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Abstract

Etiological studies have shown genetic disorders to be a major cause of sensorineural hearing loss, but there are a limited
number of comprehensive etiological reports based on genetic analysis. In the present study, the same platform using a
diagnostic DNA panel carrying 63 deafness genes and the same filtering algorithm were applied to 10,047 samples obtained
from social health insurance-based genetic testing of hearing loss. The most remarkable result obtained in this comprehensive
study was that the data first clarified the genetic epidemiology from congenital/early-onset deafness to late-onset hearing loss.
The overall diagnostic rate was 38.8%, with the rate differing for each age group; 48.6% for the congenital/early-onset group
(~5y.0.), 33.5% for the juvenile/young adult-onset group, and 18.0% for the 40+ y.o. group. Interestingly, each group showed
a different kind of causative gene. With regard to the mutational spectra, there are certain recurrent variants that may be due
to founder effects or hot spots. A series of haplotype studies have shown many recurrent variants are due to founder effects,
which is compatible with human migration. It should be noted that, regardless of differences in the mutational spectrum,
the clinical characteristics caused by particular genes can be considered universal. This comprehensive review clarified the
detailed clinical characteristics (onset age, severity, progressiveness, etc.) of hearing loss caused by each gene, and will pro-
vide useful information for future clinical application, including genetic counseling and selection of appropriate interventions.

Introduction

Hearing loss is an extremely heterogenous disorder, and
more than 120 genes are currently considered to be impli-
cated in non-syndromic hearing loss, making the screening
strategy difficult. Targeted genome resequencing using mas-
sively parallel DNA sequencing (MPS) has become a pow-
erful strategy for the identification of causative genes from
among the large numbers of genes in rare Mendelian disor-
ders such as deafness. This sequencing technology followed
by an appropriate filtering algorithm will be able to identify
rare responsible genes for individual hearing loss patients.
Although genetic disorders are thought to be a major cause
of sensorineural hearing loss, there are a limited number of
comprehensive etiological reports based on genetic analy-
sis. In addition, it is difficult to draw conclusions without
using the same analysis platform, filtering method, and
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pathogenicity assessment for samples collected by the same
criteria. Through collaborative study with 102 collaborative
centers in Japan, over 10,000 samples obtained from social
health insurance-based testing and detailed clinical data have
been collected. In this paper, we not only reviewed our series
of studies based on analysis by MPS conducted over the last
decade, but also performed comprehensive verification using
the same analytic method and criteria.

Genetic epidemiology based on genetic
testing

Etiological studies have shown that genetic causes are the most
common etiology of deafness, and approximately two-thirds of
congenital/early-onset sensorineural hearing loss in developed
countries is estimated to be due to genetic causes (Morton and
Nance 2006). Recent studies have indicated that a significant
portion of late-onset hearing loss is also due to genetic causes
(Kitano et al. 2017; Kobayashi et al. 2018; Shinagawa et al.
2020a; Yasukawa et al. 2019; Oka et al. 2020; Miyajima et al.
2020). A series of etiological studies has demonstrated genetic
disorders to be a common cause of all types of sensorineural
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hearing loss, but there has been no detailed genetic epidemio-
logical data covering a wide range of ages.

Hereditary hearing impairment is an extremely heterog-
enous disorder that involves more than 120 distinct genes,
thereby making the precise diagnosis and appropriate inter-
vention difficult. Recent advances in targeted genome rese-
quencing using massively parallel DNA sequencing (MPS)
has provided a powerful new strategy and revolutionized the
elucidation of genetic defects causing monogenic disorders.
We have shown that this approach is appropriate for identify-
ing causative genes/variants and actually demonstrated that
various genes/gene variants are involved in hearing loss in
Japanese patients (Miyagawa et al. 2013; Nishio et al. 2015).
Meanwhile, both the number of DNA samples and detailed
clinical data are increasing, and genetic and clinical data
from over 10,000 patients has been collected from 102 col-
laborative centers. Based on this large-cohort data, we have
published a series of studies demonstrating the mutational
spectrum and clinical features caused by the representa-
tive deafness genes, including GJB2 (Tsukada et al. 2010),
CDH23 (Miyagawa et al. 2012), KCNQ4 (Naito et al. 2013),
OTOF (Iwasa et al. 2013, 2019), mitochondrial 1555A > G
and 3243A > G (Yano et al. 2014), SLC26A4 (Miyagawa et al.
2014), LRTOMT (Ichinose et al. 2015), GRXCRI (Mori et al.
2015a), PTPRQ (Sakuma et al. 2015), COCH (Tsukada et al.
2015a), TMPRSS3 (Miyagawa et al. 2015d), STRC (Moteki
et al. 2016; Yokota et al. 2019), LOXHD1 (Mori et al. 2015b;
Maekawa et al. 2019), ACTG1 (Miyagawa et al. 2015b; Miya-
jimaet al. 2020), MYO15A (Miyagawa et al. 2015a), POU4F3
(Kitano et al. 2017), WFS1 (Kobayashi et al. 2018), CLDN14
(Kitano et al. 2019), EYA4 (Shinagawa et al. 2020a, b), TECTA
(Yasukawa et al. 2019), OTOA (Sugiyama et al. 2019), and
MYO6 (Miyagawa et al. 2015c; Oka et al., 2020). These stud-
ies were performed between 2010 and 2020. It seems that the
reported clinical characteristics of hearing loss caused by each
gene do not significantly differ from the contents of our origi-
nal papers, but the present review seeks to summarize the find-
ings as more accurate and comprehensive results can now be
obtained for the following reasons; (1) the samples and clinical
data from hearing loss patients are increasing (approximately
700 samples per year), (2) the public database for normal con-
trols is being updated, (3) disease-specific databases can be
referenced, and (4) the results for the same hearing loss popu-
lation using the same filtering algorithm can be compared.

