
REVIEW

Genetics of Paget’s disease of bone
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Paget’s disease of bone (PDB) is a common metabolic bone disease characterised by focal areas of increased bone

turnover, which primarily affects people over the age of 55 years. Genetic factors have a fundamental role in the

pathogenesis of PDB and are probably the main predisposing factor for the disease. The genetic contribution to PDB

susceptibility ranges from rare pathogenic mutations in the single gene SQSTM1 to more common, small effect variants

in at least seven genetic loci that predispose to the disease. These loci have additive effects on disease susceptibility and

interact with SQSTM1 mutations to affect disease severity, making them a potentially useful tool in predicting disease

risk and complication and in managing treatments. Many of these loci harbour genes that have important function in

osteoclast differentiation such as CSF1, DCSTAMP and TNFRSF11A. Other susceptibility loci have highlighted new

molecular pathways that have not been previously implicated in regulation of bone metabolism such as OPTN, which

was recently found to negatively regulate osteoclast differentiation. PDB-susceptibility variants exert their effect either

by affecting the protein coding sequence such as variants found in SQSTM1 and RIN3 or by influencing gene expression

such as those found in OPTN and DCSTAMP. Epidemiological studies indicate that environmental triggers also have a

key role in PDB and interact with genetic factors to influence manifestation and severity of the disease; however, further

studies are needed to identify these triggers.
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Introduction

Paget’s disease of bone (PDB) is a common skeletal disorder
characterised by focal areas of increased and disorganised
bone turnover, which primarily target the axial skeleton.
Other abnormalities include bone marrow fibrosis and
increased vascularity of affected bones. The most
common symptom is bone pain, but other complications
may also occur including bone deformity, deafness,
osteoarthritis and fracture. In some cases, the disease can be
severely disabling, leading to a substantial reduction in the
quality of life. PDB is a late-onset disease that rarely affects
people below the age of 55 years. The prevalence of the disease
is about 1% in people of European descent but increases
significantly with age to affect about 5% of people aged 85
years and over in some countries.1,2 At a cellular level,
osteoclasts from affected bone are more abundant, appear
larger in size, contain many more nuclei per cell and
have increased resorption activity compared with normal
osteoclasts. There is also an accompanied marked increases in
osteoblast activity resulting in the formation of disorganised
‘woven’ bone, which has reduced mechanical strength, leading
to increased risk of fracture.

The past decade has witnessed major advances in our
understanding of the mechanisms by which genetic factors
predispose to Paget’s disease. This article reviews these
advances and reflects on the mechanisms by which genetic
factors interact with environmental triggers to influence the
development of PDB.

Genetic Factors and PDB
The contribution of genetic factors to PDB was first reported in
1949, and since then accumulated evidence shows that genetic
factors have a key role in pathogenesis. Familial clustering is
common in PDB, and in many families the disease follows an
autosomal dominant mode of inheritance with incomplete
penetrance. Patients rarely show symptoms of the disease
before the age of 50 years, but the penetrance of the disease
increases with age to reach almost 90% by the age of 80
years.3–6 About 15% of patients report a positive family history,
but the proportion of familial cases may actually be higher
because the disease is often asymptomatic. Relatives of an
affected person have approximately seven times greater risk of
developing PDB than relatives of controls, and this risk
increases to about 20 times for relatives of patients with severe
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and early-onset disease.7 PDB cases without reported family
history are termed ‘sporadic’ in which the disease could occur
as a result of isolated de novo mutations, environmental triggers
or simply due to incomplete penetrance obscuring family
history. The prevalence of PDB varies widely in different ethnic
groups. People of Western European descent are most
commonly affected, and the highest prevalence is in the UK.8

The disease is uncommon in Scandinavia and rare in India,
China, Japan and other far eastern countries. These ethnic
variations in disease prevalence persist after migration from
high prevalence regions such as UK and Europe to countries like
Australia, New Zealand and Canada where PDB is rare in the
native population. This could be explained by the occurrence of
old ‘founder’ mutations or polymorphisms that predispose to
the disease in people from Europe who then spread to other
parts of the world via emigration.9,10 Several candidate genes
and genomic loci have been associated or linked to PDB,4,5,11

confirming the contribution of genetic factors to the disease
aetiology (Table 1). Many of the PDB-associated genes have
important roles in osteoclast differentiation and/or function, and
many cluster in the RANKL-OPG-RANK signalling pathway
(Figure 1). These genetic loci are the main focus of this article,
and they are described in details below.

