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Abstract While much research focuses on the range of

signals detected by the osteoblast lineage that originate

from endocrine influences, or from other cells within the

body, there are also multiple interactions that occur within

this family of cells. Osteoblasts exist as teams and form

extensive communication networks both on, and within,

the bone matrix. We provide four snapshots of communi-

cation pathways that exist within the osteoblast lineage

between different stages of their differentiation, as follows:

(1) PTHrP, a factor produced by early osteoblasts that

stimulates the activity of more mature bone-forming cells

and the most mature osteoblast embedded within the bone

matrix, the osteocyte; (2) sclerostin, a secreted factor,

released by osteocytes into their extensive communication

network to restrict the activity of younger osteoblasts on

the bone surface; (3) oncostatin M, a member of the IL-6/

gp130 family of cytokines, expressed throughout osteoblast

differentiation and acting to stimulate osteoblast activity

that works on a different receptor in the mature osteocyte

compared to the preosteoblast; and (4) Eph/ephrins, cell-

contact-dependent kinases, and the osteoblast-lineage-spe-

cific interaction of EphB4 and ephrinB2, which provides a

checkpoint for entry to the late stages of osteoblast dif-

ferentiation and restricts RANKL expression.
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Parathyroid hormone–related protein (PTHrP) � Sclerostin

The skeleton is continually renewed and reshaped

throughout life by the coordinated actions of multiple cell

types. During bone remodeling, bone formation occurs on

discrete surfaces where osteoclastic resorption has previ-

ously occurred. Cell-to-cell communication between both

cell types is required for the skeleton to achieve the desired

external and internal shape, thereby conferring appropriate

strength needed for physiological activity with minimal

risk of fracture. This communication is mediated by a

system of regulatory factors produced by the cells that

populate the bone multicellular unit (BMU). This includes

the lineages that give rise to osteoblasts and osteoclasts. In

this review, we will focus on factors secreted by the

osteoblast lineage and proteins expressed on their cell

membranes and describe their paracrine or autocrine

influences on osteoblast and osteocyte function.

The Osteoblast Lineage In Vitro and In Vivo

We use the term osteoblast lineage to include all cells

along the continuum that exists between cells with the

capacity and commitment to differentiate into active

bone-forming osteoblasts and those cells that were active

bone-forming osteoblasts at an earlier time point. This

population therefore includes committed osteoblast pre-

cursors, preosteoblasts, active bone-forming osteoblasts

and osteocytes, both those embedded in the osteoid matrix

and those fully differentiated osteocytes embedded within

the mineralized matrix. These cells would also include

lining cells, reported to be final stage osteoblasts, that sit,

flattened on the bone matrix, apparently guarding the bone

matrix against osteoclastic activity.

Osteoblast lineage cells are derived from mesenchymal

stem cells; originally identified in vitro as colony-forming
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fibroblasts [1]. These cells also have the capacity to dif-

ferentiate to chondrocytes or adipocytes [2]. A precise

definition of a committed osteoblast precursor is elusive,

but expression of Runt-related transcription factor 2

(Runx2) and Osterix (Osx) are absolutely required for bone

formation to occur [3, 4] indicating that these two factors at

least are required for osteoblast commitment.

Active bone-forming osteoblasts in vivo are engaged in

forming osteoid on the bone surface. An important char-

acteristic of active osteoblasts is that, in vivo, these cells do

not operate in isolation, or even in small groups of two or

three cells. In contrast, bone forming surfaces are lined by a

seam of osteoid, on the surface of which resides a team of

osteoblasts, with similar nuclear–cytoplasmic alignment,

and extensive sites of contact between team members.

Formation of mineralized nodules in cell culture also

depends on a critical mass of differentiated osteoblasts,

with a cobblestone appearance and extensive cell–cell

contact, before matrix deposition occurs [5–7]. The

requirement of cell-cell contact by bone-forming osteo-

blasts, reiterates the importance of cadherins and gap

junctions (discussed elsewhere in this issue) but also sug-

gests that paracrine and autocrine control mechanisms may

be important for osteoblast differentiation and bone

formation.

