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1. Introduction

ABSTRACT

The SLC26A4 gene encodes the transmembrane protein pendrin, which is involved in the homeostasis of
the ion concentration of the endolymph of the inner ear, most likely by acting as a chloride/bicarbonate
transporter. Mutations in the SLC26A4 gene cause sensorineuronal hearing loss. However, the mecha-
nisms responsible for such loss have remained unknown. Therefore, in this study, we focused on the
function of ten missense pendrin mutations (p.P123S (Pendred syndrome), p.M147V (NSEVA), p.K369E
(NSEVA), p.A372V (Pendred syndrome/NSEVA), p.N392Y (Pendred syndrome), p.C565Y (NSEVA),
p.S657N (NSEVA), p.S666F (NSEVA), p.T721M (NSEVA) and p.H723R (Pendred syndrome/NSEVA))
reported in Japanese patients, and analyzed their cellular localization and anion exchanger activity using
HEK293 cells transfected with each mutant gene. Immunofluorescent staining of the cellular localization
of the pendrin mutants revealed that p.K369E and p.C565Y, as well as wild-type pendrin, were trans-
ported to the plasma membrane, while 8 other mutants were retained in the cytoplasm. Furthermore, we
analyzed whether salicylate, as a pharmacological chaperone, restores normal plasma membrane
localization of 8 pendrin mutants retained in the cytoplasm to the plasma membrane. Incubation with
10 mM of salicylate of the cells transfected with the mutants induced the transport of 4 pendrin mutants
(p-P123S, p.M147V, p.S657Y and p.H723R) from the cytoplasm to the plasma membrane and restored the
anion exchanger activity. These findings suggest that salicylate might contribute to development of
a new method of medical treatment for sensorineuronal hearing loss caused by the mutation of the
deafness-related proteins, including pendrin.

© 2010 Elsevier B.V. All rights reserved.

having 12 putative transmembrane domains, and is mainly
expressed in the inner ear, thyroid gland and kidney (Everett et al.,

The auditory system consists of three parts: the outer ear,
middle ear and inner ear. Pendrin, which is encoded by the PDS
(SLC26A4) gene, is a 780 amino acid, an 85.7 kDa membrane protein

Abbreviations: 7-AAD, 7-amino-actinomycin D; NASEVA, non-syndromic
hearing loss with enlarged vestibular aqueduct; SLC26A, solute carrier 26A.
* Corresponding author. Tel.: +81 22 795 6938; fax: +81 22 795 6939.
E-mail address: wada@cc.mech.tohoku.ac.jp (H. Wada).

0378-5955/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.heares.2010.08.015

1997). In the inner ear, pendrin is detected in the apical membrane
of the endolymphatic duct, endolymphatic sac and various cells
which compose the cochlea (Yoshino et al., 2004). Pendrin belongs
to the solute carrier 26A (SLC26A) family, which is a group of
proteins acting as multifunctional anion exchangers, and transports
anions of CI~7, I7, HCO3~ and formate (Scott et al., 1999; Mount and
Romero, 2004; Wangemann et al., 2007; Kopp et al., 2008). Pendrin
is thought to play an important role in the inner ear as a Cl~ /HCO3~
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transporter involved in the conditioning of ion concentration of the
endolymphatic fluid (Mount and Romero, 2004; Wangemann et al.,
2007). The loss of pendrin in SIc26A4~!~ mice, which is a model for
Pendred syndrome, results in failure of HCO3~ secretion into
endolymph, leading to hearing loss via acidification of endolymph
and inhibition of Ca*" reabsorption (Royaux et al, 2001;
Wangemann et al., 2007).

More than 150 different mutations of the PDS gene have been
found in humans so far. These mutations are responsible for Pendred
syndrome, which is an autosomal recessive disorder characterized by
sensorineuronal hearing loss, goiter and a partial defect in iodide
organification, and for non-syndromic hearing loss with an enlarged
vestibular aqueduct (NSEVA) (Everett et al, 1997; Kopp, 1999;
Dossena et al., 2009). In Japanese, 18 point mutations of the PDS
gene, i.e., 10 missense mutations, one stop mutation, four frameshift
mutations, and three splice site mutations, are reported to lead to
these disorders (Tsukamoto et al., 2003). Although Pendred syndrome
is thought to account for up to 10% of all cases of syndromic hearing
loss, no effective therapy for this syndrome has been established.

Abnormal protein folding or trafficking is associated with various
diseases(Thomas et al., 1995; Taubes, 1996; Welch and Brown, 1996).
Although, in general, newly synthesized membrane-associated and
secreted proteins are translocated to the endoplasmic reticulum,
where folding is facilitated by interaction of various endogenous
chaperons, abnormal proteins produced by missense mutations are
retained in the endoplasmic reticulum by misfolding (Ulloa-Aguirre
etal., 2004). Itis suggested that such retention and defective plasma
membrane targeting of pendrin mutants play a key role in the
pathogenesis of Pendred syndrome (Rotman-Pikielny et al., 2002;
Dossena et al., 2009). Pharmacological rescue is one method of
salvaging these defective proteins by low molecular compounds
such as IN3 as chaperones (Conn et al., 2002; Ulloa-Aguirre et al.,
2004). Pharmacological chaperones correct errors in folding and
restore activity by reestablishing correct protein routing (Ulloa-
Aguirre et al., 2004). It has been reported that the misfolded
mutants of membrane proteins such as V2 vasopressin receptor,
P-glycoprotein and GnRH receptor can be rescued by this method
(Loo and Clarke, 1997; Morello et al., 2000; Janovick et al., 2002).
Therefore, it is possible that recovery of pendrin mutants by some
compounds could improve the condition of Pendred syndrome
and NSEVA.

