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ABSTRACT

Numerous cases of genetic (primary) osteoporosis are reported in the literature, thanks to the in-depth
investigation of suspicious scenarios, where a child or young adult presents with bone fragility. Thorough
diagnostic work up is required in order to exclude more frequent, treatable, secondary causes of osteoporosis
(e.g. leukaemia or Crohn’s disease). When first line investigations exclude secondary osteoporosis and in
the presence of specific clinical clues (e.g. blue sclerae, joint laxity) or of a suspicious family history of
early onset osteoporosis, a genetic work up should be undertaken. There are many new genes implicated
in the pathogenesis of primary osteoporosis, playing different roles in bone formation and/or resorption,
depending on the metabolic bone path involved. The greater understanding of the complexity of bone
metabolism opens new research roads for new, gene-specific treatments. Herein, the latest literature data on
the osteoporosis of genetic origin are being presented. Emphasis is also given on the importance of lateral
thinking, when it comes to children and young adults whose fracture history is remarkable and cannot be
attributed solely to injury. Finally, the importance of not missing significant chronic disorders leading to
osteoporosis is also highlighted.

KEYWORDS: osteoporosis, children, genes, metabolism, fractures

Introduction

Osteoporosis is the most frequent metabolic bone
disorder, characterized by the presence of bone fra-
gility, which predisposes to fractures, as a result of
defective bone microarchitecture and reduced bone
mass[1]. It is a multifactorial and complex disorder,
affected by multiple factors which impair bone qual-
ity and quantity. Previously considered mostly a dis-
ease of the elderly, it is now increasingly diagnosed
in younger populations, even in small children with
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chronic disorders that affect the skeleton or with in-
trinsic, heritable bone abnormalities.

The definition of osteoporosis varies, depending
on the age group involved. In men>50 years old
and post-menopausal women, where osteoporosis is
more prevalent, according to the International Soci-
ety of Clinical Densitometry (ISCD), a bone mineral
density (BMD) T-score < -2.5 , measured with dual
X-ray absorptiometry (DXA) of the lumbar spine
and/or hip, signifies osteoporosis[2]. In premen-
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TABLE 1.

Genes implicated in the pathogenesis of osteogenesis imperfecta.

Gene Encoded protein Type of inheritance
COL1A1 Collagen type I al chain AD
COL1A2 Collagen type I a2 chain AD
IFITM5 BRIL AD
P3H1 Prolyl 3-hydroxylase 1 AR
CRTAP Cartilage-associated protein AR
PPIB Peptidylprolyl isomerise B AR
BMP1 Bone morphogenetic protein 1 AR
SERPINH1 Heat-shock protein 47 AR
SERPINF1 PEDF AR
CREB3L1 OASIS AR
SP7 Osterix AR
TMEMB38B Transmembrane protein 38B AR
WNT1 Wnt family member 1 AR
SPARC Osteonectin AR
TENT5/FAM36A Terminal nucleotidyltransferase 5A AR
MBTPS2 S2P XLR

BRIL: Bone-restricted interferon-induced transmembrane protein-like protein, PEDF: Pigment epithelium-derived factor, OASIS: Old

astrocyte specifically induced substance, S2P: membrane-bound transcription factor peptidase, site 2

opausal women and men<50 years old, the use of
BMD Z-scores is preferred; values <-2 are considered
as “low for age” [3]. Alternatively, according to the
International Osteoporosis Foundation (IOF), it is
possible to use T-score also for young adults; values
<-2.5, in combination with history of chronic disease
affecting the skeleton, are indicative of osteoporosis
[4].

Regarding paediatric population, osteoporosis is
rare but is now increasingly diagnosed in high risk
patients; more and more cases are being discovered
and treated. The growing skeleton is unique in that
there is not only bone remodeling (continuous bone
turnover cycle), but also bone modeling, i.e. accumu-
lation of new bone, which gradually changes bone
dimensions and enables growth. What is more im-
portant, is the fact that childhood is the “window
of opportunity” for peak bone mass (PBM) achieve-
ment. Not surprisingly, it is estimated that a 10% in-
crease in PBM may delay the onset of osteoporosis
by thirteen years [5]. In other words, PBM achieve-
ment predicts bone health in adulthood [6].

However, children are not small adults, therefore

the definition of osteoporosis in this age group is
totally different. According to the paediatric ISCD
guidelines [2], low DXA BMD Z-scores alone (<-2 in
lumbear spine and/or total body less head, corrected
for bone size, where appropriate) are not sufficient
for diagnosis. A significant fracture history should
also exist: either at least one non-traumatic vertebral
fracture (regardless of BMD Z-score values) or at
least three low-energy long bone fractures for those
patients aged <19 years or at least two, if the patients
are smaller (<10 years old). Admittedly, established
osteoporosis is rare in children, but prompt diagno-
sis and treatment are crucial.

