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Abstract Nonsyndromic low-frequency sensorineural hear-
ing loss (LFSNHL) comprises a group (DFNA1, DFNA6,
DFNA14, and DFNA38) of hearing disorders affecting only
frequencies below 2000Hz, and is often associated with tin-
nitus. An LFSNHL locus has recently been assigned to
chromosome 4p16, and mutations in WFS1, the causative
gene for Wolfram syndrome, have been found to cause
LFSNHL in families with DFNA6, DFNA14, or DFNA38.
We performed a genome-wide linkage analysis of a
Japanese family in which 20 members were affected with
LFSNHL and obtained a maximum LOD score of 5.36 at a
recombination fraction of 0.05 (P � 1.00) at the D4S2983
locus on 4p16. Haplotype analysis revealed that the disease
locus mapped to between D4S2366 and D4S2983. Mutation
analysis revealed a novel missense mutation (K634T) in
WFS1. We thus concluded that the LFSNHL in this family
was caused by the WFS1 mutation. The mutation observed
(K634T) was located in the hydrophobic, extracytoplasmic,
juxta-transmembrane region of the WFS1 protein, wolf-
ramin, and was hitherto undescribed. This unique mutation
site in our patients is likely related to their milder pheno-
type (lacking tinnitus) compared with those of six previous
DFNA6/14 patients with WFS1 mutations. It is likely that a

genotype–phenotype correlation is also applicable in the
case of DFNA6/14/38.
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Introduction

Nonsyndromic sensorineural hearing loss affecting high fre-
quencies comprises a group of relatively common, geneti-
cally heterogeneous disorders. In contrast, low-frequency
(�2000Hz) sensorineural hearing loss (LFSNHL) com-
prises an unusual group of hearing disorders. Monogenic
and prelingual nonsyndromic sensorineual hearing impair-
ment occurs in approximately 1 in 2000 births. The autoso-
mal dominant inheritance pattern has been reported as
20%–25% (Cohen and Gorlin 1995). However, the pre-
valence of LFSNHL is unknown. Many patients with
LFSNHL have mild tinnitus without any associated features
such as vertigo. Because high-frequency hearing is generally
preserved in patients with LFSNHL, such patients usually
have only a little difficulty understanding speech, unless
presbycusis or noise exposure has caused high-frequency
hearing loss in later life. Consequently, LFSNHL is often
asymptomatic, and many patients do not wear hearing aids.
Historically, four autosomal dominant types of hearing loss
(DFNA1, DFNA6, DFNA14, and DFNA38) have been re-
ported to be associated with LFSNHL among more than 70
mapped loci of nonsyndromic sensorineural hearing loss.
DFNA1 is clinically and genetically different from the
others, because it is caused by a mutation of the Homo
sapiens diaphanous homolog 1 gene (DIAPH1) located at
5q31 (Lynch et al. 1997), whereas DFNA6, DFNA14, and
DFNA38 are reported to be caused by mutations of the
gene WFS1 at 4p16.3 (Bespalova et al. 2001; Young et al.
2001), the causative gene for Wolfram syndrome (Strom
et al. 1998).

We recently encountered a Japanese family in which 20
members were affected with LFSNHL. Here, we report the
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results of linkage and mutation analyses on genomic DNA
from this family.

Subjects and methods

Family and patients

The family with LFSNHL studied comprised 42 individuals,
including 20 affected members in four generations (Fig. 1a).
Following informed consent, a total of 36 family members
(15 affected and 21 unaffected persons) joined a clinical
evaluation study, which included audiometric analysis (Fig.
1b). Genomic DNA was extracted from 30 family members
by the standard method and used for linkage and mutation
analyses (Sambrook and Russel 2001).

