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The osteoclast—what’s new?
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Abstract Bone resorption is required for skeletal modelling
during bone growth and for mineral homeostasis and bone
remodelling throughout life. Osteoclasts are multinucleated
cells that are uniquely specialised to carry out this physiological
bone resorption. As osteolysis is a feature of most diseases of
bone and joint, osteoclasts also play a role in pathological bone
resorption, the extent of which is a function of the cellular and
molecular mechanisms that govern their formation and
function.
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Introduction

Bone resorption is required for skeletal modelling during
bone growth and for mineral homeostasis and bone
remodelling throughout life. Osteoclasts are multinucleated
cells that are uniquely specialised to carry out this
physiological bone resorption. As osteolysis is a feature of
most diseases of bone and joint, osteoclasts also play a role
in pathological bone resorption, the extent of which is a
function of the cellular and molecular mechanisms that
govern their formation and function.

Osteoclast formation and function

For most of the previous century osteoclasts were thought
to be formed from osteoblasts. Evidence from several
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experimental approaches in the 1970s showed that the
osteoclast is formed by fusion of circulating mononuclear
precursor cells of haematopoietic origin (reviewed in [1]);
these cells circulate in the (CD14+) monocyte fraction and
differentiate into osteoclasts at or near the bone surface. The
key molecules governing osteoclastogenesis were elucidated
following the discovery that osteoprotegerin (OPG), which
belongs to the TNF receptor family, induces osteopetrosis
when overexpressed in transgenic mice; expression cloning
found that the protein that binds OPG is receptor activator of
nuclear factor k B ligand (RANKL), a member of the TNF
superfamily [2]. In bone, RANKL is expressed on the surface
of bone marrow stromal cells and osteoblasts where it
interacts with its receptor RANK, which is expressed by
mononuclear phagocyte osteoclast precursors. In the presence
of macrophage-colony stimulating factor (M-CSF) [also
termed colony stimulating factor-1 (CSF-1)], this RANKL-
RANK interaction results in osteoclast differentiation. OPG
acts as a soluble decoy receptor for RANKL and blocks
osteoclast differentiation; it also binds to RANK on mature
osteoclasts to stimulate resorptive activity and to prolong cell
survival [3, 4]. The RANKL:OPG ratio thus effectively
determines the extent of osteoclast formation and resorption.
Most calciotropic hormones and cytokines that stimulate bone
resorption, such as parathyroid hormone, 1,25 (OH),vitamin
Ds, glucocorticoids, TNF«, interleukin-1 (IL-1), IL-6 and
prostaglandins, upregulate RANKL and downregulate OPG
expression in bone cells.

The signalling pathways that are activated following
RANKL-RANK binding have been a major focus of research
in the past decade [4, 5]. The adapter molecule TNF receptor
activating factor 6 (TRAF6) is crucial for osteoclast
differentiation (Fig. la). TRAF6 binds to RANKL and
activates several downstream signalling pathways including
NFkB and the group of mitogen-activated protein kinases
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Fig. 1 Pathways involved in a differentiation of mononuclear
phagocyte osteoclast precursors and b osteoclast resorption

(MAPK) that lead to activation of c-jun terminal kinase (JNK)
and P38. JNK activation leads to increased c-jun and c-fos
expression. The AP-1 transcription factor consists of Fos, Jun
and activating transcription factor family proteins, and RANK
activates AP-1 through induction of c-fos. Another transcrip-
tion factor, nuclear factor of activated T cells (NFATcl), is
strongly induced by RANKL; its activation is mediated by
calcineurin, a phosphatase, the activity of which is modulated
by calcium signalling [6]. Dephosphorylation of NFATc1 by
calcineurin results in nuclear translocation and signalling.
The AP-1/NFATc1 transcription complex induces osteoclast
differentiation at the genome level. NFATc1 is essential for
osteoclastogenesis; it also regulates gene expression of many
osteoclast-specific proteins including cathepsin K, tartrate-
resistant acid phosphatase, calcitonin receptor and the
osteoclast-associated receptor (OSCAR).

A number of other cytokines and growth factors have
been shown to be capable of stimulating osteoclast
differentiation, including other TNF-family members such
as TNFa [7]. TNF« also promotes osteoclast formation and
activation by stimulating RANKL production by bone
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stromal cells and promoting the osteoclastogenic effect of
RANKL [5, 8]. RANKL is expressed by activated T cells
and activates RANK-expressing dendritic cells. The NFAT
transcriptor factor family is expressed by T cells, and there
are several parallels between bone and the immune system.
OSCAR is an immunoglobulin-like receptor expressed by
osteoclasts [9]. Costimulatory signals for RANK include
the immunoreceptor tyrosine-based activation motif
(ITAM)-adapter proteins FcR y and DAP 12, which
associate with OSCAR. RANKL-RANK signalling and
the stimulation of OSCAR cooperatively phosphorylate
ITAM, leading to NFATc1 induction and activation [6, 10]
(Fig. 1a).

