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研究成果の概要（和文）：蝸牛では頂回転側で低音を、基底回転側で高音を特異的に認識することが知られている。本
研究では、蝸牛の回転ごとに発現する遺伝子およびスプライシング・バリアントの網羅的解析を行い、その詳細を明ら
かにすることを目的にマウス蝸牛を用いた網羅的遺伝子解析を実施した。その結果、蝸牛の回転毎に異なるスプライシ
ングバリアントが認められるもののうち、有意水準に達する遺伝子は44種類認められた。これら44遺伝子には現在まで
に難聴の原因として報告されているOtogおよびStrcにが含まれており、スプラシングバリアントが難聴の聴力型に関与
する可能性が示唆された。

研究成果の概要（英文）：The mammalian cochlea is a spiral shaped auditory sensing organ, with the mouse 
cochlea forming 2.5 turns around its axis. This cochlear structure has an important role in the mechanism 
for distinguishing pitch (sound frequency). This mechanism were based on the synchronized vibration of 
the basilar membrane is thought to be caused by differences in the thickness and width of the basilar 
membrane. In this study, we performed exon level gene expression analysis using the previous cDNA 
microarray data to identify alternative splicing variants in specific regions of the cochlea. As a 
result, we identified cochlear turn specific alternative splicing variants in Otog, Strc, Tectb and 
Slc26a4 genes. This dataset will provide a valuable base for understanding the detailed mechanisms not 
only for specific frequency deterioration in cases of hearing loss but also those for normal hearing.

研究分野： 耳鼻咽喉科学
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１．研究開始当初の背景 
	 我々の研究室では、従来より日本人難聴患
者の遺伝子解析を精力的に行っており、多く
の原因遺伝子変異を見出し報告してきた。。	
	 非常に興味深い事に、日本人患者から同定
された原因遺伝子である WFS1遺伝子、TECTA
遺伝子、KCNQ4遺伝子（Fukuoka	et	al.,	2007,	
Iwasaki	et	al.,	2002,	Moteki	et	al.,	2012,	
Akita	et	al.,	2001）変異による難聴では、
それぞれ、低音障害型難聴、中音域障害型難
聴、高音障害型難聴と特徴的な聴力像を示す。
しかし、その特徴的な聴力像を呈す原因は定
かになっておらず、発症メカニズムの解明が
期待されている。	
	 蝸牛では頂回転側で低音を、基底回転側で
高音を特異的に認識することが知られてい
る。しかし、WFS1遺伝子、TECTA遺伝子、KCNQ4
遺伝子の発現に関しては、蝸牛の頂回転部分
と基底回転部分において有意な差異はみら
れなかった（Sato	et	al.	2009）ことが報告
されていた。したがって、特徴的な聴力像を
呈するメカニズムとして遺伝子発現量が直
接は関与しておらず、何らかのことなるメカ
ニズムが関与することが示唆されていた。	
	
２．研究の目的	
	 前項のように、低音障害型、中音域障害型、
高温障害型の感音難聴を引き起こす原因遺
伝子である、WFS1、TECTA、KCNQ4遺伝子の発
現が、蝸牛の回転毎に差が認められなかった
ことより、この違いの原因は遺伝子発現の量
的な差異ではなく、オルタネイティブスプラ
イシングバリアントなどの遺伝子の質的な
違いにより生じるのではないかと考えた。そ
こで、本研究では、蝸牛の回転ごとのエクソ
ンレベルでの網羅的遺伝子発現解析を行う
ことで、これらの特徴的な聴力型が生じるメ
カニズムを明らかとすることを目的とした。	
	 特に難聴の原因遺伝子の一つである KCNQ4
遺伝子に関しては、マウスで 4種類のスプラ
イシング・バリアントが存在しており膜電位
を維持する活性に差が認められている。また、
４種類のうち最も活性の高いスプライシン
グ・バリアントの発現が基底回転に限られる
ことが報告されている（Xu	et	al.,	2007;	
Beisel	et	al.,	2005）。このようにスプライ
シング・バリアントを解析することにより、
遺伝子の“質的な違い”を解析することが可
能となり、原因遺伝子によって異なる聴力像
を呈する難聴発症のメカニズムの解明につ
ながるものと考え検討を行った。	
	
