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Fie. 12. Morphological changes in the auditory nervous system 8 weeks after compression in a Group B rat (the same animal
as in Fig. 11). Extensive astrocytic outgrowth from the TZ was evident (A-C). The length of many astrocytic processes was
more than 300 um from the TZ (dotted lines in B). In the basal turn of the cochlea where the astrocytic outgrowth was greatest,
the elongated processes occupied all the orifices of the TSF (arrowheads in C). The rectangle in C is enlarged in the inset; the
astrocytic processes (indicated by arrowheads) ran parallel with the residual auditory neurons (indicated by arrow). In the lesion
epicenter, dense plexiform gliotic tissue surrounded neural tissue fragments (arrows in D). Multiple, small areas unlabeled for
GFAP were observed at the compressed site (asteriskin A). In the cochlear nucleus, neurons were surrounded by dense gliotic
tissue (asterisks in E; cochlear nucleus region in control, F). The transverse diameter of the auditory nerve at and proximal to
the compression site was reduced in comparison with that in the Group A rats at 8 weeks postcompression (Fig. 8). The small
arrows in the Rosenthal canals in B and C indicate the residual spiral ganglion cells after compression. Anti-GFAP and anti-beta
lll-tubulin (clone Tuj1) immunostaining. Bar = 500 wm (A), 100 um (B), 200 um (C), 25 um (D), 25 um (E), and 25 um (F).
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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.

1. Introduction

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 22 785 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

having 12 putative transmembrane domains, and is mainly
expressed in the inner ear, thyroid gland and kidney (Everett et al.,
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 C17, 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 CI~/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 Slc26A4~!~ 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 etal,, 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), It is 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.5657N (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 ¢cDNA for human wild-type pendrin
(Accession No. NM_000441.1) and the resulting insert was cloned
into pcDNA3.1 (Invitrogen, Carlsbad, CA). E. coli JM109 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 pg)
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’ GCCTTTGGGATCAGCTACATCTTCTCAGGATTCTTC 3/
Reverse 5 GAAGAATCCTGAGAAGATGTAGCTGATCCCAAAGGC 3
p.C565Y Forward 5 CGATGGTTTTAAAAAATATATCAAGTCCACAGTTGGATTTGATGCC 3/
Reverse 5" GGCATCAAATCCAACTGTGGACTTGATATATTTTITAAAACCATCG 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/
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Reagent (Roche, Grenzacherstrasse, Switzerland) according to the
manufacturer’s protocol. After transfection for 24—48 h, the cells
were used for the following experiments.

2.3. Immunofluorescence microscopy

After incubation for 24 h of HEK293 cells transfected with
each vector, the cells were replaced in 24-well glass bottom plates
and further incubated for 24 h. Salicylate dissolved in distilled
water was added to the cells in each well and the cells were
incubated for 12 h in the presence of salicylate. For vehicle control,
distilled water was added to the medium. The cells were washed 3
times with PBS and fixed with 4% paraformaldehyde for 5 min at
room temperature, To avoid non-specific binding, the cells were
incubated in blocking solution (50% Block Ace, Dainippon Sumi-
tomo Pharma, Osaka, Japan and 50% FBS) for 1 h at 37 °C. After
washing with PBS, the cells were incubated with mouse anti-FLAG
primary antibody (Sigma) for 1 h at 37 °C and then anti-mouse IgG
secondary antibody TRITC conjugated (Sigma) for 30 min at 37 °C.
These antibodies were diluted in 0.1% (w/v) saponin-PBS. After
washing with PBS, the fluorescence of cells stained with TRITC was
observed using a confocal laser scanning microscope (FV500,
Olympus, Tokyo, Japan).

To clarify where pendrin mutants are mainly expressed in the
cells, fluorescence intensities of the cells were analyzed by
FLUOVIEW (Olympus). As shown in Fig. 1, a green line was firstly
drawn on the cell expressing wild-type pendrin, and intensities of
TRITC and differential interference contrast (DIC) on the line were
analyzed. Two peaks at the ends of the line in the TRITC intensity
map and two low peaks in the DIC intensity map were detected.
The two low peaks in the DIC intensity map showed the border
between the cell and the glass of the culture plate. The width of
the plasma membrane was determined to be 0.8 um from the
border, based on the width of the TRITC-related peaks in the
TRITC intensity map. Then, the fluorescence intensities were
obtained from the 20 regions (region size, 0.8 pm x 0.8 um) of the
plasma membrane area, and such intensities were also obtained
from the 20 regions of the cytoplasm area. Each region was not
overlapped and equally distributed from the cell center. The
former and the latter regions covered approximately 90% and 70%
of the plasma membrane area and the cytoplasm area, respec-
tively. The ratio of the mean fluorescence intensities of the 20
regions obtained from the plasma membrane area to such
intensities of the 20 regions obtained from the cytoplasm area
was calculated. Finally, the main localization of each pendrin
mutant was estimated by calculating the averaged ratio from the
ratio obtained from 6 to 9 cells.

24. lodide efflux assay

lodide efflux from cells was assessed by a modification of the
methods described by Gillam et al. (2004) and Dossena et al.
(2006). After incubation for 36 h of HEK293 cells transfected
with each vector, the cells in each well of the 6-well plate were
incubated for 12 h at 37 °C in the medium in the presence or
absence of salicylate. The cells were then incubated for 10 min at
37 °Cin 1 ml of high CI™ buffer (2 mM KCl, 135 mM NaCl, T mM
CaCl2, 1 mM MgCl2, 10 mM p-glucose, 20 mM HEPES, pH7.4), and
further incubated for 60 min at 37 °C in 1 ml of high I” buffer
(2 mM KCl, 135 mM Nal, 1 mM CaCl2, T mM MgCl2, 10 mM
p-glucose, 20 mM HEPES, pH7.4) containing 200 kBq/ml 21
During these processes, uptake of 2°] is promoted by exchange
with CI~ already taken into the cells by a mechanism independent
of pendrin. After washing with high I~ buffer, the cells were
incubated for 10 min at 37 °C in 1 ml of high CI™ buffer.

