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Abstract

Childhood-onset osteoporosis is a rare but clinically significant condition. Studies have shown pathogenic variants in more
than 20 different genes as causative for childhood-onset primary osteoporosis. The X-chromosomal PLS3, encoding Plas-
tin-3, is one of the more recently identified genes. In this study, we describe five new families from four different European
countries with PLS3-related skeletal fragility. The index cases were all hemizygous males presenting with long bone and
vertebral body compression fractures. All patients had low lumbar spine bone mineral density (BMD). The age at the first
clinical fracture ranged from 1.5 to 13&nbsp;years old. Three of the identified PLS3 variants were stop-gain variants and two
were deletions involving either a part or all exons of the gene. In four families the variant was inherited from the mother. All
heterozygous women reported here had normal BMD and no bone fractures. Four patients received bisphosphonate treat-
ment with good results, showing a lumbar spine BMD increment and vertebral body reshaping after 10 months to 2 years
of treatment. Our findings expand the genetic spectrum of PLS3-related osteoporosis. Our report also shows that early treat-
ment with bisphosphonates may influence the disease course and reduce the progression of osteoporosis, highlighting the
importance of early diagnosis for prompt intervention and appropriate genetic counseling.
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Introduction

Osteoporosis results in bone fragility and has been typi-
cally divided into primary and secondary forms, with
osteogenesis imperfecta (OI) representing the prototypi-
cal primary osteoporosis in childhood [1, 2]. Unlike sec-
ondary osteoporosis, which is often a consequence of a
chronic disease, primary childhood-onset osteoporosis is
much rarer and often a monogenic disorder that disrupts
the normal synthesis and turnover of bone or cartilage [3].
An understanding of the causes of osteoporosis is impor-
tant for its prevention, diagnosis, and treatment.

Currently, the term early-onset osteoporosis (EOOP)
refers to osteoporosis occurring in children and young
adults. According to the International Society for Clinical
Densitometry (ISCD) the diagnosis of EOOP in children
requires a clinically significant fracture history and a bone
mineral density (BMD) z-score at or below — 2.0 measured
at the lumbar spine (LS) or total body. However, the pres-
ence of one or more spinal compression fractures in the
absence of major trauma constitutes osteoporosis, even if
the BMD is normal [4-6].

In premenopausal women and males < 50 years the diag-
nosis of EOOP is based on a low BMD, defined as a BMD
Z-score < —2.0 or T-score < —2.5 at the LS or femoral neck,
when associating with either fragility fractures or an under-
lying chronic illness (secondary EOOP) [5, 6]. For men aged
50 and older and postmenopausal women osteoporosis is
diagnosed with a DXA BMD T-score below —2.5 [6].

During the last 10 years, studies have shown pathogenic
variants in more than 20 different genes that can cause
childhood-onset primary osteoporosis [7]. PLS3, encod-
ing plastin-3, is one of the more recently identified genes
underlying childhood-onset primary osteoporosis. PLS3
(OMIM 300131), which is located on chromosome Xq23
and has 16 exons, codes for the protein plastin-3, which
is widely expressed in solid tissues and thought to be
involved in cytoskeleton remodeling. Plastin-3 functions
as an actin-binding protein participating in the dynamic
assembly and disassembly of the actin cytoskeleton. In
bone, plastin-3 has been suggested to either be part of the
osteocytes’ mechanosensing apparatus or the mineraliza-
tion process. Moreover, PLS3 has an important role in the
development of neuromuscular junctions and some studies
are revealing a potential role in muscle fibers [3, 7-11].

Several families worldwide with variable forms of
PLS3-related skeletal fragility have been reported. Most of
these are frameshift and nonsense mutations, both likely to
be followed by nonsense-mediated mRNA decay [1, 6, 7,
11]. Large intragenic deletions or duplications, leading to
destroyed gene structure, and splice-site mutations, result-
ing in altered protein length, are also common [1, 12-16].
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In general, due to PLS3’s location on the X chromo-
some, loss of function affects males more severely than
females. Heterozygous female carriers have a variable phe-
notype from normal to low BMD and may be symptomatic
even in childhood. Males with PLS3-related X-linked
dominant osteoporosis exhibit a skeletal disorder charac-
terized by compromised bone strength, low bone forma-
tion, and defective mineralization [13—15]. This leads to
prevalent peripheral and spinal fractures and loss of adult
height, usually without the characteristic extra-skeletal
manifestations of OI such as joint hyperlaxity, blue scle-
rae, or dentinogenesis imperfecta. Recent studies indicate
that defective PLS3 function leads to severe abnormalities
in vertebral morphology already in early childhood and to
significant spinal pathology by early adulthood [7, 16].

