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ABSTRACT

Introduction: Sphingolipids belong to a complex class of lipid molecules that are crucially involved in
the regulation of important biological processes including proliferation, migration and apoptosis. Given
the significant progress made in understanding the sphingolipid pathobiology of several diseases,
sphingolipid-related checkpoints emerge as attractive targets. Recent data indicate the multifaceted
contribution of the sphingolipid machinery to osteoclast — osteoblast crosstalk, representing one of the
pivotal interactions underlying bone homeostasis. Imbalances in the interplay of osteoblasts and
osteoclasts might lead to bone-related diseases such as osteoporosis, rheumatoid arthritis, and bone
metastases.

Areas covered: We summarize and analyze the progress made in bone research in the context of the current
knowledge of sphingolipid-related mechanisms regulating bone remodeling. Particular emphasis was given
to bioactive sphingosine 1-phosphate (S1P) and S1P receptors (S1PRs). Moreover, the mechanisms of how
dysregulations of this machinery cause bone diseases, are covered.

Expert opinion: In the context of bone diseases, pharmacological interference with sphingolipid machinery
may lead to novel directions in therapeutic strategies. Implementation of knowledge derived from in vivo
animal models and in vitro studies using pharmacological agents to manipulate the S1P/S1PRs axes
suggests STPR2 and S1PR3 as potential drug targets, particularly in conjunction with technology for local
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drug delivery.

1. Introduction

Cellular participants of bone homeostasis exhibit tightly regulated
functional interconnections and include bone and marrow cells as
well as non-osteogenic cell populations contributing through the
blood supply. The major cell types regulating bone remodeling are
osteocytes, bone-lining cells, osteoclast precursors (OPs), osteo-
clasts, osteoblasts, adipocytes, fibroblasts, megakaryocytes, and
immune cell subsets including T cells and B cells [1-8]. Such cell-
type heterogeneity, on one hand, ensures functional diversity and
physiological reliability for bone and marrow, on the other hand,
may represent a basis for anomalous signaling or dysregulation of
checkpoints that affect the bone or marrow. These checkpoints
could then be considered for targeting with novel therapeutic
approaches. Among cytokines and chemokines as critical bioactive
mediators of bone homeostasis, a central role is given to the RANK/
RANKL/OPG axis [9]. Recent insights into bone biology additionally
highlight the decisive and multifaceted roles of sphingolipid med-
iators (Figure 1).

Continuous bone remodeling ensures the quality and
strength of the skeleton, preserves skeletal size and structural
integrity, and secures the repair of structural microdefects. Bone
remodeling occurs and takes place simultaneously and

asynchronously at multiple sites known as organized bone
multicellular units where clusters of bone-resorbing osteoclasts
(10-20 cells) and bone-forming osteoblasts (1000-2000 cells)
get instructed to act in a highly coordinated manner. Under
physiological conditions, bone loss via osteoclast-mediated
bone resorption is directly followed by bone replacement
through osteoblast-mediated bone formation — a phenomenon
known as coupling, which ensures that the bone structure is
preserved [10] (Figure 1). The loss of this balance is directly
linked to aberrant bone metabolism in pathological conditions
such as osteoporosis, rheumatoid arthritis, periodontitis, osteo-
lytic bone metastases, Paget’s disease of bone, and osteope-
trosis [11-13]. Importantly, unbalanced bone remodeling may
lead to mutually opposite aberrations, associated with either
excessive loss or gain of bone mass. Osteoporosis, by way of
example, is characterized by low bone mass and decreased
bone strength; patients with osteoporosis are at high risk of
fragility fractures of the vertebrae or hip. In contrast, bone
diseases such as Paget’s disease or osteopetrosis are character-
ized by high bone mass, while, remarkably, bone strength is
also decreased [14-17].

The physiological balance between bone resorption by osteo-
clasts and bone formation by osteoblasts — the key activities
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Article highlights

Imbalances between the activity of osteoblasts and osteoclasts
may lead to bone diseases such as osteoporosis, rheumatoid
arthritis and bone metastases.

The generation, migration and activity of bone cells is mediated by
a variety of molecules including components of the sphingolipid
machinery. Recently S1P has been identified as a coupling factor
modulating the crosstalk between osteoclasts and osteoblasts.

Since there are numerous unmet needs in the treatment of bone
diseases, particularly with regard to osteoporosis, pharmacological
interference with the sphingolipid machinery may lead to novel
osteotropic therapies.

Summing up cumulative findings from various research areas, our
knowledge of ST1P/S1PR biology is constantly upgraded; conse-
quently, STPRs emerge as attractive targets in several diseases.

In context of bone remodeling, implementation of knowledge
derived from in vivo animal models and in vitro studies applying
pharmacological agents manipulating the S1P/STPRs axes allows
to consider S1PR2 and S1PR3 as potential drug targets, and,
remarkably, by targeting with functional antagonist(s) and ago-
nist(s), respectively.

Given that sphingolipid machinery is druggable at multiple levels,
further advances in our understanding of the multifaceted inter-
relations between the sphingolipid-driven mechanisms and the
bone remodeling process might yield novel therapeutic
approaches beyond targeting the S1P/S1PR axis in the treatment
of bone diseases.

This box summarizes key points contained in the article.

orchestrating continuous bone remodeling - is tightly regulated
by several mechanisms. Among the critical mechanisms are (i)
the programmed differentiation of osteoclasts (cells derived from
hematopoietic stem cells of monocyte/macrophage lineage) and
osteoblasts (cells originated from multipotent stromal stem cells),
(i) the regulated migration and trafficking of cells, including the
migration of OPs between the bone marrow and blood, and the
regulated migration of osteoblast precursors/osteoblasts to the
resorption site, and (iii) the controlled proliferation and survival
of osteoblasts, osteoclasts and their precursors.

