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Abstract
Background: Pendrin is a transport protein
exchanging chloride for other anions, such as iodide
in the thyroid gland or bicarbonate in the inner ear.
Mutations in the SLC26A4 gene encoding for pendrin
are responsible for both syndromic (Pendred
syndrome) and non-syndromic (non-syndromic
enlarged vestibular aqueduct, EVA) hearing loss.
Besides clinical and radiological assessments,
molecular and functional studies are essential for the
correct diagnosis of Pendred syndrome and non-
syndromic EVA. While a broad spectrum of mutations
found in the Caucasian population has been
functionally characterized, little is known about
mutations specifically occurring in the populations of
the Middle East. Here we show the characterization
of the ion transport activity of three pendrin mutations
previously found in deaf patients with EVA in the Israeli
Jewish and Palestinian Arab populations, i.e. V239D,
G334V X335 and I487Y FSX39. Methods: Wild type
and mutated pendrin allelic variants were functionally

characterized in a heterologous over-expression
system. The Cl-/I- and Cl-/OH- exchange activities were
assessed by fluorometric methods suitable for
measuring iodide fluxes and the intracellular pH.
Results: Both the Cl-/I- and the Cl-/OH- exchange
activities of pendrin V239D, G334V X335 and I487Y
FSX39 were significantly reduced with respect to the
wild type, with V239D displaying a residual iodide
transport. Conclusion: Functional assays confirmed
the diagnosis of non-syndromic EVA due to SLC26A4
mutations performed by radiological and molecular
tests in deaf patients belonging to the Israeli Jewish
and Palestinian Arab populations. The new finding
that the V239D mutation displays residual function
suggests that the symptoms caused by this mutation
could be ameliorated by a pendrin ‘activator’, if
available.

Introduction

Pendrin (PDS, SLC26A4) is an electroneutral anion
exchanger [1-4] mainly expressed in the thyroid gland,
inner ear, kidney, and airways. In the thyroid gland pendrin
is expressed on the apical membrane of thyrocytes [5] and
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acts as a chloride/iodide (Cl-/I-) exchanger allowing the
transport of iodide into the follicular lumen [6]. In the
inner ear, pendrin is expressed (i) in the epithelial cells of
the endolymphatic sac and duct [7], (ii) on the apical
membrane of transitional cells in the saccule, utricle and
ampulla, and (iii) in different cochlear cell types [8, 9]. In
the inner ear, pendrin exchanges Cl-/HCO3

- and is
responsible for bicarbonate secretion into the endolymph
[10, 11], and thereby controls pH. Endolymph pH is crucial
for the fluid [12] and ion [10, 13] homeostasis and hence,
overall hearing function. In the kidney, pendrin is
expressed on the apical membrane of E and non-D, non-
E intercalated cells of the distal tracts of the nephron [14,
15] where once again it plays a role in pH homeostasis
and blood pressure regulation [16, 17] through the secretion
of bicarbonate and reabsorbtion of chloride [18]. In the
airways, pendrin has been associated with mucus
production [19] and control of airway surface liquid
thickness [20], with a possible involvement in the
pathogenesis of asthma and Chronic Obstructive
Pulmonary Disease (COPD).

Mutations in the gene SLC26A4 encoding for
pendrin are responsible for both syndromic and non-
syndromic hearing loss. Syndromic hearing loss linked to
mutations of the pendrin gene is called Pendred syndrome
(OMIM#274600) [21]; this is an autosomal recessive
disease characterized by the association of sensorineural
hearing loss and a partial iodide organification defect,
disclosed by a positive perchlorate discharge test [22],
and associated with goiter in approximately 80% of
patients of which a minority develops hypothyroidism [23].
Deafness is due to malformations of the inner ear, ranging
from an enlarged vestibular aqueduct to the Mondini
cochlea, which lacks the apical turn [24]. Monoallelic [25-
27] or biallelic [26] mutations of the SLC26A4 gene could
also lead to non-syndromic enlarged vestibular aqueduct
(EVA) without thyroid gland involvement.

