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Abstract
Purpose of Review This review summarizes our current
knowledge on primary osteoporosis in children with focus
on recent genetic findings.
Recent Findings Advances in genetic research, particularly
next-generation sequencing, have found several genetic loci
that associate with monogenic forms of inherited osteoporosis,
widening the scope of primary osteoporosis beyond classical
osteogenesis imperfecta. New forms of primary osteoporosis,
such as those related to WNT1, PLS3, and XYLT2, have
identified defects outside the extracellular matrix components
and collagen-related pathways, in intracellular cascades directly affecting bone cell function.
Summary Primary osteoporosis can lead to severe skeletal
morbidity, including abnormal longitudinal growth, compromised bone mass gain, and noticeable fracture tendency beginning at childhood. Early diagnosis and timely care are warranted to ensure the best achievable bone health. Future research will most likely broaden the spectrum of primary osteoporosis, hopefully provide more insight into the genetics
governing bone health, and offer new targets for treatment.
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Bone Health in Childhood
The bone is an ever-evolving tissue that grows, remodels, and
renews all throughout life. During childhood, bone production
exceeds resorption and the highest amount of bone mass,
termed “peak bone mass”, is acquired by early adulthood.
Later in life, bone resorption surpasses formation and bone
mass slowly decreases. Thus, childhood is a pivotal time for
bone health, and any factor that decreases bone formation, i.e.,
chronic illnesses, long-term medications, malnutrition, and
endocrine disorders, diminishes the attained peak bone mass
and predisposes to an increased risk for osteoporosis [1].

Definition of Osteoporosis
The bone is created to be both sturdy to stand individual’s
weight and flexible to enable one’s movement. The most common skeletal disorder is osteoporosis, which refers to the weak
bone that is depleted in sufficient bone mineral, resulting in a
propensity to fracture. Osteoporosis leads to substantial morbidity and mortality yearly, causes significant human suffering, and is a high burden on health care. In adults, osteoporosis
is defined by BMD, which is a measure of both the extracellular bone matrix and the amount of bone mineral, and is
usually measured using dual-energy X-ray absorptiometry
(DXA). BMD measures correlate with fracture risk, and
DXA T-score of or below −2.5 is considered diagnostic for
osteoporosis in adults [2].
Diagnosis of pediatric osteoporosis, on the other hand, requires more than a low DXA-determined BMD. As growth
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and pubertal timing vary individually, one needs to consider
age, sex, and body size-adjusted DXA values together with
fracture history; deviations from normal BMD may be
regarded pathologic only when present together with skeletal
fragility. A pathologic fracture history is defined according to
international guidelines as (i) one or more vertebral compression fractures in the absence of high-energy trauma, a ≥20%
loss in vertebral anterior, middle, or posterior height is required for the diagnosis of compression fracture; (ii) ≥2 clinically significant long bone fractures by age 10 years; or (iii)
≥3 clinically significant long bone fractures by 16 years. On
the other hand, presence of one or more vertebral compression
fracture(s) suffice alone for the diagnosis of osteoporosis even
in the presence of normal BMD [1, 3, 4].

