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Abstract Mutation analysis of the PDS gene and the EYA1
gene, which are reported to be responsible for hearing loss
associated with ear anomalies, was performed in 24 deaf
patients with various middle and inner ear anomalies. The
present study was done to clarify the spectrum of middle
and inner ear malformations covered by these two genes.
PDS mutations were found only in patients with enlarged
vestibular aqueducts and EYA1 mutations were detected
only in patients with ear pits and cervical fistulae, indicating
that these two genes are associated with particular forms of
middle and inner ear malformation. The genetic approach
provides a strong tool for the diagnosis of hearing loss asso-
ciated with ear anomalies.

Key words PDS · EYA1 · Ear anomaly · Enlarged vestibu-
lar aqueduct · Mutation analysis

Introduction

Recent advances in computed tomography (CT) imaging
techniques have provided us with detailed information
regarding inner, middle, and outer ear malformations.
Temporal bone CT is currently considered to be a useful
examination to diagnose sensorineural hearing loss
(SNHL), because approximately 20% of congenital SNHL
patients are reported to have radiologically proven inner
ear malformations (Jackler et al. 1987). Recent reports also

support a high prevalence of inner ear anomalies among
hearing loss patients. Woolford et al. (1995) reported 29.5%
abnormal CT scans in adults and children awaiting cochlear
implantation. Bamiou et al. (2000) found a 28.4% yield of
abnormalities in the CT scans of SNHL patients.

Remarkable progress has been made in the molecular
genetics of deafness in the past decade, specifically in the
past few years, and discoveries about genes have greatly
accelerated. More than 40 genes have so far been reported
to be responsible for syndromic and nonsyndromic
hearing loss (Van Camp G, Smith RJH. Hereditary Hearing
Loss Homepage: http://dnalab-www.uia.ac.be/dnalab/hhh).
Among them, two genes, PDS and EYA1, were reported
to be associated with inner, middle, or outer ear malfor-
mations. The PDS gene was originally reported as being
responsible for Pendred syndrome (MIM274600), an
autosomal recessive disorder previously described as
associated with deafness and goiter (Everett et al. 1997).
However, the PDS gene was later demonstrated to also
cover the nonsyndromic hearing loss associated with
enlarged vestibular aqueduct (EVA) (Usami et al. 1999b).
These two recessive inherited diseases, previously con-
sidered distinct, are now known to be a continuum of
diseases associated with EVA and caused by one gene.
Thirty-eight mutations in PDS that cause Pendred
syndrome or nonsyndromic hearing loss associated with
EVA have been reported (see the Human Gene Mutation
Database at the Institute of Medical Genetics in Cardiff:
http://archive.uwcm.ac.uk/uwcm/mg/hgmd0.html).

The EYA1 gene is responsible for branchio-oto-renal
(BOR) syndrome (MIM113650) (Abdelhak et al. 1997),
which is an autosomal dominant hereditary disease charac-
terized by (1) branchial fistulae (cysts) and/or congenital
preauricular fistulae; (2) anomalies of the pinnae, external,
middle, and inner ears, accompanied by hearing loss; and
(3) renal abnormalities. We have recently demonstrated
that mutations in the PDS and EYA1 genes are found
in hearing loss patients with ear anomalies (Usami et al.
1999a,b). Because the types of anomaly caused by these two
genes overlap, PDS and EYA1 mutation analysis was per-
formed to determine the spectrum of anomalies.
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Subjects and methods

Forty-four (25.4%) of 173 congenital hearing loss patients
who underwent CT scans were diagnosed with various types
of inner and middle ear anomalies. Among them, 24 pa-
tients (10 male, 14 female) gave informed consent for par-
ticipation in the mutation analysis project. From anamnestic
evaluation, 10 patients had a family history of hearing loss
(six dominant, four recessive) and 14 were sporadic cases
(Table 1). Two patients were associated with cervical fistu-
lae or ear pits (Table 1). Otherwise, no additional clinical
manifestations, such as goiter, were found. All patients had
been screened for the 1555 mitochondrial and GJB2 muta-
tions, and none were detected. CT scans of the temporal
bone were performed in 1.5-mm serial axial cuts. Axial
scans were oriented parallel to the infraorbital-meatal line.
Mutation screening by DNA direct sequencing was per-
formed as described elsewhere (Usami et al. 1999a,b).

In brief, intronic polymerase chain reaction (PCR) prim-
ers flanking each exon (Everett et al. 1997) were used to
amplify exons 1–21 in the genomic DNA samples of the
PDS gene to detect mutations. For EYA1, the nucleotide
sequence of the primers reported earlier (Abdelhak et al.
1997) were used for amplification of exons. The sequences
of these primers are located in the flanking introns. Exons
1–16 of EYA1 were amplified from genomic DNA samples
by PCR. PCR products were directly sequenced as de-
scribed in previous papers (Kumar et al. 1998; Usami et al.
1999a). DNA samples from 96 unrelated Japanese individ-
uals with normal hearing were used as a control group.

Results

Types of anomalies and detected mutations are summarized
in Table 1. PDS mutations were found in eight patients and
EYA1 mutations in two patients. All of the detected muta-
tions were segregated with deafness/anomaly in each family
and were not found in 96 normal hearing control samples.
Four missense and three frameshift mutations were found
in the PDS gene. Four patients were found to be compound
heterozygous, and four were heterozygous with no observ-
able second mutations. PDS gene mutations were identified
only in the patients with EVA. Eight of 14 cases with EVA
(57.1%) had PDS mutations. For the EYA1 mutations, a
nonsense mutation in exon 7 and a missense mutation in
exon 12 were noted in the patients with preauricular sinus
or cervical fistulae.

