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Whole Exome Sequencing Analysis ldentifies a Missense
Variant in COL1A2 Gene Which Causes Osteogenesis
Imperfecta Type IV in a Family from Saudi Arabia
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Objectives: Molecular diagnosis of a large Saudi family presenting an autosomal dominant form of osteogenesis imperfecta (OI).
Methods: Genetic analysis of the index patient was performed through 100x paired end whole exome sequencing (WES) covering 24,000
coding genes of the human genome. The causative variant was filtered out among the previously known 23 genes’ panel reported for 17 subtypes
of OI. The dominant segregation of the causative variant with the disease phenotype was confirmed by Sanger sequencing. Pathogenicity
of the altered protein was predicted through SIFT, PolyPhen, and MutationTaster software. Results: A heterozygous variant (c.1801G>A;
p- Gly601Ser) in exon 31 of collagen 12 was identified. In this study, WES was successfully applied to identify the molecular basis of Ol in
the proband. The rest of family members were confirmed through Sanger validation confirming the autosomal dominant mode of inheritance
in large Saudi family. Conclusion: Ol is a rare heterogeneous disorder of connective tissues with 17 overlapping subtypes, for which 23 genes
are known. Our work adds to the growing list of disease-causing variants in COL1A2. Reporting the disease-causing variants is one of the
best ways to share data for better and accurate variants interpretation. We tested that WES can be used as an efficient tool for the molecular
diagnosis of this rare phenotype.
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OI Type 4 (OI4, OMIM 166,220) is a generalized connective
tissue disorder, and the patients are characterized by severe
osteoporosis and bone fragility. Other features of the disease
may include DI, scoliosis, short stature, hearing loss, skin, and
ligament laxity; however, sclerae is not the feature of OI4.1!
In 90% of Ol cases, heterozygous variants of COL/A1 (OMIM
120,150) at chromosome 17q21.33 encoding collagen 1ol

INTRODUCTION

Osteogenesis imperfecta (OI) also known as brittle-bone
disease, is a clinically and genetically heterogeneous group
of connective-tissues’ disorders. Its frequency is one out of
15,000-20,000 live births."! OI mainly affects the bones, and
of which symptoms may include bone fragility, increased

susceptibility to bone fractures, growth deficiency, blue sclera,
hearing deficit, dentinogenesis imperfecta (DI), skin and
ligaments’ hyperlaxity.l! In 1978, Sillence first classified OI
into four clinical and subclinical types based on the severity
of bones involvement.) The severity of the condition is
highly variable and ranges from mild-to-lethal phenotypes.!
Type 1 is a nondeforming OI with blue sclera and is related to
quantitative deficiency of normal collagen protein, whereas
Type 2 is a lethal form, Type 3 is related to progressively
deforming, and Type 4 is without blue sclera mainly result
from mutations that alter the collagen structure.!
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encoding collagen 102 have been reported causative for the
phenotype.l) Based on the structural or quantitative alterations
in the collagen genes, the disorder is predominantly understood
as a collagen-related disorder.®”!

The laboratory investigations included collagen biochemical
testing and mutation analysis of OI associated genes through
next-generation sequencing (NGS). To date, mutations in
23 genes have been identified with OI and closely related
disorders.’®¥ Whole exome sequencing (WES) analysis has
been readily adopted as the first-line diagnostic tool in most
of the Mendelian disorders worldwide.

In Saudi Arabia, as compared to autosomal dominant, the
autosomal recessive cases are more prevalent due to high rates of
consanguinity.”? The WES analysis for various consanguineous
families has been very recently utilized as a successful
diagnostic tool.l'"™' In WES analysis, autosomal recessive
disorders require the trio-analysis (father-mother-affected
sibling), autosomal dominant disorders can be confirmed by
analyzing patients in at least two or three successive generations.

In the current study, we ascertained a Saudi Arabian family
segregating autosomal dominant phenotype of OI. Clinically,
the disorder had been studied in Saudi Arabia who needed
surgical corrections due to bone deformities;!'*>!¢! however,
this is the first report to the best of our knowledge that has
investigated WES analysis for the molecular diagnosis.

