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Applying Two Different Bioinformatic Approaches to Discover Novel
Genes Associated with Hereditary Hearing Loss via Whole-Exome

Sequencing: ENDEAVOUR and HomozygosityMapper

Abstract

Background: Hearing loss (HL) is a highly prevalent heterogeneous deficiency of sensory-neural
system with involvement of several dozen genes. Whole-exome sequencing (WES) is capable of
discovering known and novel genes involved with HL. Materials and Methods: Two pedigrees with
HL background from Khuzestan province of Iran were selected. Polymerase chain reaction-sequencing
of GJB2 and homozygosity mapping of 16 DFNB loci were performed. One patient of the first and
two affected individuals from the second pedigree were subjected to WES. The result files were
analyzed using tools on Ubuntu 16.04. Short reads were mapped to reference genome (hgl9, NCBI
Build 37). Sorting and duplication removals were done. Variants were obtained and annotated by an
online software tool. Variant filtration was performed. In the first family, ENDEAVOUR was applied
to prioritize candidate genes. In the second family, a combination of shared variants, homozygosity
mapping, and gene expression were implemented to launch the disease-causing gene. Results: GJB2
sequencing and linkage analysis established no homozygosity-by-descent at any DFNB loci. Utilizing
ENDEAVOUR, BBX: C.C857G (P.A286G), and MYH15: C.C5557T (P.R1853C) were put forward,
but none of the variants co-segregated with the phenotype. Two genes, UNCI3B and TRAKI,
were prioritized in the homozygous regions detected by HomozygosityMapper. Conclusion: WES
is regarded a powerful approach to discover molecular etiology of Mendelian inherited disorders,
but as it fails to enrich GC-rich regions, incapability of capturing noncoding regulatory regions and
limited specificity and accuracy of copy number variations detection tools from exome data, it is
assumed an insufficient procedure.
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into two main categories, syndromic and
nonsyndromic. Syndromic HL manifests
with involvement of other body organs,
while deafness is the only symptom in
nonsyndromic form. About 75%-85%
of nonsyndromic cases have autosomal
recessive mode of inheritance. Autosomal
dominant inheritance manner comprises
15%-24% of the patients. Rare causes,
X-linked recessive and mitochondrial
patterns, include 1%-2% of the affected
individuals.®! Lesions of outer ear cause
conductive HL, while defects of the middle
and inner ear lead to sensory-neural HL.
According to age of onset HL is divided
into prelingual and postlingual. The severity
of disease spectrum ranges from mild to
profound based on audiogram profile.”

Introduction

Hearing loss (HL) accounts for the most
common sensory-neural defect worldwide
with an incidence of 1-2 new cases/1000
newborns.!  The  disease incidence
rises during childhood and adolescence
lifetime to 2.83 and 3.5/1000 individuals,
respectively.??! According to the World
Health Organization estimations, there
are about 360 million deaf individuals
throughout the world."! Due to the high rate
of consanguineous marriages in Iran,™ the
disease frequency is much higher and stands
second among disabilities in the country.[®
Patients with profound hearing difficulties
suffer from poor linguistic communication,
social engagement, cognitive activity, and
low life quality.!”

More than 80 distinct loci and 60 genes

0 .
More than 50% of the cases have a genetic have been discovered associated with

background. Hereditary HL is divided
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autosomal recessive nonsyndromic HL (ARNSHL).l'Y GJB2
mutations at DFNB1 locus are the most common cause of
the disease in most part of the world.l""!?! However, the
role of DFNBI1 locus is variable because of existence of
various ethnic groups in Iran.['3-17)

Whole-exome sequencing (WES) is a high-throughput
technique which gives the opportunity to detect
single-nucleotide variants mainly in the coding regions of
the genome.!'®”! To some extent, it has the capability of
finding copy number variations (CNVs) through special
approaches.? Since the development of this technology,
several novel genes have been introduced involved with
ARNSHL.!

Various genes associated with the same heritable disorder
usually play a role in certain pathways or have structural
and functional similarities. Hence, based on previous
knowledge about HL-associated genes, discovering novel
genes could be an appropriate selection. Obtaining exome
data from different individuals in a family would help
to detect homozygous haplotypes and common variants,
with the same pattern of inheritance, among affected
individuals.

