* 1 FFERBMERORREETY

BEEaFBEHEETER
Locus (OMIM) | Gene (OMIM) Reference
CRYM Abe 5 (2003)
DFNA1 DIAPH] Lynch & (1997)
DFNAZA KCN@Q4 Kubisch 5 (1999)
DFNA2B GJB3 Xia 5 (1998)
DFNA3A GJB2 Kelsell & (1997)
DFNA3B GJB6 Grifa & (1999)
DFNA4 MYH14 Donaudy & (2004)
CEACAMI16 |Zheng & (2011)
DFNAS DFNAS Van Laer 5 (1998)
DFNA6/14/38 | WFSI Bespalova & (2001),
Young 5 (2001)
DFNA8/12 TECTA Verhoeven & (1998)
DFNA9 COCH Robertson & (1998)
DFNAI10Q EYA4 Wayne 5 (2001)
DFNAIL MYO7A Liu & (1997)
DFNAI13 COLI11AZ2 McGuirt & (1999)
DFNAILS POU4F3 Vahava 5 (1998)
DFNA17 MYH9 Lalwani % (2000)
DFNA20/26 ACTG1 Zhu 5 (2003),
van Wijk 5 (2003)
DFNA22 MYO6 Melchionda & (2001)
DFNA25 SLCI7A8 Ruel & (2008)
DFNA28 GRHL2 Peters & (2002)
DFNA36 TMCI Kurima & (2002)
DFNA44 CCDC50 Modamio-Hoybjor &
(2007)
DFNA48 MYOIA Donaudy % (2003)
DFNA50 MIRN96 Mencia & (2009)
DFNASI T/P2 Walsh & (2010)
DFNA64 SMAC/ Chen % (2011)
DIABLO
BEEALEEEER
Locus(OMIM) |Gene(OMIM) | Reference (OMIM)
DFNB1A GJB2 Kelsell & (1997)
DFNBI1B GJB6 Del Castillo & (2002)
DFNB2 MYO7A Liu & (1997),
Weil & (1997)
DFNB3 MYOI15A Wang 5 (1998)
DFNB4 SLC26A4 Li % (1998)
DFNB6 TMIE Naz % (2002)
DFNB7/11 TMC1 Kurima % (2002)
DFNBS8/10 TMPRSS3 Scott & (2001)
DFNB9 OTOF Yasunaga 5 (1999)
DFNBI12 CDHZ23 Bork 5 (2001)
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DFNBI15/72/95 | GIPC3 Ain % (2007),
Rehman 5 (2011),
Charizopoulou® (2011)
DFNBI16 STRC Verpy & (2001)
DFNBI18 USHIC Ouyang 5 (2002),
Ahmed % (2002)
DFNB21 TECTA Mustapha & (1999)
DFNB22 OTOA Zwaenepoel & (2002)
DFNB23 PCDHI15 Ahmed % (2003)
DFNB24 RDX Khan & (2007)
DFNB25 GRXCRI Schraders 5 (2010)
DFNB28 TRIOBP Shahin % (2006),
Riazuddin 5 (2006)
DFNB29 CLDNI14 Wilcox & (2001)
DFNB30 MYO3A Walsh % (2002)
DFNB31 WHRN Mburu 5 (2003)
DFNB35 ESRRB Collin % (2008)
DFNB36 ESPN Naz & (2004)
DFNB37 MYO6 Ahmed % (2003)
DFNB39 HGF Schultz & (2009)
DFNB42 ILDRI Borck 5 (2011)
DFNB49 MARVELDZ2 |Riazuddin % (2006)
DFNBS53 COL11A2  |Chen & (2005)
DFNB59 PJVK Delmaghani & (2006)
DFNB61 SLC26A5 Liu % (2003)
DFNB63 LRTOMT/ |Ahmed 5 (2008),
CoOMT2 Du 5 (2008)
DFNB66/67 LHFPL5 Tlili % (2005),
Shabbir & (2006),
Kalay % (2006)
DFNB74 MSRB3 Waryah & (2009),
Ahmed 5 (2011)
DENRB77 LOXHDI Grillet & (2009)
DFNB79 TPRN Rehman 5 (2010),
Li & (2010)
DFNB8&2 GPSM2 Walsh & (2010)
DFNB84 PTPRQ Schraders & (2010)
DFNB91 GJB3 Liu 5 (2000)
SERPINB6 |Sirmaci & (2010)
X E M
Locus(OMIM) |Gene (OMIM) Reference
DFNX1(DFN2) | PRPSI Liu & (2010)
DFNX2(DFN3) | POU3F4 De Kok & (1995)
DFNX4(DFN6) | SMPX Schraders & (2011),
Huebner 5 (2011)
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(Miyagawa, et al, submitted)
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Abstract

double heterozygous mutation of CDH23 and PCDH15.

underscores implications for efficient genetic testing.

Background: Genetic tests for hereditary hearing loss inform clinical management of patients and can provide the
first step in the development of therapeutics. However, comprehensive genetic tests for deafness genes by Sanger
sequencing is extremely expensive and time-consuming. Next-generation sequencing (NGS) technology is
advantageous for genetic diagnosis of heterogeneous diseases that involve numerous causative genes.

Methods: Genomic DNA samples from 58 subjects with hearing loss from 15 unrelated Japanese families were
subjected to NGS to identify the genetic causes of hearing loss. Subjects did not have pathogenic GJB2 mutations
(the gene most often associated with inherited hearing loss), mitochondrial m.1555A>G or 3243A>G mutations,
enlarged vestibular aqueduct, or auditory neuropathy. Clinical features of subjects were obtained from medical
records. Genomic DNA was subjected to a custom-designed SureSelect Target Enrichment System to capture
coding exons and proximal flanking intronic sequences of 84 genes responsible for nonsyndromic or syndromic
hearing loss, and DNA was sequenced by Illumina GAllx (paired-end read). The sequences were mapped and
quality-checked using the programs BWA, Novoalign, Picard, and GATK, and analyzed by Avadis NGS.

