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Abstract 

Abstract 

Paget’s disease of the bone is a skeletal disorder of unknown cause.  This 

disease is characterised by excessive and abnormal bone remodelling brought about by 

increased bone resorption followed by disorganised bone formation. Increased bone 

turnover results in a disorganised mosaic of woven and lamellar bone at affected 

skeletal sites.  This produces bone that is expanded in size, less compact, more 

vascular, and more susceptible to deformity or fracture than normal bone.  Symptoms 

of Paget’s disease may include bone pain, bone deformity, excessive warmth over bone 

from hypervascularity, secondary arthritis, and a variety of neurologic complications 

caused in most instances by compression of the neural tissues adjacent to pagetic bone. 

Genetic factors play a role in the pathogenesis of Paget’s disease but the 

molecular basis remains largely unknown.  The identification of the molecular basis of 

Paget’s disease is fundamental for an understanding of the cause of the disease, for 

identifying subjects at risk at a preclinical stage, and for the development of more 

effective preventive and therapeutic strategies for the management of the condition. 

With this in mind, the aim of this project is to identify genetic loci, in a large pedigree, 

that may harbour genes responsible for Paget’s disease of bone. 

A large Australian family with evidence of Paget’s disease was recruited for 

these studies (Chapter 3). This pedigree has characterised over 250 individuals, with 

49 informative individuals affected with Paget’s disease of bone, 31 of whom are 

available for genotypic analysis.  The pattern of disease in these individuals is 

polystotic, with sites of involvement including the spine, pelvis, skull and femur. 

Although the affected individuals have a severe early-onset form of the disease, the 

clinical features of the pedigree suggest that the affected family members have Paget's 

disease and not familial expansile osteolysis (a disease with some similarities to 

Paget’s disease), as our patients have extensive skull and axial skeletal involvement. 

The disease is inherited as an autosomal dominant trait in the pedigree with high 

penetrance by the sixth decade.  Due to the large size of this family and multiple 

affected members, this pedigree is a unique resource for the detection of the 

susceptibility gene in Paget's disease.   
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The first susceptibility loci for Paget’s disease of bone have been mapped 

by other investigators to chromosome 6p21 (PDB1) and 18q21.1-q22 (PDB2) in 

different pedigrees.  Linkage analysis of the Australian pedigree in these studies was 

performed with markers at PDB1: these data showed significant exclusion of linkage, 

with LOD scores < - 2 in this region (Chapter 4).  Linkage analysis of microsatellite 

markers from the PDB2 region excluded linkage with this region also, with a 30 cM 

exclusion region (LOD score < -2.0) centred on D18S42 (Chapter 4).  This locus on 

chromosome 18q21.1-q22 contains a serine protease (serpin) cluster with similarities to 

chromosome 6p21.  Linkage analysis of this region also failed to provide evidence of 

linkage to this locus (Chapter 4). These data are consistent with genetic heterogeneity 

of Paget’s disease of bone.   

A gene essential for osteoclast formation encoding receptor activator of 

nuclear factor-κB (RANK), TNFRSF11A, has been previously mapped to the PDB2 

region.  Mutations in the TNFRSF11A gene have been identified segregating in 

pedigrees with Familial Expansile Osteolysis and early onset familial Paget’s disease, 

however, linkage studies and mutation screening have excluded the involvement of 

RANK in the majority of Paget’s disease patients.  For the Australian pedigree, 

mutation screening at the TNFRSF11A locus revealed no mutations segregating with 

affected individuals with Paget’s disease (Chapter 4).  Based on these findings, our 

hypothesis is that a novel susceptibility gene relevant to the pathogenesis of Paget’s 

disease of bone lies elsewhere in the genome in the affected members of this pedigree; 

this gene should be identifiable using a microsatellite genome-wide scan followed by 

positional cloning. 

A genome-wide scan of the Australian pedigree was carried out, followed 

by fine mapping and multipoint analysis in regions of interest (Chapter 5). The peak 2

point LOD scores from the genome-wide scan were LOD = 2.75 at D7S507 and LOD 

= 1.76 at D18S70.  Two additional regions were also considered for fine mapping: 

chromosome 19p11-q13.1 with a LOD of 1.58 and chromosome 5q35-qter with a LOD 

of 1.57. Multipoint and haplotype analysis of markers flanking D7S507 did not 

support linkage to this region (Chapter 5).  Similarly, fine mapping of chromosome 

19p11-q13.1 failed to support linkage to this region (Chapter 5).  Linkage analysis with 

additional markers in the region on chromosome 5q35-qter revealed a peak multipoint 

LOD score of 6.77 (Chapter 5).  A distinct haplotype was shown to segregate with all 
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members of the family, except the offspring of III-5 and III-6.  Haplotype analysis of 

markers flanking D18S70 demonstrated a haplotype segregating with Paget’s disease 

in a large sub-pedigree (descendants of III-3 and III-4) (Chapter 5).  This sub-pedigree 

had a significantly lower age at diagnosis than the rest of the pedigree (51.2 + 8.5 vs. 

64.2 + 9.7 years, p = 0.0012). Linkage analysis of this sub-pedigree demonstrated a 

peak two-point LOD score of 4.23 at marker D18S1390 (θ = 0.00), and a peak 

multipoint LOD score of 4.71, at marker D18S70. An implication of these data is that 

18q23 harbours a novel modifier gene for reducing the age of onset of Paget’s disease 

of bone. 

A number of candidate Paget’s genes have previously been identified on 

chromosome 18q23, including the nuclear factor of activated T cells (NFATc1), 

membrane-associated guanylated kinase (MAGUK) and a zinc finger protein. 

Candidate gene sequencing of these genes in these studies has failed to identify 

mutations segregating with affected family members in the sub-pedigree linked to 

chromosome 18q23 (Chapter 6).  More recently, a mutation in the gene encoding the 

ubiquitin-binding protein sequestosome 1  (SQSTM/p62) has been shown to segregate 

with affected members of Paget’s disease families of French-Canadian origin.  In this 

study, a single base pair deletion (1215delC) was identified as segregating with the 

majority of affected members in the pedigree (Chapter 6).  This deletion introduces a 

stop codon at amino acid position 392 which potentially results in early termination of 

the protein and loss of the ubiquitin binding domain. The three affected members of the 

family that do not share the affected haplotype do not carry a mutation in the coding 

region of SQSTM/p62. Screening of affected members from 10 further Paget’s disease 

families identified the previously reported P392L mutation in 2 (20%) families.  No 

SQSTM1/p62 coding mutations have been found in the remaining 8 families or in 113 

aged matched controls. 

In conclusion, this project has identified genetic loci and mutations that 

segregate with individuals affected with Paget’s disease. Further investigation of the 

functional significance of the genetic changes at these loci is expected to lead to a 

better understanding of the molecular basis of this disease. 
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1.1 Introduction 

Paget’s disease of bone (MIM 167250 and MIM 602080), osteitis 

deformans, is a localised disorder of the skeleton of unknown cause (Siris 1996).  It 

affects approximately 3% of the world’s population over the age of 40 and can cause 

an increase in the morbidity and mortality of those affected (Siris 1998). The disorder 

is characterised by abnormal remodelling of bone brought about by waves of bone 

resorption and reformation (Krane 1986). The primary abnormality is an accelerated 

osteoclast-mediated resorption of bone (lytic phase) with a subsequent compensatory 

increase in osteoblastic bone formation (sclerotic phase), which results in highly 

vascular bone prone to pathological fractures (Melton et al., 2000). The increase in 

bone turnover in pagetic lesions can be raised approximately 20-fold (Yates 1988). 

The primary and fundamental abnormalities that underlie Paget’s disease 

appear to reside within the osteoclast (Krane 1986).  Pagetic osteoclasts are much 

larger than normal osteoclasts and contain an average of 20 nuclei per cell, compared 

to 3 to 4 in normal adult osteoclasts (Krane 1986).  Normal bone is usually lamellar 

and fully mineralised with a characteristic mosaic pattern of irregular lamellae and 

cement lines (Figure 1.1a) (Baron 1996).  In very active lesions, the increased bone 

turnover results in a disorganised mosaic of woven and lamellar bone at affected 

skeletal sites (Figure 1.1b) (Singer and Krane 1998). Structural changes produce bone 

that is expanded in size, less compact, more vascular, and more susceptible to 

deformity or fracture than normal bone.  

In many patients, Paget’s disease is an asymptomatic disorder commonly 

localised to one and sometimes several regions of the skeleton (Edeiken et al., 1966). 

However, a substantial minority may experience a variety of symptoms depending on 

the number and location of affected sites, as well as on the rapidity of the abnormal 

bone turnover (Hamdy 1981).  Some of the symptoms include bone pain, secondary 

arthritic problems, bone deformity, excessive warmth over bone from hypervascularity, 

and a variety of neurologic complications caused in most instances by compression of 

the neural tissues adjacent to pagetic bone (Siris 1996). 
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A) B) 

Figure 1.1 Normal and pagetic bone as seen under polarised light microscopy.  A) 

Normal bone showing the lamellar structure and mosaic pattern. The bony spicules are 

even, with occasional lacunae containing osteocytes. Cellular marrow is seen between 

the spicules of bone. B) pagetic bone, with the irregularities of the bony lamellae 

apparent (Kanis 1991). 

As already noted, approximately 3 per cent of the population over the age of 

40 years are affected with Paget’s disease, making it the second most common 

metabolic bone disease after osteoporosis (Siris 1998). Paget’s disease demonstrates 

certain geographic and racial characteristics: it appears to be particularly common in 

Australia, Great Britain, certain areas of continental Europe, and regions of the world 

influenced by European migration (Fraser 1997).  It is also common in the United 

States but is extremely rare in China and most sub-Saharan Africa (Detheridge et al., 

1982; Rosenbaum and Hanson 1969). These demographics, coupled with reports of 

several members of some families affected in various generations, indicate that genetic 

factors may play an important role in its aetiology (Fraser 1997; Siris et al., 1991). In 

1972 an autosomal dominant mode of inheritance was proposed (McKusick 1972). 

Familial aggregation studies have revealed a 7-fold increased risk for an individual 

with a first-degree relative with Paget’s disease developing the disease themself (Siris 

et al., 1991). Many clinicians have now estimated that a positive family history occurs 

in 15-30% of patients; a recent study from Spain, utilising bone scans to identify 

subclinical disease, documented that 40% of pagetic patients had at least one affected 

first-degree relative (Morales-Piga et al., 1995). 
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In 1974 a compelling and alternative hypothesis by Rebel et al suggested 

that Paget’s disease is caused by a slow paramyxovirus infection (Rebel et al., 1974). 

This study provided evidence for the presence of a virus, as nuclear inclusions, in 

pagetic osteoclasts.  However, other studies have reported that these nuclear inclusions 

do not appear in all diseased osteoclasts (Ralston and Helfrich 1999). The presence of 

viral nucleocapsid-like material in other bone disorders such as osteopetrosis has also 

raised the possibility that the virus is a nonetiologic fellow traveller in a cell altered by 

genetic abnormality (Abelanet et al., 1986; Mills et al., 1988).  In view of this it has 

been suggested that the inclusions may not represent viruses, but other endogenous 

cellular structures that are simply a feature of abnormal multinucleated cells (Bianco et 

al., 1992). 

This review compares Paget’s disease bone turnover to normal bone 

turnover, looking at possible causes of the observed phenotypic changes observed in 

many patients.  It will also cover the features of Paget’s disease including the history of 

the disorder, prevalence, signs and symptoms, cellular and metabolic aspects, diagnosis 

and therapy. Finally, it will elaborate on the current knowledge of the aetiology of 

Paget’s disease and discuss both the viral and genetic theories. 

1.2 Historical Aspects 

Sir James Paget, in 1876, presented the clinical and pathological 

observations on five middle-aged individuals with a disease resulting in focal 

enlargement and deformity of bone to the Royal Medical and Chirurgical Society of 

London (Paget 1877). The following year he published a detailed report on one of these 

patients, whom Paget had observed for approximately 20 years (Figure 1.2) and also 

published a brief summary of several other individuals with the same disorder (Paget 

1877). Paget observed the clinical course of this disorder, which he named osteitis 

deformans, and the autopsy findings, which led him to believe that the patients suffered 

from a rare chronic inflammatory disorder. Sir James Paget’s significant contribution 

to the description of the disease led to the widespread use of Paget’s disease of bone as 

the name of the disorder (Singer 1995). However, case reports of patients with a focal 

disease of bone, similar to that described by Sir James Paget, began to appear in the 

medical literature as early as 1812 (Rullier 1812; Wilks 1869). 
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Figure 1.2 The original drawing of the patient Sir James Paget studied. This 

picture shows marked skeletal deformities, specifically bowing of the legs (Paget 

1877). 

It has been suggested that Paget’s disease may have existed as early as the 

Neolithic period. The evidence for this was provided by the study of ancient skeletons 

(Nagant de Deuxchaisnes and Frane 1964).  The oldest well-preserved skeleton thought 

to represent Paget’s disease was unearthed from an Anglo-Saxon burial ground in 

Durham, England, and was dated to about AD 950 (Wells and Woodhouse 1975). 

1.3 Incidences and Epidemiology 

Ethnic and geographic clustering of Paget’s disease has been well 

documented, with the observation that the disorder is quite common in some parts of 

the world but relatively rare in others (Siris 1996).  Due to the asymptomatic nature of 

Paget’s disease, the prevalence is difficult to estimate and therefore any calculated 

figure may inherently be imprecise (Ziegler et al., 1985).  However, the commonly 

accepted value of the prevalence of Paget’s disease is approximately 3 per cent or 
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greater in individuals over the age of 40 years in populations where the disease is 

common.  Schmorl conducted one of the first major studies into the prevalence of 

Paget’s disease in Dresden on cadavers over the age of 40 years (Schmorl 1932).  It 

was found that 3% of 4614 autopsy patients over the age of 40 had Paget’s disease. In 

England a similar study was carried out, in which researchers found that 3.7% of 650 

autopsied patients showed signs of pagetic lesions (Collins 1956).  Pygott later 

supported these finding with a radiological survey, which found an incidence of 3.5% 

in 9775 London patients over the age of 45 years (Pygott 1957).  In the Hospital of the 

University of Pennsylvania Newman recorded from a radiological survey that 82 out of 

127,000 (0.06%) admissions were affected with Paget’s disease (Newman 1946), while 

researchers at the New York Veterans Administration Hospital found radiological 

evidence of Paget’s disease in 111 cases out of 94,112 (0.12%) (Rosenkrantz et al., 

1952). Barry reviewed radiologic records of 1,769,664 admissions to the main 

teaching hospitals of Australia and found 2630 cases of Paget’s disease (0.15%) (Barry 

1965). 

Other studies have shown that the prevalence of Paget’s disease varies 

greatly throughout the world (Barker 1981).  Clinical observations indicate that this 

disorder occurs most frequently in Europe, but is also quite common in regions 

influenced by European migration (Fraser 1997).  Regions that have a high prevalence 

of Paget’s are North America, Australia, and New Zealand (Cundy et al., 1999; 

Gardner et al., 1978; Guyer and Chamberlain 1980).  The disease is also distinctly rare 

in Asia, particularly in China, India, and Thailand as well as most of sub-Saharan 

Africa (Dahniya 1987; Ishikawa et al., 1996; Sirikulchayanonta et al., 1992; Yip et al., 

1996).  In Japan, fewer than 200 patients have been reported since 1921 (Tohgo et al., 

1984). Data is not available from Eastern Europe, however it has been reported that 

Paget’s disease is not uncommon in Russia (Siris 1996).  Table 1.1 summarises some 

of the reported prevalence rates recorded throughout the world. 
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Table 1.1 Prevalence rate of Paget’s disease recorded throughout the world.   

Geographic Region Per cent Prevalence of Paget’s 

Disease 

United Kingdom1 4.6% 

London (England) 1 3.5% 

Lancaster (England) 1 8.3% 

Aberdeen (Scotland) 1 2.3% 

Dublin (Ireland) 2 1.7% 

Europe 3.5% 

France3 2.4% 

Valencia (Spain) 4 1.3% 

Palermo (Sicily) 4 0.5% 

Scandinavia5 0.4% 

West Germany6 1.3% 

Dresden (Germany) 7 3.0% 

Norway8 0.3% 

America9 3.0% 

New York 3.9% 

Atlanta 0.9% 

Australia and New Zealand10 4.0% 

British born migrants 5.0% 

Native born 3.2% 

Sub-Saharan Africa11 0.01% 

Asia12 0.02% 
1. (Barker et al., 1980) 

2. (Detheridge et al., 1983)  

3. (Renier et al., 1995) 

4. (Cooper et al., 1999) 

5. (Detheridge et al., 1982)  

6. (Ziegler et al., 1985) 

7. (Schmorl 1932) 

8. (Barker 1981) 

9. (Guyer and Chamberlain 1980) 

10. (Cundy et al., 1999; Gardner et al., 1978) 

11. (Dahniya 1987) 

12. (Ishikawa et al, 1996, Sirikulchayanonta et al, 

1992, Yip et al, 1996) 
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Studies have also been carried out to determine the prevalence of 

radiographically apparent Paget’s disease according to age and gender in the United 

Kingdom (Cooper et al., 1999).  In these studies the overall prevalence was 5%, with 

men having a slightly higher incidence over women (6.2% and 3.9% respectively).  An 

increased incidence of Paget’s disease with advancing age in both genders was 

observed. The prevalence rose from around 2% in men aged 55-59 years to 20% in 

those aged 85+ years, and in women of comparable ages, the prevalence rose from 1% 

to around 7% (Barker et al., 1977). Conversely, the disease has rarely been seen in 

individual under the age of 25 years. 

1.4 General Bone Pathophysiology 

To understand Paget’s disease requires an understanding of normal adult 

bone organisation and the processes required for normal bone turnover. 

Bone is a complex and highly specialised living organ that provides an 

internal support system in all higher vertebrates (Seeley et al., 1996).  The extracellular 

matrix is mineralised, conferring marked rigidity and strength while still maintaining 

some degree of elasticity.  Bone also offers protection to internal organs and actively 

participates in maintaining calcium homeostasis in the body (Seeley et al., 1996). 

Anatomically, two types of bone can be distinguished in the skeleton: flat 

bones (skull bones, mandible, and ilium) and long bones (tibia, femur, humerus, etc.) 

(Baron 1996). Each long bone consists of two wider extremities, called the epiphysis, 

and a hollow cylindrical shaft, called the diaphysis (Figure 1.3) (Baron 1996).  In a 

growing long bone, a layer of cartilage known as the epiphyseal plate or growth plate 

(Figure 1.4) separates each epiphysis and the diaphysis (Baron 1996).  When the bone 

stops growing this epiphyseal plate is replaced by bone and is called an epiphyseal line 

(Seeley et al., 1996). 
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Figure 1.3 Diagrammatic representation of a long bone. The right femur, seen from 

the posterior (Seeley et al., 1996). 
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A thick dense layer of calcified bone, known as compact bone or cortex, 

forms the external part of the bone (Figure 1.4) (Baron 1996).  In the diaphysis this 

compact bone encloses the medullary cavity where the hematopoietic bone marrow is 

housed (Baron 1996).  Towards the outer regions of the diaphysis the compact bone 

becomes thinner, and the internal space is filled with a network of interconnecting rods 

or plates of thin, calcified trabeculae which resemble beams or scaffolding (Seeley et 

al., 1996).  This is the cancellous bone, also named spongy or trabecular bone (Figure 

1.4). The spaces enclosed by the trabeculae are in continuity with the medullary cavity 

and subsequently filled with hematopoietic bone marrow (Baron 1996).  Covering the 

surface of the epiphysis at the regions of the joints is a layer of articular cartilage that 

does not calcify (Figure 1.4) (Baron 1996). 

Figure 1.4 Cross-section of a typical adult long bone (Seeley et al., 1996). 
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There are two main bone surfaces that are constantly in contact with soft 

tissue (Baron 1996).  Most of the outer surface of bone is covered by a dense 

connective tissue called the periosteum (Figure 1.4 and 1.5); this layer is rich in blood 

vessels and nerves (Seeley et al., 1996).  A thinner connective tissue membrane, the 

endosteum, covers the internal surface of bone (Figure 1.5) (Seeley et al., 1996). Both 

surfaces are lined with osteogenic cells organised in layers known as the perosteum and 

the endosteum (Baron 1996).  Both compact and trabecular bone surfaces are 

composed of the same matrix elements and cells; however, these surfaces have 

different functions (Baron 1996). Firstly, compact bone is 80% to 90% calcified, 

which provides better mechanical and protective function.  Trabecular bone is only 

15% to 25% calcified, which allows 70% to 85% of the interface to interact with the 

soft tissue at the endosteal; this is more beneficial for the metabolic functions of this 

type of bone (Baron 1996). 

Figure 1.5 Detailed section showing the internal features of a long bone (Seeley et 

al., 1996). 
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The matrix elements that form both the trabecular bone and the compact bone 

is known as the organic matrix.  This matrix is comprised of approximately 95% type 

1-collagen fibres, usually oriented in a preferential direction, and 5% proteoglycans 

and numerous noncollagenous proteins (Nanci 1999).  Also associated with the 

collagen fibres is ground substance, which is primarily made up of highly anionic 

glycoproteins and proteoglycans (Baron 1996).  Crystal deposits of calcium salts and 

phosphate, in the form of hydroxyapatite [3Ca3(PO4)2].(OH)2, tend to associate with 

both the collagen fibres and the ground substance, and orientate in the same direction 

as the collagen fibers (Landis 1995).  Due to the ion-binding capacity of these 

complexes they are thought to play an important role in the calcification process and 

the fixation of hydroxyapatite crystals to the collagen fibres (Baron 1996). 

The typical lamellar structure of arises from the preferential orientation of 

the collagen fibers that alternates from layer to layer (Baron 1996).  Most of the 

lamellae are organised into sets of concentric rings, with each set surrounding a central 

haversian canal (Figure 1.6) (Pannarale et al., 1994).  This central canal contains blood 

vessels that run parallel to the long axis of the bone.  Each haversian canal, with the 

lamellae and osteocytes in lacunae surrounding it, is called the haversian system 

(Pannarale et al., 1994). However, when bone is being formed very rapidly (fracture 

healing, tumors, and Paget's disease), there is no preferential organisation of the 

collagen fibers (Baron 1996), resulting in randomly oriented bundles: this type of bone 

is called woven bone (Rasmussen and Bordier 1974). 
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Figure 1.6 Fine structure of compact bone (Seeley et al., 1996). 

Bone is a dynamic tissue, constantly undergoing remodeling (Roodman 

1996). There are normally two processes, bone resorption followed by bone formation, 

which are required for normal bone turnover.  This bone remodeling requires four types 

of bone cells that are intimately associated with the organic matrix, osteoblasts, 

osteoclasts, osteocytes, and resting surface cells (Freemont 1996).  These resting 

surface cells cover all bone surfaces other than the 15% covered by osteoblasts and 

osteoclasts.  Resting cells are flat, elongated cells that cover bone surfaces that are 

undergoing neither bone formation nor resorption (Freemont 1996).  These cells are 

inactive, and subsequently have very few cytoplasmic organelles.  The function of bone 

lining cells is largely unknown. 
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1.4.1 Osteocytes 

Osteocytes are bone matrix cells found embedded deep within the bone in 

small osteocytic lacunae (Baron 1996).  These cells were originally osteoblasts, which 

were trapped in the bone matrix they produced.  Once these osteoblasts are trapped, 

they undergo morphological change to become osteocytes (Aarden et al., 1994).  Each 

osteocyte has many long cell processes, which are in contact with cell processes of 

other osteocytes (via gap junctions), or with processes from the cells lining the bone 

surface (osteoblasts and resting surface cells) (Noble and Reeve 2000). These 

processes arise during the formation of the matrix and before its calcification. This 

forms a network of thin canaliculi permeating the entire bone matrix (Figure 1.6).   

The total surface area formed by the canaliculae and their lacunae of the 

long cell processes is 1000 to 5000 m2 in an adult (Baron 1996).  The volume of bone 

extracellular fluid (ECF), contained in the space that exists in the canaliculi and 

lacunae, is 1.0 to 1.5 L; and the amount of surface calcium contained in bone mineral 

crystals is approximately 5 to 20 g, which accounts for a significant percentage of the 

total exchangeable bone calcium (Baron 1996).  The fact that the ECF calcium 

concentration is 0.5 mmol/L and the plasma concentration is 1.5 mmol/L suggests that 

there is a constant flow of calcium ions out of the bone (Baron 1996; Rasmussen 

1971). This rapid flux of bone calcium across the gap junctions is thought to facilitate 

transmission of information between osteoblasts on the bone surface and the osteocytes 

within the structure of the bone itself.   
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Figure 1.7 Electron micrograph of an osteocyte embedded in calcified bone.  The 

cell has a basal nucleus (n), a large Golgi complex (g), and a relatively well developed 

endoplasmic reticulum (er). Cytoplasmic extensions can be seen in the matrix (arrow) 

in their canaliculi (Baron 1996). 

The age and functional activity of the osteocyte has a great effect on the 

morphology of the osteocytes (Baron 1996). Younger osteocytes have most of the 

characteristics of the osteoblasts from which they were derived.  Some of the 

differences between the osteoblasts and the younger osteocytes include a decrease in 

cell volume and in the importance of the organelles involved in protein synthesis 

(Baron 1996).  The older the osteocytes the deeper they are located within the bone 

matrix; they also show a further decrease in cell volume, and their organelles have a 

lesser involvement in protein synthesis (Figure 1.7) (Baron 1996).  In addition, there is 

an accumulation of glycogen in the cytoplasm, which may be used to synthesise new 

bone matrix at the surface of the osteocytic lacunae (Baron 1996).  The osteocyte is 

finally phagocytosed and digested during osteoclastic bone resorption (Baron 1996). 
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1.4.2 Osteoblasts 

The osteoblasts are the bone-lining cell responsible for the production of the 

matrix collagen and ground substance (Baron 1996).  These cells are derived from local 

mesenchymal stem cells, which include bone marrow cells or connective tissue 

mesenchymal stem cells (Raisz and Rodan 1998).  Mesenchymal stem cells can also 

give rise to other cell types: fibroblasts, myoblasts, chondroblasts, adipocytes, and 

tendon cells (Raisz and Rodan 1998).  However, with the correct stimulation these 

precursors undergo proliferation and differentiation into preosteoblasts and then into 

mature osteoblasts (Baron 1996).  The biosynthesis and organisation of the bone 

extracellular matrix define the final stages of osteoblast differentiation (Lain et al., 

1999). 

At the ultrastructural level, osteoblasts contain the features required for 

protein production and protein secretion (Raisz and Rodan 1998).  These characteristics 

include an extremely well developed rough endoplasmic reticulum with dilated 

cisternae, a dense granular content, and the presence of a large Golgi complex 

polarised towards the matrix side of the cell (Figure 1.8) (Raisz and Rodan 1998). 

These cells also have cytoplasmic processes on the secreting side of the cell that extend 

deep into the osteoid and are in contact with the osteocytes (Baron 1996).  Osteoblasts 

also have a large oval nucleus located on the side furthermost from the bone surface, 

indicating that the osteoblasts are clearly polarised (Lain et al., 1999). 

Osteoblasts are always found in clusters of 100 to 400 cells per bone-

forming site lining the layer of bone matrix that they are producing, before it is 

calcified (osteoid tissue) (Baron 1996).  Osteoid tissue exists because of the lag 

between matrix formation and its subsequent calcification, which is approximately 10 

days (Raisz and Rodan 1998).  The active osteoblast is highly enriched in alkaline 

phosphatase and is responsible for the production of type I collagen and specialised 

bone matrix proteins, called osteoid (Lain et al., 1999). These collagen fibres must 

firstly mature in order to support mineral deposition. The growth stage of the 

osteoblast is downregulated by the accumulation of the bone extracellular matrix (Lain 

et al., 1999). This termination of cell growth leads to the matrix-maturation stage 
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when induced expression of alkaline phosphatase and specialised bone proteins, by 

osteoblasts, renders the bone extracellular matrix competent for mineral deposition. 

The mineralisation stage leads to expression of markers of the mature osteoblast, which 

may function in regulating the ordered deposition of mineral (Lain et al., 1999). 

Figure 1.8 Electron micrograph of a group of osteoblasts and osteoid tissue. 

Osteoblasts (top) covering a layer of mineralising osteoid tissue (bottom) with a newly 

embedded osteocyte (arrow). Basal nuclei, prominent Golgi and endoplasmic 

reticulum, are characteristics of active osteoblasts and can be clearly seen (Baron 

1996). 
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An equally important function of osteoblasts, preosteoblasts and osteocytes 

is their responsiveness to endocrine factors and the production of paracrine and 

autocrine factors for the recruitment of osteoprogenitors, the growth of preosteoblasts, 

and the regulation of osteoclastic resorption of the mineralised bone matrix (Lain et al., 

1999). The environment created by the secretion of these factors is essential for 

maturation and fusion of the mononuclear precursors to the multinucleated osteoclasts, 

and the activation and regulation of the activity of the functional osteoclasts (Lain et 

al., 1999). Recently an osteoclast-differentiating factor produced by osteoblasts has 

been identified (Simonet et al., 1997). This ligand is identical to the known receptor 

activator of nuclear factor-κB (RANK) and TNF-related activation-induced cytokine 

(TRANCE) (Wong et al., 1997).  These osteoblast-expressed ligands are upregulated 

by stimulators of bone resorption and thus promote osteoclast formation (Yasuda et al., 

1998). For this reason there seems to be tight coupling between osteoblasts and the 

formation of osteoclast activity (Lain et al., 1999). 

1.4.3 Osteoclasts 

The osteoclasts are the major bone-lining cell responsible for bone 

resorption (Baron 1996), although other cells, including osteocytes, monocytes, tumour 

cells, and osteoblasts, have also been linked to mild bone resorption (Mundy 1999). 

Osteoclasts arise from haematopoietic mononuclear cells in the bone marrow 

(Roodman et al., 1985). It is believed that osteoclasts are derived from pluripotent 

stem cells that have the capacity, in response to appropriate stimuli, to differentiate into 

granulocytes, monocytes, or osteoclasts (Mundy 1999).  The first step in bone 

resorption is activation of mononuclear osteoclasts, which then fuse to form 

multinucleated osteoclasts, followed by polarisation, formation of ruffled borders, 

resorption, and ultimately apoptosis (Hughes et al., 1995; Mundy 1999). 

Osteoclasts are normally localised on the endosteal bone surface, in 

haversian systems, and occasionally on periosteal surfaces (Mundy 1999).  These cells 

are large (up to 100 µm in diameter) and multinucleated (usually 3 to 4 nuclei) (Figure 

1.9). Characteristic ultrastructural features of osteoclasts are the abundant Golgi 

complexes dispersed around each nucleus, the numerous pleomorphic mitochondria, 

and the transport vesicles loaded with lysosomal enzymes (Mundy 1999).  
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The most prominent feature of the osteoclast is the highly convoluted 

plasma membrane in the area facing the bone matrix, known as the ruffled border 

(Figure 1.9) (Baron 1996).  This area of the cell membrane allows intimate contact 

with the bone surface and is the site at which bone resorption occurs (Mundy 1999). 

The resorption bay, also known as the Howship's lacuna, confines a space between the 

ruffled border and the bone surface; this is often referred to as a secondary lysosome 

(Baron et al., 1983).  Within the plasma membrane of the ruffled border are found 

proteins that are also located at the membrane of lysosomes and related organelles 

(Baron 1996). The ruffled border is surrounded by a clear zone, which appears to be 

free of organelles (Mundy 1999).  This region contains a ring of contractile actin 

filaments (sealing zone) that serve to attach the cell to the bone surface, thus sealing off 

the subosteoclastic bone-resorbing compartment (Figure 1.9) (Baron 1996).  Integrin 

receptors on osteoclasts are required for the attachment of the cell to the bone matrix 

(Davies et al., 1989).  These receptors bind specific sequences in the bone matrix 

proteins (Miyauchi et al., 1991). 
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Figure 1.9 Electron micrograph of an osteoclast.  The osteoclast contains multiple 

nuclei (n), an endoplasmic reticulum where the lysosomal enzymes are synthesised 

(ER), and prominent Golgi stacks around each nucleus.  The cell is attached to bone 

matrix (bottom) and forms a separate compartment underneath itself, limited by the 

sealing zone (sz) (single arrows). The plasma membrane of the cell facing this 

compartment is extensively folded and forms the ruffled border, with pockets of 

extracellular space between the folds (double arrows).  Multiple small vesicles for 

transporting enzymes towards the bone matrix can be seen in the cytoplasm (Baron 

1996). 

Bone resorption has two major components: (1) acidification of the 

Howship's lacuna, causing mineral dissolution and (2) digestion of the matrix proteins 

by proteolytic enzymes, including cysteine proteinases, cathepsins, metalloproteinases, 

and collagenases (Raisz and Rodan 1998).  These lysosomal enzymes are actively 

synthesised by the osteoclast and secreted through the ruffled border, into the 

resorption lacuna where they reach a high extracellular concentration because the 

compartment is sealed off.  The transport of these enzymes across the ruffled border 

involves mannose-6-phosphate receptors (Baron 1996).  Figure 1.10 outlines the main 

biochemical pathways that occur within an actively resorbing osteoclast. 
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Figure 1.10 Summary of Osteoclastic Bone Resorption. This figure outlines the 

pathway of matrix degradation.  Hydrogen ions are generated by the enzyme CAII 

within the cytosol.  These ions are actively transported across the ruffled-border by V-

ATPase. This in turn lowers the pH in the lacuna, leading to the degradation of the 

matrix releasing calcium. Calcium ions are subsequently taken up by the cell in 
-vesicles and removed via the cell membrane. HCO3 /Cl- exchanger and other ion 

exchangers work to maintain the intracellular pH.  Metalloproteinases and cysteine 

proteinases are released into the lacuna to break down the collagen and other proteins 

released from the matrix degradation.  CAII:- carbonic anhydrase type II, CP:- cysteine 

proteinases, GLUT-2:- Glucose transporter, MMP:- matrix metalloproteinases, V:- V-

ATPase 

(adapted from http://bioinfo.med.utoronto.ca/Brochure/).  
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The osteoclasts also contain several structures to acidify the lacuna to a pH 

of 4 or less (Raisz and Rodan 1998).  To achieve the required pH, hydrogen ions are 

generated in the cell by the enzyme carbonic anhydrase type II, which catalyses the 

conversion of bicarbonate into CO2 and protons (Figure 1.10)(Mundy 1999).  The 

osteoclasts then acidify the lacuna by secreting the protons across the ruffled border by 

the proton pump ATPase (Baron 1996).  To avoid alkalinisation of the cytosol, by the 

extrusion of protons across the ruffled border, the cell requires a number of ion 

exchangers, pumps and channels on the basolateral membrane (Baron 1996).  These 
-include a Na+/H+ antiporter, a Na+/K+ ATPase, an HCO3 /Cl- exchanger, a Ca2+ 

ATPase, and a K+ channel (Baron 1996; Mundy 1999).  The lysosomal enzymes and 

the low pH in the lacuna are therefore the functional equivalent of a secondary 

lysosome (Baron 1996). The low pH dissolves the hydroxyapatite crystals, exposing 

the matrix.  The enzymes, now at optimal pH, degrade the matrix components, and the 

residual collagen fibres are digested by either the activation of latent collagenase or by 

the action of cathepsins (Baron 1996; Mundy 1999). 

Osteoclasts are motile cells (Jones and Boyde 1977).  They resorb bone to 

form a lacuna and then move across the bone surface to resorb a separate area of bone. 

While the cells are moving no resorption takes place, when the cells stop moving they 

usually start resorbing bone again.  Apoptosis occurs at the conclusion of the resorbing 

phase of the bone remodelling process (Hughes et al., 1996; Hughes et al., 1995). 

During the apoptosis of the osteoclasts there is condensation of the nuclear chromatin, 

darker staining of the osteoclast cytoplasm, loss of ruffled border and detachment from 

the mineralised bone matrix, and cessation of bone resorption. 

1.4.4 Bone Remodelling 

Active bone remodelling is performed along the surface of bone, mainly at 

the endosteal surface (Mundy 1999).  During remodelling of trabecular bone, five 

different phases can be distinguished; osteoclastic bone resorption, reversal, 

preosteoblastic migration and differentiation into osteoblasts, osteoblastic matrix 

(osteoid) formation, and mineralisation (Figure 1.11) (Mundy 1999).  The end product 

of remodelling is the completed bone structural unit covered in lining cells. 
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The initial step in the remodelling sequence is the activation of the 

osteoclasts at specific focal sites (Mundy 1999).  The activation frequency of the 

osteoclasts significantly affects the rate of bone remodelling, however, the mechanism 

responsible for the initiation of bone remodelling is unknown (Mundy 1999). One 

theory is that osteoclast precursors recognise a change in the mechanical properties of 

ageing bone, which requires replacement with new bone for optimal structural integrity 

(Mundy 1999).  This may occur through immune cells or by osteocytes recognising a 

change in the bone surface and sending signals to activate osteoclasts.  During the 

reversal phase, some macrophage-like cells are observed at the site of the remodelling, 

and a cement line is formed (Baron 1996).  This line marks the limit of resorption and 

acts to cement together the old and the new bone. 

Figure 1.11 Bone remodelling in cancellous bone.  Five different phases can be 

distinguished over time: (1) osteoclastic resorption, (2) reversal, (3) preosteoblastic 

migration and differentiation into osteoblasts, (4) osteoblastic matrix (osteoid) 

formation, and (5) mineralisation. The end product of remodelling in cancellous bone 

is the completed cancellous bone structural unit (BSU) covered by lining cells (6) 

(Mundy 1999). 
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The resorptive phase of bone remodelling has been estimated to take 

approximately 10 days (Mundy 1999).  This period is followed by repair of the defect 

by a team of osteoblasts; this repair process can take approximately 3 months (Mundy 

1999). The complete remodelling process can take anywhere from 3 to 6 months 

(Baron 1996).  In most normal circumstances, the coupling of bone resorption and bone 

formation occurs faithfully (Erlebacher et al., 1998).  The bone that is removed during 

resorption is replaced during formation (Mundy 1999).  The cellular mechanisms 

responsible for mediating the coupling process are still not clear. 

1.5 Pathophysiology of Paget’s Disease of the Bone 

Paget’s disease is the most exaggerated example of abnormal bone 

remodelling where activated osteoclasts are accompanied by a compensatory and 

(relatively) balanced increase in new bone formation (Mundy 1999; Roodman 1999). 

The pathological process of Paget’s disease evolves through various stages or phases of 

activity, followed by an inactive or quiescent stage (Jaffe 1977; Schmorl 1932).  In the 

first stage, the osteolytic phase, there is intense resorption of existing bone. This 

osteolytic phase is followed by an accelerated deposition of disorganised spicules of 

lamellar bone, or mixed phase.  In the final phase, the osteoblastic phase, bone 

formation is dominant, and the irregularly shaped trabeculae are characterised by the 

“mosaic” pattern of cement lines, which appear haphazardly between fragments of 

lamellar bone.  Typically, all phases of the pagetic process can be seen at the same time 

at different sites, as well as all three phases of the disorder occurring at the same focus 

in a single bone (Rasmussen and Bordier 1974). 

The initial characteristic of the osteolytic phase appears to be an intense 

increase in bone resorption (Frame and Marel 1981).  This increase in osteoclast 

function causes the characteristic abnormal architecture of pagetic lamellar bone. 

Increased bone resorption may also extend into the endosteal and periosteal surfaces 

(Singer 1995).  In the trabecular bone, the osteolytic process results in a marked 

reduction of bone volume (Jacobs 1974).  Initially the osteoclastic resorption 

progresses on bone surfaces but eventually fills the marrow cavities (Freemont 1996). 

Associated with both early cortical and trabecular lesions is a remarkable proliferation 

of fibrous tissue that replaces normal fatty or haematopoietic bone marrow (Singer and 
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Krane 1998). This fibrous tissue becomes highly hypervascular and gives the feeling 

of warmth around the pagetic lesion (Rhodes et al., 1972). Another striking feature of 

osteolytic pagetic bone is the replacement of the normal lamellar bone with prominent 

woven bone (Robey and Bianco 1999). 