In this study, we selected two different approaches to
discover novel disease-causing genes in two large Iranian
families affected with ARNSHL. In one family, WES
was performed for the proband and gene discovery was
based on variant filtering and similarity searching using
ENDEAVOR online software tool. In the second family,
homozygosity mapping was performed by exome data of
two affected individuals. Common disruptive variants,
expression pattern and gene function were considered to
prioritize candidate genes.

Materials and Methods
Subjects

Two large pedigrees (Ahv-17 and Sho-4) from Khuzestan
province of Iran were ascertained with the history of several
HL patients. Clinical investigations were accomplished
including skeletal, eye, kidney, heart, and cutaneous
examinations. In addition, magnetic resonance imaging
and computed tomography scan were performed to detect
inner ear malformations. Severity of deafness was assessed
through pure-tone audiometry from 250 Hz to 8000 Hz.

The study was approved by ethics committee and review
boards of Isfahan University of Medical Sciences.
About 5-10 mL of peripheral blood from healthy and
affected members of the pedigrees were collected in
ethylenediaminetetraacetic acid-containing tubes following
getting informed written consent from the participants.

Genetic linkage analysis of common DFNB loci

Genomic DNA was extracted from peripheral lymphocytes
using Prime Prep Genomic DNA Extraction kit from

2

blood (GeNet Bio, Korea) according to the manufacturer’s
instruction.

Coding mutations of the GJB2 gene were screened by
polymerase chain reaction (PCR)-sequencing as described
previously.l'”)

More than 60 Short Tandem Repeat Polymorphic (STRP)
markers linked to DFNB1A/B, DFNB2, DFNB3, DFNB4,
DFNB7/11, DFNB9, DFNB15, DFNB21, DFNB22,
DFNB24, DFNB42, DFNB59, DFNB63, DFNB93, and
DFNBI101 were selected from NCBI Map Viewer and
UCSC genome browser. Primers were designed using
Primer3 v. 0.4.0 (http://bioinfo.ut.ee/primer3—0.4.0/)
[Table 1] or selected through NCBI Probe. Specificity of
the primers was checked through NCBI Primer-BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Touchdown PCR
was carried out to amplify STRP markers by 2X Master
Mix (Ampliqon®, Denmark). To genotype STRP markers,
PCR products were resolved on a nondenaturing 12%—-15%
polyacrylamide gel and stained under standard silver nitrate
protocol. Genotypes were determined by visual inspection.
Haplotype reconstruction was done by HaploPainter
v. 1.043.

Whole-exome sequencing experiment, bioinformatics
analysis, and variant prioritization

One affected individual from Sho-4 pedigree and two
affected individuals from Ahv-17 pedigree were subjected to
high-throughput sequencing. Genomic DNA was isolated from
peripheral blood lymphocytes according to phenol—chloroform
protocol. Using 1% agarose gel and Nanospec Cube
Biophotometer (Nanolytik®, Dusseldorf, Germany) DNA
concentration, purity and integrity were checked. About
1 pg of genomic DNA of each individual was utilized to
prepare library sequencing in a solution-phase targeted
genomic enrichment by Agilent SureSelect Human All Exon
kit v6 (Agilent Technologies, CA, USA) according to the
manufacturer’s instruction. Sequencing was carried out by
[lumina HiSeq 2000 (Illumina, San Diego, California, USA)
to generate 105 bp short reads.

Sequence reads were aligned against human reference
genome (hgl9, NCBI Build 37) by BWA v0.7.8-r455
software. Samtools v1.0 was used to sort BAM files and
Picard v1.111 was utilized to remark duplicates. Variant
calling was accomplished by GATK v3.1 and variant
annotation was done by WANNOVAR online software
tool (http://wannovar.wglab.org/).