This review discusses physiological bone remodeling in
the context of emerging interrelations with the sphingoli-
pid machinery, consisting of natural bioactive sphingolipid
mediators, as well as lipid-specific G protein-coupled
receptors and a set of lipid transporters. Particular empha-
sis is given to the cellular and molecular mechanisms
linked to sphingosine 1-phosphate (S1P) as a coupling
factor. Given the significant progress made in understand-
ing sphingolipid pathobiology in several diseases, particu-
larly in chronic inflammation, immune disorders, and
cancer, sphingolipid-related checkpoints emerge as attrac-
tive targets. Compelling yet puzzling evidence from certain
areas of bone research also proposes those critical check-
points to be considered for therapeutic intervention(s).
Considerable work, however, remains to be done in under-
standing the multifaceted roles of the complex sphingoli-
pid machinery in the pathobiology of bone disorders.
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Figure 1. A partly hypothetical model of the role of STP as a coupling factor in
bone homeostasis. Under physiological conditions, normal bone remodeling is
maintained by the balance between bone formation and bone resorption; an
imbalance causes aberrant bone metabolism and leads to pathological disorders
such as osteoporosis; the respective trabecular microstructures assessed by p-
computed tomography are shown.

BM, bone marrow; RANKL, Receptor activator of nuclear factor-kappa B ligand;
OPG, osteoprotegerin; S1P, sphingosine 1-phosphate; FTY720, the S1PRs
modulator.

2. The biology of S1P

Among the plethora of sphingolipid metabolites, S1P has
emerged as a potent mediator with diverse effects on multiple
biological processes including proliferation and survival, cytos-
keletal organization and migration, adherence and tight junc-
tion assembly, and morphogenesis. S1P is a constituent of
serum and plasma (in high nanomolar to low micromolar
concentrations), where it is bound to carrier proteins, such as
serum albumin, high-density lipoproteins, and oxidized low-
density lipoproteins [18,19]. Intriguingly, STP can be found in
normal tissues as well at low concentrations. This natural lipid
gradient belongs to the strongest chemoattractant system for



certain cell types; the S1P-attributed trafficking of hemato-
poietic/immune cells in vivo is the best-studied example. The
S1P gradient is also utilized by bone cells as a migratory signal
and will be discussed later. A peculiarity of STP as a signaling
molecule lies in its dual mechanism of action, since it may act
as a second messenger within cells and, when secreted from
cells, as an extracellular mediator acting in an autocrine and/or
paracrine manner via binding to five specific G-protein-
coupled receptors (S1PR1-5, formerly EDG1, 3, 5, 6, and 8)
with affinities within low nM ranges. The first S1PR (previously
EDG1, endothelial differentiation G-protein-coupled receptor
1) was identified in 1998 and described as an early gene from
endothelial cells; the whole S1PR family has been best char-
acterized in the vascular and the immune system [20-22]. The
current body of evidence suggests that there is no cell type
which does not express STP receptors in any repertoire, which
in turn indicates that all cells are responsive to ST1P in some
manner. Cells participating in bone homeostasis are also S1P
sensitive; the progress made in understanding the role of S1P/
S1PRs axes in bone turnover will be discussed in the following
chapters. It should be noted that the complexity of S1P-
mediated biological effects is not restricted to the expression
pattern of its specific receptors and should be considered in a
broader context with S1P-producing and S1P-degrading cellu-
lar enzymes and their varying cell type-specific regulations.
While synthesis of S1P is catalyzed by two sphingosine
kinases (SPHK1 and SPHK2) [23], its degradation is controlled
by two different classes of enzymes - via irreversible cleavage
by S1P lyase (SPL) [24,25] and via dephosphorylation by the
S1P-specific phosphohydrolase family members, SPP1 and
SPP2 [26-28] (Figure 2). Additionally, a more general degrada-
tion pathway through dephosphorylation via members of the
broad specificity lipid phosphohydrolase family (LPPs) also
exists; consistent with the plasma membrane localization and
the proposed structure of the active site, LPPs are believed to
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function predominantly as ‘ecto-phosphohydrolases’ convert-
ing/deactivating extracellular S1P [29,30]. The major physiolo-
gical roles of LPP family members are not fully defined; there
might be non-exclusive mechanisms for (i) the clearance of
extracellular S1P (as well as other phosphorylated forms of
lipids such as lysophosphatidic acid, LPA, and ceramide 1-
phosphate, C1P) leading to changes of the local lipid gradient
close to membrane receptors and thereby regulating signaling
events and/or (ii) the subsequent intracellular accumulation of
dephosphorylated lipid mediators, including sphingosine (as
well as monoacylglycerol and ceramide) which can modulate
other intracellular signaling routes and/or be converted back
to STP. Undoubtedly, the repertoire of S1P-driven biological
outcomes will have cell type-specific characteristics based on
(i) the cell type-specific expression pattern of S1P receptors, (ii)
their differential coupling to heterotrimeric G-proteins, which
can activate multiple signaling cascades, (iii) the cell type-
specific expression signature of S1P-producing versus S1P-
degrading enzymes, and (iv) the cell type-specific expression
pattern of currently known S1P transporters ensuring the S1P
transport to the extracellular environment. Another important
aspect affecting local S1P concentrations is the local availabil-
ity of S1P-producing/secreting cells. Production of S1P is well
documented for activated platelets, erythrocytes, and other
non-hematopoietic cells such as vascular and lymphatic
endothelial cells; synthesis and secretion has been reported
for mast cells, neutrophils, and epithelial cells of different
origin [19,31,32]. This suggests that the microenviroment
within a particular tissue or tissue compartment will impact
or even define the S1P levels and the spectrum of S1P effects.
Regarding bone and marrow, it is important to consider that
erythrocytes, as one of the main cellular factories producing
S1P, are generated in bone marrow and may play a very
special, yet unknown role in the S1P/S1PR-attributed mechan-
isms underlying bone homeostasis. Furthermore, during the
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Figure 2. Interconnected processes of (i) S1P synthesis and degradation within the sphingomyelin/salvage pathway, (i) S1P export and (iii) signaling through
binding to five specific G-protein-coupled receptors, S1PR1-5. STP can function as an autocrine, intracrine, paracrine, or endocrine bioactive mediator. Both
osteoblasts and osteoclasts are among the cells which are able to produce, secrete, and respond to S1P.

