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Abstract Members of the ephrin and Eph family are local mediators of cell func-
tion through largely contact-dependent processes in development and in maturity.
Production of ephrinB2 mRNA and protein are increased by PTH and PTHrP in
osteoblasts. Both a synthetic peptide antagonist of ephrinB2/EphB4 receptor inter-
action and recombinant soluble extracellular domain of EphB4 (sEphB4), which is
an antagonist of both forward and reverse EphB4 signaling, were able to inhibit
mineralization and the expression of several osteoblast genes involved late in
osteoblast differentiation. The findings are consistent with ephrinB2/EphB4 signal-
ing within the osteoblast lineage having a paracrine role in osteoblast differentiation,
in addition to the proposed role of osteoclast-derived ephrinB2 in coupling of
bone formation to resorption. This local regulation might contribute to control of
osteoblast differentiation and bone formation at remodeling sites, and perhaps also
in modeling.
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1 Introduction — Bone Remodeling

The maintenance of adequate trabecular and cortical bone requires that bone forma-
tion and resorption should be balanced, such that a high or low level of resorption
is usually associated with a similar change in the level of bone formation. Bone
resorption and formation take place asynchronously throughout the skeleton in both
trabecular and cortical bone, at many sites known as bone metabolic units (BMUs).
The theory that resorption is followed by an equal amount of formation in the BMU
came to be known as “coupling.” There are a number of situations in which this
equal balance does not hold. During aging there is a negative balance at individual
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BMUs [14] with gradual diminution in the amount of bone, whereas during growth it
is proposed that there is a positive balance, with the amount of bone replaced at indi-
vidual BMUs exceeding that which was lost [23]. In the states of post-menopausal
osteoporosis or of ovariectomy in animal models, coupling is perturbed to the extent
that the bone resorbed within each BMU is inadequately replaced by formation; the
net result being bone loss. The tightly regulated processes of bone formation and
resorption are essential in bone remodeling, for the achievement and maintenance of
skeletal strength and form. Circulating hormones are important controlling factors,
but the key influences are locally generated cytokines, which influence bone cell
function and communication in complex ways, and often are themselves regulated
in turn by the hormones.

Bone remodeling is essential in order to repair microdamage to bone and to
respond to pressure changes [22]. The bone-remodeling sequence begins with sig-
nals generated from cells in the osteoblast lineage, osteocytes and bone lining cells,
aimed at generating active osteoclasts to resorb old or damaged bone [2, 20]. This
is followed by the reversal phase on completion of bone resorption, with the death
and departure of multinucleate osteoclasts, when the resorbed surface is cleared by
mononuclear cells, probably both macrophage and mesenchymal in origin [6]. In
the bone-formation phase, the resorbed bone is replaced by the actions of osteo-
progenitor cells, which differentiate into osteoblasts. Uncalcified matrix (osteoid)
is deposited for subsequent mineralization. The lacuna is gradually filled with new
bone. These processes clearly require controlled production of molecules by the
participating cells and their communication with neighbours.

2 Communication from the Osteoblast to the Hemopoietic
Lineage

The crucial local factors that control osteoclast formation were discovered in the
late 1990s. Osteoblasts express a membrane protein, Receptor Activator of NF-kB
ligand (RANKL) regulated by osteotropic hormones, including parathyroid hor-
mone and calcitriol, as well as cytokines such as interleukin-6 [27]. RANKL plays
an essential role in osteoclast differentiation, activation, and survival. Proximity
between osteoblastic lineage and hemopoietic cells is required for RANKL to bind
to its respective receptor (RANK), which is expressed by monocyte/macrophage
lineage cells, thereby stimulating some of these to form osteoclasts. The bind-
ing of RANKL to its receptor in mononuclear hematopoietic precursors initiates
the processes that ultimately lead to the formation of multinucleate osteoclasts.
Osteoprotegerin (OPG) acts as a decoy receptor for RANKL to suppress osteo-
clast formation. Studies in genetically altered mice have clearly established the
essential physiological roles of RANKL and OPG in controlling osteoclast for-
mation and activity, and greatly enhanced our understanding of this stage of the
bone-remodeling process — the early recruitment of osteoclast precursors, and the
important role played in this by cells of the osteoblast lineage.
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3 Communication from Osteoclasts to the Osteoblasts in Order
to Contribute to Bone Formation

