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Abstract

Transforming growth factor-� (TGF-�) elicits a variety of effects on cellular proliferation and differentiation. The major repository for TGF-�
is bone, where it possesses separate facilitative and suppressive actions on osteoclast differentiation and bone resorption. Without a direct enabling
stimulus from TGF-� monocytes cannot form osteoclasts but instead follow macrophage differentiation pathways. This facilitative action depends
on an ability to promote a state in which precursors are resistant to anti-osteoclastic inflammatory signals. Following the initiation of resorption
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TGF-� is released from bone matrix. This acts on osteoblasts to reduce the availability of the osteoclast differentiation factor, RANKL (r
activator of NF�B ligand) and thereby indirectly limits further osteoclast formation. Thus TGF-� has a fundamental role in the control of bon
resorption having actions that first allow monocytes to develop into osteoclasts then subsequently limiting the extent and duration of re
after its release from the bone matrix.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Bone remodelling and regulation of osteoclast
differentiation

Bone remodelling the process by which the skeleton adapts
is dependent on the orchestrated actions of osteoclasts which
resorb bone and osteoblasts which synthesise new bone matrix.

∗ Corresponding author. Tel.: +44 1752 238341; fax: +44 1752 232970.
E-mail address: simon.fox@plymouth.ac.uk (S.W. Fox).

During this process resorption and formation are tempora
and spatially coupled to ensure no loss of skeletal integri
Osteoclasts are large multinuclear cells generated in respo
to resorptive stimuli such as increases in circulating parathyro
hormone (PTH). However, while osteoclasts have a central r
in repair and adaptation, excessive osteoclast activity under
the loss of bone seen in several debilitating skeletal diseas
One such disease is osteoporosis which affects a large pro
tion of the aging population and is characterised by a significa
increase in osteoclast formation and bone resorption. Aberr
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Fig. 1. Regulation of osteoclast formation. Resorptive stimuli activate osteoclast differentiation by increasing osteoblastic RANKL expressionand suppressing
expression of its soluble decoy receptor OPG. The subsequent activation of RANK in conjunction with binding of unknown osteoblastic factors to TREM2/OSCAR
promotes precursors primed by TGF-� and M-CSF to differentiate into osteoclasts.

osteoclast activity is also responsible for the bone pain and
increased fracture risk associated with cancers that metastasise
to bone, such as multiple myeloma, lung and breast cancer.

Osteoclasts are derived from a pool of non-committed mono-
cytic precursors which also possess the potential to differentiate
into macrophages and dendritic cells. The formation of osteo-
clasts from monocytes is a tightly regulated process that is
dependent on an osteoblast expressed member of the tumour
necrosis factor (TNF) superfamily termed RANKL (receptor
activator of NF�B ligand) (Fig. 1). Resorptive stimuli initiate
osteoclast formation by promoting the expression of osteoblastic
RANKL, which binds to its receptor RANK (receptor activa-
tor of NF�B) on monocytes (Fig. 1) (Kong et al., 1999; Yasuda
et al., 1998b). Binding of RANKL to RANK recruits several sig-
nalling intermediates including NF�B (nuclear factor-�B) and
NFATc1 (nuclear factor of activated T cells), which induce the
transcription of genes involved in osteoclast differentiation (see
Blair et al., 2005). A further layer of control is provided by
osteoprotegerin (OPG), a soluble decoy receptor for RANKL,
which suppresses osteoclast differentiation by binding RANKL
before it can interact with RANK (Fig. 1) (Simonet et al., 1997;
Tsuda et al., 1997; Yasuda et al., 1998a). Osteoclast formation
is dependent on a fine balance between the level of RANKL and
OPG; with resorptive stimuli increasing RANKL and suppress-
ing OPG expression to initiate osteoclast formation. Alongside
RANKL, monocytes require further co-stimulatory signals to
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RANKL is expressed by extra-osseous cells, such as fibrob-
lasts (Quinn et al., 2000). Even administration of RANKL in
doses several orders of magnitude greater than that needed
to stimulate osteoclast differentiation in vitro is not sufficient
to promote osteoclast formation outside of bone (Fox et al.,
2000a). This suggests that further factors present in the bone
environment are required for osteoclast formation, or alterna-
tively anti-osteoclastic signals are present outside of the skeleton
which commit precursors to other lineages.