SQSTM1 Mutations in Classical PDB
Several genetic loci have been identified using the
genome-wide linkage scan approach, which include
susceptibility loci for familial PDB on chromosome 5q31, 5q35
and 10p13.4,5 The strongest evidence for linkage was reported
for the 5q35 locus, which was confirmed by two independent
studies4,5, and subsequent positional cloning studies showed
that mutations in SQSTM1 gene are responsible for 5q35-linked
PDB.12,13 SQSTM1 encodes p62, which is an adaptor
protein that binds ubiquitin and has an important role in the
NFkB signalling pathway.14 Several SQSTM1 mutations
have been reported in PDB patients, and most affect the
ubiquitin-associated domain (UBA) of p62. Mutations in

SQSTM1 occur in about 40% of familial PDB cases and up to
10% of sporadic cases.6,15 The mechanism by which mutations
in SQSTM1 gene lead to PDB development is still unclear, but
existing evidence suggests that mutations in the UBA domain
interfere with the ability of p62 to bind ubiquitin leading to

Table 1 Genes and genetic loci implicated in the pathogenesis of Paget’s disease and related syndromes

Locus Gene(s) Protein Function Phenotype

1p13 CSF1 M-CSF Important for osteoclast differentiation and survival Common variants predispose to classical PDB
5q35 SQSTM1 p62 Adaptor protein involved in NFkB signalling pathway Mutations cause 10% of sporadic and 40% of

familial cases of classical PDB
7q33 CNOT,NUP205,

SLC13A4
CNOT,NUP205,
SLC13A4

Unknown role in bone metabolism Common variants predispose to classical PDB

8q22 DCSTAMP
(TM7SF4)

DCSTAMP Role in fusion of osteoclast precursors Common variants predispose to classical PDB
and regulate DCSTAMP expression

8q24 TNFRSF11B OPG Inhibit osteoclastogenesis by acting as a soluble
decoy receptor for RANKL

Mutations cause juvenile PDB. Possible
association of common variants with classical
PDB risk

9p21 VCP VCP Involved in proteosomal degradation of
ubiqutinated proteins and in vesicular trafficking

Mutations cause Inclusion body myopathy
Paget’s disease with frontotemporal dementia

10p13 OPTN Optineurin Negative regulation of osteoclast differentiation by
modulation of NFkB and IFN-b signalling pathways

Common variants predispose to classical PDB
by regulating OPTN expression

14q32 RIN3 Ras rab
interactor 3

Unknown role in bone metabolism, could be
involved in autophagy

Common and rare missense variants predispose
to classical PDB

15q24 PML/GOLGA6A PML/GOLGA6 Unknown role in bone metabolism, involved in
apoptosis and TGF-b signalling

Common variants predispose to classical PDB

18q21 TNFRSF11A RANK Receptor activator of NFkB, essential for osteoclast
formation and survival

Common variants predispose to classical PDB.
Mutations cause rare PDB-like syndromes

Abbreviations: DCSTAMP, dendritic cells-specific transmembrane protein; INF-b, interferon-b; M-CSF, macrophage-colony stimulating factor; PDB, Paget’s disease of
bone; PML, promyelocytic leukaemia; TGF-b, transforming growth factor-b.
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enhanced NFkB signalling and increased sensitivity of
osteoclasts precursors to RANKL.16,17

SQSTM1 is the onlyknown gene that ismutated in the classical
form of PDB. Investigation of other genomic regions linked to
PDB (5q31 and 10p13) by positional cloning has so far failed to
identify disease-causing mutations in these regions. However,
mutations affecting several other genes have been reported in
cases of rare PDB-like syndromes. For example, loss of function
mutations have been reported in TNFRSF11B gene causing
juvenile PDB, a rare early-onset form of PDB.18,19 Certain
missense mutations in the VCP gene cause Inclusion Body
Myopathy Paget’s disease and frontotemporal dementia,20 and
mutations in hnRNPA2B1and hnRNPA1 were recently reported
to cause a rare syndrome characterised by dementia, myopathy,
PDB and amyotrophic lateral sclerosis.21 In addition, mutations
in the TNFRSF11A gene cause three related PDB-like
syndromes: expansile skeletal hyperphosphatasia, familial
expansile osteolysis and early-onset PDB.22–24

Genes and Genetic Loci Predisposing to PDB
Genome-wide association studies (GWAS) have resulted in the
identification of seven genetic loci that predispose to PDB.25,26

The variants identified were confirmed in several independent
populations, providing strong evidence for their involvement in
PDB susceptibility. These include susceptibility loci on chro-
mosome 1, 7, 8, 10, 14, 15 and 18 and are discussed below. It is
interesting to note that the frequency of the risk allele for loci
located on chromosome 1, 7, 8 and 15 is substantially higher in
the European population compared with that observed in the
Asian or African population, which may partially explain the
variations in disease prevalence between ethnic groups.

