Journal of Human Genetics (2016) 61, 253-261
Official journal of the Japan Society of Human Genetics

OPEN 1434-5161/16

=)

www.nature.com/jhg

ORIGINAL ARTICLE

An effective screening strategy for deafness in
combination with a next-generation sequencing
platform: a consecutive analysis

Naoko Sakumal2, Hideaki Moteki2, Masahiro Takahashil, Shin-ya Nishio?, Yasuhiro Arail, Yukiko Yamashita3,
Nobuhiko Oridate! and Shin-ichi Usami?

The diagnosis of the genetic etiology of deafness contributes to the clinical management of patients. We performed the following
four genetic tests in three stages for 52 consecutive deafness subjects in one facility. We used the Invader assay for 46
mutations in 13 genes and Sanger sequencing for the GJB2 gene or SLC26A4 gene in the first-stage test, the TagMan
genotyping assay in the second-stage test and targeted exon sequencing using massively parallel DNA sequencing in the third-
stage test. Overall, we identified the genetic cause in 40% (21/52) of patients. The diagnostic rates of autosomal dominant,
autosomal recessive and sporadic cases were 50%, 60% and 34%, respectively. When the sporadic cases with congenital and
severe hearing loss were selected, the diagnostic rate rose to 48%. The combination approach using these genetic tests appears
to be useful as a diagnostic tool for deafness patients. We recommended that genetic testing for the screening of common
mutations in deafness genes using the Invader assay or TagMan genotyping assay be performed as the initial evaluation. For the
remaining undiagnosed cases, targeted exon sequencing using massively parallel DNA sequencing is clinically and economically

beneficial.
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INTRODUCTION

Congenital hearing loss is a common sensory disorder, affecting
approximately one per 1000 live births. Genetic factors are the most
common etiology of congenital sensorineural hearing loss (SNHL),
which comprises at least 50% of all cases of SNHL. Approximately
70% of cases of hereditary SNHL are non-syndromic, with the
remaining 30% being syndromic.! With regard to non-syndromic
hearing loss, 75-80% of cases are inherited in an autosomal recessive
(AR) pattern, 20-25% are inherited in an autosomal dominant (AD)
pattern and 1-1.5% are inherited in an X-linked pattern.! However,
SNHL exhibits extremely heterogeneous disease traits. More than 140
loci have been mapped and over 80 genes have been reported to be
responsible for hereditary non-syndromic hearing loss (Hereditary
Hearing loss Homepage, http://hereditaryhearingloss.org/). Genetic
testing has the potential to allow accurate diagnosis of SNHL, and
the diagnosis of the genetic etiology contributes to the clinical
management of patients, including the selection of the most
appropriate treatment. For example, early therapeutic interventions
for associated symptoms including diabetes mellitus or visual
impairment can be performed. Further, we can predict the type of
hearing loss and its progressiveness, and choose the appropriate mode
of intervention from among hearing aids, electric acoustic stimulation
and cochlear implantation.

In Japan, genetic testing for 46 known mutations in 13 common
deafness genes using Invader assay technology became clinically
available as a molecular diagnostic tool from April 2012. The cost of
this genetic testing is fully covered by public health insurance, after
approval from the Ministry of Health, Labor and Welfare. This genetic
testing panel can analyze known single-nucleotide variants or small
deletions that are commonly found in Japanese SNHL patients, as
established from the results of several studies.” A previous study
reported that the Invader assay for screening 46 known mutations in
13 deafness genes was able to identify the causative single-nucleotide
variants in 28.0% (74/264) of Japanese deafness patients.® To increase
the diagnostic rate, we speculated that the addition of other genetic
tests was required.

