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A B S T R A C T

Mendelian bone fragility disorders are caused by genetic variants that can be inherited in an autosomal domi-
nant, autosomal recessive or X-linked manner and have a large detrimental effect on bone strength. As a rule, the
more damaging the genetic defect is, the earlier the first fracture will occur, typically during bone development.
This review focusses on conditions where bone fragility is the most conspicuous characteristic, of which os-
teogenesis imperfecta (OI) is the best-known disorder. The large majority of individuals with an OI phenotype
have disease-causing dominant variants in COL1A1 or COL1A2, the genes coding for collagen type I.
Interestingly, large sequencing databases indicate that there are about 10 times more carriers of COL1A1/
COL1A2 variants that should lead to OI than there are individuals with a diagnosis of OI. It is possible that at
least some of these variants lead to incomplete OI phenotypes and are diagnosed as osteoporosis during
adulthood. Apart from mutations affecting collagen type I production, biallelic mutations in LRP5 and WNT1 can
cause very rare and severe bone fragility disorders. Heterozygous pathogenic variants in these genes are much
more common and can cause the clinical picture of primary osteoporosis. As sequencing studies are more widely
performed in adults with bone fragility disorders, evidence is emerging that what appears as primary osteo-
porosis in fact can be due to mutations in bona fide OI genes. The distinction between OI and primary osteo-
porosis is therefore likely to blur in future.

1. Introduction

Fractures are common during skeletal development. According to a
study from the United Kingdom 30% of boys and 19% of girls will have
a fracture before the age of 18 years [1]. About 60% of these fractures
occur at three upper extremity sites (radius/ulna, carpal bones, hu-
merus). Fracture incidence peaks at around the time of the pubertal
growth spurt and rapidly declines thereafter. By the age of 17 years,
fracture rates are 65% below their pubertal peak in girls and 35% below
their pubertal maximum in boys [1].

Even though the high fracture rate during growth is likely to be
multifactorial, variations in the ability of bone to withstand mechanical
forces (bone strength) may play a role. In growing long bones, cortices
at the metaphysis are thin and cortical porosity is elevated compared to
adults [2,3]. As these structural ‘deficits’ during skeletal growth are
likely to cause relative bone weakness, they may contribute to the high
fracture rates in children.

Mendelian bone fragility disorders are caused by genetic variants
that can be inherited in an autosomal dominant, autosomal recessive or
X-linked manner [4]. These variants have a large detrimental effect on
bone strength and thus can lead to fractures in the presence of minimal

trauma or even without obvious trauma. The effect of genetic variants
associated with monogenic bone fragility disorders is often orders of
magnitude larger than the effect of variants that have been identified by
genome-wide association studies (GWAS). For example, children and
adolescents with osteogenesis imperfecta (OI), the prototypical mono-
genic bone fragility disorder, have 11 times (1100%) more fractures
than the general population of the same age and sex [5]. In comparison,
the genetic risk factors for fractures that have been identified by GWAS
increase fracture risk by 10% or less [6]. The overall number of frac-
tures understates the disease burden associated with OI, as the fracture
distribution is skewed towards more severe fractures. For example, the
rate of femur fractures in children and adolescents even with mild OI is
increased by about 90 fold [5,7].

The phenotypic range of Mendelian bone fragility disorders is very
wide. As a rule, the earlier the first fracture occurs, the more detri-
mental the effect of the genetic variant on bone strength. In the most
severe bone fragility disorders fractures occur in utero [8]. Individuals
with mild forms of heritable bone fragility may sustain fractures only in
adult life or not at all. Nevertheless, monogenic bone fragility disorders
often become manifest during childhood, and most of the information
about these conditions stems from pediatric studies. The present review
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therefore largely focusses on genetic defects leading to fractures during
childhood but will also discuss some implications for genetic studies on
bone fragility disorders in adults.

