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ABSTRACT
Paget’s disease of bone (PDB) is a late-onset chronic progressive bone disease characterized by abnormal activation of osteoclasts
that results in bone pain, deformities, and fractures. PDB is very rare in Asia. A subset of PDB patients have early onset and can develop
malignant giant cell tumors (GCTs) of the bone (PDB/GCTs), which arise within Paget bone lesions; the result is a significantly higher
mortality rate. SQSTM1, TNFRSF11A, OPG, VCP, and HNRNPA2B1 have been identified as pathogenic genes of PDB, and ZNF687 is the
only confirmed gene to date known to cause PDB/GCT. However, the molecular mechanism underlying PDB/GCT has not been fully
elucidated. Here, we investigate an extended Chinese pedigree with eight individuals affected by early-onset and polyostotic PDB,
two of whom developed GCTs. We identified a heterozygous 4-bp deletion in the Profilin 1 (PFN1) gene (c.318_321delTGAC) by
genetic linkage analysis and exome sequencing for the family. Sanger sequencing revealed another heterozygous 1-bp deletion in
PFN1 (c.324_324delG) in a sporadic early-onset PDB/GCT patient, further proving its causative role. Interestingly, a heterozygous mis-
sense mutation of PFN1 (c.335 T > C) was identified in another PDB/GCT family, revealing that not only deletion but also missense
mutations in PFN1 can cause PDB/GCT. Furthermore, we established a Pfn1-mutated mouse model (C57BL/6J mice) and successfully
obtained Pagetic phenotypes in heterozygous mice, verifying loss of function of PFN1 as the cause of PDB/GCT development. In con-
clusion, our findings reveal mutations in PFN1 as the pathological mechanism in PDB/GCT, and we successfully established Pfn1-
mutatedmice as a suitable animalmodel for studying PDB-associated pathological mechanisms. The identification of PFN1mutations
has great diagnostic value for identifying PDB individuals predisposed toward developing GCTs. © 2021 The Authors. Journal of Bone
and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Paget’s disease of bone (PDB [MIM: 167250]) is a chronic pro-
gressive metabolic bone disease characterized by abnormal

activation of osteoclasts that results in abnormal bone resorption
and compensatory osteogenic sclerosis.(1) PDB can affect one
(monostotic form) or more (polyostotic form) regions of the skel-
eton, with multiple constitutive symptoms, including bone pain,

bone deformity, pathological fracture, tinnitus, hearing loss,
vision loss, and osteoarthritis. In European countries, PDB is a rel-
atively common chronic bone disorder, affecting 1% to 5% of
those older than 50 years of age.(2) In recent years, a decline in
the prevalence of the disease has been reported, and it has been
suggested that the clinical severity of the disease may also be
attenuated. The disease has a distinct geographical distribution;
it predominantly affects people of European descent and is
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rarely diagnosed in Asian populations.(3) For example, the preva-
lence of PDB in Japan is only about 0.00028%.(4) The deep differ-
ences in the prevalence and possible severity of the disease
strongly suggest that genetic background and environmental
factors are involved in its pathogenesis.

Neoplastic degeneration of Pagetic bone is the most severe
complication of PDB, occurring in less than 1% of cases and
resulting in osteosarcoma (OS; with an incidence of 0.3%) and,
less frequently, fibrosarcoma (FS), chondrosarcoma (CS), and
giant cell tumor (GCT).(5) The severe subtype of early-onset PDB
that leads to the development of giant cell tumor of the bone
(PDB/GCT) is extremely rare. Indeed, fewer than 150 cases have
been reported in the literature to date, and little is known about
its etiopathogenesis and management. Compared with PDB
patients without GCTs, PDB-GCT patients show a higher male/
female ratio, more severe disease, and a higher mortality rate.
Moreover, PDB-GCT cases show elevated serum alkaline phos-
phatase (ALP) levels at neoplasm diagnosis and a higher preva-
lence of multifocal GCTs and have a positive familial history
for PDB.(6)

Genetic factors are important in the pathogenesis of PDB.
Mutations affecting the SQSTM1 gene (MIM: 601530), encoding
the p62 protein, have been found in 35% and 10% of familial
and sporadic cases of the uncomplicated form of PDB,
respectively.(7–9) In addition to SQSTM1, other genes associated
with PDB-related syndromes (TNFRSF11A [MIM: 603499],(10)

TNFRSF11B [MIM: 602643],(11–13) VCP [MIM: 601023],(14)

HNRNPA2B1 [MIM: 600124](15)) have been identified. Regarding
the pathogenesis of PDB/GCT, ZNF687 (MIM: 610568) has been
reported as the gene responsible for PDB/GCT in several patients
from southern Italy.(16,17) However, the molecular pathogenesis
of PDB and PDB/GCT has not been fully elucidated; the known
genes mentioned above can explain only a portion of cases,
and it remains uncertain whether genes other than ZNF687
may be associated with PDB/GCT. Overall, potential pathoge-
netic genes and the molecular basis of tumorigenesis in GCTs
developing in PDB need to be clarified.

Here, we report two families and one individual with sporadic
disease of early-onset and severe polyostotic Paget’s disease of
bone complicated with GCT caused by heterozygous deletion
and missense mutations in the Profilin 1 (PFN1) gene, respec-
tively. To confirm the pathogenicity of the mutation, we estab-
lished a mouse model with the Pfn1 c.318_321delTGCC
mutation and successfully obtained Pagetic phenotypes in het-
erozygous mice. The identification of PFN1 mutations has great
diagnostic value for identifying PDB individuals predisposed
toward developing GCTs. Meanwhile, our results expanded the
pathogenic gene spectrum in PDB and undoubtedly made a sig-
nificant contribution to reveal the pathogenesis of PDB/GCT.

Materials and Methods

Subjects

Two Chinese Han families with early-onset severe PDB compli-
cated with GCT were included in this study. A replication cohort
of 30 unrelated PDB individuals negative via screening for muta-
tions in SQSTM1, ZNF687, or other genes associated with PDB-
related syndromes was also included. Moreover, 570 healthy
Han Chinese volunteers were included as controls. In addition,
113 ordinary GCT patients without PDB from our Pathology
Department were included to further investigate somatic muta-
tions in ordinary giant cell tumors.

