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Abstract
Background: Osteogenesis imperfecta (OI) is a phenotypically and genetically 
heterogeneous bone disease characterized by bone fragility and recurrent fractures. 
X-linked inherited OI with mutation in PLS3 is so rare that its genotype–phenotype 
characteristics are not available.
Methods: We designed a novel targeted next-generation sequencing (NGS) panel 
with the candidate genes of OI to detect pathogenic mutations and confirmed them by 
Sanger sequencing. The phenotypes of the patients were also investigated.
Results: The proband, a 12-year-old boy from a nonconsanguineous family, expe-
rienced multiple fractures of long bones and vertebrae and had low bone mineral 
density (BMD Z-score of −3.2 to −2.0). His younger brother also had extremity 
fractures. A novel frameshift mutation (c.1106_1107insGAAA; p.Phe369Leufs*5) 
in exon 10 of PLS3 was identified in the two patients, which was inherited from their 
mother who had normal BMD. Blue sclerae were the only extraskeletal symptom 
in all affected individuals. Zoledronic acid was beneficial for increasing BMD and 
reshaping the compressed vertebral bodies of the proband.
Conclusion: We first identify a novel mutation in PLS3 that led to rare X-linked OI 
and provide practical information for the diagnosis and treatment of this disease.
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1 |  INTRODUCTION

Osteogenesis imperfecta (OI), a heritable bone disorder 
with an incidence of 1:15,000 to 1:20,000 live births, is 
mainly caused by mutations in genes involved in type I col-
lagen synthesis, processing, secretion, and posttranslational 
modification and in the regulation of osteoblast function 
(Folkestad et al., 2016; Tauer et al., 2019). Frequent bone 
fractures and skeletal deformity are the hallmarks of OI, 
while some patients also have extraskeletal manifestations, 
such as blue sclerae, dentinogenesis imperfecta, hearing 
impairment, or joint laxity (Bardai et al., 2017; Marini 
et al., 2017). Mutations in the COL1A1 and COL1A2 genes, 
which encode the α1 and α2 chains of type I collagen, re-
spectively, are found in 85%–90% patients with OI, which 
is consistent with autosomal dominant inheritance (Besio 
et al., 2019; Marini et al., 2017). However, mutations in 
other causative genes of OI can cause collagen defects 
through distinct mechanisms (Besio et al., 2019; Tauer 
et al., 2019; Webb et al., 2017).

In 2013, mutations in PLS3 were identified in five fam-
ilies with X-linked osteoporosis (van Dijk et al., 2013). 
PLS3 (OMIM 300131), which is located on chromosome 
Xq23 and has 16 exons, is ubiquitously expressed in solid 
tissues and involved in the dynamic assembly and dis-
assembly of actin bundles in the cytoskeleton (Delanote 
et al., 2005). The underlying molecular mechanism for its 
roles in the regulation of skeletal development remains 
unknown (Kamioka et al., 2004; Tanaka-Kamioka et al., 
1998). More recently, PLS3  has been suggested to have 
a role in the mineralization process. Patients with PLS3 
mutation present with recurrent fractures and rarely have 
extraskeletal manifestations of OI (Balasubramanian 
et al., 2018; Collet et al., 2018; Costantini, et al., 2018; 
Costantini, et al., 2018; van Dijk et al., 2013; Fahiminiya 
et al., 2014; Kampe et al., 2017; Kampe et al., 2017; Kannu 
et al., 2017; Laine et al., 2015; Lv et al., 2017; Nishi et al., 
2016; Wang et al., 2020). Because of its X-linked inher-
itance, PLS3-induced OI is more severe in men than in 
women (Cao et al., 2019; Chen et al., 2018; van Dijk et al., 
2013; Fahiminiya et al., 2014; Kampe et al., 2017; Kannu 
et al., 2017; Laine et al., 2015; Lv et al., 2017; Wang et al., 
2020). However, a full understanding of the skeletal dis-
ease associated with the PLS3 mutation was hampered by 
its extremely low incidence, genotypic heterogeneity, and 
phenotypic diversity.

