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Hair roots as an mRNA source for mutation analysis
of Usher syndrome-causing genes

Hiroshi Nakanishil2, Masafumi Ohtsubo?, Satoshi Iwasaki!, Yoshihiro Hotta?, Kunihiro Mizutal,

Hiroyuki Mineta! and Shinsei Minoshima?

mRNA is an important tool to study the effects of particular mutations on the mode of splicing and transcripts. However, it

is often difficult to isolate mMRNA because the organ or tissue in which the gene is expressed cannot be sampled. We previously
identified two probable splicing mutations (c.6485+5G > A and ¢.8559-2A > G) during the mutation analysis of USH24 in
Japanese Usher syndrome (USH) type 2 patients, but we could not observe their effects on splicing because the gene is
expressed in only a few tissues/organs, and is not expressed in peripheral lymphocytes. In this study, we used hair roots as a
source of mMRNA of USH-causing genes, and successfully detected the expression of seven, except USHIC and CLRN1, of the
nine USH-causing genes. We used RNA extracted from the hair roots of a patient who has both ¢.6485+5G > A and c.8559-
2A>G mutations in USH2A in a compound heterozygous state to observe the effects of these mutations on transcripts.
Reverse-transcription PCR analysis revealed that ¢.6485+5G > A and ¢.8559-2A > G inactivated splice donor and splice
acceptor sites, respectively, and caused skipping of exons. Thus, RNA extracted from hair roots is a potential powerful and

convenient tool for the mutation analysis of USH-causing genes.
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INTRODUCTION

To perform mutation analysis in the study of hereditary diseases, we
generally used genomic DNA for the detection of mutations in exons
and adjacent intronic regions of the gene of interest. Further, mRNA,
if available, can also be used for the detection of mutations and for
determining their effects on transcripts. However, except in the cases
when the gene of interest is expressed in blood cells, it is difficult to
isolate mRNA because the organ or tissue in which the gene of interest
is expressed cannot be sampled.

We recently performed mutation analysis of USH2A gene for
Japanese patients of Usher syndrome (USH) type 2, and identified
14 mutations, including 11 novel ones.! Of these mutations, two were
splicing mutations, ¢.6485+5G>A and ¢.8559-2A>G in introns 33
and 42, respectively. We determined the pathogenicity of these muta-
tions using supportive data, but could not examine their effect on
pre-mRNA splicing because of the difficulty in obtaining USH2A
mRNA. The expression of USH2A mRNA is restricted to a few tissues,
including the retina and the cochlear, and is absent in peripheral
lymphocytes.? Similarly, peripheral lymphocytes do not express
mRNA of any other USH-causing genes, except DFNB31.

Here, we attempted to use hair roots as a source of USH-causing
gene mRNA. We successfully detected the mRNA expression of most

USH-causing genes and analyzed the effect of the above-mentioned
USHZ2A mutations on pre-mRNA splicing. This is the first report on
the mRNA expression of USH-causing genes in hair roots.

MATERIALS AND METHODS

Collection of hair roots

At least 30 hair root samples were collected from the scalp of normal Japanese
individuals and a USH type 2 patient. The patient had c.6485+5G>A and
¢.8559-2A > G mutations in USH2A in a compound heterozygous state (see the
patient C152 in a previous report!). The institutional review board of
Hamamatsu University School of Medicine approved this study, and written
informed consent was obtained from all participants before enrollment.

Reverse-transcription PCR of USH-causing genes

Total RNA was extracted from the hair roots using the SV Total RNA Isolation
System (Promega, Madison, WI, USA). Next, 2ug of total RNA was reverse
transcribed with oligo(dT) primers by using the SuperScript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA). Complementary DNA
(cDNA) for all nine known USH-causing genes was amplified using specially
designed PCR primers (Table 1). The PCR mixtures (total volume, 20pl)
contained 2pg ¢DNA, 1.0M betaine (Wako, Osaka, Japan), 1.5mm MgSOy,
0.3 pum each primer and 0.4U KOD Plus DNA polymerase (Toyobo, Osaka,
Japan). The amplification conditions were as follows: denaturation at 94 °C for
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Table 1 Nucleotide primers designed for PCR and sequencing of Usher syndrome-causing genes

Template Primer sequences (5 to 3') Exon Annealing temperature ("CP Product length (bp)

MYO7A cDNA F: TGAGATTGGGGCAGGAGTTCGACG 2 68 428
R: GATGATGCAGCACTGGTCTCGGCT 4

USHIC cDNA F: AGTGGCCCGAGAATTCCGGCATAA 1 64 359
R: CTGCCTGACCGCCTTTGATGAGGT 4

CDHZ23 cDNA F: GGTCGGCTTTGCCCTTCCACTCTT 11 64 449
R: GTCCCGTGTCCTTGTCCAGCGAGA 14

PCDH15 cDNA F: TGCCAAACACTCGTGATTGCCGTC 8 64 330
R: GACCGGCAAAGGCAGGAAGAGGAT 11

USH1G cDNA F: CCCACTCTCTGGGCTGCCTACCAT 1 68 443
R: GTGAGGCTGGAGAAGCTGAGGGTGT 2

USHZA cDNA F: TAACTGCTTGCACTTTGGCTGGCT 31 64 613
R: GTTAGGGCCTCACTGGCCTCACTC 35

USHZA cDNA F: GTGGTGACAGTGCTGGAACCCGAT 41 64 563
R: ACAGTCACTTCTCGGCTCGGTGTAA 44

GPR98 cDNA F: ACTCACCTTTTGGCTTGGTGGGCT 53 64 533
R: AAAGCTTCCAGCCAGCCGGACTAC 56

DFNB31 cDNA F: CTGCGCGTCAACGACAAATCCCTG 1 64 371
R: CCTGGGTCCACGCCAGTGATGTAA 3

CLRN1 cDNA F: GCAATCCCAGTGAGCATCCACGTC 2 64 368
R: GGGAACTGAAATCCAGCAAGTCGT 3

Abbreviations: F, forward; R, reverse.

