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TheHumanGenomeProject sought to determine the orderofall 3
billion nucleotides in the human genome, and this was made
possible through thedevelopment of sequencing techniques that
emphasizedspeedwithattentionalso toaccuracy. From theearly
labor-intensive effortsatsequencinggenes, thesituationbecame
to change during the mid-1970s thanks to the groundbreaking
discoveries of Nobel Laureate Frederick Sanger.1 The Sanger
sequencing process,also called the chain-terminationordideoxy
method, was characterized by the introduction of chain-termi-
nating dideoxynucleotides, making the procedure sensitive
enough to distinguish DNA fragments that differ in size by only a
single nucleotide. In the 1980s, automated DNA sequencing
machines were manufactured based on the Sanger method.
Although very expensive, these machines provided sequence
data cheaper and faster than the traditional method. Indeed,
these technologies put Craig Venter in the position of a quick
completion of the Human Genome Project.

Over time, sequencing technology (and synthesis
technology) advanced with more sophisticated separation
strategies, alternative visualization strategies and more parallel
samples, collectively indicated as next-generation sequencing
(NGS), first described in 2005.2 NGS platforms provide mas-
sively parallel sequencing of millions of DNA fragments via
synthesis, drastically cutting the cost of sequencing and
eventually allowing every person the possibility of personalized
genome information.3 NGS methods are not limited to
sequencing genomic DNA, but also RNA, the epigenome and
transcriptome.4 However, it may be not necessary to sequence
an individual’s entire genome, but only an obvious subset of the
genome likely harboring significant mutations, that is about
the one percent that encodes for protein, known as exome.5

Whole-exome sequencing (WES) seems particularly suited for
gene identification in rare Mendelian disorders. Being able to
read our genes and their sequence functionality offers the
promise of advanced medical treatments, but it will require
considerable efforts to generate, organize and apply this
massive amount of data to human diseases.

The application of NGS to genetic disorders has revolutionized
the ability to rapidly develop molecular diagnosis in inherited

diseases, especially monogenic disorders.6 Furthermore, the
cost of NGS is rapidly decreasing and has made tangible the
prospect of incorporating genome-based diagnosis into medical
care.7 In this Commentary, we focus on the application of these
developments to congenital bone disorders.

Skeletal dysplasias are congenital disorders that affect
skeletal morphogenesis and metabolism, usually monogenic,
with obvious Mendelian inheritance within families. The most
recent classification of these disorders was published in 2010
and it was based on clinical and radiologic features, with the
final recognition of 456 different conditions and a collective
incidence of 1:5000 births.8,9 Of these conditions, 316 were
associated with 226 different genes mainly recognized through
parametric linkage studies.8 This typically requires large
pedigrees with informative meiosis, a condition frequently
missing in families with skeletal dysplasias for often com-
promised fertility and life expectancy. Consequently, the
molecular cause of several congenital rare bone disorders
remains unrecognized.

Moreover, what makes this clinical area unique is the difficult
differential diagnosis among similar phenotypes, with complex
screening for the definition of causative mutations even when
the responsible genes have been already identified. The clinical
diagnosis of skeletal dysplasias is mainly based on radiographic
and metabolic profiles, whose overlapping phenotypes are
considerable. The consequence of this is the complexity in
reaching a molecular diagnosis in genetically different skeletal
dysplasias with a similar clinical phenotype, meaning many
genes may require sequencing.

Altogether, these observations point to the potential use of
NGS platforms in accelerating the genetic diagnosis of skeletal
dysplasias and in identifying novel causative genes for this
family of disorders. Very recently, a few reports appeared
focusing on the use of NGS in skeletal dysplasia, and specific
examples of these approaches are given in this Commentary.

