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and lon Torrent PGM Sequencing to Comprehensive
Mutation Screening for Deafness Genes
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Background: Congenital hearing loss is one of the most common sensory disorders, with 50-70% of cases
attributable to genetic causes. Although recent advances in the identification of deafness genes have resulted in
more accurate molecular diagnosis, leading to the better determination of suitable clinical interventions, dif-
ficulties remain with regard to clinical applications due to the extreme genetic heterogeneity of deafness. Aim:
Toward more effective genetic testing, we adopted Massively Parallel DNA Sequencing (MPS) of target genes
using an lon PGM™ system and an Ion AmpliSeq™ panel to diagnose common mutations responsible for
deafness and discover rare causative gene mutations. Before its clinical application, we investigated the ac-
curacy of MPS-based genetic testing. Results: We compared the results of Invader assay-based genetic
screening, the accuracy of which has already been verified in previous studies, with those of MPS-based genetic
testing for a large population of Japanese deafness patients and revealed that over 99.98% of the results were the
same for each genetic testing system. Conclusion: The Ion Personal Genome Machine system had sufficient
uniformity and accuracy for application to the clinical diagnosis of common causative mutations and efficiently

identified rare causative mutations and/or mutation candidates.

Introduction

CONGENITAL HEARING LOSS is one of the most common
sensory disorders. It appears in one of 1000 newborns,
with 50-70% of cases attributable to genetic causes (Morton
and Nance, 2006). Approximately 100 genes are estimated to
be involved in hereditary hearing loss, so there is a great need
for effective genetic testing (Hereditary Hearing Homepage;
http://webh01.ua.ac.be/hhh/). One-by-one gene screening is,
however, time-consuming. By focusing on frequently recur-
ring mutations with ethnic origin that are most likely to be
encountered in a clinical setting, we developed the Invader
assay-based genetic screening test for 46 mutations in 13
genes, which can identify ~30-40% of hearing loss patients
(Abe et al., 2007; Usami et al., 2012). From 2012, genetic
testing for hearing loss patients using the Invader assay has
been covered by social health insurance in Japan. To improve
the diagnostic rate of this genetic testing, additional genetic
analysis for many rare genes was nevertheless required.
Massively Parallel DNA Sequencing (MPS) of target
genes offers a useful method of identifying rare causative
gene mutations and, thereby, improving the diagnostic rate.
In our previous study, MPS analysis using an lon PGM™
system and Ion AmpliSeq™ for the known 63 deafness-
causing genes was able to identify rare gene mutations re-

sponsible for hearing loss in patients with cochlea implan-
tation (Miyagawa et al., 2013).

In the current study, we compared the results of Invader
assay-based genetic screening with MPS-based genetic test-
ing for a large population of Japanese hearing loss patients to
investigate the accuracy of the MPS-based genetic test and its
potential clinical application.

Subjects and Methods
Subjects

Three hundred eighty-four Japanese patients with bilateral
sensorineural hearing loss from 53 ENT departments nation-
wide participated in this study. Informed written consent was
obtained from all subjects, their next of kin, caretakers, or
guardians (in the case of minors) before participation in the
project. This study was approved by the Shinshu University
Ethics Committee as well as the ethical committees of each of
the other participating institutions listed in Acknowledgements.

Genetic analysis

We performed the Invader assay to screen for 46 known
pathogenic mutations of 13 genes as a standard genetic test.
This was followed by TagMan genotyping assays for 55
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known mutations of six genes and the direct sequencing of
the GJB2 gene for all cases. Direct sequencing of the
SLC26A4 gene was also performed for patients with enlarged
vestibular aqueduct (EVA). We also performed MPS analy-
sis, as described below, for all cases and compared the results
obtained from the Invader assay, TagMan genotyping, and
direct sequencing with the MPS results.

Invader assay

We first applied the Invader assay to screen for 46 known
mutations of 13 known deafness genes listed previously
(Usami et al., 2012). These mutations were selected on the
basis of a mutation/gene database established for the Japa-
nese deafness population. The detailed protocol was de-
scribed elsewhere (Usami et al., 2012).