2The amplification conditions were as follows: denaturation at 94 °C for 2 min; followed by 40 cycles of treatment at 98°C for 105, 64 or 68°C for 30s (see this column), and 68°C for 1 min; and

final extension at 68°C for 5min.

1, MYQT7A (428 bp)

e

]

2, USHIC (359 bp)
3, CDH23 {449 bp)
4, PCDH15 (330 bp)
5, USH1G (443 bp)
6, USH24 (563 bp)
7, GPR98 (533 bp)
8, DFNB3T (371 bp)

9, CLRNT (368 bp)

Figure 1 RT-PCR analysis of USH-causing genes. mRNA expression of all USH-causing genes, except USHIC and CLRN1, was detected in normal control
hair roots. PCR was performed using 2 ug cDNA (total volume, 20 ul) with 40 cycles.

2 min; followed by 40 cycles of treatment at 98 °C for 105, 64 or 68 °C for 30s
(described in Table 1) and 68 °C for 2 min; and final extension at 68 °C for 5 min.

RESULTS

Detection of mRNA of USH-causing genes in hair roots

Total RNA was prepared from the scalp hair root samples obtained
from normal individuals. Reverse-transcription PCR (RT-PCR) ana-
lysis revealed the mRNA expression of all USH-causing genes, except
USHIC and CLRNI, in hair roots (Figure 1).

Detection of the splicing abnormality caused by USH2A splicing
mutations

We next attempted to detect the splicing abnormality caused by the
compound heterozygous mutations c.6485+5G>A and ¢.8559-
2A>G in USHZ2A. Total RNA was prepared from the hair root samples
obtained from the patient, and RT-PCR was performed using primers
to amplify the cDNA between exons 31 and 35. Agarose gel electro-
phoresis of the RT-PCR products revealed two bands—a larger band
corresponding to the normal sequence and a smaller band corre-
sponding to the mutant sequence (Figure 2a). Sequence analysis of the
mutants revealed that c.6485+5G>A causes skipping of exon 33
(160bp) and presumably creates a premature stop codon in exon 34

Journal of Human Genetics

through a frameshift. Similarly, RT-PCR performed using primers
to amplify the cDNA between exons 41 and 44 revealed that
€.8559-2A>G causes skipping of exon 43 (123 bp) (Figure 2b) and
presumably induces a 41-amino-acid deletion. These results revealed
that c.6485+5G> A and ¢.8559-2A>G inactivated splice donor and
splice acceptor sites, respectively, and this finding confirmed the
pathogenicity of these mutations.

DISCUSSION

RT-PCR analysis revealed the mRNA expression of seven of the nine
USH-causing genes in hair roots. It has been reported that the mRNA
of one USH-causing gene, MYO7A (causes USH type 1B), can be
detected in the nasal epithelium;* however, obtaining MYO7A mRNA
would necessitate invasive and painful tissue sampling methods. In
contrast, collecting hair roots from the scalp is not an invasive
procedure. Further, analysis of total RNA obtained from the hair
roots of the patient with USH type 2 revealed that the two intronic
mutations ¢.6485+5G>A and ¢.8559-2A>G inactivated a splice
donor and splice acceptor sites, respectively, and both these mutations
resulted in exon skipping. This is the first report to describe the
RT-PCR analysis of USH2A mutations and show that the mutations
close to the splice donor/acceptor sites cause splicing errors.

26



— WT (813 bp)
- Mut {453 bp)

Hair roots as an mRNA source for mutation analysis
H Nakanishi et al

703

- WT {563 bp}
~— Mut (440 bp}

WT A

e A AT A =
Geromic DNA =31 & | ] 35 - 44
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Figure 2 (a) Products of RT-PCR performed using primers to amplify USH2A cDNA between exons 31 and 35. The c.6485+5G>A mutation caused
skipping of exon 33 (160 bp) and was presumed to create a premature stop codon in exon 34 through a frameshift. (b) Products of RT-PCR performed using
primers to amplify USHZ2A cDNA between exons 41 and 44. The c.8559-2A>G mutation caused skipping of exon 43 (123 bp) and was presumed to create
a 41-amino-acid deletion. Boxes with a number represent the exons. The solid and dotted lines that connect exons show the manner of splicing in the wild
type and mutant, respectively. The distance between exons does not indicate the actual intron sizes. The open arrows indicate the PCR primers, and the
closed arrows indicate mutations in introns. M, molecular marker (100 bp ladder); C, control; P, patient; WT, wild type; Mut, mutant.

Generally, mRNA is very useful for mutation analysis, especially in
the case of coding-sequence mutations in large multi-exon genes,
splicing mutations and regulatory-region mutations that affect the
expression levels. Of these, the use of mRNA to determine the effect of
a mutation on splicing as we revealed in this report is the most
important advantage because we still cannot accurately predict spli-
cing changes from DNA sequence alterations, especially if the altera-
tions occur at a distance from splicing donor/acceptor sites® or within
exonic splicing enhancers.®

Thus, mRNA extracted from hair roots is a potentially powerful and
convenient tool for mutation analysis in USH-causing genes. Further,
it is also reasonable to hypothesize that the mRNA of genes that cause
deafness can be detected in hair roots, and this may facilitate easier
and more accurate mutation analysis.
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Mutation analysis of the MYO7A and CDHZ23 genes
in Japanese patients with Usher syndrome type 1

Hiroshi Nakanishil’2, Masafumi Ohtsubo?, Satoshi Iwasaki®, Yoshihiro Hotta*, Yoshinori Takizawal,
Katsuhiro Hosono?*, Kunihiro Mizuta!, Hiroyuki Mineta! and Shinsei Minoshima?