３．研究の方法	
	 蝸牛の回転ごとに発現する遺伝子および
スプライシング・バリアントの網羅的解析を
行う、特に、臨床像に特徴のある難聴の原因
遺伝子（WFS1 遺伝子、TECTA 遺伝子、KCNQ4
遺伝子など）に関しては詳細に検討を行うこ
とを目的にマウス蝸牛を用いて検討を行っ
た。具体的には、マウスを麻酔下におき、断

頭後すぐに内耳を摘出し RNA-later へ浸透さ
せる。RNA-later 内にて蝸牛骨壁を除去し、
蝸牛より回転ごとに膜迷路を取り出して、
QIAGEN	RNeasy	Mini	Kit を使用し total	RNA
を抽出する。Agilent	2100	bioanalyzer にて
抽出した RNA のクオリティチェックを行い、
SurePrint	G3	Exon	マイクロアレイを使用し
て全エクソンの発現パターンを調べること
により、網羅的スプライシング解析を行った。	
	 さらに、蝸牛の回転毎に発現の異なるスプ
ライシング・バリアントの存在を確認した遺
伝子については、内耳における局在を明らか
にすることにより、より詳細な機能が推定可
能であるため、レーザーマイクロダイセクシ
ョンによりその発現部位の同定を行った。	
	
４．研究成果	
(1)蝸牛の回転毎に発現量の異なる遺伝子の
同定	
	 本研究では、まず初めにマウス蝸牛の頂回
転（低音）、中回転（中音域）、基底回転（高
音）のサンプルより抽出した Total	RNA を用
いて、cDNA マイクロアレイ法により蝸牛の回
転毎に発現量の異なる遺伝子の同定を試み
た。また、発現量に差異が見られた遺伝子の
いくつかに関しては、TaqMan 法を用いた定量
PCR を行い、遺伝子発現量の確認を行った。	
	 その結果、24,547 遺伝子のうち 783 種類の
遺伝子の発現が２倍以上変化していること
が明らかとなった。	

Materials and Methods

Tissue dissection and RNA extraction
Four C57BL/6 mice aged 6 weeks were euthanized by

decapitation under deep anesthesia induced by an intraperitoneal
injection containing 75 mg/kg Ketamine (Daiichi Sankyo, Tokyo,
Japan) and 32.4 mg/kg Pentobarbital Sodium (Kyoritsu, Tokyo,
Japan). Inner ears were rapidly extracted from the temporal bone
and transferred into RNAlater solution (Ambion, Austin, TX,
USA). After removing the otic capsule, the cochlea including the
lateral wall comprising the stria vascularis, spiral ligament, and
spiral prominence, the organ of Corti and the spiral ganglion
neurons were dissected and separated into the apical, middle and
basal turns (Fig. 1). All of these dissections were performed in
RNAlater solution to prevent RNA degradation. Total RNA was
were extracted using the QIAGEN RNeasy Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol. The
quality of the extracted total RNA was assessed with the Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany)
and found to be adequate for microarray analysis (data not
shown).

RNA labeling and purification
Total RNA (25 ng each) was reverse transcribed with the Low

Input Quick Amp Whole Transcriptome Labeling Kit (Agilent
Technologies). After reverse transcription process, labeled cRNA
was synthesized from cDNA by using T7 RNA polymerase mix
and cyanine 3-CTP according to the manufacturer’s instructions.
Labeled cRNA was purified using the Rneasy Mini kit (QIAGEN).

Microarray hybridization
To analyze gene expression of each cochlea turn, 12 SurePrint

G3 Mouse Exon Microarrays (Agilent Technologies), which were
spotted with 165,984 exon probes (24,547 genes), were hybridized
to labeled cRNA (4 microarrays were used for each turn sample).
Prior to the hybridization step, Cyanine 3-labeled cRNAs were
fragmented using 25X fragmentation buffer at 60uC in a water

bath for 30 min and then hybridized to a microarray slide for
17 hours at 65uC in a hybridization oven and washed using Gene
Expression Wash Buffer (Agilent Technologies).

