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Of the 2631 variants, 1694 (64.4%) were found in 1
patient (Figure 2). A total of 392 variants (14.9%) were
found in 2 patients, 139 (5.3%) were found in 3, 92 (3.5%)
were found in 4, 47 (1.8%) were found in 5, and 267 (10.1%)
were found in 6 or more.

Previously Reported and Identified Pathogenic
Variants in the Large Japanese Nonsyndromic
Hearing Loss Cohort

Of the 2631 candidate variants, 105 were categorized as
pathogenic variants in the deafness variation database, and
49 were categorized as pathogenic variants in ClinVar
(Table 1). Thirty-seven variants were categorized as patho-
genic in both databases, and 6 variants (GJB3:
NM_001005752: ¢.538C>T:p.R180X, G/B3:NM_024009:
¢.547G>A:p.E183K, GJ/B3:NM_024009:c.580G>A:p.A194T,
LOXHDI'NM _144612:c.4714C>A:p.R1572R, USH2A4:
NM_007123: ¢.2802T>G:p.C934W, and PCDHI5:NM_00
1142767:¢.622C>T:p.R208X) were categorized as patho-
genic variants in ClinVar, but categorized as nonpatho-
genic in the deafness variation database. In contrast,
3 variants (GJB2:NM_004004: c.368C>A:p.T123N,
GJB2:NM_004004: ¢.511G>A:p.A171T, and GJ/B2:NM _
004004: ¢.571T>C:p.F191L) were categorized as patho-
genic variants in the deafness variation database; however,
they were categorized as nonpathogenic variants in ClinVar.

Among these previously reported pathogenic variants,
26 were autosomal dominant mutations in ACTGI,
COCH, COLI11A42, CRYM, EYAI, GJB2, GJB3, KCNQ4,
MYHY9, SIX1, TECTA, and WFSI; 88 were autosomal
recessive mutations in CDH23, GJB2, GJB3, GJBG,
LOXHDI, MARVELD2, MYOI54, MYO0O6, MYO7A4,
OTOF, SLC2644, OTOF TMCI, TMIE, TMPRSS3,
USHIC, USH2A4, and WFS1; and 2 were X-linked muta-
tions in COL4A4S5.

The most frequent mutation was G.JB2:¢.235delC, which
was found in 166 alleles from 1120 patients with hearing
loss and 3 alleles in the 269 normal hearing controls.
SLC26A44:¢.2168A>G (p.H723R) were the second most fre-
quent; 53 alleles were found in 1120 hearing loss cases, and
2 alleles were found in the 269 controls.

Comparison of Previously Reported Pathogenic
Mutations and Newly Identified Variants

To determine whether the missense mutations affect predic-
tion cutoffs of the computer programs for protein function,
we compared the prediction scores of the pathogenic vari-
ants previously reported to those of the newly identified
variants using 12 computer programs including
ANNOVAR.?"? As a result, the previously reported patho-
genic variants were predicted to cause more severe effects
(or damage) to protein function than those of the newly
identified variants. The average SIFT" prediction score for

the previously reported pathogenic variants for autosomal
dominant nonsyndromic hearing loss (AD-NSHL: 25 vari-
ants) was 0.86 & 0.24, that for autosomal recessive inheritance
nonsyndromic hearing loss (AR-NSHL: 59 variants) was 0.88
+0.23, and that for the newly identified missense variants (1926
variants) was 0.74 = 0.32 (Figure 2, "SIFT scores from the
ANNOVAR software were converted to 1-SIFT scores; there-
fore, a higher score indicated a more damaging variant). The
PolyPhen2 results were similar to the SIFT results (Polyphen2
HVID: the AD-NSHL variant score was 0.83 + 0.32, the
AR-NSHL variant score was 0.87 £ 0.29, and the newly iden-
tified variant score was 0.60 + 0.43; Polyphen2 HVAR: the
AD-NSHL variant score was 0.77 + 0.35, the AR-NSHL vari-
ant score was 0.79 + 0.34, and the newly identified variant
score was 0.50 £ 0.43). The LRT, Mutation Taster, Mutation
Assessor, FATHMM, Radial SVM, LR, GERP++, PhyloP,
and SiPhy 29-way log odds scores were similar (Figure 2). All
prediction programs are based on some similar strategies and
are not completely independent of each other. However, each
prediction program estimates the effect of amino acid changes
from different viewpoints to some extent (some programs
estimate the homology among many species, while others
estimate the properties of amino acids). Therefore, it is con-
ceivable that combining the results of multiple prediction pro-
grams might be better than using the results of each individual
prediction program.

To maximize prediction appropriateness, we converted
the results of each prediction program to a z-score (using all
missense variant results: AD-NSHL variants + AR-NSHL
variants + novel variants = 2010 variants) and calculated
the average z-score of the 12 prediction programs (Figure 2,
Table 2). As a result, the z-score of the AD-NSHL variants
was 0.65 £ 0.45, that of the AR-NSHL variants was 0.60 =
0.55, and that of the newly identified variants was —0.27 +
0.65. These results clearly reveal differences between the
previously reported pathogenic variants and the newly iden-
tified variants, including both the pathogenic variants and
rare polymorphisms. As a result of the statistical analysis,
the average z-score of 12 prediction programs indicated a P
value lower than that of each of 12 prediction programs
(AD-pathogenic vs novel: P=4.2 x 107’, AR-pathogenic vs
novel: P = 5.1 x 107, Tukey’s HSD test). As a notable
result, the GJB2:¢.368C>A (p.T123N) variant revealed the
lowest score of —1.14 in the previously reported pathogenic
variant group. This variant was recategorized as a rare poly-
morphism in our previous report.”® Of course, in silico anal-
ysis has a limitation in the prediction of the pathogenicity
and segregation analysis for family samples, and in vitro or
in vivo studies are required to make conclusions about the
pathogenicity of each variant.