Depending on the underlying cause, osteoporosis
is further classified into secondary (90% of cases),
as a result of a chronic disease and /or its treatment
(e.g. chronic use of systemic corticosteroids) and pri-
mary or genetic (10% of cases), attributed to a herita-
ble bone disorder, thus occurring usually earlier, the
so-called “early onset osteoporosis”. When no identi-
fiable cause is found after a comprehensive diagnos-
tic work up, the term used is “idiopathic osteoporo-
sis” and this is a diagnosis of exclusion, which is now
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Fig. 1. Multiple vertebral fractures of moderate se-
verity in a 12-year-old boy with osteogenesis imperfecta
(COL1A1 mutation) (Institute of Child Health archive)

less and less encountered, because of the discovery
of new genes implicated in bone fragility [7].

This review will highlight the latest literature data
on primary osteoporosis, which is genetic in ori-
gin and is suspected mostly in children and young
adults. Itis a group of heterogeneous inheritable dis-
orders with different pathophysiology, depending
on the gene involved. The intense research interest
in these cases globally has enabled the scientific com-
munity to discover new metabolic bone pathways
and diagnostic biomarkers and, most importantly,
new treatments.

Fig.2. Femoral deformities and rodding of left femur in
a girl with osteogenesis imperfecta (COL1A2 mutation).
Note the “zebra lines”, due to treatment with zolendron-
ic acid. (Institute of Child Health archive)

Types of primary osteoporosis and their patho-
physiology

Genetic osteoporosis is attributed to monogenic
disorders; however, with the advance in the diag-
nostic methodology, cases with a polygenic profile
are also described.

Bone is a dynamic tissue; it undergoes considerable
changes during growth. Even after growth plate fu-
sion, bone remodeling continues for life and requires
the complex coordination between the osteoblasts
(bone formation), the osteoclasts (bone resorption)
and the osteocytes. The differentiation and function
of the aforementioned bone cells is regulated by spe-
cific signaling metabolic pathways. Moreover, the
mineralization process is equally important for bone
integrity and contributes to optimal bone quality.

Monogenic primary osteoporosis

The advent of extensive genetic testing not only
of the index case but also of the whole family, has
enabled the detection of > 35 monogenic disorders
leading to early onset osteoporosis[8,9]. They show
Mendelian inheritance and they are caused by mu-
tations of genes which are very important in bone

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Doulgeraki A. Osteoporosis of genetic origin: a literature review

Fig.3. Very slender and diffusely osteopenic tibiae and

fibulae in a girl with osteogenesis imperfecta (COL1A1
mutation) (Institute of Child Health archive)

homeostasis.

The most frequent entity of primary osteoporosis
is osteogenesis imperfecta (OI) or brittle bone dis-
ease. It is an inherited connective tissue disorder,
with prevalence of 1/10,000-1/20,000 births, caused
mainly by mutations in COL1A1 or COL1A2 genes
(85-90% of cases) [10]. These genes regulate the most
abundant matrix protein, type I collagen [11], by en-
coding its two alpha chains. To date, eighteen other
genes have been associated with the same phenotype
and comprise the remaining 10-15% of cases. They
are associated with the final stages of collagen modi-
fication or they play part in osteoblast differentiation
or in the mineralization process. The list of OI genes
is illustrated in table 1.

OI shows remarkable heterogeneity in terms of
severity, even within the same family and this im-
plies the existence of genetic modifiers affecting the
spectrum of the phenotype. The impact of the mu-

tation depends on the function of the affected gene
and the type of pathogenic variant. Ol patients show
a ten-fold increase in the probability of fracture at a
young age (0-19years), compared to the general pop-
ulation, according to Danish data [12]. Apart from
the increased fracture rate (long bones and vertebral
bodies, even in utero, in severe cases) (Fig.1, 2), these
patients may also have bone deformities, severely
osteopenic and slender bones (Fig.3), as well as short
stature. OI is also characterized by its extraskeletal
manifestations, such as deafness blue/grey sclerae,
dentinogenesis imperfecta, joint laxity, basilar invag-
ination, cardiac valve prolapse, easy bruisability and
pulmonary hypoplasia in severe cases [13].