In this study, we evaluated consecutive patients who underwent
genetic testing for SNHL in Yokohama City University Hospital and
Yokohama City University Medical Center. To improve the diagnostic
rate while giving appropriate consideration to the cost of testing,
we performed the following four genetic tests in three stages: (1) the
Invader assay that we applied to the screening of 46 known mutations
in 13 deafness genes and Sanger sequencing for the GJB2 gene or
SLC26A4 gene; (2) the TagMan genotyping assay that we applied to
the test of screening of 55 known mutations in 6 deafness genes; and
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(3) targeted exon sequencing using massively parallel DNA sequencing
(MPS) for the testing of the sequence of 63 known deafness genes.

The goals of this study were to elucidate (1) the utility of the genetic
tests performed in one facility for consecutive patients during the
study period; (2) the possibility of integrating several methods of
genetic testing, sequentially performed, into a routine genetic testing
program; and (3) the differences in the clinical presentations of
diagnosed and undiagnosed cases.

SUBJECTS AND METHODS

Subjects

We recruited 59 consecutive Japanese subjects with SNHL who visited two
hospitals (Yokohama City University Hospital and Yokohama City University
Medical Center) between July 2012 and November 2014. The patients who
visited Yokohama City University Medical Center were referred to Yokohama
City University Hospital for genetic testing. Basically, all subjects presenting
with bilateral SNHL were included. The exclusion criteria were cases with
chromosomal abnormalities, such as a 21 trisomy, and cases with SNHL caused
by middle ear disease or ear surgery. All subjects were unrelated and from
non-consanguineous families. For each proband and their family members,
informed written consent was obtained to participate in this study, which was
approved by the Human Subjects Ethical Committee of Yokohama City
University.

Among the 59 recruited cases, 5 cases of 21 trisomy and 1 case of Kabuki
make-up syndrome were excluded from this study. One additional case refused
to undergo genetic testing, so that 52 cases were enrolled in this study. Twenty
patients were male and 32 were female. Fifty-one patients were Japanese, and
one was half Filipino and half Japanese. The age at the time of enrollment
ranged from 0 to 76 years (median: 4 years). The age of onset was between 0

Table 1 Clinical presentations and diagnoses

and 66 years (median: 0). As shown in Table 1, 32 cases (62%) had congenital
SNHL, with hearing loss detected by newborn hearing screening at birth in
27 cases. The other five cases were referred to our hospital with suspected
hearing loss, even though newborn hearing screening was not performed, and
were diagnosed with congenital SNHL based on their general condition. With
regard to the mode of inheritance, 12 cases were AD inheritance, 5 were AR
inheritance and 35 were sporadic cases. Forty-four cases had symmetric hearing
loss, and eight cases had asymmetric SNHL with a >10dB difference in
right-left laterality.

Four of the 54 patients presented with various physical complications. One
case had retinitis pigmentosa associated with Usher syndrome, one case had
decolorization of the iris pigment associated with Waardenburg syndrome, one
case had palmoplantar keratoderma associated with syndromic SNHL caused
by GJB2 mutations and one case had bilateral aural fistulas associated with
branchio-oto-renal syndrome (BOR syndrome).

Clinical information and blood samples were obtained from each proband
and from all consenting affected and unaffected relatives. The following data
were collected. (1) Pure-tone audiograms, behavioral audiometry or auditory
brainstem responses. (2) Medical history including the age of onset, defined as
when patients noticed or were diagnosed with hearing loss, and complications.
Inheritance was classified as AD, hearing loss passed down through families;
AR, affecting siblings; or sporadic, no family history of hearing loss.
(3) Temporal bone imaging (computed tomography and/or magnetic
resonance) was undertaken where applicable.

