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Abstract. Paget’s disease of bone is a chronic focal skele-
tal disorder characterized by increased bone resorption by
the osteoclasts. Paramyxoviral gene products have been
detected in pagetic osteoclasts. Paget’s disease is an auto-
somal dominant trait with genetic heterogeneity. Several
mutations in the ubiquitin-associated (UBA) domain of
sequestosome 1 (SQSTM1/p62) have been identified in
patients with Paget’s disease. Similarly, mutations in the
valosin-containing protein (VCP) gene have been shown
to cause inclusion body myopathy associated with Paget’s

disease of bone and frontotemporal dementia. In addi-
tion, gene polymorphisms and enhanced levels of cy-
tokine/growth factors associated with Paget’s disease
have been identified. However, the etiologic factors in
Paget’s disease remain elusive. A cause and effect rela-
tionship for the paramyxoviral infection and SQSTM1/
p62 gene mutations responsible for pagetic osteoclast de-
velopment and disease severity are unclear. This article
will highlight the etiologic factors involved in the patho-
genesis of Paget’s disease.
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Paget’s disease of bone is a chronic focal skeletal disease
that affects 2-3% of the population over the age of 60,
with an increased incidence in Caucasians. The disease is
associated with deformity and enlargement of single or
multiple bones, among which the skull, clavicles, long
bones and vertebral bodies are the most frequently in-
volved [1]. Patients with Paget’s disease are frequently
asymptomatic, but approximately 10-15% have severe
symptoms including bone pain, fractures, neurological
complications due to spinal cord compression or nerve
entrapment syndromes, deafness, and dental abnormali-
ties. Paget’s disease is a highly localized disease, and new
lesions rarely develop during the course of the disease. It
can be monostotic or polyostotic and the bone lesions
continue to progress in size if untreated. Studies have also
indicated that patients with Paget’s disease have an in-
creased incidence of osteosarcoma, approximately 1% of
them developing osteosarcoma in an affected bone.
Paget’s disease has a very unusual geographic distribu-
tion, with an increased incidence in Caucasians of Euro-
pean descent, but it also occurs in African Americans. It

is rare in those of Asian descent. Studies have also sug-
gested high prevalence rates of radiographic Paget’s dis-
ease in Britain, Australia, North America and western Eu-
rope. The incidence of Paget’s disease appears to have
been decreasing over the last several decades [2, 3], but
the basis for this decrease is unknown.

Familial expansile osteolysis (FEO) is a rare disease re-
lated to Paget’s disease, but occurs in patients at a much
younger age and is a much more severe disease linked to
activating mutations in the gene encoding the receptor
activator of nuclear factor kB (RANK) on chromosome
18q [4].

Juvenile Paget’s disease is characterized by widespread
involvement of the skeleton, distinguishing it from
Paget’s disease of adults. It is caused by a homozygous
deletion of the gene on chromosome 8q24.2 that encodes
osteoprotegerin (OPG), a member of the tumor necrosis
factor receptor family [5].

The primary pathologic abnormality in patients with
Paget’s disease is increased bone resorption, followed by
abundant new bone formation that is disorganized and of
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poor quality. Paget’s disease has been described as a slow
paramyxoviral infection process, suggesting a viral etiol-
ogy for the disease. Familial incidence is common in
Paget’s disease and 40% of patients with the disease have
an affected first-degree relative. Familial Paget’s disease
has an equal incidence in males and females. It is also ev-
ident that genetic factors play an important role in the fa-
milial and sporadic forms of Paget’s disease of bone. Ge-
netic linkage analysis has further indicated that Paget’s
disease is an autosomal dominant trait with genetic het-
erogeneity and incomplete penetrance. In this review, vi-
ral, genetic, and other etiologic factors that play an im-
portant role in the pathogenesis of Paget’s disease of bone
will be discussed.

