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Abstract

Collagenopathies are heterogeneous diseases that affect collagen proteins, which are ubiquitous in the body
and characterized by the distinctive amino acid sequence Gly-X-Y. Next-generation sequencing (NGS) has gained
an increasingly essential role in improving our understanding of the molecular bases of heterogeneous diseases
like collagenopathies. In the last decades new NGS tools have been developed, such as whole exome sequenc-
ing (WES) and custom target sequencing, and they have become efficient and cost-effective methods for clinical
diagnosis. In this review, we discuss the relevance of WES and custom target sequencing in the clinical diagnosis

of collagenopathies.

Introduction

Collagen proteins are structural proteins in the connective tis-
sue, representing the most abundant proteins in the body. Twen-
ty-nine types of collagen have been described to date, the basic
structure of all is composed of three a-chains intertwined in a
triple helix. Each chain is composed of Gly-X-Y repeats, with
glycine found at third position of the triple helix because it is
the only amino acid small enough to fit in the center of the helix.
The X is often proline and the Y is often hydroxyproline and
they largely contribute to the stabilization of collagen protein
structure.

Collagen proteins are divided into three groups based on their
structure, as follows: fibrillary collagen, non-fibrillar collagen, and
fibril-associated collagens with interrupted triple helixes (FAC-
IT).! Collagen proteins are widespread in the body. Consequently,
mutations in the genes encoding collagen proteins affect many or-
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gan systems (manifesting as collagenopathies). An overview of the
collagens, their distribution in the body and associated diseases are
shown in Table 1.

Genetic confirmation is important to corroborate a suspected
diagnosis. So far, Sanger sequencing has been the gold standard
method,? but it only allows for analysis of one DNA segment at
time and is laborious and time consuming. The gene-by-gene
Sanger sequencing approach is neither inexpensive nor efficient
for heterogenous diseases such as collagenopathies.’> Over the
past few years, next-generation sequencing (NGS) has experi-
enced a growing role in enabling the analysis of multiple regions
of'a genome in a single reaction and has been shown to be a cost-
reductive and efficient tool in investigating patients with colla-
genopathies.

In this review, we explore all aspects of NGS tools in the clini-
cal diagnosis of collagenopathies.

NGS: an overview

The NGS process starts with DNA extraction, with sample materi-
als being most commonly obtained from peripheral leukocytes of
blood samples or, in rare cases, from other tissues such as saliva or
buccal swab. The DNA is broken into short fragments and ampli-
fied using PCR or hybridization approaches. The amplified regions
could include a particular group of genes (target approach) or all
genes in the genome.* In the case of sequencing of all genes in
the genome, two different approaches are possible: whole exome
sequencing (WES), if only the protein-coding regions are ampli-
fied; or whole genome sequencing (WGS), if the target is the entire
genome.
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Table 1. Collagens genes currently associated with atomic areas of expression and diseases

Collagene gene  Chromosome Areas of expression Disease
COL1A1 (collagen chr17g21.33  Skin, tendon, bone, Osteogenesis Imperfecta |, II, lI, 1V, Caffey disease, Ehlers-Danlos type
type l) ligament I, Vil
COL1A2 chr7g21.3 Osteogenesi Imperfecta Il, Ill, 1V, Ehlers-Danlos typeVIIB
COL2A1 chr12q13.11  Cartilagen, vitreous humor achondrogenesis, chondrodysplasia, early onset familial
of eye, cornea osteoarthritis, SED congenita, Langer-Saldino achondrogenesis, Kniest
dysplasia, Stickler syndrome type I, spondyloepimetaphyseal
dysplasia Strudwick type
COL11A1 chrlp21.1 Cartilage, nucleus Stickler syndrome type II, fibrochondrogenesis, Marshal syndrome
pulposus, cornea, inner ear
COL11A2 chrép21.32 Cartilage, nucleus Stickler syndrome type llI, fibrochondrogenesis, Deafness dominant
pulposus, inner ear and autosomal recessive
COL9A1 chréql3 Cartilage, vitreous, retina, = Multiple epiphyseal dysplasia type VI, Stickler syndrome type 1V,
inner ear
COL9A2 chrip34.2 Multiple epiphyseal dysplasia type Il, Stickler syndrome type V,
COL9A3 chr20g13.33 Multiple epiphyseal dysplasia type Ill, Multiple epiphyseal dysplasia
type with myopathy
COL10A1 chr6g22.1 Hypertrophic chondrocytes Metaphyseal chondrodysplasia, Schmid type
in calcifying cartilage
COL3A1 chr2g32.2 Most connective tissue Ehlers-Danlos type Ill, type IV
especially vessels, skin and
tendons
COL5A1 chr9qg34.3 Most connective tissue Ehlers-Danlos type I, type Il
especially skin, cornea,
bone, tendon, placenta,
fetal membranes
COL5A2 chr2g32.2 Ehlers-Danlos type |, type Il
COL4A1 chrl3q34 Basemant membranes porencephaly, cerebrovascular disease, and renal and muscular
defects
COL18A1 chr21g22.3 Basemant membranes Knobloch syndrome
COL6A1 chr21g22.3 Most connective tissue, Bethlem myopathy, Ulrich congenital muscular dystrophy
tendons, contributes to cell
matrix adhesion in skeletal
muscle
COL7A1 chr3p21.31 Anchoring fibrils in dermo-  dystrophic epidermolysis bullosa
epidermal junctions
COL17A1 chr10g25.1 Component of Junctional epidermolysis bullosa, non-Herlitz type