Results: Candidate genes were identified in 7 of the 15 families. These genes were ACTG1, DFNA5, POUA4F3, SLC26A5,
SIX1, MYO7A, CDH23, PCDH15, and USHZ2A, suggesting that a variety of genes underlie early-childhood hearing loss
in Japanese patients. Mutations in Usher syndrome-related genes were detected in three families, including one

Conclusion: Targeted NGS analysis revealed a diverse spectrum of rare deafness genes in Japanese subjects and

Keywords: Hereditary hearing loss, Target gene capture, Deafness gene, Heterogeneity

Background

Hearing loss is a common sensory defect, affecting ap-
proximately one in 500 to 1000 newborns [1]. Approxi-
mately 50% of congenital hearing loss cases and 70% of
childhood hearing loss cases are attributed to genetic
mutations [1]. The remaining 50% of congenital cases
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are attributable to other factors such as prenatal exposure
to measles, cytomegalovirus, premature birth, and new-
born meningitis. Genetic tests for hereditary hearing loss
assist in the clinical management of patients and can pro-
vide the first step in the development of therapeutics [2].
For example, early diagnosis of Usher syndrome, which
comprises congenital hearing loss and late-onset retinitis
pigmentosa, provides important information to choose
communication modalities. However, causes of hereditary
hearing loss are highly heterogeneous; more than 60 genes
have been identified as responsible for nonsyndromic

© 2013 Mutai et al, licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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hearing loss [3], and several hundreds of syndromic
diseases, such as Pendred syndrome and Usher syndrome,
are accompanied by hearing loss. G/B2 mutations are the
most common cause of childhood hearing loss worldwide
[1], followed by SLC26A4 mutations [4]. OTOF mutations
are common in patients with auditory neuropathy, which
is characterized by normal outer hair cell function and
abnormal neural conduction [5]. The prevalence of
childhood hearing loss patients with mutations in other
deafness-related genes is likely to be less than 1% [1].
Such high heterogeneity of hearing loss makes it im-
practical to perform genetic tests by Sanger sequencing.
This is also the case for some types of syndromic hear-
ing loss. For example, nine genes have been reported to
cause Usher syndrome, and all are large and difficult to
analyze using Sanger sequencing.

Next-generation sequencing (NGS) technology has been
applied to genetic diagnosis of nonsyndromic hearing loss
[6-8] and exploring the causes of hearing loss [9-11].
These studies have revealed that it is technically feasible
to identify causative genes for nonsyndromic and syn-
dromic hearing loss using targeted NGS [6,8]. In this
study, we used targeted NGS to identify the genetic
basis of hearing loss in Japanese families.

Methods

Subjects

This was a multi-center study of 58 subjects (36 subjects
with hearing loss and 22 subjects with normal hearing)
from 15 unrelated Japanese families in which at least
two family members had bilateral hearing loss. All sub-
jects were patients at the National Hospital Organization
Tokyo Medical Center or a collaborating hospital. Medical
histories were obtained and physical, audiological, and
radiological examinations were carried out for the subjects
and family members. Subjects with hearing loss related to
environmental factors were excluded. Subjects with GJ/B2
mutations or mitochondrial m.1555A>G or 3243A>G
mutations were excluded. Subjects with enlarged vestibu-
lar aqueduct, which is often associated with SLC26A4
mutations, and subjects with clinical features that sug-
gested syndromic hearing loss were excluded. Subjects
with auditory neuropathy were tested for OTOF muta-
tions, which are associated with auditory neuropathy
[12], and subjects with OTOF mutations were excluded.
The Ethics Review Committees of the National Hospital
Organization Tokyo Medical Center and all collaborat-
ing hospitals approved the study procedures. All proce-
dures were conducted after written informed consent
had been obtained from each subject or their parents.

Targeted capture and DNA sequencing
We selected coding exons and proximal flanking intronic
sequences of 84 genes, including 17 genes responsible for
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autosomal dominant nonsyndromic hearing loss (DENA),
32 genes responsible for autosomal recessive nonsyn-
dromic hearing loss (DFNB), 8 genes responsible for
both DFNA and DENB, one gene responsible for auditory
neuropathy, 3 genes responsible for X-linked hearing loss,
and 23 genes responsible for syndromic hearing loss. A
list of the targeted genes responsible for nonsyndromic
or syndromic hearing loss is provided in the supporting
material [Additional file 1]. More than 90% of the target
genomic sequences were successfully designed to be
captured by the SureSelect Target Enrichment System
(Agilent Technologies, CA, USA) (data not shown). Gen-
omic DNA was extracted from whole blood using the
Genetra Puregene DNA isolation kit (QIAGEN, Hilden,
Germany) and checked for quality using Qubit (Life tech-
nologies, CA, USA). Genomic DNA (3 ug) was fragmen-
ted into approximately 150 base pairs and used to
capture the targeted genomic sequences. The captured
DNA was subjected to the paired-end read sequencing
system (GAIlx system; Illumina, CA, USA).

Sequence analysis
Sequence analysis initially focused on the 61 genes re-
sponsible for nonsyndromic hearing loss. If no candidate
mutations were detected among these genes, the 23 genes
responsible for syndromic hearing loss were subjected to
sequence analysis.

