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Table 2 Ambiguous-status mitochondrial substitutions associated with sensorineural hearing loss found in this study

Case

Progression

Total  Cohort 1 Cohort 2 Control Hearing of hearing Associated
Aliele Locus Status? Disease (/394) (/254) (/140) (/96) characteristics loss Tinnitus Vertigo symptom Reference
C7927 12S rRNA  Reported SNHL 1 1 0 0 Flat 1/1 1/1 11 0 2
A827G 12S rRNA  Conflicting SNHL 10 5 5 1 High 4/11 6/11  2/11 0 Y
reports frequency
A856G 12S rRNA  Reported SNHULHON/AD 3 3 Q 0 Flat /1 1/1 171 0 28
T961C 128 rRNA  Unclear SNHU/LVNC 3 3 0 2 Profound 11 171 11 [¢] 26
T1005C  12S rRNA  Unclear SNHL 2 1 1 1 Low frequency  2/2 v 0 26
T1095C  12SrRNA  Unclear SNHL 1 1 o] Q  Flat 11 /1 171 0 i
C1310T 12SrRNA Reported SNHL 3 0 3 O unknown 1/3 0/3 073 0 24
T3398C ND1 Reported SNHL/DM/HCM/ 1 1 0 0 Profound 1/1 171 on 0 27
GDM/LVNC/
Cardiomyopathy .
G3421A ND2 Reported SNHL 2 1 1 0  Profound 171 1/1 0n 0 a8
T75628C tRNAM?  Reported SNHL/CPEO 1 1 Q 1 Profound 171 071 171 0 29
A8108G Cco2 Reported © SNHL 1 1 Q Q0 Low frequency 11 171 1n 0 30
A8348G tRNALS  Reported SNHL/Cardiomyopa- 1 0 1 0  Low frequency 11 0/1 mn 0 31
thy/HT
Gl1696A  ND4  Reported S?HL/LHON/LDYT/ 4 0 4 2 Profound 1/4 174 0/ 0 32
H
A14693G  tRNASY  Reported SNHU/MELAS/LHON/ 1 0 1 1 Profound 0/1 0/1 01 ¢] .
G15927A {RNA™  Point mutation/ SNHUMS 4 1 3 4 High 3/4 04 0/4 0 34
Polymorphism frequency
Total 19/254 19/140 20/34 15/33 10/33

(7.5%) (13.6%)

Abbreviations: AD, Alzheimer's disease; DM, diabetes mellitus; FSGS, focal segmental glomerulosclerosis; HT, hypertension; LDYT, Leber's hereditary optic neuropathy and dystonia; LHON, Leber
hereditary optic neuropathy; LVNC, left ventricular non-compaction; MELAS, mitochondrial encephalomyopathy lactic acidosis, and stroke-like episodes; MIDD, maternally inherited diabetes and
deafness; MS, multiple sclerosis; SNHL, sensorineural hearing loss.

‘Point mutation/Polymorphism’ status indicates that some published reports have determined the mutation to be a non-pathogenic polymorphism.

2Based on the MITOMAP database; ‘Reported’ status indicates that one or more reports have considered the mutation as possibly pathologic.

Table 3 Ten novel mitochondrial SNPs

Conservation Amino-acid
Conservation Consetrvation Amino- in 61 species  Conservation number/all
in 61 species (base)  rate (base) acid (amino rate (amino amino Control  Mode of Type of
Location Mutation (/61) (%) change acid) (/61) acid) (%) acid of locus (/192) inheritance hearing loss
16S 2069T7>C 16 31.4 — — — — 0 AD or Mit*  High
rRNA frequency
16S 2285T>C 22 43.1 — — — — 0 AD or Mit®  High
rRNA frequency
16S 2285T>G 22 43.1 — — — — 0 Sporadic Dish shaped
rRNA
168 2634T>C 34 66.7 — — —_ — 0 Sporadic Profound
rRNA
ND1 3595A>G 54 88.5 Asn>Asp 54 88.5 97/318 0 AD or Mit®  High
frequency
Col 6204A>G 61 100 Ser>Gly 61 100 101/513 0 AD or Mit®  High
frequency
ATPase6 9124A>G 60 98.4 Thr>Ala 59 96.7 200/226 0 Sporadic Unilateral
ND4L 10680G>A 59 96.7 Ala >Thr 59 96.7 71/98 0 Sporadic Unknown
ND5 13153A>G 44 72.1 lle >Val 35 57.4 273/603 0 Sporadic High
frequency
Cytb 15003G>C 61 100 Gly >Ala 61 100 86/380 0 Sporadic Profound

Abbreviation: SNPs, single-nucleotide polymorphisms
3AD or Mit; autosomat dominant inheritance or maternal inheritance.

polymorphism’ status indicates that some reports have determined of the patients had the ‘Confirmed” mutations in Cohort 2 (patients
the mutation to be a non-pathogenic polymorphism. In all, 14.6%  with various inherited modes) (Table 1). Ambiguous-status substitu-
(37/254) of the patients in Cohort 1 (maternally inherited patients) tions were associated in 7.5% (19/254) of Cohort 1, in contrast to
were associated with the ‘Confirmed’ mutations. Only 0.7% (1/140)  13.6% (19/140) of Cohort 2 (Table 2).
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With regard to the audiogram configuration, various types were
found. In all, 69% (79% in Cohort 1 and 59% in Cohort 2) of the
patients had progressive hearing loss and 59% (74% in Cohort 1 and
45% in Cohort 2) had tinnitus, while 34% (39% in Cohort 1 and
30% in Cohort 2) of the patients were associated with vertigo
(Tables 1 and 2). Concerning clinical symptoms other than hearing
loss, 80% (8/10) of the patients with the 3243A>G mutation
had diabetes mellitus, but no other clinical symptoms were noticed
(Table 1).

Ten novel variants that were not included in the public mtDNA
databases were found in this study and they were located in the 165
rRNA, ND1, COI, ATPase6, ND4L, ND5, and Cytb regions (Table 3).
All new variants were found in only one different family each.

Four of the novel variants were found in the 16S rRNA gene:
2069T>C, 2285T>G, 2285T>C and 2634T>C. Although the
2634T>C variant had a high conservation rate (66.7%), the

Table 4 Conservation rate of ‘Confirmed’ mitochondrial mutations

Conservation in Conservation

61 species (base) rate (base)

Frequency of mitochondrial mutations in non-syndromic hearing loss
T Yano et al

2069T>C, 2285T >G and 2285T >C variants had low conservation
rates: 31.4, 43.1 and 43.1%, respectively.

The remaining six novel variants were located in the protein coding
regions: 3595A>G in NADH dehydrogenase 1 gene (MTND1 (MIM
516000), 6204A>G in cytochrome oxydase I gene (MTCOI (MIM
516030)), 9124A>G in ATPase 6 gene (MTATP6 (MIM 516060)),
10680G>A in NADH dehydrogenase 4L gene (MTNDA4L (MIM
516004)), 13153A>G in NADH dehydrogenase 5 gene (MTND5
(MIM 516005)) and 15003G>C in cytochrome b gene (MTCYB
(MIM 516020)).

These variants are found in very well-conserved gene positions
(57.4-100%).

The conservation rates in all ‘Confirmed’ mtDNA mutations were
high (Table 4).

However, as in Table 3, the 9124A>G, 10680G>A, 13153A>G
and 15003G> C variants were found in sporadic cases which are not
generally compatible with mitochondrial deafness. On the basis of the
above evaluations, we categorized 3595A>G, and 6204A>G as
possibly pathogenic mutants, and the remaining eight others as
uncertain pathogenic mutants.