hemidesmosomes

http://www.proteinatlas.org/

Amplified products can be loaded to various sequencing plat-
forms, such as MiSeq (Illumina), HiSeq (Illumina) and Ion Tor-
rent (ThermoFisher Scientific), to generate millions of short
sequence reads (Fig. 1). These products are processed by bioin-
formatics packages following a previously established workflow.
First, reads are aligned to reference genome and compared for
similarities and differences at each target position. Then, a list of
variants is generated, which is filtered through different software
packages to determine significance. Usually, adopted filters are
suitable for identifying the presence of rare, unreported or disease
causing variants.’

58

NGS in clinical application
Custom target sequencing versus WES

NGS researchers have developed new and very innovative meth-
ods and protocols in clinical practice for genetically heterogeneous
diseases like collagenopathies. The NGS techniques, such as WES
and custom target sequencing, offer several advantages in such ap-
plications. Clinicians should choose the right strategy for clinical
analysis based on: 1) disease model; 2) region of interest; and 3)
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DNA Extraction

Fragmentation

Amplification
(PCR or Hybridization Approaches)

Sequencing
(MiSeq, HiSeq, lon Torrent)

Fig. 1. NGS process: different steps. Abbreviation: NGS, next-generation
sequencing.

depth of coverage (the average number of times that a particular
nucleotide is present in a data position in a collection of random
of sequences).

WES is an appropriate strategy in situations where conventional
single-gene sequencing or a genes panel may not be appropriate

Whole exome sequencing

* Region sequencing:
whole exome

* Depth of coverage: 20X

* |dentify all variants: SNV,
INDELs, SV in coding
Regions

* Cost effective
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because a pertinent genetic test has not been developed or because
of genetic heterogeneity, atypical clinical presentation or lack of
knowledge of the causal gene.®” Moreover, the cost of WES is
very attractive compared to that of custom target sequencing. The
price of WES is currently around $200-300 per patient to sequence
the entire exome, while that of custom target sequencing is around
$100-200 to sequence only a few genes (the cost is calculated only
for chemical reagents).

Usually, the minimum optimal depth of coverage is 20X span-
ning at least 80% of targeted bases. CG-rich regions, such as CpG
islands, could decrease the depth of coverage because these regions
denature, causing difficulties during amplification.? It is important
for the success of the experiment and for a correct variant analy-
sis to maintain the uniformity of coverage. Nevertheless, custom
target sequencing is the best method if the genes clinically related
to disease are known. The optimal coverage is 300X, higher than
WES can provide, spanning at least the 99% of targeted bases. In
this case, analysis will include only genomic regions that are com-
prised in the custom panel; obviously, complexity zones, such as
CpG islands, will be excluded when panels are composed (Fig. 2).
Moreover, the main advantage of custom target sequencing is the
possibility to personalize the panel (i.e. inclusion of certain genes
and the possibility to sequence exons, specific intronic regions,
promoter regions or the 3' untranslated region).