This study was approved by the Ethics Committee of Shanghai
Jiao Tong University Affiliated Sixth People’s Hospital. Each sub-
ject signed informed consent before participation.

DNA isolation and genetic linkage analysis

Genomic DNA was extracted from the peripheral blood samples
of all subjects using a Quick Gene DNA whole-blood kit and
Nucleic Acid Isolation System QuickGene-610 L (Fujifilm, Tokyo,
Japan) according to the manufacturer’s protocol.

Genotyping and genomewide linkage analysis of 15 individ-
uals in family 1 were carried out using an Illumina Human Omni
ZhongHua-8 BeadChip (Illumina, San Diego, CA, USA). Multipoint
parametric linkage analysis was performed in Merlin by using
pruned autosomal single-nucleotide polymorphisms (SNPs)
and assuming a dominant inheritance model for the disease
phenotype.

Whole-exome sequencing and validation

Whole-exome sequencing was carried out for six PDB members
of family 1. Exome capture was performed with SureSelect XT
Human All Exon Kit (Agilent Technologies, Santa Clara, CA,
USA). Sequencing was performed via 150 base pair (bp) paired-
end sequencing using a HiSeq4000 instrument (Illumina). Reads
were obtained and aligned to the human reference genomic
sequence (GRCh37/hg19) with the Burrows-Wheeler Aligner
algorithm. We focused on functional variants (missense, non-
sense, splicing site, and frameshift) and excluded those with a
minor allele frequency higher than 1% in dbSNP131,1000
genomes and ExAC03. After filtering, we compared data for the
six affected individuals to obtain shared variants and then com-
pared them to the critical region previously identified by linkage
analysis. We validated true positive variants through PCR fol-
lowed by Sanger sequencing.

Sanger sequencing

Sanger sequencing of all three exons of the PFN1 gene and flank-
ing intronic sequences was performed to search for mutations in
family 2 and sporadic PDB cases from our biobank. The primer
sequences were designed using Primer3 (v0.4.0). After amplifica-
tion, the products were purified and sequenced with a DNA
sequencing system (3730XL; ABI). All identified mutations were
further verified in 570 healthy control volunteers using the same
protocol. In addition, to identify somatic mutations, the genomic
DNAwas extracted from every tissue sample of 113 ordinary GCT
patients without PDB and was subjected to sequence at the
entire coding region of PFN1 gene.

Bioinformatics analysis

The online databases PolyPhen-2 (Polymorphism Phenotyping
v2), PROVEAN (Protein Variation Effect Analyzer), and Mutation
Taster were used to assess the damaging effects of missense
mutations in silico. To predict the effects on protein structure
of the mutations compared with wild type (WT), molecular
models of WT and mutant Profilin 1 were constructed with the
SWISS-MODEL server and Swiss-Pdb Viewer, which retrieved
the template structure 1AW1 from Protein Data Bank (PDB:
1AW1). The resulting models were evaluated on the basis of
energy values calculated with the MODELER and SWISS model-
structure assessment tools. The mutant structure was also built
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with Swiss-Pdb Viewer. Structural graphics and visualization
were based on PyMol and Swiss-Pdb Viewer.

Generation of Pfn1-mutated mice

A mouse model of the Pfn1 c.318-321delTGCC mutation was
generated by using CRISPR-Cas9 technology. In brief, Cas9mRNA
and guide RNA were obtained by in vitro transcription. A donor
vector was constructed by in-fusion cloning, involving a 3.0 kb
50 homologous arm, a PM region, and a 3.0 kb 30 homologous
arm. The Cas9 mRNA, guide RNA, and donor vector were
micro-injected into the fertilized eggs of C57BL/6J mice to obtain
F0-generation mice. Three F0 mice with correct homologous
recombination were obtained by PCR product sequencing.
F0-generation mice were mated with C57BL/6J mice to obtain
positive F1-generation mice. The colony was maintained by
breeding heterozygotes, and the WT and heterozygous (Pfn1+/
mut) animals used in this study were littermates. All animal exper-
iments were approved by the Ethics Committee of the Shanghai
Jiao Tong University Affiliated Sixth People’s Hospital, and all
experiments conformed to the relevant regulatory standards.

Micro-CT analysis

The hindlimbs of mice aged 8 weeks were fixed in 4% formalin-
buffered saline and stored in 80% ethanol. Micro-CT analysis
was performed using a Skyscan 1176 system (Bruker, Kontich,
Belgium). For assessment of bone morphometry, the left tibia
of 4-month-old animals was dissected free of most soft tissue
and scanned at a resolution of 9 μm. The reconstruction and tra-
becular bone parameters, including the volumetric bonemineral
density (vBMD), bone volume fraction (bone volume/total vol-
ume [BV/TV]), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), trabecular number (Tb.N), and cortical thickness (Ct.Th)
of the bone were analyzed using the Skyscan, NRecon, Data
Viewer, CTAn, CTvox, and Batman software in a stack of 200 slices
immediately distal from the growth plate as described.

Radionuclide bone imaging

Mice aged 8 weeks were injected with 99 m Tc-MDP via the tail
vein. The postcontrast agent travels through the blood circula-
tion to the bone for 4 hours; SPECT/CT tomography was then
performed to observe the radioactivity.

Bone histology and immunohistochemistry staining

Mice were killed by cervical dislocation, and the hindlimbs were
fixed for 24 hours in 4% formalin-buffered saline and stored in
70% ethanol. Paraffin-embedded decalcified sections were
stained with hematoxylin and eosin or toluidine blue-O
(pH 4.5). To visualize osteoclasts, sections were stained with sub-
strate for tartrate-resistant acid phosphatase (TRAP) using TRAP
Staining Kit (Sigma-Aldrich, St. Louis, MO, USA).

