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ABSTRACT

Paget's disease of bone is a common condition characterized by bone pain, deformity, pathological fracture,
and an increased incidence of osteosarcoma. Genetic factors play a role in the pathogenesis of Paget's disease
but the molecular basis remains largely unknown. Susceptibility loci for Paget’'s disease of bone have been
mapped to chromosome 6p21.3RDB1) and 18g21.1-q22PDB2) in different pedigrees. We have identified a
large pedigree of over 250 individuals with 49 informative individuals affected with Paget’s disease of bone;

31 of whom are available for genotypic analysis. The disease is inherited as an autosomal dominant trait in the
pedigree with high penetrance by the sixth decade. Linkage analysis has been performed with markers at
PDBJ, these data show significant exclusion of linkage with log, of the odds ratio (LOD) scores< —2 in this
region. Linkage analysis of microsatellite markers from thePDB2region has excluded linkage with this region,

with a 30 cM exclusion region (LOD score< —2.0) centered on D18S42. These data confirm the genetic
heterogeneity of Paget's disease of bone. 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
and will be identified using a microsatellite genomewide scan followed by positional cloning. (J Bone Miner
Res 2001;16:33-38)
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INTRODUCTION British immigrants'® Paget's disease of bone affects both
sexes but is slightly more common in men than in worfen.

pGET.S biseask of bone is a common metabolic bonélt IS characterized by focal areas of increased bone turnover
d