The sequences were mapped and quality-checked with
the programs BWA, Novoalign, Picard, and GATK using
the human reference sequence hgl9/GRCh37. Single
and multiple nucleotide variants, including small inser-
tion or deletions that would affect amino acid sequences
or could affect splice sites, were annotated by Avadis
NGS v.1.4.5 (Strand Life Sciences, Bangalore, India). Vari-
ants already known as pathogenic mutations or detected
with <1% frequency in public databases (dbSNP135 [13],
1000GENOME [14], NHLBI Exome Variant Server [15])
were extracted and further subjected to segregation ana-
lysis within each family. If no candidate variants were
found, the 23 genes responsible for syndromic hearing loss
were subjected to the same procedures.

Selected variants were classified as known mutations,
possible pathogenic mutations, or variants with unknown
pathogenicity; the latter classification was made if there
were reports of a controversial finding of pathogenicity
or >1% allele frequency in the in-house database of
95 (up to 189) Japanese subjects with normal hearing.
Conservation of the corresponding mutated amino acid
was compared across nine primate, 20 mammal, and 13
vertebrate species by UCSC Conservation [16]. Functional
pathogenic effects of the variants were predicted by
PolyPhen-2 [17] and PROVEAN [18]. Effect on splice-site
mutations was predicted by NNSPLICE [19].
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All the variants and their segregation in each family
were confirmed by Sanger sequencing. The specific pri-
mer sets were selected from the resequencing amplicon
probe sets (NCBI) or designed originally by Primer-
BLAST (NCBI). The genotype of each individual and
segregation in the family was characterized using DNA-
SIS Pro (Hitachisoft, Tokyo, Japan).

Structural modeling

To find sequences homologous to ACTG1 and MYO7A
that could be used as the structural templates for the
modeling exercise, we searched the Protein Data Bank
(PDB) using Gapped BLAST [20] and PDBsum [21]. The
crystal structure of Limulus polyphemus filamentous actin
(PDB: 3B63) and the 4.1 protein-ezrin-radixin-moesin
(FERM) domain of Mus musculus myosin VIla in complex
with Sans protein (PDB: 3PVL) were utilized as the
templates to model ACTG1 with the p.G268S mutation
and MYO7A with the p.W2160G mutation, respectively.
The models were built using SWISS-MODEL [22-24] in
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the automatic modeling mode and with default param-
eters. The quality of the models was evaluated using
the Verify_3D Structure Evaluation Server [25,26]. The
a-carbon frames and ribbon models were superimposed
using Chimera [27].

Results

Pedigrees of the seven families are shown in Figure 1;
clinical features are described in Table 1 and supplemen-
tal materials [Additional file 2 and Additional file 3]. In
this targeted NGS study, the mean read depth of the tar-
get regions was more than 100x for all subjects (data
not shown). Table 2 summarizes the number of variants
detected from the 61 or 84 targeted genes for each
subject. The number of variants was consistent across
subjects (339-435 variants per subject for 61 genes,
539-607 variants per subject for 84 genes), which sup-
ported the reproducibility and reliability of our technical
procedures and analytical pipeline. After excluding fre-
quent variants (>1%) in public databases, 12 variants of
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Table 1 Summary of subjects with hearing loss

Page 4 of 11

Family Subject Age at onset (years) Age at the time of the study (years) Hearing loss severity (left/right)* Progression
I3 45 53 Moderate/Moderate Yes

1 V:2 10 16 Mild/Normal No
1111 unknown no data Profound/Profound Unknown

2 11:2 unknown no data Moderate/Severe Unknown
V3 0 1 Severe** Yes
11 0 9 Severe** Unknown

’ 12 0 6 Moderate/Moderate Unknown
12 0 30s Profound/Profound No

* 1111 0 2 Profound/Profound No
1 0 2 Severe** No

° 12 0 2 Profound** No
111 5 14 Profound/Severe Yes

° 112 0 12 Profound/Profound Yes

. I1:1 0 3 Moderate (ASSR**¥) Unknown
112 0 0 Severe (ASSR) Unknown

*Hearing loss severity was evaluated based on average hearing level at 500, 1,000, 2,000, and 4,000 Hz (mild, 20-40 dB; moderate, 41-70 dB; severe, 71-95dB;
profound, >95 dB) according to recommendations [3]. **Binaural hearing level. ***ASSR, auditory steady state responses.

9 genes co-segregated with symptoms and were selected
as possible pathogenic mutations (Table 3) or variants
with uncertain pathogenicity in 7 families (Table 4).

Candidate mutations in each family

In family 1 (Figure 1A), subjects III:3 and IV:2 with hear-
ing loss had a unique heterozygous missense mutation
of ACTGI (c.802G >A; p.G268S), whereas subject I1I:4
with normal hearing did not. ACTGI encodes actin gamma
1 and is responsible for DFNA20/26 (OMIM 604717) [28].
The glycine residue at 268 of actin gamma 1 is located
on a hydrophobic loop that has been suggested to be
critical for polymerization of the actin monomers into
a filament (Figures 2A and 2B) [29]. Molecular model-
ing predicted that the p.G268S mutation would dis-
rupt the hydrophobic interactions that are important
for polymerization of actin gamma 1 (Figures 2C and
Figure 2D). The p.G268S mutant would weaken poly-
merization of actin gamma 1, which could result in
destabilized cytoskeletal structure of stereocilia and
dysfunction of the sensory hair cells.

Family 2 (Figure 1B) had two candidate genes with
possible pathogenic mutations: A unique heterozygous
POUA4F3 frameshift mutation, c.1007delC (p.A336Vfs),
was detected in subjects III:1 and IV:3 with hearing loss,
and a unique heterozygous DFNAS nonsense mutation,
c.781C >T (p.R261X), was detected in subjects [I:2 and
IV:3 with hearing loss, whereas subject IV:1 with normal
hearing had neither of these mutations. Sanger sequen-
cing revealed that subject IV:2 with hearing loss had
both the heterozygous mutations. POU4F3 is responsible
for DENA15 (OMIM 602459) [30,31], and DFNAS is
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responsible for DFNA5 (OMIM 600994) [32]. A frame-
shift mutation in DFNAS, which would lead to decreased
expression, has been reported not to cause hearing loss
[33]; therefore, the cause of hearing loss in subjects IV:2
and IV:3 is more likely to POU4F3 with the p.A336Vfs
mutation derived from subject III:1, rather than DFNAS
with p.R261X mutation derived from subject IIL:2.

