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Abstract

O#bjective: There is a certain number of patients with so-called ski-slope hearing loss, in which there is good hearing for lower
frequencies in spite of little/no hearing in high frequencies. EAS (electric-acoustic stimulation) has recently been introduced
for such patients with residual hearing at lower frequencies. Ski-slope hearing loss can have either a progressive nature or can
be rather stable; therefore, decisions regarding timing of surgery are sometimes hampered. One advantage of genetic testing is
that the possible prognosis for hearing, i.e. progressive or not, can be predicted for individual patients. The present study was
performed to estimate the frequency of ski-slope hearing loss and investigate the genetic background of candidates for EAS.
Study Design: Using a 2587 subject DNA database of sensorineural hearing loss patents, 1) frequency of patients with ski-slope
hearing loss, 2) their clinical features including inheritance mode, onset ages, and progression, and 3) involvement of four
common genes with mutations in Japanese hearing loss patients, were evaluated. Results: One hundred and fifty-one out of
2587 subjects fulfilled the audiological criteria for EAS. The frequency of patients possibly meeting the criteria for EAS was
estimated to be 9.1% by restriction to probands only (139/1520). Various inheritance modes and onset ages were noted, with
earlier onset in the patients with sporadic/recessive inheritance mode. Progressiveness was recognized in 56% of the patients.
Genetic analysis identified mutations in 26.6% of the patients, including the mitochondrial 1555A>G mutation, and mutations
in SLC2644, CDH23, and GJB2 genes, suggesting that at the least, these four genes may be involved in a certain group of
patients, but also leaving possible genetic causes in the majority of the patients undetermined. Conclusion: As most of the patients
showed a progressive nature in their hearing, genetic testing adds important additional information for candidates for EAS.

Key words: ski-slope hearing loss, high frequency hearing loss, partial deafness, cochlear implantation

Introduction mitochondrial 12S rRNA were found to be the major
causes of hearing loss in Japanese patients (1).
To date, no study has treated ski-slope hearing loss
from an etiological viewpoint. The present study was
performed to estimate the frequency of ski-slope
hearing loss, audiological characteristics, and genetic
background of candidates for EAS.

Cochlear implantation is currently the only available
device for profound hearing loss patients and there-
fore has become a standard treatment choice world-
wide. Although cochlear implantation has long been
applied for patients with severe or profound hearing
loss in all frequencies, recent advances in combined
electric and acoustic stimulation (EAS) provide a
chance of better speech perception for individuals

with so-called ski-slope hearing loss. Selection crite- Subjects and methods

ria and decision making are sometimes difficult A 2587 subject DNA database of bilateral sensorineu-
because of individual differences in progression, ral hearing loss patients established by Shinshu Uni-
which 1s sometimes of a rather rapid progressive versity in collaboration with 33 ENT deparuments
nature but other times rather stable. One advantage (mostly university hospitals) in Japan was used in this
of genetic testing is that the possible prognosis for study. The database comprises 1520 unrelated Japa-
hearing, i.e. progressive or not, can be predicted nese probands (who had made their initial visit to a
for individual patients. Regarding genes responsible hospital) and their family members, with various
for hearing loss patients, to date, mutations in G¥B2 inheritance modes and ages of onset. The composition
and SLC26A4, and the 1555A>G mutation in the of the 1520 probands was as follows: 355 subjects
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from autosomal dominant or mitochondrial families
(two or more generations affected); 282 subjects
from autosomal recessive families (parents with
normal hearing and two or more affected siblings);
and 738 subjects with sporadic deafness (also com-
patible with recessive inheritance or non-genetic
hearing loss). All subjects gave prior informed con-
sent for participation in the project and the ethics
committee of each hospital approved the study.

Audiological selection criteria were based on the
pure tone audiogram selection criteria as follows.
Pure tone hearing levels were required to be 65dB
or under HL for 125 Hz, 250 Hz and 500 Hz; 80dB
HL or over for 2000 Hz; 85dB HL or over for 4000
Hz and 8000 Hz. Subjects with one of the above
mentioned frequencies being out of the criteria hm-
its by 10dB were included as potential candidates.

Mutation screening for G¥B2, SLC26A4, and the
1555A>G mutation in the mitochondrial 128
rRNA, was performed in all of the patients as fol-
lows. Direct sequencing was used for G¥B2 (2), and
restriction fragment length polymorphism (RFLP)
was used for the 1555A>G mitochondrial muta-
tion, as previously described (3). In patients with
enlarged vestibular aqueduct (EVA), direct sequenc-
ing was used for SLC26A44 because mutations in this
gene have been restricted to the patients with this
particular anomaly (4,5).