Functional tests of mutated pendrin allelic variants
found in patients with Pendred syndrome or non-
syndromic EVA revealed that the pathology is linked to a
reduction or a loss of function in the ion transport activity
of pendrin [28]. Subcellular localization studies revealed
that the mutated proteins are often retained in subcellular
compartments and are unable to reach the plasma
membrane [29]. These mutations most likely cause protein
misfolding, followed by impaired trafficking and
subsequent degradation. Of the mutations that do reach
the membrane, however, their transport function is
impaired [27, 28, 30]. These latter mutations are of
particular interest since they likely affect the ion binding

and/or regulatory domains important for transporter
function. Besides clinical and radiological assessments,
the functional evaluation of pendrin mutations is essential
for correct diagnosis, i.e. of Pendred syndrome and non-
syndromic EVA [24]. Indeed, the clinical condition of
pseudo-Pendred syndromes [31-33] and the high
incidence in some populations for functional pendrin
polymorphisms [34] could lead to an incorrect assignment
of the pathological conditions in cases where proper
functional characterizations are not possible. Whereas a
broad spectrum of mutations found in the Caucasian
populations have been functionally characterized [35], little
is known about mutations occurring in the Caucasian
populations of the Middle East. Here we characterized
the ion transport activity of three pendrin mutations
previously found in hearing impaired patients in the Israeli
Jewish and Palestinian Arab populations, i.e. V239D,
G334V X335 [36] and I487Y FSX39 [37]. The mutation
V239D was found in one family of a cohort of 156 deaf
probands belonging to the Palestinian population and their
families. All four affected individuals were homozygous
for V239D. The mutation G334V X335 was similarly found
in one family in the above mentioned cohort of deaf
Palestinian probands. These mutations were not detected
in a control population of 100 Palestinian adults with
normal hearing. The mutation I487Y FSX39 was found
in one deaf individual of a cohort of 203 Jewish deaf
probands. This mutation was not detected in a control
population of 310 Jewish individuals with normal
hearing.

Materials and Methods

Cloning procedures and plasmid constructs
Standard procedures were used for DNA preparation,

cloning, purification, and sequencing. The pTARGET (Promega
Corporation) vector, containing the open reading frame (ORF)
of full length human pendrin cloned from normal thyroid tissue,
was originally provided by Prof. P. Beck-Peccoz, University of
Milan (Italy). The pendrin mutants were made using the
QuikChange® Site-Directed Mutagenesis kit (Stratagene)
according to the manufacturer’s protocol, using the following
primers: for pendrin V239D: forward: 5’ CAC AGC TAA AGA
TTG ACC TCA ATG TTT CAA CC 3’ and reverse: 5’ GGT TGA
AAC ATT GAG GTC AAT CTT TAG CTG TG 3’, for pendrin
G334V X335: forward: 5’ CCA TCC CAA GGG TGT GAT TGC
CTC CTG AAC TTC CAC C 3’and reverse: 5’ GGT GGA AGT
TCA GGA GGC AAT CAC ACC CTT GGG ATG G 3’, for pendrin
I487Y FSX39: forward: 5’ CTG GGT GTT TAC GTG TTA TAG
TGT CCA TCA TTC 3’ and reverse: 5’ GAA TGA TGG ACA
CTA TAA CAC GTA AAC ACC CAG 3’.
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The plasmid encoding for the enhanced yellow fluorescent
protein H148Q, I152L (EYFP) was obtained by site-directed
mutagenesis of the pEYFPN1 vector (Clontech) with the
following primers: forward: 5’ GGA GTA CAA CTA CAA CAG
CCA GAA CGT CTA TTT GAT GGC CGA CAA GCA GAA G 3’
and reverse: 5’ CTT CTG CTT GTC GGC CAT CAA ATA GAC
GTT CTG GCT GTT GTA GTT GTA CTC C 3’. EYFP H148Q,
I152L is an EYFP mutant with substantially improved sensitivity
for iodide [38]. All plasmid inserts were sequenced prior to use
in experiments (Microsynth AG, Switzerland).

