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new possibilities, but also new challenges. Guidelines are 
needed to implement this new genetic knowledge to clin-
ical patient care and to guide genetic investigations in af-
fected families.  © 2015 S. Karger AG, Basel 

 Introduction 

 The term childhood-onset primary osteoporosis is 
used to describe a child with osteoporosis and no known 
underlying disease that can explain bone fragility  [1] . Ef-
forts have been made to decide upon diagnostic criteria, 
but reaching a univocal consensus has been difficult  [2] . 
The most important feature of all types of osteoporosis is 
that the bone tissue has a compromised strength and 
therefore a propensity to fracture  [3] . However, the un-
derlying mechanisms for osteoporosis often differ be-
tween adult- and childhood-onset osteoporosis, with the 
latter more often having a direct genetic cause  [4, 5] . Os-
teoporosis secondary to severe disease, hormonal imbal-
ances or abnormal nutritional status can affect patients of 
all ages, including children. This review focuses only on 
primary osteoporosis and regarding secondary osteopo-
rosis, we refer to other recent reviews that address the 
subject  [1, 6] .
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 Abstract 

 Recent developments in genetic technology have given us 
the opportunity to look at diseases in a new and more de-
tailed way. This Mini Review discusses monogenetic forms 
of childhood-onset primary osteoporosis, with the main 
 focus on osteoporosis caused by mutations in  WNT1  and 
 PLS3,  two of the most recently discovered genes underly-
ing early-onset osteoporosis. The importance of  WNT1  in 
the accrual and maintenance of bone mass through activa-
tion of canonical WNT signaling was recognized in 2013. 
WNT1 was shown to be a key ligand for the WNT-signaling 
pathway, which is of major importance in the regulation of 
bone formation. More recently, mutations in  PLS3,  located 
on the X chromosome, were shown to be the cause of X-
linked childhood-onset primary osteoporosis affecting 
mainly males. The function of  PLS3  in bone metabolism is 
still not completely understood, but it has been speculated 
to have an important role in mechanosensing by osteo-
cytes and in matrix mineralization. In this new era of genet-
ics, our knowledge on genetic causes of childhood-onset 
osteoporosis expands constantly. These discoveries bring 
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  Patients presenting with childhood-onset primary os-
teoporosis are often classified as having osteogenesis im-
perfecta (OI) or idiopathic juvenile osteoporosis (IJO) 
 [7] . The diagnosis IJO in its strictest meaning differs from 
other forms of childhood-onset osteoporosis in that IJO 
often takes a benign course with a spontaneous resolution 
after the child reaches puberty. Furthermore, IJO often 
has a distinct debut in the prepubertal child with skeletal 
pain from the back, hips and feet  [7, 8] . However, not all 
cases of IJO have a favorable prognosis and, in some pa-
tients, the disease continues into adulthood and can result 
in lifelong disability  [9] . OI is the term for a heteroge-
neous group of skeletal conditions, foremost character-

ized by susceptibility to fractures and is sometimes de-
scribed as ‘brittle bone disease’  [10] . This is a very inclu-
sive description of a disease, which also explains the 
heterogeneity within the group of OI regarding both its 
clinical presentation and the involved underlying mecha-
nisms. The term ‘childhood-onset primary osteoporosis’ 
is even more inclusive and comprises all children with 
osteoporosis not secondary to other diseases. Childhood-
onset primary osteoporosis includes IJO and OI, but also 
other forms of early-onset osteoporosis that sometimes 
are difficult to classify under any specific label. The diag-
nostic criteria for pediatric osteoporosis are presented in 
 figure 1 .

  Fig. 1.  Diagnostic criteria for osteoporosis in children. In the ab-
sence of vertebral compression fractures, both of the two main 
criteria need to be fulfilled before the diagnosis of osteoporosis can 
be made in a child. In the presence of one or more vertebral com-
pression fracture(s), the likelihood of osteoporosis is higher, and 
osteoporosis can be present without fulfillment of the two main 

criteria. Concerning the degree of trauma, there is no strict defini-
tion of what constitutes ‘mild-moderate trauma’, but as a general 
rule, fractures after falls from above 3 m heights or accidents with 
motorized vehicles should not be considered as fragility fractures. 
Clinically significant fracture history as defined by the ISCD guide-
lines  [2] . 
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  Childhood-Onset Primary Osteoporosis: 

A Genetically Heterogeneous Group 

 Today, there are 16 different genes described in which 
mutations can cause a phenotype classified as OI  [11] . 
Most of these genes code either for type I collagen or for 
proteins that are directly involved in the processing of 
type I collagen, which is the major protein in bone  [12] . 
Although OI is genetically heterogeneous, the great ma-
jority (approximately 90%) of patients diagnosed with OI 
have dominant mutations in either  COL1A1  or  COL1A2,  
encoding pro-α1(I) and pro-α2(I) chains of type I colla-
gen  [13] . While dominant forms are the most common, 
autosomal recessive and X-linked forms of OI are also 
known.