Direct sequencing

Direct sequencing of the GJB2 gene was performed for all
subjects, and the SLC26A4 gene was analyzed for the subjects
with EVA and for the patients with heterozygous SLC26A4
mutations identified by the Invader assay. DNA fragments
containing the entire coding region and splicing region were
amplified and sequenced, as described elsewhere (Tsukada
et al., 2010; Miyagawa et al., 2014).

TaqMan genotyping assay

For additional screening, TagMan genotyping assays for
55 known mutations of six deafness genes were applied for
all subjects using a custom TagMan SNP Genotyping Assay
(Applied Biosystems, Life Technologies), TagMan geno-
typing master mix (Applied Biosystems, Life Technologies),
and a StepOne Plus real-time PCR system (Applied Biosys-
tems, Life Technologies) according to the manufacturer’s
instructions.

Amplicon library preparation

An Amplicon library of the target exons was prepared with
an Ion AmpliSeq Custom Panel (Applied Biosystems, Life
Technologies) and designed with an Ion AmpliSeq Designer
(http://ampliseq.com) for 63 genes reported to cause non-
syndromic hearing loss (Hereditary Hearing loss Homepage;
http://hereditaryhearingloss.org/) using an Ion AmpliSeq
Library Kit 2.0 (Applied Biosystems, Life Technologies) and
Ion Xpress™ Barcode Adapter 1-96 Kit (Applied Biosys-
tems, Life Technologies) according to the manufacturer’s
instructions. The detailed protocol was described elsewhere
(Miyagawa et al., 2013).

Emulsion PCR and sequencing

The emulsion PCR was performed with the Ion One-
Touch™ System and Ion OneTouch 200 Template Kit v2
(Applied Biosystems, Life Technologies) according to
the manufacturer’s instructions. After the emulsion PCR,
template-positive Ion Sphere™ Particles were enriched with
the Dynabeads® MyOne™ Streptavidin C1 Beads (Applied
Biosystems, Life Technologies) and washed with the Ion
OneTouch Wash Solution included in the kit. This process
was performed using an Ion OneTouch ES system (Life
Technologies).
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After the Ton Sphere Particle preparation, MPS was per-
formed with an Ion Torrent Personal Genome Machine
(PGM) system using the Ion PGM 200 Sequencing Kit and
Ton 318™ Chip (Life Technologies) according to the manu-
facturer’s instructions.

Base call and data analysis

The sequence data were processed with standard Ion
Torrent Suite™ Software ver 4.0 and the Torrent Server was
used to successively map the human genome sequence (build
GRCh37/hg19) with a Torrent Mapping Alignment Program
optimized to Ion Torrent™ data. After the sequence mapping,
the DNA variant regions were piled up with Torrent Variant
Caller plug-in software set to run at high stringency. Selected
variant positions were detected with the Hot Spot BED op-
tion. In conventional variant detection processes, only the
mutation position is called; however, using the Hot Spot BED
option, the variant positions specified in the BED file are
always genotyped into wild type, heterozygous, or homozy-
gous. After variant detection, variant effects were analyzed
using the WANNOVAR website (Wang et al., 2010; Chang
and Wang, 2012).

Results

Uniformity of the MPS-based comprehensive
mutation screening test

We first analyzed the uniformity of each MPS run and
sample. In 64 sequence runs using the Ion torrent PGM se-
quencer with Ion 318-chips, the mean number (= standard
deviation) of reads was 3.56 £0.75 M. The distribution of the
read numbers produced by each sequence run is shown in
Figure 1. The uniformity of the read number for each MPS
run was sufficiently high, with 41 of the 64 MPS runs (64%)
providing 3—4 M reads. The mean number of sequenced bases
of sufficient quality (>Q17) produced by each sequence run
was 461 £ 120 M.