Usher syndrome (USH) is an autosomal recessive disorder characterized by retinitis pigmentosa and hearing loss. USH type 1
(USH1), the second common type of USH, is frequently caused by MYO7A and CDH23 mutations, accounting for 70-80% of
the cases among various ethnicities, including Caucasians, Africans and Asians. However, there have been no reports of
mutation analysis for any responsible genes for USH1 in Japanese patients. This study describes the first mutation analysis of
MYO7A and CDH23 in Japanese USH1 patients. Five mutations (three in MYO7A and two in CDH23) were identified in four

of five unrelated patients. Of these mutations, two were novel. One of them, p.Tyr1942SerfsX23 in CDH23, was a large deletion
causing the loss of 3 exons. This is the first large deletion to be found in CDH23. The incidence of the MYO7A and CDH23
mutations in the study population was 80%, which is consistent with previous findings. Therefore, mutation screening for these
genes is expected to be a highly sensitive method for diagnosing USH1 among the Japanese.

Journal of Human Genetics (2010) 55, 796-800; doi:10.1038/jhg.2010.115; published online 16 September 2010
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INTRODUCTION

Usher syndrome (USH) is an autosomal recessive disorder character-
ized by retinitis pigmentosa (RP) and hearing loss (HL), with or
without vestibular dysfunction.! It is the most common cause of
combined deafness and blindness in industrialized countries, with a
general prevalence of 3.5-6.2 per 100000 live births.>” The syndrome
is clinically and genetically heterogeneous and can be classified into
three clinical subtypes on the basis of the severity and progression of
HL and the presence or absence of vestibular dysfunction.-10

USH type 1 (USH1) is characterized by congenital severe-to-
profound HL and vestibular dysfunction; it is the second common
type after USH type 2 and accounts for 25-44% of the USH cases.”!!
Five causative genes have been identified: myosin VIIA (HUGO gene
symbol MYO7A); Usher syndrome 1C, harmonin (USHIC); cadherin-
related 23 (CDH23); protocadherin-related 15 (PCDH]15); and Usher
syndrome 1G, Sans (USHIG).'?8 Mutations in these genes have been
observed in patients with USH1 from various ethnic origins, including
Caucasian, African and Asian.!® However, there have been no reports
of mutation analysis for any responsible genes for USH1 in Japanese
patients.

Of the five causative genes, the mutation frequency of MYO7A is the
highest (39-55% of the total cases), followed by that of CDH23
(19-35% of the total cases).2%?! These two genes account for approxi-
mately 70-80% of the USH1 cases that have been analyzed.?%!

The aim of this study was to analyze mutations in the MYO7A and
CDH23 genes in Japanese patients with USH1.

MATERIALS AND METHODS

Subjects and diagnosis

Five unrelated Japanese patients (C103, C224, C312, C517 and C720) from
various regions of Japan were referred to Hamamatsu University School of
Medicine for genetic diagnosis of USH. All patients met the following criteria
for USHI1: RP, congenital severe-to-profound HL and vestibular dysfunction.®
The clinical evaluation of the affected patients consisted of elicitation of the
medical history, and ophthalmological and audiovestibular examinations. The
medical history included the age at onset of walking, age at diagnosis of HL,
nature of HL and age at diagnosis of RP.

The ophthalmological evaluation consisted of best-corrected visual acuity
measurement, slit-lamp microscopy, ophthalmoscopy, Goldmann perimetry
and electroretinography. Visual fields were evaluated by Goldmann perimetry
of both eyes, and the isopters for the V/4e, IIl/4e and I/4e test targets were
measured. Electroretinography was performed according to the International
Society for Clinical Electrophysiology of Vision protocol.??

The auditory examination consisted of otoscopy, pure-tone audiometry
(125-8000 Hz) and tympanometry. The severity of HL was classified using the
pure-tone average over 500, 1000, 2000 and 4000 Hz in the better hearing ear as
follows: normal hearing, <20dB; mild HL, 21-40dB; moderate HL,
41~70 dB; severe HL, 71-90dB; and profound HL, >91dB.

Vestibular function was evaluated on the basis of the medical history
concerning childhood motor development and the results of caloric tests.
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Caloric stimulation of each ear was performed with cold water (20 °C, 5ml)
and the results were classified according to the peak slow-phase velocity as
follows: normal, >20°/s; canal paresis, <20°/s?> For the patient diagnosed
with canal paresis, stronger stimulation with iced water (4 °C, 5 ml) was used to
determine the presence of a residual response.

For all patients, parent samples were obtained for segregation analysis. A set
of 135 control subjects, selected from Japanese individuals with no visual or
hearing impairment, was used to assess the frequency of nucleotide sequence
variations. The institutional review board of Hamamatsu University School of
Medicine approved this study, and written informed consent was obtained
from all subjects before enrollment.

Mutation analysis

Genomic DNA was extracted from peripheral lymphocytes by using standard
procedures. In brief, the DNA samples were first screened for mutations in
MYO7A, and the negative cases were screened for CDH23 mutations. All exons
(MYO7A, 49 exons; CDH23, 69 exons) and their flanking sequences were
amplified by PCR. The PCR products were purified with Wizard SV Gel and
PCR Clean-Up System (Promega, Madison, WI, USA) or treated with Exo-
nuclease T and Antarctic Phosphatase (New England Biolabs, Ipswich, MA,
USA). Direct sequencing was performed using the BigDye Terminator version
3.1 Cycle Sequencing Kit on an ABI 3100 Autosequencer (Applied Biosystems,
Foster City, CA, USA). PCR amplification of MYO7A was performed using the
primers described by Kumar et al?* with a slight modification. The PCR
primers for CDH23 amplification were newly designed. Information of the
nucleotide sequence and appropriate annealing condition of all primers for

Mutation analysis of the MYO74 and CDH23 genes
H Nakanishi et al

PCR and sequencing is available on request. Using direct sequencing or
restriction enzyme-based assay, we tested the Japanese control chromosomes
for all the novel mutations identified during the mutation analysis.