Current challenge of NGS tools in the diagnosis of collagenopa-
thies

NGS technologies have revolutionized clinical testing for the rare
genetic diseases, such as collagenopathies. As we know, collagen-
opathies are heterogeneous diseases and clinical phenotypes are
often overlapping. NGS tools (WES or custom target panel) give
the opportunity to analyze defined regions or the entire exome to
identify the genes responsible for the disease.®” Moreover, NGS
offers the possibility to sequence multiple genomic regions and a

Targeted sequencing

* Region sequencing:
specific coding region

* Depth of coverage: 300X

* |dentify alla variants: SNV,
INDELs, SV in specific
regions

* Most cost effective

Fig. 2. Different properties of WES and Target Sequencing. The strategy of WES and Target Sequencing is different; WES is for all exons in genome, Target

Sequencing is for specific regions. Abbreviation: WES, whole exome sequencing.
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Family History

Clinical Phenotypes
(Established Inheritance Pattern)

Custom Target Sequencing
(Heterogeneous Disease)

WES
(Trio Analysis)

Fig. 3. Workflow for choosing a rigth NGS method in Collagenopathies diseases. Abbreviation: NGS, next-generation sequencing.

multitude of patients in a single reaction. The management of huge
amounts of NGS data is the biggest challenge for laboratories. As
such, it is important to standardize the workflow to correctly iden-
tify and interpret genetic variants.

NGS and collagenopathies

Collagenopathies are a heterogeneous group of hereditary disor-
ders of connective tissue. Genetic defects of collagen formation
affect almost every organ system and tissue in the body. They can
be grouped based on clinical phenotypic characteristics. Moreover,
collagenopathy phenotypes are often overlapping, and it is very
difficult to distinguish them. NGS is the best and most efficient
methodology to analyze patients affected by collagenopathies (Ta-
ble 1). By means of NGS, it is possible to sequence the whole
exome or a particular list of genes (the custom target sequence) to
detect genetic variants, in situations where Sanger sequencing (the
gene-by-gene approach) would be too costly and time consuming.?

The usefulness of NGS is helping clinical counseling and identi-
fying genetic variants in patients with unclear phenotypes. Moreo-
ver, NGS tools are relevant to understanding the genotype-pheno-
type relationship in heterogeneous diseases, such as Ehlers-Danlos
syndrome (EDS).? Weerakkody et al.” analyzed 177 EDS patients
with two different custom panels composed of five collagen genes
and aortopathy genes (aortopathy represents the vascular compo-
nent of the EDS phenotype) respectively. The researchers identi-
fied 28 pathogenetic variants in COL541/2, COL3A1, FBNI and
COLI1A1 and 4 likely pathogenetic variants in COLIAI, TGFBRI1/2
and SMAD3 through their NGS assays. Twenty-two variants of un-
certain significance were detected, seven of which were in aortrop-
athy genes. Thus, NGS panels could represent a new method for
molecular diagnosis beyond the expected EDS genotype-phenotype
relationship and reveal new clinical variants in aortopathy genes.

Osteogenesi imperfecta (OI) is a disorder related to the col-
lagenopathies. It is a heterogencous bone disorder characterized
by frequent fractures and seems to be inherited both in dominant
and recessive manners. Mutations in the COLIAI and COLIA42
genes are the demonstrated causes of different forms of OI and
show autosomal dominant inheritance.'®!! To date, a plethora of
genes, responsible for both conditions of OI, have been identified
as dominant and recessive in this disease.

WES is the best method to analyze such genes in a single experi-
ment. Indeed, Caparros-Martin ez al.'? analyzed 42 OI probands, all
offspring parents, to determine the spectrum of mutated genes and
variants detected for these cases. This work confirmed that COL1A1
mutations are responsible for the OI dominant form. It is necessary
to investigate COLIAI in parents if the proband carries COLIAI
mutations. Moreover, WES gives useful information on the positive
role of genes such as SCN94 and NTRK] for the proband with no
familiar history and for differential diagnoses of OI.

Clinical information: counseling, familiar history, clinical phe-
notype and best genetic approach

It is important that patients and healthcare familiars are counse-
led by clinicians or genetic counselors about the most appropri-
ate NGS method to use. Moreover, it is imperative that clinicians
or genetic counselors declare the specificity and limitations of the
NGS method. It also has to be emphasized that positive results may
not change the treatment or the prognosis.

The process of NGS organization starts with a detailed family
history, to identify if there are individuals with the same phenotype
and to individuate the possible inheritance pattern. In fact, it often
happens that there is no relationship between genotype-phenotype
within the same family, and these data confirm a different pen-
etrance.3

The next step is describing the detailed phenotype of affected
individuals. This could include evaluations by other specialists and
application of other clinical exams or radiological tests. For exam-
ple, for EDS, patients are checked by different specialists, such as
a radiologist, neurologist and cardiologist.!* Given the collected
data from familiar history and phenotypes, the specialist decides
the right NGS method for genetic analysis. In the case of genetic
heterogeneity, custom target sequencing may be preferred. On the
other hand, WES will be preferred for trio analysis in a case of a
family group with different phenotypes (Fig. 3).