Genetic Factors Determining Bone Health
While BMD is greatly influenced by lifestyle factors, genetics
are thought to be of key importance in governing and determining an individual’s bone health. Bone mass is known to be
a heritable trait, and several twin studies have confirmed genetic factors explaining up to 80% of variance in skeletal
characteristics, i.e., microarchitectural properties, biochemistry, geometric anatomy, and bone mass accrual and loss. The
genetics of bone health appear to be quite complex and while
several approaches, such as family linkage and animal studies,
candidate gene association studies, and genome-wide association studies (GWAS) have been successful, most of the specific genetic variants regulating our susceptibility to osteoporosis remain unknown [5–8].
Osteoporosis is commonly regarded as a polygenic trait, and
several genes, each with a modest effect, determine the final
BMD and fracture risk. Only rarely is osteoporosis monogenic,
i.e., single gene mutations overrule the effects of other genetic
and environmental factors and lead to skeletal fragility. In
childhood-onset primary osteoporosis, skeletal changes are often recognized in early life and depending on their severity
causing severe growth retardation, low-energy fractures, and
skeletal deformities at a young age. While resulting skeletal
features are predominantly due to the mutated causative gene,
other polygenic and environmental factors may account for
broad phenotypic variability even within a family.
Classical OI
Osteogenesis imperfecta (OI) is a heterogeneous group of connective tissue disorders and serves as the prime example of
monogenic, heritable bone disorders affecting children. To
date, mutations in 18 different genes have been identified as
causative of OI, including autosomal dominant and recessive as
well as X-chromosomal inheritance patterns. The resulting phenotypes vary in severity and clinical characteristics; according
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to the most recent skeletal dysplasia nosology [9•], different
genetic forms of OI are subdivided into five types based on
the degree of clinical severity rather than giving each genetic
form a separate name [9•, 10, 11]. In addition to severe osteoporosis and abnormal skeletal anatomy, OI patients’ clinical
phenotype is dominated by a variety of extra-skeletal clinical
characteristics, such as compromised longitudinal growth,
characteristic facial features, dental anomalies, joint hypermobility, blue sclerae, and impaired hearing [9•, 10].
Differences in phenotypes arise depending on the diseasecausing gene (Table 1). Over 90% of OI cases result from
molecular changes in the type I collagen—coding genes
COL1A1 and COL1A2, which hamper the qualitative and
quantitative production of the main extracellular bone matrix
protein, type I collagen. In consequence, the microarchitecture
of the bone is inappropriately organized and abnormally mineralized, leading to compromised bone strength—hence
named the “brittle bones” disease. In general, milder forms
of OI are caused by haploinsufficiency due to premature termination of the coding sequence. Thus, the encoded type I
collagen is structurally normal but produced in inadequate
amounts, leading to a mild phenotype. The more severe forms
(Types 2–4), on the other hand, result from sequence variants
that do not hamper the amount of protein produced but distort
the helical structure of collagen. The resulting phenotypes
range in severity from perinatal lethal (type 2) to moderate
(type 4) or severe (type 3) OI. Several studies have further
evaluated the relationship between the types of mutations with
other clinical manifestations; BMD Z-scores and height vary
according to the OI type, vertebral compression fractures are
more common in helical mutations in α1- than α2-chain,
dentinogenesis imperfecta seems to be absent in OI caused
by N-terminal helical mutations, and blue sclerae are linked
to mutations in the α1-chain [13, 14].
Besides the COL1-genes, other OI causative genes most
often alter the posttranslational modification of the type I collagen protein and include such genes as IFITM5, SERPINF1,
LEPRE1, and CRTAP. These forms may mimic the classical
OI phenotype but also include various other clinical characteristics that differ in skeletal and extra-skeletal manifestations, phenotype severity, and inheritance pattern [9•, 10].
Recent research has brought light to various other genes
affecting bone mass and shown the spectrum of primary osteoporosis to be much wider. These new genes cause skeletal
defects independent of collagen production and most often
affect osteoblast or osteoclast function directly. Mutations in
the LDL receptor-related protein 5 (LRP5) gene are known to
cause the autosomal recessive osteoporosis-pseudoglioma
syndrome (OPPG) while heterozygous gain-of-function mutations in the same gene result in a high bone mass phenotype
[15, 16]. Also, mutations in the SOST gene alter function of
sclerostin and lead to increased WNT signaling and high bone
mass [17, 18]. The three most recently characterized forms of
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Table 1 Osteogenesis imperfecta
(OI) causing genes according to
2015 Nosology and Lindert et al.
[9•, 12]

Gene
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Protein

OI Phenotype
1

2

3

4

COL1A1

Collagen type 1 α-1 chain

x

x

x

x

COL1A2

Collagen type 1 α-1 chain

x

x

x

x

CRTAP
LEPRE1

Cartilage-associated protein
Prolyl 3-hydroxylase 1

x
x

x
x

x

PPIB

Cyclophilin B

x

x

x

SERPINH1
BMP1

Heat shock protein 47
Bone morphogenic protein 1

x
x

FKBP10
PLOD2

Peptidyl-prolyl cis-trans isomerase
Procollagen-lysine, 2-oxoglutarate

x
x

SERPINF1

Pigment-epithelium-derived factor

x

x

SP7
WNT1a
TMEM38B
CREB3L1

Osterix
Wingless-type MMTV integration site family, AR member 1

x
x

x
x

Trimeric intracellular cation channel B
cAMP responsive element binding protein 3-like 1

x
x

SEC24D
IFTM5
SPARC
MBTPS2

SEC24-related gene family, member D
Interferon-induced transmembrane protein 5
Secreted protein, acidic and rich in cysteine
Membrane bound transcription factor peptidase, site 2

x

5

x

x
x

x
x

OI phenotypes: Type 1: non-deforming OI with blue sclerae; Type 2: perinatally lethal OI; Type 3: progressively
deforming; Type 4: common variable OI with normal sclerae; Type 5: OI with calcification in interosseous
membranes
a