The mean number of reads of the 384 samples analyzed by
the 64 sequence runs was 580+ 168 thousand reads for each
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FIG. 1. The distribution of read numbers produced by

each sequence run. In the 64 sequence runs, the average read
number for each sequence was 3.56 M reads, and 41 mas-
sively parallel DNA sequencing (MPS) runs (64%) pro-
viding 3-4 M reads.
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FIG. 2. The distribution of the average read depth of
coverage of the target regions for the 384 samples. Among
the 384 samples, only five samples (1.3%) had a depth of
coverage of under 100x, with the other 379 samples
(98.7%) showing a depth over 100x.

sample. The distribution of the average depth of coverage of
the target region is shown in Figure 2. The mean depth of
coverage of the target region of each of the 384 samples was
241+£76x. Among the 384 samples, only five samples
(1.3%) showed an average depth of coverage under 100X,
with the other 379 samples (98.7%) all over 100x. The
distribution of the average depth of coverage of the target
region and the percentage of each region with over 20X
coverage (indicating the percentage of each region sequenced
20 times or more by MPS) are shown in Figure 3. An average
of 97.72+£0.90% of each target region was sequenced with
over 20 X coverage. These data revealed that the MPS-based
genetic testing has sufficient uniformity for clinical use. To
reduce instances of incorrect genotyping and missed single-
nucleotide polymorphism in poor coverage regions, we em-
ployed a minimum average depth of coverage of 100 and a
minimum percentage of over 20X region coverage of 96%.
Among the 384 samples, 14 samples (3.6%) did not fulfill
these criteria, so we analyzed these samples again. After re-
analysis, all of the samples fulfilled the above criteria.

100

20x coverage region (%)

=

110 170 280

88

0 100 200 300 400 500 600
Average depth of coverage

FIG. 3. The distribution of the average depth of coverage
of the target regions and the percentage of regions with
greater than 20X coverage. Diamond shapes indicate the
average coverage depth of each sample and the ratio of re-
gions with coverage depth over 20 x. The results indicate that
sufficient coverage was obtained for 96% of the target region.
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Comparison of the Invader assay-based mutation
screening and MPS-based comprehensive
screening of deafness genes

To investigate the accuracy of the MPS-based compre-
hensive genetic screening, we compared the results of MPS-
based genetic screening with those of Invader assay-based
mutation screening and direct sequencing (Table 1).

From 384 patients, the Invader assay-based genetic
screening detected 174 mutations (Table 1). According to our
previous report, about 30% of patients (112 patients) carry
one or more mutations, with GJB2 mutations being the
most frequent, followed by SLC26A4 and Mitochondrial
1555A > G mutations. Among the invader assay results, one
¢.427C>T mutation was not detected in one case due to an
unknown technical error (Usami et al., 2012). The Invader
assay was performed for the 46 variants in 384 samples with
only one mutation not detected in the 17,664 SNVs exam-
ined, indicating that the accuracy of the Invader assay was
over 99.99% (17,663/17,664). In the MPS-based screening,
¢.919-2A > G mutations of SLC26A4 gene and mitochondrial
mutations were not detected because these mutations are
located in regions not covered by the AmpliSeq library
primers. Misgenotyping of GJ/B2 c.408C> A and c.427C>T
heterozygous mutations as homozygous mutations was also
observed in two cases (Table 1). This misgenotyping was
caused by combined ¢.299_300del mutations located at the 3"
end of the AmpliSeq primer (Fig. 4). On the other hand, there
were no false-positive results for the target mutations ob-
served in the Invader assay. In this comparison, the MPS
covered the 41 variants in the Invader assay in 384 samples,
with only two mutations misgenotyped among the 15,744
SNVs, indicating that the accuracy of the MPS-based genetic
screening test was 99.98% (15,742/15,744).

Comparison of the TagMan genotyping assay-based
mutation screening and direct sequencing

with the MPS-based comprehensive screening

of deafness genes

The TagMan genotyping assay was performed, with the
58 mutations listed in Table 2 identified from the 384 pa-
tients. The c.211delC mutation of the KCNQ4 gene and the
c.2229 2301del GAA mutation of the SLC26A4 mutation
were not detected by the MPS-based genetic screening as
these mutations were located in regions not covered by the
AmpliSeq primers. The c.211delC mutation of KCNQ4 was
located in a GC-rich region with a GC content of about 80%,
and we also found it difficult to detect this mutation by direct
sequencing. In addition, CDH23 ¢.4877A > C heterozygous
mutations were not detected by MPS in one case. In this
patient, the c.4877A>C mutation region had a depth of
coverage of only 7x, which did not meet the filtering
threshold of the variant caller software, resulting in a no call
status. No false-positive cases were observed among the
TagMan genotyping assay target mutations.