S1P, sphingosine 1-phosphate; STPR, sphingosine 1-phosphate receptor; SPHK, sphingosine kinase; SPP, sphingosine-1-phosphate phosphatase; LPP, lipid phosphate
phosphatase; SPL,sphingosine-1-phosphate lyase; SPNS2, spinster homolog 2; HDL, high-density lipoprotein; PLC, phospholipase C; PI3K, phosphoinositide 3-kinase;
Ras, rat sarcoma; Rho, ras homolog; ERK,extracellular-signal regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase.
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early phase response [33], bone injury is accompanied by a
local platelet activation and platelet-mediated secretion of a
platelet-derived growth factor (PDGF) and likely S1P.
Osteoclasts and osteoblastic cells also secrete substantial
amounts of S1P within the bone microenvironment [34,35].
The biological outcomes attributed to modulated S1P
levels can be summarized as follows: (i) increased intracellular
S1P shifts the cellular status to a pro-survival/anti-apoptotic
phenotype; (ii) decreased S1P leads to reduced proliferation,
that in combination with other mediators, might reinforce cell
differentiation processes; (iii) aberrant regulation of any
enzyme producing or utilizing ceramide may modify the
S1P/ceramide cellular rheostat and thereby affect survival/
apoptosis and/or trigger perturbations in membrane lipid
composition affecting lipid rafts and signaling; (iv) the local
S1P gradient between marrow tissue and blood and/or the
gradient created by a cell as a result of local S1P degradation
via enhanced action of membranous S1P phosphatases acts as
a crucial dominant factor underlying the directed cell migra-
tion as described for other cell populations and other tissues
[36,37]; (v) our recent work interconnects S1P as well as other
participants of the cellular sphingolipid machinery with the
pro-survival, pro-migratory properties of cells undergoing the
pathological epithelial to mesenchymal transition program
and thus points to their contribution to more general mechan-
isms underlying cell plasticity and cell fate decisions [38].

3. FTY720 as a sphingolipid mimetic

Strong evidence indicates that sphingolipid-related targets as
well as sphingolipid analogs may have a great potential for
treatment of various diseases. One example is FTY720 [2-
amino-2-[2-(4-octylphenyl)ethyllpropane-1,3-diol hydrochlor-
ide] (also named fingolimod, trade name Gilenya™, Novartis)
that was approved by the FDA in 2010 for the treatment of
relapsing forms of multiple sclerosis [39]. FTY720 is a mimetic
of natural sphingosine and therefore can be recognized by
part of the cellular sphingolipid enzymatic machinery [40,41].
Upon in vitro and in vivo phosphorylation by SPHK type 2, the
resultant phosphorylated form, FTY720-P, acts as a mimetic of
S1P and specifically binds to four out of five STPRs with one
exception being S1PR2 [18,42]. The drug is a unique immuno-
modulator; the mechanism of action has been predominantly
attributed to sequestration of circulating lymphocytes in pri-
mary and secondary lymphoid organs/tissues. Uniquely,
FTY720-P has a dual agonistic/antagonistic mode of action;
although FTY720-P acts as an agonist at STPR1/3/4/5, in the
longer term its effects are inhibitory on STPR function as best
documented for S1PR1 in lymphocytes. The mechanism of
functional antagonism was suggested to be linked to receptor
internalization and in part is based on the ability of FTY720-P
to target the STPR1 receptor to the proteasomal degradation
pathway through poly-ubiquitination [43]. Additionally, in con-
trast to S1P, which can be irreversibly cleaved by SPL, FTY720-
P is resistant to SPL action. This aberrant receptor internaliza-
tion may render lymphocytes unresponsive to natural S1P,
representing an obligatory signal for lymphocyte recirculation
between lymphoid organs and blood [44]. Supporting S1PR1

desensitization due to the internalization process, administra-
tion of a specific STPR1 antagonist (SEW2971) in an animal
model resulted in decreased S1P-mediated cell migration [45];
this is furthermore strongly supported by the experimental
outcome in knock-in mice with a mutated C-terminal, serine-
rich STPR1 motif, which plays an important role in internaliza-
tion of the S1PR1 receptor [46].

There are, however, other properties of FTY720 which are
independent of its phosphorylation status and binding to
STPRs and are often neglected during data analyses. Yet, this is
an important consideration, since upon FTY720 administration in
vivo both the parental FTY720 and FTY720-P can be detected
and the steady state between non-phosphorylated and phos-
phorylated drugs in the blood/serum is reached within 1 h [47].
The non-phosphorylated form of FTY720 is taken up by a cell
similarly to natural sphingosine [41] and thus may affect multiple
pathways by targeting intracellular molecules (reviewed in [48]);
interestingly, FTY720 modulates the activity and expression of
SPHK1 [49]. Furthermore, LPP3 functions as an ecto-phosphatase
for FTY720-P thereby regulating levels of FTY720-P and FTY720 in
close proximity to the plasma membrane as well as the follow-up
uptake of non-phosphorylated FTY720 by a cell. Thus, together
with SPHK2, LPP3 determines the extracellular/intracellular ratio
between FTY720-P and FTY720 [41]. An interesting finding is that
the presence of even few LPP3M-expressing cells within a
mixed cell population is sufficient to drive local FTY720-P con-
version to non-phosphorylated FTY720 enabling FTY720 uptake
by various cells in the vicinity, even in those with low intrinsic
LPP3 levels/activity.

The complexity and the peculiar properties of FTY720/
FTY720-P as the biological system should be taken into
account upon in vitro and in vivo applications of either form
of the drug and subsequently, for interpretation of the output
data in the context of the cell-type specificity.

Overall, the success of this drug is considered as a ‘proof of
concept’ for the potential exploration of other sphingolipid-
related targets for a wide spectrum of diseases. Studies involving
FTY720 have considerable importance for understanding the reg-
ulation of cell motility as well as the transition from proliferation to
differentiation, which contribute to immunity and beyond, includ-
ing physiological and pathological bone remodeling.

4. S1P and osteoclastogenesis

According to the current state of knowledge, the SPHK1/S1P
axis in osteoclastogenesis (mouse studies) has a double-edged
role; the microenvironment seems to play a decisive role. On
one hand, SPHK1 negatively affects differentiation when
osteoclasts are generated from bone marrow-derived macro-
phages (BMMs) in a single cell culture in the presence of
RANKL and M-CSF. On the other hand, SPHK1 and the
SPHK1-produced S1P potentiate osteoclastogenesis under
conditions when BMMs are cocultured with osteoblasts [34].
In the first case, osteoclast differentiation was accompanied by
an upregulation of SPHK1/2 on both mRNA and protein levels
and associated with increased intracellular levels of S1P in
differentiated osteoclasts. Although both SPHKs were upregu-
lated, based on gain-/loss-of-function  experiments,



