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RNA analysis of inner ear cells from formalin fixed paraffin
embedded (FFPE) archival human temporal bone section using
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Objective: Molecular analysis using archival human inner ear specimens is challenging because of the
anatomical complexity, long-term fixation, and decalcification. However, this method may provide great
benefit for elucidation of otological diseases. Here, we extracted mRNA for RT-PCR from tissues dissected
from archival FFPE human inner ears by laser microdissection.
Methods: Three human temporal bones obtained at autopsy were fixed in formalin, decalcified by
EDTA, and embedded in paraffin. The samples were isolated into spiral ligaments, outer hair cells,
spiral ganglion cells, and stria vascularis by laser microdissection. RNA was extracted and heat-
treated in 10 mM citrate buffer to remove the formalin-derived modification. To identify the sites
where COCH and SLC26A5 mRNA were expressed, semi-nested RT-PCR was performed. We also
examined how long COCH mRNA could be amplified by semi-nested RT-PCR in archival temporal
bone.
Results: COCH was expressed in the spiral ligament and stria vascularis. However, SLC26A5 was expressed
only in outer hair cells. The maximum base length of COCH mRNA amplified by RT-PCR was 98 bp in 1
case and 123 bp in 2 cases. ) .
Conclusion: We detected COCH and SLC26A5 mRNA in specific structures and cells of the inner ear from
archival human temporal bone. Our innovative method using laser microdissection and semi-nested RT-
PCR should advance future RNA study of human inner ear diseases.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Mechanisms of sensorineural hearing loss have been analysed
using advanced molecular techniques. Molecular genetic studies of
experimental animals including mice have identified genes

Abbreviations: FFPE, formalin fixed paraffin embedded; EDTA, ethyl-
enediaminetetraacetic acid; mtDNA, mitochondrial DNA; LMD, laser microdissec-
tion; SV, stria vascularis; SGC, spiral ganglion cells; OHC, outer hair cells; SL, spiral
ligament.
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involved in deafness and have determined genotype—phenotype
correlations (Gibson et al., 1995, Everett et al., 2001). However,
molecular analysis using fixed and embedded human inner ear
specimens has been challenging because they are usually inacces-
sible. While formalin-fixation and celloidin-embedding are stan-
dard histopathological methods for human temporal bone
specimens, they are unsuitable for molecular analysis (Schuknecht,
1993). However, there are several reports in which DNA has been
successfully extracted and analysed from human inner ear speci-
mens. Genes involved in deafness were identified using a cDNA
library from the human fetal inner ear (Robertson et al., 1998), and
quantitative analysis of a mitochondrial DNA (mtDNA) mutation
using archival temporal bones was reported (Takahashi et al., 2003,
Koda et al., 2010). Recently, mitochondrial DNA deletions were
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detected in human inner ears from patients with presbycusis by
laser microdissection (Markaryan et al.,, 2009).

In contrast to DNA analysis, RNA expression analysis can
demonstrate the spatio-temporal activities of gene transcription
and expression in tissues, providing important physiological and
pathological information. Further, mRNA analysis is important
because it examines the “working copy” of a gene. Therefore,
studying mRNA extracted from human inner ears can provide
further information concerning the molecular mechanisms of
inner ear disorders of humans. Previously, we established an
optimal method of extracting mRNA suitable for molecular
biological applications from the autopsy specimens of human
temporal bones (Kimura et al., 2007). However, this method
uses frozen whole cochlea, and can not be applied to the retro-
spective analyses using formalin-fixed archival temporal bone
specimens.

The objective of this study was to establish an optimal method
of RNA expression analysis of specific sites in the human inner ear
using archival (stored) FFPE human inner ear specimens and the
laser microdissection techniques.

2. Materials and methods
2.1. Temporal bones

Three human temporal bones from individuals with no hearing
impairment according to nursing records were obtained at au-
topsy. The cases were 2 males and 1 female of 70, 71, and 71 years
of age, respectively. The post-mortem time before autopsy ranged
from 1 to 15 h. The temporal bones were fixed in buffered 20%
formalin at room temperature for 12—-20 months, followed by
decalcification in 10% ethylenediaminetetraacetic acid (EDTA) for
6—9 months at room temperature, After decalcification, the
specimens, including the bony labyrinth, was cropped to a cube
measuring 15 mm to fit standard plastic cassettes and glass slides.
The specimens were embedded in paraffin, serially cut into 6 pm-
thick thin sections, and mounted on a membrane slide for laser
microdissection.

2.2. Laser microdissection

After deparaffinization of the thin sections by xylene and
staining with toluidine blue, the spiral ligaments, spiral ganglion
cells, stria vascularis, and outer hair cells in the basal turn were
isolated using a laser microdissection system (Leica AS LMD;
Wetzlar, Germany). This system uses a UV laser to isolate micro-
scopic regions from samples. Tissue fragments from 3 successive
sections of inner ear were placed gently into 0.5 ml microtubes
filled with 50 ul tissue lysis buffer. The specimens were not
touched, which makes specimen collection by gravity a
contamination-free procedure.

2.3. RNA extraction

RNA extraction and ¢cDNA synthesis was performed using the
methods described by Hamatani et al. (2006). RNA was isolated
from the microdissected tissue using the High Pure RNA Paraffin
Kit (Roche Diagnostics; Basel, Switzerland) according to the
manufacturer’s protocols with some modifications. Briefly,
microdissected tissue was digested with proteinase K at 55 °C
overnight, followed by DNase I treatment. After the lysate was
purified by the High Pure filter, RNA was eluted twice with 100 pl
of RNase-free water. RNA was then precipitated by ethanol in the
presence of 2 pl of ethachinmate (Nippon Gene; Tokyo, Japan),

which is a carrier solution for the alcohol precipitation of DNA and
RNA and resuspended in 30 pl of RNase-free water. The concen-
tration of RNA was measured by absorption at 260 nm with
GeneQuant 1300 (GE Healthcare UK Ltd; Buckinghamshire,
England).

2.4. Heat treatment of RNA

Approximately 150 ng of total RNA was heated in 250 pl of
10 mM citrate buffer pH 4.0 at 70 °C for 45 min. After 25 ul sodium
acetate was added into the solution, RNA was precipitated by
ethanol in the presence of ethachinmate as a carrier, dried,
and dissolved in RNase-free water to the final concentration of
10 ng/ul.