Direct sequencing of the GJB2 gene was performed for
all patients and that of the SLC26A4 gene for patients with
EVA. As aresult, a total of 27 mutations not identified by the
Invader or TagMan genotyping assays were detected (Table
3). Direct sequencing did not detect GJB2 ¢.257C>T or
¢.511G > A mutations in one case each due to the low signal
intensity of these nucleotide positions. Our comparison of
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TABLE 1. COMPARISON OF THE INVADER ASSAY-BASED MUTATION SCREENING AND MASSIVELY
PARALLEL DNA SEQUENCING-BASED COMPREHENSIVE SCREENING OF DEAFNESS GENES
Number of Variant Variant
patients with alleles Variant alleles
mutations detected alleles detected
detected by Invader detected by direct
by Invader screening by MPS sequencing
Mutations screening (n=384) (n=768) (n=768) (n=768)
GJB2:NM_004004:c235delC:p.L79fs 42 (10.9%) 52 (6.8%) 52 52
GJB2:NM_004004:¢c.109G > A:p.V371 19 (4.9%) 21 (2.7%) 21 21
GJB2:NM_004004:c.[134G > A, 16 (4.2%) 17 (2.2%) 18° 17
408C > Al:p.[G45E; Y136X]
GJB2:NM_004004:c.427C>T:p.R143W 13 (3.4%)* 13 (1.7%)* 15° 14
GJB2:NM_004004:c.176_191del16:p.59_64del 9 (2.3%) 10 (1.3%) 10 10
GJB2:NM_004004:¢c.257C > G:p.T86R 5 (1.3%) 6 (0.8%) 6 6
GJB2:NM_004004:c.299_300del:p.100_100del 6 (1.6%) 6 (0.8%) 6 6
SLC26A4:NM_000441:¢c.2168A > G:p.H723R 15 (3.9%) 20 (2.6%) 20 20
SLC26A4:NM_000441:¢.1229C > T:p.T410M 4 (1.0%) 6 (0.8%) 6 6
SLC26A4:NM_000441:c.1174A > T:p.N392Y 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:¢.367C >T:p.P123S 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:¢.2162C>T:p.T721M 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:¢.601-1G > A:Splicing 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:c.916dupG:p.1305fs 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:c.1648dupT:p.R549fs 1 (0.3%) 1 (0.1%) 1 1
SLC26A4:NM_000441:c.919-2A > G:Splicing 1 (0.3%) 1 (0.1%) 0° 1
CRYM:NM_001888:c.941A > C:p.K314T 1 (0.3%) 1 (0.1%) 1 1
Mitochondria 1555A>G 5 (1.3%) — — —
Mitochondria 3243A >G 8 (2.1%) — — —
Mitochondria 8296A >G 1 (0.3%) — — —

c.427C>T mutation was not detected by Invader screening in one case (reason unknown).

"MPS misgenotyped heterozygous as homozygous mutations in one case each because of the other mutations located in the AmpliSeq
primer region (see details in main text).

€c.919-2A > G mutation was located in the region not covered by AmpliSeq primers.

MPS, massively parallel DNA sequencing.

results showed that these mutations in the G/B2 gene were
identified by MPS. We, therefore, reanalyzed the direct se-
quencing data and finally confirmed these mutations by direct
sequencing. On the other hand, ¢.107_120del and c.147C>G
mutations of the SLC26A4 gene (one case each) were not de-
tected by MPS analysis. These results indicate that the accu-
racy of the MPS was equivalent to that of direct sequencing.

