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Usher syndrome type 1 (USH1) appears to have only profound non-syndromic hearing loss in childhood
and retinitis pigmentosa develops in later years. This study examined the frequency of USH1 before the
appearance of visual symptoms in Japanese deaf children by MYO7A mutation analysis. We report the
case of 6-year-old male with profound hearing loss, who did not have visual symptoms. The frequency of
MYO7A mutations in profound hearing loss children is also discussed. We sequenced all exons of the
MYO7A gene in 80 Japanese children with severe to profound non-syndromic HL not due to mutations of

m‘;‘i‘: the GJB2 gene (ages 0-14 years). A total of nine DNA variants were found and six of them were presumed
USH1B to be non-pathogenic variants. In addition, three variants of them were found in two patients (2.5%) with

deafness and were classified as possible pathogenic variants. Among them, at least one nonsense

Usher syndrome 5 i i s 5
mutation and one missense mutation from the patient were confirmed to be responsible for deafness.

Non-syndromic hearing loss

Japanese After MYO7A mutation analysis, the patient was diagnosed with RP, and therefore, also diagnosed with
USH1. This is the first case report to show the advantage of MYO7A mutation analysis to diagnose USH1
before the appearance of visual symptoms. We believed that MYO7A mutation analysis is valid for the
early diagnosis of USH1.

© 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction chromosomes 11q13.5, 11p15.1, 10q22.1, 21q21, 10q21-q22,

Usher syndrome (USH) is an autosomal recessive disorder
characterized by hearing loss (HL), retinitis pigmentosa (RP) and
vestibular dysfunction. Three clinical subtypes can be distin-
guished [1] and USH type 1 (USH1) is the most severe among them
because of profound HL, absent vestibular responses, and
prepubertal onset RP [2]. For USH1, early diagnosis has many
immediate and several long-term advantages for patients and
their families [3]. However, diagnosis in childhood, based on a
clinical phenotype, can be difficult because patients appear to
have only non-syndromic HL in childhood and RP develops in later
years.

Early diagnosis is now possible through DNA testing [3]. To
date, seven genetic loci for USH1 have been mapped to

* Corresponding author at: Department of Otorhinolaryngology, Shinshu
University School of Medicine, 3-1-1 Asahi, Matsumoto 390-8621, Japan.
Tel.: +81 263 37 2666; fax: +81 263 36 9164.
E-mail address: usami@shinshu-u.ac.jp (5. Usami).

0165-5876/$ - see front matter @ 2012 Elsevier Ireland Ltd. All rights reserved.
http:/fdx.doi.org/10.1016/j.ijporl.2012.11.007
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17q24-q25, and 15q22-q23. Five of the corresponding genes
have been identified (MYO7A [4], USHIC[5], CDH23 [6], PCDH15[7],
and USHIG [8]). USH1B in the most common USH1 genetic
subtype, encoding the actin-based motor protein myosin Vlla
(MYO7A), accounts for 30-50% of USH1 cases in the UK and the USA
[9]. In Japanese, little is known about the most common cause of
USH1, but mutation screening for MYO7A and CDH23 is also
expected to be a highly sensitive method for diagnosis [10].
Mutations in MYO7A are known to be responsible for dominant
non-syndromic HL (DFNA11) [11] and infrequently, recessive non-
syndromic HL (DFNB2) [12]. However, there was no obvious
correlation between mutation in MYO7A and the resulting
phenotype [13], unlike mutations in CDH23 [14]. Therefore, we
thought that young deaf children with MYO7A mutations, should
undergo ophthalmologic examination to determine whether they
will develop RP.