Age of onset was divided into three categories: congenital, SNHL was
detected by newborn hearing loss screening or was strongly suspected to be
present at birth; childhood, SNHL was diagnosed before 17 years of age and
was not categorized as congenital; and adult, SNHL was diagnosed after 18
years of age. Pure-tone audiograms and/or auditory brainstem responses were
used to confirm the degree and progression of SNHL. Hearing levels were

Total (n) Mutation detection (n) Detection rate (%) Diagnosis (n) Diagnosis rate (%)

All cases 52 30 58 21 40
Gender

Male 20 15 75 13 65

Female 32 15 47 8 25
Genetic testing

First (Invader assay-+direct sequencing) 52 11 21 9 17

Second (TagMan genotyping assay) 43 7 16 4 9

Third (Targeted exon sequencing using MPS) 39 16 41 8 21
Inheritance mode

Autosomal dominant 12 8 67 6 50

Autosomal recessive 5 3 60 3 60

Sporadic 35 19 54 12 34
Age of onset

Congenital 32 20 63 14 43

Childhood (<17) 16 7 44 5 31

Adult (>18) 4 3 75 2 50
Type of hearing loss

Mild—moderate 21 9 43 6 29

Severe—profound 31 21 68 15 48

Symmetric 44 28 64 20 45

Asymmetric 8 2 25 1 13

Abbreviation: MPS, massively parallel DNA sequencing.

The diagnostic rates of AD and AR cases, severe-to-profound SNHL and cases with symmetric SNHL were higher than those for sporadic cases, mild-to-moderate SNHL and cases with asymmetric

SNHL, respectively.
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Figure 1 Flow diagram of the genetic testing. Four types of genetic testing were performed in three stages. (+) Possible variant(s) identified, (=) no variant(s)

identified, *Massively parallel DNA sequencing.

classified based on the better hearing ear as: normal, <20 dB; mild hearing loss,
21-40 dB; moderate hearing loss, 41-70 dB; severe hearing loss, 71-95 dB; and
profound hearing loss, > 95 dB. Differences in hearing thresholds of less than
10 dB are commonly observed as a result of imprecisions in audiometry.” We,
therefore, defined asymmetric SNHL as an average difference of over 10 dB in
hearing thresholds between ears (measured at 0.5, 1, 2 and 4 kHz).

Methods
As shown in Figure 1, this study consisted of a three-stage genetic testing
program.

First-stage testing: the Invader assay and Sanger sequencing for
GJB2 and SLC26A4

The Invader assay was applied to all patients enrolled in this study for the
screening of 46 known mutations in 13 known deafness genes. The detailed
protocol was described elsewhere.® In brief, 1.2 pl of primary probe/Invader
oligonucleotide mixture (containing 0.5 pumoll™! wild-type primary probe,
0.5 umol I"! mutant primary probe, 0.05 umol I"! Invader oligonucleotide and
10 mmol I"! 3-(N-morpholino)propanesulfonic acid (MOPS)) were added to
each well of 384-well plates. Fluorescent resonance energy transfer/cleavase
mixture (Third Wave Technologies, Madison, WI, USA) was added to the
plates containing the probe/Invader oligonucleotide mixture. Next, 3 ul of 5-
100 fmol I! synthetic target oligonucleotides (positive control), 10 ug ml™! yeast
tRNA (no target control) and denatured genomic DNA samples (0.15 ngpl™)
were added. A measure of 6 ul of mineral oil (Sigma, St Louis, MO, USA) was
laid over all the reaction wells, which were then incubated at 63 °C for 4 h.
Incubation fluorescence was then measured using a CytoFluor 4000 fluorescent
microplate reader (Thermo Fisher Scientific, Waltham, MA USA). Mutations
commonly found in Japanese were then selected (GJ/B2 (12 mutations),
SLC26A4 (19 mutations), COCH (one mutation), KCNQ4 (one mutation),
MYO7A (one mutation), TECTA (two mutations), CRYM (two mutations),
POU3F4 (one mutation), EYAI (three mutations), mitochondrial 12'S riboso-
mal RNA, mitochondrial tRNA (Leu), mitochondrial tRNA (Ser) and

mitochondrial tRNA (Lys)). All mutations are shown in Supplementary
Table 1.

