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Abstract

SLC26 family members are anionic transporters
involved in CI and HCO," absorption or secretion in
epithelia. SLC26A9, preferentially expressed in the
lung, is a poorly characterized member of this family.
In this study, we investigated the transport properties
of human SLC26A9 to determine its functional and
pharmacological characteristics. SLC26A9 protein
expression results in the appearance of an anionic
current exhibiting an apparently linear current/voltage
relationship and increases in 3Cl influxes and effluxes.
The sequences of conductivity, Cl">I"> NO, >
gluconate > SO, # and selectivity (P /P ), I > NO, >
ClI- > gluconate > SO,> are found. CI- channel
inhibitors DIDS and NS 3623 inhibit SLC26A9
associated currents while the specific CFTR inhibitor
(CFTR(inh)-172) or glybenclamide has little effect.
Elevation of intracellular cAMP (a CFTR activator) is
also ineffective whereas increasing intracellular
calcium blocks the SLC26A9 associated currents.

The HCO, conductance mediated by the SLC26A9
protein expression is low and no intracellular pHi
changes are detectable under conditions favoring a
CI/HCO, exchange. However, the presence of HCO,
/CO, stimulates the Cl-transporting activity of
SLC26A9 in Xenopus laevis oocytes or SLC26A9-
transduced COS-7 cells. As an important initial step
in characterizing SLC26A9 function, we conclude that
SLC26A9 is a CI channel and we suggest that HCO,
acts as a modulator of the channel. SLC26A9
physiological role in airway epithelia and its potential
interaction with CFTR remain to be elucidated.

Copyright © 2008 S. Karger AG, Basel

Introduction

SLC26 proteins are members of a family of anion
transporters consisting of 10 known members [1]. Among
these anion transporters, most of them are expressed in
the luminal membranes of epithelial cells [1] and at least
half of them appear to play an important role in epithelial
Cl' and HCO,  transport. For example, SLC26A3 is a
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coupled CI/HCO, exchanger [2, 3] predominantly
expressed in the digestive system [4]. SLC26A4 functions
as an anion exchanger in the kidney [5] but also as an
iodide transporter in the thyroid or kidney [2, 6-8].
SLC26A6 is a versatile anion exchanger functioning as a
coupled CI7HCO," exchanger but also as an exchanger
for Cl-/oxalate, SOf‘/oxalate, Cl-/formate and Cl/OH-
when expressed in Xenopus laevis oocytes [1, 9].
SLC26A7,-A8 and -A9 are expressed in human kidney,
testis and lung, respectively [10]. SLC26A9 was initially
identified in gastric epithelia where it was proposed to
mediate a CI/HCO," exchange [11]. However, it was
recently found to function as a Cl- channel regulated by
WNK kinases [12]. Interestingly, SLC26A7, another
SLC26 transporter, present in gastric parietal cells and in
intercalated cells of the outer medullary collecting tubule,
initially reported to function as an anion exchanger [13]
was more recently characterized as a Cl- channel regulated
by intracellular pH [14].

CFTR plays a major role in Cl- transport in airway
tissue but other chloride channels have been described to
participate to transepithelial CI transport. ORCC (outward
rectified chloride channel), CaCC (Calcium-activated
chloride channel) or CIC-2 are examples of proposed and
potential “alternative CFTR CI' channels” [15-19]. Mutual
interactions exist between CFTR and these reported Cl-
channels, yet the precise mechanisms of interaction
remain unclear [20-24].

A reciprocal regulation between the CFTR chloride
channel, implicated in cystic fibrosis and several members
of'the SLC26 family has been described [2]. In their study,
activation of CFTR by SLC26A3 (DRA) and SLC26A6
was facilitated by their PDZ ligands and binding of the
STAS domains of SLC26 transporters to the CFTR R
domain.

As an approach to understand the role of human
SLC26A9 in airway epithelia, we first wished to define
its functional characteristics using two different protein
expression systems: Xenopus laevis oocytes and
retrovirally transduced COS-7 cells. SLC26A9 transport
properties were established by measuring its anion
selectivity, pharmacological sensibility and sensitivity to
cAMP and Ca*, two intracellular mediators regulating
ion transport in epithelia. We find that SLC26A9 behaves
as a Cl channel and not as an anion exchanger, presenting
in addition a very low HCO," permeability. However, we
demonstrate that the presence of HCO,/CO2 by itself
stimulates the CI transport mediated by SLC26A9 and
could act as a positive regulator by a direct interaction
with the channel.

Material and Methods

Cloning of the full length SLC26A49

Primary cultures of bronchial cells (NHBE, Cambrex, East
Rutherford, NJ) were grown on inserts (Transwell-Clear, Corning
Inc, NY, USA), then exposed to an apical air interface for two
weeks (details of medium and culture conditions were performed
according to Cambrex corporation). Total RNA was prepared
from NHBE cells according the protocol of Chomczynski and
Sacchi [25]. mRNA was then purified by affinity chromatography
on oligo(dT)-cellulose and reverse transcribed using
“SuperScript™ First-Strand Synthesis System for RT- PCR” kit
from Invitrogen (Carlsbad, CA). A nested primer PCR strategy
was used to amplify SLC26A9 cDNA using oligonucleotides
derived from the human SLC26A9 sequence AF331525 (NCBI).
The first PCR was performed using primers SLC26A9%upl,
5'-gag cag agc cct ttc aca cac ctc-3', and SLC26A9dwl1, 5'-acc
aag gcc tag act cct ggg-3'. The nested PCR was done with the
oligonucleotide couple: SLC26A9up, S'-aca cct ttc gge tge ccg
ctc c-3' and SLC26A9dw, 5'- gag gaa ccc aag ctc tgg ggg-3'.
PCR product was purified, then ligated into the pGEMT-easy
vector (Promega, Madson, WI). The SLC26A9 cDNA was then
subcloned into the plasmid pSP64poly(A) (Promega)
downstream of the SP6 RNA promoter. A positive clone was
independently sequenced twice using a set of seven
oligonucleotides to verify the integrity of the sequence. cRNA
was produced using the mMESSAGE mMACHINE SP6
following the manufacture’s guidelines (Ambion, Countaboeuf,
France).

