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ABSTRACT

Context: Paget’s disease of bone (PDB) is a metabolic bone disease, whose genetic cause remains
unknown in up to 50% of familial cases.

Objective: Our aim was to investigate the underlying genetic defect in a large pedigree with a
severe, early onset, autosomal dominant form of PDB across three generations.

Methods: Whole exome sequencing was performed in affected and unaffected family members, and
then mutation screening was replicated in a sample of PDB cases with early-onset, polyostotic PDB.
Results: We identified a frameshift D107Rfs*3 mutation in PFN1 (encoding for profilin1, a highly
conserved regulator of actin-polymerization and cell motility) causing the truncation of the C-
terminal part of the protein. The mutation was also detected in a 17-yrs old asymptomatic family
member that upon biochemical and radiological analyses was indeed found to be affected.
Sequencing of the entire PFN1 coding region in unrelated PDB cases identified the same mutation in
one patient. All mutation carriers had a reduced response to bisphosphonates, requiring multiple
zoledronate infusions to control bone pain and achieve biochemical remission over a long term. In
vitro osteoclastogenesis in PBMCs from mutation carriers showed a higher number of osteoclasts
with PDB-like features. A similar phenotype was observed upon PFN1 silencing in murine bone
marrow-derived monocytes, suggesting that the frameshift PFN1 mutation confers a loss of function
in profilin 1 activity that induces PDB-like features in the osteoclasts, likely due to enhanced cell
motility and actin ring formation.

Conclusions: Our findings indicate that PFN1 mutation causes an early onset, polyostotic PDB-like

disorder.

Keywords: Paget’s disease of bone, PFN1 gene, whole exome sequencing, bisphosphonates,

osteoclast
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INTRODUCTION

Paget’s disease of bone (PDB, OMIM 602080), is a focal metabolic bone disease
characterized by excessive and aberrant bone remodelling that ultimately leads to enlarged and
deformed bones in one (monostotic form) or more (polyostotic form) regions of the skeleton [1]. As
a result, bone pain, bone deformities (i.e., enlargement of the skull or bowing of the tibia), arthritis
at adjacent joints, and fractures often occur. Moreover neoplastic degeneration of affected skeletal
sites in osteosarcoma, or, less frequently, giant cell tumor has been described in 0.5%-1% of cases,
an increase in the risk that, however, is several thousand-fold higher than in the general population
[2, 3]. PDB affects both genders (with a slight predominance in males) and usually manifests after
middle age, with a prevalence of around 1% or less in most Countries, although it remarkably
increases with aging affecting up to 5% of the elder population in some areas [4]. This disorder was
first described in 1876 by Sir James Paget [5] and remained an almost untreatable condition for
about a century since the introduction of compounds with antiresorptive activity on bone, such as
calcitonin and then bisphosphonates. In particular, the more recent development of potent

intravenous nitrogen-containing bisphosphonates has remarkably improved treatment outcomes,

relieving bone pain and allowing a long-term biochemical remission in the majority of patients [6, 7].

It is generally believed that the primary cellular abnormality in PDB resides in the
osteoclasts, which contain up to 100 nuclei per cell and appear larger and more active than normal
[8]. Moreover, pagetic osteoclasts precursors are hyper-responsive to different osteoclastogenic
factors such as 1,25-dihydroxy-vitamin D, tumor necrosis factor (TNF)-a, or RANKL [9]. Despite the
remarkable progresses occurred over the past two decades, the pathogenetic mechanisms of PDB

remain in great part unknown and probably include the involvement of genetic and environmental
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factors [1, 10, 11]. To date, mutations in SQSTM1 and, less frequently, other genes have been
associated to PDB, particularly in cases with a documented family history for the disorder [1].
However, the genetic causes are still unknown in up to 50% of familial PDB cases, suggesting the
presence of additional predisposition genes. During the past years we identified different PDB
pedigrees which resulted negative for the presence of SQSTM1 mutations as well as for the newly
identified ZNF687 mutation [12] or mutations in other genes associated with rare inherited bone
disorders showing phenotypic overlap with classical PDB (e.g. familial expansile osteolysis, expansile
skeletal hyperphosphatasia, juvenile Paget’s disease and multisystem proteinopathy) [13].

We now report the identification of a heterozygous frameshift mutation in a new gene,
PFN1, associated with a severe, early onset, form of PDB in a large pedigree with a high penetrance,

autosomal dominant pattern of inheritance.

PATIENTS AND METHODS

Study Population

This study included a pedigree with eight early-onset, polyostotic PDB cases, showing an
autosomal dominant pattern of inheritance across three generations (Figure 1). The clinical and
laboratory data were summarized in Tablel. Five patients (11.2, 11.4, 11.6, 111.1, 11.2) and five healthy
members (1.1, 11.1, 11.3, l11.2, lll.7) from three generations were recruited for Next Generation Exome
Sequencing analysis. Members IV.3 and IV.4 in the fourth generation were sequenced but excluded
from the segregation analysis due to their young age (below 20 yrs).

