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Abstract Cellular communication between the bone
component cells osteoblasts, osteocytes and (pre-)osteo-
clasts is essential for bone remodeling which maintains
bone integrity. As in the remodeling of other organs, cell
death is a trigger for remodeling of bone. During the sys-
tematic process of bone remodeling, direct or indirect cell-
cell communication is indispensable. Thus, osteoblasts
induce migration and differentiation of preosteoclasts,
which is followed by bone resorption (by mature multi-
nuclear osteoclasts). After completion of bone resorption,
apoptosis of mature osteoclasts and differentiation of
osteoblasts are initiated. At this time, the osteoblasts do not
support osteoclast differentiation but do support bone for-
mation. Finally, osteoblasts differentiate to osteocytes in
bone or to bone lining cells on bone surfaces. In this way,
old bone areas are regenerated as new bone. In this review
the role of cell-cell communication in bone remodeling is
discussed.

Keywords Osteoblast - Osteocyte - Osteoclast -
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Introduction
Bone consists mainly of osteoblasts, osteocytes and

osteoclasts. Osteocytes (which differentiate from osteo-
blasts) are embedded in the bone matrix and are the most
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abundant cells in bone. Osteocytes are reported to sense
gravity and unloading [1-3]. It has recently been suggested
that osteocytes also give a signal to osteoblasts to induce
bone remodeling [4-6]. Bone remodeling is precisely
regulated by the balance between bone formation and bone
resorption throughout life. This balance is reflected by the
fact that osteoblasts exhibit two opposite phenotypes. One
is the osteogenic phenotype, which secretes bone matrix at
the bone resorption site, and the other is the osteoclasto-
genic phenotype, which supports osteoclast differentiation
in the old bone area. How do osteoclast precursors recog-
nize the area of old bone, and how are they regulated? In
this review, we discuss these questions from the point of
view of cell-cell communication.

Both direct and indirect cell communications are
involved in the process of osteoclastogenesis (Fig. 1). In
the bone, osteocyte cell death is mainly induced by fati-
gue or by cell senescence. As is the case with other
organs, the area containing dead cells is regenerated as
new tissue. Initially, osteoblasts will sense osteocyte cell
death, and will attract osteoclast precursors. Next, the
osteoblasts will change their function to the support
osteoclastogenesis. During this process, direct cell—cell
communication occurs, not only between osteocytes, but
also between osteocytes and osteoblasts via gap junctions
[7]. Indeed, osteoblasts may sense osteocyte cell death
via gap junctional intercellular communication (GJIC).
The osteoblasts will then express adhesion molecules on
the cell surface in order to make specific contact with the
osteoclast precursors. These adhesion molecules may also
play an important role in the migration of osteoclast
precursors under the osteoblast layer. At the same time,
osteoblasts will express differentiation factors such
as receptor activator of NF-xB ligand (RANKL) that
induce osteoclastogenesis (osteoclastogenic phenotype).
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Fig. 1 Schematic illustration of bone remodeling. / Bone marrow-
derived mononuclear cells (BMMs, osteoclast precursors) migrate on
osteoblast. 2 In healthy bone, osteoclast precursors stay on the
osteoblast layer and are named osteal macrophages (OsteoMacs) or
cell cycle-arrested quiescent osteoclast precursors (QuOP). 3 A
microcrack in the bone induces osteocyte apoptosis following which,
osteal (or QuOP) and BM-derived macrophages migrate under the
osteoblast layer. The macrophages may differentiate into preosteo-
clast (pre-OC). 4 The pre-OCs fuse with each other under the
osteoblast layer. 5 Multinuclear osteoclasts erode the bone matrix
containing dead osteocytes. 6 Osteogenic osteoblasts proliferate and
cover the bone resorption area. 7 Bone is synthesized. 8§ Some
osteoblasts differentiate into osteocytes

Following exposure of the osteoclast precursors to these
differentiation factors, preosteoclasts (pre-OCs) proliferate
and fuse to each other in order to resorb the old bone.
During this process, prior to the fusion of these cells,
there is cell-cell communication among the pre-OCs.
After the old bone area is resorbed, osteoclasts will die by
apoptosis. Lastly, the resorbed area of bone is refilled with
new bone that is generated by differentiated osteoblasts
(osteogenic phenotype). What is the trigger of phenotypic
change in osteoblasts during bone remodeling? This
review highlights cell-cell communications involved in
the mechanism of bone remodeling, and proposes a novel
theory regarding the mechanism by which osteoclast
precursors sense the old bone area.