2. Classification of Mendelian bone fragility disorders

Mendelian disorders associated with fractures can be classified into
conditions where bone fragility is the most conspicuous characteristic,
and diseases where bone fragility is part of a broader phenotype.
Among the latter, fractures can be a feature of bone dysplasias that have
primary abnormalities in bone shape and low bone mass, such as Hajdu-
Cheney syndrome (caused by heterozygous mutations in exon 34 of
NOTCH2), cleidocranial dysplasia (heterozygous RUNX2 loss of func-
tion mutations) or metaphyseal dysplasia with maxillary hypoplasia
and brachydactyly (heterozygous RUNX2 intragenic duplications)
[9–11] (Fig. 1). Fractures also occur frequently in several types of os-
teopetrosis, a Mendelian disorder with excessively high bone mass,
highlighting the importance of factors other than bone mass in the
pathogenesis of heritable bone fragility [12]. Monogenic disorders that
mainly affect other organs but also lead to elevated fracture rates in-
clude neuromuscular disorders such as Duchenne muscular dystrophy
and spinal muscular atrophy [13,14], as well as inborn errors of me-
tabolism such as Gaucher disease [15]. Overall, most long-lasting
conditions in children affect some aspect of bone development and
therefore many chronic pediatric disorders lead to bone fragility as a
secondary characteristic [16].

This review focusses on conditions where bone fragility is the most
conspicuous characteristic. The diagnostic categories used for such
disorders are usually OI and ‘conditions similar to OI’, for which terms
such as juvenile osteoporosis or early-onset osteoporosis are commonly
used. The terminology for the conditions in this field is somewhat in-
consistent, mostly reflecting whether authors focus on the clinical
phenotype, as proposed by the Skeletal Dysplasia Nomenclature Group
[17] or on the disease-causing gene, as favored in the Online Mendelian
Inheritance in Man database (https://omim.org). A list of bone fragility
genes and the related diagnoses is given in Table 1.

Mutations directly affecting the collagen type I encoding genes,
COL1A1 and COL1A2, are by far the most common monogenic causes of
fractures in children [18,19]. As many other factors are involved in
collagen type I production by osteoblasts, it is not surprising that

defects in many other genes have been identified that interfere with
collagen type I production and cause bone fragility phenotypes. In ad-
dition, bone fragility has been associated with variants in genes that are
important for osteoblast differentiation or function but that do not have

Fig. 1. Skeletal characteristics of two bone dysplasias related to RUNX2 mutations, cleidocranial dysplasia (CCD) and metaphyseal dysplasia with maxillary hy-
poplasia and brachydactyly (MDMHB). (A -D) CCD caused by a heterozygous loss of function mutation in RUNX2 (frameshift), leading to clavicular hypoplasia (A),
vertebral deformities (B), Wormian bones and crowded teeth (C), but a normally shaped humerus (D). (E to H) MDMHB caused by heterozygous gain of function in
RUNX2 (intragenic duplication of exon 3 to 5), leading to enlarged medial portions of the clavicles (E), vertebral deformities (F), thick cranial vault and maxillary
hypoplasia (G), and undermodeled diaphysis and metaphysis of the humerus (H). Despite contrasting phenotypic features, both conditions are associated with bone
fragility.

Table 1
Bone fragility genes and corresponding diagnoses according to the Skeletal
Dysplasia Nomenclature Group [17] and the Online Mendelian Inheritance in
Man (OMIM) database (https://omim.org).

Gene Diagnosis according to skeletal
dysplasia nomenclature group

Diagnosis according to
OMIM

Collagen type I encoding genes
COL1A1 OI-I, OI-II, OI-III, OI-IV OI1, OI2, OI3, OI4
COL1A2 OI-I, OI-II, OI-III, OI-IV OI1, OI2, OI3, OI4

Collagen type I processing
BMP1 OI-III OI13
CRTAP OI-II, OI-III, OI-IV OI7
FKBP10 OI-III, OI-IV, Bruck syndrome type 1 OI11, Bruck syndrome 1
P3H1 OI-III OI8
P4HB Cole-Carpenter Dysplasia Cole-Carpenter syndrome 1
PLOD2 OI-III, Bruck syndrome type 2 Bruck syndrome 2
PPIB OI-II, OI-III, OI-IV OI9
SEC24D OI-III Cole-Carpenter syndrome 2
SERPINH1 OI-III OI10
SPARC NA (OI-IV) OI17
TMEM38B OI-III OI14

