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ABSTRACT

Paget’s disease of bone (PDB) is a focal bone digsaffecting the skeleton segmentally. A strong
genetic component has been shown in PDB, and varliaseveral genes, 8STM1, VCP, and

OPTN, have been associated with the disease. Mutatiotie isame genes have also been reported in
patients with frontotemporal dementia (FTD) and atrgphic lateral sclerosis (ALS).

Hexanucleotide repeat expansions in@®RF72 gene have been shown to be responsible for both
familial and sporadic FTD/ALS. Thence, we evaludtezlfrequency of th€9ORF72

hexanucleotide repeat expansions in a cohort ofithidn PDB patients and in 106 controls. The
pathogenic repeat expansion was detected in 2 Riiénps (1.0%). During the follow-up period,

both PDB patients did not develop any sign of miesi¢aline and/or motor neuron disease. Our study
suggests that repeat expansions inGB@RF72 gene are rare in patients with Paget’s disease of

bone.
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Introduction

Paget’s disease of bone (PDB) (OMIM 602080) issteond most common skeletal disorder after
osteoporosis. PDB generally affects approximatétyat adults in Western Europe, increasing
significantly with age to affect about 5% of peoptged 85 years. The disease is characterized by
focal areas of abnormal bone metabolism, due teased activity of both osteoclasts and
osteoblasts, resulting in formation of disorganibede (Galson et al., 2014). Additional
abnormalities include bone marrow fibrosis andeased vascularity of affected bones. The most
commonly affected bones are the pelvis, the spieefemora and the skull but any bone of the
skeleton may be affected. Thence, the disease mdiagnosed incidentally by skeletal radiographs
or by biochemical finding of an unexplained elewatof serum alkaline phosphatase. About one
third of PDB patients have only one affected bome @e asymptomatic. The commonest symptoms
are pain, due to pagetic lesions in bone itsetfamrsed by pathological fractures, bone enlargement,

deformity, and deafness.

The etiology of PDB has remained largely unknownsfeveral decades. Recent studies suggested
that the disease is due to a complex interactibnd®n several genetic and environmental risk
factors. Epidemiologic studies have indicated argjrgenetic component in PDB: 15 to 40% of
patients have a familial form of the disease, wiscttansmitted in an autosomal-dominant model of
inheritance with incomplete penetrance (Ralstoal.e014). To date, causative PDB mutations have
been identified mainly in th8QSTM1 gene, coding for the p62 protein, with a frequeokc25-50%

in familial and 5-10% in sporadic patients (Laetral., 2002).In addition, mutations in théCP

gene have been associated with a complex phentitgpeomprises inclusion body myopathy,

Paget's disease of bone and Frontotemporal den{éBiideFD) (Weihl et al., 2009). Finally, genetic



variants in several genes, includi@g§F1, TNFRSF11A, TNFRSF11B, andOPTN, have also been

implicated in the pathogenesis of the disease.

In the last few years, mutations in some of theegenvolved in PDB have also been described in
patients with frontotemporal dementia (FTD) andforyotrophic lateral sclerosis (ALS), suggesting
the presence of overlapping pathogenetic mechanBR& M1 gene mutations have been found in
approximately 2.5% of patients with ALS and 3% afients with FTD (Rainero et al., 2017). An

UK kindred segregating the P392L mutation in 8B35TM1 gene showed the coexistence of both
ALS and PDB phenotypes (Kwok et al., 2014). Finathytations in th©PTN gene were also

recently reported in patients with ALS. Taken tbgef these data suggest that genes involved in the

ALS/FTD spectrum might be investigated as candidatees also in PDB patients (Rea et al., 2014).

Few years ago, a pathogenic expansion of hexartidde@peats in th€E9ORF72 gene was

identified as a major cause of familial FTD and AlC&Jesus-Hernandez et al., 2011; Renton et al.,
2011).The mechanisms through which B8ORF72 expansion contributes to these disorders
include both loss and gain-of-function mechanistnsen by toxic RNA. These mechanisms have
been linked to both defective nucleocytoplasmitfitling and nuclear stress (Zhang et al., 2016).
Interestingly, in a family with FTD and concomitd?iDB, the co-occurrence of the P392L mutation
in SQSTM1 and theCOORF72 pathologicalkexpansions was recently reported (Almeida et @62
Therefore, the aim of this study was to evaluageftbquency 0C90ORF72 expansionn a cohort of

Italian patients with Paget’s disease of bone arel/aluate the correlation with clinical phenotype.