isease. Ethnic and geographic clustering is appareﬂf specific sites throughout the skeleton, with clinical fea-
and the condition is most common in Europe, North AmefUres of bone pain, deformity, pathological fracture, and an
ica, Australia, and New Zealarl. Prevalence rates in increased risk of osteosarcoma. All of these features suggest
hospitalized patients over the age of 55 years in sevetBpt Paget's disease may represent a disorder of bone cell
European cities have been documented, and the highggwth and regulation, but the molecular basis of this pro-
prevalences have been found in England (4.6%) and Frar@gss remains unclear. Slow virus infection has been invoked
(2.4%)® In Australia and New Zealand the prevalence ias a possible cau$g however, no intact virus has ever been
between 3% and 4%, with higher prevalence rates amorecovered from pagetic bone, and studies that have sought to
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identify viral transcripts from affected tissue and cultured Genetic linkage studies were undertaken in eight multi-
cells using molecular techniques have yielded contradictopyex families from diverse ethnic backgrounds in which
results®™ Although the role of viruses in the etiology of several members from successive generations suffered from
Paget's disease remains uncertain, there is no doubt tRaiget's disease using a panel of microsatellite markers in
genetic factors play a significant role. Familial clustering ahe 18q21-22 regioft® Five of the families showed evi
Paget's disease has been documefftédand the first- dence for linkage with this region; however, the remaining
degree relatives of pagetic patients have a 7-fold increasthdee families did not show evidence for linkage at this
risk of developing the disease as compared with conffblslocus. These data suggest the presence of at least one
There has been a relative paucity of family studies iadditional locus conferring susceptibility to Paget’s disease,
Paget's disease. This is related, at least in part, to the lathich remains to be identified.
age of onset of the condition and the difficulty in ascertain-
ing informative multiplex pedigree for linkage analysis.
Suggestive linkage with Paget's disease of bone was first MATERIALS AND METHODS
obtained with the HLA locus (chromosome 6p21.3) by~ ;
Fotino et a® and Tilyard et aF.g)(Fotino et al® ingicate)d Clinical studies
a log,, of the odds ratio (LOD) score of 2.44 at a recom The research protocol was approved by the Princess Al-
bination fraction of 0.108. This locus is referred toRI3BL  exandra Hospital Research Ethics Committee, and informed
However linkage with this region was not confirmed in @onsent was obtained from all study participants. We have
study by Moore and Hoffmdt or in a recent report by identified a large pedigree from a proband with Paget's
Laurin et al.*Y suggesting that the HLA locus is unlikely todisease of bone who attends the Princess Alexandra Hospi-
play a major role in the majority of pedigrees with familiattal. The founder was born in Prussia in the mid-1800s and
Paget's disease of bone. immigrated to Australia as a young man. The pedigree
Familial expansile osteolysis (FEO) is a rare, autosomalcludes over 250 adult members, with 49 affected subjects,
dominant bone disorder characterized by focal areas ®f of whom were alive and willing to participate in the
increased bone remodeling. FEO has been described ifaemily study. The pattern of disease is polyostotic, with the
large Northern Irish pedigréé®*® Osteolytic lesions, major sites of involvement including the spine, pelvis, skull,
which usually develop in the long bones during early adulfemur, tibia, and humerus. The earliest symptom in the
hood, show increased osteoblast and osteoclast activityajority of affected pedigree members is tinnitus followed
Hughes et af*® showed linkage between FEO and a regioby progressive hearing impairment. The mean age at diag-
of chromosome 18¢21.2-18q21.3 flanked by microsatellitesis for the affected family members is 58 years (SD, 10
markers D18S51 and D18S64, with no recombinants bgears). In the absence of effective medical therapy before
tween FEO and marker D18S42. Cody ef'a@l performed the last two decades, the affected subjects developed severe
linkage studies in a large kindred with Paget's disease pfogressive disease with bowing of the legs and spinal
bone using 12 microsatellite markers from the region of 18teformity. None of the affected pedigree members have
surrounding the FEO locus. No recombinants were oldeveloped osteosarcoma. The affected family members cur-
served between the Paget's disease locus and D18Setly are treated with bisphosphonate therapy and have had
giving a maximum LOD score oft-3.40. Approximately a substantial biochemical response to therapy. The clinical
1% of pagetic patients develop osteosarcoma, which repfeatures of the pedigree suggest that the affected family
sents an increase in risk that is several 1000-fold over thaembers have familial Paget’s disease of bone rather than
of the general populatiott® Analysis of tumor-specific loss FEO, which rarely involves the axial skeletr.
of constitutional heterozygosity in sporadic and pagetic Venous blood samples have been obtained with informed
osteosarcomas has identified a putative tumor-suppressonsent for DNA extraction and biochemical analysis. All
locus within the region tightly linked to familial Paget'sstudy participants underwent measurement of the serum
disease on chromosome 18¢.The gene encoding receptortotal alkaline phosphatase (ALP), because ALP values usu-
activator of nuclear factokB (RANK) TNFRSF11A maps ally are elevated in untreated Paget's disé@s&amily
to 18g21.2-21.3. RANK is essential in osteoclast formatiomembers who reported previously diagnosed Paget's dis-
Hughes et af*® identified two heterozygous insertion mu ease of bone had the diagnosis confirmed by review of their
tations in exon 1 of TNFRSF11A in affected members ahedical notes and bone scans. Individuals above the age of
four families with FEO or familial Paget’s disease of bones0 years in whom serum ALP values were belowughol/
One was a duplication of 18 bases and the other a duplidéer (reference range, 40—-130mol/liter) were considered
tion of 27 bases, both of which affected the signal peptides unaffected, whereas those with ALP values that were in
region of the RANK molecule. Expression of recombinarthe high normal range (65—-110mol/liter) or obviously
forms of the mutant RANK proteins revealed perturbationslevated £110 umol/liter) were labeled as diagnosis un-
in expression levels and lack of normal cleavage of thdear and were investigated further. These individuals were
signal peptide. Both mutations caused an increase spored as affected if evidence of Paget’s disease was found
RANK-mediated nuclear factokB (NF-«B) signaling in on radionuclide bone scan examinations and/or skeletal
vitro, consistent with the presence of an activating mutatioradiographs. Unless Paget's disease had been confirmed
The prevalence of mutations in TNFRSF11A in familial andadiologically or scintigraphically, individuals under the age
sporadic cases of Paget's disease of bone remains todd&0 years were considered as diagnosis unclear even in the
defined. presence of normal ALP levels to take into account the fact
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TaBLE 1. THE CLINICAL FEATURES OF THEAFFECTED FAMILY MEMBERS WITH PAGET' s DISEASE OF BONE

Age at Duration of
Age diagnosis Current current SAP

Patient  (years) (years) treatment treatment  (wmoll/l) Distribution of disease

V-42 59 36 APD 6 years 400 Pelvis, left femur, right humerus

1Vv-28 82 55 APD 2 years 353 Extensive polyostotic disease

1V-33 75 58 Alendronate 1 year 180 Humerus

1Vv-47 81 62 Alendronate 6 months 1697 Skull, vertebrae, pelvis, right femur &
humerus