Other osteoblast genes
CREB3L1 OI-III OI16
FAM46A NA (OI-III, OI-IV) OI18
IFITM5 OI-V OI5
LRP5 Recessive: Osteoporosis

pseudoglioma syndrome; Dominant:
Primary osteoporosis

Recessive: Osteoporosis
pseudoglioma syndrome

MBTPS2 NA (OI-III, OI-IV) OI19
PLS3 X-linked osteoporosis X-linked osteoporosis
SERPINF1 OI-III, OI-IV OI6
SGMS2 NA Calvarial doughnut lesions

and osteoporosis
SP7 OI-III, OI-IV OI12
WNT1 OI-III, OI-IV Recessive: OI15

Dominant: Early-onset
osteoporosis

NA: not available (genes not included in [17]). In brackets, OI types most
closely corresponding to the published description of the phenotype.
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a known direct role in collagen type I metabolism.
The typical clinical picture of OI not only includes bone fragility but

also other signs and symptoms, such as joint hyperlaxity, discoloration
of the sclera and abnormalities of the teeth (dentinogenetic imperfecta)
[20]. The more severe forms of OI in addition lead to deformities of
long bones, the craniofacial skeleton, pelvis and spine (Fig. 2). In
contrast, juvenile osteoporosis or early-onset osteoporosis are asso-
ciated with fractures but not with discoloration of the sclera, dentino-
genesis imperfecta or bone deformities (Fig. 3).

However, the distinction between OI and ‘non-OI’ bone fragility
disorders is not clearly defined. On a clinical level, mutations in OI-
associated genes can be present even if the phenotype is not typical for

OI [21]. On a conceptual level, the classification of gene defects into OI
and ‘other bone fragility disorders’ does not seem to follow a clear
guiding principle. Many texts on OI define the disease as a disorder that
is caused by abnormalities affecting collagen type I, but some of the
genes that are usually classified as OI-associated genes (e.g., IFITM5,
SERPINF1, WNT1) do not play an obvious role in collagen type I me-
tabolism [4,22]. In contrast, defects in some other genes give rise to
similar bone fragility phenotypes but are not usually considered among
OI genes (e.g., LRP5, PLS3).

3. Pathophysiology: general features

Bone fragility disorders are commonly considered a special form of
osteoporosis. In pediatrics, the diagnosis of osteoporosis is based on
either the presence of both long-bone fractures and low bone densito-
metry results, or the presence of low-trauma vertebral fractures irre-
spective of bone density [23]. While monogenic bone fragility is often
associated with osteoporosis thus defined, there are many exceptions.
Individuals with genetic defects causing bone fragility may either not
(yet) fulfill the fracture criteria for pediatric osteoporosis or may not
have low bone densitometry results.

The importance of factors other than bone mass for causing bone
fragility is highlighted in ‘high bone mass OI’ where frequent fractures
occur despite normal or even slightly increased bone densitometry re-
sults [24,25]. Factors that can affect bone strength but are not ne-
cessarily reflected by bone densitometry results are abnormalities in
material bone properties, trabecular microarchitecture and cortical
bone geometry, all of which can be found in many individuals with OI
[26–28]. For example, children with mild OI typically have diminished
periosteal circumference and high bone density at long-bone diaphysis,
but low bone density in trabecular bone at long-bone metaphyses and
the vertebral bodies [26].

In adults, the main bone metabolic activity is bone remodeling. The
slow decrease in bone mass with aging is considered an effect of re-
modeling with a negative balance, indicating that in each remodeling
cycle osteoclasts resorb more bone than osteoblasts subsequently put
back on the same bone surface [29]. During bone development, the
main mechanisms driving bone accrual are bone growth in length and
bone growth in circumference [30]. Bone growth in length occurs
through endochondral ossification (proliferation of growth plate carti-
lage followed by conversion into bone tissue), whereas bone growth in
circumference is achieved through modeling, in particular involving
periosteal osteoblasts.

Bone growth in length and in circumference requires osteoclasts and
osteoblasts and thus involve the same cell types as bone remodeling.
Genetic variants that damage osteoblasts or osteoclast function should
therefore affect both bone growth during development and bone loss
during aging. However, the changes in bone mass and shape resulting

Fig. 2. Lower extremity radiographs in
children with OI caused by mutations
in COL1A1 or COL1A2. (A) Three-year-
old girl with mild OI caused by a stop
mutation in COL1A1. Straight lower
extremities, and fracture of the right
femur (arrow). (B) Two-year-old boy
with severe OI caused by a glycine
substitution in COL1A1. Deformities of
all long bones and fractures of the left
femur (arrows). (C) Five-year-old girl
with moderate OI caused by a glycine
substitution in COL1A2. Long-bone de-
formities and fractures of the right
femur and left tibia and fibula (arrows).