Material and methods
One hundred ninety one unrelated patients with Rd#igease of bone (103 men, 88 women; mean

agex SD = 68.6% 12.8 years), attending the Unefiatrics and Metabolic Bone Disorders,



Department of Internal Medicine, University of Trawi were recruited in the study. The diagnosis
of PDB was made according to the established @&jtbased both on alkaline phosphatase levels
and bone radiologic/scintigraphic examinatiohpositive family history, defined as at least one
first-degree relative having PDB, was recordeddfiof PDB patients. The age of onset was 64.2+
9.5 years in the female cohort, and of 59.8+ 10.the male subgroup. About 50% patients fulfilled
the diagnostic criteria for polyostotic diseaseeitypic data of PDB patients were summarized in
Table 1. A group of 106 healthy subjects (56 m&wbmen; mean age+ SD= 70.9+ 9.2 years),
served as controls. Patients and controls wereaat&sian origin and came from the same area of
Northern Italy. Written informed consent was obéairirom all participants, and the study was

approved by Hospital Ethics Committee.

The genomic DNA was purified from whole blood leaites using a DNA extraction kit (QIAGEN,
Germany). The presence of a pathological hexantideeexpansion GGGGCC in tigOORF72

gene was evaluated using repeated primed PCRea®psly described (Xi et al., 2014), and a
characteristic amplification pattern on the elgeh@rogram was considered evidence of a pathogenic
repeat expansion. Furthermore, PCR reagents wéraipgd for the amplification of thE9ORF72
hexanucleotide repeats (AmplideX®PCR/CE C9ORF72A&suragen, Inc.). The genomic DNA was
amplified using a three-primer G4C2-Repeat Prinitd){PCR configuration, followed by fragment
sizing on a 3100 Genetic Analyzer (Thermo Fisiie©X 1000 was used for sizing by capillary
electrophoresis and the size of the PCR produats senverted to the number of G4C2 repeats
using size and mobility conversion factor with Gétepper v 4.1 software (Thermo Fisher). In
addition, the presence of mutationsSRSTM1 or in other genes known to be associated with PDB-
related syndromes was investigated. The statistimalyses were performed using SPSS software

version 21.0.



Results

The complete analysis of tiBOORF72 gene was conducted on a total of 297 subjects. The
pathogenicCOORF72 expansion was detected in two out of 191 patieitts Paget’s disease of

bone, with a frequency of 1.0%. Electropherograftseterozygous samples with expanded alleles
were shown in Fig. 1 in the Supplemental Mateh& .COORF72 expansion was observed in the
control group. The first subject carrying t88ORF72 expansion did not carry any other mutations in
known PDB genes, while the second patient alscepted the Y383X mutation (c.1149 C>A) in

exon 7 ofSQSTM1 gene.

The two patients had a long-lasting diagnosis ofagic PDB. The first patient is a male that, & ag
70, developed a polyostotic disorder. Total bodyebscintigraphy showed skull, vertebral and pelvic
involvement. During the clinical follow-up, no cloal signs of motor neuron disease were observed,
and the patient died at 83 years for myocardiarotfon, without showing any sign of mental
decline.

The second patient carrying both tB8ORF72 expansion and the mutation®QSTM1, is a 77-years
female patient, with an age at onset of PDB até&#'<y, who presented with polyostotic disorder (left
scapula and pelvis). In 2008, the patient has beated with 5-mg dose of intravenous zoledronate
once a year with a clinical positive response.da& serum bone alkaline phosphatase was 5.1
mcg/l, parathyroid hormone was 77 pg/ml, and ugirtaicium was in normal range. A positive
family history for Alzheimer’s disease was reportetth a deceased brother with an age at onset of
dementia at 64 years (no genetic investigationgaadable). At clinical examination, no signs of
motor neuron disease were detected. Mini MentakSaamination was 28/30, and an extended

neuropsychological examination did not show any sijcognitive impairment.



Discussion

In this study we analyzed the presenc€@DRF72 expansions in patients with Paget’s disease of
bone, and we found pathologic expansions with guieacy of approximately 1% of our dataset of
PDB patients. Our study does not support a majerfos C9ORF72 gene in PDB, but suggests that
this gene could be involved in the pathogenesBagfet’'s disease of bone. In addition, our study

confirmed the co-occurrence 8PSTM1 andC9ORF72 gene mutations in a patient with PDB.