Much less is known of communication in the reverse direction, even though it has
long been recognized that rates of bone resorption are generally matched by those
of bone formation. A local “coupling factor” linking bone resorption to subsequent
formation was proposed as the key regulator of the remodeling process [17]. The
concept developed that coupling might be achieved by the activities of one or more
growth factors released from bone matrix during resorption, with most credence
given to IGF I and II, and TGFp [3, 21]. This model of coupling in the BMU by
growth factor release from the matrix raises a number of questions that relate to
the time course and the distance between the resorption and formation processes
and whether activation can be controlled with sufficient precision: (i) which cells
produce the growth factors and under what circumstances; (ii) do they stimulate
bone formation in vivo; (iii) which can be released from the matrix in active form
and in a spatially and temporally controlled manner; (iv) is there evidence for an
increase in the abundance of these substances at sites of bone remodeling; and, (v)
are there regulated mechanisms by which they are activated?

On the other hand, it is possible that coupling of bone formation might be
achieved through activities generated from active osteoclasts. Evidence consistent
with this came from Nakamura et al. [19], who used osteoprotegerin (OPG)™~ mice,
which are severely osteoporotic because of excessive osteoclast formation, to show
that these mice have greatly increased bone formation resulting from a local active
factor. They suggested that this factor is more likely derived from cells than released
from matrix [27]. Other evidence came from studies in mice, in which each of the
two gp130-dependent signaling pathways was specifically attenuated. Inactivation
of the SHP2/ras/MAPK signaling pathway (gp130Y737F/Y757F mice) yielded mice
with greater osteoclast numbers and bone resorption, as well as greater bone for-
mation than wild type mice. This increased bone remodeling resulted in less bone
because the increase in resorption was relatively greater than that in formation.
When gp130Y737F/Y757F mice were crossed with IL-6 null mice they had similarly
high osteoclast numbers and increased bone resorption; however, these mice showed
no corresponding increase in bone formation and thus had extremely low bone mass.
This indicated that stimulation of bone formation coupled to the high level of bone
resorption in gp130Y737FY7STF mjce is of cellular rather than resorbed matrix ori-
gin, and is an IL-6-dependent process, though it does not necessarily show that it is
mediated by IL-6 itself [26].

The first specific mechanism proposed as an osteoclast — derived mediator of cou-
pling was ephrinB2, with the finding that osteoclast-derived ephrinB2 acts through
a contact-dependent mechanism on EphB4, its receptor in the osteoblast, to promote
osteoblast differentiation and bone formation [30]. This was of interest because
ephrin/Eph family members have been recognized for some time as local media-
tors of cell function through largely contact-dependent processes in development
and in maturity [5, 10, 24]. They mediate cell attraction and adhesion, but often
also provide signals that separate the cells, and have demonstrated roles in tissue
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remodeling, including cell migration, vascular development, axon guidance and
synapse plasticity. Based on the ephrin ligand structure, the ephrins are in two
classes, with the ephrin A class glycophosphatidylinositol (GPI)-tethered to the
membrane and the B class consisting of type II membrane proteins [10, 24].
Although first considered to bind with class-specificity, i.e. ephrinA to EphA
and ephrinB to EphB, there are exceptions, with EphA4 being activated through
ephrinB1 [11] and ephrinA5 binding to and signaling through EphB2 [9, 18]. A
particular feature of ephrin/Eph biology is their capacity for bi-directional signal-
ing, in that when an ephrin acts upon its Eph receptor tyrosine kinase, the latter
can signal in the reverse direction, acting through the ligand by promoting rapid
phosphorylation on highly conserved tyrosine residues within the cytoplasmic tail
[15].