Microarray scanning and statistical analysis
Fluorescence intensities were measured with the Agilent

Microarray Scanner (Agilent) using the scanning protocols specific
for each microarray assay and raw microarray image files were
created. The expression data were extracted from raw microarray
image files using Agilent Feature Extraction Image Analysis
Software (Version 10.7.3.1). The software also generated quality
control reports using the protocol specific for the microarray assays
as well as data files for analysis with GeneSpring GX (Version 11,
Agilent Technologies). Signal intensities for each probe were
normalized to the 75th percentile without baseline transformation.

Data for each microarray was analyzed using the manufactur-
er’s workflow in GeneSpring GX. For gene-level analysis, the
average expression levels of each exon probe were used. Then
averages of four microarray data of each cochlea turn (base,
middle, and apex) were used for comparison analysis (one-way
analysis of variance (ANOVA)) by using GeneSpring GX. The
microarray data have been lodged in the Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) as accession
number: GSE53863.

Quantitative RT-PCR
To confirm the microarray analysis results, qPCR was performed

on 9 deafness genes. Reverse transcription was performed with 4
total RNA samples of each cochlea turn by using High Capacity
RNA-to-cDNA Kit (Life Technologies, Foster City, CA, USA) as
described in the manufacturer’s procedure. The TaqMan probe for
each gene was selected from the TaqMan Gene Expression
Assay system (https://products.appliedbiosystems.com/ab/en/
US/adirect/ab?;cmd = ABGEKeywordSearch,Life Technologies).
Gapdh, Actb, Rps17, Rpl30, Atp6, and Ipo8 were chosen as internal
control genes. The estimated gene expression level (EL) was
normalized to the internal control gene expression level and data
are presented as the mean of log2EL.

Ethics Statement
All experimental procedures were performed in accordance

with the regulations for animal experimentation of Shinshu
University. These experiments were approved by Shinshu
University institutional animal care and use committee.

Results

Scatter plot analysis
To confirm the technical stability of cochlear dissection and

RNA extraction and to estimate global gene expression change, we
performed scatter plot analysis of the gene expression profiles of
each cochlear turn. In each comparison of basal, middle and
apical cochlear turns, the gene expression patterns were quite
similar and most gene expression changes were less than 2-fold
(Fig. 2).

In detail, the gene expression profile of the apical turn of the
cochlea was more similar to that of the middle turn than the basal
turn. The scatter plot of the apical turn vs. basal turn showed
lower correlation than the others. From these results, the gene
expression of each cochlear turn clearly indicated gradual gene
expression change according to the tonotopic axis.

Figure 1. Microscopical image of the mouse cochlea (right ear).
Bars indicate the incision points for each turn sample. A: apical turn, B:
middle turn, C: basal turn, D: dissection example
doi:10.1371/journal.pone.0092547.g001
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	 非常に興味深いことに、進行性の高音障害
型の遺伝性難聴の原因遺伝子の幾つかはこ
れら発現量に差のある遺伝子群に含まれて
おり、基底回転（高音部）ほど遺伝子発現量
が少ないことが明らかとなった。このことは、
加齢に伴う遺伝子発現量の低下により、遺伝
子産物が聴覚を維持する閾値よりも低くな
り、高音部から難聴が発症し、徐々に進行し
ていくという仮説と一致した結果であった。	
	



 

 

those was greater in the apex than in the base. However, there
were no significant differences in WFS1 gene expression.

Tonotopic expression of sodium, potassium, and calcium
channels

Many sodium, potassium, and calcium channels were differen-
tially expressed between the basal and apical turns. Specifically,
expression of most potassium voltage-gated channels (i.e., Kcna1,
Kcna2, Kcnab2, Kcnab3, Kcnb2, Kcnc1, Kcnc3, Kcnd2, Kcne4, Kcnh2,
Kcnh5, Kcnq3, and Kcns3) was greater in the apex. There was also
differential expression of voltage-dependent calcium channels (i.e.,
Cacna2d3 and Cacng2 were higher up in the apex while Cacng4 was
higher up in the base basal). Additionally, sodium channels (i.e.,
Scn1a, Scn4b, and Scn8a) were differentially expressed between the
base basal and apex, and expression of those was greater in the
apex. These observations suggest important functional roles for
some of these channels in the mouse inner ear.