In family 3 (Figure 1C), subjects III:1 and III:2 with
hearing loss had compound heterozygous SLC26A5 with
¢.209G >A (p.W70X) and ¢.390A >C (p.R130S) muta-
tions, whereas subjects II:1 and II:2 with normal hearing
had a heterozygous p.W70X mutation and a heterozy-
gous p.R130S mutation, respectively. SLC26A5 encodes
prestin, a member of the SLC26A/SulP transporter family,
and is responsible for DENB61 (OMIM 613865) [34].

In family 4 (Figure 1D), subjects I:2 and II:1 with
hearing loss did not have candidate mutations in the
first 61 genes. Analysis of the additional 23 genes indi-
cated a heterozygous SIXI mutation, ¢.328C >T (p.R110W),
in the subjects with hearing loss but not in subject I:1 with
normal hearing. SIXI is responsible for DFNA23 (OMIM
605192) and Branchio-otic syndrome 3 (BOS3, OMIM
608389). The p.R110W mutation was previously reported
in two BOS3 families [35]. To make the clinical diagnosis
of branchiootorenal syndrome or branchiootic syndrome,
major and minor criteria of these syndromes must be
present [36]. In the affected subjects of the present
study, clinical histories were thoroughly evaluated and
physical examination of the ear, nose, throat, head and
neck, and audiological tests were performed. In addition,
CT of the temporal bone was evaluated in subject IL1.
With these examinations, the affected subjects did not
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Table 2 Summary of the number of variants detected in each subject

Family Subject Number of genes analyzed No.SNV/MNV* No. non-synonymous SNV/MNV
i3 61 414 84
1 4 61 370 74
V2 61 391 82
LIS 61 386 81
12 61 422 87
2 Vi1 61 435 82
Iv:3 61 400 84
111 61 383 82
112 61 339 70
} I 61 350 74
VIII:Z 61 398 86
I 84 570 ' 138
4 1:2 84 569 126
I 84 546 131
112 61 388 72
14 61 374 87
° 1 61 361 84
2 61 396 85
11 61 429 96
12 61 371 81
6 111 61 378 86
11:2 61 375 84
11 84 607 139
12 84 554 126
’ 12 84 582 132
II:1 84 539 17

*SNV, single nucleotide variant; MNV, multiple nucleotide variant.

present clinical features of the major and minor criteria
other than hearing loss. Therefore, family 4 was consid-
ered to have non-syndromic hearing loss, DFNA23, based
on the clinical information available at the time of this
study.

In family 5 (Figure 1E), subjects III:1 and III:2 with
hearing loss had compound heterozygous MYO7A
mutations, ¢.6439-2A >G (intron 51) and c.6478T >G
(p.W2160G). Subjects 1I:2 and II:4 with normal hear-
ing had a heterozygous ¢.6439-2A >G mutation and a
heterozygous p.W2160G mutation, respectively. MYO7A
is responsible for DFNA11 (OMIM 601317) [37], DFNB2
(OMIM 600060) [38], and Usher syndrome 1B (OMIM
276900) [39]. Tryptophan 2160 in myosin 7A was found
to be located in a carboxyl-terminal FERM domain in
the myosin-tail (Figures 3A and Figure 3B); this domain
reportedly associates with filamentous actin [40] and
contributes to hair bundle formation. Molecular modeling
predicted that the p.W2160G mutation would reduce
hydrophobic interactions among residues in the center of

the F3 subdomain of the FERM domain (Figures 3C and
3D). The p.W2160G mutation would destabilize the
structure of the F3 domain and could result in disrupted
protein interaction and stereocilial degeneration of the
sensory hair cells [41,42].

In family 6 (Figure 1F), subjects II:1 and II:2 with
hearing loss had a heterozygous CDH23 mutation,
c.719C>T (p.P240L), and a heterozygous PCDH15 muta-
tion, ¢.848G >A (p.R283H). Sanger sequencing revealed
that the other subject with hearing loss (subject I1:3) also
had both heterozygous CDH23 and PCDHI15 mutations.
A p.P240L mutation inCDH23 has been reported to be
pathogenic [43]. Subject I:1 with normal hearing had a
heterozygous mutation in CDH23 (p.P240L), and subject
I:2 with normal hearing had a heterozygous mutation in
PCDHI15 (p.R283H). CDH23 is responsible for both
DFNB12 (OMIM 601386) and Usher syndrome 1D (OMIM
601067) [44], whereas PCDHIS5 is responsible for both
DENB23 (OMIM 609533) and Usher syndrome 1F (OMIM
602083) [45]. Double heterozygous mutations of CDH23
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Table 3 Summary of possible pathogenic mutations

Nucleotide  Amino acid Allele frequency Allele frequency Allele frequency  PolyPhen-2 PROVEAN

T/L1/1/8/3Us1u0d/wod pifo:mmm//:d1iy

LET

Gene NCBI ID dbSNP135 in T000GENOME  in ESP6500 in Japanese prediction prediction Pathogenicity Family Reference
change change
control (score) (score)

Probably Deleterious "

ACTGT  c802G>A p.G268S NM_001199954.1 None - 0 0/192 damaging (0998 (-4.504) Possible 1

POU4F3  ¢1007delC p.A336Vfs NM_002700.2 None = 0 0/192 - - Possible 2

SLC26AS  390A>C pR130S NM_198999.2 None - 0 0/192 Benign (0.443) D?ﬁtgeggo)us Possible 3

SLC26A5  c209G>A p.W70X NM_198999.2 None - 0 n.t*. - - Possible 3

) Probably Deleterious )
SIX1 c328C>T pR11OW NM_005982.3 rs80356459 No info 0 nt damaging 7.775) Causative 4 35

(1.000) :
Probat?ly Deleterious .

