
Abstract Pendred syndrome and non-syndromic

recessive deafness associated with enlarged vestibular

aqueduct (NSRD with EVA) are caused by mutations

in the SLC26A4 (PDS) gene. Unlike NSRD with EVA,

Pendred syndrome is characterized by goiter, which

may be present after early adulthood. However, the

clinical diagnosis of these two disorders is difficult in

deaf children. Expression of the SLC26A4 gene may be

responsible for iodide transport in the thyroid as well

as for formation and function of the inner ear. Here,

we analyzed the SLC26A4 gene and performed thyroid

function tests (FT3, FT4, TSH, and Thyroglobulin) on

six congenitally deaf infants (mean age 2.7 years) with

EVA. Mutation of the SLC26A4 gene was identified in

five patients: four were compound heterozygous

(H723R/919–2A>G, H723R/IVS15+5G>A, H723R/

R581S, IVS7-2A>G/IVS8+1G>A), the fifth had a

frameshift mutation (322delC). All the patients dem-

onstrated an elevation of serum thyroglobulin level.

FT3 level was elevated in four of the five patients. The

patient who did not have a detectable gene mutation

showed normal thyroid function. We conclude that the

mutations in the SLC26A4 gene identified here are

highly associated with high serum thyroglobulin levels

in congenital and deafness infants. These mutations

may be of value for the diagnosis of Pendred syndrome

and NSRD with EVA.
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Introduction

Epidemiological surveys have shown that about 50%

of cases of childhood deafness can be attributed to

genetic causes (Morton 1991). Pendred syndrome,

first described in 1986 (Pendred 1986), is character-

ized by congenital sensorineural hearing loss (SNHL)

and goiter. It is an autosomal-recessive disorder

caused by mutation in the SLC26A4 (PDS) gene

(Everett et al. 1997). In addition to Pendred syn-

drome, mutations of this gene are also responsible for

non-syndromic recessive deafness (NSRD) with en-

larged vestibular aqueduct (EVA), or Mondini dys-

plasia (Usami et al. 1999). Overall, SLC26A4

mutations may account for between 5 and 10% of

patients with prelingual hearing loss (Gorlin 1995).

The gene is located on chromosome 7q22-q31 and

encodes a chloride-iodide transporter that is ex-

pressed in the thyroid, inner ear, and kidney. The

gene has 21 exons that encode a 780 amino acid

protein called pendrin, a 73 kDa glycoprotein with 11

or 12 transmembrane domains. More than 60 differ-

ent SLC26A4 mutations have been identified in

individuals with Pendred syndrome or NSRD with

EVA (Park et al. 2003), suggesting that some of the

variability in clinical expression of these syndrome is

correlated with mutation genotype (Tsukamoto et al
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2003). The majority of the mutations are missense

substitutions that often result in the formation of a

truncated protein, but intronic mutations affecting

splice sites also seem to be a frequent cause of

Pendred syndrome and NSRD with EVA (Massa

et al. 2003; Yang et al. 2005).

The hearing loss is sensorineural, profound and

prelingual, although there may be a history of fluctu-

ating progressive hearing loss. In the inner ear, pendrin

is expressed in the endolymphatic duct and sac, regu-

lating endolymph secretion and absorption. Pendrin

defects result in neuroepithelial damage and can cause

inner ear malformations (Everett et al. 1999). Thyroid

dysfunction is variable, ranging from normal function

to hypothyroidism and from normal thyroid volume

through slight enlargement to the presence of a large

multinodular goiter. It is difficult to distinguish from

Pendred syndrome and NSRD in young children since

the goitrous phenotype is not usually evident until

adolescence. Goiter usually develops in late childhood

to early adulthood and may be present in euthyroid

individuals, but hypothyroidism is found in about one-

third of patients with Pendred syndrome (Campbell

et al. 2001). Mutation of the SLC26A4 gene may in-

duce dysfunction of the thyroid gland, leading to the

accumulation and retention of iodide in the follicular

lumen where thyroglobulin is stored, and incorporate

iodide during synthesis of thyroid hormone (Giraud

et al. 2005). However, most patients with Pendred

syndrome remain euthyroid, although they may give an

abnormal result after perchlorate challenge.

A goiter is not an essential diagnostic feature of

Pendred syndrome. Moreover, the perchlorate chal-

lenge test cannot be performed in deaf infants with

EVA. In this study, we screened six congenitally deaf

infants with EVA for mutation in the SLC26A4 gene.

We also tested their serum thyroid function in order to

determine whether there is a correlation between

genotype and hearing loss and thyroid function phe-

notypes.