To examine whether USH1 patients before the appearance of
visual symptoms exist among the Japanese non-syndromic severe
to profound HL children, mutation analysis of the MYO7A gene was
performed.
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2. Materials and methods
2.1. Subjects

We screened 80 Japanese children with severe to profound
non-syndromic HL (ages 0-14 years): 10 from autosomal
recessive families (normal hearing parents and two or more
affected siblings), and 70 with sporadic deafness compatible
with recessive inheritance or non-genetic hearing loss. There
were 35 males and 45 females. None of the subjects had any
other associated neurological symptoms including vestibular or
visual dysfunction. Severity of hearing loss was classified by a
puretone average over 500, 1000, 2000 and 4000 Hz in the better
hearing ear as follows: severe hearing loss, 71-95dB; and
profound hearing loss, greater than 95 dB. All probands had
congenital or early onset hearing loss, and families were too
small for linkage analysis. Patients with G/B2 mutations were
previously excluded from this study. The control group was
composed of 190 unrelated Japanese individuals who had
normal hearing shown by auditory testing. All subjects gave
prior informed consent for participation in the project and
the Ethical Committee of Shinshu University approved the
study.

2.2. Mutation analysis

Polymerase chain reaction (PCR) was used to amplify all 49
exons and flanking intronic sequences of the MYO7A gene. Each
genomic DNA sample (40 ng) was amplified, using the primers
described by Kumar et al. [15] with a slight modification and
KOD DNA polymerase (Toyobo, Osaka, Japan), for 8.5 min at
95 °C, followed by 30 three-step cycles of 95 °C for 30 s, 60 °C for
30s, and 72°C for 1min, with a final extension at 72 °C for
10 min, ending with a holding period at 4°C in PCR thermal
cycler (Takara, Shiga, Japan). PCR products were treated with
ExoSAP-IT® (GE Healthcare Bio, Buckinghamshire, UK) by
incubation at 37 °C for 60 min, and inactivation at 80°C for
15 min. After the products were purified, we performed
standard cycle-sequencing reactions with Big Dye® terminators
in an ABI PRISM 3100 Genetic Analyzer autosequencer (Applied
Biosystems, Foster City, CA). Computer analysis to predict the
effect of missense variants on MYO7A protein function was
performed with Sorting Intolerant from Tolerant (SIFT; http://
siftjcvi.org/), and Polymorphism Phenotyping (PolyPhen2;
http://genetics.bwh.harvard.edu/pph2/).

Gene accession number: NM_000260.3 Homo sapiens myosin
VIIA (MYO7A), transcript variant 1, mRNA3.

3. Results
3.1. Mutation screening

A total of nine sequence variants were found in the present
study (Table 1). Of these, three variants found in two patients with
deafness were classified as possible pathogenic variants (Table 1).
Of these, a nonsense mutation (p.GIn18X) has been previously
reported [16] and two mutations (p.Cys1201Ser and p.Phe1774-
Leu) were novel. A patient with compound heterozygotes; with a
nonsense mutation (p.GIn18X) [16] and a missense mutation
(p.Phe1774Leu) was confirmed by the segregation analysis (Fig. 1).
This patient without any visual symptoms was then diagnosed
with USH1 after detailed opthalmological examinations as
described below. The remaining possible pathologic variant (p.
Cys1201Ser) was found to be in heterozygous state without second
mutation, and did not fulfill the criteria for recessive inheritance
mode. The patient carrying the MYO7A mutation (heterozygous
case) was too young (2 years old) to receive additional testing
(ophthalmological testing such as ERG), but had no visual
complaint.

The remaining six out of nine DNA variants were presumed to
be non-pathogenic variants because they had high allele carrier
rates (>2%) and/or because of the result on prediction software for
evaluation of the pathogenicity of missense variants (Table 1). Of
these possible polymorphisms, two variants (p.Glu1641Lys and
p.Ala1950Thr) were novel. One variant (p.Thr1566Met), previously
reported as a pathogenic mutation by Najera et al. [17], was
indicated by the prediction software score to probably be a non-
pathologic polymorphism. Other variants have already been
described as non-pathologic polymorphisms [18,19].