The other major growth factor required for osteoclast
formation is M-CSF. This is produced by marrow stromal cells
and osteoblasts and is required for the survival and proliferation
of osteoclast precursors. M-CSF acts through a specific
receptor, c-fims, which is a receptor-type tyrosine kinase that
activates several signalling pathways including PI3K/Akt and
ERK1/2 [5, 7]. M-CSF also stimulates the expression of
RANK in mononuclear phagocyte osteoclast precursors.
Other targets for M-CSF include PU.1, which is necessary
for the production of marrow precursors of macrophages and
osteoclasts, and microphthalmia-associated transcription
factors, which promote osteoclast survival. M-CSF also
activates c-src, which plays a crucial role in osteoclast
attachment and motility.

In carrying out bone resorption, osteoclasts undergo
cytoskeletal reorganisation and polarisation with formation
of a ruffled border, an area of membrane specialisation in
contact with the bone surface. The ruffled border is the
resorptive organelle through which acid is secreted into a
discrete resorption lacuna. The ruffled border is surrounded by
a sealing zone which isolates the area undergoing resorption
from surrounding bone; the sealing zone contains podosomes
that consist of a core of F-actin surrounded by a rosette-like
structure containing the integrin ocv33 [5]; av33 recognises
an Arg-Gly-Asp amino acid motif found in several bone
matrix proteins, including osteopontin and bone sialoprotein.
Osteoclast motility, bone matrix adhesion and polarisation of
the resorptive machinery of the osteoclast all require ocv[33.
The proto-oncogene c-src associates with the (33 cytoplasmic
domain of unliganded integrin, and mice that lack src contain
numerous dysfunctional osteoclasts which lack ruffled
borders and actin rings and are therefore not capable of
lacunar resorption.

The osteoclast acidifies the extracellular compartment by
secreting protons across the ruffled border membrane via a
vacuolar-like H ATPase proton pump [5, 11]. The protons are
provided by the enzyme carbonic anhydrase type II, which
generates H" and HCO;~ ions from CO,. Intracellular pH is
maintained by a Cl /HCO;  exchanger on the anti-resorptive
surface, and electroneutrality is maintained by a chloride
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channel (CIC-7), located in the ruffled border membrane,
which transports CI into the resorption lacuna. The organic
bone matrix is composed largely of type I collagen; this is
degraded by cathepsin K, an acid protease which, like the
ion-transporting molecules, polarises to the ruffled membrane
when the osteoclast attaches to bone.

The osteoclast and pathologic bone resorption

Factors governing osteoclast formation and function have
been shown to play a role in many bone disorders.
Osteopetrosis, a heritable sclerosing bone disease resulting
from diminished bone resorption, occurs rarely in man, but its
many manifestations in mice have provided significant
insights into the cellular and molecular pathways of osteoclast
formation and function. The most common cause of human
osteopetrosis is a mutation in the resorbing mechanism of the
cell [12]. Mutations in the genes coding for the A3 subunit of
the proton pump vaculoar H* ATPase (TCIRGI), and the
chloride-specific ion channel, chloride channel 7 (CLCN-7)
account for most cases of severe osteopetrosis in man. In
these forms of osteopetrosis, osteoclasts are present but
unable to resorb bone. Mutations in the CAII gene coding for
carbonic anhydrase II develop osteopetrosis with mild
clinical abnormalities, and mutations in CLCN7 account for
most cases of autosomal dominant osteopetrosis. Mutations
in the cathepsin K gene result in pycnodysostosis, a disorder
characterised by short stature, diffuse osteosclerosis and
craniofacial abnormalities. Only rare cases of osteopetrosis
due to abnormalities of the RANKL/RANK pathway have
been recorded in man.

Abnormalities of RANKL/RANK/OPG modulation of
osteoclast formation and function have been shown to play
a role in many osteolytic disorders of bone. Activating
mutations in exonl of TNFRSFI1A4, the gene encoding
RANK, are associated with familial expansile osteolysis
[12]. Mutations in TNFRS11B, the gene encoding OPG, are
associated with idiopathic hyperphosphatasia (juvenile
Paget’s disease). Paget’s disease in adults is a focal disorder
of bone remodelling characterised by both sclerosis and
lysis with increased osteoclast formation and activity. In
approximately 30% of cases of familial Paget’s disease and
a few sporadic cases, there is an activating mutation in the
sequestosome 1 gene (SOSTMI), an adaptive protein
important for activating NFkB, P38 and MAPK. In a
recent study, genetic variations in the CSF-I and
TNFRSF11A genes were found to be associated with an
increased risk of Paget’s disease. Osteoclast formation in
Paget’s disease is hypersensitive to RANKL, and M-CSF is
elevated in the circulation of patients with Paget’s disease
[13, 14].