The homoplasmic mutation 3595A > G in the NDI was found in a

Location Mutation 61) (%) 4-year-old male patient with prelingual, severe hearing loss of high
frequencies (Figure 1). He was suspected to have hearing impairment
128 rRNA 1494A>G 61 100.0 when he was about 1 year old, but ABR testing and Computed
128 rRNA 1555A>G 56 918 Tomography resulted in a diagnosis of normal hearing. However,
tRNALeu (UUR) 3243A>G 60 98.4 goe i 5
i, B > : when he was 3 years old, his mother again suspected that he had
HRNA 2L 58 28 hearing impairment and testing confirmed it. The mother, who had
tRNASer (UCN) 7445A>G 42 68.9 . s < 5
the same mutation, also had hearing impairment as well as
tRNASer (UCN) 75L1T>C 60 98.4 . . .. . . ,
rogressive bilateral tinnitus and occasional vertigo from childhood.
{RNALS 8363G>A 49 80.3 prog 8
N 12147 G 61 - The homoplasmic mutation 6204A >G in the COI gene was found
{RNAGI 14709T>C o5 a5 in a 62-year-old r.nale w-nth rn.11d hearing loss of high frequencies
(Figure 2). He noticed his hearing loss at the age of 50 and suffered
g g g
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Figure 1 Clinical features of the proband carrying the homoplasmic 3595A>G variant. (a) Family pedigree. Individuals with hearing loss are indicated by
filled symbols. The arrow indicates the proband. (b) Audiograms of the proband and mother. (c) Electropherogram depicting the 3595A>G sequence and

its flanks. Arrow indicates the position of the 3595A>G variant.
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Figure 2 Clinical features of the proband carrying the homoplasmic 6204A>G variant. (a) Family pedigree. Individuals with hearing loss are indicated by
filled symbols. The arrow indicates the proband. (b) Audiogram of the proband. (c) Electropherogram depicting the 6204A>G sequence and its flanks.

Arrow indicates the position of the 6204A> G variant.

from tinnitus, and mild diabetes mellitus. His mother also had
hearing impairment that gradually progressed with age. DNA samples
were not obtained from other family members.

DISCUSSION

Nineteen known mitochondrial mutations were found predominantly
in the maternally inherited group (Tables 1 and 2). Clarification of
pathogenecity of mitochondrial substitutions was hampered by low
penetrance (probably due to heteroplasmy). Therefore, based on the
MITOMAP database, they were classified as ‘Confirmed’ or ‘Ambig-
uous-status’ substitutions (Tables 1 and 2). The ‘Confirmed’ mito-
chondrial mutations were found predominantly in Cohort 1 rather
than in Cohort 2 (14.6 vs 0.7%), supporting the pathogenicity of
these mutations. Frequencies of 1555A >G and 3243A >G mutations
were significantly high, indicating that these two mutations are
important causes of maternally inherited hearing loss. In general,
patients with these mitochondrial mutations showed more or less
similar clinical characteristics, that is, progressive hearing loss with
tinnitus (Table 1).

Among the 10 novel variants (Table 3), two, the NDI mutation
3595A>G and COI mutation 6204A>G, are thought to be
possibly pathogenic, because (1) they are found in autosomal
dominant or maternal inheritance (some of the others are found as
sporadic cases); (2) the conservation rate of the variation at the
position among mammals is at least over 50%, as is the conserva-
tion rate in all confirmed mtDNA mutations associated with
phenotypes (Table 4) and (3) they are associated with high
frequency hearing loss; the characteristic hearing type of mito-
chondrial hearing loss. These mutations affected a conserved
nucleotide in the mitochondrial gene in primates and other species
and had a conservation index of >50% (88.5 and 100%,
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respectively). None of these mutations were found in the controls
or in the databases, further indicating that they are associated with
hearing loss, however, no conclusion can be drawn without
enzymatic analysis. Unfortunately, this study was a retrospective
study using collected DNA samples from 1995 to 2012, so it was
impossible to contact the patients and to get muscle or living
samples from them. Therefore, enzymatic analysis of these mtDNA
samples was not feasible.

In this study, we found one novel possibly pathogenic mutation in
the ND1 hydrophobic arm region, in a patient with a homoplasmic
3595A > G mutation and hearing loss of the high frequencies from age
3 without complications. The family members of this patient did not
have diabetes mellitus.

On the other hand, the novel possibly pathogenic mutation
6204A > G was located in the COI gene. The amino-acid conservation
rate of this position was 100% (61/61 mammals). In previous reports,
more than 20 pathogenic mutations in the MT-NDI gene were
reported in patients with LHON (Leber’s hereditary optic neuro-
pathy) and MELAS. Also, NDI mutation-related hearing impairment
has been reported: 3308T>C causing MELAS with deafness,'®
3395A>G causing hypertrophic cardiomyopathy with profound
SNHL," and 3396T>C and 3421G>A causing maternally
inherited diabetes and deafness.'®!° Three COI mutations related to
hearing loss have also been reported (7443A>G,?0 7444G>A>! and
7445A >G78). Our results taken with these previous reports support
the possibility that mutations in the ND1 and COI regions are
associated with hearing impairment.

Most of the mtDNA mutations associated with hearing loss
indicate low penetrance explained as a mild biochemical defect
indicating that the mutation itself is not sufficient to produce the
clinical phenotype. Thus, other modifying factors including nuclear



backgrounds, environmental factors and mitochondrial haplotypes
are necessary for the phenotypic manifestation of the mutation. The
degree of hearing loss from mtDNA mutation can be similar within
individual families but varied among different family groups,
probably due to the modifier effect by nuclear genes.?

CONCLUSION

Nineteen known mitochondrial mutations were found predominantly
in the maternally inherited group. Among them, frequencies of
1555A>G and 3243A>G mutations were significantly high,
indicating that these two mutations are important causes of
maternally inherited hearing loss. In addition to the previously
reported mitochondrial mutations, we detected 10 novel homoplas-
mic mutations in the mitochondrial genes related to hearing loss by
direct sequencing of whole mitochondrial genomes in Japanese
patients. Two of them, 3595A>G and 6204A>G, are possibly
associated with hearing loss.
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ORIGINAL ARTICLE

Mutation spectrum and genotype—phenotype
correlation of hearing loss patients caused by
SLC26A4 mutations in the Japanese: a large
cohort study

Maiko Miyagawa!, Shin-ya Nishio!, Shin-ichi Usami! and The Deafness Gene Study Consortium?

Mutations in SLC26A4 cause a broad phenotypic spectrum, from typical Pendred syndrome to nonsyndromic hearing loss
associated with enlarged vestibular aqueduct, Identification of these mutations is important for accurate diagnosis, proper
medical management and appropriate genetic counseling and requires updated information regarding spectrum, clinical
characteristics and genotype-phenotype correlations, based on a large cohort. In 100 patients with bilateral enlarged vestibular
aqueduct among 1511 Japanese hearing loss probands registered in our gene bank, goiter data were available for 79, of whom
15 had Pendred syndrome and 64 had nonsyndromic hearing loss. We clarified the mutation spectrum for the SLC26A4
mutations and also summarized hearing levels, progression, fluctuation and existence of genotype-phenotype correlation.
SLC26A4 mutations were identified in 82 of the 100 patients (82.0%). Of the Pendred syndrome patients, 93% (14/15) were
carriers, as were 77% (49/64) of the nonsyndromic hearing loss patients. Clinical characteristics of patients with SLC26A4
mutations were congenital, fluctuating and progressive hearing loss usually associated with vertigo and/or goiter. We found no
genotype—phenotype correlations, indicating that, unlike in the case of GJB2 mutations, the phenotype cannot be predicted
from the genotype. Our mutation analysis confirmed the importance of mutations in the SLC26A4 gene among hearing loss
patients with enlarged vestibular aqueduct and revealed the mutation spectrum, essential information when performing genetic