1Vv-38 78 58 Alendronate 2 months 673 Both femora

V-61 55 55 Newly diagnosed 98 Right calcaneum

V-67 58 58 Newly diagnosed 273 Cervical spine, L1 vertebra, sacrum, right
pelvis, left femur

V-44 61 58 Alendronate 2 years 61 Skull, shoulder, pelvis, hips

V-46 62 62 Newly diagnosed 239 Skull, left humerus, right tibia, left femur,
right hemipelvis, vertebrae

1V-50 88 60 APD 6 years 977 Extensive polyostotic disease

V-85 63 63 Newly diagnosed 239 Skull, left humerus, right tibia, left femur,
pelvis, T11 vertebra

1V-63 73 50 Alendronate 3 months 363 Pelvis, base of skull

V-68 61 55 Alendronate 2 years 50 Skull, right femur, pelvis

V-66 48 48 Newly diagnosed 105 Skull, femora

1v-10 79 59 nil to date 20 years 2230 Femur

1v-41 74 74 Newly diagnosed 77 Skull

V-69 61 61 Newly diagnosed 147 Scapula, sacrum, pelvis, tibia, right
calcaneum

V-70 53 53 Newly diagnosed 106 Right tibia, skull

1V-62 84 84 Newly diagnosed 63 Left hip, left maxilla

V-05 53 53 Newly diagnosed 114 L3 vertebra, right humeral head, left tibia

V-55 46 46 Newly diagnosed 100 Left scapula

V1-39 44 44 Newly diagnosed 70 Tibia

V-23 76 76 Newly diagnosed 71 Right hemipelvis, sacrum

V-76 64 52 Alendronate 2 years 93 Femora, pelvis, base of skull

V-77 62 60 Alendronate 2 years 92 Rib, shoulder, femora, tibiae

V-79 57 50 Alendronate 1 year 366 Vertebrae, pelvis, left femur

111-05 76 76 Newly diagnosed 125 Pelvis, right scapula

V-40 59 59 Newly diagnosed 159 Skull, left femur, left tibia, right ischium,
left acetabulum

V-51 49 49 Newly diagnosed 166 Left hemipelvis, sacrum

1V-54 70 70 Newly diagnosed 126 Right femur

1Vv-52 72 69 nil to date 246 Left tibia, left shoulder, left femur

APD, pamidronate; SAP, serum alkaline phosphatase.

that Paget’s disease may not present clinically until the fifttibility region (PDB2): centromere—D18S464, D18S478,
or sixth decadé® The clinical details of the affected family D18S1102, D18S474, D18S64, D18S60, D18S68, D18542,
members are summarized in Table 1. Because of its larpga8S878, D18S466, D18S61, D18S1161—telomere. We
size and multiple affected members, the pedigree is a uniggigo studied the following markers that span tRBB1
resource for the detection of susceptibility genes for Pagefsgion of chromosome 6p: centromere—D6S1617,

disease of bone. D6S1574, D6S309, D6S470, D6S289, D6S422, D6S258,
) D6S1571, tumor necrosis factar (TNF-a), D6S1610,
Molecular studies D6S257, D6S460, D6S262, D6S292, D6S308—telomere.

DNA was extracted from blood samples using the salting?CR reactions were performed in 96-well plates in.10-
out method?® Paternity was established by the use ofolumes containing 50 ng of genomic DNAXIPCR buffer
highly polymorphic markers in a polymerase chain reactiofierkin Elmer Cetus, Norwalk, CT, USA), 0.5 pmol of each
(PCR)-based protocol. Using sex-averaged distanggémer, 0.5 U of Amplitag Gold (Perkin Elmer Cetus), 2.5
from the location database (ftp://cedar.genetics.soton.ac.oi MgCl,, 1 uCi [*?P]deoxycytidine triphosphate (dCTP;
pub), we selected markers that span the 18g21-22 susc@&pneworks, Adelaide, South Australia), 0.025 mM dCTP,
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TABLE 2. Two-PoINT LINKAGE ANALYSIS LOD ScorES FOR THEMICROSATELLITE MARKERS SPANNING THE PDB2 Locus
(CHROMOSOME 18(21-22) \ERSUS AFFECTION STATUS IN THE PEDIGREE