In the present study, we detected a pathogenic mutation 
in a nonconsanguineous family with X-linked OI and sum-
marized previous literature on the clinical characteristics of 
patients with PLS3 mutation to explore the genotype–pheno-
type correlation of this rare disorder.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

The study was approved by the Scientific Ethnic Committee 
of Peking Union Medical College Hospital (PUMCH). The 
procedures used in this study adhere to the tenets of the 
Declaration of Helsinki. Informed consent was provided by 
the parents before participation in the study.

2.2 | Subjects

The proband of Han nationality, who complained of back 
pain for 4  months, was recruited by the Endocrinology 
Department, Peking Union Medical College Hospital 
(PUMCH), in 2018. His younger brother visited the clinic 
due to recurrent fractures. These two patients were suspected 
of having OI. Both brothers and their parents were included 
in the study.

2.3 | Clinical evaluation

Clinical data were thoroughly collected, including fracture 
history, growth and development speed, and family history. 
The participants also underwent a detailed physical exami-
nation, including the sclerae, teeth, and muscular and skel-
etal systems. The heights and weights of the patients were 
measured by a Harpenden stadiometer (Seritex Inc., East 
Rutherford, NJ), and age- and sex-specific Z-scores of height 
and weight were calculated on the basis of Chinese national 
growth standards (Li et al., 2009; Song et al., 2016).

Serum levels of calcium (Ca), phosphorus (P), 25-hy-
droxyvitamin D (25OHD), alkaline phosphatase (ALP, a 
bone formation marker), alanine aminotransferase (ALT), 
and creatinine (Cr) were measured by a fully automated 
chemical analyzer (ADVIA® 1800, Siemens Inc., Germany). 
Serum levels of cross-linked C-telopeptide of type I collagen 
(β-CTX, a bone resorption marker) and intact parathyroid 
hormone (PTH) were quantified using an automated Roche 
electrochemiluminescence system (Roche Diagnostics, 
Switzerland). All biochemical indices were measured in the 
central laboratory of PUMCH.

Dual-energy X-ray absorptiometry (DXA, GE-Lunar 
Prodigy Advance) was utilized to measure the bone mineral 
densities (BMDs) of the lumbar spine (L1-L4) and proxi-
mal hip of the patients. The results were then transformed to 
age- and sex-matched Z-scores according to the BMD data in 
normal Chinese and Asian children (Khadilkar et al., 2011). 
Radiographs of the skull, extremities, and thoracolumbar spine 
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were examined. The Genant semiquantitative method was 
used for the radiographic diagnosis of vertebral compression 
fractures (VCFs), where a VCF was defined as more than a 
20% reduction in any vertebral height (Genant et al., 1993).

2.4 | Identification and confirmation of the 
pathogenic mutation

Genomic DNA of the participants was extracted from pe-
ripheral leukocytes by a standard procedure using a QIAamp 
DNA Mini Kit (Qiagen, Germany). To identify the likely 
deleterious mutation, gDNA of the proband and his brother 
was sequenced using a targeted next-generation sequenc-
ing (NGS) panel (Illumina HiSeq2000 platform, Illumina, 
Inc., San Diego, CA, USA), which covered 822 genes im-
plicated in hereditary bone diseases, including the patho-
genic genes of OI (COL1A1, COL1A2, IFITM5, PPIB, 
PLS3, SERPINF1, SERPINH1, PLOD2, CRTAP, LEPRE1, 
FKBP10, SP7, BMP1, TMEM38B, WNT1, LRP5, CREB3L1, 
P4HB, SEC24D, SPARC, TMEM38B, and MBTPS2). The 
overall sequencing coverage of the target regions was >95% 
at a minimum of 20× sequencing depth.

Burrows-Wheeler Aligner software was used to align the 
sequence to the human genome (NCBI37/hg19), and SOAP 
SNP software was used to identify the single nucleotide 
variants (SNVs) (Richards et al., 2008). We filtered out mu-
tations with an allele frequency ≥1% in dbSNP, HapMap, 
1000G ASN AF, ESP6500 AF, ExAC, and 1000 Genomes, 
and the pathogenicity of the mutation was further evaluated 
using Mutation Taster (http://www.mutat ionta ster.org).