After performing the Invader assay, Sanger sequencing for G/B2 or SLC26A4
containing the entire coding region was performed for heterozygous cases, in
which one allelic mutation was found in the GJB2 or SLC26A4 gene.

Second-stage testing: the TagMan genotyping assay

For cases in which no causative mutations were identified in the first-stage
genetic testing, the TagMan SNP genotyping assay was applied (Thermo Fisher
Scientific). The detailed protocol was described elsewhere.® We selected probes
for 55 known mutations in 6 deafness genes (SLC26A4 (15 mutations), CDH23
(22 mutations), KCNQ4 (one mutation), TMPRSS3 (5 mutations), OTOF (9
mutations) and MYOI5A (3 mutations)). All mutations are shown in
Supplementary Table 2.

Third-stage testing: targeted exon sequencing using MPS
For cases in which no causative mutations were identified in the first- and
second-stage testing, targeted exon sequencing using MPS was applied.

Amplicon library preparation. Amplicon libraries were prepared using an Ion
AmpliSeq Custom Panel (Thermo Fisher Scientific) for 63 genes reported to
cause non-syndromic hearing loss according to the manufacturer’s instructions.
All mutations are shown in Supplementary Table 3. The detailed protocol was
described elsewhere.” After preparation, the amplicon libraries were diluted to
20 pM and equal amounts of six libraries for six patients were pooled for one
sequence reaction.

Emulsion PCR and sequencing. Emulsion PCR and sequencing were per-
formed according to the manufacturer’s instructions. The detailed protocol was
described elsewhere.” MPS was performed with an Ion Torrent Personal
Genome Machine (PGM) system using an Ion PGM 200 Sequencing Kit and an
Ton 318 Chip (Thermo Fisher Scientific).

Base call and data analysis. The sequence data were mapped against the
human genome sequence (build GRCh37/hgl9) with a Torrent Mapping
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Figure 2 Results of genetic testing. Five cases were diagnosed by the Invader assay. Four cases were diagnosed by the Invader assay and direct sequencing
for GJB2 or SLC26A4. Four cases were diagnosed by second-stage testing using the TagMan genotyping assay. Eight cases were diagnosed by targeted exon
sequencing using the massively parallel DNA sequencing. *Massively parallel DNA sequencing.

Alignment Program. After sequence mapping, the DNA variant regions were
piled up with Torrent Variant Caller plug-in software. After variant detection,
their effects were analyzed using ANNOVAR software.!®!! The missense,
nonsense, insertion/deletion and splicing variants were selected from among the
identified variants. Variants were further selected as less than 1% of (1) the
1000 genome database (http://www.1000genomes.org/), (2) the 6500 exome
variants (http://evs.gs.washington.edu/EVS/), (3) the Human Genetic Variation
Database (data set for 1208 Japanese exome variants; http://www.genome.med.
kyoto-u.ac.jp/SnpDB/index.html) and (4) the 269 in-house Japanese normal
hearing controls. To predict the pathogenicity of missense variants, the
following functional prediction softwares were used: PhyloP (http:/
hgdownload.cse.ucsc.edu/goldenPath/hg18/phyloP44way/), sorting intolerant
from tolerant (SIFT; http://sift.jcvi.org/), polymorphism phenotyping (Poly-
Phen2; http://genetics.bwh.harvard.edu/pph2/), LRT (http://www.genetics.
waustl.edu/jflab/Irt_query.html), MutationTaster (http://www.mutationtaster.
org/) and GERP++ (http://mendel.stanford.edu/SidowLab/downloads/gerp/
index.html). The sequencing data were available in the DDBJ databank of
Japan (Accession number: JGAS00000000032).

Variant confirmation

Candidate mutations were confirmed by Sanger sequencing, and the respon-
sible mutations were identified by segregation analysis using samples from
among the patients’ family members.