The investigation of rare Mendelian disorders with
decreased BMD as a key diagnostic feature constitutes a
strategy for identifying genetic determinants of osteoporo-
sis. Moreover, after gene discoveries it is important to fur-
ther explore the phenotypic features and the natural course
of the identified genetic entities. Since relatively few fami-
lies with PLS3 mutations have so far been described in
the literature, the features and genetic variants of PLS3-
related osteoporosis have not been fully characterized. In
this report, we describe five new families with novel PLS3
variants leading to early-onset primary osteoporosis.

Methods
Subjects

In this study we describe five new families with PLS3-
linked skeletal fragility. The index cases with various
PLS3 variants associating with primary osteoporosis were
identified in hospitals in four different European countries
(Sweden, Greece, Germany, and Portugal).

All index subjects met the ISCD criteria for osteoporo-
sis in children and young adults [4-6]. Secondary causes
of osteoporosis were excluded by medical history, clinical
examination, and appropriate laboratory analyses.

Data on patients’ clinical diagnoses, diagnostic inves-
tigations, and disease course were collected from hospi-
tal records. The information was collected separately by
the team responsible for each family’s investigation. All
index cases underwent clinical examination, blood sam-
pling, skeletal radiography, bone densitometry, and genetic
analyses.

The study was approved by the Research Ethics Commit-
tee of Stockholm, Sweden. A written informed consent was
obtained from all participants and/or their legal representa-
tives before reporting the data.
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Genetic Analysis

Various genetic methods were applied to identify the
disease-causing gene variant in each family, according to
local practices, including single-gene analysis by Sanger
sequencing, gene panels using next-generation sequencing,
and exome sequencing. Sanger sequencing was also used to
confirm PLS3 variants in family members.

Results

Thanks to an international collaboration we identified alto-
gether five families with different PLS3 variants leading to
EOOP in one or more family members. We describe the
clinical features of the five index patients and the genetic
variants identified in altogether ten mutation-positive indi-
viduals. The data are also summarized in Table 1.

Family 1

The proband is an 8-year-old Swedish boy referred for inves-
tigation due to multiple low-energy fractures. At 2 years
of age, he had his first fracture after minimal trauma. By
8 years, he had had eight fractures after minor trauma (ulna,
radius, humerus, tibia, and metacarpals).

He is the fifth out of six children of healthy European
parents and had an unremarkable neonatal and childhood
period. None of the parents have a history of skeletal dis-
ease. The patient’s maternal uncle, age 38 years, has a his-
tory of multiple fractures and severe back pain requiring
analgesic medication since young age (Fig. 1), having a
clinical diagnosis of Osteoporosis pseudoglioma syndrome
since 11&nbsp;years old.

On physical examination at 8 years, the proband’s height
was 142.5 cm (+2.0 SD) and body mass index (BMI)
17.9 kg/m2 (+1.0 SD). He had pectus excavatum, flat feet,
broad and short thumbs and digits 4-5 syndactyly bilaterally.
Dental examination with radiography showed poor trabecu-
lar bone in the jaw bone, but was otherwise normal.

The BMD measurements showed a Z-score of — 1.6 at
lumbar spine (LS). Spine x-ray showed reduced height
(approximately 40%) of TS and slightly wedged vertebral
bodies C3-C5 (Fig. 2A).

Genetic analysis with a gene panel (Blueprint Genet-
ics) identified a hemizygous frameshift variant in PLS3
[c.1543del (p.AspS15Metfs*11)] in the proband (Fig. 3).
This variant was classified as likely pathogenic and was
inherited from the unaffected mother who also harbored the
same PLS3 variant. This variant is predicted to cause loss
of normal protein function through protein truncation and/
or nonsense-mediated mRNA decay. The variant is absent
in gnomAD and has not been described in the medical

literature or reported in any disease-related variant data-
base. The DNA sample of the mother’s brother, who also
had osteoporosis, was not available for testing.

The patient has been treated with bisphosphonates
(pamidronate monthly) for the last 10 months and has not
experienced any new fractures during this period.