Distribution of bone cells

The spatial distribution of bone cells is shown in Fig. 2,
which shows living cells in the calvaria of an adult, CAG
promoter-driven green fluorescent protein transgenic
mouse (unpublished data). Osteocytes (Fig. 2, asterisks)
have many cellular processes which form a network within
bone. As shown in previous reports, a large number of
osteocytes are embedded in bone and they directly com-
municate with each other via gap junctions [7, 8].
Furthermore, osteocyte processes also make contact with
osteoblasts (Fig. 2, hashes) [9]. A scanning electron
microscope study has shown that the bone lining cell layer
forms a complete and contiguous layer on the bone matrix
[10]. Osteoblasts (bone-lining cells) express cadherins [11—
14], claudins [15, 16] and connexin [17, 18], and are
thought to be polarized cells [19]. These reports indicate
not only that the adherence, tight and gap junctions are
formed between the osteoblasts but also that the polarized
nature of osteoblasts may play an important role in bone
remodeling. It has recently been reported that resident
tissue macrophages termed ‘OsteoMacs’ or cell cycle-
arrested quiescent osteoclast precursors (QuOPs) are
present on osteoblasts [20, 21]. The QuOPs, mononuclear
cells (MNC) expressing c-Fms (a receptor for macrophage-
colony stimulating factor, M-CSF) and RANK (a receptor
for RANKL) but not Ki67, are detected along bone surface
[22]. However, it is unclear whether OsteoMacs differen-
tiate into osteoclasts or not. The QuOPs may be identical to
OsteoMacs, in terms of their localization. These resident
osteoclast precursors are one of the origins of osteoclasts,
in addition to bone marrow-derived osteoclast precursors.

Extravasation of osteoclast precursors
(endothelial cell-osteoclast precursor communication,
chemotactic factors)

The trigger for bone remodeling is osteocyte apoptosis in
fatigue and unloading [23-25]. Recently, it has also been
reported that osteocyte apoptosis-triggered osteoporosis
induced by ovariectomy is suppressed by treatment with
caspase inhibitor [26]. Resorption of old bone is carried out
by multinuclear osteoclasts, which differentiate from MNCs
(osteoclast progenitor or osteoclast precursor) in peripheral
blood and bone marrow [27-29]. In their journey to the bone,
itis first necessary that osteoclast precursors migrate from the
bloodstream into the extravascular space through the endo-
thelial cell layer. In this respect it is interesting that recent
studies have shown that there are two routes of leukocyte
migration under the endothelial cell layer [30, 31] (as shown
in Fig. 3). One route is paracellular migration during which
the leukocytes migrate via cell junctions. The other route is
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Fig. 2 Confocal microscopic (A)
images of the calvaria of an
adult, CAG promoter-driven
green fluorescence protein
transgenic mouse. Optical
sections (x, y) are shown with
additional xz and yz projections.
Osteocyte—osteocyte and
osteoblast—osteocyte
communications were found.
Bar 10 um. a Image focused on
an osteocyte (asterisks).

b Image focused on the
osteoblast layer (hashes)