Linkage and haplotype analyses

Samples from thirty family members were subjected to a
genome-wide linkage analysis by using an ABI Prism
Linkage Mapping Set-MD10 (PE Applied Biosystems,
Foster City, CA, USA). In addition, highly polymorphic
microsatellite markers located around D4S431 were re-
trieved from the U.S. National Center for Biotechnology
Information (NCBI) Genome Database (http://www.
ncbi.nlm.nih.gov) and used for fine mapping. Polymerase
chain reaction (PCR) products were run on an ABI auto-
mated sequencer model 377 (PE Applied Biosystems),
and allele types were scored with GenoTyper software (ver-
sion 2.0, Applied Biosystems). A two-point linkage analysis
was performed with the computer program MLINK
(FASTLINK software, version 4.1P) (Cottingham et al.
1993; Schaffer et al. 1994). Deafness in the family was mod-
eled as autosomal dominant with complete penetrance (P �
1.00) and disease-allele frequency of �0.001. We used the
observed number of alleles (N) in the pedigree for LOD
score calculations and set allele frequencies as 1/N.

Mutation analysis

Nucleotide sequences of ten genes (FLJ11230, HMGE,
KIAA0232, KIAA0935, KIAA1322, LOC93623,

LOC114923, PGR1, and S100P) and their exon/intron
boundaries located in the mapped disease region of the
family were obtained from GenBank. Similarly, the se-
quences of WFS1 and its exon/intron boundaries were also
obtained from GenBank (accession numbers, XM_003395,
AC004599, and AC004689). Oligonucleotide primers were
designed to cover the coding sequences of the ten genes as
well as that of WFS1 (Table 1). PCR was performed in a 20-
µl reaction mixture containing 20ng genomic DNA, 1µM of
each primer, 200 µM of each dNTP, 10mM Tris-HCl (pH
8.3), 50 mM KCl, 1.5mM MgCl2, 0.001% gelatin, and 0.5U
AmpliTaq Gold (PE Applied Biosystems) by using a
GeneAmp PCR System 9700 (PE Applied Biosystems).
PCR conditions were as follows: one cycle at 94°C for
10min, 40 cycles at 94°C for 30s for denaturation, 55°C for
30s for annealing, and 72°C for 30s for extension, and an-
other step at 72°C for 10min to ensure complete extension.
PCR products were purified with a QIAquick PCR
purification kit (QIAGEN, Valencia, CA, USA) and se-
quenced directly with a Big-Dye Terminator Cycle
Sequencing Kit on an ABI3100 automated sequencer (PE
Applied Biosystems). Sequences in the patients were com-
pared with those of normal control persons.

Results

Clinical and audiometric findings

Clinical manifestations including audiometric patterns (Fig.
1b) of the affected individuals in the family revealed that
their LFSNHL was consistent with DFNA6/14-type hearing
impairment, although they never had any tinnitus. As no
affected individuals had juvenile-onset diabetes mellitus or
optic atrophy, they did not suffer from Wolfram syndrome.

Genetic findings

Segregation analysis revealed that the LFSNHL of the fam-
ily was consistent with autosomal dominant inheritance
with complete penetrance and a segregation ratio of 0.563 �
0.008, under the condition of complete selection of patients.

Table 1. Sequences for primers used for the present WFS1 mutation search

Name Sense strand (5�–3�) Antisensense strand (5�–3�)

ORF2 AAGCGGTGCTGGCCCATG CCGTTCCCACCCAGCTATC
ORF3 TACTCCTGGCCTGGATTTGA CATGGGCACCCTACCAACA
ORF4 AGTGGCCGGAGGCTCAGT CCAACAGCATCACCAGCGT
ORF5 AGTCAGATGTCCATGTCCATGCATCC CTCTACAGGAAGGTTCTGGT
ORF6 GAGCACGCTACGTGGTGCT GGAGGCACGGGTGAGATAG
ORF7 TCCGAGACCGACCTGGAG GCGCGTTGATGTGGTGCG
ORF8a TCACGCTGGTAGAAGGTGG GTCGGTGAGGGTGCGGAA
ORF8b GCTGGTCATGTTCTACCTGT TGCCATGCGGAAGAAGAGTA
ORF8c GACCTTCATCACCGTGCCT GAACCAGCAGAACAGCACG
ORF8d AGGCCAGCTTCTCTGTGGT GCTTGGCCAGCAGCTTAAG
ORF8e AGGCCTACCCTGCCTGCA TTCACGGCGCCATGCACG
ORF8f GCATGGCCCAGCTCTCAC GTGGAGATGGCATGCAATTC