TRITC Intensity

DIC Intensity

Fig. 1. Intensity analysis of intracellular localization of pendrin. A green line was drawn
on the cell expressing wild-type pendrin, which mainly expresses in plasma
membrane, and the intensities of TRITC and DIC on the line were analyzed. Two peaks
at the ends of the line in the TRITC intensity map and the two low peaks in the DIC
intensity map were detected. The two low peaks in the DIC intensity map showed the
border between the cell and glass of the culture plate. The width of plasma membrane
was determined to be 0.8 um based on width of the TRITC-related peaks in the TRITC
intensity map, and 0.8 um inside from the border was defined the plasma membrane.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Replacement of high 1™ buffer by high CI~ buffer induces the
export of 231 from within cells to extracellular media by the
activity of transfected pendrin. Finally, the cells were lysed in
200 pl of lysis buffer (0.1 M NaOH, 0.1% SDS, 2% sodium carbonate),
and intracellular iodide content was determined by measuring
radiolabeled-iodide in the cell lysates using a scintillation counter.
The protein content in the lysates was measured by Bradford
methods (Bio-Rad, Hercules, CA). Remaining radioactivity in cells
was obtained by dividing intracellular iodide content in the lysates
(cpm/ml) by protein content in the lysates (mg/ml).
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2.5. Cytotoxicity assay

HEK293 cells cultured in each well of a 24-well glass bottom
plate were incubated for 12 h at 37 °C in medium in the presence or
absence (vehicle control) of 10 mM of salicylate. After incubation,
nuclei in the cells were stained with 7-amino-actinomycin D
(7-AAD, 200 ng/ml in medium) (Sigma) at 37 °C for 10 min. As
7-AAD penetrates plasma membranes of dying or dead cells but not
viable cells, this compound is used as a marker for cell death. As
a positive control, the plasma membrane of cells was permeated by
incubation in methanol for 1 min and dried prior to the staining
with 7-AAD. The fluorescence of the cells was observed by
a confocal laser scanning microscope (Olympus).

2.6. Statistical analysis

The statistical significance of the results was analyzed using
Dunnett’s test for multiple comparisons and Student’s t-test for
unpaired observations.

3. Results
3.1. Expression of pendrin mutants in HEK293 cells

When wild-type pendrin was expressed in HEK293 cells, the
fluorescence intensity of TRITC, which indicates localization of
pendrin, was particularly strong on the plasma membrane compared
with the fluorescence intensity of the empty vector transfected cells
(Fig. 2). Two pendrin mutants, i.e., p.K369E and p.C565Y, were
also localized on the plasma membrane (Fig. 2). On the other hand,
other mutants, i.e., p.P123S, p.M147V, p.A372V, p.N392Y, p.S657N,
p.S666F, p.T721M and p.H723R, were localized in the whole cell
except for the regions of the nuclei (Fig. 2). These findings indicate
that wild-type pendrin and two pendrin mutants, p.K369E and
p.C565Y, were localized in the plasma membrane, whereas the other
8 pendrin mutants were retained in the cytoplasm.

3.2. Effects of salicylate on the localization of mutant pendrin

Eight pendrin mutants, i.e., p.P123S, p.M147V, p.A372V, p.N392Y,
p.S657N, p.S666F, p.T721M and p.H723R, were retained in the
cytoplasm of the HEK293 cells (Fig. 2). Therefore, we analyzed
whether these 8 pendrin mutants are induced normal transport to
the plasma membrane by salicylate. The 8 pendrin mutants were
localized in cytoplasm when the cells were incubated in the absence
of salicylate (Fig. 3a and c). In contrast, 10 mM of salicylate made the
fluorescence intensity of TRITC of the plasma membrane stronger
than that of the cytoplasm in the cells which expressed p.P123S,
p.M147V, p.S657N and p.H723R (Fig. 3b and c). In this case, the
fluorescence intensity of cytoplasm by TRITC becomes weaker and
the nucleus and cytoplasm in the cell become unclear, because the
pendrin mutants, ie., p.P123S, p.M147V, p.S657N and p,H723R,
translocate by the compound from the cytoplasm to the plasma
membrane (Fig. 3b and c). As a result, the nucleus appears to be large
(Fig. 3b). However, no changes were observed in the cells transfected
with other mutants, ie., p.A372V, p.N392Y, p.S666F and p.T721M
(Fig. 3b and c). These findings indicate that salicylate induces the
translocation of p.P123S, p.M147V, p.S657N and p.H723R pendrin
mutants from the cytoplasm to the plasma membrane.

3.3. Effect of salicylate on the viability of HEK293 cells
To clarify whether 10 mM of salicylate has cytotoxicity, HEK293

cells were incubated for 12 h at 37 °C with or without 10 mM of
salicylate, and the viability of cells was visualized by microscope. On
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treatment with salicylate, as well as vehicle control, no significant
fluorescence intensity of 7-AAD binding to nuclei in the cells was
observed (Fig. 4). In contrast, as a positive control, nuclei of the cells
treated with methanol were clearly stained due to the increase in
the permeability of the plasma membrane (Fig. 4). These findings
indicate that 10 mM of salicylate has no cytotoxicity to HEK293 cells.

3.4. Effects of lower concentration of salicylate on the intracellular
localization of p.P123S mutant pendrin

HEK293 cells expressing p.P123S pendrin mutant were incu-
bated for 12 h in medium containing 1 or 10 mM of salicylate. The
intracellular localization of the p.P123S pendrin mutant was
detected by immunofluorescence microscopy. The p.P123S pendrin
mutant was localized in plasma membrane when the cells were
incubated in the presence of 10 mM of salicylate (Fig. 5). However,
1 mM of salicylate did not change the localization of p.P123S
pendrin mutant when compared with vehicle control (Fig. 5). These
findings indicate that salicylate at 10 mM but not at 1 mM induces
the translocation of p.P123S mutant pendrin.

3.5. Effects of salicylate on the activity of pendrin

We analyzed whether the 4 pendrin mutants (p.P123S, p.M147V,
p.S657N and p.H723R) translocated to the plasma membrane by
salicylate act as transporters using radiolabeled-iodide. HEK293
cells transfected with the expression vector for the pendrin mutants
were incubated with or without salicylate. In cells transfected with
the wild-type pendrin expression vector, remaining radioactivity in
cells was significantly decreased compared with that transfected
with an empty vector when the cells were incubated in the absence
of salicylate (Fig. 6). This finding indicates that wild-type pendrin
has an activity to export iodide from cytoplasm. Remaining radio-
activity in cells expressing the p.K369E or p.C565Y mutants, which
were located in the plasma membrane as shown in Fig. 1, was
decreased as in the case of wild-type pendrin (Fig. 6). Therefore, the
mutants acted to transport iodide as do wild-type pendrin. In the
expression of wild-type pendrin, the activity in the presence of
10 mM of salicylate was not significantly different from that in the
absence of salicylate (Fig. 6), suggesting that the incubation with of
10 mM of salicylate does not affect the cellular condition and the
wild-type pendrin activity. In case of transfection with 4 mutant
pendrin genes encoding the mutants p.P123S, p.M147V, p.S657N
and p.H723R, no significant change of remaining radioactivity in
cells was observed compared with the empty control in the absence
of salicylate treatment (Fig. 6). However, the remaining radioac-
tivity in cells transfected with each mutant was significantly
decreased by 10 mM of salicylate treatment (Fig. 6). These activities
were almost the same as in the case of wild-type pendrin (Fig. 6).
These findings indicate that salicylate restores pendrin activity.