As previously mentioned, the lamellar arrangement of normal bone results 

from the parallel orientation of collagen fibres making the harversian systems (Figure 

1.6) (Baron 1996; Pannarale et al., 1994).  However, in pagetic lesions this is replaced 

by woven bone leaving few, if any, complete harversian systems composed of lamellar 

bone (Singer and Krane 1998).  Under normal conditions, woven bone is almost never 

found after the epiphyses closes, except in areas of rapid remodelling, for example, 

fracture or tumour (Singer and Krane 1998).  Woven bone is characterised by a chaotic, 

unorganised deposition of the collagen fibres, large number of osteocytes per unit area 

of matrix, and large variations in size and shape of the osteocytes (Figure 1.12) (Singer 

and Krane 1998).  The pattern of deposition of woven bone is somewhat different to 

pagetic lamellar bone, which forms the characteristic “mosaic” feature of Paget’s 

disease (Schmorl 1932).  If the disease progresses the woven bone is replaced by the 

pagetic lamellar bone in its “mosaic” pattern (Singer and Krane 1998). 

A) B) 

Figure 1.12 Sections of trabecular bone viewed under polarised light.  This shows 

the characteristics of normal lamellar bone (A) and woven bone (B) in Paget’s disease. 

Note that the normal lamellar bone is laid down in the long axis of the trabecular. In 

Paget’s disease this orientation is lost (Kanis 1991). 
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The major change seen in the osteolytic phase is due to the osteoclasts. At 

the interface between the normal and diseased bone, numerous osteoclasts are found in 

Howship’s lacunae in cortical of trabecular bone (Schmorl 1932).  Affected sites may 

contain an increased number of osteoclasts which are larger than normal, may have up 

to 100 nuclei per cell, and have an increased amount of bone resorption per cell (Figure 

1.3A) (Meunier et al., 1980).  However, although the total amount of bone resorption 

per cell is increased, the amount of resorption per osteoclast nuclei may actually be 

lower than seen with normal osteoclasts (Kanis 1991).  Diseased osteoclasts may be 

seen away from the bone surface within bone marrow, medullary vessels and eroding 

osteoid, features not displayed by normal osteoclasts (Freemont 1996). In some 

osteoclasts from Paget’s patients there have been reports of virus-like inclusions found 

in both the nucleus and the cytoplasm (Rebel et al., 1975). At high magnifications 

these inclusions are seen to consist of regular arrays of particles with the overall 

morphology and arrangement suggestive of fully formed viral particles with the 

features of paramyxoviruses (Figure 1.13 B, C) (Cartwright et al., 1993; Singer and 

Mills 1983).  The affected bone in the osteolytic phase may be soft enough to be cut 

with a knife without prior demineralisation (Singer and Krane 1998).   

The earliest recognisable feature of osteolytic Paget’s disease is a focal 

osteolytic lesion (Singer 1995).  This was first observed in the skull as circumscribed 

osteolytic lesions, which were referred to as “osteoporosis circumscripta” (see 

Appendix Figure A1.2) (Schuller 1929).  Osteolytic lesions may also develop in other 

regions of the skeleton, but less frequently.  In the long bones lesions usually develop 

at either end, towards the epiphysis, and less often in the diaphysis (Maldague and 

Malghem 1987).  The junction of normal bone and the osteolytic lesion shows a 

characteristic appearance that is exclusive to Paget’s disease.  This can be viewed 

radiographically by an advancing lytic wedge or “blade of grass” lesion in a long bone, 

which may extend at a rate of 1 cm per year (Maldague and Malghem 1987).  
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A) 


B) C) 

Figure 1.13 Pagetic osteoclasts.  A) Osteoclast viewed by light microscopy showing a 

large number of nuclei.  The nuclear staining is patchy with a central pallor and 

signifies the presence of large amounts of cytoplasmic inclusion material (Kanis 1991). 

B) Nucleus of a pagetic osteoclast showing an example of nuclear filamentous 

inclusions (Arrow) (32,000X) (Resnick and Niwayama 1998) C) A higher 

magnification illustrating the tubular structure of the microfilaments, cut both in cross 

section and in parallel to the long axis of the tubules (180,000X) (Resnick and 

Niwayama 1998). 
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In the more commonly occurring mixed phase of Paget’s disease, in which 

osteoblastic and osteolytic features are intermixed, there is a combination of increased 

resorption and relatively tightly coupled new bone formation (Singer 1995).  Lines of 

osteoblasts closely applied to bone form new lamellar bone (Singer and Krane 1998). 

Bone biopsies of this phase reveal characteristic abnormalities of lamellar bone in both 

cortical and trabecular bone (Singer 1995).  The woven matrix formed in the osteolytic 

phase is replaced by the more characteristic “mosaic” pattern of irregular, jigsaw-

shaped pieces of lamellar bone separated by erratic arrangement of cement lines that 

have scalloped outlines (Figure 1.14) (Singer and Krane 1998).  The scalloped 

appearance of these cement lines represent sites of prior osteoclastic resorption.   

Figure 1.14 Histological abnormalities of Paget’s disease: Mosaic pattern.  A 

femur that is affected by Paget’s disease shows the typical mosaic pattern of cement 

lines joining areas of lamellar bone (Resnick and Niwayama 1998). 
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In this form of the disease the structure of the involved compact bone is so 

disordered that complete harversian systems are rare (Singer 1995).  This same chaotic 

organisation of the lamellar bone is also seen in the trabecular.  Patches of woven bone 

are sometimes still found within the chaotic lamellar bone, and contain a large number 

of osteocytes per unit area of matrix (Singer and Krane 1998).  There also appears to be 

an increase in the total amount of matrix found within the affected bone, which appears 

thicker than the equivalent unaffected bone; this is a consequence of increased 

periosteal new bone formation (Freemont 1996).  The affected bone is enlarged with a 

thickened cortex and usually an increased amount of trabecular bone with a 

concomitant decrease in the volume of medullary cavity (Freemont 1996). 

The increased bone resorption in Paget’s disease is accompanied by the 

increased recruitment of osteoblasts to pagetic sites where rapid bone formation occurs 

(Siris 1996).  Occasionally some mild ultrastructural changes are seen in the 

osteoblasts, but in general the morphology of osteoblasts in pagetic lesions appear 

inherently normal (Rebel et al., 1980).  The major change observed in the osteoblasts is 

increased size coupled with an increase in the biosynthesis of both matrix molecules, 

such as type I collagen, and regulatory cytokines (Hoyland et al., 1994). This 

excessive and disorganised new bone formation owing to a vigorous osteoblastic 

response leads to the appearance of osseous tissue that is architecturally abnormal 

(Frame and Marel 1981).  There is no conclusive evidence that the abnormalities in the 

osteoblasts number and function originate in the osteoblasts themselves or are induced 

by factors produced by osteoclasts or the proliferating stromal cells that replace the 

hematopoietic bone marrow (Singer and Krane 1998). 

There is also a marked increase in the amount of osteoid tissue that is 

distributed.  The total amount of osteoid and the percentage of the bone surface 

covered by osteoid may be increased four- to five-fold (Meunier et al., 1980). As the 

amount of bone produced increases there is a dramatic increase in the amount 

resembling Haversian cortical bone (Freemont 1996).  This comes from an 

exaggeration of the normal process of “haversionalisation” of periosteal cortical bone 

and the “corticalisation” of the increased amount of subcortical and trabecular bone 

(Freemont 1996).  This “corticalised” bone is very dense, which explains some of the 

radiological features seen in Paget’s disease (Freemont 1996).   
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In the final stages of Paget’s disease, termed osteoblastic or sclerotic, the 

affected bone remains dense and retains its “mosaic” matrix pattern (Singer 1995). 

Long bones show a loss of differentiation between compact and trabecular bone 

because the new bone is no longer compact bone (Singer 1995).  There is little to no 

cellular activity present in sclerotic lesions (Singer 1995). Osteoclasts are few or 

absent, but osteoblasts may still be seen to line bone surfaces.  The fibrous marrow 

may remain, and there is a large reduction in the numbers of blood vessels (Singer 

1995). Occasionally, parts of lesions are totally devoid of bone cells.  From this the 

concept of “burned out” Paget’s disease has arisen (Singer 1995).   

Although there may be more normal bone per unit volume it is 

architecturally unsound, lacking in strength and rigidity (Singer and Krane 1998).  Due 

to the improper alignment along stress lines, of the collagen fibres, in the sclerotic 

phase, the bone often is brittle and crumbles (Singer and Krane 1998).  However in 

some instances, the pagetic bone in the sclerotic phase has no tendency to orient around 

vascular canals or to form harversian systems and is therefore relatively avascular and 

extremely hard to cut (Resnick and Niwayama 1998).   

Unaffected bone in patients with Paget’s disease may be normal or show a 

general increase in normal bone cell activity with an increase in osteoclastic and 

osteoblastic activity (Freemont 1996).  The osteoclasts are of normal size, but of 

increased number.  The inference is that, in Paget’s disease, there are humoral factors 

with the potential to stimulate the proliferation of bone cells (Freemont 1996). 

1.6 Clinical Features of Paget’s Disease 

Paget’s disease affects both men and women, with just a slight male 

predominance (Edeiken et al., 1966). It is a common disease, particularly in middle-

aged and elderly individuals (Dalinka et al., 1983).  In most patients the disease 

develops after the age of 40 and is most commonly diagnosed in people in their 50s; it 

is rarely observed in people below the age of 25 (Siris 1996). 
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Clinical findings in patients with Paget’s disease are extremely variable. 

Approximately one fifth of individuals with pagetic skeletal involvement detectable on 

roentgenograms are entirely asymptomatic.  In many patients, the disorder is first 

diagnosed as an incidental finding on radiographs obtained for unrelated purposes 

(Edeiken et al., 1966). However, the disease may present with severe symptoms and 

signs that include skeletal, neuromuscular, and cardiovascular complications.  In the 

presence of widespread skeletal involvement, patients appear apathetic, somnolent, and 

lethargic (Hamdy 1981). 

The most common sites of involvement in polyostotic patients include the 

pelvis, vertebrae, skull, and femur (Hopper et al., 2000). Paget’s disease typically 

affects only one bone or a portion of a bone (monostotic) or in other cases may involve 

two or more bones (polyostotic) (Figure 1.15) (Hopper et al., 2000).  Sites of disease 

are often asymmetrical, for example, a patient with a pagetic right femur may have a 

normal left femur, involvement of only half the pelvis, or involvement of several non

contiguous vertebral bodies (Siris 1996).  In monostotic patients the most common 

sites are the skull and tibia (Figure 1.15) (Hopper et al., 2000).  The less commonly 

involved bones include those of the upper extremity, as well as the clavicles, scapulae, 

ribs, and facial bones; the hands and feet are only rarely affected (Siris 1996). The 

development of symptoms or complications of Paget’s disease is strongly influenced 

by the particular area of involvement and the rapidity of abnormal bone turnover 

(Harinck et al., 1986).  The severity of some complications depends heavily on the 

relationships between affected bone and adjacent non-affected bones. 
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Figure 1.15 General distribution of Paget’s disease of bone. This diagram shows 

the localisation and incidence in both polyostotic and monostotic patients (adapted 

from (Hopper et al., 2000). 

The most common symptom associated with Paget’s disease is bone pain 

from a site of pagetic involvement, experienced at both rest and with motion (Kaplan 

1999). The pain associated with an un-complicated pagetic lesion is usually dull and 

located deep below the soft tissue, but may occasionally be sharp and radiating (Singer 

and Krane 1998).  Weight bearing may increase the severity of pain in lesions but 

nocturnal pain is also common in these areas (Singer and Krane 1998).  Due to 

increased vascularity around the site, pagetic bone may be warm to touch, which can 

cause a very unpleasant sensation (Siris 1996).  Pain may occasionally be caused by 

microfractures along the enlarged cortices of involved weight-bearing bones or 

advancing lytic wedge or “blade of grass” lesion (Siris 1996).  Bone pain is usually 

worse at night and unrelated to exercise. 
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Bowing deformities in either the femur or tibia may cause pain for a number 

of possible reasons (see Appendix Figure A1.1, A1.3, A1.4 A1.6) (Siris 1996). A 

bowed limb is generally shorter, which may result in gait abnormalities leading to 

abnormal mechanical stresses.  This stress may lead to arthritic changes on the 

contralateral non-pagetic side, particularly at the hip.  Severe secondary arthritis can 

occur at joints adjacent to pagetic bone (e.g., the hip, knee, or ankle) (Siris 1996). 

The spine, particularly the lumbar and sacral regions, is one of the 

commonest sites in which Paget’s disease is found (Singer and Krane 1998).  Spinal 

involvement may cause back pain that is often difficult to assess.  Severe non-specific 

pain and/or impaired neurological function may result from enlarged pagetic vertebrae 

or compression fractures that compress the spinal cord or nerve roots (Hadjipavlou and 

Lander 1991).  Deficits, such as muscle weakness, paralysis, and rectal and vesical 

incontinence, resulting from impingement on the spinal cord, can be apparent in 

patients with compression fractures of the vertebral bodies (Lake 1951).  Spinal 

stenosis with neural impingement may arise in the lumbar area, producing radicular 

pain and possibly motor impairment (Hadjipavlou and Lander 1991).  Kyphosis may 

occur, or when a compression fracture or spinal stenosis is present there may be a 

forward tilt of the upper back (Siris 1996). Neurological syndromes are more likely to 

develop with thoracic involvement, which may include back pain, difficult ambulation, 

numbness, and paresthesia of the feet and progressive paresis of the legs (Singer 1995). 

Several cases of apparent direct cord compression with loss of neural function have 

now been documented to result from the shunting of blood from the spinal arteries to 

the highly vascular bone, whereby hypervascular pagetic bone “steals” blood from the 

neural tissue (Herzberg and Bayliss 1980). Degenerative changes in the spine may also 

accompany pagetic changes (Siris 1996).   

In the absence of an enlarged cranium, Paget’s disease of the skull is 

relatively asymptomatic (Singer 1995).  However, common complaints in up to one 

third of patients with skull involvement may include an increase in head size with or 

without frontal bossing or deformity, or headache, sometimes described as a band-like 

tightening around the head (Siris 1996).  Hearing loss is the most common symptom 

and may occur as a result of isolated or combined conductive or neurosensory 

abnormalities (Nager 1975).  Vertigo and/or tinnitus may occur, which have been 
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ascribed to the pathological process affecting the ossicles, the labyrinth, the cochlea, 

the external auditory canal, and also impingement of the surrounding bone on the 

eighth cranial nerve (Monsell et al., 1995). Other cranial nerve palsies (such as II, VI, 

and VII) are described less often (Siris 1996).  With extensive skull involvement, a 

softening of the base of the skull may produce platybasia, or flattening, with the 

development of basilar invagination, so that the odontoid process begins to extend 

upward as the skull sinks downward upon it (see Appendix Figure A1.2) (Siris 1996). 

Very serious complications, such as direct brain stem compression or an obstructive 

hydrocephalus and increased intracranial pressure caused by blockage of cerebrospinal 

fluid (CSF) flow, are relatively rare, even in patients with severe skull changes and 

evidence of basilar invagination (Siris 1996).  Pagetic involvement of the facial bones 

may cause facial deformity, dental problems, and, infrequently, narrowing of the 

airway (Siris 1996). Mechanical changes of these types may lead to a nasal intonation 

when the patient is speaking. 

Fracture of pagetic bone is a common and serious complication (see 

Appendix Figure A1.5, 7) (Collins 1966).  Substantial blood loss in the presence of 

fractures due to trauma may be due to the hyper-vascularity of actively remodeling 

pagetic bone (Kaplan 1999).  These fractures (both traumatic or pathologic) may 

particularly involve long bones with active areas of advancing lytic disease (Siris 

1996). They more commonly involve the femoral shaft or subtrochanteric area (Barry 

1980). A rare complication of Paget’s disease is fractures in the presence of areas of 

malignant degeneration (Kaplan 1999).  Small fissure fractures along the convex 

surfaces of bowed lower extremities are far more common.  These fractures may be 

asymptomatic, stable and persistent for years, however if a more extensive transverse 

lucent area extends medially from the cortex, this may lead to a clinical fracture with 

time (Allen and John 1937).  The smaller fissure fractures typically do not change with 

treatment and, in the absence of new pain, rarely require extensive radiographic 

monitoring (Kaplan 1999).  In most cases, fracture through pagetic bone heals 

normally, although some groups have reported as high as a 10% rate of non-union 

(Dove 1980). 

Paget’s disease is also responsible for congestive heart failure in some 

patients (Mendis et al., 1980). It was originally believed that this complication was 

due to the presence of arteriovenous shunts in the involved bone, but these 
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observations have not been confirmed (Howarth 1953).  It is now believed that high 

output congestive failure is related to hyperemia and increased blood flow in pagetic 

bone (Potts and Deftos 1974).  Other reports have indicated that Paget’s disease may be 

associated with arterial calcification, cardiac valvular calcification, Hashimoto’s 

thyroiditis, and pseudoxanthoma elasticum (Harrison and Lennox 1948; Jaffe 1972; 

Luxton 1957; O'Reilly and Race 1932; Potts and Deftos 1974).   

One complication that causes an increase in mortality in Paget’s disease 

patients is osteosarcoma.  Neoplastic degeneration of pagetic bone is a relatively rare 

event, occurring with an incidence of less than 1% (Barry 1965; Collins 1966).  In all 

patients with osteosarcoma over the age of 60 years, over half will have Paget’s disease 

(Resnick and Niwayama 1998).  In many cases, this abnormality typically manifests 

itself as new pain and swelling at a pagetic site (Resnick and Niwayama 1998).  The 

most common site of sarcomatous change appears to be in lesions that are osteolytic 

and occur primarily in the pelvis, femur, humerus, skull and facial bones (Collins 1956; 

Graham and Harris 1971; Machtey et al., 1966). The majority of the tumours are 

classified as osteogenic sarcomas, although both fibrosarcomas and chondrosarcomas 

are sometimes seen (Siris 1996).  Current treatment regimens emphasise maximal 

resection of tumour mass and chemotherapy (or sometimes radiotherapy), but death 

from massive local extension of disease or from pulmonary metastases occurs in the 

majority of cases within 1 to 3 years of diagnosis (Siris 1996).  The 5-year survival rate 

in pagetic patients with sarcomas in one study was 7.5% as compared to 37% in aged 

matched patients in whom the tumour arose de novo (Resnick and Niwayama 1998). 

Benign giant cell tumours may also occur in bone affected by Paget’s 

disease (Dixon et al., 1995).  These tumours are often found at the ends of long bones 

in otherwise normal individuals (Leonard et al., 2001). These lesions may present as 

localised masses at the affected site (Dixon et al., 1995). Biopsy reveals clusters of 

large osteoclasts, which some believe represent reparative granulomas (Upchurch et 

al., 1983).  These tumours may show a remarkable sensitivity to glucocorticoids, so in 

many instances the mass will disappear after treatment with prednisone or 

dexamethasone (Jacobs et al., 1979). 
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1.7 Metabolic Aspects of Paget’s Disease 

For many years biochemical markers of bone turnover have been used in 

the diagnosis and monitoring of treatment for Paget’s disease of bone (Delmas and 

Meunier 1997). Despite the focal nature of the disorder and its limited extent in some 

patients, the increased remodeling is readily detected by overall assessment of the 

turnover of the mineral and organic phases of bone (Singer and Krane 1998).  The most 

widely used biochemical markers have been total alkaline phosphatase as a marker of 

bone formation and urinary hydroxyproline as a marker of bone resorption (Eastell 

1999). 

When the collagen matrix of bone is broken down, there is a release of 

several collagen components (Singer 1995).  These components have been 

demonstrated to be excellent indices of bone resorption.  Total urinary hydroxyproline 

excretion measurements, until recently, have been regarded as the gold standard marker 

to test for bone resorption (Nagant de Deuxchaisnes and Frane 1964). This 

biochemical marker has been shown to correlate with collagen degradation, and 

thereby osteoclast activity (Khairi et al., 1973).  However, dietary collagen may cause 

an elevation of the hydroxyproline excretion levels in a 24 hr urine collection (Bone 

and Kleerekoper 1992). A fasting second-void urine specimen using the 

hydroxyproline/creatinine ratio as a marker may avoid dietary anomalies (Singer 

1995). Another source of error may arise from patients with skin complaints (Singer 

1995). The skin is also a major site of collagen synthesis, and urinary excretion of 

hydroxyproline can be increased in these patients (Nimni 1983). 

Other, more specific, markers of skeletal bone matrix resorption are the 

determination of the ratio of glucosyl-galactosyl-hydroxylysine to galactosyl

hydroxylysine in urine (Krane et al., 1977).  This test is more specific to bone because 

the pattern of glycosylation of hydroxylysine residues is different in skin and bone. 

However, this test is not commercially available.  

More recently, the measurement of the urinary excretion of the pyridinium 

cross-links is coming into clinical use (Singer 1995).  This marker is more sensitive 

and relatively specific to bone resorption (Uebelhart et al., 1990). 
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Hydroxylysylpyridinoline and lysylpyridinoline are primarily found in bone and 

cartilage; these molecules are responsible for the intermolecular cross-linking of 

collagen fibres (Singer 1995).  Pyridinium cross-linking markers are now available as 

immunoassays and include immunoactive free deoxypyridinoline, N-telopeptide of 

type I collagen, and C-telopeptides of type I collagen (Eastell 1999).  However, even 

though these immunoassays are commercially available they have poor reproducibility. 

Other studies have reported the use of an immunoassay and a kinetic assay 

for serum tartrate-resistant acid phosphatase (Kraenzlin et al., 1990; Torres et al., 

1991).  Serum tartrate-resistant acid phosphatase, presumably released by the 

osteoclasts, appears to be another index of bone resorption (Kraenzlin et al., 1990). 

Testing for this marker is not yet readily available as research in this area is still in its 

early stages. 

Serum uric acid and serum citrate have also been noted to be elevated in 

Paget’s patients, however their clinical significance is still unclear (Siris 1996). 

Studies have shown that gout has been present in patients with Paget’s disease, but it is 

uncertain whether it is more common in pagetic patients than in nonpagetic subjects 

(Lluberas-Acosta et al., 1986).  Kidney stones are occasionally reported as a 

consequence of hypercalciuria in some pagetic patients due to their increased bone 

resorption (Urivetzky et al., 1988). 

The osteoblastic reaction to bone resorption in Paget’s disease is reflected 

by the serum alkaline phosphatase (SAP) levels (Kay 1929). This biochemical marker 

is the most commonly used marker for bone formation.  Alkaline phosphatase, 

localised at the plasma membrane in osteoblasts, may participate in the mineralization 

of bone matrix.  Correlation has been found between the amount of enzyme activity in 

the circulation with the extent of Paget’s disease in radiographic skeletal surveys as 

well as with markers of bone resorption, including total urinary hydroxyproline and 

serum tartrate-resistant acid phosphatase (Franck et al., 1974; Kraenzlin et al., 1990). 

However, hepatic alkaline phosphatase activity may interfere with an accurate 

assessment of Paget’s disease in the presence of liver disease.  In these individuals, a 

measurement of bone-specific alkaline phosphatase activity by kinetic assay would 

correct for the interference by hepatic alkaline phosphatase (Farley et al., 1981). 
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Bone resorption markers and serum alkaline phosphatase measurements are 

useful not only for estimating the degree of abnormal bone turnover, but also in 

monitoring the effects of treatment (Siris 1996).  However, a limitation of the assays 

for these markers is the low assay precision. New treatment methods are capable of 

normalising certain biochemical markers including N-telopeptide of collagen or 

deoxypyridinoline (Siris 1996).  Levels of these markers may become normal in a few 

days to weeks after therapy is initiated, however the serum alkaline phosphatase levels 

decline more gradually in correlation with the decline in disease progression (Bone and 

Kleerekoper 1992; Siris 1996). 

Specific products of osteoblasts, including serum osteocalcin or bone Gla 

protein, have also been extensively studied in Paget’s disease (Deftos et al., 1982; 

Price et al., 1980).  Early studies suggested that serum osteocalcin measurements were 

useful in assessing patients with Paget’s disease (Deftos et al., 1982).  However, 

subsequent studies have produced conflicting results indicating that osteocalcin 

measurements are not as reliable as serum alkaline phosphatase activity (Coulton et al., 

1988; Papapoulos et al., 1987). 

Studies into the biosynthesis of collagen have led to the development of 

radioimmunoassays directed against the amino-terminal and carboxyl-terminal of type 

I collagen and type III collagen (Simon et al., 1984; Wilder-Smith et al., 1987). Serum 

levels of type I procollagen carboxyl-terminal peptide correlate significantly with other 

markers of bone turnover and also decline with treatment (Simon et al., 1984). The 

same effect is also seen with type III procollagen carboxyl-terminal peptide however, 

these levels do not correlate as strongly as type I procollagen peptide (Simon et al., 

1984; Wilder-Smith et al., 1987).  The type I procollagen peptide is believed to reflect 

the bone collagen synthesis and the type III procollagen peptide possibly reflects the 

synthesis of the fibrous connective tissue in the bone marrow 

1.8 Diagnosis of Paget’s Disease 

A diagnostic evaluation of suspected Paget’s disease includes a careful 

medical history, including the possibility of a positive family history, and physical 

examination (Singer and Coronis 1998).  Appropriate imaging studies and laboratory 
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tests are also considered (Singer and Coronis 1998).  Complications of Paget’s disease, 

for example hearing impairment, bone pain, arthritis, and heart failure, should also be 

tested for (Siris 1996).  A physical examination noting the presence or absence of 

warmth, tenderness, or bone deformity in the skull, spine, pelvis, and extremities, is 

carried out (Siris 1996).  Evidence of loss of range of motion at major joints or leg-

length discrepancy, is also sought. 

Laboratory tests are essential in the diagnosis of Paget’s disease and include 

the measurement of serum alkaline phosphatase and other bone turnover markers as 

previously mentioned (Eastell 1999).  The radiographic study in the diagnosis of 

Paget’s disease is generally established by the characteristic roentgenographic 

appearance of the pagetic lesions (Resnick and Niwayama 1998).  Bone scans are the 

most sensitive means of identifying pagetic lesions, but may miss the “burned out” 

phase (Vellenga et al., 1988).  These scans may also indicate increased bone turnover 

in nonpagetic areas that have degenerative changes or, more ominously, may reflect 

metastatic disease (see Appendix A1.8) (Siris 1996).  Bone scans are best performed 

when the metabolic activity of a specific region of the skeleton needs to be evaluated or 

when documentation of the full extent of the disease is desirable (Singer and Coronis 

1998). 

For the most specific information on the progression of the disease, plain 

radiographs are taken of bone noted to be positive on the bone scan (Singer and 

Coronis 1998). Changes noted on the radiograph are usually characteristic of Paget’s 

disease of bone (Siris 1996).  Radiographs are able to detect cortical thickening, 

expansion of bone, coarsening of trabecular markings, and typical lytic and sclerotic 

changes (Siris 1996).  This form of imaging may also provide information of the status 

of the joints adjacent to pagetic bone and indicate the phase of the disease that 

predominates (lytic or sclerotic).  Radiographs also provide information on the 

presence or absence of fractures, and help ascertain whether bone deformity is present 

(Siris 1996). 

Once a positive diagnosis for Paget’s disease has been established, there is 

no need for repeated bone scans and/or radiographs to monitor the treatment efficacy 

(Siris 1996).  However, if the patient experiences new or worsening symptoms, or 

develops a possible new site of involvement the patient may need to be reassessed 
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(Siris 1996).  In these cases the patient may have an impending fracture or, more rarely, 

a sarcomatous change (Siris 1996).  The only follow up routinely performed in most 

situations is the occasional measurement of the serum alkaline phosphatase levels 

(Singer and Coronis 1998).  As mentioned these levels usually decrease as the 

treatment decreases the amount of bone turnover (Bone and Kleerekoper 1992; Siris 

1996). 

1.9 Treatment of Paget’s Disease 

The asymptomatic nature of Paget’s disease means that many patients 

require no treatment (Singer and Coronis 1998).  Some patients do, however, benefit 

greatly from the administration of drugs that have become available in the last 25 years 

(Singer and Coronis 1998).  Reasons for treating Paget’s disease may include 

preparation for orthopaedic surgery, increased cardiac output, neurological 

compression syndromes, prevention of hearing loss, fracture of pagetic lesion and the 

prevention of skeletal deformity in young patients (Singer 1995).  However, the most 

common reasons for treating Paget’s disease are to alleviate bone pain and to attempt to 

prevent complications of the disease (Singer and Coronis 1998). 

Anitpagetic therapy consists of agents capable of suppressing the activity 

of pagetic osteoclasts (Siris 1996).  Currently two main classes of agent are approved 

and available by prescription; these include calcitonin and the bisphosphonate 

compounds (Siris 1996). Other symptomatic treatment for Paget’s disease may include 

analgesics, antiinflammatory drugs, and selected orthopaedic drugs.  Neurosurgical 

interventions also have roles in management (Siris 1996). 

Calcitonins were the first drugs to show specific antipagetic activity 

(Bijvoet and Jansen 1967).  Salmon calcitonin was first introduced for clinical use in 

1975, followed by human calcitonin in 1987 (Sexton et al., 1999). These agents work 

by binding to specific receptors present on the cell membrane of osteoclasts and 

progenitor cells and rapidly inhibiting bone resorption in vivo and in vitro (Lin et al., 

1991; Takahashi et al., 1995).  However, once the drug is discontinued, patients have 

been shown to have a reactivation of their Paget’s disease (Sexton et al., 1999). 
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Calcitonins are administered by intramuscular or subcutaneous injection, 

usually on a daily basis (Singer and Krane 1998).  These drugs cause a fall in urinary 

hydroxyproline excretion within days and a fall in serum alkaline phosphate levels 

within weeks (Bijvoet et al., 1968). Within two to six weeks bone pain is relieved in a 

high percentage of patients, and the increased cardiac output is reduced (Bouvet 1976; 

Woodhouse et al., 1975).  The increased skin temperature over the lower extremity 

bones is also reduced (Wootton et al., 1978).  Improvements of neurological deficits as 

well as stabilisation of hearing deficits have been noted in some patients (Chen et al., 

1979; el Sammaa et al., 1986).  Less haemorrhaging from orthopaedic procedures has 

also been observed with patients treated preoperatively (Meyers and Singer 1978).  In 

patients with radiologically defined osteolytic lesions, restoration of a more normal 

bone structure occurs after long-term treatment (Nagant de Deuxchaisnes et al., 1980). 

Some patients may suffer from side effects after injection; these may 

include nausea and facial flushing (Lesh et al., 1974).  Other side effects that are less 

common are vomiting, abdominal pain, diarrhoea and polyuria (Singer 1995).  These 

side effects may be troublesome in some patients; however, significant toxicity has 

rarely been reported (Lesh et al., 1974).  Another associated problem of calcitonin is 

the reduction of efficacy of salmon calcitonin in some patients after a variable period of 

benefit (Bone and Kleerekoper 1992).  This may be due to down regulation of 

receptors, but in other instances it may by a consequence of the development of 

neutralising antibodies to the salmon polypeptide (Singer and Ginger 1991). 

Calcitonins remain a valuable component for the care of Paget’s patients, however, for 

most the main drawback is the need for injections (Singer 1995).  For this reason a 

nasal spray that has reduced side effects has been developed, however, it is still 

uncertain whether the long-term efficacy of this delivery mode is equivalent to that of 

injectable calcitonin (Nagant de Deuxchaisnes et al., 1987). 

Another effective treatment for Paget’s disease is the family of drugs 

referred to as diphosphonates (also known as bisphosphonates) (Kanis 1991).  These 

compounds are analogues of inorganic pyrophosphate, having the naturally occurring -

P-O-P- bone replaced with a –P-C-P- bond (Fleisch 1981; Fleisch 1987).  This carbon 

backbone renders these compounds metabolically stable and resistant to chemical and 

enzymatic hydrolysis (Russell and Fleisch 1970). These compounds bind to 
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hydroxyapatite and inhibit the growth and dissolution of hydroxyapatite crystals in 

vitro (Russell and Fleisch 1970).  The mode of action of these drugs is complex and 

likely to involve direct effects on osteoclasts and the interactions between mononuclear 

cells and their recruitment to the osteoclast pool, as well as possible indirect effects on 

these cells through interactions with osteoblasts and macrophages (Boonekamp et al., 

1986; Rogers et al., 1997).  Bisphosphonates have an advantage over calcitonin in that 

some are available as oral preparations (Singer and Coronis 1998). 

Etidronate, the first bisphosphonate approved for human use, is quite 

effective in reducing the activity of pagetic osteoclasts (Smith et al., 1971). However, 

the drug interferes with the mineralisation of newly formed bone (Kanis 1991), and due 

to the interference of bone mineralisation prolonged, this therapy may contribute to the 

development of fissure fractures as well as complete pathologic fractures (Kantrowitz 

et al., 1975).  The fractures are the result of decreased strength of active pagetic bone 

during the resorptive phase and inadequate mineralisation during formation of new 

bone.  This problem is counteracted by cyclically administering the drug, for example 6 

months of therapy followed by 6 months without (Smith et al., 1971).  During the 

course of the treatment urinary hydroxyproline excretion and serum alkaline 

phosphatase activity is reduced; this is accompanied by a reduction in symptoms in the 

majority of patients (Basle et al., 1984; Goldman et al., 1975).  In some patients, the 

biochemical suppression may persist for one year or more, although most patients 

exhibit a return toward pre-treatment levels within six months after cessation of 

therapy (Singer 1995). 

Other bisphosphonates are currently available which are significantly more 

potent then etidronate and are not associated with mineralisation problems. 

Tiludronate is about 10 times more potent, pamidronate (or APD) is in the range of 100 

times more potent, alendronate is approximately 700 times stronger and risedronate is 

more then 1000 times more potent then etidronate (Siris 1996).  The greater potency of 

these drugs allows a majority of patients to experience a normalisation of pagetic 

indices rather than only partial suppression, as seen with calcitonin and etidronate 

(Siris 1996).  As well as the increase in potency of the newer bisphosphonates, they 

also do not induce the mineralisation defect seen for Etidronate (Francis 1969; Frijlink 

et al., 1979). 
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Suppression of levels of urinary markers can often be noted within a few 

days after initial treatment, but the serum alkaline phosphatase may take up to 3 

months (for APD) to reduce to its lowest steady state (Siris 1996).  A successful course 

of therapy can result in one or more years of continued disease suppression, with 

markers of turnover at normal or near-normal levels (Siris 1996). Biopsies from 

patients on treatment have revealed normal patterns of deposition of new bone and 

radiologic improvement (Reid et al., 1996; Siris et al., 1996).  However, there are 

reported side effects associated with bisphosphonate therapy; these include a low-grade 

fever the day after the first dose, flu-like symptoms in the first 24 hours after an 

infusion, and the possibility of mild and transient hypocalcemia, hypophosphatemia, 

and lymphopenia (Kanis 1991; Siris 1996).  Another side effect is upper 

gastrointestinal discomfort or nausea from oral preparations.  Although bisphosphonate 

therapy is quite effective in the majority of pagetic patients, a substantial minority 

suffer from progressive disease with no relief from current treatments. 

Other methods have also been used in the treatment of Paget’s disease, 

many of which relieve the symptoms rather than treat the disease. Analgesics and 

nonsteroidal antiinflammatory agents (NSAIDs) may be used with or without 

antipagetic therapy to relieve pain (Siris 1996).  Plicamycin is a potent cytotoxic agent 

that can produce profound clinical improvement in Paget’s disease (Ryan 1991).  The 

toxicity of this agent, coupled with the availability of alternative safe potent therapy, 

has reduced the need for plicamycin therapy. 

In patients with Paget’s disease, surgical treatment is often deferred or 

withheld (Singer and Coronis 1998).  Reasons for the reluctance to operate include 

advanced age, technical problems associated with operations on sclerotic bone, fear of 

excessive haemorrhage from bone or adjacent soft tissue, the possibility of delayed 

union or non-union, and speculation that surgery may predispose the patient to 

osteosarcomas (Singer and Coronis 1998).  The most common reason for orthopaedic 

surgery is total hip and other joint replacements (Ludkowski and Wilson-MacDonald 

1990). The success in relieving pain and improving mobility is excellent.  To reduce 

the chance of excessive haemorrhage from bone or adjacent soft tissue, calcitonin or 

bisphosphonate therapy should commence at least 3 months before an orthopaedic 

procedure (Singer and Krane 1998). 
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Neurosurgical intervention is sometimes required in cases of spinal cord 

compression or spinal stenosis (Siris 1996). Much less commonly required are 

suboccipital craniectomy and upper cervical vertebral laminectomy in patients with 

symptomatic basilar impression (Wycis 1944). Ventricular shunting in patients with 

hydrocephalus is sometimes required (Dohrmann and Elrick 1982). As improved 

therapies have emerged, long-term suppression of pagetic activity has a preventive role 

in Paget’s disease and may obviate the need for surgical management in many cases 

(Siris 1996). 

1.10 Aetiology of Paget’s Disease 

Despite intensive investigation, the basis for the osteoclast abnormality and 

therefore the aetiology of Paget’s disease remains unknown (Siris 1996).  However, 

existing data from several different areas of investigation have provided a number of 

useful working hypotheses.  Speculation as to the cause of Paget’s disease began with 

the first paper published by Sir James Paget (Paget 1877), in which he suggested that 

Paget’s disease was an inflammatory disorder.  This view gained support when patients 

showed an improvement when treated with anti-inflammatory agents (Henneman et al., 

1963). 

Since the initial description of this disorder many other theories have also 

been presented, including a generalised disorder of connective tissue, a primary 

vascular disease, an autoimmune disorder, and a disorder of hormone secretion 

including growth hormone, parathyroid hormone, and calcitonin (Singer and Krane 

1998).  A benign neoplastic process was also suggested, in which the primary event 

was the activation of an abnormally large number of osteoprogenitor cells (Rasmussen 

and Bordier 1974).  A viral theory was first presented in 1975, after ultrastructual 

studies found nuclear inclusions in pagetic cells (Rebel et al., 1975), and continues to 

gain support from independent researchers.  Reports of familial aggregation of cases 

have led some investigators to argue that an autosomal dominant pattern of inheritance 

is present (Jones and Reed 1967; McKusick 1972; Melick and Martin 1975). To date 

no unequivocal evidence has yet been presented to support any of these hypotheses.  
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The two most studied theories for the aetiology of Paget’s disease are the 

viral and genetic theory (Barry 1969; Mills and Singer 1987).  These two theories have 

been researched for more than 20 years but neither has yet been shown to be the 

primary cause of Paget’s disease.  Some researchers now combine these two theories 

suggesting that there is a viral infection in a genetically susceptible host (Siris 1998). 

1.10.1 Viral Theory of Paget’s Disease of Bone 

Viruses were first suggested as a cause of Paget’s disease in 1974, when 

Rebel found nuclear inclusion bodies in pagetic osteoclasts thought to resemble 

nucleocapsids of the paramyxovirus family (Rebel et al., 1974).  Identical inclusions 

have also been noted in pagetic osteoclasts in the United States, Germany, Italy, 

Canada, England and Japan (Abe et al., 1995; Gherardi et al., 1980; Harvey et al., 

1982; Howatson and Fornasier 1982; Mills and Singer 1976; Schulz et al., 1977). In 

these studies, viral-like inclusions were not found in nonpagetic cells of patients and 

were not seen in osteoclasts from normal subjects.  However, identical inclusions have 

been found in osteoclasts from bone diseases that do not have a viral origin like 

pyknodysostosis, giant cell tumours, osteopetrosis, and in macrophages from patients 

with oxalosis (Beneton et al., 1987; Bianco et al., 1992; Mills et al., 1988; Vacher-

Lavenu et al., 1981).  Due to these findings it has been proposed that the inclusions 

may not represent viruses, but other endogenous cellular structures that are simply a 

feature of abnormal multinucleated cells (Bianco et al., 1992). 

