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Abstract Functional, biochemical and genetic studies have
over the past decade identified many causative genes in the
osteoclast diseases osteopetrosis and Paget's disease of
bone. Here, we outline all osteoclast diseases and their
genetic associations and then focus specifically on those
diseases caused by mutations in the critical osteoclast
molecule Receptor Activator of Nuclear factor Kappa B
(RANK). Both loss and gain-of-function mutations have
been found in humans leading to osteopetrosis and high
bone turnover phenotypes, respectively. Osteopetrosisassociated RANK mutations are widely distributed over
the RANK molecule. It is likely that some negatively affect
ligand binding, whereas others preclude appropriate association of RANK with downstream signalling molecules. In
the Paget-like disorders, familial expansile osteolysis, early
onset Paget's disease and expansile skeletal hyperphosphatasia, heterozygous insertion mutations are found in the
RANK signal peptide. These prevent signal peptide cleavage, trapping the protein translated from the mutated allele in
the endoplasmic reticulum. Whole animal studies replicate
the hyperactive osteoclast phenotype associated with these
disorders and present only with heterozygous expression of
the mutation, suggesting an as yet unexplained effect of the
While this review was going to press, a study was published by
Albagha et al (Nature Genetics, published online May 2010)
demonstrating the association of SNPs on chromosome 18q21, close
to the TNFRSF11a locus, with late onset Paget’s Disease in patients
without SQSTM1 mutations. This highlights RANK as an additional
susceptibility gene for development of late-onset Paget’s disease.
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mutant allele on normal RANK function. We discuss the cell
biological studies and animal models that help us to
understand the nature of these different RANK defects and
describe how careful dissection of these conditions can help
understand critical pathways in osteoclast development and
function. We highlight areas that require further study,
particularly in light of the pharmacological interest in
targeting the RANK signalling pathway to treat diseases
caused by excessive bone resorption.
Keywords ePDB . ESH . FEO . Osteopetrosis .
Paget's disease . RANK/RANKL

Introduction
A number of genetic diseases have been identified that are
caused by defects in the formation or function of osteoclasts,
the key cell type specialised in degradation of bone matrix.
The logical expectation is that osteoclast malfunction might
lead to either reduced or increased activity and indeed both
types of osteoclast defects are found in humans. Here, we
briefly discuss all osteoclast diseases, grouped under those
that are sclerotic/osteopetrotic because of osteoclast underactivity, and those that show increased bone turnover
because of osteoclast hyperactivity. We then focus specifically on those disorders caused by mutations in proteins in
the Receptor Activator of Nuclear factor Kappa Beta
(RANK) pathway, a signalling pathway critical for osteoclast
development and activity and one in which much new
information has come to light in the past few years. It has
become clear that naturally occurring RANK mutations have
wide ranging effects in osteoclasts leading to vastly different
bone phenotypes in their hosts. The precise molecular
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mechanisms by which this occurs are not fully known and
deserve further study.

Osteoclasts
Osteoclasts are large multinucleated cells which are
unique in their ability to resorb mineralised bone matrix.
They form as a result of the fusion of mononuclear
precursors derived from the monocyte/macrophage lineage, and this differentiation is controlled by interactions
between osteoblasts and/or stromal cells and preosteoclasts [1]. Macrophage-colony stimulating factor
(M-CSF) and RANK ligand (RANKL), expressed by
osteoblasts and stromal cells, are essential factors for
inducing osteoclast formation. M-CSF is required for both
the proliferative and differentiation phase of osteoclast
development [2] and RANKL is critical for osteoclastogenesis and bone resorption [3–5]. RANKL interacts with
its receptor RANK, a transmembrane receptor that is a
member of the tumour necrosis factor (TNF) receptor
superfamily and is expressed on the surface of preosteoclasts and mature osteoclasts [6]. Osteoprotegerin
(OPG), a soluble decoy receptor produced by osteoblasts
and stromal cells within the bone environment can block
osteoclast formation in vitro and bone resorption in vivo
by binding to RANKL and reducing its ability to interact
Fig. 1 Illustrations of the membrane domains of osteoclasts cultured on a mineralised surface. a
Transmission electron micrograph: the ruffled border (RB)
has a large surface area for the
release of protons and proteolytic
enzymes into the resorption
lacunae underneath the cell. The
RB is surrounded by a sealing
zone (SZ) forming a tight
attachment to the bone surface.
The basolateral domain (BD) is
the area of plasma membrane
between the SZ and the
functional secretory domain
(FSD). N = nucleus. b Confocal
micrograph of a resorbing osteoclast. The cell is stained with
wheat germ agglutinin to indicate
the plasma membrane (blue), for
F-actin to indicate the SZ (red)
and the nuclei are stained with a
DNA-binding dye (green). c
Higher magnification transmission electron micrograph of the
RB to illustrate the extensive
folding of this membrane domain
(scale bar=2•m)

with RANK [7]. The RANK/RANKL axis is important in
regulation of bone, but also has important roles in
immunology and arterial calcification [8] and, most
recently, in the control of thermoregulation [9].
When osteoclasts are activated to initiate resorption, they
form a specific attachment to the bone surface via a
membrane domain called the “sealing zone” (SZ). This
attachment involves rearrangement of the cytoskeleton,
especially the actin cytoskeleton, to form a ring of F-actin
perpendicular to the bone surface. Transmission electron
micrographs of osteoclasts in bone in situ clearly demonstrate the high actin content and its orientation in the SZ
(Fig. 1a), while osteoclasts cultured on the surface of a cut
piece of bone or dentine most easily demonstrate the ring
formed by the F-actin (Fig. 1b). The plasma membrane
surrounded by the actin ring then forms the “ruffled border”
(RB), a highly convoluted membrane domain that provides
a large surface area for release of the protons and
proteolytic enzymes required to dissolve the bone matrix
(Fig. 1a, c). Endocytosis and subsequent transcytosis of
degradation products from the resorption area beneath the
osteoclast results in release of the degradation products to
nearby capillaries via the membrane domain at the cell
surface opposite the RB called the “functional secretory
domain” (FSD, Fig. 1a) [10, 11].
During the resorption process, acidic intracellular
vesicles fuse with the plasma membrane in the RB to
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release acid into the space between the osteoclast and the
bone matrix. Although as yet not fully understood, it is
possible that this initial acidification provides the trigger for
the full-scale formation of the RB. When acidic vesicles
fuse with the forming RB, they insert a vacuolar-type
proton ATPase (V-ATPase) into the RB membrane to
transport protons to the bone matrix. The action of the VATPase is coupled with that of chloride channels that pump
a negatively charged ion for each proton to maintain
electroneutrality. In osteoclasts, it is currently thought that
ClC-7, a Cl−/H+ antiporter [12] is coupled to the V-ATPase
[13] in the RB. Ion equilibrium within the cytoplasm of the
osteoclast is achieved through the production of protons
and bicarbonate ions by the actions of carbonic anhydrase
II (CAII) and by the exchange of bicarbonate for chloride
via the HCO3−/Cl− exchanger, found in the fourth main
membrane region of osteoclasts: the basolateral membrane.
Proteolytic enzymes secreted into the resorption area
underneath the RB include the protease cathepsin K, the
main collagenase produced by osteoclasts [14]. Other
enzymes involved in matrix degradation and expressed at
high levels in osteoclasts are tartrate-resistant acid phosphatase and matrix metalloproteinase 9 [1].
In a healthy skeleton, bone resorption is tightly coupled
to bone formation, and several diseases are known where
abnormal osteoclast formation and/or activity leads to an
unbalanced bone homeostasis. Osteopetrosis is caused by a
lack of osteoclast activity, either due to lack of osteoclasts
or to defective osteoclast function (Fig. 2a, b). By contrast,
Pagetic diseases feature osteoclast hyperactivity (Fig. 2c).
We will first discuss these two classes of osteoclast diseases
that result in diametrically opposite bone phenotypes in
more detail before returning to the topic of RANK/RANKL
mutations.