  In addition to these 16 genes causative of OI, defects 
related to the WNT signaling pathway can also result in 
childhood-onset osteoporosis. Biallelic loss-of-function 
mutations in the low-density lipoprotein receptor-related 
protein 5 gene  (LRP5)  were first described in osteoporo-
sis-pseudoglioma syndrome, an autosomal recessive dis-
ease characterized by childhood-onset osteoporosis and 
blindness  [14] . This was also the first finding suggesting 
that the WNT signaling pathway is of great importance in 
bone metabolism. LRP5 was known to be a co-receptor 
that together with another receptor, Frizzled (FZD), 
forms a complex necessary for canonical WNT signaling. 
The pathway’s key role in bone mass accrual is now 
known, and it has been shown that heterozygous muta-
tions, and less severe biallelic mutations, in  LRP5  can give 
rise to a milder phenotype of early-onset osteoporosis 
without the eye phenotype  [15] . Furthermore, genome-
wide association studies have shown that common single 

nucleotide polymorphisms in  LRP5  are associated with 
peak bone mass, bone mineral density (BMD) and frac-
ture risk in the general population  [16, 17] .

  OI Classification 

 The classification of OI patients into different sub-
groups continues to be a debated issue. In 1849, Vrolik 
first coined the name osteogenesis imperfecta  [18] , and 
in 1979, Sillence et al.  [19]  proposed a classification of OI 
patients into 4 different groups (OI I–IV). The classifica-
tion was based on inheritance pattern, clinical presenta-
tion and radiological findings and has since its publi-
cation been the accepted way to classify OI patients. 
However, along with the discovery of the various genetic 
causes of OI, every new gene discovered was given its 
own OI subgroup and number.  WNT1  mutations are 
now listed in OMIM as a cause of OI type XV  [20]  and, 
especially for clinicians, this expansion of the OI sub-
groups has become confusing. In 2010, a revision was 
made concerning the nosology and classification of ge-
netic skeletal disorders, and the committee recommend-
ed that the diagnosis and subclassification of OI should 
be made on phenotypic criteria and not on the exact mo-
lecular cause  [21] . In 2014, Van Dijk and Sillence  [11]  
proposed a classification of OI into 5 different groups (OI 
type I–V), together with descriptive names, again based 
on radiological and clinical characteristics ( table 1 ). OI 
type V is characterized by very specific radiological find-
ings, namely hyperplastic callus formation at fracture 
sites and calcification of the interosseous membrane of 
the forearm, and was therefore added to the original clas-

 Table 1.  Classification of OI

OI subtype Descriptive term Characteristic traits

OI type I Nondeforming OI with 
blue sclerae

Blue sclerae, often hearing impairment in young adulthood; usually of mild severity; 
dominant inheritance

OI type II Perinatal lethal form Rib fractures and severe long-bone deformities can be seen in the fetus; a very severe 
phenotype seldom compatible with life; includes both dominant and recessive forms

OI type III Progressively deforming Often fractures at birth, short stature, grayish sclerae and dentinogenesis imperfecta; 
the deformation of the skeleton progresses with age; includes both dominant and 
recessive forms

OI type IV Common variable OI with 
normal sclerae

The most heterogeneous group; severity often comparable to OI type I, but can be very 
variable; normal sclerae; most often dominant inheritance, but recessive and X-linked 
inheritance occurs

OI type V OI with calcification in 
interosseous membranes

Specific radiological findings include calcified interosseous membranes and hyperplastic 
callus formation; dentinogenesis imperfecta and Wormian bones are absent; dominant 
inheritance D
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sification  [22] . This revision of the OI classification is 
welcomed, especially by clinicians.

  The characteristic traits most commonly associated 
with OI are skeletal fragility and extraskeletal features, 
including distinct blue hue of the sclerae and hearing im-
pairment  [23] . These characteristics are typical for pa-
tients with OI type I, which is also the group that com-
prises most of the OI patients. Interestingly, the first 
group of OI patients described by Ekman  [24]  in 1788 did 
not show these extraskeletal characteristics, again illus-
trating the broadness of the OI spectrum and the chal-
lenges in deciding on a uniform classifying system.

  WNT1 and the WNT Signaling Pathway 

  WNT1  (Wingless-Type MMTV Integration Site Family, 
Member 1) is one of the most recently discovered genes in 
which mutations can cause childhood-onset primary osteo-
porosis. WNT1 functions as a key ligand in the canonical 
WNT signaling pathway, which, as previously discussed, is 
one of the most important signaling pathways in bone reg-
ulation  [25]  ( fig. 2 ). WNT1 promotes bone formation by 
binding to the LRP5-FZD receptor complex and thereby 
activates the canonical WNT signaling pathway  [26] .

  WNT1 belongs to a family of 19 WNT proteins, many 
of which participate in fetal skeletal development and 
maintenance of postnatal bone health  [26] . In the develop-
ing bone, WNT proteins ensure proper maturation and 
proliferation of bone cells by preventing the commitment 
of mesenchymal stem cells to chondrogenic and adipogen-
ic lineages and by promoting their differentiation to osteo-
blasts and osteocytes  [27, 28] . WNT proteins also regulate 
osteoclastogenesis, both directly in an autocrine fashion 
and indirectly through osteoblasts  [29] . However, WNT 
signaling is not only important for bone health, it is a sig-
naling pathway known to regulate a wide range of devel-
opmental processes in various organs, especially during 
embryonic development. WNT proteins were first recog-
nized for their role in oncogenesis, where aberrant WNT 
signaling can be linked to tumorigenesis and is implicated 
in many forms of cancers  [30] . WNT signaling has also 
been shown to be involved in the development of the cen-
tral nervous system. A murine mouse model, the swaying 
mouse, was known to exhibit severe cerebellar defects, 
which in 1991 was shown to be due to a homozygous 
 WNT1  mutation  [31] . The swaying mouse was described 
in 1967, but it was only after the first reports on WNT1 os-
teoporosis that its skeletal phenotype was characterized 
and shown to display significant osteoporosis  [32] .