The virus-like inclusions are thought to resemble the nucleocapsids of the 

members of the paramyxovirus family, but debate continues as to whether the putative 

virus is respiratory syncytial, measles, canine distemper, simian, parainfluenza, or 

adenovirus (Figure 1.13 B,C) (Basle et al., 1985).  In 1980, Rebel and colleagues 

reported that antisera directed against measles virus produced positive 

immunofluorescent and immunoperoxidase reactions in the osteoclasts of patients with 

Paget’s disease (Rebel et al., 1980).  Mills and colleagues could not replicate these 

results, however, finding instead respiratory syncytial virus antigens in osteoclasts and 

cultured mononuclear cells from pagetic bone (Mills et al., 1981).  Later, it was 

confirmed that measles virus nucleocapsid protein antigens were detectable in patients 

with Paget’s disease (Mills et al., 1984).  This study also reported that in some sections 

of pagetic bone both measles virus and respiratory syncytial virus were detectable in 
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the same osteoclasts. Another immunohistological study has not only demonstrated 

measles viral antigens but also simian virus, parainfluenza virus, and adenovirus type 5 

antibodies (Basle et al., 1985).  The authors also noted the presence of both the measles 

and respiratory syncytial virus in the same osteoclasts. 

Paramyxoviral-like antigens have also been found in both mononuclear and 

multinucleated cells generated from the marrow of pagetic lesions established in long 

term cultures (Mills et al., 1994). It has also been noted that paramyxovirus antigens 

are not only present in osteoclasts of patients with Paget’s disease, but also present in 

several patients with osteopetrosis (Mills et al., 1988). These patients also had 

inclusions similar to those seen in pagetic patients.  

More recently, sensitive molecular techniques have been employed to try to 

identify the nature of the nuclear inclusions. In situ hybridisation has been used to 

detect measles virus in not only osteoclasts but also in osteoblasts, osteocytes, 

fibroblasts, and other marrow elements (Basle et al., 1986).  An English study using 

RNA hybridisation demonstrated that the nucleocapsid and fusion genes of canine 

distemper virus were present in some bone samples of bone from pagetic patients 

(Gordon et al., 1991), as well as in osteoblasts, osteocytes, fibroblasts, and monocytes. 

However, the measles virus was not detected.  Results of a more recent study using 

reverse transcription in situ, suggest the presence of canine distemper virus in 100% of 

Paget’s disease cases (Mee et al., 1998). 

Another approach that has been pursued is the use of reverse transcriptase 

polymerase chain reaction (RT-PCR) to identify viral transcripts in pagetic bone 

marrow cells (Reddy et al., 1995).  In this study Reddy observed that 5 out of 6 

patients had positive results for measles virus nucleocapsid transcripts whereas none of 

the 10 normal subjects had detectable transcripts.  Gordon and colleagues found that 8 

out of 13 pagetic bone specimens had canine distemper viral transcripts, whereas 1 of 

10 had measles sequences (Gordon et al., 1991). However, other groups around the 

world have failed to confirm these results (Birch et al., 1994; Nuovo et al., 1992; 

Ralston et al., 1991).  In a more recent study Ralston and co-workers used a highly 

sensitive nested PCR technique with multiple primer pairs to detect evidence of viral 

mRNA in pagetic lesions (Ralston et al., 1997). This experiment failed to detect 

measles, canine distemper, respiratory syncytial, or other paramyxovirus. 
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One interesting finding has been that measles viral transcripts are present in 

both bone marrow mononuclear cells and a variety of peripheral blood cells from 

pagetic patients, including the osteoclasts precursor, granulocyte macrophage colony 

forming units (CFU-GM), peripheral monocytes, and multipotent myeloid progenitors 

(Reddy et al., 1996). It has been suggested that these cells act as the reservoir for the 

virus, but only osteoclasts allow full expression of the virus.  However, if peripheral 

blood cells are infected, it is unknown why osteoclasts throughout the skeleton do not 

all demonstrate viral infection and produce widespread Paget’s disease; instead Paget’s 

disease is very localised with new lesions a very rare occurrence.  

Epidemiological studies have also been carried out to look at the association 

between dog ownership and Paget’s disease, based on the theory that canine distemper 

virus causes Paget’s disease. One study has reported a positive association between 

dog ownership and Paget’s disease (O'Driscoll and Anderson 1985).  Other studies 

based in the United Kingdom found no overall relationship between dog ownership and 

the disease, but a positive relationship between owning a nonvaccinated dog and 

Paget’s disease (Khan et al., 1996). In this study owning a cat or bird were shown to 

be stronger risk factors for Paget’s disease than owning a dog.  A similar study carried 

out in the United States produced no evidence to support association between dog 

ownership and Paget’s disease (Siris 1994). 

For all who support the viral theory there are also many who oppose this 

theory for a number of different reasons.  Firstly, the nuclear inclusions have not been 

found in all patents with Paget’s disease (Ralston et al., 1991), with only a few groups 

reporting such inclusions (Basle et al., 1986; Mee et al., 1998).  Similar inclusions 

have also been found in cells from other diseases and in subjects without Paget’s 

disease (Beneton et al., 1987; Mills et al., 1988).  The positive in situ hybridisation 

studies for viral probes have reported detection of viruses in the absence of signal for 

viral genome (Ralston and Helfrich 1999).  However, in a true paramyxovirus 

infection, usually there is signal for both mRNA and genomic RNA. Another 

discrepancy appears when comparing the in situ hybridisation studies with the 

ultrastuctural studies.  The in situ hybridisation studies indicate that the viral infection 

is in virtually all bone cells (Reddy et al., 1996), whereas the ultrastuctural studies 

show that the inclusions are present exclusively in the osteoclasts (Mee et al., 1998). 
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Finally, not all groups have been able to detect the presence of viral transcripts using 

RT-PCR techniques (Ralston et al., 1997). 

The evidence presented so far is insufficient to substantiate claims for the 

“unequivocal” presence of paramyxovirus in pagetic bone; molecular targets for the 

probes used may be endogenous mRNA and proteins rather than viruses (Mee et al., 

1998). The viral theory continues to fascinate but remains unproven, as no virus has 

yet been purified from pagetic cells (Siris 1998).  The presence of viral nucleocapsid-

like material in other bone disorders rases the possibility that the virus is a non

aetiological fellow traveller in a cell altered by some other mechanism (Siris 1998). 

1.10.2 Genetic Theory of Paget’s Disease of Bone 

To understand the genetic theory of Paget’s disease, it is important to 

discuss the principle of genetic linkage analysis.  This form of analysis will be the 

method used for chapter 4 and 5 of this thesis.  The next section outlines the important 

aspects that will be necessary for the remainder of this review and thesis. 

1.10.2a Genetic Linkage Analysis 

The primary tool for gene localisation is linkage analysis, which refers to 

the ordering of genetic loci on a chromosome and estimating genetic distances between 

them (Borecki and Suarez 2001). While the theory of this approach has long been 

known, advances in recent decades in molecular genetics, in the development of 

efficient computational algorithms, and in computing power have enabled the large-

scale application of this method. 

With the advent of the polymerase chain reaction (PCR) and DNA 

sequencing, investigators have found non-disease causing sequence variations 

(polymorphisms) that are distributed throughout the genome (Donis-Keller et al., 1987; 

Hamada and Kakunaga 1982; Jeffreys et al., 1985; Miesfeld et al., 1981; Nakamura et 

al., 1987; Weber and May 1989).  These polymorphisms are genetic entities that follow 

a Mendelian mode of inheritance and can be used as genetic markers (Bradley et al., 
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1995). Some of these polymorphisms can lead to the creation or removal of a 

restriction enzyme site; this is referred to as a restriction fragment length 

polymorphism (RFLP) (Donis-Keller et al., 1987; Kan and Dozy 1978). Other regions 

of the genome contain tandemly repeated units of sequence that show extensive 

variation in the number of repeats (Jeffreys et al., 1985; Nakamura et al., 1987).  These 

highly polymorphic markers are known as variable number of tandem repeats (VNTRs) 

or minisatellites.  However, these VNTRs tend to cluster around the telomere and are 

not distributed evenly throughout the genome.  The markers most commonly used in 

linkage analysis are known as microsatellites.  These highly polymorphic dinucleotide 

repeat sequences are distributed evenly throughout the genome at a distance of about 

30-60 Kb (Miesfeld et al., 1981; Weber and May 1989).  Many of these genetic 

markers are able to be detected by PCR (Saiki et al., 1988). 

The usefulness of genetic markers for linkage analysis depends on the 

number of alleles and their frequencies (Ott 1999). The term alleles is given to the two 

versions of a gene or marker, one on each of a pair of homologous chromosomes. 

Alleles may be identical or different, but occupy the same position on the homologous 

chromosome (Bradley et al., 1995).  RFLPs are di-allelic and have a maximum 

heterozygosity of 50%, whereas minisatellites and microsatellites may have many 

different possible alleles at a given genetic locus, making them ideal markers for 

linkage analysis (Weber and May 1989).  In linkage analysis, phenotypic data (the 

observable characteristic of an individual, which results from interactions between 

genotype and the environment) is used as a di-allelic marker, that is, the disease 

phenotype classed as one allele and the non-diseased phenotype classed as a second 

allele (Terwilliger and Ott 1994).  Alternatively, a quantitative trait can be used as a 

marker (i.e. serum alkaline phosphatase (SAP) levels) in the same way that a disease is 

used as a marker; this is referred to as Quantitative Trait Analysis (QLT analysis). 

However, as the majority of biochemical markers are normalised for people under 

treatment for Paget’s disease it proves to be an ineffective means to calculate linkage. 

Affected individuals with a normal SAP would be treated to same way as unaffected 

people with normal SAP levels. 

Linkage refers to the physical proximity of loci along a chromosome 

(Borecki and Suarez 2001).  Two loci are linked because of their physical connection 

by a stretch of DNA and are sufficiently close together that their alleles tend to co
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segregate within a family.  This co-segregation of haplotypes (the alleles, at different 

loci, received by an individual from one parent) can be interrupted by recombination 

(Borecki and Suarez 2001). A recombination event occurs between two loci at a rate 

related to the distance between them on the same chromosome (Terwilliger and Ott 

1994). Therefore, if two loci are in close proximity to each other, they will have only a 

small chance of recombination between them. With increasing distance, an increasing 

number of recombination events are expected to occur.  Linkage analysis is based on 

the co-segregation of two or more loci together more often than should occur by chance 

(Terwilliger and Ott 1994).  If two loci segregate together most of the time, it is very 

likely that they are physically located very close to each other on the same 

chromosome.  Two genes are completely linked when a parent can produce only non

recombinant offspring, and linkage is absent when a parent tends to produce both 

recombinant and non-recombinant haplotypes in equal proportions (Ott 1999). 

The recombination fraction (theta, θ) is referred to as the probability of a 

recombination event occurring between two loci (Terwilliger and Ott 1994).  When 

two homologous chromosomes segregate independently, an allele at one locus on one 

chromosome segregates together with a given allele at another locus on another 

chromosome with 50% probability, this equates to a recombination fraction of 0.50 

(Terwilliger and Ott 1994).  The recombination fraction ranges from θ = 0.00 for loci 

close to each other through θ = 0.50 for unlinked loci far apart or on a different 

chromosome.  Thus, for small intervals, the recombination fraction directly measures 

the genetic map distance.  The genetic map distance (in units of Morgans) between two 

loci is defined as the expected (average) number of recombination events occurring on 

a single chromosome between the loci (Ott 1999). For example, in the gametes passed 

from parents to offspring, chromosome 1 exhibits an average of 3.8 recombination 

points, giving a genetic map distance of 3.8 Morgans. 

The object of linkage analysis is to estimate θ and to test if θ is less than 

0.50; that is, whether an observed deviation from 50% recombination is statistically 

significant (Terwilliger and Ott 1994).  However, because the numbers of offspring 

within human families are relatively small, it makes it necessary to combine 

information on the distribution of recombinants across families and, to consider how to 

statistically test for the presence of linkage (Borecki and Suarez 2001).  Morton (1955) 
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introduced the concept of the LOD score (the logarithm of an odds ratio).  A LOD 

score is the likelihood of observing a specific genotype in a family given linkage 

between the markers at a particular recombination fraction versus the same probability 

computed under the null hypothesis of independent assortment (θ = 0.5) (odds ratio = 

likelihood [θ]/likelihood [θ0.5]) (Morton 1955).   

For ease of comparison, the base 10 logarithm of the odds ratio is reported 

(Morton 1955). Therefore, the LOD score is equal to the log10 of the ratio of the 

probability that two markers are linked with a given recombination value divided by 

the probability that they are unlinked.  The LOD score is calculated for several values 

of θ (θ = 0.0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4) (Ott 1999).  The plausibility of the data will 

be largest for one specific θ value, (i.e. where the LOD score reaches its maximum) 

which is the most likely estimate for θ. The LOD score method is an extremely 

powerful method for linkage analysis, however due to the size and complexity of some 

families it has not been a widely used technique (Borecki and Suarez 2001).  In 1971, 

Elston and Stewart provided an algorithm by which the likelihood of more complex 

pedigrees could be computed (Elston and Stewart 1971).  In 1974, Jurg Ott provided 

the first user-friendly computer program (LINKAGE) to quickly compute LOD scores 

in arbitrary pedigrees (Ott 1974).   

A LOD value of 3.0 means that there is the odds of 1/1000 that the result 

was a chance occurrence; this value is generally regarded as strong evidence for 

linkage at the test recombination fraction (Morton 1955). This means that the linkage 

hypothesis is 103 times more likely than the hypothesis that the two loci are not linked. 

Alternatively, a LOD score of –2.0 (odds ratio = 1:100) is taken as evidence against 

linkage.  For complex diseases it has been recommended that a p value of <0.0023, 

which corresponds to a LOD score > 1.75, should be considered as "highly suggestive" 

evidence of linkage (Rao and Province 2000).  In the same paper it was also proposed 

that a LOD score ≥ 1.50 (but less than 1.75) is considered to be "suggestive" of 

linkage.  

The initial step in undertaking linkage analysis is to obtain a number of 

families inheriting the disease phenotype of interest, or a family of significant size, 

willing to participate in the study (Terwilliger and Ott 1994).  Ideally there should be 

several affected individuals in one sibship and, if possible, should extend past a nuclear 
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family. A clinician should be responsible for diagnosis and decisions should be made 

blind with regard to genetic marker determinations (Terwilliger and Ott 1994).  The 

penetrance of the disease, which refers to the conditional probability of observing the 

corresponding phenotype given the specified genotype (Ott 1999), and the disease gene 

frequency should also be calculated before linkage is carried out.  Complete penetrance 

occurs when the characteristic is seen in all individuals known to possess the gene. In 

Paget’s disease of bone the individuals do not show the effects of the disease until later 

in life (mean age of diagnosis is 58 ± 10 years) (Good et al., 2001); this is known as 

age-dependent penetrance. 

Before marker typing, it is possible to estimate the expected LOD score or 

the power for detecting linkage with the given family data (Terwilliger and Ott 1994). 

This is usually done by computer simulation using the assumption that it is possible to 

find a marker close to the disease gene.  In general, a single “virtual” marker tightly 

linked (within 1 cM) with the disease is used (Terwilliger and Ott 1994).  Simulations 

are reliable only when carried out with reasonable parameter values.  Misspecification 

of other parameters of the genetic model for the disease results in inaccurate estimates 

of the strength of the linkage relationship (Ott 1999).  For example, if actual penetrance 

for the disease is 50% but you assume 80%, the simulation indicates more power than 

is available in the data, and the results of the linkage analysis will be less then expected 

(Terwilliger and Ott 1994).  Also, the simulation should allow for phenocopies and the 

chance that the disease arose as a spurious mutation in some individuals. 

For marker typing, blood must then be obtained from both affected and 

unaffected family members for DNA extraction.  Initially, markers should be relatively 

far apart from each other and “suggestive” LOD scores should be followed up by 

typing additional markers or using markers more informative in the vicinity of a 

promising LOD score (Elston 1993). To generate a LOD score, pedigree files that 

contain the description of the pedigree to be analysed should then be created 

(Terwilliger and Ott 1994).  This file should include a pedigree identifier, the 

individual’s ID, the individual’s father and mother, sex and genetic data.  The first 

genetic locus is the disease information; the phenotypic data (affection status) is 

usually entered as, 2 if the individual is affected, 1 if unaffected, and 0 if the person’s 

affected status is unknown.  The genetic marker information is entered with different 

integers corresponding to each of the different alleles represented within the population 
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(i.e. a marker might produce 7 variants with in a population; each variant can be 

numbered from 1 to 7).  Once these pedigree files have been created, in the format 

specified for the computer program you intend to use, linkage analysis can be carried 

out.  Most computer programs calculate a LOD score for the family at each genetic 

marker at a number of different θ (Terwilliger and Ott 1994).  It is important that the 

same model used for the simulation is also used of the actual linkage.  Changes in gene 

frequency, penetrance estimates, and diagnostic criteria can significantly affect the 

results of linkage analysis (Terwilliger and Ott 1994).   

Linkage studies continue to play an important role in gene localisation 

(Borecki and Suarez 2001).  Many methods and models have been developed to exploit 

the genetic information present in pedigrees of sibling pairs to extended pedigrees.  In 

the case of Paget's disease, linkage analysis has been the most widely used technique 

for the localisation of a locus that may harbour a causative gene and will be the 

technique used for the majority of this thesis. 

1.10.2b Genetic of Paget’s Disease of Bone 

For more then 25 years after the initial discovery of Paget’s no traces of the 

disease was reported in multiple family members.  However, in the early 1900’s the 

first families with more than one Paget’s patient were reported (Kilner 1904; Smith 

1905; Stahl 1912).  Since this time there have been many other reports of familial 

Paget’s disease.  There are two main reasons that may be attributed to the paucity of 

reported families with multiple affected members: the late age of onset and the high 

percentage of asymptomatic cases (Van Hul 1999).  Therefore, the incidence of 

familial Paget’s disease may well be underestimated.  As with the viral theory, the 

precise role of genetic factors in the pathogenesis of Paget’s disease remains unclear. 

In the families that have already been studied, Paget’s disease affects both 

men and women, but is slightly more common in men (Cooper et al., 1999).  The 

disease seems to be transmitted through either parent, suggesting an autosomal 

dominant mode of inheritance (McKusick 1972).  As previously mentioned, Paget’s 

disease demonstrates certain geographic and ethnic characteristics; it appears to be 

common in Great Britain, Australia, the United States, certain areas of continental 
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Europe, and regions of the world influenced by European migration (Fraser 1997). 

Paget’s disease is extremely rare in China and most sub-Saharan Africa (Detheridge et 

al., 1982; Rosenbaum and Hanson 1969).  Both the family data and the demographics 

are good indicators that there is a strong genetic basis for the disease. 

Several epidemiological studies now support the genetic theory of Paget’s 

disease.  One study recorded a tenfold increased prevalence among the parents and 

siblings of patients compared with the patient’s spouses (Sofaer et al., 1983). Many 

clinical studies have now estimated that 15% to 30% of Paget’s patients have a positive 

family history (Siris 1996).  More recently, epidemiological studies have looked at 864 

patients with diagnosed Paget’s disease compared with 500 age-matched controls (Siris 

1994). A positive family history was noted in 12% of the patients, compared with only 

2% of controls.  This study suggested a relative risk 7 times greater for an individual 

with a first-degree relative with Paget’s disease developing the disease themself 

compared with a subject without an affected first degree relative (Siris 1994). The 

cumulative risk for developing Paget’s disease, up to age 90, for a first-degree relative 

of a patient was 9% compared with 2% in individuals with unaffected relatives. 

Familial aggregation studies indicate that the risk increases if the relative’s case was 

severe with obvious bone deformity or if diagnosed before age 55 (Siris et al., 1991). 

A recent study from Spain, utilising bone scans to identify subclinical disease, 

documented that 40% of these pagetic patients had at least one affected first-degree 

relative (Morales-Piga et al., 1995). 

The first linkage studies of Paget’s disease used the highly polymorphic 

HLA loci (chromosome 6p21) (Fotino et al., 1977).  Three American families, with 29 

informative children were typed at the HLA-A, -B and –C loci.  Segregation of HLA 

haplotype with Paget’s disease gave a LOD score of 2.44 at a recombination fraction of 

0.108 (Fotino et al., 1977).  The HLA locus is now referred to as PDB1 (MIM 

167250). A subsequent study in New Zealand extended the data of Fotino and 

colleagues to increase the LOD score to 3.69 (Tilyard et al., 1982).  However, further 

linkage studies in this region have failed to confirm or support these results (Breanndan 

Moore and Hoffman 1988).  A subsequent report has suggested that the HLA locus is 

unlikely to play a major role in the aetiology of Paget’s disease (Laurin et al., 1999). 
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Familial expansile osteolysis (FEO [MIM 17810]) is a rare, autosomal 

dominant bone dysplasia sharing similar characteristics to Paget’s disease (Wallace et 

al., 1989).  FEO has been described in a large Northern Irish pedigree (Osterberg et al., 

1988; Wallace et al., 1989).  In this disorder pagetic-like lesions usually develop in the 

long bones during late adolescence to early adulthood.  These lesions show increased 

osteoblast and osteoclast activity, however the lesions never become sclerotic. 

Osteoclasts from patients with FEO have been shown to contain paramyxoviral-like 

inclusions similar to those found in some pagetic osteoclasts (Dickson et al., 1991). It 

was proposed that FEO and Paget’s might be allelic variants of the same gene (Hughes 

and Barr 1996).  Allelic variants are seen in other disorders, for example, Duchenne 

and Becker muscular dystrophies, in which different mutation in the same gene lead to 

different phenotypic presentations (Koenig et al., 1989). 

Recent studies have demonstrated tight linkage between FEO and several 

polymorphic markers in a region of chromosome 18q21.2-18q21.3, with a maximum 

two-point LOD score of 11.53, at marker D18S64 with no recombination (Hughes et 

al., 1994). To test the possibility that FEO and Paget’s are allelic variants of the same 

gene, linkage analysis was performed on pagetic families in the region of positive 

linkage for FEO.  The first study looked at a large kindred with Paget’s disease, using 

12 microsatellite markers from the region of 18q21.2-18q21.3 surrounding the FEO 

locus (Cody et al., 1997). A maximum LOD score of 3.44 was reported between the 

Paget’s disease locus and D18S42.  One subject had Paget’s disease but did not carry 

the putative disease haplotype.  The region was bounded proximally by a 

recombination event at D18S39, however the distal boundary was undefined and it is 

possible that the region of linkage in this pedigree extends teloemetrically.  This region 

has been referred to as the PDB2 (MIM 602080) site and its identification supports the 

theory that FEO and Paget’s may be two different mutations in the same gene, or two 

separate genes closely linked in position on the chromosome. 

One of the more serious complications of Paget’s disease is osteosarcoma 

(Barry 1969; Collins 1966). Approximately 1% of Paget’s patients develop 

osteosarcoma, which represents an increase in risk several thousand-fold over that of 

the general population (Hadjipavlou et al., 1992).  Although these osteosarcomas only 

occur in 1% of pagetic patients, they contribute significantly to the morbidity and 
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mortality of the disease.  Analysis of tumour-specific loss of constitutional 

heterozygosity (LOH) is a method used to identify tumour suppressor loci in cancer 

(Hansen and Cavenee 1988).  LOH was used to map the loci for osteosarcomas.  A 

high frequency of LOH was reported on chromosomes 3q, 13q, 17p, and 18q 

suggesting that these regions may play a role in the development of osteosarcomas 

(Yamaguchi et al., 1992).  In a study of sporadic and pagetic osteosarcomas, the 

boundaries of the location were reduced to a region between the marker D18S60 and 

D18S42, the same loci to which FEO and Paget’s disease show evidence of linkage 

(Nellissery et al., 1998).  This study has identified a putative tumour-suppressor locus 

within the region tightly linked to familial Paget’s disease on chromosome 18q.   

To attempt to support the findings suggesting linkage to the PDB2 region, 

one study tested eight families at this locus using seven polymorphic markers (Haslam 

et al., 1998). Only five out of the eight families demonstrated a positive LOD score, 

while the other three families showed no linkage in this region (Haslam et al., 1998). 

A recent French study has reported clear linkage to this region in a French pedigree, 

with a maximum LOD score of 3.10 at marker D18S68 (Lucotte 1999).  However, 

other studies of families with diverse ethnic backgrounds (UK, Australia, New Zealand 

and America) with inherited Paget's disease have failed to find linkage to this locus, all 

reporting LOD scores under –2.0 (Haslam et al., 1998; Hocking et al., 2000; Nance et 

al., 2000).  Linkage analysis now suggests that linkage to PDB2 is relatively 

uncommon in Paget’s disease.  PDB2 thus probably represents only a minor locus. 

The exclusion of both PDB1 and PDB2 loci in some large multiplex Paget’s disease 

families from diverse ethnic backgrounds further suggests evidence of genetic 

heterogeneity (Haslam et al., 1998). 

A gene essential for osteoclast formation, TNFRSF11A encoding the 

receptor activator of nuclear factor-κB (RANK), maps to 18q21.2-21.3 [MIM 603499] 

(Anderson et al., 1997). RANK is a member of the tumour necrosis factor (TNF) 

receptor family.  Interactions between RANK and TNF receptor-associated factor 2 

allow the translocation of RANK to the nucleus where it can induce nuclear factor-κB 

signalling (Anderson et al., 1997).  RANK appears to be expressed primarily in both 

osteoclast precursors and in mature osteoclasts (Anderson et al., 1997). Its associated 

ligand (RANKL) is expressed on marrow stromal cells and osteoblasts (Udagawa et 

al., 1999). Both RANK and RANKL have been shown to be essential for 
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osteoclastogenesis (Hofbauer and Heufelder 1998; Lacey et al., 1998).  Factors 

including 1,25-Dihydroxyvitamin D3, interleukin 1, interleukin 11, and prostaglandin 

E2 appear to induce osteoclast differentiation indirectly by up-regulating RANKL 

expression on marrow stromal cells (Yasuda et al., 1998). 

Due to the chromosomal location of the TNFRSF11A (18q21.2-21.3), and 

the evidence of linkage of FEO and some Paget’s families to the same region, the 

TNFRSF11A gene was a prime candidate for both Paget’s disease and FEO.  DNA 

sequencing of two different FEO families, one from Northern Ireland and one from 

America, revealed an 18 base pair in-frame insertion in the signal peptide of the 

TNFRSF11A gene that segregates with affected members of the pedigree (Hughes et 

al., 2000).  This insertional mutation was a tandem duplication of bases 84 to 101 in 

exon 1, resulting in stabilisation of the RANK protein and causing an increase in 

signalling (Hughes et al., 2000).  This mutation was also present in one affected male 

from a German family diagnosed with osteolytic expansile Paget’s disease of bone. 

To test whether this mutation was present in patients with Paget’s disease, 

Hughes and co-workers screened 90 sporadic Paget’s patients and four families with 

familial Paget’s disease linked to chromosome 18 (Hughes et al., 2000).  None of the 

sporadic patients nor the four familial cases contained the 84dup18 mutation.  A larger 

insertional mutation in exon 1 of the TNFRSF11A gene, involving bases 75-101 

(75dup27), was reported in one of the four families with Paget’s disease (Hughes et al., 

2000). This family was of Japanese origin and affected individuals studied did not 

express classical Paget’s disease; subjects presented in their teens and early twenties 

with bone pain or deformity, all patients had dental problems and several had hearing 

impairment at a young age (Hughes et al., 2000).  It is uncommon for pagetic patients 

to have tooth loss and hearing loss at an early age, however both of these features are 

more common in the FEO phenotype (Hughes and Barr 1996).  This raises the question 

of whether the families had Paget’s disease or a mild version of FEO. 

Both the 84dup18 and 75dup27 insertions affect the signal peptide region of 

the RANK molecule and cause an increase in RANK-mediated nuclear factor-κB (NF-

κB) signalling in vitro, consistent with activating mutations (Hughes et al., 2000). 

Expression of recombinant forms of the mutant RANK proteins revealed perturbations 

in expression levels and lack of normal cleavage of the signal peptide. An Australian 
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study recently examined the prevalence of these exon 1 mutations in 82 sporadic and 

23 index familial Paget’s disease patients (Kormas et al., 2000).  The TNFRSF11A 

insertion mutations were not found in any of these patients.  In a more recent report the 

results of mutation analysis of the 10 exons of the TNFRSF11A gene for 28 Paget’s 

disease patients (24 sporadic and 4 familial cases) were reported (Wuyts et al., 2001). 

No mutations in the TNFRSF11A coding regions could be identified, and allelic 

frequencies of TNFRSF11A polymorphisms did not differ in Paget’s disease patients as 

compared with the random population.  These data suggest that mutations in the coding 

region of TNFRSF11A gene are not responsible for the majority of Paget’s disease 

cases. 

Recently, genetic linkage analysis in 24 large French Canadian families 

with Paget’s disease has been reported (Laurin et al., 2001). The strongest evidence 

for linkage was on chromosome 5q35-qter with a maximum LOD score of 8.58 under 

heterogeneity. Of the 24 families, all patients from 8 families contained the same 

characteristic haplotype.  A recombination event in a key family confined the disease 

region to within a 6 cM interval between D5S469 and the telomere.  The other 16 

families were analysed to map a second locus at 5q31 with a maximum LOD score of 

3.70 (Laurin et al., 2001).  Another genome-wide scan has supported the result on 5q35 

(Hocking et al., 2001).  This study reported on the results of 319 individuals from 62 

kindreds with familial Paget’s disease.  When the data was analysed using the model of 

homogeneity, only chromosome 5q35 had evidence of suggestive linkage (LOD = 1.9). 

Analysis of the data under a heterogenetic model revealed linkage on chromosome 

5q35 (LOD = 3.0), 2q36 (LOD = 2.7) and 10p13 (LOD = 2.6).  The strongest candidate 

locus for Paget’s disease was a 24 cM region on chromosome 5q35 between D5S400 

and D5S2006 (Hocking et al., 2001). 

It is quite clear that Paget’s disease has a strong genetic component, as is 

indicated by the familial tendency and the geographic distribution (Fraser 1997; 

Morales-Piga et al., 1995). Genetic studies to date have provided us with two 

susceptibility regions, PDB1 and PDB2, on chromosomes 6 and 18, respectfully (Cody 

et al., 1997; Fotino et al., 1977). However, more recent data suggest that only a small 

percentage of familial Paget’s disease cases are linked to both these regions (Hocking 

et al., 2000; Laurin et al., 1999). These studies suggest that there is more than one 

predisposition gene for Paget’s disease.   
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1.11 Conclusions

Paget's disease of the bone is a common bone disorder of unknown 

aetiology.  Excessive and abnormal remodelling of bone, brought about by increased 

bone resorption and formation, results in bone that is expanded in size, less compact, 

more susceptible to deformity or fracture than normal.  The primary abnormality seems 

to reside within the osteoclast, which in Paget’s disease are larger and more 

multinucleated then a normal osteoclast.  Whilst there is some evidence of involvement 

of viral infection in the aetiology of this disease, there is also strong evidence of a 

genetic component.  Focusing on the genetic component of this disease provides an 

extremely useful approach for uncovering the key bone remodelling regulatory 

pathways that impact on both Paget's disease and other bone diseases of considerable 

health importance. 

Paget's disease is the second most common metabolic bone disorder after 

osteoporosis, affecting approximately 3% of the population over the age of 40 years. 

This disease is common in regions affected by European migration and is rare in 

regions that have had little to no European migration, including Asia and regions in 

Africa. Family studies have revealed that a positive family history occurs in 15 - 40% 

of patients with at least one affected first-degree relative.   

Several different regions have been identified as linked to Paget's disease. 

The first loci reported is located on chromosome 6p21 (PDB1), however, most studies 

have failed to support this region as a disease locus.  The PDB2 loci located on 

chromosome 18q21.2-18q21.3 has also only been detected in a small number of 

families.  Within this region lies a gene responsible for osteoclast formation encoding 

the receptor activator on nuclear factor-κB (RANK). Mutations in the RANK gene 

have been shown to segregate in some pagetic families.  More recently two separate 

genome-wide scan studies have shown linkage to the same region on chromosome 

5q35-qter. With increased reports of genetic linkage it is becoming evident that Paget's 

disease has a strong genetic component.  It also highly likely that Paget's disease may 

be caused by a number of different genes. 
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1.13 Aims and Hypothesis 

The major hypothesis of this project is that Paget's disease is the result of a 

genetic abnormality.  It is also believed that linkage analysis will enable us to identify 

genetic loci that may harbour a gene for Paget's disease of bone.  With this in mind, the 

aims of this project are: 

1) To identify a large Australian pedigree suitable for genetic linkage studies. 

2) To test for genetic linkage to the two regions previously implicated (PDB1 on 

chromosome 6 and PDB2 on chromosome 18). 

3) To perform a genome wide scan to detect other candidate Paget’s disease 

susceptibility loci. 

4) To fine map regions found by a genome wide scan. 

5) To identify and sequence candidate genes within regions of linkage. 

1.14 Significance 

This work will aid in the identification of loci that may harbour genes that 

cause Paget's disease of bone. This in turn will enable the localisation and 

characterisation of the genes responsible for this disorder. The identification of genes 

for Paget's disease is fundamental to an understanding of the causes of the disease, for 

identifying subjects at risk at a preclinical stage, and for the development of more 

effective preventive and therapeutic strategies for the management of the condition. 

60 




Materials and Methods 

CCHHAAPPTTEERR 22:: MMAATTEERRIIAALLSS AANND
D

MMEETTHHOODDS
S

61 




Materials and Methods 

2.1 Materials 

This chapter describes the general methods that were used throughout these 

studies. More specific methods are described in each chapter. 

All reagents, unless otherwise stated, were analytical grade and were 

supplied by Sigma-Aldrich (St Louis, CA). Aqueous solutions were prepared using 

deionised water from a Milli-Q Water Purification System and autoclaved or filter 

sterilised.  Disposable laboratory equipment was purchased from Quantum Scientific 

Pty Ltd (Milton, QLD).  

The study protocol for this project was reviewed and approved by the 

institutional ethics committees of the Princess Alexandra Hospital and University of 

Queensland Brisbane, Australia.  Informed consent was sort from all subjects before 

participation, the patient information letter and consent form are reproduced in 

Appendix 2. 

2.2 Clinical Studies 

We have identified a large pedigree from a proband that attends the Princess 

Alexandra Hospital.  A review of the affected members is listed in Chapter 3.  Venous 

blood samples were obtained from the patients for DNA extraction and biochemical 

analysis.  Initially subjects were screened for the presence of Paget’s disease by 

electrolyte and liver function tests (Department of Chemical Pathology, Princess 

Alexandra Hospital). Those who had raised serum alkaline phophatase levels (SAP) 

(over 60 U/L) were offered a bone scan (Department of Nuclear Medicine, Princess 

Alexandra Hospital). These scans are routinely used for the detection and monitoring 

of Paget's disease of the bone.  A complete description of the methods used for the 

accurate diagnosis of Paget's disease is described in Chapter 3: Clinical Characteristics. 
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2.3 Methods 

2.3.1 DNA Extraction from Whole Blood 

DNA extraction from whole blood was achieved by the salting-out method 

adapted from a published protocol (Miller et al., 1988). From each patient in our study 

10-20 ml of blood was collected in two 10 ml Vacutainers® (Becton Dickinson and 

Company, Franklin Lakes, NJ) containing 15% (K3)EDTA as anticoagulant.  Each tube 

was centrifuged at 1,164g for 10 min, in a refrigerated centrifuge (4oC) (model number, 

RC-3B, Radiometer Pacific, Nunawading, VIC).  The interface of white blood cells 

between the serum and the red blood was removed with a Pasteur pipette (removing  as 

few red cells as possible) and placed into a 15 ml Falcon tube® (Becton Dickinson and 

Company, Franklin Lakes, NJ), after which 10 ml of 0.9% NaCl was added.  To lyse 

the red blood cells, 100 µl of Saponin (200 mg/ml in H2O) was added and the tube was 

inverted 5 times and left to stand for 5 min. When the solution changed from a cloudy 

suspension to an almost translucent solution, the red blood cells were considered fully 

lysed.  A pellet of white blood cells was obtained by centrifugation at 1,164g for 10 

min (4oC). White blood cell pellets were washed once with 0.9% NaCl, and again the 

supernatant was aspirated.  Fourteen ml of 0.9% NaCl was added and the pellet was 

broken up by shaking the tube.  The solution was then centrifuged at 1,164g for 5 min 

(4oC) to reform the pellet of white blood cells.  The supernatant was removed and the 

pellet was stored at –40oC until required. 

To the white blood cell pellet, 3 ml of nuclei lysis buffer (10 mM Tris, 2 

mM EDTA, 400 mM NaCl, H20 to 100 ml, pH 8.0) was added, followed by repeated 

pipetting of the pellet for full resuspention.  Fifteen µl of Proteinase K (10 mg/ml) 

(ICN Pharmaceuticals Inc., Costa Mesa, CA) and 100 µl of 20% SDS were then added 

and the mixture incubated at 55oC overnight. The following day, 1 ml of saturated 

NaCl (6 M) was added and the mixture was shaken for 30 s to precipitate out protein. 

The white precipitate of protein was removed by centrifugation at 5,000g for 10 min 

and debris on top was removed with a Pasteur pipette, followed by another 

centrifugation at 2,619g for another 5 min.  All centrifugations were carried out in the 

refrigerated centrifuge at 4oC. To precipitate the DNA, the supernatant was poured 

into a clean, labelled 15 ml Falcon tube® and 2 volumes of absolute ethanol were 

added.  The precipitated DNA was then removed with a Pasteur pipette and placed into 
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a clean microcentrifuge tube. This tube was centrifuged at 10,000g for 5 min, in a 

bench top centrifuge (Sigma Laborzentrifugen, Osterode am Harz, Germany). Finally, 

the pellet was washed in 70% ethanol and centrifuged at 10,000g for 5 min, the ethanol 

removed and the pellet allowed to air-dry. Once dry, the pellet was resuspended with 

200 µl of TE (10 mM Tris-HCl and 1 mM EDTA, pH 8.0) and stored at 4oC until 

required.  The quality of DNA obtained was sufficient for all PCR reactions performed. 

To further purify the DNA for the genome-wide scan at the Australian 

Genome Research Facility (AGRF), the samples were phenol-chloroform extracted. 

Two hundred µl of phenol was added to each sample and mixed, followed by 

centrifugation at 12,000g for 4 min.  The aqueous phase was carefully removed, 

avoiding the interface between the aqueous and phenol phases.  This step was repeated 

until no further white precipitate formed at the interface between the phenol and the 

aqueous phase.  Two hundred µl of chloroform was added, mixed, and centrifuged at 

12,000g for 4 min.  Again the aqueous phase was removed and added to a clean 

microcentrifuge tube.  Two volumes of absolute ethanol were also added to the 

microcentrifuge tube and mixed.  The DNA immediately precipitated and was removed 

with a Pasteur pipette, placed into a clean microcentrifuge tube and at 10,000g for 5 

min.  Finally, the pellet was washed in 70% ethanol and centrifuged at 10,000g for 5 

min.  The ethanol was removed and the pellet allowed to air-dry. Once dry the pellet 

was resuspended in 200 µl of TE and stored at 4oC until required. 

2.3.2 Determination of DNA Purity and Concentration 

An aliquot of each DNA sample was diluted 1 in 100 in TE and then 

analysed using a spectrophotometer (UV-1601 UV-Visible spectrophotometer, 

Shimadzu Corporation, Japan) at wavelengths of 260 nm and 280 nm.  An A260:A280 

ratio was calculated to test for DNA purity; a value of ≥1.8 is regarded as a pure DNA 

sample.  To calculate DNA concentration, the A260 value was multiplied by the dilution 

factor (x100) to correct for dilution, and was multiplied by 50 µg/ml (OD of 1 ≈ 50 

µg/ml for double-stranded DNA) (Bradley et al., 1995). 
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2.3.3 Synthesis of Oligonucleotide Primers 

All oligonucleotides were chosen on the basis of their sequence location in 

respect to the regions that we wished to analyse or the exon we wished to sequence. 

The databases used to select the primers were Celera Database 

(http://cds.celera.com/cds/login.cfm), Whiteheads Institute (http://www-

genome.wi.mit.edu/), Draft Genome Browser (http://genome.ucsc.edu/), Genome 

Database (http://www.gdb.org/) and Location Database 

(http://cedar.genetics.soton.ac.uk/pub). Oligonucleotides were synthesised by Genset 

Oligos.  The sequences of the oligonucleotides are listed in Appendix 3 and Appendix 

4. 