Unbiased samples obtained from social
health insurance-based testing

In Japan, genetic testing for deafness, which has been reim-
bursed by the social health insurance system since 2012, has
become a standard diagnostic tool for deafness. Collecting
DNA samples for research purposes inevitably results in
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biased samples, but the biggest advantage of the social health
insurance-based testing is that it is accessible to everyone and,
therefore, more unbiased samples can be collected. This is
important when discussing etiology.

Currently, DNA samples as well as clinical data from
10,047 patients have been collected from 102 collaborative
centers participating in the deafness consortium, and the rela-
tionships between causative gene variants and clinical features
have become clear. This review summarizes the findings,
including mutational spectra and genotype/phenotype corre-
lations, obtained from the large-cohort data.

The samples used in this review were as follows. With
regard to inheritance mode, 2243 subjects were from autoso-
mal dominant or mitochondrial inherited families, 6163 sub-
jects from autosomal recessive families or sporadic cases, and
1641 showed unknown inheritance mode. Patients for whom
the onset age (the age of awareness) was available numbered
3877 prelingual hearing loss (below age 6), 2698 post-lingual
hearing loss (aged between 6 and 39), and 1057 late-onset
hearing loss (after the age of 40) cases. Hearing levels were
classified based on the better hearing ear as normal, <20 dB;
mild hearing loss, 21-40 dB (n=1162); moderate hearing
loss, 41-70 dB (n=2746); severe hearing loss, 71-95 dB
(n=1622); and profound hearing loss, >95 dB (n=1660). All
subjects had presumed non-syndromic sensorineural hearing
loss (SNHL). The samples were obtained primarily from bilat-
eral SNHL, but also contained 220 samples from unilateral
SNHL patients. Written informed consent was obtained from
all patients (or from their next of kin, caretaker or guardian
in case of minors or children), and the study was approved
by the Shinshu University Ethical Committee as well as the
relevant bodies of the other participating institutions of the
Deafness Gene Study Consortium. Clinical information and
peripheral blood samples were obtained from each subject and
from all their consenting relatives. This study was conducted
in accordance with the Declaration of Helsinki, and the pro-
tocol was approved by the Ethics Committee of Shinshu Uni-
versity School of Medicine (No. 387 ~4 September 2012, No.
576~2 May 2017).

Sequencing strategy and filtering algorithm

Sixty-three genes (shown in Supplementary Table S1; Ion
AmpliSeq™ Hearing Loss Research Panel v1, Thermo
Fisher Scientific, Waltham, MA USA), reported to be
causative of non-syndromic hearing loss (Hereditary
Hearing loss Homepage; http://hereditaryhearingloss.
org/), were analyzed in this study. The detailed protocols
for targeted genome enrichment and massively parallel
DNA sequencing have been described elsewhere (Nishio
et al. 2015). In addition to MPS, copy number variation
(CNV) analysis was performed using the same platform as
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for MPS in accordance with our previous report (Nishio
et al. 2018).

For the filtering algorithm used in the present MPS
analysis, (1) allele frequency in a public database, (2) a
disease-specific database, (3) variant type, and (4) in silico
prediction score were used. For clinical setting and practi-
cal genetic diagnosis, a great deal of the above-mentioned
information needs to be integrated and evaluated. To inte-
grate (1)—(4), we have developed an integrated database of
clinical information and genetic information from patients
with genetic deafness (Nishio and Usami 2017). It should
be emphasized that this database is particularly powerful
for selecting candidate gene variants, and we have already
collected detailed clinical information and genetic analysis
data from more than 10,000 hearing loss patients. In the
case of rare diseases such as hereditary hearing loss, it is
often difficult to determine whether the variant found in a
specific patient is pathogenic. However, the pathogenicity
can be determined efficiently using a database containing
information obtained from large number of hearing loss
patients.

The pathogenicity of the identified variants was evalu-
ated in accordance with the American College of Medi-
cal Genetics (ACMG) standards and guidelines (Richards
et al. 2015) with the ClinGen hearing loss clinical domain
working group expert specification (Oza et al. 2018). Vari-
ants were defined as likely causative variants if the follow-
ing criteria was fulfilled; (1) for the variants previously
reported as “pathogenic” or “likely pathogenic” and did
not show any contradictory evidence, we applied the same
pathogenicity classification as the previous report (HGMD
professional), with reference to the pathogenicity classi-
fication in the Deafness variation database ver. 9 (Azaiez
et al. 2018) and ClinVar database ver. 20210501 (Landrum
et al. 2018), (2) novel variants classified as “pathogenic”
or “likely pathogenic” were considered as strong candi-
dates for each case, (3) variants of “uncertain significance”
(VUS) identified as the only candidate after the filtering
procedure with no other candidate variants in the other 62
genes were also included, (4) two variants found in reces-
sive inheritance cases, (5) there was no contradiction with
the results of family analysis, and (6) in cases with con-
flicting findings between our pathogenicity classification
and the HGMD professional, Deafness variation database
and ClinVar database, we manually curated the data based
on the ACMG guidelines with reference to the patient’s
clinical information.