From these results, we further selected the missense
variants with average z-scores >0.05 (average —1 standard
deviation of previously reported AR-NSHL variants) as
candidates and analyzed the molecular epidemiology and
mutation spectrum in Japanese patients with hearing loss.
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Figure 2. Distributions of the 12 computer prediction software programs (SIFT, Polyphen2 HVID, Polyphen2 HVAR, LRT, Mutation
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Table 2. Statistical Analysis of 12 Computer Prediction Software Programs and the Average z-Score of |2 Prediction Programs.’
95% Confidence
Difference interval
Prediction in Each
Program Group | Average Group 2 Average Group SE P Value® Lower Upper
SIFT Novel 0.73 AD-Pathogenic 0.86 -0.13 0.06 I.2E-01 -0.28 0.03
AR-Pathogenic 0.88 -0.14 0.04 2.6E-03 -0.24 -0.04
PP2-HVID Novel 0.60 AD-Pathogenic 0.83 -0.23 0.09 1.9E-02 -0.44 -0.03
AR-Pathogenic 0.87 -0.27 0.06 5.5E-06 -0.41 -0.14
PP2-HVAR Novel 0.49 AD-Pathogenic 0.77 -0.27 0.09 3.7E-03 -0.47 -0.07
AR-Pathogenic 0.79 -0.30 0.06 2.8E-07 -0.43 -0.17
LRT Novel 0.71 AD-Pathogenic 1.00 -0.29 0.08 2.1E-03 -0.48 -0.09
AR-Pathogenic 0.93 -0.22 0.06 2.2E-04 -0.35 -0.09
Mut Taster Novel 0.69 AD-Pathogenic 0.91 -0.22 0.09 3.1E-02 -0.43 -0.02
AR-Pathogenic 0.95 -0.26 0.06 2.1E-05 -0.39 -0.12
Mut Assesor Novel 0.59 AD-Pathogenic 0.67 -0.08 0.03 2.9E-02 -0.16 -0.01
AR-Pathogenic 0.69 -0.10 0.02 4.9E-06 -0.15 -0.05
FATHMM Novel 0.41 AD-Pathogenic 0.50 -0.09 0.03 I.1E-03 -0.15 -0.03
AR-Pathogenic 0.44 -0.04 0.02 9.1E-02 -0.08 0.00
RadialSVM Novel 0.40 AD-Pathogenic 0.56 -0.16 0.03 |.0E-06 -0.23 -0.08
AR-Pathogenic 0.56 -0.16 0.02 5.1E-09 -0.21 ~0.11
LR Novel 0.39 AD-Pathogenic 0.70 -0.31 0.06 1.8E-06 -0.45 -0.16
AR-Pathogenic 0.71 -0.32 0.04 5.1E-09 ~-0.42 -0.23
GERP++ Novel 3.21 AD-Pathogenic 5.01 -1.79 0.60 7.6E-03 -3.19 -0.39
AR-Pathogenic 4.52 -1.30 0.39 2.6E-03 -2.22 -0.38
PhyloP Novel 1.41 AD-Pathogenic 2.38 -0.97 0.23 9.7E-05 -1.52 -0.42
AR-Pathogenic 1.99 -0.59 0.15 3.9E-04 -0.95 -0.23
29-way Novel 11.72 AD-Pathogenic 15.94 -4.22 1.04 1.4E-04 -6.65 -1.79
LogOdds AR-Pathogenic 15.18 -3.47 0.68 1.2E-06 -5.07 -1.87
z Pred Ave Novel -0.03 AD-Pathogenic 0.66 -0.69 0.13 4.2E-07 -0.99 -0.38
AR-Pathogenic 0.60 -0.62 0.09 5.1E-09 -0.82 -0.42

Abbreviations: SE, standard error; PP2, PolyPhen2; Mut Taster, Mutation Taster; Mut Assesor, Mutation Assesor; z Pred Ave, averaged z score of |2

prediction programs; AR, autosomal recessive; AD, autosomal dominant.

*All prediction programs listed above were including in the ANNOVAR software.

*Tukey HSD test.

21,22

“Novel, novel identified variants in this study (might include pathogenic variants and rare polymorphisms).

Molecular Epidemiology of Japanese Patients
With Hearing Loss

In spite of the successful identification of deafness genes, no
comprehensive etiological data on a genetic basis have been
available. It is noteworthy that MPS-based studies can be
made available for studying the molecular epidemiology of
deafness. Recently, we first applied genetic epidemiology to
determine the impact of each gene on hearing loss by using
MPS analyses of 216 patients with hearing loss.'> On the
basis of our recent results, the gene having the greatest
impact on the etiology of deafness was GJB2, mutations in
which were found in exceptionally high numbers, followed
by mutations in SLC2644, USH2A, GPR9S, MYOI5A4,
COL4A5, and CDH23."* The present study, which was based
on a different platform and used a larger cohort, generally
corroborated our previous results. In this study, among the

variants identified, the number of GJB2 mutations was
exceptionally high, followed by those in CDH23, SLC26A44,
MYOI54, COLIIA2, MYO74, and OTOF (Figure 3).
Nonsense, splicing, and frame shift deletion mutations
were identified more frequently in autosomal recessive hear-
ing loss genes, such as GJB2, SLC2644, MYOI54,
COL11A42, and OTOF, than in others. In contrast, most of the
variants in autosomal dominant hearing loss genes, such as
MYO7A4, TECTA, MYHI4, and WFS1, were missense vari-
ants, and only a limited number were nonsense, spliced junc-
tion, or frame shift insertions/deletions. These results were
understandable because most autosomal recessive hearing
loss is caused by loss-of-function mutations, whereas most
autosomal dominant hearing loss is caused by dominant-
negative or gain-of-function mutations, and a small portion
are caused by haplo-insufficiency mutations. Notably, only a
limited number of nonsense, splice junction, and deletion/
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Figure 3. The number of previously reported pathogenic and candidate variants selected using the allele frequencies of a large
number of controls and results of |2 computer prediction programs. The number of variants indicates that the majority of responsible

gene variants accumulated in particular major causative genes.

insertion mutations were observed in CDH23. CDH?23 is
reported to have a clear phenotype-genotype correlation, and
a CDH23 truncation mutation causes Usher syndrome,m'3 .
which is why we observed a low number of nonsense, splice
junction, and deletion/insertion mutations in the CDH23
mutations.

