
Summary. Physiological and pathological bone
resorption is mediated by osteoclasts, multinucleated
cells which are formed by the fusion of monocyte /
macrophage precursors. The canonical pathway of
osteoclast formation requires the presence of the
receptor activator for NFκB ligand (RANKL) and
macrophage colony stimulating factor (M-CSF). Non-
canonical pathways of osteoclast formation have been
described in which cytokines / growth factors can
substitute for RANKL or M-CSF to induce osteoclast
formation. Substitutes for RANKL include LIGHT,
TNFα and interleukins 6, 11 and 8. M-CSF substitutes
include vascular endothelial growth factor (VEGF),
placental growth factor (PlGF), FLt-3 ligand and
hepatocyte growth factor (HGF). These growth factors
can also influence canonical (RANKL / M-CSF-
induced) osteoclast formation. Both canonical and non-
canonical pathways of osteoclast formation play a role in
the formation of osteolytic lesions where there is
increased osteoclast formation and activity, such as in
giant cell tumour of bone.
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Introduction

Bone remodelling occurs throughout life and is
required for calcium homeostasis and maintenance of the
skeleton. Remodelling involves a carefully co-ordinated
sequence of bone resorption and formation, which is
carried out by osteoclasts and osteoblasts respectively.
Osteoclasts initiate the remodelling process by removing
bone which is subsequently replaced by osteoblasts.
When the resorption component of this remodelling
process is disrupted and does not accord with

physiological demands, pathological bone resorption
occurs (Blair and Athanasou, 2004). Pathological bone
resorption may be either generalised and involve the
entire skeleton (e.g. hyperparathyroidism) or localised
and associated with a discrete lytic lesion of bone (e.g.
osteomyelitis, metastatic or primary bone tumours).
Osteoclasts are found in increased numbers at sites of
pathological bone resorption and thus the mechanism
whereby these specialised multinucleated cells are
formed and their activity is regulated is central to an
understanding of pathological bone resorption.

The cell lineage of osteoclasts

Osteoclasts are specialised multinucleated cells that
have the unique ability to carry out lacunar bone
resorption. Mononuclear osteoclast precursors are
derived from the pluripotential haematopoietic stem cell
(Walker, 1993). It has been shown that osteoclast
precursors comprise 1-4% of circulating monocytes and
that osteoclasts can be formed from CD14+ monocyte /
macrophage precursors (Alvarez et al., 1991; Fujikawa
et al., 1996). Osteoclast formation involves a multistep
process during which there is loss of monocyte /
macrophage markers and gain of osteoclast markers
(Faust et al., 1999). Circulating mononuclear precursors
express CD14, CD33, CD61, CD11b, CD38, CD45,
CD13, CD15, CD16, CD64 and CD68 but are negative
for specific osteoclast markers including CD51, the
vitronectin receptor (VNR) and tartrate-resitant acid
phosphatase (TRAP) (Athanasou and Quinn, 1990). 

Canonical osteoclast formation

Osteoclast formation occurs almost exclusively
within the local bone microenvironment. Differentiation
of osteoclast precursors into mature osteoclasts requires
macrophage colony stimulating factor (M-CSF) and
receptor activator for nuclear factor κB ligand
(RANKL). M-CSF induces expression of the RANKL
receptor, RANK, on mononuclear osteoclast precursors
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which then interacts with membrane-bound RANKL on
surrounding osteoblasts to initiate osteoclast
differentiation (Yasuda et al., 1998). 

M-CSF is a growth factor required for the growth,
differentiation, activation and survival of cells of the
mononuclear phagocyte system (Felix et al., 1994). M-
CSF is a homodimeric glycoprotein synthesised either as
a soluble or matrix / membrane-bound molecule by
mesenchymal cells such as fibroblasts, osteoblasts and
epithelial cells, as well as by activated macrophages and
other cell types (Felix et al., 1994; Flanagan and Lader,
1998; Motoyoshi, 1998). Different molecular forms of
M-CSF with lengths of 256 (M-CSFα), 554 (M-CSFγ)
and 438 (M-CSFγ) amino acids have been described,
which arise by translation of alternatively spliced
mRNAs (Cerretti et al., 1988). Specific molecular forms
of M-CSF may mediate specific biological functions and
may fulfil different functions during osteoclast
development. Although both the soluble growth factor
and the matrix / membrane-bound form support
osteoclast formation (Panterne et al., 1996; Yao et al.,
1998), the soluble growth factor may act principally on
early osteoclast precursors whereas the matrix /
membrane-bound form may be involved principally in
attracting late precursors to specific sites and favouring
either cell differentiation or fusion. The M-CSF receptor
belongs to the tyrosine kinase receptor superfamily and
is encoded by the proto-oncogene c-fms (Sherr et al.,
1985). c-fms consists of an extracellular ligand-binding
domain, a single transmembrane domain and a
cytoplasmic tail containing a tyrosine kinase domain.
Upon ligand binding the receptor dimerizes, stimulating
its tyrosine kinase activity and inducing
autophosphorylation which provides binding sites for c-
src, PI 3-kinase and Growth factor receptor bound
protein 2 (Grb2) (Bourette and Rohrschneider, 2000). 