Responsible genes in the Japanese hearing
loss population

Using simultaneous screening for 63 deafness genes, we
identified 51 genes that are definitely involved in the Japa-
nese hearing loss population (Table S2). Further, using the
criteria mentioned above, the overall diagnostic rate was
38.8% (3896/10,047); i.e., one causative variant in autoso-
mal dominant or mitochondrial inheritance cases, and bial-
lelic causative variants in recessive inheritance or sporadic
cases (Fig. 1A).

To determine which genes among those identified have
the greatest impact on the etiology of deafness, the num-
ber of variants and variant types (missense, nonsense,
frameshift) were calculated. Results showed that the number
of mutations in GJB2 was exceptionally high, followed by
mutations in CDH23, SLC26A4, STRC, KCNQ4, mitochon-
drial m. 3243A > G, MYO7A, mitochondrial m.1555A > G,
MYO6, TECTA, WFESI, MYO15A, OTOF, POU4F3 and
USH2A. (Fig. 1A, B). GJB2 is the most prevalent causative
gene, with several major (commonly found) gene mutations
causing deafness in 30-35% of cases, while the remaining
cases of hearing loss are the result of various rare genes/
mutations that have been efficiently diagnosed by the pre-
sent sequencing and CNV detection approach (Fig. 1A, B).
The high prevalence of GJ/B2 mutations in the hearing loss
population is evident regardless of ethnic differences. It is
hypothesized that having variants in GJB2 was beneficial
for survival. GJB2 is also known to be expressed on the
skin, and the skin of subjects with GJB2 mutations is thicker
(the skin is a barrier against pathogen invasion, trauma, and
insect bites), which was beneficial to survival associated
with human evolution (Meyer et al. 2002). This hypothesis
could be supported from the prevalence of LOF (loss of
function) mutations observed in the Genome Aggregation
Database (gnomAD, https://gnomad.broadinstitute.org).
Based on the gnomAD, in contrast to the other deafness
genes where the number of “observed” LOFs (loss of func-
tion variants) is equal to that of “expected” LOFs, the num-
ber of “observed” LOFs (n=17) in GJB2 is exceptionally
high compared to that of “expected” LOFs (n=6.5) (see
GJB2 on the gnomAD home page), indicating that there was
a certain benefit in having GJ/B2 mutations in ancient times.

Table 1 shows a summary of the previous papers describ-
ing the results of genetic screening using MPS. It is a con-
sensus fact that variants in GJB2 are predominant across
all ethnic groups, but there are also some exceptions as
shown in Table 1. For example, MYO15A and TMCI are
predominant in consanguineous Egyptian families and
Sephardi Jews, respectively (Brownstein et al. 2020; Budde
et al. 2020). This specific causative gene rate is probably
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Fig. 1 A Responsible genes found in 10,047 hearing loss patients. B The number and types of variants in each gene

@ Springer



Human Genetics

(erewa)
-eno woij
Lpue
‘Kasang,
wol 61
‘uRI] WOIJ
1T ‘vIpy]
wolj €2
‘erstunyg,
woly 8¢
‘(epriofg
ynos)
vsnem
woly €¢
‘BLIOTIN
woly 06
‘eoLyy
ynog
woij sal|
-Twrey snou
-o31pul (papnoxe (9102)
VLOANW VZHSI] 1447400 N VSIOAW  (PIpNIOX9) 241D (Treres) %St SdIN  16) SnoLIep Tarm) Tre LT 081 ‘Te Jo uex
(punojoxd
-9JeIopow
rensurjoxd
VSIOANW /THSNAV (9102
VLOAW ueadoing /papn[oxa BRG]
‘TOWL  (ppnXd) zgrH  (1€1/1€) BLET AND+SdIN UIdsom ugo) 1€1 91 6L usuruog
(9100
(pooyynpe ‘eR
(6111/0%) /POOYPTIYO/Te} uo33oH
VSIOAN VILOHL 1447408 N OALS cdro %€ 6€ AND+SdIN SnoLeA  -uaSu0d) 6111 61 68/99 -ueo[s
(39suo (S100)
-9Je[/19sU0 wes)
cvII100 VSIOAN rv9co1S ECHAD Zdaro VN SdIN osoueder -K[1e2) 0T 11 VN €9 PuE OIYsIN
IONL
‘64dD (39suo
‘CIHADd SueH ~9Je]/3o5U0 (€102)
‘VZHSN VSIOAW D <Veee[u 1447900 N zarn  (061/86) %9°1S SdIN asaulyd -K11e2) 061 €C 6L  ‘Te1o Suex
(9ex
uo1)92Jap Jue (39su0-918] (£102)
-LBA 9TT/L81 96/13su0-AL1ed LS
VSIOAN 864dD VCHSI] 1447408 N cdaro %9'98) VN SdIN osoueder 0T1) 91C LS TIT  emeSediy
juonb Kypeuoneu Soua3 soua3 (1e9K)
juonboxj yi¢ juonbaryyyy  juenbaiy pig a1y pug juonbarj jsopNy  9jeI onsouder SPOUYIRIN  /Aaotuyig s309[qng paeIny jaS1e], oyiny