2.5. c¢DNA synthesis

The 11 ul of RNase-free solution containing 90 ng of total RNA
and 50 pmol/ml of random primers was heated at 65 °C for 10 min
and chilled in ice water. A mixture consisting of 4 ul of 5 x RT buffer,
2 pl of 20 mM DTT, 1 ul of 10 mM dNTPs, 1 ul of RNase Inhibitor (10
U/ul), and 1 ul of ReverTra Ace (Toyobo, Osaka, Japan) was added to
the RNA solution and incubated at 42 °C for 60 min and at 70 °C for
15 min.

2.6. RT-PCR of COCH and SLC26A5 mRNA

We selected COCH and SLC26A5 as the target genes for RT-PCR
because cochlin, coded by COCH (accession No. NM_001135058), is
the protein expressed most commonly in the inner ear other than
collagen, and prestin, coded by SLC26A5 (accession No.
NG_023055) is a motor protein expressed specifically in outer hair
cells. GAPDH (accession No.NG_007073), a typical house-keeping
gene, was used for standardization. In order to detect very small
amounts of target cDNA and to reduce the contamination in
products due to the amplification of unexpected primer binding
sites, semi-nested RT-PCR was performed. Forward and reverse
primers were designed to cover different exons and introns to
prevent a carry-on of the genomic DNA, in order not to detect a
carry-on of genomic DNA using the free program on the internet,
Primer 3 (http://primer3.sourceforge.net/). Primer sequences are
shown in Table 1.

First RT-PCR was performed in a 20 pl volume containing 10 pl
Premix Taq® (Takara Bio, Otsu, Japan), 0.5 pM of each specific
primer and 1 ul of cDNA from the RT reaction. After an initial in-
cubation at 94 °C for 3 min, the reaction mixtures were subjected to
30 cycles of amplification using the following sequence: 94 °C for
30, 55 °C for 30 s, and 72 °C for 45 s. This was followed by a final
extension step at 72 °C for 7 min. The second RT-PCR was carried
out in a 20 ul mixture containing 10 ul Premix Taq®, 0.5 uM of each
specific primer and 1 pl of 9x first RT-PCR product following the
same sequence of the first RT-PCR. Finally, 8 ul of the reaction
mixture was run on a 3% agarose gel and visualized with ethidium
bromide.

2.7. RT-PCR of COCH with different sizes of PCR products

To elucidate how long mRNA could be preserved in very small
samples microdissected from formalin-fixed, long-term EDTA-
decalcified, and paraffin-embedded thin sections, cDNA of COCH
from the specimens of the spiral ligament was amplified using 5
sets of primers that would yield PCR products of different sizes
from 98 to 180 bp as shown in Tables 2 and 3, and Fig. 1, with the
second PCR product size of 87 bp.
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Table 1

Primer sequences and product sizes for semi-nested RT-PCR of COCH, SLC26A5, and GAPDH mRNA.

mRNA Forward primer Reverse primer for the first Reverse primer for the second Product size of Product size of the
PCR PCR the first PCR second PCR

COCH GGCATCCAGTCTCAAATGCT GTGCTGTGGACACTGCTTGT GTCCTGTGGCCTCCTGTGTA 103 85

SLC26A5 GTCTCGAAGCCTTGTTCAGG GGGCAATGATTCAAAGAGGA GGAAGACACAGCTTGCAGGT 118 86

GAPDH AATGACCCCTTCATTGACCTC TTCCATTGATGACAAGCTTCC 122 115

ATGGGATTTCCATTGATGACA

2.8. Ethical considerations

Consent for using temporal bone tissues removed at autopsy
was obtained from the patients’ relatives. The present study was
approved by the Ethical Review Board at Tokyo Metropolitan
Geriatric Medical Hospital, pursuant to Article 18 of the Cadaver
Autopsy and Preservation Act.

3. Results
3.1. Laser microdissection

The microdissected areas in the cochlea are shown in Fig. 2. The
outer hair cells, spiral ganglion cells, the stria vascularis, and the
spiral ligament were dissected separately.

3.2. Site-specific expression of COCH and SLC26A5 in the cochlea

The results of COCH and SLC26A5 site-specific expression are
shown in Figs. 3 and 4. COCH expression was detected only in the
spiral ligament and the stria vascularis, and SCL26A5 was expressed
in the outer hair cells only. GAPDH expression was detected in all of
the structures examined.

3.3. RT-PCR of COCH with different sizes of PCR products

The maximum length of PCR amplicons for the first RT-PCR was
98 bp in 1 case and was 123 bp in 2 cases in each experiment
(Fig. 5). These results suggest that approximately 100 bp was the
maximum preserved length of mRNA after the long-term succes-
sive processing of formalin fixation, EDTA decalcification, and
paraffin embedding.

Table 2 : o
Primer sequences for semi-nested RT-PCR of COCH mRNA.

Primer codes Primer sequences

Forward primer F CAC ATG TGG GCC TTG TTC AA
Reverse primer R1 CAA ACA AAACATCITTGG CTG A
R2 TTC CTT TAT GGC AAA CAA AACA
R3 TGG AAT TAC CCC CTC TGA AA
R4 TGCTTC AAG GCT TTT CCT GT
R5 CCG TGA AGA ATT TCT GAG CA
R6 CTC CAG CAT CTA CCG TGA AG
Table 3

The product sizes of semi-nested RT-PCR of COCH mRNA.

Primer Product size of ~ Primer combination - Product size of
combination of  first PCR (bp) of second PCR second PCR (bp)
first PCR

F-R2 98 F-R1 87

F-R3 123

F-R4 145

F-R5 168

F-R6 180

The primer codes are defined in Table 2.
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4. Discussion

We have successfully optimized a semi-nested RT-PCR method
of detecting COCH and SLC25A5 expression from specific sites of the
inner ear using archival FFPE human inner ear specimens and the
laser microdissection techniques. The maximal size of the COCH
PCR amplicons was 98 bp and 123 bp.