Osteopetrotic conditions, lack of osteoclast activity
Osteopetrosis is characterised by the presence of a high
bone mass caused by osteoclast dysfunction. Despite the
high bone mass, patients with osteopetrosis suffer repeated
fractures due to the brittle nature of their bone and the
persistence of mineralised cartilage which is not remodelled
adequately. This distinguishes the condition from other high
bone mass disorders, such as sclerosteosis or van Buchem
disease, which are caused by osteoblast overactivity and are
characterised by the absence of fractures, even after trauma
[15–17]. The distinction is clinically important, as for
disorders caused by intrinsic defects in osteoclasts, a
descendant of the haemopoietic lineage, bone marrow
transplantation (BMT) may present a realistic treatment
option [18], whereas this is not the case for bone dysplasias
originating from deregulated osteoblast activity. Osteopet-
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rosis was first recorded in 1904 by radiologist Heinrich
Albers-Schönberg, when he examined an adult patient with
generalised bone sclerosis and multiple fractures [19]. Since
then, a variety of osteopetroses have been described in
adults and children. Genetic and cell biological studies in
rodents with spontaneous mutations leading to high bone
mass have been instrumental in identifying the osteopetrotic
mutations in human patients. In particular, the groundbreaking work from Donald Walker and Sandy Marks
showed why studies in rodents with inherited bone
phenotypes have high relevance to understanding genetic
bone disease in humans and helped to identify BMT as the
best treatment option in the majority of patients with the
disease, (Table 1) [20–25].
It is now clear that osteopetrosis can be grouped into
three different types depending on the severity and mode of
inheritance of the condition: malignant autosomal recessive
osteopetrosis (ARO), intermediate autosomal recessive
osteopetrosis (IARO) and autosomal dominant osteopetrosis
(ADO).
ARO is a common denominator for the severest forms of
the disease. ARO is usually diagnosed soon after birth
because of the associated severe haematological symptoms,
caused by bone marrow space occlusion, and by neurological symptoms through nerve compression or in some cases
(below) through primary neurological defects. Radiological
examination shows flaring of the long bones and general
sclerosis. While the bone is dense, it is at the same time
brittle and hence prone to fracture. IARO shows essentially
similar features, but with a less severe bone phenotype.
With the exception of some cases caused by CAII
deficiency in which intracranial calcification has been
reported [26], absence of neurological defects make the
disease generally more compatible with prolonged survival.
Fractures may still occur and in fact may be the first feature
that alerts clinicians to the disease.
ADO presents later in life than the recessive forms and is
usually diagnosed by coincidental radiological examination
or by fractures. Despite the association with “benign” in the
older literature, more recent systematic reviews have
highlighted the significant morbidity associated with this
condition [27, 28].
Rather than classification by mode of inheritance,
osteopetrosis can also be classified as either an osteoclastrich or osteoclast-poor disease, dependent on whether the
disease is caused by a defect in osteoclast activity or by a
problem in osteoclastogenesis [18]. We, however, prefer to
classify the different types of disease by the name of the
gene mutated, since this is now possible in over 75% of
osteopetrosis cases. This type of classification is important
as the treatment options depend on knowing whether the
defect is osteoclast autonomous (i.e., an osteoclastexpressed gene is defective) or lies in an environmental
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Fig. 2 Light micrographs of bone biopsies from patients with osteoclastrich osteopetrosis (a) osteoclastpoor osteopetrosis (b) and Paget's disease
of bone (c). Note the retention of cartilage (pink/purple) in the cases of
osteopetrosis (a, b) and the relative smooth surface of the matrix, even
when osteoclasts are abundant (arrows in a). Bone is blue. By contrast,
in the biopsy from a patient with PDB, osteoclasts are abundant (closed
arrows), but bone resorption is clearly evident from the scalloped bone

surface. Within the bone matrix cement lines are visible (open arrows)
indicating the high rate of bone turnover. d Transmission electron
micrograph of a large inclusion in the nucleus of an osteoclast in PDB
(arrow). Scale bars in a–c are 20 μm, scale bar in d is 2 μm. a, c are
semithin (1 μm) sections of demineralised epon-embedded bone stained
with toluidine blue; b is a 5-μm section of a demineralised wax section
stained with toluidine blue

factor controlling osteoclast function (in which case BMT
will not be indicated) [29]. In Table 1, we summarise the
available information and group the diseases by gene defect
and by the ability of BMT to provide a clinical cure. We
also list the genes involved, describe the osteoclast
phenotype in vivo and in vitro and list relevant animal
mutations that have helped understand the nature of the
biological defects with the seminal references to the genetic
defects and animal studies.
In short, the osteopetrosis-like disease pycnodysostosis
is caused by recessive loss-of-function mutations in the
enzyme cathepsin K. This results in inefficient collagen
degradation and hence ineffective bone resorption, coupled
with dysmorphic features, such as missing terminal
phalanges. Mutations in the a3 subunit of V-ATPase, in
the Cl−/H+ antiporter ClC-7 and its associated molecule
OSTM1 (together responsible for chloride transport
coupled to proton transport), in the protein PLEKHM1
(with a role in vesicular trafficking) and in the enzyme
CAII (responsible for the first enzymatic step in proton
synthesis) are all associated with recessive osteopetrosis
and mutations within the signalling molecule NEMO (with