SLC26A9-transduced COS-7

The coding sequence of SLC26A9 was excised from pSP64
by using Xhol and SstII restriction enzymes, then analyzed by
agarose gel electrophoresis. After gel extraction and purification
(NucleoSpin Extractll, Macherey-Nagel, Hoerdt, France), the
SLC26A9 cDNA fragment was subcloned into the Xhol and
Sacll restriction sites of the mammalian expression vector
pPRIG-eGFP [26] to generate pPRIG-eGFP-SLC26A9. Highly
pure recombinant plasmids were obtained by anion-exchange
chromatography (NucleobondAx, Macherey-Nagel) and were
used to stably transduce COS-7 cells. Similarly, SLC26A9 was
subcloned in pPRIG-HA-eGFP vector. SLC26A9 was ligated
in-phase downstream of the HA tag epitope to generate a tagged
HA-protein (tag added at the N-terminal part of the protein).
The construct was used to transduce HEK cells. For
transduction experiments, HEK293 cells were seeded at 30-40%
density in 60 mm dishes in DMEM supplemented with 10 %
FCS. To generate retroviruses, 293T cells were transfected the
following day with 2.5 pg of an empty pPRIG-eGFP plasmid or
the pPRIG-eGFP-SLC26A9 construct, and with 1.25 pg of pCM V-
VSVG and 1.25 png of pCMV-gag-pol plasmids using the classic
calcium phosphate transfection technique. 6 h post-
transfection, cells were washed and fresh medium was added.
Replication-defective retroviruses were recovered in the culture
medium between 24 h and 72 h post-transfection. These
retroviral supernatants were filtered through sterile 0.45 pum
filters, then added directly to COS-7 cells in the presence of
4 ng/ml polybrene to enhance retroviral transduction efficiency.

16 Cell Physiol Biochem 2008;22:15-30

Loriol/Dulong/Avella/Gabillat/Boulukos/Borgese/Ehrenfeld



Mixed populations of control (empty vector) or SLC26A9
expressing COS-7 cells were obtained due to independent
integrations of the retroviruses into the host COS-7 cell genome.
eGFP-positive transduced cells were observed as early as 24 h
post transduction. Over 95% of the cells were efficiently
transduced. Western analyses were performed as described
below for oocytes. The HA-tagged SLC26A9 protein was
detected using an anti-HA antibody in HEK-293 cells.

Functional expression in Xenopus laevis oocytes and

voltage-clamp analysis

cRNAs (15 ng cRNA per oocyte, unless otherwise
indicated) were injected into collagenase-defolliculated oocytes
from Xenopus laevis, prepared and handled as previously
described [27, 28]. Oocytes were maintained at 18°C in MBS
(Modified Barth’s Saline) containing (in mM): 85 NaCl, 1 KClI,
2.4 NaHCO3,0.82 MgS04, 0.33 Ca(NO3)2, 0.41 CaCl,, 10 HEPES
(N-2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid), 3
NaOH, pH 7.4, supplemented with penicillin (6 mg/l) and
streptomycin (10 mg/1).

Two-electrode voltage-clamp measurements were
performed at room temperature in MBS (in the absence of
antibiotics) as previously described [28] or in different anion
or cation substituted media (see below for composition). Briefly,
oocytes were voltage-clamped at a holding potential of —30 mV
and 800 ms voltage steps from —100 mV to +80 mV in 20 mV
increments were applied using a TEV 200 amplifier (Dagan,
Minneapolis, MN) and monitored by computer through Digidata
1200A/D converter and pCLAMP 6.0 software (Axon
Instruments, Foster City, CA). In other experiments, currents
were followed as a function of time at a constant clamping
voltage. All data are presented as mean values + standard error
(n = number of observations). The Student’s t-test was used
for all statistical analyses.

Western blotting

Oocytes were homogenized in homogenization buffer (250
mM Sucrose, 0.5 mM ethylenediaminetetraacetic acid (EDTA),
5 mM Tris-HCI, pH 7.4) supplemented with the protease inhibitor
cocktail “Complete” (Roche Molecular Biochemicals,
Mannheim, Germany) then centrifuged three times for 15 min at
2,000 rpm, 4,000 rpm and 6,000 rpm in a refrigerated (4°C) Heraus
centrifuge. Supernatants were then centrifuged at 65,000 rpm
for 45 min in an ultracentrifuge at 4°C (Sorvall Discovery M 150,
France) and the pellets were suspended in RIPA (NaCl 150 mM,
Triton 100X 1%, DOC 0,5%, SDS 0,1%, TRIS pH 8.0, PMSF 1
mM). 70 pg of protein were loaded per lane. After addition of
reducing Laemmli sample buffer (LSB) to the cleared
supernatants, proteins were denatured, separated by 7.5% SDS-
polyacrylamide gel electrophoresis and electrotransferred onto
nitrocellulose membranes (Hybond C-Extra, Amersham, Orsay,
France). Nonspecific protein absorption was prevented by
incubating the membranes (1 h) in Tris-buffered saline
containing Tween-20 (TBS-T) and BSA (3%). Primary incubation
was performed overnight at 4°C in TBS-T containing BSA with
a rabbit polyclonal antibody directed against 16 C-terminal
amino acids of SLC26A9 (lydseedirsywdleq) at a final dilution
of 1:500. The (HRP)-couple anti-rabbit secondary antibody was

used at a final dilution of 1:5000. HRP was revealed by a
chemiluminescent detection system (Supersignal, Pierce
Biotechnologie, Brebieres, France). Anti HA (clone HA7,
Sigma) was used at a final dilution 1/1000. Anti-mouse
peroxidase conjugate (Sigma) was used at a final dilution
1/40 000.