In terms of OI clinical types, the revised Sillence
classification, which includes five different pheno-
types, irrespective of the gene involved, is now used
in clinical practice. Type I is the mildest form, type
11 is lethal, type Il is the most severe form and type
IV (no blue or grey sclerae) is of moderate severity.
The new type V Ol is distinct from the others in that
there is calcification of the intraosseous membranes
and hypertrophic callus post-fracture [14].

There are cases of genetic osteoporosis where there
are no extraskeletal manifestations or severe bone
deformities, despite a significant fracture history.
These patients may be diagnosed later in adulthood,
because their fractures are initially attributed to the
active lifestyle of childhood, when in fact there are
underlying mutations in specific genes, which play a
pivotal role in bone metabolism. To date, the follow-
ing genes have been described in more detail:

SGMS-2: This gene encodes Sphingomyelin Syn-
thase-2, which is implicated in the synthesis of sphin-
gomyelin. This phospholipid plays an important role
in cholesterol metabolism, being a major lipid of the
plasma membrane and thus important for cell sign-
aling. Its exact mechanism of action with regards to
bone turnover is still under investigation. Patients
carrying mutations of this gene present with autoso-
mal dominant osteoporosis, thin cortices of the long
bone and calvarial doughnut lesions [15, 16]. Anoth-
er potentially distinctive feature of this disorder is
the presence of neurological symptoms as the main
extraskeletal defect, particularly facial nerve palsy,
which is usually transient [15].
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PLS-3: Mutations of this gene cause X-linked osteo-

porosis, especially of the spine [17, 18]. As expected,
male subjects show a more severe phenotype than
their female counterparts, who can also present with
fractures, usually at a later stage in life [19]. Plastin-3,
the protein encoded by this gene, is implicated in the
function of osteocytes, which serve as the mechan-
oreceptors of bone. This protein contributes to the
integrity of the cytoskeleton, defining the shape of
these bone cells [20].Dickkopf-1 (DKK-1), an inhibi-
tor of the WNT signaling pathway, has been found
increased in these patients and this contributes to
their unfavourable bone profile [21].

WNT1: This gene is implicated in the WNT-p-cat-
enin metabolic bone pathway, which controls mature
osteoblast differentiation and bone development
[22]. A gene dosing effect is apparently present. This
is because the biallelic mutations of this gene lead to

Fig.4. Boy with PLS3 osteoporosis. a) Severe kyphosis,
secondary to multiple, severe vertebral fractures at di-

agnosis. b) Considerable improvement of vertebral shape
and spine curvature after three years of alendronate. (In-
stitute of Child Health archive)

severe autosomal recessive OI, whose hallmark is the
presence of ptosis [23], whereas its heterozygous mu-
tations may cause autosomal dominant osteoporosis.
There is low bone mass, long bone fractures and par-
ticularly slender fibulae during childhood [24] and
vertebral fractures (with subsequent kyphosis) in
adulthood [25].Surprisingly, a specific biomarker for
this disorder is fibroblast growth factor-23 (FGF-23,
both intact and C-terminal), whereas sclerostin and
DKK-1, markers which are directly implicated in the
WNT pathway, were not significantly different than
controls in one study [26].

LRP5: LDL receptor-related 5 is a co-receptor for
WNT ligands, therefore its mutations lead to ab-
normal bone metabolism and usually low bone
formation markers [27]. Of interest, homozygous
mutations cause osteoporosis-pseudoglioma syn-
drome, which is an important differential of OI, as
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Fig. 5. Boy with LRP5 osteoporosis. a) Kyphosis and severe, multiple vertebral fractures at diagnosis. b,c) Vertebral
reshaping after three years on zolendronic acid. (Institute of Child Health archive)

it combines early onset osteoporosis with blindness
[28, 29]. On the other hand, heterozygous mutations
cause osteoporosis with minimal or no eye involve-
ment (Fig.5) [30].The presence of LRP5 variants is
relatively common in cases with primary osteoporo-
sis, estimated at 8.3%, according to a study of 372 pa-
tients [27]. These variants have also been associated
with abnormal lipid profile and a tendency towards
diabetes type I [31, 32].

NOTCH: Activating mutations of this gene en-
hance osteoclast maturation, through the RANK sig-
naling mechanism, which in turn is affected by the
NOTCH signaling pathway [33]. Hadju-Cheney syn-
drome results form autosomal dominant mutations
of NOTCH2. Its main features are severe primary
osteoporosis, combined with craniofacial dysmor-
phism and acroosteolysis [34]. Wormian bones may
also be present. The key mechanism is the increased
bone resorption, which is confirmed in specimens of
bone biopsy [35].