For immunohistochemistry staining, sections were dewaxed
in xylene, rehydrated in alcohol, and incubated in 3% hydrogen
peroxide for 10 minutes to block endogenous peroxidase activ-
ity. Antigen retrieval was performed by microwave oven heating
(10 minutes) in 0.01 M sodium citrate buffer (pH 6.0). Sections
were incubated with 10% normal goat serum in PBS for
15 minutes at room temperature to block nonspecific binding.
Then, the sections were incubated with rabbit anti-Profilin 1 anti-
bodies (1:500; EPR6304, Abcam, Cambridge, MA, USA) overnight
at 4�C. The bound antibodies were visualized with a PV-9000

2-Step Plus Poly-HRP Anti-Rabbit IgG Detection System (ZSGB-
BIO, Beijing, China) and a Liquid DAB Substrate Kit (Invitrogen,
Carlsbad, CA, USA). Positive reactions were defined as those
showing brown signals in the cell cytoplasm.

Cell culture and differentiation

Mononuclear cells obtained from the peripheral blood of one
healthy and one affected (III-9 in family 1) individual were plated
in 24-well plates at approximately 2 × 105 cells/mL in alpha-MEM
supplemented with 10% FBS and penicillin/streptomycin in the
presence of macrophage colony-stimulating factor (M-CSF;
30 ng/mL; Peprotech, Rocky Hill, NJ, USA) and RANKL (50 ng/
mL; Peprotech). Osteoclastic differentiation was usually moni-
tored for 5 days while periodically changing themedium and fix-
ing and staining for TRAP activity.

Bone marrow cells obtained from WT and Pfn1+/mut mouse
femurs and tibias were plated in 25-cm culture bottles at approx-
imately 5 × 106 cells/mL in alpha-MEM supplemented with 10%
FBS and penicillin/streptomycin. After 24 hours of incubation at
37�C, 5% CO2, nonadherent bone marrow cells were replated
on 24-well plates at 5 × 104 cells/well. For the osteoclastogenesis
assay, bone marrow cells were cultured for 72 hours in the pres-
ence of M-CSF (30 ng/mL; Peprotech); the medium was then
changed to medium containing both receptor activator of NF-
κB ligand (RANKL; 50 ng/mL; Peprotech) and M-CSF. Osteoclastic
differentiation was usually monitored for 5 days while periodi-
cally changing the medium. The cells were fixed and stained
for TRAP activity.

TRAP staining

Bone marrow cells were plated and differentiated as described
above. Cells were fixed with 2.5% glutaraldehyde, and TRAP
was stained with a TRAP Staining Kit (Sigma-Aldrich). TRAP-
positive cells with >3 nuclei were defined as mature osteoclasts.
The number of mature osteoclasts was counted by Simple PCI
software.

Resorption pit staining

A resorption pit forming assay was carried out using bone slices.
Briefly, bone slices were adhered to 24-well plates, and bone
marrow cells were plated and differentiated as described above.
On day 20, the slices were fixed with 2.5% glutaraldehyde and
dehydrated using graded ethanol. The resorption pit of the bone
slices was observed and photographed by scanning electron
microscopy after gold spraying.

Serum bone turnover markers

Serum of WT and Pfn1+/mut mice was collected and stored at
−80�C. Expression levels of bone turnover markers (procollagen
of type l collagen N-prepeptide [P1NP] and tartrate-resistant acid
phosphatase 5b [TRACP-5b]) were estimated using mouse P1NP
ELISA Kit (Cusabio, Wuhan, China) andmouse TRACP-5b ELISA Kit
(Mlbio, Shanghai, China), respectively, according to themanufac-
turer’s protocols.

Statistical analysis

The data are presented as median (interquartile range) for quan-
titative variables and number (percentage) for qualitative vari-
ables. All statistical analyses and graphical preparations were
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carried out using the SPSS 26.0 statistical software (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism for Windows (La Jolla,
CA, USA). Quantitative variables between the means of three or
more independent unrelated groups were analyzed by one-
way ANOVA. Variables between two averages were analyzed by
Student’s t test. Differences were considered statistically signifi-
cant at p < .05.

Results

Clinical history of the PDB/GCT pedigree

Two Chinese Han families with early-onset severe PDB compli-
cated with GCT were included in our study.

Family 1, with 24members of three generations in total, among
whom three members died, was from Anhui Province and visited
our department in May 2017 (Fig. 1A). According to clinical mani-
festations and auxiliary examination (measurement of bone turn-
over markers, skeletal X-rays, and bone scintigraphy; Fig. 1B–D),
10 family members were diagnosed with PDB in an autosomal
dominant pattern. All affected subjects presented polyostotic
PDB, with at least three compromised skeletal sites and early
onset of the disease (Table 1). All affected subjects had skull
involvement and presented with skull deformity, thickened and
enlarged skull plate barrier, and sclerotic foci. Other lesion sites
include ilium, femur, and vertebra, like deformity of femur,
enlarged and disordered trabecular bone and osteoporosis, etc.
In some affected subjects (II-9, III-4, III-9), the lesion of femur pre-
sented as cortical thickening, sclerosis, and narrowed medullary
cavity. Some affected subjects (II-2, II-4, II-5, II-9, and III9) with

vertebral body involvement showed endplate sclerosis and verte-
bral compression. Interestingly, two PDB subjects in the pedigree
(II-4 and III-4) developed GCTs, one each located in the left ilium
and right nasal cavity. Specifically, subject III-4 was first diagnosed
with a nasal tumor after repeated epistaxis and nasal obstruction
at age 34 years and was treated with surgery and radiotherapy.
The pathology revealed GCT. However, the tumor recurred after
two operations and 12 radiotherapies. Subsequently, hewas diag-
nosed with severe polyostotic PDB, with areas of affected regions
at the skull, spine, pelvis, humeri, ulnas, femurs and tibias at X-ray
examination after an accidental fracture of the spine and scapula.
However, no osteolysis sites was found. The pathology of his
lesion revealed GCT and the nasal tumor recurred after two oper-
ations and 12 times radiotherapy. Subsequently, he was diag-
nosed as severe polyostotic PDB with skull, spine, pelvis, humeri,
ulna, femur, and tibia involvement by X-ray examination after an
accidental fracture of the spine and scapula. However, no osteoly-
sis at any sites was found. Subject II-4, the mother of III-4, devel-
oped PDB at age 40 years. In her early 40s, she developed
progressive deformity of the lower limbs and hearing loss. After-
ward, she complained of increased pain and bone enlargement
of the ilium. She was diagnosed with GCT of the ilium and was
treated with radiotherapy in other medical institutions.