This result indicates that 30% to 40% of patients are deaf
due to recurrent mutations in particular genes, such as
GJB2, CDH23, and SLC26A44. GJB2 is the most common
gene responsible for deafness worldwide, and 14% to 16%
of Japanese patients with hearing loss have a GJB2 muta-
tion.'**"** Mutations in CDH23 and SLC2644 are also fre-
quent and important causes of deafness in Japanese.”
The majority of the responsible gene mutations are limited to
a few genes due to recurrent mutations; however, the remain-
der consist of rare genes or mutations. MPS is a powerful tool
with which to identify such rare genes or mutations. At the
same time, we should keep in mind the limitations of MPS
technologies. Careful interpretation is needed to analyze
results for genes with identical sequences or pseudogenes,
such as ESPN and STRC. Most current MPS technologies
used are based on short reads; therefore, it is difficult to dis-
tinguish “true genes” and “pseudogenes.” The lon PGM sys-
tem yields read lengths longer than those obtained by the
Illumina system, and better results should be expected, par-
ticularly for such pseudogenes. However, it is impossible to
distinguish “true genes” and “pseudogenes” completely, so
further investigation is required for these genes.

In conclusion, we performed MPS analyses and con-
firmed the genetic background of hearing loss in Japanese
patients. This data set will be a powerful tool with which to
discover rare causative genes mutations in a highly hetero-
geneous monogenic disease and reveal the genetic epidemi-
ology of deafness. We are currently performing segregation
analysis for the newly identified candidates.
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Abstract

Objectives: ACTG/ has been reported to be a causative gene for autosomal dominant sensorineural hearing loss, DFNA20/26.
In this study we sought to clarify the detailed mutational spectrum, clinical features, and genotype-phenotype correlations.
Methods: Massively parallel DNA sequencing (MPS) of 63 target candidate genes was used to screen 1120 Japanese
hearing loss patients.

Results: MPS screening successfully identified 4 ACTG! mutations in 5 families. The majority of patients showed high
frequency—involved progressive hearing loss, with the age of onset mostly in the first or second decade. One patient
received electric acoustic stimulation (EAS), which showed a good outcome.

Conclusions: Target exon-sequencing using MPS was proven to be a powerful new clinical diagnostic tool for the
identification of rare causative genes such as ACTG/. The present clinical findings not only confirmed those previous
reports but also provided important new clinical information.
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Introduction

Hereditary hearing loss is the most common sensorineural
deficit and shows the highest degree of genetic heterogeneity.
Autosomal dominant sensorineural hearing loss (ADSNHL)
accounts for 20% of hereditary hearing loss, and more than
30 genes have been reported to be associated with ADSNHL.

ACTGI has been reported as one of the causative genes
for ADSNHL and is linked to the DFNA20/26 locus (OMIM
#604717) on chromosome 17q25.3."° ACTGI encodes
v-actin, the predominant actin isoform in auditory hair cells
and, more specifically, in the cuticular plate, adherens junc-
tions, and stereocilia.*’

Based on previous reports, most patients develop hear-
ing loss during the first or second decades, particularly for
the frequencies from 6 to 8 kHz, and this hearing loss is
slowly progressive, with threshold shifts observed at all fre-
quencies. However, only 18 cases of this mutation have pre-
viously been reported,>*%'* so the detailed clinical features
remain unknown.

Recent advances in targeted exon sequencing of selected
genes using massively parallel DNA sequencing (MPS)

technology have allowed the successful identification of
causative mutations in relatively rare genes such as ACTG/.
In this study, we further examined the detailed clinical char-
acteristics of patients with ACTG mutations and discussed
the appropriate intervention.

'Department of Otorhinolaryngology, Shinshu University School of
Medicine, Matsumoto, Japan

Department of Hearing Implant Sciences, Shinshu University School of
Medicine, Matsumoto, Japan

*Department of Otorhinolaryngology, International University of Health
and Welfare, Mita Hospital, Tokyo, Japan

*Department of Otorhinolaryngology, Gunma University School of
Medicine, Maebashi, Japan

*Department of Otorhinolaryngology-Head and Neck Surgery, Graduate
School of Medicine, Kyoto University, Kyoto, Japan

Corresponding Author:

Shin-ichi Usami, MD, PhD, Department of Otorhinolaryngology, Shinshu
University School of Medicine, 3-1-1 Asahi, Matsumoto, Nagano 390-
8621, japan.

Email: usami@shinshu-u.ac.jp



Annals of Otology, Rhinology & Laryngology

Subjects and Methods

Subjects

A total of 1120 Japanese hearing loss (HL) patients with
bilateral sensorineural hearing loss (ADSNHL, 266; auto-
somal recessive sensorineural hearing loss, 600; unknown,
254) from 53 otolaryngology departments nationwide par-
ticipated in this study. Written informed consent was
obtained from all subjects (or from their next of kin, care-
taker, or guardian in the case of minors/children) prior to
enrollment in the project. This study was approved by the
Shinshu University Ethical Committee as well as the
respective ethical committees of the other participating
institutions.

Amplicon Library Preparation

Amplicon libraries were prepared using an Ion AmpliSeq
Custom Panel (Applied Biosystems, Life Technologies,
Carlsbad, California, USA) for 63 genes reported to cause
nonsyndromic hearing loss according to the manufacturer’s
instructions. The detailed protocol was described else-
where.'? After preparation, the amplicon libraries were
diluted to 20 pM, and equal amounts of 6 libraries for 6
patients were pooled for 1 sequence reaction.

Emulsion Polymerase Chain Reaction and
Sequencing

Emulsion polymerase chain reaction (PCR) and sequencing
were performed according to the manufacturer’s instruc-
tions. 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 Ion 318 Chip (Life Technologies).

Base Call and Data Analysis

The sequence data were mapped against the human genome
sequence (build GRCh37/hgl9) with a Torrent Mapping
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,” (2) the 6500 exome variants,'® (3) the Human
Genetic Variation Database (data set for 1208 Japanese
exome Variamts),19 and (4) the 269 in-house Japanese nor-
mal hearing controls.