2. Transforming growth factor-�

TGF-� is a member of the TGF/activin sub-group of the TGF
superfamily and has a critical role in cellular differentiation.
Members of this family influence a wide range of cellular events
by activating specific receptors on target cells, which generally
consist of two type I and two type II serine/threonine kinase
subunits. Binding of TGF-� to the extracellular domain of its
receptor brings these subunits into close proximity, leading to
the phosphorylation of multiple serine and threonine residues on
the type I proteins. This allows binding and subsequent activa-
tion of SMAD2, which in conjunction with SMAD4, transmits
the signal to the nucleus (Fig. 2) (Shi and Massague, 2003). In
addition to this classical SMAD pathway, TGF-� also activates
further signalling cascades through its ability to phosphory-
late TAK1 (TGF-activated kinase-1), which in turn activates
M K7
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ndergo osteoclast differentiation. The precise nature of
steoblast-expressed ligands is yet to be determined, but th

hought to control the activation of RANKL-induced NFAT
ollowing binding to immunoglobulin-like receptors TREM
nd OSCAR (Fig. 1) (Koga et al., 2004; Mocsai et al., 2004).

Prior to activation of osteoclast differentiation by RAN
dditional signals are necessary to commit precursors t
steoclast lineage. This notion arises from several observa
rst, only a proportion of precursors become osteoclasts
ncubated with RANKL in vitro and these precursors bec
ncreasingly resistant to osteoclast formation with time, fav
ng differentiation towards macrophage lineages (Fuller et al.
000). Second, osteoclasts are rarely seen outside of bone

s somewhat surprising since monocytes express RANK
e
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e
s;
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APKK6 (mitogen activated protein kinase kinase), MAPK
nd NF�B (Fig. 2) (Shibuya et al., 1996; Ninomiya-Tsuji et a
999). Unsurprisingly for a cytokine that recruits such a w
ange of signalling intermediates, it has been implicated in
athogenesis of several disorders including Parkinson’s di
Sanchez-Capelo et al., 2003) and tumour growth in breast ca
er (Guise and Chirgwin, 2003).

. TGF-� and bone resorption

The major repository for TGF-� is bone and many bon
ells express TGF-� receptors (Zheng et al., 1994) and produc
GF-�1,2 and 3 including; osteoblasts, fibroblasts and os
lasts (Bonewald, 1995). In light of this, it is not surprising tha
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Fig. 2. Diagram of the major TGF-� activated signalling pathways.

TGF-� is considered an important regulator of osteoblast and
osteoclast activity (Centrella et al., 1991) and is also suggested
to couple bone formation to resorption during the remodelling
cycle (Erlebacher et al., 1998; Martin and Sims, 2005). How-
ever, until recently its precise role in resorption was unclear
since initial studies on osteoclast formation using mixed popula-
tions of osteoblasts and osteoclasts produced conflicting results.
For instance, TGF-� had both positive and negative actions on
osteoclast formation in co-cultures of osteoblasts and monocytes
(Chenu et al., 1988; Hattersley and Chambers, 1991; Hughes
et al., 1996; Shinar and Rodan, 1990), ex vivo mouse organ cul-
tures (Dieudonńe et al., 1991) and in vivo (Geiser et al., 1998;
Erlebacher and Derynck, 1996; Filvaroff et al., 1999; Rosier
et al., 1998). The divergent action of TGF-� in these stud-
ies stems from the tight coupling between bone formation and
resorption making it difficult to attribute any change in osteo-
clast number to a primary effect on osteoclasts themselves rather
than as a secondary consequence of a change in osteoblast activ-
ity. However, with the discovery of RANKL came the ability
to generate osteoclasts free from the confounding influence of
osteoblasts, permitting study of the direct effect of TGF-� on
osteoclast formation and resorption. It is now apparent that
TGF-� has a fundamental role in the control of bone resorp-
tion. Without the priming and augmentative stimulus provided
by TGF-�, osteoclast formation will not occur. In addition, TGF-
� has a separate osteoblast mediated action that limits the extent
a .