Reverse-transcription PCR of CDH23

Reverse-transcription PCR (RT-PCR) of CDH23 was preformed using total
RNA extracted from hair roots as described previously.?> The PCR primers
were newly designed: forward primer, GCTTTTGGTGCTGATCTCTGGATGC
located in exon 1; reverse primer, TGGTCGCTGACAGAGAACTCCACG in
exon 4. The amplification condition was as follows: denaturation at 94 °C for
2 min; 40 cycles of treatment at 98 °C for 10s, 64 °C for 30s and 68 °C for
1 min; and final extension at 68 °C for 5 min.

RESULTS

Mutation analysis

Mutation analysis of MYO7A and CDH23 in the five unrelated
Japanese patients revealed five probable pathogenic mutations in
four patients (Tables 1 and 2; Figure 1). Of these, two mutations
(p-Tyr1942SerfsX23 in CDH23 and p.Ala771Ser in MYO7A) were
novel (Table 2). The former was a large deletion affecting 3 exons
(Figure 2). The mutation was found in a homozygous state, which is
probably accounted by consanguinity (Supplementary Figure 1). As
the deletion caused the loss of 3 exons, resulted in a frameshift
generating a premature stop codon at 23-codon downstream and
was not identified in 64 control chromosomes, it was considered

Table 1 Clinical information of patients with probable pathogenic mutations

Visual
Mutations Age? acuity
Responsible Visual Fundus of Severity Caloric
Patient Age Sex gene Allele 1 Allele 2 Walking HL RP Right Left field ERG the eye Cataract of HL test
Homozygotes®
C517 26 M CDH23 p.Tyrl942  p.Tyrig42 22 2 3 0.1 0.1 5-10°with Extinguished Typical RP No Profound CP
SerfsX23 SerfsX23 residual temporal
field (V/4e)
C720 13 F CDH23 p.Arg2107X p.Arg2107X 24 2 12 0.7 0.6 10-15°(V/de) Extinguished Typical RP No Profound CP
Compound heterozygotes
C312 36 F MYO7A p.Argl50X p.Argl883GIn 24 2 10 0.5 0.7 5°(V/de) Extinguished Typical RP Both eyes Profound CP
Heterozygote
Cl03 39 M MYO7A p.Ala771Ser Unknown® 18 3 27 04 0.3 10-15°with Extinguished Typical RP Both eyes Profound CP
residual temporal
field (11/4e)

Abbreviations: CP, canal paresis; ERG, electroretinography; HL, hearing loss; RP, retinitis pigmentosa.

3Age at onset of walking (months) and at diagnosis of HL and RP (years) are shown.

bThe family of patient C517 has consanguinity (see Supplementary Figure 1), whereas that of patient C720 does not.

“The pathogenic allele remained undetected.

Table 2 Probable pathogenic mutations identified in the Japanese patients with USH1 examined in this study

797

Responsible Predicted Mutation Exon Conservation in Number of  Alleles in control

gene Nucleotide change translation effect type number Domair®  h/d/t/m/c/z species® alleles chromosomes Reference

CDH23 ¢.5821-7_6253+7del5078  p.Tyr1942SerfsX23  Deletion 44-46 EC18 2 0/64 This report
c.6319C>T p.Arg2107X Nonsense 47 EC20 2 0/64 2

MYO7A c.448C>T p.Argl50X Nonsense 5 Motor 1 0/64 12
c.2311G>T p.Ala771Ser Missense 20 1Q AAAANIA 1 0/270 This report
c.5648G>A p.Argl883GIn Missense 41 MyTH4  R/R/R/R/RIR 1 0/200 21

2Detailed locations of the mutations are shown in Figure 1.
bh/d/rim/c/z denote human/dog/rat/mouse/chicken/zebrafish myosin 11Va orthologs, respectively.
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Figure 1 (a) Schema of myosin Vlla domains with mutations identified in MYOZA. The p.Argl50X, p.Ala771Ser and p.Argl883GIn mutations were located
in the Motor domain, 1Q motif and MyTH4 domain, respectively. 1Q, isoleucine-glutamine motif; CC, coiled-coil domain; MyTH4, myosin tail homology 4
domain; FERM, 4.1, ezrin, radixin, moesin domain; SH3, Src homology 3 domain. (b) Schema of cadherin 23 domains with mutations identified in CDH23.
The p.Tyr1942SerfsX23 mutation changed Tyr1942 located in EC18 to Ser and created a premature stop codon at 23-codon downstream. The p.Arg2107X
mutation was located in EC20. EC, extracellular domain; TM, transmembrane domain.
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Figure 2 Schema of mutation p.Tyr1942SerfsX23 in the CDH23 gene. The deletion occurred between introns 43 and 46, and both boundaries had
20-nuclectide sequence string GCTAATTTTTGTATTTTTAG. Upstream and downstream strings were located between ¢.5821-2280 and ¢.5821-2261 and
between ¢.6253+403 and ¢.6253+422, respectively. Although the precise breakpoints could not be determined, the deletion size was elucidated to be
5078 nucleotides. The deletion was notated as ¢.5821-?_6253+27del5078. The boxes with a number represent exons. The distance between exons does not
indicate the actual intronic sizes. The open arrowheads indicate the primer pairs used for PCR to amplify exons 43-47.

pathogenic. The other novel mutation (p.Ala771Ser in MYO7A) was
considered pathogenic because it was not detected in 270 control
chromosomes and Ala771 has been found to be almost conserved in
various vertebrates (Table 2). Another mutation in patient C103
remained unclear. The remaining mutations (p.Argl50X and
p-Argl883GIn in MYO7A, and p.Arg2107X in CDH23) were pre-
viously reported and none of them was detected in the Japanese
control chromosomes (Table 2).