To predict the pathogenicity of missense variants, the fol-
lowing functional prediction software was used: PhyloP,

Sorting Intolerant from Tolerant (SIFT),*' Polymorphism
Phenotyping (PolyPhen2),” LRT,” MutationTaster,” and
GERP++7

Candidate mutations were confirmed by Sanger sequenc-
ing, and the responsible mutations were identified by segre-
gation analysis using samples from among the patients’
family members.

Results

Detected Mutations

MPS screening and subsequent Sanger sequencing identi-
fied a total of 4 missense mutations in ACTG/ (c.142G>C
[p.G48R], ¢.353A>T [p.K118M], ¢.721G>A [p.E241K],
and ¢.895C>G [p.L.299V]) in 5 families among the 1120
probands (Table 1). The pedigrees for all 5 families were
compatible with autosomal dominant inherited hearing
loss, and segregation analysis confirmed that the muta-
tions were plausible disease-causing mutations. All
detected mutations were predicted to be pathologic by
several software programs. The 3 mutations, excluding
¢.142G>C, had already been reported as causative muta-
tions for deafness. ™"

Clinical Findings

Figures 1, 2, 3, 4, and 5 and Table 2 show the clinical
features for the 5 families. All pedigrees exhibited a typi-
cal autosomal dominant inheritance pattern, and all
affected patients displayed progressive, symmetrical
sensorineural hearing loss beginning in the high
frequencies.

Family | (Figure 1: 2973, 2974, SNS5888,
SNS5889)

Patient 2973, a 2l-year-old male, had a heterozygous
¢.142G>C (p.G48R) mutation, with hearing loss detected
by school physical examination at 6 years of age. His pedi-
gree was compatible with autosomal dominant inherited
hearing loss. His mother (patient 2974), who had noticed
her hearing loss at 11 years of age, carried the same muta-
tion. She experienced progressive hearing loss and tinnitus.
The patient’s older sister and youngest sister carried the
same mutation, although the audiogram of the youngest sis-
ter (11 years) appeared to be normal.

Family 2 (Figure 2: JHLB964)

Patient JHLB964 is a 33-year-old female, with a history of
hearing loss from 26 years of age. Due to the rapid progres-
sion of her hearing loss, the patient began using hearing aids
at 28 years of age. She demonstrated associated vertigo. Her
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Table I. ACTG/ Variants in Autosomal Dominant Sensorineural Hearing Loss (ADSNHL).
Nucleotide Amino Acid Audiogram Family

Exon Subdomain  Change Change NM No. Configuration Progression Origin Onset Age Reference

3 2 c.142G>C p.G48R NM_001614  High frequency involved Progressive Japanese First decade This study

3 2 cI51G>A  p.DSIN NM_001614  High frequency involved Progressive Dutch First decade 9

3 | c.266C>T p.T89I NM_001614  High frequency involved Progressive American  Third decade 2

3 | c353A>T  pKIiIsM NM_001614  High frequency involved Progressive American,  First, second, or 2, this study

Japanese third decade

3 1 ¢354G>C  pKII8N NM_001614  High frequency involved Progressive  Spanish Childhood 8

4 | c.364A>G p.t122v NM_001614  High frequency Progressive  Chinese First decade 7
involved, profound

4 4 ¢559G>C  p.DI87H NM_001614  Ascending to sloping Progressive  South At birth 10
to flat Korean

4 4 c721G>A  p.E24IK NM_001614  High frequency involved Progressive  Spanish, First decade 8, this study

Japanese
4 4 c791C>T p.P264L NM_001614  High frequency involved Progressive American  First or second 2
decade
4 4 c.802G>C  p.G268S NM_001199954 Normal to moderate Unknown  Japanese First or fourth 13
decade

5 3 c.833C>T p.T278! NM_001614  High frequency Progressive  Dutch First or second 3
involved, profound decade

5 3 ¢.895C>G  p.L29%V NM_001614  High frequency involved Progressive Japanese Second decade 12, this study

5 3 c.914T>C  p.M305T NM_001614  Severe to profound Progressive  Korean Fourth decade I

5 3 c.974T>A  p.M325K NA High frequency involved ~ Unknown  German At birth 14

6 3 c.994C>G  p.P332A NM_001614 High frequency involved Progressive American  Second decade 2

6 C-terminal c.[109T>C  p.V370A NM_001614 High frequency involved Progressive Norwegian First or second 6

decade

father and brother also displayed progressive sensorineural
hearing loss, and her father received cochlear implantation
at the age of 45. Due to a lack of samples, segregation anal-
ysis could not be performed.

Family 3 (Figure 3: 3070, 3121)

Patient 3070, a 37-year-old male, had developed hearing
loss at the age of 17. His father (patient 3121) also noticed
the onset of hearing loss at high frequencies around 17 years
of age and eventually developed profound hearing loss. The
¢.353A>T mutations were detected in both patients.

Family 4 (Figure 4: JHLBI 181, GNM5 164,
GNM5089)

Patient JHLB1181, a 7-year-old boy, his younger sister
(GNM5164), and his mother (GNM5089) all had heterozy-
gous ¢.721G>A (p.E241K) mutations. He had passed new-
born hearing screening but demonstrated a delay in language
development. Auditory brainstem response (ABR) evalua-
tion at 4 years, 11 months showed about 80 dB hearing loss
in the high frequencies. He started using hearing aids and
some language development was seen. Developmental disor-
ders including speech development were found in this patient.
According to the Wechsler Preschool and Primary Scale of

Intelligence (WPPSTI), an intelligence test designed for chil-
dren aged 2 years, 6 months to 7 years, 3 months,* his results
(VIQ 45, PIQ 74, and total IQ 50) at 4 years and 11 months
were compatible with the existence of a developmental disor-
der. His younger sister (GNMS5164) carrying the same muta-
tion has mild high frequency—involved hearing loss, first
evaluated at age 3 years of age. His mother (GNM5089) also
has the same mutation and a similar type of hearing loss. The
mother’s hearing loss was identified by school physical
examination at 14 years of age, and she began using a hearing
aid at age 18. She demonstrated involuntary movement at
ages 10 and 24 and was eventually diagnosed with Moyamoya
disease (occlusion of the circle of Willis).