The essential role of M-CSF in osteoclast formation
has been demonstrated both in vivo and in vitro.
Osteoblasts / stromal cells in osteopetrotic (op/op) mice
do not produce functionally active M-CSF due to
insertion of an extra thymidine in the coding region of
the M-CSF gene (Felix et al., 1990; Yoshida et al.,
1990). These animals are severely deficient in mature
macrophages and osteoclasts. The administration of
recombinant human M-CSF corrects the impaired bone
resorption in these animals and induces the appearance
of resorbing osteoclasts (Felix et al., 1990). The op/op
bone disorder phenotype and osteoclast maturation
defect is therefore dependent on the deficiency in M-
CSF (Hattersley et al., 1991). In vitro evidence of a role
for M-CSF in osteoclast formation is shown by the fact
that haematopoietic precursors derived from the spleen
of op/op mice differentiate into osteoclasts when
cultured with normal osteoblasts but not when cultured
with osteoblasts derived from op/op mice (Takahashi et
al., 1991; Umeda et al., 1996). M-CSF is also essential
for RANKL-induced osteoclast formation from human
marrow cells, circulating monocytic precursors and
tissue macrophages (Sarma and Flanagan, 1996; Quinn

et al., 1998; Fujikawa et al., 2001; Itonaga et al.,
2000a,b). Circulating monocytes and tissue macrophages
co-cultured with UMR106 rat osteosarcoma cells form
osteoclasts only in the presence of human M-CSF
(Fujikawa et al., 1996); this is because UMR106 cells
produce rodent M-CSF which does not bind to the
human M-CSF receptor. 

M-CSF is involved in several stages of osteoclast
formation. It is required for the proliferation and survival
of osteoclast progenitors (Fuller et al., 1993; Tanaka et
al., 1993; Woo et al., 2002), acting as a survival factor
by upregulating Bcl-XL and so inhibiting caspase-9
activation (Woo et al., 2002). It also supports the
survival of mature osteoclasts by preventing apoptosis
(Fuller et al., 1993). M-CSF is required for the fusion of
osteoclasts and osteoclast precursors (Tanaka et al.,
1993). It also down-regulates expression of the M-CSF
receptor and entry of progenitors into the osteoclast
lineage (Fan et al., 1997). RANK expression in early-
stage precursor cells (c-Fms+RANK-) is stimulated by
M-CSF (Arai et al., 1999). M-CSF has been reported to
have little or no effect on osteoclast resorptive activity,
but in some studies stimulation of osteoclast resorption
has been noted (Hattersley et al., 1988; Corboz et al.,
1992; Edwards et al., 1998). It has been suggested that
M-CSF continues to modulate osteoclastic activity once
osteoclasts are on resorptive sites through regulation of
the balance between resorption and migration. Indeed
M-CSF dramatically stimulates osteoclastic motility and
spreading as osteoclasts respond to a gradient of M-CSF
with orientation and random cell polarization (Pilkington
et al., 1998), the actions of which are inhibited by the PI
3-kinase inhibitors wortmannin (Hall et al., 1995;
Lakkakorpi et al., 1997; Grey et al., 2000) and
LY294002 (Grey et al., 2000). PI-3-kinase inhibition
alters osteoclast morphology by interrupting F-actin ring
/ podosome formation and causing accumulation of
vesicular structures inside the cells (Lakkakorpi et al.,
1997), raising the possibility that M-CSF signalling is
also required for transcytosis through activation of PI 3-
kinase. Taken together M-CSF seems to play important
roles in survival, motility, transcytosis and polarization
of osteoclasts. 