TGEF-B: Disorders TGF-p pathway lead to several
skeletal diseases. This complex pathway is important
for intracellular signal transmission, as it regulates
cell activity in bone and cartilage. Depending on the

mutations involved, the entities attributed to TGF-3
disorders are Camurati-Engelmann disease, Ol, Lo-
eys-Dietz and Marfan syndromes [36-39].

For completeness, other monogenic diseases lead-
ing to early bone fragility are illustrated in table 2.

The polygenic aspect of primary osteoporosis

To assume that genetic osteoporosis is always
monogenic is a rather simplistic approach and it
does not account for the increased variability of phe-
notype amongst patients carrying the same disease
variants. Thanks to genome-wide association stud-
ies, bone fragility is now considered multifactorial.
In other words, genetic risk can be modified by the
presence of common variants which explain the re-
duced bone mineral density [40, 41].

However, even in young patients who do not suf-
fer from monogenic osteoporosis, their genetic pro-
file maybe compatible with the presence of common
fracture risk alleles [40]. In other words, it is possible
that in some young patients their bone fragility is
of polygenic rather than monogenic. This is a great
diagnostic challenge; methods to quantify the poly-
genic contribution in cases of early-onset osteopo-
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Fig.6. Boy with severe osteoporosis (multiple, severe

vertebral fractures), secondary to Crohn’s disease. Of
note, his first complaint was back pain. (Institute of
Child Health archive)

rosis are currently being explored. Epigenetics also
contribute greatly to the understanding of osteopo-
rosis occurrence. The term includes processes such
as DNA methylation, non-coding RNAs (miRNAs)
and histone changes. Collectively, they control gene
expression without an effect on DNA sequences [42].
There is also the scenario of coexistence of two rare,
different mutations in candidate genes for osteo-
porosis in the same patient; a case of a subject with
both WNT1 and PLS3 pathologic variants has been
reported [43].

When to suspect genetic osteoporosis

The earliest the primary osteoporosis is diagnosed,
the better the outcome, especially in view of specific
treatments available and also of the effect that such
a diagnosis exerts on the patient and on the whole
family. Given that this type of osteoporosis is con-
sidered “early onset”, thus involving children and
young adults, prompt intervention during the “win-
dow of skeletal growth” is of utmost importance. Re-
ferral should be made to a disciplinary team, led by
a bone specialist, experienced in correctly diagnos-
ing these rare disorders, carefully differentiate them
from equally severe, secondary causes of osteoporo-
sis (illustrated in Table 3) and aware of bone patho-
physiology and growth potential.

A thorough history needs to be taken, starting from
the prenatal period. Information of the presence of
intrauterine fractures (reduced fetal movements),
low bone mineralization and abnormal skeletal di-
mensions are clues to underlying, severe bone pa-
thology. As a general rule, the smaller the age of the
patient, the more likely the presence of genetic oste-
oporosis (after exclusion of non-accidental injury in
non-verbal patients, i.e. infants and toddlers). Frac-
ture history is obviously crucial and should be eluci-
dated in detail (number of fractures, mechanism, lo-
cation, treatment, review of all imaging studies avail-
able). The presence of vertebral fractures is also key
to diagnosis; the patient is asked specifically for back
pain. Lifestyle profile (exercise, diet) is explored, as
well as past medical history for comorbidities and
the use of medications known to affect the skeleton
(e.g. corticosteroids). Growth parameters should be
plotted on growth charts and pubertal status should
be assessed. Lastly, family history is recorded metic-
ulously, targeted not only on the presence of early
osteoporosis in other members, but also on its com-
plications, such as cardiac valve insufficiency, deaf-
ness, nephrocalcinosis and disorders of vision. Of
note, the parents should be asked for their place of
origin, in view of the fact that in closed, rural popula-
tions there might be consanguinity or particular gene
mutations affecting the skeleton [44].

Special clues to the diagnosis of primary osteo-
porosis can be found during a head-to-toe clinical
examination. Joint and skin laxity, grey or blue scle-
rae, tenderness on palpation of vertebrae, kyphosis
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TABLE 2.