FIG. 4. Heterozygous c.427C>T
(p-R143W) mutations were misgenotyped
as homozygous by MPS because the -

¢.299_300del mutations were located at
the 3’ end of the amplicon. Upper figure
indicated the position of ¢.299_300del,
¢.427C>T mutations and AmpliSeq prim-
ers. ¢.299_300del mutations were located
in 3" end of PCR primer of Amplicon A
marked by asterisk. As a result, all of
Amplicon A was produced from the allele
with ¢.427C>T mutation and misgenotyped
as a homozygous mutation illustrated in
lower figure.

Advantage of the MPS-based comprehensive
sequencing of deafness genes

The advantage of the MPS-based comprehensive se-
quencing of deafness genes lay in the improved diagnostic
rate. When heterozygous pathogenic mutations are identified
as autosomal recessive deafness causative genes by the

- -
1
— > €.299_300del
- -
c427C>T
Amplicon A Amplicon B

€.299_300del (hetero)

¢.427C>T (hetero>homo) M
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TABLE 2. COMPARISON OF THE TAQMAN ASSAY-BASED MUTATION SCREENING AND MASSIVELY
PARALLEL DNA SEQUENCING-BASED COMPREHENSIVE SCREENING OF DEAFNESS GENES
Number of patients Variant alleles Variant
with mutations detected by alleles
detected by TagMan TagMan detected by
Mutations genotyping (n=384) genotyping (n=768) MPS (n=768)
CDH23:NM_001171930:¢.719C > T:p.P240L 15 (3.9%) 18 (2.3%) 18
CDH23:NM_022124:¢c.4762C >T:p.R1588W 6 (1.6%) 6 (0.8%) 6
CDH23:NM_022124:¢c.6085C > T:p.R2029W 4 (1.0%) 5 (0.7%) 5
CDH23:NM_022124:¢.4249C >T:p.R1417W 1 (0.3%) 2 (0.3%) 2
CDH23:NM_022124:¢c.5147A>C:p.Q1716P 2 (0.5%) 2 (0.3%) 2
CDH23:NM_022124:¢c.5627G > A:p.S1876N 2 (0.5%) 2 (0.3%) 2
CDH23:NM_022124:¢c.5722G > A:p.V1908I 2 (0.5%) 2 (0.3%) 2
CDH23:NM_022124:c.4877A>C:p.D1626A 1 (0.3%) 1 (0.1%) 0?
CDH23:NM_001171933:¢c.141T > G:p.N47K 1 (0.3%) 1 (0.1%) 1
CDH23:NM_022124:¢c.5131G>A:p.V17111 1 (0.3%) 1 (0.1%) 1
KCNQ4:NM_004700:c.211delC:p.Q71fs 6 (1.6%) 6 (0.8%) o°
MYO15A:NM_016239:¢.9478C >T:p.L3160F 7 (0.9%) 7 (0.9%) 7
OTOF:NM_194323:¢.3515G > A:p.R1172Q 2 (0.5%) 2 (0.3%) 2
OTOF:NM_194248:¢.1422T > A:p.Y474X 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM00441:¢.2229_2301delGAA 1 (0.3%) 1 (0.1%) o°
SLC26A4:NM_000441:¢c.1315G > A:p.G439R 1 (0.3%) 1 (0.1%) 1
c.4877A > C mutation did not call by variant calling program (low depth).
These mutations were located in the region not covered by AmpliSeq primers.
TABLE 3. COMPARISON OF THE DIRECT SEQUENCING ANALYSIS OF THE SELECTED GENES
AND MASSIVELY PARALLEL DNA SEQUENCING-BASED COMPREHENSIVE SCREENING
Number of
patients with Variant
mutations alleles Variant
detected by detected by alleles
direct direct detected
sequencing sequencing by MPS
(n=384) (n=768) (n=768)
GJB2:NM_004004:c.95G > A:p.R32H 2 (0.5%) 2 (0.3%) 2
GJB2:NM_004004:c.11G> A:p.G4D 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:¢c.257C>T:p.T86M 0* 0* 1
GJB2:NM_004004:¢c.511_512insAACG:p.A171fs 4 (1.0%) 4 (0.5%) 4
GJB2NM_004004:¢.595T > C:p.S199P 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:¢c.558_559ins46:p.E187_ 2 (0.5%) 2 (0.3%) 2
K188delinsEKTVFTVEMIAVSGIX
GJB2:NM_004004:c.583A > G:p.M195V 2 (0.5%) 2 (0.3%) 2
GJB2:NM_004004:¢.53C > G:p.T18S 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:¢c.379C>T:p.R127C 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:c.511G > A:p.A171T 0* 0* 1
GJB2:NM_004004:c.334_335del:p.112_112del 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:¢c.318C> A:p.F106L 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:¢c.637T > A:p.L213M 1 (0.3%) 1 (0.1%) 1
GJB2:NM_004004:c.223C>T:p.R75W 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:c.945T > A:p.Y315X 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:¢.2123T > C:p.F708S 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:c.641A>G:p.Y214C 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:¢.863T > A:p.L.288X 2 (0.5%) 2 (0.3%) 2
SLC26A4:NM_000441:c.1264-2A > G:Splicing 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:c.918+ 1G> A:Splicing 1 (0.3%) 1 (0.1%) 1
SLC26A4:NM_000441:¢.107_120del13ins16 1 (0.3%) 1 (0.1%) 0o°
SLC26A4:NM_000441:¢c.147C > G:p.S49R 1 (0.3%) 1 (0.1%) ob