transcellular migration during which the leukocytes migrate
through the cell body of the endothelial cells. The expression
of intercellular adhesion molecule-1 (ICAM-1, CD54) is
involved in migration via the both routes [32, 33]. Kindle
et al. [34] reported that the cell surface adhesion molecules
ICAM-1 and CD44 partially contribute to the direct com-
munication of CDIl4-positive osteoclast precursors and
endothelial cells in vitro. Although they did not examine the
migratory routes (paracellular or transcellular), there would
be two routes for migration of osteoclast precursors as
mentioned above (Fig. 3). The soluble factors for involve-
ment in extravasation of osteoclast precursors are
sphingosine-1 phosphate (S1P) and stromal cell-derived
factor-1 (SDF-1, CXCL12). Osteoclast precursors exhibit
positive chemotaxis along an S1P gradient. Because S1P
concentration in blood is usually high in comparison with that
in tissues, osteoclast precursors in the marrow space re-enter
the blood circulation in the absence of stimulation by the
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Fig. 3 Cell communication between MNCs and endothelial cells.
MNCs migrate from the bloodstream to the extravascular space.
Extravasation of MNCs is controlled by adhesion molecules ICAM-1
and LFA-1, CD44). Two migratory routes through the endothelia
have been reported (paracellular and transcellular migration)

#osteoblasts

(bone lining cells)

(B)

differentiation factor, RANKL, which is produced by osteo-
blasts. When expressed, RANKL stimulates downregulation
of the expression of S1P;, a receptor of S1P, in osteoclast
precursors. Therefore, the RANKL-stimulated osteoclast
precursor is retained in the tissue where it differentiates
into a mature osteoclast [35]. A chemoattractant receptor
(CXCR4), which is highly expressed in murine osteoclast
precursors, mediates SDF-1-induced chemoattraction, col-
lagen transmigration, and MMP-9 expression. SDF-1 is
secreted by endothelial and stromal cells, and this secretion
induces osteoclast precursor migration from blood to tissue
[36]. Recently, so-called ‘find-me’ signals of apoptotic cells
have been defined as ATP and UTP, and function to recruit
monocytes to apoptotic cells [37]. P2Y,, the receptor of the
find-me signals, is expressed in human osteoclasts [38, 39].
Thus, these humoral factors may also contribute to the
migration of osteoclast precursors by their diffusion.

Osteoclast precursor migration under the bone lining
cell layer (osteoblast—osteoclast precursor
communication)

Osteoclast precursors will start to differentiate into osteo-
clasts following migration onto the bone surface. How do
osteoclast precursors bind to the osteoblasts during migra-
tion, and how do they migrate under the osteoblast layer?
According to in vitro studies, several lines of evidence show
that ICAM-1 is one of the candidates for mediation of
osteoclast precursor adhesion and migration [40—43]. Con-
sidering the similarity between endothelial cells and
osteoblast cells as described above (based on the expression
of junctional proteins and on cell polarity), it is likely that the
osteoclast precursors (MNCs) also migrate through the
osteoblast layer using these two routes (Fig. 4). Recently, it
has been found during coculture of human osteoblast-like
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Fig. 4 Cell communication between osteoclast precursors (MNCs)
and osteoblasts. MNCs migrate under osteoblasts. This migration is
also mediated by adhesion molecules (ICAM-1-Macl, ICAM-1-LFA-1,
CX3CRI1-CX3CL1). Two migratory routes have been proposed
(paracellular and transcellular migration). After MNCs have migrated
under the osteoblast layer, they differentiate into pre-OCs, which are
induced by RANK-RANKL binding. Osteoblasts express ICAM-1,
CX3CRI1 and RANKL. Pre-OCs express Mac-1, LFA-1, CX3CLI,
RANK, OSCAR, FcRy, and PIR-A

cells and human peripheral blood MNCs that ICAM-1 is
basolaterally localized in osteoclast precursors. Further-
more, this study also showed colocalization of clustered
ICAM-1 and F-actin filaments in osteoclast precursors and
multinuclear osteoclasts. This study strongly suggests that
ICAM-1 that is expressed on osteoclast precursors is
involved, not only in cell adhesion, but also in cell migra-
tion [44]. Interestingly, Koizumi et al. [45] reported
that CX3CL1/fractalkine, a membrane-bound chemokine
belonging to the CX3C subfamily, is an adhesion and
migration factor for osteoclast precursors. CX3CRI1, a
receptor for CX3CLI is expressed on osteoblasts and has
been suggested to be involved in the migration of CX3CL1-
expressing osteoclast precursors. It is still unclear whether
the migration of osteoclast precursors under osteoblasts is
essential for osteoclastogenesis or not. However, the
microenvironment under the osteoblast would be suitable
for osteoclastogenesis, because osteoclast differentiation is
found only on bone matrix during normal bone remodeling.
M-CSF and RANKL, the essential factors for osteoclasto-
genesis, are mainly provided by osteoblasts. Therefore,
these factors may be concentrated on the basolateral surface
of osteoblasts. On the other hand, transmigration of mature
osteoclasts has been shown in in vitro experiments [46].
Multinuclear osteoclasts may differentiate in other place and
migrate onto the bone matrix in pathological conditions.