  WNT1 Osteoporosis 

 To date, primary osteoporosis due to  WNT1  muta-
tions has only been described in 10 families worldwide, 
the largest of these families involving 10 affected individ-
uals  [25] .  WNT1  mutations leading to bone fragility in-
clude both homozygous autosomal recessive and hetero-
zygous autosomal dominant mutations  [25, 33, 34] . While 
much of the molecular and clinical characteristics of 
WNT1 osteoporosis remain to be solved, reviews of pa-
tient histories, clinical evaluations and imaging studies 
have given insight into the main characteristics of WNT1 
osteoporosis.

  All  WNT1  mutations seem to lead to a reduction in 
bone mass as a consequence of decreased WNT signaling. 
The severity of osteoporosis varies greatly depending on 
the extent to which WNT1 signaling is affected. Laine et 

  Fig. 2.  The role of WNT1 in the WNT signaling pathway. In the 
mature bone, WNT1 signals in osteoblasts and osteocytes via the 
WNT signaling pathway. Signaling is initiated by binding of 
WNT1 to the receptor complex consisting of LRP5 and Frizzled. 
The binding of WNT1 activates an intracellular pathway that in-
hibits proteosomal degradation of β-catenin. Accumulating β-ca-
tenin translocates to the nucleus to control target gene expression 
that ultimately leads to increased bone formation and decreased 
bone resorption. 
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al.  [25]  described two siblings with severe skeletal pheno-
type with prenatal onset due to homozygous stop-gain 
mutations in  WNT1.  One of the children sustained her 
first fracture in utero, and also developed severe intellec-
tual disability. Her MRI showed hypoplasia of the left 
 cerebellar hemisphere, potentially related to the role of 
WNT1 in the development of the central nervous system. 
Both siblings showed severe long bone and spinal defor-
mities and short stature. Other groups described similar 
findings in children with homozygous and compound 
heterozygous mutations in  WNT1   [33–35] . Meanwhile, 
WNT1 osteoporosis caused by heterozygous loss-of-
function mutations, resulting in less severely diminished 
WNT signaling, seem to result in milder forms of prima-
ry osteoporosis  [25, 33] . These patients are characterized 
by early-onset and progressive osteoporosis and multiple 
fractures, affecting mainly the spine, but with normal 
growth and only slightly shortened stature due to kypho-
sis. Other extraskeletal features, as well as abnormal bio-
chemical findings, are usually not present  [25] .

  Assessment of bone biopsies supports the role of 
WNT1 in osteoblast differentiation and function. Laine 
et al.  [25]  described histomorphometric findings in trans-
iliac bone biopsies in 3 subjects with a heterozygous 
 WNT1  mutation. All had significantly reduced bone 
turnover with low osteoblast and osteoclast numbers and 
activity. Keupp et al.  [33]  used XtremeCT to analyze 5 
patients with heterozygous  WNT1  mutations and could 
describe a reduction in relative bone volume, cortical 
thickness and trabecular density.

  Treatment of WNT1 osteoporosis with bisphospho-
nates has been evaluated in a few patients, but remains to 
be further investigated. Palomo et al.  [34]  analyzed the 
effects of intravenous bisphosphonate treatment in 4 chil-

dren with WNT1 osteoporosis. The authors described a 
slight increase in BMD and reshaping of compressed ver-
tebrae as a result of treatment. However, the results did 
vary and were not as good as seen when treating patients 
with other forms of OI. Further studies on pharmacolog-
ical treatment of WNT1 osteoporosis need to be conduct-
ed before any conclusions can be drawn.

   PLS3:  A Gene with Unknown Function 

 Mutations in  PLS3  have recently been shown to be a 
cause of childhood-onset osteoporosis. Due to the gene’s 
X-chromosomal location,  PLS3  mutations affect male pa-
tients in a more severe manner than female patients  [36] . 
The gene codes for the protein Plastin 3, an actin-binding 
and actin-bundling protein that is expressed in almost all 
solid tissues in the human body, and which is thought to be 
involved in cytoskeleton remodeling. Studies of the  amino 
acid sequence of Plastin 3 identify 4 different  domains: 2 
calcium-binding and 2 actin-binding domains  [37]  ( fig. 3 ). 
The 2 actin-binding domains can bind to separate actin 
filaments and, upon binding, the 2 actin filaments are 
cross-linked, forming bundles  [38] . The actin-bundling 
properties of Plastin 3   have often been in focus, but exper-
iments from Lyon et al.  [39]  suggest that the calcium-bind-
ing domains are the true effector domains and that Platstin 
3 can function without interacting with actin filaments.