Interpretation of NGS results

To date, there are different sequencing chemistries available to ob-
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Raw Data
FastQ files
Alignment
Sam/Bam
— Statistics
Picarq tools
Gatk Tools

VCF files

Analysis results
(SIFT, Polyphen..)

Fig. 4. NGS pipeline: Fastq files are mapping versus genomic reference to
obtain SAM/BAM files. Statistics interpretation by Picard tools and ma-
nipulation by GATK tools generate VCF files. They include all variants that
are analyze by in silico software as SIFT, Polyphen. Abbreviations: BAM, bi-
nary alignment map; GATK, genome analysis toolkit; NGS, next-generation
sequencing; SAM, sequence alignment map; VCF, variant calling format.

tain genomic libraries and new NGS platforms to load samples,
including MiSeq (Illumina), Ion Torrent (ThermoFisher Scientific)
and NextSeq (Illumina). NGS platforms generate millions of reads
that are processed bioinformatically. It is relevant to define a good
pipeline to analyze these data. Fastq files (file storing biological
sequence and its quality score), output data generated at the end
of an NGS run, are processed by their quality scores, aligned to

Table 2. Variants classification®

Explor Res Hypothesis Med

a reference genome and reads are filtered based on statistics and
other kinds of information to obtain variant calling format (VCF)
files for storing genetic variation data (Fig. 4).15 The VCF files
contain a list of variants that are classified as 1) pathogenetic, 2)
likely pathogenetic, 3) uncertain significance (VUS), 4) likely be-
nign and 5) benign (Table 2).16

Pathogenetic variants alter the protein functions and may have
been previously reported in other affected individuals. In EDS
types IV and VII and OI, pathogenetic variants often have differ-
ent penetrance within the same family.!” These could be missense,
frameshift, small insertions or deletions. Benign variants are found
in many individuals, including healthy subjects; in addition, they
are often found in subjects tested by NGS. These are missense,
intronic, synonymous or intergenic variants.'® VUS are variants
that could possibly affect protein function based on results from
in silico software prediction tools (i.e. SIFT,'®1® Polyphen,?’ etc.)
and that are not described to affect other individuals. On the other
hand, VUS are described in literature but the in silico analysis has
revealed controversial results.

It is important that all genomic variants are compared to spe-
cific databases and literature data to understand their specific
significance. Databases such as dbSNP and the Exome Aggrega-
tion Consortium are important to evaluate if these variants are
polymorphisms (allelic frequency is >0.5%) or mutations. Disease
databases such as the OI and EDS variant databases (http:/www.
le.ac.uk/ge/collagen/) or ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) are useful to interpret the properties of variants if there
are relationships between variants and human health.

Future research perspective

NGS, also known as massive parallel sequencing, is being incor-
porated rapidly in the clinical laboratory testing routine. Recently,
academic companies and institutions have continued technological
research to improve NGS applications, such as WES and custom
target sequencing. WES and custom target sequencing are useful
for clinicians to understand the heterogeneous diseases like col-
lagenopathies. We expect that NGS tools will become a routine
clinical diagnostic test. The laboratory’s challenge is now to stand-
ardize bioinformatic analysis, so as to make the NGS data interpre-
tation more easily accessible. NGS produces a substantial amount
of data, and the important issue is to have a unique and simple

Classification Description

Pathogenetic

Contribute to the development of disease (some pathogenetic variant may not be fully penetrant)

In the case of recessive or X-linked, a single pathogenetic variant may not be sufficient to cause disease.
Additional data is not expected to alter the classification of this variant.

Likely pathogenetic  Very likely to contribute to the development of disease, however the scientific data is insufficient to confirm the

pathogenicity

Additional data is necessary to confirm this assertion of pathogenicity, but we cannot fully exclude the possibility
that new evidence may demonstrate whether this variant has clinical significance or not

Uncertain
significance (VUS)

Not enough information to support a definitive classification of this variant

Additional evidence is expected to confirm this assertion, but we cannot fully exclude the possibility that new

Likely benign Not expected to have a major effect on disease
At this time, the scientific evidence is currently insufficient to prove its pathogenicity
data may demonstrate that this variant can contribute to disease

Benign Does not cause the disease
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analysis workflow for genetic testing to allow rapid and correct
identification of mutations and variants.
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