Mutation in PLS3 was confirmed in the brothers and 
their mother by Sanger sequencing. Exon 10 of PLS3 was 
amplified by polymerase chain reaction (PCR) under 
the following conditions: initial denaturation at 95°C 
for 3  min, followed by 35 cycles at 95°C for 30  s, 58.5–
61.5°C for 30  s, and 72°C for 40–100  s. The specific 
primers from the genomic sequence (NG_012518.2) were 
designed using web-based Primer 3 (http://bioin fo.ut.ee/
prime r3-0.4.0/), and their sequences were as follows: 5′- 
GACTATGACAGTGGGGAAATTTTCTA-3′ for the for-
ward primer and 5′- CCACACATTCGAAATTGAGGTT-3′ 
for the reverse primer. PCR products were purified and then 
sequenced by an ABI 377 DNA-automated sequencer with 
dye terminator cycle sequencing kits (Applied Biosystems). 
Sequencing traces were aligned with NCBI reference se-
quence of PLS3 (NM_001136025.5).

2.5 | Treatment and follow-up

The two patients received once-yearly intravenous infu-
sion of zoledronic acid 5  mg (Aclasta®, Novartis Pharma 

Schweiz AG, Switzerland). Calcium at 600 mg plus 125 IU 
vitamin D3 (Caltrate D Wyeth Pharmaceuticals, USA) and 
calcitriol 0.25 μg (Rocaltrol, R.P. Scherer GmbH & Co. KG, 
Germany) were prescribed daily for the proband, whereas 
his brother was supplemented with a half dose of calcium 
plus vitamin D3 and calcitriol. The treatment duration was 
2 years. To evaluate the therapeutic effects, changes in bone 
turnover biomarkers and BMD were measured.

2.6 | Analysis of the clinical 
characteristics of previously reported patients 
with PLS3 mutations

An electronic literature search was further conducted in 
Medline via the PubMed, Embase, and Web of Science da-
tabases to summarize the clinical characteristics of patients 
with PLS3 mutation, and the keywords for searching in-
cluded ‘plastin 3’ and ‘PLS3’ in combination with ‘osteogen-
esis imperfecta’ and ‘osteoporosis’. No limits were placed on 
publication year or language. A total of 24 families from 15 
studies were collected for analysis. Available data on clinical 
evaluations, genetic findings, and therapeutic features were 
extracted and summarized.

3 |  RESULTS

3.1 | Phenotypes of the patients

The proband, a 12-year-old boy, was the first child of a non-
consanguineous family. He was delivered vaginally at term 
with a birth weight of 3550 g. His cognitive and motor devel-
opment were normal. He experienced a low-trauma fracture 
of the right forearm at 4 years old. Notably, he suffered from 
back pain due to falling from a standing height 4 months be-
fore he visited PUMCH. Physical examination indicated blue 
sclerae and kyphosis, with normal joint laxity, dentition, and 
hearing. He had a normal height of 153 cm (Z-score 0.15) but 
was overweight with a body mass index of 27.3 kg/m2 (higher 
than the 97th percentile) (Song et al., 2016). Serum concen-
trations of calcium, phosphate, ALP, and PTH were within 
normal age-specific ranges. The proband had vitamin D defi-
ciency and an elevated level of serum ALT. Since the normal 
range of β-CTX was unavailable in Chinese children, we could 
not evaluate whether his β-CTX level was normal. He had low 
BMDs at the lumbar spine of 0.480  g/cm2 (L1-L4 Z-score 
−2.0) and femoral neck of 0.588 g/cm2 (Z-score −3.2). X-ray 
films revealed severe compression fractures in the thoracic and 
lumbar vertebrae. Slender long bones with thin cortices and 
Wormian bones were also observed (Figures 1 and 2).

The 6-year-old brother of the proband visited our clinic 
at the same time. He was born full-term via spontaneous 

http://www.mutationtaster.org
http://bioinfo.ut.ee/primer3-0.4.0/
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vaginal delivery with a high birth weight (4500 g), and his 
development was unremarkable. Fragility fractures of his 
right forearm and right radius occurred at 5 years old. He had 
blue sclerae but normal teeth, gait pattern, and joint mobility. 
He had a normal height of 120 cm (Z-score 0.49) and a nor-
mal weight of 27 kg (Z-score 1.88) for his age. Serum levels 
of calcium, phosphate, PTH, and ALT were normal, whereas 
vitamin D deficiency and an elevated level of ALP were 
found. The serum β-CTX level was 1.500 ng/ml. Although 
the BMDs of the lumbar spine (L1-L4: 0.529 g/cm2, Z-score 
−0.2) and femoral neck (0.674  g/cm2, Z-score 0.5) were 
normal, X-ray films demonstrated slender long bones with 
thin cortices, Wormian bones, and osteoporosis in the spine 
(Figures 1 and 2).