Then, we extended the mutation screening to all familial PDB cases selected from the large
cohort of the Italian PDB Registry (including 893 unrelated PDB patients) with a reported diagnosis
below age 50, for which mutation in all known genes affected in PDB or PDB-like diseases had been
excluded. Overall, 41 patients meeting the above characteristics were selected, to which 3 patients
with neoplastic degeneration in osteosarcoma were added, because of the reported history of

sarcomatous degeneration of PDB in an affected pedigree member (Pt. |.2).
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The study was approved by the ethics institutional review board at the Policlinico Le Scotte
Hospital of Siena and written informed consent was obtained from patients and their family
members. If patients or family members were under 18 years old, the consent was obtained from

their parents.

Genetic Analysis

Next Generation Exome Sequencing: DNA was collected from patients from buccal swab or
peripheral blood and extracted using the Quick-DNA Universal Kit (Zymo Research, D4069). The
Whole Exome Sequencing (WES) was performed by the Center for Translational- Genomics and
Bioinformatics (CTGB, San Raffaele Scientific Institute in Milan). To perform WES analysis, libraries
were captured using Agilent SureSelect-Human-All-Exon V.6 probes and run on HiSeq 2500 and
NextSeq 500 platforms (Illumina). The raw sequencing reads were mapped to the human genome
reference assembly b37 (hs37d5) using the Burrows-Wheeler aligner (BWA). Duplicate reads were
marked and excluded from further analysis using Picard Tools
(https://broadinstitute.github.io/picard/). Capture metrics were calculated using the program
CalculateHsMetrics in Picard with Agilent design SureSelect Human All Exon V6 r2
(https://earray.chem.agilent.com/suredesign/). Variant calling was performed using the tool

Freebayes version 1.0.2 (Garrison E, Marth G. Haplotypebased variant detection from short-read

sequencing. arXiv preprint arXiv:1207.3907 [g-bio.GN] 2012), with the following parameters: F 0.2; C

2; q.20; genotype-qualities; min-repeat-entropy 1; report-genotype-likelihood-max. Only variants
with high or moderate predicted impact or splice junction related predicted effect were considered.
We performed segregation analysis and filtering for rare and likely protein-affecting variants

(considering only variants < 0.005 reported frequency in GhomAD).
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Allele Cloning and Sanger Validation: DNA from affected and unaffected members were amplified
for PFN1 exon2 by PCR with the following primers: 5’-TTTTCTGCACTAACGTCCC-3’ and 5'-

AAGACCCCAACAATCTACCT-3'. The PCR product was then cloned in pGEM®-T Vectors using its

dedicated kit (Promega A3600) and transformed into competent cells. An average of 10 colonies per

sample were extracted with NucleoSpin Plasmid QuickPure Kit Miniprep (Machery-Nagel,
740609.250) and sequenced in service by Eurofins Genomics, with the described primers.

In silico analysis: The functional context of the identified mutation was predicted using the default
settings of Provean [14] and Mutation Taster [15] prediction algorithms. Secondary and tertiary

structure of mutant profilinl was predicted using SWISS MODEL (https://swissmodel.expasy.org)

and compared to wild-type profilinl (P07737).

PFN1 Mutation Screening: screening of the PFN1 gene was performed by direct PCR amplification
and sequencing of the three exons and exon-intron boundaries. Briefly, 200 ng DNA was PCR
amplified separately with the following primers: F1: 5’-ttcttctggctcactccctg-3’ and R1: 5'-
ttgaatccaacgtgctgage-3’; F2: 5'-gtctgactcccttcatgttg-3’ and R2: 5'-tgggaatcttggtgcactga-3’; F3: 5-
tctgttectctccagegttt-3’ and R3: 5’'-ccaccaatttgaccagcaca-3’ in a total volume of 25 ul containing: 1X
Buffer, 6,25 pmol dNTPs, 20 pmol primers (each) and 1 U Ampli-Taq Gold Polymerase
(ThermoFisher). For all the exons the Tm was 56°C. Amplicons were purified with EXoSAP-IT
(ThermoFisher) and directly sequenced with both the forward and reverse primers (Big Dye
Terminator Cycle Sequencing Kit, v.1.0, ThermoFisher). Reactions sequences were run on an ABI
Prism 3100 (ThermoFisher) and electropherograms through the Sequencer 4.10 software (Gene
Codes Corporation) using as reference control the human coding sequence of the PFN1 gene

(NM_005022, GRCh37).
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https://swissmodel.expasy.org/

In vitro Osteoclastogenesis

The bone marrow of C57BL6 WT mice was flushed from the femurs and tibias by
centrifugation at full speed for 1 minute at 4°C. It was resuspended with complete alphaMEM
(Gibco-Life Technologies) supplemented with 10% (heat inactivated) fetal bovine serum (Hyclone,
SH30070.03), penicillin/streptomycin (100 pg/ml; Lonza, 17-602E), L-glutamine (2 mM; Gibco-Life
Technologies, 25030-081), filtered through a cell strainer and centrifuged. Cells were then
resuspended in medium and plated with 100ng/mL of mouse MCSF (Peprotech 315-02). After 48
hours the supernatant was removed and bone marrow-derived monocytes (BMMs) were expanded
for 4 days. Osteoclastogenesis was induced culturing BMMs with medium containing 10ng/mL of
MCSF and 100ng/mL of RANKL (Biolegend, 577102), replaced every two days. For resorption assay,
cells were plated on dentin discs (ids AE-8050), and cultured as mentioned above for 15-21 days.
Resorption pits were stained by 1% blue toluidine (Sigma-Aldrich T3260) aqueous solution.