Osteoclast differentiation 1 (pre-osteoclast—osteoblast
communication)

Pre-OCs are exposed to the differentiation factors RANKL
and M-CSF, which are mainly provided by the osteoblasts

under which they migrate, and which induce the pre-OCs to
form multinuclear osteoclasts. In addition to these factors,
Koga et al. [47] have reported that the costimulatory factors,
Fc receptor common 7 subunit (FcRy) or DNAX-activating
protein 12 (DAP12), are essential for differentiation of
osteoclasts in vivo. These authors showed that both FcRy
and DAP12 double knockout mice exhibit severe osteope-
trosis owing to impaired osteoclast differentiation. FcRy has
been reported to interact with osteoclast-associated receptor
(OSCAR) or with paired immunoglobulin-like receptor-A
(PIR-A), which is expressed by pre-OCs (Fig. 4). OSCAR
has been reported to be involved in the interaction of
osteoclasts with osteoblasts [48]. The ligand for OSCAR is
thought to be expressed on osteoblasts. However, this
ligand has not yet been identified. Upon activation of these
costimulatory factors (FcRy or DAPI12), spleen tyrosine
kinase (Syk) is activated via the phosphorylation of
immunoreceptor tyrosine-based activation motif (ITAM)
sequences. The details of signaling pathways that mediate
osteoclastogenesis are reviewed elsewhere [49-53].

Osteoclast differentiation 2
(pre-osteoclast—pre-osteoclast communication)

Osteoclast precursors differentiate into tartrate-resistant
acid phosphatase positive MNCs (TRAP" pre-OCs) after
RANKL stimulation. Thereafter, these TRAP' pre-OCs
fuse with each other and differentiate into multinuclear
osteoclasts. For TRAP™ pre-OC fusion to occur, TRAP™
pre-OC-TRAP™ pre-OC interaction is essential so that
TRAP* pre-OCs can identify each other (Fig. 5). The
dendritic cell-specific transmembrane protein (DC-
STAMP) has also been shown to be essential for this TRAP™
pre-OC cell—cell fusion [54, 55]. Thus, osteoclast fusion is
impaired by knockdown or knockout of DC-STAMP, even
though TRAP™ mononuclear pre-OCs are differentiated in
these mice. However, the ligand for DC-STAMP, and the
signaling pathway(s) downstream of DC-STAMP have not
yet been identified. TRAP™ cell-cell communication may
be essential, not only for cell-cell fusion but also for
amplification of the differentiation signal.

Our previous study showed that expression of the cell
surface receptor macrophage antigen 1 (Mac-1, CD11b/
CD18) might accelerate differentiation into osteoclasts via
modulation of pre-OC cell-cell communication [56]. We
demonstrated a positive relationship between CDI11b
expression on pre-OCs and osteoclastogenesis, an inhibi-
tory effect of a CDI11lb neutralizing antibody on
osteoclastogenesis, and an inhibitory effect of knockdown
of CD11b on osteoclastogenesis using a macrophage cell
line (RAW264.7) and bone marrow-derived macrophages
stimulated with RANKL. A second candidate
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Fig. 5 Pre-OC—Pre-OC cell—cell communication. Pre-OCs fuse with
each other and differentiate into multinuclear osteoclasts. Pre-OCs
express Mac-1, ICAM-1, TREM-2, semaphorin 6D, ephrinA2,
EphA2, and DC-STAMP