Biallelic mutations cause OI, heterozygous mutations cause early-onset osteoporosis

monogenic osteoporosis are WNT1, PLS3, and XYLT2, to be
described in more detail below [19].
WNT1 Osteoporosis
WNT-proteins, a 19-member family of glycoproteins, have a
broad role in various developmental and regenerative processes in numerous tissues. In the bone, WNTs affect all aspects of
bone health from fetal skeletal development to bone mass
accrual in childhood and maintenance of bone homeostasis
in adulthood. WNTs signal through the WNT-β-cateninsignaling pathway by binding to a transmembrane dual
receptor-complex composed of low-density lipoprotein
receptor-related proteins (LRP5 or LRP6) and a seven transmembrane G-protein Frizzled (FZD). Activating this pathway
inhibits proteosomal degradation, allowing subsequent nuclear translocation of accumulating β-catenin, which in turn
leads to target gene expression and ultimately increased bone
formation and decreased bone resorption [20••].
The role of the WNT-β-catenin-signaling pathway in skeletal pathology was first recognized through its key constituent
proteins LRP5 and sclerostin. LRP5 mutations were linked to
juvenile osteoporosis, OPPG, as well as to some high bone
mass phenotypes [21]. Mutations in the SOST gene, coding
for sclerostin, and inhibitor of the WNT signaling pathway

cause high bone mass in two skeletal dysplasias: sclerosteosis
and van Buchem disease [22, 23]. In 2013, we reported
WNT1 to be a key ligand to WNT signaling in the bone as
heterozygous mutations in WNT1 were found to lead to severe
early-onset osteoporosis and homozygous mutations, to cause
severe OI [24]; a heterozygous missense mutation c.652 T > G
(p.C218G) was identified in a large Finnish family with ten
affected adults presenting with multiple peripheral and vertebral compression fractures and low BMD, and a homozygous
nonsense mutation c.884C > A (p.S295*) was shown to cause
severe autosomal recessive OI in two Lao Hmong sisters with
multiple fractures, short stature, and long bone deformities,
and other groups described similar findings in pediatric and
adult patients with WNT1 mutations [25–28] (Table 2, Fig. 1).
Further studies showed equivalent skeletal findings even in
children with the heterozygous WNT1 mutation p.C218G
[36]; the mutation was observed to affect skeletogenesis and
lead to changes in BMD and long bone shape already in early
childhood. All mutation-positive children and adolescents
presented with low BMD and multiple peripheral, lowenergy fractures. In plain radiographs, the bones were
osteopenic in appearance, had growth-arrest lines as a sign
of disturbed skeletal development, and the long bones were
slightly abnormal in shape (i.e., thin fibulae and
overtubulation of the metaphyseal ends of the humera, tibiae,
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Reported mutations in WNT1, PLS3, and XYLT2 in association with osteoporosis and other bone mass disorders

Gene

Location

Mutation

Mono−/biallelic

Reference

WNT1

Exon 2

c.110 T > C, p.Iso37Thr

Compound heterozygous

[29]

WNT1

Exon 2

c.259C > T, p.Gln87*

Compound heterozygous

[26]

WNT1
WNT1

Exon 2
Exon 2

c.287_300delAGTTCCGGAATCGC, p.Gln96Profs*54
c.287_300del, p.Gln96Profs

Homozygous
Homozygous

[26]
[27]

WNT1
WNT1

Exon 3
Exon 3

c.385G > A, p. Ala129Thr
c.428G > T, p.Cys143Phe

Compound heterozygous
Homozygous

[29]
[27]

WNT1

Exon 3

c.505G > T, P.Gly169Cys

Compound heterozygous

[29]

WNT1
WNT1

Exon 3
Exon 3

c.506dupG, p.Cys170Leufs*
c.506G > A, p.Gly169Asp

Homozygous
Compound heterozygous

[29]
[29]

WNT1
WNT1

Exon 3
Exon 3

c.506dupG, p.Cys170Leufs*6
c.525_536delCTTCGGCCGCCT, p.del176_179

Compound heterozygous
Heterozygous

[26]
[30]

WNT1

Exon 4

c.652 T > G, p.Cys218Gly

Heterozygous

[24]

WNT1
WNT1

Exon 4
Exon 4

c.884C > A, p.Ser295*
c.893 T > G, p.Phe298Cys

Homozygous
Homozygous

[24]
[26]

WNT1
WNT1

Exon 4
Exon 4

c.990C > A, p.Cys330*
c.946_949insAACA, p.Ser317Lysfs

Homozygous
Compound heterozygous

[28]
[27]

WNT1

Exon 4

c.1063G > T, p.Val355Phe

Compound heterozygous

[27]