For other minor responsible genes, frequencies
are relatively small, and therefore one-by-one gene
screening was performed in limited numbers of
patients (64-319 patients depending on the gene)
(see reference (1)). For CDH23, 64 probands were
analyzed using direct sequencing (6).

Results

One hundred and fifty-one (5.8%) out of the 2587
subjects registered in our database fulfilled the audi-
ological criteria for EAS. The frequency of bilateral
sensorineural hearing loss patients in the basic clini-
cal population who may meet the criteria for EAS
was estimated to be 9.1% by restriction to probands
only (139/1520).

Regarding inheritance mode, 53% (74/139) of
these patients had sporadic/recessive inheritance,
28% (39/139) dominant/mitochondrial inheritance,
and in 19% (26/139) family history was unavailable
(Table I).

Onset ages are shown in Table II. Onset ages were
varied, and earlier onset ages were evident in the
patients with sporadic/recessive inheritance mode.

Progressiveness was recognized in 56% (78/139)
of the patients, regardless of inheritance mode (54%
for sporadic/recessive inheritance, and 56% for dom-
inant/mitochondrial) (Table III).
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Table . Inheritance mode of candidates for EAS (n=139),

Inheritance mode Number (%)

Sporadic/recessive 74 (53%)
Dominant/mitochondrial 39 (28%)
Data unavailable 26 (19%)

Genetic analysis identified mutations in approxi-
mately 27% of the 145 patients, including the mito-
chondrial 1555A>G mutation (#=18, 12.9%),
SLC26A4 (n=10, 7.2%), CDH23 (n=6, 4.3%) and
GFB2 mutations (n=3,2.2%) (Table IV). Among the
2587 subjects, 178 were associated with the 1555>G
mitochondrial mutation, 153 subjects harbored bial-
lelic G¥B2 mutations, 61 subjects biallelic SLC26A44
mutations, and eight biallelic CDH23 mutations.
Overlapped audiograms as well as average audio-
grams are shown in Figure 1A-D. Candidates rates
(number of candidates/total patients with mutations)
were high among the patients with the 1555A>G
mitochondrial mutation (10.1%, 18/178), SLC26A44
(16.4%, 10/61) and CDH23 mutations (75%, 6/8)
and low among the patients with G¥B2 mutations
(2.0%, 3/153).

Discussion

There is a certain number of patients with residual
hearing (sometimes normal or slightly elevated
thresholds) at the lower frequencies, and profound
deafness at the higher frequencies (the so-called
ski-slope type hearing loss or partial deafness). Most
of these patients do not show any abnormal pronun-
ciation of consonants, indicating that they likely
acquired progressive hearing loss at the higher fre-
quencies. In spite of being hard of hearing due to the
high-frequency involved hearing loss, they usually do
not use hearing aids or use only standard hearing
aids with limited efficiency. These cases also do not
meet criteria for traditional cochlear implantation.

Recent advances in surgical technique, and elec-
trode design, and newly developed devices enable
preservation of residual hearing (see reference 7, for
review). The concept of EAS has expanded indica-
tions for cochlear implantation from profoundly deaf
patients in all frequencies to patients with residual
hearing at the lower frequencies. According to the
present data based on a multicenter collaborative
study, 9.1% of the patients who visited the academic
referral center were estimated to fulfill the audio-
logical criteria for EAS.

There has been no aetiological study of ski-slope
hearing loss, and although symmetrical audiograms
strongly indicate the majority of cases are due to
genetic causes, there have been few reports
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Table II. Onset ages of the candidates for EAS (n=130).

Number (%)

Inheritance mode -2y.0 3-10 11-30 31-50 51- Unknown
Sporadic/recessive 24 (32%) 12 (16% 16 (22% 7 (9%) 5 (7%) 10 (13%)
Dominant/mitochondrial 7 (18%) 12 (30%) 9 (23%) 6 (16%) 1(2%) 4 (11%)

discussing the genetic background. According to Liu
and Xu (1994) (8), non-syndromic hearing loss can
be classified into several types on the basis of audio-
grams. In the autosomal dominant group there are
three types of audiograms - sharply sloping, flat, and
gently sloping; and two types in autosomal recessive
- residual and sharply sloping. The present study is
in agreement with their report where cases with a
sharply sloping audiogram (which may correspond
with ski-slope type) are either autosomal dominantly
or autosomal recessively inherited. Dominant high-
frequency sensorineural hearing loss can be classified
into four types — steepest, less steep, gently sloping,
and horizontal (9). Together with similarity of audio-
grams within the same family, Higashi hypothesized
heterogeneity of dominant high-frequency sen-
sorineural hearing loss, and actually the former two
types may correspond with ski-slope hearing loss.
In the present study, to understand the etiology
of ski-slope hearing loss, genetic as well as clinical
feature analyses were performed in the patients who
fulfilled the audiological criteria. With regard to
inheritance mode of these patients, 53% had spo-
radic/recessive inheritance, and 28% dominant/mito-
chondrial inheritance (Table I), indicating that various
genes are involved in this category of hearing loss.
A high rate of patients with progressiveness was
noted (56%) compared to overall (48%), and pro-
gressive nature was observed regardless of inheri-
tance mode, indicating that progressiveness is one of
the characteristic features of ski-slope hearing loss.
Onset ages were of great variation, also suggesting
there are many responsible genes for this category of
hearing loss. Earlier onset ages were noted in the
patients with sporadic/recessive inheritance mode.