SdIA Suisn Sutuaa1ds o13ouas Jo synsar oy} Surquosop siaded snotaard | 3jqel

pringer

a's



Human Genetics

(9013
IDOWL -1pad ssoujeap (oa131pad
‘VLOAW 8L/ILT) %L9°9S SSouyedp
HIOAN ‘('THNS dtper 0¢/THNS
‘VZHSN -ods ¢¢4/972) orperods (0202)
‘PAENOd  VSIOAW D<VSSSTW  $V9zYIS z4qrn %61°TS SdIN asaury) £€Y) €91 ¥ 671  Teleueng
(a1
-Twej uoy[3uIs
LTTUIIT)
%Ly ‘(sorurey (0202)
xoﬁaﬁﬁsa ‘e
1€2/107) %L8 uekAey
£THAD VLOAN VSIOAW  #V9ZI1S z4arn  ‘(16¥/7S0) %TS SdIN  uerunsared SoIIure} [ 64 81 181 nqy
(uonenuw
D<VESST W
YV9TIIS
‘Tdro ynm
papnoxa
(papn[oxa) (popnyox?) o1oM 816 (6102)
D<VYSeSTw VSIOAN A0LO  #V9ZO1S  (POpnIoXd) zgro  (087/98) %L'0€ SdIN  osouemIe],  JO [6ZI) 08T LT €12/08 Te 19 np
(6102)
VLOAW d9OndL VSIOAN z4qrn FV9ZIIS  (8S/SH) %6S LL SdIN asaury) 8S ¥ LTl ‘Te 30 ung
(papnjoxa
TINY-LIN
pue JOLO (8102)
‘0dro “Te 39 se|
DYUIS VZHSN [DLDV  (PapN[oXd) zdro (0S/10) %ty AND+SdIN ystuedg /24r9) 0S 91 661 -[rueqe)
(8102)
ESSHdNL (papnoxa ‘e
DYIS ‘IDIOV VIOAL  (Popnox?) zgro (€01/2€) %1€ AND+SdIN uerely 7dro) €01 (114 96 uB3ION
VZHSN
VDAL (L102)
VSIOAN VLOAN DYIS z4qrn (LOT/SY) %81 AND+SdIN youar] (THSN) L0T 61 L Te e xnegq
(39suo
QpLBIIP-ISIY
09/[eua3 (L10D)
STHAD DYIS VSIOAN VZHSN zqarn  (007/L9) %S€€ AND+SdIN  PUB[SUIN  -U0D 6/) 00T LT 01  'Te19 0998
(THSNYV (9102)
\vaﬁ:ﬂﬁ \Uoﬁ_\:oxu Am 19
ESSYINL  #V9ZOTS VLOAN VSIOAW  (POpNIdXd) ZgrD (091/06) %98 SAM ApsoN 7dro) 091 I¢ SAM Iowopeq
juonb Kyeuoneu Soua3 Soua3 (1e9K)
juonboxy yi¢ juonbaryyyyy  juenbaiy pig -3IJ pug juonbaij jsojNy  9jeI onsouder( SPOYIRIAL JKotuyg s309[qng paeny ja81e], oyny

(ponunuoo) | sjqey

pringer

fH's



Human Genetics

QWIOIPUAS INQUIpIEBA SM ‘OQWOIPUAS IYS() HS/)
‘SSO[ SULIBAY JTWOIPUAS ‘SSO[ SULIRAY JTWOIPUAS-UOU “QAISSOAI [RIIOSOINE ‘UOTIBLIBA JoquInu 00 ‘Surouanbas Jd[ere QATISSeWI ‘gurouanbas awoxa ajoym
[ SuLreay orwoIpuAs JHg ‘ssof SuLieay drwoIpuk THSN ‘A1 I YV ‘voner quinu £dod AND ‘Sutouanbes YN( [orrered Apatssews gofpy ‘Surouanb [oum STM

(Lsor/161)
%1°81 0% 19A0
(8692/506)
%S"€€
v0k 6£—9 [(Lson)
‘(LL8E/988T) Ot 1oA0
%9°81 ‘Te} (8692) 0k
-IUd3U0d 6€-9 ‘(LLSE)
‘(L¥001/668¢€) [e31ua3uo)] (1200)
FONDY DYLS FV9ZO1S STHAD z4ro %8°8¢ AND+ SdIN ssoueder LY00T s €9  Apms sy
(1preydes)
£ZHAD (1preydag
‘(TyeIzZIN ‘TURIZIA
‘1Zeudy (1preydog) ‘1Zeudy (0200)
“UsY) O ‘(WeIziy -Usy) (Aqrurey e
VSIOAW ‘1ZeUdUSY)ZdrD (88/€S) %09 SdIN ysimaf  xopdinu) gg S¢ TLE/BLT  urdIsumorg
(s189K
ESSYINL MO 18I A (0202)
‘VSTOAN MO[3q 19SU0 ‘Te 19 BAOY
‘IAHXO01 D¥ILS  (papnpxd) zdroH  (1Tv/¥S) %81 SAM+ SAIN+ AND yooz) Ared) 124 91 SAM/MWS/1y -zoig eyjes
('THS (0202)
S “THSN e
VLOAW VZHSN D¥UILS zaro (811/85) %0S AND+SHM uere)| 811) STI LT SHM UB3ION
[AHX01
d90N1
‘VIDHL
‘CTHAD
‘ansd SOI[ILIE) SNOD (0202)
‘TAIOAV VLOAW aro  Fv9zoIs VSTOAW (19/8%) %6L SdIN uend£3yg -umsuesuod 19 €T ¥6/C1  'Te 19 oppng
ISAM
TVIIT0D Jode (0202)
HOLO ‘SMT ‘HSNY e
‘VOIO ‘SN OCTT :(so1] BloIRD
‘IAHXO0T D¥ILS VLAl 90AW z4aro (811/LY) %0¥ AND +SdIN ystuedg  -Twey Q1) §T1 ST 65 -eloren
juonb Kypeuoneu Soua3 Soua3 (1e9K)
juonboxy yi¢ juonbaryyyyy  juenbaiy pig -3IJ pug juonbarj 3solNy  9jeI onsouder SPOYIRIAL JKyotuyg s309[qng paeny ja81e], oyny