costimulatory factor for pre-OC interactions is triggering
receptor expressed on myeloid cells 2 (TREM-2) [47],
which is expressed by pre-OCs and which is reported to
function as a phagocytic receptor for bacteria [57]. TREM-
2 interacts with both the transmembrane protein plexin Al
and DAP-12 in the same cell. This interaction is followed
by the binding of semaphorin 6D (which is a secreted and
membrane-bound protein) to plexinAl, resulting in the
activation of DAP12 followed by Syk activation [58, 59].
Genetic analysis of patients with Nasu-Hakola disease has
revealed that loss-of-function mutations in either DAP-12
or TREM-2 result in this disease [60—62]. More recently, it
has been reported that the ephrin ligand and Eph receptor
tyrosine kinase are involved in osteoclastogenesis. Irie
et al. [63] showed that the ephrinA2 ligand is rapidly
induced by RANKL treatment of pre-OCs and they sug-
gested that ephrinA2-EphA2 interaction facilitates the
initiation phase of bone remodeling. As mentioned above,
pre-OCs differentiate into multinuclear osteoclasts in the
presence of RANKL and costimulatory factors. These
multinuclear osteoclasts then resorb bone to remove old
bone areas.

Bone regeneration (osteoclast—osteoblast
communication)

After bone resorption is completed, osteoclasts will die by
apoptosis. Osteoclast—osteoblast communication has been
reported to play a role in the mechanism by which osteo-
clasts know that bone resorption is complete [64] (Fig. 6).
EphrinB2 expression is under the control of nuclear factor of
activated T cells c1 (NFATcl, a master regulator of osteo-
clastogenesis [65]). Therefore, as the cells differentiate into

[ bone lining cell (osteoblast) ]

ephrinB2 - EphB4 - M ﬁ f

Bone matrix

Fig. 6 Cell communication between osteoclasts and osteoblasts.
After completion of bone resorption, osteoclasts make contact with
osteoblasts. Apoptosis of osteoclasts and proliferation of osteoblasts
are induced by bidirectional signaling of ephrinB2-EphB4, which are
expressed by osteoclasts and osteoblasts, respectively. Osteoblasts
proliferate due to the action of growth factors released from the bone
matrix

osteoclasts and the levels of NFATc] increase, there is a
corresponding increase in ephrinB2 expression. On the other
hand, EphB4, a receptor of ephrinB2 is expressed in oste-
oblasts but not in osteoclasts. Using gain- and loss-
of-function experiments, Zhao et al. demonstrated that the
binding of ephrinB2 (osteoclasts) and EphB4 (osteoblasts)
results in attenuation of osteoclastogenesis [64]. Further-
more, they found that this binding also resulted in
enhancement of osteoblast differentiation. EphrinB2-
EphB4 binding may therefore provide one of the signals that
induces osteoblasts to switch their phenotype from osteo-
clastogenesis to osteogenesis. Both the growth of
osteoblasts and their exocytosis of extracellular matrix are
necessary for repair of the resorbed bone area.

It has been reported that humoral factors embedded in
bone matrix are involved in osteoblast growth and differ-
entiation during this repair process [66]. Mesenchymal
stem cells in the periosteum are known to differentiate into
osteoblasts [67]. Recently, it has been found using the
transcriptome assay that signals induced by platelet-
derived growth factor (PDGF), transforming growth f
factor (TGF-f) and fibroblast growth factor (FGF) are
important for growth of mesenchymal stem cells [68].
PDGF and FGF induce osteoblast proliferation [69]. Insu-
lin-like growth factor and TGF-f promote osteoblast
differentiation [70-73]. These factors will therefore con-
tribute to bone formation after bone resorption. When does
bone formation stop? Recent findings have revealed that
the molecule sclerostin plays a significant role in the con-
trol of bone volume. Sclerostin is secreted by osteocytes
and functions as an antagonist of bone morphogenetic
protein [74, 75]. Moreover, secretion of sclerostin is
dependent on osteocyte maturation [76]. These findings
suggest that sclerostin is essential for the termination of
bone remodeling.
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Fig. 7 A new theory regarding the mechanism by which old bone is
sensed. This theory is based on cAMP-dependent changes in
osteoblast phenotype from osteogenic to osteoclastogenic. /-3
Microcrack-induced osteocyte apoptosis causes the elevation of
cAMP in adjacent osteoblasts (red). 4, 5 The osteoblasts express