Discussion

It has been reported that several types of syndromic and
nonsyndromic hearing loss, including Pendred syndrome,
BOR syndrome, Waardenburg’s syndrome, DiGeorge’s
syndrome, Wildervanck syndrome, Fountain syndrome,

Treacher Collins syndrome, nonsyndromic hearing loss
with EVA, and DFN3, are associated with various forms of
ear anomalies (for review, see Smith and Harker 1998). This
association indicates that many genes could be involved in
the various types of anomalies in the external, middle, and
inner ear. In the present study, PDS and EYA1 gene muta-
tions were found in 41.7% of cases with ear malformations,
suggesting that these two genes are highly associated with
hearing loss caused by ear anomalies. Seven of eight PDS
mutations were described in our previous papers (Usami et
al. 1999a,b). The present paper further adds a novel PDS
mutation, 1652insT. This mutation was segregated with the
deafness/anomaly and was not found in the normal control
samples, suggesting that it is a disease-causing mutation.

Four patients (#1, 2, 3, and 8 in Table 1) were found to be
compound heterozygous, which is compatible with reces-
sive properties of the PDS gene. However, another four
patients (#4, 5, 6, and 7 in Table 1) without apparent second
mutations must have a second mutation in another allele. It
is possible that the second mutation exists in the promoter
region, which we did not analyze. It is unlikely that PDS
mutations have a dominant effect, because parents (of
patients with EVA) who have heterozygous PDS mutations
did not have EVA. Caution is especially due when consider-
ing the parents of EVA patients who themselves have hear-
ing loss (#5 and 6 in Table 1). Although such parents had
mild hearing loss, suggesting from the anamnestic evalua-
tion that the condition was passed on by dominant inherit-
ance, their audiological characteristics were different from
those typically found in patients with EVA and their hear-
ing impairment may be due to other causes.

The present study also revealed the spectrum of malfor-
mation caused by these two genes. EVA has been recog-
nized as the single most common imaging abnormality in
SNHL (Mafee et al. 1992). Of 14 patients with EVA, PDS
mutations were found in 8 (57.1%). The present results are
in line with the recent report by Reardon et al. (2000), who
observed a high frequency (33 of 43) of PDS gene muta-
tions in singleton cases with EVA. It was also reported that
7 of 45 BOR syndrome patients had EVA (Chen et al.
1995). EVA has so far been reported in Pendred syndrome,
nonsyndromic hearing loss associated with EVA (Usami et
al. 1999b), and BOR syndrome (Chen et al. 1995). There-
fore, EVA is recognized to be a genetically heterogenous
phenotype. Despite the previously mentioned reports, we
did not find EYA1 mutations in the EVA cases studied
here.

With regard to phenotypic variability caused by the PDS
gene, six of eight patients had an EVA malformation
only. However, the other two patients had other inner and
middle ear malformations in addition to EVA; one had
hypoplastic cochlea and enlarged vestibule, and the other
had hypoplastic cochlea and ossicular chain malformation.
Pendred syndrome was sometimes found with Mondini
malformation, which is considered by some investigators to
be a more severe manifestation of EVA (Valvassori et al.
1978; Emmett et al. 1985; Johnsen et al. 1987; Mafee et al.
1992; Zalzal et al. 1995). The two cases that were found in
this study support these previous reports. Although there
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have been no reports of ossicular chain middle ear malfor-
mation concurrent with Pendred syndrome, it may be that
the PDS gene has an effect on middle ear malformations as
well. It is also conceivable that other genes are involved in
this phenotype.

In ten patients without EVA, two with characteristic
diagnosis and observation of BOR syndrome, such as
branchial fistulae and preauricular pits, had EYA1 gene
mutations. One of the EYA1 mutations, Y193X, had been
reported previously (Usami et al. 1999a) and was domi-
nantly inherited with phenotypes within the family (patient
#9 in Table 1). The other mutation, Asp396Gly, which is a
novel missense mutation, was found in patient #10 (Table
1). Interestingly, this patient is a sporadic case and both
parents had no clinical symptoms or anomalies, nor did they
have the EYA1 mutation, suggesting this case may be a de
novo mutation. There have been reports of BOR syndrome
accompanied by inner, middle, and outer ear malformations
(Fraser et al. 1978; Cremers and Noord 1980; Ng et al. 1989;
Chen et al. 1995; Usami et al. 1999a). In the present study,
we detected EYA1 gene mutations in two patients with
hypoplastic cochlea, semicircular canals hypoplasia, en-
larged vestibule, and ossicular chain malformation. Our
results confirm that middle and inner ear malformation
accompanied by branchial fistulae and preauricular pits are
caused by EYA1 gene mutations.

In six patients with EVA, and eight patients without
EVA, branchial fistulae, or preauricular pits, neither gene
mutation was detected. The present mutation screening did
not include analysis of the upstream untranslated regions,
which may be the sites of regulatory elements. Mutations in
these regions may produce ear malformation or it may be
that there is another, still unknown, locus that causes ear
malformation. A large deletion is another possibility.

The present study clarified that, although there is some
variability, there may be common features caused by the
same gene. Classification based only on the inheritance
mode is inaccurate because it is sometimes hampered by
hearing loss due to various etiological factors. Future
molecular genetic studies will determine the precise mecha-
nisms of genetic influence on inner ear development, and
ear anomalies will be classified on a genetic basis.
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