4. Discussion

It is suggested that retention of some pendrin mutants in the
endoplasmic reticulum is a major mechanism for Pendred
syndrome (Rotman-Pikielny et al., 2002; Dossena et al., 2009).
p.L236P, p.G384 and p.T416P pendrin mutants reported in Cauca-
sians are accumulated in the endoplasmic reticulum and do not
reach the plasma membrane due to their mutations (Rotman-
Pikielny et al,, 2002). In Japanese patients, 10 pendrin mutants,
ie, p.P123S, p.M147V, p.K369E, p.A372V, p.N392Y, p.C565Y,
p.S657N, p.S666F, p.T721M and p.H723R, have been reported
(Tsukamoto et al., 2003). Yoon et al. (2008) have reported that
p.M147V and p.H723R pendrin mutants were accumulated in the
endoplasmic reticulum due to their mutation. However,
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Fig. 2. Intracellular localization of pendrin and its mutants in HEK293 cells. HEK293 cells were transfected with the empty vector, the expression vector including wild-type pendrin
gene or the mutant genes. (a) After 48 h, intracellular localization of pendrin was analyzed by immunofluorescent staining. The experiment shown is representative of 3 inde-
pendent experiments. (b) The fluorescence intensities of the plasma membrane and cytoplasm of the cells were evaluated. The ratios were obtained by calculating the mean
fluorescence intensities of 20 regions (0.8 um x 0.8 pm) in plasma membrane and cytoplasm. Values are the means from 6 to 9 cells with SEM. P < 0.01 vs. wild-type. This figure
shows that wild-type pendrin and two pendrin mutants p.K369E and p.C565Y were localized in the plasma membrane, whereas the other 8 pendrin mutants were retained in the

cytoplasm. The bar indicates 10 pm.

intracellular localization and activity of 8 other pendrin mutants
have remained to be elucidated. In this study, we demonstrated the
following 4 points about the intracellular localization and activity
of pendrin mutants reported in Japanese patients: (1) Among the 10
pendrin mutants reported in Japanese patients, p.K369E and
p.C565Y are expressed in the plasma membrane of HEK293 cells, as
is wild-type pendrin. (2) The other 8 mutants, ie., p.P123S,
p.M147V, p.A372V, p.N392Y, p.S657N, p.S666F, p.T721M and
p-H723R, are accumulated in the cytoplasm of the cells. (3) In the 8

pendrin mutants retained in the cytoplasm of the cells, p.P123S,
p.M147V, p.S657N and p.H723R are induced normal transport to
the plasma membrane of the cells by 10 mM salicylate without
cytotoxicity. (4) When induced normal transport to the plasma
membrane by salicylate, these 4 pendrin mutants recovered their
activity.

Pendrin is a member of the SLC26A gene family including prestin
(Mount and Romero, 2004). In the inner ear, it is reported that the
motor protein prestin plays an important role in hearing as the
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Fig. 3. Effects of salicylate on the intracellular localization of mutant pendrin. HEK293 cells were transfected with the expression vector including mutant pendrin gene. After 36 h,
salicylate was added to the medium and the cells were further incubated for 12 h (a, b) Intracellular localization of pendrin was analyzed by immunofluorescent staining. The
experiment shown is representative of 3 independent experiments. (c) The fluorescence intensities of the plasma membrane and cytoplasm of the cells were evaluated. The ratios
were obtained by calculating the mean fluorescence intensities of 20 regions (0.8 pm x 0.8 pm) in plasma membrane and cytoplasm. Values are the means from 6 to 9 cells with
SEM. "P < 0.05, P < 0.01 vs. wild-type. This figure reveals that after incubation with salicylate, fluorescence intensity of TRITC of plasma membrane is stronger than that of the
cytoplasm in the cells expressing p.P123S, p.M147V, p.S657N and p.H723R, but not in those expressing p.A372V, p.N392Y, p.S666F and p.T721M. The bar indicates 10 pm.
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Fig. 4. Effects of salicylate on the viability of HEK293 cells. HEK293 cells were incu-
bated for 12 h in medium containing 10% FBS in the presence or absence of 10 mM of
salicylate. After incubation, the cells were stained with 7-AAD and observed by
confocal microscopy. As a positive control, the membrane of cells incubated for 12 h in
the absence of salicylate was permealyzed by methanol prior to the staining with
7-AAD. This figure indicates that 10 mM of salicylate has no cytotoxicity to HEK293
cells. The bar indicates 20 pm.

origin of electromotility of the outer hair cells (Zheng et al., 2000).
The nonlinear capacitance change involved in prestin requires
some ions such as CI™ and HCO3~ and is inhibited by 10 mM of
salicylate (Oliver et al, 2001). Recently, we have reported that
salicylate induces the translocation of prestin mutants to the
plasma membrane from the cytoplasm (Kumano et al., 2010). There
is approximately a 45% similarity between pendrin and prestin in
amino acid sequences and transport of anions by pendrin is similar
to those transported by prestin (Mount and Romero, 2004).
Therefore, we hypothesized that as is the case with prestin, salic-
ylate modifies the function as a pharmacological chaperone for the
pendrin mutants. As shown in Figs. 3 and 6, salicylate induced the
transport of 4 pendrin mutants, i.e., p.P123S, p.M147V, p.S657N and

DIC TRITC Merge

Vehicle Control

Salicylate
(1 mM)

Salicylate
(10 mM)