Peripheral Blood Mononucleated Cells (PBMCs) from selected PDB cases and age- and sex-
matched healthy controls were isolated using Ficoll-Paque PLUS (GE Healthcare, GE17-1440-03) by
centrifugation 400g — 30 minutes — room temperature. Cells were then plated in DMEM (Sigma-
Aldrich, D5671), 10% (heat 'inactivated) Fetal Bovine Serum (Euroclone, ECS0180L), 1%
penicillin/streptomycin (Sigma-Aldrich, P0781), 1% L-glutamine (Sigma-Aldrich, G7513) with addition
of 30ng/mL recombinant human M-CSF (PeproTech, 300-25) for 24 hours. After incubation,
osteoclastogenesis was induced supplementing cells with 30ng/mL of recombinant human sRANKL
(Peprotech, 310-01C). The PBMCs were cultured for 15 days, replacing medium every 3 days.

TRAP staining was performed after 7-8 days (murine) or 14-15 days (human) of
differentiation, after which they were fixed 10 minutes in 4% paraformaldehyde, washed in dH20
and incubated with TRAP solution (387A Acid Phosphatase, Leukocyte TRAP Kit, SIGMA) for 15-30
minutes at 37°C and consequently washed. Osteoclasts were counted as TRAP+ multinucleated (=3

nuclei) cells per well.

020z AeIN G U Jasn JaxejolqIqBullineg Aq /G8GE8G/ZGZeeBp/WauId/0LZ L 0 L/I0P/AORISAE-D|0lE-80UBAPE/WSD|/W0D dNo"dlWspeoe)/:Sdjjy WoJ) PAPEOJUMOQ



PFN1 Silencing and viral packaging

Lentiviral vectors were generated starting from Mission shRNAs (Sigma-Aldrich) expressing
anti-PFN1 (TRCN0000011968) and mock shRNA (SHC002). HEK293T cells cultured in IMDM,
supplemented with fetal bovine serum, penicillin/streptomycin and glutamine as described above,
were transfected by CaCl2 HBS precipitation with plasmids ENV (VSV-G), pMDLg/pRRE, pCMV-Rev
with either a mock or anti-PFN1 shRNA. Plasmid-calcium complexes were incubated on cells for
16hours after which the medium was replaced. After 24hrs, the medium was filtered (0.221) and the
virus was collected by ultracentrifuge for 2h at 20.000 rpm at RT. Supernatant was discarded and
dried pellet was resuspended in sterile PBS. Aliquots were stored at -80°C. Isolated BMMs were
incubated with virus for 16 hours, after which the medium was replaced. After 3 days, cells were
detached and plated for in vitro osteoclastogenesis, immunofluorescence and resorption assay as
previously described.

Silencing was verified by western blot. Briefly, total protein lysates were collected lysing cells
in Tris-Buffered Saline (TBS) 1% SDS with proteases inhibitors cocktail (Roche, 11836153001) for 5
minutes and homogenised by syringe-based method. Samples were quantified by BCA method and
10-30pg of proteins were loaded on 20% acrylamide gels and separated through SDS-PAGE. Proteins
were then transferred ona nitrocellulose membrane (1B23001, Life Technologies) through
electroblotting (2hours at 300mA) at 4°C. Membranes were blocked in a 5% milk 0.01% Tween in TBS
(TBS-T) solution, and incubated overnight at 4°C with primary antibodies diluted in a 3% BSA (Bovine
Serum Albumin) TBS-T solution. The following primary antibodies were used: mouse B-Actin (A1978,
Sigma-Aldrich) and rabbit anti-profilinl (Abcam, 133529). Membranes were washed with TBS-T and
incubated for 1 hour at RT with secondary antibodies: anti-Rabbit AlexaFluor647, diluted 1:4000 in

blocking solution. Signal was detected by FLA9000 (FujiFilm, Tokyo Japan).
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Immunofluorescence

Osteoclastogenesis was induced on glass slides in 48wells plates with 50.000cells/well.
Osteoclasts were washed in PBS and fixed in formalin for 10 minutes, permeabilized in 0.2%
TritonX100 in PBS for 5 minutes and blocked in 10% goat serum, 4% bovine serum albumin in PBS for
1h at RT. Slides were then briefly washed and incubated with primary rabbit anti-Paxilin (abcam,
ab2264) dil. 1:200 for 40 minutes at 37°C. Slides were then washed and incubated with secondary
anti-rabbit AF488 dil. 1:1000 for 40 minutes at 37°C. Actin filaments were stained with Pahlloidin
AF594 (Invitrogen, A12381) and nuclei were stained with DAPI (Invitrogen, D1306) in PBS for 15

minutes at RT.