MYO7A  c6478T>G pPW2160G NM_000260.3 None - 0 0/192 damaging (£12.649) Possible 5
(1.000) ’

myoza CO392A>G - Splice NM_000260.3 None - 0 0/192 - Possible 5

(intron 51) mutation

Probat?iy Deleterious .

CDH23  c719C>T p.P240L NM_022124.5  rs121908354 1/2183 0 nt damaging (3.051) Causative 6 43
(1.000) '
Probably Neutral

PCDH15  c848G>A p.R283H NM_001142763.1 None - 1/13005 0/192 damaging (£1918) Possible 6
(0.998) ’

USH2A  ¢12431delC  p.A4144GfsX23  NM_206933.2 None - 0 0/190 - Possible 7

*n.t. = not tested

TL1'8 ‘S10T SasDasi(] 24Dy JO [PUINOS 13UpydiQ D 13 1eIN

L1 Jo 9 abeq
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Table 4 Summary of variants with uncertain pathogenicity

Nucleotide Amino acid Allele frequency in

Allele frequency Allele frequency PolyPhen-2 PROVEAN

Gene NCBIID  dbSNP135 1000GENOME in ESP6500 in Japanese prediction prediction Pathogenicity Family Reference
change change
control (score) (score)
DFNAS  c781C>T pR261X  NM_004403.2 None - 0 0/192 - - Uncertain 2
R Benign Neutral .
USH2A c1346G>A  pR449H  NM_206933.2 None 0 5/378 0017) (:0.880) Uncertain 7

7/ 1/1/8/3Ud3u02/wod pifo mmm//:dny

TLL18 ‘€107 Saspasi aiby JO |pLINof 19UpydiQ (b 13 1INy

L1 Jo /£ obed
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and PCDH15 have been reported to be a digenic cause
of hearing loss [46].

In family 7 (Figure 1G), subjects II:1 and II:2 with
hearing loss did not have candidate mutations in the first
61 genes. Analysis of the additional 23 genes indicated
a compound heterozygous USH2A variant or mutation,
¢.1346G >A(p.R449H) and ¢.12431delC (p.A4144GfsX23),
in subjects with hearing loss, whereas subjects I:1 and II:2
with normal hearing had a heterozygous p.R449H variant
and a heterozygous p.A4144GfsX23 mutation, respect-
ively. USH2A is responsible for Usher syndrome 2A
(OMIM 276901) [47]. Although LUSH2A with the p.R449H
variant was not found on dbSNP135, 1000GENOME, or
the Exome Variant Server, the allele frequency in Japanese
control subjects with normal hearing was 1.3% (5/378).

In the remaining eight families, none of the detected
variants co-segregated with hearing loss in the pedigrees
(data not shown).

Discussion

In the present study we selected Japanese subjects that
had hereditary hearing loss without GJ/B2 mutations,
mitochondrial mutations, enlarged vestibular aqueduct
or auditory neuropathy-associated OTOF mutations, and
we aimed to detect the spectrum of rare deafness genes
in these patients. Targeted NGS for 84 deafness genes
resulted in identification of candidate genes in 7 of 15
families and revealed the diverse spectrum of rare deaf-
ness genes in Japanese subjects with nonsyndromic hear-
ing loss for the first time. This is the first report of
mutations in ACTG1, POU4F3, and SLC26AS in Japanese
families with hearing loss. Families 5, 6, and 7 appeared to
have candidate mutations or variants in MYO7A, CDH23,
PCDHI5, and USH2A, all of which are associated with
Usher syndrome [39,44,45,47]. Our results are in contrast
to an NGS study of a different ethnic group [48], which
showed TMCI mutations to be the prevalent candidate
cause of hearing loss.

For the eight families without candidate genes, hearing
loss could be attributable to mutations in non-captured
regions including regulatory domains of the 84 genes,
other unidentified deafness genes, unknown multigenic
causes, copy number variations, or chromosomal struc-
tural change.

Double heterozygous mutations

In family 5, double heterozygous mutations of CDH23
and PCDHI5 were detected as a candidate cause. This
combination of double heterozygous mutations has been
reported [46]. Cadherin 23 and protocadherin 15 consist
of the upper and lower part of tip link, respectively,
which is critical for proper function of mechanotransduc-
tion channels on the stereocilia of the sensory hair cells
[49]. In addition, P240 of CDH23 is on the extracellular
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cadherin 1 domain, and R283 of PCDH15 is on the extra-
cellular cadherin 2 domain, which are considered to inter-
act with each other for tip-link bound [49], raising the
possibility that the double heterozygous mutations could
lead to a destabilized tip-link.

Additional findings of double heterozygous mutations
associated with hereditary hearing loss have been reported
for KCNJI0 and SLC26A4 [50] and for FOXII and
SLC26A4 [51], and some mutated genes may have a
modifying effect [52]. Although most NGS pipelines, in-
cluding ours, focus on identifying monogenic causes of
disease, development of a detection strategy for digenic
and oligogenic causes of disease should be considered in
the future.