involvement of only SPHK1 in RANKL-driven osteoclast forma-
tion has been proposed. Furthermore, in contrast to the
TNFalpha-mediated SPHK1 activation via TRAF2 [50,51], the
RANKL-driven triggering of SPHK1 activity seems to act
through the formation of a SPHK1/TRAF6 complex [34].
Contrary to expectations, an inverse correlation between
SPHK1 activity and the process of osteoclastogenesis was
shown. Thus, silencing of SPHK1 resulted in enhanced osteo-
clastogenesis via RANKL-mediated augmentation of p38 MAPK
activity paralleled by reduction in ERK1/2 MAPK activity; the
signaling process was further accompanied by upregulation of
c-Fos and NFATc1 levels in a p38-dependent manner. Notably,
exogenously added S1P did not have a negative effect on
osteoclast differentiation, indicating that intracellular rather
than extracellular S1P might be responsible for the observed
effects [34]. In the second case, osteoclast generation was
potentiated by exogenous S1P when added to cocultures of
BMMs with osteoblasts in the presence of 1q,25-dihydroxyvi-
tamin D3 (VitDs) and/or low concentration of prostaglandin E,
(PGE,). Osteoblasts treated with STP showed an increase in
RANKL mRNA expression levels accompanied by a decrease in
OPG mRNA levels, resulting in further increase of the RANKL/
OPG ratio. The S1P-dependent RANKL upregulation was
mediated via the p38 ERK and, to a lesser extent, via JNK
MAPKs, which in sum trigger PGE, through COX2 activation.
Intriguingly, an addition of FTY720, the parental non-phos-
phorylated drug, to the cocultures of BMMs and osteoblasts
showed strong inhibitory effects on osteoclastogenesis [34].
The authors interpret this finding as additional supporting
evidence for the role of STP/RANKL axis in osteoclast — osteo-
blast coupling. Nonexclusively, the data might additionally
point out the contributing, as yet uninvestigated role of
SPHK type 2, being responsible for intracellular FTY720 phos-
phorylation, in the process of osteoclast differentiation. There,
might also be direct intracellular target(s) of FTY720 involved.

Taken together, this reciprocal interconnection between
SPHK1/S1P and RANKL including the S1P-COX2-PGE2-RANKL
pathway might represent a novel critical axis in normal bone
remodeling. Under pathophysiological circumstances, the
SPHK1/S1P-attributed mechanisms might be considered as
novel checkpoints contributing to bone degradation.

5. S1P-dependent mobilization of OPs on the bone
surface

5.1. S1P/S1PR1 axis

Although the picture is by far not complete, several cytokines
including the prominent CXCL12 (SDF-1) have been proposed to
regulate osteoclast migration [52-54]; yet little is known about
the exact mechanisms that fine-tune the residence stability of
OPs on the bone surface where they acquire the fully differen-
tiated cell state and perform their bone resorbing function. It is
now clearly established that the S1P gradient and the S1P/S1PRs
axes play a crucial role in the migration of various subsets of
immune cells under homeostatic and disease conditions
[18,55,56]. This argues strongly in favor of a similar impact of
the sphingolipid machinery in controlling cell migration in the
course of bone remodeling. Indeed, mouse OPs express two out
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of the five known cell surface receptors that recognize S1P,
namely S1PR1 and S1PR2 [57,58] (Figure 3). Accordingly, OPs
exhibit a positive chemotactic response to S1P when an S1P
gradient was established in vitro in a cell-based model.
Importantly, the STP-driven effect was also confirmed in vivo in
mouse models using two-photon imaging of calvaria bone tis-
sue. Intravenous application of a selective agonist of S1PRI,
SEW2871 [59], to two strains of mice where subsets of myeloid
cells were expressing EGFP [60,61], stimulated the motility of BM-
resident OP-containing monocytoid populations with some
mobilized cells entering the blood circulation [58]. Interestingly,
the S1P/ST1PR1-driven intra-marrow motility of OPs and their
RANKL-driven differentiation seem to represent two temporally
mutually exclusive processes as the exposure of OPs to RANKL
causes the NFkB-dependent downregulation of S1PR1 on the cell
surface thus preventing the S1PR1-dependent response to
S1P [58].

To analyze S1P effects in bone homeostasis in more detail,
Masaru Ishii et al. [58] generated mice deficient in S1PR1
specifically in osteoclasts/monocytes (cS1PR; 7). In those ani-
mals, the overall bone tissue density was significantly impaired
and was accompanied by a decrease in both trabecular thick-
ness and trabecular density, demonstrating an osteoporotic
state. The authors furthermore observed an increase in the
osteoclast attachment ratio in cS1PR1_/_ mice, calculated as
bone surface occupied by osteoclasts normalized to total bone
surface. Since a direct effect of STP on RANKL-driven osteo-
clast differentiation in the in vitro system was not observed,
this suggested that the observed phenomena are due to the
loss of STP-mediated chemotactic behavior of OPs. Given that
the S1P concentration is known to be lower in tissue that in
blood [62] thus creating an S1P gradient, the data further
suggested the decreased recirculation of OPs from bone tis-
sues to blood in cSTPR, ™~ mice, leading to their accumulation
at the bone surface followed by formation of proresorptive
mature osteoclasts. These conclusions, however, do not take
into account the spatial-temporal interconnection with bone-
forming osteoblasts.

Generally, under physiological conditions, S1P-mediated
chemoattraction has to be kept under strict control to ensure
stable localization and maturation of OPs on the bone surface.
To prevent S1P-driven recirculation of premature osteoclasts
to the blood, the cellular machinery represses S1PR1 expres-
sion in response to RANKL [58]. The obtained findings high-
lighting the impact of the STP/S1PR axis are of particular
interest for drug-targeting strategies, since the signaling and
downstream pathways can be interfered with by multiple
sphingolipid-related routes, including FTY720 treatment
(reviewed in [63]). Indeed, FTY720 administration prevented
bone loss after ovariectomy in mice [58]; ovariectomy-induced
osteoclast deposition on the bone surface was in part restored
to the normal physiological level due to enhanced migration
of OPs back to circulation. Furthermore, the short-term mobi-
lity change was even more pronounced upon treatment with
SEW2871 [59], the S1PR1 agonist indicating that, in this con-
text, FTY720 likely acts as a functional agonist. The authors
however could not exclude the contribution of other S1P-
responsive cell types, in particular immune cells. Taken
together, the findings nominate the STP/S1PR axis as a critical
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Figure 3. Expression pattern of STPRs on bone cells and their downstream cellular responses. This illustration summarizes the current knowledge derived from
studies/cells of mouse, rat and human origin. Osteoblast precursors and osteoclast precursors express STPR1 and S1PR2; osteoblasts and osteoclasts express STPR1-
4. Which S1PRs underlie the pro-survival and proliferative effects, however, was not yet evaluated. Implementation of knowledge allows to consider S1PR2 and

S1PR3 as potential drug targets in bone pathobiology.

checkpoint in osteoclastogenesis, and propose for considera-
tion novel therapeutic options to interfere with pathological
bone remodeling.