While osteoblasts are readily detected in tissue sections,

they are more difficult to identify in vitro because they

cannot be observed lining an osteoid seam. For this reason

cell culture systems rely on osteoblast marker genes to

define the stages of differentiation reached by the cultured

cells. Genes that reflect early osteoblast commitment

include Runx2 [8] and Osx [4]. The osteoblast produces

abundant levels of collagen I (Col1a1), alkaline phospha-

tase (Alp), and parathyroid hormone receptor (Pth1r) [9].

Osteocalcin (Bglap) [10] and bone sialoprotein (Ibsp) [11]

are expressed when the osteoblasts enter a more mature

stage of osteoblast differentiation including the early

osteocytic stage. This is then followed by expression of

osteocyte genes such as Dentin matrix protein-1 (Dmp1)

[12], Matrix extracellular phosphoglycoprotein (Mepe)

[13] and Sclerostin (Sost) [14] as the cells continue to

differentiate into mature osteocytes (Fig. 1).

Osteoblast lineage cells have also been described in a

canopy over BMUs in human tissue sections. These cells

were identified as osteoblasts by their expression of late

osteoblast markers including osteocalcin [15]. The cells

form a continuous layer over regions of bone remodeling,

perhaps as a result of lifting from the bone surface. In this

manner, they are currently thought to make a sealed zone in

which bone remodeling and paracrine communication can

occur in isolation from the rest of the marrow milieu.

While these cells may also contribute directly to paracrine

and autocrine control of osteoblast differentiation, this

contribution has been difficult to separate from the influ-

ence of the rest of the lineage because they have not been

described in species other than human, and are not

observed in cell culture.

Factors that modify osteoblast behavior have been

shown to play essential roles within the osteoblast lineage

based on in vivo mouse genetic knockout modeling

experiments, cell culture studies, or by familial human

genetic analysis of patients with particular bone disorders.

These factors have the potential to serve as new targets for

therapies for skeletal disorders including osteoporosis. In

this review we will discuss the evidence for paracrine/

autocrine regulation of the osteoblast lineage by parathy-

roid hormone-related protein (PTHrP), sclerostin, the

gp130 family of cytokines, particularly oncostatin M

(OSM), and members of the Eph/ephrin family.

PTHrP: Endocrine in Pathology, Paracrine

in Physiology

PTHrP was initially discovered to be released into the

circulation at high levels in 80 % of humoral hypercalce-

mia of malignancy cases [16]. PTHrP can also enter the

circulation during lactation [17] and in fetal life [18]. In the

rest of life, PTHrP is not detected in the serum, but is

expressed locally by many cells within different tissues

[19] where it acts in a paracrine manner. Within the

osteoblast lineage, PTHrP is expressed by osteoblast pro-

genitors in bone and bone marrow [20, 21]. As these cells

mature and differentiate, PTHrP expression levels decrease

[22]. This contrasts with the expression of its receptor

(parathyroid hormone receptor 1–PTH1R) that it shares

with parathyroid hormone (PTH) [23]. PTH1R levels

increase as osteoblast progenitors mature into osteoblasts

and terminally differentiate into osteocytes [21]. Thus,

paracrine PTHrP released from early stage osteoblasts

would influence the function of late-stage osteoblasts and

osteocytes [24].

A physiological role of PTHrP in bone formation was

first demonstrated when its specific deletion from the

osteoblast lineage resulted in a phenotype of low bone

formation and low bone mass [25]. Consistent with the

ability of PTHrP to stimulate RANKL expression, these

mice also showed impaired osteoclast formation. Strik-

ingly, PTHrP-deficient osteoblasts were hyper-responsive

to anabolic PTH treatment, suggesting that paracrine

PTHrP may also limit the anabolic action of therapeutic

PTH [25]. This phenotype, and its similarity with that of

PTHrP haploinsufficient mice [26], has culminated in a

model where PTHrP produced by osteoblast progenitors

acts through PTH1R on committed preosteoblasts to

enhance their differentiation into mature matrix-producing
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osteoblasts and osteocytes [27], and promotes their sur-

vival [25]. This anabolic action of PTHrP has been pro-

posed to be the paracrine physiological equivalent of the

pharmacological anabolic agent, PTH [28]. Such a para-

crine action is consistent with detection of PTHrP in

preosteoblasts that reside in the superficial layer above

bone-forming osteoblasts in developing bone and in

wound healing [22].