(ponunuoo) | sjqey

pringer

a's



Human Genetics

the result of consanguineous marriage, which is common
in these regions.

Several causative genes, such as SLC26A4, MYOI5A,
MYO7A, and CDH23, are frequently found across different
populations, although there are some ethnic differences in
the second and third most frequent genes. These differences
are most likely due to founder mutations occurring during
human migration, as these ethnic differences are evident
even in analyses using the same screening platform (Sloan-
Heggen et al. 2016). However, it is important to keep in
mind that such differences may also be caused by other fac-
tors, including sampling bias, method used, differences in
filtering procedure, and differences in the definitions of path-
ogenicity. In connection with sampling bias and the meth-
odology used, when CNV analysis is performed or when
mild-to-moderate deafness is included, a certain number of
patients with hearing loss caused by CNV (copy loss) of the

A. Wit 3243856, 95, 4%
Kenas, 120,5%

GuB2,85,3%
CDH23,78,3%
' MYO8, 59, 2%

GJB2, 846, 22%

Mit. m.1555A>G, 56, 2%
MYO7A, 54,2%

ACTG1,37, 1%

POUAF3, 37, 1%

Pre-lingual onset —_— st o7, 1%

(N=3877)

6-39 y.o. onset
(N=2698)

SLC26A4, 223, 6%

CDH23, 165, 4%

STRC, 112,3%

\% PR
\ OTOF.56.1% __ pmyoza, 54
TECTA 42, 1%

LOXHD1, 36, 1%

Mit. m.1555A>G, 36, 1%
Other genes, 253, 7%

Negative

Negative, 1992, 51% 1794,67%

B. Kenas
140.6%
682,80, 4%

\MYO7A, 75, 3%

GJB2,984,16%
SLC26A4, 292, 5%

~ ‘wfst, 58,3% " - CDH23, 273, 4%
AD/Mit PoUaRs, 55, 3% AR/Sporadic
(N=2243) | S (N=6163) sme e 5%
\ ACTG1,50, 2% \‘ MYO15A, 66, 1%
Mit, m.1555A>G \ Mit.m.3243A5G , 65, 1%
44,2% Mit. m.1555A>G , 64, 1%
Other genes, MYO7A, 57, 1%
Negative, 266,12% Negative, USH24, 54,1%
1246, 56% 3742,61% Other genes, 326, 5%
GJB2,61,5% GJB2,242,9%
KCNQ4,38,3%
. wr!;;cz i:’a% STRC,105, 4%
' A Wit m 3240456, 60,2%
TECTA, 24,2% , MYO7A, 55, 2%
’ MYO7A,22,2% N e e
’ Mit. m155545G, 15, 1% B
y //_ Mit. m324385G, 11, 1% ] SLC26A4,40.1%
Mild COCH, 10.1% Moderate = _TECTA,351%
(N=1162) Other genes, 68, 6%

(N=2746) POUAF3,30,1%

Negative, Ne‘gitive,
827,71% 1814, 6%

Fig.2 A Responsible genes in each age group (congenital/6-39 y.o./
over 40 y.0.). B Responsible genes found in autosomal dominant
(AD) and autosomal recessive (AR) patients. Among 89 GJB2-asso-
ciated hearing loss cases identified from autosomal dominant fami-
lies, 23 carried autosomal dominant inheritance variants and 66 car-
ried biallelic autosomal recessive variants (pseudo-dominant cases).
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Other genes, 246, 9%

STRC gene could be identified (Sloan-Heggen et al. 2016;
this study).

Regardless of the number of genes in the diagnostic panel
(number ranges from 12 to 327 or the whole exome), the
number of mutated genes is somewhat limited (maximum:
57). These results converge to around 50-60 genes, even
when many genes are analyzed. There probably are, how-
ever, many extremely rare genes in the various hearing loss
populations.

The present comprehensive study revealed certain
tendencies in terms of variant type. In general, gene
mutations in AR deafness tend to have more LOF muta-
tions; GJB2 (frequency of LOF: 76.7%), STRC (97.2%),
MYO15A (44.8%), LOXHDI1 (71.4%), USH2A (64.9%),
and PCDH15 (75.0%). However, even in AR genes, if the
founder mutation is a missense mutation, the number of
LOF mutations is slightly lower; for example, SLC26A4
(p- His723Arg, a known founder mutation, 28.1%) and