Measurement of intracellular pH (pH) in oocytes

For pH, measurements, borosilicate-silanized
microelectrodes were prepared as described previously [29].
Briefly, a small drop (0.3 pl) of proton exchanger resin (Hydrogen
ionophore I-cocktail A: ref Fluka 95291) was introduced into
the tip of the microelectrodes, back-filled with phosphate buffer
(pH 7.0) and calibrated in pH solutions at pH 6.8 and 8.0. The
electrode was fitted with a holder with an Ag-AgCl wire attached
to a high impedance probe of a two channel FD-223 electrometer
(Word Precision Instruments, Sarasota, Florida, USA). A
standard electrode filled with 3M KCI was connected to the
other channel of the electrometer for the measurement of
membrane potential measurements. The bath was grounded
via a 3M KCIl agar bridge connected to an Ag-AgCl wire. The
signal from the voltage microelectrode was subtracted from
the pH electrode to obtain the pH, changes. The slope of the
pH electrodes was between 54 mV and 58 mV per pH unit.

Measurement of Cli and pH, in COS-7 cells

For measurements of Clj and pHj, cells grown on filters
were cut off the Transwell and mounted into a modified Ussing
chamber as previously described [30]. The fluorescence was
measured with a spectrophotometer system (PTI Deltascan,
N.J., USA). MQAE (Molecular probes, Eugene Ore, USA) was
used as a probe of cellular CI, at a loading concentration of 8
mM (overnight in a CO, incubator). For MQAE measurements,
excitation was set at 350 nm and emission was monitored at 450
nm. The fluorescence intensity was measured every three
seconds and plotted graphically. At the end of the experiment,
the monolayer was perfused with a KSCN (120 mM) solution
(buffered with 10 mM HEPES/KOH, pH 7,2) which quenched
MQAE fluorescence by >90%. For data analysis, this value
was subtracted from the fluorescence measured experimentally.
Results were expressed as a ratio of fluorescence F/Fo, with Fo
being the maximum of fluorescence obtained in absence of
chloride (the extra-cellular Cl- concentration was changed at an
equimolar substitution of NO," for CI).

Cells were loaded with BCECF/AM (Molecular probes)
as a probe of cellular pH, at a loading concentration of 5 uM for
15-30 min. For BCECF, excitation lights was set at 430 nm and
490 nm at a rate of 100 Hz and emission was monitored at 540
nm (6 nm band pass). A calibration curve was performed at the
end of each experiment by application of a 100 mM KCl, 10 mM
HEPES solution containing nigericin (5 pM) and buffered at
pH 6.4 or pH 7.8.

#ClI fluxes in oocytes

3¢Cl influxes (uptake) and 3¢Cl effluxes were performed in
non-injected and SLC26A9 cRNA-injected Xenopus laevis
oocytes. For 3¢Cl uptake experiments, oocytes were incubated
for 15 min in MBS, washed three times with a cold CI- free MBS
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and then lysed in MBS containing SDS (final concentration
0.6%). The radioactive samples were counted using a liquid
scintillation counter (Packard Instruments, Meridem, CT, USA)
after the addition of 4 ml liquid scintillation fluid (ACS,
Amersham). The 3¢Cl uptake is expressed in neq/h/oocyte. For
*Cl efflux experiments, oocytes were first loaded overnight at
18°C and then washed three times in MBS before following *¢Cl
effluxes during a period of 15 min (each oocyte was bathed in a
500 ul MBS solution). Collected samples and lysed oocytes
were then counted for **Cl radioactivity (see above). Effluxes
were expressed as the percentage (%) per min of *Cl loss into
the medium relative to the total **Cl contained in the oocyte.

Chemicals

Chloride channel inhibitors: DIDS (4,4’-Diisothio-
cyanatostilbene-2,2’-disulfonic acid, Disodium salt),
glybenclamide (N-p-{2-(5-Chloro-2 methoxybenza-
mido)ethyl} benzenesulfonyl-N’-cyclohexylurea), ionomycin,
forskolin, 3-isobutyl-1-methylxanthine (IBMX) and
thapsigargin were purchased from Sigma (Sigma Chemical Co.,
MO, USA). NS 3623 and NS 1652 were a generous gift from P.
Christophersen (Copenhagen, DK), CFTR(inh)-172 was a
generous gift from A. Verkman (San Francisco, USA).

Results

Functional expression of SLC26A49 in Xenopus

laevis oocytes

We first assessed the functional expression of
SLC26A9 by measuring the Cl transport capacity in
cRNA-injected oocytes. An increase in the amplitude of
CI transport is observed in SLC26A9 cRNA-injected
oocytes compared to non-injected oocytes (Fig. 1A). An
increase in CI transport capacity is observed when
measuring **Cl effluxes (20 X increase, p<0.0001, n=10)
and in 3*Cl uptake experiments (21 X increase, p<0.0001,
n=5) indicating that SLC26A9 conducts chloride ions. In
these experiments performed in open-circuit conditions,
the small depolarization of the membrane potential which
is observed (see below) in SLC26A9 cRNA-injected
oocytes should be taken in consideration. This will slightly
over-estimate the **Cl influxes and under-estimate **Cl
effluxes between both batches of oocytes but will not
modify our conclusion that SLC26A9 conducts chloride
ions.

In a second set of experiments, we tested whether
SLC26A09 expression was associated with the appearance
of'a new ion conductive pathway. Such a behavior would
be expected to be associated with the functioning of an
electrogenic carrier or an ion channel. For this purpose,
we measured the electrophysiological characteristics of
Xenopus laevis oocytes expressing SLC26A9. SLC26A9
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Fig. 1. Functional expression of SLC26A9 in cRNA-injected
oocytes. (A) Increases in **Cl efflux (n=10) and *Cl uptake
(n=5) are observed in SLC26A9 cRNA-injected oocytes
compared to non-injected oocytes. (B) Oocytes expressing
SLC26A9 display new currents (left panel). The means of the
I/V relationships of non-injected oocytes (n=13) and SLC26A9
cRNA-injected oocytes (15 ng/oocyte, n=43) are given in the
right panel. Measurements were made 3 to 4 days after RNA
injection. ***P< 0.001, significant differences between non-
injected and SLC26A9 cRNA-injected oocytes. (C) SLC26A9
immunoblot of microsomal membranes from oocytes injected
with SLC26A9 cRNA (3 days after injection) and of membranes
from non-injected oocytes. New migrating protein products
corresponding to predicted monomeric and multimeric
SLC26A9 forms are observed only in cRNA-injected oocytes
(arrows). The molecular weight markers at 95, 130 and 250 kDa
are indicated.