While the regulation of PTHrP expression has been well

studied in the context of breast cancer because of its pro-

metastatic action [29] and in chondrocytes because of its

role in bone development [30], little work has focused on

the regulation of PTHrP within the osteoblast lineage.

Presumably the same factors that stimulate PTHrP

expression in breast cancer and chondrocyte differentiation

would also stimulate it in osteoblasts. An example is

hedgehog signaling, which promotes osteoblast differenti-

ation and stimulates PTHrP expression in osteoblasts [31],

breast cancer cells [32, 33], and chondrocytes [34, 35].

The local anabolic action of PTHrP has meant that the

study of genes regulated by PTHrP in osteoblasts may

reveal novel anabolic pathways for the skeleton. The rest of

this review will discuss several proteins regulated by

PTHrP (and PTH) in the osteoblast lineage that have been

found to have anabolic action in bone: sclerostin, the signal

transducer gp130 and ephrinB2.

Sclerostin: A Signal from the Mature Matrix-

Embedded Osteocyte to the Active Osteoblast

One of the most fascinating communication pathways in

the osteoblast lineage is osteocytic production of sclerostin

[36] and its inhibition of the bone-forming activity of

osteoblasts. Sclerostin was first identified when loss of

function mutations within its coding gene (SOST) were

shown to associate with the high bone mass phenotype of

Sclerosteosis [37]. Large deletions downstream of the

Fig. 1 Paracrine influences on the osteoblast lineage throughout

differentiation. Top Patterns of expression of paracrine factors within

the lineage. Ligands such as oncostatin M (OSM), ephrinB1 and

ephrinB2 are expressed at relatively stable levels throughout differ-

entiation, while parathyroid hormone-related protein (PTHrP) is

down-regulated during differentiation, and sclerostin is up-regulated

as osteoblasts reach osteocytic differentiation. Some receptor expres-

sion levels are relatively stable, such as glycoprotein 130 (gp130),

OSM receptor (OSMR), leukemia inhibitory factor receptor (LIFR)

and EphB4, while PTH receptor (PTHR1) is up-regulated during

osteoblast differentiation. Center Differentiating osteoblast lineage

and genes expressed from the preosteoblast to the osteocytic stage.

These include Runx2, osterix (Osx), collagen 1a1 (Col1a1), alkaline

phosphatase (Alpl), osteocalcin (Bglap), bone sialoprotein (Ibsp),

dentine–matrix protein-1 (Dmp1), matrix extracellular phosphogly-

coprotein (Mepe) and sclerostin (Sost). Bottom Stages at which the

discussed paracrine factors influence osteoblast function. PTHrP

stimulates osteoblasts at a late stage of differentiation. OSM

stimulates osteoblast commitment at an early stage, through OSMR,

and inhibits sclerostin in osteocytes through LIFR. Within the

osteoblast lineage, EphrinB1:EphB2 influences the transition from

Runx2 expression to Osx expression, while ephrinB2:EphB4 signaling

allows the transition to Alpl expression. Sclerostin, while expressed

by osteocytes, influences osteoblast activity from an early stage of

differentiation but may also have direct effects on the mature

osteocyte
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SOST coding region that cause loss of sclerostin expression

were identified in a similar syndrome of Van Buchem

disease, a phenotype that was reproduced in a genetic

mouse model containing the same mutation [38–40]. What

was particularly interesting about these patients was that

inhibition of sclerostin activity led to an increase in bone

mass that was not associated with osteosarcoma, pointing

to a potential therapeutic pathway: inhibition of sclerostin

might be an anabolic therapy for osteoporosis. This has

made investigations into the action and regulation of

sclerostin all the more important, and research into this

pathway has proceeded very rapidly.

Sclerostin is a Wnt antagonist that is expressed by

osteocytes in mineralized bone, particularly in the most

deeply embedded mature osteocytes [14, 41]. Although

most work has focused on the secretion of sclerostin from

the osteocyte and its potential paracrine role, sclerostin has

been detected in other organs and in the cartilage [42]. This

suggests paracrine roles in other organ systems such as in

the aortic intima where it may inhibit mineralization [43].

Its ability to enter the circulation also suggests a systemic

action may be possible [44].