Monogenic forms of osteoporosis

Syndrome Gene Encoded protein ;IZIEL Ei'i(:efmce
Bruck 1 FKBP10 65kDa FK506-binding protein AR
Bruck 2 PLOD2 Lysyl Hydrolase 2 AR
Hajdu-Cheney NOTCH2 Notch receptor 2 AD
Ehlers-Danlos 1 PLOD1 Lysyl Hydrolase 1 AR
Ehlers-Danlos 2 FKBP14 FK506-binding protein 14 AR
Cole-Carpenter 1 P4HB Prolyl 4-hydroxylase subunit (3 AD
Cole-Carpenter 2 SEC24D SEC24 homolog D AR
Cutis laxa 2A ATP6VOA2 ATPaseH+ transporting VO subunit AR
Cutis laxa 2B PYCR1 Pyrroline-5-carboxylase reductase 1 AR
Geroderma osteodysplasticum GORAB Golgin, RAB6 interacting AR
Familial expansile osteolysis TNFRSF11A TNF receptor superfamily member 11A AD
Gnathodiaphyseal dysplasia ANO5 Anoctamin 5 AD

and skeletal malformations raise suspicion towards
inheritable causes of osteoporosis rather than ac-
quired. A very helpful finding in some cases is the
presence of yellow-brown or grey, transparent teeth,
suggestive of dentinogenesis imperfecta, therefore
dental inspection should always be part of the clini-
cal examination.

However, the differential diagnosis between the
monogenic forms of primary osteoporosis can be
challenging, as the clinical signs show significant
overlap; nevertheless, as data are accumulating, it is
possible to look for specific features. For instance, in
PLS3 patients there seems to be a tendency towards
severe vertebral fractures and kyphosis at a young
age, as a hallmark [45] (Fig.4), whereas this type of
fractures appears only in adulthood in the WNT1
osteoporosis [19, 46]. Another key differential is the
presence of extraskeletal manifestations. For exam-
ple, WNT1 mutations also affect the central nervous
system, therefore neurological abnormalities, such as
epilepsy, cerebellar hypoplasia and global develop-
mental delay raise suspicion towards this direction
[47].The same is true for SGMS2 cases, where nerve
palsies are occasionally observed, e.g. transient facial
palsy, along with global developmental delay [45].

Diagnostic work up

As mentioned in the introduction, there are spe-

cific diagnostic criteria for osteoporosis in children
and young adults. When these criteria are met, the
next important step is to exclude causes of secondary
osteoporosis and child abuse in infants and toddlers
with unexplained fractures. Diseases with special
treatment and potentially life-threatening are not to
be missed. For example, the first presentation of leu-
kaemia and Crohn’s disease can be a vertebral frac-
ture (Fig. 6).On the other hand, there are high profile
cases in courts where parents of babies with OI have
wrongly been accused of non-accidental-injury and
vice versa, i.e. small children being investigated for
an underlying genetic disorders, when in fact they
have been victims of abuse [48,49].

Therefore, after obtaining a comprehensive
medical history and performing a thorough clinical
examination, a laboratory evaluation of blood and
urine is necessary, targeting known causes of sec-
ondary osteoporosis. As a general rule, basic bone
profile is always performed (including 24h urine col-
lection for calcium or spot sample for uCa/uCreat of
a fasting, 2nd morning void), along with complete
blood count, erythrocyte sedimentation rate, C-reac-
tive protein, thyroid function tests and testosterone
in boys. Thereafter, depending on the clinical scenar-
io, other hormonal investigations can be undertaken,
along with tryptase, ferritin and celiac screening, as
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TABLE 3.

Secondary causes of osteoporosis that need to be excluded in every patient with early bone fragility

Disease groups

Others

Endocrine

Growth hormone deficiency or excess
Hypogonadism

Hyperthyroidism
Hyperparathyroidism

Diabetes 1 and 2

Hypopituitarism

Cushing’s disease/syndrome

Chronic inflammation
Inflammatory bowel disease
Systemic lupus erythematosus
Rheumatoid arthritis
Sarcoidosis

Haematology
Leukaemia
Lymphoma
Thalassaemia major
Haemophilia
Multiple myeloma
Haemochromatosis

Malnutrition/malabsorption
Cystic fibrosis

Chronic liver disease
Rickets

Coeliac disease

Short gut syndrome
Anorexia nervosa

Inborn errors of metabolism
Gaucher’s disease
Hypophosphatasia
Glycogen storage disease
Homocystinuria
Mucopolysaccharidoses
Pompe disease

Cerebral palsy

HIV

Chronic immobility

Duchenne’s muscular dystrophy
Bone marrow transplantation
Solid organ transplantation
Renal failure

Mastocytosis
Pregnancy/Breastfeeding

Medications
Corticosteroids
Chemotherapy
Anticonvulsants
HAART

Proton pump inhibitors
Heparin

Aromatase inhibitors
LHRH agonists
Tamoxifen
Thiazolidinediones

HIV: Human Immunodeficiency Virus, HAART: Highly Active Anti Retroviral Treatment, LHRH: luteinizing hormone-releasing

hormone

is shown in table 4. There is no paediatric consen-
sus on the diagnostic use of bone turnover markers
at a young age; however, they are valuable tools for
monitoring of anti-osteoporosis treatment.