Family 5 (Figure 5: 3837, 3839, JHLBO 109,
JHLBOI 1 1)

Patient 3837, a 4l-year-old male, had a heterozygous
ACTGI mutation, ¢.895C>G (p.L299V)."> He was first
diagnosed with hearing loss in the high frequencies during
a primary school physical examination at the age of 12. He
became aware of progressive hearing loss and episodes of
tinnitus at around age 20. He started wearing a hearing aid
at age 33. One year later, he made his first visit to a clinic.
Audiometric examination confirmed high frequency—
involved SNHL, and distortion product otoacoustic
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Figure 1. (A) Patient 2973 (a 21-year-old male), his mother (2974; 53 years), his older sister (22 years), and his young sister (1|
years) had heterozygous c.142G>C (p.G48R) mutations. (B) The results of Sanger sequencing. (C) Audiograms of family members,
showing high frequency—involved progressive hearing loss. WT, wild type.
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Figure 2. (A) The family tree of patient JHLB964 (a 33-year-old
female). (B) The results of Sanger sequencing. (C) Audiogram of
JHLB964. WT, wild type.

emissions (DPOAE) found no response in all frequencies,
which confirmed that the hearing loss originated in the
cochlea. He received electric acoustic stimulation (EAS)
due to progressive hearing loss at the age 39: the effective-
ness of EAS for this patient was previously reported.'* His
father, brother, and younger son carried the same mutation.
His brother (JHLB0109) showed the same type of audio-
gram since he was around 15 years of age. The audiogram
for the last 5 years showed slightly progressive hearing loss
in the high frequencies, although hearing was preserved in
the lower frequencies. His father (patient 3839) also dis-
played signs leading to profound hearing loss. The patient’s
younger son (JHLB0111) with the same causative mutation
had slight hearing loss at 8 kHz and showed normal DPOAE.
None of the patients experienced vertigo, and the findings
of vestibular testing (caloric test and cervical vestibular evoked
myogenic potential [cVEMP]) for patient 3837 were normal.
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Figure 3. (A) The family tree of patient 3070 (a 37-year-old
male) and his father (patient 3121). (B) Audiograms of affected
members.

Discussion

Targeted exon sequencing of selected genes using MPS
technology successfully identified 4 4C7G/ mutations in
5 families, indicating that this technology is a powerful
tool for the identification of causative mutations in rela-
tively rare genes. Previously, linkage analysis and muta-
tion analysis have identified many responsible genes, and
several ACTG1 mutations have been identified. However,
those classical approaches are sometimes difficult because
of small family size and the fact that one-by-one gene
screening is time-consuming. Screening based on MPS
technology can resolve these issues, and in this study, we
conducted genetic analysis of 63 deafness-causative genes
using MPS-based genetic screening for Japanese patients
with hearing loss. This screening identified 4C7TG 1 muta-
tions in 0.4% (5/1120) of bilateral hearing loss probands
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Figure 4. (A) The family tree of patient JHLBI 18| (a 7-year-old boy). (B) The results of Sanger sequencing. (C) Audiograms of

affected members. WT, wild type.

and in 1.9% (5/266) of patients with autosomal dominant
hearing loss and not in any of the patients with congenital
hearing loss.

Two (¢.353A>T [p.K118M], c.721G>A [p.E241K]) out
of 4 mutations had already been reported as causative muta-
tions in the American and Spanish populations, suggesting
the existence of mutational hot spots rather than ancestral
mutations. Using haplotype analysis, we have previously
demonstrated that a particular KCNQ4 mutation occurred

independently in different populations and, therefore, most
likely represents a mutational hot spot.”’

ACTGI encodes y-actin, the predominant actin isoform
in auditory hair cells and, more specifically, in the cuticular
plate, adherens junctions, and stereocilia.*’

The y-actin is 1 of 6 highly conserved actin proteins in
humans. Four actin genes encode the isoforms responsible
for contractile muscle movement, with the other 2 non-mus-
cle actin genes, ACTG1 and ACTB, encoding cytoskeleton
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Figure 5. (A) The family tree of patient 3837 (a 42-year-old male). (B) The results of Sanger sequencing. (C) Audiograms of affected
members showing progression. (D) Vestibular examination of patient 3837. His vestibular testing, including caloric testing and cervical
vestibular evoked myogenic potential (cVEMP), showed normal findings. WT, wild type.
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Table 2. Clinical Features for 14 Affected Patients in 5 Families.

Family Nucleotide Amino acid Hearing

No. Patients Change Change Age Onset Age Level (dB)  Progression Tinnitus  Intervention Vertigo
| 2974 c.142G>C  p.G48R 53 H 56.3 Progressive + Hearing aids  Unknown
| SNS5888  c.142G>C p.G48R 22 N/A 16.3 Progressive ~ Unknown None Unknown
| 2973 c.142G>C  p.G48R 21 6 313 Progressive - None —

| SNS5889  ¢.142G>C  p.G48R I Precritical 15 Unknown Unknown None

2 JHLB964  ¢353A>T  p.KII8M 33 26 62.5 Progressive + Hearing aids +

3 3121 c¢353A>T  pKIIBM 65 17 105 Progressive ~ Unknown Hearing aids Unknown
3 3070 c.353A>T  pKII8M 37 17 77.5 Progressive + Hearing aids —

4 JHLBII8I  ¢721G>A  p.E24IK 7 3 51.3 Progressive - Hearing aids —

4 GNMS5164  c721G>A  p.E24IK 3 3 388 Unknown Unknown None Unknown
4 GNM5089  ¢.721G>A  p.E24IK 28 14 51.3 Progressive - Hearing aids —

5 3837 c895C>G  p.L299%V 41 12 78.8 Progressive + EAS -

5 3839 c.895C>G  p.L29%V 63 46 107.5 Progressive + Hearing aids —

5 JHLBOI09 c895C>G  p.L299V 38 5 61.2 Progressive + Hearing aids —

5 JHLBOI Il  ¢.895C>G  p.L299V 9 Precritical 6.3 Progressive - None —

Abbreviations: +, existing symptoms; —, without symptoms.

