-treated).

Finally, we examined the in vivo mobility of CX3CR1-EGFP™*
osteoclast precursor monocytes in living bone tissues using in-
travital multiphoton bone microscopy according to methods that
we originally established (4, 6). CX3CR1-EGFP knockin mice
were treated orally with 1,25-D or ELD (50 ng/kg body weight) or
vehicle (MCT) for 5 d, and the bone tissues of the mice were vi-
sualized to assess the mobilities of the EGFP* cells (Fig. 3). The
mobility of the CX3CR1-EGFP* monocytoid cells was signifi-
cantly increased in mice that were treated with ELD, which is
similar to what was observed after treatment with an SIPR2 an-
tagonist (6). These results clearly show that in vivo oral treatment
with 1,25-D or ELD suppresses SIPR2 expression and the mo-
bilization of osteoclast precursor monocytes from the bone to the
blood circulation, thereby contributing to limiting osteoclastic
bone destruction, which is the main therapeutic effect of active
vitamin D drugs.

Discussion

Active vitamin D analogs have been used for treating bone and
mineral disorders, mainly osteoporosis. The precise pharmaco-
logic action has remained elusive, although previous reports have
indicated that c-fos, an osteoclastogenic transcription factor (23),
and RANKL expression in osteoblasts (24) may be the targets of
vitamin D action. In the present study, we reveal a point of control
by active vitamin D: the control of osteoclast precursor monocyte
migration. Because this therapeutic point is independent of the
points exploited by conventional antibone-resorptive drugs, such
as bisphosphonate, it may provide a unique avenue of treatment
for bone diseases. Currently, combination therapy with active vi-
tamin D and bisphosphonate is the most effective treatment (25—
27), which suggests synergistic therapeutic effects of bisphosphonate
and vitamin D acting at respectively different therapeutic points.

ELD has been screened for its high therapeutic potency in
treating bone diseases (28-30). However, because its pharmaco-
logic profile, which includes binding affinity for VDR, is similar to
the profiles of the active form of vitamin D, 1,25-D, and other active
vitamin D analogs, such as alfacalcidol, the mechanism underlying
its superior therapeutic effect is currently unknown (29, 31). One
characteristic of ELD is its high binding affinity for vitamin D
binding protein in serum (32), suggesting that ELD is more readily
maintained in the blood. This point of action of vitamin D would be
particularly advantageous in relation to its actions on circulating
osteoclast precursor monocytes.

Recently, we reported that a high concentration of S1P in
blood is critically maintained by an S1P transporter, spns2,
which is expressed in vascular endothelial cells (33). Genetic
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ablation of spns2 in mice led to an almost 50% decrease in blood
S1P, and the migration rates of T and B lymphocytes, which ex-
press S1P receptors, were greatly impaired (33). Moreover, in these
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Fig. 3. In vivo STPR2-mediated control of migration of osteoclast precursor
monocytes visualized using intravital multiphoton imaging. (A) Intravital mul-
tiphoton imaging of the skull bone tissues of heterozygous CX3CR1-EGFP
knockin mice that were treated orally with vehicle only (Left) (Movie S4), 1,25-D
(Center) (Movie S5), or ELD (Right) (Movie S6) daily for 5 d. CX3CR1-EGFP—pos-
itive cells appear green. The microvasculature was visualized by i.v. injection of
Texas Red-conjugated 70 kDa dextran (red). The blue color indicates the bone
surface (Upper). The movements of the CX3CR1-EGFP-positive cells were
tracked for 20 min. Colored lines show the associated trajectories of the cells
(Lower). (Scale bars: 50 pm.) (B) Summary of the mean tracking velocities of
CX3CR1-EGFP-positive cells treated with vehicle (red circles), 1,25-D (green
circles), and ELD (blue circles). Data points (n = 708 for vehicle-treated; n = 507
for 1,25-D-treated; n = 520 for ELD-treated) represent the values for individual
cells compiled from six independent experiments, and error bars represent + SEM.
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mice, the bone mineral density was largely changed, suggesting the
significance of S1P for physiologic bone metabolism. More im-
portantly, a recent clinical investigation has shown that the serum
concentration of S1P is critically correlated with bone mineral
density and the incidence of bone fractures in humans (34). These
lines of in vivo evidence in mice and humans strongly support our
notion that ELD, which is stably present in circulating blood,
could be beneficial for suppressing SIPR2 in circulating mono-
cytes and blocking osteoclastogenesis and bone resorption.

Vitamin D is a multifunctional hormone that is essential for
humans. Vitamin D has been reported to play crucial roles not only
in the endocrine system and metabolism but also, in immunity (35),
cancer biology (36), and neuroscience (37), although the phar-
macologic actions have not been fully clarified in most cases. S1P
and its cognate receptors, such as SIPR2, are also multifunctional
and have been shown to be involved in immune regulation by
controlling the chemotactic activities of various immune cells (38,
39). Now that active vitamin D has been shown to control the S1P
system in bone metabolism, the actions of vitamin D related to S1P
signaling should be examined in various other biological systems.
These analyses may contribute to additional development of active
vitamin D analogs for the treatment of several human diseases in
addition to bone diseases.