MATERIAL AND METHODS

Patients’ enrollment

A five generations family segregating OI4 phenotype resided in
Jeddah, Saudi Arabia [Figure 1]. The patients had differentially
been diagnosed with OI or DI. However, the clinical subtype
of the disease was not clear. On obtaining the disease history
from the family members, it was revealed that four generations
had segregated the disease in autosomal dominant fashion.
For genetic analysis, samples from nine family members
(I-7, IV-7, 1V-8, IV-11, IV-13, IV-14, V-1, V-2, and V-3) in
which patients belonged to three generations, that is, III, IV
and V were collected, and genomic DNA was extracted using
standard methods.

Clinical investigations

The affected individuals (the index patient IV-8 and her
daughters V-2 and V-3) in the family were examined at the
Oral and Maxillofacial Prosthodontics Department, Faculty
of Dentistry and Department of Genetic Medicine, King
Abdulaziz University for clinical diagnosis. The molecular
genetics analysis for causative gene identification was
performed at Princess Al-Jawhara Center of Excellence in
Research of Hereditary Disorders, King Abdulaziz University,
Jeddah, Saudi Arabia.

Molecular investigations

Whole exome sequencing and bioinformatics

A total of 2 ug genomic DNA from the index patient was
subjected to human whole exome analysis with paired-end
sequencing at 100x resolution as described earlier.['>!* WES
Libraries were created using 51 Mb SureSelect V6 kits (Agilent
Technologies, Santa Clara, CA). Target regions with average
throughput depths of more than 130 and 103 bp paired-end
reads were sequenced using the HiSeq 2500 platform (Illumina,
San Diego, CA, USA). For the alignment of sequences and
copy number variations or the detection of small indels,
standard software such as Burrows-Wheeler Aligner (http://
bio-bwa.sourceforge.net/) and SAMTOOLS (http://samtools.
sourceforge.net/) was used. The obtained reads were mapped
to human UCSC genome database hg19 (http://genome.ucsc.
edu/) and were equated with dbSNP (http://www.ncbi.nlm.
nih. gov/snp/) and the 1000 Genomes (http://www. 1000
genomes.org/) databases. Filtering candidate variants in
the coding regions, a dominant model was used to selected
heterozygous alterations, the minor allele frequency was equal
or <0.0l, and predicted protein affect declared “damaging”
were selected. The rest of the variants were filtered out. The
predicted protein effect was also cross-checked with if involved
in any of the OI disease phenotypes. For this reason, we first
focused on the genes previously involved in OI and related
phenotypes.’® The list of these known genes included ALPL,
ANOS, BMP1, CKB, COLIAl, COL1A2, COL3A1, CRTAP,
CXCR4,DSPP, FGFR3, FKBP10,IFITM5, LEPRE1, PLOD2,
PPIB, SERPINF1,SERPINH1, SOST, SP7, TMEM38B, VDR,
and WNT1I.
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Figure 1: Pedigree and haplotype analysis of the osteogenesis imperfecta family. Squares symbolize males and circles represent females. The filled
symbols represent affected and the white are normal individuals. The individuals tested for COL7A2 mutations are highlighted with “*” in each case
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Sanger sequencing for validation and population
screening

Sanger sequencing was used to validate selected potentially
causative variants in all available family members and ethnically
matched healthy control chromosomes. Ensembl genome
browser (http://www.ensembl.org/) was used to obtain the
reference sequence of COLIA2 (ENST00000297268.10). The
primer sequences (forward: 5’ AGGGCTCGGAAGCTACAC-3’
and reverse: 5’-GGCCAAACCAGCAATATAGA-3’) for
polymerase chain reaction amplification covering the candidate
variant were designed using Primer3Plus software (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/).
The amplicon was amplified in each sample and screened by
DNA cycle sequencing using a BigDye Terminator v3.1 Cycle
Sequencing Kit in an ABI 3500 Genetic Analyzer (Applied
Biosystems, Foster City, CA). Sequence variants were
identified through BioEdit sequence alignment editor
version 6.0.7 (http://www.mbio.ncsu.edu/bioedit/bioedit.html).

In silico three-dimensional protein modeling

The three-dimensional protein model for the wild and
mutant collagen alpha-2(I) proteins (residues 540-850)
were developed using online software I-TASSER (http://
zhanglab. ccmb. med. umich. edu/I-TASSER) and visualized
by Discovery Studio 2016 software (version 2.0, Accelrys
Software). The wild-type and mutant sequences were
aligned through multiple-threading alignments tool Local
Meta-Threading-server.