Table III. Progressiveness in the candidates for EAS (1= 139).

Number (%)
Non-

Inheritance mode  Progressive  progressive  Unknown
Overall 78 (56%) 44 (32%) 17 (12%)
Sporadic/recessive 40 (54%) 24 (32%) 10 (14%)

(n=174)
Dominant/ 22 (56%) 10 (26%) 7 (18%)

mitochondrial

(n=139)

Ski-slope hearing loss may occur at various ages,
and can have either a progressive nature or be rather
stable; therefore, decisions regarding timing of sur-
gery are sometimes hampered. There may be a great
inter-individual variation regarding progressiveness,
indicating that many different etiological differences
may interact. Screening for commonly found respon-
sible genes, proved at least four genes, including
mitochondrial 12SrRNA, SLC26A44, CDH23, and
GJB2 are involved in this type of hearing loss, although
candidate rates were different among the genes.

The 1555A>G mitochondrial mutation, which is
known to result in high susceptibility to aminoglyco-
side antibiotics, has been identified as the most prev-
alent mitochondrial mutation (10). Hearing loss is
usually high-frequency involved and progressive (3).
Therefore, the present higher candidacy rate (10.1%)
among the patients with this mutation, together with
overlapped audiograms as well as average audio-
grams (Figure 1A), is consistent with the previously
reported phenotype and there is a certain number of
candidates for EAS in patients with this murtation.

The SLC26A4 gene was initially identified as the
gene responsible for Pendred syndrome, and is known
to be involved in transportation of the chloride ion (11).
The phenotype associated with the mutations is known
to range from Pendred syndrome to non-syndromic
hearing loss associated with EVA (enlarged vestibular
aqueduct) (12). Hearing is congenital/progressive, and
usually high-frequency involved hearing loss (13).
Patients acquire language but sometimes have incom-
plete pronunciation of consonants, indicating they may
already have hearing loss at higher frequencies at the
earlier (peri-lingual) ages. Overlapping audiograms
(Figure 1B) suggested that some patients with this
mutation are good candidates for EAS, but generally
the slope is rather gentle. However, from the recent
concept of preserving residual hearing it is still worth

Table IV. Responsible genes in the candidates for EAS (1= 139).

Genes identified Number (%)

Mitochondrial 1555A>G 18 (12.9%)
SLC26A44 10 (7.2%)
CDH23 6 (4.3%)
GYB2 3 (2.2%)
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Figure 1. Overlapping audiograms of the patients with mutations. Candidates for EAS are indicated with red lines (A, mitochondrial

1555A>G; B, SLC26A44; C, CDH23; D, GJB2).

trying EAS for such patients with some (but not much)
residual hearing at the lower frequencies.

CDH23 is known as the responsible gene for
USHI1D and DFNBI12.

Encoded protein cadherin 23 is important for
maintaining tip links (14). Patients with this muta-
tion have high-frequency involved progressive hear-
ing loss (6), suggesting that there is a significant
number of EAS candidates. Although only a limited
number of patients (7= 64) with CDH23 mutations
were analyzed in this study, overlapping audiograms
also indicated that they are good candidates for EAS
(Figure 1C).

GJB2 is known to be the most prevalent gene
responsible for congenital hearing loss worldwide
(see reference 15, for review). Encoded protein,
Connexin 26, is known to participate in potassium
ion recycling in the inner ear. Currently, more than
100 different G¥B2 mutations are associated with
recessive forms of non-syndromic hearing loss (see
reference 15, for review). Overlapping audiograms
of the 153 patients with bi-allelic G¥B2 mutations
showed rather flat or gently sloping audiograms
(Figure 1D). As hearing loss is usually reported to be
non-progressive, there may be only a small number of
the patients with G¥B2 mutations who are indicative
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for EAS. Only 2.0% of the patients with G¥B2 muta-
tions in this study fit the criteria for EAS.

The present study clearly revealed some genes
responsible for ski-slope hearing loss, and genetic
testing is potentially useful for estimating progres-
siveness and decision making for EAS in the future.

However, at the same time, in the majority of
patients the cause is still unknown, and screening for
various genes should be continued to understand
the aetiology of this type of hearing loss. In the
literature, there have been many genes described
as being responsible for high-frequency involved
hearing loss (16).