“These mutations were not detected by direct sequencing in one case each (low signal intensity).
"These mutations were not detected by MPS (reason unknown).
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TABLE 4. PATHOGENIC MUTATION CANDIDATES COMBINED WITH ONE KNOWN PATHOGENIC VARIANT
DETECTED BY THE INVADER ASSAY OR TAQMAN GENOTYPING ASSAY OF THE SAME GENES
Pathogenic mutations
detected by Invader assay
or TagMan genotyping assays MPS detected mutations found
Gene as heterozygous in the same gene
GJB2 NM_004004:c.235delC:p.L79fs NM_004004:¢c.511_512insAACG:p.A171fs
GJB2 NM_004004:c.235delC:p.L79fs NM_004004:¢c.511_512insAACG:p.A171fs
GJB2 NM_004004:c.235delC:p.L79fs NM_004004:c.C257T:p.T86M
GJB2 NM_004004:c.235delC:p.L79fs NM_004004:c.T595C:p.S199P
GJB2 NM_004004:c.235delC:p.L79fs NM_004004:¢.558_559ins46:p.E187_K188delins
GJB2 NM_004004:c.C427T:p.R143W NM_004004:c.A583G:p.M195V
GJB2 NM_004004:c.G109A:p.V371 NM_004004:c.C379T:p.R127C
GJB2 NM_004004:c.C408A:p.Y136X NM_004004:¢.558_559ins46:p.E187_K188delins
GJB2 NM_004004:¢.C257G:p.T86R NM_004004:c.C53G:p.T18S
GJB2 NM_004004:c.176_191del:p.59_64del NM_004004:c.511_512insAACG:p.A171fs
SLC26A4 NM_000441:c.A2168G:p.H723R NM_000441:c.A641G:p.Y214C
SLC26A4 NM_000441:c.A2168G:p.H723R NM_000441:c.T863A:p.L288X
SLC26A4 NM_000441:c.A2168G:p.H723R NM_000441:c.T863A:p.L.288X
SLC26A4 NM_000441:c.A2168G:p.H723R NM_000441:c.T945A:p.Y315X
SLC26A4 NM_000441:c.A2168G:p.H723R NM_000441:c.T2123C:p.F708S
SLC26A4 NM_000441:c.C2162T:p.T721M NM_000441:exon7:c.918+1G>A
SLC26A4 NM_000441:c.C1229T:p.T410M NM_000441:exonl1:c.1264-2A > G)
CDH23 NM_001171930:c.C719T:p.P240L NM_001171930:c.G1282A:p.D428N
CDH23 NM_001171930:¢c.C719T:p.P240L NM_001171933:¢.2079_2085del:p.693_695del
CDH23 NM_001171930:¢c.C719T:p.P240L NM_001171933:¢.2265dupT:p.H755fs
CDH23 NM_001171930:¢c.C719T:p.P240L NM_022124:c.G4672A:p.G1558R
CDH23 NM_022124:c.C4762T:p.R1588W NM_022124:c.G5419A:p.V1807TM
CDH23 NM_022124:¢.C4762T:p.R1588W NM_001171933:c.G746A:p.R249H
MYOI5A NM_016239:c.C9478T:p.L3160F NM_016239:¢c.A9938C:p.H3313P
OTOF NM_194323:¢.G3515A:p.R1172Q NM_194322:c.G1186A:p.G396R