Discrimination of mutations from variants

The key challenge for the diagnostic application of NGS is
to distinguish causal alleles from the numerous nonpatho-
genic variants present in each individual. In the present
study, for example, the high allele frequency of USH2A
with the p.R449H variant in Japanese control subjects im-
plied that pathogenicity of this variant was unlikely. Ethnic
diversity of genetic variance has been reported in deafness
genes such as OTOF [12] and CDH23 [43,53], and integra-
tion of a database of genetic variants with allele frequen-
cies in a specific ethnic group would increase the certainty
of the causative nature of genetic mutations by filtering
out variants that occur with high frequency. This would
facilitate targeted NGS analysis for genetic diagnosis of
hearing loss.

Additional files

Additional file 1: The 84 genes that were targeted for next-
generation sequencing.

Additional file 2: Clinical features of family members.

Additional file 3: Audiograms of subjects with hearing loss in the
seven families in which candidate genes were detected. Figure
legend: Hearing level as a function of frequency in subject IV:2 from
family 1 (A), subject lil:3 from family 1 (B), subject IV:3 from family 2 (C),
subject IH:1 from family 2 (D), subject 111:2 from family 2 (E), subject llI:1
from family 3 (F), subject Il:1 from family 4 (G), subject Ill:1 from family 5
(H), subject 11:2 from family 6 (), subject 1I:3 from family 6 (J), and subject
I1:2 from family 7 (K). Open circles with solid lines represent air
conduction thresholds of the right ear; crosses with dotted lines
represent air conduction thresholds of the left ear; [ symbols represent
bone conduction thresholds of the right ear; ] symbols represent bone
conduction thresholds of the left ear; arrows pointing to the bottom left
represent scale-out hearing level of the right ear; arrows pointing to the
bottom right represent scale-out hearing level of the left ear.
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Genetic analysis of PAX3 for diagnosis of Waardenburg syndrome type I
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Abstract

Conclusion: PAX3 genetic analysis increased the diagnostic accuracy for Waardenburg syndrome type I (WS1). Analysis of the
three-dimensional (3D) structure of PAX3 helped verify the pathogenicity of a missense mutation, and multiple ligation-
dependent probe amplification (MLPA) analysis of PAX3 increased the sensitivity of genetic diagnosis in patients with WS1.
Objectives: Clinical diagnosis of WS1 is often difficult in individual patients with isolated, mild, or non-specific symptoms. The
objective of the present study was to facilitate the accurate diagnosis of WS1 through genetic analysis of PAX3 and to expand
the spectrum of known PAX3 mutations. Mezhods: In two Japanese families with WS1, we conducted a clinical evaluation of
symptoms and genetic analysis, which involved direct sequencing, MLLPA analysis, quantitative PCR of PAX3, and analysis of
the predicted 3D structure of PAX3. The normal-hearing control group comprised 92 subjects who had normal hearing
according to pure tone audiometry. Resuits: In one family, direct sequencing of PAX3 identified a heterozygous mutation, p.
I59F. Analysis of PAX3 3D structures indicated that this mutation distorted the DNA-binding site of PAX3. In the other
family, MLPA analysis and subsequent quantitative PCR detected a large, heterozygous deletion spanning 1759-2554 kb that
eliminated 12-18 genes including a whole PAX3 gene.

Keywords: Muzarion, MLPA, chnical diagnosis, hearing loss, dystopia canthorum, pigmentary disorder

Introduction

Waardenburg syndrome (WS) is a hereditary auditory
pigmentary disorder that is responsible for 1-3% of
congenital deafness cases [1]. WS is classified into four
types based on symptoms other than the auditory and
pigmentary disorder. Type I WS (WS1) includes dys-
topia canthorum, and this feature distinguishes
WS1 from type II WS. Type III WS is similar to
WS1 but is associated with musculoskeletal anomalies
of the upper limbs. Type IV WS is similar to type I but
is associated with Hirschsprung disease. Diagnostic
criteria for WS1 have been proposed [2]. The clinical
features of WS1 demonstrate incomplete penetrance
and highly varied expression [3,4], which makes

diagnosis in individual patients challenging. For exam-
ple, WS1 patients may present only one isolated symp-
tom. Diagnosis of high nasal root and medial eyebrow
flare can be difficult when they are mild. Hearing loss
and early graying are relatively common in the general
population and are not specific to WS1. Thus, the
accuracy of WS1 diagnosis needs to be improved by the
use of additional diagnostic procedures.

It is reported that more than 90% of patients with
WS1 harbor point mutations in PAX3 [5], and an
additional 6% of WS1 patients harbor partial or
complete PAX3 deletions [6]. This high frequency
of PAX3 mutation in WS1 suggests that clinical
diagnosis of WS1 could be facilitated by PAX3
genetic analysis. To date, more than 80 PAX3
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mutations are reported to be associated with WS1 [5].
A de novo paracentric inversion on chromosome 2 in
a Japanese child with WS1 provided a clue for iden-
tification of PAX3 in the distal part of chromosome 2
[7]. However, only a few PAX3 mutations including
the chromosomal inversion have been reported in
Japanese patients with WS1 since then [8,9].

In the present study, we conducted PAX3 genetic
analysis to facilitate diagnosis of WS1 in two Japanese
families. In one family, to verify the pathogenicity of
an identified missense mutation, we analyzed the effect
of the mutation on the three-dimensional (3D) struc-
ture of PAX3. In the other family, no mutations were
identified by direct sequencing, so multiple ligation-
dependent probe amplification (MLPA) analysis was
used to search for large deletions in PAX3 and thereby
increase the sensitivity of genetic diagnosis.

Material and methods
Patients and control subjects

Two Japanese families with WS1 were included in the
study. The diagnosis of WS1 was based on criteria
proposed by the Waardenburg Consortium [2]. The
normal-hearing controls comprised 92 subjects who
had normal hearing according to pure tone audiome-
try. This study was approved by the institutional ethics
review board at the National Tokyo Medical Center.
Written informed consent was obtained from all sub-
jects included in the study or from their parents.