Materials and methods

Subjects and clinical evaluation

We studied six patients affected by congenital SNHL

with EVA (Table 1). Four of the affected patients were

males. The age range was 0.8–4.11 years (mean

1.74 years) at the time of admission to our hospital and

genetic testing. In all patients, a bilateral SNHL was

diagnosed by auditory brainstem response (ABR) and

conditioned orientated response (COR) tests; no goi-

ters were detected by palpation. The degree of SNHL

ranged from severe or profound. Mild language dis-

turbance was observed in patients 1, 2, 3, and 4. Pa-

tients 5 and 6 had severe language disturbance, and

they received cochlear implants at age 2.11 and

4.0 years, respectively. Thyroid function tests were

performed for thyroid-stimulating hormone (TSH),

free triiodothyronine (FT3), free thyroxine (FT4),

thyroglobulin, but the perchlorate test was not used.

The age range was 1.8–5.1 years (mean 2.68 years) at

the time of the thyroid function analyses. The serum

concentrations of thyroid hormones were determined

using the ECL-IA method. The parents of the six

children showed no evidence of the SNHL or thyroid

disease.

In all patients, the presence of malformations of the

cochlea and vestibular aqueduct was evaluated by

high-resolution CT of the temporal bones and fast spin-

echo T2-weighted MRI (Fig. 1). The criterion for

diagnosis of EVA from thin section CT was a diameter

greater than 1.5 mm at the midpoint between the

common crus and the external aperture.

DNA was extracted by standard methods from

whole blood of all patients and, where available, their

parents. The parents of all patients gave informed

consent for the genetic analysis, which was approved

by the ethical committee of Hamamatsu University

School of Medicine.

Mutation analysis

Mutations were detected by a combination of intronic

polymerase chain reaction (PCR) amplification, using

primers flanking each exon, and sequencing of the

amplification products. Exons 1–21 of the SLC26A4

gene were amplified from a genomic DNA samples by

PCR. Amplification was carried out in a Perkin-Elmer

thermal cycler using the following conditions: 5-min

denaturation at 95�C, 37 three-step cycles (95�C for 30

s, 55�C for 1 min, 72�C for 1 or 3 min), 72�C for

10 min, and ending with a holding period at 4�C. The

PCR products were directly sequenced after removal

of unincorporated dNTPs and primers by incubation of

50–100 ng PCR product at 37�C for 30 min with 0.1 ll

exonuclease I (Amersham Life Science, Cleveland,

USA) and 1 ll shrimp alkaline phosphatase (Amer-

sham Life Science). The enzymes were heat-inacti-

vated at 80�C for 15 min. An aliquot of 6 pmol of

either the forward or the reverse primer was used in

standard cycle sequencing reactions with ABI Big Dye

terminators, and run on an ABI 377 sequencer.
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Results

Mutation analysis of the SLC26A4 gene

As a result of DNA sequence analysis (Table 2),

mutations of the SLC26A4 genes were detected in five

patients. Four were compound heterozygous, the fifth

had a frameshift mutation. No mutations were detected

in patient 4. Four missense mutations, the four splice

site mutations, and a frameshift mutation were identi-

fied in the five patients. The two compound heterozy-

gous missense mutations were H723R (2168A>G in

exon 19) in patient 1, 2, 3 and R581S (1743G>C in exon

16) in patient 3. The four compound heterozygous

splice site mutations were IVS7-2A>G (exon 7,

acceptor splice site), IVS8+1G>A (exon 8, donor splice

site) in patient 6, 919-2A>G (exon 7, acceptor splice

site) in patient 1, and IVS15+5G>A (exon 15, splice

site) in patient 2. The father of patient 6 had an IVS7-

2A>G heterozygous mutation and his mother had an

IVS8+1G>A heterozygous mutation. The parents were

not diagnosed with SNHL nor were goiters palpated.

The frameshift mutation (322delC) was found in pa-

tient 5 in exon 4 at codon 108 and led to a stop codon at

position 139.

Clinical features

In all patients, the vestibular aqueduct was enlarged

bilaterally with a diameter ranging from 3 to 6 mm

(Table 1). Signal intensity ratio (sac signal/cerebero-

spiral fluid signal) detected by MR imaging and

diameter of EVA were not correlated with the muta-

tions in the SLC26A4 gene.