  However, the function of  PLS3  in bone is still unknown. 
Van Dijk et al.  [36]  suggested that Plastin 3 is involved in 
the process of mechanosensing, converting applied me-
chanical loading forces into molecular signals that are 
then interpreted by the cells. This suggestion is based on 
the observation that the chicken homologue of  PLS3  is 

  Fig. 3.  Structure of Plastin 3. The actin cy-
toskeleton is important for cell migration 
and adhesion, but also for controlling cel-
lular shape and endo-/exocytosis. Plastin 3 
is thought to be involved in the modifica-
tion of the cytoskeleton via interaction with 
actin filaments. Upon binding of ABD1 
and ABD2 to individual actin filaments, 
Plastin 3 can cross-link the filaments, 
forming actin bundles. By this action, Plas-
tin 3 could potentially be involved in many 
cellular processes, but the function of Plas-
tin 3 in bone is still unknown. EF-hands 1 
and 2 are the two calcium-binding do-
mains. ABD = Actin-binding domains; 
CH = calponin homology domain. 
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strongly expressed in the osteocytic dendrites, and it is the 
osteocytic dendrites that are thought to be most important 
for the osteocytes’ mechanosensitivity. However, there are 
other suggestions for the function of Plastin 3 in the skel-
eton as well. Fahiminiya et al.  [40]  studied 4 boys with 
 PLS3  mutations and childhood-onset osteoporosis. The 
authors evaluated transiliac bone biopsies from 2 of them 
and saw evidence of low osteoid maturation time, suggest-
ing that Plastin 3 could be involved in the mineralization 
process. The authors also described a low amount of tra-
becular bone but with a normal lamellation pattern, which 
is in accordance with what Laine et al.  [41]  reported from 
bone biopsies of 5 patients with  PLS3  mutations.

   PLS3  Mutations: A Male Kind of Osteoporosis 

 While patients with mutations in  PLS3  are character-
ized by low BMD, frequent peripheral fractures and verte-
bral compression fractures, they otherwise appear com-
pletely healthy. Biochemical measurements of affected pa-
tients have shown normal serum calcium and phosphate 
levels, urinary bone turnover markers within the normal 
range and no evidence of hypercalciuria  [40, 41] . Extraskel-
etal features that are often associated with OI such as blue 
sclerae, discolored teeth, joint hyperlaxity or short stature, 
are usually absent. To date, only 8 families with childhood-
onset primary osteoporosis due to  PLS3  mutations have 
been described, and the majority of the severely affected 
individuals are males  [36, 40, 41] . Due to its location on the 
X chromosome, males have only one copy of  PLS3 , which 
explains why males can present with a more severe pheno-
type than females. Female patients also have a much more 
variable clinical presentation, as the female phenotypic 
spectrum ranges from mild osteopenia to symptomatic 
childhood-onset osteoporosis, resembling that of the male 
patients  [41] . While several patients with osteoporosis due 
to  PLS3  mutations have received bisphosphonate treat-
ment and shown significant improvement in BMD, some-
times even with normalization of their BMD  [36] , it has 
also been reported that much of the gain in BMD is lost 
after discontinuation of the treatment  [40] .

  Genetic Investigation of Childhood-Onset 

Osteoporosis 

 Childhood-onset osteoporosis can have many causes. 
In this review, we have focused on osteoporosis resulting 
from an inherited monogenic error, but secondary causes 

must always be excluded before a diagnosis of primary 
osteoporosis can be made. Children with recurrent frac-
tures often have adverse dietary or lifestyle factors that 
need to be corrected before the diagnosis of primary os-
teoporosis can be made and detailed genetic analyses are 
justified  [42] . A routine primary investigation, where the 
family history is of special importance, will shed light on 
possible causes. Transiliac bone biopsies can also be of 
help when investigating a child with osteoporosis, al-
though interpretation of the results can be challenging 
and requires expertise  [43] . Patients with various forms 
of OI have a fairly well-characterized histomorphometric 
profile  [44] . Bone biopsies in patients with  PLS3  and 
 WNT1  mutations show low-turnover osteoporosis  [25, 
41] . Bone biopsies also help to exclude osteomalacia and 
guide in treatment decisions  [43] . If   genetic etiology is 
suspected based on these investigations, we recommend 
that the patient undergoes a genetic evaluation.

  Suggestion for Genetic Screening 

 A complete and thorough examination of a patient 
with childhood-onset osteoporosis is helpful to deter-
mine the exact underlying genetic cause. However, at the 
individual level, the clinical presentation can vary greatly 
even within groups of patients with the same genetic mu-
tation. Inheritance patterns can be of help in the genetic 
investigation, but in practice, it is almost impossible to 
guess which gene is damaged in each specific case. In-
stead, we believe that it is wise to make use of the technol-
ogy at hand and search with a wide screen at an early stage 
( fig. 4 ). As about 90% of all patients with OI have muta-
tions in  COL1A1  or  COL1A2,  we recommend the screen-
ing of these 2 genes first. If no mutations can be found in 
these genes and the suspicion of a genetic etiology is 
strong, a wide genetic screening is further recommended. 
One option is to use a gene panel, which, in parallel, can 
sequence all known genes underlying an OI-like pheno-
type. A gene panel can be constructed by designing a spe-
cific capture kit that only targets the genes of interest, and 
then only the captured DNA library is sequenced. An-
other possibility is to perform whole-exome sequencing 
or whole-genome sequencing and then run the sequenc-
ing data through a customized filter, where only muta-
tions of known clinical importance pass through. How-
ever, creating a smooth workflow concerning the genetic 
investigation for these patients can only be done at cen-
ters specialized in genetic investigations. Not only is the 
expertise in interpreting the results needed, but also an 
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infrastructure for both computational resources and se-
quencing facilities is required. At least patients with a 
clear family history of early-onset osteoporosis would 
benefit from a thorough genetic investigation, as identi-
fication of the defective gene can help to establish long-
term prognosis, enable accurate genetic counseling and 
may influence treatment decisions.