Cell culture and transient transfection
HEK293 Phoenix cells [39] were cultured in Minimum

Essential Eagle Medium (MEM, Sigma, Austria) supplemented
with 10% fetal bovine serum (FBS, Cambrex Bio Science), 2 mM
L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin and 1
mM pyruvic acid (sodium salt). The cells were maintained at
37°C, 5% CO2, 95% air and 100% humidity. Subcultures were
routinely established every second to third day by seeding the
cells into 100 mm diameter Petri dishes following trypsin/EDTA
treatment. For functional tests, HEK293 Phoenix cells were
seeded into poly-L-lysine-coated 96-multiwells, grown
overnight and transfected with a total amount of 0.2 µg/well of
plasmid DNA by the calcium phosphate co-precipitation
method. The amount of plasmid DNA encoding for pendrin
WT, V239D, G334V X335 and I487Y FSX39 was carefully
quantified and kept rigorously constant throughout all the
experiments. The transfection efficiency (determined as EYFP
fluorescence intensity in the extracellular “high chloride
solution”, described below) of cells transfected with pendrin
V239D, G334V X335 and I487Y FSX39 was not reduced
compared to WT (data not shown). Functional tests were
performed 52 hours post-transfection.

Iodide transport
For measuring iodide transport, cells were co-transfected

with 0.1 µg of pEYFPN1 plasmid and 0.1 µg of pTARGET plasmid
bearing the cDNA of wild-type or mutated pendrin. The
functional test was performed as already described, with minor
modifications [4, 34, 35, 40, 41]. Shortly, cells were washed from
the culture medium and bathed in 70 µl of “high chloride”
solution (in mM: KCl 2, NaCl 135, CaCl2 1, MgCl2 1, D-glucose
10, HEPES 20, 308 mOsm with mannitol, pH 7.4). After measuring
the fluorescent intensity (1 measurement/sec for 3 sec), 140 µl
of ”high iodide“ solution (in mM: KCl 2, NaI 135, CaCl2 1, MgCl2
1, D-glucose 10, HEPES 20, 308 mOsm with mannitol, pH 7.4)
were injected in each well. Then, the fluorescence intensity
was measured for 16 sec. Fluorescence measurements were
done with the VICTORTM X3 Multilabel Plate Reader (Perkin
Elmer) equipped with a liquid dispenser and the following filters:
excitation: F485 (excitation center wavelength (CWL): 485 nm,
bandwidth: 14 nm), emission: F535 (emission CWL: 535 nm,
bandwidth: 25 nm). Experiments were performed at room
temperature. From all the fluorescence measurements we
subtracted the background fluorescence measured in cells
transfected with the pTARGET vector only. Data were
expressed as fluorescence variations in % ('F%). The
percentage of fluorescence variation was always calculated

between the beginning (average of 3 readings, 1 reading/sec)
and the end (average of 3 readings, 1 reading/sec) of an
experimental period of 19 sec.

Intracellular pH measurements
For intracellular pH measurements, the fluorescent

indicator 2’,7’-bis-(2- carboxyethyl)-5-(and-6)-
carboxyfluorescein acetoxymethyl ester (BCECF-AM,
Invitrogen Molecular Probes) was used. HEK293 Phoenix cells
were transiently transfected with 0.2 µg of pTARGET plasmid
bearing the cDNA of wild-type or mutated pendrin and loaded
(30 min, 37°C) with BCECF-AM 1 µM. Then, cells were washed
twice and bathed for 30 min at room temperature in 70 µl of
bicarbonate-free, “low chloride” solution (in mM: KCl 2,
NaGluconate 135, CaCl2 1, MgCl2 1, D-glucose 10, HEPES 20,
308 mOsm with mannitol, pH 7.4). After measuring the
fluorescent intensity (3 measurements every 5.6 sec), 140 µl of
bicarbonate-free ”high chloride“ solution (in mM: KCl 2, NaCl
135, CaCl2 1, MgCl2 1, D-glucose 10, HEPES 20, 308 mOsm with
mannitol, pH 7.4) were injected in each well. Then, the
fluorescence intensity was measured again 16 times (one
measurement every 5.6 sec). Fluorescence measurements were
done with the VICTORTM X3 Multilabel Plate Reader (Perkin
Elmer) equipped with a liquid dispenser and the following filters:
excitation: P450 (excitation CWL: 450 nm, bandwidth: 8 nm),
and P490 (excitation CWL: 492 nm, bandwidth: 8 nm), emission:
F535 (emission CWL: 535 nm, bandwidth: 25 nm). Experiments
were performed at room temperature. All the measurements were
subtracted from that detected in cells transfected with the
pTARGET vector and not loaded with BCECF-AM. Intracellular
pH was calculated following the standard ratiometric method
(http://probes.invitrogen.com/media/pis/mp01150.pdf). Shortly,
titration of the intracellular pH was performed in nigericin (10
µM) treated HEK293 Phoenix cells in the presence of 150 mM
potassium (in mM: KCl 150, MgCl2.6H2O 1, MES, HEPES or
TRISMA base 20), at pHs of 5.0, 6.0, 6.5, 7.0, 7.5, 8.0 and 9.0.
The resulting calibration curve fit with a sigmoidal dose-
response equation:

Results were expressed as fluorescence ratio (O490/O450)
variations ('Ratio%), or the fluorescence ratios were
interpolated on the calibration curve to determine the
intracellular pH.

Salts, chemicals and drugs
All salts and chemicals used were of “pro analysis” grade.

Statistical Analysis
All data are expressed as arithmetic means ± S.E.M. For

statistical analysis, GraphPad Prism software (version 4.00 for
Windows, GraphPad Software, San Diego, California, USA)
was used. Significant differences between means were tested
by one way Analysis of Variance (ANOVA) with Bonferroni’s
post-test or paired Student’s t-test, where appropriate.
Statistically significant differences were assumed at p<0.05
(* p<0.05; ** p<0.01; *** p<0.001); (n) corresponds to the
number of independent measurements.

Function of Pendrin Mutants Cell Physiol Biochem 2011;28:477-484
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Results

The iodide transport of pendrin mutants V239D,
G334V X335 and I487Y FSX39 is significantly
impaired compared to wild type
In order to test the halide transport activity of wild-

type (WT) pendrin and its mutants (Fig. 1), we measured
the EYFP fluorescence in cells over-expressing WT
pendrin or its mutants before and after addition of iodide
to the extracellular solution. Since pendrin acts as an
iodide transporter [42, 43], the presence of extracellular
iodide should induce an iodide flux into the cytoplasm.
Iodide is a much better quencher of EYFP fluorescence
than chloride, therefore, an increase of intracellular iodide
should lead to a decrease of EYFP fluorescence [38].
Indeed, as shown in Fig. 2a and b, addition of iodide to

Fig. 1. Putative topology of
human pendrin and location of
the V239D, G334V X335 and I487Y
FSX39 mutations. The 15-
transmembrane model, as
proposed in [35] shows the
position of the mutations V239D,
G334V X335 and I487Y FSX39; the
amino acids involved in
substitutions are indicated in
enlarged gray letters.

Fig. 2. Iodide transport of WT pendrin and the mutants V239D,
G334V X335 and I487Y FSX39. a, Representative original
recording of the intracellular fluorescence intensity measured
in cells transfected with WT or mutated pendrin and EYFP or
EYFP alone as a control (EYFP only). The arrow indicates the
addition of iodide to the extracellular solution. b, Percentage of
fluorescence decrease ('F%) determined over an experimental
period of 19 sec. n indicates the number of independent samples
collected over 5 experimental days. ***: p<0.001, **: p<0.01, n.
s.: not statistically significant, one way ANOVA with
Bonferroni’s post-test.

Dossena/Nofziger/Brownstein/Kanaan/Avraham/Paulmichl

the extracellular solution (indicated by an arrow in Fig.
2a) leads to a marked decrease (88 ± 5%, n = 42) of
EYFP fluorescence in cells expressing WT pendrin. In
cells overexpressing only EYFP, the addition of iodide to
the extracellular solution leads, as expected, to a
significantly smaller decrease (13 ± 3%, n = 42) of the

Cell Physiol Biochem 2011;28:477-484
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relative fluorescence. This small amount of quenching is
probably due to endogenous, scarcely represented ion
channels or transporters able to sustain a small iodide
influx. These results confirm that pendrin is an iodide
transporter [30, 42, 43] most likely acting as a Cl-/I- anion
exchanger in our system [4].