RESULTS

Diagnostic rate of genetic testing

As shown in Figure 2 and Table 1, we performed genetic testing using
the Invader assay for all 52 patients. Five patients were identified as
having biallelic homozygous or compound heterozygous mutations in
GJB2 (10%, 5/52). A further six patients were identified with
heterozygous GJB2 or SLC26A4 mutations in one allele. We performed
Sanger sequencing for the entire GJ/B2 or SLC26A4 gene in these six
cases. On the basis of the results of the Sanger sequencing, four cases
were diagnosed as having biallelic compound heterozygous mutations
in GJB2 or SLC26A4, and the remaining two cases were diagnosed as
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heterozygous carriers of GJB2 or SLC26A4 mutations. Finally, seven
patients were diagnosed with SNHL caused by GJB2 mutations.
Two patients had SNHL caused by SLC26A4 mutations, as shown in
Table 2, with both cases showing bilateral enlargement of the
vestibular aqueduct. The detection and diagnostic rates of the
first-stage testing were 21% (11/52) and 17% (9/52), respectively.

We next performed second-stage testing using the TaqMan
genotyping assay for the 43 patients who could not be diagnosed by
the first-stage testing. Three patients with AD inheritance were
identified as having heterozygous KCNQ4 mutations. One case with
AR inheritance was identified as having biallelic compound hetero-
zygous mutations in CDH23. As shown in Table 3, two cases were also
found to be heterozygous carriers of CDH23 mutations. In addition,
one patient was a heterozygous carrier of OTOF mutations. The
detection and diagnostic rates of the second-stage testing were 16%
(7/43) and 9% (4/43), respectively.

We performed third-stage testing with targeted exon sequencing
using MPS for the 39 patients who could not be diagnosed by the
first- and second-stage testing. Twenty-two variants of 11 genes,
including 10 novel mutations, were identified in 16 cases (Table 3).
A combination of Sanger sequencing and family segregation analysis
confirmed that six cases had biallelic causative homozygous or
compound heterozygous mutations in the PTPRQ, LOXHDI,
CDH23, MYOI5A, USH2A and SLC26A4 genes, and two cases with
AD inheritance had causative heterozygous mutations in the ACTGI
and WEFSI genes, respectively (Figure 2 and Table 2).
Twenty-two variants were diagnosed as pathologic for the following
reasons. (1) Twelve variants have already been reported as pathologic
mutations (SLC26A4; ¢.1229C>T?, c.1625C>G?!, c.1489G>A%,
¢.1707+5G > A%: CDH23; ¢.6085C>T'¥, c.4762C>T'8, ¢.719C>T'8:
OTOF; c.1194T >A%: WFSI; ¢.2508G>T"%: MYO7A; ¢.652G> A%
TMPRSS3; ¢.778G>A% MYOI5A; c.6371G>A%). (2) Among 10
variants, 9 variants (CDH23; c.6555G>A, PTPRQ; c.1261C>T:
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Table 3 Variants identified by genetic testing