Imaging studies necessary for diagnosis include
dual-energy X-ray absorptiometry (DXA), review
of all X-rays available to check for fractures and de-
formities, as well as lateral X-rays of the spine, to
look for vertebral fractures, especially if there is low
BMD, kyphosis, height loss or tenderness on palpa-
tion of the spine. In cases where non-accidental inju-

44

ry is suspected, a skeletal survey of the whole skel-
eton is performed (baseline and follow up), in order
to detect new and old fractures and pick up specif-
ic signs suggestive of an intrinsic bone defect (e.g.
diffuse osteopenia, rachitic changes, slender bones,
wormian bones), thus contributing to the differential
diagnosis [50].

Ideally, a transiliac bone biopsy should be ob-
tained in order to study the pathophysiology behind
a particular phenotype, i.e. to differentiate between
high and low bone turnover states, using histomor-

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Doulgeraki A. Osteoporosis of genetic origin: a literature review

VOLUME 74 | ISSUE 2 | APRIL - JUNE 2023

TABLE 4.

Diagnostic laboratory work up to exclude secondary osteoporosis in patients with early bone fragility

First line, indicated in all patients

Test

To exclude

Basic bone profile*

Disorders of calcium and phosphate metabolism, hypercalciuria, HPP

CBC Haematological disorders
ESR, CRP Inflammatory conditions
TFTs Hyperthyroidism
Testosterone Male hypogonadism
Glucose, HbA1C Diabetes mellitus

Bone turnover
(e.g. PINP, CTx)

Baseline before bone-active treatment

Second line, depending on history and examination

Tryptase Mastocytosis
Ferritin Haemochromatosis
Sex hormones Delayed/absent puberty

IGF-1

Acromegaly or GH deficiency

Urinary cortisol

Cushing’s syndrome

Coeliac antibodies

Coeliac disease

Fat-soluble vitamins

Malabsorption

*: Basic bone profile includes (fasted serum and fasted 2nd morning void): calcium, phosphate, magnesium, alkaline phosphatase, creati-

nine, albumin, liver function tests, 25(OH)D, parathormone and urinary calcium/urinary creatinine, urinary phosphate/urinary creatinine

CBC: complete blood count, ESR: erythrocyte sedimentation rate, CRP: C-reactive protein, TFTs: thyroid function tests (free T4 and

TSH), IGF-1: insulin-like growth factor 1, PINP: procollagen type I N-propeptide, CTx:carboxy-terminal cross-linking telopeptide of type

I collagen, HPP: hypophosphatasia

phometry techniques. New, promising treatments
target different bone metabolic paths, so this infor-
mation could facilitate the best possible selection of
treatment for each individual case. However, this
diagnostic approach is too interventional, requires
expertise and special equipment, therefore it is not at
all popular in routine clinical practice.

When secondary causes have been excluded, ap-
propriate genetic tests are the last resort, in an effort
to reveal the underlying cause of osteoporosis. Sus-
picious family history and clinical signs pointing to
a genetic cause show great variability, therefore it
is necessary to confirm this suspicion with genetic
work up. In addition, identifying the disease-caus-
ing mutation enables appropriate genetic counseling
(and family planning, as a result), enables prognosti-
cation and allows treatment plans, tailored to the pa-
tient’s needs. Taking into account that COL1A1 and
COL1A2 mutations comprise 85-90% of the genetic

cases, these two genes should be checked for in every
analysis, as a minimum. With the advent of new,
cost-effective diagnostic technology, it is now possi-
ble to screen for other monogenic forms of primary
osteoporosis, by studying appropriate gene panels
for bone fragility using next generation sequencing
(NGS). These commercially available panels should
be constantly updated, to include new candidate
genes for osteoporosis. This pitfall may be avoided
by using whole exome sequencing (WES).

As more and more genes are being discovered as
causative factors of early osteoporosis, it is very im-
portant to have access to data which can be reanal-
yzed in due course. Performance of WES or whole
genome sequencing (WGS) is now possible and con-
tributes to the constantly accumulating knowledge
on these rare disorders. By using these methods, the
sequencing data are filtered appropriately to detect
potentially disease-causing variants. It is hoped that
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with time, these methods will be more and more
accessible. In fact, with the contribution of bioinfor-
matics, WGS may become standard practice in the
future, because it may detect coding or non-coding
or structural variants [51]. Until then, guidelines for
genetic work up will vary between different centers
and different countries, depending on the case load,
local resources and available expertise. It should be
noted that no genetic test is a substitute for detailed
history and clinical assessment; in other words, a
meticulous description of the phenotype and the
family tree are prerequisites for the interpretation of
genetic results, as they enable their filtering and in-
terpretation. This is particularly true when a “variant
of unknown significance” (VUS) is detected.In this
scenario, the study of family trios can be proved very
useful. According to this approach, the parents of the
index case are also screened, to check the inheritance
pattern of a specific variant.