5.2. S1P/S1PR2 axis

What is known about the functional role of the STPR2, expressed
on OPs? The conclusion that S1PR2 affects OPs mobilization was
originally based on two observations from in vitro cell-based che-
motactic models (mouse cells, RAW264.7 and BM-derived M-CSF-
dependent monocytes). The first finding demonstrated that the
chemoattractant property of S1P is concentration dependent and
shows bell-shaped characteristics: strong S1P-mediated chemoat-
traction occurs at STP concentrations <10~ M and is less pro-
nounced at higher STP concentrations [57]. The second finding
described how the silencing of S1PR2 via siRNAs triggers enhanced
cell migration at high STP concentrations, suggesting that S1PR2
deficiency increases STP/S1PR1-driven chemotaxis [57]. In vivo,
two-photon imaging using mouse models with EGFP-labeled
OPs confirmed this conclusion, as application of the S1PR2 antago-
nist JTEO13 [64] resulted in increased motility of CX3CR1-EGFP-
positive cells in BM space [57,65]. In summary, the data suggested
that the fine balance between S1PR1 and ST1PR2 expression and
activity impacts the migratory behavior of OPs.

Novel evidence was obtained using S1PR2-deficient mice
[66]. STPR2™~ mice showed higher bone density accompa-
nied by decrease in osteoclastic bone resorption thus show-
ing overall moderate osteopetrosis as compared to control
littermates [57]. The next important question is whether
interfering with S1PR2 function using specific receptor
antagonist(s) will demonstrate a therapeutic potential in the
course of osteoporosis. In vivo administration of the S1PR2
antagonist JTE013 [64] limited osteoclastic bone resorption
and reversed bone density loss in the RANKL-induced osteo-
porosis mouse model [67], and improved bone parameters
such as bone matrix density, trabecular thickness, and trabe-
cular density in the conventional model for postmenopausal
osteoporosis in ovariectomized mice [57]. Taken together,
according to a current model, the trafficking and mobilization
of OPs in bone tissue is controlled by the coordinated inter-
play between the reciprocally acting S1P/STPR1 and S1P/
S1PR2 axes and is largely based on the STP gradient estab-
lished between blood (high S1P) and bone marrow tissue
(low S1P) [68]. According to this model, STPR2 requires
higher exogenous S1P concentration for activation and
thereby OPs are attracted to bone by the action of the
S1P-driven chemorepulsion/negative chemotactic response
via STPR2; conversely, OPs could re-enter blood circulation
following S1PR1-mediated chemoattraction [57].



There are, however, a few limitations of the proposed
model, which should be mentioned. (I) The impact of other
chemoattractants and adhesion molecules regulating both the
entry and exit routes of OPs have not been evaluated in the
context of the modulation of S1P/S1PRs axes. (ll) Bone is a
complex multicellular organ, where the tight functional inter-
connections between distinct cell populations take place in
both a temporal and a spatial manner; the modulation of S1P
receptors using specific antagonists will affect the behavior of
all STPR1- or S1PR2-expressing cells, including various immune
cell subsets (relevant for both receptors) and endothelial cells
(predominantly S1PR1). The impact of either cell type to the
orchestration of OPs cannot be excluded. (Ill) The tight bal-
ance between chemoattraction and chemorepulsion of OPs
might be further impacted by the local spatial/temporal differ-
ences in S1P levels created within the marrow by S1P-secret-
ing cells, particularly considering erythrocytes (one of the
main known S1P factories), which are produced in the BM
[69]. Furthermore, the local S1P gradient can be created by
various cell types based on the action of lipid ecto-phospha-
tases [30], though information on the cell type-specific expres-
sion patterns and regulation of activities within marrow is very
limited. (IV) We also have limited knowledge regarding the
S1PR repertoire at various stages of octeoclasto/osteoblasto-
genesis; consequently, other S1P receptors might come into
play and be considered as additional drug targets for patho-
logical bone remodeling.

Generally, despite the gaps in our understanding, the reg-
ulation of OPs trafficking/recruitment via modulation of S1P-
mediated events might be considered as a future therapeutic
strategy in bone disorders such as osteoporosis. This would be
principally different to the mode of action of the current
standard regimen of blocking the mature osteoclasts, as with
bisphosphonates.

5.3. S1P/S1PR2 axis and vitamin D

Vitamin D is a well-known critical factor regulating calcium
homeostasis and bone resorption [70], yet, the underlying
mechanisms are not fully understood. A recent study by Kikuta
et al. [71] identifies the S1P/S1PR2 axis as an important factor
linking the anti-resorptive action of active vitamin D and the
migratory behavior of circulating OPs. More precisely, calcitriol
[10,25(0H),Ds] and its therapeutic analog eldecalcitol were
shown to moderately downregulate STPR2 expression in
RAW264.7 cells, a mouse macrophage/monocyte lineage cell
line, whereas the expression of STPR1 and the chemokine recep-
tors CXCR4 and CX3CR; were not affected. In line with the results
obtained from the study using S1PR2-knockdown RAW264.7 cells
[57], the enhanced migration of cells toward higher S1P concen-
trations was observed in vitro in response to preincubation with
calcitriol or eldecalcitol. In vivo, oral administration of calcitriol or
eldecalcitol, known to diminish bone loss in ovariectomized mice
[72,73], resulted in moderate downregulation of STPR2 on
CD11b* OPs [71]. Furthermore, using the CX3CR1-EGFP knock-in
mouse model described above and applying the multiphoton
bone microscopy technique [57,58], migration of CX3CR1-EGFP*
OPs was monitored and found to be increased upon treatment
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with calcitriol or eldecalcitol [71], in line with the results obtained
for the STPR2 antagonist [57].