Genetic testing

First-stage test

Second-stage test

Third-stage test

Patient  Inheritance TagMan genotyping Targeted exon
ID mode Invader assay Sanger sequencing assay sequencing using MPS  Genetic diagnosis
AG8952 Sporadic GJB2 c.235delC GJB2 compound heterozygous
GJB2 c.257C>G
AG8957 AR GJB2 c.235delC GJB2 compound heterozygous
GJB2 c.[134G>A;
408C>A]
AH6279 Sporadic GJB2 c.235delC GJB2 compound heterozygous
GJB2 c.[134G>A;
408C>A]
AH6286 AR GJB2 c.235delC GJB2 homozygous
GJB2 c.235delC
AH6287 Sporadic GJB2 c.235delC GJB2 homozygous
GJB2 c.235delC
AH690 AD GJB2 c.235delC GJB2 c.235delC GJB2 compound heterozygous
- GJB2¢.233C>T
AH691  Sporadic GJB2 c.[134G>A; GJB2 c.[134G>A; GJB2 compound heterozygous
408C>A] 408C>Al
- GJB2 c.605ins46
AG8954  Sporadic SLC26A4 c.2168A>G SLC26A4 ¢.2168A>G SLC26A4 compound heterozygous
- SLC26A4 c.1165G>A
AG8973 Sporadic SLC26A4 ¢.2162C>T SLC26A4 ¢.2162C>T SLC26A4 compound heterozygous
- SLC26A4 c.2147A>G
AG8975 AD SLC26A4 c.1229C>T SLC26A4 ¢.1229C>T - SLC26A4 ¢.1229C>T  SLC26A4 heterozygous
AH6291 Sporadic GJB2 c.235delC GJB2 c.235delC - - GJB2 heterozygous
CDH23 c.6085C>T CDHZ23 heterozygous
SLC26A4 c.1625C>G  SLC26A4 heterozygous
AG8964 AD - KCNQ4 c.211delC KCNQ4 heterozygous
AG8967 AD - KCNQ4 c.211delC KCNQ4 heterozygous
AG8972 AD - KCNQ4 c.211delC KCNQ4 heterozygous
AH678  Sporadic - CDH23 ¢c.719C>T CDHZ23 compound heterozygous
- CDH23 c.2866G >A
AG8959 Sporadic - CDH23 c.6085C>T  CDH23c.6085C>T CDHZ23 heterozygous
AH677  Sporadic - CDH23 c.4877A>C - CDHZ23 heterozygous
AG8974 Sporadic - OTOF c.1194T>A OTOF c.1194T>A OTOF heterozygous
AH6275 Sporadic - - CDH23 c.6555G>A CDHZ23 compound heterozygous
- - CDH23 ¢.1363G>A
AG8960 Sporadic - - PTPRQ c.1261C>T PTPRQ homozygous
- - PTPRQ c.1261C>T
AG8970 AR - - MYO15A c.3756+1G>A MYO15A compound heterozygous
- - MYO15A c.4660G >A
AH689  Sporadic - - LOXHDI1 ¢.G3076G>T LOXHDI compound heterozygous
- - LOXHDI c.4375+1G>T
AH6283  Sporadic - - USHZ2A c.57_58del USHZ2A compound heterozygous
- - USHZ2A ¢.9079G>T
AH6293 AD - - WFS1 c.2508G>T WFS1 heterozygous
AH6295 Sporadic - - SLC26A4 ¢.1489G>A  SLC26A4 compound heterozygous
SLC26A4 ¢.1707
+5G>A
AH6299 AD - - ACTGI c.994C>T ACTG]1 heterozygous
AH6277 Sporadic - - CDH23 ¢c.4762C>T CDHZ23 heterozygous
AH6284  Sporadic - - CDH23 ¢.719C>T CDHZ23 heterozygous
MYO7A c.652G>A MYO7A heterozygous
AH688  Sporadic - - TMPRSS3 ¢.778G>A TMPRSS3 heterozygous
AG8971 AD - - MYO15A c.6371G>A MYO15A heterozygous

Abbreviations: AD, autosomal dominant, AR, autosomal recessive.

The detection rates of the first-stage and second-stage testing were 21% (11/52) and 16% (7/43), respectively. Third-stage testing identified 22 variants in 11 genes among 16 cases (41%).
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Table 4 Diagnosis by inheritance mode, hearing level and age of
onset

Mild—moderate Severe-profound Total

Autosomal dominant

Congenital 0/1 1/2 1/3

Childhood 2/5 1/1 3/6

Adult 2/3 0 2/3

Total 4/9 2/3 6/12
Autosomal recessive

Congenital 0 2/3 2/3

Childhood 0/1 1/1 1/2

Adult 0 0 0

Total 0/1 3/4 3/5
Sporadic

Congenital 1/5 10/21 11/26

Childhood 1/5 0/3 1/8

Adult 0/1 0/0 0/1

Total 2/11 10/24 12/35

The diagnostic rates of sporadic cases with mild-to-moderate SNHL or with childhood- and
adult-onset SNHL were lower than those of other cases.