4.1. DNA study of inner ears

Wackym et al. reported the first molecular analysis of human
temporal bone pathology in 1993 (Wackym et al., 1993). However,
DNA analysis of the whole section, as in their method, is of limited
value because the inner ear is composed of heterogeneous and
highly differentiated cells. Laser microdissection is a useful tool that
allows the combination of morphological analysis and molecular
biological analysis. We introduced this method for mitochondrial
DNA analysis in the human temporal bone for the first time (Kimura
et al, 2005), and elucidated a correlation between the mtDNA
mutation rate and atrophy of the stria vascularis, as well as de-
creases in spiral ganglion cells (Koda et al., 2010). Markaryan et al.
reported a large scale deletion of mtDNA in the cochlea and showed
that major arc mtDNA deletions contributed to the observed deficit
in COX3 expression (Markaryan et al., 2009). These results suggest a
correlation between presbycusis and the deletion of mtDNA in the
cochlea.

4.2. mRNA expression study of the inner ear

Although DNA analysis using the laser microdissection method
has become established to some degree, gene expression analysis of
targeted mRNA remains challenging because RNA is more suscep-
tible to strand breakage and cross linking by formalin fixation than
DNA after fixation and decalcification (Chung and Hewitt, 2010). To
overcome this difficulty, several research groups have attempted
RNA analysis of archival human temporal bones. Lee et al. reported
the first study of RT-PCR for archival temporal bones in 1997, in
which they examined the expression of the y-actin gene (Lee et al.,
1997). In their report, the expression of y-actin mRNA was detected
in only one of ten archival temporal bone specimens, and the au-
thors concluded that the analysis. of gene expression from an
archival section was very limited because the mRNA had been
degraded by RNases. Lin et al. reported the RNA analysis of tem-
poral bone soft tissues (Lin et al., 1999). They harvested temporal
bones at immediate autopsies and showed the manifestations and

COCH gene E

, > .
e 7 Bt Eons o
€ €« € €€ <€
R1 R2 R3 R4 R5 R6
| |
Y
Second PCR First PCR

Fig. 1. Positions of forward and reverse primers that were used to elucidate the
maximum preserved size of mRNA in the COCH gene. Forward and reverse primers
were designed to cover different exons and introns and not to detect a carry-on of
genomic DNA.
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Spiral ligament

Outer Hair cells

Stria vascularis

Spiral ganglion cells

Fig. 2. Histological images of the spiral ligament, spiral ganglion cells, the stria vascularis and outer hair cells in the basal turn of the inner ear. After deparaffinization of the thin
sections by xylene and staining with toluidine blue, the spiral ligaments, spiral ganglion cells, stria vascularis, and outer hair cells in the basal turn were isolated using a laser
microdissection system (Leica AS LMD; Wetzlar, Germany). All microdissected tissue fragments from 3 successive tissue sections were collected into 0.5 ml microtubes filled with

50 pl tissue lysis buffer.

localizations of mRNA of mucin genes, such as MUC5B and MUCT, in
the submucosal gland of the Eustachian tube and the middle ear.
They suggested a high possibility of RNA analysis within 6 h of
death. Under clinical circumstances, however, it is not realistic to
harvest a temporal bone in 6 h after death. We developed a method
of detection of COCH mRNA expression, as well as GAPDH mRNA
expression using RNA extracted from membranous labyrinths
dissected from formalin-fixed or frozen human cochlea (Kimura
et al,, 2007). This method is useful because removal of temporal
bone specimens could be incorporated into the protocol of a

SL_ OHC sv SGC

3 2 Q)
3 g 2 3 g

Lane 1 2 3 4 5 6 7 8 9 10

Fig. 3. Optimized semi-nested RT-PCR analysis of GAPDH and COCH in the FFPE human
cochlea. The length of amplicons of GAPDH and COCH is 85 bp and 115 bp. Lane 1 and
10 are 50 bp ladder markers (asterisks(*}). Lane 2 and 3, semi-nested RT-PCR results
from the spiral ligament(SL) using primers to GAPDH and COCH. Lane 4 and 5, semi-
nested RT-PCR results from outer hair cells (OHC) using primers to GAPDH and
COCH. Lane 6 and 7, semi-nested RT-PCR results from the stria vascularis (SV) using
primers to GAPDH and COCH. Lane 8 and 9, semi-nested RT-PCR results from the spiral
ganglion cells (SGC) using primers to GAPDH and COCH. Universal expression of
GAPDH is noted. COCH is expressed in the spiral ligament and the stria vascularis, but is
not expressed in the outer hair cells and spiral ganglion cells.
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conventional autopsy. However, this method was not able to utilize
archival sections effectively. Hall et al. reported optimization of RNA
detection from archival guinea pig temporal bones by the Trizol
extraction method (Hall et al., 2007). This approach may be useful,

* SL OHC sV sGC

(bp)

150—
100— 7

50—

Lane 1 2 3 4 5

Fig. 4. Optimized semi-nested RT-PCR analysis of SLC26A5 in the FFPE human cochlea.
The length of the amplicon of SLC26A5 is 86 bp. Lane 1 is 50 bp ladder markers (an
asterisk(*)). Lane 2 to 5, semi-nested RT-PCR results from the spiral ligament(SL), the
outer hair cells (OHC), the stria vascularis (SV) and spiral ganglion cells (SGC) using
primers to SLC26A5. SLC26A5 is expressed in the outer hair cells, but is not expressed in
the spiral ligament, the stria vascularis, and the spiral ganglion cells.
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Case 2
98 123 144 168 180