The mother of the patients had blue sclerae in the absence 
of other clinical manifestations. Furthermore, she had vita-
min D insufficiency with normal bone turnover biomarkers. 
She had normal BMD, while X-ray revealed that she had os-
teoporosis (Figure 1). She and her siblings had not yet ex-
perienced bone fractures. The maternal grandfather of the 
proband had suffered from several fractures under minor 
force. More clinical features of the maternal family members 
were unavailable. The clinical manifestations of the brothers 
and the mother are shown in Table 1.

3.2 | Genetic findings

Sequence analysis revealed a novel frameshift muta-
tion (c.1106_1107insGAAA) in exon 10 of PLS3 in the 
proband, his brother, and mother. The mutation resulted 

in a frameshift and early termination of mRNA transla-
tion (p.Phe369Leufs*5). Sanger sequencing confirmed that 
the proband and his brother were hemizygous, while his 
mother was heterozygous for the mutant PLS3 (Figure 3). 
This variant in PLS3 was not reported in the ExAC, 1000 
Genomes, and PubMed databases, and was absent in our 
in-house exome database. The mutation was predicted to 
be deleterious with MutationTaster software. Moreover, 
the mutation would lead to nonsense-mediated mRNA 
decay (NMD). No mutations were found in other OI-
related genes.

3.3 | Effects of BPs

After 24  months of bisphosphonate (BP) treatment, the 
serum β-CTX levels of the proband and his brother de-
creased by 8.3% and 17.3%, respectively. The BMD values 
of the proband were markedly increased by 96.9% (Z-score 
from −2.0 to 1.0) at the lumbar spine and 62.8% (Z-score 
from −3.2 to 1.0) at the femoral neck. The BMD values of 
his brother were increased by 74.3% (Z-score from −0.2 
to 4.2) at the lumbar spine and 30.4% (Z-score from 0.5 to 
1.8) at the femoral neck (Figure 4). No new fractures oc-
curred in the proband or his brother during the 24-month 
intervention. Vertebral body height, also called reshaping 
of the vertebra, was significantly improved after the treat-
ment (Figure 2).

The two patients had a mild fever within 2 or 3 days after 
initiation of zoledronic acid treatment. No other side effects 
were observed.

F I G U R E  1  Skeletal radiographs of the two boys and their mother at the first evaluation. (a) Lateral cephalogram of the proband; (b) Wormian 
bone in the skull pointed out by an arrow; Anteroposterior radiograph of the forearm of the proband slender long bone with thin cortices; (c) Lateral 
cephalogram of the younger brother Wormian bone in the skull marked with an arrow; (d) Anteroposterior radiograph of the forearm of the younger 
brother slender long bone with thin cortices; (e) Lateral thoracic X-ray of the mother reduced bone mineral density and thin cortices without VCFs; 
(f) Lateral lumbar X-ray of the mother reduced bone mineral density and thin cortices without VCFs

(a) (b)

(c) (d)

(e) (f)
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F I G U R E  2  Lateral spinal X-ray at baseline, 6-, 12- and 24-month follow-up after zoledronate treatment. (a) Lateral spinal X-ray of the 
proband at baseline severe spinal osteoporosis with multiple vertebral fractures and kyphosis marked with arrows; (b) Lateral spinal X-ray of the 
proband at 6-month follow-up; (c) Lateral spinal X-ray of the proband at 12-month follow-up; (d) Lateral spinal X-ray of the proband at 24-month 
follow-up reshaping of the compressed vertebral body pointed out by arrows after the treatment; (e) Lateral spinal X-ray of the younger brother at 
baseline decreased bone density without VCFs; (f) Lateral spinal X-ray of the younger brother at 6-month follow-up; (g) Lateral spinal X-ray of the 
younger brother at 12-month follow-up; (h) Lateral spinal X-ray of the younger brother at 24-month follow-up increase in bone density and thicker 
cortices after the treatment

(a)

(b)