2.3.4 Non-Radioactive Polymerase Chain Reaction (PCR) 

Each PCR was performed following the standard protocol supplied by 

QIAGEN (QIAGEN, Clifton Hill, Victoria) as published in their ‘PCR Handbook’ for 

Taq DNA polymerase and Taq PCR Core Kit.  Each reaction consisted of 1x PCR 

buffer; 4 mM MgCl2; 200µM of each dNTP (Pharmacia Biotech,Uppsala, Sweden); 10 

pmol primer A; 10 pmol primer B; 2.5 units of Taq DNA polymerase; 1 µg genomic 

DNA to a final volume of 10 to 50 µl. The PCR took place in a 48 well thermal cycler 

(MJ Research, Watertown, MA). Initially the reaction components were heated to 

95oC for 10 mins in order to denature the DNA.  Amplifications were carried out over 

30 to 40 cycles, each of which consisted of denaturation (94oC for 20 to 90 s), 

annealing (20 to 90 s at an optimum temperature which varied between 50 and 65oC 

depending on the primers used), and extension (72oC for 20 to 90 s).  This was 

followed by a final extension of 72oC for 5 min followed by cooling to 4oC for 10 min. 

The exact temperatures and cycling conditions are detailed in Appendix 3 and 

Appendix 4. 
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2.3.5 Agarose Gel Electrophoresis 

Non-radioactive DNA products from PCRs were analysed using agarose gel 

(Progen Industries, Darra, Queensland, Australia) electrophoresis.  The percentage gel 

ranged from 0.8% to 2.5% in TBE (89 mM Tris-Base, 89 mM Boric acid, and 2 mM 

Na2EDTA, pH 8) containing ethidium bromide (1 µg/ml).  Tracking dye (0.25% 

bromophenol blue, 0.25% xylene cyanol, 40% (w/v) sucrose in water) was added to the 

sample. Each gel was run using a Bio-Rad mini-sub® Cell GT (Bio-Rad Laboratories 

Pty. Ltd., Regents Park, NSW), in TBE with a 100 base pair or a 1-kilobase pair 

molecular weight standard (New England BioLabs Inc., Hertfordshire, UK), at 100 mV 

for 10 to 30 min using a Model 125 power pack (Life Technologies, Melbourne, 

Australia). DNA was then visualised using an ultraviolet radiation light box (Novex 

Australia Pty. Ltd., Sydney, Australia). 

2.3.6 DNA Purification from PCR Product 

Highly purified DNA was required for DNA sequencing.  To achieve the 

required purity of DNA, the PCR products were purified using the standard protocol 

outlined in the NUCLEOSPIN® Nucleic Acid Purification Kit users manual (Clontech 

Laboratories, Inc., Palo Alto, CA).  Purity of the samples was tested by agarose gel 

electrophoresis.  

2.3.7 DNA Sequencing 

DNA sequencing of the purified PCR product was carried out at the 

Australia Genome Research Facility (AGRF) using the ABI PRISMTM BigDyeTM 

Terminator Cycle Sequencing Kit protocol, as per the manufacturer’s specification 

(Applied Biosystems, Foster City, CA).  Purified DNA (1 µg) was added to 4 µl of 

BigDyeTM terminator premix and 3.0 pmol of oligonucleotide primer.  The sequence of 

each primer is detailed in Appendix 4.  The final volume was adjusted to 20 µl with 

autoclaved distilled water and was covered by mineral oil. Each sample was set to 

cycle 25 times at 94oC for 30 s, 50oC for 15 s and 60oC for 4 min in a 48 well thermal 

cycler.   
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Once the sequence cycles were completed, each reaction was transferred to 

a new microcentrifuge tube, avoiding mineral oil transfer.  To this, 120 µl of 70% 

isopropanol was added, inverted several times and left to sit for 15 min.  This was then 

centrifuged at 13,000g for 30 min.  The supernatant was removed and discarded. 

Another 120 µl of 70% isopropanol was added, mixed, left to stand for 15 min and 

centrifuged at 13,000g for 30 min. The supernatant was removed and discarded and 

the pellet air dried, the tube was then sealed, labelled and sent for automated sequence 

at the AGRF. 

Chromatograms were analysed using Chromas sequence analysis software 

(Technelysium Pty Ltd., Helensvale Australia).  

2.3.8 Radioactive Labelled Polymerase Chain Reaction 

Each PCR was carried out following the standard protocol provided by 

Perkin Elmer in their PCR handbook for AmpliTaq Gold (PE-Biosystems, Norwalk, 

CT).  Most PCRs were carried out on a 96 well thermal cycler (Corbett Research, 

Sydney, Australia).  Each reaction contained 1 µg of DNA, 1x PCR buffer; 2.5mM 

MgCl2; 0.25 mM dA-, dG-, dTTP and 0.025 mM dCTP); 1 µCi [32P]-labelled dCTP 

(Geneworks, Adelaide, Australia); 10 pmol primer A; 10 pmol primer B; 0.5 units of 

AmpliTaq Gold; H2O to a final volume of 10 µl. Initially the samples reaction was 

heated to 95oC for 10 min for denaturation.  Amplifications took place over 30 to 40 

cycles, each of which consisted of denaturation (94oC for 20 to 90 s), annealing (20 to 

90 s at an optimum temperature which varied between 50 and 65oC depending on the 

primers used), and extension (72oC for 20 to 90 s), followed by a final extension of 

72oC for 5 min and cooling to 4oC for 10 min. The exact temperatures and cycling 

conditions are detailed in Appendix 3. 
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2.3.9 Polyacrylamide Gel Electrophoresis 

All radioactively labelled samples were analysed using polyacrylamide gel 

electrophoresis (PAGE).  Ten µl loading buffer (10 ml formamide, 10 mg xylene 

cyanol FF, 10 mg bromophenol blue, 200 µl of 0.5 M EDTA (pH 8.0)) was added to 

stop the PCR reaction.  

The PCR product was denatured by heating to 95oC for five min followed 

by cooling to 4oC, in the PCR cycler.  The PCR product was resolved 

electrophoretically using a Biorad Seqi Gene Nucleic Acid Sequencer (Bio-Rad 

Laboratories Pty. Ltd., Regents Park, NSW).  Two µl of the denatured mix was loaded 

onto a 6% polyacrylamide gel (7 M urea, 1 X TBE, 6% acylamide/bisacylamide 19:1 

(Progen Industries, Darra, Queensland, Australia) in H2O), which was pre-run until 

warmed to 50oC.  The gels were run in 1 X TBE (89 mM Tris-Base, 89 mM Boric acid, 

and 2 mM Na2EDTA, pH 8) at 80-100 W for 2-4 h using a Biorad Model 3000Xi 

power supply. 

Following electrophoresis the glass plates were prised open and the gel was 

transferred onto 3 MM Whatman chromatography paper (Whatman International Ltd., 

Kent, ME16 0LS, UK).  The gel was covered in cling wrap and dried on a gel drier, 

DrygelSr SE1160 (Hoffer Scientific Instruments, San Francisco, CA).  Dry gels were 

placed into autoradiograph cassettes and left to expose to Kodak X-OMAT XK-1 X-

ray film (Eastman Kodak Company, Rochester, NY) until the bands were detectable 

(from 3 h to overnight).  Films were developed on an AGFA Curix Compact Plus film 

processor (Agfa-Gevaert Group, Ridgefield Park, NJ). 

2.3.10 Microsatellite Analysis 

After film development, individual bands (representing different alleles) 

were assigned an arbitrary number according to the size of the band.  These numbers 

represented the individual's genotype.  This data was entered into an Excel (Microsoft 

Corporation, Redmond, WA) file containing information on the person's parents, date 

of birth, affected status and finally, their genotype data. This data file was required for 
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the linkage analysis programs that were used in these experiments.  Microsatellite 

genotypes were analysed without knowledge of the clinical or pedigree data in order to 

prevent biasing of the results. 

2.3.11 Genome Wide Scan 

Subjects were genotyped at the Australian Genome Research Facility 

(AGRF) using a genetic map consisting of 400 autosomal markers with anticipated 

average heterozygosity of 0.74 + 0.11 (mean + SD).  Based on published map 

distances, the mean sex-averaged distance between adjacent markers is 8.6 + 6.5 cM 

(range 0-34 cM). 

PCR reactions were performed in 384-well plates in 6 µl volumes 

containing 30 ng genomic DNA, 1 x PCR buffer, 0.5 pmol of each primer, 0.5 U of 

Amplitaq Gold, 2.5 mM MgCl2, and 0.25 mM each of dATP, dGTP, dCTP and dTTP. 

Cycling conditions were as follows: 10 min at 94oC; 30 cycles of 94oC for 15 s, 55oC 

for 15 s, 72oC for 30 s, 5 min at 72oC in a 384-well thermal cycler (PE-Biosystems, 

Norwalk, CT).  Following denaturation in formamide loading buffer (section 2.3.9), 

products were resolved electrophoretically at 80-100W on a 6% polyacrylamide gel 

with 10-20 products pooled per lane.  Consistency within and between gels was 

maintained by using internal positive controls. 

Electrophoresis data were transferred to an off-line computer and tracked as 

batches using Genescan 3.1 (PE-Biosystems, Norwalk, CT).  Tracking of each gel was 

manually checked before analysis.  A standard curve was generated using the Local 

Southern Method (Genescan 3.1 software) for every gel thus correcting for any minor 

gel variations.  The size standard patterns from each lane of any one gel were overlayed 

to confirm allele assignment, and any alleles that were mis-assigned were corrected 

manually.  Finally, the microsatellite alleles were sized against the standard curve.  A 

peak was classified as greater than 10 fluorescent units of peak height.  Genotyper 2.1 

(PE-Biosystems, Norwalk, CT) was used to filter out stutter peaks and low signals in 

relation to main peaks (peaks < 32% of main peak heights were removed from the 

call).  The results were checked for Mendelian errors using the family pedigree and 

PedManager (http://www-genome.wi.mit.edu/). 
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2.4 Statistical Analysis 

The relationship between Paget’s disease and the candidate locus were 

studied by genetic linkage analysis, which was performed using the FASTLINK v4.1 

(Cottingham et al., 1993; Schaffer et al., 1994).  Relationships between sibs were 

verified using RELATIVE (Goring and Ott 1997).  On the basis of the pedigree data, 

an autosomal dominant mode of inheritance was assumed with disease penetrance set 

at 90%.  We assumed trait allele frequency of 0.01 and phenocopy rate of 2.3%, which 

gives a population prevalence of 4% and a sibling recurrence risk of 0.225 (lambdas = 

5.6). These are consistent with Australian epidemiological data for Paget’s disease 

(Gardner et al., 1978). Power calculations of our family show that if a diseased gene 

was between two markers 10 cM apart, a 3-point analysis with flanking markers should 

give a LOD score of 4.65 for the entire family and 3.48 for the branch of the family 

whom where descending from III-3 and III-4.  Simple counting estimates have been 

used to calculate allelic frequencies in the pedigree to avoid errors.  Differences in age 

at diagnosis were analysed using the Wilcoxon rank-sum test (Wilcoxon 1945). 

Multipoint LOD scores were calculated using all markers for each loci. 

Three point LOD scores were calculated (2 genetic and the disease) for all 

combintations (e.g. marker 1 and 2, marker 2 and 3, marker 3 and 4) in a sliding 

window approach. 

Haplotype analysis was carried out manually by placing the genotyping data 

onto the family tree and arranging them into haplotypes that segregated within families.  

Deceased individuals had their haplotypes inferred where possible by genotyping their 

offspring and working the haplotypes back. 
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3.1 Introduction 

When attempting to diagnose Paget’s disease it is necessary to consider a 

number of tests that will be able to confirm the diagnosis.  In this study subjects were 

tested for serum alkaline phosphatase levels and through bone scans to look at the 

increase in bone turnover and distribution of the disease.  In addition some patients had 

bone radiographs and the family history of the disease was considered.  Care and 

consideration was taken during this study to make sure that correct diagnosis was 

made. This chapter outlines the methods taken to acquire the participating family 

members and to obtain accurate information on disease status in order to carry out a 

genetic study.  The differential diagnosis included other disorders that can produce 

lytic or sclerotic changes in bone.  These were excluded by careful phenotyping and 

consideration of their different features as outlined below. 

Numerous disorders can produce lytic or sclerotic changes in bone which 

must be distinguished from Paget’s disease (Bone and Kleerekoper 1992). One 

disease, familial expansile osteolysis (FEO), is similar in some aspects to Paget’s 

disease yet seems unique in some features and in its natural history (Osterberg et al., 

1988). Other disorders may also present with similar biochemical and radiological 

features.  Diffuse increased skeletal radiodensity may be observed in bony metastasis, 

the most prominent being prostate-specific carcinoma (Bone and Kleerekoper 1992). 

However, modern biochemical tests for prostate-specific antigen can be helpful in this 

differential diagnosis (Bone and Kleerekoper 1992).  Disorders such as myelofibrosis, 

fluorosis, mastocytosis (urticaria pigmentosa), renal osteodystrophy, fibrous dysplasia, 

tuberous sclerosis and expansile skeletal hyperphosphatasia (ESH) may also give rise 

to Paget-like features (Resnick and Niwayama 1998; Whyte et al., 2000). Additional 

features are present in these disorders which ensure their recognition, including, 

hepatosplenomegaly present in myelofibrosis and mastocytosis, ligamentous 

ossification in fluorosis, focal radiodensity (mastocytosis and tuberous sclerosis), 

bowing deformities and “ground glass” appearance in fibrous dysplasia, and 

subperiosteal and subchondral bone resorption for real osteodystrophy (Resnick and 

Niwayama 1998). 
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3.1.1 Familial expansile osteolysis 

FEO is a disorder that exhibits some similar characteristics to Paget's 

disease (Osterberg et al., 1988).  However, FEO has particular characteristics that make 

it possible to distinguish it from Paget's disease.  Hearing loss occurs in most patients 

with the earliest manifestation, presenting as early as four years of age (Osterberg et 

al., 1988).  It starts as conductive deafness, in which compliance of the middle ear is 

high, and over the course of the disease becomes a mixed conductive and sensorineural 

deafness. 

For individuals affected with FEO the age of onset of bone pain usually 

varies from 18 to 44 years and is limited to sites of focal radiographic change 

(Osterberg et al., 1988). In some patients the pain is so severe that it is resistant to 

opiates and the limbs require amputation.  In most cases generalised radiographic 

changes are present in the late teens and early twenties; however, subsequent focal 

disease could develop at any time (Osterberg et al., 1988).  FEO is not found in the 

skull and pelvis and is rarely found in the girdles and axial skeleton, with the majority 

of lesions found in the limb bones (Osterberg et al., 1988).  Ultimately, all sites of 

focal disease progress to cause variable deformity; this becomes clinically evident by 

the third decade.  

The rate at which the disease front advances along the shaft of a long bone 

varies from 10 to 18 mm per year and does not depend on the long bone affected 

(Osterberg et al., 1988).  The rate of advance of Paget's disease varies from 5 to 10 mm 

per year (Doyle et al., 1980). FEO frequently continues until the whole bone is 

involved and has become expanded, leaving a very fine cortical shell with some local 

loss of continuity (Osterberg et al., 1988). Eventually, longitudinal collapse follows 

bony disintegration.  The disease process normally does not cross joints or interpose 

soft tissue, but where operation has resulted in direct contact between diseased and 

normal bone, radiographs show spread of the process into the normal bone (Osterberg 

et al., 1988). 

Biochemically, FEO is similar to Paget's disease in that both diseases show 

evidence of increased bone turnover (Osterberg et al., 1988).  The serum alkaline 

phosphatase level, reflecting osteoblastic activity, is elevated, ranging from 150 to 
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7000 U/L, where the upper limit of normal is 120 U/L.  Urinary hydoxyproline levels, 

reflecting osteoclastic activity, vary from normal to more than 10 times the upper limit 

of normal (Osterberg et al., 1988). 

Patients affected by the disease tend to show distinctive dental 

abnormalities, with unusual and extensive resorption of the roots of the teeth 

(Osterberg et al., 1988). This resorption is mainly in the cervival region of the teeth, 

but the root apex can also be affected.  Clinically, root resorption manifests itself as 

progressive tooth mobility, spontaneous tooth fracture and, in one case, pulpitis 

affecting several teeth. 

Histologically, Paget’s disease and FEO are similar, but the age of onset, 

natural history, distribution, radiographic features, and unique scintigraphy, dental and 

middle ear findings all differ from Paget’s (Osterberg et al., 1988).  These differences 

are enough to distinguish Paget’s disease from FEO, which is important when 

regarding the treatment required for the patients.  Although there are strong differences 

between the two disorders, the similarities between them indicate that FEO may be a 

good genetic model for Paget’s disease.  It has been proposed that FEO and Paget's 

disease are allelic variants of the same gene (Cody et al., 1997; Hughes and Barr 

1996), a point that will be discussed more in Chapter 4.   

More recently a disorder known as expansile skeletal hyperphosphatasia 

(ESH) has been reported to display similarities to both Paget's disease and FEO (Whyte 

et al., 2000).  This disease is characterised by widespread hyperostosis (cortical bone 

thickening) with absence of osteolytic lesions producing cortical thinning in major long 

bone. Other characteristics of ESH include bouts of hypercalcemia, early onset 

deafness and premature tooth loss (Whyte et al., 2000).  Some of these features are 

similar to either FEO or Paget's, but the differences indicate ESH is not a variant of 

Paget's disease or FEO.  However it is possible that ESH may also be an allelic variant 

of the gene that might cause FEO and/or Paget's disease (Whyte et al., 2000). 
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3.2 Materials and Methods 

The proband member for this family (arrow in Figure 3.1, V-39 in Table 

3.1) was diagnosed with Paget’s disease approximately 25 years ago. This member 

attends a clinic for Paget’s disease at the Princess Alexandra Hospital.  From the 

proband member, other family members where traced, and with their help we were able 

to construct a family tree (Figure 3.1).  All members of the family were invited to 

participate in the research program.  The aims and methods were fully explained, and 

the subjects were provided with a Patient Information Form (Appendix 2.1).  Informed 

consent was obtained from all subjects before participation (Appendix 2.2).  The 

subjects with a family history of Paget’s disease of bone, as determined by the 

completion of a questionnaire (Appendix 2.3), they and their family members over the 

age of 20 years were invited to participate in the study.  Participants were asked 

questions about their general health, and any history of Paget’s disease of bone and its 

treatment (Appendix 2.3). 

Blood samples were drawn by an experienced venesector.  A portion of the 

blood was sent to the Department of Chemical Pathology, Princess Alexandra Hospital, 

for biochemical analysis.  The tests performed on the blood were electrolyte and liver 

function tests, calcium and serum alkaline phosphatase levels (SAP) and a full blood 

count.  The remainder of the blood was sent to our department for DNA extraction 

(Chapter 2), genetic analysis (Chapters 4 and 5) and for DNA sequencing (Chapter 6). 

Samples were numbered by the venesector to protect the identity of the participant and to 

prevent the biasing of the results. 
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Figure 3.1 Pedigree structure.  The shaded symbols indicate subjects affected with 

Paget’s disease.  The arrow indicates the proband, boxes represent males, circles 

represent females, and symbols with a line through show deceased individuals. The 

generations have been numbered with Roman numbers (I, II, III, IV, V VI and VII) to 

aid in patient identification. 
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Individuals with SAP levels below 60 U/L and who were above the age of 

65 years and asymptomatic were classed as unaffected.  Those with SAP levels that 

were in the high normal range (60 - 105 U/L) or elevated range (>105 U/L) were 

classed as status unknown and further investigated.  These individuals, if Paget's had 

not already been diagnosed, were offered bone scans; these scans are routinely used in 

clinical practice for the diagnosis and monitoring of Paget's disease of bone.  Plain X 

rays were performed on regions suspected of involvement.  An independent specialist 

reviewed bone scans to provide blinded results.  Participants were scored as affected if 

evidence of Paget's disease was found on the radionucleotide bone scans or 

scintigraphically.  Subjects that were already diagnosed with Paget's disease had their 

diagnosis confirmed by review of the medical records.  Unless Paget's disease had been 

confirmed radiologically or scintigraphically, individuals below the age of 65 years, 

even with a normal SAP level (<60 U/L), were categorised as “diagnosis unclear” to 

take into account that Paget's disease may not present clinically until the fifth or sixth 

decade. 

Bone scaning, a test that identifies regions in bones where there is unusually 

active bone repair occurring, was used to determine if an individual had evidence of 

Paget’s disease.  This test involves the injection of a very low dose of the radioisotope 

technetium, a mineral that is used by bones in the remodelling process.  The bone in 

areas of active bone remodelling will take up small amounts of the radioisotope.  This 

will be more evident in pagetic lesions as compared to the rest of the skeleton. Results 

for this test are visualised on radiographic film. 

3.3 Family Characteristics  

The founder was born in Prussia in 1847 and immigrated to Australia as a 

young man.  The pedigree includes 372 adult members in 7 generations, of whom 49 

have Paget’s disease (Figure 3.1).  Of the 49 affected individuals, only 31 remain alive. 

All of these subjects were willing to participate in the study (Table 3.1). In this family, 

the disease appears to follow an autosomal dominant pattern of inheritance. 
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Table 3.1 Summary of clinical features of living, affected individuals from the 

pedigree. Patient identity numbers include the generation number (Roman numbers) 

and a individual number read counterclockwise from the pedigree diagram (Figure 

3.1). 

Current Age Current Treatment Patient Diagnosis SAP 
ID (Years) Status Duration (U/L) Distribution of disease 

III-11 76 N/D1 - 125 Pelvis, right scapula 

IV-10 59 Nil to date 24 years 2230 Femur 

IV-26 58 N/D - 673 Extensive polyostotic disease 

IV-28 55 APD2 2 years 353 Extensive polyostotic disease 

IV-33 58 Alendronate 1 year 180 Humerus 

IV-37 58 Alendronate 2 months 673 Both femora

IV-45 74 N/D - 77 Skull


IV-46 62 Alendronate 6 months 1697 Skull, vertebrae, pelvis, right 
femur & humerus 


IV-48 60 APD 26 years 977 Extensive polyostotic disease 

IV-57 84 N/D - 63 Left hip, left maxilla


V-05 53 N/D - 114 L3 vertebra, right humeral head, 

left tibia. 

V-18 58 N/D - 273 Cervical spine, L1 vertebra, 
sacrum, right pelvis, left femur 

V-19 61 N/D - 147 Scapula, sacrum, pelvis, tibia, right 
calcaneum 

V-21 55 Alendronate 2 years 50 Skull, right femur, pelvis 

V-37 59 N/D - 159 Skull, left femur, left tibia, right 
ischium, left acetabulum 

V-39 36 APD 6 years 400 Pelvis, left femur, right humerus 
V-41 58 Alendronate 2 years 61 Skull, shoulder, pelvis, hips 
V-43 62 N/D - 239 Extensive polyostotic disease 
V-48 49 N/D - 166 Left himipelvis and sacrum 
V-53 46 N/D - 100 Left scapula 
V-56 31 N/D - 86 Distal left tibia 
V-59 55 N/D - 98 Right calcaneum 
V-64 48 N/D - 105 Skull, femora 
V-73 50 Alendronate 1 year 366 Vertebrae, pelvis, left femur 
V-74 60 Alendronate 2 years 92 Rib, shoulder, femora, tibiae 
V-75 52 Alendronate 2 years 93 Femora, pelvis, base of skull. 
V-80 50 Alendronate 3 months 363 Pelvis, base of skull 
V-102 69 Nil to date - 246 Left tibia, left shoulder, left femur 
V-104 70 N/D - 126 Right femur 
V-108 53 N/D - 106 Right tibia, skull 

1 Newly Diagnosed 
2 Disodium Pamidronate 
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Serum alkaline phosphatase levels from all untreated affected patients were 

over 60 U/L (Table 3.1). Bone scan results showed that the pattern of disease is 

polyostotic, with major sites of involvement including the spine, pelvis, skull and 

femur (Table 3.1).  As Paget's disease is often an asymptomatic disorder, many 

participants were diagnosed that may never have been aware that they had Paget's 

disease until later in life. 

The earliest symptom in the majority of affected pedigree members is 

tinnitus followed by progressive deafness.  The average age-at-onset of symptoms is 58 

± 10 years, however one member of the pedigree was diagnosed at the age of 25 years 

when he failed his medical screening for enlistment for World War II.  This family 

consisted of 4 main sub-pedigrees that descended from the 3rd generation.  The largest 

branch of the family descended from III-3 and III-4 and consisted of 54 genotyped 

individuals, including 17 living subjects affected with Paget's disease; in addition, the 

genotypes of 4 deceased affected subjects can be inferred (Figure 3.1). This sub-

pedigree was noted to have an earlier age of onset of Paget's disease than the remainder 

of the pedigree; mean age at diagnosis was 51.2 ± 8.5 years vs. 64.2 ± 9.7 years (p = 

0.0012). Apart from the age of onset differences between the different branches of the 

pedigree, there seemed to be no other differences in the disease characteristics for this 

sub-pedigree.  In the absence of effective medical therapy up until the last two decades, 

the affected subjects developed severe progressive deformity with bowing of the legs 

and spinal stenosis.   

Other symptoms in affected pedigree members include headaches caused 

from extensive skull involvement, bone pain, and warmth over the affected area. 

Another complication of Paget's disease is the increased risk of developing 

osteosarcomas, however none of the affected pedigree members have developed these 

tumours to date.  The majority of affected family members are currently treated with 

bisphosphonate therapy (Table 3.1).  
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3.4 Discussion 

Paget’s disease of bone is a disorder with similar features to a number of 

other diseases including FEO, ESH, bony metastasis, myelofibrosis, fluorosis, 

mastocytosis (urticaria pigmentosa), renal osteodystrophy, fibrous dysplasia, and 

tuberous sclerosis (Bone and Kleerekoper 1992; Resnick and Niwayama 1998; Whyte 

et al., 2000). For this reason it is important to look at the family history of the disorder 

as well as multiple tests on each participant.  By examining the SAP levels, bone scan 

results and the sites affected with the disease (usually visualised by bone scan or 

radiographically), Paget's disease can by diagnosed with some degree of certainty. 

Correct diagnosis of the disease is important for a number of reasons including correct 

treatment of the disease and monitoring of disease progress for signs and symptoms 

that may later cause complications. The correct diagnosis is also important when 

carrying out a genetic study of a familial disease. 

Another consideration in a genetic linkage study is the number of 

individuals in the study.  In most cases, the larger the family, the larger the power of 

the study.  With this study we were able to trace the family history back 7 generations 

with 372 adult members including 49 affected individuals (Figure 3.1).  This makes it 

the largest reported pedigree for the study of Paget’s disease of bone. 

The major tests carried out in all participants were electrolyte and liver 

function tests (which included the measurement of the SAP levels) and bone scans on 

individuals that had raised SAP (Table 3.1).  The mean age of diagnosis was 58 ± 10 

years. In contrast, FEO usually presents early in life, between the ages of 18 and 44 

years (Osterberg et al., 1988), and ESH presents between the ages of 11 to 36 years 

(Whyte et al., 2000).  The sites of involvement in our pedigree were also consistent 

with Paget’s disease; the majority of our family had lesions in the skull and pelvis. 

Patients with FEO rarely have sites of involvement that include the axial skeleton and 

never include the skull (Osterberg et al., 1988).  Another feature that indicates that our 

family has Paget's disease is that none of the participants has the distinctive dental 

abnormalities that are seen with FEO and ESH (Osterberg et al., 1988; Whyte et al., 

2000). 
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Phenotypically, our family did not appear to differ from other families 

reported with Paget's disease, however, not all studies on Paget's detail the phenotypic 

data for their pedigree (Haslam et al., 1998; Hocking et al., 2000; Laurin et al., 1999). 

There are however, differences in the ages of onset for our family (particularly one 

sub-pedigree) and other reported families for which age of onset varies quite 

significantly for which there are differences in the geographic origins of the founding 

members (Haslam et al., 1998; Hocking et al., 2000; Laurin et al., 1999).  This raises 

the possibility that there might be multiple causes for Paget's disease that arose in 

different regions of the world, and there may also be different genes or different 

mutations in the same gene that alter the age that symptoms present.  The different age 

at onset between families may also be the result of modifier genes which act to lower 

the age at which the disease appears.  This may explain the earlier age of onset in one 

branch of our family.   

From the evidence obtained from each participant it was concluded that the 

affected family members of this pedigree had a phenotype consistent with familial 

Paget’s disease rather than FEO or ESH.  The correct diagnosis was an important part 

of this study as the correct phenotype is required for accurate linkage analysis. 
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CCHHAAPPTTEERR 44:: NNOONNLLIINNKKAAGGEE TTO
O

TTHHEE PPDDBB11 AANNDD PPDDBB22 LLOOCCI
I
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4.1 Introduction 

The aim of this chapter is to use the family described in Chapter 3 to 

perform linkage studies. The focus here will be the known regions of linkage on 

chromosome 6p21 (PDB1 [MIM 167250]) and chromosome 18q21.2-18q21.3 (PDB2 

[MIM 602080]). There has been a relative paucity of linkage studies in Paget’s disease 

(Van Hul 1999).  This is related, at least in part, to the late age-at-onset of the condition 

and the difficulty in ascertaining informative multiplex pedigrees for linkage analysis. 

At the time of the commencement of our studies, the PDB1 and the PDB2 sites were 

the only two sites of reported linkage to Paget's disease of bone (Fotino et al., 1977; 

Hughes et al., 1994).  Since the commencement of this project other regions have also 

been described. 

Suggestive linkage with Paget’s disease of bone was first obtained with the 

HLA locus (chromosome 6p21) by Fotino et al, who demonstrated a LOD score of 

2.44 at a recombination fraction of 0.108 (Fotino et al., 1977).  This locus is referred to 

as PDB1. Tilyared et al (1982) later added two further families to those reported by 

Fotino et al, resulting in a combined LOD score of 3.69 at this locus.  However, 

linkage with this region was not confirmed in a study by Breanndan Moore et al., 

(1988) or in a recent report by Laurin et al., (1999).  These studies suggest that the 

HLA locus is unlikely to play a major role in the majority of pedigrees with familial 

Paget’s disease of bone. 

Familial expansile osteolysis (FEO) is a rare bone disorder that shares 

similar features to Paget's disease (Osterberg et al., 1988).  The similarity between the 

two diseases raises the question of whether the two diseases are allelic variants (Cody 

et al., 1997).  It has been suggested that FEO might be used a genetic model for finding 

Paget's disease genes, as FEO has an earlier age at onset and is more severe than 

Paget’s (Hughes and Barr 1996).  Genetic linkage analysis was used to localise FEO to 

chromosome 18q21-22 (Hughes et al., 1994). The disease shows tight linkage to a 

region on chromosome 18q21-22, with a maximum LOD score of 11.53 with no 

recombinations (Hughes et al., 1994). Positive linkage to this region was first reported 

in a large pagetic family giving a LOD score of 3.44 with the marker D18S42 with no 
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recombination (Cody et al., 1997). This marker lies in the same region of chromosome 

18q21-22 that is linked to FEO.  This region is referred to as the PDB2 locus.   

Genetic linkage studies have also been undertaken in eight multiplex 

families from diverse ethnic backgrounds where several members from successive 

generations suffered from Paget’s disease.  These studies used a panel of microsatellite 

markers in the 18q21-22 region (Haslam et al., 1998). Five of the families showed 

evidence for linkage with a maximum LOD score of 2.97 with 5% recombination in 

this region.  Another report from a French family also shows evidence of linkage to 

this region, with a LOD score of 3.10 with marker D18S68 at 1% recombination 

(Lucotte 1999).  However, may groups have failed to provide evidence of linkage to 

this region on chromosome 18q21-22 (Haslam et al., 1998; Hocking et al., 2000; 

Laurin et al., 1999; Nance et al., 2000).  These data suggest that at least one additional 

locus conferring susceptibility to Paget’s disease remains to be identified. 

There are a number of genes in the region of PDB2 that are potential 

candidate genes.  These include the TNFRSF11A gene encoding receptor activator of 

nuclear factor-κB (RANK) (MIM 603499), and a number of serine protease inhibitors 

(serpin) genes (Hughes et al., 2000; Sun et al., 1998). RANK is a gene essential for 

osteoclast formation and has been mapped to the PDB2 region (Hughes et al., 2000). 

Recent studies have identified an 18 base pair in-frame insertion mutation in exon 1 of 

TNFRSF11A segregating with patients with FEO (Hughes et al., 2000).  This made it 

possible to further test the hypothesis that Paget's disease and FEO are allelic variants 

of the same gene.  A 27 base pair in-frame insertion mutation was found in one pagetic 

family in the same region of exon 1.  The affected family was of Japanese origin and 

individuals did not express classical Paget’s disease.  To data there has been no RANK 

mutations reported that express classical Paget's disease of the bone (Laurin et al., 

1999). A recent Australian study excluded TNFRSF11A exon 1 mutations in 82 

sporadic and 23 familial Paget’s disease patients (Kormas et al., 2000). 

Another disorder with similar features to both FEO and Paget's disease was 

identified in December 2000 (Whyte et al., 2000). This disease is known as expansile 

skeletal hyperphosphatasia (ESH).  ESH features deafness in infancy or early 

childhood, premature loss of teeth, progressive hyperostotic expansion of long bones 

causing painful phalanges in the hands, accelerated bone remodelling, and episodic 
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hypercalcemia (Whyte et al., 2000).  ESH resembles FEO and Paget’s disease in 

several important ways, but the episodic hypercalcemia, extraordinary painful 

involvement of fingers, obvious changes in the skull, and considerable nonosteolytic 

expansion of multiple long bones are not characteristic of FEO or Paget’s disease. 

Recently ESH was reported to contain a 15 base pair tandem insertion mutation in exon 

1 of TNFRSF11A, similar to that seen in FEO and the Paget's-like disorder (Whyte and 

Hughes 2002).  Until further pedigrees or individuals with TNFRFS11A defects are 

reported, it seems best that ESH be considered a allelic variation of FEO (Whyte et al., 

2000). 

The serpin genes form a large protein superfamily involved primarily in the 

regulation of the extracellular proteinases acting in processes such as coagulation, 

fibrinolysis, complement fixation, tumour suppression, and matrix remodelling 

(Potempa et al., 1994).  The recent identification of a group of intracellular proteolysis 

serpins suggest that serpins may also function to regulate intracellular proteolysis in 

processes such as cell cycle control, differentiation or apoptosis (Potempa et al., 1994; 

Sun et al., 1998).  Two groups of endogenous serpins may regulate intracellular 

proteinases (Eyre et al., 1996). The first comprises the "ovalbumin" (ov) serpins and 

includes the monocyte neutrophil elastase inhibitor (MNEI), the plasma activator 

inhibitor type 2, the tumour suppressor maspin, the tumour antigens, squamous cell 

carcinoma antigen 1 and 2 (SCCA1 and SCCA2), and bomapin (bone marrow-

associated serpin) (Eyre et al., 1996; Silverman et al., 1998).  With the exception of 

MNEI the genes encoding these ov serpins are located on chromosome 18q21-22 (Eyre 

et al., 1996). This region is the region of linkage in FEO and some pagetic families. 

Due to the enormous size of pagetic osteoclasts, the increased number of nuclei and the 

hyperactivity of diseased cells, a tumour suppression gene may well prove to be a good 

candidate gene for Paget's disease.  A second type of endogenous intracellular serpin is 

represented by proteinase inhibitors 6 and 9 (PI6 and PI9), and the gene encoding 

MNEI (ELANH2), map to a region on chromosome 6p25 (Eyre et al., 1996; Sun et al., 

1998). These genes on chromosome 6p25 has been shown to have a structure almost 

identical to the chromosome 18q21-22 serpin cluster (Sun et al., 1998). This similarity 

makes the region on chromosome 6p25 another good candidate region to look for 

linkage to Paget's disease of bone.  The serpin genes on both chromosome 6p25 and 

18q21-22 have not yet been implicated in the aetiology of Paget's disease. 
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The aim of the experiments described in this chapter was to use a large 

family with Paget’s disease, as described in Chapter 3, to perform linkage analysis. 

The regions that were genotyped in this family were the PDB1 site on chromosome 

6p21, PDB2 site on chromosome 18q21-22, and the serpin cluster on chromosome 

6p25 (Figure 4.1, Figure 4.3 and Figure 4.5 respectively).  We also sequenced the 

RANK gene to search for possible mutations, either reported or novel, in our family. 

4.2 Materials and Methods 

All general materials and methods are outlined in Chapter 2.  All primer 

sets were optimised by PCR; the conditions for each primer set is listed in Appendix 3. 

DNA was extracted from whole blood samples using the salting-out method 

by Miller et al as outlined in Chapter 2 (Miller et al., 1988).  Markers spanning the 

candidate loci were selected using a number of different databases including Celera 

database, Genome Database, Whiteheads Institute and Genome Browser.  Using sex-

averaged distances from the Location Database, we selected markers that span the 

PDB1 region of chromosome 6p21: telomere – D6S470, D6S289, D6S422, D6S1571, 

D6S258, TNF-α, D6S1542, D6S291, D6S1602, D6S1610, D6S1641, D6S257 – 

centromere (Figure 4.1), primer pairs and PCR reactions for these different marker 

regions are presented in Table A5.1. We also studied the following markers that span 

the 18q21-22 susceptibility region (PDB2): centromere – D18S464, D18S53, 

D18S478, D18S1102, D18S474, D18S64, D18S60, D18S42, D18S68, D18S483, 

D18S878, D18S466, D18S61, D18S1161 – telomere (Figure 4.3 and Table A5.2). 

Finally, to genotype the serpin cluster region on chromosome 6p25 we used the 

markers telomere – AFMa339yd9, D6S1617, D6S1574, D6S1591, BMPx2, D6S1547, 

D6S1674, D6S309, D6S296, D6S470, D6S289 – centromere (Figure 4.5 and Table 

A5.3) 

TNFSRF11A was analysed for mutations by sequencing of PCR products 

using Big Dye Terminator. PCR conditions were as described by Hughes et al., (2000) 

and are outlined in Appendix 4. 
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4.3 Results
4.3.1 PDB1 (chromosome 6p21) 

To determine if a gene for Paget's disease of bone resides on chromosome 

6p21 (PDB1), we studied the large pedigree detailed in Chapter 3.  For the genotypic 

analysis we used markers that span the PDB1 susceptibility region.  Figure 4.1 shows 

the relative position of the markers used and their approximate distance along the 

chromosome in megabase pairs (M).  The position used in Table 4.1 and Figure 4.2 is 

in centi-Morgans (cM) which represents a statistical distance as opposed to a physical 

distance (Figure 4.1). These statistical distances are required for the accurate 

calculations of LOD scores.  All figures show position in cM except the ideographs 

showing the relative position in M. 

A two-point LOD score resulting from linkage analysis between the disease 

and the markers spanning the PDB1 loci was calculated.  Negative LOD scores were 

observed for most of the markers that were analysed, with the highest LOD score of 

0.78 for D6S1542 at θ = 0.40 (Table 4.1).  This data therefore excludes the PDB1 

locus, in this family, as a locus for Paget's disease of the done. 

Multipoint LOD scores were calculated for all markers across the region of 

interest (Figure 4.2).  For the candidate locus on chromosome 6p21 there was no 

evidence to support linkage.  The generated LOD scores for the region was between -

1.97 and -1.40. When the data from the multipoint linkage analysis was plotted against 

the distance in cM, a 40 cM exclusion region (LOD score less than -2.0) centred on 

marker TNF-α was created (Figure 4.2).  There was no evidence to suggest sub-

pedigrees differences across the critical area.  The peak multipoint LOD score across 

all sub-pedigrees were all significantly negative. 

Haplotype analysis of the entire family showed no clear haplotype 

segregating with the diseased individuals (Figure 4.3).  This data further supports the 

theory that the PDB1 locus on chromosome 6p21 is unlikely to play a major role, if 

any, in the majority of families with Paget's disease (Laurin et al., 1999; Moore and 

Hoffman 1988). 
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Figure 4.1 Chromosome 6p24-p11.2 ideograph showing the relative position of the markers used in the PDB1 region (relative position in 

megabases [M]). 
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Table 4.1 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning the PDB1 locus (chromosome 6p21). 