Mouse genetic studies have confirmed that sclerostin

inhibits osteoblast-mediated bone formation [36, 40, 45,

46] primarily by binding to the Wnt receptors LRP4, LRP5

and LRP6, thereby inhibiting Wnt-b-catenin signaling [47–

51]. The importance of this pathway of sclerostin action is

underscored by the knowledge that some human mutations

in LRP5 associated with high bone mass impair sclerostin

binding to LRP5 [47, 48]. An intriguing question is whe-

ther sclerostin limits bone formation by acting only on

matrix-producing osteoblasts, or also has autocrine action

on the osteocyte. There is evidence for both of these roles.

The relative importance of the different LRP proteins with

which sclerostin interacts remains unclear, but has been

extensively reviewed recently [52].

That sclerostin influences osteoblast differentiation is

well established. The increase in bone mass, rather than

only an increase in bone material density, that is observed

in the absence of sclerostin signaling indicate that matrix

production, the main action of bone surface osteoblasts, is

increased. And, in mice deficient in sclerostin, osteoblast

numbers are higher than in controls [45] indicating

enhanced osteoblast differentiation. Furthermore, in vitro

studies found that treatment of the mouse stromal cell line

C3H10T1/2 with sclerostin inhibited alkaline phosphatase

activity, a characteristic of matrix-producing osteoblasts

[36] and inhibited mineralization of human MSCs, an

outcome that would be anticipated because of the impaired

osteoblast differentiation [36]. This osteoblastic mode of

action of sclerostin is based on the understanding that once

secreted by the osteocyte, sclerostin travels through the

lacunar-canalicular network to the bone surface where it

influences matrix production by surface-dwelling

osteoblasts.

Osteocyte-specific targeting of genetic mutations in

mouse models is now routinely used to investigate the role

of osteocytes in controlling both bone formation and

resorption. Of relevance to the autocrine/paracrine action

of sclerostin, the LRP5 high bone mass mutations that

interfere with sclerostin binding have been genetically

introduced to osteocytes using a DMP1-Cre. In this model,

bone formation rate and bone mass were both significantly

greater confirming that it is the binding of sclerostin to

LRP5 that is an autocrine mechanism by which bone for-

mation is inhibited [53]. Some caution in interpretation is

required because DMP1-Cre is also active in bone surface

osteoblasts [54] and it remains controversial to what extent

this needs to be considered [55]. Certainly, this result

confirms that the interaction of sclerostin with LRP5 that

inhibits bone formation is a lineage-specific paracrine

interaction.

Further evidence that sclerostin acts on the osteocyte

itself is that Wnt signaling activation, detected in adult

TOPgal reporter mice, is more readily detected in osteo-

cytes than osteoblasts [56]. In addition, stimulation of bone

formation by experimental mechanical loading reduces

sclerostin expression [57], suggesting that sclerostin

mediates the anabolic action of mechanical loading. Data

to support this has been that deletion of sclerostin, or

antibody-based inhibition, protects mice from bone loss

after unloading [46, 58]. Further correlative data supports

this concept: for example, mechanical loading in mice

lacking periostin neither increased bone formation nor

reduced sclerostin expression [59]. Proof will be found if

mechanical loading is unable to stimulate bone formation

in sclerostin deficient mice; this outcome may be compli-

cated by the already very high bone mass of these animals.

In addition to its role in inhibiting Wnt signaling, there

is also evidence that sclerostin acts specifically to regulate

the bone mineralization process by increasing the produc-

tion of matrix extracellular phosphoglycoprotein (MEPE),

and inhibiting production of PHEX [60]. This action is

thought to be restricted to late stage osteoblasts/osteocytes;

however, whether this is a carryover of sclerostin-inhibited

osteoblast differentiation or an independent effect specifi-

cally on the osteocyte is not yet clear.

Sclerostin expression is inhibited by a range of factors. In

addition to its inhibition by mechanical loading, sclerostin is

inhibited by paracrine factors that stimulate bone formation.