Following M-CSF-induced expression of RANK on
osteoclast precursors, osteoclast formation then requires
interaction between these pre-osteoclasts and RANKL-
expressing bone stromal cells (Hofbauer et al., 2000).
RANKL is a TNF receptor ligand family member which,
in bone, is expressed mainly (but not exclusively) on
osteoblastic stromal cells. The expression of RANKL by
osteoblasts / bone stromal cells is induced by osteotropic
hormones such as 1,25-dihydroxy vitamin D3
(1,25(OH)2D3) (Kitazawa and Kitazawa, 2002) and
parathyroid hormone (PTH) (Horwood et al., 1998) and
by locally produced cytokines such as TNFα (Hofbauer
et al., 1999). 

The essential role of RANKL in osteoclast formation
was elucidated in RANKL knock-out mice, which
exhibit unopposed bone formation resulting in a form of
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osteopetrosis characterised by the absence of osteoclasts
(Kong et al., 1999; Kim et al., 2000). RANK-deficient
mice also exhibit severe osteopetrosis (Dougall et al.,
1999; Li et al., 2000). The osteopetrosis observed in
RANK-/- mice, but not RANKL-/- mice, can be rescued
by transplantation of normal bone marrow cells (Kim et
al., 2000; Li et al., 2000), indicating that RANK-/- mice
have an intrinsic defect in the osteoclast precursor
lineage whereas RANKL-/- mice have an intrinsic defect
in the bone stromal cell lineage. 

RANKL is expressed as a membrane-bound protein
which is cleaved into a soluble form by
metalloproteinases (Lum et al., 1999). It is also secreted
by activated T cells in a primary soluble form, thus
establishing a crucial link between bone metabolism and
the immune system (Kong et al., 1999). RANKL not
only promotes the differentiation and fusion of osteoclast
precursor cells but also activates the bone resorbing
activity of mature osteoclasts (Fuller et al., 1998, Atkins
et al., 2001). Osteoprotegerin (OPG) is a soluble decoy
receptor for RANKL secreted by osteoblasts and bone
stromal cells. It competes with RANK for binding to
RANKL and prevents its osteoclastogenic effect
(Udagawa et al., 2000; Atkins et al., 2001). OPG also
binds to another decoy receptor, TNF-related apoptosis-
inducing ligand (TRAIL) (Emery et al., 1998). 

RANKL-RANK binding initiates activation of a
range of signal transduction pathways via interaction of
the cytoplasmic tail of RANK with the TNF-related
Factor family of adaptor proteins, specifically TRAF1,
TRAF2, TRAF3, TRAF5 and TRAF6 (Wada et al.,
2006). TRAF6 in particular appears to be important for
osteoclast differentiation and function, as TRAF6-/- mice
develop severe osteopetrosis with defects in bone
resorption and tooth eruption (Lomaga et al., 1999). In
contrast, progenitor cells derived from TRAF2 or
TRAF5-deficient mice show only mildly reduced
osteoclastogenesis (Kanazawa et al., 2003, Kanazawa
and Kudo, 2005). TRAF6 mediates activation of the
NFκB and c-src / PI 3-kinase / Akt pathways. Mice
deficient in both the p50 and p52 subunits of NFκB
(Iotsova et al., 1997), in c-src (Soriano et al., 1991) or
the Src homology 2-containing inositol-5-phosphatase
(SHIP) (Takeshita et al., 2002) develop osteopetrosis,
suggesting that RANKL-induced activation of NFκB
and c-src in osteoclast progenitors is crucial for
osteoclast differentiation. Additionally, PI-3-kinase
inhibition in vitro results in impaired osteoclastic bone
resorption (Nakamura et al., 1995). Many members of
the mitogen activated protein kinase (MAPK) family are
also activated downstream of RANK including the p38-
MAPKs, c-Jun N-terminal kinases (JNK1, 2 and 3) and
extracellular signal-regulated kinases (ERK1 and
ERK2). Bone marrow monocytes derived from JNK1-/-,
but not JNK2-/-, mice show reduced osteoclastogenesis
associated with lack of phosphorylation of the JNK
substrate c-Jun (David et al., 2002). Fos (c-Fos, Fos B,
FRA-1, FRA-2) and Jun (c-Jun, JunB, JunD) proteins
comprise the heterodimeric AP-1 transcription factor.