Fig. 3. (A) Forearm peripheral quantitative computed tomography scans at the
metaphysis (upper panel) and diaphysis (lower panel) of a 41-year-old healthy
woman (trabecular volumetric bone mineral density of the radius: 200mg/cm3;
z-score+ 0.6). (B) Corresponding scans of a 42-year-old woman with a mis-
sense variant in LRP5 (p.Glu1094Lys; trabecular volumetric bone mineral
density 111mg/cm3; z-score− 2.6). Results at the diaphysis are within normal
limits. (C) Lateral spine radiograph of 7-year-old daughter of proband shown in
(B), with compound heterozygous LRP5 variants (p.Arg1036Gln and
p.Glu1094Lys). Multiple vertebral compression fractures (arrows).
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from bone growth are much larger than those resulting from bone loss
during aging. It can therefore be expected that genetic variants iden-
tified as determinants of bone mass by genome wide association studies
in adults will exert their effect mostly by modulating bone growth ra-
ther than bone remodeling (Fig. 4).

4. Bone fragility caused by disturbances in collagen type I

4.1. COL1A1 and COL1A2

About 1 in 10,000 individuals have a clinical diagnosis of OI,
making this the most commonly recognized monogenic bone fragility
disorder. It has been known for more than three decades that the large
majority of individuals with an OI phenotype have disease-causing
dominant variants in COL1A1 or COL1A2 [31].

Collagen type I consists of two alpha 1 chains, encoded by COL1A1,
and one alpha 2 chain, encoded by COL1A2. The main domains of the
collagen type I molecule are the N-propeptide, the triple-helical do-
main, and the C-propeptide [18]. After osteoblasts secrete collagen type
I, the N- and C-propeptides are cleaved off and removed through the
systemic circulation; the triple-helical domain is integrated into col-
lagen fibrils, a key constituent of the extracellular bone matrix. In the
triple helical domain the collagen type I alpha 1 and alpha 2 chains are
intertwined in a very regular pattern that is contingent on the presence
of a glycine residue at every third position in both alpha chains.

Two broad classes of genetic defects are the most common cause of
OI, namely variants that lead to a quantitative collagen defect and
variants that lead to a qualitative collagen defect. Quantitative defects
are caused by null mutations in COL1A1 (typically nonsense or fra-
meshift mutations), leading to haploinsufficiency in the alpha 1 chain.
Null mutations in COL1A2 do not lead to OI, presumably because half as
many alpha 2 than alpha 1 chains are needed for collagen type I pro-
duction and therefore it is possible to compensate for a non-functional
COL1A2.

COL1A1 haploinsufficiency mutations consistently lead to mild OI
that is characterized by bone fragility but absence of bone deformities
[32]. Sclera usually have a grey or blue hue. Even though COL1A1
haploinsufficiency represents the mildest form of OI, fracture risk is
substantially increased compared to the general population. A hospital-
based study on patients with COL1A1 haploinsufficiency mutations
found that 70% of these individuals had vertebral fractures in the first
two decades of life and that the incidence of femur and tibia fractures in
these children and adolescents was 90-fold higher than that of the age-

and sex-matched general population [7].
Qualitative collagen defects are most commonly caused by glycine

substitutions in the triple-helical domain of either the alpha 1 or the
alpha 2 chain. Glycine is the smallest amino acid and is required on
every third position of both alpha chains for the triple helical to fold
properly. Substitution of these glycine residues by any other amino acid
creates steric hindrance in the folding of the alpha chains and therefore
interferes with the formation of the triple helix. The degree to which a
glycine substitution is detrimental to the collagen type I molecule de-
pends on which glycine residue in which chain is affected, and by which
amino acid the glycine residue is replaced. In general, substitutions of a
given glycine residue by a large or charged amino acid (such as as-
partate, arginine or lysine) is more detrimental than substitution by a
smaller amino acid. Triple-helical glycine substitutions therefore can
give rise to the entire phenotypic breadth of OI, from very mild forms to
lethal OI. One study found that untreated individuals with OI who were
assessed in a pediatric orthopedic institution and who had glycine
substitution mutations in either COL1A1 or COL1A2 had a mean lumbar
spine areal bone mineral density z-score of about −5, with a large in-
terindividual variability, from −0.8 to −7.8 [33].