This is the first study that investigated the ptemae ofCOORF72 expansions in Paget’s disease of
bone, and we recognize a few limitations. The migoitation of our study is the low number of
genotyped patients; therefore, the study coulddiesufficiently powered. In addition, we did not
have the possibility to carry out a Southern bdoqaantify the length of the expansion, but we used
novel methodology that allowed us to quantify @#RF72 expansion in the two PDB patients as

>145 repeats.

Paget’s disease of bone is characterized by abmdana remodeling, leading to osteolytic lesions,
bone deformities, and pathologic fractures. Anahsgurge of osteoclastic activity leads to fooadiz
resorption of bone, followed shortly thereafterdsgeoblast hyperactivity. There are several
evidences suggesting that the development of PDBleaelated to a deregulation of autophagy
(Shapiro et al., 2014). This process plays an ¢éisseole in homeostasis by providing energy and
recycling cellular components, but also by fadilitg lysosomal degradation, and aggregates of
misfolded proteins. Osteoclasts from PDB patiehtsssboth nuclear and cytoplasmic inclusions that
have been associated with protein aggregates asiagthe evidences of a possible deregulation of
autophagy in the development of the disease. BQBIM1 andVCP are involved in autophagy and

in forming protein aggregates, indicating that stutbance of these processes might be a risk factor

for the pathogenesis of PDB. Recent experimenthlcéinical studies provided evidence that also the



CI90RF72 gene plays a critical role in autophagy (Toddle2®16). In addition, polymorphisms in
autophagy genes have been found to be associateédaget’s disease of bone (Usategui-Martin et
al., 2015). Intriguingly, in an experimental modellecreased expressionGIORF72, through an
inhibition of autophagy, leads to accumulation ytbplasmic aggregates of p62/SQSTM1 (Webster
et al., 2016)At present, however, no data on the possible MESORF72 gene in bone metabolism

are available.

In this study, we confirmed that mutationsSRSTM1 gene andCOORF72 expansions may co-occur
in patients with PDB, as previously described (Alhaeet al., 2016). Therefore, it is possible that
both genes may converge into a common pathogemetbanism. Mutations in tI#)STM1 gene
combined with &90RF72 expansion could act in an additive manner to ptete extent and
severity of PDB. However, owing to the limited nuenlof double mutation carriers described, we
cannot establish if the co-occurrence of mutatiofisences the clinical expression of PDB.
Moreover, age at onset was not clearly differemifipatients carrying only one of the mutations.
Finally, we did not find anZ9ORF72 expansion in our control group. In literatureamextensive
study investigating®9ORF 72 expansions in several neurodegenerative diseseauthors detected
an expansion of 0.15% in their control populatiBedk et al., 2013). However, control samples
involved inC90RF72 studies were mainly screened for neurologicalrdiscs. It could be of interest
to review the clinical characteristics of posit®8ORF72 control subjects, in order to exclude also a

diagnosis of Paget’s disease of bone.

In the present study, we identified a small nund§€Z9ORF72 expansions in a cohort of Italian
PDB patients. Even if our findings do not suppomaor role for this gene in PDB pathogenesis,
additional clinical and experimental studies areramted to further elucidate the involvement of

CI90RF72 gene in Paget’s disease of bone.
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Table 1. Clinical characteristics of patients with Pageli'sease of bone.

Males Females
Number 103 88
Age (years * SD) 66.9 £9.9 70.9+9.2
Age at onset (years + SD) 59.8+10.1 64.2£9.5
Familiarity for PDB (%) 18.8% 21.2%
Patients with polyostotic disease (%) 53.4% 49.4%
Patients with bone pain (%) 43.9% 63.3%
Number of bone localizations (mean £ SD) 2.2+2.6 23+2.7
Patients with arthrosis (%) 32.8% 38.6%
Patients with bone fractures (%) 31.2% 38.6%
Patients with bone deformations (%) 21.2% 25.6%
Patients with hearing loss (%) 25.6% 22.6%
Patients with skull involvement (%) 3.7% 4.2%

Patients with nephrolithiasis (%) 18.9% 26.3%



Highlights

1 We evaluated for the first time the frequencyl®@@@90ORF72 hexanucleotide repeat expansions in a
cohort of Italian PDB patients and in healthy colstr

1 The pathogenic repeat expansion was detectedut @ 191 PDB patients (1.0%). One of the two
patients showed the coexistence of HOAORF72 expansion an8QSTM1 gene mutation.

1 Our study does not support a major role@G8ORF72 gene in PDB, but suggests that this gene could be

involved in the pathogenesis of Paget’s diseas®mné.