Therapeutic approach of genetic osteoporosis

The rarity of the primary osteoporosis cases, com-
bined with the usually small age of the patients leads
to relatively few data from clinical studies, with re-
gards to bone-active medications. Most research
works focus on OI, whereas the other monogenic
forms have not been extensively studied.In princi-
ple, a skilled multidisciplinary team, with expertise
in bone disease in the young subjects, undertakes the
challenging task of treating the patient using a per-
sonalized approach.

Lifestyle advice is always given. All patients with
primary osteoporosis need to ensure adequate die-
tary intake of calcium and vitamin D and take sup-
plements, where appropriate. In fact, small studies
have shown a beneficial effect of calcium and vita-
min D co-administration on bone mineral density
[52, 53]. Exercise is equally important and plays a
protective role for bone health [54]. In adolescents
and young adults, advice on avoidance of smoking
and alcohol use is offered, as these habits can have
deleterious effects on the skeleton. Moreover, if there
is a history of a comorbidity that affects bone health,
it should also be addressed efficiently [7], e.g. a pa-
tient with OI and uncontrollable asthma, requiring
frequent administration of oral steroids.

Supportive treatment is also crucial; it involves
proper fracture management, aiming at improving
mobility, as well as physiotherapy, occupational
therapy, orthopaedic procedures to improve skele-
tal malformations (e.g. rodding, Fig.2) and mobility
aids. Depending on the severity of osteoporosis, first
line, bone active medications, with proved efficacy
in improving BMD and quality of life (QOL) are bi-
sphosphonates, which are used “off label” during
childhood, in most countries. Thanks to the discov-
ery of the aforementioned rare, monogenic forms of
primary osteoporosis, new bone metabolic pathways
have been investigated, allowing research on new
drugs, with a view to a more individual approach
towards the patient, for the best possible therapeutic
results.

Bisphosphonates (BPs) are the first line treatment
in primary osteoporosis. Most literature data de-
scribe their effects in Ol patients and the majority
focus in intravenous treatment with either pamidro-
nate or zolendronic acid. BPs show an anti-resorp-
tive effect on bone, i.e. they act on the osteoclasts, by
binding to hydroxyapatite and inducing osteoclast
apoptosis. They don’t contribute to the accumula-
tion of new bone; rather, they prevent bone loss, they
promote vertebral reshaping (Fig.4, 5) and the net
result is an increase in BMD. Their effects when giv-
en either orally or intravenously on fractures is less
clear; a recent Cochrane review reports that no firm
conclusion can be drawn regarding bisphosphonate
use and fracture incidence [55].

Nevertheless, they are considered first line treat-
ment of all forms of primary osteoporosis for the time
being. On the other hand, there are major concerns
surrounding their use. For example, BPs are retained
in bone for many years, therefore it is important to
discuss a future pregnancy with a female patient of
reproductive age. Despite the fact that a small case
study did not report major events during pregnancy,
such as teratogenesis, neonatal complications cannot
be totally excluded [56], therefore it is advisable to
avoid BPs for at least a year before pregnancy [57].
Another vivid discussion in on the use of BPs and the
risk of osteonecrosis of the jaw and also of atypical
femoral fractures [58].

Another therapeutic agent which acts on osteo-
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clasts is denosumab, a monoclonal antibody which
acts as a RANKL inhibitor; it increases BMD and has
been approved for post-menopausal osteoporosis.
As RANKL is involved in the osteoclast maturation,
its inhibition by this monoclonal antibody blocks this
process. Given that most primary osteoporosis cases
are diagnosed in childhood, its use for this indication
in this particular age group is thus far limited and re-
search is ongoing. Important points for clarification
are the rebound of increased bone turnover (risk of
severe hypercalcaemia in young patients [59]), the
occurrence of vertebral fractures after cessation of
treatment, as well as the duration of the therapeutic
effect [60]. In other words, more paediatric studies
are needed for its use in genetic osteoporosis. Re-
garding pregnancy, it can be hypothesized that no
major effects will be observed after stopping deno-
sumab. This is because the drug is not retained in the
skeleton.