Chromosome 1p13 (CSF1)
Commongeneticvariants at the 1p13 locuswere associatedwith
PDB risk in GWAS of familial and sporadic PDB.25,26 The
associated region from this locus extends over approximately
120 kilo bases (kb) and contains only one gene (CSF1), which
encodes macrophage-colony stimulating factor (M-CSF). The
CSF1gene isa strong candidate for PDB susceptibility, as it has a
critical role in osteoclast formation and survival.27 When M-CSF
binds to c-FMS receptor, a signalling pathway is initiated leading
to the activation of ERK and AKT resulting in the expression of
genes that promote the proliferation and survival of osteoclast
precursors. In addition, clinical studies have shown that PDB
patients have increased serum levels of M-CSF,28 providing
strong evidence for the involvement of CSF1 in the pathogenesis
of PDB. The associated single-nucleotide polymorphisms
(SNPs) from this region are located upstream CSF1, and carriers
of the risk allele haveB70% increased risk of developing PDB.25

The functional variants that predispose to PDB at this locus
remain to be identified, but two of the PDB-associated SNPs are
located in a region that is rich with histone 3 lysine 27 acetylation
mark (H3K27Ac) containing numerous transcription factor
binding sites. This suggests that these SNPs could predispose to
PDB by influencing CSF1 gene expression, leading to enhanced
osteoclast formation, but further functional studies will be
required to investigate this possibility.

Chromosome 7q33
Several SNPs on 7q33 showed strong evidence for association
with PDB susceptibility in an extended GWAS.26 The

associated region is bounded by two recombination hotspots
and contains three known genes (CNOT4, NUP205 and
SLC13A4). Although any of these genes could be responsible
for the association with PDB due to extensive linkage
disequilibrium in the region, the strongest signal was located
within the NUP205 gene. This gene encodes a 205 kD
nucleoporin protein that forms part of the nuclear pore complex,
which has a role in the regulation of transport between the
cytoplasm and the nucleus. None of the genes located within
this region are known to have a role in bone metabolism, and
thus further work will be required to investigate the mechanism
by which variants at this locus predispose to PDB.

Chromosome 8 (DCSTAMP)
A genomic region that spans B220 kb on chromosome 8q22
was found to be associated with PDB.26 The strongest
association signals clustered within an 18-kb Linkage dis-
equilibrium block spanning the entire dendritic cells-specific
transmembrane protein (DCSTAMP; previously known as
TM7SF4). This is a strong functional candidate gene for PDB, as
the expression of DCSTAMP is upregulated by RANKL in
osteoclast precursors29 where it is required for the fusion of
osteoclast precursors to form mature osteoclasts.30 Details of
signalling partners for DCSTAMP are not well known, but a
study has shown that the connective tissue growth factor CCN2
binds DCSTAMP resulting in stimulation of osteoclast fusion.31

The mechanisms by which variants in DCSTAMP predispose to
PDB are unknown, but the SNP with the strongest association
with PDB risk in GWAS is also an expression quantitative trait
locus that was found to regulate the expression of DCSTAMP in
peripheral blood monocytes.32 It seems likely that variants at
this locus contribute to PDB susceptibility by upregulating
DCSTAMP expression leading to enhanced osteoclast fusion.