Paramyxoviral etiology

A viral etiology has been proposed for Paget’s disease due
to an initial description of nucleocapsid-like structures in
the nuclei and cytoplasm of pagetic osteoclasts by elec-
tron microscopy [6]. Immunocytochemical studies fur-
ther confirmed that these nuclear inclusions cross-re-
acted with antibodies that recognized measles virus (MV)
or respiratory syncytial virus (RSV) nucleocapsid anti-
gens [7]. In situ hybridization techniques also identified
the presence of MV messenger RNA sequences in up
to 90% of osteoclasts and other mononuclear cells in
pagetic bone specimens. Similarly, canine distemper
virus (CDV) nucleocapsid antigens were also detected in
osteoclasts from patients with Paget’s disease [8]. These
paramyxoviral-like nuclear inclusions are not unique to
Paget’s disease and were reported in patients with FEO
and rarely in patients with osteopetrosis, pycnodysosto-
sis, otosclerosis, and oxalosis [9]. This has raised the pos-
sibility that the virus may be a non-etiologic agent in a
cell altered by a genetic defect. Alternatively, there may
be sequence homologies between viral and cellular pro-
teins. Since paramyxoviruses are RNA viruses, it is most
unlikely that part of the viral genome is integrated into
the genome of the affected population.

We have previously identified the expression of MV nu-
cleocapsid (MVNP) transcripts in freshly isolated bone
marrow cells from patients with Paget’s disease. These
MVNP transcripts contain mutations which resulted in
amino acid substitutions clustered at the C-terminal end
[10]. The mutations occured at a 1% rate in the total
MVNP gene isolated from a patient with Paget’s disease.
We further demonstrated that osteoclast precursors, the
granulocyte macrophage colony-forming unit (CFU-
GM), as well as mature osteoclasts from patients with
Paget’s disease, expressed MV NP transcripts. We also de-
tected expression of MVNP transcripts in peripheral
blood-derived monocytes from these patients, indicating
that MV infection occurs in early osteoclast lineage cells
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[11]. MV infection has a similar incidence worldwide and
occurs in very young patients, whereas Paget’s disease is
a disease of the elderly. These observations suggest that if
paramyxoviruses have an etiologic role in Paget’s disease,
these viral infections must persist for long periods of
time. Pluripotent hematopoietic stem cells, which can
persist for long periods of time in a quiescent phase, may
be the initial target for the paramyxoviral infection in pa-
tients with Paget’s disease. We found that other hemato-
poietic lineages from patients with Paget’s disease in ad-
dition to the osteoclast lineage, including the erythroid
and the erythroid precursors, burst-forming unit-ery-
throid (BFU-E), and multipotent myeloid precursors
(CFUGEMM) also express MVNP transcripts [11]. Thus,
if the initial site of infection occurs in a small number of
primitive pluripotent hematopoietic stem cells that pre-
dominantly remain in Go, this might explain the chronic-
ity of the infection. Also, there may be a genetic predis-
position for chronic paramyxoviral infections of hemato-
poietic precursors in patients with Paget’s disease.
However, a cause and effect relationship of paramyx-
oviruses in Paget’s disease remains to be proven, as no in-
fectious virus has been isolated from pagetic cells. Also,
it is not clear how the focal lesions are initiated in Paget’s
disease. In contrast to these results, other workers have
been unable to detect paramyxoviral nucleocapsid tran-
scripts in samples obtained from patients with Paget’s dis-
ease [12, 13].