(c)
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3.4 | Phenotypes and genotypes of previously 
reported patients with PLS3 mutation

The PLS3 mutation was identified in at least 44 male patients 
from 25 families, including our patients (Table 2). These in-
dividuals all had reduced BMD and shared similar skeletal 
phenotypes; 40 of 43 patients had a history of low-impact pe-
ripheral fractures, and 33 of 42 patients suffered from VCFs. 
The age of patients at the first clinical fracture ranged from 
2 to 33 years. Apart from vertebral abnormalities, leg length 
discrepancy was described in one patient, and dysmorphic fa-
cial features were reported in five patients (Costantini, et al., 
2018; Kampe et al., 2017; Nishi et al., 2016). Most patients 
had normal heights. Typical extraskeletal symptoms were less 
common, including blue sclerae (seven patients) (Chen et al., 
2018; Costantini, et al., 2018; Kampe et al., 2017; Nishi et al., 
2016), ligamentous laxity (seven patients) (Cao et al., 2019; 
Costantini, et al., 2018; van Dijk et al., 2013; Kampe et al., 

2017; Kampe et al., 2017; Nishi et al., 2016), dentinogenesis 
imperfecta (one patient) (Kampe et al., 2017), and hearing loss 
(three patients) (Costantini, et al., 2018; Nishi et al., 2016). Two 
patients had a myopathic gait or waddling gait (van Dijk et al., 
2013; Kampe et al., 2017). One patient with epilepsy and one 
patient with autism spectrum disorder (ASD) were reported. 
The clinical phenotypes of heterozygous female carriers were 
highly variable from normal BMD to severe osteoporosis with 
multiple fractures. Interestingly, a 10-year-old girl heterozy-
gous for a de novo detrimental variant (c.1424A>G in exon 
12) exhibited severe symptoms of recurrent fractures, VCFs, 
and extremely low BMD (Kampe et al., 2017).

In the studies linking PLS3 to skeletal fragility, eight 
frameshift mutations (Families 1, 5, 9, 10, 13, 17, 20, and 
25), five nonsense mutations (Families 2, 14, 15, 22, and 23), 
three splice-site variants (Families 3, 12, and 24), three mis-
sense mutations (Families 11, 18, and 21), and one insertion 
mutation (Family 4) were identified (Table 2 and Figure 2). 

Proband Brother Mother Reference range

Age at the first visit 
(year)

12.6 6.0 36 /

Long-bone fracture 1 2 0 /

Vertebral compression 
fractures

Yes No 0 /

Sclerae Blue Blue Blue /

Joint Hyperlaxity No No No /

Dentinogenesis 
Imperfecta

No No No /

Hearing Loss No No No /

Height (cm) 153 120 160 /

Weight (kg) 64 27 63 /

LS BMD (g/cm2) 0.480 0.529 1.129 /

LS BMD Z-score −2.0 −0.2 −0.5 /

FN BMD (g/cm2) 0.588 0.674 0.959 /

FN BMD Z-score −3.2 0.5 0.2 /

TH BMD (g/cm2) 0.534 0.644 0.917 /

TH BMD Z-score - - −0.6 /

Ca (mmol/L) 2.45 2.49 2.30 2.13-2.70

P (mmol/L) 1.62 1.74 1.41 1.29–1.94; 
0.81-1.45

β-CTX (ng/ml) 1.200 1.500 0.351 0.26-0.512

25OHD (ng/ml) 15.6 18.4 20.1 30-50

ALP (U/L) 384 416 NA 42-390; 50-135

PTH (pg/ml) 15.8 19.6 30.4 12.0-68.0

ALT (U/L) 78 11 10 9-50

Cr (μmol/L) 38 34 54 18-88

Abbreviations: 25OHD, 25-hydroxyvitamin D; ALP, alkaline phosphatase; ALT alanine aminotransferase; 
BMD, bone mineral density; Ca, calcium; Cr, creatinine; FN, femoral neck; LS, lumbar spine; P, phosphorus; 
PTH, parathyroid hormone; TH, total hip; β-CTX, cross-linked C-telopeptide of type I collagen.

T A B L E  1  Clinical characteristics of 
patients at the first visit
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Variants were randomly distributed over 10 exons (exons 3, 
4, 7, 8, 10, 11, 12, 13, 15, and 16) and three introns (introns 2, 
7, and 8), without any obvious hotspot mutations (Figure 3). 