Invader assays, it is possible that other mutations might exist
in the coding region of the same genes, but the Invader assay
did not detect these mutations. Among the 384 patients, 36
heterozygous mutations of autosomal recessive deafness
genes were detected by the Invader assay (27 GJB2 hetero-
zygous and nine SLC26A4 heterozygous mutations). Among
these 36 patients, MPS detected an additional 16 mutations in
the same genes, leading to a final diagnosis of compound
heterozygous mutations (10 GJB2 and seven SLC26A4 mu-
tations, Table 4). A similar situation was observed for Tag-
Man genotyping assay target mutations. Among the 384
patients, 34 heterozygous mutations of autosomal recessive
deafness genes were detected by TagMan genotyping assay
(24 CDH23, seven MYO15A, two SLC26A4, and one OTOF
mutation). Among these 34 patients, MPS detected eight
additional mutations in the same genes, leading to a final
diagnosis of compound heterozygous mutations (six CDH23,
one MYOI5A, and one OTOF mutation, Table 4). MPS,
therefore, improved the diagnostic rate in 24 cases (6.3%). In
addition, MPS-based genetic testing was able to identify
previously reported pathogenic mutations, also contributing
to an improved diagnostic rate. Among the 384 patients, MPS
found 20 previously reported pathogenic mutations not
identified in the Invader or TagMan genotyping assays listed
in Table 5. Of course, it was difficult to distinguish whether
the variants detected by MPS were really pathogenic or be-
nign, so most of the mutations identified by MPS were con-
sidered to be variations of uncertain significance, and further
examination is needed to elucidate the pathogenicity of the
variants found in this study.

Discussion

In our previous study, MPS analysis of 63 genes known to
cause deafness using an Ion PGM system and Ion AmpliSeq was
able to identify rare gene mutations responsible for hearing loss
in patients with cochlea implantation (Miyagawa et al., 2013).

Before the clinical application of such new diagnostic
tools, the uniformity of the results and the reliability/accuracy
of the method should be confirmed in a clinical setting, but
most of the previous reports regarding MPS focused mainly
on the detection of novel gene mutations or rare causative
mutations (Rehman et al., 2010; Shearer et al., 2010; Walsh
et al., 2010; Brownstein ef al., 2011; Lin et al., 2012). In this
study, we focused on the uniformity and the accuracy of the
MPS-based genetic test in comparison with the results of
Invader assay-based genetic screening, TagMan genotyping
assays, and direct sequencing.

With regard to uniformity, most of the samples were se-
quenced deeply enough for accurate genotyping (average
depth of coverage 241 x) and the percentage samples with
greater than 20X was also sufficient (97.72% of the target
region was sequenced with an average depth of coverage of
over 20 x ). Furthermore, only 14 (3.6%) of the 384 samples
did not fulfill the minimum coverage (average coverage of
over 100 X ) or minimum depth of coverage (over 96% of the
target region must be sequenced at a depth of over 20X)
criteria. However, all of these 14 samples could be analyzed
by another sequence run to fulfill the minimum criteria.
Therefore, all samples could be analyzed by the MPS-based
genetic analysis used in this study. One of the advantages of
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TABLE 5. PREVIOUSLY REPORTED PATHOGENIC VARIANTS DETECTED BY MASSIVELY PARALLEL DNA SEQUENCING,
WHICH WERE NOT IDENTIFIED IN THE INVADER AND TAQMAN GENOTYPING ASSAYS