testing.
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INTRODUCTION

Based on our genetic screening, SLC26A4 is the second most common
responsible gene in Japanese deafness patients.! Mutations in the
SLC26A4 gene are known to be responsible for a broad phenotypic
spectrum, from typical Pendred syndrome to nonsyndromic hearing
loss with enlarged vestibular aqueduct (EVA). The prevalent
association of SLC26A4 mutations in these patients (90% in
Pendred syndrome and 781% in nonsyndromic hearing loss
associated with EVA) indicates the importance of this gene in the
pathophysiology of this category of hearing impairment.? More
than 160 mutations have been found in SLC26A4 (Pendred/BOR
Homepage, http://www.healthcare.uiowa.edu/labs/pendredandbor/),
and different mutational spectrums among different ethnic groups
have been reported? The identification of SLC26A4 mutations
enables more appropriate genetic counseling and proper medical
management for these patients. For such clinical application, updated
information regarding mutation spectrum, clinical characteristics and

genotype-phenotype correlations based on a large cohort is needed.
In addition to our previous reports,'~” the present study was
performed using a large cohort of patients to collect updated data
and summarize these data to enable more precise decision making by
ear, nose and throat clinicians.

MATERIALS AND METHODS

Subjects

Data on 1511 independent probands and 1545 family members were collected
from 33 ear, nose and throat departments nationwide in Japan and registered
in our gene bank. All subjects or next of kin, caretakers or guardians on behalf
of the minors/children gave prior written informed consent for participation in
the project, and the Shinshu University Ethical Committee as well as the
respective Ethical Committees of the other participating institutions of the
Deafness Gene Study Consortium (Hokkaido University, Hirosaki University,
Iwate Medical University, Tohoku University, Yamagata University, Fukushima
Medical University, Jichi Medical University, Gunma University, Nihon
University, Nippon Medical School, Nippon Medical School Tama Nagayama

!Department of Otorhinolaryngology, Shinshu University School of Medicine, Matsumoto, Japan
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Hospital, Jikei University, Toranomon Hospital, Kitasato University, Hama-
matsu Medical University, Mie University, Shiga Medical Center for Children,
Osaka Medical College, Hyogo College of Medicine, Kobe City Medical Center
General Hospital, Wakayama Medical University, Okayama University, Yama-
guchi University, Ehime University, Kyushu University, Fukuoka University,
Nagasaki University, Kanda ENT Clinic, Miyazaki Medical College, Kagoshima
University and Ryukyus University) approved the study.

Computerized tomography scan was used to diagnose EVA (according to the
criteria of EVA: a diameter of > 1.5 mm at the midpoint between the common
crus and the external aperture), and they were clinically well characterized by
repeated auditory examinations.

The 100 subjects (51 males and 49 females) from among the 1511 probands
who met the criteria of bilateral EVA and who ranged in age from 0 to 59 years
with a mean age of 13.9 years at the time of examination were enrolled in
the current study. Fifteen subjects had Pendred syndrome and 64 had
nonsyndromic hearing loss.

The controls were 192 unrelated Japanese healthy individuals with normal
hearing evaluated by auditory testing.

Mutation analysis
To identify SLC26A4 mutations, a DNA fragment containing all the exons of
SLC26A4, including flanking intronic sequences, was sequenced as described
elsewhere.* New variants were tested in 192 unrelated normal hearing controls.
Possible pathologic mutations were defined as (1) mutations found to be
homozygotes or compound heterozygotes (and determined by segregation
study); (2) variants that were not found, or were very few, in the 192 control
subjects; and (3) amino acids that were well conserved among various species.

Clinical evaluations

Hearing levels were determined by pure-tone audiometry in adults. For the
young patients, conditioned orientation response audiometry or auditory
steady-state response was used. Clinical data, including hearing loss progres-
sion, fluctuation, episodes of tinnitus and vestibular dysfunction (vertigo,
dizziness) and goiter, were collected by anamnestic evaluation. For genotype-—
phenotype correlation analysis, one-way analysis of variance (Tukey’s honest
significant difference (HSD) test), Kruskal-Wallis test and multivariate
statistics (multiple regression analysis and logistic regression analysis)
were used.

RESULTS
SLC26A4 mutation spectrum
There were a total of 39 SLC26A4 mutations found in the probands
with bilateral EVA (Table 1). These mutations were either homo-
zygous, compound heterozygous or heterozygous with no other
mutations being detectable. There were two nonsense mutations
(p.S610X, p.L727X), three deletion frameshift mutations (c.322delC,
c.917delT, ¢.1219delCT) and three insertion frameshift mutations
(c.139insC, c.1652insT, ¢.2111lins GCTGG). Seven splice site muta-
tions were found (c.416-1G>A, c.6004+1G>T, c.601-1G>A,
¢.919-2A>G, c.1001 + 1G> A, ¢.1002-9A>G and ¢.1707 +5G > A).
There were 24 missense mutations (p.P76S, p.T94I, p.P123S,
pMI147V, pP297Q, pK369E, pA372V, pN392Y, p.G396E,
D.TAI0M, p.A434T, p.G439R, p.S448L, p.T527P, p.I529S, p.S5321,
p.C565Y, p.R581S, p.5657N, p.V659L, p.S666F, p.T721M, p.H723R
and p.H723Y). To evaluate the evolutionary conservation of the
amino acids affected by these missense mutations, we made an
alignment of the SLC26A4 amino acid sequence of four mammalian
species: human, rat, cow and mouse. On the basis of this alignment,
all missense mutations had changed evolutionary conserved amino
acids. Of these mutations, nine variants had not been reported. We
checked the 192 control subjects with normal hearing, but with the
exception of p.H723R in 1 case, no mutations were detected.

Journal of Human Genetics

Sequencing identified mutations in 82 of the 100 patients (82.0%).
Mutations were detected in 93% of those with Pendred syndrome
(14/15) and 77% (49/64) of those with nonsyndromic hearing loss. Of
these, 15/100 (15.0%) were homozygous, 51/100 (51.0%) were
compound heterozygous and 16/100 (16.0%) were heterozygous
(Table 2).

The most frequent mutation was p.H723R that accounted for
36.0%, and the second was ¢.919-2A>G found in 7.0%, followed by
c.1707+5G>A (4.0%). Frequency of the other 36 mutations was
very low (0.5-2.0%).

Clinical findings
Table 2 shows the clinical details for the 100 subjects.

The subjects had an average hearing level of 80.9dB (7.5-112.5dB),
with hearing loss that was mild in 5, moderate in 22, severe in 37,
profound in 19 and unknown in 12. Regarding onset age of hearing
loss, 45 patients were congenital, 18 were prelingual (1-3 years old),
20 were from 4 to 14 years and 17 were unknown. These results
clearly indicated that early onset is dominant in patients with EVA.
Also, 70 patients (70%) showed progressive hearing loss and 56
patients (56.0%) felt fluctuation of hearing. With regard to the 79
patients for whom data on vertigo were available, 41 patients
complained of vertigo and 38 did not. Of the 79 patients for whom
data on goiter were available, 15 had goiter and 64 did not, with an
onset age from 12 to 33 years. As to family history, all families were
recessive inheritance or sporadic cases.

Genotype—phenotype correlations for diagnostic age, fluctuation,
vertigo, tinnitus and goiter are summarized in Figure 1.