cRNA-injected oocytes present a small but significant
(p< 0.0001) membrane potential depolarization (-29.8 +
0.7 mV, n=46) compared to control oocytes (-36.5 + 1.4
mV, n=24). SLC26A9 cRNA-injected oocytes develop
currents not observed in non-injected oocytes (Fig. 1B).
Analyses of the current traces of SLC26A9 cRNA-
injected oocytes are found to be time-independent and
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Fig. 2. SLC26A9 anion selectivity. (A) I/V relationships were performed using SLC26A9 cRNA-injected oocytes bathed in MBS
(85 mM CT') and then perfused with a similar medium containing I', NO,", SO, or gluconate instead of CI". (B) Maximal potential
changes occurring when perfusing from MBS to a CI-free medium are taken into account to calculate P /P . (C) The mean = ES
of the anion current ratios at +80 mV (in % of CI currents) are given. Values represents the mean of 10 oocytes for CI to NO,, 8
for CI to SO,*, 6 for CI to I-and 10 for CI to gluconate-substitution experiments.

the resulting I/V relationships are found to be apparently
linear or slightly outwardly rectified (see Fig. 2) in presence
of a membrane CIl- concentration gradient (our
experimental conditions).

SLC26A9 protein expression was confirmed by
Western blot analysis using microsomal membranes
prepared from non-injected oocytes and from SLC26A9
cRNA-injected oocytes. As shown in Fig. 1C, several
bands not observed in non-injected oocytes are detected
in SLC26A9 cRNA-injected oocytes. One of them
migrates slightly lower and another slightly higher than
95 kDa. The lower band corresponds to the monomeric
form of SLC26A9 with the expected predicted molecular
weight of 87 kDa. Another band is observed around 250
kDa and above. Higher bands could correspond to dimeric
or tetrameric forms or even aggregates of SLC26A9. A

non-specific band migrating at approximatively 120 kDa
is unrelated to SLC26A09 since it is also observed in non-
injected oocytes.

SLC26 family members have been reported to
transport anions [1, 2, 10]. The value of the reversal
potential of the I/V relationship found with SLC26A9
cRNA-injected oocytes which is close to the calculated
equilibrium potential of Cl (assuming a Cl. of 27 meq/I;
unpublished data) points to a dominant Cl- conductance.
We assessed the SLC26A9-associated currents to CI-
concentrations of the oocyte perfusing medium in a Cl-
concentration ranging from 0 to 80 mM NacCl (Cl was
substituted by gluconate). A linear relationship (r=0.99,
n=5) is found between currents (measured at +80 mV)
and CI- concentrations of the perfusing medium confirming
the conductance of SLC26A9 to CI-.
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Therefore we assessed the selectivity of SLC26A9
to anions by substituting chloride in I/V experiments (Fig.
2). Measurements of the reversal potentials and
calculations of the P /P, ratio show that SLC26A9
presents a P /P ratio (selectivity sequence) of [ > NO,-
> CI" > gluconate > SO (Fig. 2B). The sequence of
currents measured at +80 mV (outward current) is
CI'>T>NO, >gluconate > SO * (Fig. 2C). Furthermore,
it can be noticed that the currents in the negative potential
range, associated mainly to CI- effluxes, are also partly
blocked by CI- substitution by NO, or I' . This can be
seen at -100 mV, where I is reduced by 33.8 = 2.7 %,
n=10, p<0.001 and by 45.8 + 5.7 %, n= 6, p<0.001 for CI
to NO," and CI to I" substitutions, respectively. Such an
inhibitory effect of NO,” and I' on CI" transport has
already been reported [12].

We considered the possible development of a cationic
(Na*) pathway associated with SLC26A9 expression by
substituting Na* by NMDG in the perfusing solution. Such
a substitution does not significantly affect the current in

both positive and negative potential ranges (1312 + 122
nA at 80 mV and -1159 + 134 nA at -100 mV in MBS
versus 1271 £ 128 nA at 80 mV and -1243 + 175 nA at -
100 mV in NMDG-solution, n= 12) nor the reversal
potential of the I/V relationship (change of 3.0£2.0 mV,
N.S).

Sensitivity of SLC26A49 to some anion inhibitors

We tested some anion channel inhibitors on the I/'V
relationships of SLC26A9 cRNA- injected oocytes (Fig.
3). DIDS (500 pM) blocks by 38 + 6% (p< 0005, n=6),
the SLC26A9-associated currents (measured at +80 mV)
after 5 min of application (Fig. 3A and D). Its effect is
reversible upon washing. CFTR(inh)-172 (2 uM) had no
significant inhibitory effect (Fig. 3B and D; n=10). As a
positive control, CFTR cRNA-injected oocytes were
perfused with a forskolin/IBMX (5uM/100pM)-containing
solution. An increase of 6.3 = 1.5 fold (p<0.005) is
observed for currents (value at + 80 mV, n=9) following
5 min of the cocktail application. Stimulated currents are
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n=10). Measurements performed at 10 min of ionomycin (0.29 uM) application and after 10 min of reversal with MBS. Effect of
thapsigargin application on the I/V relationship of SLC26A9 cRNA-injected oocytes (upper part of C and D) and of mean currents
(x ES) at +80 mV (lower part of C and D) with oocytes bathed in a calcium containing medium (C, n=11) or in a calcium free medium
containing 100 uM EGTA (D, n=10). Measurements performed at 15 min of thapsigargin (400 nM) application and after 10 min of
reversal with MBS perfusion. ***P< 0.005, **p<0.001, *p<0.01, significance of the difference of currents with and without tested

agents at +80 mV.

further blocked by 40 = 6 %, n=9 (p<0.0001) by the
CFTR(inh)-172 (2 uM). Two other blockers of anion
channels or carriers [31] were also tested. NS 3623 (500
uM) blocks 49 + 4% of the current (p<0.01, n=7) after 5
min of application (Fig. 3C and D) while NS 1652 (500
uM) has no effect (data not shown).