4.2. Genes involved in collagen type I metabolism

After translation, collagen type I alpha 1 and alpha 2 chains undergo
extensive posttranslational modifications and assembly into collagen
type I molecules in the endoplasmic reticulum, transport to the Golgi,
secretion into the extracellular space, assembly of collagen fibrils and
cross-linking [18]. A large number of enzymes, co-factors and transport
molecules participate in this process and pathogenic variants in several
genes coding for these proteins are known to cause an OI phenotype
(Table 1). All of these variants are very rare; cumulatively they are
found in about 5% of individuals with moderate to severe OI [19].
Mutations in these genes usually give rise to recessive OI, and hetero-
zygous carriers do not have a detectable phenotype. The exception is a
mutation in P4HB that causes a dominant bone fragility syndrome [34].

4.3. Implications for adult osteoporosis

Although the typical phenotype caused by COL1A1 and COL1A2
mutations is readily recognized on clinical examination, it is likely that
many individuals with milder but still damaging variants in COL1A1 or
COL1A2 are not diagnosed with OI. Extraskeletal signs of OI, such as
scleral discoloration or dentinogenesis imperfecta, are not present in all
individuals with OI, which makes the clinical diagnosis of mild OI more
difficult [21]. Such individuals can present as having pregnancy-asso-
ciated osteoporosis [35], may be diagnosed in osteoporosis clinics as
older adults [36–38] or are sometimes identified only when their
children sustain fractures and are assessed for OI (own observation).

Missense mutations in COL1A1 or COL1A2 affecting glycine residues
at the Gly-X-Y position in the triple helical domain, mutations leading
to premature stop codons in COL1A1, or COL1A1 splice site mutations
are expected to lead to OI [39]. Nevertheless, large-scale sequencing
efforts suggest that such mutations are much more common in the
general population than the prevalence of OI would suggest. The allele
frequency of such COL1A1 or COL1A2 mutations in gnomAD, a data-
base that contains whole-exome or whole-genome sequencing results
from more than 140,000 adults not diagnosed with any severe pediatric
disorder (https://gnomad.broadinstitute.org/), is 0.018% for COL1A1
(Table 2) and 0.032% for COL1A2 (Table 3). Some of these variants
have previously been observed in individuals with OI. The combined
allele frequency of these COL1A1/COL1A2 mutations (0.05%) indicates
that 0.1% of individuals in this database carry a variant that should lead
to OI. This is 10 times more frequent than the population prevalence of
OI (0.01%). Thus, it can be surmised that 90% of carriers of putative ‘OI
mutations’ do not have a diagnosis of OI. It appears plausible that many
of these individuals have a partial OI phenotype that resembles adult

Fig. 4. Hypothetical model of changes in whole-body bone mineral content
(BMC) with age. The black upper line corresponds to the 50th percentile of the
references range for white females (39). In grey, a hypothetical curve for a
genetic defect that causes a 25% BMC deficit during growth and a 25% faster
percentage bone loss in each 5-year period after the age of 40 years. The ab-
solute BMC difference changes little from 40 to 80 years of age. Even at the age
of 80 years, the BMC deficit caused by the genetic defect largely results from
differences in bone accrual during bone growth.
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osteoporosis.
An example for this scenario are two COL1A2 glycine substitutions

(p.Gly496Ala and p.Gly703Ser) that were identified in a large whole-
genome sequencing study in Iceland [40]. These variants had a com-
bined allelic frequency of 0.15% in this population and were associated
with low bone mineral density, fractures and a slightly below-average
height, but not with other clinical features of OI such as dentinogenesis
imperfecta or blue/grey sclera. Similarly, a case report of a Greek fa-
mily suggested that some glycine substitutions caused by COL1A2
mutations can have such mild effects that they do not cause a detectable
phenotype in heterozygous individuals, but lead to OI when homo-
zygous [41]. Glycine substitutions in COL1A2 have also been reported
in adults who were assessed for early onset osteoporosis but who were
not thought to have OI prior to genetic testing [38].