A new theory regarding the mechanism by which old
bone is sensed (osteoblast—osteocyte communication)

As mentioned above, the mechanism by which pre-OCs
differentiate only on old bone is not clearly understood.
After careful consideration of this important and interesting
problem, we have come up with a simple working hypoth-
esis to explain this mechanism, which, however, remains to
be proved (Fig. 7). Our hypothesis is based on three pieces
of evidence. Firstly, the trigger of bone remodeling is oste-
ocyte cell apoptosis (discussed above). More recently,
Tatsumi et al. [77] reported that osteocyte ablation caused
osteoporosis by upregulation of RANKL expression in bone.
These authors generated a transgenic mouse that expresses
diphtheria toxin receptor under the control of dentin matrix
protein 1 promoter, for inducible ablation of osteocytes in
vivo. After the induction of osteocyte death by the admin-
istration of diphtheria toxin, the mice exhibit a severe
osteoporotic phenotype. These results provide direct evi-
dence that osteocyte death is a trigger of osteoclastogenesis
in vivo. Secondly, the phenotypic change of osteoblasts
from osteogenesis to osteoclastogenesis is due to elevation
of the level of cyclic AMP (cAMP) in osteoblasts. Several
lines of evidence suggest that agents that elevate the level of
cAMP induce RANKL expression in osteoblasts [78—80].
Furthermore, Mak et al. [81] have shown that up-regulation
of PTHrP (parathyroid hormone-related peptide) in osteo-
blasts induces RANKL expression via cAMP-dependent
protein kinase A in vivo. Promoter analysis of RANKL has
revealed that cAMP and the transcription factor Runx2 play
a predominant role in RANKL expression [82]. Interest-
ingly, since Runx2 is an osteoblast-specific transcription
factor, Runx2 regulation of RANKL expression by binding

adhesion molecules (for MNC migration, black pins) and RANKL
(for osteoclastogenesis, green pins). The elevation of cAMP in
osteoblasts is dependent on communication between the osteoblasts
and osteocytes via gap junctions (yellow arrows)

to the RANKL promoter may also contribute cell-type
specific expression of RANKL. On the other hand, the
expression of osteoprotegerin, an osteoblast-secreted decoy
receptor that specifically binds to RANKL and inhibits
osteoclast maturation, is inhibited via a cAMP/PKA-
dependent pathway [83]. Lastly, there is communication
between osteoblasts and osteocytes via gap junctions [84].
Osteoblasts continuously express connexin 43 at high levels
[85]. Furthermore, parathyroid hormone, prostaglandin E,,
or shear stress, upregulate connexin 43 expression and GJIC
activity in osteocytes [8, 86, 87].

The combined evidence led us to hypothesize the fol-
lowing simple story. Thus, cAMP levels in osteoblasts are
kept low (not enough to induce RANKL expression) in
healthy or new bone. Moreover, the elevation of cAMP
levels in osteoblasts is always attenuated by diffusion of the
cAMP from osteoblasts to osteocytes via gap junctions. This
diffusion would occur even if a transient stimulation was
applied to the healthy osteoblasts, because it is known that
elevation of cAMP spreads to adjacent cells within seconds
via gap junctions [88]. In other words, osteocytes play an
important role in the regulation of ostoclastogenesis by
cAMP hydrolysis. Conversely, cAMP levels in osteoblasts
will increase in the absence of GJIC between osteoblasts and
osteocytes, because cAMP in osteoblasts cannot efflux into
osteocytes without GJICs. The elevation of cAMP in oste-
oblasts then leads to the synthesis of adhesion molecules and
differentiation factors for osteoclastogenesis [89]. These
adhesion molecules will not only retain the osteoclast pre-
cursors on the osteoblasts but also induce the migration of
osteoclast precursors under the osteoblast layer. While under
the osteoblast layer, osteoclast precursors will be exposed to
a microenvironment that is suitable for osteoclastogenesis.
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