RESULTS

The initial clinical diagnosis of the family was DI, which
is one of the features of OI. On average, more than 90% of
bases had phred score higher than 20, and there were 42,351
variants, which were filtered based on quality. The total number
of reads was 5.4 Gb, and the mean depth was more than 100.
The rest of the reads were not selected for further analysis.
Furthermore, the filtering criteria mentioned above provided
us with a heterozygous missense variant c.1801G>A in coding
region (exon 31) of COL1A2 gene, which changed glycine to
serine at 601 aa position [Figures 2 and 3]. This variant has
been reported previously in Ol patients.!'”! This alteration was
further confirmed for its correct segregation with the discase
phenotype following the dominant mode of inheritance in three
generations of the family [Figure 1]. The variant was predicted as
“disease-causing” or “protein-damaging” by in silico prediction
software including SIFT, PolyPhen-2, MutationTaster and
MutationAccessor. For population screening in our routine, we
use a panel of 100 chromosomes (healthy unrelated individuals
in Southwestern region of Saudi Arabia), to calculate the minor
allele frequency for each novel variant in this population.
However, we did not find this variant in control samples. The
affected allele c.1801A was also not listed in the 1000 genome
database (www.internationalgenome.org/) nor in the 60,706
unrelated individuals’ exomes Exome Aggregation consortium
database (http://exac.broadinstitute.org/).

GAGAGTGGTGCTGCCGGTCCTACTGGTCCTATT

!

GAGAGTGGTGCTGCCGGTICCTACTGGTICCTATT!

&/WWWWNJ\(\A/WJY |

Figure 2: Electropherogram of the missense mutation in COL1A2 gene
(c.1801G>A) observed in patients with osteogenesis imperfecta (a) and
wild type (b). The heterozygous nucleotide G>A substitution position
1801 is indicated by an arrow

DiSCUSSION

In-time molecular diagnostics for various single gene
disorders are becoming possible with the latest advances
in NGS technologies. They are considered more efficient,
accurate, and economical as compared to the earlier methods
of candidate genes’ analysis through Sanger sequencing.
Rare Mendelian disorders are more frequent in isolated
populations, and the future generations are at high risk of
recurrence if proper genetic counseling or premarital testing
is not available. In this study, through WES we tested a Saudi
family for the causative gene identification leading to OI4
phenotype.

There are 17 clinical subtypes of Ol for which 23 genes [Table 1]
are assigned so far. Based on the clinical overlap with OI and
Sanger sequencing alone could lead to delays in obtaining
results and were costlier. Thus, mutation screening of known
genes through Sanger sequencing was skipped, and WES was
performed as the first genetic test. The autosomal dominant
model was used for candidate gene/variant prioritization.
The variant we identified in COL1A2 (p. Gly601Ser) had
been denoted as p. Gly511Ser in 2001 and was found in
Ol4 patients;!' however, very recently a patient with OI1 has
also been reported.l™® OI1 patients have blue sclera, which
was not present in our family. The difference in the codon
notation might be due to the difference in the older and newer
versions of reference genome databases. The codon 601 has
another variant c.1802G>A leading to glycine to aspartate
alteration in OI4 patients.'”) In general, missense variants
of COL1A1/A2 that changes glycine to serine have milder
phenotype as reported in Estonian OI population.?”

Apart from this, we also identified several alterations
in dentin sialophosphoprotein (DSPP, OMIM 125,485)
gene, which is previously known for DI.?Y Primarily, DI
was one the differential diagnosis for these patients. This
gave us an impression that DSPP might be the causative;
however, these variants were also present in our in-house
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Table 1: List of candidate genes for osteogenesis imperfecta