Inhibitory effect of Caj increases on SLC26A49

activity

In order to gain insight on SLC26A09 regulation, we
investigated the effect of changing Caj on SLC26A9
activity. A transient calcium-activated anion current
develops in Xenopus laevis oocytes when increasing Caj,
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Fig. 5. SLC26A9 cRNA-injected oocytes present a low HCO,’
conductance compared to Cl. Mean £ ES of the changes in
current following passages from a Kgluconate solution to one
containing 10 mM CI- or 10 mM HCO," (n=10). Clamping currents
of non-injected oocytes are given as control (n==8).

but this current returns to slightly higher amplitudes than
initial currents after 5 min [28]. Therefore, in the present
experiments, currents were measured after 10 to 15 min
of ionomycin (0.25 pM) or thapsigargin (400 nM)
application in the presence or absence of calcium in
perfusing medium. Non-injected oocytes present low
currents over the clamping voltage range used and
currents are not significantly affected by ionomycin or
thapsigargin application after 10 min of drug administration
(data not shown). However, their reversal potential shows
a shift similar to that found for SLC26 A9-mRNA injected
oocytes which could be associated to the opening (and to
the almost complete closing after 10 min) of endogenous
calcium-activated CI- channels. By contrast, ionomycin
inhibits the currents associated with SLC26A9 expression
in cRNA-injected oocytes (Fig. 4A). This effect is still
observed when ionomycin is added in a calcium-free
perfusing solution (Fig.4B). This last finding is consistent
with the reported observation in Xenopus laevis oocytes
that ionomycin has a dual effect, acting on the membrane
permeability but also inducing a calcium release from
intracellular stores [32]. Washing out (10 min) ionomycin
from the perfusing solution partly reverses its inhibitory
effect (Fig. 4A and 4B). Thapsigargin, an agent known
to liberate calcium from intracellular stores [33], also
induces an inhibition of currents in SLC26A9 cRNA-
injected oocytes (Fig. 4C and 4D). In contrast to
ionomycin experiments, thapsigargin effect is poorly
reversible after 10 min of oocyte MBS washing.
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Fig. 6. HCO,/CO, stimulates CI- conductance in SLC26A9
cRNA-injected oocytes. (A) Illustrative experiment of the
clamping currents measured when the medium perfusing the
oocyte is changed from MBS to Cl-free medium (Nagluconate).
This experiment is performed successively in a 2.4 mM HCO,7/
CO,-free medium and in a 24 mM HCO,/5%CO,-containing
medium. (B) The mean + ES of the clamping currents, n= 12 p<
0.001. No significant changes in currents were observed in
non-injected oocytes (data not shown).

In order to study a possible regulation of SLC26A9
by an associated cAMP-regulatory pathway, we
investigated the effect of cAMP in SLC26A9 cRNA-
injected oocytes by increasing cAMP in applying a cocktail
of forskolin (5uM) and IBMX (0.5 mM) for 10 min. No
change in currents associated to SLC26A9 protein
expression (data not shown, n=6) was observed by
forskolin/IBMX application.

SLC26A49 is a CI channel weakly permeable to

HCO;

In order to compare Cl to HCO, permeability of
SLC26A9 cRNA-injected oocytes, we measured the
current changes following oocyte perfusion from a
Kgluconate medium to one supplemented with CI- (10
mM) or HCO, (10 mM) (see methods for media

composition). Switching from a high Cl-containing medium
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Fig. 7. SLC26A9 is not a CI/HCO, exchanger. Illustrative experiments of changes in intracellular pH in non-injected oocytes (A)
in SLC26A9 RNA-injected oocytes (B) and in AE1 RNA-injected oocytes (C). Oocytes are acidified in the presence of HCO,/CO,.
A subsequent change into a Cl-free medium (Na-gluconate) allows the function of the CI/HCO," exchanger AE1 and pH recovery.
No pH recovery is observed in SLC26A9 RNA-injected oocytes or controls (n.i.). Voltage changes (mV) are indicated by dashed
lines (D) Mean =+ ES of the initial rates of pHj recovery (pH unit/min) in a CI'-free medium.

(MBS) to a Kgluconate medium depolarizes the oocyte
membrane potential of SLC26A9 cRNA-injected oocytes
from -35.5 £ 0.9 mV to +7.1 £ 4.0 mV, n=10. Oocytes
were then clamped to the depolarizing potential throughout
the entire experiment. Addition of 10 mM CI to the
Kgluconate medium induces the development of a
clamping current in SLC26A9 cRNA-injected oocytes
corresponding to CI- entry into these oocytes (Fig. 5).
The addition of 10 mM HCO," induces an 8 X lower
increase in the clamping current compared to that
observed with 10 mM CI, indicating that SLC26A9
presents a poor HCO,” conductivity. While non injected-
oocytes perfused from MBS to a Kgluconate medium
also depolarize (from -41.8 £ 2 mV to -13.9 £ 4 mV,
n=8), minor changes in the clamping currents are observed
in NI-oocytes submitted to the same experimental protocol
(CI' or HCO;, addition).

A complementary approach was designed to detect
the possible functioning of SLC26A09 as an electrogenic
CI/HCO, exchange. To this aim, we followed the
clamping currents associated with the Cl- efflux which
develop when the perfusion solution is switched from
MBS to a CI' free MBS (Cl- was substituted by gluconate),
anticipating that the presence of HCO, would favor CI
efflux. This maneuver was either performed in the
presence of 2.4 mM HCO, (MBS, HEPES pH7.4) or
with a higher HCO,” concentration (24 mM, gazing with
5% CO,, pH 7.4). As illustrated in Fig. 7A, in presence
of low [HCO,], switching the perfusing solution from a
Cl-containing medium (MBS) to a gluconate-containing
medium induces the development of a clamping current
(associated with the depolarization due to Cl- exit from
oocytes). The same protocol was then repeated in the
presence of high HCO,/CO, concentrations.
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Fig. 8. Currents associated with SCL26A9 expression in Xenopus laevis oocytes are not affected by an intracellular acidification.
Sodium butyrate (25 mM) application acidifies non-injected oocytes (A) and SLC26A9 cARN-injected oocytes (B). Voltage
changes (mV) are indicated by dashed lines (C). Illustrative experiment of the clamping currents measured when the medium
perfusing the SLC26A9 cRNA-injected oocyte is changed from MBS to a Cl-free medium (Na-gluconate) in the absence or
presence of Na-butyrate (25 mM). (D) Mean £ ES of the clamping currents, n=9, N.S.