Chinical evaluation

A comprehensive clinical history was taken from
subjects who were examined at our hospitals or
from their parents. During physical examination,
special attention was given to the color of the skin,
hair, and iris, and to other anomalies such as dystopia
canthorum, medial eyebrow flare, limb abnormalities,
and Hirschsprung disease. After otoscopic examina-
tion, behavioral audiometric testing was performed.
The test protocol was selected according to the devel-
opmental age of the subject (conditioned orientation
response audiometry, play audiometry, or conven-
tional audiometric testing, from 125 to 8000 Hz),
and testing was performed using a diagnostic audi-
ometer in a soundproof room. Auditory brainstem
response (ABR) and otoacoustic emission were also
evaluated in some subjects.

Direct sequencing

Genomic DNA from the subjects was extracted from
peripheral blood leukocytes using the Gentra
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Puregene® Blood kit (QIAGEN, Hamburg, Ger-
many). Mutation screening of PAX3 was performed
by bidirectional sequencing of each exon (exons 1-11)
together with the flanking intronic regions using an
ABI 3730 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Primer sequences for
PAX3 are listed in Table I. Mutation nomenclature
is based on the genomic DNA sequence of [GenBank
accession no. NG_011632.1], with the A of the trans-
lation initiation codon considered as +1. Nucleotide
conservation between mammalian species was evalu-
ated using ClustalW (http://www.ebi.ac.uk/Tools/
msa/clustalw2/). PolyPhen-2 software (http://genet-
ics.bwh.harvard.edu/pph2/) was used to predict the
functional consequence(s) of each amino acid
substitution.

MLPA

MLPA analysis was performed using an MLPA kit
targeting PAX3, MITF, and SOX10 (SALSA MLPA
Kit P186-B1, MRC-Holland, Amsterdam, The Neth-
erlands) according to the manufacturer’s protocol.
Exon-specific MLPA probes for exons 1-9 of
PAX3 and control probes were hybridized to genomic
DNA from the subjects and normal controls and
ligated with fluorescently labeled primers. A PCR
reaction was then performed to amplify the hybridized
probes. The amplified probes were fractionated on an
ABI3130x]l Genetic Analyzer (Applied Biosystems)
and the peak patterns were evaluated using Gene-
Mapper (Applied Biosystems).

Real-time PCR

To determine the length of each deleted genomic
region, 100 ng of genomic DNA from the subjects
and a normal control were subjected to quantitative
PCR (Prism 7000, Applied Biosystems) using Power
SYBR® Green Master Mix (Life Technologies, Carls-
bad, CA, USA) and 12 sets of primers designed to
amplify sequence-tagged sites on chromosome 2 (Gen-
Bank accession nos: RH46518, RH30035, RH66441,
GDB603632, 1988, RH24952, RH47422, RH65573,
RH26526, RH35885, RH16314, and RH92249).

Homology modeling of the PAX3 paired domain

The DNA-binding site of the paired domain of
PAX3 was modeled using SWISS-MODEL [10]
with the crystal structure of the PAX5 paired
domain-DNA complex (PDB ID:1PDN_chain C)
as the template because PAX3 and PAX5 are func-
tionally and structurally similar [11]. The amino acid
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Table I. Primer sequences for PAX3.
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Exon 1 Forward
Reverse
Exon 2 Forward
Reverse
Exon 3 Forward
Reverse
Exon 4 Forward
Reverse
Exon 5 Forward
Reverse
Exon 6 Forward
Reverse
Exon 7 Forward
Reverse
Exon 8 Forward
Reverse
Exon 9a Forward
Reverse
Exon 9b Forward
Reverse
Exon 10-11 Forward
Reverse

5-TGTAAAACGACGGCCAGTAGAGCAGCGCGCTCCATTTG-3’
5-CAGGAAACAGCTATGACCGCTCGCCGTGGCTCTCTGA-3
5-TGTAAAACGACGGCCAGTAAGAAGTGTCCAGGGCGCGT-3’
5-CAGGAAACAGCTATGACCGGTCTGGGTCTGGGAGTCCG-3’
5-TGTAAAACGACGGCCAGTTAAACGCTCTGCCTCCGCCT-3’
5-CAGGAAACAGCTATGACCGGGATGTGTTCTGGTCTGCCC-3’
5-TGTAAAACGACGGCCAGTAATGGCAACAGAGTGAGAGCTTCC-3
5-CAGGAAACAGCTATGACCAGGAGACACCCGCGAGCAGT-3'
5-TGTAAAACGACGGCCAGTGGTGCCAGCACTCTAAGAACCCA-3’
5-CAGGAAACAGCTATGACCGGTGATCTGACGGCAGCCAA-3’
5-TGTAAAACGACGGCCAGTTGCATCCCTAGTAAAGGGCCA-3’
5-CAGGAAACAGCTATGACCGGTGTCCATGGAAGACATTGGG-3’
5-AACTATTATTTCATCAGTGAAATC-3’
5-ATTCACTTGTATAAAATATCCACC-3’
5-TGTAAAACGACGGCCAGTTGAAGCCAGTAGGAAGGGTGGA-3
5-CAGGAAACAGCTATGACCTGCAGGTTAAGAAACGCAGTTTGA-3
5-TGTAAAACGACGGCCAGTTTGATACCGGCATGTGTGGC-3’
5-CAGGAAACAGCTATGACCTGCAGTCAGATGTTATCGTCGGG-3’
5-TGTAAAACGACGGCCAGTCACAACTTTGTGTCCCTGGGATT-3
5-CAGGAAACAGCTATGACCGGGACTCCTGACCAACCACG-3’
5-TGTAAAACGACGGCCAGTGCAAATGGAATGTTCTAGCTCCTCG-3’
5-CAGGAAACAGCTATGACCGGTCAGCTCCAGGATCATATGGG-3’

sequences of the PAX3 and PAX5 paired domains
were 79% homologous. The predicted PAX3 struc-
ture and the p.I59F mutation structure were super-
imposed on the backbone atoms of the PAX5 paired
domain-DNA complex and displayed using the
extensible visualization system, UCSF Chimera [12].