The presence of paramyxoviral transcripts in osteoclasts
and osteoclast precursors from patients with Paget’s dis-
ease suggests a pathophysiologic role for the viral genes
in the development of the pagetic lesions. In studies using
normal osteoclast precursors (CFU-GM) transduced with
retroviral vectors expressing the MVNP gene, the cells
formed pagetic-like osteoclasts more rapidly, with an in-
creased number of nuclei, hypersensitivity to 1,25-dihy-
droxyvitamin D3 (1,25-[OH],D;), and an increased bone-
resorbing capacity compared to normal osteoclasts. In
contrast, normal osteoclast precursors transduced with
the MV matrix gene did not express an abnormal pheno-
type [14]. Furthermore, infecting canine bone marrow
cells with CDV results in the development of multinucle-
ated cells that share some of the phenotypic characteris-
tics of pagetic osteoclasts [15]. More recently, CDV was
shown to be infectious to human osteoclast precursors
and to enhance osteoclast differentiation and function.
Previously, we have targeted CD46, the human MV re-
ceptor, to cells of the osteoclast lineage in transgenic
mice and demonstrated that MV infection of osteoclast
precursors from CD46 transgenic mice form osteoclasts,
which express a pagetic phenotype in vitro [16]. How-
ever, TRAP-CD46 mice do not develop sustained MV in-
fection, most likely reflecting the need for blocking inter-
feron production for development of persistent MV in-
fection in these mice. Transgenic mice targeted with
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MVNP expression to cells of the osteoclast lineage in
vivo results in a bone phenotype that is characteristic of
Paget’s disease and supports a pathophysiologic role for
MVNP in Paget’s disease. However, these studies do not
exclude genetic factor(s) that may play an important role
in disease severity and pathogenesis.

Taken together, these data suggest a potential pathophys-
iologic role for the paramyxoviral nucleocapsid gene that
is expressed in patients with Paget’s disease. Mouse mod-
els of MV infection were also developed in which CD46
is introduced into transgenic mice and bred to another
transgenic mouse lacking the alpha-beta interferon recep-
tor. Upon exposure to MV, these mice developed immune
suppression similar to patients with acute MV infection.
The mice lacking the alpha-beta interferon receptor de-
monstrated persistence of MV infection for at least 12
days [17]. Although several lines of evidence support a
viral etiology for Paget’s disease, it is still unclear how
this is related to the late onset and focal nature of Paget’s
disease.

Genetic linkage of sequestosome 1/p62
and molecular signaling

A genome-wide search in familial Paget’s disease of bone
indicated genetic heterogeneity of the disease, with can-
didate loci on chromosomes 2q, 5q, 6p, 10p, and 18q [18,
19, 20]. Linkage studies, coupled with mutation screen-
ing, have excluded involvement of RANK and also os-
teoprotegerin in the majority of patients with Paget’s dis-
ease of bone [21]. Genetic studies have demonstrated
linkage in 7 of 7 patients with osteosarcoma to loss of het-
erozygosity in a region of 18q that is adjacent to or within
a locus for Paget’s disease on 18q [22].

Recently, the sequestosome 1 gene encoding the protein
p62 (SQSTM1/p62) mapped within the critical region on
chromosome 5q35-qter identified a proline-leucine amino
acid change at codon 392 (P392L) in French-Canadian pa-
tients with Paget’s disease of bone [23]. The frequency of
the mutation was 16% and 46% for sporadic and familial
cases tested, respectively. Further studies also identified
different mutations affecting the highly conserved ubiqui-
tin-associated (UBA) domain of the SQSTM1/p62 protein
in patients with familial and sporadic Paget’s disease [24—
26]. In addition to the P392L mutation, two novel muta-
tions (M404V and G425R) were also identified in exon 8
ofthe SQSTM1 gene in Italian sporadic patients; however,
no significant differences in the clinical history was ob-
served in these patients [27]. Studies with patients with fa-
milial disease in The Netherlands further identified three
new mutations, S399P, M404T, and G425R, which corre-
lated with serum alkaline phosphatase activity similar to
patients with P392L mutations [28]. Insertion mutations
introducing a stop codon or abolishing the splice donor
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site at the start of the intron 7 region of SQSTM1 were
also identified in UK-derived familial and sporadic
Paget’s disease cases [29].