Deletion or duplication of a large fragment was also found. 
However, phenotype–genotype correlations could not be well 
established in these patients.

F I G U R E  3  Pedigree of the family with X-linked osteogenesis imperfecta (OI) and genetic analysis ofPLS3. (a) Pedigree of the affected family. 
The proband was indicated by an arrow. The mother of the proband and her siblings had no history of fractures. The maternal grandfather had a 
history of recurrent low-trauma fractures. The colors of sclerae were unknown in the maternal grandfather and the siblings of the mother since they 
were unavailable. (b) Sanger sequencing of four individuals in this family. The affected gene site was marked with shadow. (c) Distribution of 
pathogenic mutations associated with X-linked OI inPLS3. A mutation inPLS3found in a 10-year-old female was marked with an asterisks (*). The 
mutation (NCBI reference sequencing: NM_001136025.5) in the present study was highlighted in red with bold font

(a) (b) (c) (d) (e) (f) (g) (h)

F I G U R E  4  Changes in BMD, BMD Z-score and serum β-CTX level 0, 6 12 and 24 months after initiation of zoledronate treatment. (a) 
Changes in BMD at lumber spine (LS) and femoral neck (FN) of the proband; (b) Changes in BMD Z-score at LS and FN of the proband; (c) 
Changes in serum β-CTX level of the proband over time; (d) Changes in BMD at LS and FN of the younger brother; (e) Changes in BMD Z-score 
at LS and FN of the younger brother; (f) Changes in serum β-CTX level of the younger brother over time
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4 |  DISCUSSION

We identified a Chinese family with X-linked OI caused by a 
novel frameshift mutation in PLS3 (c.1106_1107insGAAA) 
for the first time. The proband presented with low bone mass, 
extremity fracture, and severe VCFs, whereas his brother had 
recurrent extremity fractures. Sanger sequencing confirmed 
that the two boys were hemizygous, and their mother was 
heterozygous for this mutation. All affected patients had blue 
sclerae, the only extraskeletal manifestation.

Previous and current findings suggested that the pheno-
type of the PLS3 mutation consisted of low BMD, recurrent 
fractures, and less frequent extraskeletal manifestations, 
such as joint hypermobility, blue sclerae, hearing loss, and 
dentinogenesis imperfecta. PLS3  has an important role in 
the development of neuromuscular junctions, and abnormal 
expression of PLS3 might also contribute to the altered gait 
pattern (Ackermann et al., 2013). Moreover, zebrafish with 
PLS3 knockdown showed deformed muscles, and increased 
muscle fiber size was observed in PLS3-overexpressing mice 
(van Dijk et al., 2013), indicating a potential role of PLS3 in 
muscles. Some patients had epilepsy and ASD, indicating that 
neural symptoms might also be part of the phenotypic spec-
trum of the disease (Bourgeron, 2015; Stouffer et al., 2016). 
In general, peripheral fractures and VCFs were common in 
patients with PLS3 mutations, which seemed to be clinical 
hallmarks and the first symptom of the disorder. Extraskeletal 
manifestations of PLS3 mutations were uncommon.

In our study and previous research, heterozygous female 
patients generally had milder symptoms than did hemizygous 
males. PLS3 is located on the X chromosome. Variability in 
X inactivation might account for the phenomenon and may 
also explain why a young girl with a de novo hemizygous 
PLS3 mutation showed severe clinical symptoms (Connallon 
& Clark, 2013). The mutant allele in this girl was possibly 
located on the active X chromosome (Connallon & Clark, 
2013). A recent study suggested that PLS3 polymorphisms 
were associated with postmenopausal osteoporosis, suggest-
ing that PLS3 may serve as a genetic risk factor for osteo-
porosis (Shao et al., 2019). Overall, if recurrent low-impact 
fractures or VCFs occur in patients with an X chromosomal 
inheritance pattern, screening for a mutation in PLS3 should 
be considered for early diagnosis and precise treatment.