There are also anabolic treatments available and
are also being investigated in primary osteoporosis.
Currently there is no formal consensus on their use
in such cases, however they are mentioned here for
completeness, given that the discovery of new genes
implicated in osteoporosis has led to the study of
new metabolic pathways, regulating bone formation
rather than resorption.

Teriparatide (human PTH analogue) has been in
use for many years; due to a black-box warning for
risk of osteosarcoma in young rats, its use in paediat-
ric patients is still contraindicated. There are numer-
ous OI cases of young adults [58], where teripatide
has been prescribed. It activates osteoblasts, there-
fore contributes to increased bone formation. The
TOPAZ study looks into the effect of coadministra-
tion of teriparatide and zolendronic acid (or zolen-
dronate) in adults with OI [61].

Growth hormone (GH) also shows an anabolic
effect, as it stimulates bone growth; however, it is
helpful when GH deficiency coexists and not in the
Ol scenario, when usually short stature is an intrinsic
defect, correlated with disease severity. Neverthe-
less, it has been given off-label in cases of Ol type I
and IV [55].

Relatively new drug discoveries in the field of os-
teoporosis, with trials under way on genetic osteo-

porosis, are targeted towards the WNT metabolic
pathway (anti-sclerostin antibodies, i.e. setrusumab
and romososumab) and the TGF- pathway (fresoli-
mumab and losartan).

Sclerostin is a potent WNT inhibitor which is pro-
duced mainly by osteocytes and contributes to the
control of bone formation [62]. The sclerostin anti-
body romosozumab was approved for osteoporosis
treatment in 2019 and there are trials of this drug on
Ol patients [63]. Caution should be exerted with re-
gards to its cardiovascular safety profile, given the
contribution of WNT pathway in vascular calcifica-
tions and atherosclerosis [64]. Setrusumab is another
sclerostin inhibitor and is also being investigated in
adults with moderate OI [65].

Fresolimumab is related to the TGF- pathway,
which influences both bone formation (reduced
osteoblast function) and-mostly-bone resorption,
through stimulation of osteoclastogenesis [66]. It is
a monoclonal antibody which blocks TGF-f. Animal
studies have shown its efficacy in increasing bone
mass and improving bone quality [67]. Currently it is
being tried in adult patients with moderate or severe
OI [68]. Losartan, an angiotensin II type 1 receptor
blocker, may also inhibit TGF-f signaling [69]. This
agent has been tried in Camurati-Engelmann syn-
drome [70].

Future developments in primary osteoporosis

As the effect of epigenetics on osteoporosis is more
and more highlighted in the literature, numerous
efforts are made towards identifying more specific
and sensitive biomarkers for fracture occurrence.
Non-coding RNAs, such as micro-RNAs (miRNAs)
act as epigenetic regulators involved in the control
of gene expression, affecting bone metabolism (both
formation and resorption), amongst other biological
processes [71].For diagnosis and treatment monitor-
ing, the study of miRNAs is expected to modify our
approach to osteoporosis. They can be easily meas-
ured in many different biological fluids (e.g. saliva
[72] or urine [73] and reflect lifestyle and general
health status for each individual, in relation to the
osteoporosis risk.

Revolutionary treatments which are very hopeful
and expected to change the therapeutic landscape
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of primary osteoporosis, are stem cells administra-
tion and treatments aiming at correcting the gene in-
volved. Back in 2005, adult mesenchymal stem cells
(MSCs) were given to six children with severe Ol and
the results were encouraging, in terms of fracture
rate and growth [74]. As a next step, an ambitious,
two-armed study is under way (BOOSTB4), where
fetal MSCs are administered as antenatal treatment
in OI cases, i.e. in utero (1st arm, MSCs given dur-
ing the 2nd and 3rd trimester) or postnatally (2nd
arm, MSCs given after birth). The follow up period
will last for ten years [75].Although the MSCs seem
promising, they are not curative, as the patient will
end up having a mixed population of bone cells, i.e.
normal and abnormal. There is also the theoretical
risk of the MSCs evolving into cancer cells. The re-
search on these matters is in progress.

The efforts for a curative solution in the field of pri-
mary osteoporosis are ongoing, with the exploration
of gene and cellular therapy approaches. Sophisticat-
ed, new technologies targeting the mutated gene are
being developed, such as prime editing, zinc finger
nuclease, TALEN and CRISPR-CAS [76]. Antisense
oligodeoxyribonucleotides to silence the dominant
allele in OI are tested on an experimental level [77].A
detailed description of these methods is beyond the
scope of this review.

Conclusions
The field of genetic osteoporosis is constantly ex-
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panding. Exciting developments are awaited, both
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and leads to prompt interventions, with the ultimate
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