Structural analysis studies have classified p62 mutations
that retain or abolish the ability of the isolated UBA do-
main to bind to K48-linked polyubiquitin [30]. Cavey et
al. [31] have recently studied the effects of various p62
mutants associated with Paget’s disease on the in vitro
ubiquitin-binding properties of p62 protein. These studies
indicated that several SQSTMI1 mutations associated
with Paget’s disease impair p62 binding to ubiquitinyl-
ated targets at physiological temperature, suggesting that
p62 mutations predispose to Paget’s disease through a
common mechanism that depends on loss of ubiquitin
binding by p62. Using an in vitro expression cloning ap-
proach, 11 proteins that interact with the p62 UBA do-
main that are associated with neurodegenerative disor-
ders have been identified [32]. These studies have shown
that the heat shock protein-70 (HSP70) interacts with the
p62 UBA domain. HSPs are well known to play a role in
protein binding, assembly, intracellular transport and
degradation within cells. Development of methods such
as the yeast two-hybrid screening of an osteoclast cDNA
library using the p62 UBA domain as bait should identify
further genes that play an important role in pagetic osteo-
clast development.

The atypical protein kinase C (aPKC) interaction with
SQSTM1/p62 has been implicated in signaling cascades
that control NF-kB activation (fig. 1). It is evident that p62
provides a scaffold linking the aPKCs to the tumor necro-
sis factor-alpha (TNF-a) and interleukin-1 (IL-1) receptor
signaling complexes through its interaction with RIP and
TRAF-6, respectively [33]. Thus, SQSTM1/p62 mediates
IL-1 and TNF-a cytokine signaling to activate NF-xB.
TRAF-6, plays an essential role in receptor activator of
NF-«B ligand (RANKL) signaling during osteoclastogen-
esis. Recently, RANKL stimulation has been shown to re-
sult in upregulation of p62 expression in osteoclast pre-
cursor cells, and the genetic inactivation of p62 in mice
impaired PTHrP-induced osteoclastogenesis in vivo.
However, p62 null mice have a grossly normal skeletal
phenotype and no alterations were found in the trabecular
size and number of osteoclasts compared to wild type
mice. In vitro studies demonstrated that p62 deficiency
leads to inhibition of IKK activation and NF-kB nuclear
translocation during osteoclastogenesis [34]. These stud-
ies also demonstrated that RANKL stimulation induces
formation of a ternary complex involving TRAF-6, p62
and aPKC during osteoclastogenesis. Recent evidence in-
dicates that TNF-a stimulation of osteoclast precursors in
the presence of cofactors such as transforming growth fac-
tor-beta (TGF-p) results in osteoclastogenesis indepen-
dent of the RANKL-RANK-TRAF-6 axis [35]. Also,
TRAF-2 has been shown to be essential for TNF-« signal-
ing to induce osteoclastogenesis [36]. It is unclear if p62
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Figure 1. Sequestosome 1 (SQSTM1/p62) protein-protein interactions and associated cellular signaling cascades. RANKL-RANK signal-
ing induces p62 to form a ternary complex with TRAF-6 and aPKCs during osteoclast differentiation. Several mutations in the UBA do-
main of SQSTM1/p62 have been identified in patients with Paget’s disease. Similarly, mutations in VCP, a multiubiquitin chain-targeting
factor required in ubiquitin-proteasome degradation have been shown to cause inclusion body myopathy associated with Paget’s disease of

bone and frontotemporal dementia.

UBA mutants affect the status of NF-xB activation and re-
sult in a pagetic phenotype of the osteoclast. However, it is
reasonable to assess ligand specificity and alternative sig-
naling mechanisms or alternative protein-protein interac-
tions in pagetic-like osteoclast development. For example,
it has been shown that inositol 5" phosphatase-deficient
mice are severely osteoporotic with an increased number
of osteoclast precursors and hyperactive osteoclasts. In
addition, serum levels of IL-6 are markedly increased in
these mice as in Paget’s disease [37].