The second family, with four members of two generations,
was from Jiangsu Province and visited our department in
November 2019 (Fig. 2A). According to the clinical manifesta-
tions and auxiliary examinations, the proband and her mother
were diagnosed with PDB in an autosomal dominant pattern.
The proband (II-2) developed deformity and bone pain of the
limbs and skull in her early 20s. Subsequently, she developed

Fig 1. Pedigree and clinical features of family 1. (A) The pedigree of family 1 is shown. Paget’s disease of bone (PDB) members are indicated with black
slash symbols. Family members with PDB/giant cell tumor of bone (GCT) phenotype are labeled, and members marked with asterisk (*) indicate the sub-
jects included in exome sequencing. The black arrow indicates the proband. (B) X-ray examination and whole-body bone scintigraphy of the proband (III-
9) show radionuclide uptake in the skull, the spine, the pelvis, the humeri, the ulnas, the femurs, and the tibias. The skull was deformity, and the skull plate
barrier was thickened and enlarged with sclerotic foci. He had deformity of femur, large and disordered trabecular bone, and cortical thickening, sclerosis,
and narrowmedullary cavity. (C) X-ray examination and whole-body bone scintigraphy of subject III-4 shows radionuclide uptake in the skull, the clavicles,
the spine, the pelvis, the humeri, the ulnas, the femurs, and the tibias. The X-ray findings of skull, femur, and tibia were similar to those of III-9 patient. (D)
Whole-body bone scintigraphy of other PDB members all show radionuclide uptake in multiple bones, mainly in the skull, spine, pelvis, and limbs.
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multiple gradually enlarged bumps on the forehead at age
29 years (Fig. 2B). The larger bump had a diameter of approxi-
mately 7 cm and was spherical, soft, purplish red, and painful
when pressed; the smaller bump had a diameter of approxi-
mately 3 cm at her first visit to our department. She was diag-
nosed with severe polyostotic PDB. The bone scintigraphy
showed increased tracer uptake in affected bones, including
skull, clavicle, spine, humeri, ulna, pelvis, femur, and tibia. X-ray
examination showed that Paget lesions such as skull, femur,
and vertebral body were similar to those of affected subjects of
family 1 introduced above. However, the deformity of femurs
and tibias was more obvious, and there were many osteolytic
foci (Fig. 2D). She was treated with an operation to remove
tumors, and the pathology revealed GCT (Fig. 2C).

This study also included 30 patients with sporadic PDB from
our biobank, and none of the patients had any known genetic
mutations associated with PDB (Table 2). One case was compli-
cated with GCT of the nasal cavity and ilium. This subject was a
21-year-old female (PDB-2) from Anhui Province who visited
our department in February 2015 and complained of gradually
increased bone pain of the right hip for 3 years and repeated epi-
staxis and nasal obstruction for 2 months. Her serum ALP level
was 434 u/L (normal range: 56–112 U/L). She was diagnosedwith
severe polyostotic PDB, including skull, spine, pelvis, femur, and
left tibia involvement. The affected long bone showed osteo-
sclerosis and narrow marrow cavity, but no osteolysis was
detected (Fig. 3A). The combined GCT at the nasal cavity and
the right ilium was operated subsequently (Fig. 3B, 3C). Neither
of her parents showed any similar signs of PDB or GCT. In addi-
tion, we recruited 570 healthy Han Chinese volunteers as con-
trols to examine the frequency of mutations in the healthy
population.

All of the patients with PFN1 mutations mentioned above
were treated immediately after diagnosis with zoledronate
(Aclasta 5 mg, Sandoz, Holzkirchen, Germany) or denosumab
(Xgeva 120 mg, Amgen, Thousand Oaks, CA, USA), with a
follow-up period up to 2 years (Table 3). Symptomatic relief
was not significant in most of the patients, especially for those
with GCTs. Serum ALP and C-terminal telopeptide of type 1 colla-
gen (β-CTX) concentrations gradually decreased after treatment;
however, we observed a poor response to treatment in those
with PFN1 mutations and even a rise after 6 months in patient
II-2 from family 2, which reflected that persistent and long-
lasting active disease might be relevant for neoplastic degenera-
tion rather than the mutation per se.

Linkage analysis and whole-exome sequencing reveal a
PFN1 truncating mutation as a cause of PDB/GCT in
family 1

To identify the causative gene for this severe form of PDB compli-
cated with GCT, we performed genetic linkage analysis for
15 members and whole-exome sequencing for six affected
members (II-2, II-4, II-5, II-9, III-4, and III-9) in family 1. Multipoint
parametric linkage analysis achieved a maximal LOD score of
2.70 for chromosomes 17:8, 547–5, 657, and 423 (GRCh37)
(Fig. 4A). We identified 73 functional variations by WES, but only
two were within the critical linkage regions. Only one showed
precise cosegregation with the disease phenotype by Sanger
sequencing: the c.318_321delTGAC heterozygous mutation
(p. Asp107Argfs*3) in the PFN1 gene, coding Profilin 1, located
on chromosome 17p13 (Fig. 4B). The 4-bp deletion leads to aTa
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frameshift with a premature stop codon, resulting in a putative
protein of 108 amino acids instead of 140 residues.

Sanger sequencing reveals novel truncating andmissense
mutations of PFN1 in family 2 and sporadic cases of
PDB/GCT

To assess whether additional PDB individuals harbor PFN1muta-
tions, we sequenced the coding region of the PFN1 gene in fam-
ily 2 and sporadic PDB cases from our biobank negative for
mutations in any known genes related to PDB. Another deletion
mutation at the adjacent location, the c.324_324delG heterozy-
gous mutation (p.T109Rfs*2), in the PFN1 gene was identified
in a patient with sporadic disease (PDB-2) (Fig. 4B). Interestingly,
the subject carrying the deletion showed the most severe phe-
notype, and among all sporadic cases, this was the only one com-
plicated with GCT. Moreover, the proband (II-2) of family 2, who
had a very severe form of PDB complicated with GCT, and her

mother (I-2) harbored a missense mutation at the adjacent loca-
tion: the c.335 T > C heterozygousmutation (p.Leu112Pro) in the
PFN1 gene (Fig. 4B), suggesting that not only truncating muta-
tions but also missense mutations in PFN1 are pathogenic muta-
tions for PDB-GCT. In general, early-onset, polyostotic, severe,
and complicated GCTs are clinical features shared among the
affected subjects who harbored PFN1 mutations. Neither of the
three mutations was detected in a cohort of 570 healthy
individuals.