Position Recombination fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D6S470 24.10 -4.71 -4.08 -2.72 -1.71 -0.47 0.09 0.17 

D6S289 38.57 -2.63 -2.15 -1.08 -0.43 0.13 0.25 0.14 

D6S422 45.54 -2.01 -1.54 -0.58 -0.08 0.27 0.29 0.17 

53.27 -0.23 -0.16 0.08 0.26 0.42 0.38 0.22 

D6S258 53.41 -2.85 -2.45 -1.57 -0.99 -0.39 -0.11 0.00 

56.58 -6.13 -5.35 -3.73 -2.54 -1.12 -0.38 

56.81 -0.12 0.15 0.58 0.77 0.78 0.57 0.26 

D6S291 57.05 -1.01 -0.86 -0.45 -0.16 0.11 0.14 0.06 

58.77 -2.11 -1.91 -1.33 -0.84 -0.26 -0.01 0.05 

60.49 -6.07 -5.23 -3.21 -1.78 -0.34 0.17 0.20 

63.65 -0.94 -0.86 -0.59 -0.34 -0.07 0.02 0.03 

D6S1571 

TNF-A -0.06 

D6S1542 

D6S1602 

D6S1610 

D6S1641 

PDB1 

Region 

D6S257 86.05 -6.87 -5.63 -3.34 -1.90 -0.40 0.19 0.28 


D6S460 94.86 -8.35 -6.29 -3.62 -2.20 -0.68 0.02 0.19 
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Figure 4.2 Multipoint LOD score curve for markers spanning the PDB1 region on 

chromosome 6. The multipoint LOD scores are shown on the vertical axis and 

estimated genetic distance (in centimorgans [cM]) is shown on the horizontal axis.  The 

approximate positions of three markers are indicated.   
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Figure 4.3 Haplotype analysis of a representative portion of the family for microsatellite markers in the PDB1 locus on chromosome 6q21. 
Squares represent males, circles represent females, and square/circles filled in show those affected with Paget’s disease.  Symbols with a line through 
them indicate deceased individuals. The different shaded bars indicate a haplotype which segregates with individuals within the pedigree. Numbers 
III-1 to III-8 represents pedigree numbers from Figure 3.1. 



Nonlinkage to the PDB1 and PDB2 Loci 

4.3.2 PDB2 (chromosome 18q21-22) 

FEO has previously been localised to chromosome 18q21-22 (Hughes et al., 

1994) and due to its similarity to Paget's disease provided a good starting location for 

linkage for Paget's disease. Other studies since have found linkage to this region on 

chromosome 18q21-22 (Cody et al., 1997; Haslam et al., 1998).  We wished to test the 

theory that a gene for Paget's disease resides in this region on chromosome 18q21-22. 

Our family was genotyped by use of markers spanning the PDB2 susceptibility locus 

(Figure 4.4).  Markers were selected on the basis of the position along the chromosome 

and also from other studies that had performed linkage analysis to the same region 

(Cody et al., 1997; Haslam et al., 1998; Hughes et al., 1994). 

Linkage analysis in this region failed to show evidence of linkage in our 

family. This region generated negative LOD scores for the majority of the markers 

spanning this locus (Table 4.2).  A maximum two-point LOD score of 0.18 at θ = 0.04 

was obtained for marker D18S68.  Again there was no evidence to suggest sub-

pedigrees differences across the critical area.  The peak LOD score across all sub-

pedigrees was negative. 

Multipoint LOD scores were generated for all markers in this region of 

interest (Figure 4.5).  Linkage analysis studies concentrated on the PDB2 candidate 

locus provided no evidence of linkage to the region.  All multipoint LOD scores plotted 

against genetic distance, for the PDB2 locus on chromosome 18q21-22, showed 

negative LOD scores, which provides strong evidence against linkage. Multipoint 

linkage analysis in this region demonstrated a 30 cM exclusion region centred on 

D18S42 (Figure 4.5).  This marker was one of the markers that linkage has been most 

strongly linked to in families that link to the PDB2 locus (Cody et al., 1997; Haslam et 

al., 1998; Hughes et al., 1994). 

To further test the non-linkage to the PDB2 locus, haplotypes were 

generated for the entire family spanning this region of interest (Figure 4.6).  No distinct 

haplotype was segregating with affected family members of this family.  Subsequent 

work by other groups has also shown that linkage to the PDB2 locus is unusual in 

Paget's disease of bone (Hocking et al., 2000; Laurin et al., 1999; Nance et al., 2000). 
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Total genomic DNA of subjects from the pedigree was sequenced to assess 

for mutation in TNFRS11A. Mutations were analysed by sequencing of PCR products 

by use of BigDye Terminator, which is described in Chapter 2.  No mutations were 

identified in the coding sequence in either affected or unaffected subjects.  In three of 

the affected subjects, two previously reported polymorphisms were noted: -1 G→A 

close to the start position of transcription and +30 T/C within the 5' UTR, nine bases 

before the initiation codon.  Neither mutation results in an amino acid change nor a 

frameshift suggesting that the polymorphisms were non-functional (Hughes et al., 

2000). 
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Figure 4.4 Chromosome 18q21-22 ideograph showing the relative position of the markers used in the PDB2 locus  (relative position in 

megabases [M]). 
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Table 4.2 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning the PDB2 locus (chromosome 18q21-22). 

Position Recombination fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D18S464 36.58 -2.26 -2.01 -1.36 -0.90 -0.48 -0.31 -0.16 

D18S53 43.98 -1.49 -0.95 0.10 0.70 0.99 0.98 0.51 

D18S478 55.77 -3.20 -2.81 -1.76 -1.06 -0.30 -0.01 0.06 

D18S1102 63.13 -8.47 -7.36 -5.06 -3.58 -1.84 -0.80 -0.23 

D18S474 71.30 -9.20 -8.15 -5.58 -3.78 -1.75 -0.67 -0.14 

86.37 -3.96 -3.33 -2.10 -1.32 -0.48 -0.07 0.05 

94.83 -4.20 -3.70 -2.45 -1.55 -0.60 -0.14 0.04 

98.73 -6.37 -5.35 -3.24 -1.82 -0.48 0.06 0.18 

98.99 -4.87 -4.42 -3.24 -2.42 -1.46 -0.81 -0.31 

100.82 -2.90 -2.57 -1.76 -1.19 -0.59 -0.28 -0.11 

100.93 -4.39 -3.87 -2.57 -1.64 -0.64 -0.15 0.04 

104.83 -3.04 -2.60 -1.82 -1.27 -0.59 -0.27 -0.10 

D18S64 

D18S60 

D18S42 

D18S68 

D18S483 

D18S878 

D18S466 

PDB2 region 

D18S61 105.43 -5.93 -5.34 -3.89 -2.67 -1.06 -0.29 0.00 


D18S1161 114.17 -2.99 -2.40 -1.06 -0.18 0.52 0.56 0.31 
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Figure 4.5 Multipoint LOD score curve for markers spanning the PDB2 region on 

chromosome 18. The multipoint LOD scores are shown on the vertical axis, and 

estimated genetic distance (in centimorgans [cM]) is shown on the horizontal axis.  The 

approximate positions three of the markers are indicated. 
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Figure 4.6 Haplotype analysis of a representative portion of the family for microsatellite markers in the PDB2 on chromosome 18q21. 
Squares represent males, circles represent females, and square/circles filled in show those affected with Paget’s disease.  Symbols with a line 
through them indicate deceased individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree. 
Numbers III-1 to III-8 represents pedigree numbers from Figure 3.1. 
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4.3.3 Serpin cluster (chromosome 6p25) 

The serpin cluster on chromosome 6p25 has not yet been shown to be 

implicated in Paget's disease (Sun et al., 1998).  However, due to its structural 

similarities to a serpin cluster in the PDB2 region and the candidate genes within the 

region, it provided another possible locus for the gene for Paget's disease in our family. 

Our pedigree was genotyped with markers that spanned chromosome 6p25 and selected 

due to their relative position along the chromosome (Figure 4.7). 

Two-point LOD scores generated for this region did not show any sign of 

linkage (Table 4.3). Most markers show negative LOD scores across the major 

candidate locus.  The highest LOD score was 0.39 at θ = 0.30 for D6S1574.  As with 

the other candidate locus, there was no major difference in the LOD scores across the 

different sub-pedigrees. 

To further confirm the non-linkage to chromosome 6p25 a multipoint LOD 

score was calculated for all markers spanning this susceptibility region (Figure 4.8). 

Multipoint LOD scores generated failed to show any linkage in this region.  Plotting 

the multipoint LOD scores against the distance (in cM) excluded this whole region, as 

the LOD score did not rise above -2 (Figure 4.8).  This indicates that Paget's disease of 

bone is not linked to the serpin cluster on chromosome 6p25 in our family. 

Haplotyping also backed up the linkage data, with no haplotype segregating with 

affected family members (Figure 4.9). 
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Figure 4.7 Chromosome 6p25-p22 ideograph showing the relative position of the markers used in the serpin cluster locus (relative position 

in megabases [M]). 
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Table 4.3 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning the serpin cluster on chromosome 6p25. 

Position Recombination fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

AFMa339yd9 13.03 -1.01 -0.86 -0.45 -0.16 0.11 0.14 0.06 

D6S1617 13.51 0.73 0.73 0.70 0.63 0.45 0.26 0.11 

D6S1574 16.11 -3.91 -3.20 -1.81 -0.94 0.03 0.39 0.30 

D6S1591 16.67 -2.37 -2.02 -1.23 -0.77 -0.42 -0.31 -0.19 

BMPx2 17.23 -3.47 -3.21 -2.54 -1.67 -0.66 -0.25 -0.01 

D6S1547 17.85 -3.93 -3.59 -2.64 -1.85 -0.84 -0.30 -0.04 

D6S1674 18.30 -3.06 -2.71 -1.78 -1.11 -0.46 -0.20 -0.09 

D6S309 19.37 -3.49 -3.04 -1.83 -0.88 0.15 0.45 0.31 

D6S296 21.73 -2.77 -2.42 -1.53 -0.93 -0.41 -0.28 -0.20 

D6S470 24.10 -4.71 -4.08 -2.72 -1.71 -0.47 0.09 0.17 

D6S289 38.57 -2.63 -2.15 -1.08 -0.43 0.13 0.25 0.14 
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Figure 4.8 Multipoint LOD score curve for markers spanning the serpin cluster 

on chromosome 6p25.  The multipoint LOD scores are shown on the vertical axis, and 

estimated genetic distance (in centimorgans [cM]) is shown on the horizontal axis.  The 

approximate positions of six of the markers are indicated. 
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Haplotype analysis of a representative portion of the family for microsatellite markers in the serpin cluster on chromosome 6p25. 
Squares represent males, circles represent females, and square/circles filled in show those affected with Paget’s disease.  Symbols with a line through 
them indicate deceased individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree.  

1 to III 8 represents pedigree numbers from Figure 3.1. 
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4.4 Discussion 

Genetic analysis of Paget's disease of bone is challenging due to the late 

onset of the disorder, the incidence of sporadic cases, and the possibility of a number of 

genes causing the disease.  It was our aim to clarify the molecular basis of the disease 

in a large Australian pedigree whose founder was of Central European origin (see 

Chapter 3). In this study we conducted linkage analysis focusing on candidate 

susceptibility loci on chromosome 6p21 (PDB1) and 18q21-22 (PDB2). These loci 

were chosen on the basis of previous studies that have reported evidence of linkage to 

these two regions (Cody et al., 1997; Fotino et al., 1977; Hughes et al., 1994).  Another 

locus considered in this study was on chromosome 6p25, a locus that contains genes 

that have structural similarities to a gene cluster on chromosome 18q21-22 (PDB2 

locus) (Sun et al., 1998). The pedigree used in this study expresses familial Paget's 

disease and a pattern of inheritance consistent with an autosomal dominant trait 

(Chapter 3). 

The first genetic locus reported in the aetiology of Paget's disease was on 

chromosome 6p21 (PDB1). Only two families have ever been reported to link to this 

region (Fotino et al., 1977; Tilyard et al., 1982). Analysis of our family failed to show 

evidence of a link between the PDB1 locus and Paget's disease.  The two-point LOD 

scores from this study show negative LOD scores in the vicinity of the PDB1 locus. 

Strengthening this finding is the multipoint LOD score that created a region of 

approximately 40 cM centred in the PDB1 locus that excludes this region.  Haplotype 

genetic marker data also failed to support linkage in this region.  This further reinforces 

the idea that the PDB1 locus plays no role in the aetiology of Paget's disease for the 

majority of pagetic patients. 

The Paget's-like disorder known as FEO was first mapped to the PDB2 

locus (Hughes et al., 1994).  Due to the similarities between FEO and Paget's disease 

this locus represents an important region to test for linkage to Paget's disease.  Using 

the FEO candidate region as a model for Paget's disease, Cody et al (1997) genotyped 

this region in a large family with Paget's disease with markers on chromosome 18q21

22. This study reported evidence for a link between Paget's disease and the region on 

18q21-22 previously implicated for FEO.  In this report the authors suggested that 
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Paget's disease and FEO might be allelic variants of the same mutated gene.  Other 

groups have since tested this region for linkage, however only a small number of 

families have now been reported to link to this region on chromosome 18q21-22 (Cody 

et al., 1997; Haslam et al., 1998).   

Linkage analysis concentrating on the candidate locus for Paget's disease 

previously identified on chromosome 18q21-22 (PDB2) was carried out on our family. 

Although there is a number of studies that have shown linkage to this region (Cody et 

al., 1997; Haslam et al., 1998), we found no evidence of linkage for our pedigree.  The 

LOD score generated from a two-point analysis in this family gave results below -3.0 

for each marker (θ = 0.00). Multipoint LOD scores in this region also confirmed the 

absence of linkage and created a 30 cM exclusion region centred on the marker 

(D18S42) to which other groups have found strong linkage  (Cody et al., 1997; Haslam 

et al., 1998; Hughes et al., 1994). Haplotype analysis also confirmed our linkage 

results, showing no association between affected family members and a haplotype. 

This finding confirms that Paget's disease of bone is genetically heterogeneous and 

supports the theory that linkage to the PDB2 locus is relatively uncommon (Hocking et 

al., 2000; Laurin et al., 1999; Nance et al., 2000). 

Recently, the FEO gene has been identified as the TNFRSF11A gene that 

encodes the receptor activator of nuclear factor-κB (RANK) (Hughes et al., 2000). It 

was shown that a heterozygotic insertion of 18 base pairs in exon one of this gene 

segregated with affected members of the FEO pedigree.  This study also reported a 27 

base pair insertion mutation in exon one of this gene in a Paget's disease family of 

Japanese origin.  However, their phenotype was not consistent with classic Paget's 

disease, and it has been suggested that the patients may suffer from a milder form of 

FEO (Hughes et al., 2000; Leach et al., 2001).  To date there has been no RANK 

mutation described in patients affected with classical Paget's disease (Laurin et al., 

2001). The more recently characterised disease, ESH, is a unique disease that has 

similar features to both Paget's disease and FEO (Whyte et al., 2000). This disorder 

also contains an insertional mutation of 15 base pairs in the same region of exon one, 

similar in position to the FEO mutation and the mutation in the pagetic-family (Whyte 

and Hughes 2002).  In this study, no functional mutations were found to segregate with 

the disease, and only previously reported nonfunctional polymorphisms were found in 

three of the affected individuals tested (Hughes et al., 2000). Our studies are consistent 
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with the view that RANK mutations are rarely the cause of Paget's disease, but leave 

open the possibility that the disease may be due to mutations in other genes along the 

RANK signalling pathway (Hocking et al., 2000). 

Within the PDB2 locus, there are a number of other candidates that play a 

role in tumour regulation; these are known as a serpin cluster (Potempa et al., 1994; 

Sun et al., 1998). More recently these serpin genes have been proposed to play a role in 

regulating intracellular proteolysis in processes such as cell cycle control, tumour 

suppression, differentiation or apoptosis (Sun et al., 1998). These are all possible 

pathways that could lead to the characteristic features of pagetic osteoclast.  These cells 

are enormous in size with more nuclei than a normal osteoclast and are hyperactive; 

this may be due to defects in cell cycle control, increased osteoclast differentiation or 

decrease in apoptosis.  On chromosome 6p25 there is another locus that has been 

shown to contain a cluster of serpin genes (Eyre et al., 1996; Sun et al., 1998). This 

gene cluster has been shown to be structurally identical to the serpin cluster within the 

PDB2 locus (Sun et al., 1998). Due to these similarities it was decided to look at the 

possibility that Paget's disease may link to this region.  Two-point linkage analysis 

using markers that span this region failed to show evidence of linkage to chromosome 

6p25. All markers showed a significant negative LOD score (at θ = 0.00).  Similarly, a 

multipoint analysis also generated negative LOD scores for this region and created a 

exclusion region spanning this locus.  These data, along with haplotyping data, rule out 

the hypothesis that the serpin cluster on chromosome 6p25 may harbour a gene for 

Paget's disease of the bone. 

Linkage analysis was initially performed on the total family then tested on each 

of the sub-pedigrees split from generation III.  In all regions there was also no 

difference between the sub-pedigree with a lower age of onset and the rest of the 

family.  Our pedigree arose from a Central European founder; this raises the possibility 

that there may be geographic differences in the susceptibility genes responsible for 

Paget’s disease. 

In conclusion, this study has failed to support positive linkage to two 

reported regions for Paget's disease, namely the PDB1 and PDB2 loci.  These data 

confirm and expand the results of other studies that have failed to find linkage to these 

regions in families of diverse ethnic background (Haslam et al., 1998; Hocking et al., 
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2000; Laurin et al., 1999; Nance et al., 2000). This study was also unable to find 

linkage to a region on chromosome 6p25 that shares similar structural features to the 

PDB1 locus. Due to these findings we decided to undertake linkage analysis with 

microsatellite markers distributed across the genome, in order to localise a novel 

susceptibility locus for Paget’s disease of bone, to be followed by positional cloning to 

identify the gene. The results of these studies are reported in Chapter 5. 
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5.1 Introduction 

The main aim of this thesis is to identify susceptibility loci for Paget’s 

disease of the bone.  Our initial linkage experiment on the previously reported pagetic 

loci failed to support linkage of our pedigree to the PDB1 and PDB2 loci. 

Consequently, a genome-wide scan was used in order to identify Paget’s disease 

candidate loci.  In this type of analysis anonymous polymorphisms that are uniformly 

distributed throughout the genome are tested for the presence of a linked trait locus at 

each of hundreds of locations across the entire genome (Borecki and Suarez 2001). 

The benefit of a genome-wide scan is the ability to detect previously unknown trait loci 

with no initial bias.  A typical genome-wide scan includes approximately 300-400 

highly polymorphic markers separated by an average distance of 5-15 cM (Borecki and 

Suarez 2001).   

Two recent studies have reported results of a genome-wide scan on families 

with Paget's disease of bone (Hocking et al., 2001; Laurin et al., 2001). The first of 

these studies performed a genome-wide scan in 24 large French Canadian families (479 

individuals) (Laurin et al., 2001).  Linkage analysis in these 24 families showed 

evidence of linkage to chromosome 5q35-qter.  Under heterogeneity, a maximum LOD 

score of 7.98 was reported for marker D5S2073, at θ = 0.16. It was noted that the same 

characteristic haplotype was segregating with all affected members of eight families; 

five of these families were later shown to have a common ancestor (Laurin et al., 

2001). This study was able to find a recombination event that localised the region of 

interest to a 6 cM interval between D5S469 and the telomere, and went on to analyse 

the other 16 families not linked to 5q35-qter.  These families showed evidence of 

linkage to a second locus at 5q31 with a maximum LOD score of 3.70 at marker 

D5S500 with θ = 0.00. A recombination event narrowed the region of interest to a 

12.2 cM interval between D5S642 and D5S1972 (Laurin et al., 2001). Two families 

however, did not show evidence of linkage to both of these regions suggesting the 

presence of at least one additional locus for Paget's disease of bone and suggesting 

heterogeneity on the genetic basis of the disease.  The maximum LOD score generated 

for the genome-wide scan was on chromosome 19q with a LOD score of 2.79 for 

D19S414 at θ = 0.00 (Laurin et al., 2001). However, further investigations did not 

support the presence of linkage in the vicinity of this marker.  This suggests the 

presence of a false positive for marker D19S414 (Laurin et al., 2001). 
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The other genome-wide scan study conducted on a Paget's disease 

population was based predominantly on families of British descent (Hocking et al., 

2001). In this study, parametric multipoint linkage analysis, under a model of 

heterogeneity, identified three chromosomal regions with suggestive linkage (i.e. LOD 

scores over 1.75 (Rao and Province 2000)).  The regions reported by this study were on 

chromosomes 2q36, 5q35 and 10p13 (Hocking et al., 2001).  The peak LOD score 

generated for each region in this study were 2.70 on 2q36 between the markers D2S126 

and D2S396, 3.00 on 5q35-qter between the markers D5S400 and D5S408, and 2.60 on 

10p13 between the markers D10S1653 and D10S548.  Further analysis into 5q35-qter 

in a large American family affected with Paget's disease, generated a two-point LOD 

score of 3.47 at D5S2073 (Hocking et al., 2001).  This study also studied all areas 

under the model of homogeneity.  This test identified only one locus where the LOD 

score was above the threshold for suggestive linkage.  This locus was the region of 

chromosome 5q35-qter between the markers D5S400 and D5S408 with a LOD score of 

1.90 (Hocking et al., 2001). 

To decipher the molecular basis of Paget's disease on bone, we conducted a 

genome-wide scan, fine mapping and haplotype analysis of the large multigenerational 

pedigree with multiple family members affected by Paget's disease (Chapter 3). A 

genome-wide scan was required as we had excluded linkage to the known regions of 

PDB1, PDB2 and chromosome 6p25 (Chapter 4). We initially carried out a genome-

wide scan with markers approximately 8.6 ± 6.5 cM apart across autosomal 

chromosomes.  

Following the genome-wide scan in our pedigree we selected two regions 

that had LOD scores above the threshold of suggested linkage. These were located on 

chromosome 7p21 with a LOD score of 2.75 at θ = 0.10 for marker D7S507 and 

chromosome 18q23 with a LOD score of 1.76 at θ = 0.10 for marker D18S70. With 

the two previous studies in mind, we decided to lower the cut off LOD score to 1.50 to 

include two additional regions for linkage; these included the two previously reported 

regions of chromosome 19p11-q13.1 and 5q35-qter.  Each region was fine mapped 

with additional markers and the genome-wide scan markers were repeated.  Two-point 

and multipoint LOD scores were generated and haplotypes were assigned.  The results 

from these experiments will provide evidence to support this linkage or indicate the 

presence of false-positives in the region. 
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5.2 Materials and Methods 

All general materials and methods are outlined in Chapter 2.  All primer 

sets were optimised by PCR, the conditions for each primer set is listed in Appendix 3. 

DNA was extracted from whole blood samples using the salting-out method 

of Miller et al (1988) outlined in Chapter 2.  The genome wide scan was performed at 

the Australian Genome Research Facility (AGRF) using phenol-chloroform purified 

DNA. Subjects were initially genotyped using a genetic map consisting of 400 

autosomal markers with anticipated average heterozygosity of 0.74 ± 0.11.  The mean 

sex-averaged distance between adjacent markers is 8.6 ± 6.5 cM. The genome-wide 

scan was performed on 61 individuals from the pedigree, 27 of whom were affected 

with Paget's disease (see Chapter 2 for more details on the genome-wide scan). 

To ensure that all markers were typed for the same number of individuals, 

missing genotypes were completed and further fine mapping, in all regions of interest, 

was carried out by manual genotyping in our laboratory.  The fine mapping in the 

regions of interest on chromosome 7p21, 19p11-q13.1, 5q35-qter and 18q23 was 

undertaken for 98 pedigree members, 30 of whom are affected by Paget's disease. 

Genotyping for all genome wide scan markers at chromosome 7q21, 19p11-q13.1, 

5q35-qter and 18q23 were repeated manually to confirm the genome-wide scan results 

for these markers. 

Markers spanning the four candidate loci were selected using a number of 

different databases including: Celera database, Genome Database, Whitehead Institute 

and Genome Browser.  Using sex-averaged distances from the Location Database, we 

selected markers that span the chromosome 7p21 region: telomere – D7S531, D7S517, 

D7S513, D7S2557, D7S2508, D7S507, D7S503, D7S2335, D7S493, D7S516 – 

centromere (Figure 5.2) primer pairs and PCR reactions for these different marker 

regions are presented in appendix 5 (Table A5.4).  We also studied the following 

markers that span the chromosome 19p11-q13.1 region: telomere – D19S221, 

D19S226, D19S414, D19S871, D19S225, D19S896, D19S220, D19S417, D19S420 – 

centromere (Figure 5.5 and Table A5.5). To genotype the region on chromosome 5q35
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qter we used the markers centromere – D5S469, D5S2073, D5S408, D5S1354 

D5S2006 – telomere (Figure 4.8 and Table A5.6).  Finally, we genotyped the region on 

chromosome 18q23 with the following markers: centromere – D18S1161, AC012101, 

AC015617, AC011095, AC024396, AC021331, D18S50, D18S462, D18S1122, 

AC021144, ACC044873, NFATc1, D18S70, D18S1390 – telomere (Figure 5.11 and 

Table A5.7). 

5.3 Results

To define the genetic basis of Paget's disease of bone within our family, we 

performed a genome-wide scan. This scan was performed on 61 individuals from the 

pedigree (27 affected with Paget's disease) with 400 autosomal markers with a mean 

sex-averaged distance between adjacent markers of 8.6 ± 6.5 cM.  Figure 5.1 shows the 

peak two-point LOD obtained by an individual maker (at θ = 0.10) for each 

chromosome from the genome-wide scan. The genome-wide scan also backed up the 

results of our previous study indicating that no linkage was present for PDB1, PDB2 

and chromosome 6p25 (see Chapter 4). 
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Using the criteria suggested by Rao and Province (2000), a p <0.0023, 

which corresponds to a LOD score > 1.75, this is considered to be highly suggestive 

evidence of linkage (Rao and Province 2000).  Highly suggestive linkage was indicated 

on chromosomes 7 and 18, with peak two-point LOD scores 2.75 (θ = 0.1) at D7S507 

and 1.76 (θ = 0.1) at D18S70.  This marker on chromosome 18 was approximately 20 

cM telomeric to the PDB2 loci (Celera database).  For our study it was decided to 

include regions with a LOD score of 1.50 for further analyses and fine mapping. This 

gave us two additional regions to analysis including chromosome 19p11-q13.1 with a 

peak two-point LOD score 1.58 for D19S220 at θ = 0.00 and chromosome 5q35-qter 

with a peak two-point LOD score 1.57 for D5S408 at θ = 0.10. 

Fine mapping was undertaken for 98 pedigree members (30 affected with 

Paget's disease).  To ensure that all markers were genotyped for the same number of 

individuals, missing genotypes were completed by manual genotyping. All genome 

wide scan markers in the genotyped regions of interest were repeated manually for 

these markers. 

5.3.1 Chromosome 7p21 

The maximum two-point LOD score detected by the genome-wide scan was 

at chromosome 7p21, at a value of 2.75 (θ = 0.10) for marker D7S507. To better 

assess this linkage result, genotyping was performed on additional family members (98 

individuals) with additional markers (Figure 5.2). The relative position of these 

markers is shown in Figure 5.2, with the indicated distances in megabase pairs (M). 

Two-point linkage analysis of markers surrounding D7S507 failed to 

support linkage in this region.  The LOD scores generated in this region for the 

additional markers did not reach the threshold of suggestive linkage.  The marker 

giving the second highest peak LOD score was D7S2535 with a LOD of 1.31 at θ = 

0.05 (Table 5.1).  For the other markers in the region a maximum two-point LOD score 

of 0.59 at θ = 0.30 was obtained for markers D7S513 and D7S503.  When we analysed 

the individual sub-pedigrees there was no evidence to suggest sub-pedigree differences 

across the critical area. The peak LOD score across all sub-pedigrees did not reach the 

threshold for suggestive linkage. 
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Figure 5.2 Chromosome 7p21 ideograph showing the relative position of the microsatellite markers (relative position in megabases [M]). 
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Table 5.1 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning chromosome 7p21. 

Position Recombination Fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D7S531 7.67 -3.20 -2.83 -1.83 -1.08 -0.28 0.08 0.14 

D7S517 10.36 -6.12 -4.25 -2.39 -1.39 -0.53 -0.19 -0.04 

D7S513 22.48 -3.62 -3.14 -1.77 -0.71 0.31 0.59 0.44 

D7S2557 26.57 -0.16 -0.11 0.07 0.26 0.47 0.45 0.25 

D7S2508 30.65 -1.17 -0.66 0.00 0.23 0.26 0.16 0.06 

D7S507 31.11 0.78 1.28 2.21 2.65 2.67 2.10 1.13 

D7S503 31.55 -3.07 -2.60 -1.40 -0.49 0.39 0.59 0.39 

D7S2535 35.31 1.24 1.27 1.31 1.26 0.97 0.55 0.16 

D7S493 37.98 -4.02 -3.58 -2.24 -1.15 -0.01 0.39 0.34 

D7S516 46.23 -3.61 -3.30 -2.35 -1.57 -0.80 -0.44 -0.19 
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The multipoint LOD scores were generated by fine mapping in the region of 

positive linkage on chromosome 7p21 (Figure 5.3).  The multipoint LOD score was 

calculated with all markers. A peak multipoint LOD score of 0.62 was obtained 

between markers D7S2508 and D7S507.  These results failed to support evidence of 

linkage in the region flanking marker D7S507. 

Haplotype analysis of genotyped individuals using markers spanning 15 cM 

flanking D7S507 showed no evidence of a disease haplotype segregating in the 

pedigree. Taken in conjunction with the two-point and multipoint analysis it was 

concluded that this region was not linked to Paget's disease in this pedigree. 

These investigations therefore did not support the suggestive linkage in the 

vicinity of D7S507 and instead pointed to the possibility of a false positive two-point 

LOD score for marker D7S507.  When setting up the parameters for a genome-wide 

scan it is possible to make them too stringent such that true loci may be missed, or to 

make them not stringent enough causing too many false positives.  In most genome-

wide scans there is always a chance that false positives can occur (Rao and Gu 2001). 

Another genome wide scan study for Paget's disease has reported the presence of false 

positives in their pedigrees (Laurin et al., 2001). By fine mapping the indicated region, 

through approaches such as haplotyping and multipoint linkage analysis, false positives 

can be detected and ruled out. 
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Figure 5.3 Multipoint LOD score curve for markers flanking D7S507 analysed for 

entire pedigree. The multipoint LOD scores are shown on the vertical axis, and 

estimated genetic distance (in centimorgans [cM]) is shown on the horizontal axis 

(Location Data Base).  The approximate positions of six of the markers are indicated. 
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igure 5.4 Haplotype analysis of a representative portion of the family for microsatellite markers on 7p21. Squares represent males, circles 
represent females, and square/circles filled in show those affected with Paget’s disease. Symbols with a line through them indicate decease
individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree.  Numbers III-1 to III-8 represents 
edigree numbers from Figure 3.1. 
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5.3.2 Chromosome 19p11-q13.1 

Analysis by fine mapping was also carried out on the regions of 

chromosome 19 that gave a two-point LOD score of 1.58 at θ = 0.10 for marker 

D19S220 in the genome-wide scan.  The relative position of the markers used is shown 

in Figure 5.5.  In a recent genome-wide scan study on a population of French-

Canadians with Paget's disease, a maximum two-point LOD score of 2.79 was reported 

for marker D19S414 (Laurin et al., 2001). The region of positive linkage in our family 

(D19S220) is approximately 6.78 cM centromeric of the marker D19S414. 

Two-point LOD scores were calculated for each of the markers that span the 

candidate locus on chromosome 19p11-q13.1 (Table 5.2). The maximum two-point 

LOD score for this family remained as 1.58 at θ = 0.10 for marker D19S220.  The 

marker producing the second highest LOD was D19S896 with a LOD score of 0.66 at 

θ = 0.20. No marker in this region generated a LOD score to suggest linkage in this 

region. 

Multipoint LOD scores for all markers in the region of chromosome 19p11-

q13.1 also failed to support linkage in the vicinity of D19S220 in our pedigree (Figure 

5.6). The peak LOD score with multipoint analysis was 0.27 at marker D19S225. No 

distinct haplotype was shared between affected members of this pedigree for this 

region on chromosome 19p11-q13.1.  These data therefore did not support linkage in 

the region of D19S220 in our family.  This region also showed no differences between 

the different branches of the family.  Both our study and the study by Laurin et al 

(2001) have shown the region between the markers D19S414 and D19S220 are not 

linked to affected members of Paget's disease of bone families. 
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Figure 5.5 Chromosome 19p11-q13.1 ideograph showing the relative position of the microsatellite markers (relative position in megabases 

[M]). 
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Table 5.2 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning the chromosome 19p11-q13.1 locus. 

Position Recombination Fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D19S221 43.98 -1.96 -1.69 -1.20 -0.95 -0.62 -0.30 -0.09 

D19S226 48.53 -3.80 -3.39 -2.28 -1.32 -0.39 -0.09 -0.05 

D19S414 61.19 -2.62 -2.33 -1.52 -0.89 -0.22 0.04 0.09 

D19S871 64.10 -0.75 -0.71 -0.59 -0.49 -0.32 -0.19 -0.08 

D19S225 64.65 -0.53 -0.43 -0.34 -0.03 0.10 0.27 0.33 

D19S896 67.89 -0.31 -0.21 0.14 0.43 0.66 0.58 0.32 

D19S220 67.97 0.63 0.93 1.43 1.58 1.38 0.99 0.52 

D19S417 68.52 -1.84 -1.68 -1.27 -0.95 -0.57 -0.32 -0.14 

D19S420 72.86 -1.60 -1.39 -0.72 -0.24 0.14 0.22 0.15 
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Figure 5.6 Multipoint LOD score curve for markers flanking D19S220 analysed 

for entire pedigree.  The multipoint LOD scores are shown on the vertical axis, and 

estimated genetic distance (in centimorgans [cM]) is shown on the horizontal axis 

(Location Data Base).  The approximate positions of all markers are indicated. 
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Figure 5.7 Haplotype analysis of a representative portion of the family for microsatellite markers on 19p11-q13.1.  Squares represent males, 
circles represent females, and square/circles filled in show those affected with Paget’s disease.  Symbols with a line through them indicate deceased 
individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree.  Numbers III-1 to III-8 represents 
pedigree numbers from Figure 3.1. 
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5.3.3 Chromosome 5q35-qter 

As previously mentioned, two studies have reported on results from a 

genome-wide scan on Paget's disease of bone families (Hocking et al., 2001; Laurin et 

al., 2001). Both of these identified a region on chromosome 5q35-qter (PDB3) as a 

possible region for a Paget's disease candidate gene.  This region on chromosome 

5q35-qter produced our fourth highest LOD score from the genome-wide scan of 1.57 

at θ = 0.10 for marker D5S408.  This marker is within the new candidate region 

reported by the other studies. 

To evaluate the linkage within this region, two-point LOD scores were 

generated for markers that span the chromosome 5q35-qter candidate region.  Markers 

for fine mapping where selected based on their relative position (Figure 5.8).  Fine 

mapping within this region demonstrated a peak two-point LOD score of 3.09 at 

marker D5S1354 (θ = 0.00) across the entire family.  Table 5.3 shows the LOD score 

across the total family for the markers on chromosome 5q35-qter.  As can be seen, 

markers that flank D5S1354 also contained high LOD scores.  These LOD scores were 

generated from analysis of the entire family. 

Multipoint linkage analysis in this vicinity of D5S408 was carried out on all 

markers to further test the possibility of linkage to this candidate locus.  A multipoint 

LOD score of 6.77 was obtained between the markers D5S408 and D5S1354 (Figure 

5.9). When plotting the multipoint LOD score against the distance in centimorgans 

(cM), we generated approximately 4.8 cM region where the LOD score exceeds 3.00 

and approximately 5.6 cM region which exceed a LOD of 1.50 (suggestive linkage 

[Rao and Province 2000]) 

To further confirm linkage, haplotyping of markers spaning chromosome 

5q35-qter was carried out (Figure 5.10).  A characteristic haplotype was seen to 

segregate with disease across the entire family excluding three individuals (descendants 

from III-5 and III-6).  The haplotype that segregated with affected individuals 

comprised the markers from D5S2073 to D5S2006, inclusive.  These data support the 

results of studies on British and French Canadian pedigrees that show strong evidence 

of linkage to chromosome 5q35-qter (Hocking et al., 2001; Laurin et al., 2001). 
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Figure 5.8 Chromosome 5q35-qter ideograph showing the relative position of the microsatellite markers (relative position in megabases 

[M]). 
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Table 5.3 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning chromosome 5q35-qter. 

Position Recombination Fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D5S469 211.89 -4.84 -4.21 -2.65 -1.57 -0.44 0.04 0.12 

D5S2073 220.09 -1.29 -1.16 -0.77 -0.43 -0.06 0.07 0.07 

D5S408 221.03 1.20 1.36 1.66 1.71 1.38 0.85 0.35 

D5S1354 221.24 2.74 2.87 3.09 3.05 2.51 1.64 0.59 

D5S2006 224.17 2.24 2.31 2.43 2.36 1.89 1.19 0.46 
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Figure 5.9 Multipoint LOD score curve for markers flanking D5S408 analysed for 

entire pedigree. The multipoint LOD scores are shown on the vertical axis, and 

estimated genetic distance (in centimorgans) is shown on the horizontal axis (Location 

Data Base).  The approximate positions of four markers are indicated. 
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igure 5.10 Haplotype analysis of a representative portion of the family for microsatellite markers on 5q35-qter.  Squares represent males, 
circles represent females, and square/circles filled in show those affected with Paget’s disease.  Symbols with a line through them indicate decease
individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree. Numbers III-1 to III-8 represents 
edigree numbers from Figure 3.1.  A distinct haplotype can be seen segregating with affected member of the family excluding offspring of III-5 an

III-6. 
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5.3.4 Chromosome 18q23 

The second highest LOD score generated from the genome-wide scan was 

1.76 at θ = 0.10 for marker D18S70 on chromosome 18q23.  This region is 

approximately 20 cM teleomeric from the PDB2 locus, a locus at which some studies 

have reported a positive linkage for Paget's disease (Cody et al., 1997; Haslam et al., 

1998). Other studies, however, have reported that the PDB2 locus plays little role in 

the aetiology of Paget's disease.  We have also previously ruled out linkage to the 

PDB2 locus (Chapter 4), which this genome-wide scan study also confirmed.  For fine 

mapping in this novel area on chromosome 18q23 we used the markers that are listed 

in Figure 5.11. 

A two-point LOD score was generated for additional markers that span the 

chromosome 18q23 candidate locus.  Additional family members that were not sent for 

the genome-wide scan were included.  This produced a peak LOD score of 2.94 at θ = 

0.10 for marker D18S70 (Table 5.4). Other markers that surrounded this peak LOD 

score also yielded positive LOD scores: 2.03 at θ = 0.10 for marker D18S1390 and 

0.99 at θ = 0.10 for marker D18S462. 

Multipoint linkage analysis of all markers in the region of chromosome 

18q23 confirmed linkage to this region with a peak LOD score of 2.03 at marker 

D18S70 (Figure 5.12).  Both the two-point and the multipoint analysis generated LOD 

scores over the threshold of suggestive linkage (≥1.75) indicating that this region of 

chromosome 18q23 may be another candidate locus for Paget's disease of bone.  
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Figure 5.11 Chromosome 18q23 ideograph showing the relative position of the microsatellite markers (relative position in megabases [M]). 
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Table 5.4 Two-point linkage analysis LOD scores for the microsatellite markers 

spanning chromosome 18q23. 