Fig. 5. Effects of lower concentration of salicylate on the intracellular localization of
p.P123S mutant pendrin. HEK293 cells were transfected with the expression vector
including p.P123S mutant pendrin. After 36 h, salicylate was added to the medium and
the cells were further incubated for 12 h. Intracellular localization of pendrin was
analyzed by immunofluorescent staining. This figure demonstrates that salicylate at
10 mM but not 1 mM induces the translocation of p.P123S mutant pendrin. The
experiment shown is representative of 3 independent experiments. The bar indicates
10 pm.
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Fig. 6. Effects of salicylate on the iodide efflux from HEK293 cells. HEK293 cells were
transfected with the empty vector, the expression vector including wild-type pendrin
gene or the expression vector including the mutant genes. After 36 h, salicylate was
added to the medium and the cells were further incubated for 12 h. The activity of
pendrin was measured by radiolabeled-iodide efflux. The remaining radioactivity in
cells was defined by dividing intracellular iodide content in the lysates (cpm/ml) by
protein content in the lysates (mg/ml). This figure shows that the remaining radio-
activity in the cells transfected with p.P123S, p.M147V, p.S657N and p.H723R was
significantly decreased by salicylate. **P < 0.01 vs. corresponding control (the cells
lacking salicylate), ##P < 0.01 vs. empty without salicylate.

p.H723R, to the plasma membrane and the recovery of their anion
exchanger activity, while 4 other pendrin mutants, i.e., p.A372V,
p.N392Y, p.S666F and p.T721M, were retained in the cytoplasm.

Salicylate is a nonsteroidal anti-inflammatory drug (NSAID)
which functions to inhibit cyclooxygenase-2 (COX-2) activity with
an ICsp value of 14 uM (Cryer and Feldman, 1992; DuBois et al.,
1996). Although salicylate at a concentration over 14 uM was
expected to inhibit at least more than 50% of the COX-2 activity, in
the present study, 1 mM salicylate did not induce the translocation
of p.P123S pendrin mutants from the cytoplasm to the plasma
membrane (Fig. 4). Therefore, it is unlikely that translocation of
pendrin mutants to the plasma membrane by salicylate resulted
from its COX2-inhibitory effect. Recently, it has been reported that
salicylate also inhibits histone deacetylases (HDACs) at a concen-
tration higher than that of COX-2 inhibition (DiRenzo et al., 2008).
This might mean that inhibition of HDACs is one of the candidate
mechanisms for the effect of salicylate on the translocation of
pendrin mutants. Yoon et al. (2008) have reported that the p.H723R
pendrin mutant is in the cytoplasm and is restored its location and
HCO3™ influx activity by 5 mM of sodium butyrate, which is an
HDAC inhibitor (de Ruijter et al., 2003). HDACs are enzymes that
remove the acetate from acetylated lysine residue in protein acet-
ylated by histone acety! transferases (HATs) (de Ruijter et al., 2003).
Acetylation by HAT occurs in numerous proteins such as histone,
transcription factors and heat shock proteins, and modifies their
cellular functions (Ishihara et al, 2005). Therefore, hyper-
acetylated-proteins by the inhibition of HDACs induced by 10 mM
of salicylate might lead to the translocation of pendrin mutants to
the plasma membrane and recovery of their activity. In addition, it
has been reported that glycosylation of pendrin effects its folding
and ultimate localization (Yoon et al., 2008; Rebeh et al., 2009).
Therefore, it is necessary to analyze the involvement of pendrin
acetylation and glycosylation on the translocation and recovery of
the activity of the pendrin mutants by 10 mM of salicylate.

In this study, we found that 4 mutants, i.e., p.P123S, p.M147V,
p.S657N and p.H723R, were induced normal transport from the
intracellular region and that they were restored their activity by
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10 mM of salicylate, while 4 other mutants, i.e., p.A372V, p.N392Y,
p.S666F and p.T721M, were not induced normal transport and were
not restored their activity (Figs. 2 and 5). We confirmed that there
was no significant difference in the protein levels of expression of
wild-type pendrin and 10 pendrin mutants by Western blotting,
Therefore, the recovery of the activity of 4 pendrin mutants, i.e.,
p.P123S, p.M147V, p.S657N and p.H723R, is considered to be due to
the alterations in localization rather than to the level of protein
expression. It has been reported that p.H723R pendrin mutant is
mostly expressed in the endoplasmic reticulum, whereas p.L236P
pendrin mutant is in the centrosomal region of the cells (Yoon et al.,
2008). In that report, p.H723R but not p.L236P interestingly was
restored its HCO3~ influx activity by sodium butyrate. Therefore, it
is possible that intracellular localization of pendrin mutants
(p.P123S, p.M147V, p.S657N and p.H723R) targeted to the plasma
membrane by salicylate differs from that of 4 other pendrin
mutants (p.A372V, p.N392Y, p.S666F and p.T721M). Clarification of
the mechanism by which salicylate induces the translocation of
pendrin mutants is important and requires further study.

In this study, we showed that p.K369E and p.C565Y were
expressed in the plasma membrane (Fig. 1) and acted to export
iodide (Fig. 5), although pendrin genes with mutations in p.K369E
and p.C565Y have been recognized as candidate genes in Japanese
patients with NSEVA (Tsukamoto et al., 2003). It has been shown
that p.S166N found in Korean patients was expressed in the plasma
membrane with CI7/HCO3 exchange activity (Yoon et al., 2008).
Recently, p.C565Y pendrin mutant has also been reported to be
expressed on the plasma membrane, and the exchange activities for
ions such as chloride and bicarbonate were reduced in comparison
to wild-type pendrin but greater than the functional null control
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Fig. 7. Summary of pendrin mutants and in vitro effects of salicylate. Wild-type pen-
drin and two pendrin mutants, i.e., p.K369E and p.C565Y, are correctly folded, trans-
ported to the plasma membrane from the cytoplasm, and act to export iodide. In
contrast, the other 8 pendrin mutants, ie, p.P123S, p.M147V, p.A372V, p.N392Y,
p.S657N, p.S666F, p.T721M and p.H723R, are retained in the cytoplasm. In the 8
pendrin mutants retained in the cytoplasm, 4 pendrin mutants, i.e., p.P123S, p.M147V,
p.S657N and p.H723R, are translocated by salicylate to the plasma membrane, where
the functions of 4 pendrin mutants are restored. The phenotypes (Pendred syndro-
me:P, NSEVA: N) related to the mutations reported by Tsukamoto et al. (2003) are
represented.
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(Choi et al., 2009). Thus, the relationship between those three
mutations and NSEVA is unclear. As those three mutations were
identified as compound heterozygous with other mutations in the
pendrin gene (Tsukamoto et al., 2003; Park et al., 2004), it may be
possible that NSEVA occurred when p.K369E, p.C565Y and p.S166N
pendrin mutants were expressed with other pendrin mutants in
the same cells. Further investigation is necessary to clarify how
p.K369E and p.C565Y pendrin mutants are involved in NSEVA.