a role in NFκВ activation) cause a X-linked form of
osteoclast-rich osteopetrosis. All these mutations result in
the presence of normal or excessive numbers of nonfunctional osteoclasts with an inability to traffic vesicles
containing protons and proteolytic enzymes to the bone
surface (Fig. 2a). Intriguingly, as well as an inability to
resorb the organic and the inorganic matrix of bone, this
lack of vesicular trafficking in itself leads to a defect in
RB formation. Although in principle, all these genetic
causes of osteoclast malfunction might be successfully
treated by BMT, it is clear that some mutations do not
act solely on osteoclast function, i.e. are not entirely
osteoclast-specific.
Most patients with recessive mutations in ClC-7 and
all those with mutations in OSTM1 suffer from severe
primary neurological defects, especially cerebral/cerebellar
atrophy, retinal degeneration and neuronal lysosomal storage
disease. These problems are not corrected by replacement of
the bone marrow so that BMT is contraindicated in OSTM1
related disease and must be performed with careful patient
selection and parental counselling in CLC-7-associated
disease [30].
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Patients with mutations in RANKL and in RANK form a
distinct subgroup of recessive osteopetrosis. Bone biopsies
from these patients do not show osteoclasts (Fig. 2b).
Skeletal pathology in patients with RANK mutations may
benefit from BMT [31], but no data on longer-term followup are available as yet. Patients with RANKL mutations
do not respond to BMT and surprisingly display a less
severe phenotype with several cases now alive and
relatively well in their teens. A relatively simple
functional test on osteoclast formation in vitro will easily
distinguish between the two types of disease if the bone
biopsy has identified osteoclast-poor osteopetrosis
(Fig. 3) [29]. The clinical and genetic assessments that
should be made before deciding on BMT in osteopetrosis
have recently been reviewed elsewhere [32].
Immunological investigations in patients with RANKL
defects showed few immunological abnormalities, but
importantly and in keeping with the RANKL null mouse
that lacks lymph nodes, lymph nodes were not palpable. B
and T cell numbers in the human patients, however,
appeared normal and the overall effect of RANKL absence
on immunological markers appeared minimal [33]. Most
patients with RANK mutations showed more severe
immunological defects with a defect in memory B cell
differentiation and in most, but not all reduced immunoglobulin levels [31]. Lymph node examinations were not
carried out in the cases reported. Although at first glance,
there appears to be a difference in the severity of the
immunological defects between mice and humans lacking
RANK/RANKL activity, it is becoming clear that, in the
mouse, as probably in humans, other molecules can
compensate for the lack of RANK signalling in immune
cells, as discussed in more detail elsewhere [8]. As new
osteopetrosis patients with RANK and RANKL deficiencies are diagnosed, it will be important to perform full
immunological investigations to help understand the difference between these two types of defects and the relative
roles of RANK and RANKL in normal immunology and
physiology. New roles for RANK and RANKL are still
being elucidated; most recently, RANK has been shown to
have a critical role in the control of fever with RANK
expression demonstrated in neuronal cells, including astrocytes in the brain [9]. This may explain why two of the
osteoclast-poor ARO patients with RANK mutations did
not develop a fever during episodes of pneumonia [9].
It is also clear that a number of other TNF superfamily
members, for example LIGHT and APRIL, substitute for
RANKL in vitro and allow differentiation of osteoclasts
[34]. The levels of these molecules in vivo and especially
in patients with RANKL deficiencies are not known, but
it is conceivable that low-level osteoclast formation is
sustained in this way, offering an explanation for the fact
that some bone modelling is clearly taking place in these

patients with very low or undetectable levels of osteoclasts in bone biopsies.

Paget's disease and related disorders, hyperactive
osteoclasts
Common, late-onset Paget's disease
Paget's disease of bone (PDB) is a common late-onset
metabolic bone disease characterised by focal areas of
increased bone remodelling affecting 1–2% of white
Caucasian population over the age of 55 years and 8% of
men and 5% women over the age of 80 years (http://www.
paget.org.uk/). The disease is most prevalent in the UK and
Northern Europe, but is also common in Australia, New
Zealand and USA [35, 36]. Patients suffer from a range of
symptoms including bone pain, bone deformity, deafness,
osteoarthritis and may develop osteosarcoma [37, 38].
Paget's disease is the result of deregulated bone turnover.
The disease is driven primarily by increased activity of
osteoclasts, but it is possible that intrinsic defects in other
cell types in the bone environment contribute to disease
onset and severity [39]. Pagetic lesions occur either within
a single bone (monostotic) or, more commonly, at multiple
sites throughout the skeleton (polyostotic) with affected
bones most likely to be the femur, tibia, pelvis and skull.
Pagetic bone lesions show increased numbers of enlarged,
highly active osteoclasts with more nuclei than osteoclasts
in non-Pagetic bone [40, 41], suggesting either increased
fusion or increased lifespan of osteoclasts (Fig. 2c). In
response to an increase in osteoclast activity, osteoblast
activity is also increased resulting in high levels of alkaline
phosphatase in serum. The combined uncontrolled activity
of osteoblasts and osteoclasts also results in the persistence
of woven bone which is not remodelled into lamellar bone
(Fig. 2c). This results in a skeleton that is, at least in
affected sites, structurally weaker than normal and that
fractures more easily.
PDB has a strong genetic component, although it is also
clear that there is a substantial influence from environmental and possibly other factors, including other genes.
Discussion of this complex topic is outwith the remit of
this review and we refer the reader to recent discussions
elsewhere [38, 40]. The only mutated gene thus far reported
and confirmed in several cohorts of PDB patients, is
SQSTM1 encoding the protein sequestosome-1/p62 (from
now on referred to as p62). A range of mutations has been
reported, all of which are located in, or near the C-terminal
ubiquitin-associated (UBA) domain of the protein and
prevent p62 binding to ubiquitin [42]. p62 is a multidomain protein which acts as a dimer and has an important
role in the activation of NFκB pathway downstream of

Nuclear factor-κB essential modulator

Carbonic anhydrase II

Tumour necrosis factor [33] (OMIM
602642)
superfamily, member
11

NEMO

CAII

TNFSF11
(RANKL)

VCP

Valosin containing
protein

[90] (OMIM
167320)

TNFRSF11A Tumour necrosis factor [31] (OMIM
603499)
(RANK)
receptor superfamily,
member 11A

[117] (OMIM
611492)

[58, 115] (OMIM
300248)

[112, 113] (OMIM
Pleckstrin homology
611466)
domain containing,
family M (with RUN
domain) member 1

PLEKHM1

[110] (OMIM
607649)

Osteopetrosis
associated
transmembrane
protein 1

OSTM1

CLCN7

[106–108] (OMIM
T cell, immune
604952)
regulator 1, ATPase,
H+ transporting,
lysosomal V0 subunit
A3
Chloride channel 7
[13] (OMIM
602727)