p62 was shown to bind ubiquitin non-covalently and se-
quester into cytoplasmic aggregates in some systems.
p62 has been proposed to function as a polyubiquitin
shuttling factor for proteasomal degradation through its
interaction with the proteasome. Therefore, it is reason-
able to speculate that the occurrence of mutations in the
UBA domain of p62 in patients with Paget’s disease
results in cellular accumulation of insoluble polyubi-
quinated protein aggregates due to failure of protea-
somal degradation. For example, accumulation of hy-
perphosphorylated Tau, the microtubule-associated pro-
tein in the brain of patients with Alzheimer’s disease,
contributes to neurodegeneration. Recently Tau has been
identified as a K63-polyubiquitinated substrate of TRAF6
that interacts with the UBA domain of p62 and is tar-
geted for proteasomal degradation [38]. Furthermore, re-
cent evidence also suggests that ubiquitin-proteasome
regulatory mechanisms play an important role in osteo-

blast differentiation [39]. Smad ubiquitin regulatory fac-
tor-1 (Smurfl) ubiquitin ligase deficiency results in an
age-dependent increase in bone mass due to accumula-
tion of phosphorylated MEKK?2 and activation of the
JNK signaling cascade in osteoblast cells [40]. Although
patients with Paget’s disease demonstrate high levels of
alkaline phosphatase activity, the molecular defect or al-
teration in osteoblast cells and the role that the p62 UBA
mutant may play in osteoblast activity in these patients
is not clear. Osteoblasts are also increased in lesions in
patients with Paget’s disease, and they appear to be mor-
phologically normal.

Normal human osteoclast precursors transduced with a
P392L mutant p62 retroviral expression vector displayed
enhanced sensitivity to RANKL and increased osteoclast
formation. However, the osteclast precursors demon-
strated no pagetic characteristics such as hypersensitivity
to 1,25-(OH),D; and increased number of nuclei in the
osteoclasts formed in vivo. Furthermore, transgenic mice
with the P392L mutant p62 gene targeted to cells in the
osteoclast lineage using the tartrate-resistant acid phos-
phatase (TRAP) promoter demonstrated increased osteo-
clast numbers and were osteopenic but did not develop
the increased osteoblast activity that is characteristic of
pagetic lesions. These studies suggested that the P392L
mutation in p62 enhances osteoclast formation, possibly
through increased RANK signaling. Therefore, the pre-
cise role that SQSTM1/p62 and signaling mechanisms
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may play in pagetic-like osteoclast development and
pathogenesis of disease remain to be elucidated.
Inclusion body myopathy associated with Paget’s disease
of bone and frontotemporal dementia (IBMPFD) were re-
cently reported to be caused by mutant valosin-containing
protein (VCP) that maps to chromosome 9p21.1-p12 [41].
VCP, a member of the AAA-ATPase superfamily, is a
multiubiquitin chain targeting factor for proteasome de-
gradation. VCP is known to function in cell cycle control,
membrane fusion, and the ubiquitin-proteasome degrada-
tion pathway. It has also been shown that VCP may pro-
vide a physical and functional link between IKB-a and the
26S proteasome and play an important role in the protea-
some degradation of IKB-a [42, 43]. Formation of protein
aggregates and or accumulation of cellular signaling mol-
ecules may occur upon failure of proteasomal degradation
due to mutations in the N-terminal ubiquitin-binding
domain of VCP or UBA domain of p62. This ubiquitous
mechanism does not explain specific molecules associ-
ated with the pathogenesis of Paget’s disease or dominant
negative effects on gene expression which regulate osteo-
clastogenesis and bone resorption activity. However, iden-
tification of molecules which interact with p62/VCP pro-
vide further insights into ligand specificity for altered sig-
naling cascades responsible for pagetic-like osteoclast
development. Recent evidence suggests that a fraction of
IKB-a physically associates with nuclear corepressors
and histone acetylases. It has further been shown that re-
cruitment of IKKs to the nucleus in response to TNF-a
may induce chromatin-associated IKB-a release and gene
activation [44]. However, genetic linkage analysis indi-
cated that mutations in the p62 gene may not completely
account for the pathogenesis of Paget’s disease. The sever-
ity of disease in family members carrying the same muta-
tion can vary widely, and up to 20% of individuals who
harbor p62 mutations and are older than 55 years do not
have PD. Therefore, it is reasonable to hypothesize that
other gene loci may be involved in the genetic predisposi-
tion and osteoclast abnormalities associated with Paget’s
disease of bone.