To date, 36 reports described the use of NGS to identify
28 novel causative genes for skeletal dysplasias, pointing
to the importance of these methodologies in promoting the
progresses in this important area of medicine.10 A good
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example is the discovery of a single-point mutation of the
bone-restricted Ifitm-like gene (Bril) as the causative mutation
in osteogenesis imperfecta type V (OI type V).11 Similarly,
in Marfan syndrome, an autosomal dominant hereditary
connective tissue disorder, NGS provided us new insights into
the molecular events governing the pathogenesis of this
disease.12,13

OI is an example of heterogeneity in heritable disorders of
bone fragility, and for this reason it has been the subject of great
interest from researchers. The condition is usually diagnosed
clinically, as genetic testing is expensive owing to the size
and number of potentially causative genes and mutations. As
the genetic diagnosis has positive impact on prognosis, on
targeted-therapeutic strategies, on reproductive planning and
on prenatal recognition, the need to develop technologies that
would ease the genetic recognition of this disorder is urgently
felt. An attempt to guide the process was described using
capillary electrophoresis-based Sanger sequencing of multiple
genes in a sequential manner, which is, however, costly and
time-consuming.14 Through NGS it would be possible to build
platforms specifically constructed for OI genes.15 These
methodologies could also unravel the mechanisms that explain
the phenotypic differences in subjects with the same mutation,
through the evaluation of the individual’s epigenetic profiles.

Interestingly, a group of investigators designed a NGS
platform to sequence 34 genes that provided a fast and
accurate diagnosis in 11 subjects with inherited high or low
bone mineral density.16 This work made it possible to include
rare skeletal dysplasias among clinically available disease-
targeted tests,17 as NGS offers novel solutions in reaching a
genetic diagnosis, with the possibility to use other molecular
diagnostic approaches when a mutation cannot be identified
(that is, microdroplet PCR, multiplex ligation-dependent probe
amplification, array comparative genomic hybridization, exome
sequencing, gene expression and biochemical studies).16

The choice of the technology to be adopted should take
into consideration the cost, sensitivity and specificity in a
dynamically progressing process. Clinical implementation of
the skeletal dysplasia NGS-targeted platform has the potential
to diagnose patients with monogenic bone disorders with a
high degree of speed and accuracy, offering a more focused
picture of monogenic and polygenic contributors to bone
dysplasias, without providing information about incident
pathogenesis.

The paper by Sule et al.16 opens an avenue for the genetic
diagnosis of a large number of diseases involving the skeleton,
through a categorization based on bone mineral density
measurement. Even though this can be considered a potential
approach, bone mineral density does not constitute a
recognized pathophysiological way to group congenital skeletal
disorders. Although the majority of the efforts made to classify
these disorders was based on radiologic features,8 a rea-
sonable manner to categorize congenital skeletal diseases
could encompass their metabolic phenotype. In this direction is
moving the Rare Skeletal Diseases Working Group of the
International Osteoporosis Foundation that is attempting to
build a taxonomy of Rare Congenital Metabolic Bone Disorders.
As remodeling is the way through which the shape, the bone
mineral density and the architecture of bone segments are
controlled, this could represent an excellent template on which
to build an NGS platform for skeletal dysplasia.

In the study by Sule et al.,16 the authors point to the
usefulness of postnatal genetic tests in low and high bone mass
disorders to help initiate appropriate therapeutic interventions.
An example is OI for which the use of bisphosphonates is largely
diffuse. Another emerging area is the one of hypomineralization,
typically represented by the rare inherited metabolic bone
disorder hypophosphatasia. Diagnosis of hypophosphatasia
can be suggested by clinical and radiographic signs of bone
and/or teeth defective mineralization. As these signs are not
specific, laboratory assays are necessary for the differential
diagnosis with other bone fragility conditions characterized by
defective mineralization.18 Sequencing of the gene encoding
for the tissue-nonspecific alkaline phosphatase becomes
necessary to confirm the diagnosis of hypophosphatasia, with
over 200 different disease-causing mutations having been
reported.19 This will make possible the access to a recently
developed enzyme replacement-targeted therapy.20

Even though the expansion of new technologies in genetic
tests is increasing the likelihood of a diagnosis, the question
remains whether these tests are really making a difference in
patient care and at what cost. This is the reason for which
different testing strategies have not yet been extended to rare
diseases, given the limited data available. Future efforts should
be made to validate these novel molecular diagnostic efforts in
large cohorts of phenotypically well-characterized populations
of patients affected by congenital bone disorders. Despite
challenges, NGS is going to rapidly move toward use in a clinical
capacity, and rare congenital bone disorders will become an
important application area.
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