TCIRG1

Key references

Protein name

Gene

In vivo osteoclast
phenotype

Osteoclast
formation
function and
survival

Intracellular
acidification

NFκB activation

Vesicular
trafficking

β subunit for
ClC-7

Mouse overexpressing
Vcp mutant R155H
[119]

Normal osteoclast
formation,
polarisation and
resorption in
presence of
recombinant wildtype RANKL
No osteoclast
formation

Lack of proton
secretion

Poorly developed
ruffed border, lack
of resorption,
increased
intracellular TRAP
levels
Not performed

Increased osteoclast
numbers, poorly
developed ruffled
border, disrupted
cytoskeleton

Data not available
Proteasomal
degradation of
phosphorylated
IκB-α

Mouse Tnfrsf11a−/− [6] Osteoclast
formation
function and
survival

Mouse Tnfsf11−/− [3]

Mouse Car2−/− [118]

Mouse Nemo−/− [116]

Rat ia/ia [114]

Mouse gl/gl [111]

ARO

ARO

IARO

Increased bone turnover, Inclusion body
myopathy, Paget’s
presence of inclusions
disease and
bodies in osteoclast
frontotemporal
nuclei and in cytoplasm
dementia (IBMPFD)

No osteoclasts present
(lack of formation)

No osteoclasts present
(lack of formation)

No bone histology
available

Mild X-linked osteopetrosis

IARO

No bone histology
available

Normal osteoclast
numbers, enlarged
trabeculae with
cartilage core

ARO

No bone histology
available

ARO/IARO/ADOII
Cl−/H+ antiporter No ruffled border, no Defective Cl−/H+
resorption
antiporter, high number
of osteoclasts present,
no ruffled border

Syndrome combining muscle
weakness, dementia, and Pagetlike bone lesions. Not all three
organs systems are affected in
all patients. Management is tailored to suit individual patients,

Osteoclast-poor osteopetrosis.
Visual impairment,
hypogammaglobulinemia,
nystagmus. BMT indicated

Osteoclast-poor osteopetrosis. No
obvious defects in
immunological parameters.
BMT not indicated.
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Table 1 Functional effects of genes mutated in osteopetrosis and Paget-like diseases
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Fig. 3 Osteoclast formation in vitro distinguishes between the two
groups of patients with osteoclast-poor osteopetrosis. Osteoclasts are
stained for vitronectin receptor (green), F-actin (red) and the dentine
surface is stained with a fluorescent bisphosphonate (blue). Resorption
lacunae are visible by absence of blue staining and identified by an
asterisk. a Normal resorbing osteoclasts are seen when mononuclear

cells from patients with RANKL mutations are cultured with MCSF
and wild-type recombinant RANKL. b No multinuclear, resorbing
osteoclasts are seen when mononuclear cells from patients with
RANK mutations are cultured with MCSF and wild-type recombinant
RANKL (reproduced with permission from [31])

RANK [43]. We will return to the possible functional
consequences of the p62 mutations further below when
discussing more fully the functional consequences of
mutations in the RANK signalling pathway.

premature loss of hearing and tooth loss but in addition
show involvement of the long bones of the fingers causing
bone pain in the hands. e-PDB shares all the above clinical
features with involvement of both the appendicular and
axial skeleton. In all disorders, bone pain and bone fractures
are the main clinical symptoms and lead to the diagnosis.
Since the patients generally have suffered from these
progressive diseases for some time before a formal
diagnosis is made, little is known so far about the early
stages of the disease pathology.
Heterozygous insertion duplication mutations located
within the signal peptide region of the RANK gene have
been identified as the cause of these diseases. FEO is
associated with an 18-base pair (84dup18) tandem duplication leading to an additional six amino acids in the RANK
protein, ePDB with an insertion of 27 bp (75dup27 or
78dup27), leading to an additional nine amino acids and
ESH with a 15 bp duplication (84dup15), adding five
amino acids to RANK [48–51].
These similar mutations in the same region of the gene
interestingly lead to phenotypes that were clinically
distinguished before molecular information was available
and even more remarkably, the in vitro studies also find
subtle differences between the different forms of RANK
when expressed in model cell systems. Elucidation of the
molecular mechanisms leading to the hyperactive osteoclast
phenotype that is the key feature of the early onset Pagetic
disorders has been ongoing in a number of laboratories, but
has proved difficult. The first animal model engineered to
express the ePDB gene has been reported in abstract form
and is showing a bone phenotype similar to that seen in
human patients [52].
To try to understand how insertion mutations in RANK
lead to hyperactive osteoclasts and how mutations in other

Early-onset high turnover diseases caused by OPG
mutations
Juvenile Paget's disease (JPD) is a rare, early-onset disease
of high bone turnover presenting in early childhood. Both
an increase in osteoclast and in osteoblast activity is seen
leading to the production of weak and disorganised bone
that is prone to fracture. Autosomal recessive mutations
within the gene encoding OPG (TNFRSF11B) are the cause
of JPD [44, 45]. Depending on the nature of the mutation
patients either produce less efficient forms of OPG with
reduced affinity for RANKL or fail to produce OPG
entirely.
Early-onset high bone turnover diseases caused by RANK
mutations
Familial expansile osteolysis (FEO), early-onset Paget's
disease of bone (ePDB) and expansile skeletal hyperphosphatasia (ESH) are extremely rare diseases that share
features with late-onset PDB but each have their own
characteristic symptom profiles [46, 47]. The early age of
onset, within the first two decades, is the main distinguishing feature between these conditions and the more
common, late-onset PDB described above. FEO predominantly affects the major bones of the appendicular skeleton
which can lead to gross deformities, but also affects the jaw
and the bones of the middle ear resulting in deafness and
premature tooth loss. ESH patients also suffer from the
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the surface of cells [59], a process that may be important in
the development of tumour-induced osteolytic lesions [60,
61]. Based on homology to ligand/receptor interactions
between other members of the TNF/TNFR superfamilies,
trimeric RANKL (with three identical subunits) is predicted
to bind to trimeric RANK [62, 63] to initiate the signalling
cascade leading to osteoclast formation. The activity of
RANKL is modulated by OPG by preventing RANKL
binding to RANK. Disruption in the production or activities
of any of these molecules results, as predicted, in a change
in osteoclast formation or activity. In mice, deletion of the
genes for RANK or RANKL leads to profound osteopetrosis [3, 6, 64], whereas deletion of the gene for OPG leads
to a high bone turnover osteoporosis [65].
The crystal structure of RANK remains to be determined, hence the precise interaction of RANK with
RANKL is not known. The binding of RANKL to RANK
is highly specific since RANKL does not bind to any of the

regions of RANK lead to absence of osteoclasts and
osteopetrosis, we will now first discuss the normal process
by which RANK interacts with RANKL and activates
signalling pathways resulting in the activation of the
transcription factor NFκB.