Case 3
98 123 144 168 180

Case 1
First PCR product :
length (b5) 98 123 144 168 180

(bp) 1 8

% <87 bp

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Fig. 5. Optimized semi-nested RT-PCR analysis of COCH to elucidate the maximum
preserved length of mRNA extracted from FFPE human cochlea by using different
reverse primers in first RT-PCR. Lane 1, 7 and 13 are 50 bp ladder markers (asterisks(*)).
Lane 2 to 6, serni nested RT-PCR of COCH of the stria vascularis of case 1. Lane 8 to 12,
semi nested RT-PCR of COCH of the stria vascularis of case 2. Lane 14 to 18, semi nested
RT-PCR of COCH of the stria vascularis of case 3. Lane 2, 8 and 14 are the semi nested
RT-PCR products of which first RT-PCR product length is 98 bp. Lane 3, 9 and 15 are the
semi nested RT-PCR products of which first RT-PCR product length is 123 bp. Lane 4, 10
and 16 is the semi nested RT-PCR product of which first RT-PCR product length is
144 bp. Lane 5, 11 and 17 are the semi nested RT-PCR products of which first RT-PCR
product length is 168 bp. Lane 6, 12 and 18 are the semi nested RT-PCR products of
which first RT-PCR product length is 180 bp. The length of semi-nested PCR products is
87 bp. Up to 123 bp can be preserved in two cases and up to 98 bp in one case.

but it is not clear that this method could be applied to human
archival inner ear specimens dissected by laser microdissection
because, in their study, whole sections of the temporal bone were
used and the period of fixation and decalcification was much
shorter than those used for human samples.

4.3. mRNA expression study using tiny tissue samples that were
laser-microdissected from archival human FFPE temporal bone

Pagedar et al. were the first to succeed in the analysis of RNA of
the human inner ear from FFPE tissue using laser capture micro-
dissection (Pagedar et al., 2006). They examined the vestibular or-
gan dissected from a temporal bone block before fixation, and not
archival cochlea samples. Therefore, our trial to extract mRNA from
laser microdissected tissue (outer hair cells, the stria vascularis,
spiral ganglion cells, and the spiral ligament) of human archival
FFPE temporal bone sections was extremely challenging. Hamatani
et al. indicated that RT-PCR amplification of degraded RNA extrac-
ted from archival unbuffered formalin-fixed, paraffin-embedded
thyroid cancer tissue samples, which were preserved at room
temperature for 19—21 years, could be improved by heating RNA in
citrate buffer prior to cDNA synthesis (Hamatani et al., 2006). Since
FFPE-derived RNA is degenerated into very short fragments and
chemically modified, and reverse transcription from polyA tail is
inefficient, the use of random primers instead of Oligo dT primers
was recommended for ¢cDNA synthesis (Farragher et al, 2008).
Using these ideas and semi-nested PCR enabled us to amplify
extremely small amounts of nucleic acid, and to extract mRNA from
laser microdissected tissue of human archival FFPE temporal bone
sections. Hamatani et al. reported that longer fragments up to
250 bp in the preheated RNA could be amplified in all cases
compared with the non-treated RNA (Hamatani et al., 2006), while
only very short fragments of RNA of approximately 100 bp could be
obtained in our study. The fragmentation of the RNA strands could
be ascribed to different tested organs (temporal bone in our study
vs. thyroid tissue in their study), longer formalin fixation-period,
and long-term decalcification in our study. These disadvantages,
such as a long-period of formalin fixation and decalcification, in-
fluence the preservation of morphology such as shrinkage of tissue.
Takahashi et al. reported excellent immunostaining results for
the human cochlea, such as immunostaining for prestin in the

145

cytoplasm of the human outer hair cells (Takahashi et al., 2010).
We consider that the complementary use of molecular and
immunohistochemical techniques will become a valuable tool for
future study of the human inner ear.

5. Conclusions

Although molecular analysis using human inner ear specimens
is challenging because of the anatomical complexity and long-term
fixation and decalcification, it can provide significant data for the
elucidation of otological disorders. We extracted mRNA from
archival FFPE human inner ears by laser microdissection, and
detected site-specific COCH and SLC26A5 mRNA expression by
RT-PCR from archival human temporal bones. We hope our inno-
vative methods will pave the way for future RNA analyses of human
inner ear disease.
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Summary

Mutations in DFNA 5 lead to autosomal dominant nonsyndromic hereditary hearing loss (NSHHL). To date, four different
mutations in DFNA5 have been reported to cause hearing loss. A 3 bp deletion mutation (c.991-15_991-13del) was
identified in Chinese and Korean families with autosomal dominant NSHHL, which suggested that the 3 bp deletion
mutation was derived from a single origin. In the present study, we performed genetic screening of mutations in the
interval between intron 6 and exon 9 of DFNA5 in 65 Japanese patients with autosomal dominant NSHHL and identified
the ¢.991-15_991-13del mutation in two patients. Furthermore, we compared the DFINA5-linked haplotypes consisting
of intragenic SNPs between the reported Chinese and Korean families and found that the Japanese patients showed a
shared region spanning 41,874 bp. This is the first report of DFNAJ5 mutations in Japanese patients with autosomal

dominant NSHHL, supporting the suggestion that the 3 bp deletion mutation occurred in their ancestors.

Keywords: DFNA5, autosomal dominant, hereditary, hearing loss, sensorineural, nystagmus

Introduction

Hearing loss (HL) is the most common birth defect and the
most prevalent sensory disorder (Hilgert et al., 2009; Ito et al.,
2010; Korver et al., 2011). Bilateral congenital HL occurs in
1.86 per 1000 newborns (Morton & Nance, 2006). Heredi-
tary HL accounts for at least two-thirds of cases of congen-
ital HL. Among patients with hereditary HL, 70% exhibit
nonsyndromic hereditary HL (NSHHL). Hereditary patterns
subdivide the NSHHL into the autosomal dominant type
(DENA), autosomal recessive type (DFNB), X-linked type
(DENX), and maternally inherited type associated with mi-
tochondrial DNA mutations. DFNA accounts for 20%—25%
of cases of NSHHL and is usually recognized to be a postlin-
gual progressive form of HL (Van Camp et al., 1997). Thus far,
more than 60 DFNA loci have been mapped, among which 27
causative genes have been identified [The Hereditary Hearing
Loss Homepage (http://hereditaryhearingloss.org/)].
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DENA5 (OMIM# 600994 is caused by mutations in
DFNAS5, which was first identified in an extended Dutch
family with autosomal dominant NSHHL (Van Camp et al.,
1995; Van Laer et al., 1998). To date, four different muta-
tions in DFNAJ5 have been reported to cause HL (Van Laer
et al., 1998; Yu et al.,, 2003; Bischoff et al., 2004; Cheng
et al., 2007). All four mutations are located in introns 7 or
8, and are expected to lead to skipping of exon 8, resulting
in a frameshift, and presumably causing premature truncation
of the DFINAS5 protein. On the other hand, a mouse mutant
with a targeted deletion of exon 8 of Dfna5 does not show
HL (Van Laer et al., 2005). Furthermore, a frameshift muta-
tion in exon 5 of DFNAS5 that would truncate the protein
did not cosegregate with NSHHL in an Iranian family (Van
Laer et al., 2007). These observations suggest that DFNA5-
associated HL represents a mechanism of gain-of-function,
and not haploinsufficiency.