Table 1 Clinical data among the six infants with congenital hearing loss and enlarged vestibular aqueduct

Case Age
(years)

Sex CT Onset of
SNHL

Degree of
SNHL

Progression
or fluctuation
of SNHL

Goiter Others

1 2 M EVA R: 3.0 mm Congenital 93 dB Progression – Cochlear implant
L:3.0 mm (COR) Fluctuation Vertigo (+)
Mondini (+) ABR:100 dB (–)

2 1.1 M EVA R: 5.0 mm Congenital 73 dB Fluctuation – Vertigo (+)
L: 4.5 mm (COR) Asthma
Mondini (–) ABR:L90 dB, R100 dB(–)

3 1.1 F EVA R: 4.0 mm Congenital 94 dB Fluctuation – Vertigo (–)
L: 3.0 mm (COR) ABR:100 dB (–)
Mondini (–)

4 4.1 F EVA R: 4.0 mm Congenital R: 95 dB Fluctuation – Vertigo (–)
L: 4.5 mm L: 98 dB ABR:100 dB (–)
Mondini (–)

5 1.3 M EVA R: 6.0 mm Congenital 86 dB Progression – Cochlear implant
L: 5.5 mm (COR) Fluctuation Vertigo (+)
Mondini (–) ABR:L100 dB, R90 dB

6 0.8 M EVA R: 6.0 mm Congenital 84 dB Fluctuation – Vertigo (+)
L: 6.0 mm (COR) ABR:L100 dB(–), R100 dB
Mondini (+)

EVA Enlarged vestibular aqueduct, COR conditioned orientated response, ABR auditory brainstem response

Fig. 1 Computed
tomographic scan and fast
spin-echo T2-weighted MRI
showing an enlarged
vestibular aqueduct (EVA)
(double arrow) in right ear of
patient 5. * Enlarged
endolymphatic sac
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Thyroid function analysis showed (Table 3) normal

serum concentrations of FT4 and TSH (normal values:

0.9–1.6 ng/dl, 0.5–5.0 mU/l, respectively) in all pa-

tients. Mildly elevated concentration of FT3 (normal

value: 2.3–4.0 pg/ml) was shown in patients 1, 3, 5, 6

(4.2–5.5 pg/ml, mean 4.9 pg/ml). Serum thyroglobulin

levels (normal value: 1.4–78 ng/ml) were elevated in all

patients (105–372.5 ng/ml, mean 171.0 ng/ml) with a

detectable mutation of the SLC26A4 gene, with the

exception of patient 4 (72.5 ng/ml).

Discussion

Mutations of the SLC26A4 (PDS) gene can cause

SNHL with goiter (Pendred syndrome) or NSRD with

EVA (Everett et al. 1997; Usami et al. 1999). They

have also been reported to be associated with a wide

range of other phenotypes. Over 60 mutations of

SLC26A4 have been described to date, and include

missense, nonsense, splice site, and frameshift muta-

tions, as well as a large partial genomic deletion (Park

et al. 2003). In the present study, the two missense

mutations (H723R and R581S), the four splice site

mutations (IVS7-2A>G, IVS8+1G>A, 919-2A>G, and

IVS15+5G>A), and a frameshift mutation (322delC)

were identified in five of six patients with congenital

hearing loss and EVA. Compound heterozygous mis-

sense and splice site mutations were found in four of

six patients. The mutations, H723R, IVS7-2A>G,

IVS8+1G>A, and 322delC, were previously reported in

Japanese families with either Pendred syndrome or

NSRD with EVA (Tsukamoto et al. 2003). R581S, 919-

2A>G, and IVS15+5G>A were novel SLC26A4

mutations. H723R and IVS7-2A>G are common al-

leles and account for the majority of SLC26A4 muta-

tions in East Asian populations (Park et al. 2003). The

distributions of mutant SLC26A4 alleles differ signifi-

cantly between various ethnic populations. The muta-

tion H723R accounts for 53% of SLC26A4 mutation in

Japanese patients, suggesting a possible founder effect

(Tsukamoto et al. 2003). In Caucasoid populations, the

mutations IVS8+1G>A, L236P, and T416P account for

nearly half of all SLC26A4 mutation alleles (Campbell

et al. 2001). We speculate here that the mutations

found in five of the six patients (cases 1, 2, 3, 5, and 6)

contributed to the pathogenesis of Pendred syndrome

or NSRD with EVA, because H723R, IVS7-2A>G,

IVS8+1G>A mutations were compound heterozygous

and 322delC caused a frameshift at codon 108 and led

to a stop codon at position 139.

The SLC26A4 gene encodes a transmembrane pro-

tein known as pendrin, which is expressed in the fetal

cochlea, thyroid, and kidney. Pendrin transports chlo-

ride and iodide and mediates the exchange of chloride

and formate (Fugazzola et al. 2001). The hearing loss

associated with SLC26A4 mutations is thought to be

related to enlargement of the vestibular aqueduct

(EVA) and Mondini dysplasia (1.5 cochlear turns in-

stead of the normal 2.5). In general, mutations of the

SLC26A4 are associated with a wide range of hearing

loss phenotypes, which can be profound, prelingual,

and progressive, and with varying extents of EVA

dilatation as envisaged by axial computed tomography.