Family 2

This 26-year-old European man was referred due to unstable
fracture at L1 vertebra after a low impact trauma, managed
with posterior spinal fusion (Fig. 2B). He had a past history
of radius fractures, at the age of 13 and 15 years, following
sports injury. The physical examination was unremarkable
(height 162 cm —2.0 SD, BMI 23 kg/m?*+0.5 SD).

He was born from healthy non-consanguineous parents.
There was a family history of multiple fractures in his grand-
father and his uncle, from his mother’s family arm (Fig. 1).

The BMD Z-score (GE, Lunar Prodigy Pro) at the LS
was — 3.7. BMD measurements of the family members
revealed that his brother, aged 20 years, had low BMD
at LS (Z-score —3.1), FN (Z-score —2.4), and Radius
33% (Z-score —3.0). His father had osteopenia at LS
(T-score —2.3) and FN (T-score — 1.5). His sister aged
21 years and his mother aged 46 years had normal BMD,
LS Z-score — 0.8 and — 1.7, respectively.

Sanger sequencing revealed a novel nonsense variant in
PLS3, ¢.827G>A (pTrp276T*), in the index case (RefSeq
NM_005032) (Fig. 3). This variant was maternally inherited
and the index’s brother also harbored the same variant.

The proband was started on teriparatide treatment along
with calcium and vitamin D. Ten months after teriparatide,
BMD Z-score of the FN was —2.8 and TH —2.7, increased
by 2.4% and 4.1%, respectively, while radius BMD did not
change. BMD at LS (0.579 g/cm?/ Z-score —5.1) decreased
by 22%. No fractures or adverse events occurred during the
10-month follow-up. One possible explanation for the sub-
stantial decline at the LS (as opposed to the improvement
at the hip) is the trajectory of BMD following spinal fusion
surgery. Indeed, 5 months later, BMD at the LS increased
by 5.7% (Z-score — 4.9).

Family 3

The patient is a now 20-year-old man, the only child of a
healthy non-consanguineous couple of Russian descent.
The parents are of average height without a fracture history
(Fig. 1). He presented to pediatric endocrinology at the age
of 7 years for evaluation of short stature. At that time, he had
suffered a finger fracture after a fall, at the age of 5 years,
followed by a fracture of the left femur and of the right tibia
due to minor falls. A diagnosis of growth hormone (GH)
deficiency was established based on insufficient GH levels in
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Fig. 1 Families pedigrees: Pedigrees of the five families presented with mutation of the PLS3 gene

two GH stimulation tests at 9 years of age and he was started
on recombinant human GH. GH treatment was discontinued
at 17 years when the annual growth rate fell below 3 cm. The
final height is 176 cm (— 0.6 SD), which falls in the range
of the parental target height and he developed a mild pectus
carinatum.

@ Springer

BMD by DXA at 9 years revealed a Z-score of —2.8 at
the LS. Following the initiation of GH therapy, the Z-score
improved to — 2.5 at age 13, but at 16 years, the Z-score
had dropped to —2.9. Magnetic resonance imaging (MRI)
revealed collapse of multiple vertebral bodies (Fig. 2C).
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Fig.2 Spinal images: collapse and a reduction of height of multiple vertebral bodies: A Family 1 index patient’s x-ray; B Family 2 index
patient’s CT; C Family 3 index patient’s MRI; D Family 4 index patient’s MRI; E Family 5 index patient’s MRI

Genetic testing showed an X-linked inherited osteopo-
rosis caused by a hemizygous mutation in the PLS3 gene
[c.994_995delGA (p.Asp332%*)]. This diagnosis was estab-
lished at the age of 18 years (Fig. 3).

Treatment was started with vitamin D and cal-
cium supplementation and intravenous bisphosphonate
(pamidronate). In the 1st year he only received 3 mg/kg body
weight of pamidronate. It was intended to administer 9 mg/
kg BW for the 1st year. However, due to the onset of the
coronavirus disease pandemic in 2020 the follow up visits
had to be canceled. Treatment was switched to zoledronate
and he received two doses of 4 mg in 6 months’ intervals. At
18 years (after the low dose of pamidronate), the LS BMD

had mildly improved with a Z-score —2.6. At the same time
an X-ray of the spine showed normal height of the vertebrae
of the thoracic and lumbar spine. During follow-up no frac-
tures occurred.