Quantitative Real Time PCR

For RT-PCR, RNA was extracted from with Trizol (Invitrogen, 10296028) and 1000ng
retrotranscribed with ImProm-Il Reverse Transcriptase (Promega, A3800). gPCR were performed in
10 pL mix with 5 pl SYBR green | master mix (Roche, 04707516001) on Roche LightCycler 480 and 1
pl 5 uM primers. Data were analyzed on Roche LC480 software with Advance Relative
Quantification. Mouse ACTB gene expression was used as normalizer in the analyses. Primers used
were:PFN1 5-CATCGTAGGCTACAAGGACTCG-3’, 5'-CCAAGTGTCAGCCCATTGACGA-3’ and ACTIN: 5’-
CCGCGAGCACAGCTTCTTTG-3’, 5'-AGTCCTTCTGACCCATTCCCAC-3’. Reactions were carried out in
20uL with MasterMix SYBR Green (Roche) and analysis of gene expression was performed with

Roche LC480 software.
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RESULTS
Identification of a PFN1 pathogenic variant in the large pedigree with early onset PDB

WES analysis in the selected pedigree led to the identification of 10 candidate variants. After
excluding common SNPs and variants registered in genetic databases (bdSNP, NCBI, GhomAD), a
single high impact variant was identified in the PFN1 gene, which encodes for profilinl, a highly
conserved regulator of actin-polymerization and cell motility (Figure 2). This variant was identified
on chromosome 17p13.2 in exon 2 of PFN1 and consists in a 4-nucleotides deletion
(g.2427_2430delTGAC; cDNA.938 941delTGAC), giving rise to a frameshift mutation (D107Rfs*3),
where Asp107 and Lys108 both change into Arginine, followed immediately by a stop codon (Figure
2). This is predicted to lead to an early truncation of the C-terminal part of the protein missing the
last 31 residues at its C-terminus. Sanger sequencing, after separately cloning alleles to discriminate
chromatograms (as the mutation is carried in heterozygosity) confirmed co-segregation of the
mutation with the disease phenotype in all affected family members. Moreover one of the two
young and apparently unaffected siblings (subject IV.2) carried the same D107Rfs*3 mutation.

The D107Rfs*3 mutation detected in our pedigree was predicted as pathogenic following
the international guidelines of the ACMGG/AP [16]. In particular: i) it consisted of a frameshift
mutation; ii) it was absent in any of the public databases of polymorphic variants; iii) it segregated in
all the affected, while it was not present in healthy, family members. Moreover, two in silico tools,
Provean [14] and Mutation_Taster2 [15], were interrogated, and both classified the variant as
deleterious. Finally, in silico prediction of the 3D structure model showed that in the presence of the
D107Rfs*3 mutation profilinl loses the last beta-strand (7), the last helix (helix 5) and the three
phosphorylation sites T109, Y129 and S137 of the corresponding profilin 1 protein (Figure 2D and

2E).
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Clinical and cellular phenotype of PFN1 mutation carriers

All the affected patients from the pedigree had an early onset and polyostotic form of
disease (Table 1). Moreover, the skeletal distribution of lesions was less focal than generally
described in PDB, involving the skull, one or more vertebral bodies and the lower limbs in all affected
cases (Figure 1). In addition to the distribution of lesions and the early onset, other peculiar
characteristics of all the affected patients included the presence of severe osteoarthritis at the spine
and major joints, and the occurrence of autoinflammatory diseases (mostly autoimmune thyroiditis).
Both conditions, albeit common with aging in the general population, occurred at a relatively young
age in all the affected subjects (between 25 and 50 years). Three patients (Pt. I.4, .6 and their
affected cousin, Pt. 11.9) also reported fractures at or nearby the affected skeletal sites (Figure 1),
while the affected male in generation | (Pt. 1.2) died at age 63, because of neoplastic degeneration of
the pagetic humerus in osteosarcoma. No reported cases of dementia or motor neurone disease
(e.g. amiotrophic lateralsclerosis) were present in family history.

After PDB diagnosis, all patients had received intravenous (Pamidronate 30mg/day for 3
days twice/year) and/or intramuscular (Neridronate 25mg/month or 25mg/15 days for 3 years in
patient 111.4) bisphosphonate treatment, without achieving the normalization of alkaline
phosphatase levels, nor the remissions of pain. After they came to our attention, they received a
first course of zoledronic acid 5mg with a significant decrease of total and bone alkaline phosphatase
levels (Figure 3A) and a reduction of bone pain. However, in contrast to what is generally observed
in the majority of PDB patients, the normalization of bone turnover at 1 year was achieved only in 2
of the 5 cases. Moreover, as is evident in Figure 3, multiple zoledronate courses (up to 6 in patient
I1.2) were required in all cases to control bone pain and achieve biochemical remission over a long
term. Likewise, the comparison of scintiscans of patients I.2 and 1.4 performed at baseline and,
respectively, 5 or 4 years from the beginning of treatment, showed the persistence of tracer uptake
after multiple zoledronate courses (Figure 3B and 3C), on the opposite to what observed in classical

PDB, where absent or minimal residual disease activity is generally described [17]. Despite these
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annual zoledronate infusions, no long term complications of aminobisphosphonate treatment (e.g.
jaw osteonecrosis or atypical femoral fractures) were reported.