Mit, m.3243A>G MYO7A,16,1%
% mvos, POU4F3.14,1%
CDH23, 19,2%,
21,2% COCH, 11,1%
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Similarly, among 75 MYO7A-associated hearing loss cases identified
from autosomal dominant families, 71 carried autosomal dominant
inheritance variants and only 4 carried biallelic autosomal recessive
variants (pseudo-dominant cases). C Responsible genes found in
groups classified by severity of HL. It was revealed that the types of
genes differed according to severity
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«Fig.4 A The spectrum of GJB2 mutations. A larger circle indicates
a larger number of mutated alleles (from Tsukada et al. 2015b). B
Suspected origin of the GJB2 variants (modified from Tsukada et al.
2015b). Suspected origin of GJB2 variants are marked on the human
Y-chromosomal haplogroup tree (Karafet et al. 2008), which is appli-
cable to the investigation of human migration. Lineages associated
with haplogroup 1J in the Y-haplotype tree based on Karafet et al.
(2008). From geographical distribution and haplotype analysis, it is
speculated that p. Argl43Trp may have occurred in the Y-chromo-
somal haplogroup B, p.Val37lle in D and E, and ¢.235delC, p.[G45E;
Y136X], and c.176_191del, ¢.299_300delAT in N and O, respec-
tively. C GJB2 founder variants from a human migration perspective
based on Y chromosome haplotypes: c.235 del C is considered to
have occurred in haplotype N/O from the viewpoint of its geographic
distribution. On the other hand, p.Val37lle is consistent with the
area where the haplotype C/D/E was found, so it is probable that it
occurred within this haplotype

OTOF (p.Arg1939GIn a known founder mutation, 18.5%).
Also, CDH23 has a very low LOF percentage (9.5%),
probably as mutations lead to Usher syndrome. In the

case of the gene mutations in AD deafness, there are
two patterns regarding variant type; (1) genes that have
many missense and a low frequency of LOF mutations,
such as TECTA (7.1%), WFS1 (0%), ACTGI (0%), COCH
(6.1%), and MYH9 (10.5%), and (2) genes that have a high
frequency of LOF and few missense mutations, such as
KCNQ4 (62.3%), MYOG6 (75.9%), POU4F3 (51.3%), and
EYA4 (86.3%). The mechanisms by which the mutations
cause deafness are thought to differ; a dominant negative
mechanism for the former and haploinsufficiency for the
latter group.

Samples collected in a more unbiased manner from social
health insurance-based testing cover a wide range of age
groups and reveal the comprehensive genetic epidemiology
in Japanese. With regard to age at onset, we divided the sam-
ples into 3 groups by age; congenital/early-onset (~5 y.o.),
juvenile/young adult-onset (639 y.o.), and middle aged/
aged-onset (40 y.o~). The diagnostic rate was higher in the
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Fig.5 Age at onset (awareness) of each gene. Hearing loss related to

GJB2, CDH23, SLC26A4, STRC, TECTA, MYO15A, OTOF, USH2A,
and LOXHDI is shown to be congenital/early-onset. In contrast, a

significant portion of cases with mutations in KCNQ4, mitochondrial
m.3243A > G, MYO6, POU4F3, ACTGI, EYA4, and COCH showed
adult-onset hearing loss
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congenital/early-onset group (~5 y.o0.) (48.6%; 1885/3877)
(Fig. 2A), with variants in GJB2, SLC26A4, CDH23, STRC,
and MYO15A frequently observed. The diagnostic rate in
the juvenile/young adult-onset group was lower than that
in the congenital/early-onset group, but the responsible
genes were detected in a significant portion of the patients
(Fig. 2A) (33.5%; 904/2698). 1t is well known that many dif-
ferent genes are involved in congenital/early-onset hearing
loss, and the present study revealed that many genes are also
involved in late-onset hearing loss. Interestingly, the respon-
sible genes differed from those found in the congenital/
early-onset group. The present analysis revealed that genes
such as KCNQ4, mitochondrial mutations (m.1555A > G
and m.3243A > G), GJB2, CDH23, MYO6 and MYO7A
were frequently found in the juvenile/young adult-onset
group. The causative gene was found in only a few patients
in the over 40 y.o. group (18.0%; 190/1057) (Figs. 2A, 3)
and genetic involvement was relatively low in the subjects
over 40 years, suggesting that other factors such as envi-
ronmental factors (exposure to noise, aging, etc.), or other
unknown genes (either Mendelian or multifactorial inher-
itance) may be involved. However, it is still interesting to
note that the characteristic genes in this group were CDH23,
mitochondrial m.3243A > G, MYO6, MYO7A, POU4F3 and
COCH. GJB2 and CDH23 were found in all groups, but it
should be noted that the identified mutations differed; i.e.,
p.Val37Ile in GJB2, and p.Arg1588Trp and p.Arg2029Trp
in CDH23 were predominantly found in the oldest group.
As p.Val37lle, the causative variant of the milder phenotype
as shown in our previous study (Tsukada et al. 2010), was
found in older patients, it probably reflects the age at diag-
nosis by school and workplace annual health examinations,
rather than the age at onset. Actually, in this study, the pro-
portion of p.Val37Ile patients among those with G/B2 muta-
tions was 10.2% (86/846) in the congenital group, compared
to 52.9% (45/85) in the juvenile and young adult-onset (639
y.0.) group, supporting our previous results.

GJB2, SLC26A4, CDH23, STRC, OTOF and MYO15A
were commonly found to be the responsible genes in autoso-
mal recessive/sporadic inheritance cases, and KCNQ4, mito-
chondrial m.3243A > G, MYO6, MYO7A, WFS1, POU4F3
and TECTA were frequently identified in autosomal domi-
nant inheritance cases (Figs. 2B, 3).