No Gene Complete name Physical position OMIM entry
1 COLI1Al Collagen type I alpha 1 chain Chr17:50184096-50201648 120150
2 COL1A2 Collagen type I alpha 2 chain Chr7:94394561-94431232 120160
3 SERPINF1 Serpin family F member 1 Chr17:1761965-1777565 172860
4 SPARC Secreted protein acidic and cysteine-rich Chr5:151661096-151687054 182120
5 WNTI WNT family member 1 Chr12:48978453-48982613 164820
6 IGF1 Insulin-like growth factor 1 Chr: 102395867-102481839 147440
7 CXCR4 C-X-C motif chemokine receptor 4 Chr2:136114349-136118155 162643
8 SERPINHI1 Serpin family H member 1 Chrl11:75562056-75572804 600943
9 PPIB Peptidylprolyl isomerase B Chr15:64155815-64163155 123841
10 BMP1 Bone morphogenetic protein 1 Chr8:22165140-22212326 112264
11 IGFBP3 Insulin-like growth factor binding protein 3 Chr7:45912245-45921272 146732
12 SP7 Sp7 transcription factor Chr12:53326575-53344793 606633
13 FGFR3 Fibroblast growth factor receptor 3 Chr4:1793299-1808872 134934
14 FKBP10 FK506 binding protein 10 Chr17:41812262-41823217 607063
15 P3HI Prolyl 3-hydroxylase 1 Chr1:42746335-42767084 610339
16 COL3A1 Collagen type III alpha 1 chain Chr2:188974373-189012746 120180
17 IFITMS Interferon-induced transmembrane protein 5 Chr11:298200-299526 614757
18 SOST Sclerostin Chr17:43753731-43758788 605740
19 CRTAP Cartilage-associated protein Chr3:33113958-33147773 605497
20 DCN Decorin Chr12:91143277-91183124 125255
21 TMEM38B Transmembrane protein 38B Chr9:105694525-105776611 611236
22 CKB Creatine kinase B Chr14:103519658-103522859 123280
23 MIR29B1 MicroRNA 29b-1 Chr7:130877459-130877539 610783

OMIM: Online Mendelian Inheritance in Man

Figure 3: Three-dimensional models of mutant and wild-type COL71A2
proteins. Note the encircles altered amino acid serine

exome data of 24 healthy individuals. Thus, DSPP variants
were declared neutral polymorphisms rather than potential
candidates.

The COL1A2 encodes the a2-chain of type 1 collagen, which is
a heterotrimeric protein consisting of two ¢t1-chains (encoded
by COLI1AI) and one o2-chain. Type 1 collagen is the most
abundant form of collagen in the human body and acts as
the major structural protein of cartilage, bone, tendon, skin,
and cornea.”” Mutations in COLIA2 are the cause of a
range of autosomal dominant conditions including OI2 and

OI3 and autosomal recessive form of the cardiac-valvular
type Ehlers—Danlos syndrome.>*2

The precursor of type 1 collagen, called Type 1 procollagen
consists of C- and N-terminal propeptides and a large central
triple helix domain comprising a repeating [Gly-X-Y] triplet.
The glycine residue in this triplet is the only amino acid
small enough to reside within the sterically restricted inner
aspect of the helix.””’ Most pathogenic missense mutations
in COL1A1 and COL1A2 replace one of these crucial
glycine residues with a larger amino acid, hence, leading
to the synthesis of collagen with structural abnormalities.
Alteration of a Gly part of a (Gly-X-Y) triplet typically causes
more severe phenotypes as compared to mutations that lead
to haploinsufficiency of Type 1 collagen (e.g., frameshift,
nonsense, and splice-site mutations).*2% The missense variant
detected here in collagen alpha-2(I) chain causes a glycine
to serine amino acid substitution at position 601 within the
COL1A2 protein. The substitution of nonpolar Glycine (H
side chain) by polar serine (OH side chain) can alter the
intramolecular interactions of the protein structure. More
specifically, this is an alteration of the glycine residue within
a (Gly-X-Y) triplet comprising of amino acids Gly-Pro-Thr.
Substitution of the small glycine in the larger serine is expected
to affect the structure of the protein. This expected damaging
effect is also reflected by the significant in silico predictions
for this amino acid substitution. Apart from codon 601 glycine
to serine changes at other positions of COL1A1/A2 had an
adverse effect on collagen structure and function leading to
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teeth agenesis in OL!$2728 An NGS molecular diagnostics
panel, that is, 14 OI genes in Chinese cohort, revealed 73% of
COL1A2 association in which most of the novel variants were
an alternation of glycine residues.?” This gives the importance
of glycine amino acid in the collagen structure and function.

CONCLUSION

We emphasize that an in-time molecular diagnosis is a key
to the future patient management and genetic counseling.
Based on the genetic finding in the index case, at-risk
family members were offered targeted genetic testing. When
validated, WES analysis can be used in the near future as a
first-tier molecular testing for Ol4 and many other diseases
with locus heterogeneity where single-nucleotide changes,
small insertions or deletions are the predominant types of
mutations.
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