Missense, nonsense, stop loss, initiation codon change, splice
site, small in-frame, and frameshift indels with CAAD score
of >10 and global minor allele frequency of <1% in NCBI
dbSNP human build 147, 1000 genomes project phase3,
NHLBI GO exome sequencing project, exome aggregation
consortium version 0.3.1 were retained for further analysis.
Pathogenic effect of the variants was evaluated by SIFT,
PolyPhen-2 v2.2.2r398, and MutationTaster2.
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ENDEAVOUR gene prioritization and conformation

For the Sho-4 family, ENDEAVOUR (https://endeavour.
esat.kuleuven.be/Endeavour.aspx)  was  applied  for
novel gene discovery. Human was selected as species.
Known deafness-associated genes with various patterns
of inheritance were utilized for training. Genes from
exome data were used as data source to build models.
Prioritized candidate genes were fully investigated for
their function and probable association with HL by
means of comprehensive literature review and online
sources including UniProt (http://www.uniprot.org/) and
GeneCards (www.genecards.org).

Primers were designed encompassing exon 10 of the
BBX gene and exon 39 of the MYHI5 gene [Table 1].
PCR-sequencing was carried out among healthy and
affected family members.

Running autozygosity mapping by HomozygosityMapper
web application

A Perl-based tool was accomplished to compare variant
call format (VCF) files and pinpoint shared positions
which variants are located. VCF tools v0.1.13 were
utilized to find shared variants causing HL between
candidates. The tool merges two output file and results
in a VCF file with information about shared variants and
facilitates decision-making. Using HomozygosityMapper
web application (http://www.homozygositymapper.org/),
homozygous chromosomal segments were detected. In the
following, we focused on genes with expression in the
inner and outer hair cells and auditory and vestibular ear
ganglion neurons.?>24

Results
Clinical findings

Two large inbred pedigrees, each with 4 HL patients, from
Khuzestan province of Iran were recruited for molecular
investigations. Pedigree analysis revealed autosomal recessive
mode of inheritance in both of the pedigrees [Figure 1]. Affected
individuals in pedigree Sho-4 showed mixed progressive
severe-to-profound HL when they were teenager. At the age of
20, all individuals suffered from mixed profound HL. Affected
individuals in pedigree Ahv-17 had severe sensory-neural HL.
Involvement of other body organs were not observed in any of
the pedigrees.

DFNB loci
results

screening and whole-exome sequencing

Direct sequencing showed no mutation in the coding exon of
the GJB2 gene. DFNB1A/B linkage analysis ruled out the role
of the most common cause of ARNSHL. After genotyping
the STRP markers and haplotype reconstruction, we could not
establish homozygosity-by-descent at any DFNB loci.

WES was implemented to recognize the molecular etiology
of the disease among known deafness-associated genes
or finding novel genes. The mean depth of coverage was
100X and more than 99% of targeted regions were covered.
No variant was found in known deafness-associated genes
after proper variant filtering.

ENDEAVOUR gene prioritization results

Four candidate genes according to their function, domain, and
expression pattern were prioritized by ENDEAVOR [Table 2].

Table 1: Primers used for co-segregation of the variants in the BBX and MYH15 genes

Gene/exon Forward Reverse PCR product (bp)
BBX/10 GGGAGCAATGATACTCTCGTAA AGATGGTACAGTTTAGGGAAACAC 280
MYH15/39 GCCAATCAGCAAATAGAATGC ATGAAGAGAGAACGGCAGGA 280

PCR: Polymerase chain reaction

Family SHO-4

v:1

Family AHV-17

Figure 1: Pedigrees. There are four affected individuals in each pedigree due to consanguineous marriage that suggests autosomal recessive mode of

inheritance
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Genes and variants include BBX: C.C857G (P.A286G) and
MYHI5: C.C5557T (P.R1853C) were evaluated through
PCR-sequencing but none of the variants to be co-segregating
with the phenotype in the pedigree [Figures 2 and 3]. Primer
sequences are available in Table 2.

Homozygosity Mapper results

Two variants, UNCI3B: C.C714A (P.D238E) and
TRAKI: C.1841-1842insGGAGGA (P.T614insEE),
remained after autozygosity mapping, expression in the
inner and outer hair cells, auditory and vestibular ear
ganglion neurons, and shared in both affected individuals
as novel candidate genes for ARNSHL [Table 2].