Park et al. (2010) detected a ¢.991-15_991-13del mutation
in a Korean family, which was identical to the mutation pre-
viously reported in a Chinese family (Yu et al., 2003). An
analysis of DFNAJ5 mutation-linked haplotypes between the
Chinese and Korean patients suggested that the 3 bp deletion
mutation was derived from a single origin (Park et al., 2010).
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Although no DFNAS families have been reported in Japan, it
is possible that mutations in DFNA S5 exist in Japanese patients
with autosomal dominant NSHHL. In the present study, we
performed genetic screening of DFNA5 mutations in the in-
terval between intron 6 and exon 9 in Japanese patients with
autosomal dominant NSHHL.

Materials and Methods
Patients

All procedures were approved by the Ethics Reviewing Com-
mittee of Tokyo Medical and Dental University and were car-
ried out after obtaining written informed consent from each
individual and/or the parents of the children.

We enrolled 65 unrelated Japanese patients with autoso-
mal dominant NSHHL. Inheritance patterns were presumed
based on the family pedigrees: at least one patient with HL
was found in each generation. The patient population con-
sisted of 39 females and 26 males between 12 and 82 years
of age (mean = standard deviation: 42.9 & 17.1 years). After
performing physical and otoscopic examinations, pure-tone
audiometry was carried out in all patients. All patients suf-
fered from bilateral sensorineural HL. The pure-tone average
(PTA) calculated from audiometric thresholds at 500, 1000,
2000, and 4000 Hz ranged from 15.0 to 115.0 dB (mean
=+ standard deviation: 50.9 £ 19.4 dB). The severity of HL
was categorized as follows: mild (PTA < 40 dB) in 19 pa-
tients, moderate (40 dB < PTA < 70 dB) in 38 patients,
severe (70 dB < PTA < 90dB) in four patients, and profound
(90 dB < PTA) in four patients. The audiometric configura-
tions (Mazzoli et al., 2003) included the high~frequency forin
in 27 patients, the low-frequency ascending form in 13 pa-
tients, the mid-frequency U-shaped form in six patients, the
flat form in eight patients, and the other forms in 11 patients.

Mutation Screening

Genomic DNA was extracted from peripheral blood using
standard methods. Exons 7-9 and introns 6-8 of DFNA 5 were
amplified by polymerase chain reaction (PCR) in a thermal
cycler (model 9700; Life Technologies, Carlsbad, CA, USA).
Primers were designed using the GENETYX software pro-
gram (Genetyx Corporation, Tokyo, Japan) to amplify the
whole region of approximately 7700 bp and to sequence
segmentalized regions of 600-700 bp. The sequences of the
primers used in this study are listed in Table S1. The PCR re-
action mixture (20 #L) contained 20 ng of DNA, 0.5 pmol/L
of primers, and 1.0 U of LA Taq DNA polymerase (Takara,
Shiga, Japan). The cycling protocol included an initial 1 min
of denaturation at 94°C, followed by 30 step cycles of 98°C
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for 10 s and 68°C for 10 min, with a final step of 10 min at
72°C. The PCR products were purified using a QIAquick
PCR purification Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions and were directly sequenced
on both strands using an ABI Prism Big Dye Terminator Cy-
cle Sequencing Ready Kit (Life Technologies Corp.) on an
ABI Prism model 3130x1 or 310 Genetic Analyzer.

Genetic Analysis of the Proband
Patient and Family Members with a Mutation

When a mutation was detected in a patient, amplification and
direct sequencing were conducted for all coding regions and
exon—intron boundaries of DFNAS5. The presence of a2 mu-
tation was analyzed in 100 unrelated healthy Japanese subjects
with normal hearing. A genetic analysis of the GJB2 muta-
tion and mitochondrial DNA 1555A > G mutation was per-
formed to exclude the most frequent cause of NSHHL. The
coding region and exon—intron boundaries of G/B2 were am-~
plified using the following primers: GJB2-1F 5-TGC TTG
CTT ACC CAG ACT CA-%3, GJB2-1R 5-TGG GAG ATG
GGG AAG TAG TG-3'; GJB2-2F 5'-TAC GAT CAC TAC
TTC CCC ATC TC-3, GJB2-2R 5-GCA ATC ATG AAC
ACT GTG AAG AC-3'; GJB2-3F 5'-TGG TGG ACC TAC
ACA AGC AG-3, GJB2-3R 5-CCT CAT CCC TCT CAT
GCT GT-3'. Forward (5'-AAA GAC GTT AGG TCA AGG
TG-3') and reverse (5'-GCT ACA TAG ACG GGT GTG
CTC-3'} primers were used to amplify mitochondrial DNA
MTRNR1 including position 1555.

Four fluorescent-labeled microsatellite markers (D7S2525,
D7S1791, G10542, and D7S2458) flanking the DFNA 5 gene,
which were used in a previous paper (Park et al., 2010), were
genotyped in the family members of the proband patients with
a mutation (Table S1). In the PCR amplifications, the reaction
mixture (25 L) contained 20 ng of DNA, 0.2 umol/L of
primers, and 1.0 U of FastStart Taqg DNA polymerase (Roche
Applied Science, Mannheim, Germany). The cycling proto-
colincluded an initial 4 min of denaturation at 95°C, followed
by 35 step cycles of 95°C for 30 s, 55°C for 30 s, and 72°C
for 1 min, with a final elongation step of 7 min at 72°C.
The PCR products were analyzed using GeneScan 500 LIZ
size standard (Applied Biosystems, Santa Clara, CA, USA) on
an ABI Prism model 3130x1 Genetic Analyzer. The Gen-
eMapper software program (Applied Biosystems) was used to
analyze the resulting data.