The presence of HCO,/CO, in the perfusing solution
has no significant effect on the resting current, confirming
the low membrane permeability of SLC26A9 cRNA-
injected oocytes to HCO, (difference in clamping currents
after HCO,”/CO,application is -42 + 36 nA, n=13, n.s.).
As expected, subsequent Cl'substitution by gluconate still
induces the development of a clamping current associated
with CI- exit from the oocytes (Fig. 6A). However, the
amplitude of the current is 41.9 % = 7.5 larger (p<0.001,
n=12) than that measured in presence of low HCO,
concentrations (Fig. 6). Control of this effect by
returning to low HCO, concentrations reduces the
amplitude of the currents, which develop by substitution
of CI- to gluconate (Fig. 6A, last peak and Fig. 6B).
Therefore the presence of HCO,/CO, is found to favor
CI' transport through membranes of SLC26A9 cRNA-
injected oocytes, a finding which would be consistent with
the functioning of an electrogenic CI/HCO, exchanger.

SLC2649 does not exchange HCO; with CI

We directly measured the intracellular pH (pH)) of
SLC26A9 cRNA-injected oocytes using pH sensitive
microelectrodes in conditions known to favor the Cl/

HCO, exchange. For these experiments, oocytes were
first perfused with a HCO,/CO,-containing medium. The
perfusing medium was then replaced by a Cl-free medium
(still containing HCO,/CO,) to favor the functioning of
the CI7HCO, exchange (CI efflux against HCO, influx).
[lustrative experiments are given in Fig. 7. As expected
for a rapid CO, diffusion, oocytes acidify when passed
from MBS to a HCO,/CO, containing medium. This
effect is pronounced in both non-injected oocytes
(within 10 min pH, switched from 7.22 & 0.01 to 6.69
+ 0.04, n=6, Fig. 7A) and in SLC26A9 cRNA-injected
oocytes (within 10 min pH, changes from 7.35 +0.01 to
6.93+£0.03,n=10; Fig. 7B). While less marked, an oocyte
acidification is also observed using AE1 cRNA-injected
oocytes as a positive control for CI/HCO, exchange
activity (pH, changes from 7.16 + 0.02 to 6.93 + 0.06,
n=8, Fig. 7C). AE1 cRNA-injected oocytes recovered
their pH, when CI" is substituted by gluconate as a
consequence of a favorable driving forces for CI/HCO,
exchange. In contrast, both non-injected oocytes and
SLC26A9 cRNA-injected oocytes are unable to recover
their pH, after such an anion substitution (Fig. 7A and
7B). This last finding indicates that SLC26A9 cannot
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Fig. 9. COS-7 cell transduction with SLC26A9. (A) COS-7
cells transduced with pPRIG-eGFP or pPRIG-eGFP-SLC26A9
are visualized 24 h after transduction. The same field of
cells photographed under visible light (upper panels) and
UV fluorescence (lower panels) for pPRIG-eGFP (left) or
pPRIG-eGFP-SLC26A9 (right) at 20 X magnification. (B)
Immunoblot of lystates obtained from microsomal
membranes following establishment of COS-7 pPRIG-eGFP
(vector) or COS-7 pPRIG-eGFP-SLC26A9 (pPRIG-SLC26A9)
cell populations. One band (arrow) migrating at about 105
kDa is observed in pPRIG-eGFP-SLC26A9 transduced cells
which corresponds to the predicted size of SLC26A9 in
mammalian cells. (C) A band migrating at the same apparent
molecular weight is also observed in lysates from HEK-293
cells transfected with pPRIG-eGFP-HA-SLC26A9 and
revealed with an anti-HA antibody (no bands are revealed
in pPRIG-eGFP transfected HEK-293 cells, left). Molecular
weight protein markers in kDa are indicated.
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function as a CI/HCO, exchanger under these
experimental conditions. The mean rate = ES of pH,
recovery per minute, for the three different experimental
groups, is given in Fig. 7D. As mentioned above, large
changes in the membrane potential are observed in
SLC26A9 RNA-injected oocytes upon substitution of
gluconate for CI, reflecting the Cl- conductance through
SLC26A9 (dashed lines of Fig. 7B).

Does an intracellular acidification stimulate

SLC26A49 activity ?

From these experiments we concluded that the
increase in CI transport activity (Cl efflux) observed in
the presence of HCO,/CO, (see Fig. 6) is not associated
with an HCO, exchange (HCO, entry) through
SLC26A9. Since oocytes were acidified upon the
application of HCO,/CO,, we tested a possible direct
role of intracellular pH on the SLC26A9 activity. For this
purpose, the weak acid, Na-butyrate (24 mM) was added
to the perfusing MBS medium in order to induce a cell
acidification. As expected, intracellular pH acidifies when
Na-butyrate is added to the perfusing solution (Fig. 8A,
8B). This acidification is observed in non-injected oocytes
(pH, switched from 7.22 £ 0.01 to 6.81 £0.01,n=3) as in

SLC26A9 cRNA-injected oocytes (pH, switched from
7.27+£0.07 to 7.01 + 0.03, n=5) after & min of the weak
acid application. Oocytes do not reverse their pH,
(alkalinize) when they are bathed in a Cl-free-solution
but keep on acidifying in the presence of Nabutyrate.

A similar protocol was used to investigate the effect
of an intracellular acidification induced by Nabutyrate,
on the current generated by the Cl-substitution of MBS.
Voltage clamp experiments indicate that the CI-
transporting activity of oocytes expressing SLC26A9
(Fig. 8C, 8D) is not affected by intracellular pH changes
following Nabutyrate application.