Mice lacking JunB (Kenner et al., 2004) or c-Fos
develop osteopetrosis due to an early block of
differentiation in the osteoclast lineage (Wagner, 2002).
Fra-1 is able to rescue c-Fos functions in bone
development (Fleischmann et al., 2000), suggesting a
central role for AP-1 in osteoclastogenesis. 

Non-canonical osteoclast formation

Although osteoclast formation induced by RANKL
and M-CSF represents the major pathway whereby
osteoclastogenesis occurs, a number of other cytokines
and growth factors are now known to be able to
substitute for these two molecules. Marrow-derived and
circulating osteoclast precursors are capable of
differentiating into osteoclasts in the presence of M-CSF
and substitutes for RANKL (e.g. LIGHT, TNFα, TGFß,
IL-6, IL-11, IL-8) or in the presence of RANKL and
substitutes for M-CSF (e.g. HGF, VEGF, PlGF, Flt3
ligand). The presence of these non-canonical pathways
implies that there is a degree of redunancy in growth
factor signalling downstream of M-CSF and RANKL in
osteoclast formation. This redundancy may provide a
salvage pathway for osteoclast formation but may also
represent a means of fine control of the canonical
pathway of osteoclast formation. 

In general, non-canonical pathways result in the
formation of smaller osteoclasts that contain fewer
nuclei than those formed in cultures treated with
RANKL and M-CSF. These smaller osteoclasts produce
smaller lacunar resorption pits. Although the
significance of non-canonical pathways in physiological
bone resorption is uncertain, they may be important in
the context of pathological bone resorption associated
with inflammatory and neoplastic lesions of bone where
high levels of these cytokines and growth factors are
present.

M-CSF substitutes

The existence of osteoclastogenic substitutes for M-
CSF was postulated following the observation that op/op
mice recover with age, indicating that growth factors
which can compensate for the lack of functional M-CSF
must exist in these animals (Begg and Bertoncello,
1993).

Vascular endothelial growth factor (VEGF) is a
potent monocyte chemo-attractant and a major pro-
angiogenic molecule, being both an endothelial cell
mitogen and acting to increase vascular permeability
(Carmeliet, 2005). VEGF is known to play a role in bone
biology and development and is highly expressed in a
number of bone lesions including primary bone tumours
(Zheng et al., 2000; DuBois and Demetri, 2007) and
metastases to bone (Iguchi et al., 2002; Shimamura et
al., 2005). VEGF receptors are present on osteoclasts
(Tombran-Tink and Barnstable, 2004) and VEGF
stimulates RANK mRNA expression in rat osteoclasts
(Yao et al., 2006) as well as the survival and bone
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resorbing activity of mature osteoclasts (Nakagawa et
al., 2000). 

Niida et al. demonstrated that the osteoclast defect in
op/op mice could be corrected by injection of
recombinant human VEGF (Niida et al., 1999). They
also showed that the age-related correction of the
osteoclast defect in these mice was inhibited by
administration of an anti-VEGF antibody, suggesting
that endogenous VEGF is responsible for the increase in
osteoclast number (Niida et al., 1999). This effect is not
clear-cut however, as others have found that VEGF
cannot act as an M-CSF substitute to induce osteoclast
differentiation in normal or op/op mice (Hodge et al.,
2004).

VEGF does seem to be able to substitute for M-CSF
in man however, as recent experiments by Aldridge et al
have shown that human PBMC are capable of
differentiating into osteoclast-like cells in the presence
of VEGF and RANKL (Aldridge et al., 2005). VEGF
binds two main membrane-bound receptors VEGF-R1
(Flt1) and VEGF-R2. PBMC cultured with either VEGF
or the VEGF homologue placental growth factor (PlGF)
resulted in formation of osteoclasts (Aldridge et al.,
2005). The VEGF-mediated effect on osteoclast
differentiation appears to be via VEGF-R1 as both
VEGF and PlGF act through this receptor whereas
VEGF-D, which stimulates VEGF-R2, did not stimulate
osteoclast formation. Additionally application of VEGF-
R1, but not VEGF-R2, blocking antibodies resulted in
reduced osteoclast differentiation in response to VEGF
(Aldridge et al., 2005). This is supported by murine
work in vivo. PlGF has been shown to be capable of
correcting the osteoclast defect in op/op mice (Niida et
al., 1999). Additionally Flt-1TK-/- mice, which lack
functional VEGF-R1, display a mild reduction in
osteoclast number whereas double mutant op/op-Flt-
1TK-/- mice exhibit a more severe osteoclast deficiency
than op/op mice (Niida et al., 2005). 