Haplotype Analysis

Twenty intragenic single-nucleotide polymorphisms (SNPs)
of DFNAS5, which were reported in a previous paper (Park

© 2014 John Wiley & Sons Ltd/University College London
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et al., 2010), were analyzed using PCR amplification and
DNA sequencing in two unrelated patients with a mutation
as well as in the family members of a patient. The mutation-
linked haplotype in the Japanese patients was compared with
that reported in Korean and Chinese patients with the iden-
tical mutation (Park et al., 2010).

The linkage disequilibrium (LD) structure of the region
around DFNA5 was investigated using the HapMap data
(http://hapmap.ncbi.nlm.nih.gov/) for Japanese and Chinese,
and expressed for 7 and I’ using the Haploview software pro-
gram (Broad Institute, Cambridge, MA, USA).

Audiovestibular Examinations

Audiological examinations including speech audiometry,
distortion-product otoacoustic emissions (DPOAEs), and au-
ditory brainstem responses (ABRs) were conducted in the
patients with a mutation and their family members. DPOAE,
an objective inner ear test, was recorded and analyzed using
an ILO292 analyzer (Otodynamics Ltd, Hatfield, Herts, UK).

The vestibular examinations included positional, posi-
tioning, and spontaneous nystagmus tests with an infrared
charge-coupled device (CCD) camera. Air caloric testing was
performed using electronystagmography (ENG). Caloric hy-
poplexia was defined as a maximal slow phase velocity (MSV)
less than 20°/s.

Results
Screening for DFNAS5 Mutations

In this study, we investigated sequence variations in an ap-
proximately 7700 bp region of DFNAS spanning from intron
6 to exon 9 (Fig. 1). Two of 65 patients (3.1%) carried a ¢.991-
15_991-13del mutation, which was identical to the mutation
reported in a Chinese family (Yu et al., 2003) and a Korean
family (Park et al., 2010). The 3 bp deletion mutation was
not detected in 100 healthy Japanese controls.

Among the other 37 variants detected in the patients,
24 were polymorphisms found on the HapMap Home-
page (http://hapmap.ncbi.nlm.nih.gov/) and 1000 Genomes
website (http://www.1000genomes.org/). The remaining 13
variants were detected in 100 Japanese controls and were
therefore considered to be novel polymorphisms (Table S2).

Family Analysis

The family studies showed that one of the two patients with
the 3 bp deletion mutation was from a five-generation family
(TMDU244), while the other was from a three-generation

© 2014 John Wiley & Sons Ltd/University College London
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family (TMDU313) (Fig. 2). No GJB2 mutations, mito-
chondrial DNA 1555A > G mutation, or other muta-
tions in any coding regions or exon—intron boundaries of
DFNAS5 were detected in the two patients with the DFNAS
mutation.

In the TMDU244 family, audiometric evaluations and
blood DNA extractions were performed in 12 of the 35
family members (eight affected members and four unaffected
members). All affected members carried the ¢.991-15_991-
13del mutation, whereas three of the four unaffected mem-
bers had no mutations and one member with normal hearing
(V:10, a 22-year-old female) was found to harbor the mu-
tation (Fig. S1). An analysis of microsatellite markers linked
to the DFNAS5 locus found that the DFNA5 mutation was
linked to NSHHL (Fig. 2). Eight affected members exhibited
bilateral symmetrical high-frequency sensorineural HL (Fig.
S1). The onset of HL ranged from 10 to 30 years of age.
The findings of DPOAE and ABR suggested the HL to be of
cochlear origin. None of the family members had vestibular
symptoms, and vestibular examinations showed no findings of
gaze, positioning, or spontaneous nystagmus, although posi-
tional nystagmus was detected in two members (IV:7 and V:7).
Caloric testing showed bilateral normal responses in IV:7 and
bilateral slight hypoplexia in V:7.

In the TMDU313 family, an audiometric evaluation and
genetic analysis were performed in the proband only (III:1).
The proband had bilateral symmetrical high-frequency sen-
sorineural HL (Fig. S1) without vestibular symptoms. The
HL had started at 18 years of age and was progressive. The
word recognition score was 75% in the right ear and 80% in
the left ear. The findings of DPOAE and ABR suggested the
HL to be of cochlear origin.

Haplotype Analysis

In order to gain insights into the origin of the mutation, we
investigated 20 SNPs and four microsatellite markers linked to
the DFNAS5 locus in the subjects from the TMDU244 family
and the patient from the TMDU311 family (Fig. 1b, Table 1).
A comparison of the DFNA5 mutation-linked haplotypes in
the TMDU?244 family with those observed in Chinese (Yu
et al., 2003) and Korean (Park et al., 2010) families revealed
that the mutation-linked haplotypes shared an identical region
of 41,874 bp spanning from rs2240005 to rs55926631. Quite
interestingly, the TMDU313 patient was homozygous for the
A > G variant (rs2269812), which was not found in the other
families.

The LD structure of the 750 kb region around DFNAS5 was
investigated using the HapMap data (Fig. S2). It was found
that the analyzed region was in a large LD block, based on
the D plot data, although it could be subdivided into seven

Annals of Human Genetics (2014)

149

3



A. Nishio et al.

(@

Ex9

c.1183+4 A>G
Ex8

€.991-6 C>G
€.991-15_c.991-13 del

¢.990+503_990+1691 del ins 132

Ex7

Ex6

b
®) J:———mszszs

J———D7s1791

Ex10

rs17149912
162240005 »eereere y -

rs2074142
rs4719777

Ex9

Ex8 ¢.991-15_991-13

rs2269812

rs17209408
rs57866118
rs55980618

Ex7 L

Sequencing region

rs2240006

rs59938883
rs17149943
rs35529766

Haplotypes shared region

Ex3

Ex2

Ex1

F——aG10s542

_r————D782458

Figure 1 Physical map of human chromosome 7p15. A schematic diagram of DFNAS5 showing the locations of the four reported
mutations and analyzed region in this study (a), as well as the shared region in the DFNAS families (b).

strong LD blocks from block A to G, as deduced from the
7 plot data. DFNAS was included in the LD block D of
approximately 300 kb, which included MPP6 and a part of
OSBPL3.