Transgenic mice constructed to overexpress EphB4 in the osteoblast lineage
showed increased bone formation parameters, and treatment of osteoblastic cells
in vitro with ephrinB2-Fc fusion protein resulted in increased expression of genes
associated with osteoblast differentiation [30]. By transfecting osteoblasts with
ephrinB2 mutant forms it was concluded also that the action of ephrinB2 did
not require its participation in intracellular signaling in the osteoblasts, but rather
that the ephrinB2 extracellular domain stimulated the EphB4 receptors. Of great
interest also in this work was the evidence that through reverse signaling, osteoblast-
derived EphB4 could act upon ephrinB2 in osteoclasts to suppress osteoclast
differentiation by inhibiting the cFos/NFATc1 cascade that is essential for osteoclast
differentiation.

The concept of ephrin-Eph involvement in the coupling process is an intrigu-
ing one. The fact that these interactions seem to require cell contact between the
osteoclast and a differentiating osteoblast makes it likely that it could be just one of
many contributory factors to coupling. The findings to be discussed below extend
the involvement of ephrinB2 to indicate that it might also be involved in remodeling
in ways that determine the amount of bone formed in the BMU.

4 How Do Cells of the Osteoblast Lineage Know How Much
Bone to Make in a BMU?

Among the many unanswered questions concerning bone remodeling is why osteo-
clasts stop resorbing after excavating a certain amount of bone, and either die or
move on. So, it would also be intriguing to understand how the osteoblast lin-
eage cells, differentiating to form bone within the BMU, do so virtually precisely
to replace the amount of bone that has been lost. An interesting insight into this
comes from the work of Boyde and colleagues [7] who showed in vitro that, if
they provided rat calvarial cells to bone slices with crevices and grooves exca-
vated on them, the production of bone was limited to the space available. Their
findings suggested that the topography of the bone affected the timing, siting and
extent of new bone formation, and that in vivo this would take place in the resorbed
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spaces vacated by osteoclasts. Both the proposed growth factor involvement and
the work of Gray et al. imply that once the formation process is established, the
participating cells themselves are able to sense spatial limits, and most likely do
so by chemical communication within that population of cells. Growth factors and
cytokines produced by those cells are candidate mediators, as are gap junction inter-
cellular communicators. Relevant to the latter, deletion of connexin43 has been
shown to result in impaired response of bone formation to loading and to treat-
ment with PTH [4]. Regulation from outside the BMU population could be provided
by osteocyte-derived sclerostin, which could communicate with those cells to limit
bone formation [25, 28].

Another possible regulatory influence arises from our finding that production of
ephrinB2 by osteoblasts is substantially enhanced by PTH and PTHrP [1]. In using
gene profiling to study the actions of PTH(1-34) and PTHrP(1-141) on differenti-
ating osteoblasts, we found that among the ephrin and Eph molecules represented
on the array, ephrinB2 mRNA and protein production was substantially enhanced by
treatment with either PTH or PTHrP (Fig. 1). This effect was confirmed in UMR106
rat osteogenic sarcoma cells (Fig. 1) and in mouse calvarial osteoblasts [1]. The
response was a rapid one, evident within 1 h, and the increased ephrinB2 protein
production was maintained for greater than 24 h (Fig. 1). Furthermore treatment of
either 3-week old rats or ovariectomized 6-month old rats with a single subcutaneous
injection of PTH resulted in a tenfold increase in ephrinB2 mRNA in metaphyseal
bone [1]. Localization of ephrinB2 by immunohistology in young rat bone showed
it in clusters of osteoblasts, predominantly in association with mature rather than
woven bone [1], consistent with ephrinB2 involvement in remodeling.