Family 4

The index patient is a currently 17-year-old adolescent of
Polish descent treated for X-linked juvenile osteoporosis and
a pectus carinatum in the endocrine and bone health clinic
of a tertiary university hospital. His height is 170.7 cm (— 1
SD) and the BMI is 17.8 kg/m? (=2 SD).

@ Springer
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The first fracture occurred at the age of 1.5 years and
by 8 years of age, six additional fractures (forearm, wrist,
elbow -twice- and clavicle) had occurred. At 13 years of age
a fall resulted in a vertebral fracture of L2, which required
spinal fusion surgery (Fig. 2D) and he was presented to a
specialized bone clinic for suspected OI. Physical examina-
tion revealed marked hypermobility of the joints and a mild
thoracic asymmetry.

Family history revealed back pain in the mother, but frac-
tures had never occurred. The patient's maternal grandfather
had suffered from fractures sporadically, but due to adequate
trauma. The patient has a healthy sister (Fig. 1).

A DXA scan at 12 years revealed a LS Z-score of —2.9.
A follow up at age 13.5 years showed a Z-score of — 3.0
after the osteosynthesis material was removed. Molecular
genetic testing revealed a hemizygous deletion starting
before the PLS3 gene and spanning into intron 3 of the same
gene (chromosomal coordinates X:114771600-114890428)
(Fig. 3). Genetic testing of the mother revealed that she is a
heterozygous carrier of the deletion (DXA with LS T-score
of —1).

Due to the multiple fractures and reported back pain an
intravenous therapy with pamidronate (9 mg/kg BW in the
Ist year, 5 mg/kg BW subsequently) was started at the age of
13.5 years. A thoracic x-ray at age 15.5 years showed a loss
of height at thoracic vertebra T12. The corresponding DXA
measurement revealed a LS Z-score of — 3.5 (— 2.7 after
adjusting for height). Even though the DXA Z-score did not
improve with the therapy, there have been no further frac-
tures since the treatment with bisphosphonates was started.

Family 5
An 11-year-old Portuguese boy, the only child of a healthy

Portuguese couple (Fig. 1), has a past history of two finger
fractures after a sports injury at the age of 8 years and
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obesity. At 11 years-old, he was 144.9 cm tall (— 0.07 SD)
with a weight of 60.9 kg (+2 SD) and BMI of 29 kg/m?
(+2 SD). He was admitted to the hospital due to a 3-month
progressive worsening of lumbar pain with increasing
difficulty to walk due to multiple spinal fractures. There
was no history of trauma. The physical examination was
unremarkable. His 36-year-old father had lumbar spine
osteoporosis but no fractures. The mother is healthy, has
no history of bone fractures and has a normal BMD.

An MRI of the spine revealed multiple vertebral body
fractures (from C7 to L5, only sparing T1, T2, T10, and
L1) with collapse and a height reduction of 25-50%
(Fig. 2E). Full body X-ray scan revealed diffuse osteopenia
but did not find any other fractures. The DXA revealed a
Z-score of —5.0 in LS. Neurological, cardiological, ENT,
and ophthalmological evaluations were normal.

Next-generation sequencing (Illumina) of genomic
DNA for 26 genes, including PLS3, was performed
(Human All Exon V6, Agilent Technologies) and led to
the identification of a novel hemizygous deletion remov-
ing the whole PLS3 gene (Fig. 3). Array comparative
genomic hybridization, CytoScan 750 K, confirmed the
presence of a 775 kb deletion on chromosome X (coordi-
nates X:114644041-115418576) removing the entire PLS3
gene as well as AGTR2, encoding type-2 angiotensin II
receptor.

A heterozygous variant of unknown significance (VUS)
in LRP5 was also identified [NM_002335.3:¢.3443C>T(p.
Thr1148Ile)]. The patient inherited the PLS3 deletion from
his unaffected mother and the LRP5 variant from his father
with spinal osteoporosis but no fractures.

The patient started quarterly intravenous pamidronate
cycles (1 mg/kg/day for 3 days), calcium and vitamin
D. After 1 year of treatment the DXA revealed a general
increase in all BMD values (Z-score +0.7 in LS) and regres-
sion of all symptoms, with no new fractures.
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Discussion

Several PLS3 variants have been reported to date [1-3,
13] as summarized in Table 2. In this article, we identified
a total of five pathogenic PLS3 variants in five families
with osteoporosis and osteoporotic fractures manifesting
already in childhood. Due to PLS3’s location on the X
chromosome, PLS3 loss-of-function variants affect males
more than female. Of the 28 previously reported index
patients (Table 2), only one was a woman. The pheno-
type in affected hemizygous males was comparable in all
reported patients in included multiple peripheral and ver-
tebral body fractures.