  Treatment Possibilities 

 Today, the pharmacological treatment possibilities for 
children with primary osteoporosis are still limited, de-
spite the increasing knowledge of the underlying molecu-
lar pathology. All patients with osteoporosis require ad-
vice regarding physical activity and optimal diet. Vitamin 
D supplements are often required to treat or prevent vi-
tamin D deficiency  [1] . The diet should preferably be the 
only source of calcium, but nevertheless, supplements are 
sometimes needed. As of yet, pharmacological treatment 
has almost exclusively consisted of bisphosphonate treat-
ment, either intravenously or orally. These drugs have 
 become a widely accepted treatment in children with 
 primary osteoporosis, despite the small number of ran-

domized studies that have evaluated the effects of bis-
phosphonates in children. However, the existing evidence 
suggests that this approach is justified, at least for certain 
patients  [45–47] .

  Even if the treatment possibilities are still limited, this 
might change in the near future. The more we learn about 
the underlying mechanisms, the closer we are to the de-
velopment of specific treatments that can target the exact 
molecular etiology of the disease. This also means that it 
will be increasingly more important to get the correct mo-
lecular diagnosis for each patient. An example of a new 
osteoporosis treatment under development is the anti-
sclerostin antibody, which has shown very promising re-
sults so far and is expected to reach the market in a few 
years  [48] . Sclerostin is a bone-derived protein that nor-
mally inhibits canonical WNT signaling in the adult bone. 
Sclerostin binds to LRP5, preventing the LRP5-FZD 
 complex from initiating canonical WNT signaling. By 
blocking this inhibitor with an antibody, canonical WNT 
signaling is amplified and bone formation favored. The 
significant role of sclerostin in the regulation of bone for-
mation was first discovered when defects in the sclerostin 
gene were shown to underlie two diseases with severe hy-
perostosis, namely sclerosteosis and van Buchem disease 

  Fig. 4.  Genetic evaluation of a child with primary osteoporosis. 
This flow chart represents a suggestion of how to conduct a ge-
netic investigation in a child with primary osteoporosis, after a 
careful phenotyping has been performed. The two genes  COL1A1  
and  COL1A2  should be screened first, and if no mutations in these 

genes can be identified and the suspicion of an underlying genetic 
cause is strong, we further recommend genetic screening for a 
number of genes related to OI  [11, 21, 25, 33, 35, 36, 40, 41, 50–63] . 
However, this is a resource-demanding approach and therefore 
not applicable in all clinics .  
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 [26] . Sclerostin is specifically produced and secreted by 
mature osteocytes and can modulate WNT signaling in 
the surrounding bone cells via diffusion through the la-
cuno-canalicular network  [26] . This osteocyte-specific 
expression profile is also the reason why sclerostin is such 
a favorable drug target. Anti-sclerostin antibodies have 
not been tested in a pediatric setting, but it would be ap-
pealing to think that the patients with childhood-onset 
primary osteoporosis due to decreased WNT signaling 
(e.g.  LRP5  and  WNT1  mutations) could benefit greatly 
from this treatment  [49] . Based on these recent develop-
ments, it is reasonable to think that we are heading in the 
direction of personalized medicine – where specific mo-
lecular defects are treated with specific drugs.

  Conclusions 

 In summary, childhood-onset primary osteoporosis is 
a term for a genetically heterogeneous group of patients, 
comprising all children with osteoporosis not secondary 
to other diseases. A complete genetic investigation of pa-
tients with this condition is recommended, at least for af-

fected patients with a family history of early-onset osteo-
porosis. The pharmacological treatment options are still 
limited, and evidence of their efficacy and safety in chil-
dren is scarce. However, during the last decade, we have 
seen a dramatic increase in the knowledge on the under-
lying mechanisms in childhood-onset primary osteopo-
rosis, and this gives reason for optimism regarding im-
provements in the care of affected children.

  Acknowledgements 

 Our research is financially supported by the European Society 
for Paediatric Endocrinology Research Unit, the Swedish Research 
Council, the Swedish Childhood Cancer Foundation, the Acade-
my of Finland, the Sigrid Jusélius Foundation, the Folkhälsan Re-
search Foundation, the Novo Nordisk Foundation, the Helsinki 
University Hospital research funds, and through the regional 
agreement on medical training and clinical research (ALF) be-
tween Stockholm County Council and Karolinska Institutet.

  Disclosure Statement 

 All authors state that they have no conflicts of interest.
 