Interestingly both VEGF and VEGF-D, when added
to RANKL-treated cultures, increased osteoclast
resorption in a manner inhibited by blockade of
VEGFR2 (Aldridge et al., 2005). These experiments
have concluded that VEGF mediates its effect on
osteoclast differentiation through stimulation of
VEGFR1 and that the action of VEGF on osteoclast
resorption may be mediated by VEGFR2. It is therefore
possible that the action of VEGF on osteoclast formation
and activity involves cross-talk between the two
receptors; potentially via variable activation of PI-3
kinase, calcium flux and other signalling pathways
differentially regulated following VEGFR heterodimer
or homodimer formation (Huang et al., 2001).

Another growth factor identified as an
osteoclastogenic substitute for M-CSF on the basis of its
ability to rescue osteoclast formation in op/op mice is
Flt3 ligand. Blockade of Flt-3 ligand signalling in op/op
mice by injection of soluble recombinant Flt3
significantly decreased the age-related compensation for
M-CSF deficiency seen in these mice (Lean et al., 2001).
Additionally Flt3 ligand could induce expression of

RANK in haematopoietic precursors derived from op/op
mice and, in the presence of RANKL, support their in
vitro differentiation into functional bone-resorbing
osteoclasts (Lean et al., 2001).

Hepatocyte growth factor (HGF), a cytokine that
influences a variety of responses in a number of different
cells including epithelial cells, osteoclasts and
osteoblasts, has also been shown to play a role in
osteoclast formation (Sato et al., 1995; Adamopoulos et
al., 2006). HGF is synthesised as an inactive single chain
precursor which is converted to a biologically active
heterodimer by a specific serine protease known as
HGF-activator (HGF-A), as well as by factor XX11a,
urokinase and tissue type plasminogen activator
(Itonaga, Fujikawa et al., 2000). The mature form of
HGF is composed of a 69 kDa α-subunit and a 34 kDa
ß-subunit. HGF initiates intracellular signalling by
binding to its receptor which is encoded by the c-Met
proto-oncogene, a transmembrane tyrosine kinase with a
high affinity binding region for HGF. Cells that express
c-Met include fibroblasts, macrophages, osteoblasts,
osteoclasts and synovial lining cells. 

In the presence of stromal cells, HGF is known to
influence the survival and proliferation of
haematopoietic precursors (Taichman et al., 2001) and to
have an effect on osteoclast motility, formation and
resorptive activity (Fuller et al., 1995; Sato et al., 1995).
HGF has been proposed as a coupling factor between
osteoblasts and osteoclasts (Grano et al., 1996), both of
which secrete HGF and express its receptor c-Met
(Grano et al., 1996; Scotlandi et al., 1996, Fukuda et al.,
1998, Ferracini et al., 2000). HGF promotes human
osteoblast differentiation from bone marrow stromal
cells (D'Ippolito et al., 2002, Hossain et al., 2005) and
stimulates DNA synthesis in osteoblasts (Grano et al.,
1996). A direct role for HGF in osteoclastogenesis is
evidenced by the fact that HGF can support RANKL-
induced osteoclast formation from human monocytes
(Adamopoulos et al., 2006). This osteoclast formation
was not abolished by the addition of a neutralising
antibody to M-CSF, indicating that HGF acts
independently of M-CSF to support osteoclastogenesis.
In these studies, it was noted that only 10% of the
CD14+ monocyte population express c-Met
(Adamopoulos et al., 2006). These c-Met-expressing
CD14+ cells may thus represent a primed population of
circulating osteoclast precursors. 

RANKL substitutes

As previously discussed, the RANKL-RANK-
TRAF6 pathway is generally thought to be essential for
the differentiation of osteoclasts from mononuclear
precursors. Kim et al were the first to provide direct
genetic evidence that each of these components could be
substituted by other factors to produce functional
osteoclasts (Kim et al., 2005). Haematopoietic precursor
cells from RANKL-, RANK- or TRAF6-null mice were
capable of forming functional osteoclasts in the presence
of M-CSF, TGF and TNF (Kim et al., 2005). This
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strongly suggested the presence of alternative routes for
osteoclast differentiation independent of the RANKL-
RANK-TRAF6 axis.