Results

In family 1, the proband, a 9-month-old male, was the
first child of unrelated Japanese parents. Abnormal

o7
& ®

responses were found upon newborn hearing
screening in the left ear, and left hearing loss was
diagnosed by ABR. On physical examination, dysto-
pia canthorum was noted, with a W-index of 2.77.
The patient’s mother also had dystopia canthorum,
with a W-index of 2.68. She also had a history of early
graying that started at age 16 years. She had not been
diagnosed with WS1. According to the parents,
10 members of this family, including the proband
and the mother, showed clinical features consistent
with WS1 (Figure 1). ABR performed in the proband

a.heterochromia irides b. congenital hearing loss
c. early graying

d. dystopia canthorum

Figure 1. Pedigree of family 1. The proband is indicated by an arrow. The individuals we examined personally are indicated by a bar over the
symbol. Phenotypes observed in this family are indicated symbolically as detailed below the pedigree.
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revealed normal hearing in the right ear and no
responses to 105 dB click stimuli in the left ear.
Computed tomography (CT) of the temporal bone
showed normal structures in the inner, middle, and
outer ears.

Genetic analysis of PAX3 was conducted in this
family, and direct sequencing of PAX3 revealed a
heterozygous mutation, ¢.175A>T, in the proband
and his mother. This mutation resulted in a missense
mutation, p.I59F (Figure 2A). The proband’s father
did not harbor this mutation. p.I59F is located within
exon 2 and is part of the paired domain of PAX3,
which is a critical region for interaction between
transcription factors and target DNA (Figure 2B).
A multiple alignment of P4AX3 orthologs at this region
demonstrated that 159 was evolutionarily conserved
among various species (Figure 2C). The p.I59F
mutation was not identified in any of the 184 alleles
from the normal control subjects. This mutation was
predicted to be ‘probably damaging’ according to
PolyPhen-2 software.

The predicted 3D structures of the paired domain
of the PAX3-DNA complex indicated that the
PAX3 paired domain binds to the corresponding
DNA (white double helixes) via hydrogen bonds
(pink lines) at the N-terminal of o-helixl (H1), o-
helix2 (H2), and o-helix3 (H3) (indicated in
blue; Figure 3A). 159 is located in the middle of
H1, H2, and H3 and is surrounded by hydrophobic
residues (green) protruding from H1, H2, and H3.
Because the van der Waals radius of phenylalanine
(Figure 3C; white arrows) is larger than that of iso-
leucine (Figure 3B, white arrowheads), F59 repels the
surrounding hydrophobic residues by van der Waals
forces and increases the distance between F59 and the
surrounding hydrophobic residues, resulting in struc-
tural distortion of the DNA-binding site of PAX3.
Since this site is precisely shaped for maximal binding
to the corresponding DNA, this mutation is likely to
reduce the binding ability of the paired domain of
PAX3 and cause WSI. A mutational search found the
same mutation in another Japanese family [8].

In family 2, the proband, a female aged 4 years and
4 months, was the first child of unrelated Japanese
parents. Abnormal responses were found upon new-
born hearing screening in the right ear, and right
hearing loss was diagnosed by ABR. On physical
examination, dystopia canthorum, medial eyebrow
flare, and a white forelock were noted. She was
admitted to hospital suffering from ketotic hypogly-
cemia of unknown cause when aged 4 years. Her
mother presented with heterochromia iridis, dystopia
canthorum, and medial eyebrow flare, and her grand-
mother presented with early graying that started at
around 20 years of age, dystopia canthorum, and

A H K- g V¥
CACAAGTCGTG
\
Proband
(IV-1)
H K | V

CACAAGATCGTG

\/
Control
(11-3)

p.IEiF

1 2 3 4 5 6

S

Homeodomain

7 8 910 4

Paired domain

Octapeptide

. v

Human PLPNHIRHKIVEMAHHGIRP
Mouse(Pax3a) PLPNHIRHKIVEMAHHGIRP
Mouse(Pax3b) PLPNHIRHKIVEMAHHGIRP
Rat PLPNHIRHKIVEMAHHGIRP
Cow PLPNHIRHKIVEMAHHGIRP
Dog PLPNHIRHKIVEMAHHGIRP
Rabbit PLPNHIRHKIVEMAHHGIRP
Chicken PLPNHIRHKIVEMAHHGIRP
Flog(Pax3a) PLPNHIRHK IVEMAHHGVRP
Flog(Pax3b) PLPNHIRHKIVEMAHHGIRP
Zebrafish PLPNHIRHKIVEMAHHGIRP

Figure 2. The p.I59F mutation of PAX3 detected in family 1. (A)
Sequence chromatogram for the proband and unaffected control.
A heterozygous A to T transversion (red arrowhead) that changes
codon 59 from ATC, encoding isoleucine (I), to TTC, encoding
phenylalanine (F), was detected in the proband but not in the control
(green arrowhead). (B) Localization of the p.I59F mutation and
functional domains of PAX3. (C) A multiple alignment of PAX3
orthologs. Regions of amino acid sequence identity are shaded gray.
The position of I59 is indicated by an arrow and shaded yellow.

medial eyebrow flare. According to the grandmother,
the father of the grandmother also had dystopia
canthorum and medial eyebrow flare. The pedigree
of family 2 is shown in Figure 4. The grandmother
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