MYOI5A; ¢3756+1G>A, c.4660G>A: LOXHDI; c.G3076G>T,
c.4375+1G>T: USH2A; c¢.57_58del, ¢9079G>T: ACTGI;
€.994C>T) were not found in the 1000 genome database, the 6500
exome variants or the Human Genetic Variation Database, suggesting
those variants are pathologic. One variant (CDH23; ¢.1363G > A) was
found in 0.16% of the 6500 exome variants but not in the 1000
genome database or the Human Genetic Variation Database, which is
also compatible with it being a pathologic mutation. Segregation
analysis also confirmed their association with the affected family
members. (3) Out of the 10 novel mutations, 5 were nonsense
mutations, splice site mutations, or frameshift mutations, indicating
that they are likely to be pathologic. (4) Four novel missense
mutations were predicted as pathogenic by PhyloP, SIFT, PolyPhen2,
LRT, MutationTaster and GERP++. (5) One novel missense mutation
(ACTGI, c.994C>T, p.322S) was reported in which the amino acid
was located near the adenine-binding site and is speculated to be
important for protein function.?” Further, this amino acid is conserved
among vertebrates and invertebrates.?®

The case with compound heterozygous mutations in SLC26A4 also
showed bilateral enlargement of the vestibular aqueduct. The detection
and diagnostic rates of third-stage testing were 41% (16/39) and 21%
(8/39), respectively.

Diagnostic rate and clinical presentation

As shown in Table 1, the diagnostic rates of AD, AR and sporadic cases
were 50% (6/12), 60% (3/5) and 34% (12/35), respectively. When
classified by age of onset, our genetic testing resolved 43% (14/32),
31% (5/16) and 50% (2/4) of congenital, childhood- and adult-onset
cases, respectively. The diagnostic rate divided by the degree of hearing
level was 29% (6/21) and 48% (15/31) for mild-to-moderate and
severe-to-profound SNHL, respectively. Our genetic testing resolved
45% (20/44) of the cases with symmetric SNHL, whereas there was
only one case that was diagnosed with genetic SNHL among the cases
with asymmetric SNHL (1/8).
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As shown in Table 4, the diagnostic rates of sporadic cases with
congenital, childhood- and adult-onset SNHL were 42% (11/26), 13%
(1/8) and 0% (0/1), respectively. Among sporadic cases with con-
genital SNHL, the diagnostic rate of cases with severe-to-profound
SNHL rose to 48% (10/21). Among cases with mild-to-moderate with
SNHL, 44% (4/9) of AD cases were diagnosed. In contrast, the
diagnostic rates of AR and sporadic cases with mild-to-moderate
SNHL were 0% (0/1) and 18% (2/11), respectively.

DISCUSSION

Yokohama, which abuts the western edge of Tokyo, is the capital of
Kanagawa prefecture and the second largest city in Japan. The
population of Kanagawa prefecture and Yokohama is ~9 million
and 3.7 million, respectively, and population turnover rates are high.
Our two hospitals, coordinated by the Yokohama City University
School of Medicine, are located in the center of Yokohama, and all
enrolled cases came from the Yokohama area. The levels of
consanguinity and population genetic bias are thought to be low.
Also, this study was designed to minimize sampling and selection bias.

The diagnostic rates of the first-, second- and third-stage genetic
testing were 17%, 9% and 21%, respectively (Table 1). Genetic
diagnosis was possible in 13 cases using the first- and second-stage
testing (Figure 1). In the third stage, novel mutations were also
identified in rare deafness genes such as PTPRQ or LOXHDI
(Table 2), and we were able to diagnose eight cases with genetic
SNHL (Figure 1).