These include gp130 family cytokines [61], PTHrP [42],

prostaglandin E2 [62] and hypoxia [63]. The inhibition of

sclerostin expression by these factors is rapid, presumably

reflecting a direct effect on osteocytic gene expression. In

other cases, sclerostin expression levels are low because of

an earlier block in osteoblast differentiation, as seen in
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mouse models with osteoblast-specific deletion of osterix

[64]. These concepts are discussed at length in our earlier

review [42]. The importance of suppressing sclerostin for the

anabolic action of factors that stimulate bone formation is not

yet fully resolved, but much work has focused on the

importance of sclerostin in the anabolic action of pharma-

cological intermittent PTH treatment [65, 66] because PTH

rapidly inhibits sclerostin expression [67, 68]. Experiments

of stimulating bone formation with PTH in sclerostin defi-

cient mice have been carried out, and while complicated by

the high bone mass phenotype of the sclerostin KO mouse, it

was clear that PTH could still stimulate bone formation in

both trabecular and cortical compartments [69, 70]. As a clue

to the physiological importance of PTH or PTHrP-induced

inhibition of sclerostin, mice in which their shared receptor

(PTH1R) was deleted in osteocytes exhibited a very mild

bone phenotype, with no detectable alteration in biochemical

markers of bone formation, despite increased sclerostin

expression [71]. This indicates that in the context of normal

bone remodeling, the role of osteocytic PTH1R signaling,

and by extension, PTH1R-mediated inhibition of sclerostin

is a minor one.

Oncostatin M: a Paracrine Osteoblast-Lineage

Stimulus that Acts Through Stage-Specific Receptors

Within the skeleton, the prevailing opinion has been that

interleukin 6 (IL-6) family cytokines (the cytokines that

signal through gp130) function mainly as inflammation-

associated cytokines that stimulate osteoclast formation by

stimulating osteoblastic RANKL expression [72]. Indeed,

the main function of IL-6 in the skeleton is to amplify

osteoclast formation in conditions such as inflammatory

arthritis and estrogen deficiency [73, 74]. This cytokine

family also includes interleukin 11 (IL-11), leukemia

inhibitory factor (LIF), cardiotrophin-1 (CT-1) and onco-

statin M (OSM), all of which also increase osteoclast for-

mation by stimulating osteoblastic RANKL production.

There has also been evidence from the earliest days that

some members of this family stimulate bone formation, as

revealed by Metcalf et al in 1989, who observed high bone

mass in mice overexpressing LIF [75].

Because the gp130 receptor itself is so promiscuous the

specificity of action of each cytokine that signals through it

depends on the formation of ligand-specific multi-compo-

nent complexes. For example, IL-6 forms a complex that

includes the IL-6-specific receptor subunit (IL-6R) bound

to a homodimer of gp130; a similar complex is used by

IL-11 (with IL-11R in place of IL-6R). The majority of

cytokines that signal through gp130 act through a hetero-

dimer of gp130 bound to the LIF receptor (LIFR). Natu-

rally, this means that LIFR is not specific for LIF at all!

The specificity of ligand action through gp130:LIFR is

further modified by the addition of other ligand-specific

receptors to the complex (such as ciliary-neurotrophic

factor receptor—CNTFR). A full description of each gp130

family member and its role in bone can be found in our

earlier reviews [76, 77]. Here we will focus on Oncostatin

M (OSM) because it is expressed at all stages of committed

osteoblast differentiation in vivo, and it forms two different

receptor complexes depending on the stage of osteoblast

differentiation [61]. OSM forms a complex either with a

heterodimer of gp130 and LIFR, or a heterodimer of gp130

and OSMR [78]. While it was originally thought that these

complexes were only biologically important in human cells

because of the low binding affinity of murine OSM for

LIFR [79], our recent work indicates that murine OSM has

biological effects through both complexes. Furthermore,

the downstream effects initiated by these receptor com-

plexes are different, and the ability of OSM to signal

through LIFR may be an osteocyte-specific effect.