Pendred syndrome is characterized by sensorineural hearing
impairment, presence of goiter, and a partial defect in iodide
organification (Kopp et al., 2008). In the thyroid gland, pendrin
releases iodide at the apical membrane of thyroid follicular cells into
the follicular lumen to synthesize thyroid hormones, T3 and T4
(Kopp et al., 2008). Impairment of this function by pendrin mutants
causes goiter and a partial defect in iodide organification. We have
shown, in this study, that salicylate restores the iodide efflux activity
of 4 pendrin mutants, i.e,, p.P123S, p.M147V, p.S657N and p.H723R
(Fig. 6), suggesting that salicylate restores the function in the
thyroid. Although it is necessary to analyze the exchange activity for
chloride and bicarbonate in the inner ear, salicylate could improve
the condition of people suffering from Pendred syndrome caused by
the mutation of p.P123S, p.M147V, p.S657N and p.H723R.

5. Conclusion

In conclusion, this is the report describing the intracellular
localization of reported Japanese pendrin mutants. Of 10 pendrin
mutants, 2 mutants and wild-type pendrin were found to be
located in the plasma membrane, while 8 mutants were retained in
the cytoplasm. Furthermore, we demonstrated that the function of
4 pendrin mutants was restored by salicylate (Fig. 7). This finding
suggests that salicylate is a potentially promising compound for
treatment of hearing loss that is associated with defects in protein
localization, including a subset of individuals with Pendred
syndrome. Our findings could contribute to further investigation
for understanding disorders involving pendrin mutants.
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Prestin is the motor protein of cochlear outer hair cells and is essential for mammalian hearing. The
present study aimed to clarify the structure of prestin by atomic force microscopy (AFM). Prestin
was purified from Chinese hamster ovary cells which had been modified to stably express prestin,
and then reconstituted into an artificial lipid bilayer. Immunofluorescence staining with anti-
prestin antibody showed that the cytoplasmic side of prestin was possibly face up in the reconsti-
tuted lipid bilayer. AFM observation indicated that the cytoplasmic surface of prestin was ring-like

with a diameter of about 11 nm.
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1. Introduction

The basis of electromotility of outer hair cells (OHCs) which
realizes the high sensitivity of mammalian hearing is considered
to be the motor protein prestin [1]. Several characteristics of pres-
tin have been gradually clarified [2]. Murakoshi et al. [3] detected
prestin in the plasma membrane of prestin-transfected Chinese
hamster ovary (CHO) cells using Qdots as topographic markers
and observed ring-like structures, possibly prestin, by atomic
force microscopy (AFM). Mio et al. [4] observed prestin purified
from prestin-transfected insect cells by transmission electron
microscopy (TEM) and found prestin to be a bullet-shaped mole-
cule. Although those two studies are significant, their observed
images differed, indicating that the structure of prestin was un-
clear. Thus, the aim of the present study was to clarify such struc-
ture by reconstitution of purified prestin into an artificial lipid
bilayer and observation of the prestin-reconstituted lipid bilayer
by AFM.

Abbreviations: OHC, outer hair cell; CHO, Chinese hamster ovary; AFM, atomic
force microscopy; TEM, transmission electron microscopy
* Corresponding author. Hiroshi Wada, Department of Bioengineering and
Robotics, Tohoku University, 6-6-01 Aoba-yama, Sendai 980-8579, Japan. Fax: +81
22 795 6939.
E-mail address: wada@cc.mech.tohoku.ac.jp (H. Wada).

2. Materials and methods
2.1. Purification of prestin

The purification of prestin was performed by the method estab-
lished in our previous study with some modifications [5]. CHO cells
which had been modified to stably express C-terminal 3xFLAG-
tagged prestin were suspended in Tris—KCl buffer (10 mM Tris,
150 mM KCl, pH 7.4) and sonicated, followed by centrifugation at
1000xg for 7 min at 4 °C to remove nuclei and undisrupted cells.
The obtained supernatant was centrifuged at 20360xg at 4 °C for
2 h to collect the membrane fraction of the cells. Membrane pro-
teins were solubilized by resuspending the obtained membrane
fraction in Tris—KCl buffer containing 10 mM n-nonyl-B-p-thiomal-
topyranoside (NTM, Dojindo, Kumamoto, Japan). After 3-h incuba-
tion on ice, samples were centrifuged at 20360xg at 4 °C for 3 h to
remove non-solubilized proteins. The supernatant was applied to a
column filled with anti-FLAG affinity gel (Sigma-Aldrich, St. Louis,
MO). The column was then washed with Tris-KCl buffer containing
0.065 mM Fos-Cholin-16 (Anatrace, Maumee, OH) to replace the
detergent NTM with Fos-Choline-16. Afterward, prestin was com-
petitively eluted with 1 ml of that buffer containing 500 pg/ml of
3xFLAG peptide (Sigma-Aldrich). Whether prestin was purified
or not was confirmed by SDS-PAGE, followed by Western blotting
with anti-FLAG antibody and HRP-conjugated anti-mouse IgG anti-
body and by silver staining.

0014-5793/$36.00 © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Reconstitution of prestin into a preformed lipid bilayer

The method of direct reconstitution of membrane proteins into
a preformed lipid bilayer was applied in the present study [6]. An
artificial lipid bilayer was formed on mica using dioeoyl-phospha-
tidylcholine (DOPC) and dipalmitoyl-phosphatidylcholine (DPPC)
(Avanti Polar Lipids, Alabaster, AL). The lipid bilayer was preincu-
bated for 30 min at 4 °C with Tris—KCl buffer containing 5 mM
CaCl, and 0.0065 mM Fos-cholin-16 for equilibration of the deter-
gent within the lipid bilayer. Afterward, such bilayer was incu-
bated with Tris—KCl buffer containing purified prestin, 5 mM
CaCl; and 0.039 mM Fos-cholin-16 for 15 min at 4 °C. Excess pres-
tin was then removed by extensive rinsing with Tris-KCl buffer. As
a negative control, the lipid bilayer treated with detergent but
without prestin was also prepared.

2.3. Staining of prestin in the reconstituted lipid bilayer

The existence of prestin in the lipid bilayer was confirmed by
immunofluorescence staining. The prestin-reconstituted lipid bi-
layer was incubated with Block Ace (Dainippon Pharmaceutical
Co. Osaka, Japan) for 30min at 37°C to avoid non-specific
binding of antibodies. Afterward, that bilayer was stained with
goat anti-prestin N-terminus primary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at a dilution of 1:100 in PBS
overnight at 4 °C and with anti-goat 1gG Texas Red (Santa Cruz
Biotechnology) at a dilution of 1:200 in PBS at 37°C for
60 min. The stained lipid bilayer was observed by confocal
microscopy.