3.2. Case

The patient visited an ENT clinic at the age of 14 months
because the parents noticed no response to sound. Auditory
steady-state evoked responses (ASSR), one of an objective
audiometry, showed profound hearing loss for all frequencies. In
addition, caloric testing showed no response bilaterally. The
patient received a cochlear implantation (CI) in the right ear at the
age of 31 months and in the left ear at the age of 6. To distinguish
between non-syndromic HL USH1, we recommended that an
ophthalmologist be consulted. Although the proband showed no
apparent nyctalopia or dark adaptation problems, a fundus
examination revealed attenuated retinal vessels in the midper-
iphery without apparent pigmentary clumps (Fig. 1). Goldman
visual field examination showed mild constriction of visual fields.

Table 1
MYO7A variations found in Japanese non-syndromic hearing loss children and controls.
Exon Nucleotide Amino acid change Evolutionary Alleles in control Hereditary PolyPhen2 SIFT score Pathogenicity Reference
change conservation chromosomes score
3 c47T>C p.LeulgSer No 71/160 Sporadic 0 1 Janecke et al. [18]
3 c.52C>T p.GIn18X - 0/380 Sporadic - - Pathogenic Cremer et al. [16]
This study
28 c3602G>C  p.Cys1201Ser Yes 1/382 Sporadic 0.999 0.02 Pathogenic This study
35 c4697C>T p.Thr1566Met No 0/380 Sporadic 0.011 0.15 Najera [17]
This study
36 c4921G>A p.Glu1641Lys No 0/380 Sporadic 0.671 0.15 This study
36 c.4996A>T p.Ser1666Cys No 71/150 Sporadic 0 1 Janecke et al. [18]
38 €.5320T>C p.Phe1774Leu Yes 0/384 Sporadic 0.987 0.01 Pathogenic This study
42 c.5848G>A  p.Ala1950Thr No 0/380 Sporadic 0.003 0.18 This study
43 c.5860C>A  p.leul954lle No 49/160 Sporadic 0 1 Bharadwaj [19]

Computer analysis to predict the effect of missense variants on MYO7A protein function was performed with sorting intolerant from tolerant (SIFT; http://sift.jcvi.org(), and

polymorphism phenotyping (PolyPhen2; http://genetics.bwh.harvard.edu/pph2/).
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Fig. 1. Pedigree, sequence chromatograms, and ophthalmological findings of the patient with the GIn18X and Phe1774Leu mutations. (A) The pedigree and sequence results
for the proband and family. (B) Sequence chromatograms from wild-type and mutations. The proband and his father carried a heterozygous 52C>T transition in exon 3, which
results in an arginine to a stop codon (GIn18X). Another variation, 5320T=>C (Phe1774Leu), was derived from the proband and his mother. (C) Evolutionary conservation of
MYO7A gene in nine species. Arrow indicates mutation point found in the present study. (D) The proband had ophthalmologic test at the age of 7. Fundus examination
revealed attenuated retinal vessels in the midperiphery without apparent pigmentary clumps. Goldman visual field examination showed mild constriction of visual fields.
Full-field electroretiongram of the proband showed complete absence bilaterally.
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A full-field electroretiongram showed complete absence bilateral-
ly. Therefore, the proband was diagnosed with RP. On the basis of
the results of ASSR, caloric test and ERG, the patient was then
diagnosed with USH1. We provided genetic counseling to the
family about (1) the risk of future vision loss and (2) the benefits of
ClI (in this case, however, the patient had already received bilateral
CI).

4. Discussion

The present study reported nine MYO7A sequence variants in
Japanese children with non-syndromic hearing loss. Among them,
six were polymorphisms, and the remaining three variants are
possible disease-causing mutations (Table 1). These three variants
were found in none (or very few) of the controls, suggesting these
are possible pathologic mutations. Of these three mutations,
however, two mutations (p.Cys1201Ser and p.Phe1774Leu) have
not been included in the USHbases (http://grenada.lumc.nl/
LOVD2/Usher_montpellier/USHbases.html). We have previously
reported genes responsible for deafness in Japanese patients and
observed differences in mutation spectrum between Japanese
(who are probably representative of other Asian populations) and
populations with European ancestry [20]. Ethnic background is
important and should be noted when genetic testing is performed.