We defined nonsense or frameshift mutations as truncating (T) and
missense mutations as nontruncating (NT) and classified the geno-
types as truncating/truncating (T/T), truncating/nontruncating
(T/NT) or nontruncating/nontruncating (NT/NT). Significant differ-
ences were not found between the groups in any of the clinical
features (Tukey’s HSD test was used for diagnostic age and Kruskal—
Wallis test was used for fluctuation, vertigo, tinnitus and goiter, all
tests indicated P> 0.05; Figure 1). Figure 2 shows the relationship
between hearing loss severity and the mutation (T or NT) that also
showed no significant differences (Tukey’s HSD test, P>0.05). We
also performed multivariate statistics (multiple regression analysis and
logistic regression analysis) and we found that only the age of the
patients correlated with the hearing loss severity while the genotype of
SLC26A4 mutations did not significantly affect the hearing loss
severity (P>0.05).

DISCUSSION

The present large cohort study revealed a high prevalence (82%;
82/100) of SLC26A4 mutations in sensorineural hearing loss patients
with EVA in Japanese. The frequency (8.7%) is the second most
common next to GJB2 that is found in 16.2% of overall and 25.6% of
congenital hearing loss patients.!

Our mutation analysis results confirmed the previous reports that
indicated the importance of this gene among hearing loss patients
with EVA. This study also added novel mutations and summarized
updated data for the precise molecular diagnosis.

First, the high prevalence (82%) of SLC26A4 mutations in EVA
patients is compatible with the high prevalence of SLC26A4 mutations
reported in eastern Asians; that is, 97.9% in Chinese,® and 92% in
Koreans.” These frequencies are higher than those reported in
Caucasoid populations (20% in Americans,’® 40.0% in French!!
and 28.4% in Spanish!?). It is still an open question whether other
genes are involved in the EVA patients without SLC26A4 mutations.

92



SLC26A4 mutation spectrum in the Japanese
M Miyagawa et al

Table 1 Possible pathogenic variants found in enlarged vestibular aqueduct (EVA) subjects (n=100)

Frequency (n= 100)

Amino acid Compound Allele frequency
Nucleotide change change Exon Homozygote heterozygote Heterozygote (in 200 alleles) References
¢. 139insC 1 1 0.50 This study
c. 266C>T p. P765 2 1 0.50 Suzuki et al.56
c. 281C>T p. 7941 3 1 0.50 Wang et a/7:8
¢. 322delC 4 1 0.50 Tsukamoto et a/.24
c. 367C>T p. P123s 4 1 0.50 Tsukamoto et a/.2*
c. 416-1G>A Intron 4 2 1.00 Tsukamoto et a/2:4
c. 439A>G p. M147V 5 2 1.00 Tsukamoto et a/.2#
€. 600+ 1G>T Intron 5 1 0.50 This study
c. 601-1G>A Intron & 1 0.50 Tsukamoto et a/.24
c. 830C>A p. P297Q 7 1 0.50 This study
¢. 917delT 7 0.50 Tsukamoto et al.2*
¢. 919-2A>G Intron 7 1 11 1 7.00 Coucke et al.21
c. 1001+ 1G>A Intron 8 2 1.00 Coyle et al.22
¢. 1002-9A>G? Intron 8 1 0.50 This study
c. 1105A>G p. K36SE 9 1 0.50 Usami et a/23
c. 1115C>T p. A372v 9 1 0.50 Usami et a/23
c. 1174A>T p. N392y 10 3 1.50 Park et al.1416
c. 1187G>A p. G396E 10 1 0.50 This study
c. 1219deiCT 10 1 0.50 This study
c. 1229C>T p. T410M 10 1 1 1.50 Coyle et a/.22
c. 1300G>A p. A434T 11 1 0.50 This study
c. 1315G>A p. G439R 11 1 0.50 Suzuki et al>®
c. 1343C>T p. S448L 11 1 0.50 Wang et al”8
c. 1579A>G p. T527P 14 2 1.00 Suzuki ef al.56
c. 1686T>G p. 15298 14 1 0.50 Wang et al”8
c. 1595G>T p. $5321 14 2 1.00 Usami et a/317
c. 1652insT 15 3 1 2.00 Tsukamoto et al.2#
c. 1694G>A p. C565Y 15 1 0.50 Tsukamoto et al2#
c. 1707 +5G>A Intron 15 1 6 4.00 Park et a8
c. 1743G>C p. R5818 16 2 1.00 lwasaki et af.518
c. 1829C>A p. $610X 17 1 0.50 Tsukamoto ef a/.2#
c. 1970G>A p. S657N 17 1 0.50 Tsukamoto et al2*
c. 1975G>C p. V659L 17 3 1.50 Wang et al.”-8
¢, 1997C>T p. S666F 17 1 0.50 Tsukamoto et al.2:4
c. 2111lins GCTGG 19 1 1.00 Usami et a/23
c. 2162C>T p. T721M 19 1 1 1.00 Usami et al.23
c. 2168A>G p. H723R 19 11 40 10 36.00 Usami et al.23
c. 2168C>T p. H723Y 19 1 1.00 This study
c. 2180T>A p. L727X 19 1 0.50 This study

1002-8A> G, uncertain pathogenicity.

'
o

Mutations in FOXIL'* a modulatory gene of SLC26A4, were not
found in our series of patients (data not shown). As seen in previous
mutation screening reports, we encountered a significant number of
heterozygous cases without a second mutation even after direct
sequencing of the coding region of the gene. It is highly likely that
there is one more occult mutation somewhere because patients with
heterozygous mutation are associated with EVA.

Second, it is evident that the mutation spectrum found in the
Japanese population is quite different from that in Caucasoid
populations, but similar to the mutation spectrum reported in the
Asian populations, especially Koreans.®-1214 There are two frequent
mutations in east Asians, namely p.H723R and c919-2A>G.
p-H723R is most prevalent in the Japanese and Korean
populations,? whereas ¢.919-2A>G is most common in the Chinese,”
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The existence of a genotype-phenotype correlation is still
controversial 5215 Mutations in SLC26A4 can cause a broad pheno-
typic spectrum, from typical Pendred syndrome to nonsyndromic
hearing loss associated with EVA. In the present study, various
features of the phenotype were compared with the genotypes. We
defined nonsense or frame shift mutations as truncating (T) and
missense mutations as non-truncating (NT) and classified the
genotypes as truncating/truncating (T/T), truncating/non-truncating
(T/NT), or non-truncating/non-truncating (NT/NT). However,
statistical differences were not found between the groups in any of
the clinical features (3 tests, P>0.05; Figure 1).

Concerning the relationship between the severity of hearing loss
and individual SLC26A4 mutations, several functional studies have
demonstrated the property of transporter function.!6-'® Furthermore,

w
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Table 2 Phenotypes and genotypes of affected EVA subjects