PLS3
PLS3
PLS3
PLS3

Intron 2
Exon 3
Exon 7
Exon 8

c.73-24 T > A
c.235delT, p.Tyr79Ilefs*6
c.748 + 1G > A
c.759_760insAAT, p.Ala253_Leu254insAsn

Heterozygous
Heterozygous
Heterozygous
Heterozygous

[31]
[32]
[32]
[32]

PLS3
PLS3
PLS3
PLS3
XYLT2

Exon 10
Exon 13
Exon 13
Exon 15
Exon 2

c994_995delGA, p.Asp332*
c.1433 T > C, p.Leu478Pro
c.1471C > T, p.Gln491*
c.1647delC, p.Ser550Alafs*9
p.A174Pfs*35

Heterozygous
Heterozygous
Heterozygous
Heterozygous
Homozygous

[33]
[33]
[32]
[32]
[34]

XYLT2
XYLT2
XYLT2
XYLT2

Exon 3
Exon 8
Exon 9
Exon 10

p.V232Gfs*54
p.R563G
p.L605P
p.R730*

Homozygous
Homozygous
Homozygous
Homozygous

[34]
[35]
[35]
[35]

and distal femora) (Fig. 2). Unlike in classical OI, all subjects
had normal growth and no apparent dysmorphias or extraskeletal features, and metabolic bone markers, as well as calcium and phosphate parameters in serum and urine, were normal [37]. In recessive forms of WNT1 osteoporosis, the
biallelic loss-of-function of WNT1 has more detrimental effects on skeletal growth as severe bone deformities, multiple
fractures, and retarded growth are detected soon after birth and
can even be postnatally lethal [24–27]. Homozygous WNT1
mutations also lead to a more OI-like phenotype with
dentinogenesis imperfecta and blue sclerae, and in various
other extra-skeletal abnormalities, such as developmental defects in the central nervous system [24–27].
Questions concerning treatment of WNT1 osteoporosis remain unanswered. While severely affected pediatric patients

might benefit from bisphosphonate treatment, care of all patients centers around early preventative measures, including
adequate vitamin D and calcium intake. Our recent clinical trial
explored the effects of teriparatide treatment on adults with
WNT1 osteoporosis and found an increase in bone formation
and BMD in a 24-month treatment period [37]. Anabolic treatment alternatives are presently contraindicated or not available
for pediatric patients with WNT1 osteoporosis.
PLS3 Osteoporosis
Plastin3 (PLS3) functions as a modulator of actin cytoskeleton
and forms actin bundles via cross linkage of single actin filaments. While the actin cytoskeleton is known to be important
for a wide range of cellular functions, such as endo- and
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Fig. 1 Schematic illustrations of WNT1, PLS3, and XYLT2 proteins.
Mutations reported in literature are shown on the proteins. Different
types of mutations are labeled in different colors. Numbers above and
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below the line show exon and amino acid coordinates, respectively based
on reference sequences. All schematic illustrations for proteins were
generated using protein painter
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Fig. 2 Radiographs of affected
patients with heterozygous WNT1
mutation p.C218G or hemizygous
PLS3 splice mutation c.7324 T > A. a Spinal radiograph of
an affected 12-year-old male with
WNT1 mutation showing one
compressed vertebra (arrow). b
Spinal radiograph of an affected
62-year-old female with WNT1
mutation showing several
severely compressed vertebrae
and exaggerated thoracic
kyphosis. c Lower extremity
radiograph of an affected 30-yearold female with WNT1 mutation
showing a thin fibula. d Spinal
radiograph of an affected 9-yearold male with PLS3 mutation
showing several compressed
vertebrae (arrows)

exocytosis, cell migration, and adhesion, its functional significance in specific tissues have been difficult to predict [38,
39]. Studies on spinal muscular atrophy (SMA) have shown
evidence that PLS3 participates in neuromuscular synapse
formation and maintenance and that overexpression of PLS3
can rescue the axonal defects seen in a mouse model for SMA
[40, 41••]. In the bone, plastin3 has been proposed to have a
role in mineralization and remodeling, possibly even in the
osteocytes’ mechanosensing apparatus [32, 33].
While the exact mechanisms in bone homeostasis remain
incompletely understood, PLS3 has been bestowed a place in
the array of monogenic forms of bone mass disorders. In
2013, mutations in the encoding gene PLS3 were first described to cause X-linked early-onset osteoporosis by Van
Dijk et al. and since then, other families with PLS3 mutations
have been described [31–33]. Due to its X-chromosomal inheritance pattern, males with PLS3 mutations are generally
more severely affected. The clinical characteristics are predominated by low BMD, multiple spinal compression fractures, and a range of peripheral fractures (Fig. 2) [31–33].
Of note, although most reported cases of PLS3 osteoporosis have been males, female carriers can also exhibit various
skeletal abnormalities. Heterozygous females, with one normally functioning allele, are typically more mildly affected
than males but can present with variable clinical traits ranging
from subclinical osteopenia to a phenotype resembling that of
males with severe osteoporosis, recurrent peripheral fractures,
and several vertebral compression fractures in early adulthood
[31]. The female carriers also show a more diverse phenotype