2.4. AFM imaging

The height images of the lipid bilayer were acquired in Tris-KCl
buffer filtered with a 0.2-pm nylon filter by Multimode V AFM with
a Nanoscope V controller (Veeco, Santa Barbara, CA) at 24-26 °C.
V-shaped Si3N4 cantilevers (OMCL-TR400PSA-2, Olympus, Tokyo,
Japan) with a spring constant of 0.06 N/m were used. The AFM
was operated in the oscillation imaging mode (Tapping mode™,
Digital Instruments) at a scan frequency of 1-0.5 kHz. In the pres-
ent study, three types of images were obtained by AFM, namely,
low- (5.0 x 5.0 pm), middle- (1.0 x 1.0 um) and high-magnifica-
tion images (300 x 300 nm). Each scan line has 256 and 512 points
of data and an image consists of 256 and 512 scan lines for low
magnification images and for middle- and high-magnification
images, respectively. Obtained AFM images were flattened by use
of a software program (NanoScope v7.00, Veeco) to eliminate back-
ground slopes and to correct dispersions of individual scanning
lines. In addition, only high-magnification images were low-pass
filtered to reduce high frequency noise. When the observed struc-
ture was ring-like, the distance between two peaks based on the
cross sections was taken to be its diameter, as was done in our pre-
vious study [3].

3. Results
3.1. Purification of prestin

Whether prestin was indeed purified or not was investigated by
SDS-PAGE, followed by Western blotting and silver staining. Re-
sults of Western blotting and silver staining are shown in Fig. 1A
and B, respectively. In the Western blotting image, the 100 kDa
band, probably showing prestin, was detected. In the results of sil-
ver staining, only one band corresponding to the band observed in
Western blotting was recognized.
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Fig. 1. Results of Western blotting and silver staining. (A) Western blotting data. A
100 kDa band probably showing prestin is seen. (B) Result of silver staining of SDS~
PAGE gel. Only one band at 100 kDa, which was thought to correspond to the band
detected in the result of Western blotting, is recognized.

3.2. Immunofluorescence staining of the prestin-reconstituted lipid
bilayer

After the reconstitution process, immunofluorescence staining
was employed to investigate whether prestin had been incorpo-
rated into the preformed lipid bilayer. Representative immunoflu-
orescence images of the prestin-reconstituted lipid bilayer and
negative control sample are shown in Fig. 2. Red fluorescence
was detected in the prestin-reconstituted lipid bilayer but not in
the negative control sample.

3.3. AFM imaging of the lipid bilayer

The AFM height image of the lipid bilayer without treatment
showed two kinds of flat domains (Fig. 3A). A similar image was
also obtained from the negative control sample (Fig. 3B). Unlike
those two images, in addition to the flat domain, bumpy domains
indicated by white arrows were detected in the low magnification
AFM image of the prestin-reconstituted lipid bilayer (Fig. 3C). The
boxed area in Fig. 3C was scanned by AFM and the obtained image
is depicted in Fig. 3D. Dense small particles, some of which were
recognized as ring-like structures, can be observed in that image.
To clearly visualize the observed particles, the boxed area in
Fig. 3D was scanned by AFM, the acquired image being shown in
Fig. 3E. Moreover, three-dimensional representation of Fig. 3E is
depicted in Fig. 4. Many ring-like structures were confirmed to
be densely embedded in the lipid bilayer. The average diameter
of such structures in Fig. 3E and other AFM images which are not
shown here is 11.0 £ 1.3 nm (n = 42).

4. Discussion
4.1. Reconstitution of prestin into an artificial lipid bilayer

After the purification process, only the 100 kDa band corre-
sponding to the band in Western blotting data was detected by sil-
ver staining of SDS-PAGE gel, indicating that prestin had been
purified. The 100 kDa band probably shows the monomer of pres-
tin. As SDS possibly affects the binding between prestin molecules,
to clearly confirm the oligomerization of purified prestin, a mild
detergent such as perfluoro-octanoic acid should be used as in
the study by Zheng et al. [7]. The AFM height image of the lipid bi-
layer without treatment shows two types of flat domains (Fig. 3A),
as seen in previous studies [6,8-11]. At 24-26°C, DOPC forms
fluid-phase domains, while DPPC forms gel-phase domains. The
thickness of DPPC in the gel-phase is larger than that of DOPC in
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Negative control

Prestin-reconstituted
lipid bilayer

Fig. 2. Immunofluorescence staining of prestin-reconstituted lipid bilayer. Negative control sample and the prestin-reconstituted lipid bilayer were stained with anti-prestin
antibody and anti-goat IgG Texas Red. Red fluorescence indicating the existence of prestin is only found in the prestin-reconstituted lipid bilayer.
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Fig. 3. AFM height images of the lipid bilayer. (A) AFM image of the lipid bilayer without treatment at low magnification. (B) AFM image of the negative control sample at low
magnification. (C) AFM image of prestin-reconstituted lipid bilayer at low magnification. (D) Middle-magnification image obtained by scanning of the boxed area shown in
(C). (E) High-magnification image obtained by scanning of the boxed area shown in (D). Two kinds of flat domains in (A) and (B) probably represent the domain of DPPC in the
gel-phase and that of DOPC in the fluid-phase. Bumpy domains indicated by white arrows can be detected in the prestin-reconstituted lipid bilayer shown in (C). Many small
particles can be found in the middle-magnification AFM images and those particles were recognized as ring-like in the high-magnification image. Such ring-like structures

probably show prestin molecules.

the fluid-phase, thus indicating that the two types of observed
domains were due to the difference in the thickness between the
two lipids. After the reconstitution process, immunofluorescence
staining using anti-prestin antibody showed that prestin existed
in the reconstituted lipid bilayer (Fig. 2). In the AFM image, the
bumpy domains, which probably corresponded to prestin, were
recognized only in DOPC domains of the prestin-reconstituted lipid
bilayer. Milhiet et al. [6] have also suggested that proteins of

interest were reconstituted only into the DOPC domains in the
fluid state. Thus, the present study and their study imply that pro-
teins tend to be reconstituted into the DOPC domains in the fluid
state. In the AFM image at high-magnification, ring-like structures
probably showing prestin were densely reconstituted into the lipid
bilayer. However, the alignment of such structures as found in the
OHC plasma membrane by Sinha et al. [12] was not detected,
which might have resulted from differences in the environment
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Fig. 4. Three-dimensional AFM height image of the prestin-reconstituted lipid
bilayer. This figure was created from Fig. 3E. Representative examples of ring-like
structures were digitally magnified and are shown (A and B). Ring-like structures,
considered to be similar to those observed in the study of Murakoshi et al. [3], are
found to be densely embedded in the lipid bilayer.