Bioinformatics analysis

All mutations were predicted to be deleterious by Provean,
PolyPhen-2, or MutationTaster, and all mutation sites are highly
conserved according to the homology analysis among different
animal species (Fig. 4C, D), which supports the pathogenicity of
the mutations.

Fig 2. Pedigree and clinical features of family 2. (A) The pedigree of family 2 is shown. Paget’s disease of bone (PDB) members are indicated with black
slash symbols. Family members with PDB/giant cell tumor of bone (GCT) phenotype are labeled. The black arrow indicates the proband. (B) Bumps on the
forehead of the proband (II-2). The larger one has a diameter of about 7 cm and is spherical and purplish red; the smaller one has a diameter of about 3 cm.
(C) Pathological image of tumors resected from the forehead of II-2 (H&E staining 100×) shows numerousmultinucleated giant cells. (D) X-ray examination
and whole-body bone scintigraphy of subject II-2 shows radionuclide uptake in the skull, the clavicles, the spine, the pelvis, the humeri, the ulnas, the
femurs, and the tibias. The skull was deformed, and the skull plate barrier was thickened and enlarged with sclerotic foci. The deformity of femurs and
tibias weremore obvious with large and disordered trabecular bone, and osteoporosis with osteolysis sites. She had vertebral body involvement, showing
endplate sclerosis and vertebral compression. (E) Whole-body bone scintigraphy of subject I-2 shows radionuclide uptake in the superior right femur, the
pelvis, and the right foot.
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To illustrate the effects on protein structure, we modeled the
crystal structure of Profilin 1, which revealed that both the truncat-
ing mutation (c.318_321delTGAC) and missense mutation
(c.335 T > C) affect the tertiary structure of the protein (Fig. 5) and
the structure of Profilin 1 bound to actin (Supplemental Fig. S1).

Somatic mutations of PFN1 in giant cell tumors

It is well known that somatic mutations are the most important
tumorigenesis mechanisms involved in the development of
tumors.

To further investigate whether somatic PFN1 mutations are
related to ordinary giant cell tumors, we sequenced the coding
region of the PFN1 gene using DNA samples extracted from the
tumors of 113 ordinary GCT patients (clinical characteristics
shown in Table 2) from our Pathology Department. No somatic
mutations in the PFN1 gene were detected (data not shown),
suggesting that the relationship between PFN1 and GCT may
only exist in the germline and not in somatic tissue.

Osteoclast differentiation in patients with PFN1 mutation

To verify whether osteoclasts from patients show the typical fea-
tures of Pagetic osteoclasts, we isolated mononuclear cells from
the peripheral blood of one healthy and one affected (III-9 in
family 1) individual and differentiated them into osteoclasts. As
expected, we observed a greater number of osteoclasts derived
from the PFN1-mutated PDB cells compared with control
cells (Fig. 6).

Phenotypes of WT and Pfn1-mutated mice

Growth failure and skeletal deformity arise postneonatally in
Pfn1-mutated mice

To investigate the roles of PFN1 mutation in PDB pathogenesis,
Pfn1-mutated mice were generated using CRISPR-Cas9 technol-
ogy in 2018. After repeated mating between the heterozygous
males and females, homozygous mice could not be obtained,
suggesting that homozygous mutation of the c.318–321

deletion in Pfn1 are fatal for mouse embryogenesis. Sanger
sequencing of heterozygous Pfn1-mutated mice confirmed the
presence of a frameshift mutation (c.318-321delTGCC), which is
predicted to cause premature translation termination (p.
Asp107Argfs*3).

The Pfn1+/mut mice tended to be smaller in size from birth to
adulthood, with shortened body and femur length, as well as
deformed craniofacial bones and spines in appearance
(Fig. 7A), compared with WT mice. The wide arched calva, short-
ened maxilla, and curved spine contributed to the altered facial
appearance, with a steep nose-to-head curvature and arched
body on their profile.

Skeletal deformity and osteopenic nature of trabecular femurs in
Pfn1-mutated mice revealed by micro-CT

To analyze skull deformities more intuitively and quantitatively,
we utilized reconstructed 3Dmicro-CT analysis of the whole skel-
eton and morphometric analysis of trabecular and cortical
femurs of mice aged 8 weeks. The 3D reconstruction demon-
strated a wide cranial suture and deformed craniofacial bones
and spines in Pfn1+/mut mice compared with WT mice (Fig. 7B).
Regarding the femurs, the trabecular bone parameters of
Pfn1+/mut mice (n = 8 for each group) indicated the osteopenic
condition by lower BV/TV, Tb.Th, Tb.N, Tb.Sp, and vBMD. How-
ever, the cortical bone was thicker than that of WT mice, with a
higher vBMD and Ct.Th (Supplemental Table S1), which may be
due to active bone resorption in the trabecular bone but second-
ary sclerosis in the cortical bone with the Pagetic-like phenotype
in Pfn1+/mut mice, as indicated by cross-sectional images (Fig. 7C).

Radioactivity concentration in Pfn1-mutated mice by radionuclide
bone imaging

To analyze differences in bone metabolism and the range of
lesions, radionuclide bone imaging with 99 m Tc-MDP was per-
formed. The results revealed radioactivity concentration in the
left femur of one Pfn1+/mut mouse, which indicated the presence
of active bone metabolism lesions (Supplemental Fig. S2). The
concentration of radioactivity in the left femur was significantly

Table 2. Clinical Characteristics of Patients With Sporadic PDB Patients and Non-Pagetic GCT

Characteristics Sporadic PDB Non-Pagetic GCT

Age at visit (years) 54 (48.5–67.5) 36 (29–50)
Age of onset (years) 51.5 (46–67.5) 36 (29–50)
Sex, male/female 19/11 70/43
Symptoms

Bone pain 27 (90%) 108 (95.6%)
Headache 2 (6.7%) 0
Hearing loss 1 (3.3%) 0
Bone deformity 8 (26.7%) 28 (24.8%)
Fracture 1 (3.3%) 0

No. of PDB sites
Monostotic 16 (53.33%) 113 (100%)
Polyostotic 14 (46.67%) 0
GCT 1 (3.33%) 113 (100%)
Serum ALP (U/L) 249 (149–440) 108 (86–228)
Treatment Zoledronate (5 mg) Surgery (100%)/denosumab 120 mg (15, 13.3%)

PDB = Paget’s disease of bone; GCT = giant cell tumor of bone; ALP = alkaline phosphatase.
Data are the median (interquartile range) for quantitative variables and no. (%) of patients for qualitative variables. The normal range of serum ALP is 15

to 112 U/L.
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higher than that of the contralateral side; other high spots
showed normal concentrations in the joints and bladder.