Hearing
level
Age of Threshold ~ Threshold  in the low
1D Age  Mutation allele 1/allele 2 awareness Progression  Fluctuation  Tinnitus Vertigo Goiter (Rt) (dBF  (Lt) (dBF frequencies®
77 12 p.[817delTh{=1 12 + + + + - 58.75 45 49.375
237 7 p. [T721MLIH723R] 0 + - - + - 1125 68.75 83.75
334 23 p. [A372VL[H723R] 0 NA NA + NA NA 96.25 83.75 81.9
695 4 p. [K369EL[H723R] 0 + - NA NA - 100 90 89.4
752 18  p.[1652insT)i[=] 1 - - + + + 98.75 102.5 96.3
1045 25 p.[H723RL[H723R] 0 + NA - + + 78.75 90 85.6
1306 3 p.[919-2A>G}[H723R] 0 NA NA NA NA NA NA NA NA
1365 20 p. [T721IM}[=] 2 NA NA NA NA NA 96.25 105 96.9
1379 10 p.[1001 +1G>ALIH723R] 0 + + - - NA 66.25 46.25 57.5
1432 6 p.[H723R}[=] 0 + - - - NA 102.5 105 100.0
1625 16  p. [919-2A>G];[H723R] 0 + + NA + NA 100 95 88.1
1795 NA  p. [H723Ri[=1 NA NA N/A NA NA NA NA NA NA
1820 12 p. [H723RL[H723R] 5 -+ + - - NA 725 73.75 61.3
1957 7  p.[SB66FLIH723R] 3 + + NA NA - 95 101.25 93.8
1961 12 p. [C565Y];{H723R] .0 + N/A NA NA NA 108.75 110 103.8
2010 12 p.[416-1G>AL[H723R] 9 + + - - + 80 91.25 81.3
2202 4 p. [P297QL[T527P] 3 + - - - - 77.5 76.25 73.8
2331 31  p.[H723RL[H723R] o] + + + + + 90 100 87.5
2449 1 p. [139insC);[322delC] 0 NA NA - + - 100 85 92.5
2462 52 p. [M147V};[H723R] 2 + + - - - 98.75 95 88.1
2498 0 p.[919-2A>G]; 0 + + NA - - 86.25 86.25 83.8
[1001 + 1G> Al

2538 10 p. [H723R}[H723R] 3 + + - - + 81.25 55 66.9
2621 3 p.[R581SKIH723R] o] + + - - - 91.25 91.25 90.0
2695 13 p. [T527P}[H723R] 2 + + + + - 62.5 61.25 63.1
2728 3 p.[919-2A>GL[H723R] 1 + + - - - 97.5 97.5 93.8
2798 15  p. [H723R}[H723R] 4 + + NA + + 52.5 96.25 66.3
2804 2 p.[1707+5G> ALIH723R] 0 + + - - - 78.75 78.75 82.5
3072 44  p.[GA39R){H723R] 6 + + + + - 110 108.75 105.0
3074 21 p. [H723R}; [=] 2 + + + + + 105 106.25 99.4
3298 6 p.[919-2A>G]);[H723R] 0 + + + + - 73.75 110 86.9
3301 4 p.[416-1G>A};[H723R) 0 + + + + - 65 72.5 68.1
3442 6 p.[919-2A>G);[H723R] NA + NA + + - 81.25 50 60.0
3450 14 p.[H723R][H723R] 0 + + + + - 110 73.75 87.5
3561 6  p. [H723YL[H723Y] 4 NA NA NA NA NA 83.75 65 71.3
3994 59  p.[601-1G>A}[H723R] 10 + + + + + 96.0 94 91.3
3996 8 p. [H723R};[1652insT] 0 + - + - - 100 110 98.1
3999 8 p.[H723R}[1652insT] 0 + + - + - 30 50 40.0
4050 5 p. [M147V];[H723R] 1 + + + + - 1075 85 93.8
4097 3 p. [N392Y1;[1002-9A> G] o] - - - - 106.25 85 93.1
4098 26 p. [N352Y}[919-2A>G] 2 -~ + + + - 110 37.5 71.3
4102 5  p. IN392YLIH723R] o] + + + + - 95 78.75 83.1
4131 10 p. (H723R}[=1 8 + + - - - 81.25 60 70.6
4144 21 p.[H723R][H723R] 4 + NA + + - 93.75 105 95.6
4232 15  p. [V659LL[H723R] NA - + + + - 60 92.5 69.4
4299 4 p.[S5321)[2111ins GCTGG] 3 - + - + - 175 70 42.8
4305 14 p.[A434T)(=] 0 -+ - + - - 110 110 105.0
4320 10 p. [G396E];[S5321] NA + + + - - 72.5 80 72.5
4338 6 p.[R581S1[H723R] 0 + + + + - 78.75 52.5 64.4
4380 10 p.[1707 +5G>AL[H723R] 2 + + - - - 96.25 81.25 84.4
4386 21 p.[H723R}IH723R] NA + + + + + 77.5 93.75 85.0
4398 4 p.[1652insT};[H723R] 2 + + + + - 70 97.5 86.9
4434 8 p.[T410M}[1707 +5G>A] 1 + + - + - 92.5 100 91.3
4469 11 p.[H723R); (=] 0 + NA - - - 20 21.25 16.9
4485 40  p. [H723R}; [=] 10 + + + + - 56.25 65 58.8
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Hearing
level
Age of Threshold  Threshold in the low
D Age  Mutation allele 1/ailele 2 awareness Progression  Fluctuation Tinnitus Vertigo Goiter (Rt) (dBP  (Lt) (dBF  frequencies®
4486 20 p.[1707 +5G>A); 4 + + + + + 725 95 78.1
[1707 +5G> Al

4450 25 p. [TA10M)[T410M] o] - - + + + 87.5 92.5 90.0
4508 29  p. [H723RL[H723R] 5 + + - - - 85 110 91.9
4518 26 p.[H723R}[919-2A>G] 0 + + + + - 105 37.5 98.1
4530 5 p.[H723R}[919-2A>G] 0 + + - + - 67.5 86.25 718
4545 12 p.[1707 +5G>AL[H723R] 4 + + + + + 86.25 28.75 53.1
4549 13 p. [V659L%[1219delCT] NA + + + + - 38.75 50 38.1
4663 0  p.[1707 +5G>ALIH723R] 0 - + NA NA - 68.75 68.75 99.2
4696 0 p. [VB59LLIH723R] ¢} + - NA NA - NA NA 97.5
4362 26 p.[H723R}; [=] 6 + - - - - 70 68.75 63.8
4513 34  p.[H723R]; [=] NA + + + NA - 71.25 53.75 61.3
4645 23 p.[919-2A>Gl; [=] 14 + - + - - 96.25 105 938
723 NA  p.[H723R]); [=] NA NA NA NA NA NA NA NA NA
724 NA  p.(2111linsbbp); [=] NA NA NA NA NA NA NA NA NA
742 NA  p. (H723R]; [=] NA NA NA NA NA NA NA NA NA
1975 3 p. [H723RL[H723R] 0 NA NA NA NA NA 80 70 62.5
2082 2 p.[H723R);[H723R] 0 - - - - - NA NA NA
4735 9  p. [H723R}[919-2A>G] 0 -+ + + + - 107.5 110 103.8
195 20 p.l=}l=] 2 + + + + - 83.75 83.75 819
670 8 p.l=kl=] 3 + - + - - 26.25 107.5 62.5
1755 16 p.[=)l=] NA NA NA NA NA NA NA NA NA
2607 5 p.i=ll=1] o} - + - - - 97.5 105 98.8
3851 33 p.I=ll=1 0 + + + - + 103.75 103.75 100.6
4194 11 p.[=}=] NA + + - - - 67.5 80 76.3
4215 5 pl=kl=] 0 + + - - - 98.75 93.75 938
4216 55 p.[=}[=] NA -+ -+ + + NA 51.25 78.75 68.8
4258 30 p.I=Ll=1 28 NA - + - - 17.5 7.5 138
4281 6 p.l=]l=] 2 - - - - - 57.5 61.25 63.1
4324 37 p.i=l=] 6 - - - - - 10 275 225
4352 3 p.l=kl=] 0 + + - - - 86.25 88.75 88.1
4357 6 p.l=kl=] 4 + + + - - 71.25 725 67.5
4397 5 pl=kl=] 0 - - - - - 102.5 105 100.6
4402 8 p.l=]l=1 o] + - - - - 100 90 88.8
4450 12 p(=ll=] NA + + + - - NA NA NA
4462 8 p.l=ll=] 7 -+ - + - - 63.75 20 41.3
4488 1 pl=ll=] Q - - NA - - 97.5 97.5 95.0
4671 2 p.[H723R};[600+1G>T] 0 + - - -+ - NA NA NA
3253 NA  p.[I1529S][H723R] - NA NA NA NA NA NA NA NA NA
4949 0 p.[L727X};[H723R] Q + - - - - NA NA 51.7
127 NA  p.[H723R};[S448L] NA NA NA NA NA NA NA NA 90.6
3309 5  p.[919-2A>GLIP76S] 0 + + + + - 106.25 106.25 101.3
115 0 p.[P1238L[H723R] 0 NA NA NA NA NA NA NA NA
FUK2004 1 p. [H723R};(T941] 0 NA NA N/A NA NA NA NA 85.0
1299 NA  p. [S610X][S657N] 0 NA NA NA NA NA NA NA NA
SNS5500 42 p.[919-2A>GJ[919-2A>G] 4 + + + + + 70 81.3 64
SNS5503 37  p. [H723R5[1707 +5G>A] 5 + + + + + 67.5 70 NA