Besides describing novel functions of vitamin D in bone
remodeling, this study provides additional evidence support-
ing the idea that downregulation of STPR2 expression is
associated with reduced osteoclastic bone destruction.
There are, however, two critical points to consider: (i)
whether moderate downregulation of STPR2 mRNA levels
(about 30%) alone is sufficient to explain the observed bio-
logical effects, and (ii) whether the heterogeneity of CD11b*
cells should be considered for data interpretation, as they are
isolated from the spleen and bone marrow and used under
the assumption that they contain a high number of circulat-
ing monocytoid cells.

6. S1P/S1PR1 and S1P/S1PR2 axes in the regulation
of migration of osteoblast precursors

Apparently, the S1P-attributed effects on bone homeostasis
are not limited to osteoclasts. In normal bone turnover,
osteoclast-mediated resorption is tightly coupled to osteo-
blast-mediated bone formation, and multiple data clearly
demonstrate that osteoblasts direct osteoclast differentia-
tion [74]. Within the feedback loop mechanisms, are there
novel osteoclast-derived factors promoting either the
directed migration of osteoblast precursors/osteoblasts to
the resorption site and/or their developmental program?
Given the fact that conditioned media from osteoclasts is
known to direct osteoblast recruitment and maturation, an
attempt was done by Pederson et al. [75] to identify the
spectrum of novel powerful coupling factors with a focus
given to secreted mediators. Upregulated SPHK1 was
among the modulated genes in mature osteoclasts com-
pared with precursors, suggesting that SPHK1-produced
S1P would be also elevated and biologically active. Indeed,
the addition of STPR1 antagonist VPC 23019 together with
the osteoclast-produced conditioned media to human
mesenchymal stem cells attenuated both the random
movement/chemokinesis and mineralization of the
mesenchymal stem cells, thus nominating the lipid media-
tor S1P as novel coupling factor [75]. A more recent study
[76] also documented the S1P chemoattractive response in
mesenchymal cells and further showed that pharmacologi-
cal manipulation of STP/S1PR axes with agonists or antago-
nists leads to increased or reduced migratory capacity,
respectively. In osteoblast precursors, STP-mediated migra-
tion is promoted by both receptors via JAK1/STAT3 for
S1PR1 and FAK/PI3K/AKT for S1PR2. Intriguingly, besides
its contributing role in cell migration, STPR1 expression
was found to be upregulated during the bone morphoge-
netic protein 2 (BMP2)-driven transition from mesenchymal
progenitors to mature osteoblasts and could thereby be
nominated as a novel marker of osteoblastogenesis [77].
These findings additionally suggest a stage-characteristic
response to S1P.

Furthermore, with respect to chemotactic activity, there is cross
talk between S1P and PDGF signaling [78]. The directional chemo-
taxis of preosteoblasts (murine MC3T3-E1 cells) toward PDGF was
inhibited in the presence of S1P, while the mature osteoblasts were
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insensitive to S1P. At the same time, the random movement,
known as chemokinesis, of neither preosteoblasts nor osteoblasts
was affected by S1P. Using elegant in vitro experimental settings,
the authors additionally conclude that, under certain circum-
stances, STP may act as a chemorepellent driving cell migration
against its own gradient. Of note, pre-osteoblasts were found to
express two out of five S1PR types (STPR1 and S1PR2; Figure 3);
upon BMP2-driven maturation, the S1PR2 expression is downre-
gulated [78]. This suggests an involvement of S1PR2 to the stage-
dependent cellular response to S1P. Interference with STPR2 sig-
naling/activity by both the selective antagonist JTE-013 [79] and
the RNA interference strategy confirmed the role of STPR2 in S1P-
driven chemorepulsion. Furthermore, the constitutive ST1PR2
expression preserves sensitivity to S1P both at the preosteoblast
and the osteoblast stage [78]. Overall, the data suggest that the
expression and/or activity of S1PR2 is a critical decisive factor(s) for
the response of osteoblasts to S1P ensuring the scenario under
which the osteoblast precursors are preserved in the marrow
during osteoblastogenesis. Interestingly enough, as we discussed
above, the same S1P/S1PR2 axis impacts the ability of OPs to
migrate against an S1P gradient established between the blood-
stream and the bone marrow.

7. S1P in proliferation and survival of osteoblasts

An additional effort was made in order to determine the role of
S1P on proliferation and survival of osteoblasts; moreover, in
some studies the outcome effects were compared for S1P and
the related lysophospholipid LPA. In primary rat osteoblasts, STP
was found to exert mitogenic effects predominately via func-
tional Gi proteins and p42/44 MAP kinases [80]. An earlier study
by the same authors demonstrated an increased osteoblast pro-
liferation in response to LPA [81]. Targeting PKC isoforms with
specific antisense oligodeoxynucleotides in primary human
osteoblastic cells in vitro demonstrated that S1P-driven prolifera-
tion is predominantly linked to the activity of PKCalpha [82,83].
Given that bone remodeling is known to be associated with
substantial loss of osteoblasts by apoptosis (up to 65%) [84],
attention was paid to the potential impact of STP (and LPA) on
osteoblast survival [85]. Both bioactive lysophospholipids were
found to decrease apoptosis in serum-deprived conditions in
primary rat osteoblasts as well as in human osteoblastic cell
line Sa0S-2. The S1P- and LPA- triggered pro-survival effects
were found to act via Gi proteins and downstream signaling by
Pi-3 kinases. In contrast to the mitogenic effects, which were
found to be p42/44 MAP kinase dependent [80], the anti-apop-
totic mechanisms did not require p42/44 MAP kinase activation
[85]. Which S1PRs underlie the observed mitogenic and anti-
apoptotic/pro-survival effects, however, has not yet been evalu-
ated. Overall, the data further support the multifaceted role of
S1P in the regulation of complex, multilayer mechanisms of bone
metabolism, and strongly emphasize the necessity to consider
the interconnection between the sphingolipid turnover and
signaling and LPA signaling, and to expand our current under-
standing of the LPA-associated pathways during bone home-
ostasis (comprehensive overview of LPA and bone homeostasis
is summarized in [86,87]).