In addition to the probable pathogenic mutations listed in Table 2,
various sequence alterations were identified in MYO7A and CDH23
(Table 3; Supplementary Tables 1 and 2). These alterations were
predicted to be nonpathogenic for various reasons. Some of them
have been reported as polymorphism in previous reports (Supple-
mentary Tables 1 and 2). The newly identified alteration in exon 30 of
MYO7A (p.Prol261Pro) was also found in the control chromosomes.
The newly found alterations in introns, except for c.68-3C>T in
CDH23 of patient C224, were distant from splicing donor or acceptor
sites. The exception was not detected in any of the 270 control
chromosomes but was considered benign because the RT-PCR
analysis revealed that the alteration had no influence on splicing

(Figure 3).

Clinjcal findings

All four patients in whom at least one mutant allele was detected had
been diagnosed with RP by ophthalmologists at ages 3-27 years
(mean *s.d., 13.0 £ 10.1 years; Table 1). In all the patients, the visual
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Table 3 Presumed nonpathogenic alterations that have never been
reported

Predicted
translation Exon/Intron Number of Alleles in control
Nucleotide change effect number alleles chromosomes

Alterations in MYO7A among 5 patients (C103, C224, C312, C517 and C720)

c.1691-125_126insT . Intron 14 5
¢.1797+55A>G Intron 15 3
c.3783C>T p.Pro1261Pro Exon 30 1 1/270
c.5944+57G>A Intron 43 5
¢.5944+67C>T Intron 43 5

Alterations in CDH23 among 4 patients (C103, C224, C517 and C720)

c.68-3C>T Intron 1 1 0/270
¢.3370-46T>C Intron 27 4
c.4206+61T>A Intron 32 8
¢.4207-90G>A Intron 32 4
¢.4489-98delA Intron 35 3

fields were symmetrically constricted, pigmentary degeneration was
typical of RP with peripheral bone-spicule pigmentation and standard
combined electroretinography was extinguished. The best-corrected
visual acuity ranged from 0.7 to 0.1. Two patients (C312 and C103)
reported having cataracts, but none underwent cataract surgery.
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Figure 3 Products of reverse-transcription PCR (RT-PCR) performed using
primers to amplify CDH23 complementary DNA (cDNA) between exons 1
and 4. Agarose gel electrophoresis of the RT-PCR products revealed a single
band with the proper size predicted from the normal sequence, indicating
that the nucleotide change (c.68-3C>T) had no effect on splicing and was
presumably nonpathogenic. PCR was performed using 2pg cDNA (total
volume, 20 ul) with 40 cycles. The boxes with a number represent exons.
The distance between exons does not indicate the actual intronic sizes.
The open arrowheads indicate the PCR primers, and the arrow indicates
the nucleotide change. M, molecular marker (100-bp ladder); C, control;
P, patient.

The patients were diagnosed with hearing impairment by otorhi-
nolaryngologists at ages 2-3 years (2.3 0.5 years; Table 1). Despite
using hearing aids immediately after the diagnosis, all the patients did
not develop speech ability and used sign language to communicate.
Tympanometry yielded normal results, consistent with the clinical
findings of a normal tympanic membrane and middle ear cavity.
Audiograms showed bilateral profound sensorineural HL in all the
patients. None of the patients complained of progressive HL.

All the patients reported delayed walking, with starting ages ranging
from 18 to 24 months (22 £ 2.8 months; Table 1). The caloric test with
cold water revealed canal paresis in all the patients, and no response
was induced with the iced water. These results indicated that all the
patients had congenital vestibular dysfunction.

DISCUSSION
This is the first report on mutation analysis of MYO7A and CDH23 in
Japanese patients with USH1. We found at least one mutant allele in
- four of the five patients in either of the genes. Although the number of
patients examined was small, this frequency (80%) is similar to that
among Caucasians, indicating that mutation screening for these genes
is a highly sensitive method for diagnosing USH1 among the Japanese.
Of the five mutations identified in this study, three mutations
(p-Argl50X and p.Argl883GIn in MYO7A, and p.Arg2107X in
CDH23) were previously identified in European-Caucasians.!»?1:26
All of these mutations occurred by transition (C/G—T/A) at CpG
sites and were considered to be recurrent, which meets the fact that
they are not specific to a particular ethnic group. This finding is
consistent with a result of an analysis by Baux et al.,”” who reported
that a high proportion of MYO7A and CDH23 mutations are
represented by single base-pair substitutions and that 51.5 and
48.5% of them in MYO7A and CDH23, respectively, involve a CpG
dinucleotide. Interestingly, neither of the two novel mutations found
in the present study is of the transition type.
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Mutation p.Tyr1942SerfsX23 (in CDH23) was found by PCR using
a specially designed primer pair far distant from each other. After
failing to amplify each of exons 44—46 in patient C517, we hypothe-
sized the homozygous deletion of a long genomic region including at
least exons 44-46. We successfully obtained an amplified product
using a primer pair, one (forward) in intron 42 and the other (reverse)
in intron 47 (Figure 2). Sequence analysis showed that the amplified
DNA contains intact exon 43, truncated intron 43, truncated intron 46
and intact exon 47, indicating a deletion from introns 43 to 46. The
boundary between truncated introns 43 and 46 had 20-nucleotide
sequence string GCTAATTTTTGTATTTTTAG. Interestingly, the same
20-nucleotide sequences exist in normal introns 43 and 46, and lie
within AluSx repetitive sequences. It is speculated that the deletion
occurred with Alu-mediated recombination. We could not determine
the precise breakpoints in both introns because of the exact sequence
identity around possible breakpoints, but the deletion size was
elucidated to be 5078 nucleotides regardless of the position of break.
We notated the deletion as ¢.5821-2_6253+2del5078 according to a
nomenclature guideline recommended by the Human Genome Varia-
tion Society (http://www.hgvs.org/mutnomen/).%8