proteins found in all mammalian cells.**® Notably, y-actin is
the predominant actin found in the auditory hair cells of the
cochlea and intestinal epithelial cells.”” The distinct expres-
sion pattern of y-actin compared to the other actins is
thought to account for the nonsyndromic hearing loss phe-
notype caused by mutations in this gene." It is notable that
actin structures appear to be structurally damaged as a con-
sequence of noise exposure and aging.***'

Based on previous reports, in most cases with hearing
loss caused by ACTGI the mean age at onset of hearing
loss is the first or second decade. Findings show that hear-
ing loss first affects the high frequency portion before pro-
gressing to involve all frequencies. Audiograms show a
sloping configuration with age. Audiological features of
the affected patients found in this study showed a similar
tendency. De Heer et al’ performed a detailed analysis of
progression and stated that the rate of deterioration varied
across the different mutations from 2 dB to 6 dB/year.
Among the present families, detailed time courses of dete-
rioration could be obtained for patient 3837 and JHLB0109,
with the rate of deterioration found to be 1.4 dB/year and
1.0 dB/year, respectively. Their father (63 years) had pro-
found hearing loss, suggesting that further deterioration
will occur in the future and proper intervention will be
required due to the progressive nature of their hearing loss.

Tinnitus has been reported in only 1 family with a muta-
tion in subdomain 2.” However, the patients in our cohort
experienced tinnitus regardless of subdomain (the muta-
tions identified in this study were located in the various
subdomains, 2974; subdomain 2, JHLB964; subdomain 1,
3070; subdomain 1, 3837: subdomain 3), indicating that
tinnitus is not a subdomain-specific symptom but is associ-
ated with the severity of hearing loss.

Functional studies have demonstrated that actin is
involved in the relationship between the onset age and indi-
vidual ACTGI mutations.®

In the present study, we also found that the age of onset
in patients with ¢.721G>A (p.E241K) mutations was com-
paratively early. Since 2 affected patients passed newborn
hearing screening, hearing loss is suggested to be early
onset rather than congenital. In family 5, JHLBO111 did not
show any hearing disorders either in pure-tone audiometry
or in otoacoustic emissions (OAE) response.

Vertigo was previously reported in some cases, but no
associated abnormalities were observed on vestibular test-
ing.” In the present cases, vertigo was not a consistent symp-
tom; ie, 1 patient with ¢.353A>T (p.K118M) had experienced
vertigo, whereas the other subjects had not. It is not surpris-
ing that vertigo is associated with vestibular symptoms
because the stereocilia of vestibular hair cells are also com-
posed of y-actin.** Vestibular symptoms are, however, often
masked by vestibular compensation; therefore, detailed ves-
tibular function testing is needed to evaluate their real
function.

In this study, we succeeded in performing a detailed ves-
tibular examination for patient 3837 carrying the ¢.895C>G
(p.L299V) mutation. His vestibular testing, including
caloric testing and cervical vestibular evoked myogenic
potential (c(VEMP), showed normal findings. As this patient
had typical high frequency—involved hearing loss, this indi-
cates the presence of discrepancies between auditory and
vestibular function.

With regard to phenotypes other than hearing loss,
ACTGI and ACTB have recently been reported as causative
genes for Baraitser-Winter syndrome, being associated with
a well-defined developmental disorder characterized by a
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combination of congenital ptosis, high-arched eyebrows,
hypertelorism, ocular colobomata, and brain malformation
consisting of anterior predominant lissencephaly. Other
typical features include postnatal short stature and micro-
cephaly, intellectual disability, seizures, and hearing loss.
According to a previous report, 50% to 83% of Baraitser-
Winter syndrome patients develop hearing loss.* Baraitser-
Winter syndrome is rare, but Baraitser-Winter syndrome
caused by ACTB is more severe than that caused by ACTG1.
Missense mutations in ACTG/ have been reported in asso-
ciation with Baraitser-Winter syndrome.

In this report, patients JHLB1181 and GNM5089 in fam-
ily 4 showed symptoms other than hearing loss. Although
the developmental disorder found in JHLB1181 and the
neurological disorder found in GNM5089 were not con-
firmed to be due to the ACTG 1 mutation, such variations in
symptoms need to be treated with due caution, and further
clinical evaluation of larger populations of patients harbor-
ing ACTGI mutations will reveal the genotype-phenotype
correlations of this gene.

In patients with the nonsyndromic form of hearing loss
(cases without any other symptoms), the etiology of
ACTGI is located within the cochlea, indicating that com-
paratively good outcomes for hearing aids or cochlear
implants (CIs) can be expected. We recently demonstrated
that EAS was an effective intervention for patient 3837
with ACTGI mutations as EAS is compatible with an
intra-membranous labyrinth etiology.'? EAS is a new trend
in therapy for the patients with residual hearing in the
lower frequencies.*® Various genes were found to be
involved in the patients with EAS,'>** and onset age as
well as the rate of progress of hearing loss appeared to
vary according to the etiology.

Identification of the responsible genes may be a good
predictor when choosing therapeutic options. As the rate of
progression may depend on the responsible gene, this infor-
mation may be helpful in timing EAS/CI surgery and in the
selection of the appropriate device and/or electrode.
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Abstract

Objectives: We present 3 patients with congenital sensorineural hearing loss (SNHL) caused by novel PTPRQ mutations,
including clinical manifestations and phenotypic features.

Methods: Two hundred twenty (220) jJapanese subjects with SNHL from unrelated and nonconsanguineous families were
enrolled in the study. Targeted genomic enrichment with massively parallel DNA sequencing of all known nonsyndromic
hearing loss genes was performed to identify the genetic cause of hearing loss.