Enhanced osteoclast differentiation and resorption in
Pfn1-mutated mice

To evaluate whether the Pfn1 mutation affects osteoclast differ-
entiation, bone marrow macrophages (BMMs) were generated
after isolation of total bone marrow cells from the hindlimbs of
WT and Pfn1+/mut mice for differentiation into osteoclasts. After
5 days of differentiation, the number of osteoclasts generated
from Pfn1+/mut mice was significantly greater than that gener-
ated from WT littermates (Fig. 8A, C).

In addition, the resorption pit formation assay revealed that
osteoclasts derived from Pfn1+/mut mice tended to resorb more
mineralized matrix by larger and deeper pits (Fig. 8B). This

suggested that the mutation resulted in amplified matrix-
resorbing activity of osteoclasts, consistent with the increased
bone resorption phenotype of PDB patients.

Increased serum bone turnover markers in Pfn1-mutated mice

Bone turnover markers include enzymes and their decomposi-
tion products derived from bone cells and bone matrix compo-
nents, reflecting the activity of bone formation and bone
resorption. We determined expression levels of P1NP and
TRACP-5b by ELISA, and the results showed a significant increase
in both P1NP and TRACP-5b in Pfn1+/mut mice compared withWT
mice (Fig. 8D), suggesting the active state of bone turnover in the
former. This is also consistent with the increased bone resorption
phenotype of PDB patients.

Fig 3. Clinical features of a patient with sporadic Paget’s disease of bone/giant cell tumor of bone (PDB/GCT). (A) X-ray examination andwhole-body bone
scintigraphy of the subject shows radionuclide uptake in the skull, the clavicles, the spine, the pelvis, the humeri, the femurs, and the tibias. X-ray findings
of skull and vertebral body are similar to II-2 of family 2. The affected long bone showed osteosclerosis and narrow marrow cavity, and large and disor-
dered trabecular bone without osteolysis. The GCT was found at the right ilium. (B) Image of the nasal endoscope, showing tumors on the nasal cavity.
(C) Pathological image of tumors resected from the nasal cavity (H&E staining 200×), showing numerous multinucleated giant cells.
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Pfn1-mutated mice exhibit a reduced number of trabeculae by
bone histology, an increased number of osteoclasts by TRAP
staining, and decreased expression of Profilin 1 by
immunohistochemistry staining

To investigate differences in bone histology, frontal sections of
the distal femurs of mice aged 8 weeks were compared using
hematoxylin and eosin staining. We noticed a reduced number
and disorder of trabeculae in Pfn1+/mut mice compared with WT
mice (Fig. 9A). We then examined whether osteoclastic bone
resorption was indeed increased in the histological sections of
Pfn1+/mut mice. TRAP staining detected prominent numbers of
multinucleated TRAP-positive cells in Pfn1+/mut mice at the end-
osteal regions of the metaphysis to the diaphysis, whereas oste-
oclast distribution was usually rare in WT mice (Fig. 9B). We next
evaluated expression of Profilin 1 in femur sections using immu-
nohistochemistry staining. The results showed a significant
decrease in expression in Pfn1+/mut mice comparedwithWTmice
(Fig. 9C), consistent with the truncating mutation leading to loss
of function of Profilin 1.

To further investigate the potential pathogenesis, we
detected expression of TDP-43 in osteoclasts derived from bone
marrow cells obtained from WT and Pfn1+/mut mice. Unfortu-
nately, we observed no difference between mutated and wild-
type cells (data not shown).

Discussion

The PFN1 gene is located at 17p13.3 (MIM: 176610) and contains
3 exons, encoding the small protein Profilin 1, which is highly
evolutionarily conserved (15,054 Da) and contains 140 amino
acids. Profilin 1 is a small actin monomer-binding protein that
is considered to be an essential control element for actin poly-
merization and cell migration.(18,19) Profilin 1 is ubiquitously
expressed in all cell types and in 231 organs and tissues through-
out the body and interacts with a plethora of ligands, highlight-
ing its involvement in controlling several cellular functions,
including cytoskeletal organization, membrane trafficking,
mRNA processing, and cell cycle regulation.(18,20–24) In addition
to these cellular processes, Profilin 1 has been implicated in
tumorigenesis as a tumor suppressor, and its downregulation
has been observed in multiple types of carcinoma (breast, pan-
creas, and bladder), correlating with shortened patient
survival.(25–27)

Here, we report two Chinese families with 10 individuals
affected by early-onset polyostotic PDB, three of whom devel-
oped GCTs, and one patient with sporadic early-onset PDB/GCT.
Moreover, we identified three heterozygous mutations in the
PFN1 gene as being responsible for the severe subtype of early-
onset Paget’s disease, with progression to GCT, including two
deletion truncating mutations and one missense mutation at
the adjacent location. Regarding clinical characteristics, patients
with PFN1 mutations exhibit persistent and long-lasting active
bone resorption, resulting in severe skeletal deformities, high
levels of serum ALP and bone turnover markers, and giant cell
tumors. Therefore, the bone radionuclide scans and the radiolog-
ical images of these patients show more skeletal sites involved
and more severe expansion and deformity in bones. All patients
have skull involvement, which is a typical characteristic of the
disease caused by PFN1 mutation. However, classic, late-onset
PDB showed milder imaging features. In addition, the patients
in our study had relatively low response to the treatment of zole-
dronic acid or denosumab compared with the classic PDB. This isTa
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one of the key clinical features of PFN1mutation, which is differ-
ent from other pathogenic gene mutations.