The deleted sequence in p.Tyr1942SerfsX23 included exons 44, 45
and 46 (103, 126 and 204 nucleotides long, respectively) and the total
deletion size in mRNA was 433 nucleotides. Therefore, the mutation
was presumed to create a premature stop codon at 23-codon down-
stream in exon 47 by a frameshift. This is the first large deletion to be
found in CDH23. We could detect the mutation because of the loss of
the same exons in both alleles by consanguinity. However, a large
deletion of this type in only one allele cannot be easily detected by
PCR because of the existence of the normal allele. In addition, we
found a mutation p.Arg2107X in CDH23 of patient C720. Both of
these mutations are of a truncated type (nonsense, deletion/insertion
with frameshift, or splicing). This finding is consistent with the
previously reported genotype/phenotype relationship for CDH23: at
least one of the two mutations is of a truncated type in USH1 cases,
and both mutations are of a missense type in nonsyndromic
HL cases.?

In conclusion, the mutation analysis of MYO7A and CDH23 led to
the identification of five mutations in four patients. This frequency
(80%) indicates that mutation screening for these genes is a highly
sensitive method for diagnosing USH1 among the Japanese. One novel
mutation, p.Tyr1942SerfsX23 of CDH23, was a large deletion causing
the loss of 3 exons: the homozygosity resulting from consanguinity
probably led to the relatively easy identification. It is possible that
similar exonal deletions latently exist in a compound heterozygous
state in some USHI1 cases in which only one mutation has been found.
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An Atypical Usher Syndrome Type 2 Patient with USHZA Mutations
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Usher syndrome (USH) is an autosomal recessive disorder characterized by hearing loss and retinitis
pigmentosa. USH can be classified into 3 clinical subtypes (USH type 1-3: USH1-3) on the basis of the
severity and progression of hearing loss and the presence or absence of vestibular dysfunction.

We conducted a mutation analysis of USHZA, one of the disease-causing genes of USH2, and iden-
tified ¢.8559-2A>G and p.Trp3150X in a heterozygous state in a USH patient. Though USH2 is character-
ized by non-progressive moderate-to-severe hearing loss and normal vestibular dysfunction, the patient
showed atypical USHZ phenotype-rapidly progressive hearing loss. In atypical patients, environmental
factors or modifier genes are presumed to influence the clinical findings. Because the patient had no his-
tory of noise exposure, ototoxic medication, or ultraviolet exposure, modifier genes were likely to have
influenced the atypical phenotype with USHZA mutations.

Considering MYO7A, CDHZ5, and USH3A as modifier genes, we conducted a mutation analysis of
these genes. We identified 16, 44, and 2 sequence alterations in MYO7A, CDHZ23, and USH3A, respec-
tively, none of which was presumed to be a mutation.

Though we could not identify the causes of the atypical phenotype, we considered it very important
in the expansion of the genetic analysis of USH that the causes of atypical USH patients should be iden-
tified.

Key words : Usher syndrome, USHZ2A, hearing loss, retinitis pigmentosa

FL&IC DL/EDORETHHV?.

7w ¥y —iEGERE (Usher syndrome : USH) 1%, #EE
IR EREEREZ AT 2 Bl SRR R T
b5, HIEICHARRELAEMTEAIE, HEETIY
WBEMONTNWDER, ZOHRTELBERONLEEE 5

USH %, BEREORRE L aiESREEEOF ER & O/EK
fERIZEY, A7 1~3 (USHL ~USH3) ®»325D&
A THEEN, SORRERBEFR<y BV I EkiX
ra—=VF7EINb0E, YT EA4TIRGEERTY

EARER RSB REMER
* AR TR b B R R R

33



414 HooE

5. BIEETIK, #4147 1B ~ 1H, 2A, 2C, 2D, 3A,
BBD 12DV TEATHRABENTND I,

bivbhix, EBEEREY USH L2 Uiz 2%t
%1z, USH2 ORREEFO—2>ThD USHZA O#in
TR ETO, RERREEZONDIEREFEL .
USH2 1%, FREAEOTEE~EEHELRL, MiER
REREEIT A BE LW 2 & AT B 5039, RFEFNZ, B
HEASEFT S 2 JRIBIN R ERIRTEIR 2R L T T,

Z 0 X 5 IR 2R X, USHZA #Mis1EER
DT, BERFIEHEEFSEGLTND EEX
LNTWAD, KEFTIE, BRERCEELZEZ2S X
5 RBERTIIEELRP - i), BHikiETF B
LTWAAREEDSE W & Bbhvz.,

T, BHiBRIETOBEML LT, UH2ZAUND
USH ® BBz FThH 5 MYO7A (X A4 71 BORKEE
F)¥, CDH23 (A7 1D)®, USH3A (%A 7 3A)©
Bk X BARTIRNT BT - e DT, USHZ2A BIGFHENTHE
B bitHETS.

SEBVR
21 5%, B
BN, RONE RIS A,
KRR L.