 References 

  1 Makitie O: Causes, mechanisms and man-
agement of paediatric osteoporosis. Nat Rev 
Rheumatol 2013;   9:   465–475. 

  2 Bishop N, Arundel P, Clark E, et al: Fracture 
prediction and the definition of osteoporosis 
in children and adolescents: the ISCD 2013 
Pediatric Official Positions. J Clin Densitom 
2014;   17:   275–280. 

  3 NIH Consensus Development Panel on Os-
teoporosis Prevention, Diagnosis and Thera-
py: Osteoporosis prevention, diagnosis, and 
therapy. JAMA 2001;   285:   785–795. 

  4 Glorieux FH, Rowe D: Osteogenesis imper-
fecta; in Glorieux FH, Pettifor JM, Jüppner H 
(eds): Pediatric Bone, ed 2. Amsterdam, Else-
vier, 2012, pp 511–539. 

  5 Richards JB, Zheng HF, Spector TD: Genetics 
of osteoporosis from genome-wide associa-
tion studies: advances and challenges. Nat Rev 
Genet 2012;   13:   576–588. 

  6 Papapoulos SE: Bisphosphonate therapy in 
children with secondary osteoporosis. Horm 
Res Paediatr 2011;   76:   24–27. 

  7 Krassas GE: Idiopathic juvenile osteoporosis. 
Ann NY Acad Sci 2000;   900:   409–412. 

  8 Dent CE: Osteoporosis in childhood. Post-
grad Med J 1977;   53:   450–457. 

  9 Smith R: Idiopathic juvenile osteoporosis: ex-
perience of twenty-one patients. Br J Rheu-
matol 1995;   34:   68–77. 

 10 Marini JC: Osteogenesis imperfecta; in Rosen 
CJ (ed): Primer on the Metabolic Bone Diseas-
es and Disorders of Mineral Metabolism, ed 8. 
Ames, John Wiley & Sons, 2013, pp 822–829. 

 11 Van Dijk FS, Sillence DO: Osteogenesis im-
perfecta: clinical diagnosis, nomenclature and 
severity assessment. Am J Med Genet A 2014;  
 164A:1470–1481. 

 12 Boskey AL, Robey PG: The composition of 
bone; in Rosen CJ (ed): Primer on the Meta-
bolic Bone Diseases and Disorders of Mineral 
Metabolism, ed 8. Ames, John Wiley & Sons, 
2013, pp 49–58. 

 13 van Dijk FS, Cobben JM, Kariminejad A, 
Maugeri A, Nikkels PG, van Rijn RR, Pals G: 
Osteogenesis imperfecta: a review with clini-
cal examples. Mol Syndromol 2011;   2:   1–20. 

 14 Gong Y, Slee RB, Fukai N, et al: LDL receptor-
related protein 5 (LRP5) affects bone accrual 
and eye development. Cell 2001;   107:   513–523. 

 15 Saarinen A, Saukkonen T, Kivela T, et al: Low 
density lipoprotein receptor-related protein 5 
(LRP5) mutations and osteoporosis, impaired 
glucose metabolism and hypercholesterolae-
mia. Clin Endocrinol (Oxf) 2010;   72:   481–488. 

 16 Estrada K, Styrkarsdottir U, Evangelou E, et 
al: Genome-wide meta-analysis identifies 56 
bone mineral density loci and reveals 14 loci 
associated with risk of fracture. Nat Genet 
2012;   44:   491–501. 

 17 Saarinen A, Valimaki VV, Valimaki MJ, Loyt-
tyniemi E, Auro K, Uusen P, Kuris M, Lehes-
joki AE, Makitie O: The A1330V polymor-
phism of the low-density lipoprotein recep-
tor-related protein 5 gene (LRP5) associates 
with low peak bone mass in young healthy 
men. Bone 2007;   40:   1006–1012. 

 18 Smårs G, Beckman L, Book JA: Osteogenesis 
imperfecta and blood groups. Acta Genet 
1961;   11:   133–136. 

 19 Sillence DO, Senn A, Danks DM: Genetic het-
erogeneity in osteogenesis imperfecta. J Med 
Genet 1979;   16:   101–116. 

 20 Online Mendelian Inheritance in Man, 
OMIM ® .  MIM Number: 164820 (last edited 
March 9, 2014). Baltimore, Johns Hopkins 
University. www.omim.org. 

 21 Warman ML, Cormier-Daire V, Hall C, et al: 
Nosology and classification of genetic skeletal 
disorders: 2010 revision. Am J Med Genet A 
2011;   155A:943–968. 

 22 Glorieux FH, Rauch F, Plotkin H, et al: Type 
V osteogenesis imperfecta: a new form of 
 brittle bone disease. J Bone Miner Res 2000;  
 15:   1650–1658. 

 23 Rauch F, Glorieux FH: Osteogenesis imper-
fecta. Lancet 2004;   363:   1377–1385. 

 24 Ekman OJ: The classic – congenital osteoma-
lacia. Clin Orthop Relat Res 1981:   3–5. 

D
ow

nloaded from
 http://w

w
w

.karger.com
/hrp/article-pdf/84/6/361/2937464/000439566.pdf by guest on 24 April 2024

http://dx.doi.org/10.1159%2F000439566


 New Genetic Forms of Childhood-Onset 
Primary Osteoporosis 

 Horm Res Paediatr 2015;84:361–369 
DOI: 10.1159/000439566

369

 25 Laine CM, Joeng KS, Campeau PM, et al: 
WNT1 mutations in early-onset osteoporosis 
and osteogenesis imperfecta. N Engl J Med 
2013;   368:   1809–1816. 