In vitro osteoclastogenesis from PBMCs of one affected member (Pt.l11.4) showed a higher
number of osteoclasts with PDB-like features such as a larger size and a higher number of nuclei,

compared to a sex- and age-matched healthy control (Figure 4).

PFN1 mutation screening and genotype-phenotype analysis in a cohort of PDB patients

Sequencing of the entire PFN1 coding region in 41 unrelated patients with early onset,
polyostotic PDB and 3 additional cases with pagetic osteosarcoma (for which mutations in all known
genes affected in PDB had been excluded) identified the same D107Rfs*3 mutation in one patient.
The mutation occurred in a familial PDB case with a referred diagnosis at 40 years and affecting 6
skeletal sites, including the skull.

Genotype-phenotype analysis of the PDB cases with PFN1 mutation as compared to the
other PDB cases from the Italian PDB Registry are summarised in Figure 5A and 5B. As is evident,
PDB patients with PFN1 mutation showed an increased number of affected sites as well as an earlier

age at diagnosis than all the other PDB cases, including those with SQSTM1 or ZNF687 mutation.

Diagnosis of PDB-like lesions in a young, 17-year old PFN1 mutation carrier

Following the identification of PFN1 mutation in one (case 1V.4) of the two apparently
healthy daughters, we first performed a biochemical screening of bone turnover markers that
showed an increase of all tested markers in the 17-year old PFN1 mutation carrier at 2 different time
points (Figure 6A). A subsequent radiological screening allowed to detect an initial osteolytic lesion
at the tibia together with
hyperostosis of the skull (Figure 6B), highly suggestive for the same PDB-like disorder. Consistent

with the clinical features, PBMC-derived osteoclasts from the affected daughter were larger in size

13
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and showed a higher number of nuclei than the unaffected sister (subject IV.3), resembling the

PBMC-derived osteoclasts from the other affected cases (Figure 6C).

Functional Studies

In vitro characterization of Profilinl in osteoclasts: To better understand the effect of the PFN1
mutation in osteoclasts biology we first performed functional studies on murine osteoclast
differentiation. Indeed, as is evident in Figure 2C, there is a remarkable homology between human
and mouse profilin 1 (sharing 134/140 identical aminoacids). Profilin 1 was expressed in the murine
osteoclast lineage cells, without significant differences throughout all the steps of osteoclast
differentiation (Figure 7A).

Silencing of PFN1 in BMM-derived Osteoclasts: Given the nature of the mutation we hypothesized
that D107Rfs*3 gives rise to a loss of function mutant that could be mimicked by knocking down
profilinl. MCSF-dependent BMMs were collected from a wild type C57BL6 mouse and infected with
lentiviral vectors carrying either a control shRNA (Mock) or a specific shRNA directed against mouse
PFN1 mRNA. Osteoclast differentiation from BMMs did not show any difference in the number of
formed osteoclasts between cells silenced for Profilinl or controls. However, an increase in
osteoclast size and number of nuclei was observed upon PFN1 silencing (Figure 7B), indicating a
potential effect of the mutation on osteoclastogenesis. Moreover, PFN1 knockdown osteoclasts
showed an increase in resorptive activity when cultured on bone slices (Figure 7B).

Given the role of PFN1 on actin ring formation and cytoskeleton reorganization we
investigated possible structure alterations in PFN1-silenced cells marking actin with pahollidin-594
and assessing podosome belts formation and protrusions. Silenced osteoclasts were highly rich in
podosomes, filopodia and lamellipodia, compared to control osteoclasts, where we noticed mostly
filopodia (Figure 7C). This was further verified by double staining for F-actin and Paxilin, a protein

highly expressed in acting ring formation that bridges the podosome cores to the integrins. These
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structures, where the actin core is surrounded by a strong Paxilin contour, were mainly noticed in

PFN1 silenced cells, compared to controls (Figure 7D).