The RANK signalling pathway
The RANK signal transduction pathway is composed of
several key elements (Fig. 4). In addition to the mutations
in RANK, RANKL and OPG mentioned above, mutations
within signalling intermediates in the signalling pathway
downstream of RANK also lead to abnormal bone
phenotypes in mice [53–56] or bone disease in humans
[57, 58]. RANKL is expressed on the surface of osteoblasts
and stromal cells but also exists in a soluble form,
generated by proteolytic cleavage of the ectodomain from
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Fig. 4 A summary of the signalling pathway downstream of RANK/
RANKL interaction that results in NFκB activation. Trimeric RANKL
binds to trimeric RANK receptor resulting in recruitment of TRAF6 to
the cytoplasmic domain of RANK. p62 facilitates the formation of
K63 polyubiquitin chains on TRAF6 that form a platform for the
assembly of the TAB2/TAK1 complex. Phosphorylation of TAK1

Osteoclast specific
gene expression

results in the K63 polyubiquitination of NEMO and the subsequent
phosphorylation and activation of IKKα and β. These kinases
phosphorylate IkBα which targets this inhibitory protein for degradation within the proteasome. NFκB is released upon degradation of
IkBα and enters the nucleus to regulate expression of genes required
for osteoclastogenesis
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other TNFR superfamily members except for the decoy
receptor OPG [66]. Equally, RANK interacts exclusively
with RANKL and does not bind any other member of the
TNF family [66]. Despite this, many groups have used
structural information from other members of the TNFR
superfamily to infer information about RANK. TNFR1 and
TNFR2 have a unique site within their extracellular domain
known as the pre-ligand assembly domain (PLAD) that is
critical for TNFR trimerisation and receptor function [67].
This suggests that receptor trimerisation may be important
for other members of this receptor superfamily [63]. By
contrast to TNFR1 and TNFR2, RANK does not have a
PLAD domain, but instead, a six-amino acid motif (534
IIVVYV 539) within the cytoplasmic domain that acts as
the ligand-independent oligomerisation site [68]. When
overexpressed, RANK self-associates in the absence of
RANKL and induces osteoclast formation. This is likely
to be as a result of trimer formation since artificial
induction of RANK dimer formation is not sufficient to
induce expression of critical osteoclast differentiation
genes or to support osteoclast formation and function
[68]. Although a role for this RANKL-independent RANK
activation has still to be formally demonstrated in vivo, it
has been suggested that it may explain the osteoclast
phenotype observed in patients carrying the FEORANK
mutations [68].
The pathway downstream of RANK, and activated upon
binding of RANKL, comprises a series of steps in which
signalling intermediates are either activated or degraded.
This ultimately results in activation of NFκB and expression of genes required for osteoclastogenesis (Fig. 4).
Activation and degradation of signalling intermediates is
generally achieved by ubiquitination and phosphorylation.
Ubiquitination is the term used to describe the addition of
chains of ubiquitin molecules to substrates. The exact
chemical linkage between ubiquitin molecules within the
chains determines the fate of the target protein. Linkage via
lysine residue 48 (K48) marks the targeted protein for
degradation by the proteasome, whereas, by contrast,
linkage via lysine residue 63 (K63) facilitates the next step
in the signalling pathway [69].
The cytoplasmic domain of RANK contains a binding
site for TNFR-associated factor 6 (TRAF6) [70]. There are
seven members of the TRAF family, but since TRAF6deficient mice exhibit reduced numbers of osteoclasts due
to impairment in RANK signalling [54, 56], TRAF6 is
considered the key modulator of RANK signalling. The
exact mechanism by which RANK trimerisation facilitates
the recruitment of TRAF6 remains to be confirmed. We
have recently studied a truncating mutation in RANK that
retains the TRAF6 binding site but lacks the oligomerisation motif. This mutant RANK protein does not bind to
wild-type RANK confirming the inability of the protein to
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trimerise, but it does associate with TRAF6. Interestingly,
NFκB is activated downstream of this mutant receptor,
suggesting that trimerisation is not required for TRAF6
interaction with the cytoplasmic domain of RANK or for its
ability to transduce the signal (Crockett and Mellis,
unpublished).
When associated with RANK, TRAF6 ubiquitinates
itself via interaction with the p62 UBA domain leading to
the formation of a K63-linked ubiquitin chain [71]. TRAF6
ubiquitination is essential for recruitment of signalling
intermediates [72] including TAB2 and TAK1, leading to
formation of a complex that is absolutely required for
RANK signalling [73, 74]. Phosphorylation of TAK 1 (by
TAB2) initiates the formation of a K63-linked ubiquitin
chain on NFκB essential modulator (NEMO; IKKγ),
critical for NFκB activation [75]. This in turn triggers the
phosphorylation and activation of IKKα/β which phosphorylates IKBα. The resulting conformational change in
IKBα triggers K48-linked ubiquitination and subsequent
proteasomal degradation of IKBα releases NFκB to
translocate to the nucleus to initiate transcription of genes
essential for osteoclastogenesis (Fig. 5) [71, 76].
In any signal transduction pathway, the balance between
activation and inactivation is critical in determining the
duration of the signal. To turn off RANK signalling, a
number of mechanisms exist or have been postulated.
Firstly, NFκB increases expression of IKBα. This in turn
stabilises the IKB/NFκB complex in the cytoplasm,
preventing NFκB translocation and reducing expression of
its target genes [76]. Secondly, de-ubiquitinases, enzymes
involved in de-ubiquitinating substrates, are involved in
regulating RANK signalling. Two de-ubiquitinases are
known that reduce NFκB translocation by suppressing
signalling at a stage upstream of the IKK complex. The
first, cylindromastosis tumour suppressor protein (CYLD),
cleaves the K63–linked ubiquitin chain from TRAF6,
thereby destabilising the TRAF6/p62 and the TAB2/TAK1
complexes and resulting in the termination of the RANK
signal. The second, A20, is an NFκB-dependent inhibitor of
NFκB and another negative feedback loop in the pathway
[71]. Thirdly, signalling pathways are generally also
regulated by the degradation of the receptor and by the
process of receptor recycling to the cell surface. In the case
of RANK, there is as yet little knowledge about receptor
degradation and recycling, but there is some evidence that
the Cbl family of proteins are involved. The Cbl proteins
(c-Cbl and Cbl-b) are ubiquitin ligases that down-regulate
receptors for M-CSF and EGF [77]. Cbl proteins are
recruited to the RANK complex upon ligand binding in
an Src-dependent manner [78]. Activation of Cbl-b has
been shown to decrease the levels of the RANK protein via
ubiquitin-mediated proteosomal degradation, suggesting
that Cbl-b interaction with RANK is a major player in
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Fig. 5 Domains in RANK associated with disease-associated mutations in RANK (derived from data presented in [31]). a RANK
contains a signal peptide that is normally cleaved during the posttranslational modification process. In RANK containing the FEO,
ePDB and ESH mutations, the signal peptide is not cleaved,
preventing translocation of RANK to the plasma membrane. b The
extracellular domain of RANK contains four cysteine-rich domains
that are important in RANKL binding. Four of the point mutations
associated with osteoclast-poor osteopetrosis–G53R, R129C, R170G
and C175R–are within this region of the protein and are predicted to
interfere with RANKL/RANK interaction. The A244S mutation
occurs just within the cytoplasmic domain in a region that has not