8. Additional S1P-attributed mechanisms regulating
the bone resorption - bone formation rheostat

Several recent studies have emphasized the potential of S1P as a
critical osteoanabolic factor [88,89]: S1P was identified as a key
osteoclast-derived coupling messenger that locally promotes
osteoblasts’ bone-forming capacity. Novel insights into coupling
mechanisms were highlighted in studies addressing the effect of
Cathepsin K on bone formation. Cathepsin K is a protease released
by osteoclasts and essential for degradation of matrix proteins
including collagen [90]. Targeted deletion of Ctsk, the gene encod-
ing this cysteine protease, in murine hematopoietic cells - more
specifically, in osteoclasts — resulted in impairment of bone resorp-
tion and an increase in bone formation, providing additional
experimental evidence for the existence of a coupling mechanism
in vivo. Intriguingly, SPHK1 mRNA and protein levels were
increased in osteoclasts generated from Mx1,Ctsk”" and CD11b;
Ctsk”™ mice. A significant increase of secreted S1P was conse-
quently observed in osteoclast-conditioned medium, and this
medium in turn stimulated alkaline phosphatase activity and
mineralization in CD1 calvarial osteoblasts in a STPR1/3-dependent
manner, as determined by applying VPC23019, an S1PR1/3
antagonist [88].

A different aspect of S1P - acting as a clastokine and
coupling factor — was highlighted by Keller et al. in a study
addressing the impact of calcitonin on bone remodeling [89].
The hormone calcitonin is a known calcium-lowering factor,
exerting its effect via the calcitonin receptor, and acting as an
inhibitor of bone resorption [91]. However, in contradiction
with the clearly defined pharmacologic mode of action, in
patients with long-term excess of calcitonin due to medullary
thyroid cancer bone mineral density is normal [92]. In line with
physiological observations, the cell type-specific deletion of
calcitonin receptor in mouse osteoclasts resulted in an
increase in trabecular bone volume; furthermore, S1P release
by osteoclasts was enhanced [89]. On the basis of genome-
wide expression analysis, a linkage between calcitonin and
Spns2, the gene encoding the S1P- specific transporter, was
discovered. As discussed above, SPNS2 expression is among
the critical factors determining the extracellular levels and
thus the biological activity of S1P molecule acting in an auto-
crine and/or paracrine mode. Interestingly, the skeletal phe-
notype of calcitonin receptor-deficient mice having increased
bone mass was normalized by deletion of S1pr3 emphasizing
the biological relevance of the S1P/S1PR3 axis in the osteoa-
nabolic activity of S1P. In support, administration of FTY720
resulted in increased bone formation as measured by
increased trabecular bone volume in wild-type mice, but not
in S1pr3-deficient mice [89]. Although the contributing role of
other S1P receptors cannot be completely excluded, these
data demonstrate that S1PR3 is necessary to promote bone
formation in response to S1P. Hence, the authors discuss the
possibility of using selective STPR3 agonists as a novel promis-
ing therapeutic approach for osteoporosis. The findings of this
study once again emphasize the key role of STP in bone
remodeling and expand our knowledge of sphingolipid-
related druggable checkpoints controlling the cross talk
between osteoclasts and osteoblasts.



9. Clinical studies linking bone status and S1P levels

As discussed above, the collective findings of the investiga-
tions performed in cell-based systems and in mouse models
highlight the link between S1P and the multifaceted process
of bone remodeling, and are instructive for clinical studies in
patients aiming to assess the association between blood S1P
levels and bone status. Initial findings by Lee et al. [93]
demonstrated that postmenopausal women showed higher
S1P plasma levels in comparison to premenopausal women
and men. Furthermore, S1P levels correlated positively with
bone resorption markers and showed a negative correlation
with bone mineral density values [93], strongly supporting the
hypothesis that circulating STP may impact bone homeostasis.
The parallel study by Kim et al. [94], investigating the associa-
tions between plasma S1P levels and the risk of vertebral
fracture, demonstrated that STP levels were significantly
lower in the group of postmenopausal women without ver-
tebral fractures in comparison to the group with vertebral
fractures; in the latter group the plasma S1P levels showed a
positive correlation with the number of vertebral fractures.
Notably, the statistical significance persisted when adjusted
for BMD - the parameter used thus far for vertebral fracture
risk prediction, however, with only limited sensitivity [95].
Given that, the authors suggested blood S1P as a novel bio-
marker for risk assessment of osteoporotic vertebral fracture.

10. Expert opinion

We have made an effort to summarize, analyze, and review the
progress made in bone research evaluating the current knowl-
edge and our current understanding of the sphingolipid-related
mechanisms regulating bone remodeling (Figures 1 and 3).
There are strong lines of evidence suggesting a fundamental
and multistep involvement of bioactive sphingolipids in a vari-
ety of aspects of bone metabolism. One should consider that
the sphingolipid system is highly complex, and that the indivi-
dual players of the sphingomyelin pathway, including S1P, are
strongly interconnected into a dynamic network. Under physio-
logical conditions, the proper function of diverse sphingolipid
molecules is guaranteed by tight coordination of their synthe-
sizing, degrading, and modifying enzymes, as well as of their
specific cell surface receptors and transporters - altogether
building up the entire sphingolipid machinery [38,96]. Thus
far, bone biology research groups have focused particularly on
prominent players such as SPHKs, bioactive S1P, and the S1P
receptors. More specifically, STP can be regarded as a coupling
factor responsible for osteoclast — osteoblast cross talk and as a
chemotactic factor that regulates the migration of bone cells. In
light of this knowledge, we propose the relevant checkpoints of
the sphingolipid machinery as promising therapeutic targets for
bone diseases.

Many bone diseases result from disturbances of bone remodel-
ing whereby bone resorption exceeds bone formation. Thus,
osteoporosis, rheumatoid arthritis, and osteolytic bone metastases
are promising indications for sphingolipid-based therapies.
Among these, osteoporosis appears to be a particularly interesting
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indication. Osteoporosis is by far the most frequent metabolic
bone disease; it has been estimated that in the European Union
22 million women and 5.5 million men have osteoporosis [97].