To confirm the pathogenicity of the mutation, we established
a mouse model with the Pfn1c.318_321delTGCC mutation.
Although homozygous mice were not obtained (homozygous
lethality was considered), heterozygous mice had obvious phe-
notypes, including abnormal growth and development, deformi-
ties of the craniofacial spine, accelerated osteoclast
differentiation and increased bone resorption, differences in
bone morphometry by micro-CT, and higher bone turnover
markers. These results demonstrate that mutation of Pfn1 can
result in significant Pagetic phenotypes.

The increased osteoclast differentiation and bone deformity
observed in our Pfn1-mutated mouse model is also consistent
with the skeletal phenotype recently described in osteoclast-
specific conditional Pfn1-deficient mice (Cathepsin K-Cre driver),
which display dwarfism, craniofacial hypoplasia, and long bone
deformities with osteolytic appearance.(28) However, we have
not observed neoplastic degeneration in the mutated mice,
although the current maximum observation period is
14 months, which may reflect the differences in genetic function
between mice and humans of PFN1, as well as the influence of
environment on genetic phenotypes.

During our article preparation, Italian scientists published
work with findings consistent with ours in January 2020(29) and
April 2020.(30) They reported the same truncating PFN1mutation
c.318_321delTGAC, resulting in early-onset severe PDB compli-
cated with osteosarcoma and a germline heterozygous deletion
of PFN1 in 4 cases of 218 PDB individuals based on copy number
screening, which were not found in our study. Indeed, since the
first description of PDB by Sir James Paget in 1877, it has been
clear that the severe and polyostotic form of PDB has the poten-
tial for cancer progression in affected bones; the most frequent
tumor is osteosarcoma, and the rarest is GCT. Our study con-
firmed these results, indicating that a truncating PFN1 mutation
causes PDB. Furthermore, we identified two novel mutations in
the PFN1 gene, including the missense mutation c.335 T > C (p.
Leu112Pro), which expands the mutant spectrum of PFN1; thus,
not only a truncating mutation but also a missense mutation
can cause PDB/GCT. These two mutations are not found in any
of the reference genomic databases derived from persons of
European descent. Moreover, we first successfully established a
Pfn1-mutated mouse model, which is strong evidence for the
pathogenesis of the PFN1 gene in PDB. This model is also a useful
tool that can be utilized in further investigations of PFN1, PDB,
and cancer progression in PDB.

Fig 4. Mutation in the PFN1 gene underlies familial and sporadic Paget’s disease of bone/giant cell tumor of bone (PDB/GCT). (A) Genetic linkage analysis
achieved a maximal LOD score of 2.70 for chromosomes 17:8, 547–5, 657, 423 (GRCh37). (B) The DNA sequence of PFN1 in familial and sporadic PDB/GCT.
Electropherogram shows heterozygous frameshift deletion in PFN1 c.318_321delTGAC in family 1 and c.324_324delG in sporadic PDB/GCT, heterozygous
missense mutation c.335 T > C in family 2. (C) Evolutionary conservation of the mutation sites among different species. Arrows and highlights mark the
mutated residues. (D) Mutational analysis of the c.335 T > Cmutation in PFN1, showing the mutation predicted to be deleterious by PolyPhen-2, Provean,
and MutationTaster.

Journal of Bone and Mineral Research PFN1 MUTATIONS CAUSE PDB-GCT 1097 n



Missense mutations of the PFN1 gene were previously identi-
fied to cause amyotrophic lateral sclerosis (ALS 18 [MIM:
614808]). ALS is a rare neurodegenerative disease that causes
gradual loss of motor activity in the spinal cord, brain stem, and
cerebral cortex, leading to muscular atrophy, difficulty in move-
ment, and even death from respiratory failure at 3 to 5 years after
diagnosis. Ten percent of cases are familial, usually being inherited
in an autosomal dominant pattern. Studies have found that muta-
tions in the PFN1 gene are one of the causes of family ALS. Cur-
rently, reported mutation sites are A20T, C71G, T109M, M114T,
E117G, G118V, R136W, andQ139L, all of which aremissensemuta-
tions(31,32) (Fig. 10). Studies to date suggest a high correlation
between the genetic background of ALS and PDB, which can both
be included in multisystem proteinopathy (MSP).

MSP is an inherited pleiotropic degenerative disorder that can
affect the muscle, bone, and nervous system.(33) An operational
definition of MSP is a combination of two or more of inclusion
body myopathy (IBM), PDB, and ALS/frontotemporal dementia
(FTD). Histopathologically, MSP-affected tissues show ubiquitin-
positive inclusions that contain RNA-binding proteins, such as
TDP-43, hnRNPA1, and hnRNPA2B1, but may also exhibit positive
staining for proteins that mediate ubiquitin-dependent autop-
hagy, including p62/SQSTM1, VCP, optineurin, and ubiquilin-2.

At present, confirmed MSP pathogenic genes include SQSTM1,
VCP, HNRNPA1, HNRNPA2B, and TDP43. As PFN1 mutations have
been confirmed to be pathogenic for ALS, it is very likely that
PFN1 mutations may also cause PDB. All known mutations of
PFN1 in ALS are missense mutations. Mutations of the PFN1 gene
causing PDB identified in our study include two truncatingmuta-
tions and onemissensemutation, and the L112Pmissensemuta-
tion has not been previously reported in ALS. None of the
subjects in the present study displayed any ALS-related symp-
toms. The effects of different mutation types on Profilin 1 func-
tion, as well as the mechanisms of different missense
mutations resulting in different diseases, remain unclear. Further
studies are needed to identify the underlying mechanisms.