R« LICHERE, MEAREMEDY.

YRR | ERIEE - BRI THIL, ISR
REZ LiZabol, BEFRBIZIERT, 1 BRITIZE
ST TH T, 3 BT, BB MPDORURBITIC
U CRISASEN 2 & IcTEASRN &, JEEE SR
%22 U L 2 S hk.

i Bl
E i
BEALRE -

&, 54

HRERR 103:5

13 EEALEEEEEL THOZISRE, 16 BRI ICHE
WEEZEHLTEX Y, BRERERB 22 LEEA
FAME L BT Sz, 21 Wi, USH OBisTFRE
Bz TUke 222 LT

HEHEIC R R S 2 DN BB O & 5 3H 0 IR LR
TRERE, WMEAEEHEICYEY S X 5 BB ERE
EIIAD R T,

PR MR A R

HERIKRE Y - IR EI R 2D T,
T4 N T LIEE ARTH -, EEMETE IR
T, MAREHE G 2EICTHHE 75.0dB, £
80.0dB) ##A» 7= (X 1A). DP 7'Z A (MADSEN Capella)
BEEED 1, 2, 4, 8kHz OAFEEEE T/ 4 AL X
ATHY, ABR (HENE Neuropacks, 7V v 7F) I
BiFs5 V EoRIGBEEIZEEE S 90dB (¥ A1 ¥ L{H)
ThHoT.

FaYyrFAR (200C, 5ml) BT DEKNERH
WL, FE D 20 L EThoTe,

IREHRMZE « BRI RE AT, BABELED
o te. BIERINZ, HIR0.6-FIR0.9 THoTe. IR
JERAICT, WIRME OBRML - B/MEREAERILEER
b, WEBERIIFIRE D nonrecordable TH YV, HEIHY
e A EAEEOR R AR L Tz, Goldmann HEF
FHZ X DHEFRIEIZT Vide 1Y 7Z =5 LT (X 2)
THY, FRiCHBR L TROERFRZIEE ICRET
Hol (FERTIE, Vde Y FEZ—1Z30° LT &
733%‘/\ 11)12)) .

Akt

AEGIOEEERE S SICHELTET 5720, %k

QY [AiRE (H2) ®) BIRE (HD) © BRE (H2)
o 125250 500 1,000 2,000 4,000 8,000 50 125 250 500 1,000 2,000 4,000 8,000 0 125 250500 1,000 2,000 4,000 8,000
-10 -10 10
0 0 0
10 10 10

" 20 5 20 2 B 20
30 30 3—13 30

A a0 A a0 (ggf‘-’ 1 7 40 G ._\]

L 50 E'I L 50 w*~ rﬂrj [ 50 K~ o )\N'\:I

™ — 0l ~ T = ~ ik, J ik O e

L 60 —C ] % =3 JL 60 N JL 60 NGE

(dB) 70 ~BCE T (dB) 70 (dB) 70 ST
0 . 80 Q|
90 \, — 90 90
100 ‘\% 100 100
110 110 110
120 | 120 120

Bt +—YF75 A
A 21 58K, B 125K, C 17 BRlF

34



ERIFK 103:5

270

USHZA BIn T RB

B2 REREER
BRI RERE R 2RO

. O

1 2

1 N2

€.8559-2A>G; p.Trp3150X

B3 FREPB IV USHZA BIZTFHITHRER
€.8559-2A>G, p.Trp3150X BRZ~T uHESH THD .

LRIEIE BT A IRERR LB Uk, 12 RO N
BERRIX, £F 53.3dB, £H 51.7dB (X 1B), 17
W3, HH61.7dB, £H 65.0dB (K 1C) Thv, ¥
BENEIT L THnB Z BT T2,

BARFHET

MYO7A, CDH23, USH2A, USH3A OEIzTRNi %
fiote. BTN EIT SR, BEWCHDRFEET
W, A T7F—AR - ayky hERERE, R
MU, FiLEY 5/ A DNAZHHEL, MYOZ7A (&
XY 1~49), CDH23(&x%Y > 1~ 69), USHZA
(&x%yV > 1~173), USH3A (%Y 1~3) zo
WT, PCREA VLY by —7 v RABITERETFEF
EFfiot. MYO7A, USH2A, USH3A DBEIETEHTIC
W3 75 A <—iX, Kumar 5%, van Wijk 59, Adato

35

415

LY OWE L FEHEOS OB L. CDHZ3DBIET
FEMIZHWS 75 4 < —J% mPrimer3 (http:/bioinfo.ebc.
ee/mprimer3/) &AW TEREF Uiz, ZRBEFHRITHIZEIZ,
WEEDE R/ A - BIZTRITIEGHEEEZEXICT

MENTNS,

AR TRITHE R

USHZA OBIGFRITFER USH2A DA > b u 42
¢.8559-2A>G (IVS42-2A>G), T > 48 IZ p.Trp3150X
(c.9449G>A) BERE~T uEAETRD (K3). KIE
BT, RROBREPIELNT, R LI ORI
IO ENTERholz. L, MERLLER
FRERLLTTTRHRE® SNTWEIERTHD
¥, ¢.8559-2A>G, p.Trp3150X Z2& iz L v FJE L 7z USH2

LWLz,

MYO7A, CDHZ23, USH3A ORIz TSR  MYO7A
12 16 #8, CDH231Z 44 %&, USHSIA 2 2 O EE L%
FMELE (E1~3). MYO7A ® 12 %&, CDH23® 27
f, USH3A O 2 BOEEEMMIL, £8E LTI TIZH
EENTWBEEEILTH - . MYOTA @ 478, CDH23
OITEOEEEILITHRAEE TITHE I THRNETHR O
WHEERTHoHS, Thbid, =%y Uhbiihiza
v h o NOEIEER, 7213 3 JERREROEREEL
THY, BRERCEELZSZDWEEIENEEZD
nr.