Patients with low BMD and fractures are usually diag-
nosed with idiopathic osteoporosis. With the rapid develop-
ment of gene sequencing technology, PLS3 mutations have 
been identified in these patients. Interestingly, no hotspot 
mutations seemed to be found in the PLS3 gene based on 
current data. In accordance with most previous studies, the 
mutation in PLS3 in our study was predicted to cause elimi-
nation of its aberrant transcripts targeted by NMD. However, 
the production of PLS3 detected in dermal fibroblasts of 
patients with PLS3 mutation may be normal or decreased, 

implying that this disorder was mainly caused by abnormali-
ties in the structure and function of PLS3 protein rather than 
PLS3 deficiency (van Dijk et al., 2013; Wang et al., 2018).

The mechanism of the mutations in PLS3 leading to OI 
remains elusive. PLS3 is an actin-bundling protein that is 
evolutionarily conserved and widely expressed in a variety 
of organs. PLS3 has been postulated to function at different 
stages of skeletal development. Fimbrin, an actin-bundling 
protein in chicks, was reported to be involved in the mecha-
nosensory capability of osteocytes. As its homologous pro-
tein, PLS3 may share a similar role (van Dijk et al., 2013; 
Kamioka et al., 2004; Tanaka-Kamioka et al., 1998). An ad-
ditional study identified altered expression of osteocyte-spe-
cific proteins and a high level of osteocyte apoptosis in 
patients with PLS3 mutations (Wesseling-Perry et al., 2017). 
Osteocytes are essential for maintaining bone homeostasis 
(Pathak et al., 2020). PLS3 mutations may impair osteocytic 
function, which may further lead to an imbalance between 
osteoblast and osteoclast activity and cause the disease. 
PLS3 also affected osteoblast differentiation by influenc-
ing the concentrations of intracellular calcium (Wang et al., 
2018). A study indicated that PLS3 can inhibit the maturity 
of osteoclasts by interacting with NFκB-repressing factor 
(NKRF), further reducing the expression of nuclear factor of 
activated T cells 1 (Nfatc1), a pivotal molecule in promoting 
osteoclastogenesis (Neugebauer et al., 2018). PLS3-knockout 
mice exhibited upregulated transcription of NFATC1 and 
increased bone loss (Neugebauer et al., 2018). Thinner cor-
tical bone was observed in PLS3-knockout mice due to the 
possibly reduced expression of Sfrp4, an important factor for 
stabilizing cortical bone thickness (Yorgan et al., 2020). In 
vitro, PLS3 was related to bone mineralization. However, the 
effects of PLS3 mutation on human bone remain controver-
sial. Histomorphometric results revealed a decreased min-
eral apposition rate or an increased mineralization lag time 
in some patients with PLS3 mutation, while another study 
found a normal deposition rate even with a low osteoid mat-
uration time (Fahiminiya et al., 2014; Kampe et al., 2017; 
Laine et al., 2015). X-linked OI induced by PLS3 mutation 
is very rare, and only a few reports are available on the his-
tological features; thus, clarifying the underlying mechanism 
is difficult.

After once-yearly intravenous infusion of zoledronic acid, 
improvement in BMD, decreases in bone resorption mark-
ers, and reshaping of compressed vertebral bodies were ob-
served in the proband and his brother. In a previous study, 
one female and two male patients with PLS3 mutation were 
given teriparatide to promote bone formation (Valimaki et al., 
2017). After 24-month treatment with teriparatide, all pa-
tients showed a minor increase in BMD without new clinical 
fractures (Valimaki et al., 2017). Larger longitudinal obser-
vational and interventional studies are needed to explore ef-
fective therapies for these patients.
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Our study identified a family with X-linked OI induced by 
a novel PLS3 gene mutation (c.1106_1107insGAAA), which 
further expanded the phenotype and genotype profile of 
X-linked OI. Some limitations exist in our study. First, con-
sidering the invasiveness of bone biopsy, histological analysis 
of our patients was absent in the study. Furthermore, in-depth 
studies on the possible pathogenesis are lacking. The long-
term efficiency and safety of BP treatment in X-linked OI 
patients still need to be further affirmed owing to the short-
term follow-up.

In conclusion, recurrent fractures were clinical hallmarks 
of X-linked OI caused by PLS3 mutations. BP treatments may 
be helpful for increasing BMD in these patients. However, 
the correlation between PLS3 mutations and phenotypes 
needs to be further investigated. The roles of PLS3 in bone 
homeostasis remain to be clarified.
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