The mutations identified here did not produce a wide

range of effects. The function of pendrin in the inner

ear is not well understood. In the mouse, pendrin is

expressed in the endolymphatic duct and sac from

Table 3 Thyroid function data (FT3, FT4, TSH, and Thyroglobulin) in six affected infants

Case Age (years) FT3 (2.3–4.0 pg/ml) FT4 (0.9–1.6 ng/dl) TSH (0.5–5.0 mU/l) Thyroglobulin
(1.4–78 ng/ml)

1 2 5.3 1.5 1.38 130.1
2 2.2 3.8 1.4 1.75 149
3 3.2 4.9 1.1 1.68 130
4 5.1 4 1.1 2.89 72.5
5 1.8 5.1 1.2 2.06 117.5
6 1.8 4.2 1.2 1.43 105

Table 2 Mutations of SLC26A4 gene and phenotypes in six
affected infants

Case Allele one Allele two Phenotype

1 H723R 919-2A>G Progressive NSRD with EVA
High Tg and FT3

2 H723R IVS15+5G>A NDRD with EVA
High Tg

3 H723R R581S NDRD with EVA
High Tg and FT3

4 (–) (–) NDRD with EVA
5 322delC stop at 139 Progressive NSRD with EVA

High Tg and FT3
6 IVS7–2A>G IVS8+1G>A NDRD with EVA

High Tg and FT3

NSRD Non-syndromic recessive deafness, EVA enlarged ves-
tibular aqueduct,Tg thyroglobulin
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embryonic day 13 onwards, and in non-sensory parts of

the utricle, saccule and cochlea (Everett et al. 1999). At

present, iodide is not known to have an important role

in the inner ear, whereas a role for chloride can be

readily postulated. A loss of chloride transport within

the inner ear could lead to abnormal endolymph

composition, resulting in toxic and osmotic mecha-

nisms damaging the neuroepithelium and enlarging the

membranous labyrinth structures (Fugazzola et al.

2001).

Pendred syndrome is clinically differentiated from

NSRD with EVA by the presence of goiter. Variability

of the goiter due to other genetic and/or environmental

factors has been reported (Yang et al. 2005; Scinicari-

ello et al. 2005). When goiter is found in Pendred

syndrome, it is most often euthyroidal and not evident

until the second decade of life. This means that it is

difficult to distinguish between Pendred syndrome and

NSRD with EVA before the age of 10 years (Reardon

et al. 1999). Thus, a clear correlation of SLC26A4

genotype with thyroid phenotype has not emerged.

The associations of thyroid function with SLC26A4

mutations in early infancy have not been investigated,

whereas it is known that malformation of inner ear is

congenital and hearing loss is prelingual. Therefore, we

assessed thyroid function (FT3, FT4, TSH, and thyro-

globulin) in infants (mean age 2.7 years) with

SLC26A4 mutations. SLC26A4 mutations were de-

tected in five of six patients, and all showed elevation

of serum thyroglobulin levels. Thyroglobulin is a 330-

kDa glycoprotein that undergoes homodimerization in

the endoplasmic reticulum and other posttranslational

modifications. Iodine is critical to thyroid gland func-

tion and thyroid hormone synthesis. From the follicular

cell, iodide is transported by pendrin across the apical

membrane. The iodide is then delivered to the cell–

colloid interface where it is oxidized by thyroid per-

oxidase and bound to tyrosyl residues in the thyro-

globulin (Giraud et al. 2005). Pendrin dysfunction may

cause diminished iodide transport across the apical

membrane. As a result, thyroglobulin is stored at high

concentrations in the thyroid follicular lumen. Ade-

quate nutritional iodide intake from vegetable and

dairy food products (Scinicariello et al. 2005) may

compensate for an iodide transport deficit, thereby

maintaining the euthyroid status. In conclusion, we

speculate that serum thyroglobulin level is elevated by

an abnormal iodide-trapping mechanism caused by

pendrin dysfunction during infancy and that thyroid

function can be rescued by some genetic (Royaux et al.

2000; Dentice et al. 2005) or environmental cofactors,

such as nutritionally supplied iodide, after the age of

10 years. Inadequate compensation may lead to goiter.

The identification of etiologic cofactors for NSRD

with EVA before the age of 10 years would provide

insight into its pathogenesis and be beneficial for

diagnosis. Moreover, thyroid function and phenotypic

changes would still have to be checked at regular

intervals from early infancy into the second decade

whether or not our hypothesis is correct. We will

continue to monitor our affected patients with

SLC26A4 mutations.
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