In the present study, progression is based on
anamnesic information; therefore the actual rate of
progression should be determined by future studies.
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Hereditary hearing loss without associated

abnormality”

. dominant congenital severe deafness

. dominant progressive nerve deafness

. dominant unilateral deafness

. dominant low frequency hearing loss

. dominant mid-frequency hearing loss
. otosclerosis

. recessive congenital severe deafness

. recessive early—onset neural deafness

. recessive moderate neural hearing loss
. sex-linked congenital deafness

. sex-linked early-onset neural deafness
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A study of genetic testing in patients with
hereditary hearing loss—Ten years’ experi-
ence at Iwate Medical University—

Yumiko Kobayashi", Hiroaki Sato”, Noriko
Iwai®, Seiko Murai”, Shin-ichi Usami”

YIwate Medical University

?lwai ENT Clinic

¥Morioka Municipal Hospital

“Department of Otorhinolaryngology, Shinshu
University School of Medicine

Hereditary hearing loss is the most frequent
cause of congenital sensorineural hearing loss
(SNHL), and advances in genetic testing have re-
vealed various phenotypes of SNHL according to
each gene mutation. On the other hand, clinical ex-
aminations, such as a history of development, family
history, and various Kinds of auditory examinations
are also required for the diagnosis of hereditary
hecaring loss. In this paper, we reviewed 64 patients
with bilateral congenital SNHL who visited Iwate
Medical University between 1997 and 2007. Genetic
testing (GJB2, SLC26A and mt A1555G muta-
tions) revealed 11 (17.2%) patients with positive re-
sults for genetic mutation: 9 with G/B2 mutation
and 2 with SLC26A4 mutation. Among these 11 pa-
tients, 5 had a negative family history. Patients with
hereditary hearing loss increased from 24 patients
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(37.5%) diagnosed by family history to 29 patients
(45.3%) diagnosed by additional genetic testing.
Furthermore, audiograms were found to be symmet-
rical in 10 of the 11 patients (90.9%) with GJB2 or
SLC26A4 mutation.
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HREBOBITFMIEE (Genetic Testing) & BIZF12E (Gene—Based Testing)
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Molecular diagnosis of deafness
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Goto 5, 1990
Oshima &, 1999

0.3 % (1/319 Usami 5. 2000)-3 % (3/100 Oshima %, 1999)
HVRZH L 2R M

I hary FY 7 1555A>G

Hutchin ©, 1993

3% (11/319 Usami 5, 2000)-5 % (7/138 Noguchi &, 2004)

Usami 5, 1997 IR RZZ U7z
33%(7/21, 2/6) 7 3 / ECBERIUAEM U DG BEDH 5 BFH
10 % (14/140) AT H EH
57%(13/22) 7 3 / LB R LAEY E O 5D H 5 A LHNE
B
(Usami %, 2000)
MYO7A Liu 5, 1997 (single DFNA11 family)
POU3F4 Hagiwara &, 1998 (single DFN3 family)
GJB2 Fuse 5, 1999 11.3 % (259/2,454) 9} %5235 L 72 &5 B (n=1,227)
Abe &, 2000 (Ohtsuka &, 2003)
Kudo &, 2000 18.3 % (62/338) J6 R Pk &t il i ¥
(Abe 5, 2007)
SLC26A4 Usami &, 1999 90 % (9/10) Pendred Hie i #f 1 H
Kitamura %, 2000 | 78 % (25/32) BiJE /KL K % tF 5 HEEEE
Tsukamoto %, 2003 | (Tsukamoto &, 2003)
KCNQ4 Akita &, 2001 1/16 AD J&F5 HE S B & (Akita 5. 2001)

I har FYT7I1IT>C

Ishikawa &, 2002

(single maternally inherited family)

TECTA

Iwasaki &, 2002

(single mid —-frequency involved family)

WFS1 Komatsu &, 2002 3/182 AD & #EE B
Noguchi &, 2006 3/10 AD G35 b < 80 e o I A
Fukuoka &, 2007 0/64 AR F&35HERE B
(Fukuoka &, 2007)
COCH Usami 5, 2003 1/23 AD & HEEE R &
0/20 Méniére 55 £&
(Usami 5. 2002)
CRYM Abe 5, 2003 2/192 SR MRS E
(Abe &, 2003)
KIAA1199 Abe &, 2003 4/192 Fe R YEHERE B
(Abe 5, 2003)
COL9A3 Asamura 5, 2005 | 2/147 &5 e B
(Asamura &, 2005)
CDH23 Wagatsuma ©, 2007 | 5/64 AR 56 AP 8 S #

(Wagatsuma 5, 2007)
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