Post-menopausal osteoporosis is characterised by increased
osteoclast resorption due to estrogen deficiency. In post-

menopausal females, estrogen stimulates OPG production by
osteoblasts, and marrow stromal cells express high levels of
RANKL. Several genetic variations, including multiple single
nuclear type polymorphisms in OPG, RANKL and RANK
genes, have been associated with low bone mass and bone
turnover in osteoporosis. Anti-RANKL treatment has been
shown to increase mineral density in osteoporotic patients. It
has been suggested that estrogen deficiency may promote
osteoclast formation through T cell production of TNFe, which
synergistically induces RANKL-mediated differentiation of
osteoclast precursors. Steroid-induced osteoporosis is also
associated with increased RANKL and decreased OPG
expression by osteoblasts. There is decreased bone formation
in patients who receive steroids, and it has been proposed that
osteoclasts may play a role either directly or indirectly in
inhibiting osteoblast function [5, 15].

Marginal bone erosions and juxta-articular osteopaenia are
commonly seen in rheumatoid and other inflammatory
arthropathies. The inflamed synovium and inflammatory
pannus contain synovial fibroblasts and activated T cells,
which express RANKL, as well as macrophages, which
express RANK. It has been shown that synovial macrophages
and synovial fluid macrophages can differentiate into bone-
resorbing osteoclasts and that OPG and anti-RANKL anti-
bodies can prevent arthritis-associated bone destruction [16].
Both TNFx and RANKL may play a role in promoting
osteoclast differentiation and function in inflammatory
arthritis. Osteoclasts and immune cells share common
signalling pathways, such as NFkB. Both classical and
alternative NFkB pathways are activated in inflammatory
arthritis. Classical pathways are activated by most NFkB-
inducing cytokines, including RANKL and TNF«x, whereas
the latter is activated by RANKL but not TNFx. Many of the
cytokines and growth factors produced by synovial inflam-
matory cells, such as TNF«, IL-1, IL-6 and IL-17, enhance
osteoclast resorptive activity. Abundant M-CSF is produced
in this inflammatory microenvironment, and antibody-
mediated blockade of c-fms, the receptor for M-CSF,
prevents periarticular bone erosion. TNFx inhibitors are
effective in treating rheumatoid disease but are not always
curative, perhaps reflecting the role of other factors in
promoting RANKL-independent pathways of osteoclast
formation.

It has been conclusively shown that osteolysis associated
with the growth of primary and secondary tumours in bone
is not produced by tumour cells but by osteoclasts. Tumour
cells produce numerous cytokines and growth factors that
promote osteoclast formation and function, including
prostaglandins, TNF«, IL-6, IL-8, IL-11 and parathyroid
hormone-related peptide (PTHrP). Many of these factors
promote RANKL expression by osteoblasts and, in the
tumour microenvironment, there is an increase in the
RANKL:OPG ratio. Both primary and secondary metastatic
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tumours of bone have a significant tumour-associated
macrophage (TAM) population, and these TAMs are capable
of osteoclast differentiation [7]. Physical factors such as
hypoxia, acidic pH and extracellular calcium modulate the
growth and activity of bone and tumour cells in primary and
secondary bone tumours. Osteoclast resorption results in the
release of matrix-derived growth factors which promote
osteoclast formation and activity. Transforming growth factor
3 (TGF-B) is abundant in the bone matrix; it stimulates
cancer cells to produce PTHrP and other cytokines which
promote osteoblast RANKL expression; this leads to a
vicious cycle of tumour osteolysis resulting in TGF-{3 release
from the bone matrix, consequent increased osteoblast
RANKL expression, and stimulation of osteoclastogenesis
and osteolysis [17]. It has also been shown by some
investigators that a number of tumour cells, including
myeloma, breast cancer, Ewing and other sarcoma cells can
express RANKL and in this way may directly promote
RANKL-mediated osteoclast formation and function. Giant
cell tumour of bone is characterised by the presence of
numerous large osteoclast-like giant cells and mononuclear
cells that include macrophage-like osteoclast precursors and
RANKL-expressing stromal cells [7]. Recently denosumab, a
human monoclonal antibody that binds with high affinity and
specificity to RANKL, has been used in the treatment of giant
cell tumour of bone [18]. This treatment may also find
applications in other giant cell-rich lesions of bone and
synovium (e.g. pigmented villonodular synovitis) in which
there is RANKL expression and pathological bone resorption.

Conclusion

Progress in understanding the cellular and molecular
mechanisms of osteoclast formation and function have led
to the identification of key molecules which play a role in
pathological bone resorption. Further investigation of the
signalling pathways governing osteoclast generation, mo-
tility, matrix attachment and resorption is likely to lead to
the development of new therapies to treat osteolytic bone
and joint disorders.
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