Although this was the first genetic evidence for
RANKL-independent mechanisms, previous cellular
experiments had identified a number of factors thought
to be capable of substituting for RANKL. The first of
these, tumour necrosis factor alpha (TNF), was found to
stimulate formation of TRAP- and VNR-positive multi-
nucleated cells capable of lacunar resorption in murine
marrow (Azuma et al., 2000; Kobayashi et al., 2000) and
human CD14+ monocyte (Kudo et al., 2002) culture
systems in the presence of OPG or anti-RANKL
antibodies. The resorptive capacity of these osteoclasts
increased if they were additionally differentiated in the
presence of IL-1 (Azuma et al., 2000; Kobayashi et al.,
2000; Kudo et al., 2002). IL-1 had previously been
reported to support the formation of active osteoclasts in
a murine culture system when admininistered alone
(Jimi et al., 1999), although no specific inhibitors of
RANKL were used to enable definition of a RANKL-
independent mechanism. IL-1 has subsequently been
shown to signal, via the IL-1 receptor, through a
TRAF6-src complex, so activating a subset of the same
pathways activated by RANKL itself (Nakamura et al.,
2002). The multifunctional growth factor transforming
growth factor beta (TGF) also induces human CD14+
mononuclear cells to differentiate into functional
osteoclasts in the presence of OPG (Itonaga et al., 2004).
It additionally synergises with TNF to produce
functional osteoclasts from precursors derived from
RANKL-null mice (Kim et al., 2005). This is

comparable to the in vitro data with IL-1 and TNF,
implying a potential role for TRAF6 in TGFß signalling,
possibly via activation of TGFß-activated kinase 1
(TAK1) (Shim et al., 2005). 

In addition to IL-1, a number of other interleukins
have been implicated as mediators of RANKL-
independent osteoclastogenesis including IL-8 (Bendre
et al., 2003, 2005), IL-6 and IL-11 (Kudo et al., 2003).
All three factors enhance osteoclast formation in co-
culture systems by stimulation of RANKL expression on
stromal osteoblasts (Bendre et al., 2003, Liu et al.,
2006), although the mechanism of RANKL-independent
activity in pure monocyte cultures remains
undetermined.

The most recent description of a RANKL-
independent osteoclastogenic agent is that of LIGHT
(homologous to lymphotoxins exhibiting inducible
expression and competing with herpes simplex virus
glycoprotein D for herpesvirus entry mediator [HVEM],
a receptor expressed on T lymphocytes), a member of
the TNF superfamily (TNFSF14). LIGHT induced
osteoclast formation from both murine RAW264.7
macrophage precursors and human PBMC that was not
inhibited by OPG or RANK-Fc (Edwards et al., 2006).
The effect of LIGHT was not mediated through either of
its known receptors (HVEM, lymphotoxin receptor)
although the soluble decoy receptor DcR3 dose-
dependently inhibited LIGHT-dependent osteoclast
formation (Edwards et al., 2006). Interestingly, DcR3
has itself been described as being able to stimulate
osteoclastogenesis independently of M-CSF and
RANKL in human monocytes, RAW264.7 macrophages
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Fig. 1. Contribution of HIF and VEGF
to osteoclastogenesis. (1) Micro-
environmental hypoxia induces
expression of HIF in osteoblasts and
osteoclasts which (2) stimulates
secretion of VEGF. (3) VEGF is
chemotactic for monocytic osteoclast
precursors and mature osteoclasts. (4)
VEGF promotes monocyte–osteoclast
differentiation, in conjunction with
RANKL and (5) supports the survival
and activity of mature osteoclasts. (6)
Other osteoclastogenic growth factors
can also induce expression of HIF with
subsequent production of VEGF.



and rat marrow cells via a mechanism involving
secretion of TNF following reverse signalling to activate
ERK and p38 MAPK (Yang et al., 2004). The reason for
the discrepancy between the two reports is not clear.
Nevertheless, an interesting question is raised regarding
the signalling downstream of LIGHT. LIGHT-mediated
osteoclastogenesis was inhibited by a neutralising
antibody to TNFRII (Edwards et al., 2006), a receptor
which it has not previously been shown to bind (Bossen
et al., 2006), and which, in common with HVEM and the
LTR, is not known to associate with TRAF6 (Edwards et
al., 2006). Detailed analysis of the signalling pathways
downstream of LIGHT is therefore necessary in order to
determine whether this might represent a mechanism
truly independent of the RANKL-RANK-TRAF6 axis.