The Invader assay enables the screening for 13 common genes and
46 common single-nucleotide variants, small insertion or deletions. To
increase the number of common pathogenic variants, we performed
the TagMan genotyping assay, which includes 55 mutations in six
genes previously reported to cause deafness. With respect to the
results of the screening of common deafness variants using the Invader
assay and TaqMan typing assay, 25% (13/52) of cases could be
diagnosed. Our results suggest that the majority of the cases can be
identified by genetic testing with common variant screening. These
results are consistent with those of our recent genetic epidemiological
study?930,

Targeted exon sequencing using MPS is a method for the
simultaneous sequencing of large numbers of known genes®"¥ and
has recently been applied to clinical diagnostic testing. Targeted exon
sequencing using MPS has the greater advantage of making it possible
to identify rare or novel variants in deafness genes. The common
mutations included in the Invader assay panel and TagMan probes
would also be identified by targeted exon sequencing using MPS.
However, until recently there have been a number of limitations; for
example (1) mitochondrial DNA, which has many copies, is not
suitable for MPS in terms of cost effectiveness and (2) particular
variants, especially those located in the GC-rich region, could not be
identified.

The Invader assay, for example, is an effective method for
identifying mitochondrial mutations and their heteroplasmy rates.
Therefore, the Invader assay is still used in combination with the
MPS-based genetic testing, which began to be applied from August
2015 as a social health insurance-based screening method in Japan.
Further, TagMan genotyping is very effective in identifying particular
mutations (for example, c.211delC in KCNQ4), which cannot be
detected by MPS-based screening.

For a comprehensive screening system, it is therefore necessary to
combine the Invader assay, TagMan genotyping assay and targeted
exon sequencing using MPS technology.
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As shown in Table 1, the diagnostic rate of AD was 50% (6/12) and
AR cases was 60% (3/5), whereas the diagnostic rate of sporadic cases
fell to 34% (12/35). However, as shown in Table 4, the diagnostic rate
of sporadic cases with congenital and severe-to-profound SNHL was
48% (10/21). Family history is important for genetic diagnosis. In
most developed countries, many AR cases are recognized as sporadic
cases as the size of the family is falling due to the low birth rate.
Genetic testing is valuable, even for sporadic cases, when congenital
and severe SNHL is suspected.

The diagnostic rates of sporadic cases with mild-to-moderate SNHL
or with childhood- and adult-onset SNHL were lower than those of
other cases (Table 4). The diagnostic rate of non-dominant cases with
mild-to-moderate SNHL was previously reported to be lower than the
diagnostic rate of non-dominant cases with severe-to-profound
SNHL.?* One possible reason for this is that we did not analyze copy
number variations, which is a common cause of mild-to-moderate
SNHL.33* Late-onset SNHL and asymmetric SNHL are attributable
to environmental or multiple genetic effects rather than to single
genetic effects.®> We identified a variant case that had compound
heterozygous mutations in SLC26A4 among eight cases with
asymmetric SNHL. The average difference in hearing threshold
between ears was 13dB, and laterality was only detected at low
frequencies. Computed tomography images revealed enlargement of
the vestibular aqueduct in both inner ears. Shearer et al. also reported
the diagnostic rate for cases with asymmetric SNHL to be 0%.3!
It is difficult to recommend genetic testing for sporadic cases with
childhood- or adult-onset SNHL or for cases with asymmetric SNHL.
However, we will consider applying genetic testing in accordance with
the clinical details of each individual.

In conclusion, we identified the genetic cause of SNHL in 40%
(21/52) of cases using the unified three-stage genetic testing. The
combined approach involving the screening of known mutations
commonly found in the Japanese population with the Invader and
TagMan genotyping assays, and targeted exon sequencing using MPS
appears to be a useful diagnostic tool, and there appear to be
significant benefits to the incorporation of these technologies as part
of a routine diagnostic program.
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