z =
USH i3, BRI L ATERERE OH &R L OFIR



416

A

%, 54

HERK 103:5

K1 MYO7A OBIZTFEATHER

X7 UAF RO EMEHE~OEE =XV /4 bavER SCiEk
cA7C>T p.Serl6Leu X3 22
¢.783T>C p.Gly261Gly ¥V 8 22
¢.1004-35C>G - 22
¢.1343+8G>A AL bhr12 22
¢.1691-125_126insT fvhmr 14 =
c.1797+55A>G A hur15 FS
¢.1936-23G>A A4 bhur16 23
¢.3375+33G>C EVA NV 24
¢.3505+11_32del Avbur 27 25
c.4755T>C p-Ser1585Ser =¥V 35 26
CA996T>A p.Cys1666Ser THY L 36 26
c.5715G>A p-Lys1905Lys V41 26
¢.5857-7A>T EV -V 26
€.5944+57G>A A hur43 KEs
¢.5944+67C>T A hma43 K
¢.6051+17T>A A ha 44 24

fERICE Y, USHL~3 D 320% 4 FIZBHERL TN
5. USHl I EEHIEICHEREREZSHT S0,
USH2 13 &5 ~ B SIS 230D 2 AT IEHE R I X IR 5 72
b, USH3 iZHEREETT 250 (HiEHEREOR
TS EXE) LERIRLTWSY, &5 RRBEF
BB 7ERiZ/n—=2r73nkboik, 7%
A TEGEENTEY, HEE TR IBORKEETH
FEShTns (F4H9~9,

AFERITIL, USH2A OBIZETFITITT, c.8559-2A>G,
p.Trp3150X EEBAT nES K TRIE S iz, —iNIiz
USHZABAZFEEMIZUSH2OHRERZ BT 5 Z L8
Z». WHRBRCCRERSTHEEZRLCHEZ L, &
BRI v ) v 77 R b b REREHERE X
BEMTH o722 &%, USH2 OERERIZAEEL TY
Jo. ULd L, BERESHEFT L7z Z LIk, USH2 DEFREEIR
LIXEZ-o TV, Z0Xk5K, USHZA BIETERE
DORIZS, HEESHESTT D IEMBIN 2 BRR AR % R 3E
BIBEET D Z L1, BETRELZEKRISATBRICK
EEETHDHLBEDNS, 2%V, BREATIE, &#EB7
BEOLZ?LEKRERETHT 2 Z L IKITBRREH Y,
BETETERZBECHRATIERICE, 08267
BARTNER BN,

T O X5 RIFRBIE 2 B REE R & R IR T,
USHZA #fz-FERITiZ TEhRis OB 525 Rg X

36

T3, BHiBETOBRME LT, HE - WEaR
BHREORRBRIET, BETRIACEET 2EETRE
SEXERBRERTFVEZOND, AEHI I, OERE (&
FEgEns) CREAREME (RERIAE) OmER
ICHEPHTNDZ L, @ USHZA DEMEHEIIHEE
HEORER I L, Mo USH BREETFOENE
AECHEEHALTHWDZ LY (—iNi, RRERTF
CEMBREFOEVERARIMEERT S Z L%
WD) b, USHZA HAN0 USH B R EIEFaMEH#RE
FLLTEITHREERE. £, AEFTITEERD
EITTHZEPEFETHY, BEOETLEELTND
BETFMESIRET Th D AREMSE V. USH KR #EiE
FOHT, USHIA FHERESETT2Z L 288 E T2
USH3 ORKRBIETFTHD. bz, USHL OJFER#EET
THB MYO7A, CDHZ31X, HEE~EERTHE LR
U BERE S AT 3 2 JRIBIN R R O R IREIE T L LTH
D SPTNWD, FIT, BHilEFORGE LT,
MYO7A, CDHZ23, USH3A %% 7.

MYO7A, CDHZ23, USH3A O # 1z R4 %217\,
MYO7A Iz 16, CDH231C 44 %8, USH3A 12 2 FE D FA
b FERE LD, BRERICEEEZ525 X5 RERY
FETDZLIFTE oz, PCRES VI b —4 Y
AT, KRERRER - HARREMET S LidHEE
ThHDl, AFERICEDER DD LEDLND., £,



HREK 103:5

USHZA Bz 8]

&K 2 CDH23 DRI TIRATHER

417

Xy VAF FOEL EMEHE~OEE =XV /L hnrEs SCHR
¢.145+135C>T A bhuar3 27
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¢.2289+240T>C A hm20 K
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Evaluation of a National Survey Study for Usher Syndrome
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Usher syndrome is a major cause of genetic deafness and blindness. The standard classification of Usher

syndrome recognizes three clinical types. The present state of Usher syndrome in Japan was evaluated by

questionnaire including information on the number and the clinical types of patients diagnosed with the syn-

drome. We targeted 697 hospitals in which the Oto-Rhino-Laryngological Society of Japan approved as train-

ing facilities.

As a result, there were 111 cases reports. There were two possible reasons for this. The one was that

the patients were not examined by any otolaryngologist, and the other was that they were not followed-up

even if the patients presented themselves in otolaryngology department. In -addition, the responders classi-
fied them into 15 patients with type 1, 27 patients with type 2, and 17 patients with type 3, but 52 patients
(46. 8%) were unclassified. We speculated that basis for the classification of Usher syndrome was ambiguous.

In order to achieve accurate classification, we thought that it is necessary to establish the datebase of

Usher syndrome patients in cooperation with ophthalmologists.

Key words : hearing loss, retinitis pigmentosa, epidemiology
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