Position Recombination Fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D18S61 105.43 -5.26 -4.71 -3.51 -2.63 -1.34 -0.57 -0.18 

D18S1161 114.17 -6.34 -5.88 -4.32 -2.86 -1.25 -0.49 -0.12 

D18S50 117.91 -1.23 -0.88 -0.22 0.09 0.15 -0.12 -0.32 

D18S462 119.29 -0.28 -0.01 0.65 0.99 1.02 0.59 0.05 

D18S1122 119.55 -1.21 -1.04 -0.54 -0.16 0.17 0.18 0.05 

D18S70 119.84 -2.33 1.07 2.49 2.94 2.73 1.92 0.88 

D18S1390 119.84 1.06 1.42 2.03 2.16 1.76 1.04 0.26 
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Figure 5.12 Multipoint LOD score curve for markers in the region of interest on 

chromosome 18q23 analysed for entire pedigree. The multipoint LOD scores are 

shown on the vertical axis, and estimated genetic distance (in centimorgans [cM]) is 

shown on the horizontal axis (Location Data Base).  The approximate positions of six 

markers are indicated. 
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Haplotype analysis of markers flanking the region of interest on 

chromosome 18q23 was conducted using six markers spanning a 9cM region telomeric 

to and including D18S1161 (Location Data Base).  Haplotypes were inferred for 

deceased individuals.  A clear haplotype was noted to segregate with Paget's disease in 

a large sub-pedigree (descendants of III-3 and III-4). Although the haplotype in figure 

5.13 and 5.15 is shown to originate from the father (III-3), it may also have originated 

from the mother (III-4).  This is possible as there is no evidence for or against Paget’s 

disease in III-4, also no other individual in generation III shares any haplotype with 

individuals III-3 and III-4.  The decendents of III-3 and III-4 make up the largest 

branch of the family consists of 54 genotyped individuals including 17 living subjects 

affected with Paget's disease. In addition, there are 4 deceased affected subjects whose 

genotype can be inferred.  As previously mentioned this sub-pedigree has an earlier age 

of onset of Paget's disease: mean age at diagnosis 51.2 ± 8.5 years vs. 64.2 ± 9.7 years 

for the remainder of the pedigree, p = 0.0012.   

The linked haplotype (Figure 5.13) is present in 18 of the 21 affected 

subjects in this sub-pedigree. Nine subjects under the age of 60 years (mean age 50.4 ± 

7.4 years) have the at-risk haplotype, but currently show no radiological evidence of 

Paget's disease.  The mean SAP level of these subjects was 88 ± 14.2 U/L. There are 

three putative phenocopies in the sub-pedigree.  One of these subjects (IV-22) is 

deceased, and was diagnosed as having Paget's disease in the cervical spine at age 83 

years on the basis of plain radiographs.  These radiographs were not available for our 

review.  Her four offspring, aged 63 – 71years, are at present unaffected by Paget's 

disease. The other two phenocopies were diagnosed at ages 58 (V-41) and 62 (V-43) 

years.  Their mother and two affected siblings carry the at-risk haplotype.  Their father 

was deceased at the time of the clinical study.  He had symptoms suggestive of Paget's 

disease but had not undergone biochemical or radiological evaluation, and was 

considered as "status unknown" for the linkage analysis. 

It was decided to analyse this sub-pedigree separately to see if this would 

strengthen the linkage results.  This sub-pedigree demonstrated a peak 2-point LOD 

score of 4.23 at θ = 0.00 at marker D18S1390 (Table 5.5).  This sub-pedigree also 

demonstrated a significant negative LOD score to the PDB2 region that lies 

approximately 20 cM centromerically to our region of linkage (Table 5.5 and see 

Chapter 4). 
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Figure 5.13 Haplotype analysis of a representative portion of the family for microsatellite markers on chromosome 18q23.  Squares represent 
males, circles represent females, and square/circles filled in show those affected with Paget’s disease. Symbols with a line through them indicate 
deceased individuals.  The different shaded bars indicate a haplotype which segregates with individuals within the pedigree.  Numbers III-1 to III-8 
represents pedigree numbers from Figure 3.1.  A distinct haplotype can be seen segregating with affected offspring of III-3 and III-4. 



Genome-wide Scan for Paget’s Loci 

Table 5.5 Two-point LOD scores for chromosome 18q23 region for the linked sub-

pedigree (descendants of subject III-3, Figure 3.1).  The sub-pedigree is a large 

family, with an earlier age of onset for Paget's disease compared to the rest of the 

pedigree. Markers within the PDB2 region, which is linked to Paget's disease in some 

pedigrees, are shaded.  Position in cM (sex averaged distances) from Location Data 

Base. 

Position Recombination Fraction 

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40 

D18S474 71.3 -6.62 -5.75 -4.05 -2.91 -1.44 -0.59 -0.14 

D18S64 86.37 -1.27 -1.09 -0.70 -0.46 -0.19 -0.04 0.00 

D18S60 94.83 -4.83 -3.83 -2.34 -1.46 -0.59 -0.19 -0.04 

D18S68 98.73 -3.78 -3.08 -1.99 -1.25 -0.46 -0.13 -0.02 

D18S42 98.99 -2.82 -2.52 -1.87 -1.48 -1.01 -0.62 -0.29 PDB2 region 

D18S483 100.82 -2.64 -2.28 -1.41 -0.84 -0.33 -0.15 -0.08 

D18S878 100.93 -1.07 -0.91 -0.5 -0.22 0.04 0.11 0.04 

D18S466 104.83 -2.67 -2.30 -1.52 -0.95 -0.31 -0.06 0.00 

D18S61 105.43 -1.17 -1.03 -0.85 -0.76 -0.42 -0.15 -0.03 

Chr18q23 

114.17 -3.24 -2.98 -2.02 -1.22 -0.14 -0.09 -0.01 

117.91 1.67 1.55 1.22 0.77 0.25 

119.29 2.74 2.60 2.07 1.31 0.45 

119.55 1.21 1.15 0.90 0.54 0.14 

119.84 3.83 3.50 2.63 1.62 0.59 

119.84 3.85 3.42 2.46 1.43 0.46 

D18S1161 

D18S50 1.74 1.73 

D18S462 2.70 2.73 

D18S1122 1.20 1.21 

D18S70 4.01 3.99 

D18S1390 4.23 4.16 
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Figure 5.14 Multipoint LOD scores for chromosome 18 markers flanking 

D18S1390 in the linked sub-pedigree. The multipoint LOD scores are shown on the 

vertical axis, and estimated genetic distance (in centimorgans [cM]) is shown on the 

horizontal axis (Location Data Base).  The approximate positions of six markers are 

indicated. 
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Multipoint linkage analysis of all markers for the subfamily gave a peak 

multipoint LOD score of 4.71, 0.73 cM centromeric to marker D18S1390 (Figure 

5.14).  The multipoint LOD score was significantly negative at the PDB2 locus in this 

sub-pedigree.  These data further support the presence of a candidate region for Paget's 

disease on chromosome 18q23 in this branch of the family. 

Further fine mapping was carried out in this region of positive linkage to 

look for recombination events that may narrow the region of interest.  Two significant 

recombination events were noticed (Figure 5.15).  One of the recombinations is in an 

affected individual (IV-33 and offspring); this recombination event narrows the region 

down to a 4 megabase (M) region telomeric of AC015617.  The second recombination 

is in an individual who is currently unaffected at age 55 years (V-60) and was between 

the markers D18S1122 and AC021144; this recombination narrows the region of 

interest down to a 2 M region telomeric of D18S1122. 

The SAP level of the unaffected individuals’ is 50 U/L.  Affected members 

within this sibship carrying the whole haplotype all have elevated SAP levels (96.3 ± 

9.6 U/L) and age lower then V-60 (44.7 ± 12.3 years).  There are also those in this 

sibship that carry the total affected haplotype but are also currently unaffected (V-54, 

61, 62, 63, 65 and 66). These individuals have elevated SAP levels (88.1 ± 14.2 U/L), 

have symptoms of Paget's disease and are of a similar age to V-60 (50.4 ± 7.4 years). 

These data suggests that V-60 may remain unaffected, however this can not be 

confirmed with certainty given their current age.  If this individual does become 

affected, the region of interest is 2 M between AC015617 and D18S1122. 
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Haplotype analysis of a representative portion of the linked sub-pedigree for microsatellite markers on chromosome 18q23 for 
the linked sub-pedigree.  These subjects are descendants of subject III-3 and III-4.  The hatched and open bars indicate their haplotypes, which are 
not shared by affected individuals.  The black bar indicates the haplotype which segregates with Paget’s disease in the sub-pedigree.  
recombination can be seen where the black bar chan
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5.4 Discussion 

The pedigree used in this study has been previously described (Chapter 3). 

Earlier analysis of our pedigree excluded linkage with the PDB1, PDB2, and 

chromosome 6p25 loci (Chapter 4). In the present study, we performed a genome-wide 

scan. The genome-wide scan was performed at the Australian Genome Research 

Facility (AGRF) on 61 individuals from the pedigree, 27 of whom were affected with 

Paget's disease.  Subjects were genotyped using a genetic map consisting of 400 

autosomal markers with anticipated average heterozygosity of 0.74 ± 0.11.  The mean 

sex-averaged distance between adjacent markers was 8.6 ± 6.5 cM. This scan was to 

help identify chromosomal regions that may harbour genes that cause Paget's disease of 

bone. 

When the data was analysed we identified two chromosomal regions highly 

suggestive of linkage to Paget's disease in this pedigree (Figure 5.1).  These regions 

were determined using the criteria reported by Rao and Province, i.e. a p value of 

<0.0023 (LOD score > 1.75) should be considered as highly suggestive evidence of 

linkage (Rao and Province 2000). These loci were located on chromosome 7p21 with a 

two-point LOD score of 2.75 (θ = 0.10) and on 18q23 with a LOD score of 1.76.  In 

addition, for this study we lowered the cut-off LOD score to 1.50 for further 

investigation.  This gave two additional loci for fine mapping, including chromosome 

19p11-q13.1 (two-point LOD score of 1.58 at θ = 0.01) and chromosome 5q35-qter 

(two-point LOD score of 1.57 at θ = 0.01).  This included the regions on chromosome 

19p11-q13.1 and 5q35-qter that have recently shown positive LOD scores in two other 

studies (Hocking et al., 2001; Laurin et al., 2001). 

The maximum two-point LOD score detected by our genome-wide scan 

was at chromosome 7p21 with a value of 2.75 at θ = 0.10 for marker D7S507 (Table 

5.1). Further fine mapping and multipoint linkage analysis in the region of suggestive 

linkage on chromosome 7 showed no supporting evidence for linkage in this region 

(Figure 5.3). These data showed linkage to chromosome 7p21 to be a spurious result 

with flanking markers failing to support linkage to this region.  Haplotyping also 
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confirmed exclusion of linkage to this region (Figure 5.4).  When the sub-pedigrees 

were analysed separately all sub-pedigrees contributed equally to the false-positive 

LOD score in this region.   

Two-point analysis in the region of chromosome 19p11-q13.1 yielded a 

peak LOD score of 1.58 at θ = 0.10 for marker D19S220.  This was the same marker 

for which Laurin et al., (2001) reported a positive LOD score in a genome-wide scan of 

a large French Canadian population. To better assess this linkage result more markers 

were genotyped in the region of interest.  The LOD score generated for additional 

markers failed to support linkage in this region of interest on chromosome 19p11-q13.1 

(Table 5.2). Multipoint linkage analysis generated significantly negative LOD scores in 

this region and no haplotype was shared between the affected individuals within this 

family.  This result also supports the report by Laurin et al., (2001) who failed to find 

supporting evidence for linkage in the vicinity of D19S414, a marker approximately 

6.78 cM telomeric of D19S220. 

When our genome-wide scan data was analysed the chromosome 5q35-qter 

(PDB3) region gave a maximum LOD score of 1.55 (θ = 0.10) on marker D5S408. 

Two other studies have previously implicated this region in Paget's disease of bone in 

PDB families of both French Canadian and British decent (Hocking et al., 2001; Laurin 

et al., 2001).  Further fine mapping of markers within this region revealed a peak two-

point LOD score of 3.09 at D5S1354 (θ = 0.00). A Multipoint LOD score of 6.77 was 

generated between the markers D5S408 and D5S1354.  Linkage to the PDB3 locus was 

across the entire family, including the sub-pedigree that is linked to the locus. 

Haplotype analysis revealed a distinct haplotype segregating with all affected family 

members excluding three individuals (descendants from III-5 and III-6).  Further 

analysis into these three individuals revealed that neither parent had been diagnosed 

with Paget’s disease.  Both parents died before the commencement of the study and 

were over the age of 60 years (70 and 83 years) when they died.  This does not totally 

exclude Paget’s disease from either parent, as Paget’s disease can be asymptomatic in 

the majority of individuals with detection only through bone scans.  More recently, the 

gene encoding the ubiquitin-binding protein sequestosome 1  (SQSTM1/p62) has been 

shown to contain a mutation that segregates with affected members of Paget’s families 

of French-Canadian origin (Laurin et al., 2002). 
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The genome-wide scan peak two-point LOD score for chromosome 18 was 

1.76 (θ = 0.10) at marker D18S70.  Fine mapping in this region supported linkage and 

increased the LOD score to 2.49 at θ = 0.10 for D18S70. Other markers within the 

region also provided positive two-point LOD scores of 2.03 at θ = 0.10 for marker 

D18S1390 and 0.99 at θ = 0.10 for marker D18S462.  Multipoint linkage analysis in 

this region gave a positive LOD score of 2.03 at marker D18S70. 

Subsequent haplotyping of the pedigree for markers flanking this peak LOD 

score demonstrated a characteristic haplotype exclusive to one branch of the family, 

with other branches of the family having inherited a different set of parental 

chromosome 18 alleles. This sub-pedigree had a significantly lower age at diagnosis of 

Paget's disease compared with the rest of the family (51.2 ± 8.5 vs. 64.2 ± 9.7 years, p 

=0.0012). When the sub-pedigree was analysed separately a significant two-point LOD 

score (4.23 at θ = 0) was demonstrated for marker D18S1390 and the markers 

centromeric to D18S1390 were also significantly positive.  Supporting these data was a 

multipoint LOD score of 4.71, 0.73 cM centromeric to D18S1390.  

Within the sub-pedigree there were three individuals that did not support 

linkage to chromosome 18q23 (IV-22, V-41 and V-43).  There are at least three 

possible explanations for this finding.  Firstly, the disease could have resulted from a 

new mutation of a gene involved in Paget's disease.  This explanation is hard to prove 

because the genes responsible for Paget's disease are unknown and the mutation rate 

has not been determined (Cody et al., 1997; Hocking et al., 2001).  Secondly, 

particularly for V-41 and V-43, the disease may have been inherited from the father 

who was deceased at the commencement of this study. This is possible because 

approximately 3% of the general population have Paget's disease.  The father was 

reported to have symptoms that were suggestive of Paget's disease but he had not 

undergone tests to confirm a diagnosis. If the disease was inherited from the father, his 

disease could be due to either a gene at this locus or, if the disease is genetically 

heterogeneous, a gene at another locus (Cody et al., 1997). Thirdly, these phenocopies 

may have arisen from a non-genetic cause of Paget's disease (Cody et al., 1997; 

Hocking et al., 2001; Siris 1998; Sofaer et al., 1983). 
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There are a number of different explanations why the at-risk haplotype only 

runs through the one sub-pedigree.  As with the phenocopies within the sub-pedigree, 

the disease could have resulted in a new mutation of a gene in either III-3 or III-4. 

Secondly, as there is no clinical information about III-4, the disease may have 

originated from this individual.  This region may harbour a susceptibility gene 

mutation which is not shared throughout the pedigree. Our data raise the possibility of 

genetic heterogeneity within the pedigree; this concept has previously been 

demonstrated for pedigrees with type 2 diabetes and maturity-onset diabetes of the 

young (Stoffel et al., 1992).  It is also possible that the region on chromosome 18q23 

harbours a modifier gene that may modulate the age of onset of the Paget's disease 

phenotype.  This theory seems more likely as linkage to chromosome 5q35-qter spans 

this branch and the majority of the remaining family (excluding three individuals). 

This may indicate that the gene that causes Paget’s disease may be localised to 

chromosome 5q35-qter and that a modifier gene that lowers the age of onset is located 

to chromosome 18q23.  Chromosome 18q23 has not previously been implicated in the 

aetiology of Paget's disease.  The region is located approximately 20 cM telomeric of 

TNFRSF11A.  The negative linkage data at 18q21.3 and the absence of mutations in 

TNFRSF11A support exclusion of this gene as causative in this pedigree. 

Fine mapping of this region identified a number of key recombinants that 

confined the candidate locus to a 4 cM region between AC015617 and the telomere 

(IV-33 and offspring).  No markers were available telomeric of D18S1390, for this 

reason we were unable to narrow the region down from the telomeric end.  One 

individual (V-60) contains a recombination that, providing this individual remains 

unaffected, would reduce the region of interest to a 2 cM region between D18S1122 

and the telomere. On comparing this individual (V-60) to her siblings, it could be 

predicted this person will not get the disease early as this person has a normal SAP 

level (50 U/L) and is older then her affected siblings (55 years vs. 44.7 ± 12.3 years). 

Nine members of this family contain the full at-risk haplotype, however, are not yet 

diagnosed with Paget's disease.  The mean age of these individuals are 50.4 ± 7.4 years 

with an average SAP level of 88.1 ± 14.2 U/L.  Some of these subjects currently suffer 

from the initial symptoms of Paget's disease yet show no radiographic evidence of the 

disease. These individuals in this sibship will undergo an annual evaluation to 

determine if the disease is becoming evident radiographically so that treatment may 

commence early if indicated. 
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The region of chromosome 18q23 contains several candidate genes located 

in the vicinity of the marker that yielded the maximum LOD score, D18S1390.  These 

include NFATc1 (nuclear factor of activated T cells) family of genes (also known as 

NFAT2 and NFATc), a novel Kruppel-like zinc finger protein, and a membrane-

associated guanylated kinase (MAGUK) gene.  NFATc1 is a transcription factor 

known to play a role in regulating early gene transcription in response to T cell 

receptor-mediated signals in lymphocytes.  Mutations in genes that play a role in 

immunological processes may indicate that Paget's disease is caused by a viral 

infection in a genetically predisposed individual (Siris 1998).  The MAGUK family of 

proteins act as molecular scaffolds for signalling pathway components, binding directly 

to the cytoplasmic termini of transmembrane proteins as well as to other signal 

transduction proteins.  One member of the MAGUK family of proteins, Bimp1, has 

been shown to activate nuclear factor-κB (NF-κB), an important pathway for osteoclast 

activation.  The Kruppel like zinc finger protein family acts as transcriptional 

regulators and several genes from this family have recently been implicated in 

regulation of osteogenic differentiation and late stage osteoclastogenesis. 

In conclusion, on the basis of a genome wide scan we have identified a 

novel region of linkage with Paget's disease at chromosome 18q23 in a large branch of 

the family with a lower age of onset.  We have also confirmed linkage to the previously 

reported region, chromosome 5q35-qter (Hocking et al., 2001; Laurin et al., 2001). 

Several candidate genes have been identified in the regions of interest on chromosome 

18q23 and chromosome 5q35-qter.  Sequence analysis of these candidate genes in both 

affected and unaffected individuals will be the focus of Chapter 6, with the aim of 

identifying causative mutation will be found that segregate with affected family 

members with Paget’s disease. 
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6.1 Introduction 

In the previous chapter we identified linkage of Paget’s disease of bone to a 

novel region on chromosome 18q23 with a multipoint LOD score of 4.71 at D18S70. 

This linkage was exclusive to a branch of the family with a lower age of onset when 

compared to the rest of the family (51.2 ± 8.5 vs. 64.2 ± 9.7 years; p = 0.0012).  We 

also showed linkage to the known region on chromosome 5q35-qter (PDB3) with a 

multipoint LOD score of 6.77 between the markers D5S408 and D5S1354.  This 

chapter looks at the sequence analysis of a number of candidate genes on chromosome 

18q23 and the sequencing of one of these, encoding the ubiquitin-binding protein 

sequestosome 1 (SQSTM1/p62). This gene has recently been shown to contain a 

mutation that segregates with affected family members of a number of French-

Canadian families with multiple members affected with Paget’s disease of bone 

(Laurin et al., 2002). 

Recombination in the region of interest on chromosome 18q23 has 

narrowed the region down to a 4 megabase (M) interval between maker AC015617 and 

the telomere in an affected individual (IV-33).  A recombination event is also present 

in an unaffected individual (V-60) who is still under the cut-off age for unequivocal 

classification as an unaffected.  If this subject fails to become affected with Paget's 

disease the recombination event narrows the region to a 2 M interval between the 

marker D18S1122 and the telomere.  The Celera genomic database lists approximately 

24 'transcripts' which map to the 4 M region of interest of chromosome 18q23.  The 

Genome Browser database (Goldenpath - Aug 2001) identifies an additional 28 

expressed sequenced tags (ESTs) predicted by programs such as Ensembl and 

Genescan. Many of these hypothetical genes have no homology to known genes. 

Several excellent candidates have already been identified in the region of 

the peak LOD score on chromosome 18q23.  The first, NFATc1 is a transcription 

factor.  The NFAT (nuclear factor of activated T cells) family of transcription factors 

play a pivotal role in the transcription of many genes critical for the immune response, 

including the cytokines IL2, IL4 GM-CSF and TNF-α (Rao et al., 1997). Furthermore, 

1,25-Dihydroxyvitamin D3 repression of IL2 and GM-CSF transcription has been 
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shown to be affected by competition between the vitamin D receptor and NFATc2 

(Alroy et al., 1995; Towers et al., 1999), suggesting a possible pathway by which 

NFATc1 mutations could be implicated in Paget's disease.  NFAT transcription factors 

have also been shown to regulate osteoclast-specific expression of the calcitonin 

receptor and tartrate-resistant acid phosphatase (TRAP) genes (Galson et al., 2000). 

Studies have also shown that NF-κB has significant homology to the Rel family of 

proteins; this is also the case for the NFAT family of transcription factors which 

demonstrates structural similarity to the Rel homology domain (Baeuerle 1991; Ghosh 

et al., 1990; Kieran et al., 1990; Nolan 1994; Northrop et al., 1994).  These findings 

were paralleled by the observation that NFAT and NF-κB proteins may recognise 

similar DNA sequences (Matsuda et al., 1994; McCaffrey et al., 1992). 

Another gene within this region of interest is the membrane-associated 

guanylate kinase (MAGUK). Proteins of the MAGUK family act as molecular 

scaffolds in assembling multiprotein complexes at the plasma membrane by binding 

directly to the cytoplasmic termini of transmembrane proteins as well as to other signal 

transduction proteins (Dimitratos et al., 1999; Fanning and Anderson 1999).  One 

member of the MAGUK family, Bimp1 has been shown to be a component of a novel 

NF-κB signalling pathway that links surface receptor signalling and protein kinase C 

(PKC) activation to Bcl10, MALT1, and the ΙκB kinases (proteins within the NF-κB 

pathway) (McAllister-Lucas et al., 2001). 

The caspase recruitment domain (CARD) is a protein module that mediates 

the assembly of CARD-containing proteins in the apoptosis and NF-κB signalling 

complexes (Bertin et al., 2001).  Both CARD11 and CARD14 are novel CARD-

containing proteins that belong to the MAGUK family of proteins (Bertin et al., 2001). 

These novel proteins are also upstream activators of Bcl10 and NF-κB signalling. 

The region on chromosome 18q23 also contains a number of genes that are 

not yet fully characterised.  One of these includes a novel Kruppel-like zinc finger 

protein.  Protein of this family act as transcription regulators and several genes from 

this family have been implicated in the regulation of osteogenic differentiation and late 

stage osteoclastogenesis (Jheon et al., 2001; Kukita et al., 1999).  We also sequenced a 

hypothetical gene known as FLJ21172 (Celera Database) which is physically close to 

the region of the peak LOD score. 
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Recently a gene encoding sequestosome 1  (SQSTM1/p62) on chromosome 

5q35-qter has been shown to contain a missense mutation that segregates in 11 of 24 

(46%) families and in 16% of sporadic cases of a French Canadian population (Laurin 

et al., 2002). This C→T transversion at position 1215 causes a substitution of proline 

392 with a leucine (P392L).  SQSTM1/p62 has been shown to play an important role as 

a scaffold protein, leading to the activation of the transcription factor nuclear factor-κB 

(Geetha and Wooten 2002).  This protein has a number of functional roles in various 

signal cascades.  These include a role in recruitment of atypical protein kinase C 

(aPKC) to the Kvβ2 subunit of the K+ channel, leading to the phosphorylation and 

modification of the channel (Gong et al., 1999). SQSTM1/p62 also links a death 

domain kinase (RIP) and aPKC, thereby leading to phosphorylation of IκB kinase 

(IKK) and activation of NF-κB upon stimulation with TNF-α  (Sanz et al., 1999). In 

another pathway, SQSTM1/p62 can also form a ternary complex with TNF receptor-

associated factor 6 (TRAF6) and IL-1 receptor-associated kinase-1 (IRAK), leading to 

recruitment of aPKC with subsequent phosphorylation of IKK and activation of NF-κB 

(Sanz et al., 2000). Finally, SQSTM1/p62 can act as a bridge binding p75 and tyrosine 

kinase A (TrkA) neurotrophin receptors through interaction with TRAF6, aPKC is 

recruited to the complex followed by phosphorylation and activation on IKKβ  (Sanz 

et al., 1999). 

To date, the mutations found within SQSTM1/p62 affect an ubiquitin

associated domain (UBA domain) (Laurin et al., 2002). Studies have revealed that this 

UBA domain on SQSTM1/p62 has affinity for multi-ubiquitinated proteins (Geetha and 

Wooten 2002).  Recently a requirement for multi-ubiquitinated chains in the activation 

of the NF-κB pathway by TRAF6 has been documented (Deng and Cadet 2000).  It is 

possible that p62 may regulate activation of NF-κB through recognition of TRAF6

catalysed multi-ubiquitinated chains (Deng and Cadet 2000; Wang et al., 2001). 

In this chapter the goal was to identify positional candidate genes within the 

4 M region on 18q23 by analysis of databases such as the Ensembl, Genome Browser 

and Celera databases.  A hierarchical approach was adopted to select and prioritise 

positional candidate genes with priority given to those genes implicated in bone cell 

biology, cytokine signalling and regulation of transcription.  This positional candidate 
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approach has been proved successful in identifying genes for complex disorders such 

as inflammatory bowel disease (Hugot et al., 2001; Ogura et al., 2001). 

6.2 Materials and Methods 

All general materials and methods are outlined in Chapter 2.  For this 

section of the project, age-matched Caucasian controls were required to provide a 

representation of the entire population without Paget’s disease.  Informed consent was 

obtained from all participants using the forms listed in Appendix 2. Venous blood 

samples were drawn from approximately 300 people over the age of 60 for DNA 

extraction and biochemical analysis.  Of these, 113 controls (60 males and 53 females) 

with a mean age of 69.37 ± 8.03 years were selected based on non-elevated SAP levels; 

no control was previously diagnosed with Paget's disease.   

Ten smaller families with Paget’s disease, not related to the large pedigree 

described in Chapter 3, were also recruited.  Each family had multiple members with 

Paget’s disease and the size of each family ranged from small nuclear families through 

to families with 28 individuals. Informed consent was obtained from all individuals 

using the forms outlined in Appendix 2.  Venous blood samples were taken for DNA 

extraction and biochemical analysis.  The criterion used for the diagnosis of Paget’s 

disease for these individuals is the same criteria used for the large pedigree and has 

been outlined in Chapter 2. 

Positional candidate genes were selected on the basis of their potential 

function with regard to bone biology and possible associated pathways, including 

cytokine signalling and transcription factors.  These genes were selected from 

databases including the Ensembl, Genome Browser and Celera databases. 

Candidate genes were screened for causal mutations within exons and 

intron/exon boundaries using PCR and DNA sequencing.  Mutation screening was 

conducted on 4 randomly selected affected individuals and 3 unaffected members of 

the sub-pedigree to identify mutations segregating with affected pedigree members. 

Identified DNA sequence polymorphisms were further evaluated by sequencing more 

affected and unaffected individuals. 
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Sequence analysis was carried out on NFATc1, MAGUK, and a zinc finger 

protein on chromosome 18q23.  We also sequenced a hypothetical gene, FLJ21172, 

which is physically close to the region of the peak LOD score.  We sequenced the 

recently reported gene on chromosome 5q35-qter, encoding sequestosome 1 

(SQSTM1/p62) that has been shown to contain mutations that segregate in individuals 

with Paget's disease.  The primer sequence and cycling conditions for each primer set 

are listed in Appendix 4. 

6.3 Results

6.3.1 Chromosome 18q23 Candidate Genes 

The first gene on chromosome 18q23 that was sequenced was that encoding 

the NFATc1 protein.  No variations in the exon sequence and the intron exon 

boundaries were observed for exons 1, 2, 3, 5, 8, 9 and 10 (Table 6.1).  Sequence 

analysis of exon 2 revealed a silent mutation (G→A at position 509 of the mRNA) 

sequence in an control and a G→T at the same position in one affected patient and one 

control (Table 6.1).  An already documented single nucleotide polymorphism (SNP) 

was found in one control (SNP15054) (Table 6.1).  All mutations were screened in 

additional individuals, but the mutations were found to not segregate with affected 

family members within the pedigree.  None of these mutations encoded for amino acid 

changes in the protein. 

On sequencing the exon-intron boundaries of exon 7, an 85 basepair 

heterozygous insertion was initially found within intron 6 in one affected and one 

unaffected individual (Table 6.1).  This mutation was screened for in a larger group of 

individuals from both the large family and the smaller families.  Table 6.2 lists all of 

the individuals that were found to carry the mutation.  The mutation did not segregate 

with affected family members, and was seen in more unaffected then affected 

individuals, indicating that the mutation was not causative of Paget’s disease.  The 

individuals with the mutation did not share any other disease or disease symptoms that 

may be a result of this mutation. 
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Sequence analysis of the membrane-associated guanylate kinase (MAGUK) 

gene revealed two polymorphisms.  One polymorphism was a SNP found on the Celera 

database (CV11787348): a T insertion 72 basepair into intron 1 (72insT [T7CTG 

instead of T6CTG]). A heterozygous polymorphism was seen in a number of affected 

and unaffected individuals (Table 6.3) and a homozygous polymorphism was seen in 

one affected person.  The other polymorphism was in exon 2 with a G→A basepair 

change a position 269, producing a silent mutation (GAG→GAA; i.e. Glu to Glu) 

(Table 6.3).  This polymorphism was observed in both affected and unaffected 

individuals with no linkage disequilibrium between the two polymorphisms. 

No sequence variations were observed in the coding regions or intron-exon 

boundaries of the novel Kruppel-like zinc finger protein. Likewise, no variations were 

seen in the hypothetical gene FLJ21172. 
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Table 6.1 Polymorphisms found in the gene encoding the NFATc1 protein on 

chromosome 18q23. 

Exon Mutation/Polymorphism 

1 No variants 

2 
Heterozygote 509G→A in an control 

Heterozygote 509G→T in one control and one affected patient 

3 No variants 

4 No variants 

5 No variants 

6 SNP15054 present in one control 

7 85 basepair insertion in affected and unaffected members (refer Table 6.2) 

8 No variants 

9 No variants 

10 No variants 
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Table 6.2 Individuals carrying the 85-basepair insertion in exon 7 of NFATc1 and 

their disease status. 

1Patient Identification Paget’s Disease Status 

IV-10 Affected 

IV-31 Unaffected 

IV-35 Unaffected 

V-18 Unaffected 

V-25 Unaffected 

V-28 Unaffected 

V-29 Unaffected 

V-31 Unaffected 

V-33 Unaffected 

V-45 Unaffected 

V-46 Unaffected 

V-60 Unknown 

V-73 Affected 

V-74 Affected 

V-78 Unaffected 

V-83 Unaffected 

VI-43 Unknown 

VI-45 Unknown 

VII-1 Unknown 
2JSP-290 (small family) Affected 

JSP-293 (small family) Affected 

JSP-299 (small family) Affected 

JSP-303 (small family) Unaffected 

JSP-305 (small family) Unaffected 

JSP-315 (small family) Unaffected 
1. Patient Identification numbers are derived from Figure 3.1 in Chapter 3. 

2. JSP numbers are the code assigned to each individual for confidentiality and to remove bias in 

genotyping 
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Table 6.3 Polymorphisms found in the gene encoding the MAGUK protein on 

chromosome 18q23 

1Patient Paget’s Disease Chromosome 18q23  A B 

Identification Status Haplotype 

V-39 Affected Yes +,+ +,-

IV-28 Affected Yes +,- +,-

IV-33 Affected Yes +,- +,-

V-59 Affected Yes +,- +,-

IV-37 Affected Yes +,- +,-

V-80 Affected Yes +,- -

V-74 Affected Yes +,- -

V-41 Affected No +,- -

V-43 Affected No - -

V-56 Affected No - -

V-65 Unaffected Yes +,- -

V-48 Unaffected Yes +,- +,-

VI-22 Unaffected No +,- +,-

V-50 Unaffected No - +,-

IV-31 Unaffected No - -

V-58 Unaffected No - -

V-84 Unaffected No +,- -

IV-18 Unaffected No - -

IV-35 Unaffected No - -

V-60 Unaffected No - -

1. Patient Identification numbers are derived from Figure 3.1 in Chapter 3. 

A. Celera SNP:- CV11787348 (72insT in intron 1 [T7CTG instead of T6CTG]) 

B. Exon 2:- 269G→A (GAG→GAA, Glu to Glu). 

+,- heterozygous for polymorphism 

+,+ homozygous for polymorphism 

- homozygous for absence of polymorphism 
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6.3.2 Chromosome 5q35q-qter Candidate Gene 

Sequence analysis of the gene encoding sequestosome 1 (SQSTM1/p62) 

identified a novel heterozygous deletion mutation in exon 8.  Deletion of a C at 

position 1215 of the mRNA (1215delC) introduces a premature stop codon at amino 

acid 392, which potentially would remove the entire ubiquitin-associated domain 

(position 394-440).  Table 6.4 lists all individuals that carry the mutation, their disease 

status (as determined by bone scan), SAP levels and age at last blood test.  The final 

column records if the individual displays symptoms (i.e. bone pain, tinnitus, etc.), an 

important consideration when looking at those not yet diagnosed with Paget’s disease. 

As can be seen, the majority of individuals that are currently unknown also have 

symptoms of Paget’s disease but are currently inconclusive by bone scan diagnosis.  

The 1215delC mutation segregates with all but three affected members of 

the family.  The three individuals not carrying the mutation are all offspring of III-5 

and III-6 (sub-pedigree 3) and carry no other SQSTM1/p62 mutations.  No other 

mutation was found within the coding regions of SQSTM1/p62. 

Mutation screening of 10 further families revealed 2 families (20%) with 

the previously reported P392L mutation in exon 8 of SQSTM1/p62.  However 50% of 

the affected members of one family and 43% of affected family members from the 

other family did not contain the mutation.  These individuals did not show any other 

mutation in the coding region of SQSTM1/p62.  No  SQSTM1/p62 coding mutations 

have been found in the remaining 8 families or in 113 age-matched controls.  
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Table 6.4 Individuals that contain the heterozygous 1215delC mutation in 

SQSTM1/p62 

SQSTM/p62 1215delC mutation 
1Pedigree Number 2Sub-pedigree Affected 3SAP 4Age Symptoms 

IV-10 5 yes 2230 79 yes 
IV-28 4 yes 684 83 yes 
IV-33 4 yes 67 76 yes 
IV-37 4 yes 133 79 yes 
IV-57 2 yes 76 87 yes 
V-102 2 yes 246 72 yes 
V-104 2 yes 126 70 yes 
V-111 2 ? 32 52 ? 
V-12 5 ? 91 64 yes 
V-13 5 ? 114 65 yes 
V-16 5 ? 56 57 yes 
V-18 5 yes 75 61 yes 
V-19 5 yes 117 61 yes 
V-21 5 yes 50 60 yes 
V-37 4 yes 147 59 yes 
V-39 4 yes 293 62 yes 
V-41 4 yes 70 64 yes 
V-43 4 yes 118 66 yes 
V-48 4 yes 100 55 yes 
V-49 4 yes 166 49 yes 
V-5 5 yes 67 54 yes 
V-51 4 ? 67 38 ? 
V-53 4 yes 69 48 yes 
V-56 4 yes 77 32 yes 
V-58 4 ? 78 56 yes 
V-59 4 yes 90 58 yes 
V-62 4 ? 89 47 yes 
V-64 4 yes 87 48 yes 
V-65 4 ? 52 62 ? 
V-68 4 ? 59 53 yes 
V-73 4 yes 93 64 yes 
V-74 4 yes 92 62 yes 
V-75 4 yes 618 60 yes 
V-80 4 yes 363 72 yes 
V-82 4 ? 80 79 ? 
V-9 5 ? 100 63 ? 

VI-13 4 ? 106 35 yes 
VI-18 4 ? 35 33 ? 
VI-19 4 ? 57 29 ? 
VI-22 4 ? 117 27 ? 
VI-23 4 ? 100 43 ? 
VI-30 4 ? 61 30 yes 
VI-31 4 ? 58 27 ? 
VI-39 4 yes 83 50 yes 
VI-52 2 ? 118 30 yes 

1.  Patient Identification numbers are derived from Figure 3.1 in Chapter 3. 

2.	  Sub-pedigree 2:- Offspring of III-7 and III-8  Sub-pedigree 4:- Offspring of III-3 and III-4 

Sub-pedigree 3:- Offspring of III-5 and III-6 Sub-pedigree 5:- Offspring of III-1 and III-2 

3.  SAP:- Serum alkaline phosphatase (U/L) 4. Age:- years 
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6.4 Discussion 

In the previous chapter (Chapter 5) the results of a genome-wide scan and 

fine mapping of loci on chromosome 7, 19, 5 and 18 were described.  Positive linkage 

was obtained in the regions of chromosome 18q23 and chromosome 5q35-qter.  The 

aim of this chapter was to identify and sequence candidate genes on chromosomes 

18q23 and 5q35-qter. 

Key recombination events in the region of interest on chromosome 18q23 

narrowed the region of a candidate locus to a 4 megabase (M) region between 

AC015617 and the telomere.  Another recombination event in an unaffected individual 

narrowed the region down to a 2 M region between D18S1122 and the telomere.  This 

region on chromosome 18q23 contains several candidate genes that were sequenced for 

causative polymorphisms that segregate with affected family members within the sub-

pedigree linked to this region.  The candidate genes that were sequenced were those 

encoding NFATc1, MAGUK, a novel Kruppel-like zinc finger protein and a 

hypothetical gene (FLJ21172) located close to the region of peak LOD score. 

Sequence analysis of the NFATc1 gene revealed a number of polymorphisms in 

both affected and unaffected individuals.  No mutation segregated with affected family 

members. An insertion of 85 basepair was found within intron 6 in both affected and 

unaffected test individuals.  Further sequencing of the remaining family members did 

not show the mutation segregating with affected family members of the large family 

nor with the smaller families recruited.  The mutation does not appear to cause any 

mutation in the coding sequence. 

The MAGUK gene also revealed polymorphisms in the test individuals 

sequenced.  Neither polymorphism caused an amino acid change and was found in both 

affected and unaffected individuals.  One polymorphism, an insertion into the first 

intron, was a reported SNP found on the Celera database (CV11787348).  The second 

polymorphism was a 269G→A nucleotide change; however this did not result in an 

amino acid change (Glu→Glu).  Analysis of both the Kruppel-like zinc finger protein 

and the hypothetical gene (FLJ21172) failed to identify polymorphisms within these 

genes.  To date no mutations have been found in genes on chromosome 18q23 that 

segregate with affected family members. 
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More recently, a P392L mutation in a gene encoding sequestosome 1 

(SQSTM1/p62) has been shown to segregate with individuals with Paget's disease of 

bone (Laurin et al., 2002).  It was reported that 46% of families with Paget's disease 

and 16% of sporadic cases of Paget's disease from a French Canadian background 

carried the P392L mutation.  Sequence analysis of the SQSTM1/p62 gene for our entire 

family was carried out to see if this gene segregates with affected individuals in our 

pedigree.  Through this we identified another novel frameshift mutation (1215delC) 

that introduces a premature stop codon at amino acid position 392; the predicted impact 

of this mutation is truncation of the entire ubiquitin-associated domain (392-440).  This 

mutation segregated with all affected members of the family, except for a small branch 

of the family with three affected individuals who had no noticeable phenotype 

differences in their Paget’s disease or age of onset when compared to the remaining 

family.  The parents (III-5 and III-6) of the three individuals lacking the mutation were 

deceased at the commencement of this study.  Both parents died later in life (70 and 83 

years) and had no positive evidence of symptomatic Paget's disease, according to their 

offspring. This raises the possibility that Paget's disease may have been inherited from 

either the mother or the father that had asymptomatic Paget's disease. 