Recombination fraction

Position
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
D18S478 55.77 —-3.20 —-2.81 —-1.79 —-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
D18S64 86.37 —3.96 —3.33 —2.10 —-1.32 —0.48 —0.07 0.05
D18S60 94.83 —4.20 —3.70 —2.45 —1.55 —0.60 -0.14 0.04
D18S68 98.73 —6.37 =535 —3.24 —-1.85 —0.48 0.06 0.18 PDB2 region
D18S42 98.99 —4.87 —4.42 —3.24 —2.42 —1.46 -0.81 —-0.31
D18S878 100.93 —4.39 —3.87 —2.57 —1.64 —0.64 —0.15 0.04
D18S466 104.83 —3.04 —2.60 —1.82 —-1.27 —0.59 —-0.27 -0.10
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

and 0.25 mM each of deoxyadenosine triphosphate (AATRRdPDB1loci are shown in Tables 2 and 3. Figure 1 shows
deoxyguanosine triphosphate (dGTP), and deoxythymiditlee multipoint LOD scores plotted against genetic distance
triphosphate (dTTP) (Pharmacia Biotech, Uppsala, Swisr the PDB2locus on chromosome 18q and shows the 30
den). After a 10-minute denaturing step at 94°C in a 96-watM exclusion region (LOD score< —2.0) centered on
thermal cycler (Corbett Research, Sydney, Australia), saip18S42. Figure 2 shows the multipoint LOD scores plotted
ples were subjected to 30 cycles of 15 s at 55°C fagainst genetic distance for tlRDB1 region of chromo-
annealing and 72°C for 30 s and 94°C for 15 s for denatusome 6p, confirming significant exclusion of linkage with
ing; a final 5-minute incubation took place at 72°C. Aftethis region.

amplification, the products were denatured by the addition

of 9 ul of formamide loading buffer followed by heating at

95°C for 5 minutes. Next, 2l of each sample were loaded DISCUSSION

onto a 6% denaturing polyacrylamide gel iX Tris-borate-
EDTA (TBE) buffer and resolved electrophoretically at . . . . .
80—-100 W. Gels were fixed, dried, and exposed to autora-1 "¢ Pedigree described in this study shows familial

diographic film. After film development, microsatellite ge_Paget’s disease and a pattern of inheritance consistent with

notypes were scored without knowledge of the clinical AN autosomal dominant trait. To clarify the molecular basis

pedigree data. Consistency within and between gels Ethe_ disease, we cond_ucted Iinkage analysi_s using micro_—
maintained by using positive controls and CenttEtdde satellite markers spanning the defined candidate suscepti-

du Polymorphisme Humain standard DNA. bility loci on chromosomes 6p21.3?DPB1) and 18921-22
(PDB2). Analysis of our pedigree excluded linkage with

PDB1 and PDB2. These data confirm and expand the results
of Haslam et af*® who studied the relationship between
The relationship between Paget's disease of bone and 842122 and Paget's disease in eight large multiplex fam-
candidate loci on 18q and 6p was studied by genetic linkagr:s from diverse ethnic backgrounds with inherited Paget's
analysis, which was performed using the VITESSE alggtisease. There was evidence of genetic heterogeneity, with
rithm for rapid exact multilocus linkage analy$i$. Based evidence for linkage in five families and evidence against
on the pedigree data, we assumed an autosomal domingiltage in three families. Three of four Spanish pedigrees
mode of inheritance with disease penetrance set at 90%. Wggh familial Paget's disease of bone showed no evidence of
assumed trait allele frequency of 1% and phenocopy rate|ffkage to this locus, and in one of these pedigrees linkage
2.3%, which gives a population prevalence of 4% and @ this region was excluded with an LOD score —2. A
sibling recurrence risk of 0.2250{ = 5.6). These are recent report documented negative linkage resulB1
consistent with the Australian epidemiological data foand PDB2in French Canadian pedigre€®. Our pedigree
Paget's disease of boff.The allelic frequencies of the arose from a Central European founder, and supports the
pedigree were used in the analysis to avoid error from usikgpothesis that there may be geographic differences in the
published frequencies, which may not be appropriate f@usceptibility genes responsible for Paget's disease.
this pedigree. Simple counting estimates have been used. |nclusions that resemble viral nucleocapsids have been
described in the nuclei and cytoplasm of osteoclasts at
RESULTS pagetic sites, but not in nonpagetic osteoclasts from the
same patients or from normal subje®&s® The viruslike
Two-point LOD scores resulting from linkage analysiparticles resemble members of the paramyxovirus family. In
between the disease and the markers spannind®Bi®2 situ hybridization studies have reported the detection of