Kimberling et al. showed that in deaf or hard of hearing
children, negative for G/B2/6 mutations, 12.7% (7/55) carried >1
Usher mutations [3]. In particular, MYO7A mutations were found in
two of them (3.6%). In the present study, we found 2 MYO7A
mutations in 80 Japanese children with severe to profound non-
syndromic HL (2.5%), a not greatly different frequency.

The present case is the first to demonstrate that MYO7A
mutation analysis could diagnose USH1 in a deaf child before the
appearance of the visual symptoms. This result indicates the
importance of MYO7A mutation screening in non-syndromic HL
children. Anomalies of light-evoked electrical response of the
retina can be detected by ERG at 2-3 years of age, which allows for
early clinical confirmation of the disease [21]. In young children,
ERG is not widely used because it is likely to involve the use of a
general anesthetic and may be fraught with technical difficulties
[21]. However, the mutations analysis of the MYO7A gene could
replace the ERG testing.

Early detection of USH1 has mainly two benefits. First, we can
provide the parents with the opportunity to choose Cl, including
bilateral, at an early stage. There is a need to provide USH children
with the best hearing amplification available, with a preference for
Cl if possible, accompanied by intensive training and habilitation
before the development of RP [22]. Especially, bilateral CI is
believed to be essential for these children. In general, for implanted
children, the best speech results are directly associated with
cochlear implantation before the age of 5 years and with emphasis
on pre- and post-implantation oral communication therapy [21].
Moreover, the children with USH1 do not differ from the rest of the
implanted children; the best results are obtained with the young
children [23]. In the current case, the patient has already received
bilateral CI. We thought that this choice was appropriate. Secondly,
ophthalmologic therapy to delay the progression of the RP may
become available in the near future. Therapeutic strategies aim to
treat retinal degeneration by targeting the specific genetic disorder
(gene therapy) (http://www.oxfordbiomedica.co.uk/), slowing or
stopping photoreceptor degeneration or apoptosis [24], or the use
of blue and ultraviolet light filtering glasses [25].

In conclusion, we reported a case in which MYO7A mutation
analysis diagnosed USH1 in a proband before the appearance of the
visual symptoms. As shown in this case, MYO7A mutation analysis
as a valid tool for the early diagnosis of USH1, however a new time-
and cost-saving analytic procedure is necessary for a routine
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clinical testing. We are currently setting a new platform using
massive parallel sequencing of all exons of USH1 related genes in
deaf children by using next-generation sequencing.
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Abstract

Screening for gene mutations in CDH23, which has many exons, has lagged even though it is likely to be an important cause
for hearing loss patients. To assess the importance of CDH23 mutations in non-syndromic hearing loss, two-step screening
was applied and clinical characteristics of the patients with CDH23 mutations were examined in this study. As a first
screening, we performed Sanger sequencing using 304 probands compatible with recessive inheritance to find the
pathologic mutations. Twenty-six possible mutations were detected to be pathologic in the first screening. For the second
screening, using the probes for these 26 mutations, a large cohort of probands (n=1396) was screened using Tagman
amplification-based mutation analysis followed by Sanger sequencing. The hearing loss in a total of 52 families (10
homozygous, 13 compound heterogygous, and 29 heterozygous) was found to be caused by the CDH23 mutations. The
majority of the patients showed congenital, high frequency involved, progressive hearing loss. Interestingly, some particular
mutations cause late onset moderate hearing loss. The present study is the first to demonstrate the prevalence of CDH23
mutations among non-syndromic hearing loss patients and indicated that mutations of the CDH23 gene are an important
cause of non-syndromic hearing loss.
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Introduction

Mutations in the CDH23 (NM_22124) gene are known to be
responsible for both Usher syndrome type ID (USH1D) and non-
syndromic hearing loss (DFNB12) [1,2]. Molecular confirmation
of CDH23 mutations has become important in the diagnosis of
these conditions.