SLC26A9 expression in a mammalian cell line

In order to validate and extend our observations
obtained using the Xenopus laevis oocytes expression
system, we expressed SLC26A9 in the COS-7
mammalian cell line. For this purpose, we generated two
mixed populations of COS-7 cell lines by retroviral
transduction using either the empty pPRIG-eGFP vector
[26] or the pPRIG-eGFP-SLC26A9 vector. The
efficiency of cell transduction was verified by following
eGFP fluorescence expression. Over 95 % of the cells
for both cell types were fluorescent (Fig. 9A), indicating
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that the cells were efficiently transduced and the
expression of SLC26A9 was controlled by Western blot.
A protein migrating around 105 kDa is detected in COS-
7 cells transduced with pPRIG-eGFP-SLC26A9 whereas
the same size protein corresponding to the endogenous
SLC26A9 is weakly detected in lysates from pPRIG-
eGFP transduced cells (Fig. 9B). Other weaker bands
seen on the Western blot are non-specific. The HA-
tagged SLC26A09 protein, transfected in HEK-293 cells
and detected with an anti-HA antibody, migrates at a
similar size as the SLC26A09 protein detected in pPRIG-
eGFP-SLC26A9 transduced COS-7 cells (Fig. 9C). It
should be noted that SLC26A9 migrates at a higher
apparent molecular weight (105 kDa) than in Xenopus
oocytes (around 85 kDa). This discrepancy is most likely
due to a difference in the glycosylation of the protein in
both expression systems.

The functionality of SLC26A9 in transduced COS-
7 cells was verified by following the kinetic parameters
of CI, changes when CI" in the Ringer solution was
substituted by NO,, an experiment giving an index of the
membrane Cl" permeability. Cl permeability of pPRIG-
eGFP transduced cells (control) is low in a HCO,-free
Ringer solution (Fig. 10A) but is increased 3 to 4 X in
pPRIG-eGFP-SLC26A9 transduced cells (Fig. 10B and
10C), indicating the functionality of SLC26A9.

When cells are perfused with a HCO,/CO,
containing Ringer, ClI" permeability of control cells is
increased in comparison to that measured in a HCO, -
free Ringer solution (compare Fig. 10A and Fig. 10D).
This finding is indicative of the development of a HCO,
/CO,-sensitive CI* transporting pathway, probably
mediated by an endogenous CI7/HCO, exchanger in COS-
7 cells. Nevertheless, pPRIG-eGFP-SLC26A9
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transduced cells exhibit a nearly twice larger CI-
permeability in presence of HCO,/CO," (Fig. 10E) than
that observed with control cells (Fig. 10D and 10F).
Assuming a constant endogenous CI/HCO," exchanger
activity, the CI- transport through SLC26A9 would
correspond to the difference between Cl- changes in
pPRIG-eGFP-SLC26A9 transduced cells and control
cells. With this assumption, CI influx rates associated with
SLC26A9 expression are increased 2.1 X (p<0.01,
n = 8) and CI- effluxes rates are increased 1.9 X
(p< 0.05, n = 8) in a HCO,/CO, containing medium as
compared to CI transport rates obtained in a HCO,”/CO,
free medium. Therefore, the presence of HCO,/CO,
stimulates the CI- permeability of SLC26A9 transduced
cells.

We then tested the possibility that SLC26A9
functions as an anion exchanger in COS-7 cells, a property
that we did not find in Xenopus laevis oocytes (see
above). pH, changes of COS-7 cells are therefore
followed using BCECF as an intracellular pH probe. As
illustrated by Fig. 11A and 11B, changing the Cl-containing
HEPES medium to a HCO,/CO, containing medium
acidifies the cells. Subsequent perfusion of the cells with
a Cl-free HEPES solution (to stimulate Cl- efflux and
eventual associated HCO, influx) induces a slight pH,
increase. However, similar pH changes (Fig. 11C) are
observed in both pPRIG-eGFP and pPRIG-eGFP-
SLC26A9 transduced cells, suggesting that we are dealing
with the activity of an endogenous anion transporter in
both transduced cell types. Therefore no specific Cl/
HCO, exchange is associated with SLC26A9 activity in
either COS-7 mammalian cells or Xenopus laevis
oocytes protein expression systems.

Discussion

In the present work, using two different systems of
protein expression, Xenopus laevis oocytes and COS-7
cells, we present evidence that SLC26A9 behaves as an
anion channel and not as an anion transporter exchanging
Cl against HCO,". Indeed, the HCO," permeability
through SLC26A9 is low but we demonstrated that the
presence of HCO,, by itself was found to exert a positive
control on the CI transport. In addition, calcium was found
to negatively modulate SLC26A09 activity.

Distinguishing between the transporting properties
of an anion channel from those of an electrogenic anion
exchanger is not easy and conclusions may be
controversial. For example, CIC-5 and CIC-4 were initially
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Fig. 11. SLC26A9 does not mediate a CI/HCO," exchange in
pPRIG-eGFP-SLC26A9 transduced cells. (A) Intracellular pH
changes following HCO,/CO, containing Ringer and
subsequent Cl free-Ringer application in pPRIG-eGFP COS-7
(COS-7 vector). (B) same protocol with COS-7 cells transduced
with pPRIG-eGFP-SLC26A9. (C) Initial rates of pH recovery
(Mean + ES expressed as pH unit/min, n=6) of both batches of
COS-7 cells when the Ringer solution is changed to a Cl-free
Ringer solution.

described as anion channels [34-36] but were later
described as anion antiporters [37]. AE1, a typical anion
exchanger, was surprisingly found to develop a conductive
pathway in one mutated form [38]. SLC26A7 which was
initially described as an anion exchanger [10] was later
characterized as a CI- channel [14].