 26 Baron R, Kneissel M: WNT signaling in bone 
homeostasis and disease: from human muta-
tions to treatments. Nat Med 2013;   19:   179–
192. 

 27 Hill TP, Spater D, Taketo MM, Birchmeier W, 
Hartmann C: Canonical Wnt/beta-catenin 
signaling prevents osteoblasts from differen-
tiating into chondrocytes. Dev Cell 2005;   8:  
 727–738. 

 28 Day TF, Guo X, Garrett-Beal L, Yang Y: Wnt/
beta-catenin signaling in mesenchymal pro-
genitors controls osteoblast and chondrocyte 
differentiation during vertebrate skeletogen-
esis. Dev Cell 2005;   8:   739–750. 

 29 Glass DA 2nd, Bialek P, Ahn JD, et al: Ca-
nonical Wnt signaling in differentiated osteo-
blasts controls osteoclast differentiation. Dev 
Cell 2005;   8:   751–764. 

 30 Klaus A, Birchmeier W: Wnt signalling and 
its impact on development and cancer. Nat 
Rev Cancer 2008;   8:   387–398. 

 31 Thomas KR, Musci TS, Neumann PE, 
Capecchi MR: Swaying is a mutant allele of 
the proto-oncogene Wnt-1. Cell 1991;   67:  
 969–976. 

 32 Joeng KS, Lee YC, Jiang MM, et al: The sway-
ing mouse as a model of osteogenesis imper-
fecta caused by WNT1 mutations. Hum Mol 
Genet 2014;   23:   4035–4042. 

 33 Keupp K, Beleggia F, Kayserili H, et al: Muta-
tions in WNT1 cause different forms of bone 
fragility. Am J Hum Genet 2013;   92:   565–574. 

 34 Palomo T, Al-Jallad H, Moffatt P, Glorieux 
FH, Lentle B, Roschger P, Klaushofer K, 
Rauch F: Skeletal characteristics associated 
with homozygous and heterozygous WNT1 
mutations. Bone 2014;   67:   63–70. 

 35 Pyott SM, Tran TT, Leistritz DF, et al: WNT1 
mutations in families affected by moderately 
severe and progressive recessive osteogenesis 
imperfecta. Am J Hum Genet 2013;   92:   590–
597. 

 36 van Dijk FS, Zillikens MC, Micha D, et al: 
PLS3 mutations in X-linked osteoporosis 
with fractures. N Engl J Med 2013;   369:   1529–
1536. 

 37 The Uniprot Consortium: P13797 – PLST_
HUMAN (accessed May 29, 2015). www.uni-
prot.org. 

 38 Volkmann N, DeRosier D, Matsudaira P, Ha-
nein D: An atomic model of actin filaments 
cross-linked by fimbrin and its implications 
for bundle assembly and function. J Cell Biol 
2001;   153:   947–956. 

 39 Lyon AN, Pineda RH, Hao le T, Kudryashova 
E, Kudryashov DS, Beattie CE: Calcium bind-

ing is essential for plastin 3 function in Smn-
deficient motoneurons. Hum Mol Genet 
2014;   23:   1990–2004. 

 40 Fahiminiya S, Majewski J, Al-Jallad H, Mof-
fatt P, Mort J, Glorieux FH, Roschger P, 
Klaushofer K, Rauch F: Osteoporosis caused 
by mutations in PLS3: clinical and bone tissue 
characteristics. J Bone Miner Res 2014;   29:  
 1805–1814. 

 41 Laine CM, Wessman M, Toiviainen-Salo S, et 
al: A novel splice mutation in PLS3 causes X-
linked early onset low-turnover osteoporosis. 
J Bone Miner Res 2015;   30:   510–518. 

 42 Mayranpaa MK, Viljakainen HT, Toiviainen-
Salo S, Kallio PE, Makitie O: Impaired bone 
health and asymptomatic vertebral compres-
sions in fracture-prone children: a case-con-
trol study. J Bone Miner Res 2012;   27:   1413–
1424. 

 43 Mayranpaa MK, Tamminen IS, Kroger H, 
Makitie O: Bone biopsy findings and correla-
tion with clinical, radiological, and biochemi-
cal parameters in children with fractures. J 
Bone Miner Res 2011;   26:   1748–1758. 

 44 Rauch F, Travers R, Parfitt AM, Glorieux FH: 
Static and dynamic bone histomorphometry 
in children with osteogenesis imperfecta. 
Bone 2000;   26:   581–589. 

 45 Baroncelli GI, Bertelloni S: The use of bis-
phosphonates in pediatrics. Horm Res Paedi-
atr 2014;   82:   290–302. 

 46 Dwan K, Phillipi CA, Steiner RD, Basel D: 
Bisphosphonate therapy for osteogenesis im-
perfecta. Cochrane Database Syst Rev 2014;  
 7:CD005088. 