It was also revealed that the types of genes differed in
the groups according to severity; i.e., GJB2, SLC26A4,
and CDH23 were more commonly found in the severe-to-
profound hearing loss group, while GJB2, STRC, KCNQ4,
WFS1, MYO7A, and MYO6 were found to be more common
in the mild-to-moderate hearing loss group (Fig. 2C).

The fact that the causative gene was only found in one
case (mitochondrial m.1555A > G) out of the 220 unilateral
hearing loss cases suggested that factors other than genetic
factors were involved in unilateral hearing loss.

@ Springer

Recurrent variants: founder effect
or mutational hot spot?

The identified variants are shown in Supplemental Table S2,
which shows that our series of studies revealed certain recur-
rent mutations, which is crucial for molecular diagnosis to
allow decision-making with regard to the appropriate inter-
vention (Ohtsuka et al. 2003; Miyagawa et al. 2014). Based
on such recurrent mutations in the Japanese population, we
have developed an Invader screening assay that has been
proven to give satisfactory results (Abe et al. 2007; Usami
et al, 2012b). It is generally accepted that recurrent genetic
mutations occur via two mechanisms: one is a founder effect
and the other is a mutational hot spot, and haplotype analysis
was performed to reveal whether these mutations occur by a
founder effect or mutational hot spot.

The most readily understandable example is GJ/B2, the
most common deafness gene. Numerous pathogenic vari-
ants have been demonstrated over the past two decades and
the reported mutational spectra are known to be ethnicity
specific. There are great variations in the allele frequency of
patients with GJB2 mutations in each population, suggesting
that the allele frequency in the population, which reflects a
founder effect, strongly affects the status of the GJ/B2 gene
in the hearing loss population (Tsukada et al. 2015b). As
certain mutations are clearly found in only limited ethnic
populations, it is possible to predict that those mutations are
due to a founder effect (Fig. 4A).

We have reviewed the reported GJB2 variants in differ-
ent populations and considered them from the perspective
of human migration (Tsukada et al. 2015b). Founder effects
have received special emphasis from this perspective. The
c.35delG variant, which is predominant throughout Europe,
the Middle East, North Africa, North and South America,
and Australia, has been proven by haplotype analysis to be
due to a founder effect occurring 11,000 years ago (van
Laer et al. 2001). With regard to six frequent GJB2 variants
observed in Japanese hearing loss patients (i.e., ¢.235delC,
p-Val37lle, p.[Gly45Glu; Tyrl136Ter], p.Argl43Trp,
¢.176_191del, and ¢.299_300delAT), we concluded that the
six variants were derived from founder effects as they were
observed in a specific haplotype. The ¢.235delC variant,
most frequently found in Japanese hearing loss population,
was observed in countries in East and Central Asia, such
as Japan, Korean, China, Mongolia, and Thailand, whereas
it is rarely observed in other populations. Such an uneven
distribution of this variant suggests that it was caused by
a founder effect. The ¢.235delC variant is estimated to
have first occurred at around 6500 years ago (Shinagawa
et al. 2020b). Our haplotype analysis, together with their
distribution patterns, indicated that the p.Arg143Trp and
p.Val37lle variants may have occurred as multiple events,
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suggesting that both a founder effect and hot spot may be
involved in these variants. With regard to the founder age
of frequent GJB2 variants, each variant may have occurred
at a different time, with the oldest, p.Val37lle, considered
to have occurred around 14,500 years ago, and the most
recent, ¢.176_191del, considered to have occurred around
4000 years ago (Shinagawa et al. 2020b).

A comparative analysis of the results of clustering
analysis and the phylogenetic tree based on the results of
Y-chromosomal haplogroup analysis indicates that many
variant distributions are well explained by founder effects
in ancient human lineages (Fig. 4B, C). The p.Argl143Trp
and p.Val37lIle variants are spread widely across the globe
and are speculated to have occurred at a very early stage
in human migration. As these two mutations are frequently
found in Japanese, as stated above, it is considered that the
two mutations occurred multiple times. Our haplotype analy-
sis indicated that p. Arg143Trp and p.Val37Ile are thought to
have occurred in the Y-chromosomal haplogroup N as well
as O (in the same haplotype as c.235delC, p. [Gly45Glu;
Tyr136Ter], c.176_191del, and c¢.299_300del AT).

To date, various other genes have been extensively
studied in a number of ethnic groups and certain recurrent
mutations have been confirmed to be due to founder effects,
such as CDH23 (Kim et al. 2015), MYO15A (Palombo et al.
2017), and TMC1 (Ramzan et al. 2020). Several founder
mutations have also been reported in Japanese patients with
hearing loss. A series of haplotype analyses indicated that p.
His723Arg in SLC26A4 (Park et al. 2003), p.Arg1939Gln in
OTOF (Matsunaga et al. 2012), c¢.211delC in KCNQ4 (Naito
et al. 2013), and ¢.4212+ 1G> A in LOXHDI1 (Maekawa
et al. 2019) are suspected to be founder variants. In con-
trast, ¢.5597C >T in TECTA (Yasukawa et al. 2019) and
p.Ala716Thr, p.Lys836Thr, and p.Glu864Lys in WFSI
(Kobayashi et al. 2018) occurred in mutational hot spots.
As mentioned above, p.Val37Ile and p.Arg143Trp in GJB2
are due to both a founder effect and a hot spot.