5. Bone fragility caused by variants in other osteoblast genes

Variants in genes involved in a variety of osteoblast/osteocyte
functions other than collagen type I production or variants in genes that
are expressed in the osteoblast lineage but do not have a well-char-
acterized function can also cause Mendelian bone fragility disorders.
LRP5 and WNT1 are the most frequently studied genes in this category,
as they are key components of the WNT signaling pathway, which has a
major importance for bone development and maintenance [42]. Var-
iants in or close to LRP5 are consistently identified by GWAS studies as
a determinant of bone density and fractures [43,44].

It has been known for almost two decades that bi-allelic loss of
function mutations in LRP5 cause osteoporosis-pseudoglioma syn-
drome, a disorder that is characterized by ocular manifestations in
addition to severe bone fragility [45]. It was noted at the same time that
heterozygous parents of individuals with osteoporosis-pseudoglioma
syndrome have low bone mineral density and increased fracture risk
[45]. Heterozygous loss of function mutations in LRP5 were later also
identified as a cause of osteoporosis and fractures in children and young
adults [21,38,46]. In vitro assays have demonstrated that such muta-
tions decrease the activity of WNT signaling [38,46].

WNT1 has long been regarded as a gene that is essential for brain
development, as the Wnt1 deficient mouse has severe brain abnorm-
alities [47]. However, humans with biallelic loss of function mutations
in WNT1 consistently have severe bone fragility and only some of these
individuals seem to have structural brain abnormalities [48–50]. Het-
erozygous family members of individuals with severe bone fragility
caused by homozygous WNT1mutations have low bone mineral density
and mild bone fragility [48,51,52]. WNT1 seems to control the activity
of bone formation in osteoblasts mainly through its action in osteocytes
[53].

Inactivating PLS3 mutations cause an X-linked form of monogenic
bone fragility that usually causes more severe clinical manifestations in
hemizygous males than in heterozygous females [54]. PLS3 is highly
expressed in cells of the osteoblast lineage and is thought to be involved
in mechanosensing [54,55]. There is also evidence that plastin 3, the
protein encoded by PLS3, plays a role in osteoclasts [56].

Other genes associated with monogenic bone fragility code for
transcription factors (SP7 [57]), proteins that are involved in the os-
teoblast stress response (CREB3L1, MBTPS2 [58]), enzymes regulating
sphingomyelin metabolism (SGMS2 [59]) and proteins that do not have
a well-characterized function (IFITM5 [60], FAM46A [61]).

5.1. Implications for adult osteoporosis

It is conceivable that rare variants in LRP5 and WNT1 cumulatively
are a relatively frequent cause of monogenic bone fragility. The
gnomAD database lists more than 700 rare variants (allele frequency of
0.2% or lower) in LRP5 and more than 130 rare variants in WNT1 that
are only observed in heterozygous fashion and that lead to premature
termination codons or amino acid substitutions. The cumulative allele

Table 2
Heterozygous COL1A1 variants in the gnomAD database that are predicted to
cause OI. The cumulative allele frequency of these variants is 0.018%.

Transcript consequence Protein consequence Allele
frequency

In OI variant
databasea

Triple-helical glycine substitutions at the Gly-X-Y position
c.545G > T p.Gly182Val 7.98E-06 n
c.554G > T p.Gly185Val 3.99E-06 n
c.2210G > C p.Gly737Ala 3.19E-05 n
c.2273G > C p.Gly758Ala 3.19E-05 n
c.3101G > A p.Gly1034Asp 3.99E-06 n
c.3469G > A p.Gly1157Ser 8.06E-06 n

Haploinsufficiency or splice defects
c.253dupG p.Glu85GlyfsTer84 3.99E-06 n
c.903+ 1G > A 3.98E-06 y
c.1008delC p.Thr337ProfsTer204 4.66E-06 n
c.1056+2 T > C 3.54E-05 n
c.1792C > T p.Arg598Ter 4E-06 y
c.1876-1G > A 3.98E-06 n
c.2073delT p.Gly692ValfsTer74 4.32E-06 y
c.2089C > T p.Arg697Ter 3.19E-05 y

a Web address: https://www.le.ac.uk/ge/collagen/.