Abbreviation: EVA, enlarged vestibular aqueduct; L, left; NA, not available; Rt, right.
2Average of 500, 1000, 2000 and 4000 Hz.
daverage of 125, 250 and 500 Hz.

retention of improperly folded Pendrin mutants in the endoplasmic
reticulum has been suggested as the major pathological mechanism for
Pendred syndrome.!®?0 In this study, we compared not only the
difference between the T and NT mutations, but also compared the
individual mutations and severity of hearing. However, there were no

correlations (data not shown). Indeed, there was great variation
regarding hearing loss severity even with the same mutations. For
example, in the patients homozygous for the most prevalent mutation,
p-H723R, hearing level at low frequency varied from 61 to 99dB
(Table 2). In addition, many reports have described intrafamilial
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Figure 1 Genotypes and phenotypes (diagnostic age, fluctuation, vertigo, tinnitus and goiter) in the current study. NT/(~), heterozygote of nontruncating
mutation; NT/NT, nontruncating/nontruncating; NT/T, nontruncatingtruncating; T/(—), heterozygote of truncating mutation; T/T, truncating/truncating; (=),

wild type.
1201
3 100} & = . R« .
% : R
) . § % .
3>2 % 801 H . . E .
o
238 60 N N . w0
a5 .
2z N
o © 401 * * L
D&
o
19 4 .
2 20 : .
0

-) NT/(-) TA-) NT/NT TNT T/T

Figure 2 The relationship between hearing level at the lower frequencies
and genotype. Hearing level was the average of 125, 250 and 500Hz
NT/(-), heterozygote of nontruncating mutation; NT/NT, nontruncating/
nontruncating; NT/T, nontruncatingtruncating; TA-), heterozygote of
truncating mutation; T/T, truncating/truncating; (~), wild type.

phenotypic variation.-12 Therefore, phenotype may be determined
not only by SLC26A4 mutations but also other factors (genetic as well
as environmental), contributing to such variability (Figure 2).

Unlike in the case of GJB2, phenotype cannot be predicted from the
genotype;® however, the clarification of clinical features will enable
more appropriate genetic counseling and proper medical
management for these patients.

The present study confirmed clinical characteristics of 66 patients
with EVA caused by biallelic SLC26A4 mutations. These included
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Figure 3 The relationship between hearing level and age in subjects with
biallelic SLC26A4 mutations. Hearing level was calculated as the average of
250, 500, 1000 and 2000 Hz in both sides.

congenital (5/63, 7.9%), fluctuated (42/52, 80.8%) and progressive
(49/56, 87.5%) hearing loss usually associated with vertigo (35/52,
67.3%) and/or goiter (12/53, 22.6%) during long-term follow-up, in
accordance with our previous studyS It is known that goiter
sometimes becomes apparent between 10 and 20 years of age. The
present cohort included young children, and therefore the frequency
of goiter may be underestimated. As seen in Figure 3, in 66 patients
with biallelic mutations for whom data were available, onset of
hearing loss was likely to be early onset, and progressive with age.



CONCLUSIONS

Pendred syndrome and nonsyndromic hearing loss associated with
EVA are a continuum of disease characterized as being associated with
congenital, fluctuating and progressive hearing loss, and most patients
have vertigo and/or goiter. However, in the present study, no
genotype-phenotype correlation was found. The results obtained
from the present study will facilitate accurate molecular diagnosis and
better genetic counseling.
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‘ Abstract

Mutations in the MYO15A gene located on chromosome 17p11.2, are responsible for non-syndromic autosomal ;
| recessive profound hearing loss (DFNB3). Direct sequencing of 96 Japanese families with profound congenital ;
| hearing loss revealed one family with a novel homozygous mutation in MYO715A, a T to A transition at the nucleotide
i of 8413 (c.9413T>A) that encodes the MyTh4 domain of the protein (p. L3138Q). This is the first report of an East |

Asian hearing loss patient with a MYO75A mutation. i

Keywords: DFNB3; MYO15A; Mutation; Hearing loss Sequencing was performed with a BigDye™ v1.1 Terminator Cycle
Sequencing kit (Applied Biosystems, Foster City, CA), according to the

Introduction manufacturer’s instructions. Sequencing products were analyzed by an
Hearing loss is one of the most common communication disorders éil II.JIIS{,IALS)MQ 3100 Genetic Analyzer (Applied Biosystems, Foster City,

in humans, affecting millions of individuals worldwide. To date, 95 loci
forautosomal recessive sensorineural hearingloss (ARSNHL) have been Computer analysis to predict the effect of missense variants on
reported and at 41 of these loci, the causative genes have been identified MYOI5A protein function was performed with Sorting Intolerant from
(Hereditary Hearing Loss Homepage: http://hereditaryhearingloss. Tolerant (SIFT; http://sift.jcvi.org/), and Polymorphism Phenotyping
org/). MYO15A is comprised of 66 exons distributed across 71 kbp (PolyPhen2; http://genetics.bwh.harvard.edu/pph2/).

of DNA on chromosome 17pl11.2. The MYOI5A mRNA transcript

encodes a 3530 amino acid protein in its longest form. MYOI5A has ~ Results

M)’T}f‘} (Myosin-Tail like Homol(.)gy region 4) domains, FERM (4.1 Direct sequencing revealed a novel homozygous mutation of
protein, Ezrin, Radixin, and Moesin) motifs, a SH3 (Src Homology 3)  My0715A4 at exon 57 (c.9413T>A) in one patient (Figure 1). This
domain, and the PDZ domain. mutation (p. L3138Q) is located in the MyTh4 domain of the myosin

15a protein, and is predicted to be pathologic by prediction programs
(Table 1). We also confirmed that the patients father and mother
had heterozygous mutations and that the mutation was absent in
the controls. The patient had no mutations in G/B2, the gene most
frequently involved with hearing impairment in Japanese, nor in
mitochondrial 1555A>G.

In humans, 36 different MYO15A mutations have been reported
and 35 of these cause congenital profound ARSNHL. The remaining
MYOI5A mutation was a heterozygous missense mutation detected in
a Smith-Magenis syndrome patient who had moderate sensorineural
hearing loss.

In this report, we describe the first identified novel missense
MYOI5A mutation in a Japanese ARSNHL patient together with a
review of the previous literature. This mutation is located in a MyTh4
domain and is thought to disrupt normal MYOI5A function, resulting
in congenital hearing loss.