Recently, we have reported that salicylate, which binds to
prestin with high affinity (Tunstall et al., 1995; Kakehata and

Santos-Sacchi, 1996), induces the translocation of prestin mutants
to the plasma membrane from the cytoplasm (Kumano et al., 2010).
Prestin is a member of the SLC26A gene family including pendrin,
and there is approximately a 45% similarity between these proteins
in amino acid sequences. Therefore, we hypothesized that pendrin
mutants retained in the cytoplasm are induced to translocate to the
plasma membrane by salicylate and the function is restored.

In this study, we focused on the 10 missense pendrin muta-
tions (p.P123S (Pendred syndrome), p.M147V (NSEVA), p.K369E
(NSEVA), p.A372V (Pendred syndrome/NSEVA), p.N392Y (Pendred
syndrome), p.C565Y (NSEVA), p.S657N (NSEVA), p.S666F (NSEVA),
p.T721M (NSEVA) and p.H723R (Pendred syndrome/NSEVA)) found
in Japanese patients (Tsukamoto et al., 2003) and analyzed the
localization and anion transporter activity of these mutant proteins
in vitro and the effects of salicylate as a pharmacological chaperone
for the rescue of the pendrin mutants.

2. Methods
2.1. Construction of expression vectors

The sequences encoding an N-terminal FLAG tag were added by
PCR amplification to the ¢DNA for human wild-type pendrin
(Accession No. NM_000441.1) and the resulting insert was cloned
into pcDNA3.1 (Invitrogen, Carlsbad, CA). E. coli ]M109 was trans-
formed with the constructed expression vector (pcDNA3.1/pen-
drin-FLAG). Mutational studies targeted the genes of pendrin
missense mutations reported in Japanese patients (Tsukamoto
et al., 2003). To express 10 pendrin mutants, the mutations were
introduced into the pcDNA3.1/pendrin-FLAG using the primer sets
shown in Table 1 and QuikChange II Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) according to the manufacturer’'s protocol.
The constructs were verified by DNA sequence analysis.

2.2, Cell culture

HEK293 cells (RIKEN Cell Bank, Tsukuba, Japan) were main-
tained in RPMI-1640 medium (Sigma, St. Louis, MO) supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmo-
sphere of 5% CO2. For the experiments, HEK293 cells were seeded
in each well of 6-well plate at a density of 5 x 10° cells in 2 ml of 10%
FBS-RPMI-1640 medium. After 12 h, each expression vector (2 ug)
was transfected into HEK293 cells using FuGENE HD Transfection

Table 1
The sequences of primer sets for site-directed mutagenesis.
Primers Sequences
p.P123S Forward 5" GGATATGGTCTCTACTCTGCTTTTTTCTCCATCCTGACAT AC 3’
Reverse 5" GTATGTCAGGATGGAGAAAAAAGCAGAGTAGAGACCATATCC 3
p-M147V Forward 5 CTTTTCCAGTGGTGAGTTTAGTGGTGGGATCTGTTGTTC 3’
Reverse 5" GAACAACAGATCCCACCACTAAACTCACCACTGGAAAAG 3’
p.K369E Forward 5' CTATTGCAGTGTCAGTAGGAGAAGTATATGCCACCAAGTATG 3'
Reverse 5 CATACTTGGTGGCATATACTTCTCCTACTGACACTGCAATAG 3’
p.A372V Forward 5 GTGTCAGTAGGAAAAGTATATGTCACCAAGTATGATTACACC 3’
Reverse 5 GGTGTAATCATACTTGGTGACATATACTTTTCCTACTGACAC 3
p.N392Y Forward 5" GCCTTTGGGATCAGCTACATCTTCTCAGGATTCITC 3’
Reverse 5" GAAGAATCCTGAGAAGATGTAGCTGATCCCAAAGGC 3’
p.C565Y Forward 5' CGATGGTTTTAAAAAATATATCAAGTCCACAGTTGGATTTGATGCC 3/
Reverse 5' GGCATCAAATCCAACTGTGGACTTGATATATTTTTTAAAACCATCG 3
p.S657N Forward 5' CAAAGTGCCAATCCATAACCTTGTGCTTGACTGTG 3’
Reverse 5' CACAGTCAAGCACAAGGTTATGGATTGGCACTTTG 3’
p.S666F Forward 5 CTTGACTGTGGAGCTATATTTTTCCTGGACGTTGTTG 3'
Reverse 5 CAACAACGTCCAGGAAAAATATAGCTCCACAGTCAAG 3’
p.T721M Forward 5' CAACATTAGAAAGGACACATTCTTTTTGATGGTCCATGATGC 3*
Reverse 5" GCATCATGGACCATCAAAAAGAATGTGTCCTTTCTAATGTTG 3’
p.-H723R Forward 5' CTTTTTGACGGTCCGTGATGCTATACTCTATCTACAG 3'
Reverse 5" C TGTAGATAGAGTATAGCATCACGGACCGTCAAAAAG 3'