Chromosome 10p13 (OPTN)
A common genetic variant (rs1561570) on 10p13 within the
OPTN gene was found to increase the risk of PDB byB60% in a
GWAS of familial and sporadic PDB.25 This genomic region has
been previously linked to familial PDB, but the predisposing
gene has not been identified.11 OPTN encodes optineurin,
which is a widely expressed cytoplasmic protein with multiple
cellular functions. Optineurin contains an ubiquitin binding
domain similar to that present in NEMO (a component of IKK
complex involved in the NFkB signalling pathway; Figure 1).
Studies have shown that optineurin negatively regulates tumour
necrosis factor-a-induced NFkB activation in immune cells by
competing with NEMO for ubiquitylated RIP.33 The role of OPTN
in bone metabolism was unknown, but studies in our lab have
recently shown that OPTN has a role in regulating bone
turnover.34 The PDB-associated SNP rs1561570 was found to
regulate OPTN gene expression in peripheral blood mono-
cytes34 so that the risk allele was associated with reduced
OPTN expression. Furthermore, Knockdown of optineurin in
bone marrow-derived macrophages leads to enhanced
osteoclast differentiation and hypernucleation. Mice with a loss
of function mutation in the OPTN gene exhibit enhanced bone
turnover with increased sensitivity of osteoclast precursors to
RANKL stimulation. In addition, OPTN negatively regulates
RANKL-induced NFkB activation in osteoclast precursors by a
mechanism that requires ubiquitin binding and involves
interaction with CYLD.34 We have also found that OPTN inhibits
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osteoclast differentiation by another mechanism that involves
induction of interferon-b, which is known to inhibit osteoclast
differentiation.35 These findings indicate that common genetic
variant at the OPTN locus increases susceptibility to PDB by
reducing levels of OPTN expression leading to enhanced
osteoclast differentiation and that OPTN acts as a negative
regulator of osteoclast differentiation by a complex mechanism
that involves modulation of NFkB and interferon-b signalling
pathways.34

Chromosome 14q32 (RIN3)
The chromosome 14q32 region was identified as a candidate
locus for PDB by GWAS, which showed an association with
SNP that lay within a 62 kb genomic region.26 The associated
region is bounded by two recombination hotspots and contains
only one known gene (RIN3), which encodes the Ras and the
Rab interactor 3. This protein has a role in vesicular trafficking
through interaction with small GTPases such as Ras and Rab.36

We have fine mapped this region in a recent study using
targeted DNA sequencing and found that the association with
PDB was driven by a common missense variant in RIN3
(p.R279C) that was in strong linkage disequilibrium with the top
GWAS hit (rs10498635). An additional 13 rare missense variants
were identified in this study, of which seven were novel and
detected only in PDB cases. These rare variants, when
combined, showed strong association with the disease.37 The
p.R279C and most of the rare variants were clustered in a region
that encodes a proline-rich domain of the protein, and many of
these variants were predicted to be pathogenic.37 The function
of RIN3 in bone metabolism is currently unknown, but we have
recently shown that RIN3 is expressed in bone tissue and its
expression level was B10-fold higher in osteoclasts compared
with osteoblasts.37 The susceptibility to PDB at this locus
seems to be mediated by a combination of common and rare
missense coding variants in RIN3, which appear to influence
PDB susceptibility by affecting the osteoclast function.

Chromosome 15q24
A genomic region spanning approximately 200 kb on chro-
mosome 15q24 was associated with PDB risk.26 The asso-
ciated region contains two genes (promyelocytic leukaemia
(PML) and GOLGA6), but SNPs with the highest association
signal were clustered within the PML and the strongest signal
was observed for a SNP, which results in a phenylalanine to
leucine amino acid change at codon 645 (F645L) of the PML
protein. PML is involved in the pathogenesis of promyelocytic
leukaemia, but its function in bone metabolism is unclear. It has
been shown that PML is involved in a wide range of cellular
processes including apoptosis, tumour suppression, regulation
of cell division, differentiation of myeloid precursor cells and
transforming growth factor-b (TGF-b) signalling. Previous
studies have shown that cells from pml knock out mice are
resistant to TGF-b-dependent growth arrest and apoptosis, had
impaired induction of TGF-b target genes and exhibited
abnormal nuclear translocation of the TGF-b signalling proteins
Smad2 and Smad3.38 As TGF-b is known to have a role in the
regulation of bone remodelling, it is possible that the association
between PDB and PML could be mediated by an effect on
TGF-b signalling, but further research will be required to
investigate this possibility. The inhibitory effect of PML on
apoptosis is another possible mechanism by which this gene

could contribute to PDB in view of the findings that cultured
osteoclasts from PDB patients have reduced apoptosis
compared with cells from controls.39

The GOLGA6A gene is also located in the associated region
and encodes a protein that belongs to golgin, a family of coiled-
coil proteins associated with the Golgi apparatus and have a
role in membrane fusion and as structural supports. The
function of GOLGA6A in bone metabolism has not been
determined, but mutations in other members of the golgin family
have been shown to cause a lethal skeletal dysplasia and a
severe form of osteoporosis.40,41 Further studies will be
required to identify the genetic variants responsible for the
association with PDB.