We found that SLC26A9 RNA-injected Xenopus
laevis oocytes developed anion currents, a common
property between a channel and an electrogenic
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transporter; the anion selectivity calculated by the P /P,
ratio was I > NO,” > CI' > gluconate > SO,* and the
sequence of currents measured at +80 mV (outward
current) was of CI > I > NO,” > gluconate > SO,*. CI
currents generated by increasing the medium
concentration of Cl- obey a linear relationship in the tested
range (0-80 mM), which differs from Michaelis-Menten
relationships usually given for one of the characteristic
of an anion carrier (see [39] for AE1). HCO," was poorly
transported in Xenopus laevis oocytes expressing
SLC26A9. Indeed, currents of very low amplitudes were
generated by HCO," application in comparison to those
observed with similar CI- concentrations. Furthermore,
HCO, was not exchanged against CI as revealed by the
absence of pH, changes in conditions expected to favor
a CI/HCO, exchange mechanism. In SLC26A9
transduced COS-7 cells, our attempts to reveal the
presence of a CI/HCO,  exchange associated with
SLC26A9 expression also failed. These cells presented
a significant increase of their membrane anion
permeability, indicative of functional SLC26A9, but we
were unable to reveal an associated HCO, transport (by
pH, changes) in conditions favorable to a CI/HCO,
exchange.

Among the tested anion blockers, NS 3623 at a
relatively high concentration of 500 uM was the most
effective on oocyte currents associated with SLC26A9
expression. NS 3623 gave a 49% inhibition of the currents
while DIDS, already described as a modest inhibitor of
SLC26A9 [12] inhibited the currents by 38 %. NS 3623
have previously been reported to block a CI' conductance
in mouse erythrocytes [31] and to inhibit the endogenous
volume regulated anion channel in HEK293 cells [40].
The specific CFTR inhibitor (CFTR(inh)-172) had a very
small effect at the low concentration used of 2 uM (or
5uM, data not shown), a dose known to inhibit CFTR in
airways [41] and in CFTR cRNA-injected oocytes
(present study).

Taking into account these different findings,
SLC26A9 does not function as an electrogenic anion
exchanger. However, our experiments indicate that
SLC26A9 functions as an anion channel with a
preferential Cl" permeability. This conclusion is similar to
that found by Dorwart ef al. 2007 (see review [12]) and
to our preliminary data using Xenopus laevis oocytes
[42] even though SLC26A9 was initially thought to be an
anion transporter [11]. An electrogenic anion transporter
with a nCl/pA~ stoichiometry (with n >> p) cannot be
totally excluded.

We found that the presence of HCO,/CO, in the

oocyte perfusing medium activated Cl- currents in
SLC26A9-cRNA-injected oocytes. This effect cannot be
attributed to a condition favoring a CI/HCO, exchange
since HCO, was not exchanged by CI". It is also unlikely
that oocyte acidification by cell CO, diffusion which was
observed in our pH; measurements experiments, was at
the origin of this stimulation. Indeed, Nabutyrate application
which induced a similar acidification, did not stimulate
the CI- currents associated with SLC26A9 expression.
Therefore, an acidic pH has no effect (in the tested range)
on SLC26A9 activity. In addition, we also found in
SLC26A9 transduced COS-7 cells in presence of HCO,
/CO, that the rates of Cl transport (influx and efflux) of
these cells were larger than those measured in HCO,”/
CO,- free media. A possibility which would account for
our results in Xenopus laevis-and COS-7 cells-expression
systems would be that HCO," directly modulates the gating
state of the channel. Such a proposal has already been
given for prestin (SLC26A5), the outer hair cell motor
protein, for which Cland HCO, intracellular anions act
as extrinsic voltage sensors [43, 44]. These authors
proposed that after binding to a site with millimolar affinity,
these anions are translocated across the membrane by
the transmembrane voltage triggering conformational
changes of the protein. Gating properties (inhibitory effect)
of I', Br and polyatomic anions (SCN-, NO,", CH,SO,)
have also been reported for hCIC-1, a voltage-gated ClI-
channel (or antiporter) of the CIC-family [45, 46]. The
inhibitory effect of NO, and I" on CI transport mediated
by SLC26A9 that we report here would be consistent
with such a channel gating mechanism by anions.
Nevertheless, our proposal that HCO,™ could be a direct
modulator of the gating state of the SLC26A9 channel
would require further studies at the channel level using
patch-clamp experiments.

We found that large intracellular calcium increases
had inhibitory effects on the anionic currents associated
with SLC26A9 activity. This effect was found with
thapsigargin (in presence or absence of extracellular
calcium) since this agent is known to release calcium
from intracellular stores. lonomycin had a similar effect,
even in a calcium-free media since ionomycin was found
to also increase the release from intracellular stores in
addition to its well known effect on the plasma membrane
permeability [32]. The down regulation of currents through
SLC26A9 by large intracellular calcium concentrations
could be associated with smaller and more physiological
calcium changes involved in a signaling pathway.

Retroviral transduction, or viral-mediated transfer
of DNA into cells, is delivery option that offers the most
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efficient means of gene delivery to a wide variety of
dividing cells. Indeed, 24h after transduction we observed
that over 95% of all COS-7 cells were GFP-positive, thus
efficiently transduced. Another major advantage for using
retroviruses is that the expression of the protein of interest
remains at physiological levels especially when compared
to transient transfections where the same protein is highly
overly expressed which could lead to aberrant results.
Finally, integrations into the host genome are random thus
reducing the possibility of aberrant effects on gene
expression. Thus, the establishment of a mixed population
of COS-7 cells constitutively expressing SLC26A9 will
continue to remain a useful tool for future studies in
elucidating SLC26A9 function.

SLC26A9 was initially identified in lung [10] and
gastric epithelia [11]. For this reason we cloned SLC26A9
from primary human bronchial cells culture (NHBE). We
also identified SLC26A09 at the RNA level in two human
bronchial cell lines, 16HBE140- and in CFBE410-, a cell
line derived from cystic fibrosis bronchial cells
(unpublished results). The role of SLC26A9 remains to
be determined in bronchial tissue since this channel may

participate to the transepithelial anion transport. A
significant and direct role in the maintenance of the pH
of the airway surface liquid is unlikely since SLC26A9 is
poorly permeable to HCO,™ and therefore differs in that
respect to other members of the SLC26 family [1, 2].
However, although CFTR is the main Cl- channel involved
in the transepithelial chloride secretion, SLC26A9 could
participate in this secretion and could represent an
alternative CFTR CI- channel.
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