Results: Four novel causative PTPRQ mutations were identified in 3 cases. Case | had progressive profound SNHL with a
homozygous nonsense mutation. Case 2 had nonprogressive profound SNHL with a compound heterozygous mutation (nonsense
and missense mutation). Case 3 had nonprogressive moderate SNHL with a compound heterozygous mutation (missense and
splice site mutation). Caloric test and vestibular evoked myogenic potential (VEMP) test showed vestibular dysfunction in Case 1.
Conclusion: Hearing loss levels and progression among the present cases were varied, and there seem to be no obvious
correlations between genotypes and the phenotypic features of their hearing loss. The PTPRQ mutations appeared to be

responsible for vestibular dysfunction.

Keywords

hearing loss, PTPRQ, DFNB84, massively parallel DNA sequencing

Introduction

Hearing loss is the most common sensory impairment in
humans. Genetic causes account for the largest proportion
of congenital sensorineural hearing loss (SNHL). Hearing
loss is an extremely heterogeneous disorder, and approxi-
mately 75% of hereditary hearing loss is nonsyndromic.
Therefore, it is difficult to predict the clinical course on the
basis of clinical findings. Genetic testing is one way to
resolve this problem. However, due to the extreme hetero-
geneity of SNHL, much labor and expense are required for
analysis when using conventional Sanger sequencing.

Recent advances in targeted genomic enrichment with
massively parallel DNA sequencing (TGE+MPS) have
made it possible to sequence all known causative genes
simultaneously.'” This technology has been reported to
afford an effective approach to the diagnosis of genetic
hearing loss, particularly in terms of sensitivity, specificity,
and reproducibility."

In this study, we performed genetic testing using
TGE+MPS to analyze the genetic etiology of Japanese

hearing loss patients and identified mutations in the PTPRQ
(protein tyrosine phosphatase receptor Q) gene. The PTPRQ
gene is one of the latest identified as a cause of nonsyndromic
SNHL. The locus had been mapped on chromosome 12q21.31
and was assigned DFNB84.* The PTPRQ gene is comprised
of 58 exons and encodes the PTPRQ protein, which is one of
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the membrane proteins localized in the basal region of the ste-
reocilia.”* The PTPRQ protein has 3 domains: the extracel-
lular domain (fibronectin type 3 domain), the membrane
spanning domain (tansmembrane domain), and the cytoplas-
mic domain (phosphatase domain).*®” The PTPRQ protein is
known to play key roles in the regulation of actin filaments
reorganization, cell shape changes, and shaft connector for-
mation of hair cell stereocilia.**’ Sakaguchi et al® reported
that the PTPRQ protein appears to maintain the organization
of the cell surface coat and the structure of the overall sterco-
cilia bundle through interactions with Myosin VI.

Until now, only 3 families with PTPRQ mutations have
been reported, and most of the phenotypic features remain
unclear.™® Here, we describe 3 Japanese patients with con-
genital SNHL caused by novel PTPRQ mutations.

Subjects and Methods
Subjects

We recruited 2 groups from a Japanese hearing loss popula-
tion for this study. All subjects had presumed nonsyndromic
SNHL. For each proband, informed consent was obtained
to participate in this study, which was approved by the
human subjects cthical committee associated with each
clinic. Clinical information and blood samples were
obtained for each proband and for all consenting affected
and unaffected relatives. This study was approved by the
Ethical Committee of Shinshu University and Yokohama
City University.

The first group:Yokohama samples. Twenty-six (26) Japanese
subjects from unrelated and nonconsanguineous families
were enrolled. These subjects visited Yokohama City Uni-
versity hospital for examination of hearing loss and partici-
pated in this study.

The second group: Shinshu samples. One hundred ninety-four
(194) Japanese subjects from unrelated and nonconsanguin-
eous families were ascertained through 33 otolaryngology
clinics in 28 prefectures across Japan.

Methods
The First Group: Yokohama Samples

Amplicon library preparation. Amplicon libraries were pre-
pared with an Ion AmpliSeq Custom Panel (Applied Bio-
systems, Life Technologies, Carlsbad, California, USA) for
63 genes reported to cause nonsyndromic hearing loss
according to the manufacturer’s instructions. The detailed
protocol was described elsewhere.'® After preparation, the
amplicon libraries were diluted to 20 pM, and equal amounts
of 6 libraries for 6 patients were pooled for 1 sequence
reaction.
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Emulsion polymerase chain reaction and sequencing. The
emulsion polymerase chain reaction (PCR) and sequencing
were performed according to the manufacturer’s instruc-
tions. The detailed protocol was described elsewhere.'
MPS was performed with an lon Torrent Personal Genome
Machine (PGM) system using an lon PGM 200 Sequencing
Kit and Ion 318 Chip (Life Technologies).

The Second Group: Shinshu Samples

Targeted genomic enrichment and massively parallel sequenc-
ing. TGE of all exons of all genes implicated in nonsyn-
dromic SNHL, including nonsyndromic SNHL mimics,
was completed as described, targeting 89 genes as part of
the OtoSCOPE v5 platform. Libraries were prepared using
a modification of the solution-based Agilent SureSelect tar-
get enrichment system (Agilent Technologies, Santa Clara,
California, USA)."

In brief, 3 pg gDNA was randomly fragmented to an
average size of 250 bp (Covaris Acoustic Solubilizer;
Covaris Inc, Woburn, Massachusetts, USA), fragment ends
were repaired, A-tails were added, and sequencing adaptors
were ligated before the first amplification. Solid-phase
reverse immobilization purifications were performed
between each enzymatic reaction. Hybridization and cap-
ture with RNA baits was followed by a second amplifica-
tion before pooling for sequencing. Minimal amplification
was used—typically 8 cycles for the prehybridization PCR
(range, 8-10 cycles) using NEB Phusion HF Master Mix
(New England BioLabs Inc, Ipswich, Massachusetts, USA)
and 14 cycles for the posthybridization PCR (range, 12-16
cycles) using Agilent Herculase IT Fusion DNA Polymerase.
All' samples were barcoded and multiplexed before sequenc-
ing on either an Illumina MiSeq or HiSeq (Illumina Inc, San
Diego, California, USA) in pools of 4 to 6 or 48, respec-
tively, using 100-bp paired-end reads.