This gene encodes cadherin 23, a protein of 3354 amino acids
with 27 extracellular (EC) domains, a single transmembrane
domain and a short cytoplasmic domain. Cadherin-specific amino
acid motifs such as DRE, DXNDN, and DXD, that are highly
conserved in sequence and spacing and required for cadherin
dimerization and calcium binding were found in each extracelluar
domain [3].

The cadherin 23 protein is known to be an important
composition of the tip link that maintains the arrangement of
streocilia [4].

More than 50 mutations have been reported for the Usher
phenotype (USHID) and 24 mutations reported for the non-
syndromic hearing loss phenotype (DFNB12) [1,2,5-7]. As
suggested by genotype—phenotype correlation study, Usher 1D,
which has congenital profound hearing impairment, vestibular
dysfunction, and retinitis pigmentosa, is usually associated with
nonsense mutations, whereas DFNB12, which has a milder
phenotype, is associated with missense mutations [1,2,5-8].

PLOS ONE | www.plosone.org

We previously reported that four pathologic mutations were
identified in 5 out of 64 Japanese families compatible with
autosomal recessive inheritance, suggesting that CDHZ23-caused
deafness may be commonly found among non-syndromic hearing
loss patients [6]. GFB2 has been shown to be a common gene
involved in congenital hearing impairment. SLC2644 is also
frequently involved among those patients. G7B2 and SLC26A4 are
comparatively small making Sanger sequencing relatively easy.
The latter is also associated with the typical inner ear anomaly,
enlarged vestibular aqueduct. Therefore, screening is relatively
easy and many studies have focused on just these two genes.
Clinical molecular diagnosis has been dramatically improved for
these genes. However, screening strategy of other hearing loss
genes is difficult and Sanger sequencing of the candidate genes,
such as CDH23, with many exons is time consuming. Conse-
quently, only a few reports are available for the mutation spectrum
of CDH23.

In the present study, we performed Sanger sequencing using
304 patients whose pedigrees are compatible with recessive
inheritance to find additional pathologic mutations. Also, to find
the novel pathologic mutations and to clarify the frequency and
clinical characteristics of patients with CDHZ23 mutations, a large
cohort of probands from unrelated families (n=1396) was
screened using TagMan amplification-based mutation analysis of
the variants observed in the initial 304 patients.
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Table 1. Possible pathologic variants found in this study.

Allele
frequency Allele
in HL frequency

patients in controls
based on  based on

a Next a Next
The highly Allele Allele generation generation
conserved freq y freq y 1 ing 1 ing
calcium in patients in | datak latak
Amino acid Nucleotid Evolutionary -binding o (in 2792  (in 384 (in 432 {in 144 PolyPhen 2  SIFT
change change EXON D in ¢ i 1 t: in pr (n=1396) allele) allele) allele) allele) score* Score* Reference
compound
homozygote heterozygote heterozygote
p.P240L c719C=>T 7 EC3 7 - 7 12 19 1.612 0.260 0.63 0.67 0.999 0.06 Wagatsuma
et al.
p.R301Q c902G>A 9 EC3 7 DRE - 3 - 0.107 0.260 0 0 1.000 0 Wagatsuma
et al.
p.E956K c.2866G=>A 25 EC9 7 DRE - 1 2 0.107 0 021 0 1.000 0.04 this study
p.T1368M c4103C=T 32 EC13 7 - - i - 0.036 0 0 0 1.000 0 this study
p.R1417W c4249C=T 35 EC13 5 - 1 - 2 0.143 0 0.25 0 0.998 0.19 Wagatsuma
et al.
p.D1626A cA4877A=C 39 EC15 7 DXNDN - 1 - 0.036 0 0 0 0.999 0.01 this study
p.Q1716P c5147A=C 39 ECi6 7 - - 3 - 0.107 0 0 0 0.957 03 Wagatsuma
et al.
p.R2029W c.6085C>T 46 EC19 7 DRE 2 2 6 0.430 0 0 0 0.999 0.01 Wagatsuma
et al.
p.N2287K c6861T>G 50 EC21 7 DXNDN - 2 - 0.072 0 0 0 0.971 0 this study
p.E2438K c7312G=A 52 EC23 6 - - 1 - 0.036 0 0 0 0.986 1 this study