In detail, the patient was a female with congenital severe to
profound sensorineural hearing loss. At age one, her mother became
aware of her hearing impairment because she did not speak. The
patient visited the hospital for genetic testing the age of 17 (Figure 1).
Computed Tomography examination indicated that she did not have
any malformations, such as ossicular anomalies, cochlear hypoplasia,
. vestibular dilation or enlarged vestibular aqueduct. In addition, she

DNA samples from 96 independent subjects who had profound 1,4 ;0 history of vertigo. Her sister also had severe congenital hearing
congenital ARSNHL were collected from 33 ENT departments loss, but her parents, brother, and other relatives did not have hearing
nationwide in Japan. All subjects gave prior written informed consent impairment (Figure 1). DNA samples were not obtained from her
for participation in the project, which was approved by each hospital’s siblings
ethical committee. Anamnestic and physical examinations were '
performed to exclude those with syndromic symptoms, outer and/or
middle ear diseases, and environmental factors such as premature birth,
or newborn meningitis. Controls were 192 Japanese healthy individuals *Corresponding author: Shin-ichi Usami, Department of Otorhinolaryngology,

with normal hearing confirmed by pure tone audiometry. Shinshu University School of Medicine, 3-1-1 Asahi, Matsumoto 390-8621, Japan,
Tel: +81-263-37-26686; Fax: +81-263-36-9164; E-mail: usami@shinshu-u.ac.jp

Subjects

Mutation Analysm Received July 13, 2013; Accepted November 28, 2013; Published November

All of the MYOI5A exons were amplified using gene-specific 30,2013

primers described elsewhere [1]. PCR reactions were performed Citation: Yano T, Ichinose A, Nishio S, Kobayashi Y, Sato H, et al. (2013) A Novel
with 25 pl in 1.5 mM MgCl, 100 mM of each dNTP, 1U of Taqg DNA Mutation of MYQ75A Associated with Hearing Loss in a Japanese Family. J Clin
2 . R Case Rep 3: 319. doi:10.4172/2165-7920.10003 18

polymerase, and 2 mM forward and reverse primers. After an initial

denaturation at 95°C for 90 seconds, amplification was performed for Copyright: © 2013 Yano T, et al. This is an open-access article distributed under
o o o the terms of the Creative Commons Attribution License, which permits unrestricted

35_ cycles of 95°C for 45 seco.nds, 60°C for 45 seconds, and 72 C for 2 use, distribution, and reproduction in any medium, provided the original author and

minutes. Then, a final extension was performed at 72°C for 5 minutes. source are credited.
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Figure 1: Family pedigree, audiogram of the patient, and lectropherogram analysis of MYO15A in the family. A novel homozygous mutation of
MYO15A at exon 57 (c.9413T>A) is found in a patient with congenital severe to profound sensorineural hearing loss.

We also found other heterozygous variants: ¢.6824delG, p.G1441V,
p-G1220R, and p.83474G, each in a different independent patient, and
none being found in the controls (Table 1).

Discussion

Myosin 15a protein is required for normal auditory function,
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therefore MYOI5A mutations cause ARSNHL. Mutations in this
gene also cause the shaker 2(sh2) phenotype in mice. Sh2 mice are
characterized by a vestibular defect and profound hearing loss {2,3] but
such vestibular defects are not found in human carriers of MYOI5A
mutations. The stereocilia of hair cells of the sh2 mice are short and lack
the characteristic staircase-like pattern [4].

In our patient, the novel MYOI5A mutation located in the MyTH4
domain caused sensorineural hearing loss. In addition, this is the first
MYOI5A mutation found in an East Asian population. To date, 43
mutations in MYOI5A were reported. Type of mutations, domains,
and clinical features are summarized in Table 2 [1,5-15]. All MYOI15A
mutations previously reported were found in prelinguistic or congenital
hearing loss patients, except for one Smith-Meganis syndrome patient
[6]. Our patient had prelingual profound hearing loss, consistent with
previous reports.

Of the 43 reported MYOI5A mutations, six were missense
mutations in the MyTH4 domains. Five of those six were found in
homozygous state: p.N2111Y in Indians [5]; p.I2113F in Indonesians
[5}; pR2124Q and p.P2073S in Iranians [1]; and p. L3160F in a
Pakistani family [7]. The sixth missense mutation was a heterozygous
mutation, p. T2205], in a North American family affected by Smith-
Magenis syndrome [6] (Table 2).

Furthermore, based on the prediction programs, two missense
mutations, p. G1441V, p. L3138Q, are predicted to be pathologic
variants (Table 1). However, except for p. L3138Q, all variants found in
this study were identified as heterozygous and no associated mutation
was found in the other allele.

The structure of the MyTH4 domain has not been fully
characterized. In other myosins, it has been implicated in microtubule
binding as well as actin binding to the plasma membrane. Some data
suggest that the MyTH4/FERM domains are required for localization
of Myosin15a to stereocilia tips. The co-localization of Myosini5a and
whirlin proteins appears essential to form the complex at the stereocilia
tips [16]. From our data combined with previous reports, the MyTH4
domain mutations interfere with the interaction between Myosinl5a
and whirlin, preventing the formation of the complex required for
normal hearing [1]. MYOI5A mutations have been found in each
domain (Motor, MyTH4, N-terminal extension, FERM, and SH3) and
caused similar clinical features including hearing level, implying the
overall importance of MYOI5A protein in cochlear function.
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A Japanese family showing high-frequency hearing loss with KCNQ4
and TECTA mutations
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Abstract

Conclusions: We describe a Japanese family with high-frequency sensorineural hearing loss (SNHL) harboring a ¢.211delC
mutation in the KCNQ4 gene. Families showing progressive high-frequency SNHL should be investigated for mutations in the
KCNQ4 gene. Objective: To determine the responsible deafness gene in a Japanese family with dominantly inherited
high-frequency SNHL of unknown etiology. Methods: We performed hearing tests for five members of the family, and the
three affected with hearing loss underwent further audiological and vestibular examinations. Genetic analysis was performed to
identify any possible causative mutations, as well as analysis of detailed clinical findings to determine the phenotype. Results:
The three affected subjects showed high-frequency SNHL. Extensive audiologic evaluation suggested cochlear involvement
and progressive hearing loss. As for bilateral caloric testing, two of the three affected subjects showed hyporeflexia with
recurrent vestibular symptoms. We identified the ¢.211delC mutation in the KCNQ4 gene and the ¢.2967C>A (p.H989Q)
mutation in the TECTA gene. Based on the genotype—phenotype correlation, the c.211delC mutation in the KCNQ4 gene was
associated with high-frequency SNHL in this family.

Keywords: Progressive hearing loss, c.211delC mutation, hyporeflexia, deafness gene

Introduction

There are over 100 loci associated with nonsyndromic
sensorineural hearing loss (SNHL) in humans [1]. To
date, more than 60 loci of DFNA, the gene locus
responsible for autosomal dominant deafness, have
been identified and 27 genes were defined as
DFNA-causative (Van Camp G, Smith RJH. Hered-
itary Hearing Loss Homepage: http:/hereditaryhear-
ingloss.org). The KCNQ4 and TECTA genes are
frequently associated with autosomal dominant
nonsyndromic SNHL [2]. KCNQ4 is a member of
the voltage-gated potassium channel family localized
in inner and outer hair cells and plays a role in
potassium recycling in the inner ear. KCNQ4 is

composed of 695 amino acids with 6 transmembrane
domains and a hydrophobic P-loop region that
forms a channel pore containing a potassium ion-
selective filter located between the transmembrane
domains S5 and S6 (residues 259-296) [3].
KCNQ4-associated hearing loss has been reported
to be typically late-onset high-frequency-involved
and progressive over time [4]. More than 20 patho-
logic mutations have been identified in KCNQ4 and
they are mostly missense mutations with a dominant-
negative mechanism that causes progressive, predom-
inantly high-frequency hearing impairment [3,5].
Recently, Naito et al. reported a novel recurrent
deletion mutation, ¢.211delC, in 13 Japanese patients
with high-frequency-involved hearing loss [5]. This
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deletion mutation located in the N-terminal site
causes truncation of KCNQ4 protein product, and
might have insufficient function for inner ear potas-
sium recycling [5]. In contrast, the TECTA gene
encodes «-~tectorin, the major component of
noncollagenous glycoprotein of the tectorial mem-
brane, and has a role in intracochlear sound trans-
mission [6]. Mutations of the TECTA gene cause
ultrastructural defects of the tectorial membrane, in
turn causing hearing loss [7]. The o-tectorin is
composed of three distinct modules: the entactin
G1 domain, the zonadhesin (ZA) domain with von
Willebrand factor type D repeats, and the zona pel-
lucida (ZP) domain [7]. Missense mutations affecting
the ZP domain are associated with mid-frequency
hearing loss, whereas mutations in the ZA domain
are associated with hearing impairment primarily
affecting the high frequencies [8].