DISCUSSION

PDB is an invalidating, progressive and focal disorder of bone metabolism, generally
occurring in ageing individuals and showing a clear familial predisposition in up to 40% of cases.
During the past two decades mutations in at least 10 genes (SQSTM1, TNFRS11A, TNFRSF11B, VCP,
HNRNPA1, HNRNPA2B1, MATR3, TIA1, ZNF687, and FKBP5) have been associated to PDB or other
rarer disorders showing a clear phenotypic overlap with PDB [1, 13]. While SQSTM1 actually
represents the most common mutated gene in familial cases with "classical", late-onset forms of
PDB, the other genes have been more frequently associated with PDB-like disorders that frequently
arise in younger individuals and often present peculiar skeletal and extra-skeletal manifestations, in
addition to PDB. Moreover, genome-wide studies in large populations of PDB patients identified
novel genetic variants (e.g. OPTN rs1561570, RIN3 rs10498635, TM7SF4 rs2458413) that predispose
to the disease [18, 19]. Remarkably, most of the genes associated to date with PDB or PDB-like
disorders affect key molecular pathways regulating osteoclast formation and activity, and mutations
in these genes have been related with typical phenotypic features observed in pagetic osteoclasts
both in vivo and in vitro. Somewhat unexpectedly, some of these genes (e.g. SQSTM1, VCP and
OPTN) have been also implicated in the predisposition for amiotrophic lateral sclerosis,
frontotemporal dementia or other neurodegenerative disorders [20-22].

Herein, we report about the identification of a pathogenetic mutation in a new gene, PFN1,
in affected members from a large pedigree with an early-onset and severe form of PDB. This gene
encodes for profilin 1 (also known as ALS18, since mutations in this gene have been previously found
in familial cases of amiotrophic lateral sclerosis), a highly conserved protein among vertebrates, that
is expressed in most tissues, with higher concentrations in lymph-nodes, bone marrow and spleen

[23, 24]. It is a member of the profilin family (PFN1-PFN5) of small actin-binding proteins that are
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involved in the dynamic turnover and restructuring of the actin cytoskeleton, and thus essential to
cell motility, division and morphology [23, 25]. Human Profilinl has a complex molecular structure: it
is composed of 7 beta sheets and 5 helices, that form an actin binding domain, two
phosphoinositides (PPls) binding sites and a poly-L-proline (PLP) binding domain [23, 26]. Regarding
actin, its major function consists in promoting its exchange from ADP to ATP, which can both inhibit
or promote polymerization by either sequestering actin from the available pool and promote
assembly of ATP charged actin. In this respect, profilin 1 negatively regulates actin polymerization at
the point end of the filament (rich in ADP-actin), while positively regulates its elongation of the
barbed end (where it refills the pool rich in ATP-actin) [27]. Moreover, profilin 1 can also bind
proteins with PLP sequences in both the cytosol (e.g. WASP, WAVE, VCP, AF-6, clathrin and
huntingtin) and nucleus (p42.POP, SMN, exportin6), all related to regulation of cytoskeleton
reorganization, without losing its actin binding capacity [23]. Conversely, the interaction with PPIs
recruits Profilinl to the membrane at the expense of actin binding, so that the two functions cannot
co-exist. Since the folded conformation of Profilinl and its functional domains are not confined to
limited regions in the protein (e.g. the actin binding function involves amino acids at both N and C
terminus) [28], the detected PFNI mutation might have different functional implications. Indeed, at
least 8 different PFN1 mutations have been previously identified in amyotrophic lateral sclerosis,
impairing either the actin binding domain (e.g. G118, E117, C71, M114) or the PLP domain (e.g.
T109M, Q139L), 6 of which are located in the C-terminal portion and are all lost in the D107Rfs*3
truncated protein [23, 29-33].

Importantly, osteoclasts activity strongly relies on the organization of the actin cytoskeleton
that not only allows the cells to move and migrate, but also to resorb bone. In fact, in order to resorb
bone, osteoclasts must create the actin ring, a complex and unique structure formed by high-density
podosome cores of actin (and regulatory proteins such as cortactin, profilini, gelsolin) surrounded
by actin regulating proteins (e.g. Paxilin, Vinculin) [34, 35]. This structure allows the cells to anchor

itself to the bone and seal the region to resorb. Beneath it, at the ruffle border other processes carry
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out the resorption: mineral dissolution via the acidification of resorption lacuna and secretion of
lysosomal proteases degrading the organic matrix components, whose products are then carried out
to the opposing side via transcytosis. All these mechanisms are dependent on cytoskeleton
rearrangement [36-39] and thus can be affected by PFN1 mutation. Indeed, the biology of Profilinl is
complex and its functions, not yet fully characterized, appears context- and cell line- dependent [40].
Notably, several previous experimental evidences have underlined the relevance of profilin 1 for
bone biology. While the loss of PFN1 gene is embryonically lethal (as early as the two-cell stage) [41],
conditional knock-out mice models in osteocytes, pre-osteoblasts and osteoclasts are viable and
have been recently investigated [42-44]. In particular, osteoclast specific deletion of PFN1 leads to
enhanced cell motility, increased podosome formation, increased size and bone resorptive activity in
vitro, as well as to different bone abnormalities in vivo, including dwarfism, osteolytic lesions and
suppressed trabecular bone mass [44].