Since clustered ephrinB2 treatment of mouse calvarial osteoblasts has been
shown to enhance expression of genes associated with osteoblast differentiation,
and mice overexpressing EphB4 have increased bone formation parameters, we
used inhibitors of ephrinB2-EphB4 receptor interaction in in vitro experiments
to determine whether, within a population of osteoblastic cells, they influenced
mineralization of differentiating osteoblasts or expression of differentiation-related
genes. Two classes of receptor antagonist were used. The first was the peptide,
TNYLFSPNGPIARAW, discovered through phage display and shown to be a spe-
cific antagonist of ephrinB2 interaction with EphB4 [13]. The second was the
recombinant extracellular domain of EphB4 (sEphB4), shown to inhibit both for-
ward and reverse signaling between ephrinB2 and EphB4 [12]. Each of these
receptor antagonists was able to inhibit mineralization of the mouse stromal cells,
Kusa 4b10, in a dose-dependent manner (Fig. 2A). Furthermore, in Kusa 4b10 cells
at a late stage of differentiation, sEphB4 inhibited the expression of mRNA for a
number of genes associated with osteoblast differentiation (Fig. 2B), similar to our
previous findings with the peptide receptor antagonist, TNYL [1]. Additionally, in
mouse calvarial osteoblasts differentiated over 7 days in conditions that result in
several hundredfold increase in expression of osteocyte markers, both sEphB4 and
TNYL over 24 h decreased expression of mRNA for osteocalcin, sclerostin, DMP-1
and MEPE (Fig. 2C). These findings are consistent with a role for ephrinB2 inter-
action with EphB4 within the osteoblast lineage, quite distinct from the proposed
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Fig.1 EphrinB2 mRNA in response to treatment with PTH(1-34) or PTHrP(1-141) for up to 24 h
in differentiated Kusa 4b10 cells (top panel) or UMR106 rat osteogenic sarcoma cells (bottom
panel)

role of osteoclast-derived ephrinB2. The communication process is illustrated in
Fig. 3, depicting ephrin-Eph interaction playing a role in communication within the
osteoblast population in the bone formation phase of bone remodeling.

With locally produced PTHrP in bone as the likely ligand for the PTH receptor
in the osteoblast lineage [16], we propose that production of ephrinB2 in osteoblasts
is enhanced by activation of the PTH receptor, probably through the paracrine
action of PTHrP. A contact-dependent process operating within a group of maturing
osteoblasts in the BMU might present ephrinB2 with easier access to its receptor
than relying on osteoblast-osteoclast juxtaposition. Nevertheless, ephrinB2/EphB4
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Fig. 2 (A) Kusa 4b10 cells under mineralizing conditions treated with increasing concentrations
of sEphB4 and mineralization measured at 13 and 14 days; (B) Kusa 4b10 cells, mRNA for several
genes after 24-h treatment with sEphB4 (5 pg/ml) or control; (C) mouse calvarial osteoblasts after
differentiation for 7 days, and 24-h treatment with either peptide antagonist (TNYL) or sEphB4

Fig. 3 Osteoblasts depicted filling a remodeling space, with ephrinB2 — EphB4 interactions
shown, as well as intercellular communication by gap junctions and signals from matrix
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forward and reverse signaling is an attractive means of regulating the volumes of
bone resorbed and formed.

These considerations of ephrin-Eph interactions in bone are thus far limited to
observations made with bone cells. The abundance of important ephrin signaling
processes in the vasculature [29] make it imperative to determine whether that
source also applies in the process of bone remodeling. In proposing the model of
intercellular communication within the osteoblast lineage that we report here, it will
be essential to evaluate the relative importance of forward and reverse signaling.
For example, ephrinB2 forward signaling and EphB4 reverse signaling were found
to affect cell adhesion and migration differentially between arterial and venous
endothelial cells [8]. Although our data in osteoblasts taken together taken with
that of Zhao et al., in osteoclast-osteoblast communication might favor actions
through ephrinB2 forward signaling, the possibility of significant effects through
EphB4 reverse signaling has not been excluded. Resolution of this and related ques-
tions will require further in vivo and ex vivo studies in genetically manipulated
mice.

5 Summary

During bone remodeling there are contributions from many important pathways of
intercellular communication among the osteoblast lineage, osteoclasts and cells of
the immune system. Although coupling of formation to resorption in bone remod-
eling is often ascribed to a hypothetical “coupling factor,” the overall mechanism
seems too complex to be explained by any single factor, and it is likely that there
are several contributors. One of the important stages in remodeling is the filling
of the excavated space in the BMU, where differentiation of osteoblast precursors
must be controlled and the amount of bone replaced must be limited. The finding of
ephrinB2 regulation within this lineage by a local modulator of bone remodeling,
PTHrP, introduces this pathway as another that might influence the process of bone
renewal.
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