Clinical characteristics

Regarding hereditary hearing loss, it is known that age at
onset, severity, audiogram configuration, progressiveness,
and presence of associated symptoms differ depending on
the type of causative gene and variant, and site on the vari-
ant. We have collected data from a large number of Japanese
hearing loss patients and clarified the clinical characteristics
and genotype/phenotype correlation for each causative gene.

As to the onset age, Fig. 5 clearly shows that hearing
loss related to GJB2, CDH23, SLC26A4, STRC, TECTA,
MYOI15A, OTOF, USH2A, and LOXHDI is congenital/early-
onset. In contrast, a significant proportion of cases related

to KCNQ4, mitochondrial m.3243A > G, MYO6, POU4F3,
ACTGI1, EYA4 and COCH are adult-onset.

Regarding severity and audiogram configuration, it has
been clarified that there is a genotype/phenotype correlation
for GJB2, which is the gene most frequently observed in
congenital hearing loss (Snoeckx et al. 2005; Tsukada et al.
2010). Also, particular genes such as TECTA and WFS] are
associated with characteristic audiogram configurations that
show mid-frequency- and low-frequency-involved hearing
loss, respectively (Taylor et al. 2013). Such characteristic
audiogram configurations have also been found to be related
to the mutated domain; i.e., if the mutation is located in the
ZP domain of the TECTA gene, a dish-shaped audiogram
configuration is observed (Yasukawa et al. 2019). With
regard to the causative gene of mild-to-moderate hearing
loss, as mentioned above, the GJ/B2 gene has been known to
have genotype/phenotype correlations, and p.V371 variant-
associated hearing loss is mild-to-moderate (Tsukada et al.
2015b). Recent CNV analyses have shed light on the etiol-
ogy of this group. CNV analysis revealed the CNV of the
STRC gene is the second most common etiology in cases of
mild-to-moderate hearing loss after the G/B2 gene (Yokota
et al. 2019). We have developed an efficient way to iden-
tify CNV using the same MPS platform used for the social
health insurance-based genetic testing (Nishio et al. 2018).
In addition, the OTOA gene, which encodes otoancorin and
has a role in anchoring the extracellular matrix of the tecto-
rial membrane to the edge of the spiral plate, has also been
clarified as the causative gene of mild-to-moderate deafness
(Sugiyama et al. 2019).

With regard to progression, in the case of the GJ/B2 and
STRC, hearing is rather stable and progression of hearing
loss is rarely observed (Tsukada et al. 2010; Yokota et al.
2019). On the other hand, hearing loss due to SLC26A4
(Suzuki et al. 2007; Miyagawa et al. 2014), CDH23 (Miya-
gawa et al. 2012), TMPRSS3 (Miyagawa et al. 2015c¢),
LOXHDI (Maekawa et al. 2019), KCNQ4 (Naito et al.
2013), ACTGI (Miyajima et al. 2020), POU4F3 (Kitano
et al. 2017), EYA4 (Shinagawa et al. 2020a), MYO6 (Oka
et al. 2020), and mitochondrial m.1555A > G (Usami et al.
1997) requires a good deal of attention as it is progressive.
Figure 6 demonstrates the progressive or non-progressive
nature of each gene, and supports our previous data regard-
ing progressiveness. From a clinical perspective, the most
important information revealed by the analysis using the
large-cohort data is whether the deafness is progressive and,
if so, the progression rate. As deafness is a rare disease, it
is difficult to analyze the progression of hearing loss from a
small amount of data, with it only being possible from such
large-cohort data as used in this study. This information is
crucial for choosing an appropriate therapeutic intervention
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«Fig.6 The average audiogram configuration and progressiveness.
Hearing in each age group was plotted on the audiogram for each
gene. In the case of the GJ/B2 and STRC genes, hearing is rather
stable. On the other hand, hearing loss due to SLC26A4, CDH23,
TMPRSS3, LOXHDI1, KCNQ4, ACTG1, POU4F3, EYA4, MYOG, and
mitochondrial m.1555A > G showed progression with age

strategy, such as a hearing aid, electric acoustic stimulation
(EAS) or conventional cochlear implantation (CI).

With regard to intervention, cochlear implantation is
currently the standard therapeutic option for severe-to-
profound hearing loss patients. The indications for CI
are being expanded to patients with residual hearing and
EAS, which uses both electric and acoustic stimulation
at the same time, is indicated for such patients. Although
CI provides a good outcome in the majority of cases, the
outcomes still vary among patients. It is presumed that a
number of factors are involved in such variability. Among
them, genetic factors, which represent the most com-
mon etiology in severe-to-profound hearing loss, might
be one of the key determinants of outcomes for CI and
EAS (Usami et al. 2012a, 2020; Miyagawa et al. 2016).
Causative mutations were successfully identified in 60%
of patients with prelingual-onset hearing loss and in
36% of those with post-lingual hearing loss (Miyagawa
et al. 2016). Based on our series of studies, good perfor-
mance can be expected if the intra-cochlear etiology can
be proven by gene identification (Miyagawa et al. 2016;
Usami et al. 2020). Thus, determination of the involved
regions inside/outside of the cochlea by identification of
the responsible gene is crucial for selecting the appropriate
intervention strategy.

In conclusion, although there are some ethnic differ-
ences in the mutational spectra, the genetic epidemiology
and clinical features revealed by the present review study
are believed to contain a general rule that transcends such
ethnic differences.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00439-021-02371-3.
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