Results from our functional in vitro studies in mutation carriers and BMMS cells are
consistent with the above observations and suggest that the frameshift PFN1 mutation identified in
our pedigree confers a loss of function in profilin 1 activity that induces PDB-like features in the
osteoclasts, likely due to enhanced cell motility and actin ring formation. Likewise, mixed
osteoliyc/osteosclerotic lesions and hyperostotic expansion of the affected bones, together with a
marked increase in bone turnover markers, reminiscent of PDB, have been identified in all mutation
carriers including a young and apparently unaffected 17-year old relative. Indeed, from an in-depth
analysis of radiological and bone scan images of affected cases, the distribution of the lesions
appeared more symmetrical and extensive than in classical PDB, involving the skull and all the long
bones in most cases. Moreover, the radionuclide bone scans showed a patched-like pattern of tracer
uptake at affected bones rather than the uniform uptake typically described in PDB. In some
instances tracer uptake was increased in sites without focal bone lesions at radiography, in keeping
with a generalized elevation in bone turnover, as also observed in other PDB-like disorders (e.g.

familial expansile osteolysis) [13]. These features, together with the very early onset of the lesions
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(that possibly might arise in adolescence) and the surprisingly reduced effectiveness of zoledronate
treatment, suggest that the disease affecting this pedigree is distinct from classical PDB. In some
respects, the radiological and bone scan characteristics resemble Camurati Engelmann disease, but
other classic hallmarks of the disease such as muscle weakness, waddling gait, Marfanoid habitus
with reduced subcutaneous fat, or systemic manifestations (e.g. anemia, leucopenia) were absent in
our pedigree [45]. Moreover, most if not all cases of Camurati Engelmann disease have a mutation in
TGF-61 gene [45], while a different gene, PFN1, was responsible for disease in our pedigree. This is
also in keeping with the identification of the same D107Rfs*3 mutation in an unrelated case with
early onset, polyostitic PDB from the Italian PDB Registry, suggesting that PFN1 gene mutation
causes a rare and severe PDB-like disorder.

At the time of writing this manuscript, the same D107Rfs*3 mutation in PFN1 gene has been
described in a different PDB pedigree of Italian descent [46]. While the members of our pedigree
and the unrelated PDB case carrying the PFN1 mutation came from the same Italian area (in
between Molise and Campania), it is impossible at this stage to exclude the same geographic origin
concerning the pedigree of reference 46, as suggestive of a possible genetic clustering . Consistent
with our cases, affected patients of that pedigree had an early onset, polyostotic form of PDB,
without a clear informationabout the affected skeletal sites or the features of the pagetic lesions.
Moreover, sarcomatous degeneration was described in 3 cases that, apparently, had only received
calcitonin treatment. Given the lack of neoplastic degeneration in our 5 affected cases and in the
unrelated patient with the same mutation from our cohort, we can speculate that rather than
predisposing to osteosarcoma per se, the PFN1 mutation causes a severe, early onset PDB-like
disorder, that if not adequately treated over the long term might increase the risk of sarcomatous
degeneration. This is also consistent with the results from epidemiological surveys and systematic
reviews of PDB, evidencing a progressive decrease in the prevalence of neoplastic degeneration [3,
47, 48], which in some way coincides with the development of bisphosphonates and particularly of

the more potent amino-bisphosphonates. Indeed, all the 3 cases with classical PDB and
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osteosarcoma from our large cohort were negative for PFN1 mutation, but all had severe, long-
standing disease.

The recent advances in molecular biology have significantly expanded our understanding of
PDB over the last 20 years. It is becoming clearer that different genetic defect are involved in the
pathogenetic mechanisms of PDB and PDB-like disorders. Within this context we now present a new
PDB-like disorder caused by a rare mutation of PFN1 gene and presenting a decreased response to
amino-bisphosphonate treatment, thus requiring annual zoledronate courses to suppress bone
turnover and control bone pain. Genetic screening of individuals with similar clinical features and a
particularly earlier onset of PDB is recommended in order to provide an early diagnosis and a more

effective targeted treatment.
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LEGEND TO THE FIGURES AND TABLES

Figure 1. Pedigree and key radiological and bone scan features of affected members.

Pedigree of the four-generation family with early onset, polyostotic, PDB-like disorder. Circles
indicate female family members, and squares indicate male family members; affected patients are
indicated with solid figures. Affected and unaffected cases tested with next generation exome
sequencing are indicated in bold, as underlined numbers. The radiographs and bone scan images
performed in patients 1.2, 1.4, 11.6, lll.4 and I11.6 point out the extensive skeletal involvement
(including the skull and all the long bones in most cases) and the patched-like pattern of tracer
uptake at affected bones rather than the uniform uptake typically described in PDB. The age at

which the exam was performed is indicated in parentheses.

Figure 2. Identification of the D107Rfs*3 mutation in PFN1 gene and impacts on Profilinl
structure.

(A) Chromatograms of identified recessive D107Rfs*3 mutation in comparison to the respective
sequence in a healthy subject (top); cloned wild-type and altered allele of an affected patient
(below). (B) C-terminus alignment of wild type and mutated form of PFN1 cDNA and protein
sequence. The 4-nucleotides deletion (g.2427 2430delTGAC; cDNA.938 941delTGAC) is underlined
and gives rise to a frameshift mutation predicted to cause an early truncation of the C-terminal part
of the protein. (C) Alignment of human (P07737) and mouse (P62962) Profilinl, generated through

UniProt (https://www.uniprot.org/).