 47 Rijks EB, Bongers BC, Vlemmix MJ, Boot 
AM, van Dijk AT, Sakkers RJ, van Brussel M: 
Efficacy and safety of bisphosphonate therapy 
in children with osteogenesis imperfecta: a 
systematic review. Horm Res Paediatr 2015;  
 84:   26–42. 

 48 McClung MR, Grauer A, Boonen S, et al: Ro-
mosozumab in postmenopausal women with 
low bone mineral density. N Engl J Med 2014;  
 370:   412–420. 

 49 Kedlaya R, Veera S, Horan DJ, et al: Sclerostin 
inhibition reverses skeletal fragility in an 
Lrp5-deficient mouse model of OPPG syn-
drome. Sci Transl Med 2013;   5:   211ra158. 

 50 Symoens S, Malfait F, D’Hondt S, et al: Defi-
ciency for the ER-stress transducer OASIS 
causes severe recessive osteogenesis imper-
fecta in humans. Orphanet J Rare Dis 2013;   8:  
 154. 

 51 Volodarsky M, Markus B, Cohen I, Staretz-
Chacham O, Flusser H, Landau D, Shelef I, 
Langer Y, Birk OS: A deletion mutation in 
TMEM38B associated with autosomal reces-
sive osteogenesis imperfecta. Hum Mutat 
2013;   34:   582–586. 

 52 Shaheen R, Alazami AM, Alshammari MJ, et 
al: Study of autosomal recessive osteogenesis 
imperfecta in Arabia reveals a novel locus de-
fined by TMEM38B mutation. J Med Genet 
2012;   49:   630–635. 

 53 Semler O, Garbes L, Keupp K, et al: A muta-
tion in the 5 ′ -UTR of IFITM5 creates an in-
frame start codon and causes autosomal-
dominant osteogenesis imperfecta type V 
with hyperplastic callus. Am J Hum Genet 
2012;   91:   349–357. 

 54 Saarinen A, Mayranpaa MK, Lehesjoki AE, 
Makitie O: Low-density lipoprotein receptor-
related protein 5 (LRP5) variation in fracture 
prone children. Bone 2010;   46:   940–945. 

 55 Puig-Hervas MT, Temtamy S, Aglan M, et al: 
Mutations in PLOD2 cause autosomal-reces-
sive connective tissue disorders within the 
Bruck syndrome –osteogenesis imperfecta 
phenotypic spectrum. Hum Mutat 2012;   33:  
 1444–1449. 

 56 Martinez-Glez V, Valencia M, Caparros-
Martin JA, et al: Identification of a mutation 
causing deficient BMP1/mTLD proteolytic 
activity in autosomal recessive osteogenesis 
imperfecta. Hum Mutat 2012;   33:   343–350. 

 57 Marini JC, Blissett AR: New genes in bone de-
velopment: what’s new in osteogenesis imper-
fecta. J Clin Endocrinol Metab 2013;   98:   3095–
3103. 

 58 Korvala J, Juppner H, Makitie O, et al: Muta-
tions in LRP5 cause primary osteoporosis 
without features of OI by reducing Wnt sig-
naling activity. BMC Med Genet 2012;   13:   26. 

 59 Hartikka H, Makitie O, Mannikko M, Doria 
AS, Daneman A, Cole WG, Ala-Kokko L, So-
chett EB: Heterozygous mutations in the LDL 
receptor-related protein 5 (LRP5) gene are as-
sociated with primary osteoporosis in chil-
dren. J Bone Miner Res 2005;   20:   783–789. 

 60 Fahiminiya S, Al-Jallad H, Majewski J, Palo-
mo T, Moffatt P, Roschger P, Klaushofer K, 
Glorieux FH, Rauch F: A polyadenylation site 
variant causes transcript-specific BMP1 defi-
ciency and frequent fractures in children. 
Hum Mol Genet 2015;   24:   516–524. 

 61 Cho TJ, Lee KE, Lee SK, et al: A single recur-
rent mutation in the 5 ′ -UTR of IFITM5 
causes osteogenesis imperfecta type V. Am J 
Hum Genet 2012;   91:   343–348. 

 62 Becker J, Semler O, Gilissen C, et al: Exome 
sequencing identifies truncating mutations in 
human SERPINF1 in autosomal-recessive os-
teogenesis imperfecta. Am J Hum Genet 2011;  
 88:   362–371. 

 63 Asharani PV, Keupp K, Semler O, et al: At-
tenuated BMP1 function compromises osteo-
genesis, leading to bone fragility in humans 
and zebrafish. Am J Hum Genet 2012;   90:   661–
674. 

  

D
ow

nloaded from
 http://w

w
w

.karger.com
/hrp/article-pdf/84/6/361/2937464/000439566.pdf by guest on 24 April 2024

http://dx.doi.org/10.1159%2F000439566

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_11: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_19: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_47: 
	CitRef_48: 
	CitRef_49: 
	CitRef_50: 
	CitRef_51: 
	CitRef_52: 
	CitRef_53: 
	CitRef_54: 
	CitRef_55: 
	CitRef_56: 
	CitRef_57: 
	CitRef_58: 
	CitRef_59: 
	CitRef_60: 
	CitRef_61: 
	CitRef_62: 
	CitRef_63: 