even within a family. The total number of reported subjects
with PLS3 osteoporosis is still very limited (Table 2), and the
complete phenotypic spectrum and natural course remain inadequately characterized. Also of importance is the recent
finding of another X-linked bone mass disorder; MBTPS2 is
the first reported X-linked form of OI and is quite distinct from
PLS3 osteoporosis in other OI-related traits, such as blue
sclerae, hearing impairment, discolored teeth, and short stature, which are usually seen in these patients [12].
Bisphosphonates have been evaluated in a handful of cases
and indicate good treatment response in PLS3 osteoporosis
during childhood, but further studies are needed to confirm
this [32, 33]. Our abovementioned clinical study also evaluated teriparatide-response in PLS3 mutation-positive adults and
found similar, though slightly diminished, improvement in
bone parameters following a 24-month treatment period [37].
XYLT2 Osteoporosis
Xylosyltransferases, encoded by two homolog genes XYLT1
and XYLT2, catalyze addition of xylose, a sugar, to serine
residue of core proteins. This is the first step of biosynthesis
of glycosaminoglycans (GAGs), long hydrophilic unbranched
polysaccharides that are attached to the core proteins to form
proteoglycans (PGs). PGs—especially heparan sulfate and
chondroitin sulfate that are abundant on the cell surface and
in chondrocyte extracellular matrix (ECM)—create a microenvironment for diverse cellular processes such as signaling,
cell adhesion, proliferation, differentiation, and motility. They
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also play a role in chondrocyte maturation and endochondral
skeletal development [42].
In 2015, whole exome sequencing in patients with
spondylo-ocular syndrome (SOS) (MIM 605822)—a rare
syndrome with autosomal recessive inheritance manner, characterized by generalized osteoporosis, spinal compression
fractures, platyspondyly, multiple long bone fractures, short
stature, cataract, sensorineuronal hearing loss, and many additional organ problems—revealed homozygous frameshift
mutations in XYLT2 in three patients from two ethnically different populations [29] (Fig. 1). In 2016, we reported four
additional cases with three different homozygous point mutations in XYLT2, expanding the phenotypic and genotypic
spectrum of SOS [34]. These patients had slightly milder phenotype compared with that of the previously reported patients,
which could be explained by variable pathogenic effect of
mutations. Radiological examinations showed osteopenia, kyphosis, severe platyspondyly, increased intervertebral disc,
and compression fractures. Lumbar spine BMD Z-scores
ranged from −5.9 to −2.5 among the reported patients with
molecular diagnosis [34, 35]. Although the mechanism for
positive treatment response is unknown, patients seemed to
benefit from pamidronate treatment as BMD and vertebral
morphology were observed to improve in follow-up [34, 35].
Unlike WNT1 and PLS3 osteoporosis, XYLT2 osteoporosis is accompanied by severe defects and impairments in many
extra-skeletal organs, such as the eyes, ears, heart, kidneys,
and central nervous system, which could be explained by indispensable function of xylosyltransferases in these organs.
The functional work done by Munns et al. suggested that even
though a residual xylotransferase activity due to XYLT1 expression was measured in patient cells, the function of XYLT2expressed xylosyltransferase was not fully compensated by
XYLT1-expressed xylosyltransferase, suggesting cell-type
and time specific expression pattern and no compensation of
enzyme function by the other [35].

Conclusion
Remarkable advances in uncovering the genetics behind skeletal disorders with bone fragility have been made during the
past decade. Although several alleles have been identified, we
are still greatly distanced from wholly understanding the hidden puzzles of bone metabolism and discovering all
osteoporosis-associated genes. Osteogenesis imperfecta type I
serves as the prototype of primary pediatric skeletal dysplasias
with skeletal fragility, but future research will probably widen
the scope of new forms of primary osteoporosis that do not only
concern the extracellular matrix but also some intracellular
pathways for bone cell functions. Monogenic and rare forms
of osteoporosis help to define and characterize bone metabolism and genetic factors influencing bone health. Thus, genetic
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reasons should be considered when dealing with fracture prone
children, and investigations should target plausible genetic
causes in addition to evaluation for secondary causes and lifestyle factors. The underlying genetic cause has important implications for genetic counseling and patient management.
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