As proposed by Riggs and Parfitt [98], two classes of drugs for
the treatment of osteoporosis can be distinguished: anti-catabolic
(decreasing bone remodeling and preserving bone microarchitec-
ture; examples are bisphosphonates and denosumab) and ana-
bolic (increasing bone remodeling, where bone formation exceeds
bone resorption; an example is teriparatide). Regarding sphingoli-
pid-related mechanisms in bone turnover, in our opinion two drug
targets appear particularly attractive: STPR2 and S1PR3; however,
thereby opposing targeting strategies should be considered with
receptor antagonist(s) for S1TPR2 and receptor agonist(s) for STPR3.
A rationale for STPR2 as a therapeutic target can be derived from
the observation that S1PR2 knockout mice develop osteopetrosis.
Since, as described above, S1PR2 in OPs mediates S1P-driven
chemorepulsion from blood to bone, we hypothesize that phar-
macologic inhibition of S1TPR2 will decrease bone resorption and,
act as an anti-catabolic drug, consequently increasing bone
mineral density. Nevertheless, the utility of STPR2 inhibition for
the treatment of osteoporosis will depend not only on its effect on
osteoclasts but also on that of osteoblasts. Having this in mind, we
should like to emphasize that — in contrast to OPs (in which STPR1
and S1PR2 have opposing effects on migration) — activation of
both STPR1 and S1PR2 may stimulate the migration of osteoblast
precursors [76]. This could imply that anti-catabolic effects of
S1PR2 inhibition are more pronounced in osteoclasts than in
osteoblasts, a notion that is supported by the observation of a
high-bone mass phenotype in S1pr2-deficient mice. A possible
limitation of this approach to develop novel anti-catabolic drugs
by targeting the S1P/S1PR axis might be the limited specificity of
the STPR2 antagonist and thus potential adverse effects in non-
bone tissues. In this regard, the newly emerging technology of
local delivery of STPRs-targeting drugs via biodegradable polymer
scaffolds represents a promising approach for temporal and spatial
regulation of bone remodeling [99-101]. As part of this technol-
ogy, the lipid-based (e.g. FTY720) therapy strategies in in vivo
models were shown to improve functional recovery of damaged
bone by active involvement of the microenvironment through
multiple, non-redundant mechanisms including improvements of
vascularization and local immune modulation [102-105].
Complementary to the anti-catabolic drug strategy, there is a
special interest in novel members of the anabolic class of bone
therapeutics. In this regard, S1PR3 could be considered as a candi-
date target. It has been demonstrated that 8-month-old S1pr3-
deficient mice exhibit decreased bone volume and a lower bone
formation rate; treatment of wild type but not of S1pr3™~ osteo-
blasts with S1P significantly increased mineralization. Importantly,
the number and activity of osteoclasts was similar in S1pr3~~ and
wild-type mice. These observations support the notion that selec-
tive STPR3 agonist(s) could be developed as bone anabolic
drugs [89].

In this chapter, we reviewed possible applications of our knowl-
edge of the sphingolipid machinery for the design of novel anti-
catabolic or anabolic drugs for osteoporosis. Irrespective of the
outcome of the future studies that test this approach, we strongly
recommend implementing the current evidence interrelating
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sphingolipid-related mechanisms and bone turnover, into guide-
lines of clinical trials of sphingolipid-based therapeutics applied in
non-bone-related diseases (including autoimmune diseases,
chronic inflammatory disorders, and cancer; the therapeutic stra-
tegies are reviewed comprehensively in [63,106]). Thus, potential
positive or negative effects on bone should be monitored already
in early phases of drug development.

As a future perspective, we believe that implementation of
systems biology-based approaches through integrative analy-
sis of available data in the ‘omics’ format for further under-
standing the physiology and pathophysiology of bone, in
conjunction with the multifaceted contribution of the sphin-
golipid machinery will allow to identify novel druggable path-
ways and targets beyond the prevailing S1P/STPR axis.

Glossary

BMD, bone mineral density: BMD is determined by radiologic methods
(e.g. dual energy X-ray absorptiometry) and in clinical praxis used as a
surrogate for fracture risk.

BMP2, bone morphogenetic protein 2: member of the TGF-B superfamily,
osteoinductive, induces the differentiation of osteoblasts.

CXCL12, C-X-C motif chemokine ligand 12, also termed stromal cell-
derived growth factor 1 (SDF-1): produced by bone marrow stromal
cells; chemotactic factor for lymphocytes and osteoclasts.

Ovariectomy: surgical removal of the ovaries resulting in estrogen defi-
ciency. Since estrogen deficiency is a major pathogenic factor of
osteoporosis, ovariectomized rats or mice are standard models of
osteoporosis in postmenopausal women.

OPG, osteopotegerin: antagonist of RANKL.

Osteoblast: cell responsible for bone formation. Osteoblasts derive from
mesenchymal precursor cells.

Osteoclast: multinucleated bone resorbing cell. Osteoclasts are generated
from mononuclear precursor cells in the presence of M-CSF and
RANKL.

Osteopetrosis: bone disease characterized by high bone mass.

Osteoporosis: metabolic bone disease characterized by low bone mass
and decreased bone strength.

RANKL: factor essential for osteoclast generation.

RANK: receptor for RANKL, expressed on osteoclast precursors.

Vitamin D: a pro-hormone that is metabolized to calcitriol [1a,25(0OH),Ds].
10,25(0H),Ds is a major calcium-regulating hormone.

S1P, sphingosine 1-phosphate: natural bioactive lipid molecule.

S1PRs, S1P receptors: a family of S1P-specific cell surface G protein-
coupled receptors, named S1PR1-5.

SPHK, sphingosine kinase: specific lipid kinase which phosphorylates
sphingosine to produce STP. Two types, SPHK1 and SPHK2, are known.

Sphingolipid machinery: cellular system composed of major lipid media-
tors within the sphingomyelin/salvage pathway including S1P, the
network of sphingolipid-modifying enzymes, S1PRs, and a set of spe-
cific transporters.

Sphingolipid-related checkpoints: molecules/mechanisms within the
sphingolipid machinery which play regulatory roles in numerous cel-
lular and biological processes including cell proliferation and differen-
tiation, cell survival and apoptosis, cell migration, angiogenesis and
immune response/immunomodulation. Among those, S1P/STPR axes,
S1P- and ceramide-producing/modifying enzymes, as well as S1P
transporter(s) have been increasingly considered as targets.

LPA, lysophosphatidic acid: bioactive lysophospholipid which shares with
S1P a part of enzymatic cellular machinery; binds to specific cell sur-
face G protein-coupled receptors, named LPAR1-6.

FTY720 or [2-amino-2-[2-(4-octylphenyl)ethyllpropane-1,3-diol hydrochlor-
ide] (fingolimod, trade name Gilenya, Novartis): pro-drug for the treat-
ment of relapsing forms of multiple sclerosis. FTY720 is a mimetic of
natural sphingosine and can be phosphorylated by SPHK2 to produce
FTY720-P. FTY720-P acts as a mimetic of STP and specifically binds to
four out of five S1PRs with the exception of S1PR2.
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