In this study, we confirmed that a truncatingmutation in PFN1
can accelerate osteoclast differentiation in animal models. How-
ever, the underlying molecular mechanism remains unclear.
There are four hypotheses according to the mechanism of
PFN1 mutations leading to enhanced osteoclast differentiation
and bone resorption. First, studies have shown that mutated Pro-
filin 1 induces accumulation of TDP-43, which alters the activity
of the NF-κB signaling pathway as a subunit of NF-κB/P65 coac-
tivators in ALS.(34) NF-κB signaling activity has a direct effect on
the differentiation and function of osteoclasts. However, we did

Fig 5. Protein modeling of the PFN1 truncating mutation and missense mutation. (A) Protein modeling of the truncating mutation. The wild-type struc-
ture of Profilin 1 is indicated in (a); red represents the structure deleted by the truncated mutation. The mutant structure of Profilin 1 is indicated in (b); a
comparison between the wild-type structure (purple) and mutant structure (blue) is indicated in (c). (B) Protein modeling of the truncating mutation. A
comparison between the wild-type structure (gray) and mutant structure (orange) is indicated in (a). The local structure of wild type is indicated in (b),
and the mutant structure is indicated in (c).
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not observe any difference in TDP-43 expression between
mutated and wild-type osteoclasts in this study, which does
not support the hypothesis of the accumulation of TDP-43 in
osteoclasts. Nevertheless, osteoclast precursor cells are of vital
importance in the differentiation of osteoclasts, and accumula-
tion of TDP-43 in osteoclast precursor cells, but not osteoclasts,
can alter NF-κB pathway activity and lead to accelerated osteo-
clast differentiation. Further studies are needed to test this
hypothesis. Second, the “actin ring” component Profilin 1 is an
actin-binding protein, and actin ring formation is a prerequisite
for osteoclast bone resorption. The function of the actin ring in
osteoclasts is to recombine its cytoskeleton to form a “sealing
zone” structure located at the contact surface of osteoclasts
and bone.(35) The sealing zone serves to attach osteoclasts to
bone and maintain the acidity of the resorbing lacunae. In the
present study, protein structure modeling revealed that both
a truncating mutation (c.318_321delTGAC) and a missense
mutation (c.335 T > C) affect the structure of Profilin 1 bound
to actin. Therefore, we hypothesize that PFN1 mutation might
cause changes in the protein’s binding to actin, affecting the
formation of the actin ring and in turn impacting the process
of osteoclast bone resorption. Third, regarding cell movement,
recent studies have found that deletion of the PFN1 gene
enhances osteoclast movement; although the number and vol-
ume of osteoclasts do not change significantly, the bone-
resorbing activity of osteoclasts does increase significantly.(28)

Profilin 1 normally controls cell movement by regulating the

aggregation of actin. Therefore, we hypothesize that PFN1
mutation might enhance the movement of osteoclasts and
thus increase bone-resorbing activity. Last, Profilin 1 directly
suppresses NF-κB activity in the regulation of osteoclast differ-
entiation and prevents degradation of the phosphatase PTEN,
which is known to negatively regulate osteoclast differentia-
tion.(23,36) Therefore, PFN1 loss-of-function mutation may result
in acceleration of osteoclastogenesis via simultaneous hyper-
activation of NF-κB signaling and elimination of the negative
modulator PTEN.

In conclusion, we herein report three different mutations in
the PFN1 gene, including two truncating mutations and onemis-
sense mutation, responsible for the early-onset severe form of
Paget’s disease of bone complicated with GCT. A mouse model
with a Pfn1-truncating mutation was established and presented
Paget’s disease-like phenotypes, thus confirming the loss of
function of Profilin 1, which may activate the NF-κB pathway as
the cause of PDB/GCT development. In our study, we defined
Pfn1 truncated mutant mice as a suitable model for studying
PDB-associated pathological mechanisms, which will tremen-
dously help to unravel the etiology and pathomechanisms
underlying early-onset PDB in humans in the future. Meanwhile,
our findings also expanded the pathogenic gene spectrum in
PDB, and the identification of PFN1 mutation possesses great
diagnostic value to identify PDB individuals predisposed to
develop GCT. Further studies are needed to identify the clear
mechanisms of PFN1 mutation in PDB/GCT.

Fig 6. Osteoclast differentiation activity of peripheral blood mononuclear cells between patients with PFN1 mutations and healthy controls (100×). (A)
TRAP staining of osteoclasts in patients with PFN1 mutations. (B) TRAP staining of osteoclasts in healthy controls. (C) Comparison of the numbers of
TRAP-positive osteoclasts, p = 0.0008. (D) Comparison of the area of TRAP-positive osteoclasts, p = 0.0017. (E) Comparison of the number of nuclei per
osteoclast, p = 0.0027. All data were analyzed by Student’s t test.
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Fig 7. Comparison of appearance and 3D reconstruction between WT and Pfn1+/mut mice. (A) Appearance of WT and Pfn1+/mut mice. The wide arched
calva, shortened maxilla, and curved spine contributed to the altered facial appearance with a steep nose-to-head curvature and arched body on their
profile of Pfn1+/mut mice compared with WT mice. (B) Images of 3D reconstruction of WT and Pfn1+/mut mice demonstrated wide cranial sutures and
deformed craniofacial bones and spines in heterozygous mice compared with WT mice. (C) Images of 3D reconstruction of the femurs in WT and
Pfn1+/mut mice. All mice shown here were 8 weeks old and female.
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Fig 8. The Pfn1 truncating mutation results in accelerated osteoclast differentiation and increased bone resorption in mice. (A) TRAP staining of osteo-
clasts derived from WT and Pfn1+/mut mice (40×). (B) Electron microscopy images of the resorption pits of WT and Pfn1+/mut osteoclasts cultured on bone
slices. (C) Comparison of the numbers of TRAP-positive osteoclasts, p = .0003. Comparison of the area of TRAP-positive osteoclasts, p = .0047. Comparison
of the number of nuclei per osteoclast, p = .0041 (n = 6 for each group). (D) Comparison of the levels of serum bone turnover markers between WT and
Pfn1+/mut mice (n = 10 for each group), p = .0006 for P1NP and p = .0002 for TRACP-5b. All data were analyzed by Student’s t test.

Fig 9. Bone histology, TRAP staining, and immunohistochemistry staining of distal femur sections from WT and Pfn1+/mut mice. (A) H&E staining shows reduced
and disordered trabeculae in Pfn1+/mut mice comparedwithWTmice (100×). (B) TRAP staining indicates increasedmultinucleated osteoclasts at the trabecular sur-
face of the Pfn1+/mut femurs. (C) Immunohistochemistry staining showed a significant decrease in Profilin 1 expression in Pfn1+/mut mice compared with WT mice.
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