Table 1

Comparison of the size of prestin.
Sample Method Diameter  References

(nm)
OHC plasma membrane AFM 11-25 Le Grimellec
etal. [15]
Purified prestin TEM 7.7-9.6 Mio et al. {4}
Prestin-expressing CHO cell AFM 9.6/13.0 Murakoshi et al.
plasma membrane [3]

OHC plasma membrane AFM 10 Sinha et al. [12]
Prestin-reconstituted lipid bilayer ~AFM 11.0+1.3  This study

between the OHC plasma membrane and the artificial lipid bilayer.
The existence of actin cytoskeleton in OHCs and that of mica in the
present study would affect the alignment of prestin.

4.2. Orientation of prestin

The orientation of prestin should be considered to confirm
which side of prestin was observed by AFM, the extracellular side
or the cytoplasmic side. Previous reports have suggested that when
membrane proteins were reconstituted into a preformed lipid bi-
layer as done in the present study, their unidirectional orientation
was obtained [6,13,14], indicating that all prestin molecules recon-
stituted into the lipid bilayer might be oriented in the same direc-
tion. In the present study, the standard deviation of the diameter of
the observed ring-like structure, 1.3 nm, was small. Small standard
deviation might increase the possibility that only either prestin
molecules whose extracellular side was exposed or such molecules
whose cytoplasmic side was exposed existed in the reconstituted
lipid bilayer. Data showed in the previous reports, small standard
deviation of the diameter and successful staining of such bilayer
with anti-prestin antibody which binds to the cytoplasmic side of
prestin possibly implied that the cytoplasmic side of prestin was
face up. Although the possibility that the extracellular side of a
few prestin molecules was exposed was not completely ruled
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out, it was considered that AFM possibly visualized the cytoplas-
mic side of prestin in the present study.

4.3. Structure and size of prestin

The AFM image of the prestin-reconstituted lipid bilayer
showed dense ring-like structures, each with a diameter of
11.0 + 1.3 nm, which were probably the surface structure of the
cytoplasmic side of prestin. The previously reported sizes of prestin
obtained by observation of the cytoplasmic side of prestin are
listed in Table 1 [3,4,12,15]. Although it is unclear whether the par-
ticles detected in OHC plasma membranes are only comprised of
prestin or not, our result is consistent with the previously reported
sizes, supporting the assumption that the observed structures were
prestin.

Le Grimellec et al. [15] found structures with a central depres-
sion in the cytoplasmic side of the OHC plasma membrane by
AFM. Murakoshi et al. [3] showed by AFM that prestin might form
a ring-like structure. On the other hand, Mio et al. [4] suggested
that prestin is a bullet-shaped molecule which protrudes into the
cytoplasmic side. Although Sinha et al. [12] found 10-nm particles
in the cytoplasmic side of the OHC plasma membrane by AFM,
whether those particles were ring-like or not was not specified.
Thus, the structure of prestin has been a controversial issue. Qur
results demonstrate that prestin may form a ring-like structure
with a diameter of about 11 nm, which agrees with results of Le
Grimellec et al. {15] and Murakoshi et al. [3].

In summary, the present study attempted to visualize prestin
purified and reconstituted into the artificial lipid bilayer by AFM.
From the obtained AFM image, the cytoplasmic surface of prestin
was indicated to be ring-like with a diameter of about 11 nm.
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Prestin is a key molecule for mammalian hearing. The present study investigated changes in char-
acteristics of prestin by culturing prestin-transfected cells with salicylate, an antagonist of prestin.
As a result, the plasma membrane localization of prestin bearing a mutation in the GTSRH sequence,
which normally accumulates in the cytoplasm, was recovered. Moreover, the nonlinear capacitance
of the majority of the mutants, which is a signature of prestin activity, was also recovered. Thus, the
present study discovered a new effect of salicylate on prestin, namely, the promotion of the plasma

membrane expression of prestin mutants in an active state.
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1. Introduction

The motor protein prestin in the plasma membrane of co-
chlear outer hair cells (OHCs) is believed to be the origin of their
electromotility [1]. So far, several characteristics of prestin have
been clarified by introduction of mutations into prestin [2].
Mutations in membrane proteins sometimes cause the accumula-
tion of these proteins in the cytoplasm. It has been reported that
when the cells expressing such accumulated mutants were cul-
tured with a pharmacological chaperone, which is a cell mem-
brane-permeable molecule with high affinity for these mutants,
the chaperone bound to them and promoted their transport to
the plasma membrane in an active state [3-7]. Salicylate, which
is known as an antagonist of prestin, is thought to have cell
membrane permeability with high affinity for prestin [8,9]. Thus,

Abbreviations: OHC, outer hair cell; NLC, nonlinear capacitance; GFP, green
fluorescent protein; WT, wild-type; WGA, wheat germ agglutinin
* Corresponding author at: Address: Department of Bioengineering and Robotics,
Tohoku University, 6-6-01 Aoba-yama, Sendai 980-8579, Japan. Fax: +81 22 795
6939.
E-mail address: wada@cc.mech.tohoku.ac.jp (H. Wada).

salicylate was considered to be a candidate molecule to work as a
pharmacological chaperone for prestin. In the present study, the
aim was to investigate whether or not salicylate has the ability
to promote the plasma membrane expression of prestin mutants
accumulated in the cytoplasm.

2. Materials and methods
2.1. Prestin mutants

Our previous study showed that mutations in the GTSRH se-
quence at positions 127-131 of prestin caused a decrease in non-
linear capacitance (NLC), which is a signature of prestin activity
[10]. Such decrease may be due to the accumulation of prestin
in the cytoplasm. Thus, the present study used the prestin
mutants created in our previous study, namely, G127A, T128A,
S129A, R130A, H131A and S129T. These mutants were engi-
neered to be expressed in HEK293 cells by transfection. As the
prestin genes were co-transfected with green fluorescent protein
(GFP) gene into the cells, transfected cells were selected by GFP
observation.