Discussion

By applying two different approaches, ENDEAVOUR
gene prioritization and homozygosity mapping using
WES data, we aimed to introduce novel genes related to
ARNSHL in two large families from Southwest of Iran.
Although ENDEAVOUR prioritized four interesting
genes, co-segregation analysis of the first two candidates
ruled them out. In the second family, a combination of

Father /\/V\

Mother

Patient
Patient NVVMM A

Patient

Normal

Normal

homozygosity mapping by exome data of two affected
individuals, ear gene expression pattern, and shared
variants in both individuals suggested the UNCI/3B and
TRAKI genes as potential candidate genes for ARNSHL.

Although WES is a high-throughput sequencing method,
some practical and analysis limitations prevent finding
responsible variants for a single-gene disorder. First of
all, this method is poor to enrich GC-rich regions of the
genome.” Second, noncoding regulatory regions are not
routinely captured by this methodology. Using whole-genome
sequencing (WGS) would help us to uncover such pathogenic
alterations, although variant interpretation and prioritization
occurring in these regions is problematic.?! The last limitation
is detecting CNVs from exome data. Although several
software and algorithms have been developed to overcome
this problem, they have limited specificity and accuracy.*”
There are two disadvantages in using exome data for linkage
analysis. First, only single-nucleotide polymorphisms (SNPs)
at exonic regions will be captured and second, error rate
is higher in comparison with array-based technologies.
Smith er al. implemented linkage analysis through exome

Father

Mother

Patient

Patient

Patient

Normal

Normal

Figure 2: Sequence electropherogram of BBX: c.C857G (P.A286G) variant.
The variant does not co-segregates with ARNSHL in the family as other
affected members are heterozygous and one healthy sibling is homozygous
for mutant allele

4

Figure 3: Sequence electropherogram of MYH15: c.C5557T (P.R1853C)
variant. As one of the healthy individuals is homozygous for mutant allele
and other affected individuals do not have homozygous mutant allele, this
variant cannot be molecular etiology of the disease
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Table 2: List of candidate genes for families Sho-4 and Ahv-17

Gene Variant rs ID SIFT  Polyphen MutationTaster2 Methodology Cosegregation
BBX ¢.C857G (p.A286G) Novel 0.033,D 0.81,P 0.991,D ENDEAVOUR Negative
MYHI5  ¢.C5557T (p.R1853C) 1s372963200 0.0, D 1.0,D 0.860, D ENDEAVOUR Negative
OTOP3  ¢.T2C (p.MIT) 1s368367098  0.0,D  0.932, P 1,D ENDEAVOUR NA

SLC6A6  c.230-1delT Novel NA NA NA ENDEAVOUR NA

UNCI3B ¢.C714A (p.D238E) rs35199210 0.004,D 0.884, P 0.973,D HomozygosityMapper NA

TRAKI  c.1841 1842insGGAGGA:p. Novel NA NA NA HomozygosityMapper NA

T614insEE

NA: Not available; D: Disease causing; P: Probably damaging

data successfully to uncover genetic causes of recessive and
dominant inherited diseases in three families and the results
were comparable with SNP array-based linkage analysis.”®!
Biallelic mutations in the WEE2 gene have been reported
to cause female infertility using the same strategy.*”
ENDEAVOUR has been introduced as a powerful tool for
gene prioritization through knowledge from former identified
genes and genomics data to integrate them for global
ranking.?” Recent publications have verified the efficiency of
ENDEAVOUR for discovering novel genes associated with
neurodevelopmental disorder and congenital anomalies.?!-34

As the families are large enough for genome-wide linkage
analysis, a dense SNP array and using STRP markers
could help us to limit the disease gene to an interval. In
addition, WGS would be a method of choice to detect
CNVs, noncoding regulatory region variants, and mutations
in GC-rich regions.

Conclusion

WES has revolutionized molecular investigations in medical
genetics practice. However the procedure has wet-lab and
dry-lab limitations. It seems that genomic approaches like
SNP arrays could help us for fine mapping of the disease
interval. In addition, WGS could be method of choice for
scanning CNVs, noncoding regulatory regions and GC-rich
content of the identified interval.
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