been associated with receptor function. c The oligomerisation motif
mediates ligand-independent oligomerisation of the RANK receptor.
The W434X mutation associated with osteoclast-poor osteopetrosis
truncates the protein resulting in lack of this critical domain and
prevents receptor oligomerisation with as yet undetermined effects on
RANKL-dependent signalling. d The TRAF6 binding site in the
cytoplasmic domain of RANK is critical for downstream signalling.
The G280X protein associated with osteoclast-poor osteopetrosis lacks
both the TRAF6 domain and the oligomerisation motif and would
therefore be predicted to prevent downstream signalling activation in
addition to the effects of lack of trimer formation

RANK degradation [79]. c-Cbl may have an additional
effect by promoting RANK recycling [79]. Finally, surface
expression of receptors is often regulated by proteolytic
enzymes that cleave the extracellular ligand-binding domain, preventing activation of signalling pathways. TNFα
converting enzyme (TACE; ADAM-17) is one such
enzyme and generates the soluble forms of TNFα as well
as RANKL [59, 80]. Inhibition of TACE activity upregulates surface RANK expression on monocytes [81],
and, most recently, RANKL was shown to upregulate
TACE-mediated shedding of the RANK ectodomain in a
TRAF6-dependent manner indicating a negative feedback
mechanism to regulate RANK surface expression [82].
Therefore, these observations strongly suggest that
activation or inhibition of TACE could indeed play a
significant role in the regulation of RANK signalling.
Taken together, RANK signalling is dependent upon the
combined actions of the complex activating and inactivating mechanisms described above, and it is not
surprising that a number of conditions have now been
identified where RANK signalling is deregulated as a

result of mutations in either the receptor itself or in steps
in the signal transduction pathway.

Molecular and functional consequences of mutations
in the RANK/RANKL axis
Loss-of-function mutations in RANK
Seven different mutations in RANK have so far been
identified in patients with osteoclast-poor osteopetrosis,
with mutations occurring in all domains of the protein
(Fig. 5) [31]. G53R, R129C, R170G and C175R are single
base pair substitutions within the extracellular domain and
are likely to result in changes to the ligand binding domain
of RANK affecting the binding to RANKL and preventing
downstream signalling. Indeed, the R170G mutation causes
a complete lack of downstream activation of p38 and
ERK1/2 through RANK [31]. The G280X and W434X
mutations truncate the intracellular domain of RANK and
cause deletion of the region which is essential for the
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commitment of macrophages to the osteoclast lineage and
for oligomerisation of RANK monomers [68, 83]. Whilst
W434X leaves one of the TRAF6-binding domains intact,
the G280X mutation results in deletion of the entire TRAF6
binding region. By investigating these mutations in vitro
new data on the absolute requirement for receptor trimerisation and signal activation can be obtained, increasing our
understanding of RANK signalling. It is however likely that
such truncated mutant proteins are not translated to the
same extent as wild-type protein and hence do not act in the
same way in vivo as in the cellular expression models. In
fact, the cellular quality-control process of “nonsense–
mediated mRNA decay” is likely to lead to the destruction
of a significant proportion of the mRNA molecules
transcribed from these mutant genes [84]. Therefore, the
patient phenotype seen as a result of harbouring such
truncating mutations is likely the combined functional
effect of the expression of the truncated protein together
with that of reduced levels of RANK expression. The
effect of the mutation A244S in the cytoplasmic domain
of RANK is not clear as deletion of this region does not
affect osteoclast formation [82], and the patient carrying
this mutation was a compound heterozygote carrying
C175R on the other allele complicating the functional
analysis.
Gain-of-function mutations in RANK
The initial description and early in vitro characterisation of
the FEO and ePDB associated mutations suggested that the
mutations resulted in ligand-independent overactivation of
NFκB which would help to explain the clinical phenotype
[48]. However, in more recent studies, we found that there
was no ligand-independent overactivation of NFκB expression when wild-type, and mutant proteins were expressed at
physiological levels, rather than overexpressed as in the
earlier studies. Furthermore, in these studies, only cells
expressing the wild-type protein responded to RANKL [85]
(Fig. 6a). The interaction between RANKL and RANK at
the plasma membrane is the key initiating event in the
RANK signalling process. Our in vitro overexpression
studies [85] have shown, by confocal microscopy and
immunoEM, that the mutant forms of the RANK receptor
that cause FEO, ePDB and ESH do not reach the plasma
membrane and are retained within an extended form of the
endoplasmic reticulum known as “organised smooth endoplasmic reticulum” (OSER) [86]. Although each of these
mutant proteins accumulated within OSER when overexpressed, there were nevertheless distinct differences: the
FEORANK accumulated in OSER structures in a perinuclear region, whereas the ePDB and ESH forms of RANK
were found in OSER throughout the cytosol. Overall
though, the change in protein localisation compared to
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wild-type RANK suggests that mutant RANK is trapped
within the protein synthesis pathway (Fig. 6b) and has
thereby lost the ability to interact with RANKL on the cell
surface, mimicking the situation in RANK loss-of-function
mutants. Indeed, in a genetically modified mouse expressing ePDBRANK, homozygous expression of the transgene
leads to severe osteopetrosis, whereas heterozygous expression leads to the hyperactive osteoclast phenotype as seen
in patients with early onset Pagetic disorders [52].
With this dramatic difference between homozygous and
heterozygous expression and the knowledge that patients
are heterozygous, we have started to study the subcellular
localisation of the mutant receptors in vitro when coexpressed with wild-type RANK to mimic the heterozygous
nature of the patients. When co-expressed, FEORANK colocalised with wild-type RANK on the plasma membrane,
suggesting that wild-type RANK can rescue the membrane
localisation and thereby allow interaction with RANKL
(Fig. 6c). Below, we discuss three hypotheses that may
explain how such heterozygous expression may result in
the osteoclast phenotype seen in patients.
Firstly, using immunoprecipitation, we determined that
wild-type RANK can directly interact with FEORANK
(Crockett and Mellis, unpublished). Together with the
colocalisation of both proteins seen by immunostaining,
this suggests that a heterotrimeric RANK could exist in
cells carrying a wild-type and mutant allele. Such heterotrimeric RANK could potentially alter the kinetics of
RANKL binding as signal peptide retention may alter the
structural conformation of the ligand binding pocket, lead
to tighter binding of RANKL. In addition, since these
signal peptide mutations alter the N-terminal extracellular
domain it is possible this may affect the susceptibility of the
protein to cleavage by TACE, perhaps increasing the
amount of surface expression of RANK. Secondly, hyperactivation of RANK signalling could be achieved by
interference with the recycling and degradation of RANK,
thought to be regulated by the balanced activities of the E3
ubiquitin ligases c-Cbl and Cbl-b as discussed above. Our
preliminary analysis of proteasomal degradation of wildtype and mutant RANK has not demonstrated any differences, but this requires further investigation, especially in
the context of heterozygous expression. Thirdly, accumulation of misfolded proteins within cells upregulates the
unfolded protein response and other ER stress pathways
such as the ER overload response [87, 88], pathways that
by themselves can lead to increased NFκB signalling.
Inclusion bodies containing proteins found in diseases
associated with defective protein degradation and similar
to inclusions regularly seen in osteoclasts from patients
with late-onset PDB have also been described in patients
with FEO (discussed in [40] and illustrated in Fig. 1c). The
interaction of wild-type with mutant protein leads to
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of mutant RANK can lead to an activated osteoclast phenotype in
early onset PDB-like diseases. a The signal peptide is cleaved from
wild-type RANK allowing it to be processed through the endoplasmic
reticulum and expressed at the plasma membrane where it interacts
with RANKL. b Mutations preclude cleavage of the signal peptide
from RANK in the early-onset Pagetic diseases, trapping the mutant
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support the hypothesis that, in the heterozygous situation found in the
patients, wild-type RANK can interact with the mutant RANK
receptors. If this occurs in the endoplasmic reticulum, the mutant
receptor may “piggy-back” to the plasma membrane, allowing
interaction with RANKL. However, since the signal peptide is
retained on the mutant receptor, this could change the conformation
of the protein and result in altered ligand binding, recycling or
degradation kinetics. Such mechanisms may potentially lead to the
increased osteoclast activity seen in these disorders