Our report expands the genetic spectrum of PLS3-related
osteoporosis. Four of the variants in the present study cor-
respond to novel PLS3 mutations in four different families
with skeletal abnormalities. Additionally, the hemizygous
nonsense PLS3 variant ¢.994_995delGA (p.Asp332*) identi-
fied in one of the families was previously described in case
reports in familiar cases of osteoporosis related to PLS3
mutations [17]. The index cases were all hemizygous males
presenting with vertebral body compression fractures. Only
one index patient (family number 5) did not present long
bone fractures. The phenotype of these patients was compa-
rable to what has been reported in other studies [8, 9, 25].
All patients had low LS BMD and the age at the first clinical
fracture ranged from 1.5 to 13 years, as described in Table 1.

The index patient in family 5 at the age of 8 years had
the most severe phenotype showing compression fractures
of almost all vertebral bodies with a LS Z-score of — 5. In
this case, variants were identified in two different genes,
LRP5 and PLS3. A possibility of digenic inheritance
should be considered and more studies, namely in other
family members, need to be performed to determine the
significance of the LRP5 variant, which was classified as
a variant of unknown significance.

All heterozygous women reported here had normal bone
density and no bone fractures. However, other studies have
reported symptomatic osteoporosis and significant spinal
compression fractures also in women with heterozygous
PLS3 variants [16]. Occasionally, heterozygous females may
present with more severe childhood-onset osteoporosis [7].
Therefore, it seems important that females with heterozy-
gous PLS3 variants are detected early in order to carry out
an adequate follow up and early medical intervention.

Regarding treatment, four patients were treated with
pamidronate and zoledronate and only one received teri-
paratide. These differences reflect different clinical prac-
tices and experiences, but also the fact that teriparatide is
not used to treat pediatric osteoporosis.

Considering the increase of BMD after 15 months of
teriparatide treatment in the index patient of family 2, we

@ Springer

may conclude that PLS3 mutation-related osteoporosis can
respond to teriparatide treatment. This is in line with what
was shown by Valimaki et al. who demonstrated that after
24-month treatment with teriparatide, all PLS3 mutation-
positive patients showed a minor increase in BMD without
new clinical fractures [26]. Nevertheless, treatment results
are variable, and only very little evidence exists. More
studies and long-term follow-up are needed.

Early treatment with bisphosphonates may also posi-
tively influence the course of the diseases, since no frac-
tures occurred once patients were started on pamidronate/
zoledronate, although the BMD improved only slightly in
most cases. Furthermore, as long as vertebral reshaping
is partially explained by stabilization of BMD, we may
hypothesize that this treatment might be an important fac-
tor in vertebral body reshaping in growing patients, as
it was possible to see in vertebra imaging progress after
treatment in the index patient of family three. A more com-
plete study with a long-term follow-up would be important
to understand this phenomenon. More studies are needed
as well as long-term evaluation, in order to understand the
efficiency of bisphosphonates treatment in PLS3 osteopo-
rosis patients [8].

Although these observations are in line with the previ-
ous reports [11], data still remain scarce and require further
studies on the molecular mechanisms leading to severely
compromised bone tissue properties in PLS3 mutation car-
riers. Importantly, our study shows that a genetic diagnosis
in the index case often prompted additional investigations in
the family, leading to the identification of additional affected
relatives. This underscores the importance of timely genetic
diagnosis and extensive family history.

In conclusion, hemizygous mutations in PLS3 cause a
monogenic form of X-linked osteoporosis. Affected males
often have bone pain and a history of multiple low-impact
long bone and vertebral fractures, as well as thorax deformi-
ties at diagnosis. Early diagnosis is of utmost importance
to prevent fractures, deformities, pain and disability, and
requires a careful family history, clinical and radiological
evaluation, and timely genetic testing.

Our findings expand the genetic spectrum of PLS3-related
osteoporosis and highlight the importance of early diagnosis
and early intervention with bisphosphonates for the affected
individuals.
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