Base call and data analysis

The first group: Yokohama samples. The sequence data
were mapped against the human genome sequence (build
GRCh37/hgl19) with a Torrent Mapping Alignment Pro-
gram. 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, inser-
tion/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,'* (2) the
6500 exome variants,”” (3) the Human Genetic Variation
Database (data set for 1208 Japanese exome variants),'®
and (4) the 269 in-house Japanese normal hearing controls.
To predict the pathogenicity of missense variants, the fol-
lowing functional prediction software was used; PhyloP,"”
Sorting Intolerant from Tolerant (SIFT),'® Polymorphism
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Phenotyping (PolyPhen2),"”” LRT,”” MutationTaster,”' and
GERP++.%

The second group: Shinshu samples. Data were analyzed as
described using a local installation of the open-source Gal-
axy software and the following open-source tools: BWA*
for read mapping, Picard for duplicate removal, GATK* for
local realignment and variant calling, and NGSRich® for
enrichment statistics.” We reported and annotated variants
with custom software.

Variant Confirmation

Candidate mutations were confirmed by Sanger sequenc-
ing, and the responsible mutations were identified by segre-
gation analysis using samples from among the patients’
family members.

Results

We identified 3 cases that had the causative PTPRQ muta-
tions in this study (220 hearing loss patients).

Mutation Analysis

We identified novel 1 nonsense mutation, 2 missense muta-
tions, and 1 splicing junction mutation in the PTPRQ gene
(NM_00145026). Case 1: AG 8960 had a homozygous
mutation. This mutation corresponded to ¢.1261C>T, lead-
ing to p.Argd21stop (Figure 1). Case 2: SNS 2193 had a
compound heterozygous mutation. This mutation corre-
sponded to ¢.166C>G and 1261C>T, leading to p.Pro56Ala
and Arg421Stop (Figure 2). Case 3: SNS 2912 had a com-
pound heterozygous mutation. This mutation corresponded
to ¢.6453+3delAand 4046 T>C, whichleads to p.Met1349Thr
(Figure 3). As shown in Figures 1, 2 and 3, Sanger sequenc-
ing for family segregation was confirmed for each pedigree.
None of these mutations were identified in the 1000 genome
database, the 6500 exome variants, or the 1208 Japanese
exome variants, in addition to the 269 in-house Japanese
normal hearing controls database.

Details of Cases

Case | sample: ID no. AG 8960. The affected patient was a
19-year-old male. Newborn hearing screening was not
performed at his birth. He had no particular complications
in the perinatal period. His parents noticed his speech
delay given that he only had a few spoken words at the age
of 3. He had been referred to Yokohama City University
Hospital, Department of Otolaryngology for hearing
examinations. Play audiometry showed bilateral moderate
hearing loss that was approximately 50 dBHL in the right
ear and 75 dBHL in the left ear, which occurred together

with otitis media with effusion. He was promptly fitted for
hearing aids bilaterally. As a result of the hearing aids, he
acquired age-appropriate spoken language. When he was
14 years old, he was aware of his own deterioration in
hearing. Pure-tone audiometry (PTA) showed sloping
high frequency SNHL that was on average 75 dBHL in
both ears. Over a period of 5 years, his high frequency
hearing gradually deteriorated. His hearing loss acceler-
ated, and his hearing aids were ineffective by the time he
was 19. Bilateral congenital progressive hearing loss was
diagnosed.

He suffered from tinnitus and had no history of vertigo,
but his elementary school teachers pointed out that he fell
down frequently. Otoscopic examination revealed a normal
tympanic membrane. Computed tomography (CT) and
magnetic resonance imaging (MRI) of the temporal bone
showed no abnormal malformations. Caloric test and the
vestibular evoked myogenic potential (VEMP) test were
performed at the age of 19 years old. These tests showed a
hypo-caloric response on the right side and no caloric
response or VEMP response on the left side. His parents,
brother, and other relatives had no history of hearing
impairment.

He underwent cochlear implantation, MED-EL FLEX28,
in his right ear at the age of 19 and obtained adequate hear-
ing level. Preoperative sound field threshold levels with
hearing aids were approximately 60 dBSPL at 500 to 2000
Hz. Postoperative sound field threshold levels with cochlear
implant were 40 dBSPL at 125 through 4000 Hz.

His pedigree, hearing level, and vestibular test results are
shown in Figure 1.

Case 2 sample:ID no. SNS 2193. The patient was a 16-year-
old female. She had no particular complications in the
perinatal period. However, at age 1 year, 5 months, her
mother suspected hearing loss because of her poor
response to sound. She underwent a hearing examination,
and an auditory brainstem response (ABR) with click
stimuli showed no response to 100 dBnHL in both ears.
Conditioned orientation response (COR) audiometry
showed a threshold above 90 dBHL in all frequencies.
Congenital severe-profound SNHL was suspected, and
she was fitted for bilateral hearing aids at the age of 2.
Over a period of 14 years, her hearing loss was unchanged.
At the age of 16, PTA showed high frequency sloping pro-
found SNHL. She had no history of vertigo in the follow-
ing years. CT showed no abnormality of the inner or
middle ears. Her parents, sister, brother, and other rela-
tives had no history of hearing impairment. Her pedigree
and hearing levels are shown in Figure 2.

Case 3 sample: ID no. SNS 2912. The affected patient was
an 18-year-old female. She had no particular complications
in the perinatal period. Bilateral hearing loss was identified
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Figure |. Pedigree and clinical findings for Case |: AG 8960. (A) Pedigree showed a single case in this family. (B) Sanger sequencing
and segregation analysis showed Case | had the homozygous mutation, and the parents and brother had the heterozygous mutation.
(C) Pure-tone audiometry showed moderate sensorineural hearing loss (SNHL) at age 3 and deterioration to profound SNHL by age
I9. Preoperative sound field threshold test with hearing aids (HAs) showed 60 dBSPL at 500 to 2000 Hz. After cochlear implantation
(Cl) in the right ear, sound field threshold test with Cl showed 40 dBSPL. (D) Vestibular evoked myogenic potential (VEMP) test

showed no response on left side.
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