Gene polymorphisms and mRNA expression in
Paget’s disease

Several studies have examined the linkage of HLA be-
genes cause of their highly polymorphic nature, and sig-
nificant associations were observed between class 11 anti-
gens and Paget’s disease [45]. Similarly, studies also indi-
cated that the TNFRSF11B gene encoding OPG with
lysine at the codon 3 position predisposes to the develop-
ment of sporadic and familial forms of Paget’s disease
that is not caused by SQSTMI1 mutations [46]. Recent
studies also identified significant variations in genotype
frequency of polymorphisms in estrogen receptor-alpha
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and calcium-sensing receptor genes in patients with Pa-
get’s disease compared to normal subjects, which may
contribute genetic susceptibility to Paget’s disease [47].
Allelic association determines the risk of disease severity
and susceptibility but does not explain the focal nature of
the disease. Inhibition of apoptosis has been hypothe-
sized to lead to an increased osteoclast lifespan resulting
in an increase in the size and number of osteoclasts re-
sponsible for enhanced bone resorption activity in pa-
tients with Paget’s disease. In support of this, in situ hy-
bridization studies have identified increased levels of
Bcel2 mRNA expression in pagetic osteoclasts. Further
studies indicated that the polymorphic mutations present
in the Bcl2 gene promoter region are responsible for ele-
vated Bcl2 expresssion in patients with paget’s disease
[48]. In situ hybridization studies have also identified in-
creased levels of IL-6 and c-fos proto-oncogene mRNA
expression in pagetic osteoclasts. IL-6 receptor and NF-
IL-6 mRNA levels were also increased in osteoclasts
from bone samples from patients with Paget’s disecase
compared to those with osteoarthritis [49]. It is essential
to delineate whether enhanced gene expression or half-
life of mRNA and recruitment of coactivators for gene
transcription play a pivotal role in pagetic osteoclast de-
velopment. This is evident from the studies which indi-
cated that pagetic osteoclast precursors are hypersensitive
to 1,25-(OH),D; compared to normals. The increased
sensitivity of osteoclast precursors from Paget’s patients
to 1,25-(OH),D, is mediated through the vitamin D3 re-
ceptor (VDR); however, this is not due to increased num-
bers of VDR in pagetic osteoclast precursors compared to
normals, but appears to be due to enhanced affinity of the
VDR in pagetic cells for its ligand compared to normals
[50]. In support of a viral etiology, MVNP gene expres-
sion in osteoclast precursors was recently demonstrated
to result in increased levels of TAF,-17 transcription fac-
tor gene expression. The high levels of TAF-17 permit
formation of a VDR transcription complex at low levels
of receptor occupancy by 1,25-(OH),D; [51]. These re-
sults support the hypothesis that part of the pathophysiol-
ogy underlying the increased osteoclast activity in
Paget’s disease is due to increased levels of VDR coacti-
vators that enhance VDR-mediated gene transcription at
low levels of 1,25-(OH),D,. Enhanced levels of general
transcription factors such as TAF;-17 may not explain the
cellular specificity and chronic pathogenesis. However,
this does not exclude the possibility of their involvement
in pagetic osteoclast development at the involved sites.