Materials and Methods

Mice. C57BL/6 mice were obtained from CREA Japan. CSF1R (M-CSF re-
ceptor) -EGFP transgenic mice (20) and CX3CR1-EGFP knockin mice (21) were
obtained from Jackson Laboratory. All mice were bred and maintained
under specific pathogen-free conditions at the animal facilities of Osaka Uni-
versity (Osaka, Japan), and all animal experiments were performed according
to institutional animal experimental guidelines under approved protocols
from the Animal Experimental Committee of Osaka University.

Cell Culture. RAW264.7, which is a mouse macrophage/monocyte lineage cell
line, was cultured with or without 1,25-D or ELD (Chugai Pharmaceuticals Co.,
Ltd.) for 2 d using a low-cell binding dish (Nalge Nunc), the surface of which
was coated with 2-methacryloxyethyl phosphorylcholine. After incubation,
total RNA was extracted from the cells, and quantitative real-time PCR was
performed. Bone marrow cells were isolated from CSF1R-EGFP transgenic or
CX3CR1-EGFP knockin mice, and the EGFP-positive cells were sorted using
the FACS Aria flow cytometer (BD Biosciences). The cells were cultured in
a low-cell binding dish with 25 ng/mL M-CSF (PeproTech) for 5 d; 1,25-D or
ELD was added to the medium, and the cells were incubated for an addi-
tional 2 d. After incubation, total RNA was extracted from the cells, and
quantitative real-time PCR was performed.

Quantitative real-time PCR. Quantitative teal-time PCR was performed using the
Thermal Cycler Dice Real-Time System TP800 (Takara) and the following spe-
cific primer pairs (forward and reverse, respectively): S1PR2 (5-CCAAGGA-
GACGCTGGACATG-3' and 5'-TGCCGTAGAGCTTGACCTTGTCGAA-3'); VDR (5'-AA-
CGCTATGACCTGTGAAGGC-3’ and 5'-CCTGTACTTACGTCTGCACGA-3'); and
GAPDH (5'-ACCACAGTCCATGCCATCAC-3’ and 5-TCCACCACCCTGTTGCTGTA-3').

EZ-Taxiscan Chemotaxis Assay. Chemotaxis experiments were conducted in an
EZ-Taxiscan chamber according to the manufacturer’s protocol (GE Health-
care). The EZ-Taxiscan is a visually accessible chemotactic chamber, in which
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one compartment that contains the ligand (S1P) and another compartment
that contains the cells are connected by a microchannel. A stable concen-
tration gradient of chemoattractant can be reproducibly formed and
maintained through the channel without medium flow. Phase-contrast
images of migrating cells were acquired at 1-min intervals. Sequential image
data were processed using the Image) program (National Institutes of
Health) with an add-on program, MT Track J.

Ovariectomy and Bone Histomorphometry. Nine-week-old female C57BL/6J
mice, which were ovariectomized or sham-operated, were injected orally
with 1,25-D (50 ng/kg body weight) dissolved in vehicle (MCT; Nisshin Qillio),
ELD (50 ng/kg body weight) in vehicle, or vehicle only daily for 4 wk. At the
end of the treatment period, the mice were euthanized, and the lumbar
vertebrae were excised and fixed in 70% (vol/vol) ethanol. The uteri of all of
the animals were excised and weighed to evaluate the effect of ovariec-
tomy. Bone mineral density was measured by dual-energy X-ray absorpti-
ometry (DCS-600EX; Aloka) at the second to fifth vertebrae. 3D trabecular
analysis of the lumbar vertebral body was performed by microcomputed
tomography (uCT 40; Scanco Medical).

1,25-D and ELD Treatment. C57BL6/J mice were treated orally with 1,25-D
(50 ng/kg body weight) in vehicle, ELD (50 ng/kg body weight) in vehicle, or
vehicle only daily for 5 d. In some experiments, the mice were then killed, and
CD11b* cells were separated using autoMACS (Miltenyi Biotec) from the
spleen and bone marrow, which contain a high number of circulating
monocytoid cells. Total RNA was extracted from the cells, and quantitative
real-time PCR was performed.

Multiphoton Intravital Bone Tissue Imaging. Intravital microscopy of mouse
calvaria bone tissues was performed using a protocol modified from a pre-
vious study (4); 10- to 14-wk-old mice were anesthetized using isoflurane
[Escain; 2.0% (vol/vol) vaporized in 100% (vol/vol) oxygen], the frontopar-
ietal region of the skull bone was exposed, and the internal surfaces of
bones adjacent to the bone marrow cavity were observed using multiphoton
excitation microscopy. The imaging system was composed of a multiphoton
microscope (A1-MP; Nikon) driven by a laser (Chameleon Vision Il Ti: Sap-
phire; Coherent) tuned to 880 nm together with an upright microscope
equipped with a 25x water immersion objective (APO, N.A. 1.1; Nikon).
Fluorescent cells were detected through bandpass emission filters at 500/50
nm (for EGFP). Vessels were visualized by intravenously injecting Texas Red-
conjugated 70 kDa dextran (detected using a 601/56-nm filter) immediately
before imaging. Image stacks were collected at a 5-um vertical step size at
a depth of 100-150 um below the skull bone surface. Raw imaging data
were processed using Imaris (Bitplane) with a Gaussian filter for noise re-
duction. Automatic 3D object tracking with Imaris Spots was aided by
manual corrections to retrieve cell spatial coordinates over time.

Statistical Analysis. The Mann-Whitney rank-sum test was used to calculate
the P values for highly skewed distributions. For Gaussian-like distributions,
two-tailed t tests were used.
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