ORF, open reading frame
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The two-point linkage analysis gave a maximum LOD score
of 5.36 at a recombination fraction (q) of 0.05 (P � 1.00) at
the D4S2983 locus on chromosome 4p16 (Table 2). Haplo-
type analysis demonstrated that all 15 affected members
examined had a common haplotype, “2-2-1,” at three
marker loci: D4S2935, D4S3007, and D4S394 (Fig. 1a). A
critical recombination occurred between D4S394 and
D4S2983 in affected individual II-11, who carried the

disease-associated haplotype. A telomeric boundary of the
disease locus was estimated to be between D4S2366 and
D4S2935 by another recombination observed in individual
III-17. These results, with reference to previously reported
data for DFNA6/14 (Lesperance et al. 1995; Van Camp
et al. 1999), suggested that the disease of this family was
associated with a new LFSNHL locus between D4S2366
and D4S2983.

Fig. 1. a Pedigree of the family
depicting haplotypes at marker
loci on chromosome 4. Solid
squares/circles show males/fe-
males, respectively, affected with
low-frequency sensorineural
hearing loss (LFSNHL). Open
squares/circles show unaffected
males/females, respectively. Num-
bers in open boxes indicate a puta-
tive disease haplotype, and short
horizontal lines depict recombina-
tion sites. Haplotypes in parenthe-
ses (I-1, I-2, II-1, II-3, and III-5)
were deduced from those of their
offspring. Symbols with slashes
through them indicate deceased
individuals. Asterisks show pos-
sible mutated alleles. b Pure tone
audiogram of a 17-year-old girl
(III-20) with LFSNHL (DFNA6/
14). Masked bone conduction
curves nearly follow air conduc-
tion curves. Crosses and circles in-
dicate air conduction in the left
and right ears, respectively

a
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A WFS1 mutation in the family

No mutations were found in the ten genes other than WFS1
analyzed. However, in exon 8 of WFS1, a novel, heterozy-
gous A-C transversion (AAG Æ ACG) was found in all
affected members of the family. This missense mutation was
predicted to lead to a lysine Æ threonine substitution at
codon 634 (K634T) (Figs. 2, 3). None of the 196 normal
controls had such an allele.

Discussion

In our initial linkage–haplotype analysis, LFSNHL was
mapped to between D4S2366 and D4S2983 in this family. It

Table 2. LOD scores calculated at various recombination fractions (P � 1.00)

Recombination fraction (q)

Locus 0.00 0.01 0.05 0.10 0.15 0.20 0.30 0.40

D4S412 �• �1.58 0.29 0.89 1.10 1.13 0.92 0.44
D4S3034 �• 0.34 1.47 1.73 1.73 1.61 1.16 0.55
D4S2957 �• 0.74 2.44 2.83 2.82 2.61 1.87 0.83
D4S3023 �• �0.05 0.53 0.69 0.71 0.67 0.50 0.26
D4S2925 �• 2.53 3.53 3.62 3.42 3.09 2.17 0.99
D4S2285 �• 0.70 1.83 2.09 2.07 1.93 1.42 0.68
D4S431 �• 4.52 4.79 4.52 4.11 3.60 2.40 1.02
D4S2366 �• 4.05 4.35 4.14 3.77 3.31 2.22 0.94
D4S2935 �• 1.83 2.27 2.25 2.08 1.85 1.24 0.52
D4S3007 1.74 1.71 1.61 1.48 1.34 1.19 0.86 0.46
D4S394 2.64 2.58 2.37 2.10 1.82 1.52 0.91 0.31
D4S2983 �• 5.10 5.36 5.07 4.63 4.09 2.83 1.35
D4S403 �• 4.23 4.53 4.31 3.95 3.49 2.41 1.13

would seem that WFS1 is excluded from candidacy for the
causative gene of the LFSNHL in this family because WFS1
is located between D4S2285 and D4S431. However, since
no mutations were found in the ten other candidate genes
located in the mapped disease region, we chose to search for
mutations in WFS1 and found a heterozygous, missense
mutation in the gene in all affected members of the family.
Although the reasons why WFS1 was excluded from candi-
date region in our family remain unknown, possibilities