OSM was originally thought to be largely a product of

activated macrophages, with its role in bone thought to be

mainly a stimulus of bone destruction in the context

of inflammation because it is a very potent stimulus of

osteoclast formation in the co-culture system [72], and of

RANKL expression in osteboalsts [80, 81]. It was sur-

prising then that OSMR deletion in mice did not moderate

the effects of experimental inflammatory arthritis on bone

destruction [73]. More recently, we have reported that

OSM is also expressed throughout the osteoblast lineage: in

bone-forming osteoblasts, bone lining cells and in osteo-

cytes [61]. The osteoblast lineage, including osteocytes,

also express both receptor subunits required for gp130

activation by OSM: OSMR and LIFR [61]. In uncommitted

progenitors, OSM stimulated the osteoblast commitment

genes C/EBPb and C/EBPd, and inhibited adipogenic

genes C/EBPa and PPARc, through OSMR. Confirmation

that OSM promotes osteoblast commitment through OSMR

came from a phenotypic analysis of OSMR null mice

which revealed low osteoblast numbers and a high level of

marrow adipogenesis [61]. In osteocytes, OSM strongly

inhibited sclerostin expression, an action that, surprisingly,

was not blocked by OSMR deletion, and was found to be

mediated by LIFR. Because sclerostin is the only gene

known to be regulated by OSM:LIFR, this signaling

pathway may be specific to the osteocyte. No significant

up-regulation of LIFR mRNA levels was detected when

osteoblasts were differentiated in vitro to the stage of

osteocytic gene expression [61]. This raises the possibility

that additional components required for complex formation

of OSM:LIFR exist in osteocytes, but not in osteoblasts at

earlier stages of differentiation. Whether OSM:LIFR sig-

naling occurs in other murine cells outside of the skeleton

is not yet known.
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The inhibition of sclerostin by OSM:LIFR signaling is

also achieved by other gp130 cytokines that act through

LIFR [61]. These include CT-1, an osteoclast-derived

coupling factor [82], and LIF, which is expressed by a wide

range of cells including chondrocytes and osteoblasts [77].

Genetic deletion of CT-1 and LIF both lead to reduced

osteoblast differentiation and a low level of bone formation

in remodeling bone [82, 83]. This highlights the impor-

tance of gp130:LIFR signaling in osteoblast differentiation.

The family of cytokines that signal through CNTFR:LIFR

complexes do not inhibit sclerostin expression nor stimu-

late bone formation [84].

Although CT-1 and LIF inhibit sclerostin through LIFR,

this is the same receptor complex through which they

stimulate RANKL production. How can OSM inhibit

sclerostin through LIFR, but not stimulate RANKL? This

suggests that there are structural differences in the

OSM:gp130:LIFR complex that allow it to activate a dif-

ferent set of signaling pathways from LIF:gp130:LIFR.

Discovering this pathway could lead to a novel method to

increase bone mass by specifically inhibiting sclerostin

without stimulating RANKL. The crystal structure of the

OSM:gp130:LIFR complex has not yet been solved, but a

comparison with the complexes formed by CT-1 and LIF

with gp130:LIFR may provide clues as to how such a

specific pathway can be activated.

It is striking that the effects of LIFR signaling in

osteoblast lineage cells are very similar to the effects of

PTH1R signaling. LIF, OSM, CT-1, PTH and PTHrP all

increase RANKL and stimulate osteoclast formation, and

all of these agents inhibit sclerostin and stimulate bone

formation. It has been known for many years that PTH

induces expression of gp130, LIF and IL-6 [85], and we

recently observed that OSMR expression is also stimulated

by PTH, while paradoxically LIFR expression is reduced

[86]. Given that gp130 neutralizing antibodies impair the

stimulatory effect of PTH on osteoclast formation in the

presence of osteoblasts in vitro [87] an interesting question

that remains is whether the actions of PTH depend on

signaling of these cytokines in the osteoblast lineage.

EPH/Ephrin Cellular Communication: Contact-

Dependent Communication at Specific Stages Within

Osteoblast Differentiation

Originally discovered and identified as a trans-membrane

protein in an Erythropoietin-producing human hepatocel-

lular carcinoma cell line [88], the Eph/ephrin family con-

stitute the largest family of receptor tyrosine kinases

(RTKs) and is composed of 14 Eph receptors and 8 ephrin

(Eph receptor interacting protein) ligands within mammals

[89, 90]. Two features make the Eph/ephrin family distinct

from other RTKs: (1) both receptor and ligand are mem-

brane-bound, so their signaling is mediated by direct cell-

to-cell interaction, and (2) receptor–ligand interactions

generate bidirectional signaling where forward signaling

through the Eph receptor and reverse signaling through the

ephrin ligand occur at the same time [91].

Interactions between Eph receptors and their ligands can

be quite complex, as a high degree of promiscuity exists

both within and between the A and B subclasses that exist.

These subclasses are based on how the ephrin ligands are

tethered to the cell membrane. The ephrinA subclass bind

with a glycosylphosphatidylinositol (GPI) anchor, and

ephrinB ligands by a transmembrane domain [90]. The Eph

receptors are classified as either EphA or EphB based on

their initially identified affinity to ephrinA or ephrinB

ligands [89]. Following dimerization of Eph and ephrin,

oligomerization and clustering allows bidirectional sig-

naling to occur.