Statistical analysis
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TaBLE 3. Two-PoINT LINKAGE ANALYSIS LOD ScorES FOR THEMICROSATELLITE MARKERS SPANNING THE PDB1 Locus
(CHROMOSOME 6p21.3) \ERSUSAFFECTION STATUS IN THE PEDIGREE

Recombination fraction

Position

Markers (cM) 0.00 0.01 0.05 0.10 0.20 0.30 0.40
D6S1617 13.51 —-2.93 —-2.65 —1.87 —-1.24 —0.49 -0.10 0.04
D6S1574 16.11 —-4.01 —-3.34 —-194 —-1.04 -0.01 0.36 0.29
D6S309 19.37 -3.79 -3.30 -2.01 -1.00 0.09 0.43 0.32
D6S470 24.1 —4.96 -435 -—-2091 —-1.84 -0.53 0.06 0.16
D6S289 38.57 —-2.91 —240 -1.25 —-0.53 0.10 0.25 0.15
D6S422 45,54 —2.18 —-1.71 -0.75 —0.26 0.09 0.15 0.10
D6S258 53.27 —3.36 —-2.95 -—-1.81 —1.00 -0.22 0.03 0.02
D6S1571 53.41 —2.22 —2.03 -1.49 —1.04 —0.43 —-0.11 0.01 PDB1 region
TNF-A 56.58 —6.65 —6.00 —4.26 —2.88 —-1.25 —0.44 —0.08
D6S1610 60.49 —6.28 —5.41 —3.32 —1.86 —0.40 0.15 0.21
D6S257 86.05 —-7.09 -5.72 —-3.42 —1.96 —-0.44 0.18 0.28
D6S460 94.86 —8.54 -5.75 —-3.12 -1.89 -0.63 0.02 0.18
D6S262 126.89 —2.65 —-2.36 —1.54 -0.92 -0.27 —-0.02 0.04
D6S292 132.72 —4.39 -3.72 —-2.07 -0.95 0.15 0.51 0.43
D6S308 138.78 —6.19 -554 -3.88 —-2.63 -1.18 -0.42 —0.06

LOD Score

Multipoint LOD score

D6S1571 £ \

TNF-A

B : T ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
D185466

biést D6S1610

20 30 40 50 60 70 80 90 100
TD18360

-5 Map Position (cM)
60 70 80 90 100 110 120 130 140

Map Position (cM) FIG. 2. Multipoint location score curve for markers span-
- . ning thePDB1 region on chromosome 6p. The multipoint
FIG. 1. Multipoint location score curve for markers spany op gcores are shown on the vertical axis, and estimated

. . SR
hing thePDB2region on chromosome 18q. The muIU_pomg netic distance (cM) is shown on the horizontal axis. The
LOD scores are shown on the vertical axis and estimat gproximate positions of the markers are indicated.

genetic distance (cM) is shown on the horizontal axis. The
approximate positions of the markers are indicated.

that a common viral infection in a genetically susceptible
measles virus or canine distemper virus transcripts hpst predisposes to, an_osteoclast lesion that is manifest in
pagetic osteoclasf&"2® Studies of osteoclast precursordulthood as Paget's d|seé§_%. _
from Paget's disease patients show evidence of meas|ed N€ identification of genetic markers for Paget's disease
virus messenger RNA (mMRNA), including mutations of 45 fundamental for understanding the cause of the disease,
specific region of the viral nucleocapsid géff. There for identifying subjects at risk at a preclinical stage, and for
have been studies suggesting that interleukin-6 may play€ development of more effective preventive and therapeu-
role in regulating the behavior of the osteoclast line ifiC Strategies for the management of the condition. We
Paget's diseas@”) In the current study we did not examinePropose to undertake linkage analysis with microsatellite
the expression of paramyxoviral transcripts in affected faniparkers distributed across the genome to localize a novel
ily members because we do not have access to osteocRigtceptibility locus for Paget's disease of bone, which can
tissue from pedigree members at present. A current “unifipe followed by positional cloning to identify the gene.
ing” hypothesis is that the large, functionally hyperactivdhese studies will result in a better understanding of the
osteoclasts in pagetic bone are a product of a virus-mediatlises of Paget’s disease, and in the longer term will lead to
increase in cell fusion between osteoclasts and osteocltist development of more effective strategies for prevention
progenitor cells that migrate to pagetic sites. It is possibend treatment.
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