*Computer analysis to predict the effect of missense variants on CDH23 protein function was performed with Sorting Intolerant from Tolerant (SIFT; http/sift.jcvi.org/), and Polymorphism Phenotyping (PolyPhen2;http://genetics.

bwh.harvard.edu/pph2/).
doi:10.1371/journal.pone.0040366.t001
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Table 2. Variants with uncertain pathogenicity found in this study.

Allele Aliele
frequency in frequency in
HL patients controls
based on based on
The highly Allele Allele a Next a Next
conserved frequency frequency generation generation
calcium in patients in control sequencing sequencing
Amino acid Nucleotide Evolutionary -binding 3 (in 2792  (in 384 database (in database (in PolyPhen 2 SIFT
change change EXON Domain 1 Number in probands (n=1396) allele) allele) 432 allele) 144 allele)  score*** Score*** Reference
. T compound ’ ~ o - e
e . / ~'hpquygote heterozygote heterozygote A .
p.D160N c478G>A 4 EC2 7 DXD - - 2 0.072 0.260 0 0 1.000 0 this study
py8O3l - c2407G>A 23 EC8 7 - : . -3 0107 0 0 0 0761 041 this study
p.S14151 c4244G>T 35 EC13 7 - - - 1 0.036 0 0 0 0.840 0.06 this study
pAT443G % cA3BCSG 35 EC14 7 - i - 2 0143 0 0.2 ) 0.944 0.06 this study
p.R1588W ** ¢4762C>T 38 EC15 7 - 43 - 18 0.931 0.260 222 0 1.000 0.01 Wagatsuma
et al.
pyviZITl c5131G>A 40 - ECl6 7 - < - 2 0072 0 0 0 0970 012 Wagatsuma
p.V1807M c.5419G>A 42 EC17 5 - - 1 - N/A 0.260 0 0 0.054 022 this study
pSI876N  C5627G>A 43 o - ECTS . = - - 6 0215 0 0 0l 0.98'1_ i 0.26 _ Wagatsuma
p.V1908I c.5722G>A 44 EC9 5 - - - 12 0.430 0.260 1.09 0.53 0.948 1 Wagatsuma
et al.
pA2130V  c6389C>T 48  EC0 6 - - - 1 0.036 0 0 0 10999 024 this study
p.R2171C c6511C>T 48 EC20 7 DXNDNR - - 1 0.036 0.521 0 Q 0.999 0.11 Wagatsuma
et al.
pQ2227P  c6680A>C 48  EC21 6 = : . 1 0036 0260 0 o 0930 02 Wagatsuma
p.L2473P c7418T>C 53 EC23 7 - - - 1 0.036 0 0 0 0.999 0 Wagatsuma
et al.
pl2663V  CBOUSASG 56« EC25 5 - - - 1 0.036 0 0 0 0134 07 Wagatsuma
. L . : etal
p.F2801V c.8401T>G 59 EC26 5 - - - 1 0.036 0.781 152 1.27 0.800 0.01 Wagatsuma
et al.
p.G29125  C873AG>A 81  EC27 7 - . - 1 0.036 0 023 0 0.996 0  this study -
p-R3175C €.9523C>T CYTO 7 - - - 1 0.036 0.260 0 0 0.886 0.01 Wagatsuma
et al.

*not confirmed by segregation study.
**one normal hearing subject with homozygotes.
***Computer analysis to predict the effect of missense variants on CDH23 protein function was performed with Sorting Intolerant from Tolerant (SIFT; http:/sift.jcvi.org/), and Polymorphism Phenotyping (PolyPhen2;http://

genetics.bwh.harvard.edu/pph2/).
N/A: TagMan probe not available.

doi:10.1371/journal.pone.0040366.t002
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