Table 3
Heterozygous COL1A2 variants in the gnomAD database that are predicted to
cause OI. All variants are predicted to lead to glycine substitutions at the Gly-X-
Y position in the triple-helical domain. The cumulative allele frequency of these
variants is 0.032%.

Transcript consequence Protein
consequence

Allele
frequency

In OI variant
databasea

c.271G > A p.Gly91Arg 4.00E-06 n
c.298G > A p.Gly100Ser 7.07E-06 n
c.316G > A p.Gly106Arg 3.98E-06 n
c.352G > A p.Gly118Ser 3.98E-06 n
c.451G > A p.Gly151Arg 3.98E-06 n
c.487G > A p.Gly163Ser 3.98E-06 n
c.515G > T p.Gly172Val 3.98E-06 n
c.533G > A p.Gly178Asp 3.98E-06 n
c.577G > A p.Gly193Ser 3.98E-06 y
c.613G > A p.Gly205Ser 3.19E-05 n
c.614G > C p.Gly205Ala 3.98E-06 n
c.658G > A p.Gly220Ser 3.98E-06 n
c.659G > C p.Gly220Ala 3.98E-06 n
c.668G > A p.Gly223Glu 1.19E-05 n
c.694G > A p.Gly232Ser 3.98E-06 n
c.713G > A p.Gly238Glu 3.98E-06 n
c.793G > A p.Gly265Ser 3.18E-05 n
c.830G > C p.Gly277Ala 1.19E-05 n
c.838G > A p.Gly280Ser 7.95E-06 y
c.1199G > C p.Gly400Ala 3.98E-06 n
c.1423G > A p.Gly475Ser 3.99E-06 n
c.1522G > A p.Gly508Ser 7.95E-06 n
c.1874G > C p.Gly625Ala 4.59E-06 n
c.2027G > C p.Gly676Ala 3.98E-06 n
c.2071G > C p.Gly691Arg 3.19E-05 n
c.2251G > A p.Gly751Ser 4.07E-06 y
c.2701G > A p.Gly901Ser 3.98E-06 y
c.2711G > C p.Gly904Ala 1.99E-05 n
c.2755G > A p.Gly919Ser 3.98E-05 y
c.2755G > C p.Gly919Arg 3.98E-06 n
c.2881G > A p.Gly961Ser 4.03E-06 n
c.2882G > T p.Gly961Val 8.06E-06 n
c.2908G > A p.Gly970Ser 4.06E-06 n
c.3142G > A p.Gly1048Ser 3.98E-06 n
c.3187G > A p.Gly1063Arg 3.99E-06 n
c.3196G > A p.Gly1066Ser 3.99E-06 n
c.3241G > A p.Gly1081Ser 8.01E-06 n
c.3305G > A p.Gly1102Asp 3.98E-06 y

a Web address: https://www.le.ac.uk/ge/collagen/.
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frequency of these rare LRP5 and WNT1 variants is about 2.4%, in-
dicating that close to 5% of the apparently healthy adult study parti-
cipants are carriers of such variants. Several of the listed LRP5 and
WNT1 missense variants have been demonstrated to decrease WNT
signaling by in vitro testing [38,46,50]. Thus, even if only a portion of
these LRP5 and WNT1 variants give rise to monogenic bone fragility,
such variants could make a substantial contribution to fracture in-
cidence in the population.

6. Conclusions

Genetic studies on Mendelian bone fragility disorders in the past
have mainly focussed on situations with high fracture rates during
childhood and that gave rise to an OI phenotype. As almost all in-
dividuals with a typical OI phenotype now have a detectable variant in
one of the known OI-associated genes, new causes of monogenic bone
fragility are therefore more likely to be discovered by studying in-
dividuals who do not have a typical OI phenotype. Conversely, evidence
is emerging that what appears as primary osteoporosis based on clinical
appearance in fact can be due to mutations in bona fide OI genes. As
sequencing studies are more widely performed in individuals with
milder bone fragility phenotypes, the distinction between OI and pri-
mary osteoporosis is likely to blur further.
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