As in cells overexpressing only EYFP, the addition
of iodide to the extracellular solution lead only to a small
decrease in the intracellular fluorescence of cells over-
expressing the mutated pendrin isoforms (for V239D: 26
± 3%, n = 42; for G334V X335: 6 ± 4%, n = 36; for
I487Y FSX39: 7 ± 4%, n = 36). Only V239D displayed
transport activity that was significantly higher compared
to the G334V X335 and the I487Y FSX39 mutants (Fig.
2b) but heavily impaired with respect to WT pendrin.

The Cl-/OH- exchange activity of pendrin mutants
V239D, G334V X335 and I487Y FSX39 is
significantly impaired compared to WT
In order to test the Cl-/OH- exchange activity of WT

pendrin and its mutants, the BCECF-AM fluorescence
was measured in chloride-depleted control and pendrin-
transfected cells before and after addition of chloride to
the extracellular solution. A titration curve of the

intracellular pH determined in non-transfected HEK293
Phoenix cells loaded with BCECF-AM was produced
(Fig. 3a). In our conditions, the calculated pKa for
BCECF-AM was 7.04. The treatment to induce the
chloride depletion (30 min at room temperature in
bicarbonate-free, “low chloride” solution, see Materials
and Methods) should induce a chloride efflux following
the concentration gradient in exchange for OH- (Fig. 3b,
“pre”), most likely via endogenous exchangers. This would
induce a substantial basification of the intracellular pH,
as observed in Fig. 3d, “pre”. As pendrin acts as an Cl-/
OH-, Cl-/HCO3

- exchanger [1] the presence of
extracellular chloride should induce a chloride flux into
the cytoplasm in exchange for OH-, leading, as a
consequence, to a decrease of the intracellular pH (Fig.
3b, “post”). A decrease in the BCECF-AM fluorescence
ratio would be indicative of such a pH change. Indeed,
as shown in Fig. 3c, addition of chloride to the extracellular
solution led to a significant fluorescence ratio decrease,
corresponding to an intracellular acidification (Fig. 3d) in
cells transfected with WT pendrin. In contrast, in cells
over-expressing the pendrin mutants, the addition of
chloride to the extracellular solution led only to a small,
non-significant decrease in intracellular pH. These results

Fig. 3. Cl-/OH- exchange activity of
WT pendrin and the mutants V239D,
G334V X335 and I487Y FSX39. a,
Titration curve of the intracellular pH
determined in non-transfected HEK293
Phoenix cells loaded with BCECF-AM
1 µM maintained in solutions
containing 150 mM K+ and 10 µM
nigericin at the pH of 5.0, 6.0, 6.5, 7.0,
7.5, 8.0 and 9.0. n indicates the number
of independent samples, collected over
4 experimental days. b, Cells
transfected with WT or mutated
pendrin or with the pTARGET empty
vector as a control were loaded with
BCECF-AM 1 µM and bathed for 30
min in a bicarbonate-free, low chloride
solution (pre) and then exposed to a
high chloride solution (post).
Fluorescence emissions at 535 nm
following excitation at 450 and 490 nm
were measured over time, subtracted
for their respective backgrounds and
expressed as ratios. c, Percentage of
fluorescence decrease (' Ratio%) determined over the experimental period (107 sec). n indicates the number of independent
samples, collected over three experimental days. *: p<0.05, one way ANOVA with Bonferroni’s post-test. d, The ratios values were
interpolated on the calibration curve shown in a, to determine the intracellular pH before and after exposure of cells to chloride.
***: p<0.001, *: p<0.05, n. s.: not statistically significant, paired Students t-test. The number of experiment is the same as in c.

Function of Pendrin Mutants Cell Physiol Biochem 2011;28:477-484
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demonstrate that, similarly to the Cl-/I- exchange activity,
the Cl-/OH- exchange activity of the pendrin mutants
(V239D, G334V X335 and I487Y FSX39) is also deeply
impaired. The small acidification observed in control cells
is most likely due to endogenous Cl-/OH- exchangers.