Within the osteoblast lineage, many of the A and B class

receptors and ligands are expressed [92, 93], and the roles

of each member in bone formation are only beginning to be

understood. Much attention has been given to the possi-

bility of heterotypic interactions (i.e. between two cell

types) of Eph/ephrins within the BMU between osteoblasts

and osteoclasts [93]. In this review we will focus on the

role of the Eph family as homotypic paracrine factors

within the osteoblast lineage.

Eph:ephrin interactions induce cell adhesion and repul-

sion, two processes that are critical for cranial suture for-

mation during embryonic skeletal development. Normally,

suture closure occurs when mesenchymal cells migrate into

the suture region and differentiate into osteoblasts.

Attractive and repulsive cues between osteogenic and

neural crest cells residing in the mesoderm boundary are

required for this to occur at the appropriate stage of skull

growth. The importance of repulsive cues generated by

Eph/ephrins within the osteoblast lineage has been shown

with EphA4. This receptor does not appear to regulate

osteoblast differentiation, but delays migration of EphA4-

expressing osteogenic cells into the cranial suture until an

appropriate stage of development is reached [94]. This

occurs by repulsion signals generated between these cells

and the cells at the mesoderm boundary that express eph-

rinA2 and ephrinA4, two receptors for EphA4 [95]. Thus,

mice with deletion of EphA4 display early suture closure in

their developing skull (craniosynostosis) [95].

Craniofrontonasal syndrome is caused by mutations in

the ephrinB1 encoding gene EFNB1 [96], a phenotype that

has been reproduced in female mice heterozygous for a

global deletion of ephrinB1. Studies in the mouse model

showed that this is caused by defective differentiation of

the osteogenic mesenchyme that gives rise to osteoblasts

[97], rather than to their reduced migration [94]. This
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finding parallels those observed when ephrinB1 is condi-

tionally deleted from the osteoblast lineage, where the

resulting phenotype indicated that ephrinB1 interaction

with EphB2 in osteoblasts stimulates their differentiation

and bone-forming ability [98]. Although 30 % of these

mice died before birth, those that survived had shorter

femurs, low bone mineral density and a low level of bone

formation. Enhancing ephrinB1 reverse signaling in bone

marrow stromal cells with a clustered form of EphB2

caused a dramatic up-regulation of ALP activity and

fourfold increase in osterix mRNA compared to control

cells after 6 days of treatment. Long bones from osteoblast-

targeted conditional ephrinB1 deficient mice had low levels

of both Osx and Alp expression compared to control lit-

termates; earlier markers (Runx2 and Msx1) were not

altered, and later markers were not investigated. EphrinB1

is therefore required at least for the expression of early

osteoblast markers such as Osx and Alp downstream of

Runx2. Stimulation of ephrinB1 reverse signaling with

clustered EphB2 was shown to increase Osx expression by

nuclear translocation of TAZ (transcriptional coactivator

with PDZ-binding motif). These studies suggest that

reverse signaling by ephrinB1 is required for normal

osteoblast differentiation during development and postnatal

life. However, as a result of the bidirectional nature of

ephrin/Eph signaling, deletion of ephrinB1 may also

diminish forward signaling through EphB2. Thus the

observed effects of ephrinB2 deletion on osteoblast dif-

ferentiation may be due to either reduced reverse signaling

by ephrinB1, or reduced forward signaling through EphB2.

To complicate matters further, reduced expression of

ephrinB1 ligand may also promote signaling of EphB2

through its other ligands expressed in osteoblasts (ephri-

nA5 [99] and ephrinB2 [100]) due to reduced competition

with ephrinB1. Studies of ligand and receptor phosphory-

lation will be required to resolve these questions.