expression of RANK on the plasma membrane as discussed
above, but at the same time it is possible that some of the
mutant protein is retained within the ER and can activate
ER overload pathways. Together with the RANKLdependent signalling at the plasma membrane, such ER
overload pathways through additional increases in NFκB
activation, might lead to hyperactivation of NFκB and to
increased osteoclast function.
Taken together, the mutations associated with FEO,
ePDB and ESH are not in themselves classic gain-offunction mutations. Their effect, however, is likely to be an
activation of the key pathway that can lead to osteoclast
activation. Further detailed biochemical analyses are required to understand whether any of the above hypotheses
are correct.

likely complete loss-of-function. The three mutations
found so far are illustrated in Fig. 7 [33]. They
comprise a single amino acid substitution in a highly
conserved region of the protein, but with an as yet
unknown consequence on biological activity; partial loss
of a region (probably involved in RANK binding) known
to be important for biological function of the protein
[62] and deletion of the trimerisation domain. It has
proved difficult to establish the precise loss-of-function
of any of these mutant proteins. In expression studies,
we were unable to obtain definitive data on any possible
retention of biological activity, especially of the M199K
mutant, where this might be the case. Although we were
unable to generate osteoclasts with any of the mutant
proteins, technical issues such as lower levels of protein
obtained from the mutants and variable biological
activity of the wild-type protein, precluded firm conclusions. Further studies are needed to deduce the extent
to which these mutations lead to loss-of-function of
RANKL in vivo.

Loss-of function mutations in RANKL
The mechanistic basis of the osteopetroses resulting from
the known mutations in RANKL in humans are most

Osteoporos Int (2011) 22:1–20

14

Trimerisation
domain

CD

EF

EF
DE
CD

CD

M199K
AA’’

AA’’

AA’’

Del 145-177

Out

N

In

Receptor
binding

EF
DE

DE
CD

AA’’

AA’’

EF

CD

EF

EF
DE

DE

CD

CD
AA’’

AA’’

N

DE

N

EF
DE

RANKL-specific
loops

V277WFx5

Fig. 7 RANKL mutations as found in patients with osteoclast-poor
osteopetrosis (derived from data presented in [33]). The single amino
acid substitution M199K is in a highly conserved domain, the deletion

145-177 removes part of a region known to be essential for biological
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p62 mutations and gain-of-function in osteoclasts

seen in all affected organs. IBMPFD is caused by
mutations in valosin-containing protein (VCP; Table 1;
[90]). VCP has a known role in protein degradation via the
proteasomal pathway and has recently also been implicated in autophagy [91]. Autophagy is known to decrease in
efficiency with increasing age [92] and age is a known risk
factor for PDB. Given the involvement of both p62 and
VCP in autophagy, it seems plausible that mutations in
these genes lead to deregulation of autophagy and that
this plays a role in the aetiology of PDB. p62 levels
appear to be increased in osteoclasts in patients with
PDB, and the protein appears to localise in inclusions or
aggregates [93], structures that are normally degraded by
autophagy. Since in the early-onset Pagetic diseases,
mutant RANK proteins are likely to accumulate within
the ER, it is possible that autophagy (so-called ER-phagy)
could play a role in maintaining ER integrity in these
conditions [94]. Although at present, the way in which
p62 has such profound effects specifically in osteoclasts is
unknown, further knowledge of the other genes mutated in
patients with PDB (in up to 75% of patients no mutation in
p62 is found) should help the mechanistic studies and
should elucidate how similar activated osteoclast phenotypes can result from mutations in genes such as RANK,
p62 and VCP.
In addition, such studies may help determine the
underlying cause of the extreme focal nature of increased
bone remodelling in both early and late-onset Paget’s
disease. A range of local genetic, infectious, age-related,
mechanical, hormonal and lifestyle factors have been
suggested to hold the key to the focal nature of the lesions.
So, what could these factors be? A plausible hypothesis for
the presence of a local pathology, be it a tumour or a local
lesion such as in PDB, is the occurrence of a somatic
mutation. Two studies have recently tested this hypothesis
by analysing bone cells from affected regions in patients
with sporadic PDB for somatic mutations in p62. While in
one study the authors observed P392L (C1215T) mutations