4. TGF-� primes monocytes for osteoclast formation

Monocytes can follow several distinct differentiation path-
ways, lineage commitment being determined by the nature of
the cytokine that the precursor first encounters (Erwig et al.,
1998) (Fig. 3) Once precursors have committed to a certain lin-
eage, they are thereafter unresponsive to other cytokines and so
can not divert their route of differentiation from their intended
pathway. Commitment to macrophage lineages is dependent on
inflammatory cytokines such as IFN-� (interferon-�) (Fox et al.,
2000a). Whereas the TGF-� produced by osteoblasts or stro-
mal cells commits monocytes to the osteoclast lineage enabling
resorption to proceed in the presence of RANKL or TNF-�

Fig. 3. Regulation of monocytic lineage switching. TGF-� is needed to prime
non-committed precursors for RANKL/TNF-�-induced osteoclast formation,
whereas inflammatory cytokines (IFN-�, IFN-�, IL-10, IL-4, etc.) commit the
same precursor for macrophage formation in the presence of TNF-�. Once a
p ts have
n
nd duration of resorption preventing excessive bone loss
recursor has been primed to a specific lineage alternative cytokine inpu
o effect on its ultimate fate.
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(Fig. 3). Evidence for this essential role in osteoclast differenti-
ation was provided by studies which showed that RANKL was
unable to induce osteoclast formation in cultures that lacked
TGF-� (Kaneda et al., 2000; Fuller et al., 2000; Fox et al.,
2000a). Furthermore, TGF-� enables RANKL-induced osteo-
clast differentiation in pure populations of monocytes suggest-
ing that this action is a direct effect on precursors themselves.
TGF-� is also essential for and enhances osteoclast forma-
tion elicited by pathological activators of resorption, such as
TNF-� (tumour necrosis factor-�) (Fox et al., 2000a; Lovibond
et al., 2003). TGF-�, therefore has a pivotal role in monocyte-
lineage switching acting to directly prime or maintain precur-
sors on the bone surface in a state where they are responsive
to subsequent osteoclast-inductive stimuli (Fig. 4A). In addi-
tion to priming precursors for osteoclast formation TGF-� also
augments RANKL and TNF-� induced osteoclast formation,
increasing the number of multinuclear osteoclasts that form
in monocytic cell lines, osteoblast-free bone marrow precur-
sors and human peripheral blood mononuclear precursors (Sells
Galvin et al., 1999; Fuller et al., 2000; Kaneda et al., 2000;
Quinn et al., 2001; Koseki et al., 2002; Massey et al., 2001;
Wahab et al., 1997; Wildemann et al., 2005). Thus TGF-�
has a critical role in the initial stages of osteoclast forma-
tion and without this important enabling stimulus both physi-
ological and pathological activation of bone resorption cannot
occur.