Discussion

Pendred syndrome is described as an autosomal
recessive disease characterized by the association of
sensorineural hearing loss and a partial iodide
organification defect [22]. Mutations in the SLC26A4
gene, which encodes the pendrin protein, are the most
common cause of syndromic deafness [44] and, in
addition, are present in up to 4% of patients with non-
syndromic hearing loss [26]. Recessively inherited
phenotypes are frequent in endogamous communities and
are particularly suitable for identifying genes responsible
for clinically important phenotypes. Therefore, we set out
to functionally characterize three pendrin mutations, i.e.
(i) V239D, (ii) G334V X335 and (iii) I487Y FSX39, which
have been described in hearing impaired patients in the
Middle East. The amino acid substitution V329D is due
to the nucleotide change 716T>A, and is located within
the 6th putative transmembrane segment of the pendrin
transporter (Fig. 1). Subcellular localization studies
showed that the mutated protein is mainly retained in the
endoplasmic reticulum [36]. The second mutation, i.e.
pendrin G334V X335, results from a splicing mutation
(1001G>T) that results in a premature truncation of the
protein (Fig. 1). These two mutations were identified in
Palestinian Arab families where the homozygous subjects
had prelingual, bilateral, severe-to-profound hearing loss
with EVA but no clinical evidence of thyroid abnormalities
(Table 1). The third mutation studied, i.e. pendrin I487Y
FSX39, results from the insertion 1458_1459insT, leading
to a prematurely truncated protein, with a scrambled
sequence of 39 amino acids at the C terminus (Fig. 1).

Table 1. Pendrin mutations identified in the Palestinian Arab and Israeli Jewish populations.
ER = endoplasmic reticulum, NSHL = non-syndromic hearing loss, EVA = enlarged vestibular aqueduct

 It seems that this mutation, as the V329D isoform, also
localizes predominantly in the endoplasmic reticulum
[37]. This mutation was identified in homozygosity in a
deaf Israeli resident of Iranian ethnic origin with
EVA and no overt signs of thyroid dysfunction
(Table 1).

Fluorometric assays suitable for measuring iodide
fluxes and the intracellular pH showed that both the Cl-/
I- and the Cl-/OH- exchange activities of pendrin V239D,
G334V X335 and I487Y FSX39 were dramatically
reduced compared to the WT. The lack of transport
activity shown by the two truncation-mutations (G334V
X335 and I487Y FSX39) could be explained by the low
amount of transporter that would be expressed at the
cellular membrane, as was shown for the I487Y FSX39
mutation by Brownstein et al. [37]. For the V239D
mutation, similarly to the I487Y FSX39, a severely
hampered translocation of the protein into the cellular
membrane was assumed [36], however, our experimental
data show a residual transport activity of this isoform. A
possible explanation for the residual Cl-/I- exchange could
be the presence of a small amount of protein that does
reach the plasma membrane. The severely hampered
translocation of pendrin V239D into the cellular membrane
is most likely caused by a “processing” defect, i.e. the
misfolded mutated protein is retained in the intracellular
compartment. In addition, the possibility that the impaired
trafficking to the plasma membrane is due to an impaired
interaction with yet unidentified chaperones or adaptor
proteins is an intriguing and unexplored hypothesis and
deserves further investigation.

Conclusion

Functional assays confirmed the diagnosis of non-
syndromic EVA due to pendrin mutations performed by
radiological and molecular tests in deaf patients belonging
to the Israeli Jewish and Palestinian Arab populations.

Dossena/Nofziger/Brownstein/Kanaan/Avraham/Paulmichl

Nucleotide
change

Amino acid
change

Subcellular
localization

Patient
phenotype

Patient
ethnicity

Reference

716T>A V239D ER EVA Palestinian [36]
1001G>T G334V X335 - EVA Palestinian [36]

1458_1459insT I487Y
FSX39

ER NSHL with EVA Iranian
Jewish

[37]

Cell Physiol Biochem 2011;28:477-484
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The new finding that the V239D mutation displays residual
function suggests that the symptoms caused by this
mutation could be ameliorated by a pendrin ‘activator’, if
available.

Abbreviations

EVA (enlarged vestibular aqueduct); ORF (open
reading frame); EYFP (enhanced yellow fluorescent
protein); FBS (fetal bovine serum); EDTA
(ethylenediaminetetraacetic acid); HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid); BCECF-
AM (2’,7’-bis-(2- carboxyethyl)-5-(and-6)-carboxyfluo-
rescein acetoxymethyl ester); MES (2-(N-morpho-

lino)ethanesulfonic acid); TRISMA base (2-amino-2-
(hydroxymethyl)propane-1,3-diol).
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