(D) Schematic representation of PFN1 protein domains, including five a-helices and seven B-sheets.
Major mutations identified in Amiotrophic Lateral Sclerosis and C-terminal phosphorilation sites are

highlighted with arrows; the D107Rfs*3 mutation is predicted to delete the C-terminal portion

including a-helic 5, B-sheet 7 along with the three phosphorilation sites. (D) Comparison of wild-type
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and mutant three-dimensional structures of human PFN1 protein, modelled from Swiss Model

(https://swissmodel.expasy.org/).

Figure 3. Long-term effects of zoledronate treatment. Effects of intravenous zoledronate (5mg
infusion) on bone alkaline phosphatase (BALP) levels in patients from the PDB-like pedigree are
shown in comparison with response rates of a single infusion in the cohort of PDB cases from the
Italian PDB Registry (dashed line). Multiple zoledronate courses (indicated as asterisks) were
required in all cases with D107Rfs*3 mutation to control bone pain and achieve biochemical
remission over a long term. The upper limits of normal BALP levels for pre-menopausal (19 mcg/L)
and postmenopausal women (26 mcg/L), respectively, are boxed in grey and given in square
brackets (Figure 3A) . Scintiscans at baseline and at 5 or 4 years from the beginning of treatment for
patients I.2 and I1.4, respectively, showed the persistence of tracer uptake after multiple

zoledronate courses (Figures 3B and 3C).

Figure 4. In vitro osteoclastogenesis from PBMC-derived osteoclasts. PBMC-derived osteoclasts
from an affected member (Pt. 111.4) were increased in number and size as compared from an age-
and sex-matched healthy control. Representative TRAP and phalloidin staining images (right) and

guantification of number and size of OCs (left).

Figure 5. Genotype-phenotype correlation across different mutations. Subjects with D107Rfs*3
PFN1 mutation showed an increased number of affected sites and an earlier age at diagnosis than all
the other PDB cases from the Italian PDB Registry, including those with SQSTM1 or ZNF687

mutation.
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Figure 6. Identification of PDB-like disorder in a young (17-yrs old) carrier of PFN1 mutation.

(A) Serum total and bone alkaline phosphatase levels and CTX levels in young and apparently healthy
members IV.3 (12 yrs) and IV.4 (17 yrs) of the pedigree. (B) Radiological analysis of subject IV.4
(carrier of PFN1 D107Rfs*3 mutation), showing skull hyperostosis and loss of bone density in the
frontal region with partial loss of the outer table, together with a small diaphyseal lytic lesion of the
right tibia.

(C) PBMCs-derived osteoclasts from subject 1V.4, carrier of PFN1 mutation, appear larger and

hypernucleated as compared to osteoclast from her unaffected sister (subject IV.3).

Figure 7. Functional in vitro analysis in murine BMMs-derived osteoclasts. (A) PFN1 mRNA
expression did not differ throughout murine osteoclastogenesis. (B) western blot, TRAP staining (top
panels) and blue toluidine on dentin discs (bottom panels) from murine BMMs-derived osteoclasts
silenced for PFN1 (shPFN1) as compared to control shRNA (Mock), scale bar: 100um. (C)
Cytoskeleton evaluation of BMMs-derived osteoclasts upon PFN1 silencing, staining for actin
filaments (phalloidin, red) and nuclei (DAPI, blue); white arrows indicate podosome clusters and
lamellipodia. (D) Cytoskeleton evaluation of BMMs-derived osteoclasts upon PFN1 silencing,
staining for actin filaments (red), paxillin (green) and nuclei (blue), magnification in white square,

scale bars: 50um.

Table 1. Clinical and laboratory data of affected members of the pedigree
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Table 1

Patien | Ag Age at Affecte | ALPat | Heigh | BMI PDB PDB HAQ | Age
t e | Diagnosis(yrs | dsites | diagnosi | t(cm) symptom | complication | -DI at
(yrs (n) s (UIL) s S scor | onse
) e t of
pain
(yrs)
1.2 64 |49 9 839 150 30. | Bone OA (spine, 0.75 | 46
2 pain, pelvis),
Headach | hearing loss
e
1.4 62 | 3 10 940 145 22. | Bone OA (shoulder, |1.60 | 25
8 pain, spine, pelvis,
Headach | knee),
e hearing loss,
fracture (hip)
1.6 62 |42 12 1859 148 29. | Bone OA (spine, 125 | 37
2 pain, pelvis),
Headach | hearing loss,
e fracture
(spine)
1.4 36 |29 5 685 162 28. | Bone OA (pelvis, 035 | 27
9 pain, knee)
Headach
e
1.6 33 |20 6 726 159 26. | Bone OA (knee, 015 | 33
5 pain, shoulder,
Headach | spine)
e

HAQ-DI: Health Assessment Questionnaire Disability Index
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Figure 2
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Figure3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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