5. TGF-� enables osteoclast formation by opposing
inflammatory stimuli

Classically TGF-� is thought to act as a macrophage deac-
tivator and it is likely that this ability to resolve inflamma-
tion underlies its facilitative role in osteoclast formation (Fox
et al., 2000a; Lovibond et al., 2003; Karsdal et al., 2003). Dur-
ing the initial stage of an inflammatory response, IFN-� and
other cytokines promote macrophage formation to help clear the
pathogenic challenge and as a consequence of this inflammatory
mediators such as IFN-� and IFN-� are also potent inhibitors
of osteoclast formation (Fox et al., 2000b; Takayanagi et al.,
2002). As the inflammatory episode progresses, increased levels
of TGF-� suppress signalling by inflammatory cytokines leading
to a reduction in cytotoxic macrophage number and generat-
ing an environment conducive for tissue repair (Schmidt-Weber
and Blaser, 2004). Several lines of evidence suggest that the
enabling action of TGF-� is dependent on this ability to antag-
onise inflammatory signals, priming precursors for resorption
rather than inflammation (Fox et al., 2000a; Fox et al., 2003;
Lovibond et al., 2003). First, pre-incubation with TGF-� for
24 h is sufficient to prevent IFN-� or IFN-� from committing
precursors to macrophage lineages (Fox and Lovibond, 2004;
Koseki et al., 2002). Similarly, concurrent incubation with TGF-
� suppresses the anti-osteoclastic effect of IFN-� and IL-10
(Fox and Chambers, 2000; Lovibond et al., 2003) and prevents
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ig. 4. (A) Osteoblast-derived TGF-� acts directly on osteoclast precursors to pr
equestered TGF-� from the matrix during resorption indirectly limits further oste
ANKL and increasing the expression of its soluble decoy receptor OPG. Th
timuli leading to a severe reduction in the rate of osteoclast formation.
ime them for RANKL-induced osteoclast formation. (B) The subsequent release of
oclast formation by modifying osteoblastic RANKL/OPG production, decreasing
e shift in the RANKL/OPG axis in favour of OPG reduces the osteoclast inductive
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the resistance to osteoclast formation that occurs in response
to the inflammatory stimulus provided by the culture environ-
ment (Fuller et al., 2000). This hypothesis is further strengthened
by studies indicating that immunosuppressants, like TGF-�,
enhance RANKL-induced osteoclast formation (Takuma et al.,
2003; Shui et al., 2002) and the suggestion that TGF-� only
augments osteoclast formation from human monocytes in the
presence of inflammatory T cells (Massey et al., 2001). This
body of evidence indicates strongly that the enabling action
of TGF-� is dependent on its ability to prevent inflammatory
cytokines from committing monocytes to macrophage lineages
thereby maintaining precursors in a state from which they can
form osteoclasts after activation by RANKL/TNF-�.

6. Mechanism of enabling action

While it is clear that TGF-� directly enables osteoclast
formation by preventing inflammatory cytokines committing
precursors for cytotoxic functions, the precise nature of this

interaction is less certain. One possibility is that lineage
switching is dependent on an antagonistic crosstalk between
TGF-� and inflammatory cytokine signalling pathways. In
this model, TGF-�-induced signals inhibit activation of the
JAK/STAT signalling pathway (Janus kinase/signal transducer
and activator of transcription) through which the majority of
inflammatory cytokines transmit signals to the nucleus. The
JAK/STAT pathway is regulated by several processes, among
which negative feedback regulation by the suppressors of
cytokine signalling (SOCS), is particularly important. SOCS
are a family of STAT-induced factors which inhibit STAT acti-
vation and thereby switch off subsequent JAK/STAT signalling
to prevent over-stimulation. Interestingly, osteoclasts have been
shown to express several SOCS isoforms including SOCS3 and
SOCS1 (Hayashi et al., 2002) and mounting evidence indicates
that SOCS3 may mediate the antagonistic effect of TGF-� on
specific inflammatory cytokines, preventing STAT phosphoryla-
tion and thereby inhibiting the transcription of anti-osteoclastic
genes (Fig. 5). Evidence for this comes from a series of studies
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ig. 5. Antagonistic interaction of TGF-� and IFN-� signalling pathways. TGF�
nflammatory cytokines such as IFN-�. This is mediated through an antagonistic i
he expression of SOCS3, a negative feedback regulator of the JAK/STAT sign
nhibits IFN-�-induced phosphorylation of STAT1, thereby preventing transcrip
- enables osteoclast formation by suppressing the anti-osteoclastic action of
nteraction between TGF-� and IFN-� signalling pathways. TGF-� rapidly induces
alling pathway, through which the majority of inflammatory cytokines signal. SOCS3
tion of anti-osteoclastic genes and priming precursors for osteoclast formation.
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showing that TGF-� rapidly induces a sustained expression of
SOCS3 mRNA in osteoclasts and monocytes and like TGF-�,
SOCS3 expression is essential for RANKL and TNF-�-induced
osteoclast formation (Lovibond et al., 2003; Fox et al., 2003).
Similarly, monocytes isolated from SOCS3-deficient mice are
more susceptible to the anti-osteoclastic action of IL-6 and
express lower levels of TRAF-6 and I�B, key components of the
RANKL signalling pathway (Ohishi et al., 2005). While reduced
SOCS3 levels lead to a decrease in osteoclast formation, elevated
levels are associated with increases in osteoclast formation and
resorption. Retroviral driven SOCS3 expression in monocytes
replaces the need for TGF-� in osteoclast formation (Fox et al.,
2003; Lovibond et al., 2003) and prevents the anti-osteoclastic
effect of IFN-� (Lovibond et al., 2003). Thus, TGF-�-induced
SOCS3 expression may in part account for the enabling action
of TGF-�, antagonising inflammatory JAK/STAT signalling
and thereby priming precursors for bone resorption rather than
inflammation (Fig. 5). However, SOCS3 is unable to mediate all
of the facilitative actions of TGF-� as SOCS3 over-expression
does not prevent the anti-osteoclastic effect of IL-10 or IFN-�
(Lovibond et al., 2003). It is possible that other SOCS isoforms
may mediate the action of TGF-� on these cytokines and in
keeping with this SOCS1 has been shown to prevent the actions
of IFN-� on monocyte switching (Ohishi et al., 2005). However,
although SOCS1 is found in mature osteoclasts, TGF-� has
no discernable effect on its expression suggesting that other
r ines
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change in RANK expression in monocytes (Fuller et al., 2000;
Kaneda et al., 2000; Chin et al., 2003) and some observe a
decrease in longer-term cultures (Karsdal et al., 2003). Alter-
natively, this increase may relate to its ability to promote key
components of the RANKL signalling pathway (Koseki et al.,
2002; Karsdal et al., 2001).