The 1215delC mutation segregated within the sub-pedigree that showed 

linkage to the locus on chromosome 18q23.  We previously reported on three 

individuals within this sub-pedigree, who appeared to be phenocopies for the region on 

chromosome 18q23 (Chapter 5); sequence analysis revealed that these individuals also 

carried the 1215delC mutation.  The age of onset of these individuals was later then the 

other sibs within this branch of the pedigree (60.0 ± 2.8 years vs. 51.0 ± 8.4 years) and 

was more in line with the age of onset for the remaining pedigree (64.2 ± 9.7 years). 

This provides further support that the locus on chromosome 18q23 may contain a gene 

that modulates the age of onset of detectable symptoms.  A number of individuals 

currently with no detectable Paget’s disease also carry the 1215delC mutation. These 

people are still below the age of diagnosis for Paget's disease (46.8 ± 15.8 years) and 

have a mean SAP levels of 76.6 ± 27.2 U/L, however they show no conclusive 

evidence of Paget's disease on bone scans. These individuals are considered at high 

risk of developing Paget’s disease in the future.  No other mutation was found within 

the coding regions and the intron/exon boundaries of SQSTM1/p62. 
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The presence of a mutation in SQSTM1/p62 was also assessed by screening 

10 smaller families with Paget's disease in multiple family members.  The P392L 

mutation reported by both Laurin et al (2002) was seen in 2 of these smaller families. 

However, as in the large family, not all affected members contained the mutation; 50% 

affected members of one family and 43% of affected family members from the other 

family did not contain the mutation.  This again raises the possibility that there are 

multiple genes that can cause Paget's disease and also that there may be genetic 

heterogeneity within a pedigree. 
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7.1 Overview of the major findings of the Project  

This thesis had five aims in a strategy for identifying the genetic loci for 

Paget's disease of bone.  The first aim, described in Chapter 3, was to recruit a large 

Australian pedigree with multiple family members affected with Paget’s disease.  The 

pedigree identified includes 372 adult members in 7 generations, of whom 49 have 

Paget’s disease.  Of the 49 affected individuals, only 31 remain alive. All of these 

subjects were willing to participate in the study.  In this family, the disease appears to 

follow an autosomal dominant pattern of inheritance.  Bone scan results show that the 

pattern of disease is polyostotic, with major sites of involvement including the spine, 

pelvis, skull and femur. 

The second aim of the study was to test the recruited family for genetic 

linkage to the two known Paget’s disease loci, on chromosome 6p21 (PDB1) and 

chromosome 18q21 (PDB2) (Chapter 4).  Fine mapping with microsatellite markers 

within these loci failed to support linkage of this family to these regions.  Multipoint 

linkage analysis revealed peak LOD scores of approximately -9.5 (PDB1) and 

approximately -4.5 (PDB2). No haplotypes segregated with affected family members 

within the pedigree.  The PDB2 locus also contains a cluster of genes encoding serine 

protease inhibitors that were structurally similar to a cluster on chromosome 6p25. 

Linkage analysis was also carried out in this region.  Again, no linkage was observed 

within this locus, as seen by a multipoint LOD score of approximately -10 and no 

haplotype segregating with affected individuals. 

Exclusion of both the PDB1 and the PDB2 within our family suggested that 

another locus for Paget’s disease still remained to be identified.  To find this locus our 

third aim became the genome-wide scan on the recruited family (Chapter 5).  Analysis 

of the results of this scan revealed a peak LOD score located on chromosome 7p21 

with a peak two-point LOD score of 2.75.  However, further fine mapping in this 

region indicated that this locus was a false positive.  Similarly, chromosome 19p11-

q13.1 also gave a LOD score of 1.58 for the genome-wide scan but failed to show 

evidence of linkage when further fine mapping was carried out. 
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The data from the genome-wide scan for chromosome 5q35-qter generated 

a LOD score of 1.57.  Further mapping of this locus with additional markers revealed 

strong linkage for the majority of the family to this locus.  The peak two-point LOD 

score with additional markers was 3.09 at θ = 0.00 for marker D5S1354 and a peak 

multipoint LOD score of 6.77 between the markers D5S408 and D5S1354.  Three 

individuals (descendants of III-5 and III-6) did not contribute to the LOD score and did 

not contain the haplotype shared by all other members of the family. The affected 

status of III-5 and III-6 are unknown, as neither were alive at the commencement of the 

study, and neither had a positive diagnosis for Paget’s disease. 

The second highest LOD score from the genome-wide scan was at 

chromosome 18q23 with a peak two point LOD score of 1.76 at θ = 0.10 for marker 

D18S70.  Additional markers in this region generated a peak two-point LOD score of 

2.94 at θ = 0.00 for marker D18S70 and a peak multipoint LOD score of 2.03 also at 

D18S70.  Haplotyping in this region revealed a haplotype segregating with affected 

family members from one branch of the family.  This branch is descendant of III-4 and 

III-3 and consists of the majority of affected individuals (54 genotyped individuals; 17 

affected).  It was also found that this branch of the family had a lower age of onset of 

symptoms when compared to the rest of the family (51.2 ± 8.5 years vs. 64.2 ± 9.7 

years; p = 0.0012).  When this sub-pedigree was analysed independently of the 

remaining family, the two-point LOD score increased to 4.23 at θ = 0.00 for marker 

D18S1390 and the multipoint LOD score increased to 4.71 between the markers 

D18S70 and D18S1390.  This locus on chromosome 18q23 is approximately 20 cM 

telomeric of the PDB2 locus, and linkage analysis of the sub-pedigree also confirmed 

the previous nonlinkage results to PDB2.  A recombination event in an affected 

individual reduced the region of interest down to approximately 4 megabases (M).  A 

second recombination splits the 4 M region in half.  This individual can not definitely 

be classed as an affected or an unaffected, however all current evidence seems to 

suggest that the individual will not develop Paget’s disease.  If the individual remains 

unaffected the region of interest is 2 M telomeric of D18S1122, if the individual 

develops Paget’s disease the region is 2 M centromeric of AC021144.   
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The final aim of this project was to sequence candidate Paget’s disease 

genes within the regions of positive linkage on chromosomes 5 and 18 (Chapter 6). 

The candidates on chromosome 18q23 were selected on the basis of their known 

function and position in relation to the peak LOD score.  A number of candidate genes 

were sequenced, including the nuclear factor of activated T cells (NFATc1), 

membrane-associated guanylated kinase (MAGUK), a zinc finger protein, and a 

hypothetical gene FLJ21172.  Sequencing of these genes failed to identify mutations 

segregating with affected family members in the sub-pedigree linked to chromosome 

18q23. 

Recently a gene encoding the ubiquitin-binding protein sequestosome 1 

(SQSTM/p62) on chromosome 5q35-qter has been shown to contain mutations that 

segregate with affected family members with Paget’s disease.  This study found that 

46% of families with Paget’s disease and 16% of sporadic Paget’s disease cases had a 

C→T mutation segregating with affected family members. This mutation changes 

proline 392 to a leucine (P392L) (Laurin et al., 2002).  In the present study, a novel 

mutation was identified; this was a single base pair deletion (1215delC) that segregated 

with the majority of affected members in the pedigree.  This deletion introduces a stop 

codon at position 392 which potentially results in early termination of the protein and 

loss of the ubiquitin binding domain. The three affected members of the family that do 

not share the affected haplotype do not carry a mutation in the coding region of 

SQSTM/p62. 

A further 10 smaller families with Paget's disease in multiple family 

members were screened for mutations in SQSTM1/p62. The P392L mutation reported 

by Laurin et al., (2002) was seen in 2 (20%) of these smaller families.  However, as in 

the large family, not all affected members carried the mutation; 50% affected members 

of one family and 43% of affected family members from the other family did not carry 

the mutation. 
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7.2 Discussion  

A study of the genetic basis of Paget’s disease was the major aim of this 

project.  Results presented in this thesis are significant in contributing to a better 

understanding of the genetic basis of this disease.  Nonlinkage to the regions that had 

previously been implicated in the aetiology of Paget’s disease indicated that this 

disorder is genetically heterogeneous and that the gene that causes Paget’s disease in 

our family remained to be identified. 

The genome-wide scan revealed a number of loci that were pursued in this 

project.  Linkage was confirmed on chromosome 18q23 in one branch of the family 

(descendants of III-3 and III-4) and, with the exception of a small branch of the family 

(descendants of III-5 and III-6), on chromosome 5q35-qter.  

It is still unclear what the role of the locus on chromosome 18q23 plays in 

Paget’s disease and why linkage is restricted to one sub-pedigree.  One possibility is 

that a gene on chromosome 18q23 codes for a modifier gene that alters the presentation 

of Paget’s disease. Phenotypically this branch of the family shows no differences in 

the sites of lesions or severity, with the only detectable difference being the age of 

onset of symptoms (51.2 ± 8.5 vs. 64.2 ± 9.7 years, p = 0.0012).  This result suggests 

that a gene on chromosome 18q23 codes for an age-dependent modifier that lowers that 

age of onset. 

Other possibilities for the segregation in one branch are that the disease 

resulted in a new mutation in either of the founding parents (III-3 and III-4), or the 

disease may have come from the mother and not the father.  This raises the possibility 

of genetic heterogeneity within the pedigree; a similar situation has previously been 

demonstrated for pedigrees with type 2 diabetes and maturity-onset diabetes of the 

young (Stoffel et al., 1992). However, this possibility is unlikely as the offspring of 

III-3 and III-4 have reported that their father suffered from a “bony disorder” similar to 

the symptoms of individuals with Paget’s disease.  This locus on chromosome 18q23 

may harbour a gene that does not directly cause Paget’s disease but may cause a 

positive epistatic interaction with the gene on chromosome 5q35-qter.  This additional 

gene may be inherited from either parent and increase the susceptibility of the offspring 

or alter the presentation of Paget’s disease (modifier gene). 
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Within the sub-pedigree there were three individuals (IV-22, V-41 and V

43) that appear to be phenocopies.  As previously mentioned, possible explanations for 

this finding are that the disease could have resulted from a new mutation of a gene 

involved in Paget's disease within either parent. If this is true the disease could be due 

to either a gene at the chromosome 18q23 locus or a gene at another locus (Cody et al., 

1997).  The phenocopies may have arisen from a non-genetic cause of Paget's disease, 

as approximately 60% - 85% of Paget's cases appear to be sporadic (Cody et al., 1997; 

Hocking et al., 2001; Siris 1998; Sofaer et al., 1983).  Finally, if the gene on 

chromosome 18q23 codes for a modifier gene, then the Paget’s disease gene is located 

elsewhere and the three individuals without the chromosome 18q23 haplotype inherited 

the mutated gene with the rest of the family but did not inherit the modifier gene.  This 

explanation seems more likely and may further prove that the modifier gene lowers the 

age of onset.  The three individuals without the chromosome 18q23 haplotype did not 

develop Paget’s disease until later in life, when compared to the rest of the sub-

pedigree (60 ± 2.8 vs. 51.2 ± 8.5 years).  The age of these individuals more closely 

follows the age of the other sub-pedigrees not linked to chromosome 18q23 (64.2 ± 9.7 

years). Until further work is carried out it will not be possible to determine the actual 

role of this locus in the aetiology of Paget’s disease. 

The linkage to the region on chromosome 5q35-qter supports more recent 

linkage studies to Paget’s disease of bone (Hocking et al., 2001; Laurin et al., 2001). 

Our results provide evidence for a major susceptibility locus on chromosome 5q35-qter 

segregating with all affected family members, with the exception of three individuals 

(descendants from III-5 and III-6). As with chromosome 18q23 there are a number of 

explanations for the lack of linkage to this locus.  Further analysis into these three 

individuals revealed that neither parent had been diagnosed with Paget’s disease: both 

parents died before the commencement of the study and were over the age of 60 years 

(70 and 83 years) when they died.  This does not totally exclude Paget’s disease from 

either parent, as Paget’s disease is quite regularly an asymptomatic disorder. 

As previously mentioned, a gene encoding sequestosome 1 (SQSTM1/p62), 

located within chromosome 5q35-qter, has recently been shown to contain mutations 

that segregate with affected family members with Paget’s disease.  Sequence analysis 

of the SQSTM1/p62 gene for our entire family identified another novel frameshift 
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mutation (1215delC) that introduces a premature stop codon at amino acid position 

392; the predicted impact of this mutation is truncation of the entire ubiquitin

associated domain (392-440).  This mutation segregated with all affected members of 

the family, except for the three affected individuals that did not link to this locus. 

These three individuals contained no other mutation in the SQSTM1/p62 gene.  This 

indicates that the offspring of III-5 and III-6 have inherited a different gene that causes 

their Paget’s disease and at this stage it is unknown from which parent the gene could 

have been inherited.   

The 1215delC mutation also segregated within the sub-pedigree that 

showed linkage to the locus on chromosome 18q23, including the three phenocopies. 

This supports the theory that the gene on chromosome 18q23 is a modifier gene.  A 

number of individuals currently with no detectable Paget’s disease also carry the 

1215delC mutation.  These individuals are still below the age of diagnosis for Paget's 

disease (46.8 ± 15.8 years) and have a mean SAP level of 76.6 ± 27.2 U/L, however 

they show no conclusive evidence of Paget's disease on bone scans.  These individuals 

will be monitored to determine if they develop Paget’s disease later in life.  It is 

possible that in the future, mutation screening of this gene may represent a useful 

approach to the detection of Paget’s disease of bone.   

The full role of SQSTM1/p62 is not known, however SQSTM1/p62 has been 

shown to play an important role as a scaffold protein, leading to the activation of the 

transcription factor nuclear factor-κB (Geetha and Wooten 2002).  As no function 

studies have been carried out on this gene with regard to Paget’s disease, it is not 

possible to say that mutations in SQSTM1/p62 cause Paget’s disease.  However, there 

is strong evidence to indicate that this gene plays a major role in the aetiology of 

Paget’s disease.   

To date the mutations found within the SQSTM1/p62 gene are within the 

same region of exon 8, preceding the region that encodes an ubiquitin-associated 

domain.  These mutations lie in a CpG island.  In the mammalian genome, methylation 

takes place only at cytosine bases that are located 5’ to a guanosine in a CpG 

dinucleotide (Bird 2002).  This dinucleotide is actually under-represented in much of 

the genome, but short regions of 0.5-4 kb in length, known as CpG islands, are rich in 

CpG content (Bird 2002).  Usually most CpG islands in the mammalian genome are 
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unmethylated in normal cells.  However the hypermethylation of these sites is the most 

well categorised epigenetic change to occur in tumours (Baylin and Herman 2000; 

Jones and Laird 1999).  This hypermethylation is more common in the promoter 

regions of tumour suppressor genes, causing silencing of these genes.  In coding 

regions of genes, cytosine methylation can increase mutation rates because of the 

spontaneous hydrolytic deamination of methylated cytosine, which causes a C→T 

transition mutation at methylated CpG islands (Coulondre, et al. 1978).  This C→T 

transition mutation is the reported mutation in the French-Canadian population (Laurin 

et al., 2002). 

The functional significance of the hypermethylation of genes can be 

appreciated by examining the consequences of the mutation in individual copies of the 

gene.  Knudson’s two-hit model predicts that a phenotypic consequence of mutations is 

not seen unless both alleles of a gene are inactivated in a cell (Knudson 2000).  Studies 

have shown that tumours cells can stably maintain mutations in one allele of a gene 

while the other allele is hypermethylated, leading to the functional inactivation of the 

gene (Grady et al., 2000; Knudson 2000).  It has also been shown that when one of two 

alleles is mutated in the germ line of a patient with a familial form of cancer, and the 

resultant tumour retains both alleles of the gene, hypermethylation is commonly seen 

as the second inactivating change (Esteller et al., 2001). 

Hypermethylation leading to mutation of alleles may then provide us with a 

hypothesis of how mutations in SQSTM1/p62 may cause Paget’s disease. As 

previously mentioned, Paget’s disease is a focal disorder which only occurs at one site 

of the skeleton (Siris 1996).  One possible hypothesis then is that an original recessive 

germ line mutation (possibly caused by hypermethylation) in the family founder has 

been passed on to the family.  This mutation would remain inactive in the majority of 

cells of the body, however hypermethylation of this CpG island in one cell 

(preosteoclast, osteoclast or osteoblast) would result in both alleles carrying a mutation, 

which in turn results in a change in morphology of the cell.  This may also explain the 

focal nature of Paget’s disease.   

One of the possible ways DNA can become hypermethylated is from a 

tissue accumulation of environmental agents (Shen et al., 2002; Wachsman 1997). 

This raises the possibility that a build up of environmental agents may result in 
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hypermethylation of the CpG island in the SQSTM1/p62 gene and in turn lead to the 

presentation of Paget’s disease.  These environmental agents may include introduced 

agents, such as toxins and viruses, or may be produced locally by cells or tissue. 

Agents may build up in the cells over time and at some point result in the mutation of 

the second allele of the SQSTM1/p62 gene resulting in the presentation of Paget’s 

disease. Studies have shown that DNA damage can be caused by exposure to 

environmental agents or by normal cellular metabolic processes that produce reactive 

oxygen species, alkylating molecules, and other reactive metabolites capable of 

modifying DNA (Sobol et al., 2002).  This theory may explain the late onset of Paget’s 

disease, as it may take many years for the environmental agents to accumulate to levels 

necessary for mutagenesis. 

One way SQSTM1/p62 may cause Paget’s disease is by cell failing to 

translate the mutant allele.  This decrease in expression may be due to nonsense-

mediated mRNA decay which refers to the accelerated turnover of mRNA species for 

which translation termination occurs prematurely as a result of an introduced nonsense 

codon (Jacobson and Peltz, 1996; Maquat 1996), and can result from both nonsense 

and frameshift mutations.  Studies have shown that nonsense codons located within the 

first two-thirds to three-quarters of a protein coding region accelerate the decay rate of 

the mRNA transcript by up to 20-fold (reviewed in Jacobson and Peltz, 1996).  This 

decay pathway may result in the decrease of SQSTM1/p62 protein within the cell which 

in turn may lead to the presentation of Paget’s disease. 

As well as its role in signal transduction, SQSTM1/p62 contains a C-

terminal ubiquitin-associated domain.  As previously mentioned, all mutations found to 

segregate with Paget’s disease affect the ubiquitin-associated domain (amino acid 

position 392-440) of the gene.  The role of this domain remains largely unknown but it 

appears to be a multi-ubiquitin chain binding protein (Lee et al., 1998).  Previous 

studies have shown that this domain binds multi-ubiquitin chains and forms a novel 

cytoplasmic structure, a “sequestosome”, which serves as a storage site for 

ubiquitinated proteins (Shin 1998).  This structure may be responsible for the control of 

shuttling ubiquitinated proteins to the proteasome degradation pathway. Thus, as well 

as its role in cell signalling, SQSTM1/p62 likely carries out an essential function in cell 

regulation through modifying the fate of ubiquitinated proteins (Lee et al., 1998). 
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SQSTM1/p62 has been linked with protein aggregation both in vitro and in 

human disease (Kuusisto et al., 2001).  These aggregates appear to form in response to 

cellular stress, as SQSTM1/p62 expression is markedly increased by a variety of stress 

stimuli, such as exposure to oxidative stress, sodium arsenite, cadmium, and 

ionophores (Zatloukal et al., 2002). It has been shown that SQSTM1/p62 binds to 

misfolded and ubiquitinated proteins and is present in cytoplasmic inclusions in human 

diseases, suggesting a general role of SQSTM1/p62 in the cellular response to abnormal 

protein aggregation (Zatloukal et al., 2002).  Some cytoplasmic inclusions include 

hyaline bodies in liver carcinoma, Mallory bodies in hepatocytes in alcoholic and non

alcoholic steatohepatitis, neurofibrillary tangles in Alzheimer’s, and Lewy bodies in 

Parkinson’s disease (Zatloukal et al., 2002). This raises the possibility that mutations 

in SQSTM1/p62 may result in the inclusion bodies found within the nucleus of some 

pagetic osteoclasts.  The nuclear inclusion found by Rebel and colleges (1975) were 

thought to be paramyxovirus inclusion body, however it is possible that they are 

endogenous proteins that have formed a sequestosome-like structure within the 

nucleus.  It is unlikely, however, that these nuclear inclusions are a result of proteins 

binding to SQSTM1/p62 in the nucleus.  To bind misfolded and ubiquitinated proteins 

SQSTM1/p62 requires the ubiquitin-associated domain which is lost due to the 

mutation segregating with our Paget’s disease pedigree. These nuclear inclusions may 

result from proteins that should have been sequestered in the cytoplasm, but due to the 

mutation, did not bind to SQSTM1/p62. Some of the unbound proteins may then enter 

the nucleus where they form the nuclear inclusions that have been observed. 

Another consequence of the accumulation of SQSTM1/p62 in the 

cytoplasmic aggregates could be that the redistribution of SQSTM1/p62 in the cell has 

some influence on the other cellular functions of SQSTM1/p62 (Zatloukal et al., 2002). 

When SQSTM1/p62 is acting to sequester proteins in the cytoplasm, it may have a 

reduced capacity it acts in its other role in the activation of NF-κB. Alternatively, 

because of the mutation in SQSTM1/p62, it may not play a role in aggregating proteins 

in the cytoplasm and therefore act only in its role of NF-κB activation.  This may in 

turn result in an increase in NF-κB activation, which is also increased with the RANK 

mutations that result in FEO (Hughes et al., 2000).  Proteins that are not sequestered in 

the cytoplasm may also remain in the cytosol and not sent to the proteasome 

degradation pathway. This may have a number of different effects on the cell 

depending on the roles of the proteins that interact with SQSTM1/p62. 
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Studies have shown that signals for cell proliferation and differentiation 

result in immediate early activation of the SQSTM1/p62 gene upon (Lee et al., 1998).  

Some other immediate early genes also encode chemokines, kinases, phosphatases, and 

ubiquitin hydrolases (Herschman 1991; Webster et al., 1993; Zhu et al., 1996; Zhu et 

al., 1997).  Immediate early induction of ubiquitin hydrolases indicates that 

ubiquitination-dependent proteasomal proteolysis is a target for transcriptional 

regulation during early changes in the cellular environment. The SQSTM1/p62-

mediated regulatory pathway for multi-ubiquitinated proteins may have an essential 

function in cell proliferation and differentiation (Lee et al., 1998).  Mutations in a gene 

that could be involved in cell proliferation and differentiation may also provide another 

mechanism whereby Paget’s disease may present in cells.  The pagetic osteoclasts are 

larger than normal and contain more nuclei per cell (Krane 1986); this may result from 

incorrect cell differentiation/proliferation leading to more preosteoclasts fusing to form 

the multinucleated osteoclast. 

Although the primary abnormality in Paget’s disease appears to reside 

within the osteoclast, the mutation may affect the functioning of the osteoblast.  This in 

turn may alter the size, appearance and function of the osteoclasts. This is possible as 

osteoblasts are required for differentiation of osteoclasts. The full role of SQSTM1/p62 

is still unclear and therefore how, if at all, mutations in this gene result in Paget’s 

disease is still speculative.  In the next section I will discuss some future work that can 

be carried out to further address that genetic basis of Paget’s disease. 

7.3 Future Directions of this Study 

The results from the research presented in this thesis are significant, but 

represent only a basis for further research into the genetics of Paget's disease.  Whilst a 

mutation in SQSTM1/p62 segregates with affected family members, no functional work 

has yet been undertaken to show that a) this gene causes Paget's disease, b) this gene 

acts alone to cause Paget's disease or if it is instead one of multiple genes required to 

cause the pagetic phenotype and c) mutations in this gene affect the normal function of 

the protein.  In addition, the locus on chromosome 18q23 and its role in Paget's disease 

will need to be further investigated. 
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7.3.1 Chromosome 18q23 

The results from this project suggest that a locus on chromosome 18q23 

harbours a gene that segregates with Paget’s disease.  The data to date suggest that this 

gene modifies that age of onset of symptoms; however some other role is also possible. 

The aim of future research would be to identify a mutation in a gene that segregate with 

Paget’s disease in the sub-pedigree linked to chromosome 18q23.The approach would 

be to identify positional candidates within the 4 megabase (M) region, with more 

emphasis placed on the 2 M region telomeric of D18S1122.  These candidates will be 

identified primarily by genomic database searches using Ensembl, Genome Browser 

and Celera databases.  As was carried out in the current project, a hierarchical approach 

would be adopted to select and prioritise positional candidate genes with priority given 

to those genes implicated in bone biology, cytokine signally, regulation of transcription 

and activation of the NF-κB pathway. Candidate genes identified by this method would 

be screened for causal mutations by PCR-based sequence analysis focussing on the 

coding exons and intron/exon boundaries.  All candidate genes would be sequenced in 

3 affected and 3 unaffected individuals and all polymorphisms followed in the 

remaining members of the family to test for segregation with Paget’s disease. 

Within the chromosome 18q23 region there are approximately 28 expressed 

sequence tags (ESTs)/hypothetical genes. For the majority of these, there is no 

sequence identity to known genes.  Information about the expression patterns of these 

genes in bone cells (osteoclasts and osteoblasts) can be ascertained by RT-PCR and 

multi-tissue Northern blots.  Through these techniques it will be possible to determine 

in which tissues the ESTs/hypothetical genes are expressed.  Quantitative RT-PCR can 

also be used to test the expression levels between  controls and affected individuals. 

Difference in gene expression may indicate a mutation in the gene. 

Another method to determine differentially expressed genes that are 

responsible for bone turnover is through microarray analysis.  Custom microarrays can 
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be designed to include representative clones from all genes/ESTs/hypothetical genes 

mapped to the 4 M region on chromosome 18q23.  Genes which are differentially 

expressed can be identified using a post-normalisation cut-off of two-fold up or down 

regulation.  The validity of this approach in preliminary experiments, where the 

expressions of known osteoclasts markers are unregulated during murine osteoclast 

differentiation, has been documented (Angel et al., 2000; Luchin et al., 2001; Rehli et 

al., 1999). 

Tests can also be carried out to determine the interaction (if any) between 

chromosome 18q23 and chromosome 5q35-qter.  Computer programs are currently 

available that can test for interaction between loci using the genotype data (Cox et al., 

1999); this may help narrow the size of the candidate region. 

The above mentioned procedures represent a logical approach to identifying 

mutations in a gene on chromosome 18q23 that segregates with affected family 

members of one sub-pedigree.  Depending on the nature of the mutation and the normal 

function of the gene, the role of the gene will be examined in a series of functional 

assays.  This will enable us to determine the role the gene on chromosome 18q23 plays 

in the pathophysiology of Paget’s disease. 

7.3.2 SQSTM1/p62 

In order to show that mutations in SQSTM1/p62 cause Paget’s disease, a 

number of functional studies need to be carried out.  Many of the functional studies 

would be designed to address the hypotheses raised in the discussion of this chapter. 

This in turn will further our understanding of Paget’s disease and how or if 

SQSTM1/p62 causes Paget’s disease. 

Firstly, we must determine if SQSTM1/p62 is expressed or if the nonsense 

mediated RNA decay pathway prevent the expression of this protein.  Through 

Western blots, using antibodies located in the N-terminus, we should be able to detect a 

size different between the mutated and normal SQSTM1/p62.  If the SQSTM1/p62 

mRNA is decayed than we would only expect to see smaller amount of the normal 

protein.  Real time PCR on the mRNA of SQSTM1/p62 can by used to determine the 

amount of transcript is present. 
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The first task for functional studies will be to determine if the mutation in 

SQSTM1/p62 causes Paget’s disease.  By transfecting a cell line with a cDNA 

encoding a heterozygous mutation of SQSTM1/p62 it may be possible to produce cells 

that have features of pagetic osteoclasts - this can be determined in a number of 

different way including microscopy to visualise the morphological differences, tartrate 

resistant acid phosphatase (TRAP) staining, and pit formation assays.  A convenient 

histochemical staining procedure for TRAP activity has led to this gene product being 

the most widely used marker for osteoclasts (Angel et al., 2000).  TRAP is expressed at 

low levels in many cell types, where it presumably functions as a lysosomal hydrolase; 

high level expression is clearly restricted to osteoclasts and a subset of mature 

macrophages (Angel et al., 2000). Pit formation assays are a way of determining the 

amount of bone resorption by a culture of osteoclasts (Murrills et al., 1990).  Small 

slices of dentine or bone are placed into Cultures of osteoclasts where they for pits on 

the surface.  By microscopy, these pits can be assayed and the area of bone resorbed 

per cell can be calculated. Through this method we can visualise the hyperactivation of 

pagetic osteoclasts as compared to normal osteoclasts. 

Another way to determine if mutations in SQSTM1/p62 cause Paget’s 

disease is to create an animal model.  Based on the results presented in this thesis, mice 

with the analogous 1215delC heterozygous mutation may produce a phenotype that 

resembles Paget’s disease, and this would provide a system for determining the cellular 

consequence of this introduced mutation. Obtaining osteoclasts from mice is also 

easier then getting osteoclasts from humans.  A mouse model for Paget’s disease would 

be an important step in elucidating the genetic basis of Paget’s disease and will 

eventually be important for evaluating new drugs as they are developed. 

To test the theory that the SQSTM1/p62 germ line mutation in an osteoclast 

is recessive until accompanied by a somatic mutation in the second allele (Knudson’s 

two-hit model), it is necessary to look at pagetic cells and compare them with non

pagetic cells from the same patient.  Loss of heterozygosity within the pagetic cell and 

presence of heterozygosity in the normal cell, or in the DNA extracted form peripheral 

blood, will provide evidence supporting this proposal.  Methylation of SQSTM1/p62 

can also be determined by methylation-specific polymerase chain reaction (PCR), 

followed by restriction digestion using a methylation-sensitive restriction enzyme like 
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SmaI. Another method to test for methylation is by methylation-specific competitive 

PCR (Bechter et al., 2002). In this method genomic DNA is digested with a 

methylation-sensitive restriction enzyme, followed by PCR using primers that flank the 

suspected methylation site.  Sequences that are not methylated will be amplified and 

able to be subsequently visualised via agarose gel electrophoresis.  To determine if 

environmental agents play a role, it is possible to treat transfected cell lines and/or the 

mouse model with different environmental agents, or substances that place the cell 

under stress; in this way it will be possible to test for loss of heterozygosity or 

methylation of the second allele as a result of the environmental agents.  These 

approaches then may give us a mechanism whereby Paget’s disease may be localised 

and present with a late onset, as previously discussed. 

As previously mentioned, SQSTM1/p62 can form sequestosomes in the 

cytoplasm of cells.  Electron-microscopy may be used to compare mutated 

SQSTM1/p62 and non-mutated cells to visualise these inclusions in either the nucleus 

or the cytoplasm.  If inclusions are present, it may be possible to purify these inclusion 

bodies and extract the individual proteins through detergent treatments to determine the 

composition of these inclusions.  As aggregates appear to form in response to cellular 

stress (Zatloukal et al., 2002), these experiments can be carried out on mutated cells 

under different forms of stress compared to mutated cells without stress and normal 

cells with and without stress. 

A number of studies can also be carried out in order to determine the 

relative RNA expression levels of mutated SQSTM1/p62 and other proteins within the 

pathway in which SQSTM1/p62 is involved.  To assay for these expression levels real 

time PCR could be carried out on mRNA extracted form normal and mutated cells; this 

may identify genes that have an increased or decreased expression.  As Paget’s disease 

generally increases expression of NF-κB it is believed that other genes leading up to 

this gene will also have increased expression. 

Immunofluorescence can be used to determine if mutant SQSTM1/p62 is 

expressed in cells, and if so, if it is localised to the same region of the cell as the 

normal SQSTM1/p62. As mentioned, one of the roles of SQSTM1/p62 is in cell 

signalling, therefore one would expect normal SQSTM1/p62 to be localised to the cell 

plasma membrane.  Through immunofluorescence it could be possible to compare, 

173 




Discussion, Future Directions and Conclusions 

between normal and mutated cells, the localisation of SQSTM1/p62, proteins that bind 

to it and down-stream proteins.  As only the ubiquitin-associated domain is affected by 

the mutation (assuming the protein is expressed at all) we believe that SQSTM1/p62 

should still function in cell signalling.  However, if the ubiquitin-associated domain is 

required for cell signalling, we would expect to see differences in the localisation of the 

proteins that require this domain to bind. 

The ultimate aim of research into Paget’s disease is the prevention, cure or 

treatment of this disorder.  This may become possible as we improve our understanding 

of molecular mechanisms involved in the disorder and bone remodelling pathways.  As 

well as the development of new treatments, it may be possible to cure or prevent 

Paget’s disease and similar bone disorders through somatic gene therapy.  Somatic 

gene therapies require targeted transfer of the therapeutic gene(s) into stem cells that 

proliferate and then differentiate (Hou et al., 1999). Methods have been developed for 

gene therapy using transplantation of multipotent bone marrow calls.  Insertion of the 

therapeutic gene under the control of a bone cell specific promoter provides an 

effective approach to deliver therapeutic gene expression to bone cells for treatment of 

bone disorders (Hou et al., 1999).  These experiments are still in their early phases but 

may prove to be the method of choice for the treatment of genetic bone disorders such 

as Paget’s disease. 

Although a mutation in a gene has been found that segregates with Paget’s 

disease, there is still much that need to be done.  As well as the theories and experiment 

list above there are many more experiments that can be carried out in order to 

determine the role of SQSTM1/p62 in Paget’s disease and in bone remodelling.   

7.4 Conclusions

Paget’s disease of bone is a common bone disorder characterised by 

excessive and abnormal remodelling of bone.  At the commencement of this project, 

the aetiology of this disorder was mostly unknown.  There was strong evidence that 

Paget’s disease was a result of a genetic abnormality but no responsible gene had been 
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identified. Through the course of this project we have identified two candidate genetic 

loci; one locus appears to contain a gene for Paget’s disease (chromosome 5q35-qter), 

while the other may encode a modifier gene lowering the age of onset (chromosome 

18q23). We have also identified mutations in the gene encoding sequestosome 1 

(SQSTM1/p62) that segregate with Paget’s disease of bone.  The role of genes on 

chromosome 5q35-qter and 18q23, and the mechanisms by which mutations in 

SQSTM1/p62 cause Paget’s disease, remain to be elucidated.  

Paget’s disease is a complex, genetically heterogeneous disorder.  While 

one causative gene appears to be SQSTM1/p62, mutations in this gene do not account 

for the genetic defect of all Paget’s disease individuals in the families studied.  This 

suggests that there are other genes that cause Paget’s disease that still remain to be 

discovered. In addition, the link between Paget’s disease and chromosome 18q23 still 

needs to be clarified. 

It is hoped that further work on the genetic basis of Paget’s disease will lead 

to the identification of more genetic loci and genes.  The identification of genes for 

Paget’s disease is important for the understanding of this disease.  It also sheds light on 

the pathways required for normal bone growth and development, which are still not 

fully understood.  By identification of the genes that cause Paget’s disease, it will 

become possible to screen at risk individuals at a preclinical stage, and possibly 

identify targets for more effective preventative and therapeutic strategies for disease 

management. 
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Appendix 1: Radiographic Presentation of Paget’s Disease 

Figure A1.1 Radiograph of right and left femora after autopsy.  Both femora are 

severely affected and there is considerable deformity of the bone, particularly of the 

left femora where a healed fracture is visible.  The cortex is grossly thickened on both 

sides and there is loss of the normal cortico-medullary differentiation. Small fissure 

fractures are seen on the convex surface of the bones (Paget's disease of bone: 

radiological atlas 1979). 
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Figure A1.2 Pagetic skull.  This photo shows moderately severe Paget’s disease of the 

skull with irregular thickening of the vault, and patchy areas of sclerosis and 

translucency giving rise to a characteristic cotton wool appearance.  The base of the 

skull is flattened and the pituitary fossa is indistinct.  Such patients may have headache, 

deafness and rarely the cranial nerves or long tracts may be involved (Paget's disease of 

bone: radiological atlas 1979). 
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Figure A1.3 Pagetic left humerus.  The left humerus (L) is extensively involved with 

Paget’s disease.  There is gross deformity and there is loss of the normal bone 

architecture.  The disease extends from the elbow joint to the upper end of the 

humerus.  It is unusual for Paget’s not to involve the end of a long bone if other areas 

are diseased (Paget's disease of bone: radiological atlas 1979). 
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Figure A1.4 Severe deformity an affected tibia. Bowing deformity of the tibia on 

anteroposterior (left) and lateral views.  The deformity leads to poor alignment at the 

knee and ankle and to a shortened limb (Siris 1996). 
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Appendix 1:  Radiographic Presentation of Paget’s Disease 

Figure A1.5 Roentgenogram of a tibia.  This tibia has undergone extensive 

osteolysis, exhibiting a distal advancing osteolytic front with proximal sclerotic bone. 

A partially healed pathological fracture is present proximally (Singer 1995). 
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Appendix 1:  Radiographic Presentation of Paget’s Disease 

A) B) C) 


Figure A1.6 Radiographic abnormalities in Paget’s disease.   

A) Femur.  Alterations extend from the femoral head to the middiaphyseal region. 

The cortex is thickened and there is cortical encroachment on the medullary 

canal.  Observe the coarse trabecular pattern.   

B) Humerus, radius, and ulna.  Coarsely trabeculated bone is associated with 

radiolucent regions of varying size.  The osseous outlines are enlarged.   

C) Tibia.  On a lateral radiograph, typical Paget’s disease of tibia is associated with 

exaggerated anterior curvature.  Note the lack of fibular involvement (Resnick 

and Niwayama 1998). 
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A) B) 

C) D) 

Figure A1.7 Complications of Paget’s disease: Insufficiency (stress) fractures. 

A,B) Radiographs of a proximal femur outline multiple linear radiolucent areas 

(arrowheads) on the outer aspect of the thickened femoral cortex.  Some of the 

fractures traverse the entire cortex, whereas others do not.  Endosteal callus is evident 

(open arrow). 

C,D) Observe the progression of the stress fractures of the proximal femur in this 

patient with Paget’s disease.  On the later film, a large fracture line extends partially 

across the bone (Resnick and Niwayama 1998). 
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Figure A1.8 Bone scan of Pagetic patient.  Anterior and posterior views of a bone 

scan in a patient with polyostotic Paget’s disease.  There is increased uptake of tracer in 

the skull, multiple vertebrae, and the pelvis, areas in which Paget’s disease was noted 

on roentgenograms.  The abnormal areas probably represent degenerative arthritis and 

a healed rib fracture (Singer 1995). 
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Appendix 2: Patient Information Form and Patient Consent Form 

Appendix 2.1 Patient Information Form 

Patient Information Form 

The Characterisation of the Genetic Basis of Paget’s Disease of Bone 

This research project seeks to find the cause of Paget’s disease of bone. 

This condition is often inherited in families, but the precise cause remains to be found. 

Genetic studies are necessary in order to find genes which may cause the disease and 

which may contribute to the development of the complications.  For these studies, we 

need to find families in which one or more members of the family has Paget’s disease 

of bone.  We also need to compare results form people with a family history of Paget’s 

disease, to those from people with no history of Paget’s disease.  People with non-

history of Paget’s disease of bone play an important role as “normal controls”.  This 

aim of this study is to find the cause of Paget’s disease of bone, and by undertaking the 

cause develop more effective methods for the treatment and prevention of this 

condition and its complications. 

If you would like to help with the study, we would initially ask you to 

complete a questionnaire outlining any family history of Paget’s disease of bone.  If 

there is a family history, we would like to invite you and other members of your family 

to participate in the study. If you have no history of Paget’s disease of bone, we would 

like to invite you to participate, but other members of your family are not needed. 