Chromosome 18q21 (TNFRSF11A)
TNFRSF11A is located on chromosome 18q21 and encodes
receptor activator of NFkB (RANK). Several SNPs at the
TNFRSF11A locus were associated with PDB risk in a candidate
gene association study of PDB patients from Belgium, UK and
the Netherlands.42 Two common SNPs located downstream
TNFRSF11A were associated withB50% increased risk of PDB
in a large GWAS.25 RANK has long been known to have a critical
role in osteoclast differentiation and function. Stimulation of
RANK with RANKL leads to the activation of the NFkB signalling
pathway and increased expression of osteoclast-specific
genes (Figure 1). Mice with targeted disruption of TNFRSF11A
exhibit severe osteopetrosis due to complete absence of
osteoclasts and loss of function mutations in TNFRSF11A
cause osteoclast-poor osteopetrosis in humans. Mutations
affecting the signal peptide region of RANK cause the PDB-like
syndromes of Familial Expansile osteolysis, early-onset familial
PDB and expansile skeletal hyperphosphatasia.22–24 These
syndromes, although rare, share many clinical and radiographic
features with the classical form of PDB, but they generally have
earlier age of onset and more extensive phenotype. All these
syndromes are caused by mutations affecting the first exon of
TNFRSF11A, which are predicted to interfere with cleavage of
the signal peptide and impaired receptor function, but the exact
mechanisms how this lead to focal osteolytic lesions remain to
be investigated. Although TNFRSF11A is located in a region of
chromosome 18q22, which has been linked to PDB in some
families,43 mutations of TNFRSF11A have not so far been
identified in patients with classical PDB.44 One mechanism that
could explain the association with PDB risk reported from the
GWAS study is that common SNPs in the TNFRSF11A could
affect gene expression level, leading to increased NFkB
activation and increased osteoclast activity. Further evidence of
the involvement of common SNPs in the TNFRSF11A in bone
metabolism is provided from GWAS studies in osteoporosis, in
which the same SNP (rs3018362) that showed association with
PDB risk was also associated with reduced bone mineral
density (BMD).45

Other PDB-susceptibility Loci
Previous studies have reported many other genetic loci
associated with PDB susceptibility, but the evidence was based
on isolated findings without robust replication in subsequent
studies. A locus on chromosome 5q31 showed strong evidence
for linkage to PDB in French–Canadian population,5 but this
locus was not replicated in subsequent linkage or association
studies in other populations. Common genetic variants within
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TNFRSF11B have been associated with PDB risk in women,46

but this finding was not replicated in GWAS of PDB.26 The
TNFRSF11B gene encodes osteoprotegerin, which has an
important role in the RANK signalling pathway, by acting as a
decoy receptor for RANKL, resulting in the inhibition of
osteoclastogenesis (Figure 1). Other genomic loci and can-
didate genes have been reported to be linked or associated with
PDB, but the evidence was suggestive rather than statistically
significant or based on a small sample size, and it is likely that
these findings are false positive.

Genetic Factors and Disease Severity
The clinical presentation and extent of complications in PDB
vary widely between patients. Although this variation in disease
severity can be attributed to environmental triggers and/or
genetic factors, studies on the contribution of environmental
factors are limited. However, genetic factors have been shown
to contribute to the severity of PDB. Carriers of SQSTM1
mutations tend to have more extensive PDB than patients
without mutations, and disease complications are also more
common.47 Common genetic variants from the genetic loci that
were identified by GWAS are also associated with disease
extent and severity of complications in a recent meta-analysis
involving subjects from Italy, UK, Spain and Western Australia.48

In this study, the disease extent was defined by the number of
affected bones, and severity was assessed by devising a
composite disease severity score based on clinical features and
complications (such as number of affected bone, bone
deformity, previous orthopaedic surgery for PDB and previous
bisphosphonate treatment). For the seven genetic loci, a risk
allele score was calculated for each patient based on the
number of risk alleles carried from the seven genetic loci
identified by GWAS. A strong association was found between
risk allele scores and disease severity in SQSTM1-negative
subjects. Patients carrying high number of risk allele scores
tend to have more extensive disease and suffer from more
severe complications when compared with patients carrying
small number of risk alleles (Figure 2). The association of risk
allele scores with disease extent and severity remained
statistically significant in this study after inclusion of SQSTM1-
positive patients, but the effect size of SQSTM1 mutations was
approximately three times that of risk allele scores. Patients
carrying both SQSTM1 mutations and high number of risk allele
scores have the highest risk of developing severe disease

compared with those who are SQSTM1 negative and carried
small number of risk allele score.