Discussion

This is the first report of screening for DFNA5 mutations
among Japanese patients with autosomal dominant NSHHL.
We detected a mutation, ¢.991-15_991-13del, in two pa-
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tients, which was previously reported in East Asian fami-
lies (Yu et al., 2003; Park et al., 2010). Table 2 summarizes
the audiovestibular features of the patients with DNFAS5 mu-
tations reported thus far (Van Laer et al.,, 1998; Yu et al,
2003; Bischoff et al., 2004; Cheng et al., 2007; Park et al.,
2010). The age of onset of HL varied from the first to the
fifth decade. Therefore, a 22-year-old female (V:10) in the
TMDU244 family who showed normal hearing in the pres-
ence of the mutation may develop HL in the future. It has
been reported that HL starts at high frequencies and pro-
gresses with additional deterioration of the middle and lower

© 2014 John Wiley & Sons Ltd/University College London
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Figure 2 Pedigrees of families TMDU 244 and TMDU 313. For the TMDU 244 family, microsatellite marker
haplotypes are shown with the DFINA5-linked haplotype in boxes. Individual V:10 with normal hearing carries
the mutation. *; Family members in whom pure-tone audiometry and genetic analysis were available.

frequencies (Van Laer et al., 1998; Yu et al., 2003; Bischoff
et al., 2004; Cheng et al., 2007; Park et al., 2010);tinnitus
can be accompanied by HL (Cheng et al., 2007), word recog-
nition is relatively good, with a score of >50% (Van Laer
et al., 1998; De Leenheer et al., 2002; Bischoff et al., 2004),
and no DFNAS patients suffer from vestibular symptoms.
These audiovestibular features of DFNNAS are consistent with
those observed in our DFNAS families. Although previous
reports have found no spontaneous nystagmus and/or abnor-
mal caloric responses, two members in the TMDU244 fam-
ily showed positional nystagmus and/or caloric hypoplexia,
suggesting that the DFNAS mutation causes mild vestibular
impairment.

In this study, we analyzed the limited region of exons 7—
9 and introns 6—8 of DFNAS5 in Japanese NSHHL patients.
However, the region included introns 7 and 8, where all four

© 2014 John Wiley & Sons Ltd/University College London

reported mutations are located (Van Laer et al., 1998; Yu
et al., 2003; Bischoff et al., 2004; Cheng et al., 2007). These
mutations are expected to lead to skipping of exon 8 with a
frameshift, which is thought to cause premature truncation
of the DENAS protein and HL due to a gain-of-function.
Therefore, the region between introns 7 and 8 is critical and
should be screened for autosomal dominant NSHHL. The
prevalence of DFNAJ5 mutations among Japanese autosomal
dominant NSHHL families is estimated to be >3% (2/65).

We detected 24 known polymorphisms in 65 Japanese
NSHHL patients. The allele frequencies were consistent
with those reported in the Japanese HapMap and 1000
Genomes data. The other 13 variants were not found
in these databases, although they were detected in 100
Japanese healthy controls and are therefore considered to be
polymorphisms.
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Table 1 Haplotype analysis of DFNAS families.

Linked allele Allele
Nucleotide SNP/STR Distance to ¢.991- Genotype frequency!
variations marker 15_991-13del (bp) Korean? Chinese? TMDU244 TMDU313 (Japanese)
(CA)n D782525 745,871 185 185 187 187/185 NA
(ATA)n D781791 396,627 175 157 175 175/160 NA
c.1200A > G 1517149912 3573 A G G G/G A 0.674
c.1184-101 G > A 152240005 3456 G G G G/G G 0.722
c1184-133 T > C rs2074142 3424 T T T T/T T 0.721
c.1184-753 G > C rs4719777 2804 C C C C/C G 0.422
¢.991-15_991-13 0 del del del del/WT NA
c991-27A> G rs2269812 13 A A A G/G A 0.837
c991-31C>T 1517209408 17 C C C c/C C 1.000
c991-67 G > A rs57866118 53 G G G G/G G 0.942
c991-70C > G rs55980618 56 C C C Cc/C NA
c.8624+1393 G > A 152240006 2441 G G G G/G G 0.758
.862+813 ins/del (A) 1rs59938883 3022 del del del del/del NA
c.862+644 G > T rs17149943 3190 G G G G/T G 0.813
¢.8624-87 ins/del (C) 1rs35529766 3747 del del del del/ins NA
619G > A 1512540919 10,942 G G G G/G G 0.866
c489G > A rs754555 12,744 A A A A/G G 0.535
c447A> G rs876305 12,786 G G G G/G A 0.006
c424C > A rs754554 12,809 A A A A/C C 0.541
c405-15G > A 15754553 12,843 A A A A/G G 0.535
c212-30C>T 152521768 38,394 T T T T/T C0.314
c212-54 G > A rs55926631 38,418 G G G G/G NA
c-19-36 C>T rs10235527 43,440 T C T T/T C 0.780
(GATA)n G10542 1,607,773 220 212 216 216/216 NA
(CA)n D752458 2,654,733 131 131 135 135/117 NA

! Allele frequency for each SNP is obtained from the HapMap or 1000 Genomes.
2Linked alleles in Korean and Chinese patients are given from a previous report by Park et al. (2010).
NA, not available; SNP, single-nucleotide polymorphism; STR, short tandem repeat; WT, wild type.