Participation in the study consists of answering some questions about your 

general health and any history of bone disease and its treatment. A blood test is taken 

to check the serum alkaline phosphatase level (a marker of bone activity).  A small 

quantity of blood would also be taken for genetic studies to find the cause of Paget’s 

disease of bone.  Some cells from the blood will be grown to make cells similar to 

those in bone. Studying the genes that are active on these cells will help understand 

what happens in Paget’s disease.  If you are having bone surgery, we would like to ask 

your surgeon to send to our laboratory any pieces of bone, which would normally be 

discarded during surgery.  No extra bone will be removed. The bone cells, which are 
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grown in the laboratory or are removed at surgery and sent to the laboratory, will be 

stored indefinitely and will not be destroyed.  The genetic research undertaken on these 

samples will be related to Paget’s disease of bone and its complications. 

If your blood test suggests the presence of Paget’s disease of bone, which 

has not been previously diagnosed and treated, we would like to offer you the 

opportunity to have a bone scan. Bone scans are routinely used in clinical practice for 

the diagnosis and monitoring of Paget’s disease. The scan takes up to two hours and 

involves an injection of radioisotope at a low dose.  The bone scan can be performed at 

the Princess Alexandra Hospital Department of Nuclear Medicine, which we can assist 

in arranging, or if you prefer to have it performed privately we will liaise with you 

general practitioner who can arrange this. 

If the bone scan confirms the presence of Paget’s disease, we would like to 

offer you the opportunity to see Dr Shaw at the Dept of Diabetes and Endocrinology, 

Princess Alexandra Hospital, to discuss the best approach to your treatment. 

Alternatively, you may prefer to see another endocrinologist, and we would be very 

happy to forward all your results to your general practitioner, who could assist you 

with the referral.  In certain cases, Paget’s disease may be associated with hearing loss, 

and if you have symptoms of hearing impairment and would like this followed up, we 

would be pleased ti arrange audiometry testing to document any hearing impairment. 

All results arising from this study will be completely confidential.  We will 

inform you of your results, and will be pleased to communicate them to your general 

practitioner.  Participation in this study is voluntary and you are free to withdraw at any 

stage.  This will in no way affect any medical treatment that you may receive.  If you 

have any queries regarding the study, please contact Dr Joanne Shaw at the Princess 

Alexandra Hospital in (07) 3240 2111 page 432, or Sr Janine Kesting on (07) 3240 

2452. 
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Appendix 2.2 Patient Consent Form 

Patient Consent Form 

“The Characterisation of the Genetic Basis of Paget’s Disease of Bone” 

I, ____________________________, agree to participate in the Princess Alexandra 

Hospital’s research project entitled “the Characterisation of the Genetic Basis of 

Paget’s Disease of Bone”. 

I understand that the study includes people with Paget’s disease and their 

families.  It also includes subjects who do not have Paget’s disease, whose results are 

important for comparative purpose. The aim of the study is to identify the genetic 

basis of Paget’s disease and its complications.  I understand that all the results will be 

treated confidentially. 

This consent is purely voluntary and I have the right to withdraw from the 

study at any point if I choose.  If I do choose to withdraw form the study, this will in no 

way affect any treatment that I may be receiving or may receive in the future at this 

hospital. 

The nature of the research has been explained to me to my satisfaction, and 

I also acknowledge receipt of a patient information form.  It has been explained to me 

that the study will not directly benefit me in any way.  I have had the opportunity to 

have a friend or relative present while the nature of the study was being explained to 

me. 

Patient’s signature:________________ 

Witness’ signature:________________ 

Witness’ Name:__________________ 

Date:____________ 

I am conducting the above mentioned research and I have explained the 

nature of the study to the patient and his or her carer (if applicable).

 Signed:______________________ 
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Appendix 2.3: Patient Questionnaire Form 

Name:______________________________________________ 


Maiden Name: _______________________________________ 


D.O.B:______________________________________________ 


Address:_____________________________________________ 


Please indicate the names of the following relatives, where they live or whether they


have died, and whether they have Paget’s disease 


Mother: _____________________________________________ 

Mother’s Mother: ____________________________ 

Mother’s Father: _____________________________ 

Farther: _____________________________________________ 

Father’s Mother: _____________________________ 

Father’s Father: ______________________________ 

Partner: _____________________________________________ 


Brothers: ______________________________________________________________ 


Sisters:________________________________________________________________ 

Sons:_________________________________________________________________ 

Daughters:_____________________________________________________________ 
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________________________ 

________________________________________ 
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Appendix 2: Patient Information Form and Patient Consent Form 

Date: ____________________________ Time: ____________________________ 


Name: ____________________________________ 


Maiden Name: _____________________________ 


Date of Birth: ______________________________ 


Male/Female: ______________________________ 


Address:_______________________________________________________________ 


Telephone Number: _________________________ 

Name and Address of GP or health centre:____________________________________ 

Fasting? (Yes/No): _________________________ 


When did you last eat, or drink something other than water? 


Do you have Paget’s disease? (Yes/No) 

If so, year of diagnosis: ______________________ 


Doctor who manages the Paget’s disease:_____________________________________ 


Previous and Current Treatment for the Paget’s disease: 

Current medications: 
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Known complications of the Paget’s disease?

 Bone pain

 Hearing loss 

 Deformity

 Other: ___________________________________________________ 

Family history

 Alive       Affected by Paget’s disease 

Number of parents 

Number of brothers/sisters 

Number of offspring 

Blood samples: 

(i) 	 Analysis to be performed in Department of Chemical Pathology: 

E/LFT, Calcium, Phosphate 

(ii) Analysis to be performed in Dept of Diabetes and Endocrinology: 

20 ml EDTA sample for DNA 
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Appendix 3: PCR Primer Sets and Reaction Conditions for 

Microsatellite Markers 

The reaction conditions for each primer set were optimised on gradient PCR 

(results not shown).  The optimal PCR conditions are listed in tables A3.1 – A3.7. 

Table A3.1 Oligonucleotide primer sets and PCR running conditions for markers 

at the PDB1 locus on chromosome 6p21. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D6S470 Fwd:- 5’ AAGCGATCTCACCATATACAC 3’ 
Rev:- 5’ ACACTGCAAAACGATTACCA 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 

D6S289 Fwd:- 5’ TTCGCTGAGATCATGCCAC 3’ 
Rev:- 5’ AGACCTTTAGGTTGTTCATGCTG 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 50 s 

D6S422 Fwd:- 5’ TTTAGGGGACTGTGGG 3’ 
Rev:- 5’ TGCCTACATGGTGAAGAC 3’ 

94oC for 45 s 
57oC for 45 s 
72oC for 50 s 

D6S1571 Fwd:- 5’ GGACCTACGCATCTGGTG 3’ 
Rev:- 5’ TGGCTCTAATGGTTACTTTTTACA 3’ 

94oC for 45 s 
56oC for 45 s 

72oC for 1.5 min 

D6S258 Fwd:- 5’ GCAAATCAAGAATGTAATTCCC 3’ 
Rev:- 5’ CTTCCAATCCATAAGCATGG 3’ 

94oC for 45 s 
58oC for 45 s 

72oC for 1 min 

TNF-α Fwd:- 5’ AGGAGCCAGGATGGAGACC 3’ 
Rev:- 5’ CCAGCCTGGATAACAGAACG 3’ 

94oC for 45 s 
56oC for 45 s 

72oC for 1.5 min 

D6S1542 Fwd:- 5’ ACTGGGTGCATCAGGGAG 3’ 
Rev:- 5’ CTTTACAACCCTTGGCAGC 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 

D6S291 Fwd:- `CTCAGAGGATGCCATGTCTAAAATA3’ 
Rev:- 5’GGGGATGACGAATTATTCACTAACT3’ 

94oC for 45 s 
55oC for 45 s 

72oC for 1.5 min 

D6S1602 Fwd:- 5’ GATTACAGGCGTGAGCACC 3’ 
Rev:- 5’ ACCTGAGTGGGAAATTCTGG 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 

D6S1610 Fwd:- 5’ CCTGGTGAGATAGATGCTTG 3’ 
Rev:- 5’ ATTTCCAGCAGAGCCTTG 3’ 

94oC for 45 s 
58oC for 45 s 
72oC for 55 s 

D6S1641 Fwd:- 5’ CTGCCATTGCCACAAG 3’ 
Rev:- 5’ ACAAGGGGTCCAGCATT 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 

D6S257 Fwd:- 5’ CTGCCATTGCCACAAG 3’ 
Rev:- 5’ ACAAGGGGTCCAGCATT 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 
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Table A3.2 Oligonucleotide primer sets and PCR running conditions for markers 

in the PDB2 locus on chromosome 18q21-22. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D18S464 Fwd:- 5’ GCCAGACTTTGTGCCATTTC 3’ 
Rev:- 5’ TTTCCTGAATCTCTTGTGGTTTG 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D18S53 Fwd:- 5’ GGTCACCTACAACTTTGGATG 3’ 
Rev:- 5’ TGCATGTAAATATCAGAGTCTGTT 3’ 

94oC for 20 s 
58oC for 20 s 
72oC for 40 s 

D18S478 Fwd:- 5’ ACATCATCAAGTAGATTTCCATT 3’ 
Rev:- 5’ GACCAACTCAAGTGTTCCAC 3’ 

94oC for 20 s 
57oC for 25 s 
72oC for 45 s 

D18S1102 Fwd:- 5’ TTTCAGGATTTTGGAGCC 3’ 
Rev:- 5’ GGAATGACTGCGTCTGTG 3’ 

94oC for 20 s 
58oC for 20 s 
72oC for 55 s 

D18S474 Fwd:- 5’ TGGGGTGTTTACCAGCATC 3’ 
Rev:- 5’ TGGCTTTCAATGTCAGAAGG 3’ 

94oC for 30 s 
55oC for 40 s 
72oC for 55 s 

D18S64 Fwd:- 5’ ATACTGGTGGTGGTTATACAACAT 3’ 
Rev:- 5’ AAATCAGGAAATCGGCA 3’ 

94oC for 30 s 
56oC for 30 s 
72oC for 45 s 

D18S60 Fwd:- 5’ CCTGGCTCACCTGGCA 3’ 
Rev:- 5’ TTGTAGCATCGTTGTAATGTTC 3’ 

94oC for 15 s 
55oC for 15 s 
72oC for 30 s 

D18S42 Fwd:- 5’ CCAGGGTCTTGGGGTAGCTT 3’ 
Rev:- 5’ GGTGATAGCGATTGAAATAGGAA 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D18S68 Fwd:- 5’ ATGGGAGACGTAATACACCC 3’ 
Rev:- 5’ ATGCTGCTGGTCTGAGG 3’ 

94oC for 40 s 
56oC for 40 s 
72oC for 55 s 

D18S483 Fwd:- 5’ TTCTGCACAATTTCAATAGATTC 3’ 
Rev:- 5’ GAACTGAGCAAACGAGTATGA 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D18S878 Fwd:- 5’ TCAAATTTTTAAGTCTCACCAGG 3’ 
Rev:- 5’ GCCTGTAGAAAGCAACAACC 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D18S466 Fwd:- 5’ ACACTGTAGCAGAGGCTTGACC 3’ 
Rev:- 5’ AGGCCAAGTTATGTGCCACC 3’ 

94oC for 45 s 
57oC for 45 s 

72oC for 1.5 min 

D18S61 Fwd:- 5’ ATTTCTAAGAGGACTCCCAAACT 3’ 
Rev:- 5’ ATATTTTGAAACTCAGGAGCAT 3’ 

94oC for 45 s 
57oC for 45 s 
72oC for 55 s 

D18S1161 Fwd:- 5’ GTCCGTCCAACGTCCAA 3’ 
Rev:- 5’ GGAGAGCCACACCTATCCTG 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 
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Table A3.3 Oligonucleotide primer sets and PCR running conditions for markers 

at the serpin cluster on chromosome 6p25. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

AFMa339yd9 Fwd:- 5’ GAGATCACACCACTGCACTTTAG 3’ 
Rev:- 5’GTCTGGTTCCTGGATAATAATATC 3’ 

94oC for 45 s 
49oC for 45 s 

72oC for 1.5 min 

D6S1617 Fwd:- 5’ TGCAAAACAGGCACACATAC 3’ 
Rev:- 5’TTAATCAATTTTCTGCAAAGATAA 3’ 

94oC for 45 s 
51oC for 45 s 

72oC for 1.5 min 

D6S1574 Fwd:- 5’ AAGAACTTCCCAAACCAAT 3’ 
Rev:- 5’ AACCATCCAGGACATCAA 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D6S1591 Fwd:- 5’ TGTTTCAGCAGCATAGGG 3’ 
Rev:- 5’ AGAGCCTGTTTGGTGTCATC 3’ 

94oC for 45 s 
51oC for 45 s 

72oC for 1.5 min 

BMPx2 Fwd:- 5’ CGTGGCACCTGGTCGAG 3’ 
Rev:- 5’ CTCCTTGTCGTACTCCAC 3’ 

94oC for 10 s 
55oC for 10 s 
72oC for 15 s 

D6S1547 Fwd:- 5’ CCTTGAGCACCTTAAATTTTT 3’ 
Rev:- 3` TAACTGACAAAGCAGAATAGCA 3’ 

94oC for 1.5 min 
51oC for 1.5 min 
72oC for 1.5 min 

D6S1674 Fwd:- 5’CCTTAAACAAACAATAAGACCAC 3’ 
Rev:- 5’CAGAATAGAAAACAGAGCCA 3’ 

94oC for 10 s 
55oC for 10 s 
72oC for 15 s 

D6S309 Fwd:- 5’ TTGCAGTGAGCCGAGATTG 3’ 
Rev:- 5’ CTTGTGCGAATGAACACCG 3’ 

94oC for 20 s 
58oC for 20 s 
72oC for 40 s 

D6S296 Fwd:- 5’ TCTATCCCAGGTTTCTCCAA 3’ 
Rev:- 5’GCTTCATCTATAATCAAGACACTC 3’ 

94oC for 1 min 
56oC for 1 min 

72oC for 1.5 min 

D6S470 Fwd:- 5’ AAGCGATCTCACCATATACAC 3’ 
Rev:- 5’ ACACTGCAAAACGATTACCA 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D6S289 Fwd:- 5’ TTCGCTGAGATCATGCCAC 3’ 
Rev:- 5’ AGACCTTTAGGTTGTTCATGCTG 3’ 

94oC for 20 s 
57oC for 20 s 
72oC for 40 s 
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Table A3.4 Oligonucleotide primer sets and PCR running conditions for markers 

on chromosome 7p21. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D7S531 Fwd:- 5’ AAACTGTGGTCCTGGCTG 3’ 
Rev:- 5’ AAACTAGAGTCCTGGCCTGA 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D7S517 Fwd:- 5’ TGGAGAAGCCATGTGAGT 3’ 
Rev:- 5’ AGCTGTAATTAGTTGCTGGTTTGA 3’ 

94oC for 20 s 
57oC for 20 s 
72oC for 40 s 

D7S513 Fwd:- 5’AGTGTTTTGAAGGTTGTAGGTTAAT 3’ 
Rev:- 5’ ATATCTTTCAGGGGAGCAGG 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D7S2557 Fwd:- 5’ GCCTCAATTACAATTCAACACT 3’ 
Rev:- 5’ GCTTAAACCAGATCCACTTTTT 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D7S2508 Fwd:- 5’ TTCTGAAAAACACAGGAACC 3’ 
Rev:-5’ ATTACCAACTAAAGATTTCTCTGGA 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 55 s 

D7S507 Fwd:- 5’ TGCCCAATTCTCAGTGTT 3’ 
Rev:- 5’ CTACGTACATGGCTGCAA 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D7S503 Fwd:- 5’ ACTTGGAGTAATGGGAGCAG 3’ 
Rev:- 5’ GTCCCTGAAAACCTTTAATCAG 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 

D7S2535 Fwd:- 5’ ACAATTAGTACCTTTCCATCAG 3’ 
Rev:- 5’ GTTCACCTGGGCTTTATCT 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 50 s 

D7S493 Fwd:- 5’ GGAAGTTCCCAGCCATAGTT 3’ 
Rev:- 5’ GAAAGCACTTACCTACTGAGGATTT3’ 

94oC for 20 s 
59oC for 20 s 
72oC for 40 s 

D7S516 Fwd:- 5’ GACCTCTCAAAACTTGGTTG 3’ 
Rev:- 5’ CTACTGCCTCCATTACGTTG 3’ 

94oC for 20 s 
56oC for 20 s 
72oC for 40 s 
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Table A3.5 Oligonucleotide primer sets and PCR running conditions for markers 

on chromosome 19p11-q13.1. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D19S221 Fwd:- 5’ GCAAGACTCTGACTCAACAAAA 3’ 
Rev:- 5’ CATAGAGATCAATGGCATGAAA 3’ 

94oC for 45 s 
56oC for 45 s 
72oC for 55 s 

D19S226 Fwd:- 5’ CCAGCAGATTTTGGTGTTGTCTA 3’ 
Rev:-5’ GGTCCAGGATTTGAACTAAAGCA 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 55 s 

D19S414 Fwd:- 5’ CCAGACCTGTCCATCTTGTATGAAT3’ 
Rev:- 5’ TTAGAACAACGCTTGGGCATTT 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D19S871 Fwd:- 5’ ATGTGCTTTCAGAACATTTG 3’ 
Rev:- 5’ TCACCCACCTACCTCAC 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D19S225 Fwd:- 5’ ATGTATGTTTGGTGTCCCC 3’ 
Rev:- 5’ GTACAGTCGTGTGTGTGTGG 3’ 

94oC for 45 s 
62oC for 45 s 
72oC for 55 s 

D19S896 Fwd:- 5’GTTGACAAAATTCATCAGACTGACC3’ 
Rev:- 5’ ATAGTTGGATTCCCTGGGATTC 3’ 

94oC for 45 s 
58oC for 45 s 
72oC for 55 s 

D19S220 Fwd:- 5’ ATGTTCAGAAAGGCCATGTCATTTG3’ 
Rev:- 5’ TCCCTAACGGATACACAGCAACAC 3’ 

94oC for 45 s 
57oC for 45 s 
72oC for 55 s 

D19S417 Fwd:- 5’ CTCTTGGAAAATGTAGGGC 3’ 
Rev:- 5’ AGGCTGTCATGAGCCA 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D19S420 Fwd:- 5’ CTGGGGCAGGAGCACT 3’ 
Rev:- 5’ GCTTACCAAACCTAAAGGATGTC 3’ 

94oC for 40 s 
61oC for 40 s 
72oC for 50 s 
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Table A3.6 Oligonucleotide primer sets and PCR running conditions for markers 

on chromosome 5q35-qter. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D5S469 Fwd:- 5’ AATACACGGAATGTGGTCTAG 3’ 
Rev:- 5’ GAGCATATGTTGAACGTTCC 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D5S2073 Fwd:- 5’ GGCAGATTGCCAGAGG 3’ 
Rev:-5’ AGGCGTGAACCACAGC 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 55 s 

D5S408 Fwd:- 5’ ACAACTTCCAACCCTGAGAT 3’ 
Rev:- 5’ ACTGTGCCTAGCCTTCATTT 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D5S1354 Fwd:- 5’ CCTATTAAGAAAGATGCTGAC 3’ 
Rev:- 5’ AACTGCCAATAAAAATAGGAG 3’ 

94oC for 35 s 
62oC for 35 s 
72oC for 50 s 

D5S2006 Fwd:- 5’ TGTATTCTTAAATTCTGTGAAGAGG3’ 
Rev:- 5’ ATCCATCATCTCCCGTAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 50 s 
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Table A3.7 Oligonucleotide primer sets and PCR running conditions for markers 

on chromosome 18q23. 

Marker 
Name Primer Sequences PCR Cycling 

Conditions 

D18S1161 Fwd:- 5’ GTCCGTCCAACGTCCAA 3’ 
Rev:- 5’ GGAGAGCCACACCTATCCTG 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

AC012101 Fwd:- 5’ TTGGAACTCATCTTGGGAAAC 3’ 
Rev:- 5’ TGCAAAGAAACAAACTCCTGAT 3’ 

94oC for 40 s 
56oC for 40 s 
72oC for 50 s 

AC015617 Fwd:- 5’ CCCATGTATTTGCTATCAGA 3’ 
Rev:- 5’ GTGTCCTTAATAGCAGGT 3’ 

94oC for 40 s 
56oC for 40 s 
72oC for 50 s 

AC011095 Fwd:- 5’ GGAGTGGAAATAGAGCAG 3’ 
Rev:- 5’ CAAGGATCAATATAGGATCCT 3’ 

94oC for 40 s 
50oC for 40 s 
72oC for 50 s 

AC024396 Fwd:- 5’ AGAGCGAGACTCCGTCTC 3’ 
Rev:- 5’ ATATACGGAGAGAGGGAC 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 50 s 

AC021331 Fwd:- 5’ ATGTCTGCAAAGTCCCTG 3’ 
Rev:- 5’ GTCTTACTCTGTTGCCCA 3’ 

94oC for 40 s 
54oC for 40 s 
72oC for 50 s 

D18S50 Fwd:- 5’ TACTCAGGGCAACCCCTAAA 3’ 
Rev:-5’CAATTCTATTACTGTCTTCTTTTGCAT3’ 

94oC for 40 s 
56oC for 40 s 
72oC for 55 s 

D18S462 Fwd:- 5’ AGAGTCCATCCAGAACACACA 3’ 
Rev:- 5’ GCTGCTATAAACATTCACCG 3’ 

94oC for 45 s 
60oC for 45 s 
72oC for 55 s 

D18S1122 Fwd:- 5’ TAATAACTGCCTGGATGGG 3’ 
Rev:- 5’ AACCCTGTGCAAGTCCC 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 50 s 

AC021144 Fwd:- 5’ GAATCACTCATCATTTGCAG 3’ 
Rev:- 5’ GTACTGATGTTAATGTTGTAC 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 50 s 

AC044873 Fwd:- 5’ GCACCAGAGCAGGAAAGTTG 3’ 
Rev:- 5’ GAAAGACCAGGGCTGTGTTG 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 50 s 

NFATc1 Fwd:- 5’ GGCCTACGTGGGTCTCCT 3’ 
Rev:- 5’ CCTGTTTGTTACTGGTTCTGTTACTC3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 50 s 

D18S70 Fwd:- 5’ AAGGCTGAACTCTACCG 3’ 
Rev:-5’GGAATGTCAAGAAGTACCTACCATA3’ 

94oC for 45 s 
58oC for 45 s 
72oC for 55 s 

D18S1390 Fwd:- 5’ CCTATTTAAGTTTCTGTAAGG3’ 
Rev:- 5’ ATGGTGTAGACCCTGTGGAA 3’ 

94oC for 45 s 
58oC for 45 s 
72oC for 55 s 
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Appendix 4: PCR Primer Sets and Reaction Conditions for Candidate 

Gene Sequencing 

Table A4.1 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the RANK gene exons in PDB2. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions1 

Exon1 Fwd:- 5’ TGGGTACCACCTGGCTGGCAC 3’ 
Rev:- 5’ AAGGCGGAGGAGCCAGGATGC 3’ 

94oC for 40 s 
65/63oC for 40 s 

72oC for 60 s 

Exon2 Fwd:- 5’ AAAGAGCTGTGTGGACTCTCTGC 3’ 
Rev:- 5’ CACTTTTGAGGGGCAATGCAAGG 3’ 

94oC for 40 s 
65/60oC for 40 s 

72oC for 60 s 

Exon3 Fwd:- 5’ GCTGTTTTGCTTTGTGTTGCTG 3’ 
Rev:- 5’ GTCTGAGGTTTCTACACTTCC 3’ 

94oC for 40 s 
58/55oC for 40 s 

72oC for 60 s 

Exon4 Fwd:- 5’ TCTGGGCTGGATGTTGGATAGC 3’ 
Rev:- 5’ TAGCACCCTGGAGCTTTCTTGC 3’ 

94oC for 40 s 
62/60oC for 40 s 

72oC for 60 s 

Exon5 Fwd:- 5’ GGATGATCTCTAAGTGACCTCG 3’ 
Rev:- 5’ GAAGCCTAACCCAACAGAATCC 3’ 

94oC for 40 s 
61/59oC for 40 s 

72oC for 60 s 

Exon6+7 Fwd:- 5’GGGGATTCAAATGTCCAAGAAGG 3’ 
Rev:- 5’ TTAAGCAGATCACCATAGGCAGC 3’ 

94oC for 40 s 
61/56oC for 40 s 
72oC for 3 min 

Exon8 Fwd:- 5’ AACTTGAAGTCCTTATCCTTGC 3’ 
Rev:- 5’ GGGTGCTCAATATGTGACTAGG 3’ 

94oC for 40 s 
55/50oC for 40 s 

72oC for 60 s 

Exon9 Fwd:- 5’TTCCATCTGTACTTGTTATGGTGG 3’ 
Rev:- 5’ ATTAGCTTCCTCCTTCCTAAATGG 3’ 

94oC for 40 s 
63/60oC for 40 s 

72oC for 90 s 

Exon10 Fwd:- 5’ GGTTACAGTGTGGTTCCCTGTG 3’ 
Rev:- 5’ CCCATGTCCTGTTCATTTTCTCC 3’ 

94oC for 40 s 
65/63oC for 40 s 
72oC for 120 s 

1. The temperature for annealing shows the temperature for the first 10 cycles followed by the 

temperature for the following 30 cycles (primer sequences and conditions kindly supplied by Hughes et 

al., 2000). 
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Table A4.2 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the NFATc1 gene exons. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions 

Exon1 Fwd:- 5’ TAAAAAGGCAGGAGGCAGAG 3’ 
Rev:- 5’ GAGGAGACACCTATTGGCAGAA 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon2a Fwd:- 5’ GGTCTCAGGGACGTTTGCT 3’ 
Rev:- 5’ CAGGCTGGGCAGACTCAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon2b Fwd:- 5 CGAGTGGTGGGGTGAGTAG 3’ 
Rev:- 5’ CGAGTGGTGGGGTGAGTAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon2c Fwd:- 5’ AGGAGAGCTGGCTGGGTG 3’ 
Rev:- 5’ CTGACTCTCGTCCCCAGA 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon3 Fwd:- 5’ TGAAGTGTCCACCCAAGATC 3’ 
Rev:- 5’ CGGGACTAACCACGACAGA 3’ 

94oC for 40 s 
59oC for 40 s 
72oC for 60 s 

Exon4 Fwd:- 5’ TCTGCGTTCCGGTGACTC 3’ 
Rev:- 5’ ACACGAACGAAAAGCTGAGAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon5 Fwd:- 5’ CTGGGATGAGGGCCAGAG 3’ 
Rev:- 5’ ACACGAACGAAAAGCTGAGAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon6 Fwd:- 5’ CACGGCTTCTCCCCTAGGA 3’ 
Rev:- 5’ GTCCTGCTCCACCGACTG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon7 Fwd:- 5’ GGCCTACGTGGGTCTCCT 3’ 
Rev:-5’CCTGTTTGTTACTGGTTCTGTTACTC3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon8 Fwd:- 5’ ATGTGCTGCCGTGGAAAC 3’ 
Rev:- 5’ CACGCCACGCTGCTTTAC 3’ 

94oC for 40 s 
61oC for 40 s 
72oC for 60 s 

Exon9 Fwd:- 5’ TTTTCCTTCTCACAGTTCCAATTA 3’ 
Rev:- 5’ AGTGGAGGAGAGGGGCTG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon10 Fwd:- 5’ GAGCGTCACTGATGGAGAAG 3’ 
Rev:- 5’ CAATGAAATGTGTTTGCAGTTT 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 60 s 
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Table A4.3 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the exon of the zinc finger protein. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions 

Exon1 Fwd:- 5’ GAGTCATAGAATACGCACGC 3’ 
Rev:- 5’ CAGATCCACCAGCTGCAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon2 Fwd:- 5’ AGGCCGGTGGAGAAGGAG 3’ 
Rev:- 5’ CCGCGGGGCTGAGTGAGG 3’ 

94oC for 40 s 
64oC for 40 s 
72oC for 60 s 

Exon3a Fwd:- 5’ CAGATCCACCAGCTGCAG 3’ 
Rev:- 5’ TTGGGCTCGAACACCGAC 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 60 s 

Exon3b Fwd:- 5’ CCAATGTGTCGGTGTTCG 3’ 
Rev:- 5’ TTGAGGCCTGGGGACAAG 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 60 s 

Exon3c Fwd:- 5’ GAGTACCTGGACAACGTG 3’ 
Rev:- 5’ AAACTGGGCCTTGAACTG 3 

94oC for 40 s 
56oC for 40 s 
72oC for 60 s 

Exon3d Fwd:- 5’ GTCTCCGAGCAGTTCAAG 3’ 
Rev:- 5’ GGAGTTCTCGTCCATGTC 3’ 

94oC for 40 s 
62oC for 40 s 
72oC for 60s 

Exon4 Fwd:- 5’ GTTCACCAACGCCGTGGTC 3’ 
Rev:- 5’ CTTGACGGGATTTCCTG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 60 s 

Exon5a Fwd:- 5’ TCCGTGTCTAGGCACTTAC 3’ 
Rev:- 5’ GTGCGTGCTTTGTCCATC 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 60 s 

Exon5b Fwd:- 5’ GCTGCAGCCATCACTAAC 3’ 
Rev:- 5’ TGGACATGGTCTGAGCTC 3’ 

94oC for 40 s 
58oC for 40 s 
72oC for 60 s 
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Table A4.4 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the MUGAK gene exons. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions 

Exon 1 Fwd:- 5’ GCTTCATTCCAGCACTATTC 3’ 
Rev:- 5’ CCACATAGTCCTGTAATGAC 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 120 s 

Exon2a Fwd:- 5’ GCGTCACGCAGATGGAAC 3’ 
Rev:- 5’ CACGTACATCAGCACAGTCGG 3’ 

94oC for 40 s 
59oC for 40 s 
72oC for 120 s 

Exon2b Fwd:- 5’ CTGCGAGAAGCCGCTGG 3’ 
Rev:- 5’ GGATGCAGTCTGCAGGTC 3’ 

94oC for 40 s 
61oC for 40 s 
72oC for 120 s 

Exon2c Fwd:- 5’ GCGTCCTGCAGAACTTCC 3’ 
Rev:- 5’ GGGACGTGCAGGCTCCAG 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 120 s 

Exon2d Fwd:- 5’ GGTCACGCTCTAGACTCC 3’ 
Rev:- 5’ GCGAGATGAAGATGCCGG 3’ 

94oC for 40 s 
62oC for 40 s 
72oC for 120 s 
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Table A4.5 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the hypothetical gene FLJ21172 exons. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions 

Exon 1 Fwd:- 5’ GTCAGTTTCGCGTCTGTCCT 3’ 
Rev:- 5’ CAGGAACTGGCGAGCTAGG 3’ 

94oC for 40 s 
59oC for 40 s 
72oC for 120 s 

Exon2 Fwd:- 5’ GCCCCCTATAAACAGTTATGGT 3’ 
Rev:- 5’ AAACCCTCACTCCCATCAAG 3’ 

94oC for 40 s 
62oC for 40 s 
72oC for 120 s 

Exon3 Fwd:- 5’ TGTGTGACTTGGTGAGTTTGG 3’ 
Rev:- 5’ CCTGCTGTCTCAACCCATTT 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 120 s 

Exon4 Fwd:- 5’ GTCTGCAGCTGTCGTTTTCA 3’ 
Rev:- 5’ GTCCACCTACAAGTGAAACAGC 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 120 s 

Exon5 Fwd:- 5’ CACTGAGTGTCACGGCACAG 3’ 
Rev:- 5’ CTTTGGGAGGCTGAGACAGA 3’ 

94oC for 40 s 
62oC for 40 s 
72oC for 120 s 

Exon6 Fwd:- 5’ CCGGCTGTAAGTATGGTGGT 3’ 
Rev:- 5’ TGGAAAATGGTGATTCCACA 3’ 

94oC for 40 s 
60oC for 40 s 
72oC for 120 s 

Exon7 Fwd:- 5’ GACTAGGGGCATGGTTTGTG 3’ 
Rev:- 5’ AAGCACTCACTGGCACCTG 3’ 

94oC for 40 s 
61oC for 40 s 
72oC for 120 s 
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Table A4.6 Oligonucleotide primer sets and PCR running conditions for the 

amplification of the SQSTM1/p62 gene exons. 

Primer 
Name Primer Sequences PCR Cycling 

Conditions 

Exon 1 Fwd:- 5’ GGCCCATTTTCCGCCAGC 3’ 
Rev:- 5’ TCTTGGTCACCACTCCAGTCA 3’ 

94oC for 30 s 
59oC for 30 s 
72oC for 30 s 

Exon2 Fwd:- 5’ AGGGGGTAGTCTTGCCTCTC 3’ 
Rev:- 5’ ACAGCCCTCAAATTGCTGAC 3’ 

94oC for 30 s 
58oC for 30 s 
72oC for 40 s 

Exon3 Fwd:- 5’ AGTTTCCTGGTGGACCCATT 3’ 
Rev:- 5’ GTGACAGCCCCACAGTGAC 3’ 

94oC for 30 s 
54oC for 30 s 
72oC for 40 s 

Exon4 Fwd:- 5’ GCACCTGTCTGAGGTGAGC 3’ 
Rev:- 5’ CTGAATTCTTGCCTTGCACA 3’ 

94oC for 30 s 
58oC for 30 s 
72oC for 40 s 

Exon5 Fwd:- 5’ AGAGTGGGAGGAAGGAGAGG 3’ 
Rev:- 5’ CCCGTGGTCCAGCACTACTA 3’ 

94oC for 30 s 
58oC for 30 s 
72oC for 40 s 

Exon6 Fwd:- 5’ CTCCCTCGGGTTTGTAAGTG 3’ 
Rev:- 5’ CTTAGCTGCTTGTGGGGACT 3’ 

94oC for 30 s 
58oC for 30 s 
72oC for 40 s 

Exon7 Fwd:- 5’ AGACCCCTGCAGCCTTAACT 3’ 
Rev:- 5’ CCAACTCCTAACCTCCCACA 3’ 

94oC for 30 s 
58oC for 30 s 
72oC for 40 s 

Exon8 Fwd:- 5’ CACTGTGGCCTGTGAGGAC 3’ 
Rev:- 5’ CAGTGAGCCTTGGGTCTCG 3’ 

94oC for 35 s 
64oC for 35 s 
72oC for 45 s 
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Appendix 5: Markers Used in the Genome-wide Scan 

Table A5.1 Microsatellite markers and their order used in the genome-wide scan 

for chromosomes 1 to chromosome 9. 

Chromosome 
1 2 3 4 5 6 7 8 9 

D1S468 D2S319 D3S1297 D4S412 D5S1981 D6S1574 D7S531 D8S264 D9S288 
D1S214 D2S2211 D3S1304 D4S2935 D5S406 D6S309 D7S517 D8S277 D9S286 
D1S450 D2S162 D3S1263 D4S403 D5S630 D6S470 D7S513 D8S550 D9S285 
D1S2667 D2S168 D3S2338 D4S419 D5S416 D6S289 D7S507 D8S549 D9S157 
D1S2697 D2S305 D3S1266 D4S391 D5S419 D6S422 D7S493 D8S258 D9S171 
D1S199 D2S165 D3S1277 D4S405 D5S426 D6S276 D7S516 D8S1771 D9S161 
D1S234 D2S367 D3S1289 D4S1592 D5S418 D6S1610 D7S484 D8S505 D9S1817 
D1S255 D2S2259 D3S1300 D4S392 D5S407 D6S257 D7S510 D8S285 D9S273 
D1S2797 D2S391 D3S1285 D4S2964 D5S647 D6S460 D7S519 D8S260 D9S175 
D1S2890 D2S337 D3S1566 D4S1534 D5S424 D6S462 D7S502 D8S1784 D9S283 
D1S230 D2S2368 D3S3681 D4S414 D5S641 D6S434 D7S669 D8S270 D9S287 
D1S2841 D2S286 D3S1271 D4S1572 D5S428 D6S287 D7S630 D8S514 D9S1690 
D1S207 D2S2333 D3S1278 D4S406 D5S644 D6S262 D7S657 D8S284 D9S1677 
D1S2868 D2S2216 D3S1267 D4S402 D5S433 D6S292 D7S515 D8S272 D9S167 
D1S206 D2S160 D3S1292 D4S1575 D5S2027 D6S308 D7S486  D9S1776 
D1S2726 D2S347 D3S1569 D4S424 D5S2115 D6S471 D7S530  D9S1682 
D1S252 D2S112 D3S1279 D4S413 D5S436 D6S441 D7S640  D9S290 
D1S498 D2S2313 D3S1614 D4S1597 D5S410 D6S1581 D7S661  D9S164 
D1S484 D2S142 D3S1565 D4S1539 D5S422 D6S264 D7S636  D9S158 
D1S2878 D2S2330 D3S1262 D4S415 D5S400 D6S446 D7S798  D9S1826 
D1S196 D2S335 D3S1580 D4S1535 D5S408 D6S281 D7S2465 
D1S218 D2S364 D3S1601 D4S426  
D1S238 D2S117 D3S1311 
D1S413 D2S325 
D1S249 D2S2382 
D1S425 D2S126 
D1S213 D2S396 
D1S2800 D2S206 
D1S2785 D2S338 
D1S2841 D2S125 
D1S2836 
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Table A5. 2 Microsatellite markers and there order used in the genome-wide scan 

for chromosome 10 to chromosome 17. 

Chromosome 
10 11 12 13 14 15 16 17 

D10S249 D11S4046 D12S352 D13S175 D14S283 D15S128 D16S423 D17S849 
D10S591 D11S1338 D12S99 D13S217 D14S261 D15S1002 D16S404 D17S831 
D10S189 D11S902 D12S336 D13S171 D14S275 D15S165 D16S3075 D17S938 
D10S547 D11S904 D12S364 D13S218 D14S70 D15S1007 D16S3103 D17S1852 
D10S1653 D11S935 D12S310 D13S263 D14S288 D15S1012 D16S3046 D17S799 
D10S548 D11S905 D12S1617 D13S153 D14S276 D15S994 D16S3068 D17S921 
D10S197 D11S4191 D12S345 D13S156 D14S63 D15S117 D16S3136 D17S1857 
D10S208 D11S987 D12S85 D13S170 D14258 D15S987 D16S415 D17S798 
D10S196 D11S1314 D12S368 D13S265 D14S74 D15S153 D16S503 D17S1868 
D10S1652 D11S937 D12S83 D13S159 D14S68 D15S131 D16S515 D17S787 
D10S537 D11S901 D12S326 D13S158 D14S280 D15S205 D16S516 D17S944 
D10S1686 D11S4175 D12S351 D13S173 D14S65 D15S127 D16S520 D17S949 
D10S185 D11S898 D12S346 D13S1265 D14S985 D15S130 D17S785 
D10S192 D11S908 D12S78 D13S285 D14S292 D15S120 D17S784 
D10S597 D11S925 D12S79 D17S928 
D10S1693 D11S4151 D12S86 
D10S587 D11S1320 D12S324 
D10S217 D11S968 D12S1659 
D10S1651  D12S1723 
D10S212 

Table A5.3 Microsatellite markers and there order used in the genome-wide scan 

for chromosomes 18 to chromosome 22. 

Chromosome 
18 19 20 21 22 

D18S59 D19S209 D20S117 D21S1256 D22S420 
D18S63 D19S216 D20S889 D21S1914 D22S539 
D18S452 D19S884 D20S115 D21S263 D22S315 
D18S464 D19S221 D20S186 D21S1252 D22S280 
D18S53 D19S226 D20S112 D21S266 D22S283 
D18S478 D19S414 D20S195 D22S423 
D18S1102 D19S220 D20S107 D22S274 
D18S474 D19S420 D20S119 
D18S64 D19S902 D20S178 
D18S68 D19S571 D20S196 
D18S61 D19S418 D20S100 
D18S1161 D19S210 D20S171 
D18S462  D20S173 
D18S70 
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