Genetic Factors and Clinical Implications
Genetic studies of PDB have highlighted many new pathways
that have not been previously implicated in the regulation
of bone metabolism, resulting in major advancements in
understanding of the pathophysiology of the disease. The
genetic variants identified from the GWAS study showed
surprisingly larger effect size on PDB risk compared with those
observed in many common complex diseases. The risk of
developing PDB was found to increase with the number of risk
alleles carried so that patients in the top 10% of the risk allele
score distribution have approximately 10-fold increase in PDB
risk compared with those in the bottom 10%.26 Once the causal
functional variants have been identified from each locus, it is
likely that they would have a larger effect size on predicting both
disease risk and severity making them a potentially useful tool in
predicting disease risk and complication and in managing
treatments. This would be particularly beneficial in PDB, which
is often diagnosed when complications have already developed
and irreversible skeletal damage has occurred.

Genetic Factors and Focal Nature of PDB
It has been suggested that environmental triggers, somatic
mutations or epigenetic factors could explain why PDB
is localised to specific bones. However, studies on the
involvement of these factors in the focal nature of PDB are
limited and provide no conclusive evidence to confirm or
exclude their involvement. For example, a study has reported
the occurrence of the P392L SQSTM1 somatic mutation in the
affected bone of a small number of patients,49 and in a recent
study this mutation was detected in peripheral blood mono-
cytes of PDB patients.50 However, another study found no
evidence for this mutation in the somatic tissue of 23 patients.51

Further studies are required to investigate whether somatic
mutations or epigenetic changes contribute to disease loca-
lisation investigating the whole genome rather than targeting a
single gene.

Environmental Factors and PDB
The focal nature of the disease along with epidemiological
observations such as falling prevalence and incomplete
penetrance suggest that environmental triggers may have a role
in the disease pathophysiology. A recent study looking into the
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development and severity of PDB in first degree relatives of
patients with SQSTM1-positive PDB showed evidence for
gene–environment interaction.52 In this study, the development
of PDB in offspring inheriting SQSTM1 mutations is delayed by a
decade, and the disease is substantially less extensive
compared with their affected parents. However, the nature of
environmental factors causing this change in disease pre-
valence and severity is still unknown, but many factors have
been suggested. Viral infection was the first suggested
environmental trigger of PDB based on the observation of
inclusion bodies in osteoclasts from affected patients. In fact, it
was believed that PDB is caused by slow paramyxovirus
infection, and these inclusion bodies were thought to be viral
nucleocapsids. However, subsequent studies into the role of
viral infection in the disease causation were inconclusive with
some studies reporting evidence for virus transcripts in PDB
patients, whereas other studies found no such evidence.53,54

Experimental studies have shown that paramyxoviruses
enhance osteoclast formation in vitro and that bone turnover
was enhanced in mice overexpressing measles virus
nucleocapsid protein in osteoclasts.55 However, these
observed effects are not specific to paramyxoviruses, as other
viral proteins such as HLTV1 Tax were found to induce bone
turnover in mice.56 Other possible environmental triggers such
as childhood dietary calcium intake, mechanical loading of the
skeleton, pesticides and toxins have also been suggested, but
the evidence was based on isolated reports and further studies
will be required to elucidate their contribution to the disease
process.57–59

Summary

PDB is a late-onset disease characterised by focal areas of
abnormal bone turnover. Current knowledge indicates that the
disease is caused by complex interaction of genetic and
environmental factors. Rare mutations in SQSTM1 gene cause
about 10% of PDB cases by affecting the osteoclast function,
whereas small effect common genetic variants in at least seven
genetic loci predispose to the disease via hitherto unknown
mechanisms. These loci have additive effects on disease
susceptibility and interact with SQSTM1 mutations to affect
disease severity. Many of these loci harbour genes that
have important function in osteoclast differentiation such as
CSF1, DCSTAMP and TNFRSF11A. Other susceptibility loci
have highlighted new molecular pathways that have not
been previously implicated in regulation of bone metabolism
such as OPTN. Epidemiological studies indicate that envir-
onmental triggers also have a key role in PDB and interact with
genetic factors to influence development and severity of the
disease; however, further studies are needed to identify these
triggers.
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