Pathological bone resorption associated with
canonical and non-canonical pathways

There is now considerable evidence to show that
RANKL has a critical function not only in physiological
but also pathological bone resorption. The RANKL /
RANK / OPG pathway is known to play a role in
generalised bone disorders, such as osteoporosis
(Mundy, 2007), as well as in the localised osteolysis that
occurs in rheumatoid arthritis (Wada et al., 2006),
Paget’s disease (Sun et al., 2006; Martini et al., 2007),
primary bone tumours (Atkins et al., 2001; Lamoureux
et al., 2007; Lau et al., 2007) and cancer metastases to
bone (Dougall and Chaisson, 2006). A number of
cytokines and growth factors which stimulate the
expression of RANKL have been shown to stimulate
osteoclast formation and activity in these conditions,
some of which may also act by inducing non-canonical
pathways of osteoclast formation. 

One condition which provides a good example of the
way in which canonical and non-canonical pathways of
osteoclast formation play a role is giant cell tumour of
bone (GCTB), an osteoclast-rich tumour associated with
extensive osteolysis. Both RANKL / M-CSF-dependent
and -independent pathways of osteoclast formation have
been associated with the formation of osteoclasts in this
condition. GCTB tissue manifests expression of both M-
CSF (Atkins et al., 2000) and RANKL (Atkins et al.,
2000; Itonaga et al., 2002; Lau et al., 2005).
Accumulation of osteoclasts within these tumours occurs
via a RANKL-dependent mechanism whereby RANKL
expression by osteoblast-like mononuclear stromal cells
stimulates osteoclast differentiation from cells within the
population of tumour-associated macrophages. GCTB
also express a range of non-canonical factors including
VEGF (Zheng et al., 2000; Kumta et al., 2003), HGF
(Fukuda et al., 1998), TGFß (Zheng et al., 1994; Franchi
et al., 2001), IL-1, IL-6 and TNFα (Atkins et al., 2000).
These factors have all been shown to induce M-CSF- or
RANKL-independent osteoclast formation and could
play a role in the accumulation of osteoclasts in these
tumours. 

We have recently described expression of the
hypoxia-inducible factor (HIF) transcription factor in the

stromal cells and giant osteoclast-like cells associated
with GCTB (Knowles and Athanasou, 2008). HIF
initiates a complex programme of gene expression and is
known to mediate the pathophysiological response to
hypoxia in a range of ischaemic diseases including
stroke, cancer and myocardial ischaemia (Brahimi-Horn
and Pouyssegur, 2007). VEGF is a major target gene
downstream of HIF (Harris, 2002) and it was found that
HIF-dependent secretion of VEGF from stromal cells
stimulated monocyte-osteoclast differentiation (Knowles
and Athanasou, 2008). HIF-mediated induction of VEGF
most likely makes several contributions to osteoclast
formation and function, including recruitment of
monocytes and osteoclasts (Barleon et al., 1996, Engsig
et al., 2000), upregulation of RANK expression (Yao et
al., 2006), promotion of monocyte–osteoclast
differentiation (Niida et al., 1999, Aldridge et al., 2005)
and support of osteoclast survival and activity
(Nakagawa et al., 2000; Aldridge et al., 2005) (Fig. 1).
In vivo support for this pathway has been described in a
rabbit model of axial shortening of the tibia, where local
hypoxia correlated with HIF-1α expression in
osteoblasts, production of VEGF and increased
osteoclast number (Mori et al., 2006).

The above data suggests that hypoxia and
subsequent growth factor production within the bone
micro-environment might contribute to the initiation and
pathogenesis of GCTB. In immature long bones, the
epiphysis and metaphysis/diaphysis have discrete
vascular supplies which become continuous on fusion.
Most GCTB develop in the long bone epiphysis of
skeletally mature patiens in whom the growth plate has
fused (Wulling et al., 2001), within which diminished
vascular enhancement has been observed by gadolinium-
enhanced MRI (Jaramillo et al., 2004). This might
render parts of the epiphysis hypoxic, initiating the
production of HIF and VEGF and stimulating (pre)-
osteoclast recruitment. 

It is of interest that common components of the
tumour micro-environment contribute to the recruitment
and differentiation of osteoclast precursors and amplify
an osteoclastogenic, bone resorptive phenotype. This
suggests that expression of stroma-derived growth
factors within the bone microenvironment has the
potential to modulate both canonical and non-canonical
pathways of osteoclast formation and function and that
these pathways are likely to play a role in both
neoplastic and non-neoplastic lesions associated with
pathological bone resorption.
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