7. Indirect osteoblast mediated suppression of osteoclast
formation

The role of TGF-� in bone resorption is not restricted to
its direct enabling effect on osteoclast formation. It has a fur-
ther action to limit osteoclast number and thereby prevent
excessive resorption (Fig. 4B). Unlike the enabling action,
this effect is mediated indirectly through the regulation of
osteoblastic RANKL/OPG expression (Murakami et al., 1998;
Thirunavukkarasu et al., 2001; Quinn et al., 2001; Takai et al.,
1998). As described earlier, osteoclast differentiation is depen-
dent on a balance between RANKL and its soluble decoy recep-
tor OPG, with resorptive stimuli increasing RANKL expres-
sion while down-regulating OPG production (Blair et al.,
2005). TGF-� reduces the osteoblastic stimulus for resorption,
rapidly increasing OPG production (Murakami et al., 1998;
Thirunavukkarasu et al., 2001; Takai et al., 1998) whilst at the
same time inhibiting RANKL expression (Fig. 4B) (Quinn et al.,
2001). Altering the RANKL/OPG ratio in this manner dampens
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TGF-� stored within bone therefore elevating the concentration
of TGF-� within the local environment (Dallas et al., 2002).
In order to prevent excessive resorption, TGF-� then acts on
osteoblasts to shift the RANKL/OPG axis in favour of OPG,
thereby limiting further osteoclast differentiation and induc-
ing apoptosis in resorptive osteoclasts (Fig. 4B). The TGF-�
released from the matrix may also act as a local coupling factor,
linking formation to resorption through its ability to promote
osteoblast differentiation and matrix production (Erlebacher
et al., 1998).

8. Conclusion and future directions

TGF-� has a fundamental role in the control of bone resorp-
tion and monocytic lineage switching having multiple effects
throughout the remodelling cycle which ensure that precur-
sors on the bone surface are not only responsive to resorptive
stimuli but also subsequently regulate the extent of resorp-
tion following osteoclast differentiation. TGF-� directly enables
osteoclast formation by antagonising inflammatory signalling,
promoting a state in which precursors are resistant to anti-
osteoclastic inflammatory stimuli and able to form osteoclasts.
In contrast, TGF-� indirectly suppresses osteoclast formation
thorough its ability to limit osteoblastic RANKL availability.
Disruption of these processes can have a detrimental effect on
bone physiology leading to aberrant osteoclast activity and bone
s
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