Systemic factors
Bones not clinically involved with Paget’s disease appear

to show increased bone remodeling. This increased bone
remodeling in unaffected bones has been ascribed to sec-
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ondary hyperparathyroidism rather than to subclinical
involvement of the bones with Paget’s disease. However,
less than 20% of patients with Paget’s disease have ele-
vated parathyroid hormone (PTH) levels [2]. Enhanced
levels of IL-6, RANKL, M-CSF and endothelin-1 have
been associated with Paget’s disease. These systemic
factors are implicated in the pathogenesis and as an indi-
cator of disease activity [52, 53]. We have recently de-
tected elevated levels of high molecular-weight serum
kininogen in patients with Paget’s disease [unpublished
data]. Because Paget’s lesions are focal, pagetic cells
may be more sensitive to the elevated systemic factors.
The increased levels of IL-6 in the peripheral blood of
patients with Paget’s disease may in part explain the in-
creased bone remodeling seen in bones not clinically in-
volved with Paget’s disease. We need, therefore, to de-
fine a pathologic role of systemic factors that are upreg-
ulated in patients with Paget’s disease. Identification of
such factors will also provide further insights into the lo-
calized nature and progression of pagetic lesions and dis-
ease activity. Osteoclasts from patients with Paget’s dis-
ease also appear to produce increased levels of IL-6 and
express higher levels of IL-6 receptors than normal os-
teoclasts. IL-6, which is a stimulator of human osteoclast
formation, may act as an autocrine/paracrine factor to
enhance osteoclast formation in patients with Paget’s
disease and increase the osteoclast precursor pool. The
number of early osteoclast precursors, CFU-GM, was in-
creased significantly in marrow aspirates from patients
with Paget’s disease compared to normals [54]. The os-
teoclast precursors from patients with Paget’s disease
also appear to be hyperresponsive to RANKL and mar-
row stromal cells from pagetic lesions have increased
RANKL expression [55, 56]. RANKL is a critical osteo-
clast differentiation factor that is expressed on marrow
stromal and osteoblast cells in response to several os-
teotropic factors. The increased sensitivity of osteoclast
precursors from Paget’s patients to RANKL appears to
be due to interactions of these precursors with IL-6.
Therefore, it has been hypothesized that Pagetic osteo-
clasts expressing the MVNP gene produce high levels of
cytokines that increase the osteoclast precursor pool.
Chronic exposure to cytokines produced by the pagetic
osteoclasts results in constitutive overexpression of
RANKL in stromal/osteoblast cells further enhancing
the abnormal osteoclast development and localized na-
ture in pagetic bone lesions in patients with Paget’s dis-
ease [57]. Although osteoclasts are thought to be the pri-
mary cells affected in Paget’s disease, osteogenic cells
may be either indirectly or directly affected by the ele-
vated systemic factors or intrinsic genetic defect. Imma-
ture osteoblasts are the major responders to RANKL-in-
ducing cytokines and studies have also suggested that
expression of RANKL decreases with osteoblast matura-
tion [58]. Therefore, the increased numbers of highly ac-
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tive osteoblasts rapidly form large amounts of woven
bone in patients with Paget’s disease.

Conclusions and perspectives

In recent years significant progress has been made with
respect to etiologic factors associated with Paget’s dis-
ease of bone, an autosomal dominate trait with genetic
heterogeneity. Although recurrent mutations in the UBA
domain of sequestosome 1 (SQSTM1/p62) in patients
with Paget’s disease have been identified and implicated
as a common cause of familial and sporadic Paget’s dis-
ease, it is still unclear if mutant p62 is sufficient to cause
Paget’s disease, and what its precise role is in osteoclast
abnormalities. Future perspectives are to identify novel
cellular protein interactions with the ubiquitin-binding
domain of VCP or the UBA domain of p62 and to develop
animal models to further delineate the role of SQSTM1/
p62-associated signaling cascades in pagetic osteoclast
development. Lack of skeletal abnormalities in p62-defi-
cient mice further suggests a potential role for genes pre-
sent in other candidate loci that have been linked with
Paget’s disease. Alternatively, a genetic defect may favor
environmental factors such that MV infection plays a po-
tential role in the pathogenesis of the disease. However,
the molecular basis for the abnormalities associated with
osteoclasts, the role of paramyxoviral infection, and the
persistence of the virus in patients with Paget’s disease
are unclear. It will be important to determine a cause and
effect relationship for the persistence of paramyxoviral
infection and genetic predisposition in patients with
Paget’s disease. Essential also, will be to define the role
of elevated systemic factors and underlying molecular
mechanisms in the initiation and progression of focal le-
sions in patients with Paget’s disease.
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