Tonotopic expression of other genes important for
cochlear function

Emilin-2, a major component of the cochlear basal membrane
(BM), expressed more in the apex (12.58-fold). Additionally, Tectb,
a glycoprotein that is localized to the tectorial membrane, also
expressed more in the apex (23.85-fold).

Quantitative RT-PCR (qPCR) confirms microarray data
To validate the microarray data, qPCR primers were designed

for of 15 selected genes. Of them, 9 deafness genes expressed more
in the apical turn (Pou4f3, Slc17a8, Tmc1, Crym, Otof, Ush1c, Pcdh15,
Slc26a5, and Lhfpl5) and six were internal controls (Gapdh, Actb,
Rps17, Rpl30, Atp6, and Ipo8). In all genes, qPCR data was
coincident to microarray data. Data of 9 genes together with the
control (Gapdh) are shown in Figure 3.

Discussion

These data revealed the baseline of gene expression in each
mouse cochlear turn. However, we identified only gene expres-
sions in equal amounts of RNA at each cochlear turn rather than
in specific tissue (e.g., the lateral wall, the organ of Corti, and hair
cells). This data can be utilized as a tool for global gene analysis
such as of the biological function of the genes expressed in the
inner ear, or in the search for novel hearing loss causative genes.
Sato et al. demonstrated differential gene expression profiles along
the axis of the mouse cochlea by cDNA microarray [8]. However,
some of our results were not consistent with their findings. This
difference may be attributed to the number of microarray probes
(165,984 exon probes used in our experiments compared to 20,289
gene probes in theirs). In addition, our microarray analysis results
were confirmed by qPCR.

The most remarkable finding was gradients of gene expression,
being greater in the apex than the base in ADNSHL genes (Pou4f3,
Slc17a8, Tmc1, and Crym). There are two prevailing theories
explaining autosomal dominant diseases [9]. One of these is
haploinsufficiency, referring to a lack of sufficient gene function
due to reduced wild-type gene copy number. Cook et al. proposed
that haploinsufficiency diseases are caused when the gene
expression that is essential to maintain biological function falls
below some critical level due to a loss-of function mutation in one
of the two homologous gene loci [10]. Many papers supported this
theory by quantifying variability in gene expression [9]. If this
theory is applied to genes such as POU4F3, SLC17A8, TMC1, and
CRYM, mutations of these genes would cause reduction of gene
products. In such a case, basal turn gene expression may fall
below some critical level more rapidly compared with apical turn
because of a gradient of gene expression greater in the apex than
in the base, resulting in progressive high frequency hearing loss.
This speculation is consistent with the reported hearing loss
types (such as high frequency progressive) in patients with the

Figure 3. Gene expression patterns found by microarray analysis and quantitative RT-PCR. Values of each gene expression are indicated
as a relative value to the basal turn. The expression level of each gene measured by microarray analysis (solid lines) was comparable with the level
measured by quantitative RT-PCR (dotted lines).
doi:10.1371/journal.pone.0092547.g003
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(2)蝸牛の回転毎に異なるスプライシングバ
リアントを生じる遺伝子の同定	
	 次に、マイクロアレイ解析で得られたデー
タをもとに、各エクソン毎の遺伝子発現量を
z スコア化し、転写産物の間で比を算出する
ことで、スプライシングインデックスを計算
する手法を用いて、蝸牛の回転毎に異なるス
プライシングバリアントを生じる遺伝子の
同定を試みた。	
	 その結果、蝸牛の回転毎に異なるスプライ
シングバリアントが認められるもののうち、
有意水準に達する遺伝子は４４種類認めら
れた。	
	 これら４４遺伝子のうち、Otog および Strc
に関しては、現在までに難聴の原因として報
告されており、スプラシングバリアントが難
聴の聴力型に関与する可能性が示唆された。	
	
図	 Otog遺伝子のスプライシングパターン	

	
	
	
	
	
	
	
	

図	Strc遺伝子のスプライシングパターン	
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