We investigated the genetic cause in a Japanese
family carrying nonsyndromic high-frequency SNHL
with an autosomal dominant inheritance pattern. In
addition, we analyzed their detailed audiological and
vestibular findings.

Material and methods
Medical history and otological examination

One proband, as well as two other affected and two
unaffected family members, from one autosomal
dominant inherited SNHL family participated in
this study. A complete history concerning hearing
loss and symptoms potentially related to syndromic
hearing loss was taken from all subjects and they all
underwent otoscopic examination. Pure-tone audi-
ometry was conducted in an acoustically isolated
room using an AA-78 audiometer (Rion, Tokyo,
Japan). Air- and bone-conduction thresholds were
measured as decibel hearing level.

Detailed audiological and vestibular examination

Two of the three affected subjects underwent
self-recording audiometry and evoked and distortion-
product otoacoustic emissions (EOAE and DPOAE)
examinations. All three underwent speech discrimina-
tion testing and caloric testing. In caloric testing, elec-
tronystagmography was recorded by cold water
irrigation (20°C, 5 ml, 20 s). The details of the methods
used for these evaluations, including self-recording
audiometry, EOAE and DPOAE, speech discrimina-
tion testing, and caloric testing have been described
previously [9].

103

Sequencing analysis of the KCNQ4 gene and
TECTA gene

All 14 exons and flanking intronic sequences of the
KCNQ4 gene and all 23 exons and flanking intronic
sequences of the TECTA gene were amplified by poly-
merase chain reaction (PCR). Primers were designed
to flank all of the exon-intron boundaries through use
of the Primer3Plus web-based server (http:/primer3-
plus.com). Each genomic DNA sample (40 ng) was
amplified using a Multiplex PCR Assay Kit (Takara,
Shiga, Japan) for 5 min at 95°C, followed by 40 three-
step cycles of 94°C for 30 s, 60-67.6°C for 90 s, and
72°C for 90 s, with a final extension at 72°C for 10 min,
ending with a holding period at 4°C in a Perkin-Elmer
thermal cycler. The PCR products varied in size at
about 100-400 bp, and they were treated with
ExoSAP-IT (GE Healthcare Bio, Santa Clara, CA)
by incubation at 37°C for 30 min, and inactivation at
80°C for 15 min. After the products were purified, we
performed standard cycle sequencing reaction with
ABI Big Dye terminators in an ABI 3100 autosequen-
cer (Applied Biosystems, Foster City, CA). Computer
analysis to predict the effect of missense variants on
the protein function was performed with wANNO-
VAR [10] (http://wannovar.usc.edu) including the
following functional prediction software: PhyloP
(http://hgdownload.cse.ucsc.edu/goldenPath/hg18/phy-
loP44way/), Sorting Intolerant from Tolerant (SIFT;
http://sift.jcvi.org/),  Polymorphism  Phenotyping
(PolyPhen2; http://genetics.bwh.harvard.edu/pph2/),
likelihood ratio test (LRT; http:/www.genetics.
wustl.edu/jflab/lrt_query.html), and MutationTaster
(http:/www.mutationtaster.org/).

Ethics statement

All subjects gave prior written informed consent for
participation in the project, and the Ethical Commit-
tee of Jichi Medical University approved the study.

Results

Mutation analysis

We identified the ¢.211delC mutation in the KCNQ4
gene in four of the subjects (three with high-frequency
SNHL and one without SNHL), and the ¢.2967C>A
(p-H989Q) mutation in the TECTA gene in two
subjects with high-frequency SNHL (Figure 1).

Medical history and clinical findings

Otoscopic examination demonstrated a normal
tympanic membrane in both ears of all five subjects.
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Figure 1. Pedigree of the family and the detected mutations in the
KCNQ4 and TECTA genes. The arrow indicates the proband.

Audiometric examination confirmed high-frequency
SNHL in three of the five subjects (I-2, II-2, and
ITI-1 in Figure 2). Self-recording audiometry showed
Jerger type 1 [11] hearing loss in both ears of subject
ITI-1, indicating that they had normal hearing. On the
other hand, subject I-2 showed Jerger type II [11]
hearing loss in the high-frequency area in both ears,
indicating that this subject’s hearing loss was of
cochlear origin (Figure 3). Maximum speech discrim-
ination scores in the three subjects with hearing loss
showed mild to moderate defects, with subject
I-2 having the lowest scores (Table I). Subject
I-2 had no detectable DPOAE, but in two subjects
(II-2 and III-1), DPOAE were were detected only in
the lower frequency area. Subject III-2 carried the
¢.211delC mutation but did not have SNHL and
showed normal DPOAE (Figure 4). As for bilateral
caloric testing, subjects II-2 and ITI-1 showed hypor-
eflexia in the right ear with recurrent vestibular symp-
toms, while subject I-2 showed normal response
without vestibular symptoms (Figure 5).
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Figure 2. Pure-tone audiograms of the five family members shown in the Figure 1 pedigree.
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Figure 3. Self-recording audiometry results of two of the three subjects with high-frequency sensorineural hearing loss (SNHL).

Discussion

In the present study, we found a ¢.211delC mutation
in the KCNQ4 gene, as well as a ¢.2967C>A
(p.H989Q) mutation in the TECTA gene, in an
autosomal dominant inherited Japanese family with
nonsyndromic  high-frequency = SNHL. The

Table I. Maximum speech discrimination scores of the three
subjects with high-frequency sensorineural hearing loss (SNHL).

Maximal speech

Subject Age (years) Side discrimination (%)
I-2 55 Right 56
Left 42
II-2 34 Right 74
Left 78
II1-1 14 Right 80
Left 72

pathogenicity of the c.211delC mutation is strongly
supported by the occurrence of the same mutation in
several independent families with progressive nonsyn-
dromic high-frequency SNHL [5,12]. Naito et al.
reported that SNHL associated with the c.211delC
mutation showed significant progression in only high
frequencies by detailed progression analysis [5]. One
subject (III-2), aged 6 years, carried the c.211delC
mutation but did not have SNHL, suggesting that he
may develop progressive high-frequency hearing loss
in future. We explained this to the family, as it is the
type of important information that we impart to
patients during genetic counseling in our hospital.
In the present family, subject I-2 (aged 55) showed
the worst speech discrimination compared with
II-2 (aged 34) and III-1 (aged 14), consistent with
progressive hearing loss. Because subject I-2 also
retained a nearly normal hearing level in low frequen-
cies, it is highly likely that the c.211delC mutation
does not cause profound deafness. This speculation is