Having discussed the various ways in which mutations in
the RANK/RANKL pathway can lead to osteoclast dysfunction, we will briefly return to the mutations in p62
which lead to a phenotype so similar to that seen in patients
with gain-of-function RANK mutations. How is it possible
that mutations in these different genes lead to a phenotype
of activated osteoclasts? What are the mechanistic connections between the pathways? Initially, it was considered
that UBA mutations in p62 would lead to upregulation of
NFκB signalling in osteoclasts because of a diminished
ability of the protein to act in protein degradation pathways,
especially by directing proteins to the proteasome. It
seemed logical that impaired degradation of signalling
intermediaries, which might not be degraded because of
p62 mutations, could lead to prolonged signal transduction
leading to osteoclast activation. Cellular studies, however,
did not support this hypothesis, and in fact it appeared that
overexpression of wild-type p62 reduced, rather than
increased NFκB signalling (discussed in [40]). It is now
considered that the main role of the scaffold protein p62
in NFκB signalling is by facilitating K63-linked TRAF6
ubiquitination (see Fig. 4), rather than K48-linked
ubiquitination to mark proteins for proteasomal degradation. Intriguingly though, a major role of p62, which has
only more recently come to light, is in autophagy, since
p62 can bind to light chain 3 (LC3), a key molecule in this
process [89]. Autophagy is the mechanism by which cells
enclose organelles or part of their cytoplasm by a
membrane to degrade its contents after fusion with
lysosomes and recycle its contents. Impairment of autophagy is known to lead to accumulation of inclusion bodies
in diseases such as neuropathies and myopathies. Presence
of nuclear inclusion bodies is a hallmark of PDB and of
the syndrome IBMPFD, which combines PDB(P) with
inclusion body myositis (IBM) and/or frontotemporal
dementia (FD), a condition in which inclusion bodies are
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within p62 in bone cells while none were observed in
peripheral blood cells from the same patients [95]; no
somatic P392L mutations were identified in the second
study [96]. While this indicates that somatic mutations in
p62 may occur, but are not essential to develop PDB, it
does not exclude the possibility that somatic mutations in
other, as yet unidentified, PDB-associated genes may
trigger the focal increase in remodelling. We would expect
that this would most commonly occur in combination with
a germline mutation in p62, or another, yet to be identified
PDB gene, as a pre-disposing factor. So far this “double
hit” hypothesis has not been investigated, but nextgeneration sequencing makes it possible to simultaneously
screen multiple genes associated with key osteoclast pathways in patients. Such studies could highlight additional
PDB genes or reveal gene–gene interactions that are
associated with PDB.
There has been a longstanding debate over the connection of persistent viral infection and development of PDB
(discussed in [40]). Although some investigators have
identified viral mRNA in bone and blood samples [97]
and described Pagetic lesions in mouse bone after infection
with measles virus [98], others have not been able to find
any evidence of viral persistence in Paget's patients [41,
99]. While it remains possible that a viral agent is involved,
it remains difficult to understand how this could lead to a
focal disorder, as, by contrast to neurological diseases due
to persistent viral infection, none of the cell types in bone
are long-lived, and persistence of the agent in local
precursors with transmission to local progeny must be
assumed.
In many patients with Paget's disease (early or late-onset
forms), development of lesions has been linked to previous
trauma, to surgery or to pregnancy [100, 101], pointing to
additional risk factors which may lead to local effects. In all
cases though, we would assume that these factors would act
in a predisposing genetic background. In addition, the
severity of FEO and the number of bones affected has been
shown to differ between kindreds, suggesting again that
either environmental differences, or genetic factors in
addition to the RANK mutations, influence the severity of
the disease.
With these multiple unproven suggestions for the
occurrence of local bone lesions in Paget-like disorders, it
is anticipated that the animal models may provide key
insights. So far, the bone lesions reported in mice carrying
p62, VCP or RANK mutations have been local, and have,
as in humans, only appeared with increasing age, with
interestingly RANK-associated lesions being more severe
and appearing earlier that p62 and VCP-induced lesions
[52, 102, 103].
The cell biological studies we discussed above have
so far not given any clearer insights into the focal nature

of the bone lesions. Our preferred hypothesis at present
is that an osteoclast-activating stimulus, which could be
any of those suggested in the paragraphs above,
precipitates that hyperactive osteoclast phenotype and
that this involves protein degradation pathways. We
predict that mutated p62 is less able to regulate protein
degradation (either of itself or of protein aggregates and
complexes) by proteasomal and autophagy pathways,
and that RANK mutations induce ER-phagy and possibly
ER stress responses. Since in both cases the resulting
osteoclast phenotype is a hyperactive one, we must assume
that upregulation of intracellular protein degradation is
essential for osteoclastic resorption. We are currently actively
investigating this testable hypothesis.

Conclusions
Over the past 10 years, major progress has been made in the
genetic characterisation of diseases caused by osteoclast
dysfunction. Many of the genes found have been in the
RANK/RANKL axis. Mutations in OPG and RANKL are
in essence endocrine disorders which ideally should be
treated with hormone replacement therapies where these
can be administered without major side effects. Although
this appears possible in the case of OPG, a safe way to
deliver RANKL to osteoclast precursors has yet to be
devised. Mutations in RANK that lead to osteopetrosis
should be considered for BMT wherever a suitable donor
exists. The gain-of-function mutations in RANK and p62
that lead to the overactive osteoclast phenotypes remain at
present the most enigmatic. We do not at present understand how these mutations lead to profound osteoclast
dysfunction, but tantalising links to protein degradation
pathways have been discovered. This is perhaps not
surprising as osteoclasts are, above all, exocrine cells with
huge protein synthesis, requiring robust quality control
mechanisms. Furthermore, transcytosis of degraded bone
matrix through osteoclasts [10, 11] suggests additional links
with protein degradation pathways that are as yet unexplored. Although our overall knowledge in this area has
increased substantially, the functional implication of the
gene mutations have been difficult to establish. With our
incomplete knowledge of the molecular interactions between RANKL and RANK and with the likely interplay
between NFκB signalling and protein degradation pathways in osteoclasts, this should remain an area of intense
investigation, especially since the RANK/RANKL pathway
is now a prime target for anti-resorptive therapies some of
which (anti RANKL antibodies, recombinant OPG) are
already in clinical use. With the key role of the RANK/
RANKL axis in immunology [8], the careful functional
dissection of the RANK mutations that cause osteopetrosis
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and immunological defects will provide insights into
receptor-ligand interactions and downstream signalling.
Overall, we expect that single gene mutations found in
rare genetic osteoclast diseases will help to understand key
metabolic pathways in this unique cell type and thereby
inform our understanding of more common skeletal
disorders associated with osteoclast function such as
osteoporosis, a condition clearly associated with single
nucleotide polymorphisms in RANK, RANKL and OPG
[104, 105].
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