Park et al. (2010) compared the ¢.991-15_991-13del
mutation-linked haplotypes between the Chinese and Ko-
rean families and suggested that the 3 bp deletion mutation
showed a possible founder effect in East Asians. In the present
study, we analyzed and compared the mutation-linked hap-
lotypes in the Japanese family with those observed in the
Chinese and Korean families. The DFNAS5-linked haplo-
types shared an identical region of 41,874 bp spanning from
1rs2240005 to rs55926631. These findings strongly suggest that
the 3 bp deletion mutation was derived from an ancestor with
NSHHL, exhibiting a founder effect in East Asians. In addi-
tion, the genotypes in the TMDU313 patient were identical
to the TMDU244-linked haplotypes in a broad region of
3,400,604 bp spanning from D752525 to 1752458, with the
exception of the A > G variant (rs2269812). The TMDU313
patient was homozygous for the G allele, thus implying that
a mutation had occurred in one of her ancestors. Possible

Annals of Human Genetics (2014)

mechanisms of the A > G variant are as follows: 1) a point
mutation; 2) gene conversion; or 3) double equal crossing
over, although it is unlikely that double equal crossing over
occurred in a short stretch of 16 bp between the 3 bp deletion
mutation and rs17209408. Furthermore, the LD structure
obtained from the HapMap data for Japanese and Chinese
showed a strong LD block containing the whole DFNAS5
gene as well as MPPé6 and a part of OSBPL3. The finding
suggests that the recombination of SNPs and microsatellite
markers found among the DFNAS5-linked haplotypes in Chi-
nese, Korean, and Japanese NSHHL families is not due to
the existence of a recombination hotspot within the DFNAS5
locus.

A mouse mutant with a targeted deletion of exon 8 of
Dfua5 did not display HL, thus suggesting that haploinsuffi-
ciency is not responsible for the DFINA5-associated HL (Van
Laer et al., 2005). Light microscopic findings show that the

© 2014 John Wiley & Sons Ltd/University College London
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Table 2 Clinical features of patients with DFNAS5 mutations.

HL
Family Mutation Onset HL degree WRS  Vestibular Vestibular
origin  Mutation Location effect age (y.o) progression Tinnitus AG (dBHL) (%) symptom  function Reference
Dutch  ¢.9904-503_ Intron 7 Skipping of 10-22 + - HF 80 above 50-100 — (Van Laer et al.,
990-+1691 exon 8 1000 Hz 1998)
del ins132
Chinese ¢.991-15_991-  Intron7 Skipping of 7-30 + HF 60-100 (Yu et al., 2003)
13del exon 8
Dutch  ¢991-6C > G  Intron7 Skipping of 28-49 + HF 30-90 50-100 — Normal (Bischoff et al.,
exon 8 2004)
Chinese ¢.1183+4A > G Intron 8 Skipping of 11-50 + + HF 50-90 — (Cheng et al.,
exon 8 2007)
Korean ¢.991-15_991-  Intron7 Skipping of 10-19 + HF 30-100 - (Park et al.,
13del exon 8 2010)
Japanese ¢.991-15_991-  Intron7 Skipping of 10-30 + + HF 30-100 — Caloric This study
13del exon 8 Hypoplexia
Japanese ¢.991-15_991-  Intron7 Skipping of 18 + + HF 50-70 80 - This study
13del exon 8

HL, hearing loss; AG, audiogram; WRS, word recognition score; HE high frequency.
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Dfna5~’~ mouse has a normal structure in the middle and
inner ear, and no differences are observed between Dfna5™"~
and Dfna5t/* mice in the organ of Corti or the cochlear gan-
glion cells. However, scanning electron microscopy findings
demonstrate significant differences in the number of fourth
row outer hair cells between Dfna5~’~ and Dfna5T'* mice.
On the other hand, yeast cells tolerate the expression of wild-
type DFNAS5, while the expression of the mutant DFNAS
allele leads to cell cycle arrest (Gregan et al., 2003). The post-
transfection death of mammalian cells approximately doubles
when the cells are transfected with mutant DFNA5-GFP
compared with wild-type DFNA5-GFP (Van Laer et al,
2004). These experiments support the hypothesis that the
hearing impairment associated with DFNAJS is caused by a
“gain-of-function” mutation and that the mutant DFNA5
has a deleterious new function.

DFNAS5 has also been identified as a transcriptional tar-
get of P53 and is suggested to be a tumor suppressor gene
(Masuda et al., 2006). The transfection of mutant DFNAS
leads to cell death in mammalian cells (Op de Beeck et al,,
2011a, b, 2012), thus suggesting that DFNAJ5 mutations in-
duce apoptosis. An analysis of the DFNAS5 protein revealed
two separated regions (Op de Beeck et al., 2011a). The first
region, which includes exon 2 to exon 6, induces apop-
tosis, whereas the second region, which includes exon 8,
has a regulatory function (Op de Beeck et al., 2011a). The
skipping of exon 8 could shorten the second region, thus
leaving the apoptosis-inducing region uncovered, and result-
ing in a constitutively activated mutant protein that may in-
duce apoptosis (Op de Beeck et al., 2011a). The presence
of HL in DENAS patients is considered to be the result of
an activating mutation (Op de Beeck et al., 2012). It is im-
plied that the apoptosis-inducing feature of mutant DFNAS
may cause continued stress on cells of the sensory epithelium
(Op de Beeck et al., 2012).

In summary, we identified the previously identified 3
bp deletion mutation in DFNA5 in two of 65 Japanese
patients with autosomal dominant NSHHL. An analy-
sis of the DFNAS5-linked haplotypes in Japanese patients
suggested that this mutation was derived from the same
ancestor in the Chinese, Korean, and Japanese DFINA5
families.
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Table S1 Nucleotide sequences of primers for PCR, se-
quencing and microsatellite analyses used in this study.

Table S2 Novel polymorphisms of DENAS5 found in this
study.

Figure S1 Pure-tone audiograms of nine members of the
TMDU244 family and the proband of the TMDU313
family.

Audiograms obtained from subjects carrying the DFNAS5 mu-~
tation are shown. The X-axis shows the stimulus frequency
(Hz) and the Y-axis indicates the hearing threshold (dB HL).
All members, except for TMDU313 V:10, show bilateral
symmetrical high-frequency sensorineural hearing loss.

Figure S2 LD structure of the region around DFNAS5.
The LD structure was investigated using the HapMap data
for Japanese (JPT) and Chinese (CHB). The upper panel
shows the LD for the JPT data, while the lower panel shows
the LD for the CHB data. Each panel contains the LD
structure derived from data for # and D'. LD blocks, from
block A to block G, deduced from the 7 plot data are indi-
cated by red arrows. The name and transcriptional direction
(blue dotted arrows) are shown for each gene. The telomere
and centromere sides are indicated at the most upper part. The
scale bar represented by a black arrow in the map indicates
100 kb.
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