Gene name Reported pathogenic mutation

Reference

Autosomal dominant inheritance mutations

ACTGI NM_001199954:c.A353T:p.K118M Zhu et al. (2003)
ACTGI NM_001199954:c.G721A:p.E241K Morin et al. (2009)
KCNQ4 NM_004700:c.C546G:p.F182L Su et al. (2007)
KCNQ4 NM_004700:c.C546G:p.F182L Su et al. (2007)
KCNQO4 NM_004700:c.C546G:p.F182L Su et al. (2007)
MYH9 NM_002473:c.G2114A:p.R705H Dong et al. (2005)
TECTA NM_005422:¢.C5597T:p.T1866M Sagong et al. (2010)
WFS1 NM_001145853:c.G1846T:p.A616S Liu et al. (2005)
WFS1 NM_001145853:c.G2185A:p.D729N Domenech ez al. (2002)
WFS1 NM_001145853:c.G2590A:p.E864K Eiberg et al. (2006)
Gene name Reported pathogenic mutation Novel mutation found by MPS Reference

Autosomal recessive inheritance mutations

CDH23 NM_001171930:c.C805T:p.R269W
MYO7A NM_000260:c.G635A:p.R212H
MYOI5A NM_016239:c.G6731A:p.G2244E
SLC26A4 NM_000441:c.T2228A:p.L743X

NM_001171933:¢.C2407T:p.R803W
NM_000260:c.G3475A:p.G1159S
NM_016239:¢.6457delG:p.A2153fs
NM_000441:c.C1208A:p.A403D

Oshima et al. (2006)
Weil et al. (1997)
Nal et al. (2007)
Yuan et al. (2009)

Among the autosomal recessive causative genes, only the reported pathogenic variants with other mutation candidates in the same genes

detected by MPS were listed.

Ion AmpliSeq library preparation is thought to be this high
assay success rate. The Ion AmpliSeq library preparation
used in this study required only 20 ng DNA samples, and the
quality of the DNA samples did not affect the sequence re-
sults. This robustness with regard to DNA quality was also
found to apply to the MPS analysis of fragmented DNA
samples obtained from Formalin-Fixed Paraffin-Embedded
(FFPE) samples (Tsongalis et al., 2014).

With regard to the accuracy of MPS-based genetic
screening, we confirmed that it was sufficient for clinical
diagnosis by comparison of the test results of the MPS-based
genetic test to the Invader assay or direct sequencing. An-
other advantage of this MPS genetic test is thought to be in its
potential for the efficient detection of short insertion and
deletion mutations such as GJB2 c.176_191dell6, c.511_
512insAACG, and ¢.558_559ins46. As the IonPGM se-
quencer had a longer read length (200bp for Amplicon
resequencing), this might assist the mapping process of the
read fragments of such insertion and deletion mutations.

With regard to the improvement in the diagnostic rate,
MPS improved the diagnostic rate by 11.5% (MPS identified
an additional mutation in the same gene in 24 cases of het-
erozygous mutations detected by the Invader or TagMan
genotyping assays, and 20 cases of previously reported
pathogenic mutations were found by MPS) over those for the
Invader assay and TagMan genotyping assays in the most
conservative setting (this improvement did not include any
novel mutations without clues identified by the Invader or
TagMan genotyping assays or in previous reports). Of course,
various novel candidate causative variants as well as the
previously reported variants were found by MPS analysis, but
it is difficult to determine the pathogenicity of these mutations.
We are now analyzing family samples for such candidate caus-
ative mutations and intend to report our results at a later date.

In conclusion, the MPS-based comprehensive mutation
screening for deafness genes had high uniformity, high assay

success rate, and sufficient accuracy for clinical use. In ad-
dition, this screening method affords an improved diagnostic
rate among hearing loss patients. This genetic analysis sys-
tem is expected to facilitate more precise clinical genetic
diagnosis, appropriate genetic counseling, and proper medi-
cal management for auditory disorders.
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