Fig. 2. Electropherogram showing a base substitution, AAG Æ ACG
(arrow), at codon 634 in WFS1 exon 8, observed in affected person
III-11

Fig. 3. Hypothetical structure of wolframin, and positions of mutations
in LFSNHL families. The gray band indicates the membrane of the
endoplasmic reticulum. The upper and lower sides show the
extracytoplasmic and intracytoplasmic regions, respectively. Thin and
thick lines denote the hydrophilic and transmembrame domains, re-
spectively. Black arrows indicate the six known missense mutations
found in seven families with DFNA6/14/38 (K634T, Japanese family;
T699M, Dutch family; A716T, Dutch and American families; V779M,
G831D, L829P, each in an American family). Red arrows indicate 23
known missense mutations associated with Wolfram syndrome. The
protein truncation mutations, such as nonsense or frameshift muta-
tions, that have been found in patients with Wolfram syndrome are not
indicated in this figure

Normal control

Patient
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include typing errors, spontaneous mutations in the
microsatellite marker sequences used, and/or an inversion
polymorphism. Among these, an inversion polymorphism
around D4S431 and D4S2366 may be the most plausible
explanation because many recombinations have been re-
ported to have occurred around D4S431 (Bespalova et al.
2001; Inoue et al. 1998; Van Camp et al. 1999; Young et al.
2001). Such a polymorphism may have led to an inverted
order of markers, which consequently resulted in an incor-
rect localization of the disease being mapped by the linkage
analysis, away from the critical region.

WFS1, in which a missense mutation was observed in our
patients, is the causative gene for Wolfram syndrome (WFS,
OMIM #222300). WFS is an autosomal recessive disorder
characterized by diabetes inspidus, juvenile-onset diabetes
mellitus, bilateral progressive optic atrophy, and deafness.
WFS1 encodes wolframin, which consists of 890 amino acids
with nine putative transmembrane domains, a hydrophilic
amino terminus, and a hydrophobic COOH tail, as deter-
mined by hydrophobicity analysis (Lesperance et al. 1995;
Inoue et al. 1998; Strom et al. 1998). Many WFS1 mutations
result in protein truncation, and some mutations result in
amino acid substitutions. Five previously reported muta-
tions (T699M, A716T, V799M, L829P, and G831D) in six
DFNA6/14 patients were located in either the hydrophilic
or the intracytoplasmic region in the transmembrane do-
mains (Strom et al. 1998) (Fig. 3). The mutation site in the
hydrophobic, extracytoplasmic, juxta-transmembrane re-
gion seen in this family was hitherto undescribed. This
unique mutation site in our patients may be related to their
milder phenotype compared with those of the six pre-
viously identified DFNA6/14 patients with WFS1 mutations
(Lesperance et al. 1995; Strom et al. 1998). It is likely that a
genotype–phenotype correlation is also applicable in the
case of this disorder.

Wolframin has been reported to be localized to the en-
doplasmic reticulum in cultured cells, and its expression in
the brain is restricted to certain populations of neurons,
including the ventral cochlear nucleus and the inferior
colliculus (Takeda et al. 2001). However, its expression in
the peripheral auditory system remains unknown. Neuro-
pathological studies of Wolfram syndrome have revealed
loss of nerve fibers in the cochlear nerves as well as mild
neuronal loss and gliosis in the auditory brainstem (Genis
et al. 1997). These findings may indicate that wolframin
plays an important role in the survival of neurons in specific
areas, such as in a subpopulation of the afferent nerves from
the cochlea. All six known WFS1 mutations in LFSNHL
are heterozygous, missense mutations in the intra- or
extracytoplasmic domain, and, they may thus cause a de-
crease in wolframin function, whereas in the case of
Wolfram syndrome, its function may be abolished.
Clarification of why such clinical differences are observed
between the two disorders from a viewpoint of protein
function requires further studies.
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