0014-5793/$36.00 © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Incubation of transfected cells with salicylate

Transfected cells were cultured with salicylate, which is gener-
ally known to have the ability to suppress NLC as an antagonist of
prestin, to confirm another effect of salicylate as a pharmacological
chaperon for prestin. It was reported that, in the patch-clamp
recording, 10 mM salicylate around the cells was required for al-
most complete suppression of NLC, which might be realized by
the binding of salicylate with prestin in the plasma membrane
[9]. Thus, for the binding of salicylate with prestin, at least
10 mM salicylate was considered to be necessary. Although salicy-
late possibly affects the cell viability, it has been reported that
more than 85% of HEK293 cells were able to survive in the presence
of up to 10 mM sodium salicylate [11]. In the present study, the
cells were cultured for 24-36 hours in growth medium with
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Empty

WT prestin

G127A

T128A

R130A

H131A

51287
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WT pregtin+Sal
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sodium salicylate at a concentration of 10 mM from 12 hours after
transfection. After such incubation, the cells were used in experi-
ments. The cells cultured without salicylate were employed as con-
trol samples. Samples of the cells expressing wild-type (WT)
prestin and its mutants which were cultured with 10 mM salicylate
were termed WT prestint+Sal, G127A+Sal, T128A+Sal, S129A+Sal,
R130A+Sal, H131A+Sal and S129T+Sal.

2.3. Confirmation of the localization of prestin in transfected cells

The localization of prestin in the cells was assessed by immuno-
fluorescence staining with anti-FLAG antibody, TRITC-conjugated
anti-mouse IgG antibody and wheat germ agglutinin (WGA)-Alexa
Fluor 633 conjugate as described in our previous study [12]. In the
present study, several tens of transfected cells were observed for

Anti-FLAG WGA Merge

Empty+Sal
10 pti’n

G127A+8al

T128A+Sal

S129A+8al

R130A+Sal

H131A+Sal

5129T+8al

Fig. 1. Representative immunofluorescence images of transfected cells. (A) Stained cells cultured without 10 mM salicylate. (B) Stained cells cultured with 10 mM salicylate.
Red and green fluorescence show prestin and both the plasma membrane and Golgi bodies, respectively. In the merged images, yellow-orange fluorescence indicates the co-
localization of prestin and the plasma membrane, and that of prestin and the Golgi bodies.
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Fig. 2. R, of WT prestin and its mutants. The R, values of all prestin mutants were statistically lower than that of WT prestin when salicylate was not used, but they were
increased by 10 mM salicylate. Asterisks show the statistical differences in the R;, values between WT prestin and the prestin mutants and between WT prestin+Sal and the
prestin mutants+Sal (p < 0.05). Number signs indicate statistical differences between R, values obtained from cells cultured with salicylate and those obtained from cells
cultured without it in each prestin mutant (p < 0.05). Error bars show standard deviations.

each prestin mutant and the ratio of the amount of prestin in the
plasma membrane to the total amount of prestin in the cell, Rp,
was investigated. R, was calculated by the following equation:
I
Rp = =, (1
I

where I, is the sum of the intensity values of TRITC fluorescence of
the whole area of the target cell which reflects the total amount of
prestin in the cell, and I; is the sum of the intensity values of TRITC
fluorescence of only the pixels corresponding to the plasma mem-
brane, which reflects the amount of prestin there. The I,, and I, were
calculated as described in our previous study {12].

2.4. Evaluation of electrophysiological properties of prestin

NLC, which is generally used for the analysis of prestin activity,
was measured in the whole-cell patch-clamp recording as de-
scribed in our previous study {13]. Transfected cells were washed
just before the recording. By such washing, salicylate bound to
prestin in the plasma membrane was expected to be dissociated
[9]. The cells without membrane disruption which showed robust
GFP fluorescence were selected for measurement. The recorded
membrane capacitance was fitted with the first derivative of the
Boltzmann function [14],

Qmax

V-vyy Vv 27
oe = (1 +e )

Ca(V) = Cin + )

where Cj, is the linear capacitance, which is proportional to the
membrane area of the cells, Qmax is the maximum charge transfer,
Vis the membrane potential and Vy; is the voltage at half-maximal
charge transfer. In Eq. (2), « is the slope factor of the voltage-depen-
dent charge transfer and is given by

o = kT/ze, 3)

where k is Boltzmann's constant, T is absolute temperature, z is
valence and e is electron charge. To evaluate the maximum
charge transfer of prestin in the unit plasma membrane, Qmax
which means the maximum charge transfer of prestin in whole
plasma membrane, was divided by C;, and designated as charge
density.

For the comparison of NLC curve, NLC had to be normalized by
the area of the plasma membrane. The normalized NLC Cyontin/iin
was defined as
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Chonlin (Cm (V) - Cliﬂ)
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where Cuoniin is the nonlinear component of the measured mem-
brane capacitance.

Cnonlin/lin (V) =

2.5. Concentration dependence of effects of salicylate on prestin

The relationship between the concentration of salicylate and
the degree of the promotion of the plasma membrane expression
of prestin mutants was investigated. The cells transfected with
R130A were cultured with sodium salicylate at concentrations of
1 mM and 5 mM from 12 h after transfection. By the above-men-
tioned method, after 24 h of incubation, the cells were subjected
to immunofluorescence staining and the R, was then calculated.

3. Results and discussion
3.1. Localization of prestin in transfected cells

Representative immunofluorescence images of stained cells
which were cultured without and with 10 mM salicylate are shown
in Fig. 1A and B, respectively. To statistically investigate the local-
ization of prestin in the cells, the R, was calculated and shown in
Fig. 2. Without salicylate, the Rp values of the prestin mutants were
statistically lower than that of WT prestin (p < 0.05), suggesting
that those mutants were accumulated in the cytoplasm. To confirm
whether or not salicylate has the ability to promote the plasma
membrane expression of the prestin mutants, prestin-transfected
cells were cultured with 10 mM salicylate. The R, of WT prestin
was unchanged by 10 mM salicylate, indicating that such amount
of salicylate did not affect the process of transport of WT prestin
to the plasma membrane (Fig. 2). On the other hand, the Rp values
of all prestin mutants statistically increased, compared with those
when salicylate was not used (p<0.05). Especially, the R, of
G127A+Sal and that of R130A+Sal were similar to that of WT pres-
tin+Sal. These results indicate that salicylate promoted the plasma
membrane expression of the prestin mutants accumulated in the
cytoplasm.

3.2. Electrophysiological properties of prestin

The Gyoniinpiin (V), and charge density and o of WT prestin and
its mutants are shown in Figs. 3 and 4, respectively. Without