Osteoblasts and osteocytes also express the ephrinB2

ligand [93] and among all ephrin/Eph family members, it is

the only one to be stimulated by PTH and PTHrP in the

osteoblast lineage [101]. Like ephrinB1, ephrinB2 is

expressed stably throughout osteoblast differentiation

[101]. The paracrine interaction between ephrinB2 and one

of its receptors EphB4 in osteoblasts has subsequently been

shown to stimulate the late stages of osteoblast differenti-

ation, and to support their capacity to mineralize [101,

102]. In vitro studies initially showed that pharmacological

blockade of ephrinB2/EphB4 interaction (blocking both

reverse and forward signaling) in osteoblasts reduced both

their mineralization [101, 102] and their expression of late

markers of osteoblast differentiation [101–103], indicating

an osteoblast-lineage-specific effect of the ephrinB2/

EphB4 interaction. Osteoblast markers from the stage of

Alkaline phosphatase (Alpl) production were all inhibited

by this blockade, indicating an ephrinB2/EphB4-dependent

checkpoint required for late stage osteoblast differentiation.

The same blockade strategy in vivo increased osteoblast

numbers; even in mice that already had high osteoblast

numbers due to PTH treatment. Despite this increase in

osteoblast numbers and osteoid production, there was no

increase in the level of bone mineralizing activity [103].

This suggests that although osteoblasts with reduced eph-

rinB2/EphB4 signaling are still capable of responding to

spatial cues to produce osteoid, they have a reduced

capacity to mineralize [103]. This impairment in osteoblast

function is consistent with the reduced expression of late

stage osteoblast markers in vitro, suggesting that it is the

homotypic/autocrine action of ephrinB2/EphB4 within the

osteoblast lineage that is most important for osteoblast

differentiation.

Even though ephrinB2/EphB4 inhibition of cultured

osteoblasts inhibited late markers of osteoblast differenti-

ation, it also increased RANKL expression [103]. In the

context of PTH treatment in vivo, this led to an increase in

the number of osteoclasts and a loss of the PTH anabolic

effect. The increase in osteoclast formation was recapitu-

lated in co-culture experiments between hematopoietic

precursors and osteoblasts [103]. In combination this data

suggests that ephrinB2 and EphB4 interaction within the

osteoblast lineage acts both to promote late osteoblast

differentiation and to restrain osteoclast formation within

the BMU.

Earlier data indicated that stimulation of EphB4 forward

signaling rather than ephrinB2 reverse signaling within the

osteoblast lineage induces osteoblast differentiation and

mineralization [93]. This result seems perplexing because

PTH and PTHrP, as anabolic influences on osteoblasts,

increase only the expression of ephrinB2. However, sepa-

rating these two effects is technically challenging. Genetic

deletion of EphB4 to block forward signaling would also

reduce ephrinB2 reverse signaling because binding of

receptor to ligand activates signaling in both directions;

and the pharmacological inhibitors described above also

inhibit both directions of signaling. Activation of ephrinB2

reverse signaling [104] and ephrinB2 overexpression [105]

have both recently been reported to determine commitment

of MSCs to the osteoblast lineage, a role that is thought to

be important for bone injury and repair [106]. The relative

contributions of ephrinB2 reverse signaling and EphB4

forward signaling to bone mineralization and the support of

osteoclast formation by osteoblasts are yet to be resolved.

Summary and Conclusion

There are a number of specific communication pathways

that function at different stages of differentiation within the

S. Tonna, N. A. Sims: Talking among Ourselves 41

123



osteoblast lineage (Fig. 1). PTHrP produced by early

osteoblasts stimulates activity of mature cells, and acts on

osteocytes where it inhibits sclerostin expression. Sclero-

stin, produced by osteocytes, acts in the opposite direction

to inhibit the activity of bone forming osteoblasts. Other

contributors include OSM, which is produced at all stages

of osteoblast differentiation, and is not strongly regulated,

but in early osteoblasts it stimulates differentiation through

actions mediated by the OSMR, while in osteocytes it

inhibits sclerostin through the LIFR. Finally, ephrinB2 and

EphB4 are expressed on osteoblast cell membranes

throughout osteoblast differentiation, and ephrinB2

expression is stimulated in those osteoblasts that express

the PTH1R. This interaction controls both osteoblast

commitment and promotes late stages of osteoblast dif-

ferentiation, an effect mediated within the osteoblast line-

age. A full understanding of how paracrine factors

influence different stages of osteoblast differentiation and

unique aspects of their bone forming activity will provide

much new information for developing agents that can

stimulate bone formation where it is needed, during frac-

ture healing and in osteoporosis, or to suppress bone for-

mation in disorders such as osteosarcoma and heterotopic

ossification.
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